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Overview

• Cold computing is increasingly relevant for sensor 
arrays, supercomputers, and quantum computers

• Routes to low power electronics
• “Steep slope” transistors – cryogenic operation is “for 

free” if a cryocooler must be present for another reason
• Adiabatic circuits

• Adiabatic transistor circuits work better when cold
• The benefit when cold is based on a different principle
• Characterizations of newer transistors look better



Logic
options

Memory-like
options

Power CoolingTemp

300 K

4 K
1,000×
overhead

15 mK
106-109×
overhead

CMOS

Cryo CMOS
JJ SFQ
Adiabatic

transistor

JJ SFQ
Passives
Adiabatic

transistor

SRAM
DRAM
Flash

MRAM ?
Adiabatic

transistor

Adiabatic
transistor

Payload: q(N)

Stage 1: f300

Stage 2: f4

Stage 3: f0.015

Data processing

Memory-like

Mostly logic

Scalable (f300°f4°f0.015°q)(N)



1.E-14

1.E-13

1.E-12

1.E-11

1.E-10

1.E-09

1.E-08

1.E-07

1.E-06

1.E-05

1.E+031.E+041.E+051.E+061.E+071.E+081.E+09

Av
er

ag
e 

po
w

er
 d

is
si

pa
tio

n 
pe

r n
FE

T,
 W

Frequency, Hz (decreasing)

Power/device vs. freq., TSMC 0.18, CMOS vs. 2LAL

CMOS

2LAL

Power advantage of 
1 MHz 2LAL vs.
1 GHz CMOS:107

Data from
Michael P. Frank

1.E-20

1.E-19

1.E-18

1.E-17

1.E-16

1.E-15

1.E-14

1.E-13

1.E-12

1.E-11

1.E+031.E+041.E+051.E+061.E+071.E+081.E+09

Av
er

ag
e 

en
er

gy
 d

is
si

pa
tio

n 
pe

r c
lo

ck
 p

er
 n

FE
T,

 J

Frequency, Hz (decreasing)

Energy/op vs. freq., TSMC 0.18, CMOS vs. 2LAL

CMOS

2LAL

Energy/op advantage of
1 MHz 2LAL vs.
1 GHz CMOS: 104

Data from
Michael P. Frank

Transistors deserve a second look

• “CMOS” = nFET & pFET transistors and a circuit
• Nikonov & Young analyzed the CMOS circuit
• Adiabatic circuits will change the game, but are effi-

cient only at cryo



What changed?

• Cryogenic adiabatic circuits were considered in the 
1990s, but didn’t look promising due to carrier 
freeze out and “kinks” in a current curve indicative 
of hysteresis that would defeat energy savings

• However, recent interest in quantum computing led 
to the reassessment of transistors. Today’s 
transistors don’t have the problems above

• New transistor lines for IoT with lower leakage and 
modified thresholds may work even better

• Intel 22FFL, GF 22FDX, and TSMC 22ULP



Cryo adiabatic heat dissipation I
CMOS circuit Adiabatic circuit

Room
temperature

Cryo circuit;
room
temperature
power supply

½CV2 ½CV2 RC/t at device
Remainder of ½CV2 at power 
supply, because energy-
recycling power supplies 
have not been perfected

½CV2

+ cooling overhead
½CV2 RC/t at device

+ cooling overhead
Remainder of ½CV2 at power 
supply

(with no cooling overhead)

Cryo and adiabatic at the same time moves most of the energy to 
room temperature before turning it into heat.
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Transistor properties

• Two parameters limit adiabatic circuit performance
• Leakage, both gate and source-drain
• “On” resistance

• Transistor leakage ought to be optimized
• Source-drain leakage ought to be about the same as 

gate leakage at the operating temperature

• If a transistor optimized for 300 K is cooled
• Source-drain leakage drops due to steeper slope
• Gate leakage stays the same



Rebalancing transistors for cryo

• Option 1, no redesign
• Cool – reduces source-drain leakage 
• Reduce supply voltage – reduces gate leakage 

exponentially , which decreases Ion
• Not perfect, but better than nothing

• Option 2, redesign
• Increase gate oxide thickness, lowering gate leakage 
• Cool – reduces source-drain leakage 
• Reduce supply voltage, reducing gate leakage
• Should help, but we don’t know the ultimate limits
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Adiabatic scaling and hybrids

• Scale up clock period –
i. e. slow the clock

• Per-gate dissipation 
drops quadratically

• But add quadratically 
more devices at same 
total power

• Will a scalable quantity 
of slow transistors help 
current applications?

Scale up device 
count per
chip

Power per chip



µwave SPST 
switch

JJ µwave Components

• There is a need to control microwaves at cryo
• Northrop-Grumman, Google (Naaman)
• Transmon quantum computers, etc.

• However, all current options require control signals 
from room temperature, limiting scalability



Reconfigurable
Josephson
junction (FPGA)

JJ FPGAs proposed

• Refs.: Fourie and Katam
• However, the configuration logic is via JJs, so the 

result is not very dense
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Cold, Scalable Controller Issues

• Hybrid FPGA
• Configured logic: JJs, configuration logic: transistors
• Problem: JJs are huge
• Solution: FPGA “timeshares” JJs by on-the-fly 

reconfiguration

• All-cold SFQ microwave components
• There is a suite of switches, modulators, etc. available, 

but they require waveforms piped in from 300 K
• While we don’t know how to make a random access cryo

memory, waveforms are accessed as a stream, making 
the shift register in previous slides sufficient



Reconfigurable
Josephson
junction (FPGA)

Program via 
FPGA overlay

FPGA Overlays

• Reconfiguration time 
estimate 250 ns

• Qubit decoherence 
time 10s of µs

• Qubit state can persist 
across a reconfiguration

Self test

Qubit initialization

Quantum program

Qubit readout



Conclusions

• Adiabatic transistor circuits work at cryo via a principle 
related to temperature (i. e. dissipate the heat at 300 K)

• Running transistors at cryo temperatures revealed problems 
when tested in the 2000s, but transistors evolved since then 
due to Moore’s law and are now more useable at cryo

• Systems need more than a universal logic family
• E. g. smartphones need CMOS + DRAM + Flash to be effective
• JJs + cryogenic adiabatic transistor circuits are the cryo equivalent

• Further work:
• Test hybrid of JJ/SFQ + Intel 22FFL, GF 22FDX, or TSMC 22ULP…
• then rebalance transistors for lowest leakage at cryo and see 

whether mK operation is feasible
• then create architectures that make use of non random-access 

memory, such as shift registers
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