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Cryogenic electrical interfaces
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Today’s Quantum Computers (and tomorrow?)
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Toward a large-scale quantum computer

State of the art
I

Electronic interface
bulky equipment

T=300K

T=4K

TK1K \’x’\\’\’

Quantum processor

Cryogenic and integrated electronic interface
for large-scale quantum computers
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Challenges for Interface EIectronlcs

* High-Performance
* Do not limit qubit fidelity
* Power dissipation
* Compatible with existing cryo-refrigerators
 Typical figure: 1 mW/qubit
* Fundamental limit: heat extraction

* Cryogenic technology
e Operate at 4 K and below <1mW | 20 mK
* Very Large Scale of Integration (VLSI)
* Cryogenic CMOS (cryo-CMOS) o




IEEE-CSC, ESAS a dCSS]SUPERCONDUCTIVITYNEWS FORUM (global edition), Issue No. 56 Sept 2024. Keynote presentation given at WOLTE-16 2024, June 2024, Cagliari, Italy.

Commerual CMOS going cryo — Cryo -CMOS

* Transistors behave as transistors

Pro’s

* Higher mobility = more current = more speed
* Less resistive/capacitive parasitics

* High-quality passives (L/C)

* Steeper subthreshold slope = Less leakage
= More transconductance/gain

* Lower thermal noise

Cons’

* No good compact models

* Higher threshold = less voltage headroom
* (Slightly) more mismatch

 Humps/bumps in weak inversion

[Incandela JEDS 2018; Patra JEDS 2020; ° _ i
‘t Hart JEDS 2020/2021] Self heatlng
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The Cryo-CMOS interface
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The Cryo-CMOS interface
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The Cryo-CMOS interface
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This talk — Cryo-CMOS for spin qubits

e State-of-the-art examples Tsensor || References
* Upcoming challenges T
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Cryogenic qubits

Real-life qubits

Microma gnet

8 Screening gate (EDSR)
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Spin qubits in semiconductors
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Micromagnet
B Screening gate (EDSR) 9

Spin qubits in semiconductors s
&) 'O'@6,00E

* Exploit semiconductor manufacturing Al —

BO BiY FE21 RB3N B4y 558 FEG

* Monolithic integration with electronics

‘\430 nm
* Good fidelity, high-temperature operation (> 1 K) = El)m
* Potentially, no need for microwaves ol Co micromagnet
Akl
However,... 18 20 19

e Only small-scale demonstrations (6 qubits)

* Very fine pitch >
= Addressability? [Courtesy: M. Veldhorst, TU DeIft]‘%g
= Space for electronics?

* Need for extreme uniformity

10



The Cryo-CMOS interface
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Gate biasing

Current
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Gate biasing

Address-based biasing
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Voltage-based biasing
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Leakage
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e Power ~ independent form Ngates

e Simplified DAC implementation

[VLSI 2022]
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A cryo-CMOS Digital-to-Analog Converter

o'

P2

Q11]P2

..... t

E|(P1 Vem

VCIT'I

Cint =346pF

Vbac
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* Switched-capacitor integrator
* Inherently monotonic

* Discrete steps = easy to synch

 Wide output range
* 3Vin 1.8-V process

* Reliability by protection devices

[VLSI 2022]
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Cryo-CMOS DAC Results

e Power = 157 U-W Measured linearity for various Cin, T

—— Cin=128-C,, 300K
e 15-bit DAC 30 1 —— Cin=128-C,, 4.2K
o Cin =2 - Cy, 300K
* 3V range 4 20 A —— Cin=2-C,, 42K
-
* Step size < 60 puVv = 10 - e
* Non-linearity <2 mV .
I I I I I I
o Latency: 20ms—1s Transient operation Cin=2-C,  Gear shift transient Cip = 128 - Cy to Cin = 2 - Cy (tgs=12ms)
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The Cryo-CMOS interface
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A Cryo-CMOS Readout
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The Cryo-CMOS interface
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Cryo-CMOS Analog-to-Digital Converter

Qubit Frequency Multiplexing Requirements
10MHz 10MHz .
< HB B o * 1 GSa/s for 20 qubit channels
g g g ----- g ° ENOB, 7 b|t tconvgrsiﬂj‘l:sampling
! = N W = ! ’f . o : e
1:min fs/2 I
Clock Receiver (1.1V) Qs pi N
L Llshaper “ » Time
Approach CIKS[ZE >_2q = D ]
. o ql- —{Shaper 2x H
- Power efficiency = SAR ADC . Sheper 5w "
- Mainly digital = no need for accurate models -

* Speed Slgl:e 2 r
- Loop unrolled v l—@fo f —Ff ASSA PR
- 2x time interleaved - = = """ =
- Cryogenic operation Vin || 75 |-ca Il:[;r> HmERdl! 12 | & [%one
[higher Vth, limited headroom] ~ ° vn]_C
u CDAC /e 2 —r —

[ISSCC 2021, ESSCIRC 2022, JSSC 2023, TCAS 2023] 19
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Presentation Notes
In this work an ADC has been developed that enables closing the control loop at cryo
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Cryo-CMOS comparator

* Classical StrongARM comparator Vs Ij LI Vot
e Fast and power efficient

e ...but speed/current degrades with higher Vth Vin. Vins

* Solution: adapted CM switching for CDAC AL e

clk —IEI tvthll[)
CDAC during sampling: v N
' OVref

LI T LT LT 1T vewo S| 2 2h8nsnay
25 {8y )8} By R 3| S 3
+ -+
o_d/o(f'l"l"l"l"l"l"l'gvp 2 s t :
4= L L= L L L L Vn T proposed CM |
%ﬁmxgzngzmzmz gano | Yawn i
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Cryo-CMOS ADC - Performance

* High performance

*19MW @ 1GSa/s, @ 4.2 K
* SNDR =41 dB (6.5 ENOB)

 State-of-the-art FoM (21 fJ/conv.step)

* Multi-qubit readout
e 20x10 MHz channels
* 0.1 mW/qubit

[ISSCC 2021, ESSCIRC 2022, JSSC 2023, TCAS 2023]

5 samples @ 4.2 K

Sample
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Microwave driver for spin qubits |

>

e Goal: minimize form factor & power
= FDMA: 32 qubits in 1 GHz BW

- o -

5 5 5

- - =

o O O

* Target electrical performance (from SPINE) I I I I
f

Qubit O

* Fidelity > 99.99% = SNR > 44 dB, SFDR > 44 dB

VGA

[ J
Approach GaUSSIan pulse
* Digital-intensive architecture = flexibility '
_ [Bank2 ;
NCO 10-bit Phase | 8-bit Amplitude ' Af
) — >
On-chip || oty ‘ «— I — 1
SRAM \VA > ¢ »CD— 1-DAC LS -— f
+ = ,é, Z ‘ 5t-D— LUT £ =
controller] || % = V T34 2 Q
R NEl ‘N p>--—D— Q-DAC 3 =
i i d fLO G
N / Fiter ™\ >—E RF-Low
-bAc —— DAC | Filtex ) % ’
VGA = Mixer ) g
a-0Ac—— DAC ; Fmex g < m RF-High

Specs obtained by SPINE: https://github.com/QE-Lab/SPINE, [van Dijk, Phys.Rev.Appl. 2019] 3xT 23



https://github.com/QE-Lab/SPINE

Amplitude (mV)

Power (dBm)

Power @ 3 K:
Analog: 1.7 mW/qubit

Digital: 9.4 mW/qubit
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Horse Ridge — Results

Intel 22- nm FlnFET

Digital + analog + RF

[ -

| | |
o] [«)] B
o o o

| | |

Inherent limitations
* u-wave control
* nm-pitch magnetic biasing for FDMA

MT\M%MU VWW i “;N 'WWW W 'M;HW Fidelity not limited by cryo-CMOS!

-100

Frequency (GHz)

Randomized benchmarking

0.8 | Ny ® RT Setup
z 0\\;. ® Cryo-controller
re) i S @ \\.
o7k %, e F=99.7110.03%
e . ~ . \\.
o \\.\ \\\
%O-6 B \.\\\ 6\\\\\
= e~ '\\,
Q.
n o
05k Fldellty 99.69+0. OZA e
1 ] 1
0 20 20 60

Number of Clifford Operations

[Xue, Nature 2021]
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The Cryo-CMOS interface

\

XNIN

N-qubit L— @_ Digital
QLA control
Processor \l ﬂ - f

Target applications: ¢
e Algorithm flow control
» Readout/ control DSP nC
 Quantum Error Correction (QEC)

* QEC decoders! srences
[Overwater TQE 2022, Battistel, Nano Future 2023] T

4K|T=300K
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Cryo-CMOS digital speed

[Homulle 2019]

1.2

0.8

0.6

0.4

0.2

Mature CMOS
., Dominated by mobility increase

Nanometer CMOS
* Low supply
* Limited by Vth

4 K

0.5 1

Technology [nmf

How to get a low V,, ?

v [Vl
GS
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* Back biasing i
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Tune down the threshold voltage
* Modify the process (doping)

e Low Vth (LVT) option

n FD-SOI

* Specific process

* High back-bias voltage (> 2 V) > Vdd
e Forward Body Bias in bulk CMOS?

* Traditionally small change in Vth

0 ghreshold Voltage LVT W/L=2u/40n

0.7 |
E 0.6
4 2K nmos =~ < 0OF
m— 4. 2K pmos = 04
300K nmos 0.3 |
300K pmos
0.2

[Overwater et al., EDL 2023]

6 0.5
vV, V]

1

Vb,n Vss Vout Vin Vb,p
/ | p-sub/well
e
n-well
|:| P+J:| + + P+ n+ deep n-well
% % * n-diff
O oxide
p-wel S? n-well m poly
deep n-well 2& m metal
channel
p-sub Vs
Why is it possible at 4 K?
* Diodes do not turn on at 4K
e Even for Vdd
1.4
\ iy
% "
Iy Inn;‘
0 100 200 300 400
T [K] 27
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Cryogenic-Aware Forward Body Biasing (FBB)

Pass-gate switches Digital logic
Ven=Vop

VDD

it I o
T v
V¢p=GND Vi

6 Passgate LVT W/L=2u/40n
10 R GND

—t
o
oo

Frequency [Hz]
S

xjﬂr . . : ?
: / :

07 08 09 1 1]

104 ' '
0.4 0.6 0.8 1
V.. [V
| s 300K 1O FBB g [V
. | | | | 4.2K no FBB
0 02 04 06 08 1 4.2K /'w FBB

ch [V]
[Overwater et al., EDL 2023] 28
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Cryogenic-Aware FBB — Analog Circuits

Efficient inverter-based amplifier

Efficient floating-inverter amplifier
4K noFBB 4K, w/FBB .
b,1 c)_l10 Iﬂijovbb,p+ Vob,p- M4|
Vib,p & " '
Vin Vout Vln out in V _3 — 1
v out 3 Vonsoed | L Sa el Vi
? ) bb,n oy — x h_
Vin+ \éB+ -:)/B Vin—
—_— o—e¢ o WS 20> Tfo +—oO
Csupply VA+ = ch ' A-
e Use FBB to A R .M_||—3—|S ML_.—?.?
. . . 5 & ) 5.A A 6.A
* Maximize linearity ;_I b 'S
* Reduce switch impedance ME\ M|_°

e Offset compensation

* Achieve 6.1 ENOB @ 1 Gsa/s driving SAR ADC
[Kiene et al., TCAS 2023]
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... and _the memories?

12 X .
T 10
1 Low latency
T
0.8
_ 0.6 -
< g 10
- 300 K - °
0.4 i
Headroom LI 4 K
0.2 ° ° °
limitations Low leakage =
) 4 K ‘ better retention?
L 10 ! 1 1
0.5 1 0.4 0.6 0.8 1

Best memory design for cryo-CMOS? |
TSMC 40-nm CMOS 30
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Cryo-CMOS memories i

' Reset Ring Oscillator |
In

Static memories (6T SRAM) Dynamic memories (2T DRAM)(s.E_j'“z?iME;

I
: 13T PW-PR €

_____

Global Test =477 araric ]
Vbp Vbp ééﬁﬂ%ﬁ FEN
WWL RWL e
L L . ;
. h
. | RBL
%E?g :I %é (GND)
Less leakage
Less leakage _L L More speed
More speed 10 - g S ——
//
—RTSVT | 2105 _ _ _ = = 107} ;;
- =RTLVT | T .
—aksvT| @ g pd Refresh power
- —4 K LVT| 2107 310'7r_:=a/
107 - - : 1079 ] ] J
10> 10° 107 10° 10> 10° 107 10° 21

Memory operation frequency [Hz] Memory operation frequency [Hz]



IEEE-CSC, ESAS and CSS] SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 56 Sept 2024. Keynote presentation

Towards a scalable spin-qubit QC

Spin-qubit
processor

Sample & hold
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T=20 mK
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Towards a scalable spin-qubit QC

NxM qubit array

nultipl

1K

ADC

Read-out

Opportunities

High-temperature operation
[Yang 2019][Petit 2020][Huang 2024]

uW-free control
[Wang arXiv:2402.18382]

Baseband readout
[SET-based DC readout]

Challenges

Low-footprint/low-noise readout
Low-power pulsing

Minimize electrical crosstalk
Co-integration

QEC decoding

T

4 K 33
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Diamond qubits

(color-center qubits)
* High fidelity
* High temperature (>1 K)

* Remote entanglement (> 1 km)

Electrical and optical control

Hybrid co-integration = Poor coil-qubit coupling = high currents

fA
M - +1 manen -
< ® :fargnete i A !
A i 2y B o
N = Ms= =1/|1)| f,pyHigher
') =
HIBRANE
<2 .=
<
v M= 0 ||0)
B.D }
< B
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AC driver for diamond qubits

* Challenge: Large current (>10 mA , @ 2.7 GHz) but low power

* Solution: Class DE switch-mode driver
* Series resonance limits max V-swing
* No crowbar currents
* Zero-voltage-switching

VDD °
| nN=

lac

Idriver

P=17 mW

1.75 2.00 2.25 2.50 2.75 3.00
Frequency [GHZz]
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DC driver for diamond qubits

* Inhomogeneous field to be
corrected locally
* Challenges
* Large current (>12 mA)
* Fine resolution (<8uA step)
* Low power (< 1 mW)

[Enthoven ISSCC 2024] 36
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DC driver for diamond qubits

VH-bridge =30 mV

* Inhomogeneous field to be
corrected locally —1

* Challenges o
e Large current (>12 mA) ——I Ll

* Fine resolution (<8uA step)
e Low power (< 1 mW) Lo ®
DC

VH-bridge

 Solution: triode-based H-bridge

* Low V-drop = poor supply rejection I/o-r l
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DC driver for diamond qubits
Vop =11V
* Inhomogeneous field to be © Supply rejection
corrected locally © Power  Vamp

* Challenges
e Large current (>12 mA)

VH-bridge =30 mV

VH-bridge
— P

RS

* Fine resolution (<8pA step) Afb
* Low power (< 1 mW) Lo, ¢
* Solution: triode-based H-bridge |+ N r?-w .
* Low V-drop Ipac | I/a..
* Loop-regulated PSRR V+ Voo ml
ref | — 6 A 4
e {“__, 2—| [+
set
IVI4a M4b
—0 évss ® o
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ItS

DC driver for diamond qu

Vii-bridge = 90 mV

* Inhomogeneous field to be

Vo
H-brid
corrected locally ridge

* Challenges
e Large current (>12 mA)
* Fine resolution (<8uA step)
* Low power (< 1 mW)

 Solution: triode-based H-bridge
* Low V-drop
e Loop-regulated PSRR
* Fine/coarse DAC
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DC driver for diamond qubits

VDD - 1.1 V (pq ('Tq VH-bridge - 50 mV
* Inhomogeneous field to be =N ——
corrected locally T T Vii-bridge
P -
* Challenges A d
e Large current (>12 mA) > 1 ﬁll_—.
* Fine resolution (<8pA step) © T E T Ioc
* Low power (< 1 mW) S P \ f(pq
Thick oxide (2.5 V) Loc @
* Solution: triode-based H-bridge ol W
* Low V-drop LY @- fo/o"'
e Loop-regulated PSRR 00
* Fine/coarse DAC Voo 3 Y
* Chopping/trimming Ms &ll: 3_“:
IV|4a IV|4b
O
sts & o=
40
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DC Current Requlator

D int. test coil
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DC driver for diamond qubits

Fabricated in
40-nm CMOS

* £12mA with 50-mV supply
* Regulation better than 18 pA/V
* P=0.9 mW (Py;45.=0.6 mw, P,;,=0.3 mW)

[Enthoven ISSCC 2024]
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DC driver for diamond qubits

DC Current Regulator Noise Spectrum Ipc (CT)
S B EEE : :
| 1| Fabricated in 1076 - fenop
50Hz from setup \
! 40-nm CMOS 10-¢ e‘// |
g | e |
_:_I_:N_ 10-10 A
e c.:_:. -
e o 10712 -
Amm W
% 1071 -
e Results 10716 + — Chopping, no SC-filter 1”: .....
Chopping, SC-fiter ~ 1IT | "--.
e +12mA with 50-mV supply 10-18 e | | |
* Regulation better than 18 uA/V 10° 102 10* 108
* P=0.9 MW (P,;4,c=0.6 mw, P,,p=0.3 mW) Frequency [Hz]
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DC driver for diamond qubits

DC Current Regulator Noise Spectrum Ipc (CT)
S N EEE : :
D+ || Fabricated in 1076 -
[ [ 90Hz from setup
N E ;
[ |- 1° ~ . Ripple |
[: int. testcoil [} I 10710 | : -54.5dB
] Chm U v
EEEEEE. = 10712 | ] I
Correny |
- 1mm - 2 : |I|
1014 - o : ] il .
No chopping, no éC-fiifer “"«-.,_‘_A |
* Results 107"® - —— Chopping, no SCfiter "+ |
: Chopping, SC-filter UF e
e £12mA with 50-mV supply 1018 , |
* Regulation better than 18 pA/V 10° 102 10 10°
Frequency [Hz]

* P=0.9 mW (Pyi4..=0.6 mw, P,;,=0.3 mW)
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Qubit sample

Solid Immersion
Lenses

[Enthoven ISSCC 2024]
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Diamond with NV-centers

LVeD
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Rabi Oscillation

Cryo-CMOS for diamond qubits ™[ .

0.95 -

Cryo-CMOS + Diamond 4 090
i i for measurement o
Dlamond with NV-centers mea e AC Controller 065 |

~~~~~~~ ?
L
|

=

0.80 -

fo = 2.6585 GHz
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Time [ps]

Pjo> versus Dpc and time

Fixed fAc, coil = 2.655GHz

24000 -
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Future challenges 22000 - a
. o 0.85 =
* Electro/optical control 2 =
: : : 20000 ~ 0.80 S
* Hybrid co-integration 2
0.75
* Thermal management 18000
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O . .
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Take-aways

* Spin qubit + cryo-CMOS = promising for scalable quantum computers

* Spin qubits in semiconductors

* High-temperature operation + pulse-based control
* Monolithic integration!
* Challenges: efficient cryo-CMOS pulsing; low-noise readout

* Spin qubits in diamonds
* High-temperature operation + remote entanglement
* Modular architecture with moderate footprint!
* Challenges: optical control; co-integration; thermal management

* Digital back-end
* Decoding, control, high-speed data communication, ...

* Cryo-CMOS as enabler of large-scale QCs...
... but ample space (and need!) for innovation and research!
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ADC architecture: SAR

* Power efficient
* Mostly digital operation

50


Presenter
Presentation Notes
For a moderate number of bits, in this case 6-8, and the requirement of good power efficiency, the successive approximation register ADC, short SAR ADC, is a natural choice in literature.
Also it has the advantage of being first order insensitive to variations in the model, due to its digital heavy operation 


ADC architecture: loop-unrolled

« Speed of SAR limited by critical loop!

Tcritical =Tcm p+ Tlogic +TDAC

51
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Presentation Notes
One disadvantage of this step-wise successive approximation is the limited speed:
- comparator decides
- logic propagates the result
CDAC settles
power efficiently this loop could be pushed to on the order of 300MS/s


ADC architecture: loop-unrolled

* Unrolled loop speeds up conversion
* Inherently asynchronous
* Problem: Comparator offsets cause distortion
Tcritical =Tcmp+TDAC Jiang, 2012]
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Presenter
Presentation Notes
To reach high speed, as required by the application, we unrolled the loop:
- using a different comparator for each decision, the logic is eliminated from the critical loop.
- also it saves some latches, as the comparators now directly serve as latching units.
- problem here is the comparator offset: for the single comparator architecture the offset was a global code-offset. Now with a different comparator for each decision, the offset causes distortion
- Making offset cancellation imperative
With this we were able to reach about 450MS/s power efficiently, not enough just yet.



ADC architecture: time interleaved

tcenversion; tsampling
u Ml Hl

. Spéedup by féctor of two 0 [
« Switch more linear than necessary

Ps> |

c | I B |
= 1

Vin %""
C ‘{ lllJ



Presenter
Presentation Notes
So we interleaved two of these slices, in alternation sampling the signal or converting.
This is a significant speedup, almost by a factor of two, as we eliminate the sampling time, essentially always converting with one of the converters.
With this we were close to 800MS/s for the desired performance.
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Presentation Notes
For the final 200MS/s missing for the speed, we needed to shape the sampling and conversion phases: giving more time to the conversion, less to the sampling.
This increased the speed to 1GS/s.


»

ADC architecture: frontend

Clock Receiver (2.5V)
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Presentation Notes
An important note to make here is that the front-end sampling switch is implemented with thick-oxide transistors to achieve high linearity and robust operation.
This requires also the clock receiver to be implemented with thick-oxide transistors and supplied by 2.5 V
The core of the ADC is implemented using thin-oxide devices, supplied by 1.1V


~  ADC architecture: frontend

Clock Receiver (1.1V) Lconversion Lsampling
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Presenter
Presentation Notes
An important note to make here is that the front-end sampling switch is implemented with thick-oxide transistors to achieve high linearity and robust operation.
This requires also the clock receiver to be implemented with thick-oxide transistors and supplied by 2.5 V
The core of the ADC is implemented using thin-oxide devices, supplied by 1.1V


Comparator design
Challenge: V,, increase

« Strong-ARM comparator
* Energy efficient
» Fast

* Speed degrades at higher V,,
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Presenter
Presentation Notes
For the comparator we chose a strong-arm topology for its great power efficiency and speed.
One problem though is that at lower temperature, as the threshold voltage rises – by about 100mV we loose some speed in the comparator decision due to reduced current draw in the input pair.
At the same time, if we put in a very high common mode from the start, it’s difficult to reach good swing of the input signal while staying within the core supply rails of 1.1V


Comparator design
Challenge: V,, increase

« Strong-ARM comparator
* Energy efficient
» Fast

* Speed degrades at higher V,,
 Possible solution: raise CM
* [ssue: limiting input swing
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Presentation Notes
For the comparator we chose a strong-arm topology for its great power efficiency and speed.
One problem though is that at lower temperature, as the threshold voltage rises – by about 100mV we loose some speed in the comparator decision due to reduced current draw in the input pair.
At the same time, if we put in a very high common mode from the start, it’s difficult to reach good swing of the input signal while staying within the core supply rails of 1.1V


~ Common mode switching scheme
Solution: adapted V,,

* Input: mid-rail common mode for large-swing core-VDD driver

CDAC during sampling: A
1 1 OVref ~ o
. .ﬁhim i1, zmlxm I e Xf 8
a8 o0 m}_m mlm r:nl }C ot
odoT T T T T T T ,V, ;.:L =
0O :/‘ W
L L L L L L L ©°v, Y
=
(v's) ~ meTq—Trﬁ?—NT —
mﬁmxm 127 1°0 1%t oo 7| Vemin
' O Vrer >
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Presenter
Presentation Notes
To address this issue we chose a common mode switching scheme that adjusts the common mode from a mid-rail starting value to a higher value for most conversion decisions.
Central to this is how the CDAC is configured during sampling:
- the two MSB caps are reset to ground
- the other caps are reset to the reference voltage Vref.
- we now sample a mid-rail common mode voltage



~ Common mode switching scheme
Solution: adapted V,,

* Input: mid-rail common mode for large-swing core-VDD driver
* First two bits: Vo, up

CDAC during conversion step 1: A
I OVref ~ o 0
mihzm AT 1T 11 11T oao | 2 3
8ysfeyaysysy sy >| ©
+ =
oo T T T T T T 5V, 5
OdoT—T T T L L L °v, §
=
o ¢~ U:.T 7' 7' ?' 7 5
mﬁmxm 1°7 17127 1°71 oeno | Vomin
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Presenter
Presentation Notes
For the first bit conversion for example we need to switch up the positive side, we connect the MSB cap on just one side to VDD, increasing the resulting common mode voltage.
On the second step we switch the other side, resulting in a further increase of common mode voltage.
After the MSB steps, that increase the common mode voltage significantly, we decided to down-step all remaining decisions, as the effect on speed is small and the down stepping is slighly faster as NMOS switches can be used there.
So the proposed common mode is a variable common mode that starts from a mid-rail voltage and then increases to allow for higher speed comparator decisions.


~ Common mode switching scheme
Solution: adapted V,,

* Input: mid-rail common mode for large-swing core-VDD driver
* First two bits: Vo, up

CDAC during conversion step 2: A
' OVref O 0N
o O ® Pod Sind P4 o, INl‘OGND“;.: S mmo
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Presentation Notes
For the first bit conversion for example we need to switch up the positive side, we connect the MSB cap on just one side to VDD, increasing the resulting common mode voltage.
On the second step we switch the other side, resulting in a further increase of common mode voltage.
After the MSB steps, that increase the common mode voltage significantly, we decided to down-step all remaining decisions, as the effect on speed is small and the down stepping is slighly faster as NMOS switches can be used there.
So the proposed common mode is a variable common mode that starts from a mid-rail voltage and then increases to allow for higher speed comparator decisions.


~ Common mode switching scheme
Solution: adapted V,,

* Input: mid-rail common mode for large-swing core-VDD driver

* First two bits: Vo, up
* Rest of bits: V), down

VCM

CDAC during conversion step 3: A
' oVref oD ONO
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Presentation Notes
For the first bit conversion for example we need to switch up the positive side, we connect the MSB cap on just one side to VDD, increasing the resulting common mode voltage.
On the second step we switch the other side, resulting in a further increase of common mode voltage.
After the MSB steps, that increase the common mode voltage significantly, we decided to down-step all remaining decisions, as the effect on speed is small and the down stepping is slighly faster as NMOS switches can be used there.
So the proposed common mode is a variable common mode that starts from a mid-rail voltage and then increases to allow for higher speed comparator decisions.


Common mode switching scheme
Solution: adapted V,,

* Input: mid-rail common mode for large-swing core-VDD driver

* First two bits: Vo, up
* Rest of bits: V), down

N
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Presenter
Presentation Notes
For the first bit conversion for example we need to switch up the positive side, we connect the MSB cap on just one side to VDD, increasing the resulting common mode voltage.
On the second step we switch the other side, resulting in a further increase of common mode voltage.
After the MSB steps, that increase the common mode voltage significantly, we decided to down-step all remaining decisions, as the effect on speed is small and the down stepping is slighly faster as NMOS switches can be used there.
So the proposed common mode is a variable common mode that starts from a mid-rail voltage and then increases to allow for higher speed comparator decisions.


The Cryo-CMOS interface

\

<

(-

>
N-qubit —
Quantum

Cryogenic voltage references

[Najafizadeh, EDL 2009]
[Homulle, SSCL 2018]

XNN4Ed

'Yang, SSCL 2020]

'van Staveren, JSSC 2024]

I { ADC
/

ADC
@_ Digital
control

DAC

s\DAC

T sensor References
T=4K

IEEE-CSC, ESAS and CSS] SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 56 Sept 2024. Keynote presentation given at WOLTE-16 2024, June 2024, Cagliari, Italy.

T=300K



A practical quantum computer

Applications
Encryption Protein folding Big data

@ O

Drug synthesis Molecule simulation DNA analysis

IEEE-CSC, ESAS and CSS] SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 56 Sept 2024. Keynote presentation given at WOLTE-16 2024, June 2024, Cagliari, Italy.

Noisy dubit

66



IEEE-CSC, ESAS and CSS] SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 56 Sept 2024. Keynote presentation given at WOLTE-16 2024, June 2024, Cagliari, Italy.

Quantity to make up for quality
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A promising HW decoder

Decoders based on
Neural Networks

Architecture exploration
* 2 Layers

* Larger: more power

[Overwater et al., TQE 2022]
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Digital Hardware QEC decoder

[Overwater et al., TQE.2022]
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Memory Benchmark
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 Some DRAM designs do not work

* DRAM more widely applicable
[Damsteegt, JSSC 2024] 74


Presenter
Presentation Notes
Comparison of the memory power as function of operation frequency and write operation fraction.
Dynamic cell saves up to 50% in power for high frequencies. Flatten graph bottom to top: dynamic better than static from 25 MHz (RT) or 75 kHz (4 K).
Overlay previously identified applications: move from static to 2T dynamic or preferentially boosted to 2T.

Next slide: conclusions.
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Cryogenic—aware FBB — Digital logic

8 ;
* LVT D1 inverter RO (N =1025) "
L &t = 104 | = = = Static
* Compared to 5 =
S 10 i 0
* noBBand V4, =1.1V s % g 10°
¢
* High-speed design s Qe et
° Vdd — 11 V and fu” BB 0.4 0.6 0.8 1 0.4 0.6 0.8 1
* Speed 2 x 1.62 Y VaalV P VoV
» Power dominated by short-circuit 10"} 300K no FBB AV ial _
* Low-power design = 17 T 5
e V,; = 0.725 V and full BB o -
e Speed = 1/1.82 g | | | LHES | | |
* EPT 2 1/4.24 0 04 0.6 0.8 1 0.4 0.6 0.8 1
o)V, V] d) V [V]

« EDP - 1/2.33

75
[Overwater et al., EDL 2023]



IEEE-CSC, ESAS and CSS] SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 56 Sept 2024. Keynote presentation given at WOLTE-16 2024, June 2024, Cagliari, Italy. 5 T
[ D[ R0 out 1]
- | Reset Ring Oscillat;
. . 40-nm | el L 2
DRAM Retention time (LVT CMOSs Shie Eims
SR Out i 41 13T NW-PR GC
LB — B3 {37 pw-PRIGC |
| Global Test 4=~ 76T Static -
- Co[ntroller == '
107 = (5 K
‘T HEEEEEE N
—_—
o 10 3
£
=10
. [
= . NW subth. leakage
m -
-7
10

0O 100 200 300
Temperature [K]

PR gate leakage

[Damsteegt, JSSC 2024] 76


Presenter
Presentation Notes
Black: retention time of single memory cell over temperature. 2 regions: high temp = NW leakage, low temp = PR leakage.
Cannot be measured for all cells, so only at 4K and RT. No spatial correlation, blue cells at 4K have retention time > 100 ms.
Retention times follow log-normal distribution, no correlation between 4K and RT retention time indicates different limiting phenomena.

Next slide: 3T retention time.
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DRAM performance

Cell type
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Presenter
Presentation Notes
Compare dynamic cells, 2T is smallest. Latency decreases (~10%).
First 3T cell is indeed much faster, also latency decrease of ~10%.
Preferentially boosted 3T cell becomes slower when cooling down due to increased threshold.
Calculated power as function of memory operation frequency. Improvement for first two cells, while preferentially boosted cell becomes worse due to changes in refresh frequency.
RT: preferentially boosted cell (SVT) best due to large retention time.
4 K: 2T cell (LVT) best due to very high retention time.

Next slide: static cell results.
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SRAM performance

Cell type
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Presenter
Presentation Notes
Static cell is much larger than dynamic cells (>2x).
Also shows reduction in latency of ~14%.
Calculated power mainly improves for low memory operation frequencies due to reduced leakage.
RT: SVT is best due to lower leakage.
4 K: similar performance.

Next slide: application comparison.
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