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Workshop Series Goals

 Understand the workflow for open-source tools
« Demystify the steps required to generate digital designs

 Hands-on introduction to digital designr
« Crash course to Verilog
« Ability to design/test simple modules
« Make g simple project

e Have Tun!



Workshop Series Outline

o \Workshop I: Introduction
e [ st Semester

o \Worksnhop 2: Tooling and Series Project
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Workshop Series Outline

o \Worksnhop I Introduction
« \What are Integrated Circuits (1Cs)
o Brief History of |Cs
* INtroduction to Digital Design
o Introduction to Tiny Tapeout

o \Workshop 2: Tooling and Series Project



Workshop Series Outline

o \Worksnhop I: Introduction

o \Workshop 2: Tooling and Series Project (tonight)
« Review of Workshop |
e Set up a liny lapeout project
o \Write simple Verilog modules
o Write simple Verilog testbenches







Wheaet are we trying to do?
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Recap: Digital Design

=
« Concept (algorithm, pbenhavior, etc) » Physical design (gates)

.."k

lteration; i sarre
iteration GCeneric Gates ‘ = ‘L J
current; e E_E_J —1+)
N . [

assign o_busy = (iteration != RESET); ———_— L reset — —

assign o_tib current;

always @(posedge 1_clk) begain
(1_reset || (lo_busy && 1_stb)) begin
iteration == 1_n;
[WIDTH-1:0] <= 1;

current [WIDTH-1:0] == 8;

end

else 1f (o_busy) begin
iteration <= iteration - ONE;
current <= prev + current;
prev <= current;

end

if (1_reset) begin
i1teration = c
prev [ .
current [WIDTH-1:8] <

end
end

- ‘\ -r—\':.. “\ \ S

endmodule

NORMAL BEELAY




OpenLane Flow

Files

The OpenLane Flow

Ant. Diodes

Floorplanning Insertion

(Custom Scripts)

Placement

CTS

OpenROAD App

Optimization

Detailed Routing

Global Routing (TritonRoute)

Ll

]

Design &

| Exploration I‘

Y
—_—

RC Extraction
(DEF2SPEF)

STA
(OpenSTA)
N—

Y

gds2 Streaming
(magic)

\J
Physical

Verification

We're mostly
dealing with this part

Y

GDSII/
LEF

(magic & netgen)

—

Tiny Tapeout (via Openlane) handles most of this for us!

Output Design
(GDS File)




How Tiny Tepeout Works

« Cloud based design
« Runs OpenlLane in Github actions
« No tool install or download
« 3D viewer / explorer
e Example Design = N

« ~500 Projects merged into one |C ;
e Redyced cost oo B | ———

e [ry other peoples designs
e |est PCH

IEEE Solid-State Circuits/ Circuits and Systems Societies (SSC37/CAS04) Columbus Chapter


https://github.com/sellicott/sellicott_tt5_digital_clock/actions/runs/8681029403#summary-23802961053
https://tinytapeout.com/specs/pcb/
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https://github.com/sellicott/sellicott_tt5_digital_clock/actions/runs/8681029403#summary-23802961053
https://tinytapeout.com/specs/pcb/

Physical InterfFace

o [X Tile
e |60 x 100um size
e ~]000 gates
« Can buy more than 1 tile

* PINS
o Clock (~50MHZ]
* Reset

SX INputs

Sx Outputs

8x Bidirectional

Dedicated INPULS -
Optional INPULS e
Enable (always 'l") g
Clock INpUL s
Reset INPUTL mp-

Tiny-Tapeout Module

ui—in [7:0] uo_out [7:0]
uio_in [7:0]  uio_out [7:0]
en uio_oe [7:0]
clk

reset

-3 Dedicated Outputs

-3 Optional Outputs

—3p Optional IO Selection
(0: Input, 1: Output)

IEEE Solid-State Circuits/ Circuits and Systems Societies (SSC37/CAS04) Columbus Chapter
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Project Introduction

« Design a /-Segment Digital Desk Clock
o 24 Hour time format
e TIMme set
o /-Segment Display Output
* Easily extensible for customization

e Broken into modules
« SOMe provideo
« SOMe are yours to complete ©

e [estbhenches Tor each module




Desk Clock Block Diagram Overview

clk_gen_inst
i _elk] "] o_lhz_sth
refclk_sync_inst
i_clk[~ | o_refclk_sync i _refelk o_debounce_sth ~ . dp_dmngml_j_njg
i_refelk i_reset_n o_fast_set_stb \II‘ /6 atecones Jete 6
L i_set_time
i_reset_n o_slow_set_sth =
R clock_reg_inst
i_lhz_stb[- ] o_hours /5
1_fast_cat inout debo i_clk o_minutes Y
| — input_debounce
i_razet_n i_clk[~ ] o_fast_set_db i_reset_n o_seconds
i set hours i_debounce_stbh o_set_hours_db i_set_hours
i_fast_set o_set_minutes_db i_set_minutes ial clk
. . o_serial_c
i_reset_n i_set_sth 1_;‘{&"“#”;*_‘,“
elroaliC INPULs —
i_set_minutes i hours o_serial_clk
| —— | o_serial_dout
I i minutes o_serial_dout | ~ m|
| o_serial load
D" display_control_inst .
i_1lhz_sth]— o_display_sth i_sth o] serial_Load
iclk o_write_config i write_config
i elk_set —
i elk_set_sth

i _display_ack

i_reset_n

« Cenerate “strobe” signals to trigger update events
o Strobe signal is a single system clock wide pulse



i_refclk

refclk_sync_inst
i_clk[~ | o_refclk_sync

l

clk_gen_inst
i _elk] "] o_lhz_sth

i _refelk o_debounce_sth

i refelk

i_reset_n

i_reset_n

i_reset_n

o_fast_set_sth

o_slow_set_sth

i fast_set

_input_debounce
i_clk[- ] o_fast_set_db

dp_control_inst
—o_d

i _seconds

_dp

i set_time

|

R clock_reg_inst

i_lhz_stb[- ] o_hours /5
i_clk o_minutes Y

i_reset_n o_seconds

« Synchron

i_debounce_stbh o_set_hours_db

i_set_hours

i_set_hours

o_set_minutes_db

i_fast_set

i_set_minutes

i_reset_n

i_set_hours

i_set minutes " -
i_set_minutes

i_set_sth

o_serial_clk

_serial_dout

Y

L dppartest
i dp o_busy
i _hours o_serial clk
i minutes o_serial_dout ¥
i reset_n o_serial load

display_control_inst
i_lhz_sth|—] o_display_stb i_sth
iclk o_write_config i write_config
i elk_set

i elk_set_sth

i _display_ack

i_reset_n

Method to
set time

ze and Depounce Button Inputs
« Clean up noisy signals

o|serial_load




Desk Clock Block Diagram Overview

clock_reg_inst

i_lhz_sth

dp_col
i _seconds

ntrol_ins
—o_d

t

_dp

i set_time

o_hours

|

i_clk

o_minutes

i_reset_n

o_seconds

i_set_hours

i en
i clk
clk_gen_inst
i _elk] "] o_lhz_sth
refclk_sync_inst
i_clk[~ | o_refclk_sync i _refelk o_debounce_sth
i_refclk .
i refelk i_reset_n o_fast_set_sth
i_reset_n o_slow_set_sth
i fast_set
input_debounce
i_reset_n i_clk[~ ] o_fast_set_db
i set hours i_debounce_stbh o_set_hours_db

e HOld the time In 24-Hour format

i _set minutes

i_fast_set

o_set_minutes_db

i_set_minutes

i_reset_n

i_set_hours

i_set_minutes

i_set_sth

ie

display inst
k[ ]

o_ac

o_serial_clk

i dp

i _hours

o_busy

o_serial clk

i minutes

o_serial_dout

|

_serial_dout

o_serial load

Hold the
Time

display_control_inst
i_lhz_sth|—] o_display_stb i_sth
iclk o_write_config i write_config
i elk_set

i elk_set_sth

i _display_ack

i_reset_n

« \Wrap Hours, Minutes, Second appropriately
 Handle time setting functionality

serial_load



Desk Clock Block Diagram Overview

@
i clk l
refclk_sync_ins I 1 }tﬂin h b
fek 'I.k_| f'l.k sync i_refclk deb b
el I e
i_reset_n Li:F ey o fast_set_db re:e?: tu
D i_set_hours deb SEb t_h db t_hours
o reee = oot sn
i_sebninutes " ;nut B
] H
) ]
Display the |
Results
* Shift out time over 5P| https://www.diymore.cc/products/max7219-7-segment-led-dot-matrix-8-
e Drive MAX7219 Disp\ay digit-digital-tube-display-control-module-for-arduino-3-3v-5v-

microcontroller-serial-driver



Desk Clock Block Diagram

Dj System CQCK

ielk

Reference Clock
=] Synchronization

b

gy o s B
clk
EN Reference Clock | L refclk
32768 KHz) = =
D :i_S;t_I
|

o Bverything runs off a single system clock
« Reference clock provides accurate timing (21°Hz)



Desk Clock Block Diagram

i en
e ——
i clk . a T
Signals Na
Time
i_refclk C '_ ]{
refclk =ync
clk l1hz sth
i_reset_n clk fast =zet =tb
L idlclk slow set sth
display _inst o_serial_clk
i_elk[™ "] o_ack
i dp o_busy
i _hours o_serial clk
N o_serial_dout
Signals
Time

clk
refclk sync
clk lhz stb

c;k_fast_set_sth
c;k_s;nw_aet_atb

« Cenerate “strobe” signals to trigger update events

o Strobe signal is a single system-clock wide pulse




Desk Clock Block Diagram

i en
i clk
clk_gen_inst
i_elk] "] o_lhz_sth
refclk_sync_inst
i_clk[~— o_refclk_sync i _refelk o_debounce_sth ~
i_refclk N .
i refelk i_reset_n o_fast_set_sth 1
i_reset_n o_slow_set_sth
i fast_set
input_debounce
i_razet_n i_clk[~ ] o_fast_set_db

i_set_hours

i_debounce_stbh

o_set_hours_db

i_fast_set

o_set_minutes_db

Signals

Time
clk=0
c;k_debounce_stb=ﬂ

Fa=zt Set Button

o_serial_clk

_serial_dout

i_reset_n i fast set=1 i Spnaynst
i_set_hours . -
i_set minutes — clk fast set =0 idp o_busy
i_set_minutes - - i _hours o_serial_clk
o
i minutes o_serial_dout
i reset_n o_serial load
} " i_seconds
J display_control_inst
i_lhz_sth|—] o_display_stb i sth
i clk o_write_config i write_config
i elk_set

i elk_set_sth

i _display_ack

i_reset_n

* Synchron

ze and Depounce Button Inputs
« Clean up noisy signals

o|serial_load




Desk Clock Block Diagram Overview

clock_r
i_lhz_sth Sk

inst
o_hours

dp_control_inst
i seconds[— Jo_d

_dp

i set_time I

i_clk

o_minutes

i_reset_n

o_seconds

i_set_hours

i en
i clk
clk_gen_inst
i _elk] "] o_lhz_sth
refclk_sync_inst
i_clk[~ | o_refclk_sync i _refelk o_debounce_sth
i_refclk N .
i refelk i_reset_n o_fast_set_sth
i_reset_n o_slow_set_sth
i fast_set
input_debounce
i_razet_n i_clk[~ ] o_fast_set_db
i set hours i_debounce_stbh o_set_hours_db

e HOld the time In 24-Hour format

i _set minutes

i_fast_set

o_set_minutes_db

i_set_minutes

i_reset_n

i_set_hours

i_set_minutes

i_set_sth

Y

ie

display inst
k[ ]

o_ac

o_serial_clk

i dp

i _hours

o_busy

o_serial clk

i minutes

o_serial_dout

|

_serial_dout

o_serial load

display_control_inst
i_lhz_sth|—] o_display_stb i_sth
iclk o_write_config i write_config
i elk_set

i elk_set_sth

i _display_ack

i_reset_n

« \Wrap Hours, Minutes, Second appropriately
 Handle time setting functionality

serial_load



u
SEGA-SEG G, DP DIG0-DIGT
Desk Clock Block Dlagl aMm MAX7219
SEGMENT DRIVERS DIGIT DRIVERS
) 3 LB
W - T
Control o[ swmommess= HH
ien R ; t - - MODE REGISTER INTENSITY
B egisters i
—=-|  INTENSITY REGISTER - WIOTH
l Rser 3 —=|  SCAN-LIMIT REGISTER  H MODULATOR
iclk
D I SEGMENT 8 \—Il- DISPLAY-TEST REGISTER 1
clk_gen_inst e CURRENT 8xd
i clk o_lhz_sth . N
I::‘ﬂk‘ﬂi'ot':'s!'itlk_syn: i_refelk o_deb e_sth REFERENCE DUAL-PORT 1=+ MULTIPLEX
i refclk u SRAM SCAN [
D i_refclk i_reset_n o_fast_set_stb 1 L ADDRERS CIRCUITRY
i_reset_n o_slow_set_sth 8 / § REGISTER
T LOAD (C5) ™ DECODER
R clock_reg_3
i_lhz_sth
i_fast_set ) iclk 4
i_resst_n D ;TP EHebOnee o+ set_db i_reset_n
+ set hours i_debounce_stb| | o_set_hours db +_set_hours om »=—— 00| 01 |02 |03 | 04| 05 | 06 [ 07 | 08 | 09 [D10{D11{D12]D13]D14|D15] " DOUT
i_fast_set o_set_minutes_db i_set_minutes 3
o PITTTFITFIFPFFFT o
1_set_sinutes irerhours () MAXTZ21 ONLY
i_set_minutes
— i minutes o_serial_dout =wevial_dout
i_reset_n o_serial_load
) H displ trol_inst i->econds
i Thar sthfo o display_stb i sth jo1serial_Load
ielk o_write_config i_write_config
i_clk_set E—

i_elk_set_sth

i_display_ack

i_reset_n

« MAX7219 Needs Configured

« Write display settings on startup https://www.analog.com/media/en/technical-
documentation/data-sheets/MAX/219-MAX/221 pdf

IEEE Solid-State Circuits/ Circuits and Systems Societies (SSC37/CAS04) Columbus Chapter


https://www.analog.com/media/en/technical-documentation/data-sheets/MAX7219-MAX7221.pdf

Whet are we

doing®?

_input_debounce

i_clk

o_fast_set_db

dp_control_ins
i seconds[— Jo_d

t

_dp

i set_time I

R clock_reg_inst

i_lhz_stb[- ] o_hours /5
i_clk o_minutes Y

i_reset_n o_seconds

i en
i clk
clk_gen_inst
i _elk] "] o_lhz_sth
refclk_sync_inst
i_clk[~ | o_refclk_sy| i _refelk o_debounce_sth
i_refclk
i refelk i_reset_n o_fast_set_sth
i_reset_n o_slow_set_sth
if set
i_reset_n
i_set@lours

e IMmplement a few blocks

i_debounce_stbh

o_set_hours_db

i_set_hours

| Write module

i elk_set_sth

i _display_ack

i_reset_n

e Strobe signal generator
« Clock register

i_fast_set o_set_minutes_db i_set_minutes 3

i_reset_n i_set_stb i ‘:{ipﬁiﬂ',“,: o_serial_clk
. | set_hours idp o_busy

W r | te m O d u ‘ e Ft_minutes i hours o_serial clk i

i minutes o_serial_dout Pserial_dout
| i reset_n o_serial load

a m d tegt b e n C h D display_control_inst ﬂ .

i_lhz_sth]— ] o_display_stb i sth o|serial_load
iclk o_write_config i write_config
i elk_set



Where do we go From here?

1. Tools/Project Setup

2. Write "Strobe Generation” Module
o Verilog Crash Course
« Cenerating Block Diagrams

3. Write "Stropbe Generation’ Testbencn
o View results in gtkwave

4. Repeat for "Clock Register” (If we have time)
o Testbench is already done for this module

5 Run Tiny Tapeout flow to generate hardware



Start @ Project (1/2)

O sellicott/sellicott_tt_7seg_clock > +

&« c O E] https://github.com/sellicott/sellicott_tt_7
= O sellicott / sellicott_tt_7/seg_clock_2024

<> Code () Issues Il Pull requests ® Actons B Projects () Security [~ Insights e Settings

b selIicott_tt_?seg_clock_zoz4 Public template & Unwatch 1 = % Fork 0 Ty Star O Use this template ~

generated from TinyTapeout erilog-template

Create a new repository

Openin: odespace
¥ main ~ F 1Branch © Tags Q Go tofile Add file ~ <> Code ~ About T

Example M K
. Samuel Ellicott Fix typo in readme 8215368 - 4 hours ago @'?SCnmmits a e a m e\/\/

Tiny Tap

B .devcontainer it Iw m

i Ap
[ ] github/workflows

-ﬁf

B .vscode it 3w v

thup.com/sellicott/sellicott tt /se

B test mprove clock register testb

B .qgitignore Update minor things
https://github.com,/new?temnplate_name=sellicott_tt_Tseg_clock_20248itemplate_owner=sellicott



https://github.com/sellicott/sellicott_tt_7seg_clock_2024

Start @ Project (2/2)

Q sellicott/sscs-cass_desk_clock | *

& C

= o sellicott / sscs-cass_desk_clock_project

<? Code ij Issues i1 Pul requests i“) Actions EB Projects O wiki

@ sscs-cass_desk_clock_project ' Public

generated from sellicott/sellicott tt 7seg_clock 2024

¥ 1Branch © Tags

F main -

@) sellicott Initial cc
devcontainer
github/workflows
vscode

B docs

i

B test

O .gitignore

Download repo to
JSB Drive

M

\\J) Security [~ Insights E§3 Settings

@ Unwatch 1~ 1;? Fork O 7 Star 0

Download

Add file

HTTPS 55H  GitHub CLI

git@github.com:sellicott/sscs-cass_desk_cloc

55H key.

Lieu

J Open with GitHub Desktop

Downloao
e

[} Download ZIP




Start up tools

l . . v sellicott_tt_7seg_clock_202

File Home Share View Application Tools

— V. Cut New item ~ K8 Open - BB select all
B PR = a? % -
-

Copy path i Easy access ~ . Edit == Select none
Pin to Quick Copy Paste Move Copy Delete Rename New Properties

access @l Paste shortcut tor to~ - folder . B History Bn Invert selection

Clipboard Organize Open Select

« > v l ESL-DNC193934D USB Drive (D:) sellicott_tt_7seg_clock_2024
. Select C:\WINDOWS\system32\cmd.exe
NET

B vscode
4o OneDrive - The Ohio State University l docs

# Quick access

MW ESL-DNC193934D B sim

. src

= USB Drive (D:) . test

= .gitignore

B elaborate_json.bat
L} info.yaml

B Lot Startup Two Terminals

B netlistsvg.bat

= e One for simulation

BN start.bat

. o « One for gtkwave
Double Click

!“ Network

16items | 1item selected 874 bytes |




33

Clone the repo

Home Share View Application Tools
New item ~
e b

RE'Y, BB
Copy path = i Easy access v

ck Copy Paste Move Copy Delete Rename New Properties
[l Paste shortcut tor to~ v folder -

B o ) 1vpc cd /-

KH Open ~ ==Selectall 5% clone sitiatts rxallicottlanlilcott £
B edit

1]
um Select none

Clipboard

&« > v 42 B > ESL-DNC193934D

# Quick access
OneDrive - The Ohio State University
BN ESL-DNC193934D

= USB Drive (D:)

g" Network

11items | 1item selected 135KB |

NTLPS:

Organize

USB Drive (D PortableGit

Name

B vin

l cmd

B dev

l ({d

. mingw64
B tmp

. usr

0;’ git-bash.exe
v g

B LICENSE.txt
. README.portable

Date modified

10/22/2024 6:19 AM
10, AM

0 Double Click

Type

File folder

Eil~ £~1-~-

o Drag & Drop

File folder

File folder

File folder
Application
Application
Text Document

TABLE File

B History BN Invert selection
Open Select e

Clone Repo

docs.github.com/en/authentication/keeping-your-account-and-

data-secure/managing-your-personal-gaccess-tokens



https://docs.github.com/en/authentication/keeping-your-account-and-data-secure/managing-your-personal-access-tokens

ModifFy Project

o LOOK at githulb project page
* LOOK at log messages to see why builds are failing
« Setup github pages

« Move template files to their base names

« Move src\input\clk_gen_template.v’
to src\input\clk_gen.v

« Move src\core\clock_register_template.v
to ‘src\core\clock_register.v
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Writing & Verilog Module

« \\We are going to write the strope generation module

« CGenerate 1-clock wide pulses to trigger updates
o Allow everything to run off the system clock
o Rest of the system uses these strobe pulses

« GOals for this section
* Learn to write a Verilog module
e Learn how to generate block diagrams
* Learn how to run Icarus verilog
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Writing & Verilog Module

« Open ‘src\input\clk_gen.v'

e \We have a defined set of |O Pins

o \VWe want to generate strobe signals
« Base the strobe signals off the refclk

e How do we do this?

e« Before we write code whnat shoulo
the hardware look |ike?

module clk gen |{

i reset n,
i clk,

i refclk,

o 1hz stb,

o slow set stb,
o fast set stb,
o_debounce_stb

i reset_n;
i clk;
i refclk;

o_1hz_stb;
o_slow set stb;
o_fast_set stb;
o_debounce_stb;

endmodule



The Completed Block (diagram)

* LOOKS daunting

« Break It down
e Counter
« Strobe generators

e HOW JO WwWe write 3
counter?’

|




Crash course in Verilog

e FOr more detalled tutorials

 Nandland

« ChipVerify

« ZIpCPY

» Verilog Reference Card (pdf) _

» Verilog Reference Manual (pdf) / What gets turned into hardware?

e VVerilog RTL Synthesis Standard (pdf]

* FOr NOW you have me..
o Thiswill only cover the bare necessities for today's project
* | hope to motivate you to learn more

IEEE Solid-State Circuits/ Circuits and Systems Societies (SSC37/CAS04) Columbus Chapter


https://nandland.com/introduction-to-verilog-for-beginners-with-code-examples/
https://www.chipverify.com/tutorials/verilog
https://zipcpu.com/tutorial/
https://www.ece.lsu.edu/v/refcard.pdf
http://staff.ustc.edu.cn/~songch/download/IEEE.1364-2005.pdf
https://0x04.net/~mwk/vstd/ieee-1364.1-2002.pdf

Verilog Basics

7.1. Unary OPERATORS

« \What are we going to talk about o g
« Modules %.-&  Ditwiso and nand
 Sequential Logic (Flip-Flops) i e ae Ewbaer snor
e COombinational ngic 7.2. BinarY OPERATORS
. . . Increasing precedence:
e Preliminaries 2 fletse
» Sort of “C like"” syntax [if you squint) 84 Cogical and
¢ Statements end with ;" Ln~ Eﬁﬁiﬂfxmr
« Case-sensitive names S e e P
« Commentswith “//" and “/* stuff */" A P
» Blocks start/stop with begin and end o T e, Moauo

« Clve blocks a name using

 begin: block_name
From: https//www ece lsu.edu/v/refcard pdr



https://www.ece.lsu.edu/v/refcard.pdf

Lets write @ counter!

« £dit "src\input\clk_gen.Vv’

« Divide our input refclk signal by 21°
« Cenerate 1Hz clock signal

e \We also need rezflilk,reszzlk, nd reszlk

 Cenerates 2Hz, 8Hz, and 4.096KHz clocks respectively
o Tap off output clocks from the counter

o \We need a 15-Dit register
« Reset to O with reset signal

« Count up by 1 on each rising edge of refclk
« We will come back to this..

e For now, count up on i_clkrising edge
To Be Continved [\|4




Verilog Modules

none
module clk_gen |

i reset n,
i clk,

i refclk,

o 1hz_ sth,

o_slow_set stb,
o_fast_set stb,
o_debounce stb

i reset n;
i clk;
i refclk;

o_lhz_stb;

o slow set stb;
o fast set stb;
o_debounce stb;

endmodule

Start files with this

Module Port List
List of names separated by commas
By (my) convention

e [Nnputsare i_<name>

« Outputs are o_<name>

Define Signal Wires/Registers
Signals in the port list are prefixed with
« input or output
We can assign to wires when we create them
We can define busses too
 wire [msb:1lsb] bus_name;

N general:
module module_name ( list_of_signals );
// stuff
endmodule




Multi-Bit Signels

o Busses (groups of signals)
« wire [msb:1lsb] bus_name;
« reg [msb:lsb] bus_name;

e AcCcessing Busses
« bus_name[bit]
« bus_name[msb:1lsb]
« bus_name[bitl, bit2, msb:1sb]

« Crouping Signals

« wire [2:0] signal_group
= {sig_2, sig_1, sig_0};

e Fixed Width Constants
Format <width>?<format><value>
<width> is a decimal number > 0O

<format> is g letter
b for binary
o for octal
d for decimal
h for hexadecimal

<value> s 3 number
(in the appropriate format) that fits
the width of the constant

Numbers can be separated by "_"

« Examples
 l6'h5aba_abab
o« 5'd3
e 3pll0



Sequential Logic: Always

i reset n;
i clk;
i refclk;

0 1lhz stb;

o_slow set_stb;
o_fast_set stb;
o_debounce_stb;

refclk stb;
[14:8] refclk div;

Define Signals

i clk) begin

retclk stb
refclk div <= refclk div + 1;

Low Priority

'i reset n
refclk div <= 15" h8;

High Priority \
Sequential Logic Behavior

Always use system clock!

Block “fires” on i_clk rising edge
Note the @(posedge signal)
start/stop with begin/end

f / else if / else staterments
« Onlyin always blocks
e« start/stop with begin/end

Assigniment uses <=
« Only assign to reg signals
« Canread from regs and wires




Counter (as of right now)

module clk_gen (
o \What do we expect?
i clk,

« Block Diagram

i refclk,

« 15-pit Flip-Flop
« T[riggeredon i_clk ract
« Add T when i_reset_n is high | P-febounce st
« Setto 'O when i_reset_n islow e
o Assign output to prevent deletion of block diagram e
« Simulation o sl set_stb;
« Counter should increment every system clock o debounce tb,
« We should see the system clock divided by 4 refclk_stb;
« We will get rid of this later 14L“ 'L'f'u“*-egidk} i

counter <= counter + 15°d1;
i reset n
counter <= 15'd8;

o_1hz_stb = counter[2];

endmodule




Expected Block Diagram

 Cenerate block diagram

: 5 CAWINDOWS - puii
) g}-?{;ﬁgﬁ:igiﬁnégz—tvdk_gen Bl Cenerate Block Diagram

« Thiscopies the block diagram into your
clipboard
« Genergte Picture
« Coto ntrps//neilturley.dev/netlistsvg
 Paste in code
o Click "render’

Commands are run from the project directory

This is a demo of netlistsvg i refclk slow_set stb o fast set stb o_debounce stb
Format 150N Select skin: | lib/default.svg ~ || Render

T"a'i:1:r'ir:|u'tes": { ~
"sre™: "sroiiinputiigll gen.w:45.1-58.4" 0x0

h

¥
"port_directions™: { e/ 1.5 /'
|r;‘L£|r: "ian.ItIrJ
"t "iI"IIJIJt"J,
"Q": "output” q
H

1 1
"connections™: { + /15/
"CRKT L 31, :C:

"D": [ 38, 39, 48, 41, 42, 43, 44, 45, 46, 47,
43, 49, 58, 51, 52 1,

“g“: [ 9, 18, 5, 11, 12, 13, 14, 15, 16, 17, 18, i reset n
19, 28, 21, 22 ] T - | > p
T
Is
"SproEmUESA” |

/15 /- o_lhz stb

J 2
——/15/



https://neilturley.dev/netlistsvg/

Expected Counter Output

« Run Simulator
 iverilog —-o clk_gen_tb.vvp

teSt\Clk_gen_tb ° V clk_gen_th Time _
src\input\clk_gen.v o gmins ko
 vvp clk_gen_tb.vvp —fst ;f;lk

« Open Waveform Viewer
e Do thisin a different terminal

« gtkwave clk_gen_tb.fst S
wire  i_refclk

CAWINDOWS\system32hemnd. exe l:g un S| anl¥ ‘ a tO r

CAWINDOWSh s R un g t l/<\/\/ ave en_th.fst

Commands are run from the project directory




Generating Strobe Signals

« Output 'I' on signal rising edge

o Detect rising edge i_sig o sig st
 Hold the previous signal state >
« Compare to current signal state o
o Output T when previous state is 'O and ™

current state is ‘1’ T S
iw_resetwn

e Reset when i_reset_nis low =

e PUL This iNnto a new module

e The new module should be in the same
file as the counter module



Combinationsal Logic: Assign statement

i_sig

o_sig stb

i reset n

i_clk

o sig stb = 1 sig & ~sig hold;

N general:
assign wire_name
= signall [operation signal2 ..];

Signals can be either wires or regs
Can only assign to wires
Assign statements cannot be in always blocks
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Strobe Generator Code

 Example Strobe Generator
« Cenerate Block Diagram

« elaborate_json.bat stb_gen src\input\clk_gen.v
o Paste Into netlistsvg

Format 150N Select skin: | lib/default.svg ~ || Render| ; .ig
"hide_name": @, ~
"bits": [ 2 1,

"attributes": {

"epetr "seo\h\inputiiglk gen.wv:Bd.12-64,21"

y

} ] ™

3 1
"i_sig": 1
"hide_name™: @, i Teset n
"bits": [ 4 1, —~
"attributes": {

i clk
"epcr "sreo\hinputiiglk gen.v:iB6.12-66.17"
¥
hE

T

o_lhz_stb = counter[2];

endmoduls Eﬂd(ﬁwﬂk_geﬂ

module stb gen {
i reset n,

i reset n;
iclk;
i sig;

0 sig sth;

sig hold;
@ i_clk) begin
sig hold <= i sig;

i reset n
sig hold <= 1°b8&;

o sig stb = 1 sig & ~sig hold;

endmodule




Fixing the counter

« \We only want to count up on the rising edge of refclk

« Cenerate a strobe signal off of refclk (refeclk_stb)
e INnstantiate a module that we just made
« Input signal is refclk, generates refclk_stb
« Only count up when refclk_stb is high
* This makes our counter work rignt.

« Cenerate strobe signals for each output clock.
« DO the same thing, but take strope input from counter register



Instantiating Modules

refclk_sync;
clk_1hz_sth;

« Back to Modules
« HOw dO we Instantiate a moaule? dh e

module_name #(parameter list) V , sire cli_debounce_stb;
instance_name ( ‘H ;ﬂ n;ﬂ USFHVQI Define Signals
.port_namel (connected signal 1), this. Just

.1 reset n reset nj,

.port_name2 (connected signal 2) _res o
. 1 CIK ClK ),
), .1 refclk refclk_sync),

.0_1hz stb clk _1hz_stb),

.0_slow set stb (clk _slow set sth),
.0_fast_set_stb (clk fast set stb),
.0_debounce_stb (clk_debounce_stb

e pefolk ctbe Instantiate Clock Generation Module

.i_reset_n (i_reset_n),

i clk iclk),
.1 sig i refclk),
.0_sig stb (refclk stb

INnstantiate Strobe Generation Module



Updated Clock Generator

o Add refclk strobe generator

« Only update counter on refclk rising edge
« Check if refclk_stb is nigh beforeincrementing

e Cenerate slower strobes

refclk refclk refclk refclk

* Strobe oN —5——n i @Nd —

e Generates 1Hz 2Hz 8Hz, and 4.09c0KHz strobes

refclk stb;

.i_reset_n (i_reset_n),

i clk 1 clk), refclk
.1 sig i refclk),
.0_sig stb (refclk stb

INnstantiate Strobe Generation Module

[14:8] counter;

refclk sth
counter <= counter + 15°di1;

i _clk) begin

!i reset_n
counter <= 15'de;

.i_reset_n
i clk
.1 sig
.0_sig stb

endmodulg

i_reset_n),

i clk),
counter[14]),
o_lhz_stb

i clk),
counter[3]),
o_debounce stb
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Clock Generator

« CGenerate Block Diagram “j% =]

« elaborate_json.bat clk_gen .
src\input\clk_gen.v — I

« Paste into netlistsvg rﬁj i r_

e Run Simulation =iy (:® -

« iverilog -o clk_gen_tb.vvp B S e e S
test\clk_gen_tb.v el -i;_J
src\input\clk_gen.v | *ﬂJ

« vvp clk_gen_tb.vvp —fst O— e, e

« Refresh Simulator Output : =l

)



Expected Output

« Should see pulses on o_debounce_stb signal

« \V\/Nhere are our other pulses?
« We aren't waiting long enough
« Take a closer look at testbenches next

11— ||
i_IEfc'_]-r=Cl

B T ) ) A A A AR XA A A OXAAAXAANK

o debounce sth=0
o_fast set stb=0
o_slow _set s3tb=0

clk 1hz sth=0




Wheaet heve we learned?™?

« Write basic modules
« Seguential logic with "always @(posedge I_clk]
« Sequential logic with "assign’
« Cenerate Strope signals to trigger events

n

o \View block diagrams
o Use yosys to elapborate designs
e View with netlistsvg

s RUunN Simulator
« Use verilator to simulate Verilog module
« Use gtkwave to view output


https://neilturley.dev/netlistsvg/
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Writing Verilog Testbenches

e SO far we've used a very basic testbench
o [T just runs the system clock for 1000 cycles
« NO checks on the output are run

o \We want to look at writing better testbenches
« Fallure output If Mmodule output doesn't match expectations
o Similar to unit tests from software

« Using Verilog tasks to make life easier
« More like using a normal programming language

58



Open clk_gen_tb Testbench

« Open “test\clk_gen_tb.v'

« Notable things

o Testbench is a Verilog module
¢ Takes Nno INputs
« Produces no outputs

e | essstrict rules

« Thisdoesn't get turned into hardware

e Use "="In tasks

o Let's go on a tour
e Assert definitions
e Module definition

module clk gen tb ();

assert(signal, wvalue} %
(signal !== wvalue) begin \
$display("A I
$display( ™\ (expected) != %d (actual)™, \
close(): \
en Assert Definitions
assert_cond(signal, cond, value} %\
{!{signal cond value)) begin %\
$display("ASSERTION FAILED in Zm:\nCondition:"); \
$display("‘\n\texpected: 3 #d”, walue, signal); \
close(); \

end

assert_timeout({max_count) \
{!({timeout counter < max count)) begin \
$display("ASSERTION FAILED in &m\nTimeou .
$display (™ cified max count: t: %d", max_count,
timeout counter); \
close(): \

end

Module Definition

test_done = 8;

CLK_PERIOD = 180;
REFCLK_PERIOD = 283;



Testbench: Startup (1/2)

module clk_gen_tb ();

=E:|__'|_

CLK_PERIOD _ Local parameters act as constants
REFCLK_PERIOD « Used throughout testbench to reduce

TIMEOUT "magic numbers”
STARTUP_DELAY

clk = 8; « Setinitial values on registers
reset_n = @;  Putsregisters into well defined state at startup

ena = 1;
refclk = 8;

run_timeout counter;
[15:8] timeout counter = 8;




Testbench: Module Initilizetion

clk_1hz_stb;

clk slow set stb;
clk fast set stb;
debounce stb;

.1 reset n{reset n),

i clk(clk),
.1 refclk(refclk),

.0_1hz_stbh{clk 1hz_stb),

.0 slow set stb(clk slow set stb),
.0_fast_set_stb(clk fast_set_stb),
.0_debounce_stb(debounce_stb

Define signals generated
oy device-under-test

Setup DUT

VWe can instantiate more
modules for helping out
Any other modules need
added to simulator
sources




Testbench: Startup (2/2)

in: startup

$dumpfile("clk gen tbh.fst");
$dumpvars(8@, clk gen tb);
#5TARTUP_DELAY;

$display("Clock Strobe Generation

init();

8; 1 < 1686; i =1 + 1
clk);

test done

close();

Testbench™);

initial block is run on startup
Name provided so that variables can be
used in block

 begin: <block name>

integer i counter variable definition
« 352-Dit local variable

$dumpfile(<string>)
« specify output file name
$dumpvars(0@, <modules/variables>)
« Save waveform outputs from a
module
o See Verilog Reference 18.1.2

$display(<format>, <list of vals>)
« Works like printf
Call init() task

Run simulation for 1000 clock cycles




Testbench: DefFault Tasks

 Ingeneral
task task_name ( input inputl, .. );

$d15p15_}" |: "'Simulation Start” }, begin . <b'l_ock_name>
$display( Reset”); // stuff

N | end

(2) @( clk); endmodule

reset n = 1;

$display(“Run”); ¢ Reset the system

tack « Assertreset_n for two clock cycles
endtask

task ; « Delay a bit before ending the simulation
« Makes it easier to read waveforms

fdisplay(“Closing”);
(10) @(

$finish; $finish closes the simulator

endtask




Testbench: Clock Generation

Task to clear the timeout counter
« More to follow later

Periodically toggle clock registers
« always #(<delay_time>)

[ ]
@ :
run_timeout counter
endtask
elaf: 1 CLK_HALF_PERIOD = CLK_PERIOD / 2;
lways #(CLK_HALF_PERIOD) begin
1k <= ~clk;
end .
0C 1 REFCLK_HALF_PERIOD = REFCLK_PERIOD / 2;
lways #(REFCLK_HALF PERIOD) begin
always @(posedge clk) begin
[ ]

if (run_timeout_counter) timeout_counter <= timeout_counter + 1'd1;
else timeout counter <= 16"'h@;

Run the timeout counter
« always #(<delay_time>)




Testbench: User Taslk

task
input integer timeout
s
: my_generic_task
$display( " Timeout: %d", timeout);

reset timeout counter();

{ timeout counter < timeout) begin

“assert timeout(timeout);

endtask

We will edit this task for our testibench

Input value to task
o« \We use this to set the maximum
count for the timeout counter

Reset the timeout counter so that we
can check its value from a known state

Loop until a condition is met
Exit the loop if we are over the timeout
One clock cycle per loop iteration

Assert that we passed the condition
and didn't timeout




Edit the testbench

e Call the user task initial pegif: startup
« Remove the for loop // Set the

$dumpfile(“clk gen tb.fst");

° ﬁQLVJrW _t+h1€§ ES&Y’T}[VJ‘Ea1:()r” $dumpvars(@, clk gen tb);
#5TARTUP_DELAY;
e Same command as before

. . display("Clock Strobe Generation
e Should see timeout failure saisplay '

init();

generic task(TIMEOUT);

SWINDOWS\systern32cmd.exe
suite] D: orkshans test done = 1;

close();
end



task generic_task

Make our test snazzy ;

input integer timeout

: my_generic_task
$display(“Timeout: *d"”, timeout);

« Check that we have the correct
numMber of pulses
« Add a counters for each pulse generator $display("uait for 1hz Strobe Signal’);

ile { !'clk 1hz stb && timeout counter < timeout) begin
@(posedge clk);

« Update task to check correct operation end
« Assert statements to generate failure logs sesert Heout(Hneout);

" checks against invalid and tristate
conditions

reset_timeout_counter();

reset_timeout_counter();

slow_stb_count = @;

fast stb count = 8;
eg [15:8] slow_stb_count = @; debounce_sth_count = @;
eg [15:8] fast_stb count =
eg [15:8] debounce stb_count = @; $display(“Wait for 2nd 1hz Strobe Signal™);
lways @(posedge clk) begin 'i%e { !clk_1hz_stb && timeout_counter < timeout) begin

- o @(posedge clk);
end

if (clk_slow set stb
cslow sth count <= slow stb count + 1;

“assert_timeout(timeout);
if (clk_fast_set_stb
fast_stb count <= fast stb count + 1;

“assert_cond(slow_stb_count,
) “assert_cond(fast_stb_count,
if (debounce_stb “assert_cond{debounce_stb_count, >
debounce_stb count <= debounce stb count + 1;




To the Simulator!

CAWINDOWS\system32hemd.exe

e RUN simMmulator

-0 clk_gen_tb.wvp testhclk_gen_

»wwp clk_gen_tb.wwp -fst

e Expected Simulator log

« SNhould see our pulses in
gtkwave

GTKWave - clk_gen_tb.fst A

= °5"' '-Tj D @ = — K >| ( ) From: 0sec To: 9929930 ns c

cem .
w55 Signals

- clk_gen_th Time

] - clk=0
_ wes clk_gen_inst (clk_gen)
I i refclk=0

Sigeneric_task

k]

o_debounce stb=0

k] L i

D_fast_set_s th=

o _slow set stbh=0

k] [

clk 1hz stb=0

i




Write the Clock Register Module

e Store Hours Minutes, Seconds

« Normal Operation

« Count up when IHz strobe signal is high
« Overflow Seconds and count up MiNutes
o Overflow Minutes and count Uup Nours

e | IMe Set

« \When 1_set_hours s asserted

e Switch to using the i_set_stb signal

e Increment hours when i_set_stb is high
« \When 1_set_minutes is asserted

o Switch to using the i_set_stb signal

e Increment hours when i_set_stb is high
o VWhen both are assertec

« Clear the seconds register

How to draw
an Owl.

“A fun and creative guide for beginners”

Fig 1. Draw two circles Fig 2. Drav




We need to updete the project

 PUush changes to Github

e The Github actions will run
« \We [(hopefully) see cool output

€ Update README - sellicott/selli X +

O E] o= https://github.com/sellicott/sellicott_tt_Tseg_clock_2024/actions/runs,/ 11658855406

() lssues 1 Pullrequests () Actions [ Projects © Security |2 Insights 2 Settings

° Update README #46 Re-run all jobs

(7)) Summary
Triggered via push 2 days ago Status Total duration

@ sellicott pushed o Tbdgab5 main Success 5m 42s

test.yaml

&Y Workflow file




Wheaet heve we learned?™?

« Write pasic modules
« Seguential logic with "always @(posedge i_clk]
« Seguential logic with "assign’

o \View block diagrams
« Use yosys to elaporate designs
o \VView with netlistsvg

« VWrite testbench to simulate modules
 Simulate with Icarus Verilog
o \VView results with gtkwave

n



https://neilturley.dev/netlistsvg/

Things to look at

» Detalled Verilog Tutorials
« NandLand
« ChipVerity
¢ /ZIpCPU

Game of Life: VCA Output

e https://tinytapeout.com/competitions/demoscene/

e [Ny lapeout Demoscene

e https://vaa-plavaround.com/



NandLand
https://www.chipverify.com/tutorials/verilog
https://zipcpu.com/tutorial/
https://tinytapeout.com/competitions/demoscene/
https://vga-playground.com/

Where To Get Help

Herel
e Tiny Tapeout Discord ——

o Lots of people with deeper knowledge than me
o I'm there too (@sellicott)

e Learning Resources
e Nitps)//tinytapeout.com/digital_design
e Nttps//tinytapeout.com/ndl
o Nttps)//r2.ieee.org/columbus-ssccas/resources

o Questions about this workshnop
« Chapter: columbus.sscs.cas@gmail.com Tiny Tapeout Discord
Nttps://discord.ga/BspcX95B2n



https://tinytapeout.com/digital_design/
https://tinytapeout.com/hdl/
https://r2.ieee.org/columbus-ssccas/resources/
https://discord.gg/BspcX9SB2h
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