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ICARUS Verilog¥ 2 2 L —% (19984 ~)

< O

@l https://github.com/steveicarus/iverilog

[_f] vpi_modules.cc Fix memory leak and add vpi_release_handle() 6 menths ago

a vpi_user.h Fix memory leak and add vpi_release_handle() 6 months ago

[11 README &8 GPL-2.0 license =

The ICARUS Verilog Compilation System

Copyright 2000-2019 Stephen Williams

>

Table of Contents

What is ICARUS Verilog?

Icarus Verilog is intended to compile ALL of the Verilog HDL, as described in the IEEE-1364 standard. Of course, it's
not quite there yet. It does currently handle a mix of structural and behavioural constructs. For a view of the current
state of Icarus Verilog, see its home page at https://steveicarus.github.io/iverilog/.

Icarus Verilog is not aimed at being a simulator in the traditional sense, but a compiler that generates code employed
by back-end tools.

For instructions on how to run lcarus Verilog, see the iverilog man page.
Building/Installing Icarus Verilog from Source
If you are starting from the source, the build process is designed to be as simple as practical. Someone basically

familiar with the target system and C/C++ compilation should be able to build the source distribution with little
effort. Some actual programming skills are not required, but helpful in case of problems.

If you are building on Windows, see the mingw.txt file.

Compile Time Prerequisites

You can use:

apt install -y autoconf gperf maks gcc g++ bison flex L[..:]

e RS

EbiekG.2E A B,



GTKWave EH&ET (10£< S ULEi~) P

EbicHt. 2EEAIB,
&« - @] % httpsy//gtkwavesourceforge.net

Welcome to GTKWave

GTKWave is a fully featured GTK+ based wave viewer for Unix, Win32, and Mac OSX which reads LXT, LXT2, VZT, FST, and GHW files as well as standard Verilog VCD/EVCD files
and allows their viewing. You can grab version 3.3.117 here. Documentation in pdf format can be found here.

For svn access to the experimental, pre-release sourcetree on Sourceforge:
svn checkout svn://svn.code.sf.net/p/gtkwave/code/ gtkwave-code

Native Win32 and OSX binaries are available here, however if you are a Windows user running Cygwin, running under that is recommended instead.
A Mac port can be found both here and here.

Ports to other platforms which GTK supports should be trivial.

e ng:ilii;;.;. 5 0] g s

An experienced professional shown violating most known rules of electrical safety with GTKWave. Please do not attempt this at home,

% @ gtkwave File Edit Seach Time Markers View Help -
OO0 CTEWawe

- fUrsrs DAL

w D0 QAR 4 el @ % monfr Tofsssarms | G | Marker — | Cursoe: 196507 ms
—r [

Sgnals

Time
wal[7:d]

Typa | Sigeais

Wi vl

LA

) (= ) (5 i
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Xschem [EIEETTF14RX+Fy MIRFT449 (1998~) (LB

« (& 71  https://xschem.sourceforge.io/stefan/index.htm di ANy 3 7= (=) %2 -b

v

HOME XSCHEM MANUAL GOOGLE
- D0lars sparc

- Windows (with the cygwin layer and cygwin/Xorg X11 server, plus the tcl/tk toolkit and the -dev libraries)

Screenshots

» analog circuit example

File Edit Options View Properties Layers Tocls Symbel Highlight Simulation

BEO «AXDOx B 354 /0D 1 -0E O,

mas_power_ampli.s

— SCHEM —5iioim
SNAP: [10 GRID: [20 NETLIST MODE:| spice  mouse = 310 -870- selected: 0 path: x1.

2024/5/20 « digital system for VHDL simulation 6




Magic LA 77 b7 4% (1980's~) LERF
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Magic VLS! Layout Tool

Curret distributon version 8.3

VLSI e
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Non-frames version
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SPICE3 7F+ROZsEKEIalL—% (1996~) -

EbiekG.2E A B,

=

& O 5]  https;//ptolemy.berkeley.edu/projects/embedded/pubs/downloads/spice/spice.htm asd A Ty 02 7= 43

THE DONALD O. PEDERSON
@& CENTER FOR ELECTRONIC SYSTEMS DESIGN

Welcome to the Embedded Website home about people publications

SPICE 3F5

Tapes and docs are no longer available. Please ignore the prices and email addresses, this file is made available for
historical reasons only.

NOTES:
SPICE3F5 IS AVAILABLE THROUGH:
+ Spice Homepage

All Spice ingiries, except those fer hardcopy documentation, should be directed to groups and persons affiliated with Spice. The
Software Distribution Office now only facilitates the ordering of hardcopy documentation for this program.

For SPICE3F4 MS-DOS Users:
Call the Software Distribution Office to obtain the necessary instructions to upgrade your diskettes: (510) 643-6687.

SPICE is a general-purpose circuit simulater with several built-in semiconductor device models. SPICE perferms several
analyses, including nonlinear DC, nonlinear transient, and linear AC analysis. Device types include resistors, capacitors,
inductors, mutual inductors, switches, linear and nonlinear sources, lossy and lossless transmission lines, BJTs, JFETs, GaAs
MESFETS, and MOSFETs.

SPICE3 is based directly on SPICEZ2. SPICEJF includes AC and DC sensitivity analysis, which was not available in the previous
major release (3E). Also available are an enhancement to the JFET model, a correction to the continuity of the MOS3 model (with
respect to the kappa parameter), table-format output for device operating-point data (like SPICE2), the ability to change
individual device parameters or vector elements interactively, support for X11r5, hardcopy for PC graphics, memory leak fix for
nonlinear sources, and many other bug fixes. Finally, the portability and installation procedures have been improved. SPICE3F3
contains numerous bug fixes over the previous minor release (SPICE3F2), notably in the AC sensitivity analysis, initial
conditions, and plotting.

Hardware/Operating System Requirements:
UNIX workstations:

« Operating system: Ultrix 4.x, SunOS$ 4.x, HPUX 8.x, AlX 3.x

+ Graphic output: X11rd or X11r5, postscript, UNIX plot format; many graphics terminals are also supported by an internal
library.

+ Compiler: A robust C compiler required; SPICE3 is written in old style or K & R C, not ANSI C. GNU gcc has been used
successfully with previous versions.

PC:

« Operating system: MS-DOS (3.0 or later)
2024/5/20 + Hardware: 286 or faster with a math coprocessor is required for reasonable performance. 8
« Graphic output: SVGA is not supported, hardcopies are for the "IBM personal computer graphics printer” or a compatible

https://ptolemy.berkeley.edu/projects/embedded/ 'Firlter- . v
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XMOS(double gate MOS)® “‘ll«’e“:splcerE L‘fﬂ&x_t @2004

DG MOSFET

Two gates sandwich the Si channel.

The additional gate can be used as Symbol (proposal)

-the gate electrically tied with the other, or

-another signal input, or G1

-an alternative for the body bias electrode. J_
Upper Gate s—ITL—bp

— T

Lower Gate =2

In all usage, minimum short-channel effect is distinct.
When used as electrically tied gates (as FinFETSs),
high current drivability and ideal S factor are prominent.

When used as an alternative for the body bias electrode,

high frequency body bias, aggressive forward body bias

and other sophisticated body bias techniques can be easily achieved.
Predominant disadvantage is difficulty of manufacturing,

now overcome in research level, but

long way to go in LSI or production level. ’

y 4

Va1 Vo

|

| Compute yso1 and ysoz (2D Newton method) |

Channel 2 Only Channel 1 Only

wsor> Var?
Double Channels
[ Adjust o1, m2, wso1 and ysoz |

v v

| Adjust Vs1, Coxi, Ve and Coxz |

] ¥

| Adjust oz andyses | | Adjust n0; and yso1 |

Adjust Va2 & Obx: |

)

[ Adjust Ve & Oox: |

Compute ysL2 Compute ysL1 Compute ysL2 Compute ysL1
(1D Newton) (1D Newton) (1D Newton) (1D Newton)
| Compute & | | Compute k= | | Compute 1 |

X11 Applications Edit Window Halp = ) (®LACEECEED 4:39:10 AM (R) 4] =

8Coe X mtarm

%/ spice3

[Macintoshi™] hkolked spiloa3fSsfixdN0S ob)/binsplced smosiny, clr
Frogram; Spice, wersion; 3FS
Date builts Wed Har 3 19311:30 J5T 2004

Type "he2lp" for nore information, "quit" to lsave,

Circuit; Yariable Threshold Yoltage HMOS Inverter

selected for VERSION, (default)
selected for VERSION, (default)
- wiout)
Spice 3 —F “wod#branch
Cpice 4 -

xmos i
[Macintosh:~] hkeoike% more xmosinv.cir

Variable Threshold Voltage XMOS Inverter

* commands: run -» plot v|out) -> plot vdd#branch

> VIN 0.0 1.0 0.01 v&E2 -0.5 0.5 0.1

In 0 DC 0.0

Vdd 0 DC 1.0

PMOSvg? Vdd DC 0.5
NMOSvg?2 O PMOSvg2 VDD -1

MOSP Dut In Vdd PMOSvg2 PP Le=lu W=lu TEMF=300
MOSN Out In O NMOSvgZ NN L=1lu W=lu TEMP=300

.MODEL PP PMOS(LEVEL=77 TS5=5.e-9 TOX1l=2.e-% TOXi1=2.e-9

+ VFBl=0.622801 VFB2=0.622801 U0=0.135 RE=170.0 RD=170.0)

.MODEL NN HNMOS(LEVEL=77 T5=53.e-9 TOXl=2.e-9 TOXI=2.e-9

+ VFBl=-0.622801 VFB2=-0.622801 U0=0.135 R5=170,0 RD=170.0) ;
5000, €

« END sieep

[Macintosh:~] hkoiket []

Ref. I @AIST,

_\_ shiceB

nanotech2004



e EERETT

EbiekG.2E A B,

BE DR 2
VPR:Versatile Place and Route @ Toronto University (1997~20117?)

BLIF: Berkeley Logic Interchange Format

Technology-Mapped Architecture
Netlist Description File

R - Existing Placement ™
Place Circuit or Read in Existing Placement |-
v N _Another CAD Too/l' /

or Placement from

— —

Perform either Global or Combined
Global / Detailed Routing

CPlacement and Routing Output Files)

Placement and Routing Statistics

£y b X R YU —=LFREAD L

v || @ search Search
Zoom Fit

window
Toggle Nets:
Nets v

Toggle Block Internal:
-0 +

4 : Toggle Block Pin ULil:

; None -

Toggle Placement Macros:
None -
Toggle RR:

None b

Toggle Congestion:

None -
Toggle Routing Cong Cost:
None -
Toggle Routing Bounding Box:
-1 +
Toggle Routing Util:
None -

,Eiiiiiii Toggle Router Expansion Cosks:

#—7> Y —XEDAY —ILTT 7 e [Ci—

2024/5/20
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e EERETT

FPGAFCAD VPR®DEH:
VTR: Verilog to Routing @ Toronto University (2012~)

Input: BLIF -> Verilog
Older version L atest version (VTRS)

C : <RR—Graph>< ERCa s
RR-Graph Fl_)GA r Architecture
Qrchitectur Device

____________ @) pecription

@ -
Description

: i \
| ! )
i - ' . i L Parmys Quaius ] Yosys E Design
' i Quartus | D Design I | Map 1
' Odin 1I M ' Yosys ' 1 S CAD Tool
E ap ! I:l CAD Tool | | l I Stage
: 1 E Stage i ! VOM to BLIF ! a8 _) VTR Flow
; ; . VTR Flow ! M to I ABC s==l
' VQM to BLIF | I ABC - X | | ‘ ) Titan Flow
. ! 1 ") Titan Flow ! | T | T Standand
' ' ‘ ' 1 _— Standar
: /?/ ! Standard \ : ABC ! -=-=-=->  Optional
E ABC i E Optional , I . s !
. j ] E | e e
, ,/’/ ] i I —- Tech. Mapped L
: Tech. Mapped ' [ s ; 1
1 - PP ! - Netlist -= .
! _,-’h Netlist - | | ',-’ ,I/I .
- 4 h ! |7 [ iyt duteptulyetelyuiegpeiepeinpet v
, - e = | ! [ f——— == Yo
; [ i . L , : i VPR N Dacking il - - - Other [
H : };'I::I: —i—/ Packing /L EE R ?)thir : i : ! Pack i 1| / :, ,,,,, P, 3;6157 A :
' a » : | ac | |
! ! | | emmmmm R R i H l ) .
' 1 1 i j ' I . . Yoo
i fl) ! - E S , ! 3 VPR 11N/ S Other :
! a|-> ]}’llexcl;f‘a H Placement /L R R g‘l:::: i e eleieiiniets ':1" Place ! : / R EI?C,E, S— :
[ | | I e ; 4 l ] i
i ! : r I
| L — [ i T T B
i t VPR : / . N Other i ! H T outing  fe----> i
t R SR R >| Route | | Route
E -------------------------- in— Route 3 Routing /A i | Route i ! Ii i| / )
' I 1 L TTTTEmmmmmeee ' [ o S. N
' i ].:)(.";i. 1; IImI }l‘(‘l;’lL‘l’It. .xt.m.r.l S i : ! % .
: : ] Sig) I A | | ! : 1 e
' ' T, | ! VPR [
H ! ] y | I ! i 1 i s :
! i A\EJ)R' ] ! Bitstream Gen. | e I-1] Analvwb I ! Bitstream Gen. |
--------------------------- = 1 3515 : | i l' ,.| B
- b heeeees Fommm—— T — N7 N G- - !
; ,,,,, A

i Post-Impl. A Ti P p— !
Post-Impl. Area Tlmmg Power ’n‘ Bitst Fr’ (;?Zﬂ?;f / / Me;i::b // Ml;;ii // M::Vr?; / | Bitstream §
Netlist Metrics Metrics Metrics r tstream L '

2024/5/20 11
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BEDRER 3
Flex Power FPGAFHOCAD7 B —%FH 7T %

(Ref. Al @AIST. IEICE2004)

e T-HAEBRETIEEZLFPGA : Flex Power FPGADRFZZ B %
« Torontok®VPRIZVT Mapper# B/

« RAIVITRT I HRINT — I

( Start
il

Netlist

Circuit Reconfigurability + Power Reconfigurability

v
| Logic Optimization @s1s) | .
Circuit Mapping + Power Mapping | Technology Mapping (SIS) | | Activity Estimafor(UBC ACE)

!
m Mapped Netlist /witching Activity
!
Flex Power FPGA | Packing (UBC T-VPACK) N
1

S ——

|| |__Placement (Original VPR) _je—— Parametized
[ ] ! ~——_Architecture -
___ Routing (Original VPR) |
| 1 — —_
- Power Optimization Transistor Parameter
. é 0 (Flex Power VPR) Vih Co

Critical path T ——forvih Contial —

- Power Estimation

(modified UBC VPR)
v

Power Estimates
I
2024/5/20 [ End l 12
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i@fd)ﬁ%ﬁll. EbieHkG. 25 RS,
=TV —=RAATI7 bPITT 14 ZMagicz{E->T
Flex Power FPGAL 4 77 F %= F{EiE L 7- @2007

Magic %z & - 7= EmE 7

FEA

EEEE BEEO DEUNNEENNED BNESENECONNE DRONEONNBED CEENONENOEE NNJBDEDNDEDLE EDEODSNDEENOD NONNEDODNNED NODNONEBEDD DEOMAN

s 668 nag

i3 B8 DEE DEEEE BEEEE BEEOIE BE BEE EEEE BEEE 2088 EEERE BEEEE BEEEE BE B8 EEER BEEE BEEEE B8 B8

EERE BEER BEROR
@ BED BER DEEEE BEEEE BEEIE BE BEE ECEBEEER BERE DEEEE BEEEE BEEIE EE BB Bm @B

B RS R R ) ; BEADEEEE NEAEEETE

DEDD EEEE OEDNOEEDEEED DNNDEOEEDED DEODRONEEGOR NORNDEOERED DNEODROEEED DNOEDDNEDED DONCODDREND DNNOEDEOBEE BHEEER

FofoNo RN BN R - N R TR N BN N o R RN R D IR R R R ollo (N NN NN NC R ] oV R RN Vo o N Rl RN R (e N RN N SV R N o N Rl R R o Rl o NGB TN o e Rl W g N

B — L ~BAT

I 00 RO 11711 Al SR OMB CSImucd2007
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(F—=7 YV —ZRTREVTTH)
Flex Power FPGA CAD D Rl%

T

*QOriginal Flex Power FPGA CAD
tools are newly developed.

*VTM automatically maps Vt
according to the slack analysis

*Successfully Formal-Verified using
modest-size application such as
Microprocessor core

*|nterfaces to the standard
commercial CAD tools are included

‘Why not VPR (4.3)?

— Unidirectional Wire
— 3D Extensibility
- etc.

Flex Power FPGA CAD Flow

Software

GGEN

RRG and PLS generator

CNV

NETto BNL transforme
TG and BLK generator

T

VP

Placer

VR

Router

VTM

Vth mapper

CGEN

Config. bit stream genera

tor

File

Verilog RTL netlist

BLIF

Gate level netlist

NET

CLB netlist

LUT

LUT truth table

PLC

Pad location

TG

Timing graph

BNL

VP inputtable netlist

BLK

Fix block location

PLS

Function block location

RRG

Routing resource graph

RRQ

Routing resource reques

t

PRT

Placement result

RRT

Routing result

VIRT

Vit map result

CFG

Config. bit stream

2024/5/20
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Flex Power FPGA7 —%77
Fx¥ DIEFRZAGE L T HCADZEH
T- 1B

Verilog to BLIFIZAltera®
Quartus% FIH

Ey FPX MY —LFETHAOAEE
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(F=FVY—=RTIEBEVWTTH)
Flex Power FPGA CADDO R (Ref. FFftt. IEICEF&NEE. 2017)

Improved chain

q
v | .plc .
- Verilog HDL | Pin
i _l assignment

Yosys Synthesis ; Netlist converter * Veri Iog to B LI F ‘: 7'|- - 7 V y - Z “/ - )l’ "&*‘JFﬁ

ABC W i E Timing graph generator

E : Timing Netllist ’ Eﬁﬂﬂo) 7 7 ,r )ba)ljj ‘: i‘:”;.ﬁ
o] o™ | E{ﬂ tj&/J
e EXa—NABR7FANLOERELUT Y BV JIER

Place and route
BLIF preprocessor

LUT-FF pair packing ZERTHE-HORR 7R Y

Netlist postprocessor

i
D 2 ‘L
v Netlist Threshold
LUT voltage mapping
truth table ¢

Vt mapping
result
l \ A i

Generate configuration data

__________

Y

Configuration
2024/5/20 D_‘ldata
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(B18) LSIFFEDTaALRT LA (BT

VIBEOLSIFHE  BEFEI IV AT LAORE=>HHRASAZICE - TEVLWS AEEE
O=MZEDAY = (FEEtY 7 b= 7)
OsMiaIlP GRETEE A1 v X—T7 11— A EVE
OAF| iF&ﬁ@fJ\fJ\%PDK (Process Design Kit : 7% 4 »153R)

SN—=FPx2TPA/ R=3 DN TP2TFTIFH-HDHA@USA

e

s % LEDAY—L

cadence
SYNOPSYS

SIEMENS Menbr
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ERI: Electronics Resurgence Initiative, 2017
IDEA & POSH Program

DARPA Lowering barriers to hardware innovation

Transistors,

log scale Cost ($M) New procedures for physical design and
1" Transistors per chip, 000 [l Design Cost 100 verification will lower the design barrier;

enabling rapid specialization

=== Total HW Cost . Verification Cost

10° 75 Intelligent Design of Electronic
| Assets (IDEA)

* No human in the loop” 24-hour
>0 layout generation for mixed signal
integrated circuits, systems-in-
package, and printed circuit
boards.Machine generated layout
of electrical circuits and systems
TR e e—— 0 Posh Open Source Hardware
Technology Node 180 130 65 45 32 22 14 (POSH)

» An open source System on
Chip (SoC) design and
verification eco-system that
enables cost effective design
of ultra-complex SoCs.

10°

Design

10 55

MOSIS

NVIDIA Qualcomm

Broadcom  Xilinx

Verification

Q

Fabless companies

The 1980's DARPA MQOSIS effort removed fab cost and fab access barriers and launched the fabless
industry. The ERI Design effort will address today’s design complexity and cost barriers, creating the
environment needed for the next wave of US semiconductor innovation.

2024/5/20

Distribution Statement “"A” (Approved for Public Release. Distribution Unlimited) 21

e EERETT
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IDEA : OpenROADZ7 Bz % + (2018~2023) ot il

PL: Prof. ANDREW B. KAHNG@UCSD
OPENROAD: NO HUMANS, 24 HOURS

« FOCUS: ULTIMATE ease of use and runtime

DARPA ERI(Electronic Resurgence Initiative) Summit 2018

* 24-hours, Non-Human-In-Loop layout design for SOC, Package and PCB
with no Power-Performance-Area (PPA) loss, Tapeout-capable tools in
source code form -> Open Source

+ Directly attack the crises of design and innovation
« Schedule barrier: RTL-to-GDS in 24 hours
« Expertise barrier: No-human-in-the-loop, tapeout GDS
« Cost barrier: Open source (and runs in 24 hours)

Funded by DARPA 2019-2023, Now supported by Precision Innovations

* Unleash system innovation and design innovation
* Enable tool customization to system, application needs

Used in research and commercial apps.

s * OpenROAD-flow-scripts(OpenROAD)

Distribution Statement A — Approved for Public Release, Distribution Unlimited

OPENROAD V1.0 IN ACTION * OpenLane(Efabless)
* Silicon Compiler (ZeroASIC)

Verilog __, Logic Synthesis
+ libraries,
constraints 1

| Floorplanning | * Hammer (UCB)

|

I Placement I

* OpenFASoC (IEDA-FASoC)

I Clock Tree Synthesis I

PDK Support

Global and Detailed
Routing

}

GDSIl «—  Layout Finishing
final 2

lavout Distribution Statement A — Approved for Public Release. Distribution Unlimited

2024/5/20  Ref. Kahng@ERI Summit 2020 18

* Open Source: GF180nm, SKY130nm, FreePDK45nm, ASAP7nm

*  Proprietary: GF55nm, GF12nm, Intel22nm, Intel1l6nm, TSMC65nm
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OpenLane7 B>z 7 F (2020~)

= -

srci* v
The OpenLane Flow

* A130nm OpenROAD-based Tapeout-Proven Flow
(ICCAD 2020)@efabless

RC Extraction
(DEF2SPEF)

-

Floorplanning

RTL Synthesis
(Yosys + abc)

Placement

Syn
Explol

[¢]
ek
w

o
‘ o
2

STA
(OpenSTA)

Detailed Routing
(TritenRoute)

* OpenLane =0penROAD + Yosys, Magic, Netgen,

OpenROAD App

Optimization

| vemior o Semo Dk CVC, Klayout and custom scripts

(magic & netgen)
DFT Global Routing —

ﬁ::}ming ° PDK Support

GDsI/
LEF

]

Design <
Exploration |

i

* Open Source: SKY130nm, GF180nm

2024/5/20 19



Open MPW Shuttle Program

Google-efabless-SkyWater Open MPW (:Multi Project
Wafer) Shuttle Program from 2020

BEO Y FLTATT L

HEYY L7077 L5HBY (Chiplgnite@efabless)
iXaTIP & 2B

efabless: Open Source EDA IR} (OpenlLane)
SkyWater: 130nm7’AtRX 77> FUHY—ER

Google: ARV Y—, F#—7 YV —APDKEHE, Sfiid
V—=ILFz—r (XLS) HRELL

Globalfoundries»*20224F |Z & {H

2024/5/20
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(2020~)

efabless:

Make it happen!

L
MPW

No cost shuttle
for open source designs

»

e

]
Google

Sponsorship

skywater

Foundry

20
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v 20207 & V) Googlett, skywatertt, efablesstt A4 —7 > v — XEDAIRIE - PDK/IP
L. EEY v MY —EX (BRAOENRE) ZE%KB, &K T60045FLE
DOFAEE,

v 20224 £ V) GlobalFoundries AN &

v BERERD S OFBEIIEDmh -7 (L0EFFRHE)

V EEHICR D IBHRCHEDLEY G ?

# of Jpn

EEOGFMPW-1oBATL Y MY  10F=>TO7 xz—X : 614! |

GrvirFvy -1 Open MPW shuttle service
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OpenLane®E A

0 Product Solutions Open Source Pricing ° Ubuntu 20 04+

> The OpenROAD Project * macOS 11+

OpenROAD seeks to develop and foster an autonomous, 24-hour, open-source layout generation flow (RTL-to-GDS).

Ax 687 followers @ https://theopenroadproject.org/ [ ] Wi n d OWS 1 0 y 1 1 _|_

(M Overview ] Repositories 51 B Projects 1 @ Packages A People 5 ° Othel’ Linux

Pinned

* Download and Installation

] OPENROAD_USERS_READ_ME_FIRST ' Public ] OpenROAD  Public
OpenROAD users should lock at this repository first for instructions on OpenROAD's unified application implementing an RTL-to-GDS Flow.
getting started Documentation at https://openroad.readthedocs.io/en/latest/ ° G et pyth o n 3 6
Tras ¥ Verlog  T¥13k % 455
* Get docker
B yosys | Public ] OpenROAD-flow-scripts  Public
Forked from YosysHQ/yosys OpenROAD's scripts implementing an RTL-to-GDS Flow. Documentation at

° .
Logic synthesis and ABC based optimization https://openroad-flow-scripts.readthedocs.io/en/latest/ g It C I 0 n e 0 p e n Ia n e

@®c-- ir3s ¥is Verlog Y¥246 % 252
* cd Openlane

] OpenLane ' Public
. ( HbAD)
Openlane is an automated RTL to GDSII flow based on several components M a ke P D K

including CpenROAD, Yosys, Magic, Netgen and custom methodalogy
scripts for design exploration and optimization.

@®Python  Tr 1k % 348 ® make teSt (’f ‘/Z I‘ —')|/7_'2 I“)

* make mount (OpenLaneBiEDiIH EIF)

o N—FyiedvETHE< (ex. Ubuntu on
2024/5/20 Windows) : AJ#iRl%E 29
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Poly resistor
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GitHub - google/skywater-pdk: Open
source process design kit for usage with
SkyWater Technology Foundry's 130nm
node. 30
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OpenlLane Design Stage

design/
sre/*.v

The OpenLane Flow

I

Floorplanning RC Extraction

RATL Synthesis (DEF2SPEF)

(Yosys + abc)
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Synth
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Optimization

Q
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q
>
9
w
3
=
OpenROAD App

STA
(OpenSTA)

S

Detailed Routing
(TritonRoute)

Y
Physical
Verification
(magic & netgen)

Ant. Diodes
Removal
(Custom Scripts)

Ant. Diodes
Insertion Script

DFT Global Routing

Y

gds2 Streaming
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]

Design  |g
Exploration |

|

Y

GDSIl/
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LEC: Logic Equivalence Check
SPEF: Standard Parasitic Exchange Format
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1. (Lint)

e Verilator

2. Synthesis
* Yosys/abc

* OpenSTA

3. Floorplanning

* Init_fp
* ioplacer
* Pdngen
* tapcell

4. Placement
* RePLace
* Resizer

* OpenDP
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CTS

* TritonCTS

Routing
* FastRoute

e TritonRoute

* OpenRCX
Tapeout
* Magic
* KlLayout
Signoff
* Magic
* Klayout
* Netgen
* CVC 31
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KiTTHL48RTv7H% (LintgL)

masa@oseda: ~/OpenLane

R

§ s *
cts:

18-cts.errors 18-cts.log 18-cts.warnings 19-cts_sta.errors 19-cts_sta.log 19-cts_sta.warnings 20-resizer.errors 2@-resizer.log 20-resizer.warnings

floorplan:

3-initial_fp.errors 3-initial_fp.log 3-initial_fp.warnings 4-io.errors 4-io.log 4-io.warnings 8-tap.errors 8-tap.log 8-tap.warnings 9-pdn.errors 9-pdn.log 9-pdn.warnings

placement:
16-detailed.errors
16-detailed.

11-gpl_sta.errors 12-global.warnings 14-gpl_sta.log 17-dpl_sta.warnings 6-gpl_sta.log 9-global_skip_io.errors

11-gpl_sta.log 12-io0.errors 14-gpl_sta.warnings log 4-global.errors

4-global.log
4-global.warnings

6-gpl_sta.warnings 9-global_skip_io.log

11-gpl_sta.warnings 12-io0.log 15-resizer.errors 16-detailed.warnings 7-basic_mp.errors 9-global_skip_io.warnings

12-global.errors
12-global.log

12-io.warnings 15-resizer.log 17-dpl_sta.errors

17-dpl_sta.log

7-basic_mp.log

14-gpl_sta.errors 15-resizer.warnings 6-gpl_sta.errors 7-basic_mp.warnings

routing:

21-resizer_design.errors 23-resizer_timing.errors 25-antenna_diodes_1.log 25-global.warnings 27-grt_sta.warnings 29-detailed.warnings

28-fill.errors
28-fill.log
28-fill.warnings

21-resizer_design.log 23-resizer_timing.log 25-antenna_route_1l.errors 25-global_write_netlist.errors 30-wire_lengths.log

21-resizer_design.warnings 23-resizer_timing.warnings 25-antenna_route_1.log 25-global_write_netlist.log

22-rsz_design_sta.errors 24-rsz_timing_sta.errors 25-antenna_route_1.warnings 25-global_write_netlist.warnings

29-detailed.errors
29-detailed.log

22-rsz_design_sta.log 24-rsz_timing_sta.log 25-global.errors

25-global.log

27-grt_sta.errors

22-rsz_design_sta.warnings 24-rsz_timing_sta.warnings 27-grt_sta.log

signoff:
31-parasitics_extraction.min. 38-lef.errors
38-lef.log

errors 45-drc.errors

45-drc.log

34-rcx_mcsta.max.errors 37-irdrop.errors 41-spice.log

31-parasitics_extraction.min.log 34-rcx_mcsta.max. log 37-irdrop.log 41-spice.warnings

31-parasitics_extraction.min.warnings 34-rcx_mcsta.max.warnings 37-irdrop.warnings 38-lef.warnings 42-write_powered_def.log 45-drc.warnings

32-rcx_mcsta.min.errors
32-rcx_mcsta.min. log
32-rcx_mecsta.min.warnings
33-parasitics_extraction.max.errors
33-parasitics_extraction.max.log
33-parasitics_extraction.max.warnings
synthesis:

0 1-synthesis.errors 1-synthesis.log 1-

35-parasitics_extraction.nom.errors

35-parasitics_extraction.nom.log

35-parasitics_extraction.nom.warnings

36-
36-

-rcx_mcsta.nom.warnings

rcx_mcsta.nom.errors

rcx_mcsta.nom.log

synthesis.warnings 2-sta.errors

2-sta.log

38-gdsii.errors
38-gdsii.log
38-gdsii.warnings
38-gds_ptrs.errors
38-gds_ptrs.log
38-gds_ptrs.warnings

2-sta.warnings

s |l

3g8-maglef.errors
38-maglef.log
38-maglef.warnings
39-gdsii-klayout.log
40-xor.log
41-spice.errors

linter.log

42-write_powered_verilog.errors
42-write_powered_verilog.log
42-write_powered verilog.warnings
44-1vs.lef.log
44-regfile_2riw.lef.lvs. json
44-regfile_2riw.lef.lvs.log

46-drc-klayout.log
47-arc.errors
47-arc.log

47-arc.warnings
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(] Hierarchical chip desig @ OpenLanefl (T-Opent % [ Hierarchical chip desig dfxtp Delay Flop, single out; X + v - o x
c 08 /openlane readthedocs.io; 8o © @ 8 =
OpenLane [¢)

Documentation

Hierarchical chip design
(with macros)

2024/5/20

Hierarchical chip design (with e
macros) B
This guide covers the creation of simple hierarchical chip level macro. A

Memory macro i hardened and then the hardened design is used to showcase the integration flow in
chip-level macros.

Hardening the mem_1riw macroblock

In this section, the process of hardening the macroblock mem_1riw is covered. As these macroblocks
will be used in the top-level hierarchy some configurations need to be made. R

Keep in mind that these designs are not ready for production and are just used to showcase the
capablities of OpenLane.

Create the memory macro design

Let us create the design. The following command will create a directory design/mem_1r1w/ and one file
config.json that will be mostly empty.

flow.tcl -design ./designs/ci/men_iriw -init_design config -add_to_designs

One of the common mistakes people make is copying existing designs, like designs/inverter and then
or_gui

# Empty newline to force above line to execute

File ‘Wew Toob fieedows Options feeip
At Find Inspect Timing

Disgiay Corbra =

L L L L E L TS

Fig. 2 OpenROAD GUI with loaded final DEF file

Tiering Rapart
sattings Update

Setup  Held

spture Dot Requied | Amvsl Siack

[wats Path Detais  Capture Path Detsils

Inspector | Hierarchy Browssr | Timarg Report

93505, -8.366

e EERETT

&

1. 1Read 1Write Memory~2 O 7 0O
7 = EBk

2. L&~/ A v 7 % 2fENE T

2Read 1Write RegfilefEpkA T — L

Eb o HVeriloga— K, 8RE 7 7 A4 LEC
G Y, 17217/#%%‘)0
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@5@3111

= 1. |35
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masa@oseda: ~/OpenLane masa@oseda: ~/OpenLane

$ more designs/regfile_2riw/runs/full_guide/logs/synthesis/linter.log
%Error-PINNOTFOUND: /openlane/designs/regfile_2riw/src/regfile_2riw.v:39:13: Parameter not found: 'DEPTH_LOG2'
39 | mem_1riw #(.DEPTH_LOG2(DEPTH_LOG2), .WIDTH(WIDTH)) lane@(
|
For error description see https://verilator.org/warn/PINNOTFOUND?v=5.018
%Error-PINNOTFOUND: /openlane/designs/regfile_2riw/src/regfile_2riw.v:39:38: Parameter not found: 'WIDTH'
39 | mem_1rlw #(.DEPTH_LOG2(DEPTH_LOG2), .WIDTH(WIDTH)) lane@(
[ Aormm
%Error-PINNOTFOUND: /openlane/designs/regfile_2rilw/src/regfile_2rilw.v:53:13: Parameter not found: 'DEPTH_LOG2'
53 | mem_1rlw #(.DEPTH_LOG2(DEPTH_LOG2), .WIDTH(WIDTH)) lanel(
|
%Error-PINNOTFOUND: /openlane/designs/regfile_2riw/src/regfile_2riw.v:53:38: Parameter not found: 'WIDTH'
53 | mem_1rlw #(.DEPTH_LOG2(DEPTH_L0G2), .WIDTH{WIDTH)) lanel(
[ Aman
%Error: Exiting due to 4 error(s)
.. See the manual at https://verilator.org/verilator_doc.html for more assistance.

$
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mem_1riw #( .DEPTH_LOG2(DEPTH_LOG2), .WIDTH(WIDTH)) lane@(

.clk(clk),

.read_addr(rsi_addr),
.read(rsi_read),
[J .read_data(rsi_rdata),

write(write),
.write_addr(write_addr),
.write_data(write_data)

);

mem_1riw #( .DEPTH_LOG2(DEPTH_LOG2), .WIDTH(WIDTH)) lanei(

.clk(clk),

.read_addr(rs2_addr),
.read(rs2_read),
.read_data(rs2_rdata),

write(write),
.write_addr(write_addr),
.write_data(write_data)

);
endmodule
U:--- regfile_2riw.v  All L45 (verilog)

<C-M-print> is undefined

mem_1riw lane®(
.clk(clk),

.read_addr(rsi_addr),
.read(rsi_read),
.read_data(rsi_rdata),

.write(write),
.write_addr(write_addr),
.write_data(write_data)

b H

mem_1riw fUane1(
.clk(clk),

.read_addr(rs2_addr),
.read(rs2_read),
.read_data(rs2_rdata),

.write(write),
.write_addr(write_addr),
.write_data(write_data)

);
endmodule
U:--- regfile_2riw.v  All L54 (verilog)

Wrote /home/masa/OpenLane/designs/regfile_2riw/src/regfile_2riw.v

2024/5/20
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SEISTATILEZF->TW3 ERT

masa@oseda: ~/OpenLane

1 masa@oseda: ~/OpenLane

cts/ floorplan/ placement/ routing/ signoff/ synthesis/
] $ more designs/regfile_2riw/runs/full_guide/logs/

cts/ floorplan/ placement/ routing/ signoff/ synthesis/

] $ more designs/regfile_2riw/runs/full_guide/logs/
cts/ floorplan/ placement/ routing/ signoff/ synthesis/

] $ more designs/regfile_z2riw/runs/full_guide/logs/synthesis/
1-synthesis.errors 1-synthesis.warnings 2-sta.log linter.log
1-synthesis.log 2-sta.errors 2-sta.warnings

] $ more designs/regfile_zriw/runs/full_guide/logs/synthesis/
1-synthesis.errors 1-synthesis.warnings 2-sta.log linter.log
1-synthesis.log 2-sta.errors 2-sta.warnings

] S more designs/regfile_2riw/runs/full_guide/logs/synthesis/
1-synthesis.errors 1-synthesis.warnings 2-sta.log linter.log
1-synthesis.log 2-sta.errors 2-sta.warnings

] $ more designs/regfile_2riw/runs/full_guide/logs/synthesis/2-sta.log

OpenSTA 2.4.0 75f2f325b7 Copyright (c) 2023, Parallax Software, Inc.
License GPLv3: GNU GPL version 3 <http://gnu.org/licenses/gpl.html>

This is free software, and you are free to change and redistribute it
under certain conditions; type “show_copying' for details.
This program comes with ABSOLUTELY NO WARRANTY; for details type “show_warranty'.

OpenLane TCL Issue Packager define_corners Typical

read_liberty -corner Typical /home/masa/.volare/sky130A/libs.ref/sky136_fd sc_hd/1lib/sky13e fd sc _hd__ tt_625C_1vse.lib
EFABLESS CORPORATION AND ALL AUTHORS OF THE OPENLANE PROJECT SHALL NOT BE HELD Using 1le-12 for capacitance...

LIABLE FOR ANY LEAKS THAT MAY OCCUR TO ANY PROPRIETARY DATA AS A RESULT OF USING Using 1le+03 for resistance...

THIS SCRIPT. THIS SCRIPT IS PROVIDED ON AN "AS IS" BASIS, WITHOUT WARRANTIES OR Using 1le-09 for time...

CONDITIONS OF ANY KIND. Using 1e+00 for voltage...

Using 1le-03 for current...
BY USING THIS SCRIPT, YOU ACKNOWLEDGE THAT YOU FULLY UNDERSTAND THIS DISCLAIMER Using 1e-09 for power...
AND ALL IT ENTAILS. Using 1le-06 for distance...

Reading netlist '/openlane/designs/regfile_2riw/runs/full_guide/results/synthesis/regfile_2riw.v'..

Parsing config file(s).. Error while reading fopenlane/designs/regfile_2riw/bb/mem_1riw.bb.v:

Setting up /openlane/designs/regfile_2riw/runs/full_guide/issue_reproducible..

Make sure that this a gate-level netlist not an RTL file
Done. You can add the following comment '/// sta-blackbox' in the file to skip it and blackbox the modules inside if needed.
Error: /openlane/designs/regfile_2riw/bb/mem_1irliw.bb.v line 5, syntax error, unexpected '=', expecting '('

3 S I
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Create the verilog blackbox:

(*blackbox®}

module mem 1rlw (clk, read addr, read, read data, write addr, write, write data);
parameter DEPTH_LOGZ = 43
localparam ELEMENTS = 2**DEPTH_LOGZ;
parameter WIDTH = 32;

input wire clk;
input wire [DEPTH LOG2-1:8] read addr;

input wire read;
output reg [WIDTH-1:8] read_data;

input wire [DEPTH_LOG2-1:@] write_addr;
input wire write;
input wire [WIDTH-1:8] write data;

endmodul e

e EERETT

EbiekG.2E A B,
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IlriwXEU~27070y 7ERFICT— ML RNy FU X MABEIC/ERLESNTWA DT

T IRy IRAT7AILELT/NRAEBT

{

}

emacs@oseda _ o x|

File Edit Options Buffers Tools JavaScript Help

BB Uve ~vo L BB @

"DESIGN_NAME": "regfile 2riw",
"WERILOG_FILES": "dir::src/*.v",
"CLOCK_PORT": "clk",
"CLOCK_PERIOD": 10.0,
"FP_PDN_MULTILAYER": true,

"FP_ASPECT_RATIO": 2,

"EXTRA_LEFS": "/openlane/designs/ci/mem_1iriw/runs/full_guide/results/final/lef/m2

Sem_1riw.lef”,

"EXTRA_GDS _FILES": "/openlane/designs/cif/mem_1iriw/runs/full_guide/results/fina2

%1 /gds/mem_1riw.gds",

"WERILOG_FILES_BLACKBOX": "dir::bb/*.v"

dem_1riw.lef"”,
%1 /gds/mem_1riw.gds",

Sults/final/verilog/gl/mem_1riw.v"

2024/5/20

emacs@oseda _ @ x|
File Edit Options Buffers Tools JavaScript Help
=| n o save ¥ Undo 5 B &)

{
"DESIGN_NAME": "regfile 2riw",
"WERILOG_FILES": "dir::src/*.v",
"CLOCK_PORT": "clk",
"CLOCK_PERIOD": 10.0,
"FP_PDN_MULTILAYER": true,

"FP_ASPECT RATIO": 2,
"EXTRA_LEFS": "/openlane/designs/ci/mem_1riw/runs/full _guide/results/final/lef/m2
"EXTRA_GDS FILES": "/openlane/designs/ci/mem_1riw/runs/full guide/results/fina=

"WERILOG_FILES_BLACKBOX": "Jopenlane/designs/ci/mem_1iriw/runs/full_guide/res#
il

38
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Flow Complete!

masa@oseda: ~fOpenLane
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Eile Edit View Bookmarks Display Tools
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Macros Help

®

GDS7 7

Mem 1rlw

KLayout 0.28.2 - mem_Triw.gds [mem_1riw]

File Edit View Bookmarks Display Tools Macros Help

a o %] &,

A VDERIER (KlayoutTRR

Back Select | Move Ruler Back Select | Move Ruler
-] 2%
mem_1rlw.gds [mem_1rlw]) x regfile_2rlw.gds [regfile_2rlw] x
_Iriw.gi = rl‘ Iriw ragfile_ariw.gds Inegfile
E (B e 10Jeead, I <ky130_fd_sc_hd_a21bo,
Fv y130.1d_sc_hd _a:
f reali_datafe: 3 sky130_fd_sc_hd_and2_1
it i ANRRNNNSS : i = sky130_fd_sc_hd_buf 1
hd_bur_2 =3 & sky130_fd_sc_hd_bur_2
hd_buf 4 el T 1 el it sky130_fd_sc_hd_buf 4
0 T m 3 o sky130_fd_s_hd_clkbuf 16
) i B 5 = sky130_fd_sc_hd_clkbuf 2
-~ i tuxel el D sky130_fd_sc_hd_clkbuf 4.
e T g & sky130_fd_sc_hd_clkbuf 8.
i : " eIl
it e ‘5\%11‘[15\1 Pororoscu O
o RS LA Ten) ! “sky130 i sc hi decap 8
read & 1]\ [181] Sratgu
oy T i 5 " 5 sky130_fd_sc_hd__diode 2
- “- ,3;‘[]3&{_4‘ M sky130_fd_sc_hd_dlymetal6s2
s S B Sky330-id-sehd k-3
- i 5 = B
i Gt : i : iy P
i = &= i =z * 15164]
sky130_fd_sc_hd_inv.; ead_) 2 s R tauay S|
sky130.f0_sc_hd _mux2_L i g = 3 o
sky130 fd_sc_hd_muxa L Tt i o, W)
sky130_fd_sc hd_nand2 2 ¥ = 7 o a g
sky130_fd_sc_hd_nand3_d e IR geilin
sky130_fd_sc_hd_norzb 2 i 2 g [ 74]
Ty o s write i SR
¥ if - i \[18\]
read_ o éfi [15\]
i 4 = wﬁam
RS B s £3 2 95/
Levels [0 % 2 read el ot CERR ‘J\ A5Y] &7 122118 Levels [0 % 3 B ”
:: 2 235/4.

Libraries St 2 WAy 610 Uibraries E
ARC ead_ > s DN (iaN) ARC 2
CIRCLE oad } = Ao (141] CIRCLE
DoNUT bhpes il 2 il DoNUT
ELuese i ite = TEE 3] ELuese
ROUND_PATH e . . D%{ 19\) ROUND_PATH
RouND_FoLYGoN RN R : LaihleLly] RouND_FoLYGoN
STROKED_B! & o g STROKED,

STROKED.S Potveon \ STROKED.S Fotvson
SER TR " =
ey Bl

bnss A T
== gl

! = - : m_ LR s

af e aies Likan s

i = : 2 2N, 122

= mel 3

] = = b =
T yite_data[22]
i 23! ; i
s i ]

s e B T [20\]

T

L o5 X po) CL)

[ = @ AL

i
" = 5 )
] R
20 um 0
. ility 5ibil
T (Default) G xy 115.42555 247.30870 T (Default) G instance("sky130 _ef sc_hd_decap_12* m0 *1 74060,462400) in regfile_2rlw@1 xy 161.57730 681.29643
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regfile 2rlw

KLayout 0.28.2 - regfile_2riw.gds [regfile_2r1w]
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@ © D O AusN:fow—ALGN

< - C (3 https;//align-analoglayout.github.io/ALIGN-public/notes/f

“ALIGN

| B ALIGN: flow

Inputs

Outputs
Installation
Introduction by Example
Layout viewer
Constraints
PDK abstraction

Cell generator

Examples

Database

Contribute to ALIGN

ALIGN gallery

align package
align.schema package
align.compiler package

align.primitive package

align.pnr pac

align.pdk package

align.cell_fabric package

align.primitive.default package

align.pdk.finfet package
align.utils package

align.gdsconv pacl

x |+

# » ALIGN: flow View page source

ALIGN: flow

The ALIGN flow includes the following steps:

- Circuit annotation creates a multilevel hierarchical representation of the input netlist. This
representation is used to implement the circuit layout in using a hierarchical manner.

= Design rule abstraction creates a compact JSON-format represetation of the design rules in a
PDK. This repository provides a mock PDK based on a FinFET technology (where the
parameters are based on published data). These design rules are used to guide the layout and
ensure DRC-correctness.

= Primitive cell generation works with primitives, i.e., blocks the lowest level of design hierarchy,
and generates their layouts. Primitives typically contain a small number of transistor structures
(each of which may be implemented using multiple fins and/or fingers). A parameterized
instance of a primitive is automatically translated to a GDSII layout in this step.

= Placement and routing performs block assembly of the hierarchical blacks in the netlist and
routes connections between these blocks, while obeying a set of analog layout constraints. At
the end of this step, the translation of the input SPICE netlist to a GDSII layout is complete.

[ Forensovnce 11 ALIGN LayoutGi |

Input: PDK

Input: Netlist Electri Primitive Block assembly
Unannotated auto- constraint layout (placement,
netlist annotation generation generation ing, routing)

( Machine learning models ]

Inputs

« Design netlist (SPICE format): Input from designers
o Example of the analog circuit.
= Library (SPICE format): Commeonly used basic building blocks for analog design

o Basic built-in template library is provided to identify hierachies in the design.
o More library elements can be added in the user_template_library.
s Each of the library elements can be associated with a set of constraints.

PDK rules (JSON format): Abstracted design rules

o Mock FinFET 14nm PDK rules file is provided, which is used by the primitive cell
generator and the place and route engine.

o New PDK can be represented using a JSSON-format design rule abstraction, similar to
mock-PDK design rules file provided.

o Primitive cells (NMOS/PMOS/Resistor/Capacitor) must be redefined for any new PDK.

ALIGN: Analog Layout, Intelligently Generated from Netlists

e EERETT
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Management Area

e RS

Chiplgnite> v+ PV —E X

« Chiplgnite> ¥ kJL : efablessiC & B3HE> v ~L ($9,750)
« Caravel/N\—% X, #—7>PDK, Openlaneh 7% 55 1R1E
. I—HM@EEEDVerilogto GDS, N—FZX~ADERB. T—7T7 I F v ETIIIFEE

e e U Ialb—YaVERBLHD
S e E o QFNF v 71008, FREA— A ,
;o 38 programmable IO's

10 mMm2 of User Project Area
-Diagnostic port including IO

R configuration and Flash pass-thru

I
|
!
L
I
I
{
I
I
I
1
I
I
I
I
I
I
I
I
|
I
I
I
I
1
I
I
I
-

access for programming

L(’F%N'B’ Clocking and DLL

*VexRiscv CPU with debug

rf—h el LpﬁdE:L S ong g 3 kbytes of RAM
" *Flash controller supporting
== Fe=al| || execute-in-place
Rt A = N | i *SPI, UART and GPIO
| (-] -Counter/Timers
s o) N ; *128 signal logic analyzer for project
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on

AES SBOX-like funct

* 8bit inputs and outputs

* Defines 8bit functions

* Qutput a unique value corresponding to an

t

inpu

AES_SBOX_ENC

Our design

[Tl

module AE
{irput
output wi

e

assign v = s(x[7:01);

function [7:0] s Cinput [7:0] x);
caze (x)

3 hib;
8 hch;
8" h2hk;
8 hT8;

2'h03: s
3'h7: s
2'h0B: s
3'hF: s

8'hiY;
8 hBT;
8 h67;
8" hab;

8'h02: s
8'h6: s
8'hA: s
8'hlE: s

8 hbh;
8'ho1;
8'hd?;

==8"hTe;

87h0T:

8'h05: s
8'h0g: s
8'h0D: =

87HB3;
87hi2;
87ha30;
8'hfe;

8'h00: =
8'h04: =
8'h08: =
8'h0C: =

[eehealeslee)

578 "hfd;

8'h21:

8 hb7;
8'h36;

2'h33;
8 hf?

8'ha2: s
8'h26: =

8'haf;

8'h2h: s

8'h20: s
8'h2d: s

8 heb:

=8'hab;  8Th2h: ==

87h29: =

87h3d;

8'hig: =

2'h31;

8'h2E: ==

8 hds;
==8"hc?;

8'h20: s
8'h31:

8'h11;

8'h2C: =

8 hel;
8’ h3a;
8 he?;
8 hi5;
8 hla;
8’ hal;
3 hb3;
8’h84;
8 hed;
3" hob;
8’h39;
8 het;
3 hfb;
8’ hgh;
8 hTE;
8" had;
8’ha1;
=R hfhk:

8'h33: s
2'h37: s
2'h3B: s
8'h3F: s
2'hd3: s
2'hd7: s
8'hdB: s
8'hdF: =
2'ho3: s
8'ho7: s
2'hEB: =
8'HEF: =
3'h63: s
2hET: =
2'h6B: s
8'hBF: s
2°hi3: =
R'h77:

8'h23;
8 h05;
8 h80;
8 hb2;
8 hic;
8 h5a;
8 hdB;
8 h2f;
8 h00;
8'hh1;
8" hbe;
8 h58;
2 haa;
8°h33;
87 h02;
8 haf;
8 hdD;
==f'haa-:

8'h32: =
2'h36: =
8'h3k: s
8'h3E: s
8'h42: =
8'hd6: s
8'hdh: s
8'h4E: =
8'hh2: s
8'ha6: s
oA =
8'hBE: =
8'hB2: =
2'hEG: =
8'hBA: =
8'hBE: =
B'hi2: s
2’ hiR:

8 h98;
8'h12;
8 h2T;
578 43,
2 he;
3 hab;
8 hed;
==8"hd1;
8 hfc;
8 hch;
8 hdc;
z=8"hef;
8 hdd;
8 hf3;
2 h3c;

: 578 had;

+ =zRh8d:

8'h3h: s
8'h39: s
8'h30: s
8 hd1:

8'hd5: s
3'hdg: s
8'hdD: s
8'hol:

3'hb5: s
8'hog: s
8'hal: =
8'hB1:

8'heEh: =
8'hed: s
8'h80: =

3 h04;
8°h18;
8 h07;
8" heb;
8°h09;
8 hlb;
3 HhZ;
87h29;
8°h53;
3 h20;
8’ hBa;
8 hda;
3" hd0;
8 hd3;
8" hdh;
87 hal;

587 Ha1;

=R hI7:

8°h30: =
8hdd: =
8'h3g: s
8'h3C: =
8'hd0: s
3'hdd: =
3°hd8: =
8hdC: =
2°h0: =
3°hod: =
8hhg: s
8haC: s
8°hE0: =
8hed: =
8'he8: s
8'heC: =
8 h70:

B k74

e
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KLayout 0.28.2 - sbox.gds [sbox]

File Edit View Bookmarks Display Tools Macros Help

@ N | L.

Back Select | Move Ruler

Cells E3]
sky130 fd sc_hd_a3lo 1 &
sky130_fd_sc_hd__a320_1
sky130 fd sc_ hd_adlo 1
sky130_fd_sc_hd__and2_1
sky130 fd_sc_hd__and2_2
sky130_fd_sc_hd__and2b_1
sky130_fd_sc_hd__and2b 2
sky130_fd_sc_hd__and3_1
sky130_fd_sc_hd__and3b 2
sky130_fd_sc_hd__anda_1
sky130_fd_sc_hd__and4b 1
sky130_fd_sc_hd__buf 1
sky130_fd_sc_hd__buf 2
sky130_fd_sc_hd__buf 4
sky130 _fd sc_hd_ clkbuf 2
sky130_fd_sc_hd__clkbuf_4

sky130_fd_sc_hd__diode_2

sky130_fd sc_hd_inv_2
sky130_fd_sc_hd__mux2_1
sky130_fd_sc_hd__nand2_1
sky130_fd_sc_hd__nand2_2
sky130_fd_sc_hd__nand2_4
sky130_fd_sc_hd__nand2b_4
sky130_fd_sc_hd__nand3_ 1
sky130_fd_sc_hd__nor2_1
sky130 fd sc_hd__nor2_2
sky130_fd_sc_hd__nor2_4

4

Levels 1] 2| . 4

Libraries 3]
ARC
CIRCLE
DONUT
ELLIPSE
PIE
ROUND_PATH
ROUND_POLYGON
STROKED_BOX
STROKED_POLYGON
TEXT

T (Default) G polygon(#points=10)

@

shox.gds [sbox]

sky 1302k

on 66/20 in sbox/skyl130 fd sc_hd_021lba 1@1

@

avwy F

S
L 2] 70120
-] 70/44
75
71/16

2] 12216
235/4
236/0

g
adan_ 6
put¥gnd
b 4R AP Y
" Layer Toolbox 2

Xy 90.40017 30.91405

./flow.tcl —design sbox

Verilogh 5> GDS ¥ T—SICAERK
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10 CTRL

CLK

Original counter circuit example
in a caravel user project

Embedding AES SBOX into the counter example

Chip LA
o

Y

\ 4

Y

32-bit Counter

Y

/O Pads

Change

10 CTRL

CLK

Our design

Chip LA
o

A4

"

—)-> 16-bit counter

Y

Counter_out[15:0]

1 X[7:0] = Counter_out[7:0]
AES

SBOX
Y[7:0]

> /O Pads

e EERETT
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Change points in User_proj_example.v

£

counter_#(

BITS(RITS)
counter(

Lclklelk),
reset(rst),
. ready (wbs_ack o),
validivalid),
.rdata(rdatal,
“wcata(wbs_dat_i[BITS-1:01),

wstrblwstrb)
.\a wrlte(la wrlte)
.‘m ey \ A_ Foo R DITCT\
Il/‘ . count (coum‘[ )
x(x), vly)
I
Endmodule

odule counter #(
( parameter BITS = 18

input clk,

input reset,

input walid,

input [3:0] wstrb,

imput [BITS-1:0] wdata,
input [BITS-1:0] la_write,
ineut [BITS-1:01 la_ineut,

ou‘[pu‘[ reg ready,
whpb—rag FD1TO1 ﬁ‘\ erlod o

//output reg [BIT5- 1 Uj count
output wire [7:0] %

rez [BITS-1:0] count;

always @(posedge clk) begin
it (reset] begin
count <= 17h{;
ready <= 1°b0;
erd else begin,
ready <= 17h0;
'l la wrlte) begin
count <= count + 1°b1;

end
|f {valid 82 !ready) begin
ready <= 1'b1;
firdata <= count
rdata <= [x,

end else if ([la_write) begin
count <= la_write & la_irput;
end
end
and

assign x = court[7:0];

AES_SBOX_ENC sbox (.x(x), .v(v));

Endmodule
default _rettvpe wire

assign ret = ( s oenb[65]) 7 |a7datafin[65]! wh_rst_i; s

vl
it Cwstrb[0]) count[7:01 <= wdata[7:0]
it (wstrb[11) coun‘[[15 8] <= wdata[15:8];

* |n counter subcircuit:

* Comment out “counter” port

* Add “x/y” ports

* |n counter module:

Comment out “count” output

Add wire type “x/y” output

Add register type “count”

Assign “x” = “count”

Insert sbhox subcircuit
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Simulation results on a caravel environment

Function definitions in Verilog Simulation results
COde Of AES SBOX TIMAC7 T 7 T IR 7 7 7 THERF IO I o Um0 7y STOoTC O L7 TS T
L I L a2 T TIOC S T LS. LV ErE et v i B T L I ) Bt v e i T WyWp iD_pDrtS.vvp
, ) , , , , , Reading io_ports.hex
27ha0: s=2°h60; 87h41: s=87h81;  87h92: s=87hdf: 3°h93: 523 'hdcs io_ports.hex loaded into memory
R34 ==8"h22; 8,h95: s=8:h2a; 8:h98: s=8:h90; 8:h9?: s=8:h88; Memary 5 bwtes = OxBf 0x00 0x00 Ox0b 0x13
8'h38: 5=8"hd6: 8'h39: s=8'hee; 8'hOA: s=87hb8; 87h3B: s=3'h1d; FET info: dumpfile |D_pnrt5 vod opened for output.
3hAC: =78 hde; 8'hAD: ==8'hbe; &hIE: ==8"hlb: 8'H9F: =28 hdb; MPRJ-I0 state = 2z 77 : 72F7Z777PFr77rZ7Z7772727272772227272 1227

MPRI-T0 =t ata
MPRJ-10 state

dh QF d 777777777777771””1111111“11”1177771777
el all ! zzzzzzzzzzzzzz1010000001100000zzz221z222

g’ﬁ 2' g’ﬂ ; g,ﬂ ; g, MPRJ-I0 state = 3% al : zzzzzzzzzzzzzzI010000100110010zzzz1z2z22
87h31; 8 hah: 3 hed; g’ MPRJ-1I0 state = b0 fo @ zzzzzzzzzzzzzz1111110010110000zz2z221z2z
, , , , MPRJ-T10 state = 64 fd @ zzzzzzzzzzzzzz11111100001010100zzz2=21222
8'RB0: ==8"he?; 8°'RB1: ==8'hc®; &'RBZ: ==8"h37; 8°hB3: ==8"h&d; MPRJ-10 state = hbh fe : zzzzzzzzzzzzzz 1 111111011101 1zz221 222
5 hB4: s=8"h8d: 8°hBY: ==8'hdd; 8'HBE: s=8 hde; 8 'hB7: 528 hal; MPRJ-10 state = 1B ff : zzzzzzzzzzzzzz1111111100010110zzz221z22z
8 hB8: s=8"h6c; 8 hBI: s=8'h96; 8'hBA: s=8 hfd4; 8 7hBB: 578 hea; Monitor: Test 1 Wega- PrDJEEt I0 (RTL) Passed
8'HBC: ==8"h65; 8'RBD: ==8"h7a; B8'RBE: ==8"hae; 8 hBF: ==87hH08; io_ports_th.v:208: $finish called at 434862500 (1ps)
) ) , my io0_ports.vcd RTL-io ports.ved

SRC0: ==8"hha; &RC1: ==8°h78; 8'hCZ: ==8"R2h; $7RC3: s=8"hle; Fmoio_ports.vwp
8'hC4: s=8'hlc; 8'HCH: s=8'hab; 8°hCB: s=87hbd; 8°HCY: =23 hch;
o Il e R o I Y o I O LT0 o T P N | QLN =034, 'L mD o Bl s I
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UserfBIDGDS 7 7 1 IVERK

User area gds including our IP

Example counter circuit + our sbox e

KLayout 0.28.2 - user_proj_example.gds [user_proj_example] 8 -
3y Tools Macros Help user_project_wrapper.gds[1] [user_project_wrapper]

S| &

tuler

user_proj_example.gds [user_proj_example] 23

.
o
(e ﬁ’%%f%ﬁ%ﬁ%% |

Gidliziigi ety ﬁfﬁl. i
WO il :g. g _‘-:‘ ’I';,* i
-
el
S e
i

o 7
gy
v

i
(
b

45‘/

o

100 2800000,1760000) 0n 235/4 in user_proj_example@1 xy 227647

2024 / 5 / 20 perfuser_proj_ 30_fd_sc_hd_tapvpwrvgnd_1@1 53
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t rri EG \:Hiswzs p\atform.efab\ess.:nm+ as A [T 5 - O
efabless: rroiects v morketpiace v community +  company v Reposttories M PY '7 jJ |7 y I~ 1’F’ﬁ /%E ‘ia ist_sol utions x — )b 7 F l/ Z Ts\
Masakazu

s Linkedin7# 7> k% {EB L. efablessd¥4 FTFHYY
chiplgnite Rapid IC ~fE Rk

Design Resources ' | s 770V ELDT14a% I Yy L. profilek
DESIGN HOW-TO GETTING STARTED 5 billing/shipping? F I/Z &1’FE£

A guide for building and submitting a design Check out our GitHub Repositories

s 779 ELEDTL4a% Y v L, verificationZEIT
(BMHETET)

o LRI MY B HCreate repositoryZZEIRL LR MY ERK

 4[aliX. project name, description, privateZF v 7.
create readmeZzF = v 7. =>create

\\\\\\\\\\\

o gitoEEICEY . SSH keyfErk & &8k, LR FMERK
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DTO:/\\ U 1$& EbiHG.2EEA B,
7]

@ @ DO @ overiew- massieiolchip -t x [+
| & C @&~

//repositories.efabless.com/masa, p_1 a#

Shuttles ~ Platform ~ All Projects. My Projects

masa

s HED7A4 2% 7)) v, MysettingZEiR

My Settings
My Profile

5 ovenion masa/ aisol_chip_1 & zz:::j::m * E @SS H Keys % 7 U V4 7 SSh keys 0) ~— :/“ ‘: *z
[ Files ain ymass :z T:;:d Projects EJ

ommits aisol test chip 1 My Pull Requests

3¢ Branches ‘En‘ ® Unwatch = n‘ & Members - n Log Out
P Forks —— B8 masa committed 4 days ago L4 $"lﬁ ‘: ﬁ - T D - jJ }l’? :/ y T\‘SSh key % 1,Eht

W Rel

i]masa/ aisol_chip_1 &

</> Source @ Issues @ © Pull R l# Stats %8 Settings

aisol_chip_1

s R—IUHEmaddsshkeyzs Vv, fERE -

To interact with this project, please go to "My Settings' (upper right menu) > 'SSH Keys' and add your SSH key.

= > -— (o} o
If you are starting a brand new project without a local repository, here are the suggested commands: I rS a - p u @ VA AN “/ z ‘h : t A a o

git clone ssh://git@repositories.efabless.com/masa/aisol_chip_1.git
cd aiscl_chip_1

. do some changes
git push -u origin main

O o -~
o o — B Sk _
If you already have a local Git repositery, initialized with git init, you will need to associate your local repository with the Efabless Repository VA A

remote location. The following commands will add Efabless Repositery as a remote repository and push your changes to the main branch.

git remote add origin ssh://git@repositories.efabless.com/masa/aisol_chip_l.git
git push -u origin main

O o >
If you already have a remote repository, for example one on GitHub, use the command below to add another remote Git repo (make sure that [ ] D — ﬁ } b V "T\ N/ F U ‘: 7 7 4 } bJ bu

each repo has its unique ID, e.qg. origin, ef-repo in the example below).

git remote add ef-repo ssh://git@repositories,efabless.com/masa/aisol_chip_1.git

git push -u ef-repo main

git add, git commit, git push
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@ @ D

efabless:

@ Shuttle CI 2404 | Efsbless

4L

& G (3 hitps://platform.efabless.com/shuttles/ClI

92024047_gl=1*1 hjwbja*_gcl_au*MTizOTgwNzkOLE3MTA4MDYzNzY.

*_ga*0DQzOTE3!

T—2Y7

masa/aisol_chip_

Actions: View

| Edit | Add Project to Another

wiav7AtR

1 Add another project to Shuttle €

| Remove Project from C12404

Manage My SubmissionszZ U v 27, >+ bIVICL
R MY %EBINT 3, add this project to Cl2404
shuttle

Projects ~ Marketplace v Community ~ Company ~ Repositories ~ Project Project Shuttle shuttle
Cl 2404 chiplgnite Shuttle Service MPW Precheck Complete& m
— o -
FRICO—ANVTTVF v IBERT—L2%2Tva
Details summary Projects (70) Announcements (0) Manage My Submissions
=
L. BEZVFzvo9 5,
masa/aisol _chip_1 Add another project to shuttle @ D $ Name ¢ Start v End ¢ Status ¢ Actions
Actions: View | Edit | Add Project to Another | Remove Project from CI 2404 636df092.. 20240318 0317/24  03/17/24  succeeded ~
j j huttl 22:01:23 22:5118
=3 MPW precheck® %73y b, Ya7&%AN - ¥a
MPW Precheck Complete @ cedand
flacd887 aisol_chip_1_precheck_1 02/21/24  02/21/24  succeeded 7 §1T
20:04:39 20:52:33
Tapeout Complete @ pST PST e
Job Data —_
T—777 FIZMPW precheck®a>» 7Y —+r7—%
Shipping Address Complete @ . p
<
ZERLTYa7&2Y73Iv b
Billing Address Complete @ “ Sl prUpa i
vy EYITF UV ITT P LRZ2RESE. BT
NV IRRY
Legal Complete @ / / t / l/z t l/z Hi
< T 7 YV F R TEIRAEE
-— ~ ~
g D ¢ Name ¢ start v End ¢ Status ¢ Actions L"Ajj L f 7 d- )I/ |~ % 7 / ‘ ‘ T ﬁbo
Submission cancel ~
6550cill.. 20240318 0317/24  03/18/24  succeeded =
228526  00:55:20 -
.
s Legal: terms and conditions#]F#R#J & export
Job
Data
N . N N N ) H farad - =] ==
- i ) e - o5y
FAQ Professional Training Technology License Agreeme com Ilancei‘ﬂ?j& B }EL H =]
Befbldee.. aisol_chip_1_tapeout_check_1 02/21/24 02f21/24 succeeded Logs
Latest News Terms of Service 205624 225620
PST PST Request
Geostats Privacy Policy Job
Data
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7

Vit

+ILGDS

File Edit View Bookmarks Display Tools Macros Help

@ N L. D

Back Select Move Ruler

Cells (E]E5)
» caravel_2404f71a

Levels |0 = .. |13

Libraries
ARC
CIRCLE
DONUT
ELLIPSE
PIE
ROUND_PATH
ROUND_POLYGON
STROKED_BOX
STROKED_POLYGON
TEXT

KLayout 0.28.2 - caravel_2404f71a.9ds [caravel_2404f71a]

caravel 2404f71a.gds [caravel 2404f71a]

Tl
ilt

i

T (Default) G box(0,56200 1000,60650) on 71/16 in caravel 2404f71ajcaravel/N7_chip_io/N7_sky130 ef jo_com bus slice 10um@1

xy

X | Layers B®

7 110 =
20/0
21/0
22/0
22/22
22/24
23/0
23/28
25/0
27/0
28/0
28/28
71 30/0
32/0
34/0
34/28
35/0
36/0
36/28
37/0
39/0
40/0
41/0
41/28
43/0
a4/0
46/0
48j0
7] 49/0
| 50/0
51/0
oo 51/28
56/0
56/28
58/0
59/0
59/28
61/20
62/24
64/5
64/16
64/18
64/20
64/59
65/13
65/14
65/20
65/44
66/9
66/13
66/14

i
B
e
RN
e
B
[
5] s6/15
i
B
[
By
ez
B
[
‘RYY‘

N

Y]

77
2

;

66/20
66/44

67/5

67/15

67/16

67/20

67/44

68/5 b

LbANAE RS
Layer Toolbox

56.71761 5444.89049
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