= The Journey of Two Novice LSI Enthusiasts:
Tape-Out of CPU+RAM

in Just One Month




Self Introduction

Kazuhide Uchiyama, University of Electro-Communications,
Information Security Engineering Program @Cra2yPierr0t
| started building my own CPU to understand assembly language.

| have been an FPGA lover since then. | was researching a side-channel attack.

The abstract Chisato Nisikigi is my Internet name.



Self Introduction

Yuki Azuma, University of Tsukuba, Department of Physics @heppoko_yuki

| love to know how things work by building stuff from scratch. ex) OS, CPU

Recent work is accelerating the simulation code of cosmic fluid dynamics in my
belonging lab.



2023
2

T 2023 Symposium on
S VLSI Technology and Circuits

> COURSES & GENERAL
ROGRAM & g A A
ABOUT PROGRAM PLENARY & PANELS AUTHORS ATTENDEES MEDIA INFORMATION

WORKSHOPS

Workshop 1

Home - Workshop 1

* If you encounter menus do not work upon clicking, delete your browser's cache
Open Source PDKs and EDAs, Community Experiences toward Democratization of Chip Design

Organizer : Makoto lkeda (The University of Tokyo)d
Mehdi Saligane (University of Michigan)

Since its launch in 2 ), the Open MPW shuttle program has received over 500 project submissions spanning 9 shutties, This workshop will explore various topics related

to designers’ expenences, including measured results, foundry perspectives, and governmental expectations.

About Makoto lkeda
Makoto Ikeda received his BE, ME, and Ph.D. degrees all n EE department of the Uniw

sity of Tokyo in 1991, 1993, and 1996, respectively. He is now a full professor at
d.lab, the University of Tokyo. This workshop is co-organized with Dr. Mehdi Saligane of University of Michigan

| 1. Design experience: “The Journey of Two Novice LS| Enthusiasts: Tape-Out of CPU+RAM In Just One Month”, Kazuhide Uchlyama. University of Electro
Communications and Yuki Azuma. University of Tsukuba

| 2. From Zero to 1000 Open Source Custom Designs in Two Years, Mohamed Kassem, Co-founder and CTO, Efabless
| 3. The SKY130 Open Source PDK: Building an Open Source Innovation Ecosystem, Steve Kosier, Skywater technology

| 4. Open Source Chip Design on GF180MCU - A foundry perspective, Karthik Chandrasekaran, Global foundries

| 5. Japan Foundries’ Perspectives on Silicon design democratization, Shiro Hara, Minimal Fab & AIST

| 6. Google's perspective on Open source PDKs, Open source EDA tools, and OpenMPW shuttie program, Johan Euphrosine and Tim Ansell, Google
| 7. The Nanofabrication Accelerator Project, Matthew Daniels, NIST

18.

g persp: on Silicon design democratization, Yohei Ogmo, The Ministry of Economy, Trade and Industry METI

Stay Updated Conference Schedule Travel Information

Contact Information




Application

We are CPU Enthusiast

* CPU is BLACK-BOX
* We hate BLACK-BOX

Operating System

* Shine the light and unravel BLACK-BOX!

* cpu-dev: The Group of CPU Enthusiasts
Digital Circuit

(T
Analog Circuit

Device

b




We are CPU Enthusiast

We used FPGA to make CPU then.
But FPGA couldn't satisfy us, LSl is the truth.

cpu-dev group




Jacaranda-8: our original architecture %@%’%

Tiny architecture

Implements interrupt

mov add | and or

not sli sri sra

Jacaranda (fake Paulownia)

s cmp | je jmp | Idih
Idil Id st iret

https://qgithub.com/cpu-dev/cpu-dev.github.io/wiki/jacaranda-8 ISA draft



https://github.com/cpu-dev/cpu-dev.github.io/wiki/jacaranda-8_ISA_draft

Encounter with Open MPW Shuttle Program

e There's something called Open MPW, apparently.
e They say we can make LSI with it for free.

e Why not Joml

Dpen Mpw efabless:

 Shuttle Pro ram ) e
LN g GO gle

N N N N



Open MPW Shuttle Program -

e The shuttle program started by Efabless E

e Skywater 130nm or GlobalFoundries 180nm SKU LUQte(

e No production and shipping costs

(@)

224 WCSP chips and 2 evaluation boards

£ »\ ~
=] e
e All tools and PDK are open source e -
o Skywater PDK and OpenLANE = J: | = f Lv
2 |82 &
e The 40 entries that pass the test among those —3[~_ =T

submitted are randomly selected



PDK Announced

As part of the FOSSi Foundation’s MPW-TWO
first talk in the dial up talk series, Submission deadline for
Tim ‘mithro’ Ansell announced the the first run of the no cost
first, manufacturable 130nm PDK. N MPW shuttle program.
ov
2020 . 2022 —
2020 2021 I
: MPW-FIVE
June Submission deadline for Mid
the first run of the no cost
MPW shuttle program.

MPW-ONE



sky130(skywater 130nm process)

Developed by Cypress and
manufactured by Skywater
Began to be used around 2001
2020 PDK released by Google
and Skywater
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OpenLANE Overview



OpenLANE

e RTL-to-GDSII compiler made from a combination of about 20 OSS

e It's all put together in a Docker container

e Write Verilog and config and run to generate GDSI|

wory ||

The OpenlLane Flow

SWPDK




Configuration of OpenLANE

Floorplanning

e Read the documentation

FP_CORE_UTIL
(Default: 50 percent)

a n d W rite -th e TC L S sern aneen (T[;x:f;s[r:';aspecl ratio (height / width).

Whether to use relative sizing by making use of FP_CORE_UTIL or

set script_dir [file dirname [file norma FP_SIZING absolute one using DIE_AREA
(Default: "relative" - accepts "absolute" as well)
set ::env(l I NAME r_proj_e ple Specific die area to be used in floorplanning. Specified as a 4-
DIE_AREA corner rectangle "x0 y0 x1 y1". Units in um

set : \ 0G_FILES) (Default: unset)

$::env(CARAVEL 0T )/veri rtl/de Decides the mode of the random IO placement option. O=matching

$script_dir/../../verilog/rtl roj_example.v" - path to verilog files FP_I0_MODE mode, 1=random equidistant mode

Placement
clock port
CLOCK NET) "c Variable Description

The desired placement density of cells. It reflects how

CLOCK_PERIOD) "10" clock period

spread the cells would be on the core area. 1 = closely
dense. 0 = widely spread

(Default: 0. 55)

Specifies whether the placer should use time driven
PL_TIME_DRIVEN placement. 0 = false, 1 = true

(Default: 8)

Specifies the library for time driven placement

(Default: LIB_TYPICAL)

Specifies whether the placer should run basic piacemet
not (by running initial placement, increasing the minimu

PL_TARGET_DENSITY

die size

PL_LIB

f- I PL_BASIC_PLACEMENT overflow to 0.9, and limiting the number of iterations to
Con |g.tC 0 = false, 1 = true

(Default: )




-bo EEEERTETIEE) make user_proj_example
T=/hor el_user_project/caravel &6& cd openlane && make user_proj_example

- = 4= 4

home ravel _user_project/openlane’

gapnanunRuREnEREnEER Y uuununanny

Run OpenLANE

e OpenLANE is executed with
S make <design name>

If successful, GDSII is
generated with the analysis
results

mkdir -p ../signoff/user_proj_example/

user_proj_example/runs er_proj ample/OPENLANE_VERSION ../signoff/user_proj_example/

p user_proj_example/rur K_SOURCES ../signoff/ _proj_example

ser_proj_example/runs/user_proj e/reports/final_summary_report.csv ../signoff/user_proj_exampl

/caravel _user_project/openlane' » 5 H E 7

cal-box ) fc583ect mpu-3 o M |



computer.gds.gz [computer]

ing GDSII

e Takes about 5 hours depending

Generat

ign

on the des
e Open MPW requ

is to

t

iIremen

ible from the

be reproduc
repository

Generated GDSII



#general
Joined - 2,374 members - General discussion channel around

Open Source Silicon Slack

Google SkyWat

e 5676 members, 154 channels i

e Community for OpenMPW questions and EDA "™
tools OSS s S

e Supreme Developers Community

_user_project: mp'

Joined - 643 members - Discussion about OpenLANE: An automated RTL to GDS
Nalinkumar § 41 14 = T~ W
& Anyone Pls help to solve this error.
Thaniks #analog-design «—— analog circuit channel
MG_20211229 041011 )pg » 766 members - Channel for discus about designing mixed-signal i ated circui
| | #caravel
a
v Joined - nber: discussion on the Caravel
-& 3 replies
Alexander Monakhov
Our design gets a DRC failure in precheck on stage "Klayout Metal Minimum Clear Area Density”. The only info in output xml from Klayout which seems relevant is <description>0.4 min i1 ca pattem density</description>. May be #openram Open RAM Chan nel
28 id this error?
somebaody can suggest us 3 wary to avoid this error « Joined + 313 members - Discussion channel for using the OpenRAM open-source
Hadir Khan
Do we need to pull the latest commit of caravel-ite (instead of mpw-3a tag) before we run sake use ect_wrapper ?
SE -
#efabless
e Joined - 2 ers - Discussion channel for using the SKY 130 process on the
| am getting an error in the opentane flow like:
[ERROR GR° 0L_LOGIC, SRAM12_ WRAPPER. ram_d1nB\[0\] mot properly covered
Error: re 1-0076
[ERROR) openlane/scripts/openroad/resizer_routing timing.tcl ﬁmaglc
(ERAOR] Bk
[ERROR] 359 members
mally
What does this “not properly covered” mean?
2 s 3 roplies




One month to tapeout



Y Death March to tapeoutx

< >

Tapeout timeline

2020 Jul. 2021 Aug. Sep. Oct. Nov.
O
7/11 OpenMPW Announced 9/20 MPW-3 Announced  10/29 Deadline  11/15 MPW-3
extended new deadline
8/13 Kazu wrote 10/4 Yuki and Kazu 11/11 1:34 Tapeout test
Japanese article of decided to submit our succeeded!

OpenMPW Introduction project




Verilog design
v
RTL Synthesis

= Floorplanning
Qo™ " d o Beanch 54
Placement
D crazypecor
..... s Static Timing Analysis
jacaranda-3 *
GDS2 design
o :

....... Precheck

Tapeout check

We already had CPU HDL design then. LSI chip
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http://vlsi.jp

Our journey had started in Fukui.




Fukui Prefecture

21:30@Haneda Created Efabless
account and GitHub repository

FTNTPNT 7—7 /8L

AT

WE Y~ 5 ©2022 BRER



Ohminato Shrine since 1621

Installation point

Oshima Island in Fukui: The beginning



~Day 9
Jacaranda-8 couldn't be synthesized as it was.

To enable synthesis, the battle with Yosys began...

Verilog design
y

[ RTL Synthesis ]

Floorplanning
Placement

Static Timing Analysis
\
GDS2 design

|

Precheck

Tapeout check

LSI chip



Day 10

Ultimately, synthesis succeed.

Next battle target is... OpenROAD

Verilog design
v
RTL Synthesis

Floorplanning

Placement

Static Timing Analysis
\
GDS2 design

|

Precheck

Tapeout check

LSI chip



O A S R R S S

] layer 5 moved from (1630520,
I layer 5 moved from (1450520,
| layer 5 moved from
| layer 5 moved from (1090520,
layer 5 moved from (910520, 195880).
layer 5 moved from (730520, 195880).
layer 5 moved from (550520, 195880).
layer 5 moved from (370520, 195880).
layer 5 moved from (190520, 195880).
ayer 5 moved from (16520, 195880).
ayer 5 moved from (-8480, 195880).
layer 5 moved from (2928160, 15880).
layer 5 moved from (2890520, 15880).
layer 5 moved from (2710520, 15880).
layer 5 moved from (2530520, 15880).
layer 5 moved from (23560520, 15880).
layer 5 moved from (2170520, 15880).
layer 5 moved from (1996520, 15880).
layer 5 moved from (1816520, 15880).
layer 5 moved from (1630520, 15880).
layer 5 moved from (1450520, 15880).
layer 5 moved from (1270520, 15880).
layer 5 moved from (1090520, 15880).
ayer 5 moved from (916520, 15880).
ayer 5 moved from (730520, 15880).
ayer 5 moved from (556520, 15880).
ayer 5 moved from (370520, 15880).
ayer 5 moved from (196526, 15880).
ver 5 moved from (16520, 15880).
ver 5 moved from (-8480, 15880).
layer 5 moved from (2928160, -3120).
layer 5 moved from (2890520, -3120).
layer 5 moved from (2710520, -3120).
ayer 5 moved from (2530520, -3120).
ayer 5 moved from (2350520, -3120).

195880) .
195880) .
(1270520, 195880).

195880) .

urxvt

3[

AL
Mem[{}ii}}
Swpl | | !

0.0
2[} 0.7°
0.0

719 root 20
4664 root 20
73576 yuki 20
75024 yuki 20
1 root 20

346 root 20
359 root 20
505 avahi 20
506 dbus 20
510 dhcpcd 20
511 root 20
512 dhcped 20
513 dhcped 20
514 root 20
515 avahi 20
590 root 20
591 root 20
593 root 20
596 root 20

1115.2G6/15.6G]
9.236G/14.96G]

8220
8220
2060
2508
1352

3.9%] 9[ 0.0%] 13[ 0.7%]
2.0%] 10[ 0 0%] 14[ 0.0%]
0.0%] 110} 99.3%] 15[ 0.0%)
0.0%] 12[ 0.0% ] 16[}! 1.3%]
Tasks: 82, 306 thr; 2 running
Load average: 1.44 1.17 1.45
Uptime: 12:52:21
ULVMEMs  TIME+ Command.
S 4.0 0.0 15: -
4496 S 2.0 0.1 1:02. 68 containerd --config /var/run/do
4496 S 2.0 0.1 0:03.47 containerd --config /var/run/do
280 S 1.3 0.0 0:09.08 htop
412 R 0.7 0.0 0:07.89 htop
104 S 0.0 0.0 0:01.63 /sbin/init
316 S 0.0 0.0 0:01.64 /usr/lib/systemd/systemd-journa
320 S 0.0 0.0 0:00.69 /usr/lib/systemd/systemd-udevd
520S 0.0 0.0 0:01.76 avahi-daemon: running [Akagi.lo
360 S 0.0 0.0 0:00.88 /usr/bin/dbus-daemon --system -
284 S 0.0 0.0 0:00.37 dhcped: [master] [ip4] [ip6]
372 S 0.0 0.0 0:00.45 dhcped: [privileged actioneer]
©S 0.0 0.0 0:00.01 dhcpcd: [network proxyl
0S 0.0 0.0 0:00.00 dhcpcd: [control proxyl
180 S 0.0 0.0 0:00.20 /usr/lib/systemd/systemd-logind
S 0.0 0.0 0:00.00 avahi-daemon: chroot helper
4S5 0.0 0.0 0:00.13 /usr/bin/cupsd -1
©S 0.0 0.0 0:56.93 /usr/bin/dockerd -H fd://
0S 0.0 0.0 0:00.00 sshd: /usr/bin/sshd -D [listene
4SS 0.0 0.0 0:00.05 /usr/btn/%
BG0riteyICE | N ce HRAL

OUT OF MEMOR




Build Cycle

Run OpenLANE



Day 11

SUPER Long Building time: 8 hours!
3 build/Day

Days remaining x 3
= Number of Build opportunities

LS! build
Blc—b»®
A

L KD

LSI Build

~ Dear Bro®
. Build
completed!

01:38



Day 11

module data_mem(addr, w _data, w_en, r data, clock);
input [7:2] addr;
input [7:0] w_data;

Integrate other macro was el e
. . input clock;
ImpOSSIble“' output [7:0] r _data;

we didn't have knowledge and no documents reg [7:0] mem[0:255];
about macro placement.

assign r data = mem[addr];

Generating SRAM by Auto-Routing always a(posedge clock) begin
if(w_en) begin
mem[addr] <= w_data;
Wanted to use OpenRAM Gl i
mem[addr] <= mem[addr];
end
end
endmodule

Novice’s RAM (Causes long build time)



FACING MANY ERROR




Day 12 ~ 20

Configuration Battle, We are beginner

:zenv(CLOCK_PORT) wb_clk_i
::env(CLOCK_NET) wb_clk_i
:zenv(CLOCK_PERIOD)

SYNTH_STRATEGY) "DELAY 2

::env(PL_TARGET_DENSITY)
::env(FP_SIZING) absolute
:env(DIE_AREA)
: FP_CORE_UTIL
FP_SIZING) relative

::(DECAP_CELL)

::env(GLB_RESIZER_TIMING_OPTIMIZATIONS)
::env(PL_RESIZER_TIMING_OPTIMIZATIONS)
::env(PL_RESIZER_HOLD_SLACK_MARGIN)
::env(PL_RESIZER_ALLOW_SETUP_VIOS)
::env(QUIT_ON_HOLD_VIOLATIONS)
::env(GLB_RT_ADJUSTMENT)

:zenv(FP_PIN_ORDER_CFG) $script_dir/pin_order.cfg

::env(VDD_NETS) [list {vccdi}]
::env(GND_NETS) [list {vssdi}]

::env(DIODE_INSERTION_STRATEGY)

What is this

What is this

What is this
What is this
at Is this
at Js this
at is this
What is this

Wl:llat is this
What is this

What is this

Verilog design
v
RTL Synthesis

Floorplanning

Placement

Static Timing Analysis

v
GDS2 design
y

Precheck

Tapeout check

LSI chip



Verilog design

Day 21 ~ 30 +

RTL Synthesis

Job Logs for 50b594c (eda7f068-4225-4a6e-9c6e-a2e073f7a53b)

Floorplanning
Placement

Static Timing Analysis
v
GDS2 design

Precheck

Tapeout check

Mysterious Tapeout Check -
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o\ (v Ayuk!
< @heppoko_yuki

Jacaranda-8E|EL £ L 1!

Jacaranda-8 has arrived!

ttefabless #openMPW

B Boand ( FI4626 ) with ;
i version 1.2.1

0 with MPW-3 peoject part
%out board X2
'and cables setup

fect WCSP parts in waffie pack

9:12 AM - Jun 10, 2023 - 3,544 Views



* 1-USB cable

MPW-3 Package Contents

2 - Caravel M.2 Hat board

* & Breakout board with MPW. 3 project part

* 2- Verified Breskout board

“ 3-LED bar board and cables setup

= 200 - MPW-3 project WCSP parts in waffle pack

2 - STM Nucleo board { F7462G ) with version 1.2 1 firmware

&
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EFABLESS
PNe. E2
LOT#: 4206521
WAFER#: 01 ~12
ary: 56
DATE: 2249
JOB#: 31431

Syagrus

EFABLESS
PNA: E2
LOT#: 4206521
WAFER#: 0112
QrY: 56
DATE: 2249
JOB#: 31431

EFABLESS
PNK: E2

LOT¥: 4206521
WAFERWN: 01-12
Qry: 56

DATE: 2249
JOB#: 31431
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SPI
GPIO
Caravel Harness OART
MGMT Core
e Management SoC of the OpenMPW design
e \We can connect it by wishbone and logic analyzer wire PicoRV eripherals
e Simulation with caravel is also provided.
o  Simulation including MSoC behavior is available Lo;?(’:ﬂ’:;;‘:g(zlgg)b“)
it carave — s s GPIO(38bit) User_ Iir‘?jge::}ta)Area
TH1YEANS




instruction write on 0x3000_0000:

wishbone_data[15:8] = address[7:0]
wishbone_data[7:0] = data[7:0]

address
255
254
253
252
251
250
249

description
UART FLAG REGISTER 1(UFR1)
UART FLAG REGISTER 2(UFR2)
UART TX DATA(UTD)
UART RX DATA(URD)
GPIO OUT
interrupt vector

GPIO IN

io[37] io[36]
A
X rx
> UART
0x3000_0004 i
Y
wishbone wish | iMEM N
caravel Sl
. 0x3000_0000
Logic CPU
analyzer[0]
reset
DMEM [<—
A
Y
note
GPIO
read only
read only
\
UART FLAG REGISTER 1(UFR1)  UART FLAG REGISTER 2(UFR2) i0[35:28]i0[27:20]
71 1 0 741 1 0
read only reserved  rx.en  tx.en reserved  receive_flag  busy_flag




void

main()
{

. #include "instr.c"
Idi 01 gpio_config_io();
mov r()’ r£3 reg_gpio_model
I(ji ff reg_gpio_mode®

i reg_gpio_ien = 1;

str3, r0 I/ [Oxff] — Ox01 ; set status register reg_gpio_oe =
Idi 41 reg_gpio_out = 1;
IrgO;é rO, r3 reset();

|
mov r1, r3 reg_la®_data = 1;

H reg_mprj_xfer = 1;
Idi fe (reg_mprj_xfer
Id r2, r3
Idl 01 write(UART_CLK_FREQ, 1f 0);
and r2, r3 (int 1= 0; 1 < {

’ ir = 03 < 29; ++1) {

Cmp r2’ r3 : write(IMEM_WRITE, i << 8 ! mem[i]);
Idi Oc
. . . . reg_laf_data = 0;
jer3 /I while([Oxfe] == 0x01); ; wait until tx ready reg_mprj_xfer = 1;
str1, r0 /] set'A' to TX register stk i
Idi 06 (1) 1 .
. reg_gpio_out =
jmp r3 /l'loop delay(1080600) ;

reg_gpio_out = 0x1;
delay(1 )0) 3
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https://docs.google.com/file/d/1fwCJuvPld2M098oAYhw1zRow0RLbPr-y/preview

Summary

* Finally, we could make our LSI without knowledge of semiconductor
engineering

* Open Source Silicon slack members helped us much

* Fundamental documentation for newbie is not enough

* Welcome to #japan-region



Expectations for OpenSourceSilicon

* JAPAN!! COME ON!!

* Please write documentation more friendly for Software Engineer
* We expect for widespread use in the field of computational science!
expecting next system like GRAPE (N-body sim accelerator)

* Please give us more recent PDK!
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Thank you for pleasant opportunities and support for us!
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* Kristopher Tate-san and Takahiro Kinoshita-san
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* And you...

We wish you a pleasant RISC-V Day and
Good luck with the democratized LSI future!



