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• IQubits - Briefs

•Ultra-Scaled Silicon Technologies
─ Impact of passive losses in low-power high-frequency ICs

• Low-Power  Qubit-Size Control/Readout ICs
─ 60 GHz Amplifier (AMP)

─mm-Wave broadband Switch
─ Transimpedance Amplifier (TIA)

•Conclusions
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IQubits: Briefs (1/2)
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• EU H2020 FET Open project (48+12 months, €3.3 million)
─ Integrated Qubits Towards Future “High-Temperature” Silicon 

Quantum Computing Hardware Technologies 
→ Scalable!                                              

• IQubits focuses on developing Silicon and nitride-based 
electron/hole-spin qubits consisting of nanoscale multi-
gate MOSFETs and control-readout circuits – all integrated 
on the same chip - in ultimately-scaled state-of-the-art 
FDSOI CMOS foundry technology
•All operating at acceptable cryogenic temperatures         

(3-12 K) → Higher Larmor & Rabi frequencies

[Severino et al., IEEE ISCAS 2020]
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IQubits: Briefs (2/2)
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•Monolithic Quantum Processors
•Double Quantum Dot (DQD) with control/redout ICs

[Bonen et al., IEEE EDL 2019]
[Severino et al., IEEE ISCAS 2020]
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WPs & Timeline
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Synergy
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IQubits innovations: Full-stack approaches

•Qubits & qubit ICs in FDSOI CMOS foundry techs 
─ Integrated qubits

─ High-frequency, broadband, cryogenic, low power, low noise, small form 
factor ICs

─ Co-integration of Qubits and control/readout ICs

─ Operation at acceptable cryogenic temperatures

• Ultra-scaled device nanofab processes
─ Si devices on SOI substrates

─ III-N materials, devices and circuits

• Millimeter-wave cryogenic measurement setups 

•Quantum simulation software 
─ Multiscale simulator accounting for quantum effects

─ Atomistic simulator of quantum devices and modeling

7
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European semiconductor industry-centred ecosystem

Fostering the the quantum leap into the atomic scale &  
accelerating the transition from lab to fab
--

• Bottom-up innovation strategy
• Strong industrial partnerships 
─ GlobalFoundries (Germany)

─ STMicroelectronics (France)

• Enabling hardware & software developments

• Nanofabrication and measurement science and technology
• Start-up companies

8
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Si Tech Evo: CMOS Techs

─ Ultra-scaled device evolution driven by charge control 
improvement and leakage current reduction

─ Two fully depleted (FD) techs emerged with 22/28nm 
CMOS node (double patterned, high-k dielectrics, metal 
gate, strained Silicon)

FinFET FD-SOI

[Cathelin, IEEE SSC Mag. 2017]

𝐶!" = 𝜀# ⁄𝑘 𝑡!"
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HBT

• Device evolution driven by higher frequency operations (fT, fmax) 
and integration with scaled CMOS devices
• High-speed SiGe/SiGe:C Heterojunction Bipolar Transistors

(HBTs) together with high-density CMOS

• 𝑓$%" ≈ &!

'( ) " * "#

RB: base resistance

CBC: base-collector capacitance

[Rücker & Heinemann, River Publishers 2018]

Si Tech Evo: SiGe BiCMOS Techs

10
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Si Tech Evo: FD-SOI

• CEA-Leti & STMicroelectronics (ST) developed the 1st FD-SOI
tech in mass production

FD-SOI
• FD-SOI CMOS commercial techs: 

ST
! 28nm FD-SOI

GlobalFoundries (GF)
! 22FDẌ ! 12FDXTM

Samsung
! 28FDS ! 18FDS

11
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Si Tech Evo: FoMs

• FinFET, FD-SOI and HBT devices commercially available
! fT > 300 GHz

! fmax > 150 GHz

•Active devices have outstanding performances with 
great potential for high-frequency applications

[Ong et al., IEEE RFIC 2018]
[Chevalier et al., IEEE IEDM 2014

12
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Si Tech Evo: BEOL

FD-SOI

BiCMOS

Cu

Al

Passivation

13
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Si Tech Evo: Capacitors

MIM MOM

Metal
Insulator

Metal

14
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Si Tech Evo: Inductors, Transformers, TX Lines

Inductor Transformer

Co-planar waveguide

[Pepe, et al., ISSC 2016]

D

W~ 1-10µm
D ~10-100µm
@60 GHz
L ~ 50-500pH
Q ~ 25-5

W

15
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FD-SOI CMOS Tech: mm-wave Applications

• Outstanding potential for mm-wave applications
!  high data-rate communications for next generation wireless 

networks (5G/6G and beyond)

!  high-speed wireline communications

!  autonomous and near-autonomous vehicles

!  virtual reality

!  radio astronomy

!  Earth observations

! satellite communications
! quantum computing

FD-SOI

16



© DOMENICO ZITO 2024     TUTORIAL (T3) – IEEE ISCAS 2024 - 19  MAY  2024

Si Tech Evo: Losses in Passives (1/2)

• Most of technology efforts are addressed to active devices

• Losses in passive devices are limiting the performances of 
microwave and mm-wave ICs

• To quantify the impact, we consider the case of low noise
amplifiers (LNAs), among the most critical high-frequency 
building blocks

17
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Si Tech Evo: Losses in Passives (2/2)

• Most widespread theoretical approaches to LNA design 
are based on lossless matching networks (MNs)

• Because of losses in MN, the theoretical bounds to LNA 
performance are far to be achieved

• The full potential of the active devices is not exploited

18

[Zito et al. IEEE ISC 2019]
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Case Study: Low-Power Tuned mm-Wave LNAs(1/2)

• To study the impact of MN lossess on LNA performance, we 
compared two LNA circuit topologies, each with its own 
design methodology

• The LNAs are designed in a 0.13µm SiGe:C BiCMOS tech 
commercially available 

•We addressed the design of high-frequency low-power 
LNAs at 60 GHz

[Zito et al. IEEE ISC 2019]

19
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FD-SOI

Cu

Al

Passivation
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Losses have a dramatic impact on performance !  up to 100% 

[Zito et al.  IEEE ISC 2019]

• The impact of losses in passives BiCMOS

Case Study: Low-Power Tuned mm-Wave LNAs(1/2)
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Takeaways (1/2)

• The evolution of silicon technologies has led to transistors with 
excellent performance for operation at mm-waves

• However, losses in passive devices impede the full exploitation 
of transistors’ potential at mm-waves

• Our case study on mm-wave LNA design unveils
(quantitatively) the performance degradation due to MN 
losses and the benefits of loss-aware design methodologies

• However, the resistive losses reduce at cryogenic temperature

• BEOL in CMOS techs may lead to higher losses wrt BEOL in 
BiCMOS

21
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Takeaways (2/2)

• Despite the benefits of loss-aware design methodologies, 
power consumption (PC) has to be increased to secure overall 
performance (gain, noise, linearity, etc.)

• Even assuming that PC approaching the fundamental limits
given by technology, the area footprint on chip may pose 
additional severe limitations
─ For spin qubits, small form-factor ICs are key for integration

22
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Quantum Processors (QPs)
" Today’s QPs 

! Qubit decoherence "  Algorithms with up to a few thousand gates
! Non-monolithic (multi-chip)
! Tens to a few hundred physical qubits
! Quantum chip (T < 100 mK)
! Classical chip for control and readout (T #  4 K)
! Bulky interconnects

"  Not scalable

" Envisaged solution: Fault-tolerant QPs
! Quantum error correction "  1000 physical qubits per logical qubit 
! Millions of physical qubits "  Monolithic QPs

23
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The Potential of Foundry FD-SOI CMOS Techs

• Electron/hole spin qubits in Si quantum dots (QDs)

─ Relatively long decoherence time

─ Dense array of qubits on a single die (Reliability)

─ Co-integration of qubits with control/readout circuits (Scalability)

─ Backgate voltage control (energy barrier in qubits & IC performances)

• Control/Readout ICs
─ Low power, small form-factor - Òqubit sizeÓ, low noise, low power, high 

frequency, wideband, linear & cryogenic

─ Design paradigm shift: High-frequency ICs w/o large passive 
components (inductors/transformers/TX lines) and low metal layers 
(reduced resistive losses through the BEOL)

24
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Qubit Control & Readout: Magnetic field effect 
on spin

•Zeeman splitting of spin states
─ Static field 𝐵#𝑧̂ lifts degeneration 

─ Energy separation 𝐸+ ∝ 𝐵#

─ Spin precession about z-axis with Larmor frequency 𝑓, =
𝐸+/ℎ 

25

Zeeman effect Spin precession

[R. R. Severino, et al., IEEE ISCAS 2020]
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Qubit Control & Readout: Spin manipulation & 
Readout techniques
•Spin manipulation
─ Electron-spin resonance (ESR): ! " # $ "

─ Electric dipole-spin resonance (EDSR): ! " # % "

•Readout (RO)
─ Energy-selective (ERO)

─ Tunnel-rate-selective (TR-RO)

─ Spin blockade + charge sensor

─ Gate reflectometry 

26

[Severino, et al., IEEE ISCAS 2020]

ES: Excited state   GS: Ground state       - !"# : Electrochemical potential of reservoir

ERO TR-RO
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" Temperature requirement for co-integration
! Power dissipation of electronics < Cryostat cooling power

"  Chip at “high” T of a few Kelvins, worsening de-coherence
! Solution: Higher energy separation ($! ) between qubit states

" Spin-manipulation signal
! Train of pulses at the Larmor frequency ! " " #! $%
! Higher #! &  higher ! "  (e.g., #! " ' ()* +,- & ! " " .' /01 )

&  mm-wave control circuits

Spin Qubit Control/Readout ICs (1/2)

27
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Spin Qubit Control/Readout ICs (2/2)

• Example of integrated spin qubit

─ Electron/hole spin qubit
in double quantum dot (DQD)

─ Amplifier (AMP): Delivers the 60GHz spin-manipulation 
signal 

─ Switch (SW): Gating the 60GHz spin-manipulation signal

─ Readout transimpedance amplifier (TIA)

28

[Spasaro et. IEEE IMS 2022]
[Nhut et al. IEEE IMS 2022]
[Zito et al. IEEE ICECS 2023]
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Spin Qubit Control: Design Considerations

• Up-converter (UC)

─ Conversion loss: 10 dB

─ Noise figure: 10 dB

• 10nm FDSOI hole-spin qubits

─ Single-qubit gates with fL = 60 GHz are feasible

─ Rabi frequency fR = 60 MHz

─ Zero-to-peak gate voltage Vg = 10 mV

[Bellentani, Phys. Rev. Appl., 2021]

29
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Spin Qubit Control: AMP Specs

• S21 = 10 dB
! Compensation for UC losses

• BW = 10 GHz
! ! /2 -rotation gates (shortest pulses) !  BW > 8 "  fR = 480 MHz

! 10GHz BW !  flexible fL & support for multiple frequency allocations

• NF < 12 dB
! Target gate fidelity of 99.9%

! Infidelity contribution of noise added by UC and AMP limited to 
125! 10-6

[J.P.G. van Dijk, Phys. Rev. Appl., 2019]

30
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AMP Features: Circuit Topology

" Compact area & low power

─ Broadband inductorless active network (AN)

─ Input (IMN) & output (OMN) matching networks with coupled inductors (T)

" Robust to increase of threshold voltage (Vt) at cryogenic T
─ Super-low Vt (slvt) MOSFETs: Vt control via backgate voltages VP & VN

31
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AMP Features: Circuit Design

• Design kit foundry models

─ Guaranteed only above 225 K

• Design at RT expecting better performances at 2 K

─Q-factor of passives and transistor fmax increase at 2 K

─ Peak-fmax current density: J = 0.25 mA/µm, regardless of T

─ At 2 K, VN and VP are adjusted to restore the same J as at RT

32
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AMP Features: Post-Layout Sim. at RT

! J = 0.21 mA/µm (PC = 2.16 mW) .  S21 = 10.4 dB at 56.9 GHz

! J = 0.15 mA/µm (PC = 1.4 mW)   .  S21 = 8.3 dB at 57.1 GHz

J = 0.21 mA/µm (VDD = 0.88 V) J = 0.15 mA/µm (VDD = 0.8 V)

33
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AMP: Test Chip

• Core area: 0.18×0.19 mm2

• On-die measurements

─ RT (V-band banded system)

─ 2 K (single sweep DC-70 GHz)

34
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AMP: RT Meas. Setups for NF

" Modified mm-wave cold-source NF measurement methodology

Conversion gain Output noise power density

35
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AMP: Measurement Results at RT

" J = 0.21 mA/µm (VDD = 0.88 V)
! S21 = 9.9 dB at 57.25 GHz, min. NF = 7.1 dB, IP1dB = -21.8 dBm

S-parameters and NF 1dB compression point

36



© DOMENICO ZITO 2024     TUTORIAL (T3) – IEEE ISCAS 2024 - 19  MAY  2024

AMP: Cryogenic Meas. Setup

• On-die measurements at 2 K

─ DC-70 GHz setup

─ Cryogenic probestation

37
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AMP: Meas. Methodology at 2 K

• Adjustments of back-gate voltages VN and VP

─ Derived from DC trans-characteristics of MOSFETs 
measured at 300 K & 10 K

─ DC characteristics in saturation at 10 K and 2 K are nearly
unchanged

J = 0.21 mA/ µm J = 0.15 mA/ µm

300 K 2 K 300 K 2 K

VN [mV] 500 998 500 1020

VP [mV] -600 -827 -600 -1010

38
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AMP: Meas. Results at 2 K

! J = 0.21 mA/µm .  S21 = 15 dB at 59 GHz, BW = 52.5-67.5 GHz

! J = 0.15 mA/µm .  S21 = 13.4 dB at 58 GHz, BW = 52.3-64.7 GHz

J = 0.21 mA/µm (VDD = 0.88 V) J = 0.15 mA/µm (VDD = 0.8 V)

39
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AMP: Exp. Noise Performance at 2 K

• The equivalent noise temperature (TN) of AMP is expected to 
decrease by one order of magnitude at 2 K

─ TN of passive networks is proportional to T ⇒ ~150 
improvement

─We expect TNmin of MOSFETs decreseas of one order of 
magnitude

[Coskun, IEEE IMS 2014]

40
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AMP: Conclusions

• 60GHz amplifier for monolithic QPs in 22nm FDSOI CMOS

─ Backgate voltage control

• Characterization at 300 K and 2 K

─ Design methodology validated

─ Expected gain improvement at cryogenic temperature 
confirmed

• Promising results for qubit control ICs 

─ New ICs with record  performance

─ Compact area (qubit size)

─ Low power (sub-mW) 

41



© DOMENICO ZITO 2024     TUTORIAL (T3) – IEEE ISCAS 2024 - 19  MAY  2024

Switches in Monolithic QPs

• Switch functions

─ Distribution of control signals

─Qubit isolation from readout circuit 
during spin manipulation

• Switches for large-scale QPs

─ Compact area (qubit size)

─Wide band

─ High isolation & low insertion loss 
AMP: Amplifier 

DQD: Double quantum dot

TIA: Transimpedance amplifier

42
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Switch Features: Circuit Topology

" Prior-art wideband switches

! Use inductors/transformers/TX lines

! Good performances

! Large silicon area

" This switch

! n-MOSFETs with specially treated region to reduce substrate 
effects

! n-MOSFET M3 improves isolation
&  Only 3 n-MOSFETs: Compact design with reduced parasitics

43
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Switch Features: BFMOAT n-MOSFETs

• BFMOAT n-MOSFETs

! Reduced source/drain to substrate capacitance
! Improved IL roll-off at mm-waves

[Uzunkol et al., IEEEMWCL2012]

44
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Switch Features: Circuit Design

• Super-low-VT (slvt) n-MOSFETs

─ ON mode
"  Low resistance between P1 & P2

.  Low insertion loss (IL) 

─ OFF mode
"  M3 bypasses signal to ground 

.  3dB improvement in isolation at 60 GHz 
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[Nhut et al., IEEETCAS-II 2023]
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Switch Features: Layout 3D-View

• Compact layout ⇒ Reduced parasitics and lossy interconnects

46
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Switch: Test Chip

• Core area: 12.6×13 µm2

• Stand-alone GSG RF pad test structures 

─ Calibration

─ De-embedding

• On-die measurements

─ RT (banded system DC-110 GHz)

─ 2 K (single sweep DC-70 GHz)

47
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Switch: Measurement Results at RT

" ON (VC = 0.8 V, VCNOT = 0 V)

! S21 = -1.6 dB at 1 GHz

! S21 = -2.65 dB at 60 GHz

! S21 = -3.1 dB at 110 GHz

! S11 < -12.1 dB

" OFF (VC = 0 V, VCNOT = 0.8 V)

! S21 = -60 dB at 1 GHz

! S21 = -26.4 dB at 60 GHz

! S21 = -22.8 dB at 110 GHz
PLS: Post-layout simulations

48
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Switch: Cryogenic Meas. Setup

• On-die measurements at 2 K

─ DC-70 GHz setup

─ Cryogenic probestation

49
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Switch: Measurement Results at 2 K

• ON (VC = 0.8 V, VCNOT = 0 V)

─ S21 = -1.3 dB at 1 GHz

─ S21 = -2.3 dB at 70 GHz

─ S11 < -11.5 dB

• OFF (VC = 0 V, VCNOT = 0.8 V)

─ S21 = -62 dB at 1 GHz

─ S21 = -25.3 dB at 70 GHz
⇒ At 2 K, IL and isolation improve (as expected)

50
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Switch: Fidelity Considerations

• Signal leakage to qubit in idle state affects fidelity 

─ ISO of AMP in off-state sums to ISO of switch

─ Overall ISO determines infidelity contribution

51
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Switch: Comparison with Prior Works

Ref. Thiswork [6] [8] [9] [14]

Type SPST SPST SPST SPST SPDT

Tech. (nm) 22 (FDSOI) 45 
(FDSOI)

22 
(FDSOI)

22 
(FDSOI)

SOI-
CMOS

Freq. (GHz) DC-
110

DC-70 DC-220 10-110 DC-220 DC-40

IL (dB) <3.1 <2.3 ! 1.5 <1.8 <3.1 <1.25

ISO (dB) >22.8 >25.3 >16 >23 >37 >20

RL (dB) >12 >11.5 >10 >10 >12 >10.5

P1dB (dBm) 9.9 - 7 7 - 12.6

@GHz 35 50 24 8

Temp. (K) 300 2 300 300 300

Core area 
(mm 2)

0.00016 0.16 0.018 0.026 -

52

[Nhut et al. IEEE IMS 2022]
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Switch: Conclusions

•Wideband mm-wave SPST switch for monolithic quantum 
processor in 22nm FDSOI CMOS

! Shunt-series topology plus additional n-MOSFET for 
improved isolation

! BFMOAT n-MOSFETs ! Reduced parasitic capacitances

• Characterization at 300 K and 2 K
! Validation of room-temperature design methodology

! Good performances at 2 K

! World-1st reported at 2 K

! Record silicon area (2 orders of magnitude ) ! qubit size - Crucial
for scalability

53
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TIA: Design Considerations

• S21 = 100 dBΩ

─ Amplification including loss compensation from qubit to 
50Ω lab instruments

• BW = 10 GHz

─ Estimates for the tunneling currents

• Noise < 1 pA/√Hz @RT (0.25 pA/√Hz @ cryo-T)

─ Estimates for fidelity considerations

[J.P.G. van Dijk, Phys. Rev. Appl., 2019]
54

[Severino et al. ISCAS 2020]
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TIA: Circuit Features

! Compact area & low power

" Inductorless TIA (CMOS inverter + 2x Cherry-Hooper stages)
" 2-3 fan-out factor for max GBWP 

" Min channel width (22 nm);  N1 & P1 (270 & 340nm channel length); 
 N5 & P51 (13.76 & 18.88 µm channel length ) for 50!  load 
impedance matching

" Vt control via backgate  voltages VP & VN 

55
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TIA: Post-Layout Sim. (PLS) at RT & 20 K

! VDD = 0.8 V; VBGateN = 1 V; VBGateP = -1.6V

! RT: Z21=108.5 dB! ;  BW=13 GHz; PC = 4.5 mW

56

300 K (solid lines)

20 K (dashed line)
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TIA: Post-Layout Sim. (PLS) at RT & 20 K

57

300 K (solid lines)

20 K (dashed line)

• VDD = 0.8 V; VBGateN = 1 V; VBGateP = -1.6V
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TIA: Test Chip

• Area: 560 × 200 µm2

• Core area: 21×12 µm2

58
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TIA: RT Meas. Setup
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TIA: Meas. results at RT (1/2)
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" VDD = 0.8 V; VBGateN = 1 V; VBGateP = -1.6V
" RT: Z21=103 dB" ;  BW=13 GHz; PC = 4.1 mW
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TIA: Meas. results at RT (2/2)
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" VDD = 0.8 V; VBGateN = 1 V; VBGateP = -1.6V
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TIA: Comparison with Prior Works

62

[Zito et al. IEEE ICECS 2023]
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TIA: Cryogenic Meas. Setup 

• Next step: On-die measurements at 2 K

─ DC-70 GHz setup

─ Cryogenic probestation
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TIA: Conclusions

• Compact TIA in 22nm FDSOI CMOS for monolithic QPs

─ Inductorless topology (small form factor)

─ Reduced losses and parasitic capacitances (low-power, 
high-gain, wideband, low noise)

• Characterization at 300 K

─ Validation of room-temperature design methodology

─ Expecting better performances at 2 K

• Record silicon area (2 orders of magnitude) ⇒ Qubit size

• All crucial features for scalability
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Conclusions
• IQubits has had a strong impact on the research world-wide

• Ultra-scaled Silicon techs commercially available are showing
the largest potentional as platform for many applications
(wireless and quantum technologies), but the losses require
innovative topologies and loss-aware design methodologies

• Several work groups worldwide are working very intensively
towards the integration of key building blocks and 
functionalities with very promising results
• Our ultimate & innovative building blocks with world-record 

performance, cryogenic and qubit size
• The connectivity problem remains a further critical challenge 

for scalability

65



www.iqubits.eu

info@iqubits.eu

© DOMENICO ZITO 2024     TUTORIAL (T3) – IEEE ISCAS 2024 - 19  MAY  2024

Acknowledgments

Follow us

Subscribe to our newsletter

This work has been co-funded by the European Union’s 
Horizon 2020 Research & Innovation Programme through the 
FET Open project IQubits under Grant Agreement N. 829005


