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MOTIVATION

Brief summary

e Quantum computing will speed up solution finding
in drug design, cryptography, optimization.

e Universal quantum computers needs 10° to 10°
physical qubit, due to non-idealities [}

e Current RT approaches are not fully scalable [23],

with system integration view is needed!

,, S . \‘
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OVERVIEW

e Power Integrity Challenges for Cryogenic ICs
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POWER INTEGRITY CHALLENGES FOR CRYOGENIC ICS

Vibration-induced electrical noise

[4] <—compressor I -MTEZST U?{EQE-N-T?
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https://www.lakeshore.com/products/product-detail/janis/pulse-tube-cryocoolers-vs.-gifford-mcmahon-cryocoolers

POWER INTEGRITY CHALLENGES FOR CRYOGENIC ICS

Ground loop in Gifford-McMahon cryocooler (attoDRY800)

-~ USB Connection

<) Control line

Armored hose (electrically conductive) T
for Helium ~ 12 m total

attoDry compressor
controller

attoDRY
controller

Heat
/77 /77 Temp. Sensor
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https://www.shicryogenics.com/
https://www.attocube.com/en

POWER INTEGRITY CHALLENGES FOR CRYOGENIC ICS

Ground loop impact on active probe (41800A) as example

104 o e S m et
] - [—E5052B noise floor
'~ |—Cryocooler noise (ground loop)
5L —41800A noise ‘
i —41800A noise when coupled to Cryocooler|

RHTIR

A

107 e = =mmnse.
10-10 1 1 1 1 A | lllz L 1 1 | i I ) l113 1 1 1 11 |4 1 1 1 1| 1 115 1 1 ] - | 16 1 1 | 7
10 10 10 10 10 10 10
Freq.(Hz)
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POWER INTEGRITY CHALLENGES FOR CRYOGENIC ICS

Power distribution for cryogenic ICs

e Complex ICs for Quantum Computing need local power
distribution networks due to:

e Limited connections between Cryo. stage and RT.

e Different power domains needed; Analog, Digital,
Mixed Signal.

e No commercial DC-DC converters for Cryo.
(4K € Temp. < 7K) [°].[10]
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OVERVIEW

e Proposed Solution: Cryogenic Voltage Regulation
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1.25 mm

\ 4

A

CRYOGENIC VOLTAGE REGULATION ,

Prototype

1.25 mm

IC (22 nm FDSOI): Voltage Ref., Voltage Reg.
and JTAG interfacelll],

e PCB for good cryocooler — IC thermal

coupling.
e Thermal pad to break ground loop. P
* Test temps.: [300 K, 6 K]. O - 79

o0
[11] A. R. Cabrera-Galicia et al., " A Cryogenic Voltage Regulator with Integrated Voltage Reference in 22 nm FDSOI Technology," to be published in 2023 IEEE 19th ‘ J U L I c H z E A- 2
Forschungszentrum Electronic Systems

Asia Pacific Conference on Circuits and Systems (APCCAS), 2023.
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CRYOGENIC |IC DESIGN FOR VOLTAGE REGULATION

Cryogenic electrical characterization of 22 nm FDSOI

:m L e T I —
llml 28t -:*n LEECY R BT P
. SetupName - [NMOS Test (1 1

° Setup_ —

[

Zilia i HNY preference - [V |Parsmeters
V_Drain Boomy

 Gifford-McMahon cryocooler iz | -— =
(attoDRY800); 7K | T |

with needle probing station.

e Semiconductor device analyzer
(B1500A).

e Objective:
to develop a cryogenic simulation
model for 22 nm FDSOI;
QSolid collaborative project 1]

ZEA-2

Electronic Systems
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https://www.q-solid.de/

CRYOGENIC |IC DESIGN FOR VOLTAGE REGULATION

Cryogenic electrical characterization of 22 nm FDSOI
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CRYOGENIC |IC DESIGN FOR VOLTAGE REGULATION

Voltage reference

J e AN Iﬂg, g g

e Cryogenic Vth saturation as working principle.

e The circuit saturates MrerWhile in Vinh saturation
temperature region.

VBN-E” " VBN -E”M— My | My
I ' - i i : 7 Vo REF Viow m=16 | m=4
e Simple and without post-fabrication correction. S I "% sartp | S g,
Vsense <--- BSU BSU'"* Vsense
v v < A4 < v v
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CRYOGENIC |IC DESIGN FOR VOLTAGE REGULATION

Voltage reference cryogenic test
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CRYOGENIC |IC DESIGN FOR VOLTAGE REGULATION

Voltage regulator

NMOS pass element (Mrass); better PSRR than PMOS 141, osv
Mprass Vth reduction via backgate for low Vsup. requirement.

VReg. tuning via feedback modification with JTAG.

Cryogenic-stable RC compensation network 101,

IJ JULICH | ZEA-2

Member of the Helmholtz Association 25.10.2023 15 Forschungszentrum Electronic Systems



CRYOGENIC |IC DESIGN FOR VOLTAGE REGULATION

Voltage regulator cryogenic test; load regulation
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CRYOGENIC IC DESIGN FOR VOLTAGE REGULATION

Voltage regulator cryogenic test; noise spectral density

107

O 0 100pD O C
oupied to reg alO 10-4

_vRe

—Vgeg, dirty, @ 6 K \

. clean, @ 8 K|

,/I ‘\% :

Ground loop noise is S
removed by electrically IR
detaching the regulator

from the cold plate.

10° 1 2 3 4 5 6 7
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Freq.(Hz)
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CRYOGENIC |IC DESIGN FOR VOLTAGE REGULATION

VRef. + VReg. Cryogenic test

Transient response and spectral noise density measured at cryo.
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OVERVIEW

e Application Case: Voltage References for DAC
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APPLICATION CASE: VOLTAGE REFERENCES FOR DAC

VRreg. + DAC at cryogenic temperatures

Voltage

e Objective: l —— — -)(-—i_—’_\/_\/;“-“-'\_/\-/\:“-;gi
to sh th ration :
oA R TEE T

Regulator

e
» DAC (65 nm CMOS) 112 % T —

> 875 mV
_> mV
| Eosivy 06\0 &6\0 e L8]]
VReg. (22 nm FDSOI). U 3 ||esm] e T T.r T [ ‘TI W
: -5 500 mV ]
-5 375 mV Vrer, o : . !
—> 250 mV ]
—> 125mV Charge Redistribution Digital to Analog Converter
- ovd /
Voltage
Divider
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APPLICATION CASE: VOLTAGE REFERENCES FOR DAC

VRreg. + DAC at cryogenic temperatures

First trial: quick and dirty!

@) JULICH ZEA-2
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APPLICATION CASE: VOLTAGE REFERENCES FOR DAC

VReg. Set close to
1V viaJTAG.

DAC operates with

VReg. + DAC at cryogenic temperatures

PCB temp. is 11 K;
optimization on
cryocooler cabling is the reference

needed. 0.75 — voltages generated
on cryo.
A

0.875

0.625
Dedicated PCB for _
both ICs will improve S 05
the area and
connections.
0.375
0.25
Work on progress;
first results.
0.125 _VODAC—
—Vores
0
0 1024 2048 3072 4096 5120 6144 7168 8192
Digital Word
[ X ]
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CONCLUSIONS

e Cryogenic ICs need local power distribution network.

 Dilution refrigerators challenges: vibration induced noise, ground loops, limited connections.

e |Cs and physical setups are the solution to the challenges.

1
0.875 -

0.75
0.625
S o5

0.375

0.25 - | | - =
—VO
0.125 ‘ | | ! v DAC
—VOgeg
0 |

0 1024 2048 3072 4096 5120 6144 7168 8192
Digital Word
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BACKUP

VRef. With respect to Vsup. at 6K
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BACKUP

Differential amplifier used by regulator
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BACKUP

VReg. With respect to Vsup. at 6K
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BACKUP

VReg. PSRR at Vsup.= 2V and Temp. = 6K
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