RRRRRRRRRRRRRRRRRRRRRRRRRR

QUP Workshop

Development of Cryo CMOS ASICs for Qubit Controller
Apr/9/2025

QUP, IPNS ITDC E-sys, KEK

Masaya Miyahara


https://www.greenlab.kit.ac.jp/qubecs/en/index_en.html
https://www.greenlab.kit.ac.jp/qubecs/en/index_en.html
https://www8.cao.go.jp/cstp/english/moonshot/top.html

Contents

e Project Overview

e Development status of Cryo CMOS ASICs

v'Ring Oscillator
v'Analog to Digital Converter (ADC)
v'Digital to Analog Converter (DAC)

e Conclusion & Future Works

2 Moonshot Goal 6 "High speed ADC for frontend" by Miyahara PI Apr/9/2025



Development of Scalable Highly Integrated
Quantum Bit Error Correction System

Project Manager: Kazutoshi Kobayashi

Kyoto Institute of Technology (KIT), Japan

[ Search “QUBECS” }

https://www.greenlab.kit.ac.jp/qubecs/

Project started from Oct./2022
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Outline |

From NISQ to FTQC ]

NISQ=Noisy Intermediate-Scale Quantum, FTQC=Fault Tolerant Quantum Computer

12Gsps/16bit DAC - Qubit

6Gbps/12bit ADC”  controller 3Ux3
e for 16 qubit
29999392232,

I f Consists of RT
dilution discrete parts
refrigerator ”;icroanes

| | (70K)

| | 3-4K

v | 0.8K

W |

16 Superconducting Qubit
Current small-size QC
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Scalable

1. Backend to Network
correct errors o
FPGA and SoCs for c
scalability up to 1M Qubit :
)
2. Frontend 8
qubit controller 5. Small and low Q
| power by SoC @ RT - 3
| | =
. ! >
==
| | To reduce # of wires >

Iv‘v_‘_i_a_j 3. Cryo optical link
- N A __ - 4. Cryo CMOS IC

Above Qubit

Qubit is from RIKEN
100-1000 Superconducting Qubit

Our targeted scalable QC
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Qubit Controller: QuUEL-1

https://quel-inc.com/product/

8 channels

Resolution : 16 bit

Sampling rate : 12 GSPS
Bandwidth: 500 MHz — 2.0 GHz
Frequency: 7-11 GHz

(19-22 GHz with multiplier option)

Transmitter

4 channels

Resolution : 12 bit

Receiver Sampling rate : 6 GSPS
Bandwidth: 500 MHz — 2.0 GHz
Frequency: 7-11 GHz

10GbE x4 (for data transport)

Interface GbE x1 (for control)
Board for DC supply System board Residual MW components
and temperature control FPGA Bandedss filecs HDMI x1 (for reference clock)
ADC/DAC Multipliers (option)
Mixer + LO Combiners, etc. Size W 440mm x H 124mm x L 900mm

3U (can be installed in a 19-inch rack)
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Subject 4 : Cryo CMOS ASICs for Frontend/Backend

e Goal: Implementing ASICs operating at a cryogenic

temperature to control qubits (Frontend) and error correction

(Backend)

e Research items

v’ Digital circuit implementation and reliability enhancement techniques (Prof.

Kobayashi, KIT, Japan)
v' RF frontend circuit (Prof. Tsuchiya, Shiga Pref. Univ., Japan)
v" High-speed DAC for frontend (Prof. Takai, KIT, Japan)
v" High speed ADC for front end (Prof. Miyahara, KEK, Japan)

6 Moonshot Goal 6 "High speed ADC for frontend" by Miyahara PI

3K-4K

Final Goal

Cryo CMOS SoCs

Digital
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e Development status of Cryo CMOS ASICs

v'Ring Oscillator
v'Analog to Digital Converter (ADC)
v'Digital to Analog Converter (DAC)
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Design Challenge of Cryogenic CMOS ASIC

e 22nm planer bulk CMOS process Ip = — Vgs — Ver)*(1 + AV pg)

e No Process Design Kit (PDK) @ 4K 190.0

v" General PDK supports down to -40°C (233K) m
> Although it is not official, it can simulate temperatures [
down to about -150°C (123K).

» Another PI is trying to make device model @4K

O It will take time to make an accurate simulation model, 1
decided to make circuit using current PDK.

130.0

= 110.0

Mobility change

00.0
7000
50.0

30.0

e Characteristics of devices

10,0 Vth shift
v Transistor s
» Increasing threshold voltage — decreasing current 0.0 1000 200.0 3000 4000 5000 600.0 700.0 800.0
» Increasing carrier mobility — increasing current o
v Passive components (resistor, capacitor, inductor) NMOS Transistor -V curve

» Temperature coefficient
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Cryogenic Ring Oscillator

e Ring OSC. (31 INV+1 AND with 1/1024 divider)
v" Digital standard cell-based design for checking the operating speed of digital circuits.
» Oscillation frequency is proportional to operating speed

v 3 types of threshold voltage

» Ultra Low Vth (ULVT)
» Low Vth (LVT)
» Regular Vth (RVT)

m{

3"

5

T

[
»

Higher frequency is expected

31 Inverters

oo {Sop{>o—

1@@#—524[5[&@
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Measurement setup

4K test environment was developed by supporting
|

Control

board

Typical
Board size
12 x 12 cm?
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Ring oscillator measurement result

e Oscillation frequency is fluctuated by changing threshold voltage and mobility.

v" The higher the threshold voltage, the larger the effect of frequency decrease.
v LVT and ULVT are within £2% — small effect on operating speed of digital circuits.

1.04

oo Preliminary
1.02
o0
= 1 ® °
‘ﬁ' ® [ 1Y oo © '
e ° . o e ?
~ 0.98 o *® *
§ o)
‘_g 0.96 oo Vth change is dominant
Mobility chang&i< e ki
€’is ommant
obility chang . o° o LVT
0.92 QULVT
0.9
0 50 100 150 200 250 300

Temp (K)
Frequency variation of ring OSCs
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Target of Cryo ADC Development

Reference
- om - Voltage
e Target specification - % T v >}i
l?};:’t [ |suE> ( Apc [ Szr'iaﬁgéf #—LvDS> [ ADC Do7
v Resolution: 8~12bit o 1
BUF ADC | C;ae'rl';ﬁféf LVDS> [ ADC Do6
v' Sampling rate: 1~6GS/s = a2 >I
™ , | Cal. Logic
v  Temperature: 300~4K /Z 3| seier >I
11 |
> The target performance will be changed based on cooling ;%Z< aoc | et Logie E@ADCD“
capacity and Qubit observability. 7 o 4
BUFE g ADC | %2'”';?3;? EIADC Do3
i 11 5 II
e Challenges Pl £ st oo
~ 11 | _
v Development of scalable ADC 5 /Z £ S >1
. . . >
architecture suitable for interleaved 2 s o I P e
operation = o T8 —

v Development of calibration § : o :EI
techniques for channel-to-channel o U g cen :EI
mismatches with flexibility Time TT] |

Time-interleaved ADC (8x)
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Proposed ADC Architecture

N bit

Comparator
>

Vbac

—»|DAC

Successive

Approximation

Register

N cycle/conv.

VREF

VDAC

1 0 0 1 Q
Code=1001

Conventional SAR ADC
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AN

FADC
4bit

Vine O ® /CADC
Vi O—O- \ 4bit

10 bit

DOUT

7 bt i 4 bit
/
4 bit SAR
Logic

Proposed SAR ADC

- 3bit conversion for higher speed.

Ex.) N=10, 10 — 3 cycle/conv., 3x faster
-Only one reference voltage thanks to
interpolation technology
-Conversion errors other than the last can

be ignored by redundancy

CDAC and comparators determine ADC

performance
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ADC Layout

15t prototype of ADC was fabricated using TSMC 22nm Bulk CMOS.
Occupied area is 90pum x 240um.

240um

v
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=TT

Il =
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w
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g

4 0 03 I

I
Il'}
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Con nectlon W|th Insert
e Concepts
v 40 flat cables (1.27mm pitch) and 3 SMA
cables are connected.
v" Digital and clock output lines are twisted
pair with ground line.
v A balun is used to generate differential
signals for the analog mputs of the ADC.

Thermometer
position

Settmg of balun
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Measurement result of ADC

Proposed ADC has been confirmed to operate normally
at 4.2K with no degradation in speed and accuracy.

CIock Generator j“ |

-250MS/s, 100MHz input
512 -Decimated to 1/1024

’ﬂl \ | |
3 Analog 5|gnal = __ ! -

Iy

256
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-128
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. I
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S\ 512
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Sine wave input test of ADC @4.2K
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Performance comparison

FoMw=154f]/conv.
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Latest result of ADC

e 8x Time-interleaving ADC

v 10bit, 2GS/s, 13mW ADC was properly
operated at room temperature and 4.2K.

Hmfif. B_F Dﬂ"ﬁ'lQlu(: OFF ) Lew

=l 1 1000000 000 000 ov ] BTN <)
- ALC-Autn oo |

TV A~

J

Nl

Clock Frequency

600um

450pum

5 ; Current Voltage
Power supply

Time interleaved ADC layout LHe test setup ADC digital output
18 Moonshot Goal 6 "High speed ADC for frontend" by Miyahara PI Apr/9/2025




Cryo CMOS DAC

e Analog signal generation for ADC testing
v" Resolution : 12bit
v Sampling rate : 2GS/s
v 0~0.8V rail-to-rail output for single, -0.8V~+0.8V output for differential
v Output resistance: 200 Q2
v Power consumption : ~5mW@2GS/s

R . Vout = S >
; A

.
-
-
-
-
-
-
-
-
-
-

55um

Binary Segment
| Db[5:0] | Ds[62:0]
Decoder
(g v
) | v
Din[11:0] Digital Analog
Hybrid resistor DAC Layout
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Status of DAC measurement

— , — e Digital input

v Sine wave generator (SWG, developed by Kyoto
Institute of Technology) of digital data was
Implemented on chip.

v Arbitrary digital signals can be input from SPI.

e Measurement results
v 2GS/s operation @ RT
v Demo video:31.25MHz~250MHz sine wave
output (1 sec. interval).

v" An ASIC with integrated DAC and ADC has also
been developed and is working properly.
v Scheduled for testing at 4.2K in Apr/2025.

et

20 Moonshot Goal 6 "High speed ADC for frontend" by Miyahara Pl Apr/9/2025



Contents

e Conclusion & Future Works
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Conclusion and Future works

e Conclusion
v'Cryo CMOS ASICs for qubit controller operating at cryogenic temperatures
(~4K) are developed.

v'Prototype ASICs have been developed using a 22nm bulk CMOS process,

and proper operation at 4.2K was confirmed.
> 10bit 250MS/s ADC — 10bit 2GS/s ADC
> 12bit 2GS/s DAC (Cryo test: Apr/2025)

e Future works

v Detailed evaluation at cryogenic temperatures

v'Development and evaluation of SoC implementing more complex
functions
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