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Satellite onboard network and requirements

* Exchanges of guidance, navigation, and
control messages within the spacecraft
require rigorous temporal synchronization
to ensure critical operations occur at the
right moments

Intra-communication
system exchanges:

Guidance
Navigation and

Control data * Integratingreal-time onboard network is

crucial for mission success

Telemetry data * Temporal precisionis crucial. Even small
temporal deviations could compromise the
success of critical operations or negatively
impact the spacecraft's performance
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Available solutions for satellite networks

Obsolete used solution ETHERNET-BASED SOLUTIONS
MIL-STD- /TTEthernet ) 4 TSN )
1553B
v Reliability v Upto1 Gbps v Upto1 Gbps
> bandwidth bandwidth
1 Mbps bandwidth v’ Available v HighFlexibility
Topology inflexibility High cost
Qoor reconfigurability \ Proprietary / \ Complexity /
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TSN with MRR-based passive optical wireless overview

! * Future terrestrial exploration
| will greatly benefit from a

‘g wide-reaching
communication network in
key regions

* Integrating Time Sensitive
Networking onboard
spacecraft is crucial for real-
time applications like
positioning, navigation, and
timing, coordinated
autonomous vehicles, safety
operations, and distributed
sensing
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TSN with MRR-based passive optical wireless overview

4 L

MRR-based passive Onboard TSN
optical wireless network
*  Weight reduction * Interoperability
* Low power * Becoming widely used
* High bandwidth * Low costs

Integration of TSN with MRR-based passive optical
wireless for synchronizing UAVs

Orbiter with high-
performance interrogator
laser

Unmanned Aerial Vehicle
(UAV) swarm executing
synchronized tasks equipped
with multiple quantum well
Modulating Retroreflectors
(MRR)

‘/I Interrogator laser beam |

Modulator

Retroreflector

e e e »
\ Reflected modulated

laser beam
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Laser Ground
Terminal

Gateway/

Large Orbiter

Laser Carrier

Modulated Info

PHES RIS AAA50

Multiple

Hybrid orbiter TSN architecture
that includes wired and wireless
interfaces, enabling TSN tools for
both wired and Free Space
Optical (FSO) communication
channels with MRR-based
technology

Laser ground terminal with high-
performance free space laser
communication payload

UAVs swarm executing
synchronized tasks equipped
with multiple quantum well
Modulating Retroreflectors
(MRR)
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Onboard hybrid orbiter architecture

-
The network is

centrally managed
and configured with
the Central User
Configuration (CUC)
and Central Network
Configuration (CNC)

\

The CNC function is
split in wired and
free space optical
TSN configuration
subsystem (TSN-CS
and FSO-TSN-CS)

\
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Laser Ground
Terminal

Gateway/
Large Orbiter

Laser Carrier

Laser Ground Terminal

Modulated Info

Orbiter #2
HP-RTC with Orbiter #1
o timestamp
i module
WIRED TSN Traffic Translation
NETWORK |- — ) Entity

v

Laser Communication Payload

RECFI\/VER
NELLIVERN

MRR Papsive Communication Payload L
MODULATING RETROREFLECTOR |

i RTC with
----- o timestamp
module UAV #1

UAV #...

UAYV #n
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Time Synchronization over MRR-based passive optical communication
IEEE802.1AS

* Propagationdelay measurement mechanism * Synchronizationinformation distribution mechanism

Requester Responder Timestamps known Grandmaster FSO-TSN Bridge | UAVi "I

by the requester 0

e t p—Sme i
s [ — a
/ ts C, l Follow Up s

ty / t1,toty l i ! 4 Sync i <
: E byt ts, b Originated time \ L2

|

Rate ratio

Correction field Follow Up

(t, —t3) +nr(t, —tl)

Delay D= Rate ratio T, =Tj_q * NI
Frequester Correction field  C;=Ci_y + Dy*x1i_y +(t7 — tR) *ri_yxnr;
Neighbour rateratio  nr=_——— Clock Estimation  GM;(t) = 0 + C;_y + D+ (&f — tF)
fresponder i i
Interval Sync I
Interval Delay L,
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Synchronization error evaluation

The delay d can vary due to asymmetry A for the relative movement between the orbiter and assets and

due to jitter J of the physical medium

The upper bound synchronization error depends on the relative drift between the

grandmaster and the

asset and the wrong estimation of the grandmaster clock  pY = (|p;| + |pgy DIs + €Y, + DY + gem

Grandmaster
B

FSO-TSN BRIDGE

[l il sty Q
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Synchronization error evaluation results

Worst-Case Synchronization Error

258

257

255

Synchronization Error [ns]

0.0030%

20

0.2399%

40

[ Non-line-of-sight
I Line-of-Sight with Syne Is

2.3178%

1.6605%

1.0617%

0.5555%
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Non-line-ol-sight Interval Time [min]
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This document has been
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20

0.2399%

40

I Mon-line-of-sight
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0.5555%

&l

1.0617%

=0

1.6604%

100
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120

Non-line-of-sight Interval Time [min]

( )
Mean best and worst synchronization
error considering 7.2 - 10° cases

dmin and A are evaluated foran earth
orbiteratan altitude ranging from

200-600 km

J was considered variable between 0
and 50 ns

Ig=0.125s and [, = 1s

Daily driftyp_grc = 5+ 10716 s/day
Clock Resolutionyp_grc = 1 ps

Daily driftgre = 1-1071? s/day
Clock Resolutiongrc = 100 ps

\ J
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Conclusions

TSN - MRR-BASED In the exploration of TSN integration with MRR-based passive
PASSIVE OPTICAL optical communication a hybrid onboard satellite network has
COMMUNICATION been defined and proposed

The integration of the IEEE802.1AS synchronization protocol has
been considered and defined for the scenario, and the
synchronization error evaluation has been performed even in
non-line-of-sight conditions

INTEGRATION OF
IEEE802.1AS SYNC

PROTOCOL

FUTURE Assessment of the impact of synchronization on exchanged
DEVELOPMENTS traffic and experimental testing
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Satellite onboard network and

requirements

APME (Antenna Pointing
Monitoring Equipment)
(Power Control
Distribution Unit)

SADE (Satellite Attitude

Determination Estimation)

PCDU

Computing End System
OBC  (On-Board Computer) OBC [}—
i } Platform
RIU (Remote Interface Unit) .
STR (Star Tracker)
IMU  (Inertial Measurement Unit) IMU =]
DST (Digital Satellite Terminal) —1 BRIDGE

DST

Payload

APM

PCDU

SADEH—

L

BRIDGE

NCAM

n

n
El

<

Payload End Systems
NCAM (Navigation Camera)
SSMM  (Mass Memory)
INST-A (Instrument 1)
INST-B (Instrument 2)

(

INSTC (Instrument 3)

OBC Processing
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* Hybrid orbiter TSN architecture

that includes wired and wireless
Aoslicati Aooficati interfaces, enabling TSN tools for
_ pplication pplication .
Application L
pplication Layer Protocol A both wired and Free Space
Optical (FSO) communication
B e ————— channels with MRR-based
Transport Layer Transport Layer UDP/TCP... technology
Network Layer Netowork Layer IP...
e * Onboard devices synchronize
using the IEEE 802.1AS protocol
Data Link Layer TSN Tools achieving bounded latency and
minimal jitter
R IR e g e —
Phisical Layer Ethernet Free Space Optical
communication
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Time Synchronization over MRR-based passive optical communication
IEEE802.1AS

Synchronization information distribution mechanism

Grandmaster FSO-TSN Bridge | Lunarasset i ||| -

( HP-RTC ) 0 : : RTC h
Atomic clock I T %’ Atomic clock
' LR !
Cl' 1 ' . .
Daily drift \ : Daily drift
pey = 510716 s/day C2 l Follow Up ts prrc¢ = 1-1071%s/day
L T L
Clock Resolution Originated time t2 Clock Resolution
Jom = 1 ps ' Rateratio ! ! grrc = 100 ps
\_ J Correction field Follow Up \. J
\ J\ J
Y |

Stepinside the orbiter with a  Step between the orbiter and
High-PerformanceRealTime  the UAVswhich have Real
Clock (HP-RTC) Time Clocks (RTC)
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