QUANTUM
MACHINES

Walking backwards

the controlsystem needed to run Shor’s
algorithm on a fault tolerant co

Itamar Sivan

e
CEN
(A
=
Al
2

0

]
- o
. 5
- -
S
@
-
o
e 4
£ .r‘ r”r‘xIf ‘_{‘:;. N ::
= o R @
: o’ P Le
. o o <¥.
‘ ‘ o =4
/ o o @
o @
p o .
¢ L =
= B
; P
o ©o
o ¢
; P
o
= T )
£ o
o - @
)
™ = @
: )
/) i

1,

mgsssauwa

R

0L AN BN

AN

S 4

NS
S

gsggﬁ\;gggnn

T tes.

#



Racing to Quantum Advantage
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OPX1000

High-density, modular
quantum controller

QDAC- Il Compact
High-density DAC
QSwitch
Remote-controlled
breakout box

QDAC- I
Ultra-low noise
24 channel DAC OPX+
Ultra - fast controller
Octave
Up/down converter
up to I8GHz
Most complete platform for advanced
quantum control:
Highest channel density with world - best synchronization

Unmatched analog specs and real - time compute
capabilities

NI QUANTUM
Lo MACHINES

World - best performance through the stack:
Optimized packaging enabling millisecond coherence
Best - in- class insertion losses, transmission and shielding

N P e

QFilter

Compact multi-stage low- e
pass cryogenic filter &2

Qcage.24 & .64

MW cavity sample -
holders ’

QBoard - I
i Non-magnetic I
" advanced sample holder -7
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Ease- of - use Processor - based controller

Unmatched real-time compute and

control-flow
OPXIO O O Ultra - fast feedba ck: active reset < 120ns

Enables the mostadvanced dynamic

@ Intuitive pseudo-like programming

Out-of-the-box workflows for ultra-fast
calibration and real-time retuning

Simple to set up: multi-qubit calibration

< 0 3 —= 1
& RB in48 hours from unboxing . . Al B sequences right out of the box
‘ ,? 4! atv\\ /‘\ ~ /’—
A Z; % ; o : 3 ﬁ‘ f\‘ : ;\"o : O/V(&"‘
Effortlessly add units with any to- A : Eikg ; = ; 1 = | Direct Synthesis (DDS) technology up to
anydata-sharing,exceptional :: :: f;\‘ : ' OMMAG':IENIf ; = ; = 10.5 GHz
o R T v 7 LI . .
phase synchronization,and no e - agf:fwv" o ch o B Outstanding purity and SFDR (cannot
software redesign ; be achieved with m ixers/double
) fen 1 heterodyne calibration)
Supports 1000s channels with extremely o5
high density 0f26.7 channels/U Baseband module with up to 16
multiplexed tones & Microwave module
NVIDIA - QM: Na tive GPU-quantum HW @ _ with 8 tones 2 carriers per channel
int ti i < NVIDIA
integra 1on,roundtr|elay ,4 HS Ny / 0 2GSa/s and 4 GSa/s modes
‘ ‘ s . - a )
Unrivaled scalabili i =f— Cutting -edge
nrivaied scaiabl |ty ana|og specs
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f - use

modules as needed

e programming

rkflows for ultra-fast
l-time retuning
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Unmatched

control- flow
Ultra - fa st fe«

Enables the

sequences j

Direct Synthz
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Factoring the number  21with QEC

(4 v" 5 computational superconducting - qubits
@  Surface -code
v'd=5 (‘distance 5’)
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Classical Quantum

| Processing Processing |

v Processor -based

Controller
Controller

Ease of use
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Unrivaled

Cutting -edge
Scalability

Analog Specs
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Originallogicalcircuit @
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@Surface—code compatible circuit

Decoding-dependent feed-forward (FF)
can be delayed until the next non-
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Originallogicalcircuit @
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Originallogicalcircuit @

non- ékfford -
sirnge-Qnon-Chfford @Surface—codecompatible circuit
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Factoring 21(with 90% success rate)
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Logical
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S perfectubit
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High-levelcontroller requirements \

Real-time feed-forwards

Non-deterministic protocols
Thousands ofcontrolchannels
Real-time decoding ofthousands ofbits

Ultra-high gate fidelity
atscale

Extreme phase stability

Fastand easy development

)

Q

Unrivaled
Scalability

"4

Cutting-edge
Analog specs

)

Classical
computing
integration
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Ease ofuse



Unrivaled scalabili

Q

Unrivaled Scalability

R ONNBIRY rcquire

1000-4000 channels!

Supports 1000s channels with extrem ely
high density of26.7 channels/U

Program land MNOPXI000s in the exact
same way

QSync technology supports clock
distribution across massive clusters

with minimalskew

Supports data broadcasting in 100s of
nanoseconds across modules

OPX1000

QM

Unrivaled scalability

QUANTUM
MACHINES

1,000 channels in
a single rack




Unrivaled scalabili

Unrivaled Scalability

1015 Qubits BEXeRisigs
1000-4000 channels!

Clock |source

A

Main OPXI1000
chassis
AI l 7y
v v
OPXI000 OPXI1000 OPXI000 OPXI1000
chassis chassis chassis chassis

@ Supports 1000s channels with extrem ely
high density of26.7 channels/U

Program land MNOPXI000s in the exact
same way

A AA A
QSync technology supports clock : : : W
@ distribution across massive clusters
[ ) o [ )
with minimalskew l
@ nanoseconds across modules chassis chassis chassis chassis chassis
[ ) [ ) [ ) [ ) o
OPX1000 : : : : :
[ ) [ ) o [ ) o

Unrivaled scalability
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Unrivaled scalabili

Deployed large scale systems
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MACHINES

ALICE &




it es o & -
0 KA ool K\ /5% </

S ¢ o 6 | Xl 4 %\ g
Ny ﬁ . e e vf///,,s 2 N Y W /:;« %
Seeritl LS AN NN AR\ ERRRNES
M ol AN N NS

SR el SN AN 7N NN
,t[ ; o e e rrs///,ﬂ c:x by ) f//v,m,/ oVt <

) :E.W © el CRNARYA Ny v ,%/4/ by 4 o ¢

;///”' JM: _e [ v \mh e %//// - ‘( 1%\ .'e/ SN

i\ Py sl NN g V&&VE BN N

IN-74 — \/\ e s S S ~

.

Powered By Quanium Meckines

Israeli Quantum
Computing Center

h_ ‘\f C

)OO
"

AN NN NN

‘.
o ae -
A NN N NN N r .
,._4 . f M.
,,.-.1.11_......\.1 e n.
v e n
o» . fneH >
....,..1.1 CRGEC N N e n”
- )
a6 e L

\-
CRCNGRCRC RGN
\ < |}

<A NVIDIA

®.6. 6.6 %)% 6.6 //
- EY (] . :
o 2 s

3 &

L ee
eeeeceeed
. \

Deployed large scale systems

\

mw /.w. RSN B Sy )

eeeeeceed

Unrivaled scalabili

Py



Cutting - edge analog specs

g Phase stability: the need forcutting-edge specs

A A noise
® (o] r—d | o | > +—> 8
S A A A |/ f S
3 Sl NN N Theshold = 14mrad
3 1\ S
IS
%) > o >

Experiment time Experiment time

» Phase stable within 4 mrad

COJ.\Ml Ultra-high gate fidelity: iSWAP gate error less than 10-4

Process fidelity vs. n

1.000

|
| |
| |
| |
| |
| |
| / |
I y 0998 {— t— - |
I g / I
| K 0997 |
| - dom (Pl / \ !
| n= ¢C (¢)1 ¢2) 0.996 —— Process fidelity |
: 0.995 o ;-nz :
I ' ; I
I Derivation in: Ganzhorn, Marc, et al. Physical —0.10 =0.05 0.00 0.05 L1k |
I Review Research 2.3 (2020): 033447. n |
L om e o o o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e = = = J
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Cutting - edge analog specs

g Phase stability: the need forcutting-edge specs

A A noise

® (2 b4 »-4 > A )

S A A A |/ f §

3 \ | / ' 3 Threshold = 14mrad

E ‘." hs ...................................

N ' / AN

3 / j 3

S v V V 3

%) > o >
Experiment time Experiment time

COJ.\Ml Ultra-high gate fidelity: iSWAP gate error less than 10-4 » Phase stable within 14 mrad

OPX 1000 A PHASE NOISE

Designed for high - fidelity 22\ Iess than 5 mrad RMS jitter

o] PHASE DRIFT

[ess than 6 mrad in lhour

-190 >
bz 0wz 100Hz iz 0kiz 100kiz Iviz 10MHz 100MHz a110W5|

>0.9999 1

Frequency offset F.

state
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Cutting - edge analog specs

g Phase stability: the need forcutting-edge specs

A A noise

O »4 | o | | o | <+ <+ 8

S A A A | f S

3 \ ‘.‘ o Threshold = 14 mrad

] el EE R R L E s I Wi

% { . %5

~ O

g} J Y 4 / / § \ Real- time
() > Q > calibration

Experiment time Experiment time

COJ.\Ml Ultra-high gate fidelity: iSWAP gate error less than 10-4 » Phase stable within 4 mrad

Real - time Calibrations

of Circuit Parameters and Phase Reset

In situ embedded calibration

Q1 o) X

13

Uiswap,

e.g. via Ramsey swap
_ sensitivity higher than iswAp @2 |0) ————
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Processor - based controller

RTcalibrations

Cutting - edge analog specs

o Phase stab ility
\l

(V) Direct - digital synthesisupto 105 GHz

o/

© 019166689
qj, s

901080000
& e
9.0 0 90 96 -6

90000000
\‘ 78

© 9000000
\e

N
e-0o-0 90 e-a 0 |
/

e.-0-a a0 oo o N
\e

\e

A dBc/Hz
C{{B "No mixers/double heterodyne =
Pputstanding SFDR & minimalspurs
-50
-70 :l\
@ No ph - drifting PLLs and exceptional
’0 JPphase noi <- 125 dBc/Hz, 6 GHz @ 10kHz o ffset)

“OPX+ & Octave: Perfect, all -in-
one measurement system for
SNU'’s silicon 5 qubit device!

Prof. Dohun Kim

-130 - S —
E E
@'Low frequency (base-band) module = 100 00 I
vith up to 16tones per channel E i o g i
-190 . . > ; l F
Hz 10Hz 100Hz IkHz 10kHz 100kHz IMHz 10MHz 100 MHz = A S0
Microwave frqueney seéule with up to 3 25 25

8 tones around 2 carriers per channel i £
QEC-ready top—-notch specs: 1 G T e
allows

ssthan 10 mrad rm s jitter
2GSa/sand4 GSa/smodes

i 2 3 1 3 B
Time (us) Freq. (MHz) Time (ps) Fraq. (MHz)

Fitare >0.9999 Park J. et al, arXiv:2403.02666 (2024)

Cutting - edge

analog specs Unparalleled classical computing integration
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Cutting - edge analog specs

g Cross-resonance gate calibration

Hamiltonian tomography (phase) - [cr ¢1 t0]

T
! H k- X —e— ZX
LY
0.04 - sy Ll =k= Y === 7Y
A N : : —-&= [Z —— 77
11
11
11
L F
0.02 H
_ 11
N 11
T 11
= 11
L poof .
1]
o
=3
g
Ly !
-0.02 1 A T /
A% 11 \ A
N 11 \ ’
N 11 A
N 11 A
N 11 A -
—0.04 S [ S -2
' ~ 11 ," - s
b g Se— gy
I I I 1 1 I I I I
-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0
Phase [rad]

Fast and precise
Cross - resonance
calibration

6 SUNG KYUN KWAN UNIVERSITY(SKKU)

SAINT #2u=zeian

SKKU Advanced Institute of Nanotechnology

(%)

QuIRL

QUANTUM
MACHINES

element (Y) element {X)

element {2}

Control {Z)

Phase calibration of correction gate for
cross - resonance gates, enabled by OPX

Hamiltonian tomography (time) - [cr_c1_t0]

Processor - based controller
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Courtesy of:
Prof. Yonuk Chong
Professorand Director of Qcenter,

SungKyunKwan University
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Classical processing integration

)

Performing FT surface-levelcircuits

)
VA AW

1

f

0

~

\Task dependencies. Width: decoding volume; inset number: req. latency [d]J

Using repeat-until-success for T
state prep

Run magic state prep circuit but
discard the result and “start-over”
based on real-time measurements

Increased fidelities from 98% to
99.7%

N J
QMQUANTUM
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Classical processing integration

)

Physical-levelgates and measurement

Processor - based controller

@ Unmatched real-time compute power

@ Fully parametric real-time signal
generation

@ Comprehensive control- flow

@ Ultra-fast feedback: active reset< 120ns

Quantum
chip

Ancilla qubits

O

O Entangle
O Ancilla s
O

Data qubits

QUANTUM
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Classical processing integration

® FTsurface-levelgates NN 00

Classicaldecoder(classicalprocessor)

Classicalcontrollet

Quantum
ol Entangle
p Ancilla s

Data qubit
.,,,' 4 '.-_ ed | 141

Conditional

QUANTUM
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Processor - based controller

. QEC processing and control flow requirem ents

input output
logical gate-level program logical results
pulse-level
program

Physicalmeasurements

[
»

<
<

[ogicalframes and
logicalmeasurements k )

measurement
pulses

QMQUANTUM Yaniv Kurman et al. “Control Requirements and Benchmarks for
nVIDIA Quantum Error Correction”, arXiv: 2311.07121 (2024), under review

MACHINES



Processor - based controller

)

QEC processing and control flow requirem ents

input output
logical gate-level program logical results

pulse-level
program

Controller

Physicalmeasurements
L Mapping measurements - decoders >

<

2. Waitfordecoding while playing ~
logicalframes and
logicalmeasurements

3. Feed-forward op.s afterdecoding

QPU- Decoder roundtrip <10 us
Ultra - low latency Full control flow in

QPU- controller controller and Parallelize decoders
(100s ns)

High performing [ow-latency
decoders communication

Yaniv Kurman et al. “Control Requirements and Benchmarks for
Quantum Error Correetion”, arXiv: 2311.07121 (2024), under review

QM st < |

YAT®



Processor - based controller

Algorithm ic 1nitia liza tion for
hot spin qubits

As qubit arrays scale,highertemperatures
are required to get sufficient cooling power.

Diraq ’'s OPX- enabled algorithmic qubit
initialization bring SiIMOS spin qubits above
IKinto the realm offault-tolerance.

Drive signals generated

parametrically

Ease of programming

C’) Real - time decision - making
even forrepeat-until-success loops based on readout,with ultra-low latency
Real - time corrections and loops a |Loadramp 31 Parity readout & state fiter
d rMW taw AC Stark shift wa rMW AC Stark shift corrected 1 2 Mixed \;‘\Lt/ Readout signal
cted Read ramp
' fﬂ uncorrecte ‘ — ; Q1 Q2 - —_ TJL’
+ - II I H W ﬂ' time
Enter
Piocras. 0 I ] 1 Priockace O RS ] 1 P> (mt1,nt1) AVAVZ 3ii  Parity readout & state filter
at az i Q1 Q2 | centre AN7AY 4 | .
(ancilla) (target) (ancilla) (target) — \/\l/ RecdostSianat
% AN7AN74 — I:.
:é W time
Load ramp 6i Parity readout & state filter
g and 2q RB made simple Readout signal
Read ramp q“ .
Vary circuits (software, > 1's compilation time) 4 5 Even \/—\/
Repeat for Ny, (FPGA) Q1 Q2 Q1 Q2 time
i CNOT
e e NN 2 W 6ii Parity readout & state filter
Vary projection gate (FPGA)
| Clifford gate E Recovery gate |:| Projection gate W W Readout signal
—

ksT>ohf e S

‘
+ e

Source: Huang, J.Y., Su, R.Y., Lim, W.H. et al.

7

1L
Q1 Q2

“Diraq is delighted to partner with
Quantum Machines,and credits their
OPXcontrolsystem, with its real-time

capabilities,as instrumentalin achieving
the results outlined in ourresearch. The
ease ofprogramming sequences in QUA
significantly stream lined the
experimental process.”

Prof. Andrew Dzurak
Scientia Professorin Quantum Engineering,
University of New South Wales
CEO, Diraq

@ dirag

Tl = OXFORD

THE UNIVERSITY OF QUANTUM
SYDNEY MACHINES



https://www.nature.com/articles/s41586-024-07160-2

Processor - based controller

)

QEC processing and control flow requirem ents

input output
logical gate-level program logical results

pulse-level
program

—h
control pulses
- ‘ Controller
«— Physicalmeasurements
QPU «— L Mapping measurements - decoders > l l
: 2. Wait fordecoding while playing < .
L —_— 3. Feed-forward op.s afterdecoding Log.lcalframesand
logicalmeasurements
measurement
pulses

QPU- Decoder roundtrip <10 us
Ultra - low latency Full control flow in

QPU- controller controller and
(100s ns) decoder

Parallelize decoders High performing
decoders

[ow-latency
communication

Q/V\QUANTUM Yaniv Kurman et al. “Control Requirements and Benchmarks for
MACHINES NVIDIA  Quantum Error Correction”, arXiv: 2311.07121 (2024), under review




Processor - based controller

. DGX-Quantum to fulfill QEC requirem ents

“ Allows the controller and the CPU/GPUto deliverunprecedented performance im quantum-classical
processing with an ultra -low latency interface QPU - GPU/CPU of less than 4 ps

% Allows forreal-time decoders to be programed in SW,yet achieve best HW performance atscale
% Allows the decoderto determine the control flow

@ Supports any decoderalgorithm and QEC code

QM <

QUANTUM MACHINES NVIDIA

QUANTUM
MACHINES



Processor - based controller

)

QM

control pulses

QPU

QUANTUM
MACHINES

measurement
pulses

(J%QUA

Controller

L Mapping measurements - decoders

2. Waitfordecoding while playing

3. Feed-forward op.s afterdecoding

Ease of use

DGX-Quantum to fulfill QEC requirem ents

<

NVIDIA.
CUDA

—a
Physicalmeasurements , l uu

[
»

<
<

logicalframes and
logicalmeasurements

Proprietary & Confidential | All Rights Reserved |
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Ease of use

’ Fase ofuse and flexible programming

Study error source

A V|

Chalnge scheme or The quantum error Need Syndrome
realize presence of correction cycle detection
other error sources

Low level (FPGA):~6 months — Implement Decoder ‘ High level (QUA/CUDA):~6 weeks

NVIDIA.
CUDA

O
@) ©
o QUA
a (@)
QN\QUANTUM o
MACHINES o)



Ease of use

Real-time Bayesian estim ation
and two-axis controlofspins

Each new single shot outcome is used to update (a) probe Q.

(b) estimate Q_ (d) controlled rotations

. .. 200s  5ps ty
and narrow down the estimated probability s e Moo I : e
. . . . . . . . —Is) — 5 —s} | _ |[=H—»
distribution via real-time Bayesian estimation. N e B g m
t 1. .
1
Then,continuous =
. Pf 0.0 04 10000 P(2) 0 0.6
surveillance of B2
. : 20 7690
fluctuating fields '~ 8000 42
is used for qubit N "‘:mpo_-- Y| P
control % RN | emd{%
_________ = £ 4000/ : S E
Real-time { Qubit ) N / M "9‘ 3526 &
estimation operation ! m . ¢ e . = i} ;
_”_ : = y; 2000 5 o 32N HEETEF
i J Top ,/ e .;1 : | | i RS
W —— average ABz[MHZ] . / 0.8 - Q= 25 Msl'tl) &
ebeddqediq / = L (MHz) Eﬁﬁ-
Fluctuating (nuclear) environment O 40 80 T [nS] = 0.6 (c) compile waveforms = .
0.4 4 r (Q }>50 MHz? T
0 50 100 0 5
QUA CODE £ () 0 (20)

¥ false

measure( 3
assign( [ -1], >
assign( , Cast.to_fixed(

,» None, demod.full( - N

[ -1])-e.5) Sources: Berritta, F., et al. Real-time two-axis

control of a spin qubit. Nat Commun 15, 1676 (2024)
Berritta, F., et al.

for_( -, f < 5 + ):

assign(', Mat.cos2pi(Cast.mul_fixed_by_int( -, *1)))
assign(" [ 1, ( + *( + * C)) * Pf[ D

assign( c + 1)

assign( , 1/ Mat.sum(" "))
for_( > 0, < .length(),

assign( [ 1, [ ] * ) P (m7,|Q) = [1 +r; (CE + IBCOS (27erz))]

DO =

“The OPX’s fast feedbackand unique
real-time processing capabilities were
critical for our experim ent.
Combining these with the OPX’s
intuitive programming and QM’s
state-of-the-art cryogenic electronics
allowed us to do something that we
have dreamtofdoing foryears.”

Prof. Ferdinand Kuemmeth
Center for Quantum Devices,
Niels Bohr Institute,
University of Copenhagen,Denm ark

UNIVERSITY OF
COPENHAGEN .

QUANTUM
MACHINES
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https://arxiv.org/abs/2404.09212
https://arxiv.org/abs/2404.09212
https://arxiv.org/abs/2404.09212
https://arxiv.org/abs/2404.09212

f - use

modules as needed

e programming

rkflows for ultra-fast
l-time retuning

in 48 hours from

its with any to-
exceptional

tion,and no

ynnels with extremely
7 channels/U

e GPU-quantum HW
ipdelay< 4 pus

agn
alability
QMQUANTUM
MACHINES

OPX1000
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Processor -

Unmatched

control- flow
Ultra - fa st fe«

Enables the

sequences j

Direct Synthz
10.5 GHz

Outstanding p
be achieved
heterodyne

Baseband m
multiplexed
with 8 tones

2 GSa/s and ¢
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Factoring 21in QEC: can we doiit?

Ease- of - use Processor - based controller

@ Modular: Mix IF/ MW modules as needed

Unmatched real-time compute and

control-flow
OPXIO O O Ultra - fast feedba ck: active reset < 120 ns

Enables the mostadvanced dynamic

@ Intuitive pseudo-like programming

Out-of-the-box workflows for ultra-fast
calibration and real-time retuning

Simple to set up: RBin48 hours from

boxine is tvpical = =——— sequences justout ofthe box
unboxing is typica . A ; il /
: g \‘ ht\\ /‘\ oS -
< el % ‘e T 3 4|
« il ol o NI H toed e T
A ] i . , ,
Effortlessly add units with any to- eifite b e o i ; 1 © | @ Direct Synthesis (DDS) technology up to
. . e ‘o ekl e i g
any data-sharing,exceptional . e e OMAGI:IE:"E& . ; - 10.5 GHz
o o2 KO Eile e ¢ 0 ¢
phase synchronization,and no o - b éZen [fg 0 I Outstanding purity and SFDR (cannot
software redesign f be achieved with m ixers/double
. '\, heterodyne calibration)
Supports 1000s channels with extremely o5
high density of 26.7 channels/U Baseband module with up to 16
multiplexed tones & Microwave module
NVIDIA - QM:Na tive GPU-quantum HW e oM | with 8 tones 2 carriers per channel
inte gra tion, roundtrip delay < 4 ps b | NVIDIA

@ 2GSa/sand 4 GSa/smodes

Cutting - edge
analog specs
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Unrivaled scalability



Yes, we can!

Controller

©.0.0.0.0.5,0.8

N
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