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1 Introduction

RISC-V is a relatively new computer technology that is being actively
promoted as a competitor to ARM.

This guide has been written as a brief introduction for Digi-Key customers
and students who would like to gain knowledge of RISC-V software and
hardware.

At the RISC-V Global Forum on September 3, 2020, Imagination
Technologies announced the “RVfpga: Complete Course in Understanding
Computer Architecture” global teaching project for RISC-V as part of its
university programme to be launched in November 2020. Some of the
material from this course https://university.imgtec.com is presented
here.

This document assumes the reader has little or no prior knowledge of
RISC-V, which was exactly the position the author was in at the start of
the project. It is targeted at university students who may be studying
computer architecture and also electronics/computer engineers wishing
to expand on their knowledge, either in the classroom or at home. Some
basic knowledge of Linux is required.

1.1 What is RISC-V?

RISC stands for “Reduced Instruction Set Gomputer”. Here the V stands
for the Roman number 5. Hence RISC-V is the 5th Generation of a family
of computer cores. It is pronounced “Risk Five”.

The RISC-V logo is a registered trademark of RISC-V International.

b RISC-V°

Figure 1: RISC-V Logo. Image Source: www.RISC-V.org

Detailed information such as specifications is available from
www.RISC-V.org

1.2  Hands On

Rather than being purely theoretical, this guide provides hands-on
experience of RISC-V using three different boards available from
Digi-Key. All prices stated were correct at the time of writing but may be
subject to later change, as is the software:

1. Easy, student-friendly price and fun. Seeed Technologies Co
Ltd Maix BiT board gives a dual-core RISC-V processor, camera,
LCD screen and image recognition software for just $25. It is
programmed using MicroPython. (Link to Maix BiT section of this
guide).

2. Mid-range System on a Chip (Soc). RISC-V SOC programming in
C or assembly language on two SparkFun boards costing $30 and
$36. (Link to SparkFun section of this guide).

3. Serious, intellectually demanding but expensive using the
Western Digital SweRV soft core in a Xilinx Field Programmable
Gate Array (FPGA) used on the Digilent Nexys A7 board costing
$265. However, it can all be run just on a software simulator
instead. (Link to Soft Core section of this guide).

The good news is that all the software used is free.

2 RISC-V Background

2.1  History

RISC-V was created by David Patterson, Krste Asanovic, Andrew
Waterman and Yunsup Lee at the University of California, Berkeley in
2010. At that time there was Linux open source software, but there
was no equivalent open source hardware. To facilitate their research,
they created their own instruction set architecture (ISA). They built their
first RISC-V chip in 2011 and launched their first commercial product
in 2014,

There have been several other RISC implementations over the years
including Microchip PIC, ARM, Atmel AVR, MIPS, SuperH and SPARC. The
original RISC-I implementation was back in 1981.
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2.2  Open Architecture and Open Source

In order to use an ARM® core in an integrated circuit such as a processor
or application specific integrated circuit (ASIC), a license must first be
obtained. This can be in millions of $ for the latest cores and takes time.
To a large multinational such as NXP or Freescale, then the cost is a
relatively small percentage of the $100 million total development cost.
However, when the new integrated circuit is complete, royalties have to
be paid to ARM for every one sold.

RISC-V is different. There is no license fee and no royalties. This means
a RISC-V implementation can be started at any time and there are no
ongoing payments; good news to small companies or emerging markets
such as India and China. The RISC-V architecture is fixed, which ensures
backwards compatibility of future products.

Additionally, open source means that the design can be modified. Special
instructions can be created to improve performance or make life difficult
for hackers.

The RISC-V development software, in particular PlatformlO, is free.
Licensed software such as the ARM MDK using the Keil compiler can be
an expensive overhead and the license always seems to run out the day
before a critical deadline.

RISC-V cores are usually implemented in Linux rather than Windows,
which makes both the cores and the software open source.

2.3  Key Players

Andes Technology is a Taiwanese semiconductor manufacturer. One of
its products is the N22 minimal RISC-V core running at 700 MHz, which
takes only 0.013 mm? of silicon. It is designed for wearables and Internet
of Things (loT) applications.

Imagination Technologies is an intellectual property (IP) company that
specializes in Graphic Processing Units (GPUS) used in mobile phones,
tablets, computers and vehicle vision. Its best known product is the
PowerVR and the 10th generation GPU “the A series” uses an embedded
RISC-V controller.

PlatformlO provides free software tools for RISC-V development.

SiFive was founded by three of the original RISC-V creators Krste
Asanovi¢, Yunsup Lee and Andrew Waterman. It provides RISC-V cores,
Systems on a Chip (SoCs), IPs and development boards.

Western Digital (makers of SanDisk products) is committed to using
RISC-V in future products and has produced its own family of certified
RISC-V cores known as SweRV.

3 RISC-V Basics

Although stated that RISC-V is a computer core, more correctly, RISC-V
is an ISA. Itis up to the users to produce their own implementation.

The RISC-V specifications are provided by RISC-V.org in two documents:
the Unprivileged ISA Specification (for basic operations) and the
Privileged ISA Specification (for use with operating systems).

! (igkkey

Level Encoding Name Abbreviation
User/
0 00 Application U
1 01 Supervisor S
2 10 Reserved
3 11 Machine M

Table 1: RISC-V Privilege Levels. Image Source: RISC-V.org

For most applications, the User/Application level is used, including the
Zephyr operating system.

3.1  Core Naming Conventions
A RISC-V implementation can be made in 32bits, 64bits or 128bits, with
16 or 32 registers and uses a laid-down naming convention.

RV32I Integer instruction set. 32bits and 32 registers

RV32E unéerizrisi?esrt;uction set for embedded devices. 32 bits and
RV64l Integer instruction set. 64bits and 32 registers

RV128]1 Integer instruction set. 128bits and 32 registers

Table 2: RISC-V Base ISAs. Image Source: RISC-V.org

Additionally, there is choice of which instructions are implemented. The
most common MAFD are also referred to collectively as G (general).

Letter  Functionality

M Integer multiplication and division
A Atomic Instructions

F Single precision floating point

D Double precision floating point

Q Quad precision

L Decimal floating point

C Compressed instructions (16 bit instructions)
B Bit manipulation

J Dynamically translated languages

T Transactional memory

P Packed SIMD instructions

v Vector operations

N User level interrupts

H Hypervisor

Table 3: RISC-V Standard ISA Extensions. Image Source: RISC-V.org

So, for a small SoC which used minimal resources, RV32EMAB might
be specified. This means Integer Instruction set for embedded devices,
32 bits and 16 registers, Integer multiplication and division, Atomic
instructions (to avoid contention with interrupts), no floating-point
maths, but with Bit manipulation.
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On the other hand, if a 64-bit RISC-V implementation is required,
including all four general instructions MAFD, plus Bit Manipulation and
User Level Interrupts, it would be referred to as RV64GBN

3.2  Available Cores for Download

A large number of RISC-V cores have been developed, mostly by
universities around the world. The cores have been written in a number
of Hardware Description Languages (HDLs) such as VHDL, Verilog,
System Verilog and the less well-known Chisel. For C programmers, the
most easy to use is Verilog as it has a C-like syntax. System Verilog is a
superset and is also used for validation. Note that Verilog is a hardware
description language, not a programming language.

For a list of available of RISC-V cores, please see https://github.com/
riscvarchive/riscv-cores-list and type “riscv cores list” in the Search box.

Figure 2 shows the timeline and performance of some RISC-V cores.
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Figure 2: Boom, Rocket, Riscy and SweRV Cores. Image Source: Western Digital

Boom is the Berkeley Out-of-Order RISC-V Processor written in Chisel.
The Rocket core from lowRISC is an RV64G variant with a 5-stage pipeline.

RISCY is a simple core developed by ETH Zurich and the Universita di
Bologna.

SweRV is a family of 3 RISC-V processors from Western Digital for
industrial applications.

Additionally, Freedom is a core used by SiFive.

3.3  Performance Against ARM and Intel

Figure 3 provided by Western Digital shows the relative performance
of ARM, Intel and three RISC-V cores — Boom, Rocket and SwerRV. The
CoreMark is a benchmark devised by the Embedded Microprocessor
Benchmark Consortium (EEMBC) for the performance of a microprocessor
when carrying out a specified range of common used operations e.g.
sort algorithm, cyclic redundancy check (CRC), state machine etc.

CoreMark for SweRV is 4.9 CM/MHz
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Figure 3: Western Digital CoreMarks. Image Source: Western Digital

It shows that in terms of performance, the various RISC-V cores are
comparable with ARM Cortex A5, ARM Cortex A8, ARM Cortex A9 and
ARM Cortex A15 in terms of performance. The Intel Xeon has higher
performance.

4 Hands On: Using the Seeed
Technologies Maix BiT Board

0Of the four hands-on boards, this has the lowest cost and is the simplest
to use.

4.1  Maix BiT Board Description

The board is designed for Internet of Things (loT) and Artificial Intelligence
(Al), such as image recognition. It offers a very high performance
processor at a low price.

HEMS
microphone

Kendryte K216
RISC-V Dual Core
64bit 400Mhz, with
KPU\FPU

RGE LED

USE TypeC
port ™~

___DVP 24P connector

CH552
USB to UART IC ==

One-click
download circuit

8bit MCU LCD
T connector

/ \‘\ MicroSD card
! . s1ot(BOT side)
RY1383A \

3 Channels DC- \\

0C Ic
128Mbit FLASH

Figure 4: Maix BiT Details. Image Source: Seeed Technologies Co Ltd
4.2 Basic Maix BiT Board
The basic Maix BiT board can be used, which is:

Seeed Technology Co. Ltd Sipeed Maix BiT RISC-V Al-+loT, Digi-Key
1597-1714-ND $14.65

Figure 5: Seeed Technologies Maix BiT Board

4.3 Maix BiT Board with Camera and LCD

However, for the hands-on session, the following kit with a camera and
LCD screen is recommended:

Seeed Technology K210 Sipeed Maix BiT Kit RISC-V Al+loT Digi-Key
1597-1713-ND $24.21
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Note: the Maix BiT board is not supplied with a USB-A to USB-C cable, so
one also needs to be purchased:

Seeed Technology USB-C cable Digi-Key 1597-106990248-ND $2.42

4.3.1 Maix BiT Components Supplied

The box contains a Maix BiT board, a camera and a LCD display. Also
supplied are a screwdriver and 3 screws + nylon spacers, although only
2 screws and spacers are actually needed.

HHlX BlT

Figure 6: MaixPy BiT Box and Board with Camera, LCD and Components.

4.3.2 Assembling the MaixPy BiT Board
Assembly time: About 5 minutes. The components are small and
therefore a little fiddly.

Additional tool required: pliers to hold the nylon spacer while tightening
the screws.

Figure 7: Camera Mounting
4.3.3 Maix BiT Assembly Instructions
1. Fit the two screws and nylon spacers.

2. With the black locking bars upwards, plug the camera cable into
the white ZIF connector near the middle of the board.

3. Pushthe black locking bar downwards to lock the camera cable in place.

4. ltis necessary bend the camera cable to align the camera over
the screws.

5.  Tighten the two screws with the screwdriver to hold the camera in place.

6. Insert the LCD cable into the ZIF connector near the edge of the board.

7. Push the black locking bar downwards to lock the LCD in place.

Black Locking Bars

ZIF Connectors
Figure 8: Camera and LCD Fitted in ZIF sockets

4.4  Maix BiT Board Software

The board comes pre-programmed with a MicroPython interpreter called
MaixPy. Programs can be written using either the MaixPy IDE software or
simply by typing commands into a serial terminal.

Software is available for download both for Windows and Linux, although
Linux has some extra steps. (Link to install Linux part of this guide).

4.5 Installing MaixPy IDE on Windows
This is an Integrated Development Environment (IDE) used to write code
and run the Maix BiT board.

Installation time: About 10 minutes.

The MaixPy IDE software is a little difficult to find as what looks like the
location is blank.

Go to:
v0.2.5

4.5.1 Select MaixPY IDE for Windows
Click on maixpy-ide-windows-0.2.5.exe. The file size is
85.5MB.

https://dl.sipeed.com/MAIX/MaixPy/ide/

B Tes -ty u

v a sptedoam LA

A [ MAIX | MaixPy [ ide [ _ [ V025
Show 50 - entries Search|

" Name Size

3 B maixpy-ide-linux-x86_64-0,2.5.run 81.12MB

1 B maixpy-ide-linux-x86_64-0.2 5-installer-archive 7z 56.45MB

? B maixpy-ide-windows-0.2.5.exe #550MR

1 B maixpy-ide-windows-0.2 S-installer-archive 7 2 B64.90MB
Showing 1 to 4 of 4 entries

Figure 9: Click on MaixPy IDE for Windows
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4.5.2 Download MaixPy IDE Windows
Click on Save File then double click on maixpy-ide-windows-
0.2.5.exe toinstall.

Cpenmg manpy-rde-wndeows-0.2.5.ene *

You have chosen to open:
[ maixpy ide windews 0.3.5.exe
which i exe File (35.5 MB)
frome https:/Sdl.cipeed.com

Would you like te save this file?

Figure 10: Download maixpy-ide-windows

The program is installed to: C: \Program Files
MaixPyIDE\bin\maixpyide.exe

4.5.3 Shortcut to MaixPy Windows

By default, MaixPy does not put a shortcut icon on the Desktop. To create
a shortcut to MaixPy, right click on maixpyide.exe and select
Create shortcut, which can be saved on the Desktop.
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o Neme B 1o taskbar
# Dk aceens
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A i ldsompler 4748 =
] Documants g —) e
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Figure 11: Shortcut to MaixPy IDE

(Link to Running a Program in MaixPy IDE)

4.6 Installing MaixPy IDE using Linux
Installation time: About 10 minutes. The downloaded file size is 287 MB.

There is also a command line version available which takes 40 minutes
to download and install.

The MaixPy IDE software is a little difficult to find, as what looks like the
location is blank.

Go to https://dl.sipeed.com/MAIX/MaixPy/ide/
v0.2.5

This goes to the MaixPy Documentation Page which contains useful
information.

4.6.1 Select File
Click on: maixpy-ide-linux-x86 64.0.2.5.run

JfdLsipeed.com/MaIX/MaixPyfide/ /D25
® / MAIX [ MaixPy /[ ide [ _ [ v0.2.5
Show | B0 v | entries Search;
# Mame Size
3 B maixpy-ide-linux-xB6_64-0.2.5.run 81.12MB
4 B maixpy-ide-linux-x86_64-0.2.5-installer-archive,7z 56.45MB
2 Emaixpy-ide-windows-0.2.5.exe 85.50MA
1 B maixpy-ide-windows-0.2.5-installer-archive.7z 64.90MB
Showing 1 to 4 of 4 entries
Figure 12: Select Linux Run File
4.6.2 Save Linux Install File
Click on OK'to save the file.
U & tpsc//disipeed.com/MAIX /MaixPy/fide/_0.2.5
# | MAIX | MaixPy [ ide [ _ | v0.2.5
Show | 50 w entries Sea
v Mame size
% B maixpy-ide-linux-x86_64-0.2.5.run 81.12mM8B
4 B maixpy-ide-linux-x86_64-0.2.5-installer-archive. 7z 56.45MB
2 B maixpy-ide-windows-0.2.5.exe 85.50MB
i B maixpy-ide-windows-0 2 S-installer-archive 7z G4.90MB

Showing 1 to 4 of 4 entries

¥ou have chosen to open:

& malepy-lde-linus-x86_64-0.2.5.run

which s run File (81.1 Mg)
frome httpsyfdLsipeed.com

What should Firefox do with this file?
Oy with
O Save File

Browse...

Do this automatically for Files like this From now on.

Cancel l OK I

Figure 13: Save Linux Install File

4.6.3 USB Port Access
By default the USB port is not generally available, which prevents a
MaixPy program from running.

Imaqglrghon !
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Open an Ubuntu Terminal E and type:
sudo adduser myname dialout

where myname is substituted by the computer user name, the same as
in /home/myname /

Restart the computer so the change has effect.
If this step is not carried out, a prompt will appear later.

4.6.4 Running the Downloaded file in Linux
Open an Ubuntu Terminal E

The instructions supplied for MaixPy were written for version 0.2.2
rather than version 0.2.5, so are out of date.

chmod +x maixpy-ide-linux-x86_64-0.2.2.run

./maixpy-ide-linux-x86_64-8.2.2.run

Figure 14: MaixPy Instructions

Instead type in the later file name:

chmod +x maixpy-ide-linux-x86 64-0.2.5.run
./maixpy-ide-linux-x86 64-0.2.5.run

The MaixPy IDE Setup Wizard should appear.

4.6.5 MaixPy IDE Setup Wizard

Setup - MaixPy IDE

Wwelcome to the MaixPy IDE Setup Wizard.

Next = Quit
- J

Figure 15: MaixPy Setup Wizard

Click on Next>, then follow the steps in the Wizard using the defaults.
When complete, the opening screen should appear.

4.6.6 MaixPy Opening Screen

If the opening screen does not show the image from the camera (Frame
Buffer) and the Red Green Blue (RGB) signals, click on the Bl icon on the
right hand side of the screen.

8 (igkkey

hellowarld_1.py - MalcPy IDE

Figure 16: MaixPy Linux IDE Screen

4.7  Running a Program in MaixPy IDE
The procedure for Linux and Windows is similar.

4.7.1 Plugging in the Board
Plug the USB cable into the computer and the welcome message will be
displayed on the LCD.

Figure 17: Maix BiT camera and LCD Operating

4.7.2 Starting MaixPy
If MaixPy IDE is not already running, go to the Ubuntu search tool and
type in MaixPy. Click on the MaixPy IDE icon.

Q  M™aixPy

MaixPy IDE

Figure 18: MaixPy IDE Linux Icon

4.7.3 Selecting the Program
Thehelloworld 1.py program isloaded by default at first power up.

4.7.4 Selecting the Board
On the toolbar select Tools, Select Boardthen Sipeed Maix Bit (with Mic).

Imagination
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Hile  Fdit m Window  Help

Select Board L4 Sipeed Maix Dock
[ Sipeed Maix Bit{ with Mic )

Sipeed Man Bit] old )

Sipeed Maixduino
Open Terminal L4 Sipeed Maix Gof vpen-ec new CMSIS_DAP )
MachineVision ' Sipeed Maix Gof Old CMEIS DAP )
Video Tools » M5StickV
Options... T-Watch

Kendryte KD233

Figure 19: MaixPy IDE Selecting the Board

4.7.5 Selecting the Serial Port

Click on the green icon on the bottom left of the screen to show
the Connect — MaixPy IDE menu. There will be more than one serial port
to choose from.

When the correct serial port has been selected, it connects in seconds
and the green icon on the bottom left turns red.

Connect — MaixPy IDE®)

Please select a serial port
ttyUss0

X Cancel || ol

Figure 20: MaixPy Serial Connection

4.7.6 Linux Pop up the First Time Through

If the Linux USB ports have not been made available to MaixPy IDE, a
reminder similar to this will pop up, with the actual computer username
rather than ‘richard’. Follow the instructions.

Dighkey

Connect — MaixPy IDE
= Try doing:
i
sudo adduser richard dialout

...in a terminal and then restart your computer.

— o

Figure 21: Dialout Group

4.7.7 Running the Program

Click on the green arrow . at the bottom left of the screen to run
the program.

Figure 22: Program Set Up Ready to Run

4.7.8 Hello World Program Running

The helloword 1.py program is now running. The picture from
the camera is displayed on the computer, as well as the RGB spectrum.
The picture is also shown on the LCD screen.

helloworld_1.py - MalaPy 1DE

Figure 23: Running the Hello World Application in Linux

To stop the program, click on the Stop . icon.
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4.8 Further MaixPy Projects

There are further projects available, but these need to be downloaded.
In MaixPy IDE, click on File, More examples, Examples on github repo,
which goes to Github. This applies to both Linux and Windows versions.

ZIEN Edit Tools Window Help
Mew File... Ctrl+M

B  OpenFile.. Ctrl+0
Documents Folder L4
Examples ’ S e
More examples E Examples on github repo
Recent Files L4 EET T arrow butt

Save "helloworld_T.py" As...

Close "helloworld_1.py" Ctrl+W
Print... Ctrl+P
Exit Ctrl+Q

Figure 24: More MaixPy Examples

4.8.1 Download MaixPy Examples
Download MaixPy scripts-master.zip, save it, and then
unzip the files.

scripts for Mais
Clone with HTTPS (3)
Use Git or checkoul with SVMN using the web mangy . mr
I LIRL. a sipeed
Nttps://gLtnub. comysipeed/Marery_scryy | [0 examplas
[0 rReadme
[l open with GltHub Desktop
£ MIT Lirensd
@ Download ZIP
| Opersing MaixPy_u riphs-rmaster.sip ¥
|
| ¥ou have chosen to epen:
@ MaixcPy scripts master.zip
which is: ZIP Archive File
fronm: hittps://codeload.github_com
| What should Firctax do with this filc?
| () Upenwith | bxpress Zip File Compression (default) =
B S
["1Uo this automatically for files like this trom now on.
o

Figure 25: MaixPy Examples

4.9 Face Recognition Project
Time required: about 15 minutes. This involves downloading and
installing two more programs.

The further examples for MaixPy provide a face recognition program
demo find face.pyinthe machine vision directory. Load
this into MaixPy IDE.

10 Dighkey

4.9.1 Additional File Required

This project requires an additional model called face_model_
at_0x300000.kfpkg to be loaded onto the MaixPy BiT board before
running. To do this, the kflash_gui tool is needed.

File Fdit Tools Window Help

task = kpu. oad{8x388060) # you need put model{face.kfpka) in flash at address Ax3S6680

Figure 26: Face Recognition Program Additional File

Note: on the earlier versions of kflash_gui, the default download location
in was 0x00000. This meant it was possible to download face
model at 0x300000.kfpkg to address 0x00000, rather
than the correct address 0x300000. This overwrote the MicroPython
interpreter and the board did not run at all. It was then necessary to
reprogram the board.

4.10 Updating the Maix BiT Flash
Time required: About 10 minutes.

The kflash_gui tool runs on both Windows and Linux. Flashing the board
with the latest software is quick and easy to do.

4.10.1 Download kflash_gui
The kflash_gui can be downloaded from:
https://github.com/sipeed/kflash _qui/releases.

Here  kflash gui v1.5.3 windows.7z was used. Later
versions caused problems with the Avast Virus checker.

v1.5.3

(@ Meutree released ths on 3 Aug 2015 - 48

Compare - ® fix load error

= Assels 4

) kflash gul vi53 linustare

@ kilash_gui v1.5.3 windows.iz
3 Source code (o

13} Source code nar.gz

Opening klash_qui vl 5.3 windows.7x bt

Yeu hitve chasen to apen:
8| Ieflash_qui_v1.5.3_windows. 7z

which is: T File (185 ME)

E ; 0 master since this release
from: _github- production-release-asset-2et5be.s3 amazonaws.com

Wihat should Firefax do with this file?
) Bipen with
@ave e

Browse..

Figure 27: Download of kflash GUI
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Extract the . 7z file. Should the computer not support . 7z files, there
are free tools online such as Express Zip available from:

https://www.nchsoftware.com/software/utilities.html.

To run the program, go to the extracted file and double-click on the
kflash_gui icon.

Note: the kflash_gui installation does not put a shortcut on the Desktop.
Should one be required, this will need to be done manually.

4.10.2 Download the Face Model
Download face model at 0x300000.kfkpg from https:/
github.com/sipeed/MaixPy/releases and save the file.

v0.3.2

@ Neutree released this on 15 May 2079 - 295 commits to master since th

New Features

» Compress J'EG in second core. increase FI'S in IDE mode
® (Optimize find lines speed
® Add WiFi scan(#71)

Upening face model at he 00000 Kfpkg »

‘fou have chosen to open:
| face_model_at_0x300000.kfpkg i
which is: kfpky File (379 kR)

from: ...github-production-release-asset-2ef5be.sl.amazonaws.com

‘What should Firefox do with this file?

ngenw’nh Bronare...
Sange T
~ Assets
@ clfrz

I & tace_model_at_0x300000.kipkg I

&) mabpy_vil.3.2_fullbin

£ mabxpy_v0.3.2_minimum.bin
@ maixpy_v0.2.2_no_lvglbin
131 source code (zip)

M source code (tar.gz)

Figure 28: Download the Face Model

4.10.3 Programming the Face Model using kflash GUI

Click on the kflash_gui icon. Click on Open File and select
face model at 0x300000.kfpkg. Select the Sipeed Maix
BiT (with Mic) board, serial Port and then click on Download.

The download takes about 20 seconds.

gy

Kflash_gusi V1.5 - nl *

Figure 29: kflash GUI

4.11 Running the Face Recognition Program
Return to MaixPy IDE and run demo find face.py
machine_vision directory.

from the

When a face is recognized, a rectangle is drawn on the LCD and on the
computer screen.

Frame Buffer Record Zoom Disable

L
gy
|

RGB Color Space

Histogram

Figure 30: Face Recognition Example

4.12 Reflashing the Maix BiT Board Main Software

The kflash_gui is also used to reprogram the MicroPython interpreter on
the Maix BiT board. There are frequent firmware updates, but not all are
compatible with MaixPy IDE.

4.12.1 Download Latest Software
Go to: https://dl.sipeed.com/MAIX/MaixPy/release/master. This contains
a list of versions of MaixPy. Click on the latest version.
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4.1 2.2 Selecting Latest MaIXPy Tera Term: Serial port setup and connection X
Clickonthefilethatendswith minimum with ide support.

bin and save |t Fort: COM—B b | MNew setting
Speed: _Elll v

It is important that the file has IDE support. ) =r -
Data: _Ii bit v. | Ciﬂl:el -

4.12.3 Program the Maix BiT board i MO E
Stop bits: |1 bi ~| | Help

Open kflash_gui. Use Open File and select the file downloaded in Section
412.2.

Flow control: |none v

Iransmit delay

EI msecfchar nl] msedfline

Device Friendly Name: USB Serial Port [COMB)

Dewvice Instance ID: FTDIBUSA\VID_0403+PID_6010+254AD437
Device Manufacturer: FTDI

Mrovider Name: FTDI

Driver Date: 8-16-2017

Driver Version: 2.12.28.0

Select the Board, serial Port then click on Download.

3 Mlash_guivis - ] 4

< >

Figure 32: Serial Terminal Configuration

4.13.2 Press and Release the Reset Button
Press and release the Reset Button on the MaixPy BiT board.

Figure 31: Reprogramming the Maix BiT flash

413 Running MaixPy on a Serial Terminal W e S R e S
Time required: about 5 minutes. - ResetButton
Besides using MaixPy IDE, programs can also be run on a serial terminal.  Figure 33: Maix BT Board Reset Button

This is quick and easy to do and is useful for checking the configuration

of Maix BiT boards and the software version. It can also be used as a tool
for learning MicroPython.

4.13.1 Setting up a Serial Terminal
If not already installed, download and install any free serial terminal
program e.g. Putty or TeraTerm.

Set up a serial port speed of 115200 Baud. The Port COM8 may be
different on another computer.

12 (Dighkey
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4.13.3 Running MaixPy on a Serial Terminal

T COMS - Tera Term VT

File Edit Setup Contrel Window Help

Figure 34: MaixPy on a Serial Terminal

Type print (“Welcome from MaixPy”) the response is
“Welcome from MaixPy”.

Enter 1+1 and the response is 2.

5 Hands On: Using SiFive SoC
on SparkFun RED-V Boards

This is the mid-range option with two boards designed to be programmed
in C using the FreedomStudio IDE.

5.1  SparkFun Video

There isan excellent short video by Shawn Hymel on the Digi-Key website
showing how to use these boards. Before purchasing a board, installing
the software, or later while waiting for the software to download, it is
well worth watching.

@ SHAWN HYMEL PRESENTS

Getting Started
2.ith Snal'k Im

Figure 35: Getting Started with RED-V. Source: Digi-Key website.

The link to the video is also on the Digi-Key website on the Red Board
and RED-V Thing Plus pages.

Dighkey

5.2 Hardware

Two boards are available from SparkFun Electronics based on the SiFive
Freedom Everywhere RISC-V SoC. Both boards are compatible with the
SiFive1 Rev B boards and software:

The small SparkFun RED-V SIFIVE RISC-V THING PLUS - 1568-DEV-
15799-ND $29.95

The larger SparkFun Electronics FE310 Red Board - 1568-DEV-15594-
ND $39.95

Figure 36: SparkFun RED-V Thing Plus (left) and Red Board (right). Image Source:
SparkFun Electronics

Note: Neither the Thing Plus nor the Redboard are supplied with a USB-C
to USB-A cable, so one needs to be purchased e.qg.:

Seeed Technology USB-C cable Digi-Key 1597-106990248-ND $2.42

Software is available from SiFive for both Windows and Linux.
Unfortunately, the author could not get the Linux version to run, so only
the Windows version is considered here.

5.3  SiFive Freedom Studio Software Installation Windows
The installation takes about 20 minutes and the downloaded file size is
1.3GB.

Go to www.SiFive.com/software and scroll down the page to the
Freedom Studio section.

Click on Windows then save the .zip file.
- ______________=B
Opening FreedomStudio-2020-06-3-winéd 2ip x Download Freedam Studio
‘fou have chosen to open:
& FreedomStudio-2020-06-1-winbd rip
which i ZIP Archive File (1.3 GB) Windows
Trorn: hitps://static.devsifive.com
What should Firefox do with this file? mac0S
() Open with | Express Zip File Compression (default)
iy
DDD thiz automaticalky for files like thic from now on. Linux

Figure 37: SiFive Freedom Studio Windows

5.3.1 Freedom Studio File Location
Extract the files. Navigate to the install directory e.g.:

C:\Users\user\FreedomStudio-2020-06-3-win64\
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Double clickon &3 FreedomStudio to runit.

j 2 Manage  FreedomStudio-2020-06-3-wintd [n} x
rme Shage Wi app Lools e
3 ) L
: . : =115
L D & « Maoveto = )€ Debete = i ﬂ - st
= = - selent nane
Pin to Cuick  Col Paste . B e ] New Properties o
i 5] eeret= | M Rename (R P B A men seisction
Clipbaard Organise Hew Open Select
- v o uger » FreedomStudio-2020-06-3-wind v B Search Freedomitu...
& Onelirive L Dt moddied A
R confiquration
= ol
B 0 Ogects i
B Desktop o
4| Documents e
& Downloads plegins
B Musec resdme
& Pictures B Swe
B Videos J‘ eclipseproduct
| antifacts
i Local Disk (€ ptt
[ eclipuec
= Local ek (E:) Y ot
= it
- HiFive (G ] FEeanmy
| freedom.studin
- HiFive (6 ) g
e Network [=7 start-demo
v =i =
18 dens  1item selected 407 KB

Figure 38: FreedomStudio File Location

5.3.2 Freedom Studio Startup Screen

The Freedom Studio Icon should appear. A shortcut can be added to the
Desktop if required.

@ FreedomStud|o @

Figure 39: Freedom Studio Startup Screen

54  Creating a New Software Project
If not already running, start Freedom Studio.

5.4.1 Plug in the Board

It is recommended to plug in the board before creating a program
because it automatically sets up the debug configuration. Use the USB-C
to USB-A cable. Either SparkFun board can be used.

Figure 40: Thing Plus Board connected with USB-C cable

:

Figure 41: Red Board connected with USB-C cable

5.4.2 Create a new Freedom E SDK Software Project

Go to the SiFive Tools tab at the top of the screen and click on Create a
new Freedom E SDK Software Project.

FreedomStudio

t Run j SiFiveTools § Window Help

Create a new IP Project from IP Deliverable

Freedom DeviceTree Tools ¥

Open SiFive Core Designer
Program FPGA image to Arty...

Figure 42: Create a new Freedom E SDK Software Project

5.4.3 Choice of Board

Several boards are supported. From the pull-down menu select sifive-
hifive1-revb. This is compatible with both the Red Board and the Thing
Plus Board.

{3 Cerate s Frecdom E SOK Project o *

& Poease select a targer

Whse this Faoedem E 50K
[Bundied] C 02

908 ! o | SR

Seleet Target

Filter Tags: v o g webecte) hide 1) Contsin | | [*

sfive-bifinel-revt | shewing Bef &
fresdom-e310-arty
atrmu-sifive-¢31
qtrni-sifive-551
qrmu-sifive-uH
atrnu-sifive-uHme
fve-hifive-unitashed

[] kst the BSP Breen the SOK when building the. peegeet
o Thtary frorm e SDK wivers bisidis

() open ssi

Select Example Pragram
helic -

hello

A simple "Hello, World!™ example to

printf and budld

iptacans

Pregect name Ehl’qﬂ-hd‘o w
{you £an charmge the peoject location on the et page]

[ Create & debug launch confiquistion for  I-Link -

BB Wk

@ e Mot » Finan pe

Figure 43: SiFive Board Selection
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5.4.4 Choice of Example Program -
From the Select Example Program pull down menu, a range of example -
projects are available.
{3 Corate o Freedom £ SOK Project o x| =
| P b b L
Wi thes Frordom E SOK
[Bundied] < 215082 AR08 v 4
Select Target
Filter Tags: (s e wodmctend, hidde 1) Containe X
sifive-hifive-revt ~ shewingBeld
HiFivel Rev B is a low-cost, Arduino-compatible development board featuring the
Lm;‘sm It's the best way to start prototyping and developing your RISC-Y —

Thas target 15 sdeal for gemng famibiar with the RISC-V ISA wnstruction set and the
Ereedom-metal Libraries. It supports:
] Lhse the B5P Broen the SIK when building thes pragect

' S8R
Clusehe fram the SOK when b @ open

Select Examgle Program

Figure 44: SiFive Sample Projects

These example projects make an excellent starting point for other
projects. For now stay with hello.

5.4.5 Debug Launch Configuration

At the bottom of the window, the Create a debug launch configuration
for J-Link has automatically been set up. This is because the board is
plugged in. Click on Finish. The project will automatically build.

Aatect fx ampte Brogram
ey

hello
A simple "Hello, World'™ example 1o demonsrane primf and build epvironment
Opeses
Progect e 38 Sulrer b oot btz Y
[ Covate a debug leunch codfigaratsen for | Lisk |
B8 e
£ et = Emn Camcel

Figure 45: Select Example Program and Debug Launch Configuration

5.4.6 Check the .elf File

The Edit Configuration window will pop up automatically. Check that the
Executable and Linkable File hello.elf has been created. This is
needed to program the board.

It is possible to go straight to debug by clicking on Debug, but for now
click on Close as there are a few more things to set up.

Imggﬂrgﬂon

Figure 46: Edit Configuration Menu

5.4.7 Gonsole and Source Gode View

The Console window gives information about the build — which compiler
was used, the code size and the build time.

The first build takes a while as it is compiling all the files in the project.

Later builds only recompile the files that have actually changed, so are
much quicker.

The hello.c window gives the C code.

@ Consoie T IR

COT Build Contobe [sfive-hivel-revt-halls]

ebuag/bello.ulf »

ebusg el 1o, 15t
-elf-gee-5.2.0-20019_88.0,/bin/rLcves
v-hello/src/debug/hello. elf

JESUsers fuser/Freedonstindle- 2010 883 winfd /S 1F Ly
~uninown-elf -size fc/Users/user/mifreedonstudiofs:
text  data bex filenane
M812 7R
T Ci/isersfuser fwsFreedonStudie/ s ifLve-Bif i
fefusers/u:

e
ifive-hifivel-red

-helle/sre/debug/mello. elf
~unkncwn -1 f-gec-8. 3. 8. 2019, 88. 0/ bin/riscved

sinclude cstdio,ho

int madni) {
printf(“Hells, worldlin™);

Figure 47: Console and Source Window

5.4.8 Modifying the hello.c Source Code

Ifthehello.c program were debugged as it is, not a great deal would
be seen because all it does is terminate. Therefore, modify hello.c
as shown in Figure 48 to print He11o, World! tentimes.

(€] *hello.c 3

= E
i

SPDX-License-Identifier: Apache-2.8 */

* Copyright 2819 SifFive, Inc

#include <stdic.h>
int i;
=int main() {

for (i =9 ; 1 ¢« 18; it+){
printf("Hello, World!\n"};
¥

Figure 48: Modified hello.c File
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The program can be built by clicking on the Buildicon % on the toolbar
to check the syntax, but when Debug is run, this is done automatically.

5.4.9 Debugging the Program

To start debugging the program, click on the Debug Icon #* on the
toolbar or press the keyboard F11 key or Run from the toolbar then
Debug.

Run SiFiveTools Window Help
i Instruction Stepping Mode
Move to Line (CfC++)
Resume at Line [(C/C++)
Resume
Suspend
Terminate
Disconnect

Recume Without Signal

Step Into
Step Over
Step Return
Run to Line

Shift+l5

Use Step Mtters

Run Crri+F11
Nehug F11

% o

Run History >
O Runis ¥

Run Configurations...

Debug History >
15 DebugAs »
Debug Configurations...

Breakpoint Types >

@ Toggle Breakpoint Ctrl+Shift+ B
@ Toggle Line Breakpoint
Toggle Watchpoint
Toggle Method Breakpoint
s, Skip All Breakpoints
S& Remove All Breakpoints

Crl+Alt+B

@, External Tools >
Figure 49: Start Debugging

5.4.10 Debugger Stops at main()
The debugger will stop at the beginning of main () .

Ll hello.c &3

= [* Copyr
* SPDX-

Tsh+ 2619 P Ed v Trgs ¥
ght 2019 5iFive, Inc

License-Identifier: Apache-2.@ */

#include <stdio.h>
int i;
B =int main() {

5 for (i =@ ; i < 1@; i++){
: printf("Hello, World!\n"};

Figure 50: Debugger stops at main()
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5.4.11 Setting up a Serial Terminal for printf

Click on the Terminal & Teminal & fab then click on Open a Terminal
& icon to the right of the screen.

=2 Disas, @@ e 82 5 O

B =& Ee 8

B COMT [ Open a Terminal (Ctrl+ Alt+Shift+T)

Figure 51: Open a Terminal Icon

5.4.12 Launch Terminal
Setup a Serial Terminal at 115200 Baud. There is more than one Serial
port, so several attempts may be necessary.

& Launch Terminal O K
Choose terminal: | Senal lerminal ~

Settings
Serial port: | COM3 vl
Baud rate: | 113200 i
Datasize: 8 e
Parity: MNone ~
Stop bits: |1 v
Encoding: | Default (150-8859-1) ~
—

Figure 52: Serial Terminal Setup

5.4.13 Debug Output

To step through the code, click on the Step Over = icon on the toolbar
or press the F6 function key on the keyboard several times so that Hello,
World! appears ten times.

[] o0 £ helloe 37

B 3| G B B -

DooM  ECoMI i

Helle, Merld!
Helle, korldl

Winclude <stdio.h>
int i;
= int main() [

for (i =8 ; & < 18; i++){
printf{"Hello, Worldi\n™);

g ¥

Figure 53: Debug Output on COM3

The fact that the print £ messages are displayed in a window in the
same program is very useful for debugging and code coverage. It is
much easier than having to connect to a separate terminal.

5.4.14 Disassembly Window
Figure 54 shows a slightly modified version of the hello.c program
for comparison purposes with ARM®.

To view the assembly language instructions that make up the C code,
click on the Disassembly tab |z Disassemoiy &2

Imagination
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€
(&) hetloe 23 " = O B Outine = Disassembly i3 | Terminal
[ / o | for (i =8 ; i c18; ies)]
5 2.8 %/ s 280108156: 5w zera, ~1868(gp)
20818194: 8x208181b8 <main+38>
Finclede <stdic.hr 18 i=3¢i;
28018196:  Iw a4, -2888(gp )
int 4; int § = o3 2001819a: I a5,-1868(gp )
280181%:  add ad,ad, a5
=int main() { 28018108  sw a4, -2888(gp)
for (1 =@ ;1< 10; 144){ ] For [i =@ ; i < 10; is4){
=3+ 1; 2001081a4: L 85, -1068(gp )
} 200101a8:  sddi  »4,a5,1
200101ac: sw a4, -1868{gp )}
20010188:  lw a4, -1068(gp )
} 20018104: 1L 85,9
20018166:  bge 85,84, 0x20010156 <main+l2x
20010108 1i 85,8
14

Figure 54: Disassembly Window

5.4.15 Comparison with ARM Cortex MO
Figure 55 shows the equivalent ARM® Cortex® M0+ disassembly code.

(& man.c [e] blnkc i3 | (6 blink.c i 11 =l

2 isassembly 5

CHIP Tnit():

1g (M ClackPreqhe

if (5 atr £3, [=7,8024]

while (1) ; for (L =0 : 4 < 10 ; i++)
1 move 3, #0x0
atr =3, [V, #0xE]
/* Initialize LED driver */ b 0x00001180
BSE_Ledalniti): 3 =4+ 3
1ar ¥2, (=7, #0%4]
int 1 =0, 3 = 0; 1dr =3, =7, fOx8)
adds T3, Ed.zd
for (4 =0 ; 4 <20 ; i+4) i 3, [=7, #0x4]
{ for (4 =0 ; 4 < 10 ; i+s)
I=1%3 idr 3, 27, FoxE]
i adda 3, $0x1
stz £3, (27, #0x5]
Infinite bBlink lasp */ ldr i3, [r7, #0x8]
while (1) { cap r3, $0x9
COUnT++] ble Qx00001172
BSP LadaSat (count) @ COURET 2
Delay (250): 14r
} adds
¥ atr
w F
< >

B Console & | 0 Memary ..L Problems .0 Executables

Program Dutput Console

Figure 55: Comparison with ARM Cortex M0

It shows that in this case RISC-V requires fewer instructions than ARM.

5.4.16 Stopping the Program

To stop the program and to run the program again from the beginning,
click on the Terminate = icon either on the Toolbar or in the Console
window.

To start debugging the program again, click on the DebugIcon #= on the
toolbar or press the keyboard F11 key.

Biw|» 2 &isaigr

El Consale 52 |° @

sifive-hifivel-revb-hello [SiFive GDB SEGGER J-Link Debugging] JLinkGDB>erverCL.¢
Reading all registers

Performing single step...

Reading all registers

Performing single step...

WARNING: Mis-aligned memory read: Address: ©x28010236, NumBytes
Reading all registers

Performing single step...

Reading all registers

Performing single step...

WARNING: Mis-aligned memory read: Address: ©x2801818E, NumByted
Reading all registers

Read 2 bytes @ address 8x2e010176 (Data = @x1141)

Read 2 bytes @ address @x28818176 (Data = 8x1141)

i =

] IN B R

Figure 56: Terminate Program

5.4.17 Closing and Reopening an Existing Project

There is a minor annoyance when an existing Freedom Studio project is
closed and opened again. Close Freedom Studio then open it again. Click
on the project then click on the Debug # lcon. The program does not
debug and an error message is displayed:

@ weFreedomStudin - FreedomStudin

File ECdit MNavigate Search Project Run SiFveTools Window Help
a0 Iti?"i'rjuG'Qv'ﬁvié--jﬁEIQ‘mM«
5 Proje. 2 |HiliRegis.. = 0O B Console 51 (¥ Proble =20
& ~ S ¢85 HEER O
I- 15 sifive-hifivel-revi-hello CDT Duild Console [sifive-hifivel-revb-hello]l
21:54:91 **== Incremental Bulld of configuration A

debug for project sifive-hifivel-revb-hello ****
make all CONFIGURATION-debug

21:54:02 Build Finished. @ errors, ® warnings.
{took 37am<)

S

i 7y ‘Launching sifive-hilivel-revi-hello debug' has
R J_I encountered a problem.

Error with commend: gdb --version

Figure 57: Problem when reopening a Project

5.4.18 Select Debug Configurations
From the Toolbar at the top of the screen, select Run then Debug
Configurations.

Imaqglrghon 7
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SiFiveTools Window Help

i=  Instruction Stepping Mode
Mowe to Line (C/C++)
Resume at Line (C/C++)

[P Resume F8
Suspend

Terminate

4 Disconnect

Ctrl+F2

. Resume Without Signal

T Step Into F5

% Step Over F&
Step Return F7
. Run to Line Ctrl+R

Use Step Filters

Step Into Selection Ctrl+F5

@, Run Ctrl+F11
1, Debug F11

Run History »
@ FRunAs »

Run Configurations...

Debug History »

Debug As »
Debug Configurations... I

Breakpoint Types »

Toggle Breakpoint Ctrl+Shift+B
Toggle Line Breakpoint
Toggle Watchpoint
Toggle Method Breakpoint

s, Skip All Breakpoints

% Remove All Breakpoints

Ctrl+Alt+B

q External Tools »

Figure 58: Select Debug Configurations

5.4.19 Create, Manage and Run Configurations

Expand the Sifive GDB SEGGER J-Link Debugging tab and click on the
project to be debugged, here sifive-hifive-1-revb-hello.
Click on Debug. It should now be possible to debug the program.

2 Debug Configurations o X
Create, manage, and run configurations _ﬁ
LR Hames [ sifive-hifive - revt-hello
frime fites teat] | Msin| @ Target 075 | 45 Debugger| e Startup] o Config | i) Source) ] Commen
w [E] /s « Applization
wve-hifive] -revb-hello debug Broject
ehio Apgication sfive-hifrveT-revh-hella Browe..
€/Ex+ Apphication:
src/debug/helio.ef
reup varsbles. | |Search Project..| | Browsen,
b Launsch Growup (Deprecated) .
Build (i before |
o Remate Tel Apphcation AN (X M) o kg
B Sifve GOB OpenOCD Debugging Eusl Configuratioer | Use Active
s O)Eruble sito build () Dinabile smstos basied
@) Use weskspace settings Configus Worsgace Setings
Filtet matehved 15 of 10 Riens
@ e
Figure 59: Select on project to debug
18 BigiKey

6 Hands On: Implementing
a Soft Core Using the Digilent
Nexys A7

This is the most technically demanding part of the guide and involves
embedding a RISC-V core into a FPGA. It is ideal for the detailed study of
computer architecture, but may be too complex for some readers.

6.1  Support from the Imagination Technologies University

Programme

Imagination

Implementing a soft core on a FPGA is a major undertaking. Fortunately,
the Imagination Technologies University Programme is releasing
worldwide teaching materials to implement a RISC-V core on a
Xilinx Artix-7 FPGA, known as the “RVfpga: The Complete Course in
Understanding Computer Architecture”. This consists of a full package of
20 laboratories, documentation, examples and exercises with solutions.
All the necessary software can be downloaded for free. This saves the
user a great deal of work and headaches. The version of the material
presented here represents 10% of the complete course.

To gain access to the RVfpga materials, it is first necessary to register at:

https://university.imgtec.com/forums/?wpforo=signup

The registration form is unfortunately a little on the long side and is
designed for universities. However, the RVfpga materials are available
to people outside universities, so where a university related field is
asked for, the equivalent from a commercial or other organisation can
be entered. The time required to register is under 10 minutes as not all
the fields have to be filled in. Spaces are not allowed in phone numbers.

When registered, log in and request a download of the materials from
the Teaching Resources page:

https://university.imgtec.com/teaching-download/

The download material is equivalent to three semesters of undergraduate
study at university and covers 20 laboratories, all of which is free. There
are also forums to discuss issues and answer questions.

The Masters-level “Creating a SoC” course follows in Q1 2021.

6.2  Soft Core Option

Providing that a project is not too cost sensitive, having a soft core in
an FPGA gives the designer much more freedom than using a standard
processor. There are a range of off-the-shelf peripherals available to
download from www.opencores.org. Algorithms such as Fast Fourier
Transforms (FFTs), digital filters and complex encryption algorithms can
be implemented in hardware, not software, giving higher processing
speed. PCB layout is much easier as peripherals can be routed to
virtually any pin.

6.3 Board Required to Run Programs
For software simulation and software debugging only, the board is not
required.
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The board used is:

Digilent Nexys A7 Nexys A7 ECE FPGA Trainer Board Digi-Key 1286-
1081-ND $265.00

Its predecessor, the now obsolete Nexys4 DDR board can also be used,
as it is very similar.

Figure 60: Digilent Nexys A7 Board.

6.4 Software Required
The following programs are required:

Program Purpose

Xilinx Vivado Builds the Verilog .v and System Verilog .sv files
2019.2 that make up the RISC-V core. Also downloads the
) generated .bit file to the hardware

Visual

Studio Code Id[;I\EI ;:)or (r;n irr‘]? assembly language software

(VSCode) p

Platforml0 An add-on to VSCode that provides support for
RISC-V processors

Open OCD Open source On Chip Debugger

RISC-V Compiler and other files required to build RISC-V

Toolchain projects

. Hardware simulator and processor for Verilog .v and

Verilator . )
System Verilog .sv files
Instruction Set Simulator (ISS) from Western Digital.

Whisper Allows code to be run and debugged on a computer
without hardware

Digilent Specific configuration files for the Digilent Nexys A7

Board Files  Board

GTKWave V_Vayeform viewer for viewing low-level system
timings

RVfpga Soﬁware cores, code examples and Verilog / System
Verilog projects

RVfpga Labs 20 Laboratories

Table 4: Programs Required

At present, all the programs run on Linux only, although Windows and
Mac support is in development. The full download and installation time
is in the region of 4 hours.

6.5 Running a RISC-V Implementation
There are two tasks required in order to run code on a RISC-V in a Xilinx
FPGA:

1. Configure the FPGA hardware using a . bi t file.
2. Compile the code and download the . e1 £ file to the FPGA.

6.5.1 Relationship between FPGA Hardware and Software
Components

Figure 61 shows how Xilinx Vivado is used to process the Verilog .v and
System Verilog . sv files and convert them to a . bi t file, which can
be programmed into the FPGA.

C or assembly code is compiled using Platforml0 and the .elf fileis
downloaded to the FPGA where it can be run and debugged.

Communication with the Digilent Nexys A7 board is via a single shared
USB port. It is not possible communicate with the board using Vivado
and Visual Studio Code at the same time.

Hardware Simulator -
Visual Studio Code

C or Assembly |
Code ) :
.elf
file Debug

FPGA Configuration

bit
file

Xilinx Vivado

.v and .sv files ‘
| Diligent Board Files

Figure 61: Visual Studio, FPGA and Xilinx Vivado Relationship

6.6 Western Digital SweRV Cores
Although there are a wide range of RISC-V cores available, a large
number of them are part of academic research rather than being fully
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certified. It is not suggested that these cores do not work properly, but
for industrial products, the RISC-V core would have to be fully validated
and certified to avoid the potential high costs of product liability.

Western Digital (Revenue $16.57 billion in 2019) has developed a family
of three certified SweRV cores for use in commercial products known as
EH1, EH2 and EL2.

6.6.1 List of SweRV Cores

Core Pipeline Threads Sizeinmm  CoreMarks/

Name Stages @TSMC MHz
EH1 9 Single 0.110@28nm 49
EH2 9 Dual 0.067@16nm 6.3
EL2 4 Single 0.023@16nm 3.6

Table 5: Western Digital SweRV Cores. Image Source: Western Digital

Here the sizes refer to figures obtained from the Taiwan Semiconductor
Manufacturing Company (TSMC).

All three cores are RV32IMC, which means Integer Instruction Set, 32
bits and 32 registers, Integer multiplication and division and Compressed
instructions (16 bits).

6.6.2 Difference between SweRV Cores

The EH1 and EH2 cores both have full functionality in terms of pipeline,
EH1 with a single thread and EH2 with dual threads. The EH2 has higher
specification terms of 6.3 CoreMarks/MHz, but has a more complicated
architecture.

Where size and cost are important, the EL2 core is a good choice,
although there is a drop in performance down to 3.6 CoreMarks/MHz. It
uses a simplified pipeline with 4 stages rather than 9.

The EH1 core has already been implemented and tested on the Digilent
Nexys A7 board, and therefore has been chosen for the hands-on part of
this guide. There are plans for the future to add the higher performance
EH2 core and lower resources EL2 core.

6.6.3 SweRV EH1 Core in Detail
The block diagram of the SweRV EH1 core is shown in Figure 62:

SweRV EH1 Core Complex

- ITAG

B4-hi AXI4
or
AHB-Lite

Bd-bit AXIA  Bd-hit AX14
ar of
AHB-Lie AHE-Lite

Bd-hit AXl4
or
AHB-Lite

Figure 62: SwerRV EH1 Core Complex. Image Source: Western Digital

The core is divided into 4 Units for instruction fetch (IFU), execute (EXU),
decode (DEC) and load/store (LSU).

6.6.4 SweRV EH1 Individual Components

IFU Instruction Fetch Unit

EXU Execution Unit

DEC Decode Unit

LSU Load Store Unit

DCCM Closely-Coupled Data Memory
ICCM Closely-Coupled Instruction Memory
I-Cache Instruction Cache

PIC Programmable Interrupt Controller
AXI Advanced eXtensible Interface

AHB Advanced High Performance Bus

Table 6: SwerRV EH1 Components

AXl4 and AHB-Lite are two industry standard interconnection buses.
JTAG is used for code download and debugging.

6.7  SweRVolf Core

By itself, the SweRV EH1 is just a basic computer core. It needs additional
components to make it of practical use. Olof Kindgren has written a set
of wrappers for SweRV known as SweRVolf. The RVfpga authors have
extended SweRVolf with some useful additional peripherals and have
reorganized the HDL sources.

SweRY EH1 Core Complex

ﬂ“

Bwefl V EHL Como - RV3ZIMG

-1 -1
.

AXI Intercon nect

4 > RAM Memory
AXI-Wishbone Bridge

Wishbone Interconnect

[ system-ctrl | [ spiz | |'sPi2 | [ Timer | [ GPIO || uART |

Figure 63: SweRVolf Core. Image Source: Imagination Technologies UP

6.7.1 Extended SweRVolf Components
The extended SweRVolf implementation is broken down into the
following components:

« Wishbone Interconnect: an Opencores interconnect, simpler than
AXI.

e axi2wb: An AXI to Wishbone bus converter.

e GPIO: General Purpose Input Output from Opencores with 64 input/
output ports.
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e Timer: from Opencores

e SPI: an open-source Serial Peripheral Interface controller (obtained
from https://opencores.org/projects/simple spi).

¢ UART: an open-source UART controller (obtained from https://
opencores.org/projects/uart16550).

¢ Boot ROM: a Boot ROM contains a first-stage bootloader. After
system reset, SweRV will start fetching the initial instructions from
this area.

e RAM: the SweRVolf Core does not include a memory controller,
but it reserves the first 128MB of its memory map and provides
access to an AXI bus, so that the user can include RAM memory.

e SPI Flash: an SPI Flash memory (or Quad SPI) can also be included
using the SPI controller described in the previous section.

6.7.2 SweRVolf Memory Map
All the components are memory-mapped as follows:

Core Map Memory Address Range

Boot ROM (0x80000000 - 0x80000FFF
System Controller 0x80001000 - 0x8000103F
SPI1 0x80001040 - 0x8000107F
SPI12 0x80001100 - 0x8000113F
Timer 0x80001200 - 0x8000123F
GPIO 0x80001400 - 0x8000143F
UART 0x80002000 - 0x80002FFF

Table 7: SweRVolf Memory Map

6.8  SweRVolf Verilog and System Verilog Files
The hierarchy of files for Figure 64 is shown in Verilog .v and System
Verilog .sv format. These are all provided by the RVfpga package.

SweRWVE1 CoreComplex/
SWEMY_WTapper.sv
i

Interconnect!
Axiinterconnect/

axi_intercon.sv
1

swerv_wrapper

axi_intercon

|
Interconnect/

AxiToWb! axi2wb
axi2wh.v
¥
| g
= wb_intercon
Interconnect/ =
Wishbonelnterconnect/
wh_intercon.v
]
Penpharals/ Peripherala/ Peripherals/ Peripherals/ Peripherals/ Paripherals/
SystemController BootROM uart spi gpio ple
swervall_syscon wb_mem_wrapper uart_top simple_spi gpio_top pte_top

Figure 64: SweRVolf File Structure. Image Source: Imagination Technologies UP

6.9  SweRVolf Hierarchy for Nexys A7
All the components for the SweRVolf project are provided in the RVfpga
package and can be downloaded.

| L
| swervolf_core }— — -
| ——

A " ] [
(o i) (B i) (gt | [0 [Swerv_wrapper | (220 | (reie ] (Sommvos syseen ) (9800 ] (P ]
migss | | 2
| |

Figure 65: SweRVolf Project Hierarchy inside the Nexys A7. Image Source:
Imagination Technologies UP

6.10 Enhancing the SweRVolf Implementation
The original SweRVolf implementation can be extended by adding
additional peripherals.

6.10.1 Peripherals Available from Opencores

SweRVolf is an open specification and all the source code is available
for download from Github. This means it can be modified and new
peripherals can be added. A whole range of projects are available from
WWW.opencores.org/projects.

6.10.2 Peripherals Added in Laboratories

In the laboratories, the following peripherals have been added for the
Nexys A7 board:

e 5 pushbuttons through new GPIO
e Tri-color LEDs using PWM

e Temperature sensor using 12C

e 7-Segment display driver

e SPI Accelerometer driver

7 Soft Core Software
Installation

7.1  Downloading RVfpga

Before installing the software for soft core development, the RVfgpa
package needs to be downloaded as it contains many of the files
required. See Section 6.1 for details.

Download all the files. A good location for the RVfpga package is in
the home directory e.9. /home/myusername/RVfpga, Where
“myusername” is the actual computer name. When an example states:

[RVfpgapath] /RVEpga/
Then all that needs to be entered is:
~/RVfpga/

Make sure that all the files have read/write permissions.
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The examples that follow use the current version of RVfpga, which may
change. It is recommended that the Imagination Technologies “RVfpga:
Getting Started Guide” be referenced for the latest information.

7.2  About Xilinx Vivado

This is by far the most time-consuming operation as there are several
programs that need to be set up in Ubuntu 18.04 Linux. Support for
Windows and Mac is currently in development. The Xilinx download and
installation takes around 2%2 hours.

Xilinx has been chosen for several reasons:

1. Xilinx are at the top end of the FPGA market with a very large
range of high specification products.

2. From the career perspective and marketable skill, Xilinx is the
most widely asked for FPGA technology. A quick search of a jobs
website will confirm this.

3. SweRVolf was written using Xilinx.

4. SiFive also use Xilinx for their cores.

7.3  Important Information about Xilinx Vivado Installation
in Linux

Before performing the Xilinx download, if not already done, Ubuntu

18.04 needs to be setup on the computer. The Ubuntu partition needs to
be at least 100 GB. Do not use Ubuntu 20.04.

Xilinx specify which versions of Ubuntu are compatible with their
software and Ubuntu 20.04 is not currently one of them.

Rillnx Unlfled 2019.2 installer - welcome

Welcome

UNIFIED

Xilinx Installer

We are glad you've chosen Xiine as your platform development partner. This program can snstall the Xl
produsts including Vitls, Vivads Dasign Erviranmant. Lab Edticn. Bootgen, and Documantation Navgater,

Supported operating systems for 2016.2 are

- Windows 7.1: 64

« Windows 10 Professional versions 1808 and 1903 6d-bit

- Fad Hat Enterprise Linox 7.4-7.6: S4-bit

- Cant05 Linux 7.4-7.6: 54-bit

= SUSE Bnterprise Linux 12.4; 64-bit

Amazon Linuy 2 M2 LTS: 84.bit
[} thunty Linux 15.04.5, 16.04.6. 18.04.1 and 16.04.2|LTS: 64-bit

- additional library installation n

Mote: This release requires upgrading your license senver tools to the Fiex 11.14.1 versions. Please confirm
with your license admin that the correct version of the kcense server toals are installed and svailable. before
running the tecis.

Mobe: This installation pragrae wil net install cable divers on Linu
separataly, with administrative privieges.

This 2em will need 1o be instalied

1 digabla any antiaar

& XILINX.

Copyright © 1986-2020 Xiline, Inc. All rights resened Ereferences test > Cancel

Figure 66: Xilinx Unified Installer Compatibility

Do not be like the author and download Ubuntu 20.04 only to find out
2V, hours later that it is incompatible and does not run. The process
will need to be started from the beginning by deleting everything then
installing the correct version Ubuntu 18.04.

7.3.1 Xilinx Vivado System Requirements

Xilinx Vivado is 16 GB in size (hence the long download time) and
requires 56 GB to do the install (hence the 100 GB partition size). Should
there be insufficient disk space, an error will be generated.

22 (Dighkey

Xilinx Unified 2019.2 Installer - Select Destination Directory

Select Destination Directory

Chonss installatinn eptinns sich as lncation and shorteuts

Instaliation Options
Select the installation directory

Select shorteut and file associat|
¥l Create program group entrig

AoolsMilire |)-E|l.ir\n ﬁesugn To‘ola

Installation location(s)

NA

[¥l creste deskiop shortouts

Download location
NA

Disk Space Required
Download Size: 15,61 GB
Disk Space Required; 50,01 GB
Final Nisk 1sage: NA

Disk Space Available: 16.58 GB

&P There is not enough disk space on ftools/Xiling to install.

Figure 67: Xilinx Vivado System Requirements

7.4 Installing Xilinx Vivado in Linux

This program is used to modify and build the Verilog .v and System
Verilog . sv files for the soft-core and download them to the Digilent
Nexys A7 board.

If a Digilent Nexys A7 board is not available or just to run a computer
simulation only, then Vivado can be installed later.

7.41 Downloading the Xilinx Software
In order to download Xilinx software, a Xilinx account will need to be
created, if one does not already exist.

Go to https://www.xilinx.com/support/download.html and select the
downloads for 2019.2

Click on Xilinx Unified Installer 2019.2:
Self Extracting Web Installer todownload it.

Linux
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Vivado Design Suite - HLx Editions - 2019.2

Important Information
Wivado Design Suite 2019.2 is now available

= Hitrogdicing UVM 1.2 support in Vivado Simulator{XSiM)

= Improved tayer visibility in IP Integrator

= Physical Optimization and other QoR improvement features

= 10% reduction in design compiation runtirme

= Mew high bandwidth ICAP IP for enhancing Dynamic Function eXchange

We strongly recommend to use the web instaliers as it reduces download time and saves
significant disk space

Please see installer information for detalis

Note: Download verification is only supported with Google Chrome and Microsoft Internst
Explorer wab Drowsedss

& Xiling Unified installer 2019.2 Windows Self Exfracting Web Installer (EXE - 65.5 MB)

MDS SUM Vabee - 92d7d499152006aTE2152bd27314ccTa

& ¥ilinx Unified Instafler 2019.2 Linux Self Extracting Web instalier (BIN - 115.4 MB)

MD5 SUM Value - bBd4152714584241bdbaa 11680623211

& Vivado Hlx 2019.2: Al 05 instalier Single-File Downdoad (TAR/GZIF - 26.55 GB)

Download Verification @

Digests

MOS SUM Value : e2b2T62064ef5/014591013077d823ab

Download Verification @

Digests Pubdic Koy

Signature

Figure 68: Xilinx Unified Installer 2019.2

7.4.2 Changing permissions of the Binary File
When the Xilinx Unified 2019.2 1106 2127 Lin64.
bin file is downloaded to the /Downloads directory, it is not executable.

Make it executable with the Ubuntu Files E tool by right clicking on
the file name, then selecting Properties-Permissions. Click on Allow
executing file as program.

7.4.3 Running the Binary File
Open an Ubuntu Terminal B and make it the root by typing the following:

sudo su

Go back to the Ubuntu Filesﬁ tool and drag and drop the following file
into the Terminal window:

Xilinx Unified 2019.2 1106 2127 Lin64.bin
Press carriage return in the Ubuntu Terminal to run the binary file.

7.4.4 Selecting Vivado Product to Install
In the Select Product to Install window, select Vivado, not Vitis.

B i Unifimed 300192 berctalier - Select Prouct 1o ineat - o b 4

Sedect Product (o Install

St 3 Pt b contrum rtalators. Tou il be abie 10 Gustore B coten i the e page.

() Vivado
Inckues the full complermen of Vi Drmign Saate ool for design, inchicing C 4 gy o Syt
. C suppert, cable driver, A ke

wemthcation and device

Figure 69: Selecting Vivado

7.4.5 Selecting WebPACK

In the Select Edition to Install window, select Vivado HL WebPACK, which
is the free version.

7 ik Unifiwed 300902 inctalier = Sebect Febition 1 bl - o x

Sekect Edition Lo Install

Seect a1 edton o contrue nstslation, Tou il e able & custone S content i the nex page.

(&) Vivada HL WebPACK
Wi ML WebPACK i the 1o o, device mitied wersion of Vv ML Design Edncn. Users can cpionally add Model Composer snd System Generator for D59 1o thes
imtalaton,

() Ve HL Do Bt

D) ¥vmdo HL Syatem Edon

Figure 70: Select Edition to Install

Follow the remaining steps to do the installation and use the defaults.

7.4.6
Board
Open an Ubuntu Terminal &8 and navigate to:

Installing the Cable Drivers for the Digilent Nexys A7

/tools/Xilinx/Vivado/2019.2/data/xicom/
cable drivers/lin64/install script/install
drivers/

Then type:
sudo ./install drivers

7.4.7 Installing the Board Files
Go to https://qgithub.com/Digilent/vivado-boards.

opening vivado-boards-masteralp

Clone with HTTPS (&
Use Git or checkout with SYN using the web URL

You have chosen to open
& vivado-boards-master.zip

which is: Zip archive
frome hetps:/fcodeload github.com

a L
what should Firefox do with this file?

https: 4t com/Digilent fvivads )

L]
X o] © powmicad 2

Openwith | Archive Manager (default)
O save File

Do this gutomatically for files like this from now on

1 s E

Vivado Board Files for Digilent FPGA Boards

Figure 71: Download Vivado Boards Master

Download the . zip file and unzip it using the Ubuntu Files E tool.
In an Ubuntu Terminal 2 navigate to:

/Downloads/vivado-boards-master/new/board
files

Imaqglrghon 2
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The files here need to be copied to the Vivado board files directory. sudo apt install -y python3-distutils python3-
Type: venv

sudo cp -r * If VSCode is not already running, locate it by typing Visual Studio
Code in the search menu then selecting it. Alternately, click on the
Visual Studio Code icon.

/tools/Xilinx/Vivado/2019.2/data/boards/
board files

The important board file is nexys-A7-100¢t.

7.4.8 Running Vivado under Linux Q  Visual Studiol
Open an Ubuntu Terminal 2.

Navigate to the directory:
/tools/Xilinx/Vivado/2019.2 then type:
source settings64.sh

vivado &

7.5 Installing Visual Studio Code and PlatformiQ Visual Studio ...
Time required: about 20 minutes.

Visual Studio Code (VSCode) is the IDE for software development and

X Figure 73: Visual Studio Code Icon
debugging.

Platforml0 is an add-on for VSCode that provides support for RISC-Vand  /-3-4 Platforml0 extension in VS Code
many other processors. In VSCode, click on the Extensions icon [E§.

7.5.1 Download Visual Studio Code
Go to htips://code.visualstudio.com/Download. Click on .deb to
download the file. The file size is currently 60.5MB File Edit Selection View Go Run Terminal Help

OPEN EDITORS

Download Visual Studio Code

Free and built on open source. Integrated Git, debugging and extensions.
LEDSSWITCHES

» DUTLINE

» TIMELINE

4 Windows

Windows 7.8, ¥

Figure 72: Download Visual Studio Code

Extensions (Ctri+Shift+Xx)

7.5.2 Extracting Visual Studio Code
Open an Ubuntu Terminal & and type:

cd ~/Downloads

. Figure 74: VSCode Extensions Bar
sudo dpkg —-i code*.deb

To run VSCode type: 7.5.5 Installing Platforml0 Extension
Type platformio into the search box. Go to PlatformlO IDE then
code click on the Install button.

7.5.3 Installing PlatformlQ
PlatformlO provides specific support for RISC-V.

In the Ubuntu Terminal & type the following to load some necessary
utilities:

24 (Dighkey
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File Edit Selection View Go Run Term

platformio

PlatFormlQ IDE 1.10.0
Development environment forSmbea
PlatformliO Install

loT UEility 0.3.0
Develop loT project based on Platfo...

Jun Han Install

Aceinna 0.1.2
Aceinna Navigation Studio: open-sou...

PlatFormiQ Install

Figure 75: PlatformlO IDE Extension

7.5.6 Reloading PlatformlQ
The QUTPUT window on the bottom gives information as to progress of
the installation.

When finished, click on Reload Now so that PlatformlO Core will be
installed in VSCode.

PlatformiO Installation «

Reload Now

Figure 76: Reload Now after PlatformlO installs

7.5.7 Installing Chips Alliance Packages
The next step is to select the processor target. In this case it will be
SweRVolf that is part of the RVfpga package that has been downloaded.

View the Quick Access menu by clicking on the Platformio E button
(located on the left hand side bar) and then click on the PlatformlO Core
CL/ option.

Dighkey

Figure 77: Selecting the PlatformlO Core Target

On the bottom window, change from the OUTPUT window to the
TERMINAL window. This allows commands to be entered while in
VSCode.

7.5.8 Installing Chips Alliance Platform
Install the Chipsalliance platform by running the following command on
the TERMINAL:

~/.platformio/penv/bin/pio platform install
[RVfpgaPath] /RVfpga/platform-chipsalliance
--with-all-packages

Where [RVEfpgaPath] is the location where the RVfpga files were
saved. For example, it might be in /home /myname /, where myname
is the actual computer name.

The package includes the pre-built RISC-V toolchain, 0penOCD debugger
for RISC-V, Verilator, Whisper, JavaScript and Python scripts. The RVfpga
bit file and example code are also provided.

7.5.9 Optional Check that SweRVolf is Loaded
To confirm that swervolf nexys is loaded, in the TERMINAL
window type:

~/.platformio/penv/bin/pio more then

scroll down t0o swervolf nexys

boards |

Figure 78: Check swervof_nexys is loaded
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7.5.10 Close and Reopen VSCode 7.7  Running a C Program in PlatformlO using Whisper

So that that PlatformlQ is activated, close and reopen VSCode. Western Digital has an Instruction Set Simulator (ISS) called Whisper,
developed for the software verification of the SweRV RISC-V core,
without any hardware. It is part of the RVfpga download.

7.7.1 Opening the Folder

Note: Normally the .platformio files are hidden.

To search for .platformio inan Ubuntu Terminal B, type:

1s -a Open VSCode and go into PlatformlO.

This makes the hidden files visible. On the top menu bar of PlatformlO, click on File then Open Folder. There
Alternately, use the Ubuntu Files tool =] to show hidden files. is no need to actually open the files.

7.6 Installing Verilator and GTKWave File Edit Selection View Go Run Terminal

Time required: about 20 minutes. New File Ctri+N

Verilator is a hardware simulator for Verilog and System Verilog files that g b L

is used by PlatformlO. Open File... Ctrl+0

To install Verilator to run natively in Linux, open an Ubuntu Termina/. Open Folde

. . . . Open Workspace..,
Start by installing the necessary utilities that are not installed by default: Biaan Fvcsik
sudo apt-get install git make autoconf g++

flex bison 1ibfl2 libfl-dev

Add Folder to Workspace...

Save Workspace As...

Install Verilator program

git clone https://git.veripool.org/git/verilator Cerl+Shift+s
cd verilator
git pull oW
s CO >ave
git checkout v4.020
sutoconf Preferences
. /configure
make Close Editor cerl+w
sudo make install clo : ace [Ctrl+K F)
Finally install the waveform viewer SR SLTen

sudo apt-get install -y gtkwave Xk CtrQ

Figure 81: Opening Folder to Simulation File

7.7.2 Vector Sorting Whisper Example Code
Select the directory vectorSorting and click on OK.

GTKWave 4 fWrrichard @ RVfpga | examples | P

Figure 79: GTK Wave ICON Name

7.6.1 A Typical Verilator Waveform AL_Operations

=
Verilator is complicated to use as a hardware simulator and is outside & Blinky
of the scope of this article. Full details are given in the “RVfpga: Getting @ Helloworld

Started Guide”. However, a typical waveform of the clock and the B LedsSwitches

Instruction Fetch Unit (IFU) is: , i
@ LedsSwitches C-Lang

taves

= P Vectorsorting
deest [ 31:0] =0000008 1

Figure 82: VectorSorting Folder

Figure 80: Typical Verilator Waveform.
7.7.3 Modifying platformio.ini
To use Whisper, it is necessary to modify the platformio. ini file.
Open this file.
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Uncomment the line:
debug tool = whisper
then save it.

Important: make sure that debug_tool lines up with the characters
above and that there are no leading spaces. Figure 83 shows the error
generated when an unexpected space is present.

platformio.inl - VectorSorting - Visual Studic Code

File Edit Selection View Go Bun Terminal Help

platfar

Termina
DUTLINL
@04 @ & > 2 R A 12 O B

6,041 Spacesd UTFE LF N & O

Figure 83: Incorrect platformio.ini Setup

7.7.4 Running a Simulation using Whisper
Place a breakpoint by clicking to the left of line 10.

Launch the debugger by clicking on i and then on

VectorSorting.c - VectorSorting - Visual Studlo Code

Spatexd UTFE IF € Loux & O

@OAD gePiODebuglVeclorSoting & ~ + & B A = ¢ [

Figure 84: Showing the Program RISC-V Instructions and breakpoint at line 10

It is now possible to single step through the code using the keyboard
Function Key F10.

gy

Click on Disassembly on the bottom left hand corner of the screen to
show the RISC-V instructions.

7.7.5 Viewing the RISC-V Assembly Language
The assembly language that has been generated by the C compiler is
shown in Figure 85.

To return to the C source code, click on Switch to code.

main_dbgasm - Vectarsarting - Visual Studio Code
Help

> 2

Switch ta code |

Ln6,Col1 Specesd Doswsembly & O

@®OMLD o PODebvgVectorsoting) @ 5 @ B A 12 ¢ B

Figure 85: RISC-V Assembly Language View

For more details on debugging, see the “RVfpga: Getting Started Guide”.

8 Building the SweRVolf Core
and Downloading it to a FPGA

Time Required: about 5 minutes

8.1  Building the SweRVolf Core

The good news is that this part is not needed, thanks to the RVfpga
Team at University Complutense, Madrid. As part of the RVfgpa package,
a Xilinx Vivado project has been provided with the file Rvfpga.bit
that can be directly downloaded to the Digilent Nexys A7 hardware.

8.2  Connect the Nexys A7 Board
Plug in the Nexys4 A7 board using the USB cable supplied. Slide the
Power switch to the on position as the default from the factory is off.

8.3  Downloading the Core to the Digilent Nexys A7
This requires the RVfpga package to be downloaded first as it contains
the RVEfpga .bit file. See Section 6.1.

8.3.1 Open the Hardware Manager in Vivado
Open Vivado as shown in Section 7.4.8.

Click on Open Hardware Manager >
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Vivado 2019.2

File Flow Tools Window Help Q- Quick Access
VIVADO! & XILINX
A Ao ®
HLx Editions

Quick Start

Create Project >
Open Project >
Open Example Project »

Tasks

Manage IP >

Open Hardware Manager > I

Xilinx Tel Sfore 3

Learning Center

Documentation and Tutorials >
Quick Take Videos »

Tcl Console

Figure 86: Open Vivado Hardware Manager

8.3.2 Open the Hardware Target
The hardware manager will automatically detect that the hardware is
not open. Click on Open Target and then Auto-detect.

¢ Vivado 2019.2
File Edit Tools Feports Window Layout
~ &
HARDWARE MAMNAGER - unconnected
ﬂ Mo hardware targetis openfl Open target
Hardware ? OO =X
)

Figure 87: Open Hardware Target

8.3.3 Programming the FPGA Configuration
Click on Program device.

Eile  Edit

= 5 o X

Fl

Tools Reports  Window  Layout Wiew  Help

Dashboard

HARDWARE MANAGER - localhost/xilink_tcfiDigilent/2102927434874A

@ There are no debug coresl| Program device IRefresh device

Hardware ?2 0B X
Q| = | = ]
Mame Status

~ I localhost (1) Connected

v B¢ xiline_tcfiDigilent/210292743: Open
~ {8 xc73100t_0 (1)
IE XADC (System Monitor)

Programmec

Figure 88: Program FPGA Configuration

8.3.4 Select Bitstream File

For the Bitstream file, select:

[RvfpgaPath] /RVfgpa/src/RVipga.bit

The field Debug probes file can be left blank. Click on Program. The
board should program in about 10 seconds.

Program Device "

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

Bitstream file:

|p‘homefr|chardf Rvfpoa/srcirvipga.bit
Debug probes file:

[ Enable end of startup check

fy
‘-?'; el

Figure 89: Download Bitstream File

8.3.5 Close Vivado
This is an important step. Come out of Vivado so the USB port is free,

otherwise it is not possible to download and run the program using
VSCode.

Click on the Close Hardware Managericon = on the right hand side.
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Vivado 2019.2 .

File Edit Tools Reports Window Layout Vew Help
E‘ - B E-3 4 Dashboard « &
HARDWARE MANAGER - localhost/xilinx_tcfiDigilent/210292743487A

@ There are no debug cores. Program device Refresh device

Hardware 700X
a =z | =
Name Status
v @ e xilink_tcfiDigilent/210292743: Open 4
v @ Xc/alout U (L) Programm
IE ¥ANC (System Manitar v
< »

Figure 90: Exit Vivado

8.4 Running a Program on the NexysA7 Board
Time Required: about 5 minutes.

8.4.1 Opening the Program to be Run
Open VSCode by typing Visual Studio Code into the search bar and
clicking on the VSCode [l icon.

On the top menu bar click on File then Open Folder.

File Edit Selection View Co Run Terminal

Ctrl+N
ctri+Shife+N

Mew File

New Window

Open Ctrl+O

Open Workspace..,

Open Recent
Add Folder to Workspace...
Save Workspace As...

Ctri+Shift+5

Auto Save

Preferences

Close Editor Ctrl+w

Close Workspace [Ctrl+K F]

Close wWindow Ctrl+w

Exit

ctrl+Q
Figure 91: Open Folder

It is not necessary to open the files.

8.4.2 Select Program LedsSwitches
Navigate to RVfpga/examples then click on LedsSwitches.
Other examples may be tried later.

gy

4 | frrichard RVfpga @ examples | LedsSwitches @ »

Name

M AL_Operations
& Blinky
& Helloworld

M LedsSwitches_C-Lang
W Vectorsorting

Figure 92: LEDS and Switches Program

8.4.3 LEDs and Switches Program Opened

This is a minimal assembly language program which continually reads
the 16 switches then outputs the value to the 16 LEDs. There isalsoa C
code version in the RVfpga examples.

Expand >src then click on LedsSwitches. S so that the assembly
code is visible.

Click on the PlatformlO Build icon 28 on the bottom left of the screen.

LedsSwitches.S - LedsSwitches - Visual Studio Code
File Edit Selection View Go Run TIerminal Help

LedsSwitches.

OUTLINE
@OAD @

2+ @& M A i

Spaces:4 UTF8 LF Assembly &' [

Figure 93: Build LedsSwitches Program

8.4.4 Running the LedsSwitches Program
Either from the toolbar select Run then Start Debugging or press the
keyboard Function Key F5. The program will run continuously.
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LedsSwitches.S - Led|

File Edit Selectio

View Go Run Terminal Help

Run Without Debugaging

Ctri+F5s

iguration...

Switches.S

Toggle Breakpoint

Figure 94: Start Debugging LEDs and Switches Program

8.4.5 Nexys A7 Board Running RISC-V Core - LEDs
Controlled by Switches

Operate the slide switches at the bottom of the board. The green LEDs
can be turned on and off individually.

Figure 95: Nexys A7 Board Running RISC-V Core

Note: on the latest version of RVfpga.bit, the 7-Segment display
shows 0000 0000. A simpler version is shown here for clarity.
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9 Product Development using
RISC-V

In this guide, two SoC RISC-V processors have been used for the hands-
on sessions, the Kendryte K210 and the SiFive FE310-G002. This section
looks at what these two devices can offer when built into a user’s board,
either for further development or for a mass-produced product.

9.1 Kendryte K210
This is used on the Seeed Technologies Co Ltd Maix BiT board. It is a
very powerful processor at a modest cost.

9.1.1 Kendryte K210 Processor Core

DMA CPU GPID
DVP UART
RISC-V RISC-V

JTAG 64bit 64bit SPI
op : 1?5
KPU 12¢
FPIOA CNN Accelerator
Timer
PuM
APU
SRAN FEI WOl
Audin Accelerator
SHA256

Kendryte K210

Figure 96: Kendryte K210 Architecture Overview. Image Source: Kendryte K210
Datasheet.

It contains not one but two RISC-V 64bit floating point processors
running at 400 MHz. In addition, there are a range of useful internal
components and interfaces.

Abbreviation  Description

CNN Neural Network

DMA Direct Memory Address

DVP Digital Video Port

JTAG Programming and Debug Interface

AES Advanced Encryption Standard

oTP One Time Programmable Flash

FPIOA Field Programmable Input and Output Array (can
map GPIO to any pin)

SRAM Static Random Access Memory

FFT Fast Fourier Transform

GPIO General Purpose Input / Qutput 3V3 and 1V8
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Abbreviation  Description

UART Serial Port

SPI Serial Peripheral Interface

RTC Real Time Clock

12S Inter-integrated sound. Standard interface for audio
codecs

12C Inter-integrated Circuit bus for low speed peripherals

PWM Pulse Width Module

WDT Watch Dog Timer

SHA256 Secure Hash Algorithm to verify data integrity

Table 8: Kendryte K210 Abbreviations

Having the GPIO being dual 3V3/ 1V8 is very useful. Some radio modules
such as LTE/GSM modules support 1V8 operation only. Without dual
voltage GPIO, additional level converters would be required at extra cost.

A Field Programmable Input / Output Array (FPIOA) makes the printed
circuit board (PCB) layout easier as pins can be grouped for easy routing.

The Kendryte K210 processor is only available in a Ball Grid Array (BGA)
package, making it suitable for machine placement only.

9.1.2 Seeed Technologies MaixPy BiT Implementation
Alternatively, for experimentation or low-volume production, the basic
MaixPy BiT could easily be fitted to a breadboard or soldered onto
another PCB using the mounting pins.

Figure 97: Maix BiT Board with Mounting Pins. Seeed Technologies Maix-I Modules

9.1.3 Maix-I

A problem when implementing any processor on a PCB is that there
are quite a large number of additional components required to make
the processor work — decoupling capacitors, crystals, DC-DC converters,
inductors, reset circuit etc.

Two Maix-I modules are available to make life easier for the hardware
engineer:

MAIX-I Digi-Key 1597-1717-ND $8.91 and
Maix-I with Wi-Fi Digi-Key 1597-1715-ND $10.82.

For low volume production or early development boards, these are an
attractive option.

gy

Kendryte UFL
K210 Antenna
Connector

Processor

QsPI
Flash

3x DC-DC
Converter

Figure 98: Maix-1 Module with Wi-Fi. Image Source: Seeed Technologies Co Ltd
(modified).

Both Maix-I modules contain not only the Kendryte K210 processor, but
also Quad SPI flash, crystal, DC-DC converters and optionally for little
more cost, a Wi-Fi module.

A possible application would be a dedicated graphics processor driven
from a main processor via a simple serial port. Because the project can
be developed in MicroPython, the software development time would be
short.

9.1.4 Visual Studio Code support for MaixPy BiT
The MaixPy BiT uses MicroPython for programming, but C or C++ are
also an option.

PlatformlO, as used for the Xilinx FPGA soft core, also supports the
Kendryte K210 used on the MaixPy BiT board and Maix-I modules.
However, the author has not tried it.

Board Explorer @

® PlatformlO currently supports over 800 boards from leading manufacturers, and
You can be part of the process by letting us know what board you wish to see s|

K210

Frameworks

w Platform -

Mame 3

Figure 99: VSC PlatformlO Support for MaixPy BiT

9.2 SiFive
The processor used on the RED-V Redboard is the SiFive Freedom
Everywhere FE310-G002.
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9.2.1 Freedom Everywhere FE310-G002 RISC-V Pinout

V3 Ive PWM1  UARTO

W

o s g i s dn 2
Flas Hﬁ%mmmﬁﬁnﬂﬂﬁ_l
8581 B0, |: 1
e "1—'_
o e, ’]I
el SiFive
L FE310-G002 g
o] 7| Gt 48-bmad QFN bed g
"L m\J:T (0.80mim Fad Pach) G 4
Crystal — :lif
- Serae

JTAG Always On Block

Figure 100: SiFive FE310-G002 Pinout. Image Source: SiFive FE310-G002 datasheet
(modified).

The FE310-G002 is available in a 48 pin QFN Package and runs up to
320 MHz.

9.2.2 FE310-G002 GPIO Pins Multiplexed Functions

Name | Pin | GPIO PWM SPI UART I’C
GPI0.O | 25 [ 01/0 | PWMO0.00

GPIO.1 | 26 | 11/0 | PWMO0.10

GPI0.2 | 27 | 21/0 | PWM0.20 | SPI1.550

GPI0.3 | 28 | 31/0 | PWM0.30 |SPI1.MOSI

GPI0.4 | 29 | 41/0 SPI1.MISO

GPI0.5 | 31 [51/0 SPI1.SCK

GPI0.9 | 33 | 91/0 SPI1.552
GPI0.10| 34 [101/0| PWM2.00 | SPI1.SS3
GPI0.11| 35 [111/0| PWM2.10
GPI0.12| 36 [121/0| PWM2.2 0 12C0.SDA
GPI0.13| 37 [131/0| PWM2.30 12C0.SCL
GPI0.16 | 38 |161/0 UARTO0.RX |
GPI0.17 | 39 [171/0 UART0.TX 0
GPI0.18 | 40 |181/0 UART1.RX |
GPI0.19| 41 [191/0| PWM1.10
GPI0.20| 42 [201/0| PWM1.00
GPI0.21| 43 |211/0| PWM1.20
GPI0.22 | 44 [221/0| PWM1.30
GPI0.23 | 45 [231/0 UART1.RX |

Table 9: SiFive Port Pins Secondary Functions. Image Source: SiFive FE310-G002
datasheet.

The GPIO pins are multiplexed, which means that there can be up to
3xPWM, 1xSPI, 1xI2C and 2xUART. Note that there is no Analog to Digital
Converter (ADC). Because it is a QFN48 package, it is difficult to solder
(or de-solder) by hand, so it is best-suited to machine placement.

:

9.2.3 SparkFun Electronics RED-V SiFive Thing Plus
Implementation

For experimentation or low-volume production, the RED-V SIFIVE RISC-V
THING PLUS could also be used. The cost for the 1568-DEV-15799-ND
is $29.95. Connecting pins would need to be added. Schematics are
available on the SparkFun website.

CEnn e
SDA/12] |
scL/13] |

| _{GND |
WETD
Trxirie)
{Mi50/4]
RCETD
15cK/s )

BE (RreD-v ]

[ |3v3] THING PLUS

NED

—
W/ secGeR

JUink™ Technology

Figure 101: SparkFun Electronics SiFive Thing Plus Bottom View. Image Source:
SparkFun Electronics

10 More Information on RISC-V

For more information on RISC-V, the proceedings of the RISC-V Summits
are available on YouTube and the RISC-V.org website. Both the inventors
of RISC-V David Patterson and Krste Asanovic are entertaining speakers.
There are also videos of the Maix BiT, SparkFun and Digilent boards on
YouTube.

For those readers wishing to build on and gain further knowledge after
running the SweRV core in the FPGA described here, the Imagination
Technologies “RVfpga: The Complete Course in Understanding Computer
Architecture” to be released in November 2020 may well be of interest.
This consists of 20 Laboratories in 4 parts, some of Part 1 having been
covered in this guide:

Part 1: Vivado Project and Programming — Vivado and Verilator, C
programming, Whisper, RISC-V Application Binary Interface (ABI),
procedure calling convention, merging C and assembly code.

Part 2: I/0 Systems — driving the 7-segment display on the Digilent
Nexys A7 board, interrupts, timers and serial buses (SPI, 12C and UART).
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This will be followed in Q3 2021 by:

Part 3: RISC-V Core — understanding the core structure, pipeline, hazards
and implementing new instructions

Part 4: RISC-V Memory Systems — understanding the cache controller,
cache hits and misses, modifying the cache, understanding ICCM
(instruction closely coupled memory) and DCCM (data closely coupled
memory).

Details of two relevant books on RISC-V are also given in the References
section.

11 Conclusion

Having looked at the different boards for RISC-V, the MaixPy BiT proved
to be the easiest to use and the most fun. It is interesting that the lowest-
cost board offers the most powerful computing power in the form of
a dual-core RISC-V processor with camera and LCD at a very modest
price. It is a really good tool for learning about machine vision and face
recognition. Because it is programmed using MicroPython, it is easy to
use, even for those without a programming background.

The SparkFun Electronics RED-V Thing Plus and Red Board fit well
into the hobbyist category or for those electronics/software engineers
wanting to learn RISC-V programming in C or assembly language,
possibly with a view to developing their own product. The software tools
from SiFive are easy to use and there are lots of useful examples that
can be adapted to other applications. Documentation from SiFive is also
easy to read. Users of Eclipse tools for ARM or Tl processors should have
no difficulty with this.

In this guide to RISC-V, it has only been possible to give a short
introduction to implementing a soft core in a Xilinx FPGA. This is aimed
at students studying computer architecture and engineers working
on major projects. It is a complex business and is not recommended
without detailed instructions. Having never used a soft core before, but
by carefully following the Imagination Technologies “RVfpga: Getting
Started Guide” and using the RVfpga package, it was possible to
successfully run a RISC-V core on a Nexys A7 board in a day. Of the
four boards, this is by far the most technical. As a follow on activity for
those readers who wish to stretch themselves intellectually, there is the
Imagination Technologies “RVfpga: Complete Course in Understanding
Computer Architecture”.

A lot of effort has been put into RISC-V and only time will tell how
effective it will be as a competitor to ARM. The open source ISA and no
royalties most certainly give RISC-V a competitive edge, with some very
powerful processors available at a low cost.
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