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Introduction



Keysight Technologies is at the heart of the qguantum revolution

We help you create. Innovate. And deliver what’s next.

The innovation leader in
electronic design and test
for over 80 years

AN KEYSIGHT

Founded in 1939 by Bill
Hewlett and Dave Packard
as HP with an ongoing
mission to help create new
markets

Trusted hardware,
Innovative software and a
global network of experts



Keysight is at the Heart of the Digital Revolution
Accelerating innovation to connect and secure the world

SMART TECHNOLOGY
CONNECTS THE WORLD

;] WIRELESS

INNOVATION IS EVERYWHERE

NETWORKING / (ga =8 ‘a AUTOMOTIVE v' Devices v Infrastructure
CLOUD (g =T |

v Cities v' Defense

v" Vehicles v Wearables

AEROSPACE /
DEFENSE
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29

of the Top 30 Tech
companies use
Keysight

1700+

US and foreign
patents issued
or pending

80+

years of innovation,
measurement
science expertise

KEYSIGHT

78

of the Global 100
companies are
Keysight customers

130

countries where we
have offices to reach
customers

$5.3B

in revenue

AN KEYSIGHT



Labber

QUANTUM

2019

. ~

Keysight in Quantum

Joined QED-C Boulder Cryogenic Quantum Software Center

AN KEYSIGHT Quantum Testbed Cambridge, MA



MIT University
AN KEYSIGHT 4 (@p) Labber 4

QUANTUM LY

Engineering
Quantum Systems

« Announcing the creation of a new Quantum Research Center in Cambridge, MA
- expanding operation of Labber Quantum team

« Continuing our multi-year partnership with the MIT Engineering Quantum Systems Group
- expanding current software and hardware capability to create 64-qubit capable test bed

Keysight’s high-precision instrumentation enables quantum engineering

AN KEYSIGHT

William D. Oliver, Ph.D.

Associate Professor, Electrical Engineering
Professor of the Practice of Physics
Director | Center for Quantum Engineering
Massachusetts Institute of Technology

“Early access to Keysight's
technology has been key to
enabling our research for the
past few years.

EQuS looks forward to
applying Keysight's emerging
quantum software and
hardware solutions to our
new 64-qubit test bed”




Quantum Technology



Quantum Markets

Quantum Communications

Satelite Link

Quantum Channel
"II-“”~£;2£;l_

.................... >
Classical Channel Optical Fiber
Node (Data) Node
(Alice)

Node
(Repeater)
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uW pulses
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PathWave FPGA with
Quantum IP Library
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Quantum Sensing

Control Systems o
(For R&D) s Quantum Lidar / Radar
==l (Entangled Photons)
uW Sensors
(E.g. Rydberg Atoms)
Low-density (PXle) \ Gravitometers /
Accelerometers
Magnetic Field Sensors

(E.g. NV Centers)

(E.g. Neutral atoms)
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Many types of qubits

A bit of the action

In the race to build a quantum computer, companies are pursuing many types of quantum bits, or qubits, each with its own strengths and weaknesses.

Current

Laser

Inductor
(o]
o
B
ol
=3
7

=« Microwaves

Electron

Trapped ions

Electrically charged atoms, or
ions, have quantum energies
that depend on the location of
electrons. Tuned lasers cool
and trap the ions, and put them

Superconducting loops
A resistance-free current
oscillates back and forth around
acircuit loop. An injected
microwave signal excites the
current into super-

position states. in superposition states.
Longevity (seconds)

0.00005 >1000

Logic success rate

99.4% 99.9%

Number entangled

9 14

Company support

Google, IBM, Quantum Circuits ~ ionQ

© Pros

Very stable. Highest achieved
gate fidelities.

Fast working. Build on existing
semiconductor industry.

@ Cons
Collapse easily and must be Slow operation. Many lasers
kept cold. are needed.

Microwaves

Silicon quantum dots
These “artificial atoms” are
made by adding an electron to
a small piece of pure silicon.
Microwaves control the
electron’s quantum state.

Intel

Stable. Build on existing
semiconductor industry.

Only a few entangled. Must be
kept cold.

Topological qubits
Quasiparticles can be seenin
the behavior of electrons
channeled through semi-
conductor structures.Their
braided paths can encode
quantum information.

Microsoft, Bell Labs

Greatly reduce errors.

Existence not yet confirmed.

Laser

Diamond vacancies

A nitrogen atom and a vacancy
add an electron to a diamond
lattice. Its quantum spin state,
along with those of nearby
carbon nuclei, can be
controlled with light.

Quantum Diamond Technologies

Can operate at room
temperature.

Difficult to entangle.

Note: Longevity is the record coherence time for a single qubit superposition state, logic success rate is the highest reported gate fidelity for logic operations on two qubits, and number entangled
is the maximum number of qubits entangled and capable of performing two-qubit operations.

AN KEYSIGHT

Neutral atoms
Neutral atoms, like
ions, store qubits
within electronic
states. Interactions
through excitation to
Rydberg states

Atom Computing
QuEra ColdQuanta

Many qubits, 2D and
maybe 3D

Lasers needed, spaghetti
physics, atoms escape

Photonics
Photonic qubits
interact via linear
elements

PsiQuantum
Xanadu

Linear optical gates,
integrated on-chip

No memory, not clear
how to scale
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Quantum Computing



Classical vs. Quantum Computers

A big picture comparision

Classical

Calculates with ] ‘N_

transistors, which can 1
represent either0or 1 =——@—@-—

Quantum

Calculates with qubits,
which can represent
0 and 1 at the same time

AN KEYSIGHT

Power Igrenses i Classical computers have 1
a 1:1 relationship with

———
h ber of X low error rates and
the number of transistors can operate at room temp

Powgr inf:reases ' Quantum computers
exponentially in proportion have high error rates and
to the number of qubits need to be kept ultracold

Most everyday processing '
is best handled ’
by classical computers l_l

— 0 +
Well suited for tasks like
optimization problems, data
analysis, and simulations

https://www.cbinsights.com/research/quantum-computing-classical-computing-comparison-infographic/
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What does a Quantum Computer look like?

IBMQ
System One

Photos courtesy of IBM-Q



Why would a customer need Keysight?
How does a customer interact with different types of qubits?
And what does qubit “Control” and qubit “Readout” mean? Is this like “Stimulus” and “Response”?

Qubit Control Qubit Readout QPU
Quantum Processor Unit

Control and measurement Quantum Computing System Receiver/Detectors
signal transmission

Hl I 2

Baseband pulses Superconducting
A\ — A UL
I— e P , ADC
\__/ [—
Pulsed microwaves Spins

—
—— ‘ i& — Photo courtesy of Intel

®
B




Running Quantum Algorithms

Signal quality, timing, and synchronization is key Challenging control system
_ _ « Generation
Quantum algorithm notation - Phase-coherent uW and/or RF pulses
. « Different lengths (ns-us), frequencies (3-12 GHz),
7] ¥
Qubit1 —{H] A 28 amplitudes and phases (IQ modulations)
Qubit 2 ) « FDM to addr_ess several qubits with the same channel
M]  Spectral purity
Qubit3 —| H]| H (1] « Baseband pulses
Qubit4 —{H] (H —{X] [H « Acquisition
_ R - « uW acquisition with real-time 1Q demodulation
Qubit5 —{ 1] L 1X] K « FDM to address several qubits with the same channel

» Pulse counting and timestamping

Scalable to hundreds/thousands of channels

Tight inter-channel synchronization and phase
control

|

Real-time feedback for Quantum Error

Quantum MW | W\[\\—\\\» )
algorithms are L Correction (QEC)
in reality pulse 1 L LT

sequences

KEYSIGHT

TECHNOLOGIES



Practical guantum computing sets challenging control requirements

High-fidelity Gates Scalability Feedback and Quantum-oriented
and Readout Quantum Error Operating System
Correction

AN KEYSIGHT



Unveiling Keysight’s new control system - Hardware

A control system for state-of-the-art quantum computing

Based on PXle, a
Baseband, RF and uw ¥ well-proof Industry E
Control and Readout _— Standard -
Fully Digital
Up to 16 GHz
Low-latency
Inter-module

World-class

Communication
for Fast
Feedback

Phase Noise

—MWM“— PCle Gen3 x8 for Ultra-short
Experimental Deadtimes

- Off-the-shelf

Industry-grade for R&D and Synchronization,

for Commercial Quantum Phase Coherence and
Computers Time-based Execution

AN KEYSIGHT



A control system for thousands of qubits for the next decade
Scalability beyond 103 qubits

Main Host

AN KEYSIGHT

Example of a 500-qubit control system (without FDM in control)

I =T
PCle ‘ Rack Mount PCs ‘

Clock
reference

Tight synchronization and inter-module phase
coherence with PathWave Test Sync Executive

What is the max #chassis supported?
Not defined yet, the underlaying
technology is truly scalable

2 GHz BW enables massive
Frequency Division Multiplexing

(e.g. with 1:4 FDM the same system
could control ~2000 qubits)



A high-performance control system for state-of-the-art quantum computing

Summary

High-performance and
Scalable, for the next
decade

Fully Digital, World-
class Phase Noise and
Off-the-self
Synchronization

A -

AN KEYSIGHT

Industry-grade
for R&D and
Commercial

Systems

Diagnostics & Benchmarking,
Characterization, Error Mitigation &
Supression

Quantum Circuit Compiler

Pulse Sequence Compiler

HW Drivers

Real-time Real-time
Sequencer Digital Signal Processing

World-class Error
Diagnostics and Error
Mitigation

Easy-to-use and
Compatible Circuit-level
and Pulse-level APIs

Real-time FPGA-based
Processing

A
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Quantum Communications



What is Quantum Communications?

Quantum Communications involves using quantum particles to send of information between
parties.

 Quantum Internet

Network of quantum devices that can exchange quantum information.

* Quantum Teleportation

Utilizes entangled qubits to share quantum information without physically sending it.

« Quantum Key Distribution (QKD)

A type of Quantum Encryption that works along side traditional communications networks.



Quantum Key Distribution

Secure encryption method using cryptographic components involving quantum mechanics.

Quantum Channel

Classical Channel (data)
arization/

Polarized light signals are being sent over the Quantum Channel.

ANV KEYSIGHT
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Example of a QKD setup Host PC for HW control

and Data Analysis

Alice 1550
- nm
Polarizer __Attenuator Attenuator | 7 l— 1 I

Avalanche
Photo Diode
Polarized
Beam Splitter

_ Polarizer
POIanzer Beam Splitter

Polarized

Beam Splitter

s

AN KEYSIGHT



QKD Setup

AN KEYSIGHT 30



Tunable Laser Sources

Photon Generation

|
|
|
|
|
1
oW @ 1558 nm, lw: 100 kH;
|
I
1
|
|

EEVEGHT  ATTNC St S S

]
1
_____________ E Digital i
4 -O— i Anc Ly sign.'!-l :
[ processing 1
' : = (DSP) |
1CW @ 1558 nm, lw: 100 kHz DP-MZM > & bit !
q(8)exp(i2afopt) + exp(i2ndfermt) | A |
b a(): semplex 8 PSK, symbal rate 40 MEd, banduidth 40 MHz | A
i'f?Eq_u_cﬁEf estimation  —— T TTTTTTTTTTA i DSP procedure
v = e ) _
h % argunwrap - | lin. fit l-'f"‘[ 1 + E i phase mrmmuni M\Ii:r] f:imj
| o —enlkl | clock
N777xC Tunable Laser Source | el s Spman [0 | o [ 3y o
i b | przik) i
. i — - I ! !
Wavelength: 1240-1640 nm 11 22 Hommp Ho o e q 4 ) T
. . | 7 ] b i :
Linewidth <10 kHz | S0 T e i | A
k) ” transform i) ) 1 expl—jiik)) ‘5—‘ = b}
Wavelength accuracy Typ +/- 10 pm ¢ e

Citation
Sebastian Kleis, Max Rueckmann, Christian G. Schaeffer, "Continuous variable
guantum key distribution with a real local oscillator using simultaneous pilot
signals," Opt. Lett. 42, 1588-1591 (2017);
https://www.osapublishing.org/ol/abstract.cfm?uri=ol-42-8-1588

AN KEYSIGHT



https://www.osapublishing.org/ol/abstract.cfm?uri=ol-42-8-1588

High Speed AWG

Intensity and Phase Modulation

M8195A high-speed AWG
65 GSa/s sample rate
25 GHz bandwidth on up to 4 channels per module

AN KEYSIGHT

University of Toronto

Canada

M8195A High-Speed AWG

) S, s S Alice W
. 9/ =
Shaste | TFQKD Network IIPCII
: 5-km SMF
oo : -—
VOA :
|voa | ! H
IH David M
N2 ¥ oo
BOb PM PC

Twin-Field QKD

Citation

X., W., R., H., & L. (jun 2021). Experiment on scalable multi-user twin-field quantum
key distribution network. Retrieved July 17, 2021, from
https://arxiv.org/pdf/2106.07768.pdf



https://arxiv.org/pdf/2106.07768.pdf

Real-Time Oscilloscopes
Massachusetts

imagery and quadrature information

Infinilum S-Series ois
Oscilloscopes ~

4
(@) Bob

Alice

”l( !

_ /—/ /—/_//“" -
‘ R

Oscilloscope
1PC !
j=p . p & B
PD /

<y
/m \\V \\|y -\\Iy \\y SME 1S0 .
—
( $ ¢ 4 5

<« _» BHD

Keysight Real-time Scopes s aMI Ae A0 RGBS VoA © e

Superior hardware technology that Continuous Variable - QKD
offers the lowest noise floor,

Citation:
h|ghest effective number of bits Ren, S., Yang, S., Wonfor, A., White, I., & Penty, R. (2021). Demonstration of high-speed and low-
. . complexity continuous variable quantum key distribution system with local oscillator.
(ENOB), and hlgheSt bandwidth https://wwwv.nature.com/articles/s41598-021-88468-1

AN KEYSIGHT


https://www.nature.com/articles/s41598-021-88468-1

Keysight Quantum Communication

Quantum Key Distribution (QKD) — Classic Communication Channel

V Series or UXR - OSC

M8195A - AWG o {ﬂ

Classic Channel

Quantum Channel

N4391B - OMA

AN KEYSIGHT Liu-Jun Wang, et. al., ‘Long distance co-propagation of quantum key distribution and terabit classical optical data
channels’, Phys. Rev. A (2017)



| | - Keysight Products for QKD
Single Photon Generation (Alice) Detection (Bob)

Tunable laser sources (N771xA, N777xC) Oscilloscopes

Waveform Generator (e.g. 335098, M8195A)
Quantum Channel

Polarization Controller (N778xC)

Optical Attenuator (N778xC)

Classical Channel

Light Wave Detector and Power Meters
(N4377A, N774xC, 8162xC)

AN KEYSIGHT



Labber for QKD Research
Single Photon Generation (Alice) Detection (Bob)

Labber

QUANTUM

Oscilloscopes

Tunable laser sources (N771xA, N777xC)

Polarization Controller (N778xC)

 Easy-to-use
* Programmable

Optical Attenuator (N778xC) « Automated

* Friendly GUI

Light Wave Detector and Power Meters
(N4377A, N774xC, 8162xC)

AN KEYSIGHT



Quantum Sensing



A quantum sensor deals with the design and engineering of quantum sources and quantum

measurements that improve performance over any classical approach in several technology applications.

Detection Electric Field Temperature Imaging

Rotation Magnetic Field Acceleration Timing



Potential Impact for National Security

Quantum Sensing Technologies

Potential for National Security
Chip Scale
Atomic
Clocks

High
NMR

Gyroscopes

Solid Rydberg
State Atom

Defect electric Diamond .
Clocks field Nitrogen Vacancy oo st

sensors Magnetometers based
gravimeter Superconducting

Magnetometers
& Gravimeters

Quantum
Low Radar/lllumination

»

Concept Lab Demonstration Early prototypes Advanced prototypes Commercially
Available

Technology Maturity

AN KEYSIGHT



Quantum Sensing Technologies

N

Detection Electric Field
B o
Rotation Magnetic Field

AN KEYSIGHT

A Rydberg atom sensor is used for detecting
communication signals over the entire frequency
spectrum, from O to 1 THz.

Big Atoms Make Small, Super-Sensitive Quantum Receivers
U.S. Army Research Lab



Rydberg Atoms

Quantum Receivers

50 kHz
— /'\/

RF

Oscilloscope

Lock in

(b)

60P,
~16.98 GHz -;
— 60Sl;2 /\';2 E’.B7[S .—}21 rB_S AOM 2

(a)

PD DM Filter
% 480 nm )
Laser T =] T N Dichroic
A lTJ Mirror
c
: PD -
: : Yy 6P, N\ <— PID < Coupler
}"p RF Sweep N B
Amplitude-modulated 6S . Pow
/ Vapor Cell§f ower W
C 1 B Horn (C) - 1:';?;[.')8 Radiation Antenna Meter Ny,
arrier - = o] RF
M | Z 10— Mw off
o g
£ 5 TSRV
Information WWW & 05 -~ 35.6MHz PC-controlled translation stage
F dulated [ i ke I = S
z @ | \
requency-modulate . i / —52 — : }
= 00 T
-100 -50 0 50 100 PD 0 ;
Lock Integrated I ‘

A /2r (MHz)
SAS Unit N_ —e— PID el el

RF

N51XXB Microwave Analog Signal Generator E8257D PSG Analog Signal Generator

Jiao, Y., Han, X., Fan, J., Raithel, G., Zhao, J., & Jia, S. (2019). Atom-based receiver for Sond, Z.. Zhang, W.. Wu, O.. Mu, H.. Liu, X.. Zhand, L.. & Ou, J. (2018). Field
amplitude-modulated baseband signals in high-frequency radio communication. Applied Distortion and Optimization of a Vapor Cell in Rydberg Atom-Based Radio-Frequency
Physics Express, 12(12), 126002. doi:10.756//1882-0786/ah5463 Electric Field Measurement. Sensors, 18(10), 3205. doi:10.3390/s18103205

Shanxi University National Institute of Metrology

AN KEYSIGHT


http://laserspec.sxu.edu.cn/docs/2019-11/630dfb93489e485c8558e97bac40fc7d.pdf
http://laserspec.sxu.edu.cn/docs/2019-11/630dfb93489e485c8558e97bac40fc7d.pdf
http://laserspec.sxu.edu.cn/docs/2019-11/630dfb93489e485c8558e97bac40fc7d.pdf
https://www.mdpi.com/1424-8220/18/10/3205
https://www.mdpi.com/1424-8220/18/10/3205
https://www.mdpi.com/1424-8220/18/10/3205

Diamond Nitrogen Vacancy Sensors Ot =[1>

Electromagnetic Experiment

Acousto-optic

Modulator Optical pulses

- Laser QI T T
ANV
—\f\\— ‘ Antenna I §

Electrodes

: Positioning
-'\M\{\I‘—'\M\{\H I Electrodes
uW pulses

(%)

RF pulses

Collection lenses

Scattered photons

‘ <
BB/DC Pulses —” N %
<

Signal

Processor Photomultiplier /

Avalanche photodiode

BB pulses (readout)




Diamond Nitrogen Vacancies

Electromagnetic Sensors

M819XA High Speed AWG

Meinel, J., Vorobyov, V., Yavkin, B., Dasari, D., Sumiya, H.,
Onoda, S., . .. Wrachtrup, J. (2021). Heterodyne sensing of
microwaves with a quantum sensor. Nature Communications, 12(1).

N51XXB MXG Analog Signal Generator

d0i:10.1038/s41467-021-22714-y

Max Planck Institute, Germany

AN KEYSIGHT
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8 SWion [ r Depth Base length ensor ensor Optical

b fi

; SW2on iber

= :
g 8 2800 2900 z‘xjon | Diamond
Microwave frequency (MHz) an
MW amplifier

Hatano, Y., Shin, J., Nishitani, D., lwatsuka, H., Masuyama, Y.,
Sugiyama, H., . .. Hatano, M. (2021). Simultaneous thermometry and
magnetometry using a fiber-coupled guantum diamond sensor. Applied

Physics Letters, 118(3), 034001. doi:10.1063/5.0031502

Masuyama Y';Suzuki K;Hekizono A;lwanami M;Hatano
M:;Iwasaki T;Ohshima T;. (n.d.). Gradiometer Using
Separated Diamond Quantum Magnetometers. Retrieved
from https://pubmed.ncbi.nlm.nih.gov/33540515/

Tokyo Institute of Technology, Japan


https://www.nature.com/articles/s41467-021-22714-y
https://www.nature.com/articles/s41467-021-22714-y
https://www.nature.com/articles/s41467-021-22714-y
https://www.nature.com/articles/s41467-021-22714-y
https://aip.scitation.org/doi/abs/10.1063/5.0031502
https://aip.scitation.org/doi/abs/10.1063/5.0031502
https://aip.scitation.org/doi/abs/10.1063/5.0031502
https://aip.scitation.org/doi/abs/10.1063/5.0031502
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7985778/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7985778/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7985778/

Quantum illumination

Quantum Radar has the potentially lowered output level vs.
Signal/Noise Ratio compared to Classical Radar

Digital Signal
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Keysight is at the Heart of the Digital Revolution
Accelerating innovation to connect and secure the world
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Keysight’s Quantum Team Footprint

Waterloo, Canada

) ai— ==
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) ,f-ly
Cambridge, MA
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“ Austin, TX
Colorado Springs, CO
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Keysight Hardware and Software Quantum Ecosystem

Vector Signal Generators
Optical Instruments

Materials Measurement



Quantum EDA at Keysight

Solutions for Superconducting Qubits
P = 7 Qubits in
tum EDA Strat SR Quantum g =L S EMPro
Quan um ra egy Input Input 300K Pump Output SyStemS S[S] Al UL
Make the connection
between quantum and Seiy My el B
EDA worlds Bl Bl oraeen (B 2 A
» Translating Quantum aK P design | 52 4 Qubits in
. e~ - Eeiet ~ Hala e~ e Quantum ,
parameters into EDA H H L o RFPro
: Circuits
design S S, SN S E—
» |Integrated workflows [F &l
= Faster cycle of qubit T T ﬁ] -----------------------------
design T T A qubit in
= Extracting Quantum Coo S TER— ESFES ERN N—— %uee\l/?él;;n ADS Layout
parameters from EDA H [] : .
simulations | foapos | g
Quantum | | i des ign . "'é ] ]
: Processing & _ ™ Quantum S osephson
I\/_Ia_rChlng towards _ Unit (QPU) ampiiier | | 3 [ Quantum junction in
providing market-leading (QA) a8 \ Junction ADS Circuit

EDA tools to streamline X
the design of qubits - .

AV KEYSIGHT Quantum EDA at Keysight




Come find out more on Keysight.com

www.keysight.com/find/quantum

KEYS'GHT Contact Us 2 A\ @ Q

TECHNOLOGIES

PRODUCTS + SERVICES ~ SOLUTIONS ~ INDUSTRIES ~ SUCCESS STORIES ~ RESOURCES ~ BUY  SUPPORT  BLOG

= KEYSIGHT
—  UNIVERSITY

EMERGING TECHNOLOGIES

Keysight University Home

Quantum Solutions

How to Build a
Enable the new quantum engineering era Superconducting
Quantum Processor

Since the 1980s, quantum computing has evolved from
being driven by purely scientific curiosity at university labs,

into a world-wide engineering endeavor. Among the multiple

Take a quick tour of the ik o
Keys I g ht Q u antu m We b pag e most popular, explored, and powerful.
(LI N K) Get Started =

Take a quick tour of the
Keysight University web page

LINK
AN KEYSIGHT ( )


http://www.keysight.com/find/quantum
https://learn.keysight.com/pages/32/keysight-university-home

Thank you
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