FWK - The DESY FPGA
Framework

An open-source FPGA framework by DESY for large scientific projects

Michael Blchler
On behalf of the DESY MSK Firmware Team
Beijing, 2024-09-11

HELMHOLTZ



Firmware Framework EuXFEL LLRF controller example on MTCA.4

Challenges in FPGA Firmware Development at DESY same application — different hardware — different tool

A A
* FPGA firmware team at DESY MSK (accelerator N :
beam controls) group E Xilinx-Vivado 2022.2
= 3 XilinxVitis 2022.2
* FLASH and European XFEL facilities, upcoming o < :
PETRA IV, and many more N Xilinx.Vitis HLS 2020.2
2 XilinxVivado 2020.2
* Various firmware projects: ; . Xilinx:Vivado 2017.4
= = :
_ _ = :
Low-Level RF (LLRF) y ; Xilinx-PlanAhead 14.7
. . - :
— Beam Arrival Monitor (BAM) S Xilinx'ISE 14.7
E .
- Bunch Compression Monitors (BCM) - .
o = Xilinx:ISE 12.1
— Laser-based Synchronisation o :
.S
— % ‘;
5 =
° =
* Mostly on pTCA.4 hardware S E ” _
] Spartan6 Virtex5 Xilinx ISE 10.1

DESY. | FWK - An Open Source FPGA Framework by DESY | Michael Biichler, Beijing 11.09.2024 Page 2



Firmware Framework
Challenges in FPGA Firmware Development at DESY

* Long-term support of installations

* Change of hardware and developer tools over Same FPGA board - different application
the years

* Many projects, small team size * LLRFfield detection

Same FPGA board - same application Laser lock controller

Different use case

>90% of the code is the same but different FPGA binary file
Different: clock frequency, buffer size, IQ demodulation..

.
Single Cavity GDR controller 7" i
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Firmware Framework

Basic firmware development with AMD/Xilinx Vivado
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Firmware Framework

New Vivado version, new developer, new requirements

“click-click”

o This project was created using an older version of Vivado. It is strongly recommended that you backup

the project prior to migration by opening the project in the older version of Vivado (v2022.2) and
Fle Flow Tools Window Help @ Quick Acces: running "File-=Archive Project”. This will ensure all sources, including any IPs used by the design, are

7 preserved properly. Choose to either automatically upgrade to the current version or open the project

Project New... in read-only mode.
Checkpoint 3 Open...
Open Recent 3

Exit
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Open Example...

+
g +
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Problems

Tool versions
Code copy & paste between projects

Pre-generated or hand-written control and
status registers (CSRs)
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A Better Solution

Overview of goals

* Allow full automation on a build server - Cl ‘?

- reproducibility

* Abstraction of tool type and version
- common way to build a project

* Modularity of the code
- reusability

- co-development

* Integration of HDL, HLS, Embedded C/C++, and
Embedded Linux

* @Generation of some source files
Address space
Version information

* Tcl language to keep flexibility
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Benefits

+ Long-term maintainability

+ Improved collaborative development

+ Simplified management of multiple projects

+ Reproducible results

Drawbacks
— Initial learning effort
— Potentially limited flexibility

— Burden of developing & maintaining the
framework

History

e Started in 2013 (monolithic code base, still SVN)
* Released under the Apache 2.0 license in 2022
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FPGA Firmware Framework (FWK)

Key aspects

Tcl scripts

* Interaction with tools abstracted away from the dev
* Automation of tasks
Modular Codebase
* Integration with FWK through a single Tcl file
* May be organized as Git submodules
* (Can be packaged as Vivado IP
Address Space
* Defined by the modules using SystemRDL

(or other formats - converted to SystemRDL)

* FWK creates a hierarchy, DesyRDL generates ouput
products (VHDL, C headers, “mapfiles” for ChimeraTk, ..)
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FPGA Firmware Framework (FWK)

The Flow, common to all projects

Three simple steps to keep in mind:

Collect Sources ] Create Project ] Build or
J J Simulate
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Example FWK execution

# clone repository
git clone git@ ... && cd repo

# clone all submodules repositories
git submodules update --init --recursive

# create virtual environment with tools
make env

# source the Vivado environment
source /opt/Xilinx/Vivado/2022.2/settings64.sh

# create project
make cfg=dwc8vm1 project

# build the project -> generate artifacts
make cfg=dwc8vm1 build

# build documentation
make cfg=dwc8vm1 doc

# open tool gui for design analysis/debug
make cfg=dwc8vm1 gui
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~/src/fpgafw/sis8300ku example design$ make cfg=dwc8vml project

TCL shell: /opt/Xilinx/Vitis/2022.2/bin/xtclsh

VIRTUAL ENVIRONMENT: /home/mbuechl/src/fpgafw/sis8300ku example design/.venv
Including config file: cfg/dwc8vml.cfg

mkdir -p prj/sis8300ku example design dwc8vml

vivado -mode tcl -source ./fwk/src/main.tcl \

-notrace -journal prj/sis8300ku example design dwc8vml/sis8300ku example design dwc8vml.jou \

-log prj/sis8300ku example design dwc8vml/sis8300ku example design dwc8vml.log \

-tclargs init create -c cfg/dwc8vml.cfg -t vivado --exit --colorterm 1

rokckkxk \Vivado v2022.2 (64-bit)

kxkk SW Build 3671981 on Fri Oct 14 04:59:54 MDT 2022
*kkk TP Build 3669848 on Fri Oct 14 08:30:02 MDT 2022
** Copyright 1986-2022 Xilinx, Inc. All Rights Reserved.

./fwk/src/main.tcl -notrace

ZANNINANNNNNNNN /AN /A\N\__/\\\
\N/\\\///77777777__\N/\\\ AVANNVAVARNY VANV
AVARNN AVARNN AVANNVRAVANN VANV
AVANNNNRRNRNNNN AVZANN VAN VAN WA VAR N S AR V/ANNY
\N/\\\/////7/ AVZANN VAN A UVAN A WA VAN V2R VAN \ W
AVANNN AVZANN VAN VAR VA N\ U VA N A WA VA N\ N
AVARNN AVZANNNNNVIARNNNY AVARNN \//\\\__
AVANNN AVZANNNERVIANNY AVARNN AVZANNS
\/// \///___\/// \//7/ \///__

FPGA Firmware Framework Project (FWK)
developed by MSK Group of DESY

Absolute path of the firmware framework project:

[::fwfwk::ProjectPath] /home/mbuechl/src/fpgafw/sis8300ku example design
main.tcl [args]: init create -c cfg/dwc8vml.cfg -t vivado --exit
Getting default project configuration from: default.cfg

Getting project configuration from: /home/mbuechl/src/fpgafw/sis8300ku example design/

dwc8vml.cfg
Sourcing fwfwk vivado.tcl

ProjectName sis8300ku example design
ProjectConf. dwc8vml

ProjectTcl tcl/project.tcl

ToolType: vivado

fwk 0.11.0-40-g5fa56¢c6 ()
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src/hw/daq 2.0.0-9-geccdff6 ()
src/hw/desy vhdl 0.0.0-321-90f318cc5 ()

)
E I FWK src/hw/fpga config manager 2.1.0-4-g0b9b99c ()
Xampie execution /ML 6.0.0-8-g0001460b ()
src/hw/rtm ds8vml 1.1.1-12-gacf6763 ()
src/hw/rtm dwcl® 2.1.0-1-gffac773 ()
src/hw/rtm dwc8vml 2.0.0-9-93574e72 ()

src/hw/timing 2.0.3-1-g00790c7 ()

# clone repository Creating namespace ::fwfwk::src

i i Creating namespace ::fwfwk::src::bsp
glt clone glt@ . && cd R parsing vhdl configuration file /home/mbuechl/src/fpgafw/sis8300ku example design/src/

app_example/hdl/pkg bsp sis8300ku config 1.vhd into ::fwfwk::src::bsp::Config

Creating namespace ::fwfwk::src::bsp::fpga config manager

# clone all submodules repositories Creating namespace ::fwfwk::src::app

glt submodules update —-init --recursive e parsing vhdl configuration file ../hdl/pkg app config conf 2.vhd into ::fwfwk::src::ap
Creat;ng namespace ::fwfwk::src::app: :dgq_

# create virtual environment with tools EEZEES 22$2§S222 deiE 3;2 :§§ fﬁiﬁiﬁﬁcsm

make env Tree View of the Sources:

# source the Vivado environment e

source /opt/Xilinx/Vivado/2022.2/settings64.sh .

bsp
fpga config manager

# create project
CREATE ==

make Cfg=dW08vm1 project Creating ( sis8300ku_example design dwc8vml ) vivado project ...

in /home/mbuechl/src/fpgafw/sis8300ku example design/prj/sis8300ku example design dwc8
[IP Flow 19-234] Refreshing IP repositories

# build the project -> generate artifacts : [IP Flow 19-1704] No user IP repositories specified
. [IP Flow 19-2313] Loaded Vivado IP repository '/opt/Xilinx/Vivado/2022.2/data/ip'.
make Cfg:dw08vm’| build executing ::fwfwk::src::bsp::setPrjProperties
Setting FPGA Ordering Code: xcku040-ffvall56-1-c
FPGA Family: Kintex Ultrascale
# build documentation Number of logic cells: 40k
Package: ffvall56
make cfg=dwc8vm1 doc Speed Grade: -1
Temperature Grade: -C (Commercial)
1 1 1 == GEN/ADD ADDRESS SPACE ==
# L) tool it for deSlgn ana/ySIs/debug executing ::fwfwk::src:: ::rtm dwc8vml: :setAddressSpace
make Cfg=dwc;8vm1 QUI executing ::fwfwk::src::app::timing::setAddressSpace

executing ::fwfwk::src::app::daq::setAddressSpace

executing ::fwfwk::src::app::setAddressSpace

executing ::fwfwk::src::bsp::fpga config manager::setAddressSpace
executing ::fwfwk::src::bsp::setAddressSpace

executing ::fwfwk::src::setAddressSpace
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Example FWK execution

value to ECC_NONE.

: </home/mbuechl/src/fpgafw/sis8300ku example design/prj/sis8300ku example design dwc8vm
srcs/sources 1/bd/sis8300ku bsp system/sis8300ku bsp system.bd>

s8300ku example design dwc8vml.

[BD
[BD

5-699]
5-699]

[BD
[BD

[BD 5-699]
[BD 5-699]

\[o]
No

No
No

No
No

address
address

address
address

address
address

segments matched
segments matched

segments matched
segments matched

segments matched
segments matched

'get bd addr segs
'get bd addr segs

'get bd addr segs
'get bd addr segs

'get bd addr segs
'get bd addr segs

-of object
-of object

-of object
-of object

-of object
-of object

/ilmb _cntlr/SLMB/
/second ilmb cntl

/dlmb_cntlr/SLMB/|
/second_dlmb_cntl

/iomodule 0/SLMB/|
/iomodule 0/SLMB/

# clone repository
git clone git@ ... && cd repo

[xilinx.com:ip:smartconnect:1.0-1] sis8300ku bsp system axi interconnect dma 0:
5is8300ku bsp system axi interconnect dma 0 is in High-performance Mode.

INFO: [xilinx.com:ip:smartconnect:1.0-1] sis8300ku bsp system axi interconnect ddr 0:
51s8300ku bsp system axi interconnect ddr @ is in High-performance Mode.

INFO: [xilinx.com:ip:smartconnect:1.0-1] sis8300ku bsp system axi interconnect reg 0:
5158300ku bsp system axi interconnect reg 0 is in Low-Area Mode.

ARNING: [xilinx.com:ip:smartconnect:1.0-1] sis8300ku bsp system axi interconnect reg 0: IP si
ku bsp system axi interconnect reg 0 is configured in Low-area mode as all propagated traffic

-bandwidth (AXI4LITE). SI SO1 AXI has property HAS BURST == 1. WRAP bursts are not supported

-area mode and will result in DECERR if received.

ARNING: [xilinx.com:ip:smartconnect:1.0-1] sis8300ku bsp system axi interconnect reg 0: If WR
ansactions are required then turn off Low-area mode using ADVANCED PROPERTIES. Execute followi
et property CONFIG.ADVANCED PROPERTIES { experimental features {disable low area mode 1}} [
d cells /sis8300ku bsp system axi interconnect reg 0]
validate bd design: Time (s): cpu = 00:00:05 ; elapsed = 00:00:06
gain = 126.031 ; free physical = 38099 ; free virtual = 55187
INFO: [BD 41-1662] The design 'sis8300ku bsp system.bd' is already validated. Therefore paramel
ropagation will not be re-run.

[BD 41-2671] The dangling interface
file.

[BD 41-2671] The dangling interface
file.

[filemgmt 56-443] The ECC Algorithm
ECC_NONE.

[filemgmt 56-443] The ECC Algorithm
ECC_NONE.

: </home/mbuechl/src/fpgafw/sis8300ku example design/prj/sis8300ku example design dwc8vm|
s8300ku_example design dwc8vml.srcs/sources 1/bd/sis8300ku bsp system/sis8300ku bsp system.bd>|
VHDL Output written to : /home/mbuechl/src/fpgafw/sis8300ku example design/prj/sis8300ku examp|
sign dwcB8vml/sis8300ku example design dwc8vml.gen/sources 1/bd/sis8300ku bsp system/synth/sis§|

bsp system.vhd
VHDL Output written to : /home/mbuechl/src/fpgafw/sis8300ku example design/prj/sis8300ku examp
sign dwc8vml/sis8300ku example design dwc8vml.gen/sources 1/bd/sis8300ku bsp system/sim/sis830)
sp_system.vhd
VHDL Output written to : /home/mbuechl/src/fpgafw/sis8300ku example design/prj/sis8300ku examp
sign_dwc8vml/sis8300ku_example design dwc8vml.gen/sources 1/bd/sis8300ku_bsp system/hd1l/sis830)
sp_system wrapper.vhd

executing fwfwk:

# clone all submodules repositories
git submodules update --init --recursive

# create virtual environment with tools
make env

. . . Memory (MB): peak = 2452.5
# source the Vivado environment

source /opt/Xilinx/Vivado/2022.2/settings64.sh

net <m0O aw node M AXIS ARB> will not be written

# create project
make cfg=dwc8vm1 project

net <m0l aw node M AXIS ARB> will not be written
string is empty. Setting the Memory Map to defaul

) . ) string is empty. Setting the Memory Map to defaul
# build the project -> generate artifacts

make cfg=dwc8vm1 build

# build documentation
make cfg=dwc8vm1 doc

# open tool gui for design analysis/debug
make cfg=dwc8vm1 gui

:src::doOnCreate

Exiting tool...
INFO: [Common 17-206] Exiting Vivado at Wed Sep 4 17:10:11 2024...
~/src/fpgafw/sis8300ku example design
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Example FWK execution

mbuechl

mbuechl

mbuechl

. mbuechl

* GHDL as the simulator mbuechl
mbuechl

mbuechl

H buechl

* cocotb for writing the testbenches el
buechl

mbuechl

mbuechl

mbuechl

mbuechl

mbuechl

# create project
make cfg=fractional_divider_signed project

# run the simulation
make cfg=fractional_divider_signed sim

# open resulting waveforms in GTKWave
make cfg=fractional_divider_signed gui

[1]

DESY. | FWK - An Open Source FPGA Framework by DESY | Michael Biichler, Beijing 11.09.2024

mbuechl
mbuechl
mbuechl
mbuechl
mbuechl
mbuechl
mbuechl
mbuechl
mbuechl
mbuechl
mbuechl
mbuechl
mbuechl
mbuechl
mbuechl

-1 cfg

Sep
Sep
Sep
Sep
Sep

Sep

Sep
Sep
Sep
Sep
Sep
Sep

22 2022
22 2022
22 2022
22 2022
22 2022
18 2023
4 13:16
22 2022
18 2023
22 2022
22 2022
22 2022
22 2022
2 21:55
20 2023

ad56xx.cfg

ad79xx.cfg

cic.cfg

common_logic utils.cfg
default.cfg

divider restoring.cfg
fractional divider_ signed.cfg
fractional divider unsigned.cfg
1fsr.cfg

math iq.cfg

math_signed.cfg

math unsigned.cfg

math utils.cfg

trigger delay.cfg

xdma_irq handler.cfg
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https://gitlab.desy.de/fpgafw/projects/verif/verif_desy_vhdl

Example FWK execution

Verification example?

[0 fractional _divider_signed.cfy

[ErojectNamewverif desy vhdl
ProjectConfsractional divider signed
ProjectTcl=tcl/fractional divider signed.tcl

* GHDL as the simulator AddrType=nap

ToolType=cocotb

* cocotb for writing the testbenches

# create project
make cfg=fractional_divider_signed project

# run the simulation
make cfg=fractional_divider_signed sim

# open resulting waveforms in GTKWave
make cfg=fractional_divider_signed gui

The terminal rendering is missing some spaces, sorry!!

[1] https://gitlab.desy.de/fpgafw/projects/verif/verif_desy_vhdl
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https://gitlab.desy.de/fpgafw/projects/verif/verif_desy_vhdl

Example FWK execution

Verification example?

fractional divider_signed.tdl

* GHDL as the simulator

procinit {} {
ks

* cocotb for writing the testbenches

procsetSources {} {

variableSources

lappendSources ../src/desy vhdl/hdl/common/pkg common logic utils.vhd" "VHDL" "desy"}

lappendSources ../src/desy vhdl/hdl/math/pkg math utils.vhd" "VHDL" "desy"}

3 appendSou rces ../src/desy vhdl/hdl/math/pkg math unsigned.vhd" "VHDL" "desy"}

# create prOJec.t L . . lappendSources ../src/desy vhdl/hdl/math/comp/fractional divider unsigned.vh®WHDL" "desy'"}
make cfg=fractional_divider_signed project lappendSources ../src/desy vhdl/hdl/math/comp/fractional divider signed.vhd"'VHDL" "desy"}

# run the simulation

make cfg=fractional_divider_signed sim ngocsetAdd ressSpace

# open resulting waveforms in GTKWave
make cfg=fractional_divider_signed gui procdodnCreate {} {

variableSources
0 main tcl 0TS 16:3 40% mm

The terminal rendering is missing some spaces, sorry!!

[1] https://gitlab.desy.de/fpgafw/projects/verif/verif_desy_vhdl
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https://gitlab.desy.de/fpgafw/projects/verif/verif_desy_vhdl

Example FWK execution

Verification example?

fractional _divider signed. tdl

lappendSources ../src/desy vhdl/hdl/common/pkg common logic utils.vhd" "VHDL"

lappendSources ../src/desy vhdl/hdl/math/pkg math utils.vhd" "VHDL"

lappendSources ../src/desy vhdl/hdl/math/pkg math unsigned.vhd" "VHDL"

lappendSources ../src/desy vhdl/hdl/math/comp/fractional divider unsigned.vh®HDL"

) H E Ry g un u
GHDL as the S|mu|ator lappendSources ../src/desy vhdl/hdl/math/comp/fractional divider signed.vhd""VHDL

* cocotb for writing the testbenches procsetAddressSpace
}

procdoOnCreate {} {

variableéources
# create project
make cfg=fractional_divider_signed project

addSourcessources

set::fwfwk::src::Top desy.fractional divider signed
. . settb path [ filenormalize ../src/desy vhdl/sim/math/fractional divider/
# run the simulation tb_fractional divider signed.py] - -
make Cfg:fractiona|_divider_signed sim settb path d2 [ filenormalize ../src/desy vhdl/sim/math/fractional divider/
tb fractional divider signed d2.py]
lappend: : fwfwk: :src::SimTop "$tb pathG INPUT LENGTH 18 G OUTPUT LENGTH 18"
# open resulting waveforms in GTKWave lappend: : fwfwk: :src::SimTop "$tb path dZ INPUT LENGTH 18 G _OUTPUT LENGTH 18 G SEPARATE COMPARE

make cfg=fractional_divider_signed gui true”

0
[0 main tcl 0TS 32:54 80% |

The terminal rendering is missing some spaces, sorry!!

[1] https://gitlab.desy.de/fpgafw/projects/verif/verif_desy_vhdl
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Example FWK execution

== SIMULATE ==

> Running Makefile_tb_fractional_divider_signed

FILE: /home/mbuechl/src/fpgafw/verif desy vhdl/src/desy vhdl/sim/math/fractional divider/tb fr
onal divider signed.py
° . ) . : . . ) . :
GHDL as the Slmulator Tal;i[]rl]éalEnterlng directory '/home/mbuechl/src/fpgafw/verif desy vhdl/prj/verif desy vhdl fractional ¢
rm -f results.xml
° A "make" -f Makefile tb fractional divider signed results.xml
COCOtb fOI’ Wl’ltlng the testbenCheS make[2]: Entering directory '/home/mbuechl/src/fpgafw/verif desy vhdl/prj/verif desy vhdl fractional c
r signed'
mkdir -p sim build
/usr/local/bin/ghdl -i --std=93 --workdir=sim build --work=desy /home/mbuechl/src/fpgafw/verif desy vt
rc/desy vhdl/hdl/common/pkg common logic utils.vhd /home/mbuechl/src/fpgafw/verif desy vhdl/src/desy \
dl/math/pkg math utils.vhd /home/mbuechl/src/fpgafw/verif desy vhdl/src/desy vhdl/hdl/math/pkg _math ur
d.vhd /home/mbuechl/src/fpgafw/verif desy vhdl/src/desy vhdl/hdl/math/comp/fractional divider unsignec

##create;mmyect /home/mbuechl/src/fpgafw/verif desy vhdl/src/desy vhdl/hdl/math/comp/fractional divider signed.vhd &&
] . . . /usr/local/bin/ghdl -i --std=93 --workdir=sim build --work=work && \
make cfg=fractional_divider_signed project /usr/local/bin/ghdl -m --std=93 --workdir=sim build -Psim build --work=work desy.fractional divider sij
rm -f results.xml
. . MODULE=tb fractional divider signed TESTCASE= TOPLEVEL=desy.fractional divider signed TOPLEVEL LANG=vf
# run the simulation /usr/local/bin/ghdl -r --std=93 --time-resolution=ps --workdir=sim build -Psim build --work=work desy.
make Cfg:fractional_divider_signed sim tional divider signed --vpi=/home/mbuechl/src/fpgafw/verif desy vhdl/.venv/lib/python3.12/site-packagg

cotb/libs/libcocotbvpi ghdl.so -gG_INPUT LENGTH=18 -gG OUTPUT LENGTH=18 --wave=dump.ghw --vcd=dump.vc(
) ] loading VPI module '/home/mbuechl/src/fpgafw/verif desy vhdl/.venv/lib/python3.12/site-packages/cocotk
# open resulting waveforms in GTKWave /libcocotbvpi ghdl.so'
— : . . : -.--ns INFO gpi ..mbed/gpi embed.cpp:108 in set program name in ve
make Cfg fract|onal_d|V|der_S|gned 3 nv Using Python virtual environment interpreter at /home/mbuechl/src/fpgafw/verif desy vhdl/.venv/bi
n/python

The terminal rendering is missing some spaces, sorry!!

[1]
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https://gitlab.desy.de/fpgafw/projects/verif/verif_desy_vhdl

Example FWK execution

VPI module loaded!
0.00ns INFO cocotb Running on GHDL version 4.1.0 (4.1.0.r0.g7188e92cf)
[Dunoon edition]
0.00ns INFO cocotb Running tests with cocotb v1.9.1 from /home/mbuechl
/src/fpgafw/verif desy vhdl/.venv/lib/python3.12/site-packages/cocotb
0.00ns INFO cocotb Seeding Python random module with 1725459228

° . . . X

GHDL as the Slmulator ?igggiriﬂFgeggggzg.regressmn pytest not found, install it to enable better Asser
0.00ns INFO cocotb.regression Found test tb fractional divider signed.test value_
oy e over value

¢ COCOtb fOI’ Wl’ltlng the testbenCheS 0.00ns INFO cocotb.regression test value over value (1/1)

Test vall / val2

230120.00ns INFO cocotb.regression test value over value
23012000ns INFO COCOtb.regreSSion 3k 5k 3k >k >k 3k 3k 3k 3k 3k Sk 5k 5k 5k 3k >k >k 3k 3k 3k 3k Sk ok ok ok 3k >k >k 3k 3k 3k Sk ok ok ok ok >k >k >k >k >k sk kok ok sk sk k >k k k

ok sk ok ok ok ok ok ok 3k oK ok ok 3 oK ok ok ok oK ok K ok oK ok K ok K ok ok K ok K ok ok K ok ok 3k oK ok ok koK ok ok ok ok ok

EARIEST
STATUS SIM TIME (ns) REAL TIME (s) RATIO (ns/s) **

sk 3k sk >k ok 3k sk ok ok sk ok ok ok 3k 3 ok ok sk 3k ok ok ok 3k ok ok ok 3k ok ok ok sk K ok ok ok 3 ok ok ok 3k ok ok sk 3k ok ok ok 3k ok ok ok
ok 3k sk ok ok 3k ok ok ok sk ok ok ok sk ok ok ok 3k ok ok ok 3k ok ok ok 3k ok ok ok ok ok ok ok 3k ok ok ok 3k ok ok ok 3k ok ok ok sk ok ok ok sk ok ok ok ok K

# create project

make cfg=fractional_divider_signed project ** tb fractional divider signed.test value over val
ue 230120.00 2.64 87074.19 **
) ) sk ok o ok o ok ok o ok o ok o ok ok sk ok o ok ok ok sk ok o ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok o ok ok ok sk ok
# run the simulation ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok ok ok ok 3k ok ok ok ok ok ok K ok ok ok K ok ok ok ok ok ok sk ok ok ok ok 3k ok ok K ok ok ok ok
make cfg=fractional_divider_signed sim ** TESTS=1 PASS=1 FAIL=0 SKIP=0

230120.00 2.69 85473.80 **

>k >k >k >k 5k 5k 5k >k 5k 5k >k >k >k 5k 5k %k %k 5K 5K 5k %k K 5Kk 5K 5k 5k 5K 5k 5K 5k >k 5k 5k 5k %k >k 5k 5k %k >k >k 5k 5k %k >k ok 5k ok k ok ok

make cfg=fractional_divider_signed gui

Leaving directory '/home/mbuechl/src/fpgafw/verif desy vhdl/prj/verif desy vhdl fractional di

The terminal rendering is missing some spaces, sorry!!

[1]
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Example FWK execution

Verification example?

GTKWave - prj/verif desy vhdl fractional _divider signed/dump.ghw
Marker: B+10 ps | Base: 0 sec

= % & § ke = & =» From]0sec |T0:‘399930 ps

w 55T Signals |Waves

w il top Time

* GHDL as the simulator - rE—— reg_vid=0

sig comparison=s| ES

b ‘G ins_divider_unsigned sig diff[19:0]=0( [l T

* cocotb for writing the testbenches e U divider stb=0
_quotient_abs 1 divider vlid=0

B reg_denominator_abs)| 1 _quotient abs[16:8] =0
1 _saturated=s
pi clk=1
|_divider vid pi denominator[17:8] =3

| saturated pi numerator[17:0] =6 1F9C3  |3BFBE_ |3BAF6  JB242E  J221A3 35048 B

# create project |divider stb Ei_;iz j
make cfg=fractional_divider_signed project s -
9 - -S9 proj reg_vid po_gquotient[17:0]=u 2 76345 723 19

_ . reg_sign po rdy=1

# run the simulation reg_saturated po_saturated=s
make cfg=fractional_divider_signed sim reg_fractional_divider_stt po_vld=6 .

reg_denominator_abs ext[18:8] =u
. . reg fractional divider stt=s
# open resulting waveforms in GTKWave po_vid reg numerator abs ext[18:0] =u
make cfg=fractional_divider_signed gui po_rdy reg_quotient[17:0] =u
ni_sth reg saturated =s| EEEERS

reg_sign=u
|Q reg vid=e

po_saturated

Append Insert Replace |||, . ey

[1]
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Firmware Framework Structure

Overview of a project

Common libaries

sources

2N

'

DSP module A
sources
module.tcl
DSP module B
sources
module.fcl

Modular code base:

DESY. | FWK - An Open Source FPGA Framework by DESY | Michael Biichler, Beijing 11.09.2024

BSP module

sources

module.tcl

sources

App module

module.tcl

Split between board support package (BSP) and
payload (your application)

Can be managed as Git submodules

project.tcl

default.cfg

b\

Makefile

Tcl scripts

¥ /N

DesyRDL

—

Jinja2

——

create
project
\ 4

build or
simulate

\ 4

output
products

Vivado

[ ISE /PlanAhead |

GHDL

Vitis

Vitis HLS

Libero

ModelSim

VHDL LS

cocotb
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Firmware Framework Structure

Overview of a project

Version Tracking:

* Use Git to track the whole project, including fwk

and DesyRDL

* The Git status can be baked into the firmware

DESY. | FWK - An Open Source FPGA Framework by DESY | Michael Biichler, Beijing 11.09.2024

Common libaries

sources

'

DSP module

» A

sources

module.tcl

DSP module

sources

module.tcl

BSP module
moduls fol project.tcl
default.cfg
App module
sources
module.tcl Makefile
Tcl scripts

v/

DesyRDL

\

Jinja2

———

create
project
\ 4

build or
simulate

\ 4

output
products

Vivado

[ ISE /PlanAhead |

GHDL

Vitis

Vitis HLS

Libero

ModelSim

VHDL LS

cocotb
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Address Space Construction

A common problem in FPGA world

CPU

" FWKcollects all the address space components +High Level

* Constructs an address space tree within Tcl Application
. y I I I e T, T =
* Uses DesyRDL to generate address space artifacts: SystemRDLx | Board Support v 5
HDL implementation, documentation, software files p Package 8 | PCle i
' <= i
<= |
*  Various formats supported: SystemRDL (preferred), ~[SYStemRDLwl S |
IP-XACT, "IBUS" (proprietar % — Application | | & Eth [« |f
(prop Y) VHDL PKG|v| = i
* Generates address maps for each access channel ) e - Module 1 f
(separate trees or multi master mode), e.g.: [P-XACT M| ' (g;g,[) _____ |

| - Module 2
PCle FPGA

Embedded Linux (e.g. on an ARM CPU) )
Address Map Construction
Embedded bare metal application

Ethernet
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Example SystemRDL registers

20 reg{
SYSte m R D L 21  desc = "Bytes to write from buffer.";

22 default sw = rw;

23 default hw =r;

24 field {} data[15:0] ;

25 }BYTES_TO_WRITE @0x200c ;

. . . . 26
SystemRDL 2.0 is a register description language that can 27 reg{
: ; ; 28 desc = "Bytes to read from buffer.";
fully describe an address map (registers, memory regions) B e e

30 default hw =r;
31 field {} data[15:0];

Why SystemRDL? acce//era 32 }BYTES_TO READ @0x2010;

33
34 reg{
* Open standard, released by accellera SYSTEMS INITIATIVE 35  desc = "Control register for handshaking.”;

36 default sw =rw;
37 defaulthw=r;
38  default swmod;
39 field {} data[7:0];

* Open source compiler in Python by @amykyta3 *2

—  Written in Python 40} CONTROL[4];
- Perfect fit for a custom generator systemrdi-compiler
- Well documented > PTB """""""""""""""
Model Compile
v Your Custom
. View Generator :
Elaborate : '
[1] https://github.com/SystemRDL/systemrdl-compiler +
[2] https://systemrdl-compiler.readthedocs.io/en/stable/ SystemRDL 2.0 Earatic Chatke Hierarchical
Input Register Model

SystemRDL and Accellera are trademarks of Accellera
Systems Initiative Inc. https://accellera.org/trademarks

SystemRDL compiler flow
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DesyRDL

Tool for address space and register generation Generation of artifacts by DesyRDL tool.

An address space generation backend, -

and a key components of the whole firmware framework. generate | VHDL
SystemRDL files

Documentation

* Written in Python

* Uses systemrdl-compiler run |
* Open Source /. Header files

ChimeraTK

Available on pypi.org

FWK collects and/or generates SystemRDL files.
DesyRDL generates address space artifacts:

* VHDL for each module/IP with configurable interfaces:

AXI4 Lite, IBUS(proprietary), Wishbone (planned)
* Documentation in a form of markup files (AsciiDoc) with list of registers
* ChimeraTK “mapfiles” O EEE
* Verification register models (currently for cocotb only)

desyrdl 1.2.2

pip install desyrdl (@
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roc init {} {

Integration example variable Config

variable ConfigFile

addSrcModule example_desyrdl ${::fwfwk::SrcPath}/example_desyrdl/tcl/main.tcl
addSrcModule timing ${::fwfwk::SrcPath}/timing/tcl/main.tcl
addSrcModule dag ${::fwfwk::SrcPath}/dag/tcl/main.tcl

set ConfigFile ../hdl/pkg_app_config.vhd

Steps involved: parseVhdlConfigFile Config $ConfigFile

° . # set modules ConfTig
Add further modules (dependencies) | Rt
) ) set timing::ConTig(C_EXT_TRG)
* Set configuration constants }
proc setSources {} {

* (ollect source files (VHDL, XDC) variable Sources

variable Config
variable ConfigFile

lappend Sources [list $ConfigFile
lappend Sources {
lappend Sources {

if { == $Config(DEVICE) } {
lappend Sources {

} else {
lappend Sources {

}

This is a simplified version of what the DAMC-FMC1Z7I0 example design
provides.

See:
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roc setAddressSpace {} {

I nteg ratio n exa m p I e variable AddressSpace

variable AddressSpaceDAQ

addAddressSpace AddressSpace RDL {} ../rdl/app_example.rdl
addAddressSpace AddressSpace INST {} example_desyrdl::AddressSpace
addAddressSpace AddressSpace INST {} timing::AddressSpace
addAddressSpace AddressSpace INST {} dag::AddressSpace
Steps involved: addAddressSpace AddressSpaceDAQ ROL {} ../rdl/app_daq.rdl
: addAddressSpace ::Twfwk::AddressSpace INST {CO 8M AddressSpace
* Add further modules (dependencies) : : { } :
addAddressSpace ::fwfwk::AddressSpace INST {C13 8M} AddressSpace
° Set Conﬂguration Constants addAddressSpace ::fwfwk::AddressSpace INST {C13 64M} AddressSpaceDAQ

addAddressSpace ::fwfwk::AddressSpace INST {C8 8M} AddressSpace

* C(ollect source files (VHDL, XDC) }

proc doOnCreate {} {
addSources

* Declare address space components §

. . proc doOnBuild {} {
* Add source files to the Project }

proc setSim {} {
}

This is a simplified version of what the DAMC-FMC1Z7I0 example design
provides.

See:
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[

o c u m e n t a t I o n Address Space : lif_scav_sel X +
« (¢ O 300/doc/htmilirf_scav_sel/addressmap_sis8300l/addressmap.html B so% 1%
lirf_scav_sel_sis8300I 0.0.0-20-g07047¢c24

Board s ackage for

Docs-as-code
Documentation is kept together with the source code in one repository

* Use markup language and the same development flow
* Update source code - update documentation

_ iProject A <im g
FWK collects all documentation components. B v G
: — doc
Automated export from repository to HTML, PDF, ... . g
S5 desyrdl S _

Asciidoc: main documentation language
A powerful text markup language, =
more advanced than markdown T
and less complex than LaTeX.

asciidoctor

Tools:
* Antora as a framework for static websites (also PDF)

* Asciidoctor tools for HTML, DocBook, manual pages, PDF, EPUB

Page 27
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Towards Open Source WEPGF074

Initial version developed in 2013 for EUXFEL and MTCA .4 - presented on ICALEPCS 2015

Why open source:

* Increase and simplify collaboration with different facilities/universities/companies
* Get constructive feedback from the community and improve our solutions.

Challenges:

* Where and how to publish? -> gitlab.desy.de
*  Which licensee to pick? -> FWK License: Apache 2.0
* How to release HDL code? -> code cleanup and restructure, license: CERN-OHL-W-2.0

MO4A003

Published on DESY GitLab in 2022, presented on ICALEPS 2023

Repository: hitps://gitlab.desy.de/fpgafw/fwk

Documentation: https://fpgafw.pages.desy.de/docs-pub/fwk/index.htm|

(still as a partial mirror of internal repository and documentation site - plans to migrate all to gitlab.desy.ae)
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Results and Conclusions

Successfully used in MSK group at DESY over 10 years: FWK showed significant enhancements in:
(also in various other groups and institutes) e Collaboration

* Team of 3to 7 members * Code quality

* ~40 projects * Reproducibility

15+ distinct hardware boards * Change traceability

* Contributions of ~50 developers to the code base

FWK significantly reduces development time and improves maintainability, but it
requires an initial learning curve and ongoing maintenance commitment, which
should be carefully considered when implementing the FWK.
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Thank you.

Contact
Deutsches Elektronen- Michael Bluchler
Synchrotron DESY MSK group

michael.buechler@desy.de
www.desy.de
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