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Firmware Framework
Challenges in FPGA Firmware Development at DESY

● FPGA firmware team at DESY MSK (accelerator
beam controls) group

● FLASH and European XFEL facilities, upcoming
PETRA IV, and many more

● Various firmware projects:

– Low-Level RF (LLRF)

– Beam Arrival Monitor (BAM)

– Bunch Compression Monitors (BCM)

– Laser-based Synchronisation

– …

● Mostly on µTCA.4 hardware

EuXFEL LLRF controller example on MTCA.4

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

● Long-term support of installations
● Change of hardware and developer tools over

the years
● Many projects, small team size

Same FPGA board – different application

SIS8300L2

DWC10

DWC8VM1

Same FPGA board – same application
Different use case

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

● LLRF field detection

● Laser lock controller

● Single Cavity GDR controller

● Single Cavity SEL controller

● Bunch Compression Monitors

SIS8300L2DWC8VM1 SIS8900

Single Cavity Controller

→ 10 different configurations
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“click-click”

Firmware Framework
Basic firmware development with AMD/Xilinx Vivado

→ Deploy

→ Store project on a network drive



DESY. Page 5| FWK - An Open Source FPGA Framework by DESY | Michael Büchler, Beijing 11.09.2024 Image by youtube user ”Retzyn”



DESY. Page 6| FWK - An Open Source FPGA Framework by DESY | Michael Büchler, Beijing 11.09.2024

“click-click”

Problems
+ Tool versions
+ Code copy & paste between projects
+ Pre-generated or hand-written control and

status registers (CSRs)
+ ...

Firmware Framework
New Vivado version, new developer, new requirements
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A Better Solution
Overview of goals
• Allow full automation on a build server → CI

→ 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

Benefits
+ Long-term maintainability
+ Improved collaborative development
+ Simplified management of multiple projects
+ Reproducible results

History

• Started in 2013 (monolithic code base, still SVN)

• Released under the Apache 2.0 license in 2022

Drawbacks

– Initial learning effort

– Potentially limited flexibility

– Burden of developing & maintaining the
framework

Page 7
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FPGA Firmware Framework (FWK)
Key aspects

Tcl scripts Modular
Codebase

DesyRDL

Tcl namespaces
in ::fwfwk::src::

Hierarchical
Address Space

Packaged IP

fwk

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

Collect Sources Create Project Build or
Simulate

Three simple steps to keep in mind:
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Example FWK execution
Unified execution flow

# 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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Example FWK execution
Verification example 1

• GHDL as the simulator

• 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

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

https://gitlab.desy.de/fpgafw/projects/verif/verif_desy_vhdl
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BSP module

App module

Common libaries

DSP module A

DSP module B

sources

sources
module.tcl

sources
module.tcl

sources
module.tcl

sources
module.tcl

project.tcl

fwk

default.cfg

Makefile

Tcl scripts

Jinja2

DesyRDL

Vivado

ISE / PlanAhead

GHDL

Vitis

Vitis HLS

Libero

ModelSim

VHDL LS

cocotb

build or
simulate

create
project

output
products

...

Firmware Framework Structure
Overview of a project

Modular code base:
● Split between board support package (BSP) and

payload (your application)
● Can be managed as Git submodules
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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
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Address Space Construction
A common problem in FPGA world

• FWK collects all the address space components

• Constructs an address space tree within Tcl

• Uses DesyRDL to generate address space artifacts:
HDL implementation, documentation, software files

• Various formats supported: SystemRDL (preferred),
IP-XACT, “IBUS” (proprietary)

• Generates address maps for each access channel
(separate trees or multi master mode), e.g.:

• PCIe

• Embedded Linux (e.g. on an ARM CPU)

• Embedded bare metal application

• Ethernet

Address Map Construction

Page 22



DESY. Page 23| FWK - An Open Source FPGA Framework by DESY | Michael Büchler, Beijing 11.09.2024

SystemRDL
Define register mapping in a standardized way

SystemRDL 2.0 is a register description language that can 
fully describe an address map (registers, memory regions)

Why SystemRDL?

● Open standard, released by accellera

● Open source compiler in Python by @amykyta3 1,2

– Written in Python

– Perfect fit for a custom generator

– Well documented

20  reg {
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 
27  reg {
28  desc = "Bytes to read from buffer.";
29  default sw = rw;
30  default hw = r;
31  field {} data[15:0];
32  } BYTES_TO_READ @0x2010;
33 
34  reg {
35  desc = "Control register for handshaking.";
36  default sw = rw;
37  default hw = r;
38  default swmod;
39  field {} data[7:0];
40  } CONTROL[4];

Example SystemRDL registers

[1] https://github.com/SystemRDL/systemrdl-compiler
[2] https://systemrdl-compiler.readthedocs.io/en/stable/

SystemRDL compiler flow 
(image by @amykyta3) 

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

https://github.com/SystemRDL/systemrdl-compiler
https://systemrdl-compiler.readthedocs.io/en/stable/
https://accellera.org/trademarks
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DesyRDL
Tool for address space and register generation Generation of artifacts by DesyRDL tool.

Available on pypi.org

An address space generation backend,
and a key components of the whole firmware framework.

● Written in Python
● Uses systemrdl-compiler
● Open Source

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”
● Verification register models (currently for cocotb only)
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Integration example
One application’s main.tcl file

This is a simplified version of what the DAMC-FMC1Z7IO example design 
provides.

See: 
https://gitlab.desy.de/fpgafw/projects/example/damc_fmc1z7io_example_design/

Steps involved:
● Add further modules (dependencies)
● Set configuration constants
● Collect source files (VHDL, XDC)

https://gitlab.desy.de/fpgafw/projects/example/damc_fmc1z7io_example_design/
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Integration example
One application’s main.tcl file

This is a simplified version of what the DAMC-FMC1Z7IO example design 
provides.

See: 
https://gitlab.desy.de/fpgafw/projects/example/damc_fmc1z7io_example_design/

Steps involved:
● Add further modules (dependencies)
● Set configuration constants
● Collect source files (VHDL, XDC)

● Declare address space components
● Add source files to the Project

https://gitlab.desy.de/fpgafw/projects/example/damc_fmc1z7io_example_design/
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Documentation
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

FWK collects all documentation components.

Automated export from repository to HTML, PDF, ...

Asciidoc: main documentation language

A powerful text markup language,

more advanced than markdown 

and less complex than LaTeX.

Tools:
● Antora as a framework for static websites (also PDF)
● Asciidoctor tools for HTML, DocBook, manual pages, PDF, EPUB
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Towards Open Source
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

Published on DESY GitLab in 2022, presented on ICALEPS 2023

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

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

(still as a partial mirror of internal repository and documentation site – plans to migrate all to gitlab.desy.de) 

WEPGF074

MO4AO03

https://gitlab.desy.de/fpgafw/fwk
https://fpgafw.pages.desy.de/docs-pub/fwk/index.html
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Results and Conclusions

Successfully used in MSK group at DESY over 10 years:
(also in various other groups and institutes)

● Team of 3 to 7 members
● ~40 projects
● 15+ distinct hardware boards
● Contributions of ~50 developers to the code base

FWK showed significant enhancements in:
● Collaboration
● Code quality
● Reproducibility
● Change traceability

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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Deutsches Elektronen-
Synchrotron DESY
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MSK group
michael.buechler@desy.de

Thank you .
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