EE3220 System-on-Chip Design

Lecture Note 9

SoC IP and General Purpose /O (GPIO)




Overview

= Using IP in SoC Designs
= |P Catalog and directory

IP device files

GP Interfaces
Adding IP to extend PS into PL
Bitstream generation

= GPIO

= How do we make a program light up LEDs in response to a switch?

= Basic Concepts

= Port Circuitry

= Alternate Functions

= Peripheral Access In C

* PYNQ Arduino System and Grove I/O Kit
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System-on-Chip Intellectual Property (IP)




The PS and the PL

* The Zyng-7000 AP SoC architecture consists of two major sections
= PS: Processing system
= Dual ARM Cortex-A9 processor based
= Multiple peripherals
= Hard silicon core
= PL:Programmable logic
= Shares the same 7 series programmable logic as
= Artix™-based devices: Z-7010, Z-7015 and Z-7020 (high-range 1/O banks only)

= Kintex™-based devices: Z-7030, Z-7035, Z-7045,and Z-7100 (mix of high-range and high-
performance I/O banks)

= This section focuses on the PL
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Communicating with PL

= Processing system master

= Two ports from the processing system
to programmable logic

= Connects the CPU block to common
peripherals through the central
interconnect

* Processing system slave
= Two ports from programmable logic to
the processing system
= Slave PL peripherals address range

= 4000 0000 and 7FFF_FFFF (connected
to GPO0) and

= 8000 0000 and BFFF_FFFF (connected
to GPI)

Input/Output Peripherals

NAND, NOR/SRAM, QSPI
Controllers

DDR
Controller

t

APU

From L2
Cache

Programmable
Logic to Memory

Central
Interconnect

Processing
System Slave

Processing
System Master

v v
GPO GPI
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IP Catalog

* The IP Catalog contain a collection of IP that can be used to
assemble the (embedded) system

= Supported by IPI

= Facilitates quick system construction

= Each IP block has its own configuration parameters
= Most of the IP is free, some require licenses

= Stored as source code in the install directory

= Always synthesized with the latest tools
= Some proprietary source code is encrypted
= Peripherals in the PS are always present and can be
dynamically enabled or disabled through PS Configuration
wizard

Search:

A

4F 1G/2.5G Ethernet PCS/PMA or SGMII
ﬂ 2D Graphics Accelerator Bit Block Transfer
4F 3GPP LTE Channel Estimator

4F 3GPP LTE MIMO Decoder

4F 3GPP LTE MIMO Encoder

4F 3GPPLTE Turbo Encoder

4F 3GPP Mixed Mode Turbo Decoder
4F 3GPP Turbo Encoder

4F 10G Ethernet MAC

4F Accumulator

4F Adder/Subtracter

4F AHB-Lite to AXI Bridge

¥ Audio 128 Transmitter/Receiver

4F AXI-Stream FIFO

4F AXI 1G/2.5G Ethernet Subsystem
4F AX14-Stream Accelerator Adapter
4F AX14-Stream Broadcaster

4F AXI4-Stream Clock Converter

4F AXI14-Stream Combiner

¥ AXI4-Stream Data FIFO

4F AX14-Stream Data Width Converter

iF AX14-Stream Interconnect -
ENTER to select, ESC to cancel, Ctrl+Q for IP details
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IP Peripherals - Included as Source (Free)

= Bus and bridge controllers = External peripheral controller Memory and memory
= AXI to AXI connector controller
= Local Memory Bus (LMB) = High-speed and low-speed communication
= AXI Chip to Chip peripherals
=  AHB-Lite to AXI = AXI 10/100 Ethernet MAC controller
= AXI4-Lite to APB = Hard-core tri-mode Ethernet MAC
=  AXI4 to AHB-Lite = AXIIIC
= Debug cores = AXISPI
= Integrated Logic Analyzer = AXI UART
= DMA and Timers = Other cores
= Watchdog, fixed interval = System monitor

= Xilinx Analog-to-Digital Converter (XADC)

= Clock generator, System reset module

= Inter-processor communication

= interrupt controller
= Traffic Generator, Performance monitor
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Vivado |IP Catalog

IP Catalog ? - 0a X
* Integrated IP Support Coe 1 e
.. 2 (# w0 8@ o
= |nstant access to IP customization Name o o
. v = Vivado Repository pay
= Vivado IP GUI look and feel » = Allance Parers
> Automotive & Industrial
= Support for Vivado synthesis and ¥ & Kawksshucine
4F AXI-Stream FIFO AXI4, AXI4-Stream
Im Plementatlon 4F AXI4-Stream Accelerator Adapter | — Atane oy — ————— %
4F AXI4-Stream Broadcaster - Mo lw - e ——
4F AXI4-Stream Clock Converter AXI4-Stream Data FIFO (1.1)
= Selectable IP output products e /
4F AXl4-Stream Data FIFO @ Documentation IP Location C' Switch to Defaults
- F U I I TCI S U P PO rt 4F AX14-Stream Data Width Converter
4F AXI4-Stream Interconnect Show disabled ports Component Name | axis_data_fifo_0|
4 AX4-Stream Interconnect RTL FIFO Depth 1024 <&
4F AXI4-Stream Protocol Checker Enable Packet Mode o »
4F AXI4-Stream Register Slice
_ Asynchronous Clocks No v
¢ | Synchronization Stages across Cross Clock Domain Logic = 2
Details B QT MAAS (2 ACLKEN Conversion Mode None v
= . ax?s aresetn axis_data_count[31:0]
Name: AX14-Stream Data FIFO sy ::z-_‘::::::::::g:ﬁ: Signal Properties
Version: 1.1 (Rev. 13) TDATA Width (bytes) | 1 0-512]
Interfaces:  AXI4-Stream I Enable TSTRB No v
Description: The AXI4-Stream Data FIFO IP pro Enable TKEEP No o
a AXI4-Stream master and slave. |
Enable TLAST No v
Status: Production v
|
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IP Cores Included as E

= Xilinx IP

= 37 Party IP

valuation

IP Catalog
Cores | Interfaces
T 2 ® ow s 9 o

Name
~ [ Video & Image Processing

#F Video Deinterlacer

#F Color Correction Matrix

¥ Chroma Resampler

4F Video Mixer

4 Gamma Correction

4F Image Enhancement

#F Color Filter Array Interpolation

#F Video Processing Subsystem

4F Video On Screen Display

4F Bitmap 2.5D Graphics Accelerator
4F Scalable 3D Graphics Accelerator
#F 2D Graphics Accelerator Bit Block Transfer

Details
Name: Video Deinterlacer
Version: 4.0 (Rev. 11)

Interfaces:  AXI4, AXI4-Stream

Description:  Video Deinterlacer

Status: Production

AXl4

AX14, AXI4-Stream
AX14, AXI4-Stream
AX14, AX14-Stream
AXI4, AXI4-Stream
AXI4, AXI4-Stream
AXl4, AXI4-Stream
AX14, AXI4-Stream

AX14, AX14-Stream
AXI4
AXI4
AXi4

Status

Production
Production
Production
Production
Production
Production
Production
Production
Production
Production
Production
Production

Lice.. v

Purchase
Purchase
Purchase
Purchase
Purchase
Purchase
Purchase
Purchase
Purchase
Purchase
Purchase
Purchase

?-0aXx

VLNV

xilinx.com:ip:v_deinterlacer:4.0
xilinx.com:ip:v_ccm:6.0
xilinx.com:ip:v_cresample:4.0
xilinx.com:ip:v_mix:1.0
xilinx.com:ip:v_gamma:7.0
xilinx.com:ip:v_enhance:8.0
xilinx.com:ip:v_cfa:7.0
xilinx.com:ip:v_proc_ss:2.0
xilinx.com:ip:v_osd:6.0
logicbricks.com:logicbricks:logibmp:0.0

com:logicbricks:0gi3d:0.0

logicbricks.com:logicbricks:logibitblt0.0

& XILINX.

[valustion

Microsoft nternet Lxpr one

__——"—
e — tabon
 — — Language Documentabd

————
Downi0ads

K GO Links

———
Contact Us

Sign » to SCCESS account

Enter Keyword/Pan #

Product & Services

Agdvanced Search

Shcon Devices | Design Toots | Intellectual Property | Boards & Kits | Training | Services | Third Party Allances |

Sado vioe0 aod Imade
Froogssns

Atometie
Basic Loge
Bus indortace and 10

Ogtal Signal Processing
FPGA Featres ang
Despn

U

Yemze intertace
*'mﬂmu“

me
S0, NAS 3ng Sapy

~— —— — - - —
- e ————
- 9 . $ ageD) — BQory m‘nzww"

ome Sogects § Servoes Dielecius Sroperly | Phedeciud Property Evaluation
Xilinx IP Evaluation

Related Information

Regster for Access

f'“‘ Rave N0t alead) done 50 Dlease REQslgr 1o 3ccess 1o he Xl IP
SV Lounge If vou have aready registerad for me 1P Evaluason
-CUNGE S0U May S0WNI0ad the evaluation Kbranes using the hinks undes
e Rtiated Products” 1ab ocated on T AONE 510¢ Of Sus page

ONCE v NG registerad and e Qranted access

S0 e Kl avaluanen 1P isted on Riis page ur $0u Wil have access to

Noe ‘Related Features”

A ofthe £y 0 Xy
(m:;:::zzwm N s Ske 1S Covered by the x Core
rp ement Please read this Cocument ¢

LSS eacn @Valuadon 1P COrR v o

Tidh oW Nave 3Cce0ea s hegnge e ;"‘ Wikl be promoted 10 confirm

P Evalsason PACkage formats

» PEvanaton Regstraton
> PEvauaton License

» PlLicense nstalation Help
Related Products

» 1 Gigade Ethernet MAC

10 Ggate Ethernet MAC

» IGPP Downink Chio Rate
IGPP LTE UL Channel Decocer
3GPP LTE DL Channel Encoger
JGPP LTE MNO Encoger

> JGPPLTE TCC Decoger

> 3GPP LTE TCC Encoder

v

-

N

v

IGPP RACH Preamoie Oatacher
> JGPP Searcher '
2 AWGH

Xilinx developed, delivered, and supported
Evaluation IP installs with a 90-day evaluation license
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IP Catalog X Diagram X | Address Editor X
IP Cores

Cores | Interfaces

T 2 R L F L B O
Name AXl4
v Vivado Repository

= Right click to

= Add/customize v Standard Bus Interfaces

. v PCI
= [P Settings - .
4F 32-bit Initiator/Target for PCI (7-Series) Properties... tri+E
= Check License 4 64-bit Initiator/Target for PCI (7-Series)
. R IP Settings...
|
Determine compatibility — ——
= Datasheet Refresh All Repositories
Name: 32-bit Initiator/Target for PCI (7-Series)
. Change Log Version: 5.0 (Rev. 8) # Customize IP...
= Product Webpage Description:  With the Xilinx LogiCORE 32-bit Initiator] 2  License Status

computers, but also for industrial compu @ Compatible Eamilies

= Answer record

: P i
Status roduction Data Sheet
License: Purchase
Change Log
Change Log: View Change Log
Product Webpage
Vendor: Xilinx, Inc.
Answer Records
VLNV: xilinx.com:ip:pci32:5.0
Repository:  C:/Xilinx/Vivado/2017.1/datalip Exportto Spreadsheet...
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IP Core Information

= The size of each core is available in the data sheet
= For example, the axi_timer_v2 00 a data sheet contains the following table:

Table 2-2: Performance and Resource Utilization: Artix-7 FPGA (XC7A355TDIE) and Zyng-7000

Devices
Parameter Values Device Resources

Width of Timer/Counter Enable Timer2 Slices Flip-Flops LUTs
8 False 49 53 96
16 False 61 69 120
32 False 84 101 181
8 True 50 74 123
16 True 74 106 161
32 True 97 170 256

. . . . D f
Data sheet provided for each core (right-click on core in IP catalog to access) M St e —



IP Directory - Peripheral Storage

= [P Core directory (located in the

project directory) 4 . axi_gpio_we [

= {component}.xml . bd
= MyProcessorlPLib directory . doc
(user defined)
: . 4  hdl
= Repository Directory
listed using 4  src
Project —
Project Options — - whdl
Device and
Repository Search tab | tcl
= %XILINX_INSTALL%\Vivado\{Version}\data\ip 4  utils
board
User peripherals can be located in the project directory or a peripheral repository xgui
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IP Core files

| m ml <?xml version="1.06" encoding="UTF-8"7>
CO PonentOX <{spirit:component xmlns:xilinx="http://www.xilinx.com” xmlns:spirit="http://www.spiritconsor
tium.org/XHMLSchema/SPIRIT/1685-2009" xmlns:xsi="http://www.w3.0org/2001/XHLSchema-instance’>

<{spirit:vendor>xilinx.com<{/spirit:vendor>
o XML format <spirit:library>XUP</spirit:library>
<{spirit:name>led_ip</spirit:name>
{spirit:version>1.8<{/spirit:version>
u TOP Ievel fOIder' <spirit:busInterfaces>
<spirit:busInterface>
. . . <spirit:name>S_AXI</spirit:name>
| Pr’OVIdeS Ports descrlptlon’ ; fs;_)irit:bl_JsTy.p.e Sgirit:uendor="xilinx.com“ spirit:library="interface" spirit:name=""axi
mn" spirit:version="1.0"/>
. {spirit:abstractionType spirit:vendor="xilinx.com"” spirit:library="interface" spirit:n
Pal’ameters and Optlons for IP ame=""aximm_rtl" spirit:version="1.6"/>
{spirit:slave>
. . {spirit:memoryMapRef spirit:memoryHapRef="S_AXI"/>
= Links to source files ¢/spirit:slaves
<{spirit:portHaps>
o {spirit:portHap>
u XgUI fOIder <spirit:logicalPort> o
{spirit:iname>AWADDR</spirit:iname>
I .I IPI I {/spirit:logicalPort>
| f f GU {spirit:physicalPort>
.tcl file for <spirit:name>s_axi_awaddr</spirit:name>
<{/spirit:physicalPort>
</spirit:portHap>
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General-Purpose (GP) Ports

By default, GP Slave and Master ports are disabled

| |

|

32b GP
AXI

Master
Ports

32b GP
AXI
Slave
Ports

Enable GP Master and/or Slave ports depending on whether a slave or a master

peripheral is going to be added in PL

axi_interconnect block is required to connect IP to a port with different protocols

= Automatically convert Protocols

= Can be automatically added when using Block Automation in IPI

ay
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Configuring GP Ports

ZYNQ7 Processing System (5.5)

© Documentation ¥ Presets IP Location #% Import XPS Settings

= Click on the menu or green |
GP Blocks to configure amagtoaoesn || [ ——

PS-PL Configuration SP1O Application Processor Unit (APU)
SPI 1

12C 0 .

Peripheral /0 Pins 12C 1 — ARM Cortex -A9 ARM Corex -A9

CAN O CPU cPU
CAN 1

IMIO Configuration UART 0
UART1 N

X GPIO Sncop Control unit
Clock Configuration D0

SD 1 | l 512 KB L2 Cache and Controlier

. S8 0
DDR Configuration = — 256K8

ZYNQ7 Processing System (5.5) TED Interconnect | SRAM

SMC Timing Calculation |_ENET1 | 3

i i i FLASH Memory
© Documentation £F Presets IP Location @ Import XPS Settings R l

Interrupts SRANOR

Memory

Page Navigator — PS-PL Configuration —gﬁ?,; 5P| | Programmable _DDRZB LPDDR2
Zynq Block Design - - Logic to Memory - Controlier

Search: 0 SMC Timing Interconnect

) Calcutation
PS-PL Configuration Q| Name Select Description

<=

> General Clock

= | o Processing System(PS)

M4

Peripheral I/O Pins

~ AXINon Secure Enablement 0 v Enable AXI Non Secure Transaction

(=1 K1 ZIE_E‘ o LB EE High Performamoe
v~  GP Master AXl Interface PS-PL AX| 32b/64b Stave
MIO (EMIO) AX
Clock Ports Ports

L1124

MIO Configuration XADC l

> M AXI GPO0 interface v Enables General purpose AXI master interface 0

Clock Configuration

> M AXI GP1interface Enables General purpose AXI master interface 1
DDR Configuration > GP Slave AXI Interface
> HP Slave AXl Interface
> ACP Slave AXI Interface

Programmable Logic(PL)

SMC Timing Calculation

| Cancel
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Add IP in the PL

= Configure GP ports from PS Customization GUI processing_system?_1
= PS-PL Configuration ) - H
» E.g.Enable M_AXI_GPO/I or S_AXI_GP0/I e etk G USBIND o;rhEI!
. . ) - M_AXI_GPOdk i

= Ports will then be available on Zynq Block Diagram 3228—32—12{33 AN TG0 WAVED OUTT0:0]

. ————— TTCO_WAVEL_OUT[0:0]
= Connect the added IP to the appropriate port j[ P LL” el
= Assign address to the added IP, if unmapped -

FCLK_RESETO_N[0:0]
= Configure the IP, if necessary VNG Processng Syetem

= Make external connections, if needed

= Add external ports/interfaces if the added IP is interacting with external devices
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Connecting IP

Add IP from the IP Catalog

Click and drag to find
connections

Valid connections Highlighted
Designer Assistance, Connection
automation

= |f Board Support available, IP can
be connected to external pins

Or manually create and connect
(external) ports

processing_system7_1

DDR g

" FIXED_104¢ |||

i 4R S_AXI_GPO 0

3| S_AXI_ USBIND_0<& [ |Found 1 mter‘facel
TTCO_CLKO_IN[0:0] M_AXI_GPO<- 5 . io 1
TTCO_CLK1_IN[0:0] S i axi_gpio_

-
TTCO_WAVEOD_OUT[0:0]
TTCO_CLK2_IN[0:0 .
_CLK2_IN[0:0] ZYNQ TTCO_WAVEL_OUT[0:0]
M_AXI_GPO_ACLK[0:0]

TTCO_WAVE2_OUT([0:0]
S_AXI_GPO_ACLK[0:0] FCLK_CLKO[0:0]
FCLK_RESETO_N[0:0]

ZYNQY/ Processing System

abs_axi
s axi_adk  gpio<- |||
S_axi_aresetn
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Designer assistance; Block Automation, Connection Automation

Diagram X Address Editor X

@ e X x O Q + ¥ C 9

* Designer Assistance available. Run Block Automation Run Connection Automation

= Block, Connection processing_system?.0

DDR + |||
= Can automatically connect IP blocks e sex ZYNC  Haeo o

= Automatically insert required blocks

= E.g. Add BRAM; Automation will insert and o
connect BRAM controller and Reset logic i“

s_axi_aresetn

AXI GPIO

* |f Board Support is available, IP can e )

. Automatically make connections in your design by checking the boxes of the interfaces to connect. Select an interface on the left to display its
automatical |)’ be connected to to P level B

> | a
@ = 2 Description

P o rts ~ /I All Automation (2 out of 2 selected) Connect Board Part Interface to IP interface.

v /| 4F axi_gpio_0
/| @ GPIO Interface: /axi_gpio_0/GPIO

/

7/ S_AXI
Options

Select Board Part Interface: | btns_4bits ( bins_4bits v

btns_4bits ( btns_4bits )
leds_4bits ( leds_4bits
sws_4bits ( sws_4bits

Custom

(o)
(2)
&




Assign Addresses

Peripherals in the Zyng™ AP SoC PS have fixed addresses and do not appear in the

address map when an IP is added to the system

For PS peripherals Click on the Auto Assign Addresses button

Diagram < Address Editor
Q = S |#

Cell Slave Interface Base Name  Offset Address Range

v 4F processing_system7_0
v B Data (32 address bits : 0x40000000 [ 1G]

> Unmapped Slaves (1

High Address

The address will be generated and show the generated addresses of the added IP

The fixed addresses of the configured peripherals of the PS

ay
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Parameterize IP Instances

* Double-click or right click the instance
and select Customize Block to open the
configurable parameters dialog box
(refer to the datasheet if needed)

= Default values are shown

= Customize the parameters that you want

20

<+ AddIP...
Add Module...

J” Customize Block...

IP Documentation

Orientation

IP Settings...

¢ Re-customize IP

AXI GPIO (2.0)
IP Location

© Documentation

Show disabled ports

<4 s_a
s_axi_aclk
s_axi_aresetn

GPIO +

ComponentName = switches

Board IP Configuration

Associate IP interface with board interface
IP Interface Board Interface
GPIO sws 4bits

GPI02 Custom

Clear Board Parameters

Enable Interrupt

3
3
3 |
/ 3
sign...

[ o |

’ Cancel ‘

~—

||
L
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Extending the IP Catalog

21

IP Packager

= Packages into IP Integrator Format
Specify repository (local/global)
IP can then be used in IP Integrator
More on |IP Packager later

3. Project Summary X | @ axi_lite_slave.v X | © Package IP - axi_lite_slave X O

7/ IP Identification
/1P Compatibility
"/ 1P File Groups
IP Customization Parameters
/ IP Ports
"/ 1P Interfaces
"/ 1P Addressing and Memory
¥ 1P GUI Customization Layout
IP Licensing and Security

"/ Review and Package

M
X

IP Identification

| Oerrors Owarnings O info messages

¥ Filin and modify the information fields below that will be used to identify your IP, Set the
categories in which your IP will appear in the IP Catalog by modifying the Taxonomy.

Identification

Yendor : xilinx.com

Library : user

MName axi_lice_slave
Yersion : 1.0

Display Mame : axi_lite_slave_v1_0
Description : axi_lite_slave_v1_0

Yendor Display Name :

Company Url :

Cateqgories : [Basic_Elements E]
Root Directory c:/xup/embedded;labsfled_ip

*ml File Mame : i /xup/embedded|labs/led_ip/component. xml

("] Show advanced information
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Bitstream Generation

22

After defining the system hardware, the next step is to create hardware netlists if the
system hardware has logic in PL

A HDL wrapper for the block diagram must be generated

= Additional logic can be added to the HDL, or the Processor system can be used as a sub block in a
HDL design

The design and block diagram must be open before synthesise and implementation can
be carried out

If the system contains hardware in the PL, the bitstream must be generated

The PL (FPGA) must be programmed before application can be downloaded and
executed
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Key points — SoC IP Integration

23

PS functionality can be extended by instantiating peripherals in PL

Adding IP in PL involves
= Enabling interface(s) in PS

Selecting IP from the IP Catalog and configuring IP for desired functionality
Connecting the (PL) IP to the PS using IP Integrator

Assigning address

Connecting IP ports to ports of other peripherals and/or to external pins
HDL Wrapper is needed for IP Integrator Block
Bitstream must be generated when PL has any IP

The FPGA must be programmed with the generated hardware bitstream before an

application can be run

ay
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Digital Interfacing

ay
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/O Basic Concepts

LEDZ0UE
LED]1Out / Red a Elue
& N/
LED] LEDe

;R’E‘ ;R’C?
<;313121 %75

Goal: light either LED| or LED2 based on switch SWI position
GPIO = General-purpose input and output (digital)

= |nput: program can determine if input signalisa | ora 0

= Qutput: program can set output to | or 0

= Can use this to interface with external devices

= |nput: switch
= Qutput: LEDs
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GPIO Alternative Functions

= Pins may have different features

= To enable an alternative function, set up the
appropriate register

= May also have analogue paths for ADC / DAC
etc.

= Advantages:
= Saves space on the package
= Improves flexibility

26

Memory Mapped /O «—
Alternate Function | «—
Alternate Function 2 «<—>

Alternate Function n «e——

<—>[ ] Pin

Function Select
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Pull-Up & Pull-Down Resistors

= Ensure a known value on the output if a pin is left
floating

Pull-down Pull-up
* |In our example, we want the switch SWI to pull Ve vee

the pin to ground, so we enable the pull-up .:l_

- :

PINMUX T 2 PINMUX

* The pin value is: ,,,)_El

= High when SW1 is not pressed
= Low when SWI is pressed T
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Input Synchronisation

28

External signals are asynchronous to internal

clock

: , Pin 3——D Q >D Ql—> Input
If an external signal changes at the same time
as the clock, a flip-flop can enter a metastable >> >>

state indefinitely

CLK

Solution — synchronise the input signals with
the clock

This is done for us by hardware, no need to
worry!
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Code Structure

29

Main code talks to the drivers, producing easy to read and

understand code
= gpio_set_mode(P2_5, Output)

Drivers utilise CMSIS library and group relevant actions

= port_struct->direction_reg = output

High Level

CMSIS transforms memory mapped registers into C structs
= #define PORTO ((struct PORT*)0x2000030)

Registers directly control hardware

Input «<—> Pin
Output «—

direction_reg

Hardware drives |O pins physically

[Dsts 1n >—t

Q1

oz

[l

71

Low Level

Pin Pad |
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Drivers Layer: How It Works

void gpio set(Pin pin, int value)

1) mask = 1 << pin index

2) tmp = port_struct->data _reg & ~mask
3) tmp |= value << pin index

4) port_struct->data _reg = tmp

= e.g. gpio set(P2 5, 1) with PORT DATA REGISTER = 0b01010101

I. Create a mask for the bit we want to set (0b00100000)

2. Invert the mask (Obl1011111) to select all the other bits in the port data register, and save the status of the
other bits (tmp = 0b01010101)

3. Move the new value of the bit into position, and or it with the new register value (tmp = 0b01110101)
4. Write the new data register value out to the port (PORT_DATA REGISTER = 0b01110101)

Department of
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Drivers Layer: How It Works

int gpio get(Pin pin)

1) mask = 1 << pin index

2) tmp = port _struct->data_reg & mask
3) tmp >>= pin index

4) return tmp

= e.g. gpio get(P2 5) with PORT DATA_ REGISTER = 0b01110101
Create a mask for the bit we want to get (0b00100000)

Select the bit in the port data register based on the mask (tmp = 0b00100000)

Bitshift the value to produce a one or zero (tmp = 0b00000OO1)

W N~

Return the value of the pin back to the user
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C Interface: GPIO Configuration

/*! This enum describes the directional setup of a GPIO pin. */
typedef enum {
Reset, //1< Resets the pin-mode to the default value.
Input, //1< Sets the pin as an input with no pull-up or pull-down.
Output, //!< Sets the pin as a low impedance output.
PullUp, //!< Enables the internal pull-up resistor and sets as input.

PullDown //!< Enables the internal pull-down resistor and sets as input.

} PinMode;

/*! \brief Configures the output mode of a GPIO pin.
* Used to set the GPIO as an input, output, and configure the
* possible pull-up or pull-down resistors.
* \param pin Pin to set.
* \param mode New output mode of the pin.
*/

void gpio set mode(Pin pin, PinMode mode);

32
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C Interface: Reading and Writing

/*! \brief Sets a pin to the specified logic level.
* \param pin Pin to set.
* \param value New logic level of the pin (@ is low, otherwise high).

*/

void gpio set(Pin pin, int value);

/*! \brief Get the current logic level of a GPIO pin.
* \param pin Pin to read.
* \return The logic level of the GPIO pin (@ if low, 1 if high).

*/
int gpio get(Pin pin);

Department of
Electrical Engineering
ShHmAR

33 City University of Hong Kong



Pseudocode for Program

Make LED1 and LED2 outputs
Make switch an input with a pull-up resistor

do forever {

if switch is not pressed {

Turn
Turn
} else {
Turn
Turn

34

off LED1
on LED2

off LED2
on LED1
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C Code

gpio set mode(P_LED1, Output); // Set LED pins to outputs
gpio set mode(P_LED2, Output);
gpio set mode(P_SW, Pullup); // Switch pin to resistive pull-up

while (1) {

if (gpio_get(P_SW)) {
// Switch is not pressed (active low), turn LED1 off and LED2 on.
gpio set(P_LED1, ©0);
gpio set(P_LED2, 1);

} else {
// Switch is pressed, turn LED2 off and LED1l on.
gpio set(P_LED2, 0);
gpio set(P_LED1, 1);
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Interfacing

Inputs and Outputs, Ones and Zeros,Voltages and Currents
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Inputs:What’s a One? A Zero!

* Input signal’s value is determined by voltage

* Input threshold voltages depend on supply
voltage VDD

= ExceedingVDD or GND may damage chip

37

Input Voltage [V]
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Supply Voltage [V]
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Outputs:What's a One? A Zero!?

* Nominal output voltages ——
=
= 1:VDD-0.5V to VDD "
- 0:0t0 0.5V ] e
02 | —
L
= Note: Output voltage depends on current drawn ]

by load on pin

= Need to consider source-to-drain resistance in the
transistor

= Above values only specified when current < 5 mA
(18 mA for high-drive pads) andVDD > 2.7V

VO ut

Logic 0 out
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Output Example: Driving LEDs

= Need to limit current to a value which is safe for
both LED and MCU port driver

= Use current-limiting resistor
« R = (VDD -VLED)/ILED
Set ILED =4 mA

VLED depends on type of LED (mainly color)
= Red:~1.8V
= Blue:~2.7V

= Solve for R given VDD = ~3.0V

= Red:300W
= Blue:75W

= Demonstration code in Basic Light Switching Example

39
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Output Example: Driving a Speaker

. R1 (opt> ([l
= Create a square wave with a GPIO output fudioc >——AN |
: 330 SP1
= Use capacitor to block DC value 1uF

= Use resistor to reduce volume if needed

void beep(void) {
unsigned int period = 20;
while (1) {
gpio _toggle(P_SPEAKER);
delay ms(period/2);

40
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Analog Interfacing
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Why It’s Needed

= Embedded systems often need to measure values of physical parameters

= These parameters are usually continuous (analog) and not in a digital form which
computers (which operate on discrete data values) can process

* Temperature * Pressure
— Thermometer (do you have a fever?) — Blood pressure monitor
—  Thermostat for building, fridge, freezer — Altimeter
— Car engine controller — Car engine controller
— Chemical reaction monitor — Scuba dive computer
—  Safety (e.g. microprocessor processor thermal management) —  Tsunami detector
* Light (or infrared or ultraviolet) intensity * Acceleration
— Digital camera — Air bag controller
— IR remote control receiver —  Vehicle stability
— Tanning bed

— Video game remote
Mechanical strain

— UV monitor
*  Rotary position

—  Wind gauge * Other
—  Knobs — Touch screen controller
—  EKG, EEG

—  Breathalyzer
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PYNQ SoC Extensible /O Systems




PYNQ: Python Productivity for Zynq

Jupyter notebooks,
browser-based interface

Jupyter web
server

IPython kernel

PYNQ enables JupyterLab

/ on Zynq and ZU+

Hardware C-drivers wrapped

ﬂ in Python packages

Ubuntu-based
Linux

Overlays/designs

Most competitive, open
and advanced GUI ARM A9 / A53

ZU+ Fabric

44
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FPGA Overlays — Hardware libraries

E;tea‘) 1 : ,:ngpﬁ
Create an FPGA design for a class
of related applications

vold setwormaloisplay(){

sendComnand (OLED_Normal _Display Cwd);

void setInversedisplay()(

endCommand (OLED_Inverse_Display_Cmd);

int ond;

int Row, Column;

’10, A_GPIO, A_GPIO,
» A_SDA, A_SCL,

, D_GPIO, D_GPIO, D_GPIO, D_GPIO,

, D_GPIO, D_GPIO, D_GPIO,

D_GPIC

, D_GPI0, D_GPIO, D_GPI0);

init();

Step 3: | -
Wrap the C API to create a Python
library

Step 2:

B i 6c78 3963
Rty 3327 3039
cmd=MATLEOX_CMD_ADOR; 3a31 3900

FEFF FIFF

count = (cnd & Oxeoeeffed) >> 0720 0031
BRI <204 0010
0020 0020

R R Ty 0020 0020
PR =2 813c c831

) e1ff ff33

ive; iccount; iee) {

6100 0032

if (cmd & exes

teh ((cnd 8 9x06) >> 1) (

case © : MATLBOX *) MAILBOX_ADOR; break;
case AT *) MAILBOX_ADDR; break;
case 2 : break;

case ) ) = *(u32 *) MAILBOX_ADDR; bresk;

Export the bitstream and a C API
for programming the design

Step 4:

6C78 3963 7367 3232 3500 6300
222f AW _2f22_ARAA_KAAA _AQ21]

from time import sleep
from pynq import Overlay
from pynq.iop import PMOD_ADC, PMOD_DAC

ol = overlay(“base.bit")
ol.download()

# Writing values
dac_id = int(input(“"Type in the PMOD ID of the DAC (1 ~ 2): "))
adc_id = int(input("Type in the PMOD ID of the ADC (1 ~ 2): "))

from 6.0V to 2.0V with step 0.1V.

dac = PMOD_DAC(dac_id)
adc = PMOD_ADC(adc_id)

for j in range(20):
value = 0.1 * j
dac.write(value)
sleep(@6.5)

# re

adings-adc.reg
ngs[

print("voltage

1d(1,0,0)

read by DAC is: {:.af} volts".format(adc.read(1,e,0)[0]))

Import the bitstream and the library
in your Python scripts and program

45
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Arduino Interface

> Wide range of off-the-shelf Arduino
shields

> Arduino interface specification
>> 6 Analog Inputs
>> 14 Digital pins
- UART, PWM, Timer, SPI, interrupts
>> Dedicated SPI, 12C

> On PYNQ-Z1/Z2 header connected to
FPGA pins
>> |nterface is built in Overlay
>> Can breadboard to these pins

46

Arduino
interface

RANDOMNERDTUTORIALS.COM
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Arduino Shield System

47

Arduino is a beginner friendly MCU
Use it in other EE courses

Become a standard in the STEM education

olo
= zlz :
(@) ojo o

>
N

BzaRz

DC Input Supply

7To12V

Atmega328
Microcontroller

USB Connection

Reset Button

ICSP
for USB Interface

s

5
i
o1 se
| ol

O
=
=

PWM

-
i
<

PWM

]

PW

PWM

B EE S U‘U‘U olf
PN S |

ol

H

2

HIE
(==

ARDUINO.CC

ICSP Pins
To program Atmega328

Sabelectronic.com
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Arduino Shield System

- Standardized Shield with different function
- E.G.Sensor, internet, display, motor driver...

48
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PYNQ Arduino Shield System

Can be used to connect to Arduino
compatible shields to PL

Can also be used as general purpose pins

UsB
Headphone + MIC  Host HDMI Out

Raspberry Pi

::— HDMI
Line In In

Jumper for Boot
Ethernet Mode Selection
(RJ45)
Pmod A
JTAG / UART
(Micro USB) Arduino
Power Switch
Pmod B
DC Power In
(NIoN) 4 Buttons
RGB LEDs

(User Defined)
4 LEDs
(User Defined)

(User Defined)

Jumper for Power
Source Selection (User Defined)

2 Slide Switches Buttons for Programming

SD Card

and System Reset (On the Back Side)

http://www.pynq.io/
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Arduino Interface

> Wide range of off-the-shelf Arduino
shields

> Arduino interface specification
>> 6 Analog Inputs
>> 14 Digital pins
- UART, PWM, Timer, SPI, interrupts
>> Dedicated SPI, 12C

> On PYNQ-Z1/Z2 header connected to
FPGA pins
>> |nterface is built in Overlay
>> Can breadboard to these pins

50

Arduino
interface
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Arduino PYNQ MicroBlaze

Peripheral Pins
To other IOPs or peripherals
UART DO, DI BRAM: Data/Instruction
Memory (64 K)

12C SCL, SDA
SPP* DI0-DI3 e |

Arduino 10

Processor
PWM D3, D5, D6, D9,

DIO, DI
Arduino
[ Header .J

Ti D3 - D6 and
imer D8 - DI |
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Grove Kit

- Open-source, modulated, and ready-to- _ TT°T°T"
use toolset ﬁrnve | -  * 5-‘-‘_;

- Building block approach to assemble Startep e a—— =
electronics Kt

- Simplifies the learning process
significantly 1

« Consists of a Base Shield and various !5\\
modules with standardized connectors.

https://www.seeedstudio.com/category/Grove-c-1003.html
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Low-cost PYNQ Shield & Pmod Grove Adapter

PYNQ Shield:

* 4 x Analog ports

« 4 x12C ports
3 x 3.3V GPIO ports
1 x UART

4 x 3.3/5V switchable GPIO ports
1 x SPI header

1 X 16-pin GPIO header (inner header)

PYNQ Grove Adapter :

« 4 independent sockets for Grove modules
« Pmod compatible

« Solderless breadboard compatible
« Open-source design

Department of
Electrical Engineering
ShHmAR
53 City University of Hong Kong




54

www.seeedstudio.com/wiki/Grove System

rove: Wide range low-cost sensors, actuators, ...

Environmental Monitoring
Have you ever wanted to get your daily weather report based on data from your garden instead of obtaining a more generic report from your TV or mobile phone? Sensors

oS

Grove - Temperature and c
e Grove - Barometer Sensor Grove - Dust Sensor

Grove - Digital Light Sensor Grove - Light Sensor
Motion Sensing
Sensors in this category enable your microcontrolier to detect motion, location and direction. You can make the movement of your microcontroller understandable in three dimensicnal spaces

o B % & &

Grove - 3-Axis Analog
Accelerometer

Grove - 3-Axis Digita
Accelerometer(£1.5g
Wireless Communication

Communicating without wires is a cool feature that can spice up your project. Modules in this category arm your microcontroller with wireless communication ability such as RF, Bluetooth, etc.

By 5 o 9> @B

Grove - 315MHz Simple RF Link
Kit

Grove - 3-Axis Digital Compass Grove - 3-Axis Digital Gyro Grove - Collision Sensor

Grove - Serial RF Pro Grove - GPS Grove - 125KHz RFID Reader Grove - Serial Bluetooth
User Interface
Modules in this, our largest. category, let you interface with your microcontroller via input modules, such as touch pads, joysticks or your voice. Or you can choose output modules,

aSPe O W

Grove - Solid State Relay Grove - OLED Display 12 Grove - Serial LCD Grove - LED Socket Kit Grove - Button

Physical Monitoring

Scientists understand the world arcund us in physical dimensions. Modules in this category are designed to help you analyze the physical world. Measure your heart rate. |

$ s g
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Standardize and Modular

- Plug and Play with different port
- Digital / Analog / 12C

55
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Summary

56

Using IP in SoC Designs
= |dentify the IP supplied as part of Xilinx Vivado Platform
= Describe how to add hardware to an existing Vivado project

= Explain how IP is added to extend processing system functionality

GPIO

= How do we make a program light up LEDs in response to a switch?
= Basic Concepts

= Port Circuitry

= Alternate Functions

= Peripheral Access In C

PYNQ Arduino System and Grove I/O Kit

ay
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