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Cryo-electronics for Utility-Scale Quantum Systems

Utility-scale quantum systems require
classical control and readout cryo-electronics

| Viaterial characterization | O u r I: O C u S [ Algorithm development |

They must be ti g htly integ rated with CI ubits in T co-design (identify suitable materials for Co-design (circuit depth, readout rates, latency
1 devices) requirements)
the Sa me e nVI ro n me nt [ INTEGRATED CRYO-ELECTRONICS enabled sc%dular systems
— Drastically reduces the connections between

Readout

the cryogenic plane and room temperature
— Lowers the latency of the control loop for . SR )

"
e.g. HBT, HEMT amplifier Multiplexors

implementing error correction algorithms at 100mK

Packaging / Integration challenges

Amplification &
Data conversion
ADCs
cryoCMOS/BiCMOS

Reconfigurable,

[
. . l utonomous
A large-scale system is needed for high it it o Control lcironics
throughput testing qubit devices (e cryocMOs " fron
— Achieves parallel characterization to Control  somec wom | e
determining the best candidates for qubits
arrays

— Phase-Locked Loop to generate high-speed
low-jitter clock signals for qubits readout
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First Prototype
» This ASIC designed in GF22 FDX is the first milestone for the cryogenic Qubits readout

effort

* Including four full sub-ADCs (588 Msps, Max 55dB SFDR), and a full-speed (10GHz)

PLL

» Peripheral blocks: input buffering, reference generation, digital interface, and digital

sample storage

~

I

Ref
Gen &
Buffer

Direct
Out
CML

Input
I: Buffer < ADC

Memory
Interface

CML
Pad
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PLL Architecture

4

CP
RefCIli up *
PFD
dn *

Divider

CIKPLL
VCO |———e—p
——

Type Il Charge-pump LC-PLL

Analog 3rd order PLL with passive loop filter

R1 introduces a Zero to ensure the phase margin
Reducing reference spurs and improving jitter by adding a second capacitor directly connected to VCO

control voltage

Programmable Icp, R and C to cover PVT variations

Binary-controlled Cap bank to widen the tuning range

11/19/2024
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-180

Crossover freq.

2= Fermilab g° Microsoft



Type Il Charge Pump PLL Linear Model

I—nref(s) PFD CHP Incp(s) anpf(s) VCO anco(S)
PrEF /L /L /L m /L Posc
C \"b + > —|_ > |cp E+7 ! ! ‘E+7 \S/ @‘/ O
(TCXO) J_
_ . T c
Prs 1
Logi(S) DIVIDER
1 1
~ N
- VCO (Voltage controlled oscillator) - PFD and CP is modeled as constant gain
- CHP (Charge pump) - VCO is modeled as voltage to frequency
- PFD (Phase and frequency detector) constant gain and frequency to phase integrator
- Frequency Divider N - Frequency divider is modeled as constant loss

= The loop filter comprises R, C1 and C2
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Type Il Charge Pump PLL Linear Model

(dB20) . lep 1 1+s/w K
1 Open loop transfer function A =-=.=. Z e
2z N (C,+C,)-s-(I+s/w,) s
A 1
Zero frequency ®, =
; R-C,
oas| o0 PN, le f w, = 1
N Pole frequency " R.C,C,/(C,+C,)
Cutoff Frequency o, = 12wl
°T N Wn = Wc/2¢
Close loop transfer function Natural Frequency Damping Factor
A(s) | K @, W_3gp = 2 Wn
G(s) = - c_veo ¢ = or ¢ =0.707
1+A(s) " \/(C1+C2)-N-27z 2w, fors

(,()_3dB = 25 (l)n
for¢=20.1

Close loop -3dB bandwidth @, =, -\/(Zg2 +1)+(22 +1)? +4

* Damping factor £>0.707. -- settling time (avoid overshooting, gain peaking and ringing)
* Closed-loop bandwidth w-3dB<wref*1/10 -- stability
* Optimizing w-3dB -- phase noise and jitter performance
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Reference Noise Transfer Function

Reference Noise:

7

$pe _ Forward Path K, F(s)/s

Phase Detector Loop filter VCco

- in
Drer 1+ T(s) 1+ Ky F(s)/Ns _ — T e
_ N(l+s/w,) -

- /N
2
Ns“/Ky +s/w, +1 —

Low pass transfer function

Magnitude approaches N as “s” becomes small

Reference phase noise is low pass filtered by the loop.

Reference phase noise can be quite low when a crystal oscillator is used to
generate the reference frequency.

In-band reference phase noise gets multiplied by a factor of N for the integer N PLL.
@out =N oref - Small N Preferred
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VCO Noise Transfer Function

VCO Noise:
¢out = Forward Path = 1 o Phase Detector Loop filter VCco
Dreco 1+ T(s) 1+ K, F(s)/Ns "t pgy I o H s
Ns?/K )
- vV IN
NSz/KV +S/0)2 +1 Divider

» High pass transfer function
« Approaches a magnitude of 1 as “s” becomes large
 The PLL can be used to clean up the VCO phase noise within the loop bandwidth. VCO

phase noise is unattenuated at offset frequencies beyond the loop bandwidth.
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Loop Bandwidth and Noise Transfer Function

9

Noise Transfer Function
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o -
1.10° 110* 110° 10° 1107 110

— Ref{Div, CHF) Noise TF

1-
Frequency (Hz)

o Jitter optimization bandwidth

¢ NF of Ref., Div, CHP is low pass --- Low
bandwidth is preferred

¢ NF of VCO is high pass --- High bandwidth is
preferred
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Amplitude (dR)
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-100
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-115
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Noise Transfer Function
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— VCONoise TF

+ Stability limits the maximum bandwidth

¢ w3dB< wref/10

¢ VCO noise dominates, so low VCO PN is critical
w3dB < wref/10

Higher wref is desirable
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PLL Charge Pump Design

N VP .
- k=
Ch DU n it [ep=300/4D0/5CC/ 'EDDuA
i Output HighZ when powsr down.,
Errorimi verr
o
'S ._l

* Drain switching charge pump

» One stage error amplifier to mitigate charge sharing

* Internal current reference and bias generator

10 11/19/2024

\ \
» > -.IE{ }3|.. . ,*é I .‘E
. .E’—% ) . u—:— L I .4'.%,.?_, 1
| 5 P ey

S
I-ar- 'ﬁ R .{% % -
I I I
Error Amplifier for Charge Pump

* Two-pair inputs (N pair and P pair) — ideally rail-to-rail
input common mode voltage

« Class AB output stage — ideally rail-to-rail output
voltage range

* Minimum open loop gain: 20dB — assume 10%
variation between voltages

* Minimum GBW 160MHz — reference frequency
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Bias Generator for Charge Pump

11

ekl

R s T ‘ - Rinthe Bias

Generator and

%—:‘EE —-ﬁ ¥ rlé ?F"PL the Rz in the

VrefiGen LPF have the

wh
’_qékﬂ E!fgp. — same temp
vref variation.

% i . R/Rz should be
vbigs_vth | 1ABuARTT FF-J = L Bbn stable.
. | 7

Minimizing the loop temperature variation A(s) = lp 1 1+s/a, Ko
Resistor divider voltage reference (VrefGen) 27. N (C,+C,)-s-(I+s/w,) s
Temperature depended bias (vbias_vth) 1
Voltage over resistor 100uA current generator —
P and N voltage bias outputs " R.C.C,/(C,+C))
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PLL VCO Design L e

g8
_L %‘: as - |!
EXJEIREI RIS £ |
o n-wicll E *1 |I
. “ 0% II
p-epl C,\.l‘, /.’I
- L I‘G -::a:ls VuH:::, V':{\:}ls v h
PMOS Inversion-mode Varactor
= om S N B S e == S
e N O e ==~
g: ) — * s
- P - 9.6 —.—__1_‘_\_\_“.
« VCO is one of the critical blocks in the PLL
. . . . 9.4 _'—'_—-_—‘—h..__&__ﬂ
» Self-biased cross-coupled architecture — eliminate
the flicker noise from tail current transistor . t ' —-—
« Varactors provide single-band fine tuning e e e e e e s s e e s
« Capacitor banks widen the coarse tuning range N
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Measurement Results — Room Temperature 300K
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100.000 MHz

Phase Noise
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Measurement Results — Cryogenlc Temperature 7K

1 Noise Spectrum
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Measurement Results — VCO Tuning Range and Kvco
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10%-16% Frequency Variation — useful information ensuring tuning range at cryogenic covers target frequency

Tem;g(;?(t”re Band 0 Band16 | Band32 | Band48 | Band63 Temp;zat“re Band 0 Band16 | Band32 | Band48 | Band63
Kvco Kvco
(ML) 84.62 73.96 66.13 57.60 54.76 (M) 66.13 56.18 46.22 46.22 4053

20%-30% Kvco Variation - useful information ensuring loop bandwidth is optimal at crytﬁe
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Conclusions

A 10 GHz cryogenic PLL designed in GF 22nm FDX is fully functional

16

11% power saving at cryo (14.4AmW@ 300K vs. 12.8mW@7K)

21.8% RMS jitter reduction at cryo (2.38ps@300K vs. 1.86ps@ 7K)

10%-16% Frequency Variation between 7K and 300K
20%-30% Kvco Variation between 7K and 300K

Higher signal power is obtained at cryogenic temperature — due to higher mobility

A new sampling-based PLL has been development for a target of 10’s fs RMS jitter
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Thank You
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