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Effect of Qubit Measurement
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Different Platforms
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Transmon circuit

𝐿𝐽 𝐼 =
𝜑0

𝐼0
2 − 𝐼2 1/2

Josephson Junction

Lossless nonlinear inductor

200 nm𝐼(𝑡) = 𝐼0 sin 𝛿(𝑡)

𝑉 𝑡 = 𝜑0
ሶ𝛿 𝑡

Transmon
200 𝜇m

𝜑0 = ℏ/2𝑒
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Effective Qubit

ۧȁ0

ۧȁ1

ۧȁ2

ۧȁ3

𝑓01 ≠ 𝑓12 ≠ 𝑓23

200 𝜇m

𝛼 = 𝑓12 − 𝑓01

ۧȁ𝟎

ۧȁ𝟏

Transmon

𝑓01 ≈
1

2𝜋 𝐿𝐽𝐶

~ 5 GHz

𝑘𝐵 𝑇 ≪ ℎ 𝑓01

~ 240 mK20 mK

~50 fF ~20 nHAnharmonicity

100 − 300 MHz
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Circuit Quantum Electrodynamics
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Mathematical Description for Qubits
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Mathematical Description for HO

Bosonic operators

𝑎† 𝑛 = 𝑛 + 1 𝑛 + 1

𝑎 𝑛 = 𝑛 𝑛 − 1

Raising/creation

Lowering/annihilation

Harmonic Oscillator

ȁ0ۧ

ȁ1ۧ

ȁ2ۧ

ȁ3ۧ

𝑎†

𝑎

ො𝑛 = 𝑎†𝑎 ො𝑛ȁ𝑛ۧ = 𝑎†𝑎ȁ𝑛ۧ

= 𝑛 𝑎†ȁ𝑛 − 1ۧ

= 𝑛 ȁ𝑛ۧ

Photon number
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Jaynes-Cummings Hamiltonian

𝜔𝑞
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2
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2
(𝑎†𝑎)𝜎𝑧 𝜒 = 2𝑔2/Δ
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Δ

=
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2
𝜎𝑧 + 𝜔𝑐 +

𝜒

2
𝜎𝑧 𝑎†𝑎

Δ = 𝜔𝑞 − 𝜔𝑐 , 𝑔 ≪ Δ

Dispersive approximation

𝑔

𝐻𝑅𝑎𝑏𝑖 =
𝜔𝑞

2
𝜎𝑧 + 𝜔𝑐𝑎

†𝑎 + 𝑔(𝑎† + 𝑎)𝜎𝑥 𝜎𝑥 = 𝜎+ + 𝜎−
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Qubit-dependent Cavity Frequency
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Transmon-dependent Cavity Frequency
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Qubit-dependent Cavity Response
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Qubit Spectroscopy
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Basic Characterization of a Qubit

Rabi Oscillation
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Basic Characterization of a Qubit

Rabi Oscillation𝜋 pulse 𝜋/2 pulse

𝑇1: Relaxation 𝑇2: Dephasing

𝛼 0 + 𝛽ȁ1ۧ

0

0 + 𝑒𝑖𝜙 ȁ1ۧ

Incoherent mix of 0 and ȁ1ۧ

Decoherence
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Signal Demodulation

𝐴 sin𝜔𝑑𝑡 𝑆 = 𝐴′ sin(𝜔𝑑𝑡 + 𝜙)

= 𝐴′ cos𝜙 sin(𝜔𝑑𝑡) + 𝐴′ sin𝜙 cos(𝜔𝑑𝑡)

In-phase signal (I)Quadrature-phase 
signal (Q)

𝑆 ⋅ 2 cos𝜔𝑑𝑡 = 𝐴′[sin𝜙 cos 2𝜔𝑑𝑡 + cos𝜙 sin 2𝜔𝑑𝑡 + sin𝜙] 𝐴′ sin𝜙

𝑆 ⋅ 2 sin𝜔𝑑𝑡 = 𝐴′[sin𝜙 sin 2𝜔𝑑𝑡 − cos𝜙 cos 2𝜔𝑑𝑡 + cos𝜙] 𝐴′ cos𝜙

Demodulation
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I-Q Plot

PRL 112, 190504 (2014)

Noise

Device

Demodulation
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I-Q Plot

PRL 112, 190504 (2014)

Device

~1 − 5 𝜇s

Demodulation

𝐼(𝑡)

𝑄(𝑡)

ҧ𝐼

ത𝑄

Readout pulse
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Measurement Error
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Error = Area of the overlap region/2
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Fixing Measurement Error
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Measurement Chain
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Summary of Part I

➢ Meaning of qubit measurement

➢ Circuit QED architecture

➢ Jaynes-Cummings Hamiltonian

➢ I-Q plot, histogram

➢ Measurement error mitigation
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