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Double-Superheterodyne architecture for
high-fidelity quantum computing control
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Outline

== Readout of superconductive qubits

—> Challenge and principles

- Approaches to frequency conversion: the Double super-heterodyne.
Comparison with |Q modulation

- Matched filters and multi-qubit readout

== (Control of superconductive qubits

- Double super-heterodyne upconversion

- Digital modulation and efficient pulse sequencing

- Randomized benchmarking: a practical example

== (Conclusions
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Superconducting qubit readout
Strongly-coupled cavity QED in the dispersive regime

Superconducting qubit readout
Qubit state changes

- Readout resonator shifts

- Resonator probe signal changes

Multiplexed readout
== Multiple resonators —one feedline

amplitude

== [requency-multiplexed probe

Main challenge

Optimize SNR for all qubits [res frequency
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A full room-temperature qubit readout system

Main tasks of the readout system Pulse Generation Signal Analysis
1. Generate readout signal for multiple qubits

DAC ADC

2. Frequency conversion to/from microwave
frequencies

3. Detection of readout of signal

4. Signal analysis to determine state of each
qubitin real time

Cryostat
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A full room-temperature qubit readout system

Main tasks of the readout system Pulse Generation Signal Analysis
1. Generate readout signal for multiple qubits

DAC ADC

2. Frequency conversion to/from microwave
frequencies

3. Detection of readout of signal

4. Signal analysis to determine state of each
qubitin real time
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Double super-heterodyne frequency conversion

How does it work?

Signal Input
P>\ M
0-66.5 dB 10.0 GHz 12.0 GHz
13-20 GHz
A
1 8 9 12 13 20
Frequency (GHz)
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Double super-heterodyne frequency conversion
How does it work?

Signal Input
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Double super-heterodyne frequency conversion
How does it work?

Signal Input
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Double super-heterodyne frequency conversion
How does it work?

Signal Input
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Double super-heterodyne frequency conversion
How does it work?

ADC
X ||> /\ 4 GSa/s
14 bit
2.4-4.0 GHz
9 GHz X2 | X4
A
1GHz
> RS @
1 Input range 8 9 12 13 LO range 20 | RF
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Double super-heterodyne frequency conversion
How does it work?

ADC
X ||> /\ 4 GSa/s
14 bit
2.4-4.0 GHz
9 GHz X2 / X4
A A
1JHz
> T PRSI
1 Input range 8 9 12 13 LO range 20 | RF
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Double super-heterodyne frequency conversion
How does it work?

ADC
>< |I> /\ 4 3Sa/s
14 bit
2.4-4.0 GHz
et X2 / X4
t | /\\
«—1
1GHz 1
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- 12 13 lOrange 20 R =0
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Double super-heterodyne frequency conversion
How does it work?

ADC
4 3Sa/s
14 bit

X1

2.4-4.0 GHz

9 GHz X2 [ X4
A
Digital
1 Z 13Hz 1TJHz
> g o
1 Input range 8 9 12 13 LO range 20 | RF
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Double super-heterodyne frequency conversion
How does it work?

Signal Input
ADC
@—b—'yv&m——i >— \ / \ 4 GSa/s
14 bit
0-66.5dB 10.0 GHz 2.4-40 GHz

X2 | X4
% A
@
””—7 “-55‘
1GHz 1GHz 1z 1dH>
o TR LS
1 Input range 8 9 12 13 LO range 20 R F
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Double super-heterodyne frequency conversion
How does it work?

Minimal overlap of analog bands Good user experience
==  Spin qubits: <2 GHz Set only center frequency (1-8 GHz) and
= Superconducting qubits: 4 - 8 GHz power range (~-40 dBm to 10 dBm),

o _ — The hardware sets the rest
Digital IQ down-conversion

Provides full 1Q signal information

A
1
>
1 Input range 8 9 12 13 LO range 20
\ J - ~— — iR ar e
Spins Supercond. Frequency (GHz) | RF
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Double super-heterodyne frequency conversion
Optimal for fast, high-fidelity qubit readout

(:}_

Signal Input

e

-

0-66.5dB

10.0 GHz

13-20 GHz

/\

12.0 GHz

X

9 GHz

™S
L~

/\

2.4-4.0 GHz

ADC
4 3Sa/s
14 bit

X2 [ X4

Compared to IQ-mixer scheme

== NO mixer calibration needed
== 1 GHz wide spectrum with high SFDR

== Higher stability, e.g. temperature changes
== (Only a single ADC needed
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Double superheterodyne vs. IQ-mixer
Better bandwidth for fast pulses

Bandwidth performance ol —— 10 calib
= |Q mixing limited to ~100 MHz bandwidth |

- Cannot be fixed with re-calibration

40 | SB L0

Amplitude (dBm)
w
o

Voo

4.4 4.6 4.8 5.0 5.2 5.4 5.6
Frequency (GHz)
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Double superheterodyne vs. IQ-mixer
Better bandwidth for fast pulses

Bandwidth performance
= |Q mixing limited to ~100 MHz bandwidth

- Cannot be fixed with re-calibration

Amplitude (dBm)

4.4 4.6 4.8 5.0 5.2 5.4 5.6
Frequency (GHz)
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Double superheterodyne vs. IQ-mixer
Better bandwidth for fast pulses

Bandwidth performance
01 — DSH , swept
= |Q mixing limited to ~100 MHz bandwidth

— (Cannot be fixed with re-calibration
m [DSH has 1 GHz bandwidth
- No degradation at spectral edges

Amplitude (dBm)
"
o

4.4 4.6 4.8 5.0 5.2 5.4 5.6
Frequency (GHz)
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Double superheterodyne vs. IQ-mixer
Better bandwidth for fast pulses

Bandwidth performance ol — 1o calib
== |Q mixing limited to ~100 MHz bandwidth | IQ, swept

> Cannot be fixed with re-calibration — DSH, swept
m [DSH has 1 GHz bandwidth
- No degradation at spectral edges

Amplitude (dBm)
"
o
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Double superheterodyne vs. IQ-mixer
Better analog performance and stability

Analog performance of frequency conversion (oubleonversion | 10 Vbing
= Already better than freshly-calibrated I1Q - +1

mixer on SFDR-optimized PCB g ol W 1o ] 40 43
== NoO time-dependence observed §

5.8 6.0 6.2 5.8 6.0 6.2
Frequency, f(GHz) Frequency, f(GHz)

I I |
| —— DSH 4L |
Temperature measurement = “0r 1 20°C | 30°C
©
== |ncrease temperature by 10° C at 0.5 hours =z [T
: O 60 -
== | OandILR starttoincrease 5

= larger than 2" harmonic at 0.75 hours | . ]
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Real-time analysis chain per channel
Optimize readout signal at minimal latency

Result integration Comprehensive multi-state discrimination
== Define complex integration weights Enables real-time readout or active reset
= \Neighted integration performed in real of higher levels (up to 4 total)

time

| | Real-time state distribution
== \atched filters for optimal state

T Fast feedback and global error correction
discriminations

AN Multistate
N Discrimination
— Qubit State g
— Qubit State e
| = Qubit State f
Integration
e —> |gfeefgggefge
=
-
Matched Filter é
Q Integration Unit0 ®
’ W Matched Fitter & B —
Integration Unit1 .S IR llilli - 3
> RF ==EE
> integration unit O
time TECHNOLEOGY EVENT
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Real life integration
Qutrit readout at ETH Zlrich

Measurement 4
1. 30000 measurements e | g

2. Use 2 integration units with matched filters
for optimal state discrimination

Results

m=  (Colors indicate initialized state
= Avg.assignment = 95%

integration unit
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Quantum Analyzer Channel Features
Multiplexed qubit readout
Quantum Analyzer Setup

Create composite readout pulse .

in real-time using indiv. readout pulses. 'i@) i
>/ P "
MM/, MM " WMW i Integration Tresholding

'I 5 _I/\/\/\/\/\ J< Trigger

Multi-Qubit
State

»

..and a single sequencer instruction in I 1 osult ‘
: Integration Weights
a simple program Logger
Starts experiment A
waltDigTrigger(1); Number of points Out
/ < Waveform Sequencer |, HW Trigger
repeat (1000) { / Averages (to 20 ms) < Memory Engine
repeat (10000) {

playZero(4016); _
startQA(QA_GEN_O | QA_GEN_1 | QA_GEN_2 | QA_GEN_3 | QA_GEN_4, *===\\hich readout pulses are played

QA_INT_O | QA_INT_1 | QA_INT_2 | QA_INT_3 | QA_INT_4,
true, 0, 0x0);

Collect and average
S~ Which qubits/pulses are analyzed results in real time

}

} TECHNSEOGY EVENT
29 MAART 2022

N2
24 3¢

setTrigger(1);wait(1);setTrigger(0); €= [riggers control channels M= @
RF@




Qubit Control Essentials
Single-qubit gate operations
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Qubit Control Essentials
Single-qubit gate operations

v
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Qubit Control Essentials
Single-qubit gate operations

x2 amplitude

-

v
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Qubit Control Essentials
Single-qubit gate operations

M +90 deg phase

(10> +i[1>)/V2
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Qubit Control Essentials
Two-qubit gate operations

RF pulse

or flux pulse

|

29 3 <&>

v

v

Two-qubit
gate operation
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Qubit Control Essentials
Two-qubit gate operations

RF pulse N\/\A/\/W\/\AM

Two-qubit
gate operation
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Double superheterodyne frequency conversion
Optimal for fast, high-fidelity qubit control
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Double superheterodyne frequency conversion
Optimal for fast, high-fidelity qubit control
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Double superheterodyne frequency conversion
Optimal for fast, high-fidelity qubit control

DAC
6 GSa/ st
14 bit

A
@

1GHz 1GHz

1T 2 8 10 12 13 20
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Double superheterodyne frequency conversion

Optimal for fast, high-fidelity qubit control

DAC
6 GSa/ st
14 bit

A A
@
1GHz EE’
1T 2 8 10 12 13 20
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Double superheterodyne frequency conversion
Optimal for fast, high-fidelity qubit control

DAC
B GSa/s i
14 bit

1T 2 8 10 12 13 20
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Double superheterodyne frequency conversion
Optimal for fast, high-fidelity qubit control

DAC
6 GSa/ st
14 bit
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Double superheterodyne frequency conversion
Optimal for fast, high-fidelity qubit control

Signal Output

DAC
6 GSa/ st
14 bit

A A
1GHz EE’ 1JHz 1JHz
1 2 RFOutputRange 8 10 12 13 20

29 MAART 2022

37 W Frequency (GHz)



Double superheterodyne frequency conversion
Optimal for fast, high-fidelity qubit control

Signal Output

Lof <A<t

1GHz 19Hz
1 2 RFOutputRange 8 10 12 13 20
Frequency (GHz)
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Double superheterodyne frequency conversion
Who is it designed for?

Single qubit gates Two qubit gates
==  Superconducting qubits: 4 -8 GHz == (Cross-resonance gates: 4-8 GHz
== Spin qubits that are <8 GHz == Pgrametric two-qubit gates (<1 GHz)

A A
13Hz EE' 1JHz 1JHz
1 2 RFOutputRange 8 10 12 13 20
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Complete range from DC to 8.5 GHz
Direct pathway for pulses below 2 GHz

Signal OQutput

B GSa/s e
N 14bit] | RF:2 GHz

LF: 0-2 GHz

LF Path ) A
\_C"/ \l ¥
Offset
Voltage
A
@
1QGHz EE’
1T 2 8 10 12 13 20

29 MAART 2022

40 3{  LFOutputRange Frequency (GHz)



Efficient Generation of Pulse Sequences
Efficient generation of pulse sequences

Pulse-level sequencing R R R R R
. _ ‘,W Al Avﬂv ‘Avﬁv W_
Pulse: Frequency, phase, amplitude, waveform - g 7 - '
= Transfer minimal information to system and vz U R s e R2 = RV
execute in minimal time o b
F_
E /2 5 /2 a /2 a /2 a /2
Sequencer program = i R R R
- - e l I ! —
Defines flow of experimental sequence ++ o oV c7 c7
(loops, decision making pulse timings) RV TRV R? v R» U R™?
: . i ' |
- Improves communication overhead and - cz cz ! cz I 074 i
waveform memory consumption e B = =] Bt
y Yy y Y Y Y y
- Inefficient for long, time-optimized ¥ +—4 i +—4 2

sequences with branching and feedback Sequence Length
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Efficient Generation of Pulse Sequences
Efficient generation of pulse sequences

Pulse-level sequencing Naveform
. ) Sequencer Data
Pulse: Frequency, phase, amplitude, waveform oSt/ Tiggor | 01T WAvETorm Generator J
- Transfer .mlm'm'al qurmaﬂon to system and v | [ Qubit resuls
execute in minimal time Player Sequencer
'
Sequencer program e & O
Defines flow of experimental sequence 6
(loops, decision making, pulse timings) )
) 2 GSa/s Initialize &
Set Phase
Qutput
] Digital
Modulation 5
) X
x6
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Efficient Generation of Pulse Sequences
Reduction of memory and upload time

Microwave pulse
(single qubit gate)

............................................................................................

Reuse pulse

/ emvelope T~

1
1
1
1
1
1
1
1 AT | R |
X [
I R 250 300 B0
1 1 1 1 - FE—y
I I 1 I Lin 11or o]
1 1 1 1
1 1 1 1
1 1 1 1 £
1 1 1 1 C
1 1 1 1 1 m% -
""""""" LR i [naiietieleteielle ettt eteiintaiele | ittt etel etk ;
[ [ ! 1 1 1002_. f\

J A
Don’t store O's - stall NS VT
3 ||”t:'9'>u@|”‘|by
v

- o 125 P N 3, -~
................... n m}..\.. RF E:E
Time (ns)
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Efficient Generation of Pulse Sequences
Efficient pulse-level sequencing

Pulse-level sequencing repeat (AVG) {

. : executeTableEntry(0); //First pi/2 pulse —_—
Pulse: Frequency, phase, amplitude, waveform olayZero(WAIT TIME): / /Evolution time
- Transfer minimal information to system and executeTableEntry(1); //Second pi/2 pulse  —i=

playZero(READOUT_TIME); //Readout

execute in minimal time )

Sequencer program

Defines flow of experimental sequence Inglexe e Ammplituele (e
(loops, decision making pulse timings)

Command table

Contains parametric pulse description |

(frequency, phase, amplitudes, which waveform) T

Waveform table
Contains all uploaded waveforms

RFE ===
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Pushing Pulse-Level Sequencing to the Limit
Use case: randomized benchmarking

O b_J ect | Ve 7~ Cost function per evaluation N
Optimize the performance of a single-qubit gate by 10) m M’ 1017
playing many Clifford gates in a short time [ Y
M
Challeﬂge repeat x20, randomize
Requires randomized sequences and a recovery
gate . & Q &
- Each repetition is different o ——— —
' 500 % B Sevivala R
Quickly change parameters, e.g. frequency or shape £ 08 | Foom
- Inefficient to precalculate _—ég;‘;;: e
° 1o mb fﬁtijf?urd 30 00
Implementation strategy e __

Use pulse-level sequencing
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Pushing Pulse-Level Sequencing to the Limit
Use case: randomized benchmarking

Implementation steps before experiment (" Cost function per evaluation )
1. Upload single-qubit waveform shape 10) m M’ 10)1
2. Upload command table containing only 24 [
C“ffo rd gates repeatm randomize
3. Upload sequence program using PRNG
For each random sequence . & Q &
== Precalculate recovery gate for a seed ) ;].3: S — e
= Upload seed, recovery gate index (2 numbers) 'ggﬁj ‘ e
== Send start trigger S o051 MM inivtntniiniiniiimiieiiieie i
° 1o numkb fiﬁ?l‘?urd 300 00
e J

- Ifneeded, reupload: Pulse-shape, seed/recovery
- Don’t reupload: Frequency, amplitudes (gscale)
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Conclusions

== The Double super-heterodyne it’'s a frequency conversion scheme
that provides excellent performances, suitable for both readout and

control of qubits Double-Conversion IQ-Mixing

== T 7 ]

_50 - -

]

5.8 6.0 6.2 5.8 6.0 6.2
Frequency, f(GHz) Frequency, f(GHz)

S(f) (dBm)

-100

= Pylse level sequencing enable efficient workflow and enable
realization of complex experiments
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