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AI-based L1 

Triggers

Reconfigurability Efficiency

• Data acquisition systems in HEP 
experiments 
– millions of channels => hundreds 

of TB/s before trigger selection, 
higher complexity for future 
experiments

• Intelligence on detector for data 
reduction and selection (trigger)
– ECFA Roadmap [1], WP2 of DRD7 

[2]

• State of the art
– CMOS hardware not optimized 

for AI
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[1] www.doi.org/10.17181/CERN.XDPL.W2EX
[2] https://cds.cern.ch/record/2901965# 
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Motivation

http://www.doi.org/10.17181/CERN.XDPL.W2EX
https://cds.cern.ch/record/2901965


Conductance-based In-Memory Computing

[1] https://doi.org/10.1038/s41467-021-25455-0 - 2021 
[2] https://doi.org/10.1038/s41586-023-05759-5 - 2023
[3] https://doi.org/10.1038/s41467-024-45670-9 - 2024
[4] https://doi.org/10.1038/s41928-025-01477-0 - 2025
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Conductance adjustable crossbar

• VMM building block of artificial neural networks
• Crossbar of conductance adjustable elements implement VMM 

physically (low power, fJ 100x100 VMM at 6b)
• Memristors: CMOS-compatible, high circuital density (Tb/cm2) 

radiation-tolerant (10 Mrad TID)
4

Memristive crossbars [1-4]
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Beyond CMOS: Memristors
Ideal memristor I-V curve
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• Two-terminal resistive devices whose 
conductance depends on previous 
external voltage (or current) stimulation 
and…

• …show pinched hysteresis loop in the 
voltage–current plane [1]

• Possible to modulate conductance 
continuously between 
– high-resistance state (HRS)
– low-resistance state (LRS)

HRS

LRS

Electrical symbols

or

[1] 10.1088/0268-1242/29/10/104001



Real Memristor I-V
• LRS and HRS conductance depend on 

stimuli, can be adjusted
• Erase – Write – Read 
• VR < Read Voltage < VF
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Actual measurement on a KnowM SDC W-doped 
memristor (own work)

HRS

LRS

[1] 10.1016/j.mejo.2016.11.006

VR

VF

GLRS = 202 μS

GHRS = 9 μS 5
cycles

https://doi.org/10.1016/j.mejo.2016.11.006


Experimental Setup
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• Custom test board with 1x16 KnowM W-
doped SDC memristor array

• Up to 4 individual memristors selectable 
from the array

• Conductance programming
– Limiting resistor in series

• Computing
–  (1 x 4) ⋅ (4 x 1) dot products
– Voltages Vi scalar weights αi(Gi)



Conductance Programming
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• Send reset pulses -> very low conductance 
(few µS)

• Send set pulses -> increase verify 
conductance until  conductance is in target 
range
– We use a fixed voltage and adjust the number 

of pulses forming a pulse train

• Send read pulse after each pulse train
• Example with single square pulses, with 

100µs pulse width
• We designed and implemented a write-

verify programming algorithm automating 
this procedure (see next slide)

RESET

SET

READ

Target band



Automated Conductance Programming Examples
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• Programming of four memristors to different 
conductance values [60, 120,180, 220] μS

• During programming over and undershoots are 
common

• Memristors show non-deterministic 
response (statistical distribution)

• Conductance drifts, i.e., stabilizes, to a lower 
value than programmed

Stabilized (5 min)
Prompt 

100 ± 5 µS85 ± 7 µS



Multi-Level Conductance Programming

• We could program memristors over 8 distinct 
levels, linearly spaced from 25 to 250 μS

• Programming to 16 levels leads to some 
overlap

R. Giordano - RT2026 10

Target

Programmed



Vector by Matrix Multiplication

• Data-set 
– 10 Conductance (G1..G4) vectors, Gi 

range [40:250] μS
– 10 Voltage (V1..V4) vectors, Vi 

range [20:120] mV

• Results for 100 analog dot 
products 
– PW = 25 μS and f = 20 kHz

• Distribution of error versus ideal 
(digitally-computed) dot product
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All-digital Interface to Memristors

• Programming conductance and 
computing require DACs and ADCs
– Complexity and power overhead
– Limiting scalability in purely digital 

integrated circuits

• Our idea: investigate all-digital 
implementations, target
– 6 bits resolution 
– 10 MSps ADC
– 100 kSps DAC

• Demo in a FPGA, paving the way to 
implementation in digital ASICs
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Analog-to-Digital Converter

• Architecture inspired by Wu’s design in [1] and [2], 
but running at higher speed

• Clock at 200 MHz is converted to a ramp-like signal 
via RC network

• Ramp-like is fed back to a differential input of the 
FPGA

• TDC measures crossing of input and ramp-like twice 
per clock cycle, 400 MSps

13

[1] J. Wu et al., DOI:  10.1109/NSSMIC.2007.4436331
[2] J. Wu et al., DOI: 10.1109/NSSMIC.2011.6154442

-
+ TDC

Vin

200 MHz

CLK400 

9

FPGA

ADC 
Output

CLK0

CLK180

Ramp-like

TDC
input

Analog 
Input 

Voltage

Time

TDC measurements

5 ns

t2 t1 t3 t4 t5 t6 t7 
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PLL
CLK400

ODDR ODDR

CLK0 CLK180

Ramp-
like

t2t1
33 Ω 

1 pF

http://www.doi.org/10.1109/NSSMIC.2007.4436331
http://www.doi.org/10.1109/NSSMIC.2011.6154442


Digital-to-Analog Converter
• Based on digitally controlled delay line 

(DCDL) architecture from [1] 
• 59 CARRY8 primitives => programmable 

delay up to nearly 1.65 ns

[1] R. Giordano et al., DOI: 10.1109/TNS.2015.2497539

• 200-MHz clock delayed then XOR’ed 
with the original to obtain fine grained 
PWM at 240 MHz

• Average LSB nearly 3.5ps 

Delay 
selection

Delayed 200 MHz
 CLK’

400 MHz PWM200 MHz 
CLK

9

DCDL

9

delay 
selection

BUFG

Input

THERMOMETRIC 
ENCODER

x8 x59

Delayed 
output

x8

472

CARRY8CARRY8

Chain of CARRY8s

DCDL
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https://doi.org/10.1109/TNS.2015.2497539


DAC – Output Stage

• Filter to mitigate high-frequency components
• Differential output to drive also negative voltages

R. Giordano - RT2026 15

ODDR

ODDR

PWM
220 Ω 

680 pF

220 Ω 

680 pF



Test setup
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• Kintex Ultrascale+ 
Evaluation board, 
FMC debug board 
+ custom fully 
passive front-end 

• AWG provides 
stimuli to ADC

• Scope reads DAC 
output

• Linearity and 
noise tests



FPGA Implementation
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Delay lines: carry chains

DAC ADC ADC

ADC DAC Auxiliary logic

LUT (%) 1943 (0.90%) 1011 (0.47%) 8357 (3.84%)

FF (%) 2556 (0.61%) 1444 (0.33%) 7856 (1.82%)

CARRY8 (%) 114 (0.42%) 62 (0.30%) 66 (0.24%)

BUFGs (%) 1 (0.9%) 1 (0.9%) 4 (3.5%)

KCU5P
• Design implemented in an AMD Kintex 

UltraScale+ FPGA
• 1 DAC + 1 ADC channels take <2% of the 

FPGA resources (KCU5P)
• Possible to implement at least 16+16 

channels (some resources will not scale)
• Auxiliary logic dedicated to test functions 

(Microblaze-based block design)
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ADC - Linearity
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Final ADC implementation features:

• Dynamic range 0.2 V to 1.7 V

• Linearity between ± 1% FSR

• Gain error of 2.3 LSB

R. Giordano - RT2026

Vin (mV) Vin (mV)



4-MHz sine wave, ADC at 400 MSps vs scope at 2.5 GSps

ADC – Noise and ENOB

19

• SNR = 36.84 dB

• SINAD = 34.50 dB

• THD = 34.50 dB

• ENOB = 5.83 b

Noise characteristics at 4 MHz:

R. Giordano - RT2026



DAC – Linearity

20

Final DAC implementation features:

• Dynamic range of [-1.5 V, 0.8 V]

• Linearity between ± 2% FSR

• Ripple within 1% of the output (6 LSB)

R. Giordano - RT2026



DAC – Noise

21

Noise characteristics for 500 kHz sine wave:

• SNR = 25.43 dB

• ENOB = 3.93 b

R. Giordano - RT2026

-3dB cut off at 1.79 MHz



DAC – Improved Noise

22

Noise characteristics for 500 kHz sine wave:

• SNR = 50.54 dB

• ENOB = 8.10 b

Butterworth 3rd order – digital implementation 
low pass filter

R. Giordano - RT2026

Simulation
Simulation



Conclusions and…
• Benchtop experiments with memristors demonstrated the feasibility of 

analog VMM with KnowM memristors
– Check out recently accepted paper on IEEE TNS [1]

• All Digital ADCs and DACs implemented in a Ultrascale+ FPGA
– Performance is promising for analog computing with KnowM devices

– DAC noise to be improved

• Next steps
– Perform conductance programming and analog computing using our converters

– Scale to multi-channel IO to work with memristor crossbars

R. Giordano - RT2026 23

[1] 10.1109/TNS.2026.3695386

https://doi.org/10.1109/TNS.2026.3695386
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Backup
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KnowM Self-Directed Channel  Memristors 

• Multiple dielectric layers 
sandwiched in between top and 
bottom electrodes

• Germanium Selenide active layer 
(𝐺𝑒2𝑆𝑒3)

• Device switching due to 𝐴𝑔+ ion 
migration to the active layer

• Operates reliably up to 150 °C 
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[1] DOI: 10.1038/s41928-018-0092-2 

KnowM memristor device layers



Outlook

• Long-term

– direct, low-latency, analog processing 
on large crossbars (1M+ memristors) 
for complex ANNs 

– power efficiency (103 lower power 
than CMOS)

– on-detector track reconstruction, data 
reduction, and trigger techniques with 
unprecedented complexity

– integration, CMOS + crossbars in the 
same chip

R. Giordano - RT2026 27

[1] 10.1109/TMSCS.2017.2721160

Memristive Layers

Example: Field Programmable Crossbar Array [1]

CMOS Layers

Theoretical 
study 

https://doi.org/10.1109/TMSCS.2017.2721160


Conductance Programming Algorithm
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Conductance Programming Results 
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Memristor I-V curve, with linear 
fits for GLow and GHigh

Applying fixed number of pulses 
(100) at various voltages

Varying # of applied pulses at 
fixed voltage (1 V)

T = 200 μs, 
PW = 100 μs

T = 200 μs, 
PW = 100 μs

Open-loop programming
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