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Conventional Electronic Circuits

smallest feature size 14 nm
clock speed ~ 4.2 GHz
> 3. 109 transistors
power consumption > 10 W

Intel Core i7-6700K Processor

first transistor at Bell Labs (1947)

basis of modern 
information and 
communication 
technology

basic circuit elements:

properties :
• classical physics
• no quantum mechanics
• no superposition or entanglement
• no quantization of fields



Classical and Quantum Electronic Circuit Elements

quantum superposition states of:

• charge q

• flux φ

basic circuit elements: charge on a capacitor:

current or magnetic flux in an inductor:

commutation relation (c.f. x, p):



Constructing Linear Quantum Electronic Circuits

Review: M. H. Devoret, A. Wallraff and J. M. Martinis, condmat/0411172 (2004)

classical physics:

basic circuit elements: harmonic LC oscillator:

quantum mechanics:

energy:
electronic

photon



Quantization of an Electronic Harmonic Oscillator

Classical Hamiltonian:

Harmonic LC oscillator:

Conjugate variables:

Charge on capacitor

Flux in inductor

Voltage across inductor

Flux and charge operator:Hamilton operator: Commutation relation:



Creation and Annihilation Operators for Circuits

Hamilton operator of harmonic oscillator in second quantization:

Creation operator

Annihilation operator

Number operator

Charge/voltage operator 

Flux/current operator

With characteristic impedance:



Flavors of Superconducting Harmonic Oscillators

planar transmission line resonator:

A. Wallraff et al., Nature 431, 162 (2004)

3D cavity:

H. Paik et al., PRL 107, 240501 (2011)

I. Chiorescu et al., Nature 431, 159 (2004)

weakly nonlinear junction:
Z. Kim et al., PRL 106, 120501 (2011)

lumped element resonator:








































































































































































































