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QC is HOT, HEAVY and very COOL!

Sorin P. Voinigescu Monolithic Quantum Computing ICs in FDSOI 2



Outline

o Quantum computing fundamentals
o Quantum computing ICs in 22-nm FDSOI at 2 K
o Scaling for high temperature quantum computing

o Conclusions
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Quantum computing basics

Information encoded in particle spin or charge location

Bloch sphere
11>

Basis states

[1>=10>; [|>=[1>
Superposition states

¥> = al1>+ b||>

a and b are complex numbers
* a = cos(0/2)
* b = e“sin(6/2)
* [al* + |b|* =1

* Only two deterministic real variables: ¢, 6
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Universal single and double-spin (entangled) gates

Rotation around X, Y, Z axes Bloch sphere
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Running quantum computing algorithms

Quantum algorithm example
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Qubit5 — H] (H X (H | (H}—{x
A
_/_\_\_l_\_l_/_L N | I | T .
Wl i
NW———\\— | ——WN\— | .

Pulse o I
Sequence e =

Source: Keysight

WW—WW—— W —— |\ .

Challenging control system

Generation

- Phase-coherent uW / RF / baseband pulses

« Excellent spectral purity

« FDM to address several qubits simultaneously

Acquisition

« uW acquisition with real-time 1Q demodulation
- FDM to address several qubits simultaneously
» Pulse counting and timestamping

Scalable to hundreds/thousands of
channels: cost/channel is important

Tight inter-channel synchronization and
phase control

Real-time feedback for Quantum Error
Correction (QEC)

Sorin P. Voinigescu
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QC processor: qubits+sync-ed AWGs, V5SGs, PSAs, RTOs

Vector Signal

Digital Delay Generator

Generators
Control SW PXI Chassis BB IQ or IF SS Mixers RF Signals Qubits L = 3 W
u
e o0
Custom FPGA I ] _ . uWw
Pulse Generation | .
¥ Triggers
N i 2N aw
. BB Pulses
S .
paine | 1 Fosanc s - K w
Execution Decision-Making ’ h
A BB
3 BB IQ or IF SS ! RF Signals - o5
— G -
Custom FPGA = + Superconducting Qubits s
i - + Quantum Dots 5 s 11
State Detection DiG ) 1 | : T:;;og?ca St Markers i2_ib Cryostat
. BB Pulses Trappad LT < uW
SOU rce. KeyS|g ht Spectrum Analyzers
Challenges

+ Scalability: footprint and cost

+ Signal/phase synchronization

+ SW and real-time sequencing control

+ Real-time DSP (e.g. qubit state decoding)
+ Real-time feedback for QEC
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Superconducting  Trapped lons Engineered Quantum Dots
Qubits Be+, Ca+, Yb+ Defects Single Electron
Transmon, P atoms in Si,
Phase, CSFQ NV Centers in
Diamond, Dimers
In SiC
[M.B. Ritter, IEDM 2018 short course] M&L: Morton and Lo, IEEE Spectrum, RN
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Superconducting qubits: most common today

Superconducting Qubit:
* Nonlinear L-C Resonator with Q > 1 Million
* Josephson Junction is nonlinear inductor

........
.......................
......................
fecccssmmmmmecncnncssens

100 nm
X100 nm

sesnmmmsmnn. et

= q"'_""-\-.--s

Superconducting
Sesss’l Microwave Resonators:

---------

------ read-out of qubit states

-------

seeesent

multi-qubit quantum bus

T ol willel cdiet g noise filter

A [M.B. Ritter, IEDM 2018 short course]
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Superconducting qubits: coupling

SC Qubits: two-qubit gates [M.B. Ritter, IEDM 2018 short course]
Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8
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Two-qubit exchange interaction J via virtual
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Superconducting qubits: spin control and readout

Generator
15 Eh 2

| To Qubit
Microwave
Generator

Drive around the Bloch sphere
using microwave pulses
(typically 10-50ns @ 5-6 GHz)

LArh itrary Waveform 1

“Dispersive” = direct detection of change
in resonance frequency of detuned readout
resonator

readout resonator . <+ Measure Pulse

1
65 oty Drive T<0.02K | T=4K
Ar-npf{ﬁEd Reflected Phase
signal to Measurement

signals & |
m circulator : HEMT
11 1
1| ——C ,
| Room T

coupling _||_ coupling
circulator

I/Q upconversion and Gaussian 2%+

1 ¥

Quantum-limited amplifier
JPC shown

A
: 11) 10) ) s
pUISe mOdUIat|On 5 Josephs?n based Quantum-limited amp +

£ Cryogenic HEMT amp

o

§ Single-shot qubit state measurement with fidelity

E > 99% is possible

" U \;
[M.B. Ritter, IEDM 2018 short course] Readout Tone Frequency Some SC qubit types have different readout
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SC qubits: noise, energy, frequency, temperature

Isolators /
circulators

Mixing chamber
plate (10 mK)

Microwave lines
:

and attenuators ‘*.r,_.,-- ;
. ' \ ¢ I

- : L

ﬁ:iﬁ 1[ ! i':
Microwave 1 | &% S0
switches L {

11_ -

Filters and
biasing lines

11 resonator pkgs

(5 res. / package 3 qubit pkgs

(2 qubits / pkg)

[W. Oliver, EUMW 2018 short course]

5 GHz has a thermal energy of 250 mK => operate at 20 mK.

Commercially available, turn-key dilution refrigerators.
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Electron-spin coupled quantum dot (QD) concept

quantum dot
E.x

[Burkard, Loss and DiVincenzo Phys Rev B, 1999]

Larmor frequency o,=y. B

FIG. 1. Two coupled quantum dots with one valence electron ye IS the eleCtron gyromagnetlc faCtor

per dot. Each electron is confined to the xy plane. The spins of the ~28 GHzZ/T
electrons in dots 1 and 2 are denoted by S, and S, . The magnetic

field B is perpendicular to the plane, i.e., along the z axis, and the

electric field E is in plane and along the x axis. The quartic poten-

tial is given in Eq. (3) and is used to model the coupling of two

harmonic wells centered at (*a,0,0). The exchange coupling J

between the spins is a function of B, E, and the interdot distance

2a.
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E-level splitting due to Zeeman effect with dc B

[L Hutin, Hole-spin qubit. VLSI 2016]

E=m.g.ug.B
m=+1/2 | T)
__éE=Ez= gl HgB
m=-1/2 |l)
>
Magnetic Field B
E =mgu,B=115.74ueV -m-B|Tesla]

_A_E:27,92 GHz-B|Tesla |

Larmor — 2 T h

10 5

~
I
O s i
A= @
> /
]
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o N\
g \°0
e

(%]

|
-

I (pA)

0 — A
Static

nro 0?1 0!2 0?3 0?4 magnetic E-field burst

Magnetic Field B (T) field frequency f

Fig.8: Measured Electrically Driven Spin Resonance (EDSR)
signals. Spin transitions can occur if the energy of an EM
excitation matches the Zeeman energy. Here, the Pauli Spin
Blockade is lifted using only an E-field excitation on the Gl
Gate. Plotting the current versus static magnetic field strength
for various E-field frequencies yields spikes located along a
line verifying the equation hf=Ez=|g|usB.
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E-level splitting due to coupling between QDs

o] B N [
AlGaAs/GaAs/AlGaAs double well vl

Coupling frequency fczzzA—E; 2A E=1meV 2 24147GHz = T

mh
e -momev  |S- VOINigescu, |JE Feb. 1989]

AE (or t or J) = coupling energy / \_/ \

AE must be > kT

AE, =65 meV

£, = 140 meV

Want electric control of AE (barrier) for
Swap or C-NOT gate

AEp =1meV

EO+:E0+ A E Eq = 38 meV

E — E _ A E gure 6. Subbands and wave functions in an idealized quadruple heterojunction structure
0- 0 with quantum channel coupling,
q
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Electron-spin coupled quantum dot gates

i B C dgsdv (au) 04 -02 00
- I BZL yttt i s Akl 560 -y _
B SN I ﬁ ﬁ“ Mﬁ” IJi 550 [
§/ . R
QbR \SiGe ly1) Iyr) =
> 530

Charge > s
Sensor 520

SiGe

510 2 e
a: Em pty 540 550 560 570 580 590
Vr (MV)
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[M.B. Ritter, IEDM 2018 short course]

Resonantly driven CNOT gate for electron spins

By D. M. Zajac, A. J. Sigillito, M. Russ, F. Borjans, J. M.
Taylor, G. Burkard, J. R. Petta

Published Online07 Dec 2017

DOI: 10.1126/science.aao5965

Magnetic field gradient produces
different Zeman energy for two dots,
hence two distinguishable qubits
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Quantum computing with coupled QD

" vS, _quantum dot

Spin Rotations
 Apply a mm-wave signal of amplitude V. at f for

Larmour
pulse duration ton QD gate

Ex

0=2m f T '
where f, ~ V__ is the Rabi frequency, f,<<f, shione

Larmour

Spin Swap or C-NOT gate
* Apply a pulsed inter-dot voltage and/or on barrier gate

Hs(t):J(t)gL'gR

f, determines speed of quantum gate and processor

Sorin P. Voinigescu Monolithic Quantum Computing ICs in FDSOI 17



From FDSOI MOSFET to quantum dot

« Wide spacers and small L; lead
to forming a well between
two barriers

« Carriers have no thermal energy
and have to tunnel through

« Energy states are quantized
in the well -
&0 [L. Hutin, ESSDERC 2018]
« Small Vs to scan precisely O
the resolved quantum states * L o T< 1K
f(E)
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From quantum dot to spin qubit

“Artificial atom”

SpinS = %1/2

Applying a static magnetic
field B, two-level spin qubit:

s ) [L. Hutin, ESSDERC 2018]
10" '
m_&_uh E; = [9.ps.Bl
T T T T T ] |l)

-700 -600 -500 -400 -300 -200
Gate voltage (mV)
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Hamiltonian of single-spin gates with excitation

o

H,,=—w,+ yeB(t>7x B 42 Bloch sphere

2 W1 >
B(t)=v- wpcos(w,,,, [+ ¢)

e 0

H=(w,, —o )2+m cos((l))i—sin(q))i B(S

mmw L 2 R 2 2 >

X

U:e—th y

w, ~ B, sets the qubit frequency, operation temperature

1>

When w__ = w,we have electric spin resonance (ESR)
[J.P.G van Dijk, NPJ 2018]
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Mm-wave spin manipulation circuit specification

- .. __________________________
» The Hamiltonian in the rotating frame (W, = Wy,,) With rotating wave
approximation:

H= (0 = 00) 2+ o | cos(p) Z - sm(qa) 2| U =etH
/ /

Sets the rotation Sets the rotation

Sets the rotation axis

: fime
speed (Amplitude) (X/Y) (Phase)
Wy=0w,
2
E [M. Mabaie, EUMW-2018 Short Course]
j L a |
Time | ;L0o : Amplitude |
Amplitude ;| Amplitude : Phase E )
i Phase [J.P.G van Dijk, NPJ 2018]

Time
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ESR spin manipulation

.
|T) '~ Electron Spin Resonance (ESR

(TN}
g :  AEz=gugB

: Microstrip | . ' ' —

B§ B |L) & i ilac (DROCBac_a’]ac
1 2 . _

' ' -'\oscill. B o determined from
5 # measurements
o
g v= gugB/h
=
g » AC current in inductance
b » Oscillating B-field

L J

=> Spin rotation

» ESR is the most straightforward way, but difficult to apply locally.
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Electrical-only spin manipulation

F 3
w Electric Dipole Spin Resonance (EDSR): all-electrical control
8 .
= Micromagnet \
(V] 'I 7 \\ | I
RN e ' | By
~ 9 PR | U) —
- I
static B : I R ac
I
oscill. E : I
Gate | ! B determined from
- : | measurements
S Vac I . . :
e , » E-field oscillates I
S » E-field oscillates I » Orbital motion :
g » Movement across B-field gradient ! . . Ivi I
L. » Perceived B-field oscillation = Spl.n rota.tlon %.Uf |
\ Spin-Orbit Coupling /
—> Spin rotation M e = = -7
0
Static magnetic field B :
g [L. Hutin, ESSDERC 2018]

For holes in Si, SOC is strong enough to use only V,- on Gates!

Sorin P. Voinigescu Monolithic Quantum Computing ICs in FDSOI 23



Electrical-only spin manipulation: Rabi frequency

R. Maurand et al., Nature Comm., 7 (2016)

©B |
Static |
magnetic

E-field burst

frequency
f=gu,B/h [L. Hutin, ESSDERC 2018]

Rotation speed depends on Py,/2
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Pauli spin blockade readout

- The current is rectified under '/w\‘
Pauli Spin Blockade conditions.

S QD1 QD2 D

« Lifting it requires the ability to —i/\
induce a spin transition in QD1.

RF§ Tvm

« Send a resonant excitation on : :

G1 to manipulate the spin, read e '
current across the NW.

[L. Hutin, ESSDERC 2018]

Sorin P. Voinigescu Monolithic Quantum Computing ICs in FDSOI 25



Quantum computing: current vision is hybrid

Integrated electronics 300K ﬁ

1% accuracy in all parameters " P, & qubit technology

Digital control (ASIC/FPGA)

prevent integration

Quantum Processor

20-100mK

Bias / References T Sensors I

E. Charbon et al., “Cryo-CMOS for Quantum Computing,” IEDM 2016.
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Quantum computing for electronics engineers

 Fully coupled N-qubit register => 2N complex amplitudes available simultaneously
 qubits act as gates and as temporary memory cells for intermediate results
* “Logic gate operations” are sequentially executed in time by...

« applying mm-wave analog-mixed signals (1/Q pulse modulation) to qubit gates

e ...we perform deterministic phase modulation in 2D
« System time-evolution described by Schrodinger's time-dependent equation
 Readout is probabilistic, based on spin selective tunneling or dispersive

 Ultra low phase noise, cryogenic mm-wave radar-like circuits needed
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Quantum computing challenges today

* Thermal noise ~KT
AE <0.1 meV =>T< 1K

Spin relaxation and coherence times ~ ps

=> gate operations must be ~ 10 ps in duration

Cannot dissipate >10mW power at 0.1 K

Interface with outside world too big a load for qubit

Atomic-scale fabrication precision needed with high yield

Sorin P. Voinigescu Monolithic Quantum Computing ICs in FDSOI
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The original vision

The dimensionless parameters used here would, for ex- [Loss and Divincenzo,
. . Phys Rev A, 1998]
ample, correspond to the following actual physical param-
eters: If an exchange constant J,=80 ueV=1 K were
achievable, then pulse durations of 7,=~25 ps and decoher-
ence times of ' "'~1.4 ns would be needed; such param-
eters, and perhaps much better, are apparently achievable in
solid-state spin systems [19].

Si-based qubits typically function at cryogenic
temperatures (<300 mK). However, if these devices were able
to operate at higher temperatures (>4 K), the interfaces
between quantum computer circuits and classical CMOSs
could become less complicated and higher density integration
would be possible. Smaller QDs are known to have higher
[S. Oda IEDM 2016] charging energies and greater resistance to thermal noise. We
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Our approach and goals

* Foundry FDSOI CMOS-based QD qubits

- Si n-MOSFET for electron spin qubit
- SiGe p-MOSFET for hole spin qubit

* mm-wave AMS circuits for spin manipulation and readout on the same die

with the qubits

* >4 K operation now, (maybe) 77 K in 15 years
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Outline

o Quantum computing fundamentals
o Quantum computing ICs in 22-nm FDSOI at 2 K
o Scaling for high temperature quantum computing

o Conclusions
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Energy [eV]

o
V)

o

Electron- and hole-spin QD concept in FDSOI

- . Back Gate

n+SDE._ ~—@—" SDE n+ I

Back gate controlfed QDS counling
p- Silicon substrate

[ == Conduction Band, Vback=0V
[ o— Conduction Band, Vback=4V
 wemwm Electron Quasi Fermi Energy

» Double-dot qubit (C-NOT) = 2-gate MOSFET cascode
« Quantum dot (QD) under each top gate

* Individual gate control of each QD
» Potential barrier between dots

« Back gate for entanglement control

~-100 o 100
Channel Position[nm] « mm-wave E-field applied on gate and z-axis dc magnetic field
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Low power monolithic quantum processor

External low phase noise mm-wave signal =

Broadband mm-wave clock distribution
* dc-100 GHz for 4-6 K operation
* 140-220 GHz for 8-12 K operation

Ve
A iR~ oUT 1
—D
n-MOS switch pulse modulators  mod1
Broadband low-noise TIA readout < 3.5 mW per qubit X - TIA
QUbIt 1 BW > 4XfRabi
SRAM to store the pulse sequences ‘>

_T_ mod 2
= 60-160GHz W

ouT
Example: /3\4_ N ——(:e-~[>r—c>n
mod 2n-1

« 200 qubits with individual readout: 700 mW = - — .
 Mm-wave clock distribution with minimum size _Wn BW > 4xfg,,
inverters + clock amplifier: 200 mW _I_ nec2n
B 60-160GHz
» Switches do not consume power [S.Bonen et al. EDL 2018] O0=2m f ,tocV T
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3 and 5 coupled QD hole-spin qubits

Gl G2 G3
3 series - B
S |o @ @ D 80nm
= = =
QDs e . .
20nm 84nm Si. .Ge . /Si _.Ge
Vin Ve 0.5 0.5 0.75 0.25
-——| V(;y_ 6 VG?, | Vout
—anﬂf 1 nm nm o]
Voo  Vse (il Gate Un‘é%pEd
[ 1 pesiGes Vs /[ ]\/oxide [ Denanmel P+ SiGe
) 1’4 "4
P+ Si0, 20nmI Buried Oxide (BOX) SIO,
N+ P+ Backgate N+
Deep N-Well
P- Silicon Substrate

5 gates = 5 serially coupled qubits
Analogy with charge coupled
devices and series stacked cascodes
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Measurement set-up at 2 K
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Ips/W [LOG(A/um)]

Minimum-size MOSFET characteristics over temp.

0.01 — 1e-03—— — 77T 1e-03
-:_T=69K, B=0.45T -1 800.0p S Zﬂnlnxsonm 3 K
U5 TR0 R0 : A 1e-04 —e 40x20nmx80nm 3 K 1e-04
== T=77K, B=0T SR -1 700.0p
Ea T=100K, B=0T SSecover =g [‘ S 1e-05 20nmx80nm 300 K 1e-05
== T=300K, B=0 ' 4 < 600.04 — 40x20nmx80nm 300 K
s ; o E 1e-06 1e-06
TE < 1e07 1e-07
1E-6
1% &, _21e-08 1e-08
1E-7 : 4 30000 ~ 16-09 1e-09
1E-8 . 200.0p _ _
V=08V . 1e-10 1e-10
1E-9 ¢ =1 100.0p 1e-11 VDS=_50 mV 1e-11
. §onnobiar 4 M (1 M 1 2 1 2 ) 1 1 1 ] 1 1 ] 1 1 L 1 1 I 1 1 1 ] 1 1 1 1 1 1 1 1
e o1 0z 03 o4 05 06 07 08 le1%8 06 04 02 00 02 04 06 0d"?
Vs V] VGS (V)
November 2017 March 2018

Difficult to spot quantum effects unless you look in subthreshold at low V. (< 50 mV)
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Quantum effects in 22-nm FDSOI n-MOSFET at 2 K

1E-6 =ov
: 1x20nmx80nm n-MOSFET S
1E-7 —SImUIated Vg=0.2Vv
—C=Measured A
1E-8 s ST
S ———
1E-9 e (el SIEE S T
s | — \/(=0.8V
2 £
1E-10 AE=E g = CoueVas)AV g5 g |
2gm m -
1E-11 . of
AV, affects w, and operation :
1E-12 | temperature
1E-13 ool HETE e e
0.1 0.2 0.3 04 0.5 0.6 -20 0 20
V. V] Channel Position [nm]
NEGF modelling code by Prof. Peter Asbeck [S.Bonen et al. EDL 2018]
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Quantum effects stronger in p-MOSFET

e [S.Bonen et al. EDL 2018]
1x20nmx80nm p-MOSFET Si : 1x20nmx80nm n-MOSFET
- Simulated - Simulated
—O=Measured 1E-7 == Measured

1E-8

1E-6 gr—r

1E-7

1E-8

< V. .=-1mV
“» 1E-9 o2 1E-9
= Vee™2V 1 7
1E-10 1 _21E-10
1E-11 1 1E-11
1E-12 [T i 1E12
He e X[nom] 2 4 ar : R M Y T S T Y T
1E_13 IS T Ve W I NI I T U TR SRR WDl UBE G e e TR e W wel M B S ST [ 1E-13 X [nm]
-0.60 -0.55 -0.50 -0.45 -0.40 -0.35 -0.30 -0.25 -0.20 0.1 0.2 0.3 0.4 05 0.6

Si, .Ge, /Si . Ge, . S/D-channel heterojunction provides better confinement barrier

0.75 0.25
AV ., (hence w,) doubles in p-MOSFET compared to n-MOSFET
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Energy level spacing tuneable from backgate

1e-04 ——————r—— 1e-04 1e-04
F 0.8V mcreasmg Voo 20nmx80nm p-MOSFET :

1e-05F 2 K11e-05 19_05?_
1e-06] 11606  1e.06f
__1e-07} 11e-07  1e.07f
S;n 1e-083 —?1e-08 E 19-035
_0 : 3 4 F
1e-09} 11€-09 ™ 1e-09;
1e-10} Y Je10 qe-10}
1e-11f L Jtett qeflV
1e-120md - ' Y g 5112 fe-tal

V(v
(S.Bonen et al, EDL 2018] os (V)

AV increases (doubles) at +/-2V back gate voltage as Cgs decreases
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Resonant tunnelling through 2-dot qubit (cascode)

[S.Bonen et al. EDL 2018]

1e-06 1 —r 1 r ' ' . 1 7
. 20nmx80nm p-MOS cascode 1
"“———\ ]
1e-07 T _ 1e-07 1e-07
5 RQ V. =0.5V 3
1e-08F o 2K 41e-08 1e-08
E _ V_ =-50uV e \ 5 —_
1e-09 DS N 1e-09 1e-09
E-_ V= 1mV “ " '5 S:n
1e-10F _ v =-5mV . / 11e-10 S 1e-10
1e-11F — V=501V \ 41e-11 1e-11
te-q2p Yos~imY A N 1e-12
eler vV, =SmV € 1e-12
- L L L L L L L I L L L L I L L L -
1e-13.65 10.60 20.55 20.50 0451 etz
Ve,=Ve, (V)

—1e-06 le-06p———————

20nmx80nm n-MOS cascode

V=05V

0.4

' R
0.5
Var=Vaa (V)

A R
0.6

0.7

0.8

AV . =+/-5mV , V_=V_, sweptin sync => proves matching between adjacent qubits
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s (MA)

“Classical” MOSFET behaviour in saturation

20 - _ D D D D D 20
[ — 300K 40x20nmx590nm MOSFETs
16| Floating Back Gates 16
14k V. =0.4-0.8V ; 14
12F 12
L g
10 E ~. 10
8k . 8
6F 6
4 — 14
2-:__ - N e ~— el —: 2
T rirarnd B e S - .
Y% 06 04 -02 00 02 04 06 08

Vos (V)

40x20nmx590nm SG,1x

400
1350

‘:I'(:)O:"'I"'I'"I"'I"'I"'I"'III

300
250
3200

2150
2100

50
T T . A T T B
-(6.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 O.g
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Peak f., f

MAX

current densities invariant with temp.

400 ——rrT T 400 250r — Ty —— 250
- -0 f_ 300K ] 40x20nmx590nm SG, 1x pslvt ]
350} 4350 ]
: &0 f; .y 300K ] 1200
300F — f 3K <300 ]
250 1250 1150
200} 1200 :
150f 1150 7100
100¢ 1100 3
] 4150
50 150 :
0 C i N
10” 10" " 1ol
IDS (mA/1um)
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MOM capacitor and poly resistor vs. temperature

Capacitance (fF), Q

S —e 2000 polyresistor 300K
g — - 200Q polyresistor 3K
8 — 10022 polyresistor 300K
% s 100Q polyresistor 3K
~
0051015 20 25 30 35 40 8057020 30 40 50 60 70
Frequency (GHz) Frequency (GHz)
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Monolithic integration of qubits and readout TIA

Gate2
GND

3 v c 23 2, %g , 3 ¢
T VOV T T T @ & T g Sz 2 3% = & @
' Hole-Spin Var ‘ - = = e e o 2 = = 2
Qubit ?Qpl ?sz = N e LL L
| | 4 Voo Voo Voo
Vsource o T 0.8V 0.8V 0.8V 10 ] —
Decoupling o 1x0.54 um 5x0.54 um 32x0.54 um = —J ! B
Cap(Large)I \
= bg_pqubit ‘ 4(12| ngp 4@' ngp 4(12| ngp .".‘-._
|V1 777777 V2 AN O Vou'] [ 1 [
' Electron-Spin  '# g R1=5.2kQ R2=5300Q GND(G) ' | | | (G)GND — 3
. o G) GND
Qubit &nl &nZ Q1 EO Ql IEO Ql IEO GND (G) - (G) GND
Vign Vign Vign : 5V
y o TTT T 4' bg 4' bg 4' bg Gatel (S) J (S) OUT Gatel (S) ’ (S) ouT
SSSSSS 1x0.43 um 5x0.43 um 32x0.43 um = o
pecoupling = % = = = GND(G) | | LI[GIGND  GND(G) | 1 (G)GND
Cap (Large) I Vg nqubit [
| : []
Challenges: =% 35 & — AL
. L in > 140 dBQ 22238
arge gain >

 Bandwidth, noise
* Drive 50 Ohm off chip with minimum size 1x20nmx80nm MOSFET
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TIA and n-qubit+readout circuit vs. temperature

[S.Bonen et al. EDL 2018]

80
70
60
50

Z,15 5,1 5,, (dB)

305702030 20 50 60 763° 3% ""70 20 30 20 50 60 70°°

Frequency (GHz) Frequency (GHz)
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10 coupled double QD qubits in parallel

Improves matching
Qubits spins manipulated in parallel => 10 electron/hole spins majority gate

Equivalent to redundant qubits for error correction?
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10xnqubit+5-stage TIA

Zm21) (g

20*10g10(S.m.21) 20*l0g10(S.m.22) 20*log10(

M:0 Vg1=-245.0 mV, freq=500.0 MHz, Y(3)=96.75 80'&' PRI o 380
100 : : : 700300 K n-q it with — Z21 170
1 T 1 T T T T T 1 :\ al — E
| | - 60L\ 3-stageTl: -+ S, {60
90 [N —~ B0F 150
= _ | S a0f ~ EERCI o
80— Improved gain (~20 dB) and bandwidth P Iy 130
o= 300 K % 20f 120
— % 10f 110
60; ......... NN 0;—*--9-9._0 < "‘N-io
— -10f R Y 4-10
50 = et SR PN, S, o gy 3
— “20f . {-20
— T I I B I L S
0 300""10 20 30 40 50 60 70°°
30— Frequency (GHz)
20:
10f .........
0=
10
20/
_30: |
0 10 20 30 40 50
freq [E+9]
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Broadband amplifiers/switches in 22nm FDSOI

NMOS
Cherry-Hooper
Slave Buffer

[

S
VDD

1.2V

datap
B—000

D—000
datan

1.2V

NMOS
Cherry-Hooper
Slave Buffer

VDD

GND mln
s e
b A h

NMOS
Cherry-Hooper
507<Driver

Differential

output for a v

Master

Differential
output for

Slave

NMOS

Cherry-Hooper

Slave Buffer

[A. Zandieh et al. BCICTS 2018]

( PMOS Cherry-Hooper
| o8V Master Buffer
I .
I
I

7~ "NMOS Cherry-Hooper . Ty
I Slave Buffer 0;§-V I
G mE
I
I outp outn I
| Y 000 $-000 |
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I
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Sampling switch insertion loss & isolation

S,. input to master switch output

21
~30dB isolation at low frequency P
aa
~27dB isolation at 56 GHz 2
=
7p

2x relaxed pitch CMOS switch

[A. Zandieh et al. BCICTS 2018]

~30 dB

300 K

—— S21 (Switch on)
—a&— S21 (Switch off)

30 40
Frequency (GHz)

50

60
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S parameters (dB)

Single-ended-to-diff ESR signal amplifier

Ll Keysight Infiniium : Friday, August 3, 2018 7:05:02 AM o Keysight Infiniium : Friday, August 3, 2018 5:13:43 BEM o

[A_ Za n d Ie h et aI . BC I CTS 20 1 8] File Control Setup Display Trigger Measure Math Analyze Utilities Demos Help UL M‘ {ihl File Control Setup Display Trigger Measure Math Analyze Utilities Demos Help 2L ,w =1/ x |
el | [GR)  SERNEN| ([ R e e e o 10 | 1) [.mH

30 {[@ | S Iv[0[A® N IV[olAe o

v v v v v v v v v v

) ) ) L} L} L} L} J ) ) Yo\ )® 1 3

\®)
S
—

\\ \
10 300 K \ /\ /
0 -3A3‘3~3’6”° O~ O~ OO0 O] e e e B N NS
IV\I'\, I(I > a 1
. (J e - o GDp  ADn | OO oo e P
—8—S21 —O—S21 (Laree Signal \ £
ge Sig

o
=)

- —A—S3]1 —O—S31 (Large Signal)
s 4 6

_30 a0 o 0 o 0 . 0 . 8 . 0 . 0 . 8 . 0 . 9
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\®)
S
-

< CEt 1 BW >T‘|1A;<fRabi
Frequency (GHz) D= BB AL GMZ
Common-Mode Rejection up to 100 GHz DW: B
Wn BW > 4xfg.p;
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Impact of process variation

g 110 T
. = - ! FDSOI
AW, AL, Aty => E,-E,, f, £ ol ; rsol
« Gate oxide spacer and source/drain-to-channel -?; % — i i qubi]
potential barrier => E -E, § 20 i il
o *
. Surface roughness => E -E, g o ; :
o 60 . l . |
« DC external magnetic field value (feedback loop) © 25 30 35 40 45 50 55
=>F f Gate length (nm)

m! " Larmor
o Fig. 3: Rabi frequency in rough hole qubit as a function
« At ., AW, AL, AtSi(Ge) => V., f, variation of gate length. Each cross is a different realization of a

Gaussian surface roughness profile with rms = 0.4 nm.
The red dot and bar are mean and standard deviation.

?
g "I fLarmor’ fR

_ [M. Vinet et al., IEDM 2018]
Some of them may be adjustable/corrected from

back gate
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Impact of process variation: 22nm FDSOI

1e-04p——r————r 1e-04 i
Fogy  increasing Vo' 20nmx80nm p-MOSFET p MOSFET V= -1mV zoom
1e-05F > K]1e-05
1e-06} 1e-06
. 1e-07} {1e-07
< : :
‘-;.J 19'08 [ - 19'08
[=] F 3
- 19'09 [ _: 19_09
19-1 0 ; =-iv _; 1e_1 0
1e-11} | 12 J1e-11
1e-12bmnds o il — sl 1012

1e-06
1e-07

1e-08
1e-09
1e-10

1e-11 o 500 290

Plot GF_22nmFDS01_1x20x80_SG_pmos_67G_d19/dc_vbg_Op5Vitransfer_ultra_fine__1/ransfer
e-

[ T R R _
65 20.60 20.55 20.50 204513
Vg =V, (V)
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Impact of process variation: die to die

1E-3 | | | | | | | | | | | |

1E-4 e VDS=5OMV’ 1mV, 5mV, 50mV, 08\/
n-mosfet: 40x20nmx80nm

1E-5

1E-6

[LOG]

1E-7

1E-8

P
—

1E-9

1E-10

—

Id.m transfer fine full/ld.m

/ 1E'11 . Y b 8

1E-12

1E-13 - 1e
250 300 350 400 450 500

Vg [E-3]
Plot GF_22nmFDSOI_40x20x80_SG_nmos_67G_TS d19/dc_vbg nOpSV/transfer fine full die20/transfer

Sorin P. Voinigescu Monolithic Quantum Computing ICs in FDSOI 53



Impact of process variation: L_.=20nm vs. 28nm

1E-2 | | | | | | \ \ | |

s V=500V, 1mV, 5mV, 50mV, 0.8V
n-mosfet: 40xL _x80nm

1E-4 b

[LOG]

1E-5

1E-6

1E-7

1E-8

1E-9

1E-10

Id.m transfer fine full 28nm/ld.m

) 1E-11 L)Y

—

1E-12

1E-13 ¥ Vel (T3 TR el A 3 |
200 300 400 500 600

Vg [E-3]
Plot GF_22nmFDSOI_40x20x80_SG_nmos_67G_TS_d19/dc_vbg_nOp5Vitransfer_fine_full_die20/transfer
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Mm-wave spin manipulation circuit specification

User /O

(md

Optical Guid
N- Qubit Quantum s o Jm ~{TDC [~
Processor v N\
"‘--....__ - I
= i i A L0,
N B <ot
; \\\J > » LNA LPF
7 > - ~ \ <ADC Q.
[L.Vandersypen] | — N LOq
" | | Digital
LO < CW Control
ol ®._ <] e de ! (asicy
LO, PF FPGA)
|| DCO
—
-~ |
= [+ Lo, |
= [ / DAC |+~
I~ o |« PA LPF Q
- o / DAC|+
[L. Di Carlo] |~ U LO,
T = 20-100mK T = 14K T-Sensor| |V/l References

T=300K

[M. Mabaie, EUMW-2018 Short Course]

[J.P.G van Dijk, NPJ 2018]
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Carrier and circuit design specification

R, (m) R, (m) * Carrier frequency accuracy, phase noise,
amplitude accuracy

T
nop
i 1 11111 S * Switch isolation
Il Residual o
| driving/noiser.. | * DAC precision
FIG. 11. The state of a qubit is affected during idle times * Frequency spacing in case of FDM
between operations due to e.g. residual driving on the ESR-

TIA gain, noise, bandwidth

line. e :
- |
, |
—D
_T_ mod 1 _ i
- T — TIA Ry '
— [UU_[UU QUbit 1 BW > 4XfRabi : '_.* :
|
|
|
|
|

Charge Sensor Read-out Circuit Signal Processing

inil;

> : _T_ mod 2 ‘ . . :
>N=-‘:’q ; oo, Oy O} | LS T 1
u E;I;n ' read s
mod 2n-1 I
1 i Qubit n BW > 4xfgy;
_T_ mod 2n [UU_[UU
i 60-160GHz [J.P.G van Dijk, NPJ 2018]
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Specification for qubit fidelity due to inaccuracy

100 £ — — —
»For 99.999% fidelity: [M. Mabaie, EuMW-2018 Short Course] IR
F,,=1-——|—%| ¢
Ao 10”" ﬂﬂ E ’ 4\ fr
w—""’ « 0.002 wn |t
R
- 1072 1 2
« 0.002 s Froy=1-7 5] 0
pulse = 5
10 Aw
Aw A
™ 0.003 wg 7
@R 10'4;
Ap < 0.2 degree _
-5 L h, L 1 | "
1010'3 ~— 1072 107" 10
[J.P.G van Dijk, NPJ 2018]

Relative inaccuracyi
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Impact mm-wave signal inaccuracy on qubit fidelity

t
» For w, = 2m2 MHz: £,=400 MHz -
» Assuming equal contributions
o,
[M. Mabaie, EUMW-2018 Short Course]

Error Source Type Value Contribution
Nuclear spin 800 ppm 2°Si noise 1.91 kHz;ns |1-F =0.036 ppm << 1038
Microwave frequency inaccuracy 2.6 kHA-22MHz1_F = 1. 66 ppm
(nominally 10 GHz) 100 GHznoise 2.6 kHZ:>2 MM44-F = 1.66 ppm
Microwave amplitude* inaccuracy [2.89 pV 8.4 uV1-F = 1.66 ppm
(nominally 3.4 mV) 10mV |noise 2.89 uvB2WVoa-F = 1.66 ppm
Microwave duration = inaccuracy 41.0 ps 1.06 ps 1-F = 1.66 ppm
(nominally 50 ns)  1.25ns |noise 41.0 ps26PS.l1-F = 1.66 ppm  +

[J.P.G van Dijk, NPJ 2018]

F =99.999%
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Outline

o Quantum computing fundamentals
o Quantum computing ICs in 22-nm FDSOI at 2 K

- Scaling for high temperature quantum
computing

o Conclusions
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QD coupling energy splitting, T with scaling

102"'|"'|"'|"'|"'|"'|'"|"'|"'§'1(:)2 103';- — T 1T T T T 1 T T T T T -?103
®-® 50meV middle barrier . - ®-® 50meV middle barrier
JN\\ — 25meV middle barrier 1 of \ — 25meV middle barrier 0
10 E 310 10°F y
; ] <
oL 4,40 @ 1L
10 10 E 105
_ E _
Al ] Q [
107F 410" 2 10°F
B : o ;
i ) [t
107 4107 107F "
-3--..I...I...I.\../I...I...I...I...I... -3 -2-.
1027476 8 10 12 14 16 18 200 1079
Well width (nm) Quantum Well Width (nm)
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f_, f...smallerin 7nm FinFET node

T MAX
Technology

400 & _ 400 o O BULK
= R + FDSOI
I 350 + ..__[‘D__,,. 350 © FInFET
Q—r O E N
300 o E 300
5 ¢ | %
Q- 250 o 2 250 o o

0 g .
200 200
30 25 20 15 30 25 20 15
[H.-J. Lee et al., IEDM 2018] Process (nm) Process (nm)

Figure 5: fr and fmax trends by process node: both ft and fmax reach the peak performance
around 20 ~ 25nm due to the excessive parasitic capacitance by high density interconnect

Sorin P. Voinigescu Monolithic Quantum Computing ICs in FDSOI 61



Only SiGe cascodes have gain above 200 GHz

4 I ! I 1 ! I ! | I I I 1 I I I 4
[ A—A HBT ]
— SG 40x55nmx780nm nMOSFET .

3l SG 40x28nmx500nm nMOSFET i 3

&0 DG 40x55nmx780nm nMOSFET
- DG 26x28nmx780nm nMOSFET

N
0

N
Q
1 I L L L

—h
N
L LA

A4 HBT-HBT cascode i
— SG nMOSFET-HBT cascode -

&0 DG nMOSFET-HBT cascode

)
o )
2 =z
> —
= 3
O
w 1]
l:l_:ll I:-I:II Vip = 2.5/2.4V
1 S 0
< -~ i
31: ; 10
2 =
= =
> = |
g ! M M M . E i
820 240 260 280 300 = S R
FREQUENCY (GHz) P00 125 150 175 200 225 250 275 300 32
FREQUENCY (GHz)
S.P. Voinigescu et al., IEEE Proc. June 2017
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f/f  (GHz)

f_ scaling: SiGe HBT vs. FIinFET

[S. Voinigescu et al, IEEE Proc. 2017]

1500
1250}
1000} |
- 2.25nm 1.1nm
750
[ 1000 —————————— ,
500 - g —H—EB W!th RC . N
" ~m —O—EB with RC - Thinlayer Mobility
250 F 800} ~ i
0 % 600} \\\\\ g
s i o 9 | 1
Node < 400} \\\\\\\\o .
—_ & i O\ 7n
f /f, = 900/700 GHz 200} © FinFETyor
[IHP IEDM 2016] ; '
O 1 1 1 PP B F. SOI
0 4 8 12 16 20 24
[M. Schroter et al, IEEE Proc. 2017] L (nm)
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Qubit operation temperature scaling

- f, Tincrease ~ L, W (very favourable scaling law!)

 f,, T increase linearly with dc magnetic field B,_
- B, =2.9T => AE_=0.33meV, f=80.4 GHz, T=4 K, 22-nm FDSOI
- B, =8.6T => AE_=1meV, f=241.2 GHz, T=12 K, 12-nm FDSOI

- B, =17.3T => AE_=2meV, f=582.4 GHz, T=24 K, 7-nm FDSOI
SiGe BiCMOS?
- Magnetic field and double-dot coupling energy limit 7, f,
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Challenges

* Qubit fidelity << transistor fidelity => error correction

- We are currently in vacuum tube era (1905)
- We are still waiting for the transistor to be discovered (1947)

* Spin readout

Entanglement across multiple (all N) qubits

(Minor) process/mask changes still needed

Power removal level of integration: e.g. 1000-qubit processor at 4 K
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Conclusions

* MOSFETSs theoretically scalable to 2-3 nm gate length

« [, Saturated but g_, £, MAG <170 GHz all improve

b) T!
* Monolithic integration of CMOS spin control/readout circuits and qubits

* >60GHz spin-manipulation/readout low-noise, AMS circuits needed

At 2-4 K, minimum-size 22nm FDSOI MOSFET can be used as qubit in the

subthreshold and as “classical” transistor in saturation

* 100-qubit processor < 2 W, probable now at 4 K in 22-nm FDSOI

* Future scaling to 5-nm source-drain spacing => >77 K operation
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Superconducting qubits: most common today

Linear resonant circuit
— Lowloss: Q>>1
— Low temperature: kT << hn,
— Linear elements: harmonic

Linear Resonant Circuit

1
Vn=2;'r\/[f L —— C

Energy Spectra of Quantum LC Circuit

~1/Q
12) 1 # hv,

hv,

hv,

* Nonlinear resonant circuit
SIS (Josephson) Junction

~1nm

— Josephson tunnel junction

+—>
Insulator

-
p Superconductor Superconductor /
y /
|y el | y-R|ei¢g
Brian David @ “

Josephson Cooper pair

— Anharmonic

— Solid-state artificial atom

Josephson Junction: Nonlinear Inductor

. _®,do : _
I =1.sing V= o I PV P=0 — @y
N Ll e R
L =——0 . =/ _sin
Y27l cosg SEM of Al shadow-evaporated Current: g ST
Josephson junction Voltage: P do
Energy Spectra of Quantum LC Circuit 9o 2 dt
3 dI
¥ R Inductance: V=L —
AV : : ' dt
|2 : T superconductor

: P=@ -, I. is the critical current, which depends on superconductor material
and insulator thickness

; @, = hi2e is the superconducting flux quantum and has value
2.07x10"° Wb = 2.07 mA - pH = 2.07 mV - ps

[W. Oliver, EUMW 2018 short course]
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Coupled QD spin manipulation and readout

Loading, Controlling, Measuring ESR to “drive around
Bloch sphere”

a. Empty b: Init. |Yr) = |1) c: Init. [Y) = 1) d: Quantum Control
4

ﬁ M dilﬂ] om i#1 |}
g: Meas. Right | A f: Empty Left e: Meas. Left| /

T =

Resonantly driven CNOT gate for electron spins
By D. M. Zajac, A. J. Sigillito, M. Russ, F. Borjans, J. M.
Taylor, G. Burkard, J. R. Petta

Published Online07 Dec 2017 .
DOI: 10.1126/science.aa05965 [M.B. Ritter, [IEDM 2018 short course]
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Spin-up fraction, f;

Spin-up fraction, f;

Entanglement in coupled QD CNOT gate

Read/initialization

ﬂw}ﬂf

Single- and two-qubit control

Figure 4 | Two-spin correlations for a two-qubit logic gate. a, Pulsing
protocol for two-qubit read-out and single- and two-qubit operations. After
read-out of Q, (R;) and Q, (R,), we pulse back to (R;) to ensure proper
initialization. Individual qubit operations are performed with high ¢, whereas

7 Read itialize the CZ operation occurs in the presence of interaction. b, Stability diagram
Q2 Read/ 2 showing the operation regime. ¢, Spin-up fraction of both qubits after
o e o . initializing Q; spin up (top) and spin down (bottom) using a microwave pulse
e T AW and applying a controlled rotation using Q, as the target qubit. A CNOT gate is
| achieved in 480 ns, as indicated by the dotted purple line (see inset for the
Initialization CNOT d g5 : : :
@@ @ @ @ 05t corresponding Bloch sphere animation). d, Two-spin probabilities as functions
04X, of the microwave pulse length on Q, after applying a CNOT gate (see inset for
(W2 gyl (W) ~ : . ; . :
oal \, - the corresponding Bloch sphere animation), showing clear anticorrelations
EEEIA between the two qubit spin states. The different plots correspond to different
< orf $? Initialization 4 JEEY spin states of Q, ,, as indicated. The black lines correspond to fits based on a
g gg———r @@ > oot ——— 100 CNOT gate, and 'include the experimental 'read-out errors (see Su[?plementary
@@_’@ @z @ S os| @4 o 8 1os Infon:matlon section 9). The green dotted lines correspond to the intended
2 oal gt 04 maximally entangled states.
(7[/2))( ¢'TJ. () (1:/2),{ E ’
] ] 0.3
‘ / /o, A3 0.2
A /\/\/\ Q& N4l O
; 10 15 20 25 30 o 1 2 3 4 50 1 2 4 [VG'ShOl'St, et al. Nature 201 5]
CNOT Interaction time, 7, (us) Q, microwave pulse time, ,, (us)
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SC qubits: FDM spin manipulation

probe signal
generation

reference
microwave
source

probe signal
detection

[M.Jerger et al., Appl. Phys. Lett. 101, 2012]

6-18 GHz directional coupleré
DAC 6 dB .
qubit .
6 GS/s mantoulation —I> ———1{-20 dB}{-20 dB}{-20 4B
DAC -6 dB 5 :
+20 dB -20dB
-3 dB
@——< % 20 dB isolation 300 K 1K 06K 30mK
| 8.4 GHz 42K
EEAV AN |
ADC AVAN
ADC o G AN
N\ 20 dB  20dB
6-188 GHz +26dB +26dB 8.4 GHz . : - +28 dB | . 8.4 GHz
1 GS/s  +20 dB various isolation :

- 1solation

qubit chip

20 dB

1solation
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SC qubits: FDM spin manipulation

Power dependence of the Rabi frequency of qubit #5

#2

(a) (b) Power dependence of the Rabi frequency of qubit #2
T -#7- T T T T T — ’::7160 §150
10.25 GHz % 9.63 e Si00
Z 961 Eu -
10.09 GHz 5§ g kL, 3 O%T 0z 03 o4
g % 2 [M.Jerger et al.,
—~ 09.59 = Power dependence of the Rabi frequency of qubit #3
9.93 GHz =09 08 -07 = < Appl. Phys. Lett.
_ Flux bias (a.u.) o 2 Z 60
s, i o 18 2o ° 101, 2012]
5 i WA A Z 2 40
5 9.77 GHz é % QOW = 20
= z 5 -
E #3 é B o 2 Y0103 05 07
9.61 GH b
Z g
=
E
o
Z

~ 180 120
< 140 5 80
#1 E §
= & 40
9.31 GHz £'100 2
- £ 9
....... 1 ] 1 1 L 1 1 1 o o 0.1 02 03 04

-65 -105 -3 -2 -1 0 1 60 /\/\/\/VMW Pulse amplitude (a.u.)

- : . 50 100 150 200 250
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2-dot qubit (cascode)simulated E_ profiles

SLVTN _2DOT_1x20nmx80nm_Vg0.8V VbackOV_30nmSpacer 108nmBG_T300K SLVTN 2DOT_1x20nmx80nm_Vg0.8V Vback4V 30nmSpacer 108nmBG_T300K

7
Limited Backgate 108nm

0.2/

o

0.1

— 2 =0r‘|m

Z=1nm
— 7 =2AM

— 7 =3nm
U — 7 =4NM U
\i — Z =5nmM f
. — 7 =6nm

0 0.1 -0.1 0 0.1

Conduction Band Energy [eV]
Conduction Band Energy [eV]

Channel Position [um] Channel Position [um]
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22-nm FDSOI mm-wave qubit test structures

G1

5 Gate

e

GND

3 Gate

GND

2 Gate
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5 coupled QD electron-spin qubits
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© © ©
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jw 20nm 84nm
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Vig ]é:{‘; Undsqped Dl
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a 1”4 1”4
N+ SIi0; 20nm | Buried Oxide (BOX) SI0;
N+ Backgate

P- Silicon Substrate
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Inm MoS, SWCNT FET

B c 10-4
10*
; 30FV, =-3Vto05V

Step=05V
V=5V

1
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. D L

Iy (LA/um)

5
0
5L
0

Fig. 2. 1D2D-FET device structure and characterization. (A) Schematic of 1D2D-FET with a MoS;
channel and SWCNT gate. (B) Optical image of a representative device shows the MoS; flake, gate (G).
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[Desai et al., Science Oct. 2016]
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Design specification: mm-wave carrier

Lab frame simulation of a qubit rotation

100 ¢ - - _ 9 Or i (i) 22
| T H=(0,,m0,) 2w, cos(9) 2 —sin(9) ]
. |—e—0 =m/2
101 | - 2
0 =n/4 3 A
ol £ F Y:1—l S [l—cos(ﬂ)]
10-2 il ’ 2\ fi
: Exact vs. RWA
PR S
107° . FX)Y—I—EA(I) [l—cos(e)}
10-4 E  1-F = single-spin qubit gate fidelity
i ] * Rotation by 6
1077 [J.P.G van Dijk, NPJ 2018] \; _ .
- o I - For 1-F = 10*%, the rotating wave approx.
o [ (RWA) requires f,< f /25
1076
10° 10 2
o 'L f=240(60) GHz => f.<= 9.6(2.4) GHz
Wo/Wr
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Design specification: mm-wave envelope, PN

Filter Amplitude Response for Wideband Additive Noi: Filter Amplitude Response for Amplitude Noise ) M m-wave am pl |tude (N fR) a nd

duration, 1, determine rotation
angle 6=o.t

10Y 10° F

~Erm N
ThE N

For 1-F = 10“requires relative
errors <0.63%

—2

w

-'l'jllll'll'[.d-.] ?

W’V v w _ P A,
v N i
e v Wlmll'{'] 10-4 L | lmlmmhuz fR
w/wy w/wR 1 AT 2 )
” F,,=1——|2%|g
o=t ] SaTia
@ R

o1 2 _ . T
|_4e ENBW y=w, s

[J.P.G van Dijk, NPJ 2018]
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Design specification example: FDM spacing

Rectangular Envelope: wo space requirement (f = ) Rectangular Envelope: 3 requirement (§ = )

]_Dn == - T T T  — = T T T T T |: ]_Dﬂ 3
——=+ —f =1 ] E
il —38=01 [T i
104 | 8 =001 3 | M!'
].D_Q = _§ 1 ] |1| U
K, . W [
-3 L = - —
11070 ] =1 *E i ]
] - 7
o~ B ]
1074 E i |
R i 3 j? — F = 99.999% | |
10~ - T —F =99.99% |
: £ ot F = 99.9%
]_D_G I 1 I ai lD_Q g7 | | | |
10° 10! 102 10° 10! 102
Wi, spa (.'F.'}'l‘r'""R Wf)..-;pm:e/‘w.ﬁ‘.

(a) The frequency spacing required to achieve a certain fidelity at (b) The driving tone attenuation 5 required at a certain frequency
given relative signal strength 3, for a rectangular envelope. The  spacing to achieve a given fidelity, for a rectangular envelope. The
upper bound is given in Eq.IZZ. lower bound is given in Eq.IZS.

[J.P.G van Dijk, NPJ 2018] FIG. 10. Qubit frequency multiplexing: requirements in case of a rectangular envelope.
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Design specification example: single-spin n-rotation

TABLE I. Example specifications for the control electronics. The PSD values provided as a comment assume a white spectrum
for the amplitude and frequency noise (i.e. -20 dB/dec for the phase noise).

Value Infidelity contribution Comment
to an operation to idling

Frequency
nominal 10 GHz 0.64 x 107 RWA when driving a qubit
spacing 1 GHz 1x10°° FDMA leakage with rectangular envelopes
inaccuracy 11 kHz 125x10°° 308x10°°
oscillator noise 11kHz, s 125x107° 308x10°° ENBW = 2.5 MHz, £(1 MHz) = -106 dBc/Hz
nuclear spin noise  1.9kHz,ms 3.6%x107° 8.9%x107° From [33], T3 = 120 us
wideband noise 12 1V ins 125%107° ENBW = 2.9MHz, S,40q0 = 7.1 11\/'/\/@
Phase
inaccuracy 0.64° 125x10°° 31x10°° FDMA Z-corrections limit the no operation
Amplitude
nominal 2mV Full-scale: 4mV, RMS: 1.4mV,,,s
inaccuracy 14 puV 125x10°°
noise 14 uVyems  125x107° ENBW = 1.0 MHz, PSD = 14nV/vHz, SNR = -40dB
off-spur 19 uV 217x10°° -41 dBe
off-noise 10 1tV s 125%10°° ENBW = 2.0 MHz, PSD = 7.1nV/v/Hz
Duration
nominal 500 ns
inaccuracy 3.6ns 125x10°°
noise 3.6n8,ms  125x107°

[J.P.G van Dijk, NPJ 2018] Fxy =99.9% Fr =99.9%
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