NEORV32 RISC-V on Digilent Basys3

This tutorial will guide you through implementing the RISC-V “neorv32” processor on the Digilent Basys3 FPGA board.
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You can find additional information for the NEORV-32 microarchitecture in the following links

o fil [Datasheet] The NEORV32 RISC-V Processor
e &l [User Guide] The NEORV32 RISC-V Processor
e ) https://github.com/stnolting/neorv32/tree/v1.11.0 Can't find link
e On eClass - Tunpa NAnpoeoplkic | Embedded Systems | Eyypaga

Hardware implementation ¢

0 Follow step 1 only if you are not using the provided VM

1. Download and unzip in a folder called neorv32

1 https://github.com/stnolting/neorv32/archive/refs/tags/v1.11.0.zip
Beautiful, we now have the source code for NEORV-32. Let’s open Vivado to implement the processor

2. Open Vivado

For Linux

cd

cd wsp

mkdir -p vivado projects

cd vivado projects

source /opt/Xilinx/Vivado/2016.4/settings64.sh
vivado &

o U~ W N

In MS Windows and the provided VM you open vivado by clinking the Vivado shortcut

3. Create a new project. Click from the Vivado menu File - New project and click on the next button


https://stnolting.github.io/neorv32/
https://stnolting.github.io/neorv32/
https://stnolting.github.io/neorv32/ug/
https://stnolting.github.io/neorv32/ug/
https://github.com/stnolting/neorv32/tree/v1.11.0
https://github.com/stnolting/neorv32/tree/v1.11.0
https://thales.cs.unipi.gr/modules/document/index.php?course=CDS105&openDir=/61e12291p9dq/63dba13bW9dy

New Project

Create a New Vivado

VIVADQ!  Prolect

HLx Editions This wizard will guide you through the
creation of a new project.

To create a Vivado project you will

o need to provide a name and a
i‘ XI LINX location for your project files, Next,
AL PROGRAMMAS! you will specify the type of flow you'll

I | Hewt = | cancel

* Type neorv32 as the project name

New Project

Project Hame

Enter a name for your project and specify a directory where the project
data files will be stored.

Project name:  [neorv3z]

Project location: |!h0meffretanspNivado_projects

¥ Create project subdirectory

Project will be created at: shomefretztwspivivado_projects/ineorv3z

| ? ‘ - Back ” Ment = | Cancel

o Choose the RTL project

A\ BE CAREFUL - Unselect the do not specify sources at this time

New Project

Project Type
Specify the type of project to create. '

@ RTL Project
You will be able to add sources, create block designs in IP Integrator, generate IP,
run RTL analysis, synthesis, implementation, design planning and analysis,

[J Do net specify sources at this time

() Post-synthesis Project: You will be able to add sources, view device resources, run
design analysis, planning and implementation.

| ? - Back ” Next = | Cancel

o Choose as target language VHDL and click on the Add Directories button to add the VHDL source code of the
NEORV-32

o Choose the Directory - neorv32/rtl/core/



Add Source Directories

Recent: | | fhome/ffretziwspivivado_projects V| 2H0=T 8 £ XD EBEH

Directory: |fhomef‘fretz}Wspfneor\.r32.u’rtlfcore

5 J cdrom
o [ dev
o U,J etc
8- J home
& fretz
@ Ilj Desktop
Il,J Docurnents
) Downloads
J snap
Jwsp
& neorvaz
@ [LJ docs
@ rtl
& J [core
& ) mem
(] processor_templates
) system_integration
@ U,J test_setups
@ sim
@ [ sw
o ) old
@ [J vivado_projects
L neorvaz

(-]

l Select H Cancel ‘

e Click on the Add Files button to add one more source code. Choose
neorv32/rtl/test setups/neorv32 test setup bootloader.vhd and click on the OK button

Add Source Files

Look in: |U,Jtest_setups E“ 5 AR AWUNE W)

vl neorv32_test_setup_approm.vhd Recent Directaries
“fl neor32_test_setup_bootloader.vhd
vA neorv32_test_setup_on_chip_debugger.vhd

1 fhomefretziwsp/neon32/rtlitest setups

File Presview

Fila narme: [neorvaz_test_setup_approm.vhd

Files of type: ‘Design Source Files (whd, vhdl, whf, vhdp, vho, v i, verileg, vr. vg, vh, tf, vlog, vp, vm, veo, vh, h, svh, vh

0K ‘ Cancel

o Tick the Scan and add RTL include files into the project, and finally click on the NEXT button



New Project
Add Sources

Specify HOL and netlist files, or directories containing HDL and netlist files, to add ‘
to your project. Create a new source file on disk and add it to your project. You can

Index |

Name |
core

Library |

HOL Source For |
xil_defaultlib Synthesis & Simulation = fhor
neorvd2_test_setup_bootloaderwvhd xil_defaultlib Synthesis & Simulation ~ jhor

] ]
Add Files ] | Add Directories ] | Create File

K [Scan and add RTL include files into project
[ Copy sources into project

¥ Add sources from subdirectories

Simulator language:

-

Target language: |VHDL

| ?

| = Back ||I MNext = ,“ Einish H Cancel

» Click next on the Add Existing IP (optional)

New Project
Add Existing IP {optional}

Specify existing configurable IP, DSP composite, and Embedded sub-design files to
add to your project.

/

+

Use Add Files or Add Directories buttons below

Add Files ] | Add Directories

O cCopy sources into project

| ?

| = Back “ Mt = ]| Finish H Cancel ]

o Download Basys XDC file from €) Basys-3-Master.xdc into neorv32\rti\test_setups
o Click on the Add Files on the Add Constraints window and Press Next

¢ Add Sources
Add or Create Constraints

Spedfy or create constraint files for physical and timing constraint to add to your project.

Spedify constraint set: | & constrs_1 (active) -
=, Constraint File Location
HY Basys-3-Master.xdc C:wspineary32yt\test_setups

Add Files Create File

(] Copy constraints files into project

< Back

Finish

o Click on Boards and choose the Basys


https://github.com/Digilent/digilent-xdc/blob/master/Basys-3-Master.xdc
https://github.com/Digilent/digilent-xdc/blob/master/Basys-3-Master.xdc

¢  MNew Project

Default Part
Choose a default Xilinx part or board for your project. This can be changed later, '

Select: @ Parts | Boards
4 Filter/ Preview

Vendor: Al -

| -

Display Mame: | Al
Board Rey: Latest -

Reset Al Filters

Search: ~

) ) ’ ) Block
Display Name Vendar Board Rev Part IfO Pin Count  File Version RAMs
B Arty A7-100 digilentinc.com E.0 8 xc7a100tcsg324-1 324 1.1 135
B arty A7-35 digilentinc.com E.O i xc7a35ticsg324-1L 324 1.1 50
& Arty 27-10 digilentinc.com A.0 % xc72010cg400-1 400 11 &0
B Arty 27-20 digilentinc.com A.0 & xc72020dg400-1 400 1.1 140
B Aty digilentine.com C.0 3 wc7a35ticsg324-1L 324 1.1 50

xC7a35lcpg2se-t

B Cmod A7-15t digilentinc.com B.O % xc7a15tcpg236-1 236 1.2 25
B Cmod A7-35t digilentinc.com B.0 @ xc7a35tcpg236-1 236 1.2 50
B cora Z7-075 digilentinc.com B.0 8 xc72007sdg400-1 400 11 50
& cora Z7-10 digilentinc.com B.0 8 xc7z010dg400-1 400 1.1 &0
@ Edypse 27 digilentinc.com B.0 i xc72020dg484-1 484 1.1 140
& Mexys A7-100T digilentinc.com D.0 % xc72100tcsg324-1 324 1.3 135
B havwe AT-GAT Aimilantine Fam DN B wrTaCMbrea?74-11 274 12 TE

Cancel

T
&

? < Back

» Finally, click on the Finish button
New Project

New Project Summary

VIVADO'!

HLx Editions (@ A new RTL project named 'neorva2’ will be created.
1 source file will be added.
@1 source directory will be added.
A No Configurable IP files will be added. Use Add Sources to add them later.
1 constraints file will be added.

(@ The default part and product family for the new project:
Default Board: Zybo Z7-10
Default Part: #xc7z010clg400-1
Product: Zyng-7000
Farnily: Zyng-7000
Fackage: clgd00
Speed Grade: -1

& XILINX

ALL PROGRAMMABLE. To create the project, click Finish

‘ 7 | = Back H Mext = H Kirish ]l Cancel

« Select the Project Settings under the Project Manager
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Layout View Help

L Project Summary

o @ m et B[E
Messages: O 6 wamings

Project Settings

pfvivado_projects/nearvaz/neory3z.xpr] - Vivado 2016.4

Project name: neorvi2
o> Design Sources
@4 neorvaz_test_setup_ bw“u“, neorvaz tes Project location: fhomeffretziwsphtvado_prajectsineonal
7 Language Templstes | @ nean32_dmem - neona2_dmem Product famiy: 2yng-7000

ol X $ b 0@ XK TG [Eoemutaypou LE N Ready
Flow Havigator 2«  Project Manager neonaz 7 %
aXs Sources 200 % 1 L = NE I

£ 1P Catslog L g;;e‘?:vizs imem - nearv32_jmem_ril (r Project part: 1
- Pt & Simulation Sources Top module name:
Target language: |
% create Black esan rget languag
Smalator longuage:  wad
® Generate Block Desig E‘;ﬂ - Bl Board Part
jerarchy Lbraries Compils Ordar
o Gimisiion <hy i Oisplay niame: 2yhe 2710

Source Fla Properties Goard part nama:  diglenting comaybo7-1 0:pantd: 1.1
+ >k o
@ neenaz_boatlsader_image.shd URL:

@ Simulation Settings
@ Run Simutation

015,  fles

hitps:fidighent comfraferanceiprogrammabla-dagic/boslistan

- RIL Anakysis Bosrdovaniew:  Zybe 2710

@ Elaboration Settings [ Em) Grrt o 7

& Gpen Elsborsted Design | || L0c#tion: Momeffretzwsphivado_projactsmecnaa. || SYMthesls LLsilil il

Type: =] Status: Mot started Status, Wt started

« symtnesis Massages:  Noerrars or wamings Mssages: Ho arrors or warnings

@ synthesis Settings ) iy i i If eoe ve720106lga00.1 part: 720106194001

$ fun Synthesls Ganeral Properties strategy: vivado Synthesis Defaults strategy: lementation Defaults =

WY oren symthesiad Deskgn {Fareres 1-oex
o mplementation %[ | INFO: ITF Flov 10-17041 Mo user 1P repositories specafied =

INFO: [TFFlow 19-2313] Loaded Vivado IP repository */opt/Xilink/Vivados2016. 4/data ip

set_property board_part digilentinc.con: zybo-27- 10:parte: 1.1 feurrant_profect)

set_property target_language VHOL [current_project]

add_files -scan_for_includes {/home/freta/Vep/neorvaR/ il core Mosa/Arata vip/mear a2/l /test setimeinea v test_Setus_baotloader.vhid
inport_files -

10, Thilengat 20.346] Inporting the sgpropriate files for fileset:

@ Implementation Settings.
B Run implementation

sources_L

4 Program and Debug a import_files -fileset constrs_l -force -norecurse /home/fretzsvep/Downloads/digilent-xde-nastar/Zybo-27-Master . xde
@ Bitstream Settings ~ set_property default_lib neorv32 [current_project]
%) Generate Bitstream
ud O Manager { - = D
& Tel Console  © Messages Gllog 2 Reports 3 DesignRuns

Configure synthests, simulation, and

 Rename the Default library xil defaultlib with neorv32 and choose as top module name the

neorv32 test setup bootloader . Close the Project Settings by pressing the Apply and OK buttons

ject Settings *
1 m Name: neorv32 [
General 1
3 = Project device: [ Basys3 (xc7a35tcpg23s-1) - H
E @m 1]
Target language: VHDL -
H
| Simulation
? Default library: neorv32 i
\'@ Top module name: | neorv32_cpu D I
Elaboration
i % 4 Select Top Module X | !

=Verilog 2001

Synthesis Select a top module from the list. ‘
1 |] b . 1,000 & [
Implementation neory32_xbus | ! - I
Fo
o0
000t neorv32_neoled
Bitstream neorv32_debug_auth
= neorv32_bus_switch
=} neorv32_bus_gateway
P neorv32_xip
= neare? o
Cancel
? Cancel Apply

» Open the XDC file of the board to connect the NEORV32 ports to the appropriate pins of the FPGA.

» You should modify the following pins.

## This file is a general .xdc for the Basys3 rev B board

## To use it in a project:

## - uncomment the lines corresponding to used pins

## - rename the used ports (in each line, after get ports) according to the top level signal names in the
project

# Clock signal

set property -dict { PACKAGE PIN W5
create clock -add -name sys clk pin
## Switches

set property -dict { PACKAGE PIN R2

A W N =

IOSTANDARD LVCMOS33 } [get ports clk i]
-period 10.00 -waveform {0 5} [get ports clk i]

© 0 N o wu

IOSTANDARD LVCMOS33 } [get ports {rstn i}]



10 ## LEDs

11 set property -dict { PACKAGE PIN Ul6  IOSTANDARD LVCM0S33
PACKAGE PIN E19  IOSTANDARD LVCMOS33 [get ports {gpio o[1]}]
13 set property -dict PACKAGE_PIN U19 IOSTANDARD LVCM0S33 [get ports {gpio o[2]}]

{ } [get_ports {gpio_o[6]}]
{ }
{ }
14 set property -dict { PACKAGE PIN V19 IOSTANDARD LVCMOS33 } [get ports {gpio 0[3]}]
{ }
{ }
{ }
{ }

12 set property -dict

15 set property -dict { PACKAGE PIN W18  IOSTANDARD LVCMOS33 } [get ports {gpio o[4]}]
PACKAGE PIN U15  IOSTANDARD LVCMOS33 } [get ports {gpio o[5]}]
PACKAGE PIN U14 TIOSTANDARD LVCMO0S33

PACKAGE_PIN V14 IOSTANDARD LVCMOS33

16 set property -dict
17 set property -dict [get ports {gpio 0o[6]}]
18 set property -dict
19 #USB-RS232 Interface
20 set property -dict { PACKAGE_PIN B18  IOSTANDARD LVCMOS33 } [get ports get ports uart0® rxd i]
21 set property -dict { PACKAGE PIN A18  IOSTANDARD LVCMO0S33 } [get ports uart® txd o]

22 ## Configuration options, can be used for all designs

23 set property CONFIG VOLTAGE 3.3 [current design]

24 set property CFGBVS VCCO [current design]

25 ## SPI configuration mode options for QSPI boot, can be used for all designs

26 set property BITSTREAM.GENERAL.COMPRESS TRUE [current design]

27 set property BITSTREAM.CONFIG.CONFIGRATE 33 [current design]

28 set property CONFIG MODE SPIx4 [current design]

[get ports {gpio o[7]}]

Attention: The reset pin of the processor is connected to SW[15]. The reset pin is global reset, low-active, async, so the
SWI[15] should be on the ON position.

* Save the XDC file and press the Generate Bitstream button. This will generate the bitstream after synthesis and
implementation are successfully finished.

nearv3z - [fhome fretz/wsp/vivado_projects/neorviz/nearvaz.xpr] - Vivade 2016.4

Ede Edit Flow Tools Window Layout View Help

Lol X | P b R @K I (G[Eoefaut Layout R D Eauy
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o el Gniba neorv3Z_test_setup| bootloader - neorv32 test setup be | | Project location: omerretziws phivada_projectsineenaz
7 Language Templates 4 «‘;nva , wrappes_wrapper - STRUCTURE P Product family: 2Zymq7000
1P Catalo &00 Tisoy_wrapper | - fiscv_ wrapper (riscy_wrapper.bd) (1 b ) -
¢l riscv_wrapper - STRUCTURE poer 4 Frojact part:
4 IF Integrator = nenm?z _dmem - neorva2_dmem_rtl (ne 2 leg; Top module name:
L neorvaz’imem - neorvaz imem_ril Target language:
% create Block Design - Constraints i i
3 open Block Design 2 constrs1 Simulator language
L Zybo-Z7 Masterxdc
%y Generste Black Design b Simulstion Sourcas Board Part
4 Simudatian Display name: 2Zybo 27-10
@ Simulstion Settings Eoard part name;  dhgilanting comizybo27-10:parBLY
@ Run simulstion Repasitory path: adof2016.4/dst arboardsioard files
]| uRL: hitp ny siprogrammable-doqic/mbe Z7/stan ]
4 RIL Anshysis Hierarchy IP Sources  Libraries Compile Order Eoard cuensew: 2yp0 2710
@ Elaboration Settings ? = = -
o Source File Properties. -0¢x Synthesis Implementation
> B openEisboratedDeson | | T
e :ﬂ; s Status, Not started Status: Not started
i i Zybo-Z7-Master.
< 5\1";'55 i o Messages: No errars or wamings Messages: No errors or wamings
Synthesis Sattings ] D Part: Part:
& Aun Synthesis General Properties Strsteqr: Strsteqy:
e L Tel Console
4 Implementation [ WL Qutput wraTien To < hamelTreta/vep/vivato o) 18 /na0re32/na0ry3E 51 /S0urces_ L/ba/ sy wrappar L/ ascy_wragper. o
‘| | VHBC Dutput written to « shome/freta/vsp/vivado_projects/neorw32/neorvid. srcs sources_L/bd/ris pper_vropper.vhd
@ Implementation Settings | | 5 Wrote : </home/fretz/vsp/vivado_projects/neorv32/neorv32.sres/sources_L/bd/riscy wapumns =
> T 01| [add_files -norecurse /hone/fretz/wsp/vivado_projects/neorvi2/neorvi2. srcs/sources_1/bd/riscy_wrapper/hdl/r: per.
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L SIRAItaC an| | o Adding cell -- xilinx.com:ip:processing_systea?:5.5 - processing_systes:
4| | INFO: [BD 41-1662] The design 'riscy_vrapper.bd is already validated. Therefore parameter propagation vill mot be re-run =
4 Program and Debug o VHDL Qutput written to : /home/fretz/wsp/vivado_projects/neorv32/neorv32.srcs/sources_L/bd/risc_wrapper/hdl/riscy_wrapper.vhd
@ Bitstream Setti ng!lc VHOL Dutput written to : /home/fretz/vsp/vivado_projects/neorv32/neorva2. srs/sources_L/bd/riscy_wrappar/hdl/riscy_vrapper_vrapper.vhd

* Generate Bstream
& 0 Manager ‘ G | O]

5 7Tel Console | © Messages Gllog 3 Reports  DesignFuns

Generate 3 file after

* When the bitstream generation finishes, open to see the implemented design

Bitstream Generation Completed X

o/; Bitstrearmn Generation successfully completed,
MNext

@®[Qpen Implemented Design|

O Yiew Reports

(O Open Hardware Manager

(O Generate Memory Canfiguration File

[ Don't show this dialog again

Ol’k | Cancel




Board setup and run Hello World software on the NEORV-32 &

* Open Hardware Manager and program the FPGA

—
# neonv3Z

)

File Edit Flow Tools Window Layout VWew Help
FoaoeRhXdPPEEXKIE

Hardware Manager - localhost/xilinx_tcf/Digilent/2101838A25194

- write_bitstream Complete
Flow Mavigator ? X
Q, ey % G) There are no debug cores. Program device Refresh device

==
0@ =

Hardware

4 Projecl
AZTHE N M»E

o%j Mame Status
o =- B localhost (1) Connected
e = @@ xilinx_tcf/Digilent/210133B425194 (1) Open

& XADC (System Monitor)

1 # Program Device

Select a bitstream programming file and download it to your hardware device. You can optionally select a debug
probes file that corresponds to the debug cores contained in the bitstream programming file.

4 Bitstream file: rojects,.’neorvBZ_basysfnenrv32_basys.runsﬁmpl_1,’neorv3Z_test_seb_lp_booﬂoader.biﬂ

Debug probes file:

B Enable end of startup check

L e
—H—‘ Td Console T _ 0O =

« Once you program the FPGA you should see that the LDO blinks (left side of the photo) after you press the reset

button. Also, the DONE led should be ON.
e Open a terminal and press cutecom

o In windows use ¢ HTerm
Click on settings and configure as follows and then click on open

- :~$ cutecom
setting current session to: "Default"

MainWindow

[rrp—
% e o R
setting current se e
2% MainWindow: :MainWi
= =% cup
= setting current se

- chardetayjome 2

MainWindow: :MainWi

Hexoutpet  Logging to: homefetzicutecom.og

Joevice: fdeuhivuses comnetion: 19200 @ 8141

e For HTerm in MS windows, see below


https://www.der-hammer.info/pages/terminal.html
https://www.der-hammer.info/pages/terminal.html

i HTerm 089 = m] X
File Options View Help

Disconnect PDrt|COM5 ~| R Baud| 19200 ~| Data 8 ~ Stop 1 ~ Parity None ~ [_JCTSFlow control
| Rx 2576 Reset - Tx 1 Reset i Count 0 2 804 Reset || Newlineat CR+LF ~ @ Soar™* @
Clear received B Asci (JHex [JDec [JBin Save output ~ CJClearat 0 = r\lllEW"”E Ve = B sutoscroll [ Show errors

Seguence Overview % | Received Data

1 = 10 15 20 25 30 25 40 43 50 53 &0 65 70
Available CMDS:iuw
h: Helpyw
Restar
Upload
Store to flashyw
Load from flashuw
Boot from flash (XIP)yw
e: Executeww
CMD: >

M w e R

Selection (-)

Input control x
Clear transmitted B Asci [(JHex (JDec [JBin Send on enter Mone ~ Send file DTR RTS

Type |[ASC -~ I | Autosend

Transmitted data X

i 5 10 15. 20 25 30 35 40 45 50 55. &0 €5 70 15
d

Selection (-)

History -/1/30 Connected to COM3 (b:19200 d:& 5:1 p:None)

Select None

:~$ cutecom
y setting current session to: "Default"
MainWindow: :MainWindow(QWidget*, const QString&) calculated height:
i~$ cujsas
setting current se D

catecom - Detault

A . e
=% cupe I v o s
setting current se Hen

MainWindow: :MainWi

Clasr | Hexoutpet  Loggingte: fremelfretzjeutecomiog

1286.U5820 e @560 152000 4151

o In the input, add the character a, press the reset button of NEORV32-V on the board and then press enter on
cutecom.

$ cutecom
g setting current session to: "Default"
MainWindow: :MainWindow(QWidget*, const QString&) calculated height: 31
2 $ cutooom
setting current se g
N

Cutecon-Detualt o ®
MainWindow

> "
setting current sef

2K MainWindow: :MainWi

None - | char dolay: oms _|*|sendfile..| Plain

setting current se

MainWindow: :MainWi

Hexoutput | Loggingte: /home/iretzjcutecomiog

Joevice: /geunayuson _comnection: 19200 @8401

Continue from here: Compile your first hello world example!!!! ®

o Let's download some application examples. Open a terminal and type



1 cd ~/wsp/neorv32/sw/example
2 make clean all

3 make all
» On cutecome enter the character u and press enter
1 CMD:>u

2 Awaiting neorv32 exe.bin...

On cutecome click the send file button

If everything goes fine, OK will appear in your terminal:

1 CMD:> u
2 Awaiting neorv32 exe.bin... OK

+ The executable is now in the instruction memory of the processor. To execute the program right now, run the
"Execute" command by typing e in cutecome and press the Enter on your keyboard:

\ CuteCom - Default - 0 &
Sessions Help
Close  Device:

h P’y
;;“m':m‘l

Im

k

a

u

e
Input: None - | Chardelay: 0ms <! sendfile... |Plain e
s: Store to flash -

I: Load from flash

x: Boot from flash (XIP)

e: Execute

CMD:> u

Awaiting neorv32_exe.bin... OK
CMD:> e

Booting from 0x00000000.

## AH ## #¥
HE  BE BEJERRBER BRIZRRER REnuRER #2 BE BRERERER REJEREER B2 RERRRERRERBRBRR RS

#uEn B2 a2 ##  #¥ 2% #8 2% ## BE #8 22 #8 #E BaER #ERE
£ RE BE EE #8 B4 BE #8 BE #B ## #E  #E  ## sEasad ##
## ## BE FEH # ##  ## BE HE EEEEE #E R BRER ERBRBR BERE
#¥ BEBE F4 #4  #E F# #4 #4 B #4448 #& B4 BEEEFE #4
S8 pass L4 S& S BE B BE S8 BE 48 48 #4 ssas a4
S8 L3 HBJBBLUBL BRIJLLBE $B8 B2 B 4 &2
#2 ## #a ##

Hello world! :)

Clear Hex output Logging to: /home/fretz/cutecom.log

Device: /dev/ttyUSBO Connection: 19200 @ 8-N-1




