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Devices are gettlng large

N 899,840 LUTs 331,000 LUTs
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We are not getting better at designing

FPGA projects are performing no better than ASIC

30%
84 % 25%
20%
15%
FPGA design projects have )
non-trivial bug escapes into 10%
production %
0% 4 J

6 or More

Design projects

Number of Ncn-mvtal FPGA Bug Escapes into Prcductlcn
n2016 w2018 w2020 m2022

Root cause of FPGA functional flaws

80%

Root cause of functional flaws

SPECIFICATION

Root Cause of FPGA Functional Flaws
m2016 m2018 ®=2020 =2022

Most FPGA projects miss schedule

Design Projects

0,
70%
Projects behind schedule
20%
) 10%
12%
Projects behind schedule
more than 50%

60%
40%
0%

DESIGN ERROR CHANGES IN SPECIFICATION INCORREGT or INCOMPLETE FLAWIN INTERNAL IP FLAW IN EXTERNAL IP

Morelkan 10% 10% EARLY ON-SCHEDULE 10% BEHIND 20% >50% BEHIND
SCHEDULE SCHEDULE

Actual FPGAdesign completion comparedto project's original schedule
amn?01? emn?016 e==?2020 e——2022

FPGA projectadoption of various functional safety standards

DO-254 - Avionics

1S026262 - Automotive
IEC61508 - Industrial

IEC61511 - Process Industry
IEC61513 - Nuclear

IEC60601 - Medical

EN50128 - Railway

1S025119 - Agriculture & Forestry
MIL-STD-882 - Military

0% 5% 10% 15% 20% 25% 30% 35% 40%
Safety Critical FPGA Design Projects
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) We cannot keep designing as we
have been.

"Insanity is doing the same thing over
and over again and expecting different

results.”
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Adiuvo Model Based Flow

Adiuvo has completed two projects recently for Space Industry using model-based
techniques. What we have seen is on time development and fewer bugs.

Applications

1.

Space Imaaggr based around PolarFire and SAM71RH- Complex image sensor
interface, DDR4 anmg\,/ Frame Subtraction, Output over Serdes — Adiuvo
developed FPGA and SW applications.

Terrestrial / Space Laser Communications based around Xilinx MPSoC —
Camera Intertacing, Ima\%/e Processing, Spot detection, Histograms etc. Adiuvo
Developed FPGA and SW.

Recently shared with a Adiuvo Client to help with their PolarFire Project
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Camera Development Project

Zynq MPSoC Frame Grabber

PolarFire — Imager FPGA Test Bed

SAM71RH

© Adiuvo Engineering and Training, Ltd. 2020 7



Adiuvo Model Based Flow

Analyse system

Capture Define FPGA
requirements architecture

Code

generate FPGA

structure

ibd[block] Black level correction [Black level correcy{-]

Design blocks

Video in: S

Subtraction: Black level subtract AXIS (16)

Video out: M
AXIS (16)

Code generate

il

Cropper: Video crop
Video out: M AXIS (16)

TLAB 4\
l\c/\%IMULINK”

block contents Icamro!:smusz)

Out 1: M AXIL (32)

Control: S AXIL (32)
Out 2: M AXIL (32)
L

Interconnect: AXIL interconnect 1-to-2

In: S AXIL (32)

Verify blocks

f—>ld

Control: S AXIL (32)

TLAB 4\
l\c/l\iéIMULINK"
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Adiuvo Model Based Flow

Basis of the model-based flow is an internally based architecting tool

Our workflow typically starts with us developing a ‘'system level’ model that allows
us to explore issues at the system level and to help us understand the context in
which the FPGA is operating.

We can use that model for design reviews e.g. SRR / PDR and get customer buy in
to the solution

Robust design that traces directly back to our requirements and also to the higher-
level system design

Adiuvo has invested heavily in the ability to code generate the SysML model



Context Diagram

wblock»
Spacecraft
oo
wblock» wblocks
Spacecraft Camera
controller

ublocks ublock»
Front end Sensor
electronics
System of interest
wblock» ublocks ublock» ublocks
FPGA Top Processor QsPi flash DDR
O
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Enter Requirements

WA ke WA T

4 External video clock Functional

The FPGA when the [Video output timing] register is set to 'external clock’, shall clock the
[High speed serial video output] at the same rate as the [External serial reference
clock.REFCLK].

@ Internal video clock Functional

The FPGA when the [Video output timing] register is set to 'internal clock’, shall clock the
[High speed serial video output] at 2.5 Gbps.

& Boot complete indicator Functional

The FPGA shall indicate when the boot process has completed by asserting the signal [FPGA
boot flag.FPGA_INIT] once boot has completed.

[4 Move to reset state Functional

The FPGA, when not in the boot state, shall transition to the reset state when the signal
[System reset.FPGA_RESETN] is asserted for more than 10 primary system clock cycles.

4 Qutput states Functional

The FPGA, when in the reset state, shall ensure that all outputs from the device are held in
their inactive state.

@ Register resets Functional

The FPGA, when in the reset state, shall ensure that the following software programmable
registers are in the following states:

© Adiuvo Engineering and Training, Ltd
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Proposed
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Medium

Medium

Medium

Medium

Medium

Medium

Medium

Medium

Medium

Medium

Medium

Medium
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System Model - Behavior - FPGA & SW

1
stm [package] 3.1.2.1. FPGA States [3.1.2.1. FPGA States]/ stm [package] 3.1.1.2. SW states [3.1.1.2. SW states] &
il Operating \
s do / Run built in test
This also has a bypass
[POWER = ON a Active state mode, but this s not
& DEVRST N shown for darity . / Test !
gt Booting state et ! do / Output test pattern

[Reset = inactive] , \ |

0 F

N frames captured OR ! S -
Initial TPG disabled OR video
3 Test mode Standby
; do / No video output do / Output test pattern | bz B
[POWER = OFF] EntryPoint [PowER = ON]_ | MCU boot camplete
|
> - R ok -
Vlt.ideo‘soutrcet& / Standby prog - g e “\\
[POWER = OFF] Cels s Test pattern
N frames enabled enabled [Mode
captured OR \ = continuous] [POWER = OFF] EntryPoint '.\ /F
=EHE0h Trigger E
Boot complete d.lsabled OR /. received and Canfiguration Standiy rommended
[Reset = active] [POWER = OFF] video output Sensor enabled test pattern (POWER = OFF] commanded Standby
disabled [Mode = erobled commanded
ccnﬁnucus] [Mode = -
el 7 S Configuration T imaging commanded )/ Imaging
7 Reset state [Reset=inacive] ( i \ reconfigure] EntryPoint sensor only]
do / Reset FPGA . .
do / Output sensor video Configuration commanded
- - OR imaging complete
EntryPoint _ f Load full [ Lesd
B [Mode = BYPASS] Trigger wait mode | default FEE [Mode = No d;‘ ':mu‘:
[Reset = active] Bypass mode g default] i |
\ co
[Mode = Trigger received e
PROCESS = and sensor - =
] [Mode = BYPASS] o st i
[Mode = PROCESS] configuration
Process mode
e
\ /
o0 . 4
T
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System Model - Sequences

sd [package] 3.1.2.4. FPGA self-test [3.1.2.7. FPGA self—testy

:FPGA Top Processor

{Default
configuration

=loaded}

Disable video output()

Command DDS mode()

Command test pattern mode()

Generate test pattern &
process video()

Generate CRC of video()

} - Read CRC()
Provide CRC()

—————————————————— >

i

i

i

1

i

i

i

1

i

i

i

i

i

w C

1

i

i

i

| 4 Restoredefault state()

configuration
=loaded}

-
i
i
{Default i
i
i
i
i
i
i
i
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»d [package] 3.1.2.6. Imaging mode [3.1.2.6. Imaging modej/

:QSPI flash

Retrieve golden CRC()

Send golden CRC()

o ceomtidietag o

Check CRC matches
golden CRC()

FPGA Top Processor Sensor Spacecraft
T T T T
I I ] ]
l | [
I ) ]
i | [
l 1 [
i | I
] ] ]
1 ] ]
l i 1 [
: : = Command imaging mode() :
| e ]
| 1
i H
Acknowdedge()
: __________ 1Tttt TS =
l 1
i ] |
] I ]
1 I ]
l 1
| Imaging |
: mode :
I |
] 1
| |
I I |
l i 1
akt Moding ./ i i i
1 L 1
[MODE = continuous] : ! :
) '
opt Triggered | ! I
4f/ : : | Checks ready()
[MODE = Triggered] | - i
1 )
- .
Indicates ready{)
! | [rEesmay jometea=as >
1 1 .
i i i Sends trigger)
= I ]
Indicates trigger i
received() ! :
|
I ]
| ] 1
| i |
T T T
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FPGA Context

bdd|package] 3.2. FPGA Physical [3.2.1. Tup-le\uekl]/

FPGA Top Level| ———

Constituent Block =——————-

FPGA Ports =——

ablocks
FPGA Top

===

parts
Buffers : 10 buffer

Clock manager : Clock manager

DDR4 memory controller : DDRA controdler
Device core : Device core

LED pulse : Test LED

Resat manager : Reset manager

Sensor CDC FIFO : Sensor CDC

SPI CDC FIFO : 5P CDC

UART CDC syncrhoniser ; WART CDC

XCVA transceiver : High-speed serial transceiver

whlocks
Device core

parts
Comms interconnect : Interconnect 2-to-1 [AXIL)
Control interconnect : Interconnect 1-to-4 (AXIL)
DOR interconnect : Interconnect 3-to-1 (AXI4)
GPIO discretes : GPIO

5P| slave : 5P| slave

LART : UART

Video input : Video input

Video output : Video output

Video pipeline : Video pipeline

properties
Discrete CDC synchroniser : Discrete CDC

ports
100MHz clock : Bit {in differential)
130MHz clock : Bit {in differential)
1PPS timing ref : Vector (2 in differential)
Async reset : Bit {in single)
Aux reset : Bit (in single)
CI5 drive : CI5 drive
CIS power enable : Bit {out single)
CIS 5PI : CIS 5P
CIS VHIGH level : Bit {out single}
CI5 video in : CI5 video in de
CIS_CLK_ADC : Bit {out differential)
CIS_CLK_CLOCKOUT : Bit {in differential)
CIS_CLK_PIXELCLOCK ; Bit (out single)
CI5_CLK_READOUT : Bit (out differential)
CI5_EN_5PI : Bit {out single)
DOR : DDRA
External trigger : Vector (2 in differential)
INIT flag : Bit (out single)
LED : Bit {out singla)
Processor SP1 : 5P slave
UART : UART out de
XCWR TX : Bit (out differential)
XCWR user clock : Bit (in differential)

ports
1PPS timing sync : Vector (2 in single)

CI5 pinel clock : Bit (out single)

CI5 power enable : Bit jout single)

CI5 VHIGH level : Bit (out single}

DOR AX] : M AXI4 64 PKG

EN_SP1: Bit [out single}

External trigger : Vector (2 in single]
Sensor clock selector : Vector (2 out single)
Sensor drive : C15 drive

Sensor 5P1 ; CIS 5P

Sensor video in : CIS video iin se

5P1 : 5P1 slave

UART : UART out se

Vid out aresetn : Bit {in singla)

Video out : M AXIS 24 PKG

Video out TX clock : Bit (in single)

XCVR clock selector : Vector (2 out single)

The device core,

whlocks
Sensor CDC

The device top-level

ports
CI5 data clock : Bit (in single}
Sensor video in : CIS video iin se
Sensor video out : CIS video out

CDC FiFO for incoming sensor data.
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FPGA Context

Trace FPGA BloCKS t0 =———
Requirements

Move to reset state e e
|
|

Reset filter '(__ -y
|
|

Output states . t
I
i

Register resets 00— _ 1

<= :
i

Transition to active state = _—_ _ _ _ |

= |

Boot complete indicator - -

DDR reset : Bit {in single]
DDR system clock : Bit [out single)
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DO/ memary controfler block. Device spedific.

ublock#
Reset manager

h"" Es=sre=ss=ss=s=s=s==
|

“iracen
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ports
Async reset : Bit {in single}

Aux reset : Bit {in single)

DDR PLL bock : Bit [in single)

DDR ready : Bit (in single)

DOR ref clk : Bit (in single)

DDR reset : Bit {out single}

FPGA INIT flag : Bit {out single)

Global system aresetn : Bit (out single)
Vid out aresetn : Bit {out single}

Video out tx clock : Bit (in single)

banages reset of the device,

15
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FPGA Architecture - Project One

Interface aware

AXI4

AXILite

Serdes

Custom — Logic

Define in interface
diagram

U Sp——— T T
. A Deves mrs Sitsies' Sk Saror 5B
-
P = =i
5 |
wev
CI8_En_u
= {1
]—.'-s--e—q e I T8 wects owes
e {] e
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- {]
O gl wtdle | [
L R sessrvisen )
A

—{—F

IMMMEORCh  MoOMSROSCl  KCVIerORch W
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FPGA Architecture - Project One

ibd[block] video pipeline [Video pipelrrﬁf

%ADIUVO

ENGINEERING AND TRAINING, LTD.

AXI

Video in

XIS

Video in

DOR Interconnect

Refframe read
and write

Video In

- |

5-AXI1
Full 314 interconnect for the DDR memory .

M-AXIT

Video in

Bufler odd frames in DDRana | Video out
then suibtract them from the

even frames when in DDS

mode.

Cakulate dark reference for Video out
each row and subtract from the

Interest [RO1).
active pixels.

Crop viden 1o chosen region of

5-AX12

AXM

Corractions in

Gain, offset and defective piced
comection. Cormection map ks
read from DOR memary each
fame.

Control interconnect

AL intarconnect for register access via SPI/UART.

S-AXI1

—>L]

[ M-AXI &

Video in

[fe——c—F

forareas of up to 88 pixels.

Allow the processing pipeline to

be by passed.

Perform row and coksmn binning

>{]
DDR memory
AXIS r
[ Video out J
Video out

Contrel
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FPGA Archi

3

tecture - Project Two
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ibd[block] FPGA top [FPGA top) ;J

3

Main interconnect

Wi\l\aster 5

Master @

Slave 0

! 1 &
]]J Master 1 Master 2 IE[ Master 3 ]][ Master 4

Video in System reset
Control

System reset

Video aut et

CLdiscretes

GPIO in

| GPIO out

CLSerial

1

CL discretes

.+ Synchronised
Pt resets
Ditrbutedas
needed
Dynamic config
Frame store interconnect
Slave 1 Master 0
T
Cameralink
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Code Generation

SysML code generation - XML from EA then Python
* Generates VHDL

« All interfaces are created as per definition
Registers inserted where defined in model

* AXI Networks implemented using Adiuvo Interconnects (Technology Ind)
Pulls in Adiuvo IP blocks

« (Generates ModelSim Compile scripts

* Generate ICD - C, Python, VHDL, SystemVerilog and CSV

19
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Code Generation - HDL

Mame Date modified Type
Register End Point IP e R endpoints 50 File folder
AXI(S) Slice |P =—

File folder

Holes to Fill in Simulink ™ BLE=

File folder
VHD File
VHD File
VHD File

B pwmvhd
. robo t_to p.v hd
B uart.vhd




What does the Code Look Like?

Earmitecture rtl of robot_top is

——Internal signals

signal s_sys_clk_this std_ulogic;

aignal s_sys_aresetn_this std_ulogic;

signal s _pwm pwm : std_ulogic vector({: downte 0}

aignal s_axil 32 _pkg mosi_maxil uart @ work.axil 32 _pkg.r_axil mosi;
signal s_axil 32 pkg miso maxil uart : work.axil 32 pkg.r axil miso;

zignal s_rx uart_this
signal s_tx_uart_this

std_ulegic;
std_ulogic;

——Internal signal assignments

o_pwml <= s5_pwm_pwm;
o_tx uart <= s_tx uart_this;

s5_sys_clk _this <= i_sys_clk;
s_sys_aresetn this <= i_sys_aresetn;
s_rx uart_this <= i_rx uart;

——pwm instantiation

u pwm @ entity work.pwm

port map(
i _sys_elk => s_sys_clk this,
i sys_aresetn =» 5_sys_aresetn_this,
O_PWI => S5_PWIlL_PWI,

i_axil 32 _pkg _mosi_saxil => s_axil 32_pkg_mosi_maxil_uart,
o _axil 32 pkg miso_saxil => s_axil 32 _pkg miso maxil uart

—--uart instantiation
u_uart entity work.uartc
port map(
i sys_clk =»> s_sys_clk this,
i_sys_aresetn =» s_sys_aresetn this,

o_axil 32_pkg mosi maxil = s5_axil 32_pkg mosi_maxil uart,
i axil 32 pkg miso maxil => s5_axil 32 pkg miso maxil uart,

i_rx uart => s_rx_uart_this,
o _tx uart =» s_tx_uart_this

3

ADIUVO

ENGINEERING AND TRAINING, LTD.

entity uart core is=s

—|port (
i_sys clk : in std ulogie;
i_sys_aresetn : in std ulogics
o_axil 32 pkg mosi maxil : out work.axil 32 pkg.r_axil mosi;
i_axil 22 pkg miso maxil : in work.axil 32 pkg.r_axil miso;
i_rx uart : in std ulogiec;
o_tx uart : out std _ulogic

=

—end uart_core;
%architecture rtl of uart_core is

begin

o_axil 22 pkg mosi_maxil.s_axi_awaddr
o_axil 32 pkg mosi maxil.s axi awprot
o_axil 32 _pkg mosi maxil.s axi awvalid
o_axil 32 pkg mosi maxil.s_axi wdata
o_axil 22 pkg mosi_maxil.s_axi_wstrb
o_axil 32 pkg mosi maxil s axi wvalid
o_axil 32 _pkg mosi maxil . s _axi bready
o_axil 32 pkg mosi maxil.s_axi araddr
o_axil 22 pkg mosi_maxil.s_axi_arprot
o_axil 32 pkg mosi maxil.s axi arvalid
o_axil 32 _pkg mosi maxil .5 _axi rready

o_tx _uart <= '0';

end rtl;

© Adiuvo Engineering and Training, Ltd. 2020

<= (octhers =>
<= (octhers =>
€= Q7 ;
<= (octhers =>
<= (octhers =>
€= Q7 :
€= Q7 ;
«= {(othera =>
<= (octhers =>
<= '0";
€= Q7 ;

b ——D[ummy signal assignments to ocutputs — delete as needed

ary
ar)

avy
avy

avy
avy
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Py ip_axi_frame_subtraction - Simulink
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Simulink HDL Coder - Frame Subtraction
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Simulink HDL Coder - Histogram
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What does HDL Code OP look like?

c_2 process : PROCESS {i_clk, i_aresetn)

BECGIN
IF i_aresetn = '0' THEN
alpha reg_2 <= (OTHERS => '0');
ELSIF i_clk'EVENT AND i_clk = 'l' THEN

alpha reg 2{0) <= ctrl wvStart;
alpha reg 2(l) <= alpha reg 2({0);
END IE;
END PROCESS o 2 _process;

ctrl wStart_1 <= alpha reg 2(1l}):

c_3_process : PROCESS {i_clk, i_aresetn)

BECGIN
IF i_aresetn = '0' THEN
alpha reg_3 <= (OTHERS => '0');
ELSIF i_clk'EVENT AND i_clk = 'l' THEN

alpha reg_ 3({0) <= ctrl wEnd;
alpha reg 2({l) <= alpha _reg 2{0};
END IF:
END PROCESS o 3_process;

ctrl wEnd 1 <= alpha reg_2({l}:

c_4 process @ PROCESS {i_clk, i_aresetn)

BEGIN
IF i_aresetn = '0' THEN
alpha reg_4 <= (OTHERS => '0');
ELSIF i_clk'EVENT AND i_clk = '1' THEN

alpha reg_4{0) <= ctrl walid;
alpha reg 4({l) <= alpha reg 4({0};
END IF:
END PROCESS o 4 process;

CASE is_frame_ selector fsm IS
WHEN IN_active_frame =>

sf internal predicateCutput := hdlcoder to_stdlogic({{sof AND bypass) = "1'};

IF sf_internal predicatefutput = 'l' THEN
is_frame selector fsm next <= IN bypass ref;
ref sel «= '1';
act_sel <= '0';
out_sel <= 'l';

ELSE
b sf internal predicateCutput := hdlcoder to_stdlogic((sof AND ({ NOT bypass)) = "1'};
IF b sf internal predicatefutput = '1' THEN

is_frame_ selector_fsm next <= IN_ref frame;
ref_sel <= "1';
act_sel <= '0';
out_sel <= "0';
ELSE
ref sel «= '0°';
act_sel <= "1';
out_sel <= '0';

ENMD IF:
END IF:
WHEN IN bypass_act =»
sf£_internal predicatecutput 0 = hdlcoder to_stdlogic({{scf AND bypass) = 'L'};
IF sf_internal predicateoutput_0 = 'l' THEN

is_frame selector_ fsm next <= IN_bypass_ref;
ref sel €= "1';
act_sel <= '0';
out_sel «= "1';

ELSE
b sf internmal predicatecutput_0 := hdlcoder to stdlogic{{scf AND { NOT bypass)) = "1'}:
IF b sf internal predicatecutput 0 = '1' THEN

is_frame selector fsm next <= IN ref frame;
ref_sel «= '1';
act_sel <= '07;
out_sel <= '0';
ELSE
ref sel «£= '1';
act_sel
out_sel
ENMD IF:
END IF:

© Adiuvo Engineering and Training, Ltd. 2020
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Conclusion & Wrap Up

Model Based approach is helping on time delivery & quality of design

Major benefit is functionality designed and verified in single environment of

Simulink.

Code is portable frees us from Vendor — Which HLS would not do.

Need to decide on what we do with Adiuvo FPGA Architect tool

Develop, Open Source, Keep as internal advantage!

Question?

25
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