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Quantum Information Science and Technology

Quantum ComputingQuantum Sensing Quantum Networks

Solves select problems that are 

intractable with classical computing

Improves sensitivity, drift, & spatial 

resolution
Enables distributed quantum states

Quantum Information Science utilizes a quantum mechanical description of nature to sense, communicate, 

and process/compute information in ways unobtainable by means based on a classical description of nature

Chinese Satellite IBM Quantum 

Experience

Chinese Quantum 

Satellite “Micius”
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Computing Development Timeline

Classical Computing (Electronic) 

Vacuum tube

(1906)

ENIAC

(1946)

TX-0

(1956)

Transistor 

(1947)

5.5M transistors  

Pentium Pro

(1995)

2K transistors

i4004

(1971)

18 cores 

5.5B transistors  

Xeon Haswell

(2014)

32 cores 

19.2B transistors  

Epyc GPU

(2017)

Integrated

circuit

(1958)

Quantum Computing

Quantum simulator

proposed

(1981)

Shor’s algorithm 

& CSS error correction

(1994-95)

Few-qubit processors 

(2010-2016)

Quantum annealing

& adiabatic QC

(1998-2000)

Cloud-based

QCs

(2017)

Grover 

(1996)

Quantum 

Advantage

53-qubit QCs

(2019)

Factor 15 

(2002)

Quantum computing is transitioning from 
scientific curiosity to technical reality. 

Advancing from discovery to useful 
machines takes time & engineering

You must be in the game to play
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Outline

• Introduction to quantum computing

• Superconducting qubits

• Engineering quantum systems

• Algorithms and 3D integration

Y. Sung, …, WDO, Nature Communications (2019)

32-pin Package

5x5 mm2 silicon qubit chip
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How is a Quantum Computer Different?

Quantum computers rely on encoding information in a 

fundamentally different way than classical computers

Quantum ComputerClassical Computer

“Bit” : classical bit
(transistor, spin in magnetic memory, …)

“Qubit” : quantum bit
(any coherent two-level system)

• Superposition states

• Probabilistic measurement:

Ex: If |𝜶| = |𝜷|, 50% | ۧ𝟎 , 50% | ۧ𝟏

• Discrete states

• Deterministic measurement:

Ex: Set as 1, measure as 1

0 1

| ۧ𝝍 = 𝜶
𝟏
𝟎

+ 𝜷
𝟎
𝟏

𝜶| ۧ𝟎 + 𝜷| ۧ𝟏

| ۧ𝟏

Superposition:

Fundamental 

logic element

State

Measurement

“Or” | ۧ𝟎

| ۧ𝟎

| ۧ𝝍

| ۧ𝟏“And”
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How is a Quantum Computer Different?

Quantum computers rely on encoding information in a 

fundamentally different way than classical computers

Quantum ComputerClassical Computer

Fundamental 

logic element

f(000)

f(001)

000

001

Computing

000

001

+ f(000)

f(001) +

𝜶′𝜶

𝜷 𝜷′

• N qubits: 2N components to one state

• Quantum parallelism & interference

• N bits: One N-bit state

• Change a bit: new calculation 

(classical parallelism)

000, 001, …, 111 (N = 3) 𝜶 ۧ𝟎𝟎𝟎 + 𝜷 𝟎𝟎 ۧ𝟏 +⋯+ 𝜸|𝟏𝟏 ۧ𝟏 (N = 3)

+

+

… …

“Bit” : classical bit
(transistor, spin in magnetic memory, …)

“Qubit” : quantum bit
(any coherent two-level system)
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Classical and Quantum Gates

• Classical universal set

– NOT, AND

– NAND

– …

• Quantum universal set

– H, S, T, CNOT

– …
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time

Computer

Algorithm

…
000

Yin =

+

+

001

010

+
011

Input state

Measurement

0 1

Output state

000

001

010

011

…

Algorithm encodes answer 

into single output state    

with high probability
Quantum

interference 

Quantum Algorithm (Universal)

…

000

001

010

011

Quantum 

interference 

a

b

g

d

000

001

010

011

…

Single-qubit

operations
Coupled-qubit

operations

2
0a  

Probability

2
1b  

2
0g  

2
0d  

0a  

1b  

0g  

0d  
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Algorithm Classical Time Quantum Time Speedup Limitation

Simulation1

(quantum chemistry)
2N (for N atoms) Nc Exp. in space, 

polynomial in time

Mapping problem 

to qubits

Factoring2

(+ related number theoretic)
2N (for N digits) N3 Exponential

Classical runtime 

limit unproven

Linear systems3

(Ax=b)
2N (for N digits) ~N Exponential

Strict conditions, 

e.g. sparse matrix

Optimization4 2N ? ? Empirical

Search5

(unsorted / unstructured 

data)

N 𝑵 Polynomial ( 𝑵) Data loading

Quantum Algorithms and Speed-Up

Seth Lloyd1,3

MIT Mech. Eng. & Physics

Peter Shor2

MIT Math

Aram Harrow3

MIT Physics

Eddie Farhi4

MIT Physics, Google

Michael Sipser4

MIT Math
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Decoherence & Gate Time

Coherence time tcoh: The qubit’s lifetime

Gate time tgate: Time required for a single gate operation

Time

State lost

Environmental 

disruptions

Long coherence times are not sufficient, it’s the number of gates before an error

State decayingQuantum state

Figure of Merit * : # of gates per coherence time = tcoh/tgate

( * Rigorous metric: gate & readout fidelity)
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Qubit Modalities

Thanks to: P. Cappellaro, J. Chiaverini, D. Englund, T. Ladd, A. Morello, J. Petta, M. Saffman, J. Sage
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Physics, EECS

Rajeev Ram

EECS

John Chiaverini

LL, RLE

Jeremy Sage

LL, RLE

MIT Campus MIT Lincoln Lab

Will Oliver

EECS, LL
Jamie Kerman

LL

Terry Orlando

EECS

and large teams at MIT & LL

Kevin O’Brien

EECS
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Qubit Modalities

Thanks to: P. Cappellaro, J. Chiaverini, D. Englund, T. Ladd, A. Morello, J. Petta, M. Saffman, J. Sage
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(electron)
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Quantum Dots
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NV Center
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Trapped Ions

Superconducting 

Qubits

faster gates 
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Dirk Englund

EECS

Paola Cappellaro

NSE

Danielle Braje

QuIIN

Wolfgang Ketterle

MIT Physics
Vladin Vuletic

MIT Physics

Many candidate technologies under 

development to realize the promise of 

quantum computation

NV Center

(13C)

Martin Zwierlein

MIT Physics
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Outline

• Introduction to quantum computing

• Superconducting qubits

• Engineering quantum systems

• Algorithms and 3D integration

Y. Sung, …, WDO, Nature Communications (2019)

32-pin Package

5x5 mm2 silicon qubit chip
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How to Build a Superconducting Qubit

P. Krantz, WDO, et al., Appl. Phys. Rev. 6, 021318 (2019); arXiv:1905.13641

Josephson Junction → nonlinear inductor

insulator

superconductor

superconductor~
 1

 n
m I

+

−

V

 J
L
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How to Build a Superconducting Qubit

P. Krantz, WDO, et al., Appl. Phys. Rev. 6, 021318 (2019); arXiv:1905.13641
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Design Parameters:

IC: critical current of small junction

CJ: junction self-capacitance

Csh: shunt capacitance

N: # of array junctions / shunt inductance

g: big/small JJ size ratio

Qubit Properties:

E01: Qubit frequency (3-6 GHz)

A: Anharmonicity

TF: Sensitivity to flux-noise

TQ : Sensitivity to charge-noise

T
k

: Sensitivity to cavity-loss

Td : Sensitivity to quasiparticlesKoch et al., PRA (2007)

Yan,…,WDO, Nature Comm. (2016)

Orlando et al., PRB (1999)

Manucharyan et al., Science (2009)

Design Space for Superconducting Qubits

Yan,…,WDO, in preparation (2018)F. Yan, …, WDO, arXiv:2006.04130

IEEE CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), No. 49, March 2021. 
Plenary presentation Wk2P4 given at the virtual ASC 2020, November 4, 2020. 

16



Oliver - 17

MIT EQuS – © 2019

Cryogenic Engineering

11 resonator pkgs 
(5 res. / package)

Isolators / 

circulators

Mixing chamber 

plate (10 mK)

Microwave lines

and attenuators

Microwave 

switches

3 qubit pkgs 
(2 qubits / pkg)

Filters and 

biasing lines

5 GHz has a thermal energy of 250 mK → operate at 20 mK.

Commercially available, turn-key dilution refrigerators

S. Krinner, et al., EPJ Quantum Technology 6, 2 (2019)
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5 mm 0.5 mm

Fabrication Engineering

200-mm wafers
(49 Reticles  16 chips)

Transmon capacitor

and control lines
5-Transmon chip with

readout resonators

Tunable transmon qubit 

loop with junctions

Josephson junctions

(aluminum)

250 nm

High-coherence air-gap cross-overs

(optical microscope and confocal images)

5 mm50 mm200 mm

10 mm20 mm

• Manufactured/designed qubits

• Lithographic scalability (silicon)
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High-yield, reproducible processes:

→ larger-scale development & testbeds

(200 mm wafers)

LL Microelectronics Laboratory (ML)
ISO-9001 Certified, DoD Trusted Foundry

MIT.nano Laboratory
>2x larger than other US academic facilities 

Novel, rapid-development processes:

→ exploratory research & prototypes

(50 mm, 200 mm wafers)

Materials and Fabrication Engineering
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Microwave Engineering and Control

Dual-Channel, 2GS/s, 14-bit AWG Qubit Control via Microwave Pulses

• Manufactured/designed qubits

• Lithographic scalability (silicon)

• RF and microwave control

• 100 MHz gate operations

I:  in-phase (00)       → x axis

Q: quadrature (900) → y axis
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• Remarkable improvement in T1,2

– Materials

– Fabrication

– Design

• Major qubit types at MIT & LL

– Flux qubit: T2 =   23 us

– 2D transmon: T2 = 100 us

– 3D transmon: T2 = 150 us

– C-shunt flux qubit: T2 = 100 us

– Gatemon (C): T2 =   50 ns

Remarkable improvement in coherence 

from improvements to 

materials, fabrication, and design

Engineering Improved Coherence

“Moore’s Law” for T2

M. Kjaergaard, WDO, et al., arXiv:1905.13641

WDO & Welander, MRS Bulletin (2013)

P. Krantz, WDO, et al., Appl. Phys. Rev. 6, 021318 (2019); arXiv:1905.13641
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Nascent Commercial Quantum Processors

IBM

IntelRigettiGoogle

To realize the promise of QC, we must 

engineer quantum systems that are 

robust, reproducible, and extensible.
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Outline

• Introduction to quantum computing

• Superconducting qubits

• Engineering quantum systems

• Algorithms and 3D integration

Y. Sung, …, WDO, Nature Communications (2019)

32-pin Package

5x5 mm2 silicon qubit chip
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Layered Architecture

N.C. Jones PRX 2, 031007 (2012)

logical

operation

+

error

correction

error

detection

+

error

mitigation

physical qubits

(faulty)

logical qubits

(robust)

Architectural Layers of a QIP
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Layered Architecture
Engineered Error Mitigation:

Dynamical Decoupling

Eg. Lacrosse Cradling

Architectural Layers of a QIP

N.C. Jones PRX 2, 031007 (2012)
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Lacrosse in the Presence of Noise

Layered Architecture

N.C. Jones PRX 2, 031007 (2012)
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Dynamical Decoupling from Running “Noise”

Layered Architecture

N.C. Jones PRX 2, 031007 (2012)
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“Active Error Correction” in Lacrosse

Layered Architecture

N.C. Jones PRX 2, 031007 (2012)
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Can we improve the 
dephasing time?

Coherence Times

J. Bylander, …, WDO, Nature Physics 7, 565  (2011)




0

1

1


1


• Relaxation rate:
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• Dephasing rate: 

1 1
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2 1
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NO Dynam. Decoup.

Dynamical Decoupling: 
Noise Shaping Filters

(Ramsey, N=0)
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J. Bylander, …, WDO, Nature Physics 7, 565  (2011)
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t

Xp/2 Xp/2

t

Frequency (MHz)

t = 1 ms, tp = 0 Ramsey
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(Ramsey, N=0)

WITH Dynam. Decoup.

(spin echo, N=1)
t

Xp
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t/2 t/2
0

1

0 54321

0.8
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0.4

0.6

Dynamical Decoupling: 
Noise Shaping Filters with 1 p-pulse

−+

J. Bylander, …, WDO, Nature Physics 7, 565  (2011)
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Frequency (MHz)

t = 1 ms, tp = 0 Ramsey
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Dynamical Decoupling: 
Noise Shaping Filters with 2 p-pulses

−+ +

J. Bylander, …, WDO, Nature Physics 7, 565  (2011)
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Noise-Shaping Filter Functions

Carr – Purcell (– Meiboom – Gill) Sequence

S ~ 1/f

CP(MG)

UDD

Engineered Error Mitigation:

Dynamical Decoupling
(improves the physical qubit error rate)

Dynamical Decoupling: 
Noise Shaping Filters with N p-pulses

J. Bylander, …, WDO, Nature Physics 7, 565  (2011)
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Y. Sung, …, WDO, Nature Communications 10, 3715 (2019)

F. Yan, …, WDO, Nature Communications 7, 12964 (2016)

F. Yan , …, WDO, Nature Communications 4, 2337 (2013)

Noise-Shaping Filter Functions

Carr – Purcell (– Meiboom – Gill) Sequence

S ~ 1/f

CP(MG)

UDD

Qubit Noise Spectroscopy

Filter Engineering & Optimal Control

Noise Spectroscopy 

J. Bylander, …, WDO, Nature Physics 7, 565  (2011)
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Outline

• Introduction to quantum computing

• Superconducting qubits

• Engineering quantum systems

• Algorithms and 3D integration

Y. Sung, …, WDO, Nature Communications (2019)

32-pin Package

5x5 mm2 silicon qubit chip
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Gate Model Superconducting Qubits

Coherence 

& Gate Fidelity

Superconducting 

Qubits

R
e
a
d
o
u
t

Number of Clifford Gates

F1QB = 99.94%

F2QB = 99.7%

R
e
a
d
o
u
t

0

1

M. Kjaergaard, M. Schwartz, …, WDO, arXiv:2001.08838

2D Arrays of Qubits
Lattices, Error Propagation, Coherent Errors, …

Y. Yanay, …, WDO, C. Tahan, arXiv:1910.00933

Accepted to npj Quantum Information (2020)
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3D Integrated Superconducting Qubit Platform

64-Qubit Quantum Testbed
Building in 2020

2D Arrays of Qubits
Lattices, Error Propagation, Coherent Errors, …

Y. Yanay, …, WDO, C. Tahan, arXiv:1910.00933

Accepted to npj Quantum Information (2020)
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3D Integration for Quantum Processors
IARPA Quantum Enhanced Optimization
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+

3D Integration for Quantum Processors

Interposer Tier

Qubit Tier

+

Superconducting Readout and Interconnect Tier

Maintaining process independence for each wafer / layer 

enables separate optimization and retains focus on high-coherence qubits
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J. Braumueller, …, WDO, (2019)

D. Rosenberg, et al., npj Quantum Information 3, 42 (2017) 
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Canada
• Inst. for Quantum Computing (2002)

• Inst. Quantique (2015)

China
• Key Lab, Quantum Information, CAS (2001)

• Satellite quantum communication (2016)

• Alibaba – CAS cloud computer - $15B (2018)

Superconducting qubits Quantum optics NV centersIon trap qubits Semiconducting qubits

Quantum Worldwide
(not an exhaustive list) 

Singapore

• Research Center on Quantum Information 

Science and Technology (2007)

Australia
• ARC Centers of Excellence

– Center for Quantum Computing Technology (2000) 

– Engineered Quantum Systems (2011)

• CommBank – Telstra – UNSW (2015)

Japan
• Gate-model and QA 

• JST, RIKEN, AIST, NICT

Europe
• Netherlands: QuTech (2014)

• United Kingdom: National Quantum Technologies Program, $0.5B (2014)

• EU: Quantum Flagship, $1B (2016) 

• Sweden: Wallenberg Center for Quantum Technology, $0.2B (2017)

• Germany: Fraunhofer – IBM alliance, $0.8B (2019)

United States

• Joint Quantum Institute (2007)

• Joint Center for Quantum Info & Computer Science (2014)

• National Quantum Initiative (2019)

* European Commission
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• Germany: Fraunhofer – IBM alliance, $0.8B (2019)

United States

• Joint Quantum Institute (2007)

• Joint Center for Quantum Info & Computer Science (2014)

• National Quantum Initiative (2019)

* European Commission

Center for Quantum Engineering:

a Lincoln – RLE Initiative
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MIT Center for Quantum Engineering

• Mission Statement:

– We establish an initiative dedicated to the 
academic pursuit and practice of quantum 
engineering to accelerate the practical 
application of quantum technologies

• Objectives:

– Define quantum engineering

– Educate tomorrow’s quantum engineers

– Partner with industry via consortium model

– Advance quantum science and engineering

www.rle.mit.edu/cqe
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Quantum Engineering

Quantum Engineering is the bridge connecting science, mathematics, and classical engineering
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