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Agenda

 Fundamentals of high-frequency signal detection
 Amplifiers, Noise & Quantum Limits
e Parametric Amplification

* Quantum Capacitance Parametric Amplifier

* Measurement Setup

* Performance: Degenerate Gain, Noise Temperature, Bandwidth, Compression
Point etc.

* Quamplify: The STO Parametric Amplifier



Motivation: Radio-Frequency Amphflers

(Spin) Qubits, Quantum Devices RF-SETs, Gate sensors < 1GHz |



Fundamentals of High-Frequency Signal Detection

= (a)
c 20}
.20 o
n 2,
v >
>
o 20
0
Time (us)
]
2
@)
Pz
+
©
()
.20
(Vs
0
Time (us)
(%] C , '
(- (d) Tiot
S & | = |
- T =
E L BW= 50 MHz
> 8 S
O @© =
(@) QI- >
= o I
() % — = BW =2 MHz]
[ — 0
Time (us)

F. Vigneau et al. Appl. Phys. Rev. 10 021305 (2023)

FFT

Frequency (MHz)

Voltage Spectral
Density

va(f) = lim

) ©
g —+ Carrier tone
) Signal sidebands
c 150} ¢7 / -
=4
3
s Lo 1 el
o
2 200+ E
& . Pal :
90 100 110

(V)]

TE

Time-average of
Filtered Signal
Expectation Value

= Svv (f) + Syv ()

Filter Bandwidth around f Signal Noise
L Sw(f) _pN(f) Svv (f) ~_ Pn(f) keI
() == W =St =mhs MN=E S =
Noise power Noise temperature Noise number

4



Fundamentals of High-Frequency Signal Detection

Demodulation &
Low-Pass Filter
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Components of the Voltage Spectral Density

Sw(f) =Sy (f)+Spv(f)

Pink Noise:

SI\\I/V(f) x 1/f

Amplifier Noise:

Noise added by Amplifier
Physical Temperature
Fluctuation-Dissipation
Technical Noise
Relatively Smooth & Even
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Amplifiers, Noise & Quantum Limits

Amplifier Chain:

Cumulative Gain:

L{L,
I'n = LiTni |+ =T 1TN2 +

(11 B Gle

First Amplifier in the
Chain dominates Ty:
* Minimize T4
* Maximize G4

F. Vigneau et al. Appl. Phys. Rev. 10 021305 (2023)
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Parametric Amplifiers

New amplifier

battles “noise”

Four-stage junction diode amplifier was developed at Bell
Telephone Laboratories by Rudo¥ Engelbrecht for mili-
tary applications. Operztes on tae “varactor” principle,
utilizing the variable capacitance >f diodes. With $00-me.
signal, the guin is 10 db. over the 100-me. band.

The tremendous possibilities of semiconcuctor sdence are again illus-
trated by a recent development from Bell Teleplione Laboratories. The
development began with research whicl Bell Labora ories scientisls were
conducting for the U. S. Army Signal Corps. The ohjective was (o reduce
the “noise” in UHI" and microwave receivers and thus increase their
Radio-Electroni¢ Engineering 11, (1958)‘11'11“*‘ to pick up weuk signuls.

rm PE R 353 » 2

& L 4 ®
' ] ]
' ] 1
1] ] 1
] [} 1
4 ] 1
]
]
1 '
' ' A
) ' )

feank () = . ,—L(t)C(t)



Parametric Amplifiers

Superconducting Parametric Amplifiers:

Superconducting PAs:
Josephson PA, Kinetic Inductance PA,
Travelling Wave PA ...

Extremely low noise:

Ty < 200 mK

Strong microwave squeezing
JPAs used for state-of the art spin RO () HPump
—> [C] > @ — Pu:np

Disadvantages: A \HT/ ampified

Highly susceptible to B-fields ’
Very low saturation/compression powers Josephson é L
Hard to operate below 1 GHz S
Narrow bandwidths , =

F. Vigneau et al. Appl. Phys. Rev. 10 021305 (2023)



Pump, Signal, : Mixing & Squeezing
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We demonstrate a radio-frequency parametric amplifier that exploits the gate-tunable quantum
capacitance of an ultra-high mobility two dimensional electron gas (2DEG) in a GaAs heterostruc-
ture at cryogenic temperatures. The prototype narrow-band amplifier exhibits a gain > 20 dB
up to an input power of —66 dBm (1-dB compression), and a noise temperature Ty ~ 1.3 K at
~ 370 MHz. In contrast to superconducting amplifiers, the quantum capacitance parametric ampli-
fier (QCPA) is operable at tesla-scale magnetic fields and temperatures ranging from milli-kelvin to
a few kelvin. These attributes, together with its low power (microwatt) operation when compared
to conventional transistor amplifiers, suggest the QCPA may find utility in enabling on-chip inte-
grated readout circuits for semiconductor qubits or in the context of space transceivers and radio
astronomy instruments.
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The Quantum Capacitance Parametric Amplifier
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Amplifier circuit:

Tunable quantum capacitance C; between
2DEG & Finger-gates

Surface-mount Inductor in parallel forms LC
Bias T for DC tuning of 2DEG

Air-core copper spring SMD inductor

GaAs/AlGaAs 2DEG:

Density: 1.8x10cm?
Mobility: 4.4x10%cm?V ~1s1
Depth: 91 nm

“many” Au ohmics = Rg¢single = 100 (2
Top Gates: NbTiN, 200 nm
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The Quantum Capacitance Parametric Amplifier

Sample PCB

} Power

Gain

__________

__________

Equivalent circuit:

Parasitic, not-tunable C

Loaded losses in the circuit G,

Loaded Quality Factor Q;

Detuning of source signal with respect to tank resonance
x = ZQt wsource/wtank
Pumping results in effective negative conductance at the
tank frequency Gy;

Gain of amplifier:

24 g2 [G’nl +Gr(1+ ;1‘2)] °

. "nl
Gp = - ~ /- COVI2 9 [ (1 L e2)12
[_(771.1 + (TL(l + 1 )] T2 [(7711 + (7L(l T )]

Gain-Bandwidth relationship linear (non-degenerate case):

VG x BW = ‘ Jt
2Qt 12




DC Tunability of €y
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Measurement Setup, Gain & Compression point

_|—T=4K P =-248dBm » Max Deg Gain
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Model yields:
Qt - 14‘.3

Ctunable = 0.51—-0.57 pF

Note:
—25.3dBm ~ 34 mV
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N O i S e A Readout Source Y Pump
Setup: BF NH
e Cryogenic Noise Source (Bluefors) N R R T MC plate _
* Cryogenic RF switch: A |
 QCPA o [ &3 \_ C_ —~ QCPA
* Open circuit 5 ]
_________________________________ 10C
Incident Circuit
Y-factor method 14
e Vary noise source temperature | 7 RawData
* Integrate at amplifier output --- Y Factor Fit, T, = 6.49 K %
* Total Noise of the system: Tsys = 6.49 K . k.
* With switch at OC: Tyys = 20 mK 2 o
¢ -2 Tsys = 649K = sys,idler T Tsys,source 'g 121 {‘
_ 0.53
-> Tsys,source — 3-25t0.32 K D? "I(
5 ’ {(,f%
System losses increase effective noise temperature: 'S %
* Ferrite core of circulator ~ 4.01 dB 107 4 '
_ 0.21 -
* Tocpa = 129%g15 K ,"Ib
Heating the fridge: Tocpa largely limited by physical 0 1 2

temperature of the amplifier! Noise Head Temperature (K) 2



Temperature and Magnetic Field

o Gain at 30 mK )
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Reduced gain at 4 K: Shift in B (in-plane):
 Decreased transconductance * Small decrease in Co
* Population of higher subbands e Related to shiftin 2d DOS

* Not clear what out-of-plane would do



Discussion & Conclusions

Lowering noise temperature:
* Reducing pump amplitude to decrease self-heating
* Increasing gate lever-arm, shallower 2DEQ
* Reducing losses:
 Ohmic contacts
* InAs for better Ohmics
e Superconducing contacts

How useful is this device?

* Few 100 nW power dissipation

* mm size, but can be reduced further

* On-chip integration of 100s

* Travelling wave device: matched CPW for wideband operation

Implementation with other devices with large Cj:
VAW heterostructures
* Qubit readout circuits
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Quamplify: The STO-PA

SPINnovate

NCCR SPIN Innovation Seed Grant

?KO?f,Lki!ilff CeAN
U

A . .
X< University
/IXIN of Basel

Innova tion Office




