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NEUTRINO

SoC-FPGA Architecture Overview

Processor System (PS):

« ARM cores, GPU, FPU, Processor
/0 System (PS)

Programmable
Logic (PL)

Programmable Logic (PL):

Perfor, e
terfaces { Ft)

 reconfigurable hardware,

AXI interface

AXIl bus: l::h

. connects PS and PL for A"“*‘**?“’.

data/control transfer

Software layer:

* manage resources in PL
side from PS side
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NEUTRINO

Development Levels in SoC-FPGA

. g *No OS, runs directly on hardware
Baremetal: direct *Lowest latency and full control

hardwa_re_ access, full sIdeal for ADC control or signal generation
determinism Pros: deterministic, small footprint
Cons: no multitasking, hard to scale

*Real-Time Operating System

R e - *Multitasking with deterministic scheduling
Free,RTO,S' “g htwglght *Best for concurrent control or sensors
multitasking, real-time Pros: predictable, modular
control Cons: limited ecosystem

*Full OS with networking and multitasking

 Embedded Linux: full Run Python, C++, shell scripts
O S, drivers, Python *Access hardware via /dev/uio, /dev/imem, or drivers
integration Pros: flexible, feature-rich

Cons: higher latency, non-deterministic
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NEUTRINO

How would you design this?

* Implementation of 50 MSps Oscilloscope with filters selection

Filters’ selection

Data manager

High Speed ADC
communication
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NEUTRINO

How would you design this?

« Control and configuration of high performance multi-stack DAQ

Slow control of each
distributed system

Data processing and
transport

Signal acquisition in
each detector

How do | introduce myself to

Embedded Linux?

|
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DEEP UNDERGROUND NEUTRINO EXPERIMENT
InnspiraMED (Innovation and Inspiration from

Medellin)

« COVID 19 Pandemic brings a lot of challenges

Public health

Social and Economics

Technology
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NEUTRINO

InnspiraMED (Innovation and Insplratlon from

Medellin) SR, N

« How to build an architecture for a critical FRNGS KI5 o
equiment and in a short period of time?

InnspiraMED
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NEUTRINO

InnspiraMED (Innovation and Insplratlon from
Medellin)

* How ensure the health of physicians?

AA 192.168.200.1 (¢}
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InnspiraMED

e socssoom 7% UNIVERSIDAD
(CTP) iriencional cenre [ (\

. DE ANTIOQUIA
8 11/5/2025 Fabian Andres Castafio Usuga

Facultad de Ciencias Exactas y Naturales



DEEP UNDERGROUND NEUTRINO EXPERIMENT

Deep Underground Neutrino Experiment

Sanford Underground
Research Facility

Fermilab

—

g goomiles ~o gy - S
< (4300 kilome N

V== A

* Investigate Neutrino oscillation to prove charge parity
violation (CP)

 Determine the order of the mass of the neutrinos

« Study supernovae, the formation of neutron stars and black
holes

* Run up at summer 2028
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Interaction chain (photons and charge)

LArTPC Interaction

Cathode Inductionl
X 7

Inductionz

¥
¥
127 nm photons
< .
-

\

AN

k oY P(x)=2E-14

ense Wires
V wire plane waveforms

Liquid Argon TPC

Cathode
Plane

,./: JQ

X wire plane waveforms

Cross-Section =1 x 1045 m?2

Excitation  Excited molecule TN
Ar*Y —( Arj —
. . ) (Ar)

1 in 5 Billion of neutrinos (Ar \
l Art)— A_rgr —  Arj

z .9_ Ionization Ionized molecule

Recombination .e_

Y, time

https://www.youtube.com/watch?v=R5G1_hWO0ZUA
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

Photons’ trap and detector o ® & van = 2
X-Arapuca

, L .
paf“c‘ B
C“‘ liquid argon
scuntlllatnon
‘// light

MPPC (Multi-Pixel Photon Counter)

127 nm ’ . SiPM Hamamatsu
350 nm \ Dichroic Filter] | —2™ $13360-6050VE
(Ta=25 °C)

50

Absorption

BgaY
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10 / N
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Photon detection efficiency (%)

Wavelength (nm)
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NEUTRINO

Photon Detection System (PDS) ¢ & van i

Analog signal form SiPM Single Photon Detection
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NEUTRINO

DUNE Detectors (PDS) - 360.000 SiPM

- 6000 Xarapuca
Q P

A - 150 DAPHNE
 Near and Far Detector -4 TB/s
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Sanford Underground
Research Facility

Fermilab
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NEUTRINO

DAPHNE V1 and

Hardware

Firmware

STMuC

A S

ETH ITAG JTAG 1zc GBETH

I
s e =

slave o P save
FMC

M
-
v

Offset x5
schieach

Trim x5
8chieach

Bias
schveach
x5

i

Clock COR
Dan

SerDes

Bitsip

21/02/2022

Software e

‘ FreeRTOS (MiddieWare)

USART = 2 MBaud

STM32H753I1

Power Up control
AFE ADS5808A Driver

SPI Hard = 7 MBit/s

SPI Soft = 3 MBit/s

12C = 400 KHz

Current Monitor Driver

DMA

ADC

\ )
\ )
\ )
L J
" T‘ DAC Driver
\ '\
\ )

Control Timing Driver
uC-FPGA Interface Driver

‘Command interpreter

ETH

‘Scheduler

- Tasks
- Mutexes

- Semaphores.
- Queues

TIMING Interface

COMMAND Interface

PERIPHERAL Interface

FPGA Interface

‘ OPC-UA

Slave Serial ‘
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

Distributed design

« DAPHNE v1-v2a Slow

Control Firmware architecture

STM32
Microcontroller

CORE and Drivers

Peripheral HAL
drivers Functions
12C HAL_I2C
5Pl HAL_SFI
ETH HAL_ETH
ADC HAL_ADC

Hardware Abstraction Layer (HAL)

STM HAL Functions

AFE5808A
AD5327

| Register Address Map

HAL_SPI_Transmit(SPI, Rx, Tx, len) I—‘—>{ AFE/DAC Read Write Funtions |

Baremetal -> FreeRTOS

—>| AFE Register Interface

UNIVERSIDAD
DE ANTIOQUIA
1503

CLOCK = 240 MHz

FreeRTOS (MiddleWare)

USART = 2 MBaud

SPI Hard = 7 MBitls STM32H753I1
SPI Soft = 3 MBit's
ST powerUpoontol
" 12C = 400 KHz l AFE ADS5808A Driver TIMING Interface
DAC Driver
T COMMAND Interface
——— Current Monitor Driver L
DMA Control Timing Driver PERIPHERAL Interface
uC-FPGA Interface Driver
e FPGA Interface
Command interpreter S
ETH
‘ OPC-UA | ‘ Slave Serial

R

AFE Config functions

.

AFE Signal Test

B

AFE ADQ Config

—)| DAC Register Interface

L

DAC Config functions
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NEUTRINO

DAPHNE V3

 Kria KR260 Feature Specification
Application Processor Quad-core Arm Cortex-A53 @ 1.5 GHz
Real-Time Processor Dual-core Cortex-R5F @ 600 MHz
Programmable Logic 256 K Logic Cells, 1 248 DSPs
Memory 4 GB DDR4 +26.6 Mb On-Chip SRAM
Comectiy A0 A UEHE0 EE
8 XILINX Power 7.5 W typical, passive cooling
VITIS.

VIVADO!
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NEUTRINO

DAPHNE V3

* Kria KR260 — DAPHNE V3

Design of new architecture for Data
Acquisition System

- Acquisition of development
boards for the collaboration

Oruwing P €ED 170008

1§ ¥ Fermilab

J§ = DAPHNEmom

W XILINX

o VITIS.
VIVADO!

https://www.hackster.io/fabioc9675/empowering-dune-
setting-up-vivado-vitis-and-petalinux-b879ee
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https://www.hackster.io/fabioc9675/empowering-dune-setting-up-vivado-vitis-and-petalinux-b879ee
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

Co-Processor design

« DAPHNE v3 Slow Control Firmware architecture

; . AFES803A
PSS'* o
PetaLlinux Python Scrips N
PL side : | Register Address Map ‘
slow Control :
i inctions : |
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Commands ,l.
Peripheral - Idev i : :
hardware b . : | HAL_SPI_Transmit{SPI, Rx, Tx, len) }—.—){ AFE/DAC Read Write Funtions |
= ) : .
= gpiochipX C library . :
AXI GPIO =: e . :
e | & 2% Network 0 ; —>| AFE Register Interface ‘
AXl Quadspl | 3 '::> spidevx.x ::II___S:I!E Masters Slaves
HAL_lIC g —| AFE Config functions
I.mL_SPI L IJ3 = 0x8000_0000 6AK g |
g —| AFE Signal Test
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

Alignment of AFE data out

« Data acquisition

- Spy buffer alternative

e FiFo size
~ 8192 of 32 bits
- 40 MHz

« Direct Memory Access
- AXI Stream DMA

Sefal Original
—— Datos Originales
11000 1
B 10000
LY
w
=
% 9000
-
5
g 8000 il LELE (1 \ | | ILELE]
7000 1
0 1000 2000 3000 4000 5000 6000 7000 8000
Indice
In [65]:

plt.figure(figsize=(10, 3))
plt.plot(data[6000:6700])

Out[65]: [<matplotlib.lines.Line2D at Oxffff78849970>]

11000 1

10000 -

9000 1

8000 -

7000

0 100 200 300 400 500 600 700

https://github.com/fabioc9675/DUNE_Daphne_v3_AFE/blob/devFabianAFEHOG_ipcore/Petalinux/file_transfer/AFE_Test.ipynb
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

Demonstration

* Repository:

https://qgithub.com/fabioc9675/ICTP Embedded Linux workshop
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https://github.com/fabioc9675/ICTP_Embedded_Linux_workshop

NEUTRINO

Embedded Linux in SoC-FPGA

« Tutorials O g {(I/Li'!ﬁs VIVADO'

- Platform config GitHub

https://www.hackster.io/fabioc9675/empowering-dune-setting-up-vivado-vitis- m ﬁ e
- Project initialization =

and-petalinux-b879ee
https://www.hackster.io/fabioc9675/empowering-dune-a-guide-to-starting-with-kria- 4 ; iiﬂxi | &
kr260-vivado-fe39c5

- PetaLinux image compile

HLS 2

UNIVERSIDAD

DE ANTIOQUIA
1503

DAPf'l__thiﬁZwv:,\
https://www.hackster.io/fabioc96 75/empowering-dune-creating-petalinux-202 2-2-os- ﬁl;ermilab' =
image-for-kria-2fbcal e e

- Hardware support

https://www.hackster.io/fabioc96 75/empowering-dune-support-for-hard-peripherals-
rpi-pmod-kria-505ded

- AXI UARTLite

https://www.hackster.io/fabioc96 75/empowering-dune-axi-uartlite-using-petalinux-
2022-2-in-kria-7e11cf

- AXIIIC

https://www.hackster.io/fabioc9675/empowering-dune-axi-iic-using-petalinux-202 2-
2-in-kria-a71f25

- AXI Quad SPI

https://www.hackster.io/fabioc96 75/empowering-dune-axi-quad-spi-using-petalinux-
2022-2-in-kria-ad6d 72

ey .
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

Application Example, basic slow control

Processing System Programable Logic
1 Dasign canfiguration
o ¥ AXE-Lile Counber, 4Hz
Gont ; Aego [ Emty | ‘ ]
; Regi Fisxed Dx200 . B
' ; Reg 2 Gaunter e B Y
- E Reg3 State LEDs driver E
g g Rag 4 Valua L, o
5 Axl-Lita Reg 5 o m -:j-}
: : LU & 8 &
PS Sida I I N O .
' AX] paripharal det (e maving
Potalux | i control g aait CCCOEE
g ] a8 ORCOPEOG— vakie
5 AXI-Siraam M
_sé‘ E Data Acquisitian
[ s Signal generatoe
L% 7 DMAConfig
2 _JW
g | s
i e
: 2 e '
5 omssc e |2 [l
= '-| —
s
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

Block Design, Vivado

* Application Example (Simple Slow Control Application)

https://github.com/fabioc9675/ICTP_Embedded_Linux_workshop/tree/main
/Petalinux/lite_example

2yng uitss g5 e 0

isice 0
» o Or20)  Dadog fn_en_b{0:0]
Il
4 8 AxiFD - Sice
clock_gen —= n-xhp'!ﬂ Ipd ack p
@ (S
a1 e UltraSCALE* b
—< .1 resen0 1
xleoncat_0 Zynq UltraScale+ MPSoC
Jmmm douf 0] b
psé_0_axi_periph
Toncat g
resemn i 50 000 Mo A
ADQ_piatiorm
peri_2000_areseq 0] 0_resetn S ALITE 2|4 Moz A
ko axi_smc - sewx
clk 2004 = i lite ack —f =00 acix
s 200 [—1 sawlooh_wave_gen_0 mutiplex_0 WA SAMM 500_ivdl l?l MO0 AKS o [ L moo_acux
s2mm invous fe—I ik .X. o MO1_ACLK l?l
ok wave_au154] data ir{150] up. e b Jmzacx mEm )
rhonztaat 0 T | | vava in_Z150] [ Jwonscs  g2im wor s 4
AXI SmartConnect
cog0c] ‘samionn, n_vi_i ARESETN
Tonstant contador_0 | 500 _sRESETM
— M0 ARESETH
— wave in_1/15:0] ok | w1 aresETH
= b 02 ARESETN
bl 103 ARESETH M3l 2
ATL
L R Tmereanneet
] semi_aue]150] wave in_4/150]
o RTL cong31:0]
Biexponental_vi_0 contador_vi_0
semicircle_wave_gen_0 s
xidice_{
L semi_aue]150] wave in_¥15:0]
w T ———— Onfat:g)
mudtipiex_vi_0
semiGrcie_wave_gen_vi_0
o Cai_vi 0 (P tion)
dma inf7 4] (7] leds_0[70)]
* ATL
Daf30] zara(30)
= ed_&m_vi_0
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

Block Design, Vivado

* Application Example (Simple Slow Control Application)

https://github.com/fabioc9675/ICTP_Embedded_Linux_workshop/tree/main

/Petalinux/lite_example Processing System
_
Clock generator s evason 4 ==
[ eSS | i s oo i, et sl o cotf ] [ Sice
clock_gen | < n-xhp'!ﬂ Ipd_ack ZYNQ B m[g:? (3
T e UhtraSCALE* b ; ;
- oty e Design Confijguration
xiconcat_0 Zyng UhraScaler MPSOC SIOW CO trO|
-‘J O0]  doudd 0] ’_L ( )
Concat I
|4 s00_wa
so0 v MW woo A ] :ﬁ:ﬁﬁ
A S SFr-
AXT SmanConnect e mem ey
contador_0 — ;Tm
R - AT T roon vect - :
cong3t:0]
S xiglice_1
Dinf31:0]
AXl Interconnect
- led_fsm_0
Signal generator e 170
At this point, you can to generate bitstream (bit e

and bin), and export the platform (XSA file)
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NEUTRINO

Generate Device Tree Overlay

* This step needs to be done on Linux OS, due to the petalinux is just officially supported this OS
https://www.hackster.io/fabioc9675 /empowering-dune-support-
for-hard-peripherals-rpi-pmod-kria-505ded

/tools/Xilinx/Vitis/2022.1/settings64.sh

Xsct

xsct% hsi::open_hw_design kria_base.xsa

kria_axi_udea E Q £ X fabian@fabian: ~/Documents/kria_axi_udea

s $ source /tools/Xilinx/Vitis/2022.2/settings64.sh
fa bian: S xsct
rlwrap: warning: your S$TERM is 'xterm-256color' but rlwrap couldn't find it in the terminfo database.
Expect some problems.

***xx%% X{linx Software Commandline Tool (XSCT) v2022.2.0
**%% SW Build © on 2022-10-13-12:09:36
** Copyright 1986-2022 Xilinx, Inc. All Rights Reserved.

xsct% hsi::open_hw_design kria_bd_wrapper.xsa
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NEUTRINO

Generate Device Tree Overlay

* This step needs to be done on Linux OS, due to the petalinux is just officially supported this OS

https://www.hackster.io/fabioc9675 /empowering-dune-support-
for-hard-peripherals-rpi-pmod-kria-505ded

-hw kria_base.xsa -zocl -platform-name kria_kr260 -git-branch xInx_rel_v2022.2 -overlay -compile -out ./dtg_kr260_v0

kria_axi_udea : X M v fabian@fabian: ~/Documents/kria_axi_udea

E - x,ct% createdts -hw axi_full_bd_wrapper.xsa -zocl -platform-name axi_udea_dma -git-branch xlnx_r>

INFO: Generating device tree
WARNING: no s_axi_aclk for clockwizard IP block: " clock_gen_clk_wiz_0"

WARNING: Clock pin "s_axi_lite_aclk" of IP block "ADQ_platform_axi_dma_6" is not connected to any of
the pl_clk”

WARNING: no s_axi_aclk for clockwizard IP block: " clock_gen_clk_wiz_0"

WARNING: Clock pin "m_axi_s2mm_aclk" of IP block "ADQ_platform_axi_dma_6" is not connected to any of
the pl_clk"”

WARNING: no s_axi_aclk for clockwizard IP block: " clock_gen_clk_wiz_0"
WARNING: Clock pin "s_axi_aclk" of IP block "axi_intc_0" is not connected to any of the pl_clk"
WARNING: no s_axi_aclk for clockwizard IP block: " clock_gen_clk_wiz_0"

WARNING: Clock pin "s06_axi_aclk" of IP block "slow_control_axi_6" is not connected to any of the pl_
clk”

WARNING: no s_axi_aclk for clockwizard IP block: " clock_gen_clk wiz_0"
WARNING: Clock pin "s_axi_aclk" of IP block "uf_leds" is not connected to any of the pl_clk”

zocl:true

ext_platform:

intr_ctrl_len:1

WARNING: ADQ_platform_axi_dma_6 connected ip is NULL for the pin M_AXIS_MM2S

WARNING: label 'usbe' found in existing tree

WARNING: label 'usb1l' found in existing tree

Building the BSP Library for domain - device_tree_domain on processor psu_cortexa53_o
make: Nothing to be done for 'all'.

system-top.dts:25.9-28.4: Warning (unit_address_vs_reg): /memory: node has a reg or ranges property,
but no unit name
zynqmp.dtsi:437.38-447.5: Warning (interrupt_provider): /axi/interrupt-controller@f9010000: Missing #
address-cells in interrupt provider

also defined at pcw.dtsi:11.6-14.3
zynqmp.dtsi:644.23-655.5: Warning (interrupt_provider): /axi/gpio@ff0a0e00: Missing #address-cells in
interrupt provider

also defined at zyngmp-clk-ccf.dtsi:195.7-197.3

also defined at pcw.dtsi:88.7-93.3
Xsct¥%
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NEUTRINO

Generate Device Tree Overlay

* This step needs to be done on Linux OS, due to the petalinux is just officially supported this OS

https://www.hackster.io/fabioc9675/empowering-dune-
support-for-hard-peripherals-rpi-pmod-kria-505ded

SoC-FPGA DeviceTree (from .dtsi)

mable Logic (PL) fragment@2 {
| £ ] target =<&amba>;
Slow Control AXI AX| DMA AXI| Interrupt Controller Fixed Clock ZDGMHZE overlay2: _ overlay__{
0x80020000 0x80010000 0x80000000 #address-cells = <2>;
T #cize-celle = <2>-
T ADQ_platform_axi_dma_0: dma@80010000 {
AXI GP Master (AXI-Lite) |\Data transfer (S2MM) IRQ via GIC #dma-cells = <1>;
clock-names = ,
rocessing Syste!n (PS clocks =<&misc_clk_0>, <&misc_clk_0>;
Linux /dev/uio .
ARM Cortex-A53 compatible = ;
e = clc ] o interrupt-names = H
AXI Master AXIS Slave U I cn i FCLKO/1 interrupt-parent = <&axi_intc_0>;
Controller ; _ .
interrupts =<0 2>;
reg = <0x0 0x80010000 0x0 0x10000>;

xInx,addrwidth = <0x20>;

xlnx sg-lensth-width = <Ox10>-
dma-channel @80010030 {
compatible =
dma-channels = <0x1>;
interrupts =<0 2>;
xInx,datawidth = <0x20>;
xInx,device-id = <0x0>;

5
5
misc_clk_0: misc_clk_0 {...};

slow_control_axi_0: slow_control_axi@80020000
e

uf_leds: gpio@800a0000 {...};
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NEUTRINO

Generate Device Tree Overlay

* This step needs to be done on Linux OS, due to the petalinux is just officially supported this OS

https://www.hackster.io/fabioc9675/empowering-dune-

SoC-FPGA DeviceTree (from .dtsi) support-for-hard-peripherals-rpi-pmod-kria-505ded

Programmable Logic (PL) fragment@2 {
] g £ = target =<&amba>;

Slow Control AXI AXI DMA AXI Interrupt Controller Fixed Clock 200MHz overlay2: _ overlay__{

0x80020000 0x80010000 0x80000000 #address-cells = <2>;
#size-cells = <2>;
ADQ_platform_axi_dma_0: dma@80010000 {...};

AXI GP Master (AXI-Lite) |Data transfer (S2MM) IRQ via GIC misc clk 0:misc cdk 0L}
low_control_axi_0: slow_control_axi@80020000

{

rocessing System (PS
Linux /dev/uio
ARM Cortex-A53

]
GIC Interrupt

clocks =<&misc_clk_0>;
compatible = H
reg = <0x0 0x80020000 0x0 0x10000>;
xInx,s00-axi-addr-width = <0x6>;
xInx,s00-axi-data-width = <0x20>;
B
uf_leds: gpio@800a0000 {...};
I

AXl Master FCLKO/1

EI‘ clock-names = "s00_axi_aclk";

‘ AXIS Slave Controller

At this point, you can to compile the .dtsi and
generate the .dtbo, also upload the .dtbo, };
.bit.bin and .json files to the petalinux system

<custom overlay>

Demo
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

Interaction with hardware from BASH

devmem 0x80020004

0x200

State

» AXI-Lite 5
Reg 0 Empty R T KRiA
Reg 1 Fixed 0x200 -~
Reg 2 Counter <
Reg 3 State —
Reg 4 Value —
Reg 5 Mux control —
001 COOSOSO®
ox02 OO0 @<— moving
x4 COOO000®

ox08 COOOOOO@<— value
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

Interaction with hardware from BASH

devmem 0x8002000C 32 0x01

State

» AXI-Lite 5
Reg 0 Empty R T KRiA
Reg 1 Fixed 0x200 -~
Reg 2 Counter <
Reg 3 State —
Reg 4 Value —
Reg 5 Mux control —
001 COOSOSO®
ox02 OO0 @<— moving
x4 COOO000®

ox08 COOOOOO@<— value
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

Interaction with hardware from BASH

devmem 0x8002000C 32 0x04

State

» AXI-Lite 5
Reg 0 Empty R T KRiA
Reg 1 Fixed 0x200 -~
Reg 2 Counter <
Reg 3 State —
Reg 4 Value —
Reg 5 Mux control —
001 COOSOSO®
ox02 OO0 @<— moving
x4 COOO000®

ox08 COOOOOO@<— value
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

Interaction with hardware from BASH

devmem 0x8002000C 32 0x08

devmem 0x80020010 32 0x4D

State

» AXI-Lite
Reg 0 Empty S e 4
Reg 1 Fixed 0x200 -~
Reg 2 Counter <
Reg 3 State —
Reg 4 Value —
Reg 5 Mux control —
001 COOSOSO®
ox02 OO0 @<— moving
x4 COOO000®

ox08 O@OOOOO@<— value
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C driver (.so) and python interaction

 ltis possible to write a C driver to communicate with the device

uint32_t axi_read_reg(uintptr_t base_addr, uint32_t offset) { https//glthubcom/fabloc9675/ICTP Embedded Linux w
int mem_fd; - - -

void *mapped_base; orkshop/tree/main/Petalinux/lite_example
uint32_t value = OXFFFFFFFFU;
https://github.com/fabioc9675/ICTP_Embedded_Linux_w

orkshop/blob/main/Petalinux/CodeTest/dma_ctypes.ipynb

long page_size = sysconf(_SC_PAGESIZE);

if (page_size <=0) {
perror("sysconf(_SC_PAGESIZE)");
return value;

} .

Open the device

mem_fd = open("/dev/mem", O_RDONLY | O_SYNC);
if (mem_fd < 0) {

perror("open(/dev/mem)");

return value;
}

uintptr_t page_addr = (base_addr + offset) & ~(page_size - 1);
uintptr_t page_offset = (base_addr + offset) - page_addr;

mapped_base = mmap(NULL, page_size, PROT_READ, MAP_SHARED, mem_fd, page_addr);

if (mapped_base == MAP_FAILED) { Ma p t he me mory ad d ress
perror("mmap");
close(mem_fd);
return value;

}

volatile uint32_t* reg_ptr = (volatile uint32_t*)((uint8_t*)mapped_base + page_offset);
value =*reg_ptr;

munmap(mapped_base, page_size); Read the memory space and close

close(mem_fd);

return value;
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C driver (.so) and python interaction

 ltis possible to write a C driver to communicate with the device

void axi_write_reg(uintptr_t base_addr, uint32_t offset, uint32_t value) { httpS //glthub .com/fab ioc96 75/| CTP Embed ded Linux w

int mem_fd;

void *mapped_base; orkshop/tree/main/Petalinux/lite_example

!?”g Pageéizejos\/{SCO”fDU’AUb'L’E)i https://github.com/fabioc9675/ICTP_Embedded_Linux_w
' p(sfi?z”ssliico_nf()isciPAGES\ZE)”); orkshop/blob/main/Petalinux/CodeTest/dma_ctypes.ipynb

return;
’ Open the device

mem_fd = open("/dev/mem", O_RDWR | O_SYNC);
if (mem_fd < 0) {

perror("open(/dev/mem)");

return;
1

uintptr_t page_addr = (base_addr + offset) & ~(page_size - 1);
uintptr_t page_offset = (base_addr + offset) - page_addr;

mapped_base = mmap(NULL, page_size, PROT_READ | PROT_WRITE, MAP_SHARED, mem _fd, page_addr);
Pped P e SEApIPROT - 0, pageaddn Map the memory address

if (mapped_base == MAP_FAILED) {
perror("mmap");
close(mem_fd);
return;

}

volatile uint32_t* reg_ptr = (volatile uint32_t*)((uint8_t*)mapped_base + page_offset);
*reg_ptr = value;

—-sync_synchronize(); Write the memory space

munmap(mapped_base, page_size);
close(mem_fd);

Demo
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

2t Fermilab (& ENERGY |

Thank you!
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

Support slides

T soan /7% UNIVERSIDAD g
(CTP) fisnsionaicante | [ iy ANTIOQUIA Wu

f;éll]ta(l de Ciencias Exactas y Naturales
36 11/5/2025 Fabian Andres Castafo Usuga



DEEP UNDERGROUND NEUTRINO EXPERIMENT

How would you design this?

« How would you define the architecture of the following systems?
- Implementation of 100 MSps Oscilloscope with filters selection
- Control of robotic arm system with PID

- Control and configuration of high performance multi-stack DAQ
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

How would you design this?

« Control of robotic arm system with PID

PID control calculation | Motor control signals Motor position sensor
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NEUTRINO

Simulation model building

» Biexponential model (Radiation events’ » Trapezoidal Shaper Filter and DPP
model) implementation
'U(ﬂ — A( elt—t0)/T0 _ ot tﬂ}..-""r.r:‘) e

» Photon Event sampled (SiPM)

5000 -

4000 A

v
bl )

2000 1

« Event signal processing

Q W @ @ 31 ¥ « WM = w o o
0.1270 0.1272 0.1274 0.1276 0.1278 0.1280 |

 Baseline noise extraction and event
model fitting

5000

4000

3000

2000

1000
I T - 1A A

0.0000 0.0001 0.0002 0.0003 0.0004 0.0005
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

Co-Processor design

UNIVERSIDAD
DE ANTIOQUIA
 Vivado Block Design
axi_inte_0
- Network 0
0 e Comar Masters Slaves
axi_uartite 0
e
4 S M UART || T ki uarl O \.’é
=
X1 Darlile £ 0x8000_0000
_ IE N _ o
= ‘;
S PO |y podZio 2B 0x8001_0000
ol - 64K
AX| GPIO I"" E
[¢]
_— 'S B 0x8002_0000 -
e+ S P o |[feeef T prrod3 i =
AXI GPIO
e - B _ e
MOQ_AK - || ek |1 5_A0 G ||y kria_i2c_1
I N ::(liz T = oL B _ o
N e
W mad A o
ZYNQ™ wnrons—pon 5t EE = o S e
BOm WS AN
UltraSCALE+ ol ARTERE
Zvna UllaSoales MPSOC m—z = ul_lads 0x8006_0000 64K
woim | e "l 5 a1 GPIO ||| i leds
AXTIntercomnact AXIGPIO 0x8007_0000 64K
ax_iic 0
—ZEII—D keia i2 0 0x8008_0000 64K
AXIIC
20 quad s 0 0x8009_0000 cak
bl f WXL UTE  SP10 || jme T Kericn_8pi O
AX| Quad SP|
s B _ o
b+ AXLUTE SPID || T Kerian_spi_1
AXI|Quad 5P|
axi_uartite_1
" | CE s &
fon e @ (@ NN V\ADO" & VIS Gitdus
AXI Uartite
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

Hardware Block Design

| — UNIVSIi)AD
I - - - DE ANTIOQUIA
J-"_‘.Z’-h L P—— ¥ o
F=—
- -— =
i S
= = o ;g- o
[ — — Slow Control
il ==
== 5
= X p—
ZYNQ™ = = _|
s == i
= - = =
] ] |
. r
= S

= AFE Readout

£
g
=)
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

AFE Readout IPCore Custom

DATA IDDR
deserialization

« AFE Readout

delay const 0
dout{3:0]
[ I Hardware Debug ILA
DATA Read Constant ———
afe_deserializer_0 system_ila_0
- 3
_ _| J.,. o p11) DATA Alignment &
afe_data_single_0 ok o valid ﬁ probe0[15:0]
FCLK Read I arts ] —
data_in_p [ data_in_p i 1 1 [31:0]
datn i n D min i RTL dasta_out data_in T[15:0] probe2[15:0]
- ] o I afe_slice_data_0 probe3{00]
afe_fclk_single_0 09]
afe_data single v1 0 = —— l ) m"m
fclk_in_p [ fck_in_p r_nm 0] mm:@:
felk_in_n [ afe_ddk_source_0 - . 150
RTL data_out]15:0]
afe_fclk_single_v1_0 sel_const_0 — dck
delay(2:0] System ILA
doutf3:0] sel3 0] system_ila_1
Ty
Constant afe slice data v1 0 ok
Conatant — 1 L Wiz_| ——am probe0[00]
DCLK Generator P—— System ILA
led_counter_0
Clocking Wizard
: RTL lod fm— ]
led_counter_v1_0
T cLe F7 F8 LuT LuT Block Bonded HPIOB HPIOB HDIOB HDIOB HPIOBDIF BITSLICE o-oCA- led_counter_1
. 3 CARRYS = e o CLOCK MMCM PS8 = =
Name LUTs Registers (14640) Muxes Muxes (14640) Logic Memory RAM Tile o8 _ = _ =8 FINBUF _RX_TX BUFFER @) o)
(117120)  (234240) (58560) (29280) (117120) (57600)  (144) (189) (58) (58) (35)  (3%) (82) (1248) (350 st
RTL led ——]
> (1] AXI_AFE_iddr_0 (kria] 137 241 0 0 0 34 137 0 0 0 0 0 0 0 4 3 3 1 0 ‘l B
> [T] Axi_DMA (Axi_DMA_in 857 1259 20 0 0 209 780 77 105 0 0 0 0 0 0 0 0 0 0
led counter v1 0
> [1] AXI_DMA_Real (Ax_{ 853 1259 20 0 0 215 776 77 105 0 0 0 0 0 0 0 0 0 0 ——
> [7] AXI_DMA_Real1_Diff 859 1259 20 0 0 209 782 77 105 0 0 0 0 0 0 0 0 0 0
(CTP) infermationai cene 1)+ UNIVERSIDAD
for Theoretical Physics DE ANTIOQUIA
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DEBUG with ILA

Waveform - hw_ila_2
Q + = 2 »p » B B @ @ ¥ « I = 2 4 o T o
ILA Status: Idle

Name

< afe_slice.._out 0_1 Jifct

Waveform - hw_ila_1
Q + = 2 > » B B @ Q@ 1 ¥ » ¢ M 1= 2 ol T o
ILA Status: Idle

Name

> & sample

Updated an:
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In [35]:

In [37]

DEEP UNDERGROUND NEUTRINO EXPERIMENT

Alignment of AFE data out

» Alignment sequence test

# prueba de todos ceros
my_library.HAL_AFE_All@sTest(my_library.hafed)
my_library.HAL_AFEWriteRegister(hafed, 4, ctypes.byref((ctypes.c_uint16)(0x18)))
print("Prueba de ceros”)

prueba_data()

T T ")

Prueba de ceros

Sefial Original
—— Datos Originales

004
5 o2
k1
&
=
L
k]
£ 002

-0.04

1000 2000 000 2000 5000 000 7000 8000
Indice:

# prueba de todos unos
my_library.HAL_AFE_AlllsTest(my_library.hafe®)

my_library HAL_AFEWriteRegister(hafe@, 4, ctypes.byref((ctypes.c_uint16)(8x18)))
print(“Prueba de unos")

prueba_data()

print("--

Prueba de unos

[*11111111111111°, "11111111111111°,  "11111111111211°, *11111111111111 7, 1111111111110

sefial Original

17250

—— Datos Originales
17000
16750

16500

16250

Valor de la Sefal

E
g

15750

1000 000 5000 7000

nrkien

In [40]:

In [42]

# prueba de toggle
my_library.HAL_AFE_ToggleTest(my_library.hafed)
my_library.HAL_AFERriteRegister(hafe, 4, ctypes.byref((ctypes.c_uint16)(6x18)))
print(*Prucba de toggle")

prueba_data()

e =)

Prucba de toggle
[*11111111111111°, °

, 1111111111111

Seiial Original

Valor de Ia Sefial

2000 3000 5000 8000

Indice

# prueba de deskew
my_library.HAL_AFE_SkewTest(my_library.hafed)
my_library.HAL_AFEWriteRegister(hafed, 4, ctypes.byref((ctypes.c_uint16)(ex18)})
print("Prueba de deskew")

prueba_data()

L L ¥

Prueba de deskew
['e1810101010101', ‘eleldlaieieiel’, ‘eleleieieielel”,

Sefial Original
- i
— Datas Originales
5600
'E 5500
3
5 5400
E
300
5200
o 1000 22000 200 4000 5000 6000 000 8000
Indice.

‘ele1e1e1elelel’, ‘elelelelelelel’

In [45]

In [49]

# prueba de Sync
my_library.HAL_AFE_SyncTest(my_library.hafed)
my_library.HAL_AFEWriteRegister(hafed, 4, ctypes.byref((ctypes.c_uintl6)(ex18)))
print("Prueba de sync")

prueba_data()

print(

Prueba de sync
['11111110060600°, *11111110000000°, "11111110000000°,

‘11111110000008", "11111110000060°

Sefial Original

—— Datos Originales

17000

16800
16600
16400
16200

Valor de la Sefal

15800
15600
15400

000 000 5000 6000 8000

Indice.

# prueba de ramp
my_library.HAL_AFE_RampTest(my_library.hafed)
my_library.HAL_AFEWriteRegister(hafed, 4, ctypes.byref((ctypes.c_uint16)(0x18)))
print("Prueba de ramp™)

prueba_data()

print("

Prueba de ramp
['e1100000101101",

'01100000101110", '91100006101111", '01100000110000",

Sefal Original

10000 | — Dates Originales

9000
8000
7000
6000
5000
4000
000

0 1000 3000 6000 8000

Indice

https://github.com/fabioc9675/DUNE_Daphne_v3_AFE/blob/devFabianAFEHOG_ipcore/Petalinux/file_transfer/AFE_Test.ipynb
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

C driver (.s0) and python interaction

* Itis possible to write a C driver to communicate with the device

In [14]:  5pnert ctypes

# Carga la libreria compilada
axi = ctypes.CDLL("./libaxi_mmap.so")

# Define tipos de argumentos y retorno
axi.axi_read_reg.argtypes = [ctypes.c_ulong, ctypes.c_uintl]
axi.axi_read_reg.restype = ctypes.c_uint

axi.axi_write_reg.argtypes = [ctypes.c_ulong, ctypes.c_uint, ctypes.c_uint]

axi.axi_write_reg.restype = None
# Direccion base del blogue AXI
BASE_ADDR = 0x80020000

In [15): # Leer un registro

value = axi.axi_read_reg(BASE_ADDR, @x04)
print(f"Valor leido: @x{value:@8X}")
Valor leido: @x00000200

In [16]: # Leer un registro

value = axi.axi_read_reg(BASE_ADDR, ©x08)
print(f"valor leido: @x{value:@8X}")

Valor leido: ©@x00003CD4

In [18]: 4y axi_write_reg(BASE_ADDR, 0xC, 1)

value = axi.axi_read_reg(BASE_ADDR, @x0C)
print(f"Registro escrito con @x{value:@8X}")

Registro escrito con @0x00000001

In [1915 544 axi_write_reg(BASE_ADDR, 0x0C, 2)

value = axi.axi_read_reg(BASE_ADDR, 0x@C)
print(f"Registro escrito con @x{value:@8X}")

Registro escrito con 0x00000002

In [20]: 543 axi_write_reg(BASE_ADDR, 0x0C, 4)

value = axi.axi_read_reg(BASE_ADDR, 0x0C)
print(f"Registro escrito con @x{value:@8X}")

Registro escrito con 0x00000004

In [211: 541 axi_write_reg(BASE_ADDR, 0x0C, 8)

value = axi.axi_read_reg(BASE_ADDR, 0x0C)
print(f"Registro escrito con @x{value:@8X}")

axi.axi_write_reg(BASE_ADDR, 0x1@, 0b11001010)

value = axi.axi_read_reg(BASE_ADDR, 0x10)
print(f"Registro escrito con @x{value:@8b}")
Registro escrito con 0x00000008 LD
Registro escrito con 0x11001010
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

Reading a DMA example

https://github.com/fabioc9675/ICTP_DMA_Yocto_Prj/tree/ICTP_Prese
ntation/Petalinux/CodeTest

Opening handle via /dev/mem (C lib)...

Initial STATUS (from C lib) = 0x@@085011 Run 06: DMA = 0.522 ms, Read = 0.037 ms
Starting DMA (C lib)... Run 07: DMA = 0.532 ms, Read = 0.037 ms
?HA finisze? gfﬁn(%s’li:) ): 6.915 Run @8: DMA = 0.614 ms, Read = 0.041 ms
iempo tota ython mnap): 6.915 ms Run @9: DMA = 0.542 ms, Read = 0.039 ms
Tiempo total DMA (Python mmap): €.118 ms . _ 5 _
First 16 words: [ © @ @ @ 18437 16036 9650 9279 8922 8579 8249 7932 Run 10: DMA = 0.518 ms, Read = 0.038 ms
7627 7333 7051 6780] Run 11: DMA = 0.523 ms, Read = 0.037 ms
Datos recibidos por DMA ;un ig g:: = gg;g ms, :eag = g-gg; ms
un 13: = 0. ms, Read = 0. ms
Run 14: DMA = 0.545 ms, Read = 0.041 ms
Run 15: DMA = 0.553 ms, Read = 0.044 ms
Run 16: DMA = 0.520 ms, Read = 0.037 ms
Run 17: DMA = 0.517 ms, Read = 0.037 ms
Run 18: DMA = 0.539 ms, Read = 0.043 ms
Run 19: DMA = 0.521 ms, Read = 0.040 ms
Run 20: DMA = 0.518 ms, Read = 0.037 ms
=== Benchmark summary (20 runs, C lib) ===
DMA avg: 0.569 ms (* 0.247)
! 1 ! ' ! ! } Read avg: 0.043 ms (+ 0.011)
1000 1250 1500 1750 2000 2250 2500 2750 3000 <
Indice de muestra 20 lecturas DMA superpuestas (C lib + Python)
Initial STATUS (from C lib) = 0x00005011 | | Il | | | | l I | —— Runl
Starting DMA (C lib)... 60000 4 i ! | | a1 11 Run 2
DMA finished OK (C lib) ‘ \ 1 ‘ | | ~— Run3
Tiempo total DMA (Python mmap): 4.320 ms h l h ‘ \ ‘ | \ ‘1 I
Tiempo total DMA (Python mmap): ©.123 ms 50000 |+ ‘ Ll ‘1 el ‘ i l’ ! l‘ i L L i
Datos recibidos por DMA l l | l | ‘ l \ | | l \ l" \ “
Ewooo H MLl i i 1] il ! il | I l ! f
- .l \ {100 10 T 0T
oo M /1000 000 410 FAR 1O 0 R {001
. 5 | Ill IHIl‘II‘! ,l |‘l| \ll
H s | ‘ ‘ ‘
g““’"” 2 oo JULLLSUE 1SN 04 VOO OELR N84t L il | |
2 o L0 CARUYTN R AT R AR i
F |
2 20000 w0000 1 i1 \\' . M LR |l|\ ey ;l|\. ‘ l\.\,
W WIN NI JUTN '\‘\‘\\‘\‘
NSNS NN NAN
0 T T T T T T T 1
1000 . = e . P s s 00 1000 1250 1500 1750 2000 2250 2500 2750 3000
Indice de muestra Indice de muestra
The Ao Sclam UNIVERSIDAD
(CTP) International Centre " DE ANTIOOUIA
for Theoretical Physics Q

Facultad de Ciencias Exactas y Naturales

46  11/5/2025 Fabian Andres Castafo Usuga



Reading a DMA example

https://github.com/fabioc9675/ICTP_DMA Yocto_Prj/tree/ICTP_Prese
ntation/Petalinux/CodeTest

o clk

ol rst

'S semi_out[15.0]

> W semi_out[15:0]
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NEUTRINO

Linux controller

2 Windows PowerShell X e 7

38 sudo jupyter notebook —-ip=0.0.0.0 —-port=8888 —-no-browser ——allow-root
39 sudo xmutil unloadapp
40 sudo mv axi_udea_dma.bit.bin shell.json /lib/firmware/xilinx/axi_udea_dma/
41 sudo mv axi_udea_dma.bit.bin /lib/firmware/xilinx/axi_udea_dma/
42 - 1s
43 sudo shutdown —h now
4y clear
45 1s
46 sudo mkdir /lib/firmware/xilinx/axi_full_ictp
u7 mv axi_full_ictp.dtbo axi_full_ictp.bit.bin shell.json /lib/firmware/xilinx/axi_full_ictp/
ug
u9 xmutil listapps
50 xmutil unloadapp
51 xmutil loadapp axi_full_ictp
52 devmem ©x8200000
53 devmem 0x80020000
54 devmem ©x80020004
55 devmem ©x80020008
56 devmem ©x80020008
57 devmem 0x8002000C
58 devmem ©x8002000C 32
59 devmem ©x8002000C 32
60 devmem ©x8002000C 32
61 devmem ©x8002000C 32
62 devmem ©x80026000C 32
63 devmen ©x8002000C 32
64 devmem 0x80020016 32
65 devmem 0x8002000C 32
66 devmem 0x8002000C 32
67 devmem ©x8002000C 32
68 devmem 0x80020010 32 25
69 devmem ©x80020010 32 OxFF
70 devmem ©x80020010 32 0x01
71 devmem ©x80020010 32 0x02
72 devmem 9x80020010 32 OxB4
73 devmem 0x80020016 32 0x08
74  history
xilinx-kr260-starterkit-20222:~$ sudo jupyter notebook ——ip=0.0.0.0 —port=8888 —no-browser ——allow-root
Serving notebooks from local directory: /home/petalinux
Jupyter Notebook 6.4.6 is running at:
http://xilinx-kr260-starterkit-20222:8888/?token=627U497f6696963f89e6508e5078367999c8eli63f652eb020
or http://127.0.0.1:8888/7token=627U97f6696963f89e6508e5078367999c8ell63f652eb020
Use Control-C to stop this server and shut down all kernels (twice to skip confirmation).

EWWWNNHENKE

©

@ Recibidos (20) - fabioc9... @ The Fetal Kick Catalyst=... @ Nueva pestana de Inco...
To access the notebook, open this file in a browser:
file:///home/root/.local/share/jupyter/runtime/nbserver
Or copy and paste one of these URLs: (2}
http://xilinx-kr260-starterkit-20222:8888/?token=627U97 =
or http://127.0.0.1:8888/7token=627U97f6696963f89e6508e507
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NEUTRINO

Linux controller

» AXI-Lite
Reg 0 Empty
Reg 1 Fixed 0x200
Reg 2 Counter <
Reg 3 State —
Reg 4 Value —
Reg 5 Mux control —
001 C@OBO80®
2 002 COOOCOO@<—moving
0 004 OOOC0000

ox08 O@OOOOO@<«— value
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