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Superconducting qubit scale-up challenges 

Scale-up 
challenges

Quality

QuantityVolume

Increase the number of qubits
• Cooling power

• Wiring

• Denser integration

Expand the production capacity
• High-throughput production rate

• Reproducibility

• Testing capacities

Improve the quality
• Better lifetimes and fidelities

• Innovation (couplers, topology)

• Error mitigation, error correction
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150QB Physical qubits

QC: Quantum Computer, QPU: Quantum Processing Unit, 

(*) Subject to change with average system lead times of 1 year 

54 qubits
90 coupler qubits

144 qubits in total

150 qubits
266 coupler qubits

416 qubits in total

Expected in Q4-2024 (*) Expected in 2025 (*)

54QB20QB5QB

99.5%

2QG fid

99.5%

2QG fid

99.99%

2QG fid

99.95%

2QG fid

2QG fid

5 qubits 20 qubits

• Prototype testing 

ongoing 

• Ongoing first delivery 

(VTT), passed 

preliminary test report

• System and chip 

ready for cooldown

2023 2024 2025

2022

99.9%

2QG fid

Scaling in the Noise-Intermediate Scale Quantum (NISQ) era
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QEM: Algorithmic scheme that effectively reduces the 
effect of errors in estimating the observable 

[exploiting a whole ensemble of runs on several circuits]

• Applicable now

Better estimator for 𝑂Post processing

QEC: Using long-range correlations of entangled 

quantum many-body states. 

• Reduces error rate at 

     logical level

• Needs many physical 

     qubits (>10K)

• At large scale 

applicable in the future
Nature  614, 676 (2023)

Quantum information is very fragile! 
- Qubit lifetime is short and limited

- Quantum gates are faulty
Challenge: 

Path to fault tolerance
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150QB Physical qubits54QB20QB5QB

99.9%

2QG fid

99.5%

2QG fid

99%

2QG fid

99.99%

2QG fid

99.95%

2QG fid

2QG fid

Calculations done by assuming NxN circuits and error mitigation 

overhead that takes an experiment from minutes to max one day

2023 2024 2025

2022

𝐄𝐌 𝐭𝐞𝐜𝐡𝐧𝐢𝐪𝐮𝐞 𝐍 (2 nines) 𝐍 (3 nines) 𝐍 (4 nines)

Probabilistic error cancellation, 

virtual distillation
19 60 190

ZNE, Clifford data regression 27 85 270

Ideal post selection 38 120 380

IQM will achieve 

100x100 challenge 

between 3 and 4 nines

✓ Number of utility qubits obtained with error mitigation (EM)*:

Utility in the NISQ era: how many qubits can be used?
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150QB Physical qubits54QB20QB5QB

99.9%

2QG fid

99.5%

2QG fid

99%

2QG fid

99.99%

2QG fid

99.95%

2QG fid

2QG fid

2023 2024 2025

2022

Utility in the NISQ era: how to bring earlier the applications?

Quantum 

simulation

Battery optimization (automotive company), 

molecular simulation.

Quantum ML Time series prediction of polymer production 

(Siemens), optimal control of polymer reactor 

(Siemens), fraud detection (Insurance 

company), novel image generation for self-

driving (Airbus, BMW)

Optimization Power plant maintenance scheduling (EDF), 

product portfolio optimization (DATEV), waste 

disposal optimization (Infineon), supply chain 

optimization (Airbus, BMW)

Quantum applications
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150QB Physical qubits54QB20QB5QB

99.9%

2QG fid

99.5%

2QG fid

99%

2QG fid

99.99%

2QG fid

99.95%

2QG fid

2QG fid

2027

2023 2024

2022

Quantum 

simulation

Battery optimization (automotive company), 

molecular simulation.

Quantum ML Time series prediction of polymer production 

(Siemens), optimal control of polymer reactor 

(Siemens), fraud detection (Insurance 

company), novel image generation for self-

driving (Airbus, BMW)

Optimization Power plant maintenance scheduling (EDF), 

product portfolio optimization (DATEV), waste 

disposal optimization (Infineon), supply chain 

optimization (Airbus, BMW)

Quantum applications

✓ Error mitigation aiming at R&D advantage

✓ Hybrid approaches to increase system size and 

early error correction (*) to increase precision 

towards industry advantage

Utility in the NISQ era: how to bring earlier the applications?

(*) Low-weight high-distance error correcting 
fermionic encodings arXiv:2402.15386 

https://arxiv.org/abs/2402.15386
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150QB54QB20QB5QB

99.9%

2QG fid

99.5%

2QG fid

99%

2QG fid

99.99%

2QG fid

99.95%

2QG fid

2QG fid

Physical qubits

2027

2023 2024

2022

➢ QEC requires us to increase the number of physical qubits 

so much, that we need to go to a logarithmic scale…

Path to fault tolerance



9

Physical qubits

99.9%

2QG fid

99.5%

2QG fid

99%

2QG fid

99.99%

2QG fid

99.95%

2QG fid

2QG fid

102 103 104 10510

Gap

2027

2023 2024

2022

Surface code:

128 LQ requires 

120K PQB

=

Surface code(*)

450 physical 

qubits (PQB)
1 logical 

qubit (LQ)

(*) Memory logical qubits (LQ) with 7-9 nines of logical fidelity and 

99.8-99.95% physical TQG fidelity.

Path to fault tolerance
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99.9%

2QG fid

99.5%

2QG fid

99%

2QG fid

99.99%

2QG fid

99.95%

2QG fid

2QG fid

102 103 104 10510

qLDPC:

128 LQ requires 

20K PQB

Gap

qLDPC code(*)

38 physical 

qubits

=

1 logical 

qubit

Physical qubits

2027

2023 2024

2022

=

Surface code(*)

900 physical 

qubits (PQB)
1 logical 

qubit (LQ)

Surface code:

128 LQ requires 

120K PQB

(*) Memory logical qubits (LQ) with 7-9 nines of logical fidelity and 

99.8-99.95% physical TQG fidelity.

Fast track to fault tolerance
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If longer than T1, 

computation fails!

Q Q Q Q Q

gate time 2 x gate time 3 x gate time 4 x gate time

✓ We develop an optimal HW to implement qLDPC with low overhead

Q Q Q Q

Q Q Q Q

Q Q Q Q

Q Q Q Q

• Reduced overhead in 

additional two qubit gates 

(SWAP) to connect distant 

qubits

• Algorithm depth to ensure 

completion below the 

coherence (T1) time

✓ Minimizes the number of SWAP 

gates to connect qubits
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UZ Z (φ) UZ Z (⇡ / 4) CR(φ) CR(⇡ ) CNOT

T QG s 1 2 1 2 2

SQG s 0 5 2 5 1

TABLE I. Overheads int roduced by the decomposit ion of
UZ Z (φ) gates into di↵erent examples of nat ive TQGs in su-

perconduct ing devices.

(a)

(b)

FIG. 5. (a) Cent ral λ / 4 resonator with 6 qubits coupled via

tunable couplers. The resonator is also coupled to a quantum
circuit refrigerator enabling fast reset . The device acts e↵ec-

t ively as a 6 qubit star-architecture chip.
(b) Elect rical diagram of t ransmon qubit (left ) coupled cou-

pled to a resonator mode (right ) via a tunable coupler (cen-
ter). The qubit has frequency ! q, coupler ! c , and resonator

! r . The qubit and resonator have a direct capacitance Cqr

and capacitances Cqc and Cr c respect ively to the coupler.

The most efficient gates are therefore the parametriz-
ablecross-resonancegate [39, 48], and theparametrizable
UZ Z (φ), which is equivalent to the nat ive controlled-Z
(CZ) up to two virtual Rz gates.

I V . CO-D ESI G N H A R D W A R E

A star-architecture chip has fundamental scaling issues
using a t ransmon as the central qubit as the number of
neighbors grows. Every neighbor added to the center
qubit would increase its charging energy Ec. To keep the
qubit frequency constant and anharmonicity in the t rans-

mon regime, the rat io of the qubit ’s Josephson energy
to its charging energy, E j / Ec, must remain una↵ected.
Therefore we cannot a↵ord to change its charging energy.
This leads to a trade-o↵ between the number of coupled
qubits and their coupling st rength to the cent ral element .

The spirit of Co-Design calls for replacing the central
t ransmon with another object that enables this scaling
in size. A way to avoid this issue is to replace the central
qubit by a resonator.

A resonator has no Josephson energy E j , so the E j / Ec

rat io is not changed by adding more capacit ive couplings
to the resonator. Only small correct ions to its frequency
are int roduced by adding coupled qubits. As a dis-
t ributed element , a co-planar waveguide resonator also
has physically more space for couplings than a central
t ransmon qubit . By elongat ing the resonator and choos-
ing the mode with the target frequency, the number of
qubits coupled to it can further be increased.

In the device in Fig. 5 the qubits are capacit ively cou-
pled to the resonator via tunable couplers [34, 49, 50] in
theproximity of a voltagemaximum of a standing wavein
the resonator. As the resonator is elongated, we must use
higher harmonic excitat ions of the resonator to keep the
frequency around theoperat ional frequency of thequbits.
Tunable couplers avoid the frequency crowding issues re-
lated to direct coupling [51, 52], and the linear resonator
has higher connect ivity in the center than ring resonator
st ructures with quasi-all-to-all connect ivit ies [53].

A linear resonator cannot in general be used as a qubit ,
since a microwave drive on it will not only populate the
{ |0i , |1i } subspace, but also higher excited states. How-
ever, two-qubit gates via tunable couplers do not cause
leakage to higher excited states since no driving of the
resonator is involved. The theory for performing iSWAP
and CZ gates between the resonator and a qubit is de-
veloped in Sec. IV A. Then, a resonator can be used as
an e↵ect ive qubit in the following way:

1. Prepareall qubitsand the resonator in their ground
states

2. Designate one qubit as the cent ral qubit

3. Prepare an arbit rary state in the cent ral qubit

4. Perform an iSWAP from the qubit to the resonator
in the ground state

5. Perform CZ gates between the resonator and any
other qubits

6. Perform an iSWAP of the state back to the central
qubit for measurement

Themost theoret ically st raight forward protocol would be
to perform a SWAP gate from the qubit to the resonator.
The iSWAP, on the other hand, is a nat ive gate that
can direct ly be implemented on the hardware in Fig. 5b .
Since the CZ gates performing the computat ion following
the iSWAP are diagonal in the computat ional basis, the

Maximal transfer 

time between 

qubits reduced to 

2 x gate time

Cloud system 
IQM Deneb

Scaled up architecture 
native to some qLDPC
families

➢ Stay tuned!!

✓ We extend the theory on qLDPC: We have built a scalable method to create qLDPC codes that are 

topologically scalable (arXiv:2401.07583): We can aim to have a basic building block!

Fast track to fault tolerance
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99.9%

2QG fid

99.5%

2QG fid

99%

2QG fid

99.99%

2QG fid

99.95%

2QG fid

2QG fid

102 103 104 10510

qLDPC:

128 LQ requires 

20K PQB

Physical qubits

2023

2025

Around 2029

Basic building 
block for FT

✓ 8 logical QB

✓ Universal gate set

✓ 8.5 nines of logical error rate

1200-qubits

2024

We target to build a basic building block to scale up
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IQM Tech Roadmap

2022 2024 2026 2028 2030 2032

1M+ Qbits

IQM DISRUPTIONIQM RESEARCH IQM FOUNDATION IQM ADVANTAGE

5 Qbits 20-150 Qbits 1k+ Qbits

Full-stack Technical Showcase

(Q-Hardware, Q-OS)

Utility 

Algorithms 

(Error Mitigated)

NISQ 

Commercial 

Advantage

Quantum 

Memory
Logical Qubit

NISQ 

Research 

Advantage

Error-correction at QPU General-purpose quantum computer
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Superconducting qubit scale-up challenges

Increase
cooling power

• Current cryostats
are ± OK to
~1000 qubits

• Several
approaches beyond:
→ Larger models
→ Several cryostats 

tightly connected 
(with a single 
vacuum chamber)

→ Several cryostats 
loosely connected 
(with long-range 
couplers)

Reduce wiring

• To reduce the heat

• Possible approaches:
→ Same wires to 

control different 
qubits (less heat 
load but less 
parallel 
operations)

→ Cryo-electronics 
(futuristic)

Increase QPU density

• 3D integration:

1. Two layers for qubits 
and control

2. Enhance the layer 
interconnections with 
superconducting 
Through-silicon vias 
(TSVs)

3. Increase the number 
of layers with qubits



15

Tech roadmap Sovereignty

IndustrializationVolume scaleup

Building design (Reprinted from Minatec Entreprises)

First-of-a-kind Quantum Factory in Europe
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• Scaling up superconducting qubit quantum 
computers involves overcoming numerous 
technical and engineering challenges.

• Collaboration between quantum physicists, 
engineers, and computer scientists is essential to 
address these issues.

• In that context, the future Quantum Factory in 
Grenoble will play a key role in implementing 
capabilities to produce high-volume, high-quality, 
large-scale superconducting processor.

Key take-aways



www.meetiqm.com

Thanks!
Xavier Geoffret

Technical Sales Manager

xavier.geoffret@meetiqm.com
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