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Quantum Computing: Applications and challenges o=

1. Quantum Simulations
2. Cryptography
3. Optimization Problems

4. Linear equation solving and machine learning

Challenges

A. Algorithmic Limitations: Only a handful of algorithms known with speed-up compared to classical algorithms
(Shor, Harrow—Hassidim—Lloyd, Grover, ....)

B. Hardware Requirements: Realization depends on fault-tolerant qguantum computers with many high-fidelity qubits
and low-error operations.

Christian.Schneider@wmi.badw.de
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Superconducting Quantum Processors

Quantized non-linear superconducting LC circuits
Typical frequencies: 0.05 — 10 GHz (microwave range)
Fast operations (gates) on 10 ns timescales

High fidelity gate operations (> 99.9% 2-Qubit gates)
Scalable nanofabrication technology
Requires cryogenic environment (< 100 mK)

Josephson Junction




How to
get qubits

Christian.Schneider@wmi.badw.de

How to
program qubits

How to
use qubits



2 mm

Transmon qubits

(Tl) 433 s
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Transmon qubits

LC Circuit/Resonator

Charge and flux

Josephson Junction

V=L Vy=L;DI
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Huge success for theory: Predicted by Brian Josephson
during his PhD (1962) -> Nobel prize

Experimentally verified in the same year at Bell Labs

(J. Rowell and P. W. Anderson)

F. Wang et

Energy

\ /
\ /

\ 4 / |2>

1 |1)
Wo1 = —F/—
L,C 10)
~4 GHz ’
P

H = 4E:A% — E;cos

A al.,
arXiv: 2405.05481 (2024)
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2 mm

Transmon qubits

(Tl) 433 s




2 mm

Coupled Transmons




2 mm

Coupled Transmons

- = = =" © Qubit1l Coupler Qubit2
- ¥

w
5. 60 ns operations with 99.9 % Fidelity — >
f:_::_ Re-calibration in = 80 minutes [A
+ Calibration speed expected to
= reduce further - -
e -

p

. ru N. Glaser et al, PR Applied 24, 024048 (2025)



Setting up reliable nanofabrication with
superconductor deposition and patterning
using electron beam lithography and etching

T T T
Gate error: 0.09(10) % |

Population
e o o =
~ [oe] {l=] o

o«
o

[— Ref: 1.66(8) %
— Int.: 1.75(5) %

o] 50 100 150 200
# Cliffords.

e
5

Automated tune-up routines
and 2-qubit gate optimization

T

LU

= B
P?wg Aﬂum—a:

59111

i

| AL ELE T

Resonator & single qubit
design and fabrication optimization

WMIQC: WMI Quantum Control Software

Tis LabOneQ

MUNICH
UANTUM
TOOLKIT
Scalable software stack including
remote user access

A
qubits.

High quality
Josephson junctions

Scalable and tested cryogenic environment
and control electronics

Multi-layer routing
technology

Scalable architecture
and design suite




WMI’s
17 Qubit QPU

Christian.Schneider@wmi.badw.de

Key Performance Current
Indicator Status
# Qubits 17
Avg. connectivity c =3.0

Gate Set

1|2-Qu. Gate fid. (%)
Readout fid. (%)

T;| T, times (us)
T2/tgate

Qubit Reprod.

SU(2) + CZ + iSWAP
99.5192 | 97.7198
9013
54123 | 82138
328
5.2%

14



WMI’s
17 Qubit QPU

Christian.Schneider@wmi.badw.de

Frequency

LOloVaRRcELl 3804 3699

3730 EECIGE 3762

3500 MHz 4000 MHz 0.0 us 100.0 us

TR preliminary TE

83.3 100.2

58.7 2 . 123.4  79.2 116.5

34.2 505 46.2 43.9

0.0 us 100.0 us 0.0 us 100.0 us

15



2 mm

Transmon qubits




2 mm

Fluxonium qubits

v

(Ty) = 183 us (Typ) = 171 ps
@ flux line @ fluxonium resonator

J. Schirk et al., PRX Quantum 6, 030315 (2025)



2 mm

Protected mode qubits

(T,) ~ 105 ps (T2g) =~ 60 ps

F. Pfeiffer et al., PRX 14, 041007 (2024)



2 mm

\L More in exploration




How to
get qubits

Christian.Schneider@wmi.badw.de

How to
program qubits

20



Cryogenic environment =O=

.

Cryostat environment

* Base temperatures around 10 mK

e Each qubit requires one coaxial cable

e Each coupler requires one coaxial cable

* Each cable takes cooling capacity

e Current setup: 400 cables

* Packages supporting up to 96 Ports

(120 and 350 ports in progress)

* Engineering efforts: flex cabling, heatload

optimization, increased cooling power,

packaging, filter optimization, ....

21
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Cryogenic environment

.
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L.

-0
Lw
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SHFQA (4 channel) SHFSG (8 channel) HDAWG (8 channel)
L (g e |
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Control electronics =O=

SHFQA (4 channel) SHFSG (8 channel) HDAWG (8 channel)
p Well Bl ell Dl e NN s
BLLLELED ) %O BRLLRE . x12
Ll sl | : B

Il

Microwave pulses
* Microwave pulses for control and readout

* Electronics now commercially available

* Each qubit requires one AWG/local oscillator

LT
o oo
eo0®
e oo

* Engineering efforts: miniaturization, scaling,

L
L
L
eo0e
e00e
L2
oo
oo

multiplexing, feedback

L]
@
e
L]

L LT
LTS
o000
LTS
o000
eo0e
LTS

AT /
e I o llo llo llo el

(o1 15 115 1% 11° s |
N A AT
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Qubit Readout

Measurement efficiency
2n =18.8%

Readout time: 600 ns

(e)]
o

U _goHz  ol-4ch: | hadR-. ] 50.6% M M, 47.4%

=)

o
o

A [+]~]
[Fao =980 %]

0.8% 1.2%
: (0, €0 ) g, (1 D, {0 D ar, €O g, (1 D, {1 ) aa, (1 D
RV T I S Measurement outcomes
0.0 2.5 5.0
| (arb. units)

Probability
N
o

Q (arb. units)

o

Excitation ratio: 7.0 + 0.5 %
Relaxation ratio: 7.8 £ 0.5 %
T=242x0.6 mK

Typical values

_  Readout times: 0.1 to 2 us
N £ 25k 25K ) - Readout fidelities: 90 — 99 %

transmitted signal

frequency

| (arb. units)
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{ Qubit control

: Y _ g6H Y4 _ 4GH
2T z 2 z

e Control channel for fast & high fidelity
: control pulses
- * Gate times down to 10 ns

« Gateerrors< 1073
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Recent highlight:
Purcell-Protected Fluxonium Control with Sub-Harmonic Driving

What if we have a perfect qubit?

J. Schirk et al., PRX Quantum 6, 030315 (2025)




Protected Qubit Control

Long coherence

* Requires decoupling from the environment
e Achieved through advances in fabrication
and design of superconducting qubits

A. Somoroff et al., PRL 130, 267001 (2023)

Christian.Schneider@wmi.badw.de

Fast control and readout

* Couplings with the and control environment are

necessary
* Challenge: prevent decoherence through engineered

coupling channels

29



Fluxonium Qubits

V. E. Manucharyan et al., Science 326, 113 (2009)
L. B. Nguyen et al., PRX Quant. 3, 037001 (2022)

.flux Ime lqublt resonator

-...D_

Elj

i

readout Q
I | (Pele)

EC-[ EX E flux line

E; = 1.69 GHz
E. = 0.68 GHz
E, = 1.07 GHz
wq = 1.32 GHz

Christian.Schneider@wmi.badw.de

E (GHz)

20_ \ 1 I 1 |

10F .
0)

-10' 1 1 1 1 1 -
-2 -1 0 1 2

@/27

R R R 1 A
H = 4Ecn2 — E] COS(QD) + EEL(QD - <Pext)2

Fluxonium1 at WMI

40

o b

Counts

1
B

0 L
100 150 200 250 300
Decay times (us)
T, =167 £ 19 us T =223 +30 ps
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Fluxonium Qubits o=

V. E. Manucharyan et al., Science 326, 113 (2009)
L. B. Nguyen et al., PRX Quant. 3, 037001 (2022)

Pro Con

Record 1-qubit and 2-qubit gate fidelities

More demanding for fabrication:

A. Somoroff et al., PRL 130, 267001 (2023) ~100 Josephson junctions for a single qubit
FlQB > 0.9999 L. Ding et al., Phys. Rev. X 13, 031035 (2023) P J gl€

H. Zhang et al., arXiv:2309.05720 (2023)
FZQB > 0.999 I. N. Moskalenko et al., npj Qu.Inf. 8, 130 (2022)

Added noise channel: sensitive to magnetic flux

) No one has demonstrated a scalable architecture
Record coherence times

A. Somoroff et al., PRL 130, 267001 (2023)

~ * ~
Tl ~ TZ ~ 1ms F. Wang, et al., arXiv:2405.05481

Tunable noise protection T. Stefanski, C.K. Anderson arXiv:2309.17286 Transmon

&~

Lower crosstalk due to lower frequencies
Less leakage

Lower footprint

Compatible with existing readout chain & control -

Fluxonium
/ &

Christian.Schneider@wmi.badw.de 31



Protecting the Qubit through an Engineered Environment

950 MHz LP 1.3 GHz

3 K noise

g = open e | P-filtered

PSD

-
o

low pass (LP) filter

——
—>—

integrated histogram
o
(8) ]
1

®
0.5 @, oee R(‘“q)z ~ 1073071
- 2(w,)
(,l)q _
—+=13GHz
0 ..... 1 1 P B B B |
» 1 A 2 10
Fermi‘s golden rule: T' = = (0|A|1)| S(wq) time (us)
Un-filtered LP-filtered Improvement
S(w) =nh R(@) 1 + coth e T 31(5) 168(20 5.4
= X .
w a)|Z(w)|2 co 2k, T 1 S (20) ps
Ts 22(8) ps 223(37) ps x 10.1
T ogs 245(25) mK 28 (1) mK x 8.8
Mode density Stimulated
in environment emission

Protection against control environment!

Christian.Schneider@wmi.badw.de



Qubit Control through the Engineered Environment

950 MHz LP

.[ > ¢ low pass (LP) filter
T ® R(wy) s
0.5 d, eee ~ 10730

= 2w,

1.3 GHz

PSD

Christian.Schneider@wmi.badw.de
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Qubit Control through the Engineered Environment 0=

950 MHz LP 1.3 GHz

PSD

Wiz s

1 E;;)
w/wy
.[ > ¢ low pass (LP) filter
T ® R(w < wpp) N 1
0.5 d, Co

No direct qubit excitation possible!

Y 1)
L]
r1lt
3711 )
1/5 1/4 1/3 1/2 1

= Use parametric sub-harmonic multi-photon processes through the flux line Y- Nakamura, et al,, Phys. Rev. Lett. 87, 246601 (2001)
A. Wallraff, et al., Phys. Rev. Lett. 90, 037003 (2003)

S. Saito, et al., Phys. Rev. Lett. 93, 037001 (2004)
C. Liu, et al., PRX Quantum 4, 030310 (2023)
Christian.Schneider@wmi.badw.de M. Xia, et G/., arXiv:2306.10162 (2023) 34



Qubit Control through the Engineered Environment

~
950 MHz LP 1.3 GHz 1o 1 1 wd!ufq )
o) 024 F T T T T T T //// I -
w
[a
5016 | 7
-[ ”E': 0.08 | J
x @Nkju ] 1 /s
-[ OC;)GD -ow 0 200 300 400 500 7 1300 1400
. 0 wa/21 (MHz)
= (a)
. . . . . (a) (b) 1.0 4
No direct qubit excitation possible! 7 _ __1|?_7‘_ -
/‘Jf H/‘[
S - AR g
LR JAI Ay | e
x i "'T"' 1 0 500 1000 1500
T * e wy t/2m
yor W) T L. Huang, et al., arXiv:2509.16074
1/5 1/4 1/3 1/2 1 0)
w/wyg

- Use parametric sub-harmonic multi-photon processes through the flux line

Christian.Schneider@wmi.badw.de

Y. Nakamura, et al., Phys. Rev. Lett. 87, 246601 (2001)
A. Wallraff, et al., Phys. Rev. Lett. 90, 037003 (2003)
S. Saito, et al., Phys. Rev. Lett. 93, 037001 (2004)

C. Liu, et al., PRX Quantum 4, 030310 (2023)

M. Xia, et al., arXiv:2306.10162 (2023) 35



Coherent Control - Rabi Oscillations

2.0 T T " T WL
| : LR _ . %—x N
N /\"e»
3 12 | A 7 K ~
208fF A _ ’ & N
Z 04 b e £ —
: luilllll'llllI-Ta : ai!ll!lllln-mr .
\-0.8 0 0.8 -0.4 0 0.4
\ie\tuning (MHz) detuning (MHz)
(| e n=l3 o e;periment
e n=5 = = = simulation
__ 107 E| © n=7 ||— model .
ig C | @ n=11 E
E ]
N :
G
10% E 4
L& .

0.02

Christian.Schneider@wmi.badw.de

0.04

0.06 0.08 0.1

amplitude (®)

)

—>—>|—>

A
T4

+......
ik
x4

i
N

1/5 1/4 1/3 1/2 1 )
W/ wg

Rabi frequency Q4 /, < fT’k

k =2.82(3) for 1/3 order
k = 3.25(9) for 1/5 order

k =5.02(6) for 1/11 order

36



Randomized Benchmarking

Lem

|—>—

'[ LP
10)

-l
-
-

—_
~
W
[EEY

3'd sub-harmonic parametric gate

Resonant gates are coherence limited

Sub-harmonic gates getting close to resonant gate
performance!

Christian.Schneider@wmi.badw.de

S
®© © O

round state pop.

g
© o o
o o N

).

cH=

avg. gate fidelity

— (resonant-MW): 99.969(2)%
— (sub-harmonic): 99.941(2)%

1000
number of cliffords

(unfiltered):  99.878(2)%
2 —o—

| |
2000 3000

37



Randomized Benchmarking

Leami

L
:

|—>—

LP

—_
~
W
[EEY

nH—>¢—

3'd sub-harmonic parametric gate

Resonant gates are coherence limited

Sub-harmonic gates getting close to resonant gate
performance!

fidelity (%)

S
®© © O

0.7

round state pop.

g
o o
o o

99.98

©
EQ
©
~

99.90

99.86

High fidelity qubit control through a protected control channel!

J. Schirk et al., PRX Quantum 6, 030315 (2025)

Christian.Schneider@wmi.badw.de

m
( C } C.H-+4
I T T ]
avg. gate fidelity
— (resonant-MW): 99.969(2)%
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L — ——J

] 1 ] ]

0 1000 2000 3000
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Fluxonium Qubits at WMI

Building a Fluxonium Quantum Processor
* Transfer the knowledge and tools developed for scaling transmons
* Optimize Fluxonium as a reliable building block

* Develop a scalable architecture (using coupling elements)

Roadmap
X 2022 X 2023 X 2024 X 2025 X 2026 )
transmon 6 qubits 17 qubits 35 qubits
fluxonium 1 qubit 2 qubits 5 qubits 17 qubits

Christian.Schneider@wmi.badw.de
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Putting it together =2 Programmable qubits

40
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Automatized control and tune-up

‘::!ﬂt‘

result | circuit

@

'y

DB

Christian.Schneider@wmi.badw.de

HOANG DA
20® Sgp o0® Sge | 20? Sss ool Sop
80g 980 90g .00 | 90¢ 990 90 .00

Automatize everything:
Tune-up and recalibration of qubits

(in collaboration with Zirich Instruments)

o DG
00 200 008 200 | 049 200 200 200
000 090 90g .00

®
@
]
®

oo
000
08
soe
eoew
o200
*000

oo 0o
eeoe
o000
o080
LY-T13
eoee
o0
LTS

Node Legend
: start
: S21Calibration
: SSRspectCalibration
: RoughAmplitudeCalibration
: RoughFrequencyCalibration
: RoughAmplitudeCalibration_2
: FineAmplitudeCalibration_90
: FineAmplitudeCalibration_180

~NouhsWNHO

Status Legend
Pending
Calibrated
Failed
Deactivated
Waypoint
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Automatized control and tune-up

Calibration Workflow

521 Calibration

< @ Completed

SSRspect Calibration
® Completed

Target: q_2

Rough Amplitude
Calibration

® Failed

Target: q_2

Rough Frequency
Calibration

Pending

Target: q_2

Target: q_2
Start ’ i 521 Calibration
u
. .
© ¢ @ Completed ""k ==« @ Completed
[
Target ‘I“ Target: q_3

SSRspect Calibration
@ Completed

Target: q_3

Rough Amplitude
Calibration

@ Completed

Target: q_3

Rough Frequency
Calibration

Running

Target: q_3

Rough Amplitude
Calibration 2

Pending

Target:g_2

Rough Amplitude
Calibration 2

Pending

Target: g_3

$21 Calibration
M ® Completed

Target: q_4

SSRspect Calibration
@ Completed

Target:q_4

Pending @ Failed Running @ Completed

Christian.Schneider@wmi.badw.de

Rough Amplitude
Calibration

@ Completed

Target: q_4

Rough Frequency
Calibration

@ Completed

Target: q_4

Rough Amplitude
Calibration 2

@ Failed

Target:q_4

Fine Amplitude
Calibration 90

Pending

Target:q_2

Fine Amplitude
Calibration 180

Pending

Target:q_2

Fine Amplitude
Calibration 90

Pending

Target:q_3

Fine Amplitude
Calibration 180

Pending

© Target:q_3

Fine Amplitude
Calibration 90

Pending

| Target:q_4

Fine Amplitude
Calibration 180

Pending

| Target:a 4
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Getting entangled

* Simultaneous operation of couplers in a qubit chain or lattice
to efficiently generate fully-entangled I/ states.

* Demonstrated on chains of up to 5 qubits with Fy,, = 82.7%

e 5-qubit operation takes 240ns.

1.0
q1s
0.8
Q4 =
0.6 g
Q13 o g
qu7 2
0.2
q16
0.0
0 200 400 600 800
time [ns]

* To be implemented in larger chains and higher connectivies.

Christian.Schneider@wmi.badw.de
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J.H. Romeiro, et al., in preparation (2026)
F. Roy, J.H Romeiro, et al., Nat. Comm. 16, 2660 (2025)




o d+1/2
Quantum Error Correction pLoc(”thS) Surface code: Presn ~ 1%

1 Logical Qubit encoded in [[49,1,7]]

[[9,1,31] [[25,1,5]]

5x5 7x7
“1 error at a time” “2 errors at a time” “3 errors at a time”
17 qubits 49 qubits 97 qubits

Christian.Schneider@wmi.badw.de Google Quantum Al, Nature 638, 920-926 (2025) 44



How to How to How to
get qubits program qubits use qubits

17 Transmon chip @ WMI Readout and control infrastructure Entangling Qubits
to support 100 qubits

Development of drop-in

replacements: Automated tune-up, purcell- Towards Error Correction
fluxoniums, p-mon, .... protected control scheme
X, 2022 X 2023 X 2024 X 2025 X 2026 )

transmon C 17 qubits ) C 35 qubits )
fluxonium CZ qubitsX5 qubits)




State of the art

Quantum Supremacy

Google Quantum Al, Nature 574, 505-510 (2019)
Hefei’s Zuchongzhi 3.0, PRL 134, 090601 (2025)
53 Qubits

T; = 15.5 ps (median)

F19 =9981% | F;0 =99.7%

Quantum Utility

IBM, Nature 618, 500-505 (2023)
127 Qubits

T, = 287 ps | T, = 127 ps (median)
F19 =99.96 % | Fidelity Fp = 99 %

Quantum Error Correction

ETH Zirich, Nature 605, 669—674 (2022)

Google Quantum Al, Nature 614, 676-681 (2023)
Google Quantum Al, Nature 638, 920-926 (2025)
105 Qubits

T; = 68 us | T, = 87 us (median)

F19 =99.93% | F;9 =99.7%

Supremacy regime

Cross-antropy benchmarking fidelty, 7,
g G

Willow

Many more to come: IBM 100x100 challenge, Google Logical 2Qubit gates, Dynamic codes, ....

Christian.Schneider@wmi.badw.de

X
e
8
2=215:002
Le2120004
) A=214£0.02
T T T

3 5
Surface code distance, d

7

o Unmitigated
o Mitigated
— MPS (7 = 1,024;
LCDR)
— isoTNS (y = 12;
127 qubits)

5§ 10 15 20 25 30
Code distance, d
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