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Part I: RF/MW concepts and hardware

• What and why RF measurement? 
• RF essential concepts
• RF Hardware
✓ Components
✓ Electronics

Part II: RF measurement applications in real experiments

• RF measurement technique
✓ “Measure” RF/MW
✓ Time-domain (pulsed) measurements

- Creating RF pulse (Modulation, upconvert)
- Measuring RF pulse (Demodulation, downconvert)

• Examples of RF/MW measurement in real experiments

Outline



Reference books

• Introductory reference book for 
microwave engineering

• Electronics reference book 
• Cover both analog and digital



What is RF (Radio Frequency) & Microwave?

RF
30 kHz – 300 MHz
10 km – 1 m

Microwave
300 MHz – 300 GHz
1 m – 1 mm

𝑓 =
𝑐

𝜆

[Ref: Wikipedia]



DC measurement?

• Low frequency measurement
• Source frequency < 1 kHz
• Wavelength >> physical dimension

• Measured quantity:
✓V, I, R, dV/dI, …

• Commonly used instrument
✓ Function generator (i.e., AC voltage source)
✓DC voltmeter
✓ Low-frequency DAQ(Data Acquisition Board)
✓ Low-frequency lock-in

Q: What happens if the frequency of 
voltage source increases?

𝐼 =
𝑉1

1 𝑀Ω

Source
Measure

I

V

Transport measurement



RF measurement?

• High frequency measurement
• Sensitive measurement
• Wavelength < physical dimension

• Measured physical quantity:
✓ Frequency, impedance, phase, 

amplitude, …

• Commonly used instrument:
• Signal generator, AWG
• Oscilloscope, spectrum analyzer
• Network analyzer (S-parameter)

Coaxial cable



RF measurements in quantum devices?

❖Quantum Computing &
Quantum Sensing

• Control of qubit state
• Measurement of qubit state

[de Leon et al., Science 372, 253 (2021)]

Energy scales suitable for
microwave (~GHz)



Essential RF/MW 
concepts



Transmission line

• Cable or structure that allows electromagnetic 
wave propagation

[Ref: Wikipedia]

Transmission line theory
• Modelled by a infinite series of 

lumped-elements
• V(z, t), I(z, t) governed by two wave equations.

Schematic of transmission line



Transmission line - continued

• Characteristic Impedance (𝑍0) = 
𝑉+

I+

✓ Ratio of voltage to current for a single traveling wave on a 
transmission line

✓ For a typical coaxial cable, 𝑍0 = 50 Ω

• Voltage Reflection Coefficient (Γ)

Γ =
𝑉−

𝑉+
=

𝑍𝐿−𝑍0

𝑍𝐿+𝑍0

𝑉−

𝑉+



Reflection due to Impedance mismatch

Γ =
𝑍𝐿 − 𝑍0
𝑍𝐿 + 𝑍0

For 𝑍𝐿 = 70 Ω, 𝑍0= 50 Ω,

Γ = (70 – 50) / (70 + 50) 
= 0.16 (-8.0 dB)

𝑍0

𝑍𝐿

• Impedance matching is necessary to minimize reflection(Max. power transfer)
• 20 dB (Γ=0.01) is a good number, i.e., 𝑍𝐿 = 51 Ω



S-parameters

• In RF/MW measurement, consider 1) incident, 2) reflected and 
3) transmitted waves.

• S-parameters define relation between them. 

𝑆𝑖𝑗 =
𝑉𝑖
−

𝑉𝑗
+ = 𝑆𝑖𝑗 𝑒

𝑖𝜑

• For 2-port network, 

𝑆21 =
𝑉2
−

𝑉1
+ → Transmission,

𝑆11 =
𝑉1
−

𝑉1
+ → Reflection

• Network analyzer is used to measure S-parameters.

Device

Port 1 Port 2𝑉1
+

𝑉1
− 𝑉2

−

[Network analyzer]



dB (decibel)

• dB (decibel) is ratio of power in logarithmic scale, i.e., unitless

𝑃1

𝑃2
(dB) ≡ 10 log10

𝑃1

𝑃2

• Useful to compare large orders of magnitude

• Example:  3 dB → P1/P2 = 2
6 dB → P1/P2 = 4             

10 dB → P1/P2 = 10 (=101)
20 dB → P1/P2 =100 (=102)

• Convert multiplication to addition, 
Ex)  10 * 100 → 10 (dB)+ 20 (dB) = 30 dB



“dBm” is not the same as “dB”

dBm is a logarithmic power unit referenced to 1mW.

P(dBm) ≡ 10 log10
𝑃 𝑊

1𝑚𝑊

Example:

0 dBm = 1 mW
-10 dBm = 0.1 mW
-20 dBm = 0.01 mW
10 dBm = 10 mW
20 dBm = 100 mW

dBm, W, Vrms, Vp, Vpp chart



Time domain vs Frequency domain

In frequency-domain, we talk about:

• Frequency component
• Bandwidth
• Cutoff frequency

In time-domain,  we talk about:

• How signal varies in time
• Rise/fall time
• Overshoot, ringing, settling time
• Timing and sync.
• Trigger

Δ𝑡 Δf ~
1

Δ𝑡



RF/MW 
Components & 

Electronics



Coaxial cable & connector

@ Room temperature
• BNC cable (<1 GHz)
• SMA cable (DC – 18 GHz)
• Loss increases as frequency

and length.

@Cryogenic temperature
• Semi-rigid or flexible coaxial cable 

(DC-18 GHz)
• CuNi/CuNi, NbTi/NbTi, 

Nb/Nb,SS/SS
→ low thermal conductivity

BNC SMA

[Ref: IBM]



Mixer (3-port)

• LO = Local Oscillator
• IF = Intermediate Frequency
• RF = Radio Frequency

• Nonlinear RF component
• Multiply two signals (LO & IF)
• Generate LO+IF, LO-IFLO RF

IF

LO LO+IFLO-IF

𝑅𝐹 = 𝐴 sin(𝜔𝐼𝐹𝑡) × sin(𝜔𝐿𝑂𝑡)

=
𝐴

2
[cos 𝜔𝐿𝑂 − 𝜔𝐼𝐹 𝑡 + cos 𝜔𝐿𝑂 + 𝜔𝐼𝐹 𝑡

(Ref: Mini-circuit blog)



IQ Mixer (4-port)

• Can be used to create a MW pulse
• Single-side-band

LORF

Q

I

𝑅𝐹 = sin(𝜔𝐼𝐹𝑡) × sin(𝜔𝐿𝑂𝑡) + cos(𝜔𝐼𝐹𝑡) × cos(𝜔𝐿𝑂𝑡)

= cos 𝜔𝐿𝑂 +𝜔𝐼𝐹 𝑡

I mixers Q mixer

single frequency!



Mixer Key Specs

• Frequency range 

• Conversion loss

• Isolation

• Drive power level



Low Pass Filter / High pass filter

• LPF filter out high frequencies
• HPF filter out low frequencies

• Key specs:
✓ Cutoff frequency (3dB point)
✓ Slope (order of filter)
✓ Insertion loss@ passband

• Filter type
✓ Butterworth (flat passband)
✓ Chebyshev (steepest)
✓ Bessel (flat time delay)

❖Typical LPF frequency response (cutoff~7.5 GHz)

Typical HPF response (cutoff~12.5 GHz)

[Ref: Marki Microwave]



Band pass filter

[Ref: Marki Microwave]

❖Typical BPF response (center freq.~9.55 GHz)

• BPF has passband.

• Key specs:
✓ Center frequency
✓ Bandwidth (3dB point)
✓ Slope (order of filter)
✓ Insertion loss@ passband



Attenuator & Terminator

• Attenuates RF power
• Pi- or T- network inside
• 𝑍0 = 50 Ω
• Ex) 20 dB attenuator 

→ power reduced by 100

• Key specs
✓ bandwidth
✓ attenuation
✓ material Pi-type attenuator



RF/MW Amplifier

• Amplify signals

• Key specs:
✓ Frequency range
✓ Gain (dB) = 𝑃𝑜𝑢𝑡(𝑑𝐵𝑚) − 𝑃𝑖𝑛(𝑑𝐵𝑚)
✓ Noise temperature, 𝑃𝑛𝑜𝑖𝑠𝑒 = 𝑘𝐵𝑇𝑁
✓ 1 dB compression point
✓ Maximum output power

𝑃𝑖𝑛 𝑃𝑜𝑢𝑡

[Ref: Texax Instruments]

(dBm)

(d
B

m
)



Isolator/circulator

• Allows signal transmission in only one direction
• 2 or 3-port device
• Protect sample from unwanted signal

• Key specs:
✓ Frequency range
✓ Insertion loss 
✓ Isolation

Circulator Isolator [Ref: Low noise Factory]

❖ Typical 4-8 GHz isolator response

1
2

3



Bias-T

• Combine DC and RF 
• Used when it’s necessary to apply both

DC & RF

• Key specs:
✓ Frequency range
✓ Insertion loss
✓ Isolation



RF/MW Electronics



ADC & DAC

ADC (Analog-to-Digital Converter)
• Convert analog signal to digital signal
• Number of bits → Resolution

• Bandwidth set by sampling rate
• Usage:  microphone, digital camera,   

oscilloscope, digitizer,…

resolution = 
Voltage range

2𝑁−1
1V , 12-bit →
res = 0.00024 V

DAC (Digital-to-Analog Converter)
• Convert digital to analog signal
• Resolution, bandwidth, …
• Usage: speaker, function generator, AWG, … 

ADC

DAC

LPF

10110 
10111 

…



Sampling theory: Nyquist Frequency

Q: In digital process, given the sampling rate 𝑓𝑠, what is the maximum 
frequency measurable?

A : 
𝒇𝒔

𝟐
, which is called Nyquist frequency 𝑓𝑁

Q: What happens if you measure 80 MHz signal with 100 MHz sampling rate?
A: You will see the aliased signal at frequency of (80 – 50)= 30 MHz

Aliasing

0

1Hz

80 MHz
20 MHz

𝑓𝑠 =100 MHz

30           50         80 MHz



Network Analyzer, Spectrum analyzer

• Measure S-parameters
• Very versatile and useful, but expensive!
• Various form factors available

[Keysight]

• Measure RF/MW signal in frequency domain
• Measure frequency component of periodic signal

[Keysight]



Source: Signal Generator & Arbitrary Waveform Generator 
(AWG)

• Generate MW signal in wide bandwidth

• Key specs:
✓ Frequency range & resolution
✓Power range & resolution
✓Phase noise[Keysight]

• This can generate arbitrary waveforms.
• The waveform is defined by user.
• Key specs:
✓ Sampling rate
✓ Bandwidth
✓ Number of bits

[Zurich Instruments]



Digitizer/Oscilloscope

• Measure voltage in real-time and/or display voltage signal vs time.

• Key specs:
✓ Sampling rate
✓ Bandwidth
✓ Number of bits

[Keysight Digitizer] [Keysight Oscilloscope]



RF/MW Measurement



“Measure” RF/MW?

• Power meter
✓ Measure RF power in dBm

• Oscilloscope
✓ Time-domain measurement

• Spectrum analyzer
✓ Frequency-domain measurement

• Network analyzer
✓ S-parameter measurement



How to make RF pulse

1. Turn on and off output of signal generator.

2. Use built-in gating function in the instrument

3. Use MW switch (for fast switching)

4. Use RF mixer.

5. Direct RF synthesis



How to make RF pulse: using 3-port mixer

Conventional way: 
Mixer +  AWG (IF) + signal generator(LO)

LO

IF

RF

Problem: 
• LO leakage
• No phase control

=X

5 GHz
CW

Gaussian
envelope

How to make a gaussian pulse?

𝑓 𝑓0 5G0 𝑓0 5G

(ideal)

(real)

LO leakage 

5 GHz

5 GHz

𝐴(𝑡) sin(𝜔𝐿𝑂𝑡) A(t)sin(𝜔𝐿𝑂𝑡)

5 GHz
Gaussian
pulse

“Upconversion”

5 GHz



How to make RF pulse: sideband

Conventional way: 
Mixer +  AWG (IF)+ signal generator(LO)

LO

IF

RF

Problem: Unwanted sideband 
(hard to remove if IF is small)

=X

5 GHz
CW

100 MHz
Gaussian
envelope

How to make a gaussian pulse?

𝑓

𝑓0 5G0 𝑓0 5G
100M

5 GHz
4.9,  5.1 GHz

5 ±0.1 GHz
Gaussian 
pulse

𝐴 𝑡 sin𝜔𝐼𝐹𝑡 sin(𝜔𝐿𝑂𝑡) A(t)sin(𝜔𝐼𝐹𝑡)sin(𝜔𝐿𝑂𝑡)

100 MHz



Modulation with IQ-mixer

LO

I

RF

Q
5 GHz LO

Problem: LO leakage

5 GHz

𝐼(𝑡)

Q(𝑡)

𝑉 𝑡 = 𝐴(𝑡)𝑒𝑖𝜑 𝑒𝑖(𝜔𝐿𝑂𝑡), A 𝑡 = (𝐼 𝑡 2+,𝑄 𝑡 2 , 𝜑 = tan−1(
𝑄

𝐼
)



Single-side-band Modulation with IQ-mixer

LO

I

RF

Q

LO LO+IFLO-IF

100 MHz

5.1 GHz

LO+IF

(reality)

(ideal)

Mixer calibration can remove:
1) LO leakage and 2) unwanted sideband

I &Q differ by 90°.

5 GHz

෫𝑉 𝑡 = 𝐴 𝑡 𝑒𝑖𝜑𝑒𝑖𝜔𝐼𝐹𝑡 𝑒𝑖(𝜔𝐿𝑂𝑡+𝜙)

I 𝑡 sin(𝜔𝐼𝐹𝑡)

Q 𝑡 cos(𝜔𝐼𝐹𝑡)

5.1 GHz

5 GHz
4.9 GHz

single-side-band



Pulse control: amplitude and phase

𝑉 𝑡 = 𝐴(𝑡)𝑒𝑖𝜑𝑒𝑖𝜔𝐼𝐹𝑡 𝑒𝑖(𝜔𝐿𝑂𝑡+𝜙)

PhaseAmplitude

Baseband (IF) Upconversion



How to measure RF pulse: Demodulation

RFLO

To digitizer

To digitizer

I

Q

5.1 GHz
5 GHz

How to get 𝐴 𝑡 , 𝜑 ?

LO+IF

Downconversion

IF



Experiments using 
RF/MW



• IV of Josephson junction + RF irradiation

Shapiro steps in Josephson junction

𝑉𝑛 =
ℎ𝑓

2𝑒
𝑛→ Shapiro steps:

[N.Crescini, et.al., Nature Phys.(2023)]



• Measure transmission (𝑆21) or Reflection (𝑆11)
• Key parameters:

• Quality factor
• Resonator frequency

Resonator measurement 

3D Cavity



• Qubit Inductor + Large capacitor

• Weakly anharmonic

• Long coherence time

• f01~ 5 GHz
[P. Krantz et al.,  Appl.Phys.Rev. 6, 021318 (2019]

~600 um

Superconducting qubit : Transmon



Control superconducting qubit state

• Qubit state is controlled by microwave pulses
(normally called XY-control) 

• Microwave pulse rotates the state vector 
around a rotation axis on XY-plane.

Bloch sphere: visualize qubit state

𝜓 = cos
𝜃

2
0 + 𝑒𝑖𝜙 sin

𝜃

2
|1⟩

(Wikipedia)

[P. Krantz et al.,  Appl.Phys.Rev. 6, 021318 (2019)]

Hd ∝ V(t)(I 𝜎x + Q 𝜎y)

• In rotating frame,  the driving 
Hamiltonian(Hd) is:



• Qubit coupled to  superconducting resonator
• Qubit state-dependent resonant frequency shift

[P. Krantz et al.,  Appl.Phys.Rev. 6, 021318 (2019)]

Measure qubit state – Dispersive readout in circuit-QED



Example of RF/MW setup for qubit measurement

Qubit 
Pulse

Readout 
Pulse



Modern RF Electronics for qubit experiment

Zurich InstrumentsQuantum Machines

• IQ mixer
• LO

• AWG
• Digitizer

I
Q

AWG

RF

LO inside

Digitizer



• Covered RF concepts
• Covered RF/MW components and electronics
• Covered RF/MW measurement techniques

Let’s try applying RF measurement 
techniques to your experiments 

Summary

Thank you!


