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Contract Detalils

« Program: TRP (with two parallel contracts)

 Budget: 400 k€

« Prime + Subco: TAS-1 + TELETEL S.A.

 Duration: 20 months (12 + 8)

« Main Objectives:
*Detailed definition and analysis of use cases for SPI bus in space
*Build a draft specification based on space application use cases
*Propose and prototype appropriate signal integrity techniques
*Development of a demonstrator for SPI
*Create general simulation models for SPI and validate them on the
demonstrator
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SPI Protocol for Space Application

Serial communication protocol industrial trend

“@. evolution of sensors acquisition and actuator systems (Temperature, Pressure ,
Encoders, Accelerometers)

“®. enhancement of data handling systems reconfiguration capability
(reconfigurable FPGA, non-volatile memories (EEPROM, MRAM, FRAM, FLASH))
Road map of ESA studies and R&D
“@.. CAN bus for space application (CABCOM)
“@..Sensor network (12C, one Wire), SDI (12C, SPI), SPI4SPACE (SPI)

Why SPI protocol for space applications? . _‘
8. Widely adopted for commercial devices

“@.. High throughput, low power consumption, simple implementation of interface
architecture
SPI4SPACE objectives and workflow
“@.Target applications: internal module bus, external point to point communication
“@.. challenging performances (30MHz, 1m bus, 10m point to point)
“@.. Analysis , Specification, feedback from Simulation and Demonstrator
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Pl Protocol Specification : physical layer

Topology

Electrical
family

Signal
Timing

Bus Signails

Ref
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v

3.3V LVCMOS :

Master Slave 0

Termination

Master Slave

Slave N

. Low power consumption
. timing performances better than similar families (AHCMOS)

CPOL=0, CPHA=1 (or CPOL=1, CPHA=0)

v

. Backward compatibility with existing space grade components

LVDS :
Standard de facto for high-speed serial link in space application

CPOL=CPHA=1 (or CPOL=CPHA=0)
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SPI Protocol Specification : protocol layer

For both SPI Internal bus and SPI point to point topologies the mﬁ
defined protocol states are:

8. OFF state :
“@.. when all drivers and receivers of the units linked (Master and
Slaves) are not powered
8. STAND-BY state :
“@..when drivers and receivers of the Master and at least of one
Slave are powered but no communication is taking place
“@..(no Chip Select is activated)
“@. ACTIVE state :
“®..when the drivers and receivers of the Master and at least of
one Slave are powered and communication is in progress
“@..(the relevant Chip Select is activated)

Three different protocol Layers have been defined to cover different needs in terms of communication
capability :

“@.SPIO, provides backward compatibility to existing space-qualified units/components equipped with SPI I/F
“@.SPI1, implements mechanisms to verify correctness of the communication and to allow messages transmission
“@.SPI2, offers a more robust communication structure defining commands to activate device’s internal functions
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SPI Protocol Specification : protocol layer SPIO

SPI0 is an OPEN Protocol Layer providing a wide degree intertace sp e | e S Dataword | Voliage
. r ignals length Level
of freedom to implementers o R
= e : |t h as bee n |n CI u d ed tO pron d e backward ADC128S102QML Configuration Slave 4-wire Rising Falling Low 24 1.9V CMOS
compatibility to existing space-qualified components | A°SiP0QM. | Cofguraion | Save | swie | Rsng | Faling | Low 2 19veMos
ADC128S102QML Data/command Slave 4-wire Rising Falling Low 16 Lv%in\gs
SPlO p r0V|d es m aX| m u m ﬂex| b|||ty | n m essag e CO nte nt CDCM7005-SP Configuration Slave 3-wire Rising N/A Low 32 LV%:I,\,AVOS
form at, len gth and typ e ’ DAC121S101QML Data Slave = 3-wire Falling N/A Low 16 LV%::AVOS
< e) They can be defl ned aCCOI’d | ng tO the |m p|ementel”8 LX7730 Data/command Slave 4-wire Falling Rising Low 15 LV?::I,\’AVOS
nee d S LM98640QML-SP Configuration Slave 4-wire Rising Rising Low 16 (VI;\:E%;)
Master/ 4-wire/ User User 3.3v

“@.8 bits is considered as preferred message word width =~ swve0cer28-sp pawcommand  “goe’  Suire  definable  definable 1 UP©26ycyos

SPIO

SPSPACE  Userdefnable ‘g GUIEN TeSL DS Low e s
SPIO word bit transmission order is fixed as MSB first COTS NVRAM components equipped with SPI interfaces
“Q.This is in agreement with all existing space-qualified MR25H10 MRAM Everspin DFN8
CY15B102Q-SXE FRAM Cypress SOIC-8
components M25P05-AVMN6GP nvRAM Micron So8
AT25256B EEPROM Atmel SOIC-8
MB85RS256A FRAM Fujitsu SOP-8
LE25U40CMC-AH Serial Flash ON Semiconductor SOIC-8
MR45V256A FRAM LAPIS/ROHM SOP-8
FM25W256-G FRAM Cypress soic-8
SST25VF080B NAND Microchip SOIC-8
SST25VF020B NOR Microchip SoIc-8
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SPI Protocol Specification : protocol layer SPI1

Data Link Layer

“&.Word width : 8,16,24,32 bit + Parity bit (odd) => default 8 bit
“@.Slaves can be configured to use one of the above word width
“@&.Master shall support all slaves connected to the SPI interface
“@.MSB is transferred first, LSB last

“@. Parity Check Report (PCR) in the slave messages can be
optionally supported
“@&.Master messages shall include dummy bit to have the same

Master first word w/o PCR:

Master other words w/o PCR:

word width

Network Layer

“@&.Support three types of transfers :
“@.WORD Transfer
“@&.BLOCK Transfer
“@.BLOCK Transfer with Error Detection

HER (L] SR [t}
23 -] o= ]
[ | [ 1*] [ | [ [-]
L A [ A
Command code  Implemantation Impleesstation bit
13 bR
Slave first word w/o PCR: Slave other words w/o PCR:
MsB LSB KER [T
n-1 4] 2l -]
L] [ [°] L1 [ -]
(W v
Slave Status Prev. Comm. Imrﬂmm
Result
Master first word with PCR: Master other words with PCR:
-3 Laki EEE L=
BE ] . = 2
[ | I | [ofer] [ [ [=]e]
v A L. A
Cﬂﬂl‘;‘l‘rﬂm Implen_‘;m Inﬂum_yl_ﬂhnhll
bir
Slave first word with PCR: Slave other words with PCR:
L] (1] . ] (L ]
e 3 [-] F.5 r.l -
1 [ ToTe] [ [ o] ]
SIWD‘EI{IB l::xﬁ{mm Impl.ll\.‘lrwimbil‘ m
Resaly

08/05/2017

This document is not to be reproduced, modified, adapted, published, translated in any material form in whole or in part nor
disclosed to any third party without the prior written permission of Thales Alenia Space.

10

Ref. =

Final Presentation days

2017 Thales Alenia Space
Template Ref.= 83230347-DOC-TAS-EN-004

THALES ALENIA SPACE OPEN

e

'!'hal Spacg teletel




SPI Protocol Specification : protocol layer SPI1

WORD Transfer
@.Messages size : Min 2 words, max 4 words nes =\ Ve
“@.First word sent by Master is a Command code e 0L M
&_First word sent by Slave includes its Status code
®.Other words include implementation data — m::‘:" e ey ey WP s~
“@.Communication is closed by the Dummy word code p— e ey

berapl. O Impi. Csts - Impl. Dot &
P o erdn POR(WOE D) < P PRI 1) + P PoRlvord Zi+ B

“@.Master starts and completes/aborts communication
activating/deactivating nCS signal of selected Slave

=\ /- BLOCK Transfer
= |[lly 111 “&_Message size : N words + 3; (N = 0 + 255)
“@.Second word sent by the Master includes the N value

Wiorsh ML Werd N2
m—<°m;ﬂ:';ﬂ- """-.'r'ﬂ""' mgg;-‘-) & el poans Doy W+ “@.Content and functions of the other words is the same of
—— R WORD Transfer layer
mso—< @ v-: -><,."'"’"""" K'.?,"‘_.,'.’..';,I.> <.,.,".("".;...',’.“.’,:. g g “&. Master starts and completes/aborts communication
activating/deactivating nCS signal of selected Slave
ﬂ.—*
BLOCK Transfer with Error Detection =\
@ .Message size : same of BLOCK transfer + 2 words =My Tl
®.CRC-8 detection code is computed by Master on words Wonte3 ]
from 0 to N+1 and included in word N+2 s "':“.'1"><‘ o ><"":‘3':"> "#‘1‘?' caeor e = D> —
= Additional Dummy word is used to allow the acqUISIIoN Of ., /ecemr /e /T e Tt oo o
the CRC-8 Check Report from Slave Ter i g i s = LA
po- s
T
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SPI Protocol Specification : protocol layer SPI2

Data Link Layer
“&.Word width : 32 bit + Parity bit (odd), MSB is transferred first

-&. Parity Check Report (PCR) in the slave messages can be optionally
supported , Master messages shall include dummy bit

Network Layer
“&.Master / Slave implements capabillity to:
“d.Transmit/receive Command Token
“@.Transmit/receive optional Data Word according to the command code

“@.Receive/transmit Response Token
“@.Receive/Transmit optional Data Word according to the command
code
~®.. SPI2 fixes the command code to be used to provide standardization
“@..some examples : DO_BIT_SPI (do built in test), READ_BIT_SPI (retrieve BIT
results), SYNCH + Payload word (synchronize internal registers), TICK ( to
increment time registers), GET_RESP_TOKEN (request Response Token),
READ_SA (read content of Slave sub-address), WRITE_SA (write into a
Slave sub-address), etc...
“®..SPI2 defines also status of the previous transmission in the Response
Token :
“@.. SPI_TERMINAL_FAULT, MESSAGE_ERROR, ADDRESS_ERROR, ILLEGAL_COMMAND

This document is not to be reproduced, modified, adapted, published, translated in any material form in whole or in part nor
disclosed to any third party without the prior written permission of Thales Alenia Space.
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Command Token bit fields

Bliley | Freflz Camd Cote r— m
Bre |Si|w|@|e|er|w|s|xlas|[2]anfw]e]®]|17]1M0
Conbant | 0 | 1 | & AL = [ 1" ]| 1 . g
Murmiber of D Yards inansfemeal
Reserved
Commmnt | .
Bliles | PFreflz
[ 1) 18] 1%
Conternt | 0 | T
Resarved
Comment | L.
Response Token bit fields
Bit Use Prefix Status Bits Spare Module State
Bit# | 31]30 | 20 28 [ 27 [ 26| 25] 24| 232221 20] 19 [ 18 [ 17 [ 16
Content| 1' | 0 [STF[ME[AR[ IC [ 1| 2 [ D[ 1Ds [ IDs [ D+ | IDs [ D> | ID: | Do
Comment Resgrved See Table 9 Resgrved Status of the Slave Module
bits bits
Bit Use Prefix Spare CRC-4
Bit# | 15]14 |13 12[11[10] 9[8[ 76 [5[] 4] 3] 2] 1] o0
Content| ' [ o oo o[ r [ 11 ]o[o] o0 [CRC[CRC[CRC|CRC.
. CRC-4 Error Detection
Comment Reserved bits Code
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SPI Protocol Specification : protocol layer SPI2

=\ /~

s i

SPI2 example of Command Code WRITE nm_<0umdem><-ﬂwdmm><wwn> ..Q-:::»1><m:'::;n>—

Woicarsl W41

m—<mm D G < s >—

Nwm

=7\ /-

! -

SPI2 example of Command Code READ

X -
usa—<mm.. mur.:m m::n\\r;d1> |":';\-l\nlu:'n-1><<:..¢_1s+u..:m|:>_

w
N Payload Words
T

08/05/2017 This do ents > be reproduced, modifed. 1 apted, publshed. tandiated in any material form in whole ot in part nor
disclo: \ \ J; ; \ prio hale: Aeua Space -I-hal Ia t ’ t ,
O Space

Ref. = Final Presentation days
2017 Thales Alenia Space THALES ALENIA SPACE OPEN

13

Template Ref.= 83230347-DOC-TAS-EN-004



Table of contents

SPI protocol for space applications

SPI protocol specification

“&.Physical layer
“®&.Protocol layer

===) Demonstrator requirements and design

“®.Bus termination analysis and implementation
“®. Crosstalk analysis

Termination BT Termination

Bus B

===) Demonstrator verification and feedback to

v
1

oge *
specification — —
iermination ermination
A ] ][ LA [&] Ll Tef]f [a) el
Master Master Slave 0 Slave 0 & % Slave N Slave N
é N R N R N R !
I Supervisor |
08/05/2017 This¢ T

not to be reprod odified, adapted, published, transiated in any material form in whole or in part nor
sclc y third party withol or wiitten permission of Thales Alenia Space Thal t , t ,

Ref. = Final Presentation days
2017 Thales Alenia Space THALES ALENIA SPACE OPEN |

Template Ref.= 83230347-DOC-TAS-EN-004




Demonstrator Requirements

Electrical Verification
“8. Compare simulations and physical implementation data of
“@.bus (LVCMOS)
“@.point to point topologies (LVDS)

Protocol Verification

.SPI protocol variants (SP10/1/2)

.Configuration modes 1 & 3

.IP core

.Communication with COTS devices

.. SPI Flash application

.FPGA dynamic reconfiguration

.Simulation of SPI-based High Priority Command (ECSS-14C) interfaces

o o6 oo s

o
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SPI Demonstrator — Overall Design

Backplane architecture for LVCMOS connections

Boards plugged on any connectors along the bus

Board types:

08/05/2017
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Q. Master board
@. Slave board
“@. Dummy load board
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board

i

~..  Mating
_.-~° Conneclors

Master
Board

SPI

SPI
Slave
Board

Dummy
board

Backplane
Chassis ground Circuit ground board
plane plane
[ ) [ ) [ ) [ ) [ ) () [ ) [ ] o |
) X e e (i
Long & Short Bus Long & Short Bus
Terminations Terminations
28 ‘/D Short Bus

A/Terminations

| Short SPI bus
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SPI Demonstrator — Master/Slave Design

FPGA-based board

dem ; Selection of Selection of
- 0 SCEnaro Slave Selects to Master/Slave/
Q.. SP| Master/Slave connector (HPC which the board  Dummy, Short/

97'”5:' responds

“@®. Applications P R S
“®.. SpW/RMAP for remote commanding ® QEEE‘ SH @EE][E]@.{. sz, EoE .
o = i “’l;l Eecssssssssssses s.
SPI LVCMOS Interface ga i - EEEEEEELEE
§_ " ¥ 0 F R0 RA7 R m:'ﬁ-%
H s [ ]E W
SPI LVDS Interface P 0 %r:
® | memm- 2
| id.oc ¥ :85 I8
Demo Scenario connector ote| * - wol [oe o 8 =3
g :.: & i ;l o [ (X} (X o B E
= °. L3 B ee o0 [}
5 ® | w0 (I L] LN ] ,
SPI flash memory SR es | | os
e | TR HAE '
Configuration switches (DIP switches for Eg ot oo |; | oo
Master/Slave selection, Slave Selects 1 BH" R
allocation etc.) | @ -
. FPGA connectors . Eo?l?&s:;:rl:mses]

connector
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SPI Demonstrator — Master/Slave Design

MASTER:

spi

reference clock

clock

sclk

“®.. SPI Handling up to 32 slaves generator o,
“@. Simultaneous support of SPI-0/1/2, Configurations 1/2/3
r csn
“®. Message length up to 256 bytes p—
a H . sys clock mos!
&. Command parameters in the command structure (Transaction TN giters S
length, SCLK frequency, protocol version, configuration, ...) T o (o fom,_tom
syswrite data | pending packet command decoder,
“®.Loopback (near/far end) mf,‘;.“?&i%m message ek
registers
R 77: (sclk mux, “:O
error_flags i o t:’eas”e(;a;lzcewr, n
SLAVE: P 17}?‘5%:5 subaddress e |
Geneon| decoder [0 —— |
8. Static configuration Heimy A N e
8. 5SPI-0/1/2 R s R o TP I e
| | ' ! ! calculators) }
“&. Word width v T i !
“®. Message length bl | N i"‘}‘ﬂ“‘i{e controlunit | 1] -4
o | registers L2 | ol e, |
i “r:j?f'g) ‘ *‘ error detection) i
sys ixdata ‘—l i 3 _data 3 receiver *,,,,,L,,,,ECS
S N e L e | - i s
— oo
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LVDS & LVCMOS

LVCMOS

Candidate ?

Termination

LVDS implementation is point to point and iR gglilellely |

SpW-like. Signal integrity problems not

foreseen. \
X

A termination of between 75 and 120 Ohms draws too much
driver current

N
X

Will permanently bias the signal at the receiver

LVCMOS for multipoint connections.

Long bus & fast rise/fall times likely to result
in signal integrity issues.

Thevenin

Thevenin with
capacitor on +

Thevenin with
capacitors on <

e
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LVCMOS - Termination trade-off

Vertical
Horizontal: 1

Thevenin Termination
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LVCMOS - Termination Summary

Bus edge

No termination

Signal quality

(Reflections) Unacceptable
F -qi Doubles
the receiver

Driver current Within limits

Outside IC limits

08/05/2017
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Series Termination

Unacceptable

Depends on
distance from bus
edge
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Full
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AC Termination

Good

Good

Within limits, gets
better with
damping resistor

Vcc ok,

Does not reach
GND

es Alen:

Thevenin
(Reference)

Best

Swing less than full

Within limits, but
has constant DC
consumption

Not full swing
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Thevenin with
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Thevenin with
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Crosstalk analysis
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Crosstalk analysis — Results

RC Termination
with damping
resistor

Series [ {®
Termination Termination

Configuration

#1. Single driver, 1 receiver, 150 mils clearance, driver at the edge of the bus PASS PASS PASS
#2. Single driver, 5 receivers,150 mils clearance, driver at the edge of the bus PASS PASS PASS
#3. Single driver, 5 receivers, 150 mils clearance, driver in the middle of the bus PASS PASS PASS

#4. Single driver, 5 receivers, 100 mils clearance with guard traces, routed in

striplines, driver at the edge of the bus PASS PASS PASS

I
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SPI Demonstrator - Verification
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ISAFT SpaceWire Simulator

Advanced EGSE platform with traffic generation capabilities that simulates
SpaceWire devices or instruments, enabling S/C integration tests before the
availability of Flight Models.

Provides an 8 - 20 port SpaceWire interface with advanced traffic generation
and asynchronous transmission capabilities.

Suitable for the verification of new protocols and protocol variations.
sP'ws.mch \
=
e iSAFT
%
TS P SpaceWire Simulator — (—I_)n

SpWhNodex

Central 8-20SpW
Checkout | €——— links
System (CCS) EDEN/  C&C ‘ . <> -
CCsDs L] \Spw Switch /
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SPI FPGA

Control through SpW/RMAP
SPI Master/Slave Core
AMBA AHB 2.0

ECSS-14C, FPGA dynamic reconfiguration, Register file
applications (accessed through SPI0/1/2

SpW CODEC

podd

ir

SpWV Pratocol Logic

(RMAP)

AMBA AHB 2.0

=

teletel

Ly s
Demo applications: L =
“®. Access to COTS SPI Memory (SPI-0) ] ) _‘ )
“®.FPGA Dynamic Reconfiguration (SPI-1) B 5 I | <5:t::.;:::ﬂ €1 A &
®.. Asynchronous/Scheduled HPC generation (SPI-2) —+ Ascaon
“8.Register File (SPI-0/1/2) oot Foremmnn) | TT T | AT B
3 3 3 6]
ﬂ@mw}xmm S M@m.}
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Verification tests

Electrical Verification: ) sewumo
“@.. Verification of Thevenin and Thevenin with capacitors ISAFT SpW Simultor
“@.Short/Long bus tests oW Link
“®.. Verification of SS/SCLK/SSCLK timings
“&.Measurement of PCB/IC delays ) e

MASTER BOARD

[ FPGA Board I Physical Layer(s) Board ]

SLAVE BOARD

[ FPGA Board I Physical Layer(s) Board ]

DUMMY BOARD

Backplane board

Functional/Performance verification: i o e T, -
“@&.RMAP controlled FPGA = S - P Rr—

“&.Incremental verification - tests initially performed with | .
low level SW o[« i
“®..Verification with different SCLK frequencies i e e
8. Configurations 1/2/3 e e =
“®..SPI SCLK/SSCLK 100 KHz - 30 MHz Camam e
enable_spi_trenamission partl.csv s-as-u_
o B teletel Eon:r’:mna.tws.m
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LVCMOS - Thevenin Termination

Conrgl  Setup  Messwe  Anshee  Lhlites  Help
B pod.

Measurements on all bus slots

LVCMOS “Driver” board placed in different
slots

Measurements with resistor values 150 — 200
Ohms (Z0 =75 - 100 Ohms)

Results close to the simulated ones
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LVCMOS - Thevenin termination with capacitors

Thevenin Termination showed that 90 Ohms
provides the best quality for the specific
Implementation

7 T =

Full swing

Capacitor smoothed transitions
No false transitions

Results close to the simulated ones

Distortion on each driver output (no effect)

Master in middle bus slot Master at bus edge

olesl) ) EE |-} S <) b 21 * ofesia R || NENEEE <) 1 EEKN )"

ol B s

i [
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Demonstrator SW & Comments to the spec.

Demonstrator SW: e
8. Execution on iSAFT TestRunner T S ’
5 s B rectRunner  Test Report

“®..23 functional/performance Test Cases

Foot me— a0 20
S8, e,  fale, 8 nex compisted, 8 sl

“®..Test cases for all, except for 2, requirements

“&. Error injection tests:
“@.SPI-0 used to generate erroneous SPI-1 commands
“@&.SPI-1 used to generate erroneous SPI-2 command

s
Ao TTARTIA 5o Sk Ll BPISLRACE, Tritn DL

— 3 w0 40

S
Turation: 11100, Amveriies. 8

e -
iy T AP

Results/comments: R B

“®. SPl in configuration 1 operates up to 10 MHz (~12 ns o e e s e
delay are only due to the LVCMOS ICs) RS ey

“®.SPl in configuration 3 operates up to 30 MHZ but it EE e rmes ot ettt
requires clock domain crossing. More clock cycles == D
would ease synchronization

“@.Dead time needed between SS assertion and SCLK

edges to ensure variations of the delays of the
LVCMOS ICs & PCB tracks.
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Questions and Answers
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Back Up slides

Bus A

Termination

Bus B

Termination

Termination

v
I
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LVCMOS - No Termination

Unacceptable signal quality in
unterminated bus

False transitions

— Voltage and current above IC
maximum specifications

' i
Voltage waveform Current waveform

offset 2.0V Henit
delay: 0.000nsec b 109nsex

Ti J
Woltage wawveforms Current waveforms
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LVCMOS - Series Termination

Current is limited

Pulse shape better when the drive
is at the edge of the bus (is it the

Master ?
) Driver at bus edge |

Slave boards also drive the bus
(MISO, SSCLK)

Timna {na)
Voltage waveform

Vertial: 1 V/diy offset 2.0V
Horizontdl: 10 nsjdiv delay: 0.000nsec

— Unsuitable
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LVCMOS - AC Termination

Pulse shape is improved

No different voltage levels due to
reflections

Damping resistor can limit further Driver at bus edge
high current draw but creates . _ 1|
resistor divider ' -y

[
Woltage wawveform
Vertical: 1 set. -2.0V
Horizontal: 10 n: lay: 0.000nsec
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LVCMOS - AC Termination

DC offset due to capacitor charge
- discharge

lW{lWJﬂiﬂti\\‘-\nﬁ‘wv‘v-‘\‘m-f-‘h '
High driver current draw during the N N8 N N " ‘
first pulses LS )
5 loads, 30 MHz

— Capacitor tfrimming required

Voltaite Wayeform Cufrent Wavelorm

5 loads, 2 MHz
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LVCMOS - Thevenin Termination

Originally not a candidate due to DC biasing

Used as reference for comparison of Thevenin-with-
capacitors, termination resistors trimming

Provides a perfect pulse shape

Voltage

Not full swing - inherent Thevenin limitation

Current
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LVCMOS - Thevenin with capacitor on the “pull-

down” leg

Capacitor stops DC consumption on idle
Switches up to Vcc but not GND

Capacitors smooths the rise/fall edges

Voltage

Current momentarily exceeds datasheet max current*

* Communication with Texas Instruments confirmed that max current of 50 mA in
the datasheet refers to DC consumption. The current can momentarily reach 250 Current

mA if adequate decoupling is provided.
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LVCMOS - Thevenin termination with capacitors

Capacitor stops DC consumption on idle
Switches up to Vcc and GND
Capacitors smoother even further

Current consumption below max datasheet level
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