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Introduction

About me

A Based in Munich

A Diploma in Electrical Engineering
L]
A R&D Engineer at Mynaric (FR6#sed errofcorrection m
algorithms for freespace optical laser communications) yna rl C

A Founder and Director at MPSI Technologies

101
A MPSI Technologies: make Embedded Software development/ 1 o M PSI

more fun by replacing repetitive tasks by modbelsed source |1 0 1 CHNOLOGIES
code generation
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Scenarios and interfaces

A FPGA module debugging
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Scenarios and interfaces

A Preprocessing / data reduction in FPGA

&

Le end command i.n
transaction purpose > (T

FPGA
SPI, UART [over USB] G
(@]
bandwidth > AXllite SPI

AXI, PCle
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Scenarios and interfaces

A FPGA result transfer to host

Le end command i.n
transaction purpose > (T

SPI, UART [over USB]
bandwidth > AXllitg SPI

AXI, PCle
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Scenarios and interfaces

A FPGA result transfer to host

A using DMA
L—egﬂd command i.n

transaction purpose > P

SPI, UART [over USB]
bandwidth > AXllitg SPI

AXI, PCle

Juljerep
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Scenarios and interfaces

A  FPGASOoC variant

Le end command i.n
transaction purpose > (T

FPGA
SPI, UART [over USB] > TN
bandwidth > AXllite SPI
AXI, PCle
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Scenarios and interfaces

A  FPGASOoC variant

A with external peripherals

Le end command i.n
transaction purpose > (T

SPI, UART [over USB]
bandwidth > AXllite SPI
AXI, PCle
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Scenarios and interfaces

A  FPGASOoC variant

A seltcontained

Le end command i.n
transaction purpose > (T

SPI, UART [over USB]
bandwidth > AXllite SPI
AXI, PCle
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Demo project: Tabletop 3D laser scanner

Hardware variants |

Features

A Turntable with stepper motor

A Tripod with camera/laser holder

A IMX335 MIPI C®1 camera (5MP)
max. data rate 150MB/s @30fps

A Two adjustable red line lasers
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Demo project: Tabletop 3D laser scanner

Hardware variants |

A Lattice CrossLinkNX (volatile FPGA) evaluation board
a) UARTover-USB connected to laptop

Features

A Turntable with stepper motor

A Tripod with camera/laser holder

A IMX335 MIPI C®1 camera (5MP)
max. data rate 150MB/s @30fps

A Two adjustable red line lasers
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Demo project: Tabletop 3D laser scanner

Hardware variants |

A Lattice CrossLinkNX (volatile FPGA) evaluation board
a) UARTover-USB connected to laptop
b) PCle connected to NXP i.MX6 (quad ARM) system

Features

A Turntable with stepper motor

A Tripod with camera/laser holder

A IMX335 MIPI C®1 camera (5MP)
max. data rate 150MB/s @30fps

A Two adjustable red line lasers
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Demo project: Tabletop 3D laser scanner

Hardware variants |

A Lattice CrossLinkNX (volatile FPGA) evaluation board
a) UARTover-USB connected to laptop
b) PCle connected to NXP i.MX6 (quad ARM) system

A Microchip PolarFire SoC Icicle kit (quad RISCantifuse FPGA)

Features

A Turntable with stepper motor

A Tripod with camera/laser holder

A IMX335 MIPI C®1 camera (5MP)
max. data rate 150MB/s @30fps

A Two adjustable red line lasers
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Demo project: Tabletop 3D laser scanner

Hardware variants |

A Lattice CrossLinkNX (volatile FPGA) evaluation board
a) UARTover-USB connected to laptop
b) PCle connected to NXP i.MX6 (quad ARM) system

A Microchip PolarFire SoC Icicle kit (quad RISCantifuse FPGA)

A Xilinx Zyner020 (dual ARM + volatile FPGA) developer board

Features

A Turntable with stepper motor

A Tripod with camera/laser holder

A IMX335 MIPI C®1 camera (5MP)
max. data rate 150MB/s @30fps

A Two adjustable red line lasers
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Demo project: Tabletop 3D laser scanner

Hardware variants |

A Lattice CrossLinkNX (volatile FPGA) evaluation board
a) UARTover-USB connected to laptop
b) PCle connected to NXP i.MX6 (quad ARM) system

A Microchip PolarFire SoC Icicle kit (quad RISCantifuse FPGA)

A Xilinx Zyner020 (dual ARM + volatile FPGA) developer board

A FPGAess designs available, more FP&XC designs under development

Features

A Turntable with stepper motor

A Tripod with camera/laser holder

A IMX335 MIPI C®1 camera (5MP)
max. data rate 150MB/s @30fps

A Two adjustable red line lasers
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Demo project: Tabletop 3D laser scanner

} Key software functionality

A Preview image acquisition
2560 x 1920 -> 160 x 120 (color)

2048 x 1536 -> 512 x 384 (grayscale)
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Demo project: Tabletop 3D laser scanner

} Key software functionality

A Preview image acquisition

_| Calibration [m]

A Checkerboard corner detection for orientation e =
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Demo project: Tabletop 3D laser scanner

} Key software functionality

A Preview image acquisition
_ | Calibration =

A Checkerboard corner detection for orientation preview mode [4x4 pixel binning grayscale v

A On/off identification of line laser traces in
frames
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Demo project: Tabletop 3D laser scanner

} Key software functionality

A Preview image acquisition
_ | Calibration =

A Checkerboard corner detection for orientation preview mode [4x4 pixel binning grayscale v

A On/off identification of line laser traces in
frames

>

auto-exposure [
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Demo project: Tabletop 3D laser scanner

} Key software functionality

A Preview image acquisition
_ | Calibration =

A Checkerboard corner detection for orientation preview mode [4x4 pixel binning grayscale v

A On/off identification of line laser traces in
frames

each algorithm can be performed

A either on the Linux host or on the FPGA\,

with varying load on the interconnect ; -

auto-exposure [
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Outline
Bottom-up then fulkcircle

Linux_host FPGA

— . RTL algorithms

| I ++ . ’

application layer| C++ data processing state machines, etc.

— target-specific target module

application layer handoff Ct+ APl library RTL handshake

orotocol layer encode/ decode host interface

Ct++ code RTL module

hardware abstraction layer device driver soft IP

silicon IP and copper wires

physical layer standard-compliant
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Linux host FPGA

PhyS|Ca| |a.yer applcation ayer|  Cr+cataprocessing | _ <14

state machines, etc.
target-specific target module
CH AR library RTL handshake
encode/ decode host interface
GH code RTL module
hardware abstraction Iayer device d_river soft IP

silicon IPand copper wires

application layer handoff

protocol layer

physical layer standard-compliant
Complexity Net bandwidth | Support Conditions
UART 2 wire 400 kB/s Ada-c ol ff oHKkK/{4MbpsorPCB routing
UART over USH 2 wire 417 kB/s FTDI x64 host USB2.08peed,
FT232R
SPI 3 wire 4.8 MB/s ha!t oEEE ol f ¢ 40 MHz oRPCB routing
AXllite (on-chip) 50 MB/s zZyng (all FPGA 2/ Qa0 32 bit words, 100 MHz clock
PCle 3 diff. pair, 4 wire | 250 MB/s CrosslinkNXall midrange one lane PCle 1.x, 2.5 Gbps
Ct D! Qav
AXl14 (on-chip) 776 MB/s PolarFireSoC (all FPGA2 / Qa &4 bit x 256 bursts, 100 MHz
clock
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Linux host FPGA

Hardware abstraction layer e ses—

state machines, etc.
L target-specific target module

. . application layer handoff lib handshake

Device driver [host] | T R

protocol layer

G+ code RTL module
hardware abstraction layer device driver s_oft 1P
. . physical layer silicon IPand copper wires
A Character device driver category Sancerd compliant

A transfer control by host

A from user spaceopen() ,ioctl () ,read() ,write() ,close()
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Linux host FPGA

Hardware abstraction layer e ses—

state machines, etc.

application layer handoff target-specific target module

Device driver [host] | T R

protocol layer

G+ code RTL module
hardware abstraction layer device driver s_oft 1P
. . physical layer silicon IPand copper wires
A Character device driver category Sanced compliant

A transfer control by host
A from user spaceopen() ,ioctl () ,read() ,write() ,close()
A UART:

Atyp. drivers:bus/platform/drivers/imx - uart

Atyp. device filesidev/ttyS* , /dev/ttymxc*
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Hardware abstraction layer

Device driver [host] |

A Character device driver category

A transfer control by host

A from user spaceopen() ,ioctl () ,read() ,write()

A UART:

Atyp. drivers:bus/platform/drivers/imx - uart

Atyp. device filesidev/ttyS*
A UART over USB:

, [dev/ttymxc*

Atyp. drivers:bus/usb - serial/drivers/ftdi_sio

Atyp. device filesidev/ttyUSB* | /dev/ttyACM*

Linux host FPGA
RTL algorithms,

application layer| C++data processing state machines, etc,

target-specific target module
CH AR library RTL handshake
encode/ decode host interface

application layer handoff

protocol layer

G+ code RTL module
hardware abstraction layer device driver s_oft 1P
. silicon IPand copper wires
physical layer standard-compliant

, close()

,bus/usb - serial/drivers/cp210x
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Linux host FPGA

Hardware abstraction layer e ses—

state machines, etc.

application layer handoff target-specific target module

Device driver [host] | T R

protocol layer

G+ code RTL module
hardware abstraction layer device driver s_oft 1P
. . physical layer silicon IPand copper wires
A Character device driver category Sanced compliant

A transfer control by host
A from user spaceopen() ,ioctl () ,read() ,write() ,close()
A UART:
Atyp. drivers:bus/platform/drivers/imx - uart
Atyp. device filesidev/ttyS* , /dev/ttymxc*
A UART over USB:

Atyp. drivers:bus/usb - serial/drivers/ftdi_sio ,bus/usb - serial/drivers/cp210x
Atyp. device filesidev/ttyUSB* | /dev/ttyACM*
A SPI:

Atyp. drivers:bus/spi/drivers/spidev
Atyp. device filesidev/spidev*.*
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Hardware abstraction layer

Device driver [host] |

Al KFENIOGSNI RSOAOS RNAYSNI OF GSI2NE 602y 0 QRO

A a simple crosplatform AXllitedriver, to appear atdev/< pick_your_favorite >

static ssize_t  device_read (
struct  file* file
, char __user* buffer
, size_t length
, loff_t *offset

At
ssize_t  retval = 0; /I number of bytes read
size_t i;
u32 rdy;
size_t len32 =length/ 4; [l align bytes to words

it ((length % 4)>  0) len32++;

void * buf = kmalloc (4 *len32, 0); // allocate memory
it (buf) {
for (i= 0;i<= 20; i++) { /I wait for max. 210us
it (i!= 0) udelay (i);

iowrite32  (OXAAAAAAAA mmAxilite  + OFS_AXILITE _SETREAD); // REQ to read control address
rdy = ioread32 (mmAxilite + OFS_AXILITE _SETREAD);

if (rdy== OxAAAAAAAA break ; // ACK from read control address

kfree (buf);

return retval;

if (rdy== OxAAAAAAAA{
for (i= 0;i<len32;i++) /I data from actual read address
((u32*) buf)[i] = cpu_to_be32 (ioread32 (mmAxilite + OFS_AXILITE _READ));

iowrite32  (0x55555555 , mmAxilite  + OFS_AXILITE _SETREAD); // ACK to read control address

retval = length - copy_to_user (( void __user*) buffer, buf, length);

s

~
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Hardware abstraction layer

Device driver [host] |

A Advanced category: PCle and AX3d(st)
A typically, only makes sense combined with DMA and interrupts

AGKS | Sdedgpgade/O has corresponding features, already integrated with PCle
https://www.kernel.org/doc/html/v5.0/driverapi/uio-howto.html#makingthe-driver-recognizethe-device

A helpful article by Ole¢utkovregarding PCle
https://olegkutkov.me/2021/01/07 /writinga-pcidevicedriver-for-linux/
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https://www.kernel.org/doc/html/v5.0/driver-api/uio-howto.html#making-the-driver-recognize-the-device
https://olegkutkov.me/2021/01/07/writing-a-pci-device-driver-for-linux/

Linux host FPGA

Hardware abstraction layer e ses—

state machines, etc.
target-specific target module

Soft I P I: PG A application layer handoff| o ooy RTL handshake
encode/ decode host interface

protocol layer

G+ code RTL module
hardware abstraction layer device driver soft IP
A Generic RTL modules for UART and SPI |~ Fiererio prysical ey oot
generic (
cpol: std C 0';
entity Uartrx vl 1 is cpha: std_logic
generic(
fMclk: natural range 1 to 1000000; nssByteNotXfer: std logic := '0';
misoPrecphaNotCpha: std logic := '0'
fSclk: natural range 100 to 50000000 )
)i port (
port ( reset: in std_logic;

reset: in std logic;
mclk: in std logic;

mclk: in std logic;
req: in std logic;
req: in std logic; ack: out std logic;
ack dne: out std logic;
dne:
len: in std_logic_vector (16 downto 0);
len: in std logic_vector (16 downto 0);

send: in std logic vector (7 downto 0);
strbSend: out std_l

d: out std_logic

>r (7 downto 0);

strbD: out std_logic;
recv: out std logic vector (7 downto 0);

rxd: in std logic; strbRecv: out

burst: in std logic nss: in std_logic;
): - sclk: in std_logic;

end Uartrx_vl_l; mosi: in std logic;

miso: inout std logic
)i

end Spislave_vl 0;
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Hardware abstraction layer

| Soft IP [FPGA]

A Generic RTL code féiXllitein two parts

process (extresetn, extclk)

begin entity Axirx_v2_0 is
if extresetn='0" then port (
stateOp <= stateOpInit; reset: in std_logic

Lo n mclk: in std_logic
ge (extclk) then

if stateOp=stateOpInit then

q

req: in std_logic
ack: out std_logic
dne: out std_logic ;

stateOp <= stateOpIdle;

elsif stateOp=stateOpIdle then

if (axi_bvalid='l' and loc_waddr="00" and slv_reg0=x"’ \") then -- host to FPGA begin request len: in std_logic_vector (21 downto O0); -- inwords, max. 2" 22-1
if rdyRx='1l'then
enRx <= '1'; d: out std_logic_vector (31 downto 0);

end if; strbD:  out std_logic

stateOp <= stateOpWrrdyA; .
rdyRx: out std_logic ;

t begin request enRx: in std_logic ;

elsif (axi_bvalid='1l' and loc_waddr="10" and slv_reg2=x
if rdyTx='1'then
enTx <= '1'; rx: in std_logic_vector (31 downto O0);
end if; strbRx:  in std_logic
end Axirx_v2_0

stateOp <= stateOpRdrdyA;

end if;

end if;

end if;

end process;
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Hardware abstraction layer

| Soft IP [FPGA]

A Vendorspecific IP for PCle required
A Available from major vendors free of charge
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Hardware abstraction layer

| Soft IP [FPGA]

A Vendorspecific IP for PCle required
A Available from major vendors free of charge

A Survey midlune 2022

A intel PSG Cycloré¢: Avalon interfaces
G/ e0ft2yS + 1 @lt2y 9aSY2NE al LIISRk {-01NB laXmmy/sB)Y Ly (S

A Lattice CrossLinkNX
Gt/ LS - m LAPUGO208B4) 6Ct D!

A Microchip PolarFire SoC
Gt 2f F NCANB CtD! |yR t2f NCANBS {2/ CtD! t/ L 9ELINS

A Xilinx Zyng: AXi8tream interface
a1 {SNAS& CctD!'a LyGSaANIGSR F2NJt/ L 9ELINBaa Jodoé
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Linux host FPGA

Application and protocol layers R e — e

i application layer handoff tcargeAt,;lsrla_ZCific ;_rfzt n:jc;g;:(e
HOSt to FPGA I protocol layer enoode/dle(;c?trj)elz host ?n?erfao:
GH code RTL module
hardware abstraction layer device _d_river _soft IP
A Host: C++ API library forms byte code and initiates transfers guarded by CRC v e g

_| Terminal

Connection state | not connected

Data in/out

tkolkerc.getThet()

= (tkat=4680223)
tkolkerc.getThet()

= (thet=471138
step.moveto(angle=340,Tetep=150)
step.getInfo()

= (tixVState=move,angle=2216)
step.getInfo()

= (tixvState=idle,angle=340)

Command execution

Command | step.moveto ~| Append

Command sequence step.moveto(angle=[uint16],Tstep=[uint8])

Submit
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Linux host FPGA

Application and protocol layers R e — e

i application layer handoff tcargeAt,;lsrla_ZCific ;_rfzt n:jc;g;:(e
HOSt to FPGA I protocol layer enoode/dle(;c?trj)elz host ?n?erfao:
GH code RTL module
hardware abstraction layer device _d_river _soft IP
A Host: C++ API library forms byte code and initiates transfers guarded by CRC v e g

step.moveto(angle=340,Tstep=150)
1203 4 5.
hostifToCmdinv

1.
. 2. controller:step
= Terminal 3. command:moveto
. 4. length:5
Connection state|not connected 5. CRC
tx 0x0154 96 7B65
Data in/out T 7 T
tkelkarc. getTkat() 1. angle:340(uint16)
= (tket=4680223) : .
tkelksrc.getTkst () 2. Tstep:150(uint3)
= (tket=4711382) 3. CRC
step.moveto(angle=340,Tatep=150) rx OxAAAA
Y ACK
step.getInfo()
= (tixVState=move,angle=2216)
step.getInfo()
= (tixVState=idle,angle=340) step.getInfo()
tx 0x01 06 00 0005 F865
1. 2. 3. 4 S.

1. cmdretToHostif
2. controller:step

3. command:getInfo
4. length:5

Command execution

4 B

. CRC
Command | step.moveto ~| Append rx 0x00 00E2 A8E6
Command sequence |step.moveto(angle=[uint16],Tst&p=[uint8]) L2 3
1. state:moving

2. angle:226(uint16)
3. CRC

= =(tixVState=move,angle=226)

Submit
step.getInfo()

tx 0x01 06 00 0005 F865
rx 0x00 0154 AD52
=(tixVState=idle,angle=340)
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Application and protocol layers

Host to FPGA |

ACtDl!Y ¢é¢K2ad AYOGSNFI OS¢

RSO2RSa GKS o0éedsS ad

Y2 RdzZ S
AXirx
v g ) Ste
=S wn i P
=7 < AXL';ES IP Hostif @B | stepper mlotor
S~ AXItX contro
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Application and protocol layers

Host to FPGA |

ACtD!'Y ¢K2ald AYOUSNFI OS¢ Y2RdzZ S RSO2RSa (KS o6&udS ai

v o AXirx St
Y AXllite IP - €p
= 1 Hostif
§ E B 32bit ~ = stepc%irtrrgrtor
XItx
entity  Step is
generic  (
fMclk:  natural range 1 to 1000000 := 50000 -- inkHz
)
port (

reset: in std_logic ;
mclk: in std_logic
tkelk: in std_logic ;

reqlnvMoveto: in std_logic
ackinvMoveto: out std_logic ;

movetoAngle:  in std_logic_vector (15 downto 0);
movetoTstep:  in std_logic_vector (7 downto 0);

nslp:  out std_logic
mO: inout std_logic
dir:  out std_logic ;
step0:  out std_logic
)
end Step;
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Application and protocol layers e

application layer| G+ data processin

ate machines, etc.

application layer handoff tafet-spie?;c targe;rr]nodulz
LFPGA to host pald B 57 8 | Lo
hardware abstraction layer dgnzcgg;r RTLsonfqtol?3u|e
. silicon IPand copper wires
A FPGA: reduce 2560x1920 YUV images @30fps (150MB/s) P e S complan
to 160x120 RGB images (1.73MB/s), then provide to host in A/B buffer
o PvwbufA AXirx
vAZ Mipirx Camacq 58kB DPBRAM . AXllite IP T :Cg
I WV ™| deserialization, '. binning, buffer Hostif 19bi '. L}) =
< - frame identification coordination PVWbUfB Axitx It o E
58kB DPBRAM
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Application and protocol layers i ISP —" . L

ate machines, etc.

application layer handoff tafet-spie?;c targe;rr]nodulz
LFPGA to host pald B 57 8 | Lo
hardware abstraction layer dgnzcgg;r RTLsonfqtol?3u|e
. silicon IPand copper wires
A FPGA: reduce 2560x1920 YUV images @30fps (150MB/s) P e S complan
to 160x120 RGB images (1.73MB/s), then provide to host in A/B buffer
o PvwbufA AXirx
vAZ Mipirx Camacq 58kB DPBRAM . AXllite IP T :Cg
I WV ™| deserialization, '. binning, buffer Hostif 19bi '. L}) =
< - frame identification coordination PVWbUfB Axitx It o E
58kB DPBRAM

A Host: poll the buffer status, initiate buffer transfer and display
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