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NAR
System Specs and Process Selection

To control spin qubits [1]:

« High performance RF signals for 99.99% fidelity
— Frequency: ~18 GHz
— Pulse duration: < 100 ns
— SFDR: > 44 dB
— SNDR: > 44 dB (in 25 MHz bandwidth)

« Low power budget
— <10 mW/channel



NAR
System Specs and Process Selection

Need an integrated cryogenic digital controller
— CMOS:

 scalable integration (++)

* Function at 4 K (+)

« Not optimized for cryo-operation (—)
* No mature cryo-models (——-)



NAR
Device Behavior — Transistor |V

At 4 K [2]:
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Device Behavior — Transistor Noise

Thermal noise decreases at 4 K

 The effect of flicker noise Iincreases at 4 K
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NAR
Device Behavior — Resistor & Capacitor

* Resistors [4]

— N-well:
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Device Behavior — Modeling Issue

4 K device model fitting

— Current BSIM4 model is not adequate for 4 K model
fitting at small length/width
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Problems on Design

 Digital Circuits
* Analog/RF Circuits
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Digital Circuits — Issue

At 4 K, timing Is a big issue for digital circuit due to

« Transistor |,, § — gate propagation delay tpp 3}

* Routing resistance ¥ — RC delay t; 3 \ J
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Digital Circuits — Solution (1)

Modify physical design input files
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NAR
Digital Circuits — Solution (1)

* Technology file: two approaches
— 134 categories, 1024 cells, and 1,583,077 data points

4 K model Hspice simulation Modify
Cell LIB testkey LIB file

 RC Model file: modify TSMC IRCX — TLU+ conversion

— R: ~4.3x ¥ from 300 to 4 K
(Refer to measured M1~M5 testkey data)

— C: little change at 4 K
— Estimated ty: 4.6x faster from 300 to 4 K
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NAR
Digital Circuits — Solution (2)

Pipelined design: reduce accumulation of t,5 and ty

— Relax accumulated timing error between 4 K and 300 K

Clock: 100 kHz
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NAR
Analog/RF Circuits — Issue

* Biasing

+ Performance estimation o
« Latch-up _

« Power management

TSRI SDM ADC

Chip malfunction due to / Tl ”\'5A333
PMIC (BJT) failat4 K« (I8

TILDO
TSRILDO
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Analog/RF Circuits — Solution

NAR

« DC biasing

— Set simulation T =-200°C for TSMC 40 nm process

(before 4 K model ready)
— 4 K device modeling (IV curve fitting)

* AC performance
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Analog/RF Circuits — Solution

« Latch-up and PMIC design

— Increase device spacing/guard ring width to lessen
latch-up hazard [6]

— Be aware of the area size of multiple wells
— Never use bipolar devices (bandgap reference circuit)
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Current Progress

NAR(Labs

Prototype: NCO + DAC + mixer
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NAR
Measurement Environment

* Cryo-fridge setup: system
— Min. temperature: 3.2 K
— Sample holder size: 28x16 cm?
— Twist-pair DC lines: 48

— RF coaxial cables: 32
(18 GHz x16, 40 GHz x16)

— Temperature sensor:
System/PCB/Chip

— Electrical equipment:

« SMU » Scope/Spectrum
» High speed I/O  + Signal generator
« Pattern generator < Logic analyzer




Measurement Environment

NAR

* Cryo-fridge setup: device
— Temperature range: 6.5 ~ 350 K
— sample space: 2"
— 6 probes (DCx4, RFx2: up to 67 GHz)
_— g .
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NAR
Summary

« High performance RF signals and low power dissipation
are required for a spin qubit controller

« Cryogenic device model is necessary due to significant
changes of device behavior at 4 K

* Problems on design
— Timing error in digital circuits is relaxed by pipelined design

— For analog/RF circuits, set simulation temperature to the turning
point of transistor variation as a temporary solution

— Careful layout to prevent latch-up and avoid using BJTs

* Prototype NCO + DAC + mixer chip functions at 4 K
(f_o = 18 GHz, SFDR = 49 dB)
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