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Introduction

(Least Means Squared)

* Goal: Improving Qubit Readout Through Adaptive LMS Filtering!

Measurement Gate = Readout
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Current Methodology

 Readout pulses are very noisy!

« The current method to average readout pulses in post processing for qubit readout works for
smaller systems. However, this has limitations as qubit systems scale up.

Averaged Time Trace for Ground State and Excited State

Ground State

Excited State

Average Signal (mv)
o

Average Signal (mV)
o

Phase Sweep @ ~6.3 GHz for
single-shot time trace readout
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Qubit Calibration

Averaged Time Trace for Ground State and Excited State
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Why Filter Readout Signals?

1. Filtered signals = faster convergence to the center of mass for the 1Q plots.

— By filtering readout signals on a pulse-by-pulse basis, we reduce the noise in each
individual trace before averaging.

— We can achieve the same level of discrimination with fewer traces or achieve better
readout fidelity with the same number of traces.

Larger qubit systems = frequency-multiplexing = increased readout crosstalk...

Therefore, faster calibrations are important for larger qubit systems

2. Enables us to have a new diagnostic tool for quantum system environment and
noise monitoring.

— Result of using an adaptive filter... more on this later!
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Why an LMS Filter?

Individual Traces
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Commercial Solutions

TECHNOLOGIES

QUANTUM
MACHINES
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Open-Source Solutions on FPGA

Lawrence Berkeley
National Lab’s
QubiC

Fermilab’s
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FPGA Quantum Controller

ZCU111

+ Gen1

* Max Control Pulse carrier
frequency = 6 GHz

- Eight 14-bit DACs @ 6.5
GSPS

+ Eight 12-bit ADCs @ 4.096
GSPS
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ZCU216

Gen 3

Max Control Pulse carrier
frequency = 10 GHz

. Can push to 12-13 GHz

Sixteen 14-bit DACs @ 9.85
GSPS

Sixteen 14-bit ADCs @ 2.5 GSPS
. Can be combined for 5.0 GSPS

Gen 3

Max Control Pulse carrier
frequency = 10 GHz

* Canpushto 12-13 GHz

Two 14-bit DACs @ 9.85
GSPS

Four 14-bit ADCs @ 5.0 GSPS
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Firmware and Readout Chain Overview

Block Diagram of System

Software Block

Digital ﬂ
AnalogI

Quantum Algorithms

| IP Cores L

Qubits and Cryoelectronics
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Processing System (PS)

N\

Programmable Logic (PL)

IRt

RF Board

DAC Channels

Block Diagram of QICK Firmware

PS Side 1\ __________________________

PL Side L

- ,—‘
Ving ADC — Readout 0 — tProc )
J SG 1 DAC Vout,
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Ving ADC ——> Readout 1 8G 2 —= DAC Vout,
—_—
D
/O —— ] Digital Out
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Firmware and Readout Chain Overview

Block Diagram of System QICK Readout Chain (v1)
Switch
Software Block Processing System (PS) | to DMA
Digital from ADC ©
g to tProc
\ <> to DMA
Analog
Quantum Algorithms Programmable Logic (PL)
| IP Cores | RE-DAC QICK Readout Chain (v2 = multiplexed)
Qubits and Cryoelectronics ‘ '
s |l ] L,
ADC I =
i '
RF Board . 4
Zynq g
DAC Channels -~
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LMS Filter

Reference d[n]
Signal O ________
r ... I
Readot N, X l . | FRFiter |
Signals ADC/ [ {wli]} I
| : A
1 | wli+ 1] = wli] + u * e[n] * x[n —i] (1)
| ] Adaptive |
i —»|  Algorithm -
| . |(NLMSLMS)| | -
----------- L} L t
RAEFERER S P yinl = wli] »x[n — i @
DAC —
e n: Sample index
e i: Tap index within the filter’s impulse response e[n] = d[n] — y[n] )
¢ x[n]: Noisy input signal

e d[n]: Desired/reference signal

e w[i]: Weights = adjustable weights of LMS

e y[n]: Output signal (estimated signal or noise estimation) at time index [n]

e ¢[n]: error signal (difference between desired and output signals) at time index [n]

e 1 Learning rate of LMS algorithm

N: number of taps in the filter, dictating the number of past input samples used by the filter
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LMS Dem Equation (4)
- s * The purpose of the demo was to prove the
efficacy of the LMS algorithm on FPGA.

Ensemble of x[n] is used
to create d[n] in PYNQ

r—————
Y
Processing | PYN Q -
System (PS)

Programmable

oo Lo wii+1]=wil +pell sxin=i O

Direct Memory Access N-1
| (DMA) _ ) . @

| Direct Memory ARCER ‘ Direct Memory y[n] Z W[l] * x[n l]
Access (DMA) I Access (DMA) \ =0
yin]
e[n] = d[n] — y[n] 3
d[n] + e[ﬂ
(doaln] * D) + xpew(n] 4)
Uil 50| = 1
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Results: LMS Filter Demonstratlon on FPGA

30 MHz, 8 us pulse with white-noise standard deviation of 1

Learning rate = 0.0006
Taps = 64

Filter was allowed to execute over 10 pulses

10t pulse/iteration for both ‘x’ and ‘e’ are shown

LMS Filter Demonstration: Original vs. Processed Signal

Amplitude (mV)

-4 4

—— Noisy Signal (x)
—— Processed Waveform (e)

0.0 0.2 0.4 0.6
Time (s)

1 s
window
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LMS Filter Demonstration: Original vs. Processed Signal

—— Noisy Signal (x)
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Results: LMS Filter Demonstration on FPGA

* 30 MHz, 8 ys gaussian chirp with white-noise standard
deviation of 1, 5 ys in between pulses

* Learning rate = 0.0006
« Taps =64
« Filter was allowed to execute over 10 pulses

Latency = 527.66 ns*
Took 15-20 minutes to load

LMS Filter Demonstration: Original vs. Processed Signal LMS Filter Demonstration: Original vs. Processed Signal
—— Noisy Signal (x) —— Noisy Signal (x)
—— Processed Signal (e) —— Processed Signal (e)
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Packaged Logic Blocks

fir_compiler_0

f(+ S_AXIS_RELOAD

= M_AXIS_DATA + =
=+ S_AXIS_DATA

event_s_reload_tlast_missing

=+ S_AXIS_CONFIG
s event_s_reload_tlast_unexpected
Ims_block_0
FIR Compiler
+
ERSE
— dk weight +E ﬁ Ims_block_0
Q reset coeff_index[5:0] m=
¢ =+ x
= mu[31:0] =4 e
= taps[5:0] clk weight +:
reset coeff_index[5:0] =
Ims_block_v1_0 mu[31:0]
taps[5:0]
Ims_block_v1_0
» Packaged logic block containing weight update * LMS logic block sends updated weights to FIR
LMS algorithm compiler
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LMS Demo Hardware Resources

TABLE3.1:  RESOURCE UTILIZAITON FOR LMS DEMO ON RFSOC 4x2
Resource Utilization Available Utilization (%)
Lur 21,964 425,280 5.16%
LUTRAM 3,529 213,600 1.65%
FF 33,992 850,560 4.00%
BRAM 133 1080 12.31%
DSP 10 42,732 0.23%
BUFG 7 696 1.01%
MMCM 1 8 12.5%
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		TABLE 3.1:        RESOURCE UTILIZAITON FOR LMS DEMO ON RFSOC 4X2
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		Utilization
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		LUT
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		425,280
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		3,529

		213,600

		1.65%



		FF

		33,992

		850,560
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		BRAM
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		DSP
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		BUFG

		7
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		MMCM

		1
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LMS Demo: Current Work

Processing
System (PS)

Programmable
Logic (PL)

Direct Memory
Access (DMA)

@ Physical Loopback E
b

LMS IP

FIR Core

P

Direct Memory
Access (DMA)

(doialn] * 1) + xnew(n] @)
i+1

dpewln] =

dnew [n] = ((dold [n] i) + Xnew [TL]) &

P 1
@ Physical Loopback
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Research Objectives & Future Work

1. Develop an Adaptive LMS Filter: Implement an adaptive Least
Mean Squares (LMS) filter on an RFSoC FPGA-based control board
to dynamically fine-tune the readout signals of qubits.

2. Integrate and Tune the Filter with the QICK Platform: Deploy the
adaptive filter onto the open-source Quantum Instrumentation Control
Kit (QICK) platform to enhance its capabilities for quantum
experiments.

3. Evaluate and Enhance Qubit Readout Fidelity: Evaluate the
performance of the adaptive filter in comparison to the current
methodology of ensemble averaging and timing to demonstrate its
efficiency and effectiveness in improving readout signal clarity.

4. Characterize the Noise Profile: Utilize the adaptive LMS filter to
conduct a detailed analysis and characterization of the noise affecting
readout signals in both 2D and 3D QPU experiments.
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Research Objectives & Future Work

2. Integrate and Tune the Filter with the QICK Platform: Deploy the
adaptive filter onto the open-source Quantum Instrumentation Control
Kit (QICK) platform to enhance its capabilities for quantum
experiments.

3. Evaluate and Enhance Qubit Readout Fidelity: Evaluate the
performance of the adaptive filter in comparison to the current
methodology of ensemble averaging and timing to demonstrate its
efficiency and effectiveness in improving readout signal clarity.

4. Characterize the Noise Profile: Utilize the adaptive LMS filter to
conduct a detailed analysis and characterization of the noise affecting
readout signals in both 2D and 3D QPU experiments.
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Research Objectives & Future Work

2. Integrate and Tune the Filter with the QICK Platform: Deploy the
adaptive filter onto the open-source Quantum Instrumentation Control
Kit (QICK) platform to enhance its capabilities for quantum
experiments.

3. Evaluate and Enhance Qubit Readout Fidelity: Evaluate the
performance of the adaptive filter in comparison to the current
methodology of ensemble averaging and timing to demonstrate its
efficiency and effectiveness in improving readout signal clarity.

4. Characterize the Noise Profile: Utilize the adaptive LMS filter to
conduct a detailed analysis and characterization of the noise affecting
readout signals in both 2D and 3D QPU experiments.
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2D QPU Platform

Coupled Resonator Transmon Qubit

Length = 6.11 pm

gth = 10.12 ym
B c

g

(Flipped Iinage)

C
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3D QPU Platform

« 3D QPU = Superconducting qubits with SRF Cavities

2
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Research Objectives & Future Work

2. Integrate and Tune the Filter with the QICK Platform: Deploy the
adaptive filter onto the open-source Quantum Instrumentation Control
Kit (QICK) platform to enhance its capabilities for quantum
experiments.

3. Evaluate and Enhance Qubit Readout Fidelity: Evaluate the
performance of the adaptive filter in comparison to the current
methodology of ensemble averaging and timing to demonstrate its
efficiency and effectiveness in improving readout signal clarity.

4. Characterize the Noise Profile: Utilize the adaptive LMS filter to
conduct a detailed analysis and characterization of the noise affecting
readout signals in both 2D and 3D QPU experiments.
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Characteristic Equations of Noise

» These equations are general equations for the noise power spectral density derived to fit the
context of readout signals

* As the main effect of this research is to improve the Signal-to-Noise Ratio (SNR), the equations for
SNR can give us insight as to what the sources of noise are

Fourier Transform

f__'A‘__\

e i(w-w")(t—t")
s@ =2 [ d(e- ) 1) - AONIE)] ©
o \ )
Y Y
Contribu ron from Autocorrelation
_aII time function
differences
2
Psignai(w) Isignal(t)
= onar . 2 SNR(t) = —%5— ®)
SNR(w) (@) (7 (t) 20
< >
2 . — 72 10
Psignai(w) = |F{Isignal(t)}| ) Psignar(t) = Isignai (t) 1o
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Conclusion

« Foundational work is complete, implementation is
underway

« Results will be significantly contributing to multi-
qubit experiments when complete

» Latency needs to be measured properly for new LMS
filter on hardware, and new design needs more tests
before integrating with QICK!
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Average Signal (mv)

Averaged Time Trace for Ground State and Excited State

Time pis)

Get this result in
<100,000 traces

Achieve this in the same
number of averages!
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Effect of LMS Filter on Readout calibration
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Best Superconducting Coherence Times

TABLE2.1:  BEST 2D SINGLE QUBIT COHERENCE TIMES

Group Ti (us) | Freq. (GHz) | Substrate | Primary Material | Year | Ref.

SOMS/Rigetti ~600 4-6 Sapphire | Ta/Nb, dry etch | 2024 (4]
SOMS 451 45-5 Sapphire | Ta/Nb,dryetch | 2023 | [4]

Yu (China) 503 3.8-4.7 Sapphire Ta, dry etch 2022 [58]

IBM 340 ~4 Silicon Nb, wet etch 2021 [87]

Houck/Princeton 360 3.1-55 Sapphire Ta, wet etch 2021 [57]

IBM 234 3.808 Silicon Al, dry etch 2021 [88]

Schuster 126 4.749 Sapphire Nb, Fl etch 2021 [89]

Rigetti 133 3.8-42 Silicon Nb 2019 | [90]
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		TABLE 2.1:        BEST 2D SINGLE QUBIT COHERENCE TIMES

		



		Group

		T1 (µs)

		Freq. (GHz)

		Substrate

		Primary Material

		Year

		Ref.



		SQMS/Rigetti

		~600

		4 – 6 

		Sapphire

		Ta/Nb, dry etch

		2024

		[4]



		SQMS

		451

		4.5 – 5

		Sapphire

		Ta/Nb, dry etch

		2023

		[4]
(preprint)



		Yu (China)

		503

		3.8 – 4.7

		Sapphire

		Ta, dry etch

		2022

		[58]



		IBM

		340

		~ 4

		Silicon

		Nb, wet etch

		2021

		[87]



		Houck/Princeton

		360

		3.1 – 5.5

		Sapphire

		Ta, wet etch

		2021

		[57]



		IBM

		234

		3.808

		Silicon

		Al, dry etch

		2021

		[88]



		Schuster

		126

		4.749

		Sapphire

		Nb, Fl etch

		2021

		[89]



		Rigetti

		133

		3.8 – 4.2

		Silicon

		Nb

		2019

		[90]








Transmon Qubit Timeline - SQMS

9 qubit — QPU Mid scale High-Q Quantum Larger scale quantum
1-10 high == commissioned at QPU prototypes AE Interconnects computing/sensing
coherence i Fermilab (2D) at Fermilab s platforms
qubits 3
prototype
(3D)

dark photon field

Materials Research for New quantum testbeds and Commercial transmon Large scale, efficient Solving complex problems
high coherence qubits foundries commissioned qubit improvement in ultra low T cryogenics in HER, CMP, medicine,
(2D) coherence > 10 (2D) climate, national security

SQMS Center 10 year road Mma p Q Complete \/) In-progress @ Future tech
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FPGA Controls

Single RFSoC FPGA is used for controller
of 2D qubits.

3D QPU uses benchtop control stack for
now due to power limitations on ZCU216

1. X)ilinx ZCU111 RFSoC UltraScale+ FPGA (Gen
1

2. Xilinx RFSoC 4x2 UltraScale + FPGA (Gen 3)

3. Xilinx ZCU216 RFSoC UltraScale+ FPGA
(Gen 3)

Xilinx ZCU216
UltraScale+ RFSoC

Processing System (PS)

64-bit Quad-core
Arm® Cortex™-A53
&

Dual-core Arm®
Cortex™-R5F

64-bit 4 GB DDR4 RAM

Programmable Logic (PL)
16 RF-ADC 64-bit
14-bit, 2.5 GSPS 4GB

16 RF-DAC DDR4
14-bit, 9.85 GSPS || RAM

Storage & Signal Processing

© 930k Logic Cells
© 4,272 DSP Slices
© BRAM + UltraRAM
© Max 6 GHz RF Input
Frequency

e XM655 Breakout Card or custom card
« 16 RF-ADC: 14-bit, 2.5 GSal/s

(interleaved)

+ 16 RF-DAC: 14-bit, 9.85 GSal/s

Quantum Instru ~_ Control Kit
(QICK) @

QICK

17

7

RF Board‘:'XM655 Breakout Card

16 DAC Channels

Low/Mid/High
Frequency Baluns
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QICK Firmware v1

1
1 Switch
. from Zynq Regs. —— Data Table wite
! Writer Memory
i 1 from DMA Clain
PS Side .
e R 1
PL Side h
1
1 DDS ——
[ DAC Voutg I from tProc Fifo Ctrl.
5 1
— .
1
Ving ADC Readout 0 —- tProc | || .
DAC Vout,
) from DMA Data
Uiny ADC Readout 1 DAC Vouts rom Mem. to DMA
: from Zynq Regs. —> .
I~ Fifo 0 Time to SG
L. start — ctrl. 0
Digital Out
program memory _ Time
from Readout Main Fifo 1 [ ctrl 1 to 5G
Register Control
File
Time
. Stack Fifo 7 to SG
Switch b ctil. 7
] Cond.
> Buffer <= to DMA Logic
fot Master |
o
to tProc Math Clock

Bitw
|Buffer <> to DMA
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QICK Firmware v2

1 [ 1
1 L 1
1 1
I Zynq 1
: Regs. 1 :
pssde Ao Ko | £ =¥y mac
PL Side ! DDS — Gain —= '
) I tProc !
1 ; 1 ifo Ctrl !
—i" SG 0 —— DAC Voutn : |- :
| : 1 J 1
e T e
Ving ADC Readout 0 — tProc  |[i 1
DAC Vouty
I axis_tproc
,Diﬂl ADC Readout 1 VUout. AXIs-DMA {Frocila Processor M;::G\Enit
:] DAG = forts 5
. * Memory CTRL
CTRL & CFG Division I

AXl-Lite
Interface

1

Registers [~ Unit

] Digital Out

AXls Arithmetic
Interface Unit
E Program
: , tProc-V2 A Memory
I I core
i I
. B o
|l oPORT | wroRT 8] Data
ADC [ ]:: \ ¥ | ¥ A| Memory
‘ B

[16] [4] I
/ |
/J DPORT 32 Bits Data
| ‘ “| [0:3] Port Interface
-  Selector
H WPORT AXls Wave Port
> '| [0:15] | Interface

Zynq R | 3
= Regs. SUPERCONDUCTING QUANTUM
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—
PFB l D'\spatche:‘ -
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l I \ ) Wave FIFO Data FIFO ‘ Control || \aveparam
. Al Memory
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Qubit Characterization Experiment

e Qubit calibration and measurement on QICK

» This is a standard process for determinin? the ground/excited state for a qubit, and
then determining T, and T, measurements for a qubit

* The goalis to do this with the LMS filter active and then compare results!

(c) (e)

1.0 — s 200
B - jg=>
- o[- ==
£ 2 | |-
5 3
£05 a® 8 100
— bS]
o #*

0.0 1 L

8.048 8.050 8.052 8.054 8.056 0.0 0.2 0.4 0.6 0.8 1.0 =300 =200 =100 0 100 200 308
Readout Pulse Frequency (GHz) Normalized DAC Gain I (a. u.)
1.0 (b) (d) (f)
) 1 —— F =0.9993 +0.0001 1.00
0.5 o® ® [0-75
-=- Data
} —— fit, T; = 148.6 + 4.6 us
0-0 | ’ |1 — fit, T1: 119.5 + 1.6 ps v L 050
4.741 4.743 4.745 0 50 100 150 200 0 500 1000 1500

Qubit Pulse Frequency (GHz) Time (us) Sequence length
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