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The Quantum Bit




Quantum Computing: Extra power from
Interfer~nce

 Many computational paths from the initial state to each final state

 Each path accumulates a complex phase, e.g.

* Output probability is concentrated at the final states where (almost) all paths arrive with
(approximately) the same phase.



The pillars of quantum computing At the Core is hardware development

Improved fundamentals

coherence
: gate fidelity
ooy, high on/off ratio
oy £ Junction physics
Improved systems
packaging and integration
Error Quantum stable and reliable control systems
CorrectionIinterconnects Error correction
More efficient codes (long range
interactions)
Hardware Codes co-designed with hardware
aware .
applications Quantum interconnects

Coupling to flying qubit

Distributed compilers and correction
Hardware aware applications

Based on complexity of underlying
circuit
|BM Quantum / Quantum Introduction / © 2020 IBM Corporation Hardware co-designed with circuit
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IBM Quantum

The Transmon

Josephson Junction as a non-linear inductor

“Josephson Phase” Josephson
d=4¢,- ¢, Relations Non-linear inductor

100 nm |1>
X 100 nm 0>

= ¢
H=qg?>+Cos (JNEENC] g r RV 100 11].4

~300MHz anharmonicity
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IBM Quantum

Qubits and Errors

A qubit is a quantum two-level syste
Finite qubit coherence times

 T1: relaxation (dissipation - think resistor)

 Tf: dephasing (randomization of f)

* Results from measurement (intentional or not
* T2: parallel combination of above,
Imperfect control pulses
Spurious inter-qubit couplings
Imperfect qubit state measurements

> Errors unavoidable —

IBM Quantum / Quantum Introduction / © 2020 IBM Corporation



Coherence times of superconducting qubits oM Quantum

001

Developments to extend coherence | e Eet s Bl repeatabia 12
times 0.001
Materials e.qg. [2]
Design and geometries e.q. [3]
3D transmon [4]
IR Shielding [5,6],
Cold normal metal cavities and
cold qubits [7]
High Q cavities [8]

Titanium Nitride (collaboration with o _ ,
David Pappas @ NIST Boulder) [9] .. 1608 | Now reaching > 100 microseconds

10-100 ns gate times

@
0.0001 & e
0.00001
0.000001 |

0.0000001 &

Coherence time (seconds)
o

Remarkable 1qress over the past
95 210503 (2005) £0s | @

Maytinis et al.
éHg%d rllngs et aI APL 192601 (2012) 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
[4] H. Paik et al., PRL 107, 240501 (2011) Year
[5] R. Barends et al., APL 99, 113507 (2011) '
[6] A. Corcoles et al., APL 99, 181906 (2011) Steady progress in coherence over the years

[7] C. Rigetti et al., PRB 86, 100506 (2012) . .
[8] M. Reagor et al., arXiv:1302.4408 (2013) But still need ~ 1 more order of magnitt

oM QG NRRERhabuARL d 93 M260442013) 8



Controlling the Qubit State 1BM Quantum

Arbitrary Waveform
Generator

Ch.1 Ch.2

Drive around the Bloch sphere using
microwave pulses (typically 10-50ns @ 5GHz) . To Qubit
", Generator
l~._.‘-;
.".“"}'rlill nenet .:
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Two-qubit gates: Cross resonance

Matrix Elements

. J
10) — [10) + X[01)

-~

110)

heory: C. Rigetti and M. Devoret, Phys. Rev. B 81, 134507 (2010) Experiment J. Chow et al., Phys. Rev. Lett. 107, 080502 (2011)
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IBM Quantum

Cross resonance: What can go

Rigetti and Devoret, PRB 81, 134507 (2010)

?
XYWI;QSQQZZ between every qubit pair

Trying ways to eliminate this but residual ZZ
will always be present

Strong microwave drive
T1 and T2 not what we think during the gate?

Stark shift on the control

Zl
Stark shift on spectator qubits L-wave
Any qubit coupledto CorTgetsa Z drive

’ i ,
Z on random qubit in presence of cross-talk “ ﬂ
Refocusing schemes can mitigate some of iBHE {8 2
the Z errors (including ZZ) but residual q A
commutator errors remain (e.g. ZY, etc)

Drive Q1 at the frequency of Q2
Leakage
IBM Quantum / Quantum Introduction / © 2020 IBM Corporation H —_ a*ZX + b* I X 13
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High-fidelity single-shot readout

Use quantum-limited

Readou
t tone

L0
e

4

. 0 0.
.‘¢ \;“
AR
.1 L

Pump

AW

Josephson
parametric
converter

L1

Need to detect small signals (-130 dBm

F2x4
1) 10)

Dispersive Limit

Cavity Population

Readout Tone Frequency

Qubit Readout k/2p 2x/27 T, T2 echo
Frequency Frequency (MHz) (MHz) average average

(GHz) (GHz) (us) (us)

5.249 6.838 4.60 1.70 33.9 = 39.4 + 0.6
0.27

Total latency: 470 ns, readout fidelity ~0.99

. Residual photons
| during and after
measurement

No of photons




Coherence

Understanding how the qubit
couples to the environment.

Example surface loss

a0

Jl!'

Q~200-500k Q~1-1.5M Q~1.5-2.4M

Gambetta et al, IEEE Trans. Appl.
Supercond. 27 (2017)

Current best (single qubit
devices)———— —

1.0

0.8

06 -

O

Amplitude (a.u.)

0.2 +

1 L 1 L 1 L 1
0 200 400 600 800 1000 1200 1400
Time (us)

Single and two-qubit Measurement
ORAGSNd advanced calibration Dispersive Limit of a resonator-

F. Motzoi et al., PRL. 103, 110501 (2009)  qubit JC Hamiltonian
S. Sheldon et al., PRA 93, 012301 (2016)

+ eyl Dleg))

D= | — oy
Im[e]

Cross resonance interaction used
for the two-qubit gate

Gambetta et al. PRA, 77, 012112 (2008

Quantum limited amplifiers give 99%
assignment fidelity in 500ns

C. Rigetti and M. Devoret, PRB 81, 134507 (2010)
Current limited two-qubit 99.1%
Sheldon et al. Phys. Rev. A 93, 060302(R) [2016]




Alternative Gates
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Frequency

Phys. Rev. Lett. 117, 250502 (2016)

"Drive coupling cavity
at detuned frequency

"Turn on ZZ coupling

"Requires high quality
factors

IBM Quantum / Quantum Introduction / © 2020 IBM Corporation

"Turn on ZZ by tuning
qubits or coupler

"Swap 11 -> 20 and back

IBM Quantum

McKay et al., Phys. Rev. App. 6, 064007
(2016)

"Drive coupler at
difference of qubit
frequencies

16
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Two-qubit gates

Table 1 State of the art high-fidelity two-qubit gates in superconducting qubits

Acronym? Layout” First demonstration [Year| Highest fidelity [Year| Gate time
, 99.4%' Barends et al. (3) [2014 40 ns
=4 ) = LiCplo seiad- (Ll (AU 99.5%" Kjaergaard et ;1.}([72 ) [émg} 60 ns
ISWAP T-T Neeley et al. (80)° [2010] 90%* Dewes et al. (73) [2014] 31ns
CR F-F Chow et al. (74) [2011] 99.1%" Sheldon et al. (5) [2016] 160 ns
v bSWAP F-F Poletto et al. (75) [2012] 867%" ibid. 800 ns
MAP F-F Chow et al. (76) [2013] 87.2%" ibid. 510 ns
CZ (ad.) T—(T)-T  Chen et al. (55) [2014] 99.0%" ibid. 30 ns
RIP 3D F Paik et al. (77) [2016] 98.5%" ibid. 413 ns
iSWAP  F(T)-F McKay et al. (78) [2016] 98.2%" ibid. 183 ns
CZ (ad.) T-F Caldwell et al. (79) [2018] 99.2%' Hong et al. (6) [2019] 176 ns
CNOT . BEQ-BEQ Rosenblum et al. (13) [2018] ~99%" ibid. 190 ns
CNOTr—r BEQ-BEQ Chou et al. (81) [2018] 79%"  ibid. 4.6 us

Kjaergaard et al., Annual Reviews of Condensed Matter Physics 11, 369-395 (2020)

IBM Quantum / Quantum Introduction / © 2020 IBM Corporation




Quantum Hardware Challenges IBM Quantum

"””__,_-""'——> ———
Room temp Inside the Cryo Dilution Fridge Processor, device

electronics Cryo-CMOS controls development
(stable, low-noise, Coherence Junctlons materials

Readout pulses

Better two-qubit gates

target

alye:

Q1 [

control

Packaging

Qubit chip

Interposer

Readout/

Harris et a l " Review Of interconnect Parametric readout amplifiers and qubif bias/control routing

Scientific Instruments 83,
086105 (2012)

~ e it Rosenberg et al., npj Quantum Information
L Sipine ¥ iranem, volume 3, Article number: 42 (2017)

L 90° hybrid

m Introduction / © 0 IBM Corporation
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Randomized
Benchmarking {M}

1. Select | Cliffords (from the n-qubit group)
randomly and calculate the inversion

gate .
2. Starting in |[0> measure the polarization

of each qubit after application of the
sequence

3. Average over many [ n [ cliffords
different random
seguences (“seeds”)

24

11,520
4. Fit to A*a"+B 92,897,280
Error is related to a ag
d/(d-1)*(1-a)

Eaaswar Magesan, J. M. Gambetta, and Joseph Emerson,
“Scalable and robust randomized benchmarking of quantum
processes,” Phys. Rev. Lett. 106 , 180504 (2011)

12,128,668,876,800

IBM Quantum / Quantum Introduction / © 2020 IBM Corporation

Standard N-Qubit IBM Quantum
RB

|| . . z
|0} — A Pi0)
0y—— — 4 —— L Py0)
10) | P30)

800 1000 1200 1400
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Conclusions

Lots of progress over the past
decade

- Approximately 50-qubit devices
can be build with “good” fidelity

Many significant scaling
challenges left

Error correction important long
term

IBM Quantum / Quantum Introduction / © 2020 IBM Corporation

At the Core is hardware developm&ftQuantum

Improved fundamentals
coherence
gate fidelity
high on/off ratio
Junction physics
Improved systems
packaging and integration
stable and reliable control systems
Error correction
More efficient codes (long range
interactions)
Codes co-designed with hardware
Quantum interconnects
Coupling to flying qubit
Distributed compilers and correction
Hardware aware applications
Based on complexity of underlying
circuit
Hardware co-designed with circuit
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Free, cloud-based GUI
and programmatic
access to small
quantum devices and
simulators

Detailed user guide
with example
algorithms

> 160,000 users

> 20 million
avyherimentc




Writing guantum circuits: the “quantum score”

q[0] |o) H

ql1] o) — H

ql2] |0) X

c3

e “Textbook” way of showing quantum circuits
 Conducive to user-friendly drag-and-drop interface
* Useful for beginners studying simple circuits
* Becomes unmanageable for large/complex circuits



include "gelibl.inc";

Writing quantum circuits: OpenQAS

qreg q[3];
* Text-based circuit representation creg c[3];

* Equivalent to quantum score

" The OpenQASM at right represents the quantum
score on the previous slide

* Good for sending basic commands o
cx ql[1],q[2];
to a quantum computer cx q[6].q[2]:

* Not useful for writing circuits h q[o];
manually, but amenable to h q[1];
programmatic generation h ql2];

measure q[0] -> c[0];

h q[0];
h q[1];
x q[2];

measure q[1] -> c[1];

Full specification: arxiv.org/pdf/1707.03429.pdf

measure q[2] -> c[2];



Writing quantum circuits: OpenPulse

* An even lower level than OpenQASM: direct control
over the analog pulses being sent to control and
measure the qubits

 Programmatic generation
Is critical for building even
the simplest circuits

arxiv.org/pdf/1905.02666.pdf




IBM Quantum Platform + Full Qiskit Stack Aepiications

D . ) - @
App“C&tiOnS A|gor|thms Noise, V&V, Error
Chemistry, Al, Optimization, Finance QPE, Grove(rg,pl\ﬂ(l;k, QSVM, VQE, Correction

Benchmarking, Volume, Mitigation

Pulse Level _ 314 Party Plugins
Control Transpile Transpilers, Visualizers,
ontro Circuit Constructors

Quantum Circuits

Open Network Queuein Authenticaton 3 party Plugi
Interface/API Job Contr%l User/Group Languaarg)e/s Tl;glllzti
arXiv:1809.03452 Management ’

Hardware

Simulators :
(Aer) Third Party

- 4
ot THE '4:7' statevector, unitary QuTech-Delit (cloud)

- JKU DD Simulator
- stabilizer, t-gate,

A 48 QCGPU Statevector Simulator
peees KA, T2 more  tensor network Alpine Quantum Technologies (ions)
systeml tokyo ibmagx2

poughkeepsie  melbourne ibmagx4

Ignis

Aqua

Terra
(Circuits)

D O

Network/API
Layer

— Backends

https://qiskit.org



Circuit-Level Interface IBM Quantum

from giskit.circuit import QuantumCircuit, Gate, Parameter
from giskit.quantum_ info.operators import Operator circ.draw()

- - : - ; g 0: |[0>0
# define circuit without register W—

circ = QuantumCircuit(3) g l: |0>41 unitary 0
q_2: |0 1

sub_circ(¢)

# add an opaque gate

opaque_gate = Gate(name='opaque', num qubits=2, params=[])
circ.append(opaque gate, [0, 1]) Decompose
circ.barrier()

cire = circ.decompose()

# add a unitary operator
sigma x = np.array([[0, 1], [1, O]1]) " m .“
sigma_y = np.array([[0, -131, [1], 0]]) opaque
matrix = np.kron(sigma_x, sigma_y) 1 1
unitary = Operator(matrix)

circ.append(unitary, [0, 2]) 2 —"

circ.barrier()

# add a subroutine and parametrize it
sub_circ = QuantumCircuit(2, name='sub_circ')
sub_circ.h(0) :
phi = Parameter('o') 0 —
sub _circ.crz(phi, 0, 1) opaque .
sub_circ.t(0) ! 1
sub_inst = sub circ.to_instruction()
circ.append(sub_inst, [1, 2])

circ = circ.bind parameters({phi: 1.57}

i
|
— | Rz
i 314,157 -157 i |BEA |

Qiskit
Terxa

A 3aiid nndason o
At COmANG




Qiskit Compilation Pipenne IBM Quantum

gc=QuantumCircuit(3,3) backend = provider.get_backend('ibmq_london") backend = provider.get_backend('ibmg_london")
gqc_device = transpile(qc, backend,optimization_level=3)

qc.h(0) gqc_device = transpile(qc, backend)

qc.cx[(©,2)]
qc.measure(0,0)

display(qc_device.draw(output="mpl')) display(qc_device.draw(output="mpl*))

gc.draw(output="mpl"')

Go+0 .

q:-0 q:~1
& g2
qor 2
o ancillag» 3
anciiiag =
ancilla; » 4 ancilla, ~» 4
C 3.' 4 g 3 0

C




IBM Quantum

The Importance of the Transpiler

Programmed Circuit

.y | &
Compile C s - w0 . 0 _ 0NN

r

Bad
Compiler

Device




Qiskit Agua

* High-level, application-
specific modules in finance,
chemistry, optimization,
and Al

* Interfaces with domain-
specific packages e.qg.
PySCF for chemistry

* Implements hybrid
classical-guantum
algorithms such as VQE

Energy in Hartree
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2 Qubit RB

Qiskit Ignis: Features

alpha: 0.978(1.2e-03) EPC: 1.628e-02(9.0e-04)

o

 Characterization
" Coherence (T1 and T2)
" Gates (amplitude and angle calibratio
" Hamiltonian (ZZ crosstalk measureme

©
\J

Ground State Population
o o
Ul o

» Mitigation
" Measurement error mitigation 0.3
* Verification 5 10 15 1o
Clifford Length

" Quantum volume
" Randomized benchmarking




Calibrating and Benchmarking CR [8M Quanturn

defaults = backend.defaults()
config = backend.configuration()

cr_pulse = gaussian_square(duration, amp, sigma, risefall)

sched = Schedule()
sched += cr_pulse(ControlChannel(1l))

inst_map = defaults.instruction_schedule_maj
inst_map.add('CR"', [1, @], sched)
basis_gates += config.basis _gates + ['CR']

qr = QuantumRegister(2)
circuit = QuantumCircuit(qgr)
circuit.append(Gate('CR', 2, [1), gargs=[qr[1], qgr[0]])

gpt_circs = process_tomography_circuits(circuit, [qrl[@], qril1]])
gpt_circs_transpiled = transpile(gpt, backend, basis_gates)
gpt_scheds = schedule(gpt_circs_transpiled, backend, inst map)
result = execute(gpt_sches, backend).result()

gpt_tomo = ProcessTomographyFitter(result, gpt_circs)

© 2020 IBM Corporation



IBM Quantum Platform + Full Qiskit Stack Aepiications
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A quantum teleportation experiment for undergraduate students
Performing Quantum Computing Experiments in the Cloud d P P st

Braiding Majoranas in a five qubit experiment 9. Fedortchenko*
l Simon J. Devitt vénomenes Quantiques, Sorbonne Paris Cité,
Center for Emergent Matter Science, RIKEN, Wakoshi, Saitama 315-0198, Japan. James R. Wootton CNRS UMR 7162, 75013, Paris, France
| (Dated: September 2, 2016) Physics, University of Basel, Klingelbergstirasse 82, CH-4056 Basel, Switzerland
(Dated: Septe—~»~- 27 an1a) nformation these recent vears. it becomes more and more
Quantum wml:..d.:.‘.,.\ danhandae hhan cannaliad a4 cnace B P len dtlhn ik B ccnnwn Tanwannad . . . ) N
| intorest from bot " : S SO F St Homomorphic Encryption Experiments on IBM’s Cloud Quantum Computing
; PHYSICAL REVIEW A 94, 012314 (2016} : : e Platform
perimental progre late quantum information wi
anticipated by m ) i hs if they were particles. Spe
cloud. with users Experimental test of Mermin inequalitics on a five-qubit quantum computer > a kind of non-Abelian anyo He-Liang Huang,*2 You-Wei Zhao,%® Tan Li,!'? Feng-Guang Li,"? Yu-Tao
| releas,ed the Qua ) ) ation can be implemented. F Du,2 Xiang-Qun Fu,»? Shuo Zhang,»? Xiang Wang,»:2 and Wan-Su Baol2:[§
this paper we taki Daniel Alsing and José Igracio Latorre face code Maioranas. This is L hn wi Trfrrmation Qeianan and Tasheology Institute, Henan, Zhengzhou 450000, China
) o Depaviament Fisica (vdnries § Aswofisice, Univershar de Borcelong, Dioganel 645, 08028 Bare " S rmrtnardhi n Centre in Quantum Information and Q:u-rmt-um Physics
N quantum lll_forma and Instliut de Ciénoies del Coamas (ICCLER), Marti' | Franguds 1, 08028 Barcelona, 5p New ]Oll r“al Of PhySICS AR HEighne ik Deutsche Pt?;es?«!ﬁsuhe of China, Hefei, Anhujg 280026, China !
/ chip todr]?gz_]je prl( (Received 25 May 2006; published 11 Tuly 20163 The open access journal at the lorefrant of physics WORInsttile T PIDsles | Gesellchaftand ihe insite iﬂitrmécaﬁe and Department of Modern Physics,
Ory an t-tob . e = . ) 3 : of Physics . Lo TTf.: Aol mannme O . .
While the results 'r_mlauun of Mermin |.'|ll:.|l.|a]_.|-'.u. s tested on the [w:-quput [BM L_]u_&f‘.‘.lJl]'lCDl!'lpll'lL‘J. For thres, Demonstration of entanglement assisted invariance
tgue .
? Experimental Comparison of Two Quantum Computing Architectures iesi FATER on IBM’s Quantum Experience
N. M. Linke.! D. Maslov.23 M. Roetteler S. Debnath,! C. - Entropic uncertainty and measurement reversibility Sebastian Deffaer
: 1 andeman 1 ot 1 | 1,3,5
Figgatt," K. A. Landsman," K. Wright," and C. Monroe . . , A Department of Physics, University of Maryland Baltimore County, Baltimore, MD
! Joint Quantum Institute and Department of Physics, Mario Berta’, Stephanie Wehner® and Mark M Wilde™* 21250, USA

£ Quantum Information and Matter, California Institute of Technolams Paeadana 401175

Compressed quantum computation using the IBM Quantum Experience ¢t Univesity of Technology, Lorentzweg 1, 2628 C Delft, The N | eggett-(Garg test of superconducting qubit addressing the clumsiness loophole ;

Theoretical Physics, Department of Physics and Astrono)
on Rouge, LA 70803, USA

M. Hebenstreit,! D. Alsina,®® J. I. Latorre,>? and B. Kraus' y correspondence should be addressed. Emilie Huffman? and Ari Mizel!
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Quantum state reconstruction made easy: a direct method for tomography

ProjectQ: An Open Source Software Framework for Quantum Computin . , : "
jectQ p Q B & Alan C. Santos®! R. P. Rundle,! Todd Tilma,? J. H. Samson,! and M. J. Everitt!:[]
5 -, . IR &) s + T . i o 5 . . -
Damian S. St.elgerﬂ Ih:lama.s Hanerﬂ and Matthias lro__ver{ﬂ ' Quantum Systems Engineering Research Group & Department of Physics,
Matitute. for T}wommcaa}:)f’ :’i{'“a B Tﬁr Z;:”g;]]‘f;agg A, Moberng sica, Universidade Federal Fluminense, Niterdi, Rio de Ja Loughborough Universily, Leicestershire LE11 3TU, Uniled Kingdom
(Listeds December 35 ) 2 Tokyo Institute of Technology, 2-12-1 Qokayama, Meguro-ku, Tokyo 152-8550, Japan
We introduce Project(, an oy

features a compiler ramework ¢ Quintuple: a Python 5-qubit quantum computer simulator to & il Approximate Quantum Adders with Genetic

simul itk lati b 1 .
R e facilitate cloud quantum computing

mation. We introduce our Pytl H H

provide example implementation es Algorlt h mS : An I B M Quantu m Experlence
tum algorithms through simulat pa

a back-end connecting to the IE Christine Corbett Moran®®* qu

Rui Li', Unai Alvarez-Rodriguez?, Lucas Lamata®, and Enrique Solano*?
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compilation can provide plug-ins ~ *NSF AAPF California Institute of Technology, TAPIR, 1207 E. California Blvd. Pasadena, CA
strategies. 91125

b University of Chicago, 2016 SPT Winterover Scientist, Amundsen-Scott South Pole Station,

!Department of Physics, Zhejiang University, Hangzhou 310027, China
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Get started...

Qiskit

An open-source
quantum computing
framework for
leveraging today's
quantum processors in
research, education,
and business
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pip install giskit

quantum-computing.ibm.com

Qiskit
Agqua
Algorithms for

near-term quantum
applications

Qiskit
Aer
A high performance

simulator framework
for quantum circuits
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