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Motivation

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 Al-based L1

[2] Triggers
State of the art

— CMOS hardware not optimized
for Al

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

Reconfigurability Efficiency
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Conductance-based In-Memory Computing

Neurons’ Conductance adjustable crossbar Memristive crossbars [1-4]

Outputs y; = 64 x 64 passive crossbar circuit

V] TR \%N ‘\\ N
synapses (\;% \%\ \%\ \%\ CERCREY

Wik (weights)

-
-
-
-
-
-
-
-
-

' S AREARAY
H Wl\ \%\ Ti (15 nm)
y Ti0, (30 nm)
Neuron’s input x; Gy ™ , , , ALO1.5 nm)
Al (70 nm)
N @\ Ti (10 :::)
: : =1 SIO,/Si
Jj=1

VMM building block of artificial neural networks

Crossbar of conductance adjustable elements implement VMM ,

physically (low power, f) 100x100 VMM at 6b) 2] e ol o /10.1038 04 1586-02 057553 2073
Memristors: CMOS-compatible, high circuital density (Tb/cm?) [3] https://doi.org/10.1038/541467-024-45670-9 - 2024
radiation_tolerant (10 Mrad TID) [4] https://doi.org/10.1038/s41928-025-01477-0 - 2025
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Beyond CMOS: Memristors

ldeal memristor |-V curve

e Two-terminal resistive devices whose

20 - conductance depends on previous

£ =TT g external voltage (or current) stimulation

= Ve N\

5 307 ! and...

S 5. s e ..show pinched hysteresis loop in the
HRS voltage—current plane [1]

 Possible to modulate conductance
. . . . continuously between
0.25 0.50 0.75 1.00

Voltage (V) — high-resistance state (HRS)
— low-resistance state (LRS)

-1.00 -0.75 -0.50 .po

Electrical symbols

= =

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




memristor (own work)

Real Memristor |-V

Actual measurement on a KnowM SDC W-doped * LRS and HRS conductance depend on
stimuli, can be adjusted

Current (UA)
3

A
o

I|IIIII

IIIIIlIIIlIIllIT

— |-V Data
—— Gps =202 S

e Giips = 9 WS

Voltage (V)

IIIIllIIIIIIllIlIllIIII

0 0.2 0.4

Voltage (V)
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e Erase — Write — Read
* Vi <Read Voltage <V,

[1110.1016/j.mejo0.2016.11.006

] ‘_“Vin
] ; Cycle:
1.5- ‘_Wnte £e1
] — 10
] 1E2
1.0+ 1E3
] — 1E4
0.5 Read — 158
5 ead. = |==
] 1E7
0.0 A il \‘r‘} ----- 1E8
S et = D = 1E9
-0.5- \ -
-1.0-; Erase C
L 5i(b) T=140°C — :
B e n R R RSN R R B R REEEE REE R R T
0 10 200 300 400 500
Time (ps)

O
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Experimental Setup

Arbitrary Waveform Generator
Test control PC Arb Rider AWG-4018

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

Up to 4 individual memristors selectable

from the array Ethernet
Conductance programming Voltage Out
C e . . . LeCroy WR-8404M L)
— Limiting resistor in series _

Computing
— (1x4)-(4x1)dot products
— Voltages V; scalar weights a;(G;)

Selected V,V,V;V,

memristors
Igut = Z ull'l{i-_- 4-out-of-16 b \
whete i = TR 5. G You i current

limiter

R. Giordano - RT2026



Conductance Programming

Send reset pulses -> very low conductance
(few uS)

Send set pulses -> increase verify
conductance until conductance is in target

1

Voltage (V)

0.5

range RESET —057

— 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
100us pulse width

We designed and implemented a write-
verify programming algorithm automating
this procedure (see next slide)

Conductance (uS)

R. Giordano - RT2026

15 &=

s o
i) .
250 =

200 =

100

50 |

]
]

o i

SET

150 |

i 73
o o 12 92 o
2 ° & & o
@ P & & 3
- x - ol 14
| ?...
L Pog
Target band o ©
................................... Hoo®0p
o ®
® . :
® i @ \Nrite (inc.)
o Read G
[ : .
O ' = ® Write (dec.)
a . 1 a . L ia s 1 A a
0 2000 4000 6000 8000
Time (us)
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Automated Conductance Programming Examples

N
(&)}
o

N
o
(=]

?-I-I-I-I-I'Ollll'l'llll'l'llll'l'llll'
e

Conductance (uS)
5

100

'l ] 'l L 'l 1L | L 'l 1L 'l
10 15 20

Pulse Train (attempt #)

o
(6]

Programming of four memristors to different
conductance values [60, 120,180, 220] uS

During programming over and undershoots are
common

R. Giordano - RT2026

Counts

25

20

15

10

lllllllll'llllIlllllllllllllllllllllll
Target G =100 uS

Prompt
—— Stabilized (5 min)

85+ 7S _J— 100 £ 5 pS

OO

LA I A L : ) 8 L A L | ——
20 4 100 120 140 160 180 200
Conductance G (uS)

Memristors show non-deterministic
response (statistical distribution)

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



Multi-Level Conductance Pro

250 T T T T 1 T 1 1 1 AN
225} I%I |
200} .
¥ 175F |;| 1

L")
g 125p .é____________________:
@ 100fp------=--------- R -
g}
g 75F T _é___________________________-
50F = .
______ B - m e =
25F .
O 1 1 ] [ 1 1 |

0 25 50 75 100 125 150 175 200 225 250
Target G (uS)

We could program memristors over 8 distinct m
levels, linearly spaced from 25 to 250 uS

Programming to 16 levels leads to some

overlap

gramming

450 | | | 1 | | | | | | (=]
400k é é -
- 350 i % -
7 ? ------------
3 300f % é i
\\‘u
-y é ———————————————— -
. potsesmeeememeeee
5 200} 4
R e
§ 150f-----——————- e -
> s
S101] SEETEE— e e e e -
=]
50 E::;’.i::::::::::::::::::::::::::::::—
_____ O 1 1 1 1 [ ] 1 1 [
0 50 100 150 200 250 300 350 400 450

Target G (uS)

Target

Programmed

J4 IGO0
1

HIiG70O1

Programmed Conductance (HS)



Vector by Matrix Multiplication

Data-set g08F T Lsabiized 3
— 10 Conductance (G;..G,) vectors, G, 847 RMS: 5.508 % 3
range [40:250] pS P = Moan 0150 % 3
— 10 Voltage (V,..V,) vectors, V, g RMS:1.197% 3
range [20:120] mV €05 r
Results for 100 analog dot 0.4 =
products 03 E
— PW =25 puS and f =20 kHz 02 E
Distribution of error versus ideal o F
(digitally-computed) dot product | ]
0 R M P
-30 -20 -10 0 10 20 30

Percent Error (%)
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All-digital Interface to Memristors

* Programming conductance and DALS v,
computing require DACs and ADCs \74 \% |
— Complexity and power overhead G, \%\1
%

— Limiting scalability in purely digital
integrated circuits

 QOuridea: investigate all-digital
implementations, target
— 6 bits resolution
— 10 MSps ADC
— 100 kSps DAC

* Demoin a FPGA, paving the way to
implementation in digital ASICs

R. Giordano - RT2026 12
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Analog-to-Digital Converter

e Architecture inspired by Wu’s design in [1] and [2], « Ramp-like is fed back to a differential input of the
but running at higher speed FPGA
* Clock at 200 MHz is converted to a ramp-like signal  TDC measures crossing of input and ramp-like twice
via RC network per clock cycle, 400 MSps
FPGA

2 5ns
1

- [
< »

V. >
" >—' TDC /9 > CLKO
ADC

CLK4OOI_ PLL JCLK4OO Output
Ramp- CLK180
P | 200mH: :
like ! ) . Analog
A A ODDR | | ODDR Ramp-like - Input
7N N\ | oo CLK180 , Voltage
t, t, 330 !
TDC || | , , , , , ,
1pF input | | | ; | ; | >
[1] J. Wu et al., DOI: 10.1109/NSSMIC.2007.4436331 t, t, t, te t, Time

[2] J. Wu et al., DOI: 10.1109/NSSMIC.2011.6154442 TDC measurements
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(DCDL) architecture from [1]
59 CARRYS8 primitives => programmable

O

Digital-to-Analog Converter

* Based on digitally controlled delay line e 200-MHz clock delayed then XOR’ed

with the original to obtain fine grained
PWM at 240 MHz

delay up to nearly 1.65 ns * Average LSB nearly 3.5ps

delay

selection

Input

Delayed
output

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

R. Giordano - RT2026

400 MHz PWM

200 MHz
CLK | ]) > >

JUL

- Delayed 200 MHz

CLK’
S

Delay
selection

14
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DAC — Output Stage

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

PWM filtered

cartoo”
- 1.0
_. 0.8
3
L 06
(0]
©
- =
= 0.4/
o
£
0.27 — After filter
— PWM
| 0.0+
= 0 2

R. Giordano - RT2026

4 6 8
Time (a.u.)

10

12

15




Test setup

Arbitrary Waveform Generator
Test control PC Arb Rider AWG-4012

Kintex Ultrascale+
Evaluation board,
FMC debug board Ethernet
+ custom fully
passive front-end LeCroy HDO61048 N R
AWG provides

Custom front-end

Input to passive board (new
l l ADC version)

: . ADC
stimuli to ADC
Scope reads DAC
output
Linearity and DAC
noise tests KCU116 Eval + H#°

XM105 Debug board
y4

)
R. Giordano - RT2026 16
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FPGA Implementation

Delay lines: carry chains

* Design implemented in an AMD Kintex
UltraScale+ FPGA

e 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)

e Auxiliary logic dedicated to test functions
(Microblaze-based block design)

Auxiliary logic

LUT (%) 1943 (0.90%) 1011 (0.47%) 8357 (3.84%)
FF (%) 2556 (0.61%) 1444 (0.33%) 7856 (1.82%)
CARRYS (%) 114 (0.42%) 62 (0.30%) 66 (0.24%)
BUFGs (%) 1(0.9%) 1(0.9%) 4 (3.5%)

R. Giordano - RT2026 17



ADC - Linearity

Final ADC implementation features:

Fit residuals (%FSR)

Dynamic range 0.2V to 1.7V
Linearity between + 1% FSR
Gain error of 2.3 LSB

©

|
N

200 400 600 800 1000 1200 1400 1600

Vin (mV)

R. Giordano - RT2026

400

600

800

1000
V., (mV)

1200

1400

1600
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Voltage (mV)

ADC — Noise and ENOB

4-MHz sine wave, ADC at 400 MSps vs scope at 2.5 GSps 0 FFT spectrum
4 MHz
1500 & OscHIoscope -20
1250- ADC a0
1000- X E .
750/ rz%
-80
500
-100
250 |
0.0 0.50 1.00 120 D ’ o T
Time (us) Frequency (MHz)
6 Mo tge
. . Noise characteristics at 4 MHz:
= « SNR=36.84dB « THD =34.50dB
o4
= .
-  SINAD =34.50dB  ENOB=5.83b
3
0 10 20 30 40

Frequency (MHz)

R. Giordano - RT2026 19



DAC — Linearity

Final DAC implementation features: 5]
* Dynamic range of [-1.5V, 0.8 V]
e Linearity between £ 2% FSR 2
* Ripple within 1% of the output (6 LSB) @
=1
=
()]
0_
0 1
5
11 - Data
—— Linear fit o O
wn
2- =
{N“ﬁ‘r\-% s zl _5,
0 ¥ “"Wm-.;x% - ﬂﬂwwﬁww,\n%wﬁwwm“
i v, ~
s \‘\Www
0 100 200 300 400 10 0 100 200 300 400
DAC word DAC word

Fit residuals (%FSR) DAC output (V)
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Voltage (V)

0.5

0.0

-0.5

—1.01

-15

DAC — Noise

1.0

Noise characteristics for 500 kHz sine wave:

15

2.0 25 3.0
Time (us)

SNR=25.43 dB
ENOB=3.93b

3.5

4.0

45

5.0

R. Giordano - RT2026

FFT spectrum

-20

-40

—60

-80

—100

Magnitude (dB)

-120

—140

-160

500 kHz

107t

10°

DAC

101 102
Frequency (MHz)

frequency response

Attenuation (dB)
L

-3dB cut off at 1.79 MHz

2

3 4
Frequencies (MHz)

21




Voltage (V)

O

DAC — Improved Noise

05 Simulation
0.0
-0.5
-1.0
-1.5
1.0 15 2.0 25 3.0 35 4.0 45 5.0
Time (us)

Butterworth 3rd order — digital implementation

low pass filterP

0 FFT spectrum
500 kHz

Simulation

—50 1

|
—
o
o

£ —1501

Magnitude (dB)

—2001

—2501

10! 10° 10! 102 103
Frequency (MHz)

Noise characteristics for 500 kHz sine wave:
e SNR=50.54dB
e ENOB=8.10b

R. Giordano - RT2026 22
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Conclusions and...

* Benchtop experiments with memristors demonstrated the feasibility of
analog VMM with KnowM memristors
— Check out recently accepted paper on IEEE TNS [1]
e 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 10 to work with memristor crossbars

[1] 10.1109/TNS.2026.3695386
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KnowM Self-Directed Channel Memristors

KnowM memristor device layers

Multiple dielectric layers TN e
sandwiched in between top and w \

bottom electrodes

Top

electrode
Dielectric layer
Conductive
filament
Bottom
electrode

Germanium Selenide active layer
(Ge,Se,)

Device switching due to Ag* ion W
migration to the active layer

Operates reliably up to 150 °C

[1] DOI: 10.1038/s41928-018-0092-2

R. Giordano - RT2026 26
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Outlook

Example: Field Programmable Crossbar Array [1]

Theoretical

* Long-term
study

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

cccc

-, .
T T T T o

— power efficiency (103 lower power

Memristive Layers CMOS Layers

than CMOS) \ /
— on-detector track reconstruction, data | |
reduction, and trigger techniques with e N Muxs

Decoders

unprecedented complexity ADC
s

Crossbar Array

— integration, CMOS + crossbars in the
same chip

Adders

Comm.

I I I I I | | | | | | | | Digital Controller

[1] 10.1109/TMSCS.2017.2721160
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Start

Initial reset and stuck check

Estimate Scaling Factor

1

Apply Pulses (Positive or Negative)

!
Read Updated G

|

O

Conductance Programming Algorithm

The A factor combines both a relative and absolute error
term, weighted by two positive gains « and j3:

Target reached?

Fine Tuning

A = ae, + [Fe,, (2)
where the relative term e, 1s defined differently for the two
branches:
(G -G _ ‘
target if G < Garget (increase);
Gtargct
Er = 4

Update Scaling Factor

G — Gtargct
G ¥

and the absolute term is defined by
. |Gtarg:}t - G|

i
Gl‘ﬂﬂ.‘{

if G > Gapgey  (decrease).

.

Max Iteration?

Yes
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Current (1 A)
D
(]

N
o

N
o

-20

Conductance Programming Results

Memristor |-V curve, with linear

fits for G

Low

and Gy

— Memristor 1V

Ghigh =215 £1 pS
=8 1 uS

—G

Low

,—(M: [V

0 0.2 0.
Applied Voltage (

4
V)

Current (uA)

Open-loop programming

O

Voltage (V)
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|

\
(
Applying fixed number of pulses Varying # of applied pulses at
(100) at various voltages fixed voltage (1 V)
6F g BT T T T .
[ -0~ 0.4V:23.5 puS 1 & [-e1P:510 S
4|8 06V:101.0 usS 4 € ,[-5 25P:624 S
[ 0.8V:172.2 uS £ 1 & "p-&50P:824 puS
-—— 1.0V: 182.0 uS £ i1 3 [#75P:1379 uS
’r 7 2= 100P: 177.5 puS
oF - of
2F : o T =200
- : . = us,
X PW =100 us -
b =1 JE PW = 100 ps
, ..I...I...I...I...I...I_ : ‘
-0.1 -0.08 -0.06 -0.04 -0.02 0 002 0.04 0.06 0.08 —6=l 5 0 Y-S

05 0.1
Voltage (V)

30
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