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QUANTUM COMPUTERS

General Introduction

* Possible exponential speed up for certain tasks:
e Shor's algorithm for factoring integers
e Grover's algorithm for search in unordered databases
e Quantum chemistry: Simulate new molecules and catalysts

e Quantum(-enhanced) machine learning

e Requirements for a universal quantum computer:

[1] Vandersypen, L.M.K.,
Bluhm, H., Clarke, J.S. et al.

 Large number (10°-108) of physical qubits!'l (operated at T < 1K) e S

quantum dots and donors—

 Room temperature electronics to communicate with the qubits Ot i3, a4 oot ™
https://doi.org/10.1038/s4153

e Scalable control and read-out electronics 4-017-0038-y
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QUANTUM COMPUTERS

Current Approaches

‘Brute force’ scaling to operate up to
50-100 qubits

Further scaling very difficult

e The ,Tyranny of numbers’ (Jack Morton,
Bell Labs, 1958) is back

Let's solve it (again) with integrated
circuits

March 4th 2021

Member of the Helmholtz Association

Source: IBM

19503_

rrrrr

Source: IBM

Forschungszentrum

IJ JULICH

Page 3




QUANTUM COMPUTERS

Requirements GaAs Spin Qubits

e Up to 8 uncorrelated bias voltages per qubit, forming potential wells
e 2 pulse electrodes for qubit operation

Tim Botzem, “Coherence and high fidelity control of two-electron

o Key performance indicator: fidelity of qubit gate v o ot oo
Bias voltage range -1Vto OV

Bias voltage noise vgys s 20pV

Bias voltage step size 250 pV (212 bit)

Pulse dynamic range + 4 mV

Pulse sampling rate 250 MHz

Pulse resolution (8 mV range) 30uV (£ 8bit)

Cooling power budget @ 100 mK <1mW

IJ JULICH
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SQUBIC1

Scalable Quantum Bit Control CREREBEEREEEERREE —
e TSMC 65nm CMOS technology o
e Biasing and pulse control of GaAs qubit =
—»  Pulse DAC =
Quantum dot € i
spin qubit N _—
—»| Bias DAC e
12C r:
interface Onthip e
—»| DCO SO MHz | 16 asurement :
Single device
—»{ VCO 20 GHz test (SDT)
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Vorführender
Präsentationsnotizen
Has ist tapeout


SQUBIC1

Measurement Setup

e Packaged sample inside cryostat

e Cryostat base temperature approx. 6 K

jl /ﬁ Vs

—»| Pulse DAC Custom IC "SQuUBIC1”

Quantum dot ErR el R s
spin qubit  PUEEAEHA(IORY

—) Bias DAC
12C ¢

interface
—»| DCO 500 MHz

On-chip Thick copper plate as [+ «*488 Sample plate with build-in
Measurement PCB holder anql for ‘ temperature sensor and
thermal anchoring Fo~ sample heater

K/

3| vCO 20 GHz Single device

test (SDT)
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BIAS DAC

Charge-Redistribution Topology

,L—_’—:—:—:—:—:—:—:—:—:—Z—:—ZI—TI
Ca B I
! H ' ! : ‘/0 e L~y |:
& By
s | l___J:___J:_ﬂ I S e 1 LC
C ¥ Multiple ! | Electrode

LSB : | MSB oo : : Storage <b§ OUtpUt N |

| -I- 1- DEMUX x8 | F Quantum

________ T~ 717! X channels | dot
6\" _______________ spin qubit

[2] P. Vliex et al., "Bias Voltage DAC Operating at Cryogenic Temperatures for
Solid-State Qubit Applications," in IEEE Solid-State Circuits Letters, vol. 3, pp.
218-221, 2020, doi: 10.1109/LSSC.2020.3011576.
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« Coarse tuning by on-chip MUXI?!

. Low thermal noise at cryo. T: #2 = kg T - Reduce power and increase resolution
¢ > But: need for calibration

« Multiple output channels per DAC

* Negligible static power dissipation

* No output buffer needed
- Reduce power and noise

9 JULICH
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BIAS DAC

Coarse Tuning Reference Voltages

 Coarse tuning by on-chip MUX[?!

e Reduce dynamic analog power P,

AVREF — VREF,HIGH T VREF,LOW

Pyp X Crotaipac (AVgir)? - f

e P,,\ by afactor (125mV / 1V)? = 1/64

e Resolution increased

e 3bit added for Ve ey @nd Viger, o €ach

e DAC resolution 1 by 3 bit

Member of the Helmholtz Association March 4th 2021

. V_{cs bit | | 1

| 875 mV- —T = T

| ggg m¥: VREF HIGH ﬂ_o_‘ko

1 500 mV- | ]

1375 mV+ VREF,LOW| Charge-
250 my- : Redistribution
_ 0 V4/ MsBs, LSBs

[2] P. Vliex et al., "Bias Voltage DAC Operating at Cryogenic Temperatures for
Solid-State Qubit Applications," in IEEE Solid-State Circuits Letters, vol. 3, pp.
218-221, 2020, doi: 10.1109/LSSC.2020.3011576.
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BIAS DAC >4
5 | Coarse tunin
Coarse Tuning Reference Voltages 1 . 9
= region |l
O
« Coarse tuning by on-chip MUX? Q TViump
e Parasitic C,,, leads to DAC gain < 1 9: ‘\“Qpa‘ Coarse tuning
. . . © WY region |
. - = >
* Voltage jump V., at coarse tuning crossings o0 DAC input word [LSB]
. . >4 >t
e |ntroduce intermediate steps = | AVgee= ! €' regionll
- - 2| 125mv IXQ
e Filling the missing codes range 3 =g Qi
........................ I.-------- ecccccscsccsccscccsccns
I = @) . —
e Add input words " : : 125 mV
©
e Saved in off-chip memory m — >
Added input words
Solid-State Gircuits Lotiers, vl 3, p. 318-221, 2020, dot 101 109L9SC. 20203041576, T o e ' 4 ’ JULICH
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= 495 _ | . | | )
BIAS DAC = 490 Uncalibrated
£ 485 /
Coarse Tuning Reference Voltages o 480 rf V.
] Jjump
T 475/ /J '
e Calibration verified at 6 K O 470 .
2 _
e |Intermediate steps o jgg-
4000 4050 4100 4150 4200 4250
* Steps doubled DAC input word [LSB]
- Correcting Bias DAC gain <495 _ | ' ! _-
. = 00/ Calibrated 1 i 7
Intermediate steps range b= ! ] //
VR?be’;t’GH 3(500mV)| 4 (625 mV) .o 4 (625 mV) £485 : >
© 480 L~
1
V’EE’EL“OW 3 (375 mV) . o 3 (375 mV) 4 (500 mV) EE) 475 /’i' !
2470 -~ :
Charge- ® 465 I 1
redistribution [1022|1023| 502 | 502 | 503 [ 503 | - - - | 530 | 530 | 531 |531| 0 | 1 N ! !
10 bit . .
| 460 4000 4050 4100 4150 4200 4250
Zin 4094 (4095|4096 4097 4098|4099 | « « « |4152|4153|4154|4155(4156|4157 DAC input word [LSB]
Solic-State Circuits Latters, vol. 3, pp. 516-227. 2020, dor. 1011001 886.2020.301 1676, T cerons i IEEE ' ' JULICH
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Vorführender
Präsentationsnotizen
𝑍𝐼𝑁 increased from 8191 to 8618


BIAS DAC S 1.0
Measurement -lg_ 0.8
45- i
. o V.
e Fully functional at 6 KI?] O 06
: : . <
e 13 bit resolution (= 120 uV step size) | 0.4 |
%)
e 1V output range .Q%’ 0-2_
e Channel refresh rate of 3.9kHz 0.0 ' ' ' ' '
_ 0 2000 4000 6000 8000
e Calibrated .reference voltage S DAC input word [LSB]
coarse tunlng I§I530-.. ....................................... ey
g
] ] 8 529 [S']A\g.glliex ?'t aI.,t"ICB;ias Voltage
i Slngular non-monotonic steps &E) gergpifaetfﬁégﬁioarsgﬁ{%z%‘;
s . ubit ications," in
e No issue for qubit biasing - e - : Sold-State Circuits Letters, vol.
8 528 Iritteamae PP Y PR PR R - 3, pp. 218-221, 2020, doi:
-CE 4590 4600 10.1109/LSSC.2020.3011576.
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Vorführender
Präsentationsnotizen
Backup slide, Bias DAC DNL vorbereiten


S 1.2{——6K V=12V ;
OPAMP 3 1.0]——6KVpp=1.7V "‘/
On-chip Measurement Circuitry 3 0.8{——RT Vpp=1.2V /

_% 0.6- o
e Unity gain configuration 2 041

£ 0.2-

~ 0.0 .

00 02 04 06 08 10 12

e Enable Bias DAC noise measurement
Input voltage [V]

e Supply increase: 1.2V to 1.7V at6K S 12l—rt —80 '
31.0 —— rlf Jl.-l‘" %70—6K:"":z71 dB-:i‘lf'-".-
3 ® 60
« Small offset voltage shift of =2mV ---» 9 o8 2mV | i,g’
. ®) 0.6 m———— > e 50
e Comparable open-loop (OL) gain of 2 0.4 240 { L
= 71dB:: 5 0.2 f 530 Iﬁ[ |
S gl —2 —{ S 9 A

602 603 604 605 606 602 603 604 605 606
OpAmp input [mV] OpAmp input [mV]

Solid-State Circuits Letters, vol. 3, pp. 218-221, 2020, doi: 10.1109/LSSC.2020.3011576.
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ZA MODULATOR 0 Noise shaping 0£.-10 dBm input signal :
— -20f i behavior -t
N
On-chip Measurement Circuitry s col :
g -80 LARLR R R
e Measurement at 6 K S-1004H"
e On-chip analog-to-digital conversion '1‘218_ A
Noise f 110dB imited b Frequency [kHZ] Frequency [kHZz]
* Noise floor (= -110dBm) limited by _1o . ;4275'";};%':0';50 ......... _,—"J
] | je—\ 12 mV -
input signal =i 6 K E T okism 5
(O] 1 o) . X
= D 426! i
. e §0'6- . 5 _,_l—"'_
o Off-chip bit-stream filtering 0 0.4 ) 4 SETOITTTU TCLICLTD > § :
e Building block for future on-chip <0.2- P E425 -
: : : - : =57
Bias DAC calibration ~ 413 ...................... NDOMHY

[2] P. Vliex et al., "Bias Voltage DAC Operating at Cryogenic Temperatures for Solid-State Qubit Applications," in IEEE

0.0 .
0.0 0.2 04 0.6 0.8 1.0

Input voltage [V] Input voltage V\ [mV]

Solid-State Circuits Letters, vol. 3, pp. 218-221, 2020, doi: 10.1109/LSSC.2020.3011576.
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Vorführender
Präsentationsnotizen
Supply increase: 1.2 V to 1.7 V
Build by previously shown OpAmp



[4] Lake Shore, DT-670 Silicon
BIAS DAC Diode, CU package

https://www.lakeshore.com/product

s/categories/overview/temperature- |

Noise Measurement Setup products/cryogenic-temperature- g £ 4 A
sensors/dt-670-silicon-diodes i . AP
« Noise measurement buffer chain (BC) S
as DUT
* Impedance conversion: high-ohmic - 50 Q o oOWE g
Lake Shore [o# S N ~
: : N HH Temperature (8 ' R i L
° Gradua”y Increasing drIVIng Capablllty Sensorl4! Stahl-Electronics Cryogenic
. . ® CMOS Buffer Amplifier
« Commercial cryogenic buffer BUF 0.128! * Fl g

|____________ — _C?ygggni_c_ |

 SAUBICT . CMOS buffer
; . BUF0.12"
. | DAC s :
|
| ' |

| —
mA

Cryostat 6 K

- - - - - - _ DX |

[3] Stahl-Electronics, BUF 0.12 Cryogenic CMOS Buffer Amplifier, Datasheet,
https://www.stahl-electronics.com/bilder/Datasheet_ CryoAmp_BUF_V2-1.pdf

JULICH
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Vorführender
Präsentationsnotizen
Lake Shore Model 218 Temperature Monitor



.

BIAS DAC 10° V... via BUF 0.12
- 10 Tfr spur REF S
Noise Measurement Results g 10°° | ) Bias DAC via BC |
S qo0 {mdiei PN e
* Noise integrated from 2kHz to 120kHz ~ =%1074 o
. -8 | [
e Exclude 50Hz (spur from power grid) 10 . oy
1079+
e Exclude 1kHz (spur from power source) 10"  10% 10° 10* 10> 10° 10" 10%
BUF 0.12 = DC to 120kH rrequency [zl
_ | :
* BUFO. to 120kHz 500 {/—— Ve via BUF 0.12 !
e Bias DAC refresh rate f, = 3.9kHz ;1400 il Bias DAC via BC r—‘:,7'_:
3000 ! 44dpv /f’
Jmax ‘§_ ] : :
$200 I frspur I
VRMS,fmax = f IZ,% (f) df E - : - - 77V, : /
2 kHz 100 i N/
. . i —— | 1120kHz
* Noise added by Bias DAC 0 —— - T
10° 2kHz 10° 10°
Vrms,pac = \ (444 uV)? — (77 uV)? = 437 v/
@) JULICH
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Vorführender
Präsentationsnotizen
Prepare backup slides for 450 µVrms noise


BIAS DAC

Power
[2]

Bias DAC component Power Consumption

Analog DAC core (slide 7) 77nW
Analog DAC reference voltages 3nW
DAC digital (memory & logic) 21 uW
DAC total 21.1uW (2.63 pW per channel)
Clock buffer 4.3 uyW
Total 25.4 yW (3.18 yW per channel)

e 8 Bias DAC channel running and f; = 3.9kHz
e Ultra-low power consumption = 3 uyW per channel
e Digital part > 99% —-> Scales well with CMOS technology

[2] P. Vliex et al., "Bias Voltage DAC Operating at Cryogenic Temperatures for Solid-State Qubit Applications," in IEEE
Solid-State Circuits Letters, vol. 3, pp. 218-221, 2020, doi: 10.1109/LSSC.2020.3011576.
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Vorführender
Präsentationsnotizen
Prepare backup slides for 450 µVrms noise


PULSE DAC - |

2 — 6K
Measurement : l u | RT
: o o ° rﬂu
e Current steering DAC = > | ” ‘,” \ '[' Hi]
Z 2" W
2 |
e At cryogenic temperatures INL o 100 200 300 0 100 200 300
and DNL worse due to nputcode et code
. . 30
Increased mismatch ' ' ' ' —x
—RT
20 L 4
2
e Can be improved by calibration ¢
£ 10 _
S
° 0 5(I) 1OI0 15I0 20I0 250 300
Input code

IJ JULICH
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DCO

Digital controlled oscillator

650

e Current starved ring
oscillator

600

550

e Frequency shifts to higher

Frequency [MHz]

frequency at 6 K
e Non monotonic behavior
due to mismatch
(increased at 6 K) . . . . .

Code

l) JULICH
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Vorführender
Präsentationsnotizen
Current starved ring oscillator topology 
Frequency control by starving inverter current 
Alternating normal and current starved inverters to restore slope steepness  



vVCO

Voltage controlled oscillator

e LC oscillator

e Center frequency increased by ~5%

N
)
e Smaller gain but increased linear region g
Temperature 300K 6K
KVCO 425 MHz/V 375 MHz/V
Frequency-span 310MHz 324 MHz
Center-frequency 18.12GHz 19.15GHz
Member of the Helmholtz Association March 4th 2021 Page 19

19.4

19.2

19

186 |

184 L

182 L

18 L

17.8

— 6K
—RT .

188 |

_—

0.2

0.4

0.6 0.8 1 1.2

Voltage [V]
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Vorführender
Präsentationsnotizen
LC-Oscillator
Two cross coupled pairs
Pseudo differential cascode amplifier with off-chip Balun



SUMMARY

Outlook

e SQuBIC1: IC for local qubit biasing and control

 |ncl. additional measurement and support circuitry

e Promising performance results at 6 K

e All circuits are tuned operational

e Next steps:

e Ongoing effort to test with a qubit sample
(Prof. Bluhm's group at RWTH Aachen)

e SQuBIC1 on 100 mK interposer

Member of the Helmholtz Association March 4th 2021 Page 20

Interposer

Qubit sample

SQuBIC1 IC

bare die sample
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