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» Antwerp Space

» Drivers for the development

» Project structure

» Key technical challenges and achievements
» Validation campaign & subco roles

» Lessons learned

» Future work
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» Satellite communication experts since 1962
» An OHB company

» Both onboard and ground solution:
= On board:
components for photonics

Modem equipment onboard ISS, RF instrument for Mars

Payload integration for scientific satellites
(Exomars 2020, JUICE, ...)

= Ground:
Modems for TT&C and high speed telemetry,
frequency convertors (EESS and deep space)
SCOE for TT&C and payload telemetry, RF suite cases
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» History of IBB (Integrated BaseBand)

= SDR platform for TT&C (physical layer and ECSS/CCSDS stack in SW)

= |nitially designed for House Keeping Telemetry (HKTM) of telecom satellites:
=>remnant carrier
=> bitrates up to 64kbps
=>Tone ranging

= Used for LEO constellations, SCOEs, etc

» Enhanced later on with backend protocols like SLE and EDEN

» Newer satellites require more HKTM (e.g. OBP), and smaller satellites mix payload TM with
HKTM .,

= Need for higher symbol rates and other modulation types
» Operators require more flexibility in TM processing

scc

= need for better TM replay
— Need for TM archive browsing

Comms
Node

» Opportunity arose to validate new version with PROBA-V and PROBA-3
» =>need for MCS2BBE protocol
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| Antwerp Space |
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Prime

Development & validation of IBB evolutions
Subco Management

Redu Space

Subcontractor

Redu Space Services

Subcontractor

Spacebel

Subcontractor

Qinetiq Space

Validation of RS422 Integration ground segm. using in-orbit PROBA
Validation of RF IF Ops automation spacecraft
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» Integrated BaseBand (IBB) Philosophy
= Hardware minimized
Industrial computer platform
Antwerp Space sampling Board (TMTC board)
= Software maximized
DSP software
TM handling
TC handling
Monitoring and Control
Graphical User Interface
Custom software upon user demand (e.g. interfaces)
= Advantages
Flexibility (extra modules at minimal cost, configurability, SW switch matrix)
No added noise during mod / demod
= Disadvantages

Speed depends on CPU (is also and advantage, with increasing CPU power each year)
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» IBB hardware (just a computer ?)
bdd Hardware Block Def Diagram )
<<block>> <<block>>
Keyboard | mouse TET
properties
pixels B00x500
<<block>>
TC Chain
=< ==
RS Eﬁo&rﬂ operations
SpsampeklR() [1 vioeo out
<<block>> " 1o Coopertes RS-422 Select()
Power supply == Interpolate()
properties 1 PCI Qi) [ JIF ouT
Supply S 3 properties
Supply 2 S 1 phaseWordsFIFO
Industrial PC PM_ModNCO [] Rs-422 OUT
pats S freqWordsFIFO
: TM/TC Board [0..2] {unique} Tm/TC Board DDS
: SBC {unique} 1 o~ DAC
<<block>> : PCle/PCl backplane {unique} |«p— — > TC Chai:'a[unique}
Hard Disk 19 : RS-422 board {unique} 0.2 | iTM Chain funique) 0 rci
properties %’ : TFT {unique} : AR
capacity : int = 1000 Gbyte : Keyboard / mouse {unique} 1 TM Chai
: ; : n
scl : Hard Disk [1..2] {unique}
: Time & Freq ref. {unique} Rctatianas%eg::;ms .
‘ VIDEO IN
1 <<block>> DeciminationFIR()
1 Time & Freq ref. SE'BGt(]
1 QuadrMix|
<<block>> 0 o [JIFIN
PCle/PCI backplane “zx” q:l VGA . e
PCle parts PCle cprnplaxSamplasFlFO [IRs-422IN
i7 quad core : CPU videoFIFO
pCl DualADC
properties

UsB
CPU speed : int [8] = 3100 M
memory : int = 8000 Mbyte Ethernet
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» Hardware challenges
= Previous IBB (3d generation)
HW developed in 2008/2009
Direct sampling @ 70 MHz, down sampling to 1 MHz

= Changes needed for new IBB
PCl or PCle backplane
CPU usage => SBC quad core i7 + hyperthreading
Solid State hard Disks (capacity 1TB)
Redundant power supply
FPGA changes for higher resolution and BW of 4 MHz

= What didn’t change
TMTC boards
RS422 board
Time and Frequency board
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» Hardware benchmarks
= Old IBB:
1 Msample /s
16384 samples / buffer (FPGA FIFO of 32 kbyte)
Rx 8 bit I and 8 bit Q — Tx 16 bit real : 64 kbyte per transfer per chain
New buffer is needed every 16.384 ms (1 Msample) in up and in down link
The old PC had 16 ms to handle an IRQ as it appears for 1 chain.

= New IBB:
4 Msample /s
16384 samples / buffer
Rx 16 bit | and 16 bit Q — Tx 16 bit real or 8 bit | and 8 bit Q: 96 kbyte /chain
New buffer is needed every 4.096 ms (4 Msample) in up and down link per chain
ﬁ So 2 chains means only 2 ms available to handle IRQ’s and mandatory calculations.

= Max transfer speed of data over PCl bus = 264 Mbyte/s (32 bit x 66 MHz)

Time to transfer 32 kbyte over PCl bus > 0.12 ms
For 2 chains and 96 kbyte this means 2 x 3 x0.12 =0.73 ms BEST CASE !

= Average time to calculate 4096 point FFT: 110 us (carrier acquisition) < 2ms
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» Hardware benchmarks 32 Kbyte transfer

= Uplink throughput DMA write - uplink (micro seconds)
Average: 309 us i,
Max : 346 us
Min: 280 u o
« Downlink throughput
Average: 276 us
Max : 311 ps e
Min: 263 us B DMA read - downlink (micro seconds)
« Total (2 DL+ 1 UL): e
Average: 861 pus / chain = A ’—\
Max: 968 s / chain Y ¥
Min: 806 us / chain

« Reason for delay / diff: =
PCle — PCl bridge chips
= Remark: additional transfers for IRIG-B needed !
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DMA write - uplink (micro seconds)
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DMA write - uplink (micro seconds)
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DMA read - downlink (micro seconds)
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DMA read - downlink (micro seconds)
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» Hardware challenges (continued) #imeg

4

= Problems encountered

N 1 5.8 Tans

EMC problems < N . 2

X i
| (I
Backplanes (PCI-PCle bridge) bR

BIOS update \'NL’

INT

RS-422
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bdd Software Block Def Diagram )
<<block>> <<block>>
Modulator <<system>> =<block=>
BB TM Replay
<<block>> 0. <<block>> e
Sub-Carr Modulatol
S L A N P 0.8 Ranging Mod1 : Modulator o —
0.* Mod2 : Modulator Talemat
1 PSK Dem1 : Sub-Carr Demodulator £
s<blocke> 0.r 1 PSK Mod1 : Sub-Carr Modulator
Sub-Carr Demodulator TC1 : Telecommand
e <<block>> ;
1 y TM1 : Telemetry <<blocie>>
0.* e . Rec1 : Receiver | Telecommand |
<<block>> ! ) ‘2&3, o DSP +R3422 l..:p1 ;:5-122 Uplink
Suppr Carr D ul proxL i prosoy
softw are TG proxil=TC proxy <<block>>
0. Rec2 : Recaiver L
PSK Dem2 : Sub-Carr Demodulator
=<hlock>> -
Suppr Carr Modul 0. TM2 : Telemetry
uppr -2 <<block>> TM prox2 : TM proxy <<black>>
Receiver PSK Mod2 : Sub-Carr Modulator M&C / GUI
TC2 : Telecommand
1 TC prox2 : TC proxy
_“blode= RS422 Down1 : RS-422 Downlink <<block>>
T:‘Izgl» SupprMod2 : Suppr Carr Modulator | RS-422 Uplink |
SupprDem?2 : Suppr Carr Demodulator
TC Decode1 : TC Decoder
TM Encode1 : TM Encoder <<block=>
<<block>> PUS1 : PUS Service | RS-422 Downlink_|
TC Decoder MonConGui : M&C / GUI
Replay2 : TM Replay
TM4 : Telemetry <<block>>
RS422 Up2 : RS-422 Uplink TC proxy
RS422 Down2 : RS-422 Downlink
<<block>> <<block>> SupprMod?1 : Suppr Carr Modulator
TM Encoder < ¥ SupprDem1 : Suppr Carr Demodulator <<block>>
|_SatSim | Replay1 : TM Replay TM proxy
‘~‘ TM3 : Telemetry
<<block>> Sateliite
PUS Service Simulator SW

antwerpspace

Baseband Equipment Dual Channel| IBBP3-AS-PRE-0092| 12/12/2017| page 12



k& b &
p 9 4

5
yi
5
.
-
—

)
)
Q
Q
)
(J
)
(O
B>
)
)
b
e
Sadan
H-lhcvluu

> | B B Softwa re ]EH Integrated Baseband - Session: selftest.ses

Sessions  Edit Superuser Tools Help

= Quick overview of the Toloomnd] wait
COF1 status: initial

IBB User interface CLCW VI 0

Modulatorl PM

SupCarMod1 idle
bit| Scheme: APSK
Symbol: 250000 Hz

P3SK Modl berm R342Z Up1 idle
i bit| Carrier: -
Souelch: -

= Sessions,
configurations,
modules,

Telemetryl search
ey bit|Fi5 err. cOFF 0

5C D 858
. —
CO nn ect | O N S’ SupCarD1 idle RS5422 Downl idle TH Replay1 idle
Carrier: - Hz Decoding: bit bit| RS err. corr.: -
Es/Mo: - dBHz Symbol rate - SC D 858
) —
Telecmnd2 wait ' SupCarMod? idle Modulator?z P
COP1 status: initial bit MScheme: AFSK M
- CLCW WCID: 0 Symbol: 250000 Hz
¥ Built In Self Test = | |t
PSK ModZ berm R5422 Up?Z idle
@ | bit | 0 Hz bit| Carrier: -
Built In Self Test successful ! hal: 100000, z Sruelch: -
g Telemetry2 search
1] | el 1] bit|Fig err. corr: 0
5C D 559
|
SupCarD? idle R3422 DownZ idle TH Replay?Z idle
Carrier: - Hz bit Decoding: bit bit| S err. corr: -
Es/Mo: - dBHz Symbol rate - 5C D 8589
| 38 Info 08/12/2017 15:08:19 Telemetryz changed state to search S5 info Messages
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» Software challenges
= Number of modules

= QPSK/BPSK Mod/Demod
» Update TM and TC modules

to ECSS standards
= MCS2BBE interface
= Archiving
= TM replay

= Memory and CPU budget

= Verification

antwerpspace
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Sessions

1B} Integrated Baseband - Session: defa0000.ses W' A u_ﬂ

Tools Help

SR Frosent |

| &2

SupcCariod] idle
bit| Scheme: QFSHK
Syrnkol: 500000 Hz

PSK Mod1 wait
bit| Subcarr: 0.0 Hz
Syrnbol: 160000 Hz

PM Recv1 idle
Cilo: - dBHz
Hz

PSK Dem1 idle

Carrier: -

R5472 Upl idie
bit| Carrier: -

Souelch: -

Telemetryl search

wid| Esflar: - dB kit bit| RS err. corr.: O

Subcarr: - Hz /. SC D 855

—

R3422 Downl idle THM Replayl search
Decoding: bit bit| RS err. corr.: O
Symbol rate - 5C 1D 858

-

SupCariod? idle
bit| Scheme: QFSK ‘mod| mod

Symbol: 500000 Hz /

PSK Modz wait R3422 Up?Z idle
bit| Subcarr: 0.0 Hz mod| bit| Carrier: -

Swrnbol: 160000 Hz Sojuelch: -

PM Recv? idle PSK Dem2 idle
Cilo: - dBHz Vi | el widl| E5M0: - dB
Carrier: - Hz Subcarr:

R3422 DownZ idle
Decoditg:
Symbol rate -

SEE

Info 081242017 13:47:00 1 |BB TC status client being disconnected from (*, 9422)

Telemetry2 search

s L
kit Eit| RS err. corr.: 0
SC D 859

TM Replay2 search
bit| RS err. corr.: O
SC D554

Sys info

hessanes

ugﬁ ————
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» Software challenges (continued) 2 storus supcarn1 [ con o=
L___locked |
- QPSK Modulator -
Carrier | 7ooo0000 o
Previously phase words (real signal 16 bit) Sy e I -
Now complex signal (I and Q 8 bit words) ol i I -
Symbol Freq, IEECEECI -
é FPGA changes Piz; . _d;m
Upconverter frequency issues ... Esho I -
Gain ICETR =
Error Wector kagn. (rms) _‘3‘{:
- QPSK DemOdU|at0r Phase Error Magnitude _°
Previously complex signal was already used PLL Lock certainty [ 100035 8
Resolution problems 16 bit | and Q needed Coarse acquisiion Count I
Tune Acguisition Count _
E) FPGA changes Amblgulty Count i
é Throughput changes (8 Msam -> 4 Msam) BER nb hits [ 4000000 |
EER nh errors _
, BER Es/Mo L2000 |
= SRRC filter (FIR, nb taps & roll-off cfg) Bit Error Rats BT
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» Software challenges (continued)
= QPSK Modulator context
sd Modulator data path}
: Telecommand : Pskmod : Pskm : Usfirf : MODO02_hwi : FPGA

I I |
| 1: bits over TCP/IP |

u

I 1.1: process(B : MOD_buff*)

1.1.1: gen data(px : float*, py : float*, nbit : int)

L
1.1.1.1.1: samples over TCP/IP

1.1.1.1.1.1: DMA over PCI bus

gl

T
I
I
I
I
I I
I I
I I
I > I
I I
| loo |
| —p) 1.1.1.1: enc_getbit() : int |
I < I
I | I
: I 1.1.1.2: map_symbol(bl :Iint‘ bQ :ift, x : floatd, y : ﬂoal&):
I [ | I
I | I
| 1.1.1.3: prooess_sample(p( : float, Y ﬂoat) |
I | I
: 1.1.1.3.1: process_sample(s_in: float, s_out : float*) |
| J bIJ_'I |
I I
I I
| 1.1.1.4: samples returned |
I ] I
I I
I I
I
I
I
I
I
I
[

! i
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» Software challenges (continued)

™ Constellation Diagram & l-:"'@‘éj
» QPSK Demod @ 2Msym/s SRRC roll-off 0.35 '

—

r o T -

'HPNI{MW,.l {" F'hﬁmwwwhhf ‘ull"llrl"n.l"q'l'n" ‘|'||l.Jll,.|''-.Ifi"]|I'4I'"'I"Il||[l,-'|||1h|IIJ|Ll"'|l M ’\ﬂlu

_ HM i"wh
N Ny

60—~ i i I
-2000 -1000 I 1000 2000

it | i | it | vi2 |
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» Software challenges (continued) S
= QPSK Demod
Design for highest possible | ([ ]

Doppler rate (LEO)

Acquisition decision dependent =
on PLL, DLL and Convolutional

DLL
@ Over x Rate Filter

A

SRRC
(8*Over taps)

CARRIER TUNE
ACQUISITION

Down sample Coh level
To Rate Estimation

Ambiguity
correction

Conversion
To LLR

Acquisition
When no ambiguity
resolution

Ambiguity
detection

Inner Bits out
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» Software challenges

» Update TM and TC modules to match updated ECSS standards
Update TC segmentation
Improved timestamping of TM (2 bytes => 0,015 ms resolution)
Time correlation (onboard — ground time)
Provide RS error info in real time (latency)
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» Software challenges

= MCS2BBE interface
Addition to existing SLE and EDEN interface

Extension of propriety CCCOM interface of IBB for M&C
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» Software challenges
= Archiving
Format based on archiving already in use by potential customers
Adaptation of existing archiving: frames, packets (all of 1 VC or specific ID)
TC and TM modules (per chain)
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# Status TM Replayl L E‘E‘g

State

u TM replay Frame sync. state

Frames forwarded (STAT)

Simultaneous Real time and Replayed TM el s ST

RS uncarrectable frames (STAT) _
Frames with CRC errors (STAT) _

» Software challenges

TM replay proxy — TM archive player — TM module |
Remote start and stop, VC selection

. Caonfiguration file defadloz
Usage of archived TM frames Optional cantrol feld e
. . . Frame lenath (Sh excl) 1273
Generation of timestamped bit blocks o mer TG e
TM handling identical to real time TM (VC, packets) [ S marerienat -1
Spacecraft 1D god
Secandary header absent
Secaond. head. length 0
Storage option false
Storage filename Th_354_MC
Storage format csts_archive
Storage file entries 1000

O3 Lock strategy

3 Frame correction configuration

Unscramble option false
Unscramble polynomial 0

Q’antwerpspace Baseband Equipment Dual Channel| IBBP3-AS-PRE-0092| 12/12/2017| page 22




)
)
Q
Q
)
(J
)
(O
B
D
D
st
)
-w}-n
B ¢ 5

» Software challenges (continued)

= Memory and CPU budget
Memory is not a problem
CPU is a problem
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» Software challenges
= Verification

Oscilloscope + VSA software (EVM, PEM, constellation diagram)
Spectrum analyzer (spurious frequencies)
Omnisat G3 Modulator + Demodulator @ > 1 Msym
Internal Loopback:
- Different bitrates
- BER measurement
- File replay + TM statistics (frame sync, VC extraction, Reed Solomon, ...)
Satellite simulator I12B2 (with De Lande Long library) for ECSS TC and TM
MCS2BBE automated test suite
EGSE Router simulator (2 chains)
Celestia Archive browser
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» Remaining software problem areas
= Demod unlock problem
» Performance convolutional decoding (Intel instruction set)
» SW solution for EM issue
= |/Q swap detection need (QPSK implementation Proba 3 EM)
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» General Approach:

Verif Tests MCS2BBE RS422 PROBA-V
(AS) (Spacebel) (QinetiQ) (RSS)

» Tests at Antwerp Space (AS):
= Unit tests of extra code

= Verification tests of complete IBB:

Using automated test framework of Antwerp Space
Emulator of MCS & EGSERouter for MCS2BBE tests

= 12 test cases, using 21 test procedures (14 automated)
= Some test procedures contain hundreds of scenario’s (e.g. MCS2BBE tests)
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» Tests at Spacebel:
= Main focus was integration and verification of MCS2BBE
= 30 test cases
= |ssues:
3 minor, 6 major
All resolved (TBC by testing)
Main Issues encountered:
- Minor ICD changes during project
- TM replay issues
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» Tests at QinetiQ Space:
= Focus:
RS422 tests
RF tests

Integration in ATB of PROBA-3
= 36 test cases

= |ssues:
36 minor, 25 major
Only 2 issues remaining
Major issues encountered:
« RS-422 board throughput

- EM module of PROBA-3 satellite (I/Q swap, wrong bitrate)
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» Tests at Redu Space Services (RSS):
= Focus:

Validation of integration in operational environment
Compatibility test PROBA-V
= 14 test cases

= |ssues:
3 minor, 3 major
2 issues remaining
Major issues encountered:

- Loss of lock during PROBA-V pass
- TM replay

Q’ antwerpspace
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» Foresee enough slack in the integration tests at subcontractors
» Foresee more than 1 platform for testing

= In order to provide support to subcontractor testing

= For non-regression testing in parallel by subcontractors
» Try to obtain (a simulator) of the external components

» Automated testing platform proved to be invaluable

» The person who estimates should do the task
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» Hardware evolution to increase the symbol rate even more
= New modulation schemes OQPSK, 8-PSK, ...
= New sampling HW

» Software evolutions to increase the number of simultaneous channels

Q’antwerpspace Baseband Equipment Dual Channel| IBBP3-AS-PRE-0092| 12/12/2017| page 31



) @

» Main objectives of the activity:
» Increase the bandwidth of the IBB baseband SDR platform to 2 x 2Msym/s

= Enhance IBB with suppressed carrier modulation types (besides remnant
carrier)

= Enhance IBB with MCS2BBE protocol (besides SLE and EDEN)
= Enhance TM/TC archive browsing and TM replay
» Main objectives have been achieved:
= Implementation is validated
= Demonstrated new capabilities of IBB on PROBA-V and PROBA-3 mission
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