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Aim
The purpose of this lab is to introduce you to the basic FPGA design and

programming tools. For the purposes of this lab you will first study the useful Vivado
Design Suite and then implement a 2:1 Mux circuit using FPGA design flow.

Objectives
e Verify that the Xilinx tools are up and running
e Introduce you to the Xilinx Vivado Design Suite
e Become familiar with VHDL coding and use of the Vivado Simulator

e Be able to synthesize and implement designs to FPGAs using Vivado Design Suite.

Equipment & Tools

Xilinx Vivado Suite

You can visit
http://www.Xilinx.com/products/design-tools/vivado.html

and choose the version you want. You can download the Vivado Design Suite

Webpack for free, but if you have trouble installing it, let us know ASAP.

Vivado Simulator

Introduction

This is a step-by-step tutorial for building a 2:1 Mux in Xilinx Vivado, a Design Suite
software that provides designers with the ability to code designs in a hardware
description language such as VHDL or Verilog. The Vivado Design Suite also
provides the ability to apply FPGA pin and timing constraints, analyse for errors and
violations, and synthesize to generate configuration bit file formats for FPGAs.

PDE3411 — SoC Design


http://www.xilinx.com/products/design-tools/vivado.html

Design Engineering and Math, Middlesex University London

By the end of this tutorial, you should be able to:
« Create a new design by VHDL coding.

« Verify the function of a design by behavioural simulation.

» Map a design to an FPGA device through placement and routing procedures.

« Estimate the performance of the design by timing analysis.

+ Use the 2:1 MUX in this tutorial to implement and simulate a MUX in FPGA.

Step-by-step 2:1 MUX Design

Tasks:
(1) Create a project file in Xilinx Vivado Project Navigator.
¢ To launch the Project Navigator run Start - Programs > Xilinx Design Tools
-> Vivado 2019.1. Or, click the following icon on desktop.

Create a new project by clicking Create Project in Quick Start pane. You will get a
Create a New Project wizard. Click Next, then give the project name and location of

your choice, click Next. For the project type, choose the default RTL project then
click Next (see figure below).

¢ New Project X |
| |

Project Type

Specify the type of project to create [

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

Do not specify sources at this time

Post-synthesis Project
‘You will be able to add sources, view device resources, run design EH!I)’SIS‘ PMH"IOQ and |mplsmen(atlun

/O Planning Project
Do not specify design sources. You will be able to view part/package resources.

Imported Project
Create a Vivado project from a Synplify, XST or ISE Project File

Example Project
Create a new Vivado project from a predefined template
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e Inthe Add Sources window, set the “Target Language” to VHDL and the “Simulator
language” to Mixed.

e After setting the language options, click “Create File”

¢ New Project X

Add Sources

Specify HDL, netlist, Block Design, and IP files, or directories containing those files, to add to your project. Create a new source file on '
disk and add it to your project. You can also add and create sources later.

+A
Use Add Files, Add Directories or Create File buttons below
Add Files ‘ | Add Directories ‘ | Create File
Target language: VHDL v Simulator language:  Mixed v
(2)

e In the Create Source File dialog box, make sure the “File type” is set to VHDL and enter the
name of your file.
* Again, it is always a good idea to use a descriptive name, in this case Mux21because this
is a 2-1 multiplexor.
e Click “OK” to close the dialog box and then “Next”.

4 NewProject -
Add Sources

Speafy HDL and netist fles, or drectonies contanng HOL and netist files, to add 1 your project. Create 2 new source file on disk.
and add 1o your project. You can aiso add and create sources later

-+ 1+

¢ Creste Source File —r—

Create 2 new source fie and add it 1o your project

e type: @ WL
! Fename: M2l

Fig locaton: <Local to Project>

2 ok | [ concel

Targetisnguage: WWOL ~  Simuatorlangusge: Moed

2 <@k || pext> | Cancel
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e The created file will appear in menu, click Next.
e We do not have any constraints yet, but in future projects, you may import and edit existing
constraints files to save time. So click Next for now.

¢ New Project ﬁ
Add Constraints (optional)
Spedfy or create constraint files for physical and timing constraints. ‘
+
it
* ‘
Use Add File: Create File but be:
U
AddFiles | [ CreateFile
Copy constraints files into project
? [ <Back |[ hNext> | Fnen Cancel

e Here we need to select our device. You can use the search function, filters, or just scroll until
you find our device: XC7A100tcsg324-1.
* This FPGA is from the Xilinx Artix-7 family (XC7A100T).
* The device is contained in a 324-pin csg324 package.
* The speed grade of the part is “-1”".

J C lick Next
' New Project
Ddalh Prt
Choose a default Xiinx part or board for your project, This can be changed later, ‘
Select: @ Parts [ Boxrds
& Fiter
Product category:  General Purpose v Speed grade: | Al Remaining ~
Eamiy: Artix-7 - Temp grade: | Al Remaining ~
Package: csg324 v
| Reset All Fiters
Search: C -
10PN Block FlioFl GTPE2 Gt
part Count RAMs i Transceivers  Tr
@ xc7a75tcsg324-2 324 105 180 94400 0 0li*
@ xc7a75tcsg324-1 324 105 180 94400 0 0
@ xc7a75bcsg324- 1L 324 105 180 94400 0 0
@ xc72100tcsg324-3 324 135 240 126800 0 0
@ xc72100tcsg324-2 324 135 24) 126800 0 0
0 x:70100t003"6 A 324 135 126800 0 0|
ES-EE-EE-—_J ]
w) xc7a 100hcsq3-4 i 0 0
« m ’
? | <geck [ Mext> ] Cance
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e The New Project Summary window lists information selected in the previous screens.
« If necessary, use the Back button to return to previous screens to make
changes/corrections.
e Click Finish to open the Project Manager window.

r ™y
¢ New Project ﬁ

New Project Summary

VIVADO'

HLr Editions (i) A new RTL project named Lab0’ will be created.
(D 1 source file will be added.
A, No Configurable IP files will be added. Use Add Sources to add them later.
A, No constraints files will be added. Use Add Sources to add them later.

(i) The default part and product family for the new project:
Default Part: xc7a100tcsg324-1
Product: Artix-7
Family: Artix-7
Package: csg324
Speed Grade: -1

£ XILINX

To create the project, dick Finish

? ] [ < Back | lext

(2) Create the VHDL model
e Since we chose to create a new VHDL file, Vivado will automatically launch a wizard to
assist in creating the entity and architecture structures that comprise a VHDL model. This can
all be done by hand (and you can edit all of this later), but there is no reason not to take
advantage of the wizard utility.

e In Module Definition window, leave the Entity and Architecture names as their defaults.
e  Create three inputs (Direction “in”’): Din0, Dinl, Sel
e  Create two outputs (Direction “out”): Doutl, Dout2
e Click OK
[, Define Module —— - |

[
Define a module and specify 1/O Ports to add to your source file
For each port specfied:
MSB and LSB values will be ignored unless its Bus column is chedued. ‘
Ports with blank names will not be written.

Madule Definitian

Entity name: Mux2 1
Architecture name!  Behavioral
1/0 Port Definitions
4 Port Name Direction Bus MSB LS8
= |Dinl n -
4+ Dind n -
4 |5 n -
Doutl out -
Dout2 out -
n -
ﬂ oK Cancel
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Open your new VHDL file from the Sources window (double click on the Design Source

[ ]
name, Mux21)
e
2od2BX P DN QK I G Socuiamt | HeN® Ready
Flow Navigator ? « I ml_p LABO ? X
Q=T= Sources. - 202 X% T Project Semmmry. X Ooe x
4 Project Manager R’:{% 3“’_.@ Project Settings 3
o e R o oot ) Posciome: B0
&% add sources 2 Constrants Projectiocaton:  Fi/ELEC4200/Labs/ASO
@ Language Tempistes ®) = Simuation Sources (1 Product famiy: Artx-7
<  Cataiog Project part: 7210080324 3
Top module name:  Mux21
4 P Integrator {3 | Targetiangusge:  VHDL
3 Creste Bock Design | Mierarchy | Lbraries | Conple Order | 1] | smulator language: pued
B9 Open Bock Design Source Fle Properiies s_Oe x
. T € ’ R Status: Not started Status: Not started i
4 Seuaton @ Mux21.vhd Messages: No ermors or wamings Messages: Mo erors or mamings.
@ Smulstion Settngs L e A Part: Xc72100%csg324-1 Part: 272100853041
@ 2un Smuason N El| || stwoteoy: yniaco servhessnefaits Systegr: ¥eeacko Fngiemertation De
Location: F:/ELEC4200/Labs L ABO/LABD. srcsjsources_Lfnew Il Incremental conple: None
4 RTL Ansyss Comeral] Properies = " a8
@ S=boration Settngs
& Open Eizborated Desgn Design Runs 2_0e X
Q\ Name Constraints Staws NS ™s WHS THS TPWS Faled Routes wr FF BRAM URAM o Start
e = S synth_1 constrs_1 Not started
@ Smthess Settings . =% mpl_1 constrs_1 Not started
$ unsynthess T
B Ocon Synthesized Desgr <
4 Imgiementaton »
@ implementation Settings «
P Run Implementation =
@) Open impiement=d Desc "
=
4 Program and Debug 5 7d Console | (O Messages | ([ Log | (3 Reports | 3> Design Runs
Source Node: Mux21 - Behavioral (Mux21.vhd)
e Scroll down and add the following two lines of code between the Begin and End statements
of the architecture section of the model.
* Dout1<=(Din0 and not Sel) or (Dinl and Sel);
* Dout2<=Din0 when Sel = ‘0’ else Dinl;
e After saving, we can then set up the simulator.

B B For Tom fedi= Lapwt few b
2@ RN b Y@K L G| o

e Margarton « Project Masager LAB. T x
ST T aE =0 X | [ Eemectimesy x @ Sedivs x| EES
als ) " LECATIN s LS AR cafmour e, T brn 1. vhed
T i e “|Mux models:
¥ Ackd Sources i Consbars
Bl =
ik 1P Catmog
P— st
.
i 1st statement:

) Generate Bock Desgn . .
logic equation

Mierarchy Livaes | Compe Onder

1O x

@ = A
[EEET— - 1._
& Mzl vhe tH
# RTL Ansvvsis L)
) Dvoreon Setvrgs [ Ensbled i = nd
L - 4 "
Domair (| eomm——————— e 2"d statement:
‘s Tree: oL [=] q 1=
[1 a LE)
S [l B8 ot M behavior
P mun e E ] Ll
B e Syt e Do General | Fropertes 0
* Ipiemeniaton Desgp s —Oe =
S Imtemertaton Settngs A e Comstrares  Subm  WRS T WS TS TPWS  Fasled Routes FF BN LRAM DS Snet Seanart
[ e brpdermentanon = w1 rsts_1 Wotsisred
B Coen Irpienaried Desgs = #wmol_L rsts L Notsianed
4
# Program and Debug
L]
) Sistean Setings »
B ot Bisrma .
' Coen Hardwars Marager o
- =
STd Corsnle | = Messages | Blllog | 3 Reports . % Design Auns
a0 et oL
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e Double click on Settings in Project Manager, in the pop out window, click on Simulation
in Project Setting. In the Target Simulator drop-down menu, you will have choice of
different simulators. We will use the default Vivado simulator.

1 #% Settings K
a-
Simulation
Project Settings Specify various settings associated to Simulation '
L 1= T - e
Simulation Target simulator: Vivado Simulator v
Elaboration Simulator language: Mixed v
Synthesis
Simulation set: sim_1 v
Implementation
Bitstream Simulation top module name: ttt E‘
> IP
. Compilation Elaboration | Simulation Netlist | Advanced
Tool Settings
Project ~
IP Defaults Yerileg options: B
Board Repository Generics/Parameters options: B
Source File
xsim.compile.tcl.pre
Display
xsim.compile.xvhdl.nosort
WebTalk
xsim.compile.xvlog.nosort
Help
xsim.compile.xvlog.relax v
> Text Editor P 9
xsim.compile.xvhdl.relax v
3rd Party Simulators P
xsim.compile.xsc.more_options
> Colors P —oP
Selection Rules Xsim.compile.xvlog.more_options .
Shortcuts X - )
Select an option above to see a description of it
> Strategies
> Window Behavier

e C(Click on “Run Simulation" in the Flow Navigator, and then Run “Behavioral Simulation” in
the popup menu.

Flow Navigator ? « Project Manager LABO
o Ay
QA & & Sources -0 X L Project Summary X | i Mux2l.vhd X
— \ = et RiE B F:/ELECH2001abs)ABOAABO. srcs sources_LhewMux2L. vhd
Deag 28 3 e &
@ Project setings ¥4 Mux21 - Behavioral B
.\"}‘ Add Sources £-0 Constraints L e
O Simulation Sources (1 29
v Language Templates e 2
30
{F 1P Catalog 5] ;
1 32
1P Int:
- ntegrator X 33
If?; Create Slodk Design / 34
B ¥ iss
@ Gererate Bodk Desigr = 36
£ 3
V- Hierarchy | Lbraries | Compie Order B 38
4 Simulation
» 33
Constraint Set Properties 202 X -
& Simulation Settings - § o
(Wl Run Smulation &= "
A constrs_1 42 ' architecture Behavioral of Mux2l 1=
# RTL Analysis 43
@ﬂm,almsﬂlw Default directory: F1ELECS200/Labs LABOLABO srcsfconstrs _Lnew 44  begin
15 Open Elaborated Design File count: 0 -
Format: ¥oC “* Rl and e
4 Synthess Target constraint fie: :
@, Synthesis Settings Active {9 end Behavioral;
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e +Note that we have not yet provided any signal inputs, so this “simulation” did not provide
any useful information.

e When the simulator is finished launching you should see the following window. If you do
not, call tutors to set up the proper view windows.

e  We will set up the desired simulation in the next steps.

Untitled 1
Q W @ @

Name Value

KA
y »

14

»

4 ol

e Design verification requires that you stimulate the inputs and observe the outputs. You are to
stimulate the inputs with all possible input combinations and observe each output to verify its

correctness.

e  This is called “exhaustive testing”. It is suitable for a simple circuit (such as the mux) but is
not practical for large circuits with many inputs.

e Instead of using testbench, we use an easy, alternative way to provide the repeatitive clocks
to the input signals to test our design.

e Now right click on one of the input signals, in the popup menu, choose Force Clock. In the
popup menu, set the values as shown below.

¢ Force Clock: /ttt/din0

will be overridden.

Signal name:
Value radix:
Leading edge value:

Trailing edge value:

Cancel after time offset:
Duty cycle (%):

Period:

Starting after time offset:

fitt/din0
Binary

0

Enter parameters below to force the signal to a constant value. Assignments
made from within HDL code or any previously applied constant or clock force ‘

i

Ons

100ns

-

-
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When you set the input signal values in the above menu, you can set the period of clock of
your choice.

For the 2-1 MUX we have 3 inputs (Din0, Dinl, and Sel) where each input can be either logic
high (1) or logic low (0).

* There are 2"3=8 possible input combinations. While we could stimulate each combination
individually, an easier approach would be to clock stimulator, as we did just now, to generate
the input timing diagrams below.

Repeat this process to all the input signals.

Din0

Din1

Sel

v

0 40 80 120 160
Time (ns)

Now we need to run the simulation using the simulation controls.

Run the simulation for 10ms by typing 10ms into the “Run Duration” box and then click
“Run For”. Your output should look similar to this. Use the zoom controls as needed to
make the waveform fill the window.

View Run Help

¥ 1< » bk, ms v

]
Q

Untitled 1

Examine your results and ensure that they accurately match the operation of a 2-1 MUX for
both Doutl and Dout?.

If you observe any incorrect results during simulation, go back and debug your circuit. Do
not proceed any further until your simulation produces the correct results.
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(3) Add constraints to your design for implementing in FPGA

e  We need to define a “constraints file” that defines which signals (Din, Dout, Sel) go to which

pins on the FPGA.
e Now close the Simulation Window if you have not done so. Right click on the “Constraints”

folder in the project manager and select “Add Sources”.

e L a2~ T

Fle St Fom Took Wrdee Lamd em e

e SlRX PP UGK I G Socunme - FeX 5
Fom Newgetor T ¢ Project Maneger LAS0
\ - Sarces 'O x Lrcpchmmay X @ Madived® x
=4 1. 5 FEECD0M b ASMAS) Fsfimarces_UnemMallvd
4 Project Manager - =
@ Fromct Settrge T — ..
# Add Sources o> s
y Language Templates 7
U v camiog 3
R — R )
3 X 33
\ 2 Creats Boox Deagn ™" =i
P oo ¥is t | D T _LOGL
£ Da D LOGI
. ~ ! el ™ L0
Movaes 3 -
+ Seuanon Bowst #T0_Lass
@ Smustion Setirgs Cerstant Sot Progertes ’).Dex ® < Do e
6 ent ma21;
»
; @) Run Smsaton Aot d
coretrs_t Bensvisza =
# AL Avalyes &
@ Fsberater Sotngs Cefakt drectory:  FiELECA0LORASOLARS scakaretrs_Uren 6 begiz
u® Oper Fabos ated Desgn Plecnrt ° -
| s o 6  Doutl v (Dimd e=d 3ot Sel) or (Dinl ena Sel
+ Byrmess T30t e 30t e -
|
‘ @ Sortem Setinge -
P IRpe—
| » con Geweval Propertes
4 mplemertation Dwwg Rrm
@ 1mpemertaten ot \ Nane Comterts Suts WG DS WE No W weoes A UM O S
D R rpemer ator . - i3 ey L Mot vt
o oo 3 * ol L creys i ]
»
4 Pvogram and Detug <
@) trsrenr Lertro »
¥ Geerate tsvean “
* Coer Harda:
' Coer Hardaare Marager 2
s
4 1d Cormoie Memsages  (llog  J Rmsorm D Desige Rums
P L

A - A~ L

e This opens the “Add Sources Wizard”. Make sure “Add or create constraints” is selected and
click “Next”.

¢ Add Sources

Add Sources

VIVADO!
Hix Editions. This guides you through the process of adding and creating sources for your project

@) Add or create constraints

() Add or create design sources

() Add or create simulation sources

& XILINX.

m
5
@

Cancel
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Click “Create File” and in the dialog box that opens, name your constraints file. As always,

use a descriptive name, like “LABO Constraints”. Then click “OK”.

p
¢ Add Source:

- [=5=)
Add or Create Constraints
Specfy or create constrant fles for physcal and trming constrant to add to your project '
| Specfy constraint set: = constrs_1 v
[ |
o+
y 4
F
" ¢ Create Constraints File E
\ Create a new constraints file and add it to your
' project '
d
File type: i3 XDC v
[ = - File name: [ LABO_Constraints ]
s (]
= : File location: | & <Local to Project> -
- —— 2
: = ——— ok || cancel |

. Tt 09 . .
e Click “Finish” to add your file to the project. Add Constraints
) # Add Sources X
| Add or Create Constraints
Specify or create constraint files for physical and timing constraint to add to your project. '
Specify constraint set: constrs_1 (active) v
+A
Constraint File Location
lab0_constraintxdc  <Local to Project>
Add Files H Create File |
[") Copy constraints files into project
©
[ ]

PROJECT MANAGER - project_2
Sources 2 _00O X
Q = = + *
v konstrs_1 ™ o
[ lab0_constraint.xdc v
Hierarchy  Libraries Compile Order
Constraint Set Properties 2 00O X
constrs_1 - &
General  Properties

11

Open your newly added file by double clicking on it from the Project Manager.
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e Add the following lines in the constraints file, renaming the ports to match those in your
design. Save after you are done.

set_property -dict { PACKAGE_PIN J15 IOSTANDARD LVCMOS33 } [get_ports { din0}];
set_property -dict { PACKAGE_PIN L16 IOSTANDARD LVCMOS33 } [get_ports { dinl}];
set_property -dict { PACKAGE_PIN M13 IOSTANDARD LVCMOS33 } [get_ports { sel}];
set_property -dict { PACKAGE_PIN H17 IOSTANDARD LVCMOS33 } [get_ports { dout0}];
set_property -dict { PACKAGE_PIN K15 IOSTANDARD LVCMOS33 } [get_ports { dout1}];

(4) Implement your design in FPGA

e Now you are going to have Vivado “synthesize” your design into generic digital logic
components.

e In the Flow Navigator, click “Run Synthesis”.

e This may take several minutes to run, so be patient.

e A dialog box will open on completion, either select “Run Implementation” or hit “Cancel”.

Fe Edt Fow Toos Window Layout View Help

X Pruex XL a Defmst Layzut _ % &

-0 L ProectSunmary X | @ Mux2lvhd x [} LASO Corstraints.dk X
FLEC 4200 abs L ABOLLABO. sros fsources_LnewMuxa1.vhd

e Click on “Implement Design”. This maps the synthesized design to the hardware, and routes
I/0 ports to the pins specified in the constraints file.

e  Again, this will take several minutes to run.

e A dialog box will open on completion, either select “Generate Bitstream” or hit “Cancel”.

PDE3411 — SoC Design
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ARG - [FTECAXN b LABY 4B - Viwmein 2016
Be B R Tem e
PG X DY RKE S [omaum
e Praet Mamager Lagn
Saurces

[y

e With the design now implemented, it is time to generate the bitstream, or the file that will be
downloaded to the FPGA.

e Click “Generate Bitstream”.

e A dialog box will open on completion, either select “Open Hardware Manager” or hit

“Cancel”.

e Plug in the USB cable between a PC USB port and the USB port on the FPGA board to
access the JTAG programming module.
. FIip_t_h_e__lk_J_qa__r_q__plg\/_\J/g[_§\_/_vl_i_tgh from OFF to ON

Bitstream Generation Completed

o Bitstream Generation successfully completed.

Next
() Open Implemented Design
() View Reports
@ Open Hardware Manager
() Generate Memory Configuration File

[ ] Don't show this dialog again

Cancel

PDE3411 - SoC Design
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Click on “Open Target” => “Auto Connect” to connect to your Nexys 4 board.

If you encounter any errors, verify that the board is plugged in and powered on.

Click on “Program Device”, and the device name. The bitstream file will appear, then clock on
“Program”.

Verify correct operation of the circuit using the switches and observe the output on the LEDs. If
you encounter any bugs, attempt to figure out what went wrong before asking for help.

Ensure that you apply all possible input combinations, as you did in simulation, and verify that
the outputs match the simulation results.

After verifying the circuit is correct, call the tutors over and demonstrate the circuit. GOOD
LUCK!

(5) Clean up!

e  Turn off the board, unplug the USB cable, put them back in their box, and return the box to the
tutors.

e Close Vivado, any other open programs, and save all files.

e Don’t forget to log out of your machine and take any USB drives with y
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