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Agenda

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

• Quantum Capacitance Parametric Amplifier
• Measurement Setup
• Performance: Degenerate Gain, Noise Temperature, Bandwidth, Compression 

Point etc. 

• Quamplify: The STO Parametric Amplifier
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Motivation: Radio-Frequency Amplifiers

Radio Astronomy

10 𝑀𝐻𝑧 −
1 𝑇𝐻𝑧

Mostly below 1 − 10 𝐺𝐻𝑧

Medical MRI, NMR

12.8 𝑀𝐻𝑧 (@ 0.3 𝑇) −
298.2 𝑀𝐻𝑧 (@ 7 𝑇)

(Spin) Qubits, Quantum Devices

100 𝑀𝐻𝑧 −
10 𝐺𝐻𝑧

RF-SETs, Gate sensors < 1 𝐺𝐻𝑧

RF Amplifiers are important:

• Increase Signal-to-Noise Ratio

• Enhanced Measurement Speed

• Enable Specific Measurements (Single Shot…)
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Narrow-band



Fundamentals of High-Frequency Signal Detection

F. Vigneau et al. Appl. Phys. Rev. 10 021305 (2023)
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Noise power Noise temperature Noise number
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Fundamentals of High-Frequency Signal Detection

F. Vigneau et al. Appl. Phys. Rev. 10 021305 (2023)
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Components of the Voltage Spectral Density

Pink Noise:

Amplifier Noise:
• Noise added by Amplifier
• Physical Temperature
• Fluctuation-Dissipation
• Technical Noise
• Relatively Smooth & Even



Amplifiers, Noise & Quantum Limits

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

Cumulative Gain:

First Amplifier in the 
Chain dominates 𝑇F:
• Minimize 𝑇FG
• Maximize 𝐺G



Parametric Amplifiers
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Radio-Electronic Engineering 11, (1958) 

𝑓%&!"' (𝑡) =
1
2𝜋

𝑔
𝐿()"#)* +, -.%% (𝑡)

𝑓#."/ (𝑡) =
1

2𝜋 𝐿 𝑡 𝐶(𝑡)



Parametric Amplifiers

8

Energy considerations:

𝐿()"#)* +, -.%% 𝑡 = 𝐿0 + 𝐿∆sin(𝜔23-2𝑡)

𝐴)

𝐵)

𝐴) 𝐸4,0 =
1
2𝑚𝑣0
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𝐸7,0 = 𝑚𝑔 ℎ0 + ℎ∆

≈ 𝑚𝑔 ℎ0 + 𝐿∆ =
1
2𝑚𝑣0

6 +𝑚𝑔𝐿∆

𝐵)

Degenerate 
amplifier: 

𝜔23-2 = 2𝜔%!'".8

∆𝜃23-2 9% %!'".8= 0

Superconducting Parametric Amplifiers:
Superconducting PAs:

Josephson PA, Kinetic Inductance PA, 
Travelling Wave PA …

Extremely low noise:
𝑇F < 200 𝑚𝐾

Strong microwave squeezing
JPAs used for state-of the art spin RO

Disadvantages:
Highly susceptible to B-fields

Very low saturation/compression powers
Hard to operate below 1 GHz

Narrow bandwidths

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



Pump, Signal, Idler: Mixing & Squeezing
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D. J. Parker et al. Phys. Rev. Appl. 17 034064 (2022)

Kinetic Inductance PAs:
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The Quantum Capacitance Parametric Amplifier 
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GaAs/AlGaAs 2DEG:
• Density: 1.8×10!!𝑐𝑚"

• Mobility: 4.4×10#𝑐𝑚"𝑉$!𝑠$!
• Depth: 91 𝑛𝑚

• “many” Au ohmics → 𝑅%&,()*+,- ≈ 100 Ω
• Top Gates: NbTiN, 200 𝑛𝑚

𝐶2

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



The Quantum Capacitance Parametric Amplifier 
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Equivalent circuit:
• Parasitic, not-tunable C
• Loaded losses in the circuit 𝐺/
• Loaded Quality Factor 𝑄0
• Detuning of source signal with respect to tank resonance 

𝑥 = 2𝑄0 ⁄1!"#$%& 1'()*

• Pumping results in effective negative conductance at the 
tank frequency 𝐺*,

• Gain of amplifier:

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



DC Tunability of 𝐶!
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Tank resonance frequency: 

𝑓0 =
1

2𝜋 𝐿𝐶

Very strong capacitance tunability 
(but only over 50mV):  

%2
%3 = 26.7 >45
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Measurement Setup, Gain & Compression point
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Model yields:
𝑄0 = 14.3

𝐶06*78,- = 0.51 − 0.57 𝑝𝐹

Note:
−25.3 𝑑𝐵𝑚 ~ 34 𝑚𝑉



Noise
Setup:
• Cryogenic Noise Source (Bluefors)
• Cryogenic RF switch:

• QCPA
• Open circuit

Y-factor method
• Vary noise source temperature
• Integrate at amplifier output
• Total Noise of the system: 𝑇(9( = 6.49 𝐾
• With switch at OC: 𝑇(9( = 20 𝑚𝐾
• -> 𝑇(9( = 6.49 𝐾 = 𝑇(9(,)%,-: + 𝑇(9(,(;6:&-
• -> 𝑇(9(,(;6:&- = 3.25$<.>"?<.@> 𝐾

System losses increase effective noise temperature:
• Ferrite core of circulator ~ 4.01 𝑑𝐵
• 𝑇.2AB = 1.29$<.!>?<."! 𝐾

Heating the fridge: 𝑇.2AB largely limited by physical 
temperature of the amplifier!
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Temperature and Magnetic Field
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Reduced gain at 4 K:
• Decreased transconductance 
• Population of higher subbands

Shift in B (in-plane):
• Small decrease in 𝐶.
• Related to shift in 2d DOS
• Not clear what out-of-plane would do



Discussion & Conclusions
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Lowering noise temperature:
• Reducing pump amplitude to decrease self-heating
• Increasing gate lever-arm, shallower 2DEQ
• Reducing losses:

• Ohmic contacts
• InAs for better Ohmics
• 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 𝐶.:
• VdW heterostructures
• Qubit readout circuits
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Quamplify: The STO-PA

−50%

Thanks for your attention!


