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Part I: RF/MW concepts and hardware

 What and why RF measurement?
* RF essential concepts
 RF Hardware

v' Components

v" Electronics

Part Il: RF measurement applications in real experiments

* RF measurement technique
v “Measure” RF/MW
v’ Time-domain (pulsed) measurements
- Creating RF pulse (Modulation, upconvert)
- Measuring RF pulse (Demodulation, downconvert)
e Examples of RF/MW measurement in real experiments



Reference books

DAVID M. POZAR \

MICROWAVE®
ENGINEERING

WILEY

* Introductory reference book for * FElectronics reference book
microwave engineering * Cover both analog and digital



What is RF (Radio Frequency) & Microwave?

Penetrates Earth's
Atmosphere?

: Radiation Type Infrared Visible Ultraviolet X-ray Gamma ray : R F
I Wavelength (m) 0.5x107® 10712 1
i ! 30 kHz — 300 MHz
Approximate Scale I
: of Wavelength I 10km—=1m
I
l .
1 Buildings Humans Butterflies Needle Point Protozoans Molecules Atoms  Atomic I\Iuc:lei: .
| i Microwave
I I
- reeracr [ W | 300 \H: - 300 GHz
I
' 10* 10° 10"2 1010 10' 10'® 10%° I 1Im-=-1mm

Temperature of
objects at which
this radiation is the
mostintense
wavelength emitted

1K 100K 10,000 K 10,000,000 K
—-272°C -173°C 9,727 °C ~10,000,000 °C

[Ref: Wikipedia]



Transport measurement

V1
T 1MQ
—

1 MQ

Measure

DC measurement?

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

Measured quantity:
v'\, |, R, dv/dl, ...

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

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



RF measurement?

WAL~

Coaxial cable

.................. . /VV\NV\I_»

O

High frequency measurement
Sensitive measurement
Wavelength < physical dimension

Measured physical quantity:
v’ Frequency, impedance, phase,
amplitude, ...

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



RF measurements in guantum devices?

_Superconducting circuits i " Quantum dot: Color centers

P **Quantum Computing &
s AW S, F Quantum Sensing

) ¥
LU

AW
B \\\\\\\\\

\ .
2 —— — — e Control of qubit state
oy e P N = 2 * Measurement of qubit state

Energy scales suitable for
microwave (~“GHz)

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



Essential RF/ MW
concepts



Transmission line

P
@

e Cable or structure that allows electromagnetic
wave propagation

Schematic of transmission line

Vs Zs
(~) Z S/ Rdx Ldyx
A A A NN S —]
= Gdx3 == Cdx
ZO o )

VS ~, ZS )—o— ZL
Lo Transmission line theory

* Modelled by a infinite series of
lumped-elements
* V(z,t), I(z, t) governed by two wave equations.

[Ref: Wikipedia]



Transmission line - continued

_— vt

* Characteristic Impedance (Z;,) = e

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

v" For a typical coaxial cable, Z, = 50 Q

* \oltage Reflection Coefficient (I)

V= Zp—-Z, Vg Z -
[ = — = 5 43
vt T Z+Z7, & SR




Reflection due to Impedance mismatch

For ZL =70 .Q., ZO= 50 .Q.,
21, — Zo

[' = [ =(70-50) /(70 + 50)
1+ Zy - 0.16 (-8.0 dB)

* Impedance matching is necessary to minimize reflection(Max. power transfer)
e 20dB (I'=0.01) is a good number, i.e., Z; =51 Q



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

vt Port 1 Port 2
. . o— —o0
S-parameters define relation between them. W — Device ——
Ot mm— Vo
Vi e 2
=t — . |pie
Sij = vE Sijle
j
For 2-port network,
Vs .
S, = V—2+ - Transmission,
1
Vi .
S11 = p— —> Reflection
1

Network analyzer is used to measure S-parameters.

[Network analyzer]



dB (decibel)

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

(%) (dB) = 10logq (i—;)

e Useful to compare large orders of magnitude

 Example: 3dB > P1/P2=2
6dB 2> P1/P2=4

10 dB = P1/P2 = 10 (=10Y)

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 ImW.

P(dBm) = 10 log, (

Example:

O0dBm=1mW
-10dBm =0.1 mW
-20dBm = 0.01 mW

10dBm =10 mW
20dBm =100 mW

P(W)

1mw

)

dBm, W, Vrms, Vp, Vpp chart

-10 0.100E-03 70.711 mV 99.985 mV 199.970 mV
-9 0.126E-03 79.339 mV 112.185 mV 224370 mV
-8 0.158E-03 89.019 mV 125.874 mV 251.747 mV
-7 0.200E-03 99.881 mV 141.232 mV 282.465 mV
-6 0.251E-03 112.069 mV 158.465 mV 316.931 mV
-5 0.316E-03 125.743 mV 177.801 mV 355.602 mV
-4 0.398E-03 141.086 mV 199.496 mV 398.992 mV
-3 0.501E-03 158301 mV 223.8383 mV 447.677 mV
-2 0.631E-03 177.617 mV 251.151 mV 502.301 mV
-1 0.794E-03 199.290 mV 281.796 mV 563.591 mV




Time domain vs Frequency domain

In time-domain, we talk about: In frequency-domain, we talk about:
How signal varies in time * Frequency component
Rise/fall time  Bandwidth
Overshoot, ringing, settling time e Cutoff frequency
Timing and sync.
Trigger
Af !
At At




RF/ MW
Components &
Electronics



Coaxial cable & connector

@ Room temperature @Cryogenic temperature
* BNC cable (<1 GHz) * Semi-rigid or flexible coaxial cable
* SMA cable (DC - 18 GHz) (DC-18 GHz)
* Loss increases as frequency * CuNi/CuNi, NbTi/NbTi,
and length. Nb/Nb,SS/SS

- low thermal conductivity
¥
BNC &% @ SMA

= i )
CBL-6FT-SMSM+ e
INSERTION LOSS IW '
4.0 Il “ l,..\h.;‘,-,".""f,‘," @
@ 35 A ‘
%3.0 f___,—-f”’
% 25 _—
5 20 / N
E 15 // N
1.0 |
Y4 | | ;

0 3000 6000 9000 12000 15000 18000
FREQUENCY (MHz) [Ref: IBM]



LO RF

(Ref: Mini-circuit blog)

Mixer (3-port)

* LO = Local Oscillator
* |F = Intermediate Frequency
* RF =Radio Frequency

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

LO-IF LO LO+IF

RF = Asin(w;rt) X sin(w;pt)

= g[cos((a)w — CU]F)t) + COS((CULO + wIF)t)

>



RF O—

00

LO

‘—O Lo

1Q Mixer (4-port)

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

| mixers Q mixer

1
[ . \ [ |

sin(w;gt) X sin(w;pt) + cos(w;rt) X cos(wypt)

RF

cos((ww + a),F)t)

L

single frequency!



Mixer Key Specs

Coaxial, Wideband

Frequency Mixer ZMDB-24H-K+

Level 15 (LO Power +15 dBm) 5000 to 21000 MHz

* Frequency range

° CO nve rS|On IOSS Maximum Ratings Features

Operating Temperature -40°C to 85°C g }Nlde bandwydth. 50001021000 MEiz Generic photo used for illustration purposes only
. - * low conversion loss, 8.5 dB typ.
Storage Temperature -55°C to 100°C « high L-R isolation, 30 dB typ. CASE STYLE: UK2938
* I S O I a t I O n Ee'r:mzr?e\:v\:i;mage may occur if any of these limits ar1e25mW : reuxgcgeflelantOIEStBr\L/J\i)tlgnC s Connertors Mogdel
exceeded. o small size 2.92mm-Female ZMDB-24H-K+
* useable as up and down converter
” . +RoHS Compliant
° D . I I Coaxial Connections Applications The +Suffix identifies RoHS Compliance. See our web site
r I Ve p Owe r ev e Lo 2 « defense radar and communications for RoHS Compliance methodologies and qualifications
RF 1 * VSAT
I 3 oM.
¢ line of sight links
* WiFi
* satellite up and down connectors
Electrical Specifications at 25°C
Parameter Min. Typ. Max. Unit
Outllne Dranng Frequency Range, RF 5000 — 21000 MHz
Frequency Range, LO 5000 — 21000 MHz
Frequency Range, IF DC — 5000 MHz
Conversion Loss* — 8.5 10.8 dB
LO to RF Isolation 15 30 — dB
LO to IF Isolation 20 40 — dB
IP3 - 22 — dBm
RF Input at 1 dB Compression — +10 - dBm
* Conversion loss at 30 MHz IF. Increases with IF frequency.
Typical Performance Data
Frequency Conversion Isolation Isolation VSWR VSWR
(MHz) Loss L-R L-l RF Port LO Port
(dB) (dB) (dB) (:1) (:1)
LO LO LO LO LO
i i i ) RF LO +15dBm +15dBm +15dBm +15dBm +15dBm
Outline Dimensions (inch)
5000.10 5030.10 7.09 29.14 29.50 1.44 3.25
A R €y D) 5500.10 5530.10 6.66 34.55 31.42 1.20 267




Low Pass Filter / High pass filter

LPF filter out high frequencies
HPF filter out low frequencies

Key specs:

v’ Cutoff frequency (3dB point)

v’ Slope (order of filter)
v’ Insertion loss@ passband

Filter type

v’ Butterworth (flat passband)

v' Chebyshev (steepest)
v’ Bessel (flat time delay)

s Typical LPF frequency respo

Insertion Loss (dB)
r Ve
(==} (==

w
(=]

£
o

n
=1

nse (cutoff~7.5 GHz)

= |nsertion LOss

= = = ReturnLoss

Frequency (GHz)

16

Typical HPF response (cutoff~12.5 GHz)

= = = Return Loss

V)

s
o

Insertion Loss (dB)
&
o

oo
a

T

Frequency (GHz)

35

[Ref: Marki Microwave]
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Band pass filter

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

* BPF has passband. : e T ‘[_\’, _______________ 0
« Key specs: - [ :
v’ Center frequency g™ ¥ s
v’ Bandwidth (3dB point) § 2: F -
v’ Slope (order of filter) T N . i
v’ Insertion loss@ passband = __ "1 ',‘ E
. | ll,'.‘ ," — nsertionloss |
-: / 7 \ — = = Return Loss N
2 4 b 8 10 12 14 16 18

Frequency (GHz)

[Ref: Marki Microwave]



Attenuator & Terminator

Attenuates RF power
Pi- or T- network inside
Zo =500
Ex) 20 dB attenuator
- power reduced by 100

Key specs

v' bandwidth
v’ attenuation
v’ material

MALE

R1 R3

FEMALE

Pi-type attenuator



RF/MW Amplifier

 Amplify signals

* Key specs:

SN NN KX

Frequency range

Gain (dB) = P,,;(dBm) — P;,(dBm)
Noise temperature, P, ;s = kBTy
1 dB compression point

Maximum output power

Pin
A
2 /
S Ideal Response /
5 £

7 I1dB

o |\ 1dB /
S | Compression
5 Response
O

Input Power (dBm)

[Ref: Texax Instruments]



Isolator/circulator

¢ Typical 4-8 GHz isolator response

* Allows signal transmission in only one directior Insertion Loss of 10 Units at 5 K

* 2 or 3-port device

* Protect sample from unwanted signal .

* Key specs: gij
v" Frequency range -
v’ Insertion loss 4 : : : : :
v’ |solation Frequency [GHz]

Isolation of 10 Units at 5 K

//\
/\
7 T \

7 30
[ "

™,
1 '?“ o/

7

Isolation [dB]

Frequency [GHz]

Circulator Isolator [Ref: Low noise Factory]



DC

T

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

RF RF+DC DC &RF

* Key specs:
v Frequency range
v' Insertion loss
v’ Isolation




RF/MW Electronics



ADC & DAC

ADC (Analog-to-Digital Converter)
* Convert analog signal to digital signal

* Number of bits 2 Resolution /
. Voltage range ,
resolution = - B W, 12bit ADC l : 10110
2N _q res = 0.00024 V T-T T T-T o110

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

.

oscilloscope, digitizer,... DAC
DAC (Digital-to-Analog Converter) | \
* Convert digital to analog signal LPF l
* Resolution, bandwidth, ... /\ ’
* Usage: speaker, function generator, AWG, ... / \/



Sampling theory: Nyquist Frequency

Q: In digital process, given the sampling rate f,, what is the maximum 1H7
frequency measurable?

A : %, which is called Nyquist frequency fy

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 MH
& quency of{ | ’ f; =100 MHz

L\ 80 MHz
20 MHz



Network Analyzer, Spectrum analyzer

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

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

[Keysight]



Source: Signal Generator & Arbitrary Waveform Generator

[Keysight]

farm Ganaratos N/ Zurich
HDAWG 4GSa/s. 16 bit . VA iv‘wsytlvr,il“a%'r‘ts

00000 000°:0p e

05@@@.2@@@ '©0 .50 © ©

[Zurich Instruments]

Generate MW signal in wide bandwidth

Key specs:
v’ Frequency range & resolution
v Power range & resolution
v’ Phase noise

This can generate arbitrary waveforms.
The waveform is defined by user.
Key specs:

v’ Sampling rate

v Bandwidth

v" Number of bits



Digitizer/Oscilloscope

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

* Key specs:
v' Sampling rate
v' Bandwidth
v" Number of bits

M‘KEYSlGHT EDUX1002G Digital Storage Oscilloscope |50 MHz 1GSa/s Mﬂﬂ@oom InfiniiVision

[Keysight Digitizer] [Keysight Oscilloscope]



RF/MW Measurement



“Measure” RF/MW?

* Power meter
v" Measure RF power in dBm

e Oscilloscope
v Time-domain measurement

 Spectrum analyzer
v Frequency-domain measurement

 Network analyzer
v’ 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

How to make a gaussian pulse? Conventional way:
Mixer + AWG (IF) + signal generator(LO)
A(t) sin(w;pt) A(t)sin(w;pt)
5 GHz
(ideal)
LO RF
Gaussian 5 GHz 5 GHz /WWWW\A/ A
envelope Gaussian 5 GHz

oulse 5 GHz /\ IF
‘ (real)

)
LO leakage ®
> = >

0 f 0 56 f 56 f Problem:
 LO leakage
 No phase control

“Upconversion”



How to make RF pulse: sideband

How to make a gaussian pulse? Conventional way:
Mixer + AWG (IF)+ signal generator(LO)

A(t)sinw;rt  sin(wppt)  Alt)sin(w;rt)sin(wiot)

”\IV\/\”XWWWW\FWWW (T el g M

100 I\/I.HZ 5 GHz 5 4+0.1 GHz 5 GHz
Gaussian CW

| Gaussian . 4.9, 5.1 GHz
envelope oulse

100 MHz

1 4 1
‘ f ‘ N LJ Problem: Unwanted sideband

>
Ooom 0 56 f 0 56 f (hard to remove if IF is small)




Modulation with IQ-mixer

I(t)

5 GHz

RF t
>
N

5 GHz LO

ll
la

(t)
Problem: LO leakage

V(t) = [A(t)e?]e@LoD A(t) = I ()2+,Q()%, ¢ = tan"l(%)

i, —=
Q




Single-side-band Modulation with IQ-mixer

I(t)Sin((l)IFt)
“single—side-band
— (ideal)
|
WVWW\I\A’ O @ RE LO+IF
>
5 GHz 5.1 GHz
‘ Q 5.1 GHz
4.9 GHz
= A /\/"‘ Q(t)cos(wrt) 5 GHz (reality)
| 100 MHz
| &Q differ by 90°. LO-IF L0  LO+IF
— lp ,lwirt] ,i(wrLot+Q) Mixer calibration can remove:
V(t) [A(t)e € ]e 1) LO leakage and 2) unwanted sideband



Pulse control: amplitude and phase

Baseband (IF) Upconversion

V(t) — [A(t)el(p\el(l)”:'t]el(wL0t+¢)

/

Amplitude Phase




How to measure RF pulse: Demodulation

How to get A(t), ¢ ?

Downconversion

To digitizer
5.1 GHz )
5 GHz :
) 2 8
IF LO+IF
Q
To digitizer

M-



Experiments using
RF/ MW
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Shapiro steps in Josephson junction
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* |V of Josephson junction + RF irradiation
hf

— Shapiro steps: V,, = PR n

Article https://doi.org/10.1038/s41567-023-01961-4
Evidence of dual Shapirostepsinajosephson
junctionarray

Nicold Crescini®'?, Samuel Cailleaux'?, Wiebke Guichard', Cécile Naud',
Olivier Buisson', Kater W. Murch®2 & Nicolas Roch €

c

Received: 18 July 2022
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Superinductances
Vg (mV)

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

* Measure transmission (S, ) or Reflection (511)
* Key parameters:

* Quality factor

* Resonator frequency

-8- ;
. 180
=4 160 _
m -167 140 8
= 220 120 &0
L b 1 <P}
= -24- 10 =
= ) i
= -28- 1-20 §
o -32- 14 =
§ -36- “_-60 =
S -40- 1790 o
7)) ] o 4-100
-44 N B .
1-120 3D Cavity

36.32 3636 36.40 36.44 36.48 36.52
Frequency [MHz]



Superconducting qubit : Transmon

Transmon qubit

Substrate Qubit pad

Dielectric \ " iiifetal
~> o’
~

Qubit inductor

Non-Linear
e.g., Josephson Junction 600 um

Qubit Inductor + Large capacitor
Weakly anharmonic

Long coherence time
f01~ 5 GHZ

I &
L
-
5
Transmon
—_ 4
33
>, |
3 |
g 2 @ ﬁwlzi
AT S ® —7 1)
1| € %{ Ao |
85 +/10)

-Tr -Tr/2 0 /2 ™
Superconducting phase,qﬁ

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



Control superconducting qubit state

O—tir—i—y_

—C

room ——

temperature  wiring on-chip

* Inrotating frame, the driving
Hamiltonian(Hd) is:

Hq o< V()1 ox + Q ay)

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

Bloch sphere: visualize qubit state

(Wikipedia)

|1}

|Y) = cos <g> |0) + e'? sin <§> |1)

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

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



Measure qubit state — Dispersive readout in circuit-QED

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

1.0 i
LA VA
0.5 v .
: 2x/2m
OISL ------ -::——--.:._._
\ i *‘\‘
-7 1% 1 1]0)
Vo \
\ \
_2?1- "'IF"'--—-==I--- -----
-2 -1 0 1 2

Frequency, wgr - W, (a.u)

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



Qubit
Pulse

Readout
Pulse

Example of RF/MW setup for qubit measurement

ZFSC-2-10G
Agilent E8257D

Transmon Qubit \
Pulse Modulation

Marki 1Q-0307

BBN Digi. Atten.

ZX60-83LN-S+

Marki I1Q-0307 MW switch
Marki PD-0020 9dB custom-made 33 dB ZFSC-2-10G
n

Transmon Readout /- -\ > —AAA VWA /“\ » To transmon
Pulse Modulation \_/ SLP-30 \./

I - ‘ i

Q{ |

Hittite HMC-T2220 3dB  ZMX-10G+ o o 09, SLP-30+ SRS445A SLP-30+

Transmon Readout j— A _"

Pulse Demodulation

For AWG,
BBN APS2

VHE-3500+

-'1;+E:>_f"L____Amau

ATS9870

From transmon

ZX60-83LN-S+ Narda

2-8 GHz



Modern RF Electronics for qubit experiment

* AWG
* Digitizer

Quantum Machines

AWG

Digitizer

Zurich Instruments

®

( m SHFSG

|I| ||| ||| III -l "

( m SHFQA

nstruments @
)

s I
I

0 ® & a3 ® &



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

Let’s try applying RF measurement
techniques to your experiments

Thank you!



