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Agenda esa

« 16:30-17.15 Satcom tutorial: « 17.15-18:00 RF digital equipment:
Overview of satellite Communications Payloads * RF Digital Equipment Components
h 4 for Elexibil Active Arrays

e need for Flexibility Processors
Flexible Payload Architectures Routers
Enabling Technologies « Annex on UDSM
GEO vs non-GEO systems IPs for RF payloads
Challenges Ahead * Annexon 5G:

o Intro
Digital processors System aspects
DBF quantitative scenarios 5G Payloads
Efficient DBF algorithms 5G Components
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Satellite Communication Applications

Satellite communication classical applications
include:

- Broadcast services

* High speed Broadband Services
- Mobile connectivity

- In flight connectivity

- Secure Communications

- IoT Services

Reqguirements on: latency, coverage, availability,
high rates, low power

...and possibility to contribute/extend 5G networks
with the 5G NTN component...

... but many challenges ahead!

1,000,000
devices per km?

Ultra | 0S
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The Challenge until now ... Terabit(ps) GEOs

«  Trend until approx. 2017-2018 to target AR

e (; ' Q’ -
VHTS per single GEO satellite (~1Tbps per ' 4636@;’ =
satellite) el 320 ._
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- Targeting maximum capacity is often not .\J“%‘ﬂ"’i@ﬁ\‘\\_‘ﬂwﬁﬁw
able to offer full payload flexibility (e.qg. ' — %éﬁ%‘“ ‘%‘{,’

—

coverage/beamforming flexibility with
digital processors)

- Digital beamforming at element level is
currently not yet feasible for supporting the
full capacity (too high power consumption)
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HTS systems - Bent-pipe Single feed per beam esa

Viasat-1/2 (VHTS) SES-17 (VHTS)
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Satellite Communication Systems — Trends (Excluding Cecsa
New Space)

Flexible Broadband
GEO

ViaSat
~ 300 Gbps

g

Mega-
» Constellations
TeleSAT

Conventional
FSS/DBS

S
Secure
munications

1G/2G MSS ,
Constellations 7 OneWeb
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Recent Satellite Systems — a very non-exhaustive overview esa

GEO Spaceinspire (TAS) MicroGEOQ/Hummingsat
II B Onesat (ADS) (Swissto12)

Source/Credit: TAS

. Source/Credit: Boeing
Source/Credit: ADS

LEO

Aurora
Source/Credit: MDA

and D2H/D2D...

SpaceX-Starlink | 12

fess TH ©5150kg ©u.4 @
Figures welght built every day

Lightspeed - Telesat
Source/Credit: Telesat, MDA

Credit: Oneweb, ADS
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Since 2017/2018, for GEO the attention has also
moved toward the capability to achieve flexible,
medium capacity, short time-to-market satellite
solutions

*Targeting mainly Ku/Ka-band services on continental
coverage for both broadband and TV broadcast

*Throughput Range 50-100Gbps), with beams of moderate
size (about 0.5 degs).

-Payloads based on digital processors and array-fed
reflectors with about ~100-200 radiating elements.

*Payload Power Consumption expected in the range 10-
15kW

*Coverage flexibility is a key requirement
(shaped beam and spot beam capability-reconfigurability)

SES Geonext example,
source www.ses.com
8
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SATCOM System Needs for Flexibility esa

« High degree of coverage and mission re-configurability during lifetime to cope with time variant commercial
requirements

«  Simultaneous support of multiple beams (global and regional) or large number of spot beams with high level of
frequency reuse with in-flight re-configurability

* Increased request for flexibility (coverage, power, signal)

9
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Call for Flexibility Eesa

Operators’ Expectation Manufactures’ Expectation

Flexibility to adapt to evolving business conditions Increase of generic equipment volumes

Market evolution (services and/or users) Less customization

Satellite Operator Competition Decrease of equipment types

Terrestrial Network Competition Increased production runs, Wider range of usage

Evolution of Terminal Technology (Transparency) Effective buying/stocking policy for parts
Early entry into new markets Reduced Non Recurring Engineering (NRE)
Rationalization of the procurement process (schedule, Late definition/modification of the missions
less customization) Industrial competitive advantages
Efficient operations (Payload Resources, in-orbit Differentiator wrt competition
redundancy, different orbital slots) KEY TECH At regime lower costs and shorter schedule

Active Antennas On-Board Digital Processors

Power / coverage / orbit flexibility Routing / switching / beamforming / hopping flexibility

Flexibility, modularity, scalability, genericity

10
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Recent European Mid-Class Flexible Payloads esa

Recent European platform and payload developments (e.g. ADS Onesat and TAS Spacelnspire) target
indeed mid-class fully reconfigurable payloads, based on digital transparent processor, distributed
amplification and active antennas.

These payloads will be equipped with latest digital processors developments with also digital
beamforming capability

Software defined, moderate/high capacity, agility, in-orbit reconfiguration, flexible coverage, proven
serial production

Obviously flexibility comes at a cost, they are not able to achieve (yet) very high throughput capacity
per satellite (e.g. about 200-300Gbps in FW link)
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Spacelnspire artistic impression Onesat artistic impression (ADS
(Thales website) website) »
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The Ideal SATCOM Payload esa

Modular (active) antenna able to cope with different type of missions with flexibility in power allocation
. Compact low-mass/low-power modular RF Frequency Conversion Chains (one per antenna feed)

. Core common digital processor, reprogrammable and reconfigurable providing the required flexibility in
terms of:

Satellite coverage

Beam shape

Beam frequency allocation / Beam Hopping
Regenerative Functions: MOD/DEMOD, COD/DECQOD |

Frequency Channelisation Antenna

Front-End

Frequency-Conversion
Frequency-Conversion

Routing and Switching ( also to Inter-Satellite Links)

Sharing between bent-pipe and meshed capabilities

Payload self-calibration
Geolocation and Spectrum Monitoring Functions

Future “ready” (e.g. 5G compatible)

12
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GEO vs MEO vs LEO - Constellations

Recent years have seen the re-proposing of the well-
known trade-off between GEO and non-GEO:

« GEO: 3 GEOs provide global coverage except polar
regions

« MEO: Provides global coverage except polar regions
with 4-20 satellites

« LEO: Provides global coverage with hundreds to
thousands satellites with:

+ Limited latency (30-50ms wrt 600-800ms for GEO orbit)
* +Smaller satellites /series production

* + Larger # satellites

* + Possible polar areas coverage

* - Shorter lifetime, high (total) launch cost

* - User terminal tracking antenna

* - More complex infrastructure deployment and
management

- More difficult spectrum sharing
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The Challenge until now ... Constellations

Recent Broadband systems are emerging in LEO and MEO

Satellite system
Technol |
Operator (debloyed) m echnology Operationa Services

Space X (Starlink) 12000+ (3580) Ku-band Proprietary Broadband
OneWeb 648 (542) Ku-band Proprietary TBD Broadband
Kuiper 3236 (0) Ka band Proprietary Estimated 2024 Broadband
Galaxy Space 1000 (7) Q/V spetrum Proprietary TBD Broadband
Boeing 147 NGSO (1) V band Proprietary TBD TBD
Inmarsat 14 GEO (14) TBD Proprietary TBD Broadband to loT
Telesat 188 (2) C, Ku, Ka bands Proprietary TBD Broadband
Echostar 10 GEO (10) Ku, Ka, S bands Proprietary Yes Broadband
MEQO System
HughesNet 3 GEO (2) Ka band Proprietary Yes Broadband . . .
Supported by Software Defined Radio Boeing
Viasat 4 GEO (4) Ka band Proprietary Yes Broadband 7 O ZX sa tel I iteS
Source/Credit: 5G Americas Digital beamforming performed (claimed up to

5000 beams per satellite)
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The Challenge now and Ahead ... Mega Constellations esa

Oneweb - Lightspeed - Telesat

Facts & ﬁ. O :z:‘l 50 kg c up to 4 @ 650

Flgures weight built every day satellites
to be built

e e

>618 satellite launched to date
Sat: 150kg, 1kW
Ku-band non-active antennas

Next generation Oneweb 2nd gen e .
will likely increase satellite size Credit: JoeySat satellite,

(demonstrator for 2"d gen)
(~500kg) and upgrade payload .
capabilities based on active .

antennas and digital processors

Main Facts:
« 198 satellites on polar orbit
« payload based on:

Ka-band active phased array
antennas

Digital processor,

Digital beamforming, and beam
hopping

Sat Class: ~750kg, ~2-3kW
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The Challenge now and Ahead ... Mega Constellations

esa

Starlink

W N
2z n
N ;%-i RN
Mass 260kg 7 | Z 28
12523 3%
;é 22N
| 222 [ AT IS
Phased Array Antenna based Ku- % ﬁ s TR
Payload = 7 A N e
band, ~600W 2= e 2 T
| = [ == 3T
Stowed  2.8m x 1.5 m x 0.23m |= 5= s S
Di i | = [ T I
IMensIons — poploy  P/F:3.7m x 1.5m x 0.1 m | == w53 T
ed SA:28mx8.1m "=
Launch Falcon 9; 60 sats/launch

« About 4000 satellites launched so far!
« Starlink 2" gen will feature much larger

satellites. V2 mini satellites have been recently
launched
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Direct to Handheld and NB-loT - Status esa

Broadband Applications Main Facts:

« 64m~”2 aperture
 3GPP Frequency: 750-850MHz
 Enables data-rates ~10Mbps

L T

5 - i . ““ L) ] 4 j
5 v
S "
;‘\;?\Y\f\\;\,\\
: AR
A : \?\“‘ N

e ]

ZA mam

— \,‘.{f;.«,ff, '
3\%%%\4 ol o B : e
On April 25 2023, made the world's first space-
Source: AST-Science Spacemobile, based two-way telephone call with unmodified
BlueWalker 3 prototype satellite smartphones (a Samsung Galaxy S22 and an Apple

iPhone) using the satellite.

17

— 00 e c= 0 4 I W = 1] D — 02 e EH B " iz E1 BB o= i 1%l » THE EUROPEAN SPACE AGENCY




Multibeam Active Array - Principles esa

Multibeam
Beamforming Network

(maximum flexibility of implemented

digitallly) Array
1
3
Beam
1 — 1
M
2
N Active Antennas are the natural

response to the need of flexibility
Power Amplifiers

in terms of:
(each amplifier is contributing to - Power Pooling
the all beams => maximum

power pooling) - Coverage Reconfigurability
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Active Antennas in LEO, MEO and GEO

LEO MEQO

FoV ~ +/-45deg ' FoV ~ +/-15deg FoV ~ +/-8deg
Power / Element ~1-3W Power / Element ~10W : Power / Element ~30-100W
# Beams ~10-20 # Beams ~50-100 : : # Beams ~100-200

» <
» <
> <
> <
» <
» <
» <«
> <
» <
> <

( L X X X X X X X X J
VVVVVVVVVY
IVVVVVVVVVY

Direct Radiating Direct Radiating _
Arrays Array-Fed Reflectors
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Active Multibeam Antennas / Beamforming esa

Conventional
(Corporate, Blass, Nolen)

PP
m’E%m‘m
YR R
20|
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Aﬂgwm X
XX X X

Butler

lon
L]

Ny

Beam

Discrete Lens Arrays .
Sparse Arrays (e.g. Rotman Lens) Magnified Arrays
(with single or double reflector)
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Digital Beamforming - Features esa

DBF can offer the following non-exhaustive list of the features

Beams can be individually formed, steered and shaped.

Beams can be assigned to individual user.

Beamforming strategy can be software upgraded.

Interference can be minimised implementing Adaptive Beamforming.

DSP techniques (filtering, multiplexing, demodulation, signal
information extraction, performance optimisation, etc.) can be
integrated.

Digital Beamforming Antennas, "“the Ultimate Antennas”
A.l. Viterbi

21
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Analog or Digital beamforming? Both! esa

Analog BFN Digital BFN Digital BFN Analog BFN
1 w $. 4 e ? ; 1@
2 W, AID 1
AD — Ac> %,
Y .. seam M1 : RS
- | z
....... = S
_._ . / 52
e Il 7> L AD>—<—J
Ny : wyel®" AD Ao Ny
ND=N
Analog BFN Digital BFN Hybrid BFN
- gost _ - Good balance between
- Power consumption . . . . power consumption and
- High number of components for - H!gh erX|I;)l_llty/reconflgurablllty flexibility
large number of beams - High precision _ - Reducing Nr of digital
- Mass/Volume - High power consumption ports (i.e ADCs) with
- Precision/Accuracy inferior wrt DBF - Cost respect to full DBFN
- Reduced reconfigurability wrt DBFN - Complexity/Cost

22
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The other option: Digital Beamforming esa

In digital beamforming, the operations
of phase shifting and amplitude scalﬁ'}g ﬂ ﬂ

for each antenna element, and
summation for receiving, are done
digitally.

N

23
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Brick vs Tile Architecture esa

7

V777777779

V272272727277
V212272272727,
V77277777 4

V272777774
Y 77777777

Brick Pictorial Example Tile Pictorial example

« Tile Architectures are in principle preferred for size and mass reasons, however practical limitations
on technology readiness, power consumption and thermal dissipation lead often to the
implementation of Brick Architectures

 Frequency and Tx power per element are also major drivers for the architecture selection

« Typical GEO payloads with active antennas are currently based on the brick architecture, LEO
payloads are also moving towards tile architecture

24
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esa

Digital Beamforming (from ground to space and back)

rrrrr
D v

006808
00

Beam-hopping DBFN in
oy operation onboard Joeysat
since 2023

Scalable multi-beam architecture: from eight 1-GHz
beams up to 128 60-MHz beams

Game-changer: active antenna gateway demonstrated by
Celestia, OneWeb, Satixfy

25
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http://www.esa.int/Applications/Connectivity_and_Secure_Communicat

Digital Processors: key enablers for the functionalities Cesa
of current and next generation payloads

Digital Processors provide critical functions enabling flexibility:

¢ Communication enabler between GEO, LEO, UAV and
terrestrial network systems

: Input bandwidth | . Output bandwidth

IP1

- Digital signal/data processing via transparent or regenerative

processor: channelisation, routing/switching, digital pre- m pigital | - ..
. . = = H . H npu i i T t i utpu
distortion, digital beamforming, hopping, modem functions S .| Procossor | | ,  Ouput

* Active antenna management and beamforming control | T
* Inter-satellite link enabler via RF or optical links ﬂ % R _l

ESA active support on:

- OP4

Uplink
« Technological building blocks

(ASICs, FPGAs, ADCs/DACs, HSSLs, packaging) Downlink
« Co-design of architectures and algorithms
» Development qualification and in-orbit demonstration
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OBP Sizing for HTS Eesa

Uplink
Downlink

. age from:,Starlihk;/

Digital Processing complexity for
High Throughput missions is a
function of the System Capacity to
be processed and it scales with the
number of feed ports (V;) and the
beams (»,) and Bandwidth.

28
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OBP Sizing for HTS

Data Conversion (A/D)
Beamforming
Channelisation
Router/Switch

Level Control
Regenerative Functions
Digital pre-distortion
Interference mitigation
Equalisation,
Calibration

Spectrum optimization
Geolocation

......

Digital Processing complexity

V]v beam xB beam

29
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OBP Sizing for H

™ ;

™ Data Center Solutions and

@ | Switch/Router technology
| addressing a problem

Data Conversion

BeameMIng Images from: NVIDIA and Celes - SImIIar tO HTS OBPS

Channelisation
Routing/Switch

Level Control
Regenerative Functions

Data OUT

Thermal management
Mechanical Constraints and
Modularity/Scalability
Interconnect (HSSL)

*  Need for Custom Design 30
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Digital Transparent OBP

esa

Control, Monitoring
and Configuration

TM/TC <>

2 4
------------ e e T T
S FWD |
1
10— Ly [o>01
Feeder = Routing & u ' User
Optical/RF) S ROLNI& e L .
( p ° o DBFN MUX . 1 Downlink
Uplink  no o0 m
1
/ I
______________________;__________'_____'_'_'_'_:
S RTN !
Feeder 10 {10 1
(Optical/RF) . | Feeder Routing & hgl 5 hed User | - . User
Downlink o mux DBFN o [7| bEMUX| : | Uplink
NO— <~ v
Digital Transparent OBP
MHz  Bandwidth
4 e Cr 3y

Airbus DS
SMP TAS

- S1paceﬂex
o ST Mictp 65nm
500 . TAS
Airbus DS Spaceflex5 \/’
NGP (Alphasat) - >

250 000000000000

Airbus DS
INMARSAT 4

125

i e

4414 x 250MHz
TAS
. SICRAL 1B
156 x 29MHz
8+8

Time

Bandwidth per port

a
o

A digital transparent OBP serves as a well-established
solution for demultiplexing, routing, and multiplexing signals
for reception and transmission for satellites.

In a high-throughput configuration, the digital processor can
also handle a portion or the entirety of the beamforming
task.

Technology developments in High-speed data converters
(ADC &DAC), transistor and packaging, interconnect
improve the capability and efficiency of these processors.

Additional processing tasks can be assigned to the OBP to
perform; frequency and beam hopping, beamsteering,
interference mitigation, level control, dynamic channel
switching, equalisation, power control, dynamic resource
management, spectrum optimisation and allocation,
calibration and linearisation.

31
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Transparent digital OBP (c

ont.)

: YN Ho(2)
1
e T e TEN o

1 GHz/port x 250 ports x 2 x 12 l
bits/Sample = 6 Thps |

Routing &

X :
4 AEy+ 4,F,

AE - 4,E,

esa

DBFN

~2 x 6 Tbps = 12 Thps
(Assuming Oversampling and overheads}

6 Tbs /2 = 3 Thps
(Assuming no beamforming at the
Feeder Link)

12 Tbps /2 =6 Ths
(Assuming Number of Beams = Number of ports/ 2}

The design of a transparent OBP becomes more
challenging as the volume of data to be processed
increases.

Data Throughput = N, X (2 x BW ) x Nb

The utilisation of active antennas and full digital
beamforming leads to an expansion in the number of
ports on the processor, thereby increasing the data load.
In contrary, lower bit resolution would be deemed
acceptable when employing large antenna arrays (1000s
of antenna elements).

per_port per_sample

In digital beamforming, the operations of phase shifting
and amplitude scaling for each antenna element,

and summation for receiving, are done digitally. The total
number of beamforming weights (i.e. multiplications)
plays a key role in defining the processing burden.To

[m: DIA =g MUX R%Jél;ﬁ & %
18 Tbps \\ 36 Thps 18 Tbps e hisam carry out the complex weighting, four real multiplications
ssuming 1:3 . . . .
..y 1 b7 toFWDratio) and two real additions are be required. Multipliers cost
much more than Adders
32
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Regenerative OBP

esa

High Spectral Low spectral
Efficiency Efficiency
.

1CH
Packet @) User
agd switching " 2 Downlink
(Optical/RF)  \oH—<an)
Uplink
Feeder 10H L. A g | user [A0>—10 1 5
Optical/RF ([T b O be ¢ = k¢ DBFN |- ser
(Dp(‘)wnlink) - [MUX = S { LDEMUXL: Uplink
N O~ AD M
\ Sanmpled Spectrum

Optical ISL Throughput

Regenerative processing requires additional MODEMSs on board
for signal encoding and decoding. They can facilitate the
transformation of signals between different air interfaces too.

This approach allows for the separation of the uplink and
downlink, but it comes with the trade-off of increased complexity
and power consumption in the OBP. Because the spectral
efficiency of the feeder and user links differ, it's possible to
support the same capacity with reduced bandwidth on the feeder
link and on the ISL, thereby reducing the requirement for multiple
ISLs and gateways.

MODEMs also play a crucial role in improving the link
performance by providing error correction, enhancing SNR, and
optimizing the link budget.

They could help to establish a 5G/6G connectivity on the
telecommunication satellite or to support conventional DVB-S2X,
DVB-RCS2 standards or custom waveforms.

33
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Regenerative OBP (cont.)

esa

/

/ GEO ISL \
3 - R
" ¥ . N
) 1 |}

9’

LEO FEEDER 7 %
- 8 F T
LEO \

The concept of having a MODEM onboard aligns well with
the integration of the spacecraft in a network of satellites
from various orbits and terrestrial networks. This
approach allows for the processing of data received from
ISL&RF links and facilitates rerouting to the next node in
the network, thanks to the regenerative payload.

- Gil Shacham, “On Board Processing Payload”

- Executive Summary Report “Towards the All Optical satellite communications system”

ASICs are commercially available to deliver MODEM operations. A set
of these MODEMS (of ~500 MHz each() would consume a few watts
to deliver several Gbps of data. State-of-the-art FPGAs, with a good
level of radiation tolerance, can also be an alternative when they are
equipped with custom software and firmware as MODEM.

Transceiver chipsets (with filtering, mixing and data conversion
functions) and a digital signal processing unit (the quantity of which
depends on the bandwidth to be processed) enables the full
reconfigurability of the OBP in-orbit making way to a fully flexible
satellite payload.

The RF Transceivers for SDR have relatively lower bandwidth (200
MHz), whereas wideband (but more power hungry) ADC/DACs (3
GHz bandwidth) can replace them depending on the application.
Where needed, these ADC/DACs are good for direct sampling of the
RF signal too (up to Ka Band) discarding the need for mixing stages.

Numerous radiation tolerant alternatives of these digital signal
processing platforms are in use in addition to radiation hardened

ones. .
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On-board Regenerative Processors

Regenerative Processors are a key element for GEO and LEO future
missions, both commercial or for secure communications.

Enabling Technologies:
« UDSM 7nm and beyond
« Digital Photonics High Speed Serial Links up to 112Gbps
- High Integration and Heterogeneous Packaging (SiP, Feeder

potentially including PIC, chiplet, SoC) (O%i;ﬁ]:sm

Key potential features and functions:
* Supported throughput (GEO ~ 1THz, LEO ~50GHZz)
- Digital Beamforming DBF (GEO~500GHz, LEO~50GHz)
* Large number of ports >500 (Up to 5GHz BW per port) Feeder
- Digital IFs at 100Gbps (e.g. for ISL), (QpticalRF)
« Higher RF interfaces e.g. Q/V-band, W-band
«  Dynamic spectrum allocation, Jammer cancellation
+ Ethernet Packet Router
» Possible Inclusion of Optical functions TBC (e.g. Optical
WDM interfaces, Optical beamforming)
+  Compatible with 5G/6G standards

ESA UNCLASSIFIED - For ESA Official Use Only
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What is coming in the future digital processors?

Regenerative Processors for Next generation Missions
Target Missions: VHTS, UHTS, Mega Constellations
Key Features: High throughput, flexibility, user density

Generic Reconfigurable Processors (“Full” SDR)

Target Missions: Low/Medium size missions (also non-telecom)

Key Features: modularity, re-usability for several applications, Applications running on

custom firmware/software , Reduced time to market

Increased use of COTS across the different domains
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Historical Evolution — from 180nm to 28nm

Historical trend of Mass and Power per GHz of processed bandwidth

DTP kg/GHz Trend 180nm - 28nm

1000

DTP W/GHz Trend 180nm - 28nm

10 } (@]
(©)
® 100 ®
el 1
2 1 2 3 ©-. 4 5 6 § ©
a2
10 | ®
51 L 180nm 90nm | 65nm 28nm
180nm 90nm | 65nm 28nm
001 L :
TECHNOLOGY 1 2 3 4 5 5
TECHNOLOGY
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Efficient Digital Signal Processing esa

* Numerous algorithmic and architectural enhancements can be implemented in
telecommunication processors to improve the efficiency of signal processing.

- Some key areas are:

R FFT based digttal beamforming
~ Or f\ it quantize ] T . e . . T
PN: ;‘\ e Multiplierless designs, utilisation of Reconfigurable Multiplier Blocks
%-20 i «N ""jrx‘,m T Design and use of specialised digital filter, datapath and coefficient quantisation
% S0 F P ﬂ‘t i A'h “II‘ | ’ l“l‘m{l‘w“ﬁaf
§ -40 b ;"/i""}b.."\‘\ ,’\\f\“;"f‘;\lf‘\,’r‘.t\nﬂ\lp {\1“. ;‘!‘H"‘H"J | l“’ ‘ ”}ll | \HW ‘HHM’“\‘” 4'ﬂ W\ 'nf ‘f I\ A\ ‘/‘A‘w femie tools
% 0, = ili & HIV:HH[““‘ i ']H” !”'l““ IM‘ i' [ \J,‘ \ Critically Sampled/Reduced over-Sampling Channelisation.
% sopl 1 i § e 5 - ‘[ (] ! ‘ Reconfigurable and Tunable Filter banks to enhance flexibility in channel width and
g eaah s A BiiERE
§ 7or | B | L1 , centre frequency.
-80 | |
90 LA . . . . . , ! . Improvements in FFT operations through reconfigurable FFT blocks and coefficient
-80 -60 -40 -20 0 20 40 60 80 .
Radiation Angle (Deg) store strategles.

Example of Radiation Pattern Comparison between FFTs implementations Designing additional efficient processing components within ASICs to support

R. Palisetty et. al. “FPGA Implementation of Efficient 2D-FFT Beamforming for On-Board Processing in Satellites” mUIt|p|e mISSIOI‘lS, a|r Intel’faces, and CUStomer reqU|rementS
Compression of the Interconnect Data.

Digital beamformers to support non-uniform antenna arrays and non-uniform beam
lattices; true-time-delay beamformers.

Exploration of alternative filtering and modulation techniques (Almost Linear Phase
lIR filters and DCT/DFT)
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Satcom Trends: applications and payload mapping esa

D2D/D2H
BFN ICs Micro GEO

Low Channel BW (5-20 . Rad Tol
MHz) FR1 Active Low SWaP

Medium aggregated BW Flexible Channel BW

LEO/VLEO Antennas Transparent ( for now)

Low Cost /COTS
Hybrid and DBFN
Regenerative

-
—_-
-
S
-
-
-——
-
= ==

Broadband R ti High
(GE0/MEO/L£0) Ifge”era Ve Throughput /
High Channel BW Frocessors
0D Broadband
High aggregated BW
Hybrid and DBFN
Regenerative
ISL

High frequency
Feeder & ISL

e Q/V/W band
* Optical SDR
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Satcom payloads — Digital Equipment Components esa

Digital Payload

= = o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

Feeder Link | On-board Processor Beamforming Network |, Phased array
RF Chain ! X Antenna
| |
1 1
1 1
1 1

! Packet : User

1 (m)] acl
Fee.del’ : % # Switching * é : Downlink
Uplink ! A :

1 1

1 1

1 1

1 1

1 1

1 1

1 1

1 1

1 1

1 1

1 1
Feeder ! o |
Downlink a o) 1 User

! O ¢ al | Uplink

1 1

1 1

1 1

1 1

1 1

1 1

1 1

L . [ R

A 4
OISL

Intersatellite link
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Satcom payloads — Digital Equipment Components esa

Digital Payload

= = o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

Feeder Link | On-board Processor Beamforming Network |, Phased array
RF Chain ! (mmmmmmmmm ey i Antenna
1 ! !
1 i 1
1 i 1
1 H 1
1 ! 1
1 1 1 U
1 il o Packet 1 ser
o [m)]
Feeder 1 ﬂ‘ % D= Switching P e . Downlink
1 1
Uplink ! i & !
1 H 1
1 ! !
1 i 1
1 i 1
1 | 1
1 ! 1
1 1 1
1 H 1
1 H 1
1 | !
1 i 1
Feeder ! ! o |
Downlink il o o 1 User
] .
! g B aills . Uplink
1 a 1
1 1
1 1
1 1
1 1
1 1
1 1
e N 1
High Throughput Switch p— Flexible SDR

Intersatellite link

F0UPI7SIR0N

Key Technology

Key Technology
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Satcom payloads — Digital Equipment Components esa

Digital Payload

= = o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

Feeder Link : On-board Processor Beamforming Network Phased array
RF Chain : ittt et T R Antenna
: i t
! ! i
! ! H
1 : |:
: i [ Packet i' User
Feeder : *I % # Switching * é I:*I Downlink
Uplink I e H
1 : [l
| | }
1 : 1
1 ! i
! ! i
! ! "
1 : 1
! H i
1 ! i
! ! "
1 H i
! ! i
Feeder 1 i it
Downlink i a 3 i User
! o ¢ aills # Uplink
o (i
i i
1 1
! H
! "
1 1
! e 1L~
I____________ _____________________________________
High Throughput Switch p— Power efficient BFN

Intersatellite link —|
©) satixey

PRIME

$Q2832

Key Technology
Key Technology

Key Technology
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SatCom Payload Digital Components esa

Analog Signal Digital Signal Physical Layer Higher Layers
-ADC/DAC—— -ASIC -FPGA -Processor————
e ro T
| | | | | |
| o | | |
) | | I U | Down- L a Digital | Demodulator/ Data
ADC | Filtering r’} conversion _>} Filtering | Decoder Processor
|| . . |
| e ro T
| | | | | |
L 5 | |
| o L | Digital | | Modulator/
— DAC ﬁ Beamforming 14—} Upconversion 14——§ Filtering 14— Encoder
| o | | |
| N S N L]
@
v (]
= ®
T
g R B
§ = o |
ge] [T !
E g *é' | Control |
E ° @ i Processor i
L b4 © [
° e ®@ o0

Power efficient BFN Flexible SDR High Throughput Switch

>
g )
o s)
2 IS
s <
§ ©) satixFy S
~ Sx3099 &
ws7sm0!
% 1746ATNIFY >
X <
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Identification of Needs esa

Advanced Regenerative On-BoardProcessing Satellite (AR-OBPS) Mk Beam
Phass Array Arimna
Phase Asray Anenna fmmmemmmmmemmmmesessmemesemsemessesmm———e————————— 1
RF to IF/ i Baseband
Baseband : to RF
:

Converier
I v

Muik-Beam

Baseband
o RF

Baseband Converter

Comerter

BANDWIDTH AND CAPACITY

Each V2 Mini satellite offers a bandwidth of \ \ \
96 Gbps, quadrupling the 24 Gbps capacity of \
PROGRESS 21 2t

the previous V1.5 satellites. This substantial

increase enables the constellation to handle

more customer data, improving overall
service quality. INTER-SATELLITE COMMUNICATION

Starlink V2 Mini satellites are equipped with
advanced laser inter-satellite links,

Each V3 Starlink satellite will have 1 Tbps of
downlink speeds and 160 Gbps of uplink
capacity, which is more than 10x the downlink
and 24x the uplink capacity of the V2 Mini

The V3 satellite will also have nearly 4 Tbps of
combined RF and laser backhaul capacity.
Additionally, the V3 Starlink satellites will use
Starlink satellites. SpaceX's next generation computers,
modems, beamforming, and switching.
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On-Board Processor — Key Components

RF front-end Modem

« Mixed signal ASIC RF front-end (> Ka / L-band)

« Integrated ADC/DAC (FPGA or BFIC), = 5 3
- Digital/Hybrid Beamforming | it O satixFy

$@2832 I 5X3099
TIF307.01 M FOLP3752801

- Reconfigurable channelization and DDC filters & E | a

« FPGA / SoC / ASIC based Modems (~ Gbps / chip)
« Flexible or Reconfigurable Decoding/Encoding
« DVB-S2/RCS and 3GPP 5G NR protocol IPs

- SW based packet switching / router ( > 100Gbps)
« MAC layer handling
« Feeder link and ISL interface

« HSSL/SERDES/Ethernet Backend and Frontend ( ~ 100
Gbps)
« High speed digital interconnects

« Optical Interconnects /

ADC/DAC

HSSL Optical IF ——
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On-Board Processor—- Modem / Access module

esa

« Reprogrammable FPGA (Field Programmable Gate Array) aiming to increase the processing capabilities and functional
density

« Multi-Core Microprocessor, e.g. based on open-source RISC-V
e Multiple RF Analog to Digital (ADC) and Digital to Analog (DAC)
converter for direct conversion from/ to Ka band and beyond.

- Accelerators for Digital Signal Processing (AI, beamforming, ...),
Encryption (AES), DVB-S2X,

e Serializer/ Deserializer (SerDes) up to 112 Gbps

. . Xilinx Versal
e (Co-packaged Optical Transceivers up to 400 Gbps

ESA UNCLASSIFIED - For ESA Official Use Only

Il hw c= ™ - I W = _ 1] D — 02 == B2 11 " :z

5G gNodeB \( Versal Al Core aSoC . Lol
¢ H lg h Ba n dW| d th M e m 0 ri eS, | n te I‘fa Ce tO D D R4/ 5/ G D D R6 powered by OPEN AR Processing System * 1 Programmable Logic 4 Intelligent/Al-Engines Based on AMD-Xilinx's Vitis Al
= intearace : ) Deep Learning P Unit
- ] - Design Partitioning on - ';fcpel-;:i Stack Layers PHY Layer (partial) Al/ML (partial) o ee; ej*arn:}ng. .rocTassor &
° ngh performance Network_on_Chlp (NOC) CPU 8 FPGA +++erseusanss : ‘Heavy Compute e artitioning on
: MAC Layer FPGA & Al-Engines
T ¥ (CNNj Dﬁnsgl
%S5 pifbsiing dtaps paidy PHY Layer (partlal} 5 * Supports primarily CNN-
HW lerated
Sl LDPC (e )deing N:;'_l‘_’j :ﬁ: Support based model architectures
- Ex.tend.ed OAl's RF.interfaces + EIR filters + Functionality expandable
with Linux Inc.lustrlal 110 : + Convolution with arbitrary layers or
Subsystem (Lib-110) : + Correlation custom operations
v not currently used
+ Communication Protocol- :

Handling between Versal
and RF-Interface
fully HW-accelerated

{_Network-on-Chip >

I DDR4 I I PHY-Transceivers I I PCle I I Ethernet I | HBM I ST

Peripherals

N « Efficient integration of
Al/ML into 5G stack
possible

not HW accelerated = [[HW accelerated |

[*] Michael Petry and Raphael Mayr, “Al-enabled 5G base-station with Hardware Acceleration for
Non-Terrestrial Networks on a Space-Grade System-on-Chip", 1st SPAICE Conference on Al in and for Space

System Architecture for shared 5G gNodeB and
AI/ML applications on an AMD-Xilinx Versal a SoC [*]

Paotential for -acceleration

— L

*Application Processor ARM Cortex-A72
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On-Board Processor — Switch / Router Module esa

« COTS/ FPGA or dedicated ASIC development needed Broadcom Tomahawk 5

(performance of datacentre switches are far from currently available ASICs)

« COTS provides highest performance, but radiation testing required

* Adaptable SoC - flexible, power consumption acceptable

* Dedicated ASIC — designed for space TSMC 5nm
51.5Tbps bandwidth
* Number of ports Peregrine SerDes 112Gb/s PAM4
. . . . . 64 ports x 800GbE
« Depends on number of optical terminals/ RF links/ internal connections 256 ports x 200 GbE
* Data rate per port Broadcom BCM78909

* 100G per port state-of-the art

« 200G/ 400G/ 800G required

« 224 Gbps SerDes required (e.g. Broadcom Condor TSMC 3nm)
* Interface

Broadcom Tomahawk 4

51.2Tbps bandwidth
Peregrine SerDes 112Gb/s PAM4

* Optical or electrical PHY

. TSMC 7nm 64 ports x 800GbE
Protocol 25.6Tbps bandwidth 320 ports x 100GbE
e Ethernet/ MPLS/ IP state-of-the-art Osprey SerDes 112Gb/s PAM4 optical engines with CWDM
64 ports x 400GbE
 Management plane 256 ports x 100 GbE
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Active Antennas — Towards High Integration

au_-\.u
ADAR300g S
AENESAS

s T
Reamtorett

Analog Devices and MDA to Provide
Electronic Beamforming
for Telesat Lightspeed 4

Constellation

ALL SPACE

Dot

AEAD OF WHAT'S POSSIBLE™

PACIS3 SpainSat,
OneSat, etc.

"Technology developments and R&D activities at the European Space Agency
for satellite communication payloads based on active antennas and digital
processors," 2022 IEEE International Symposium on Phased Array Systems &
Technology (PAST)

Disclaimer: images of various beamformers are illustrative, not linked to any of the specific missions / terminals displayed on this slide
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SiGe or GaN ? Lesa

{ ° N { N
SiGe GaAs, GaN
SiGe PA MMICs: PAEmax @Ka band frequencies (%) * 65 — T T — T T T
- [26] (K-band) <> GaN/Diamond HEMT -
60 60 + <& O GaN HEMT level
1 B GaN HPA level ]
50 » >9 ] O[9](K-band) g Gaas HPA level ]
50 4 O [22] (Ka-band) i
3 Bk 1 [16] (K'bDa"d) .[21] (K-band) ]
= 40 ~ 45 - o m[13] (K.d) i
0 e ] i
w r 4 e e [33] (K-band)  [16] (K-band)
< 30 —~ . = o 40 - A i
a s ® < | o - W [13] (K-B@nd) |
20 '. S o 354 [25] (K-band) M [20] (Ka-D@nd) -
: . ] )
- 30 [11] (K-band -
10 1 o .
25 o .
. = - [24] (K-band) [23] (Ka-band) ]
0 10 20 30 40 20 ‘|Linearity & derating not considered! [22] (Ra'gand) j
T T T T T T T T T T T I ! !
Pout / dBm 27 30 33 36 39 42 45 3
*note that majority of the reported results are covering the 26-28GHz band, not 17-20
L GHz, hence at lower bands the performance is expected to be better ) L Psat/dBm

20W 45% PAE Ka-band results (derated)

from ESA TDE activity on Doherty HPA
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Move towards digital beamforming ICs esa

Analog Beamforming Digital Beamforming

Beam control through analog phase *Each antenna element connected to its own
shifters and RF combiners. ADC/DAC.

Limited flexibility; one beam per RF chain. -Signals processed using DSP algorithms for time
*Susceptible to hardware drift and delay, gain, and phase control.

component mismatch. Enables multi-beam and adaptive operation.
-Difficult to compensate or calibrate after Easily compensates for imperfections and
deployment. environmental effects.
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Digital Beamforming building blocks esa

Complex gain

|, Interpolatlon
stage 1

Integer sample delay

pumEEEE

-

Digital Pre-Distortion

Farrow
Resampler

PO ‘

LuT

Pre-
Equaliaer

N N >
J Decimation : sls ADC
stage 2 ®
>
+ L |

NCO

Beam former

U/C (up-converter)

Complex gain

L Equalizer le @4

A

Decimation

Farrow

Integer sample delay

Y

stage 2 N Resampler r

Decimation
stage 1

-

NCO

Beam former

https://www.satixfy.com/prime/

D/C ( down-converter)

Antenna beam steering is achieved by
applying precise time delays to each antenna
element, aligning signals for a desired
direction.

Each antenna element includes independent
digital control for parameters like:

Time delay, Gain, Equalization, Pre-distortion

The Beam Former performs all processing in
the digital domain using high-speed
ADC/DACs for signal sampling and
manipulation.

Enables dynamic and adaptive beam shaping

to maximize antenna performance and
efficiency.
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Beamforming Architectures

RRR

SRR
Feature Mesh / All-to-All
Beamforming Type Fully digital
Architecture Centralized, dense
Flexibility Highest
Scalability Poor (too many links)
Latency Low (parallel)

Power / Mass (Spacecraft) High

Fully digital in centralized

Typical Use processor

Combination necessary for large antennas! e

\/ \;/ B —» .

N )
Tree Daisy-Chain
Hybrid (analog + digital) Analog or digital serial
Hierarchical Linear (serial)
Moderate Limited
Good Very good
Moderate Higher (serial)
Medium Low

Hybrid Beamforming
payloads with analog BFN
subarray and processor

Beamforming integrated
chips in user terminals

w ¥ W ¥ Na ¥
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Moving towards digital beamforming ASICs esa

Analog Analog Analog Analog
Analog or Dig.  Digital Digital Digital
45nm * 28nm ST * 7nm TSMC * 7/5nm
PLL TTD TTD FFT or TDD
32 128 >512-1024* >3000
4 GHz 8 GHz >10 GHz* >45 GHz
2 GHz 2.5 GHz 0.5-2.5 GHz* 0.5-2.5 GHz
32000 in Tree > 1024
(1024 with 32
devices in
daisy chain)
n/a* n/a* n/a*

(assumptions based on public data) * 53
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EEE Space Components esa

. ESA, EC, DEFIS active in various activities for European EEE relevant for future RF Payloads and Digital
Equipment

. ESA GSTP programme: Status of EEE Space Component Sovereignty for Europe (esa.int)

. IP Technology: USDM covers many aspects, HSSL, Analog, DDR, radiation hardening/tolerance

. Components that need to be addressed for RF payloads:
BFIC
SDR / Modem / FPGA
Access / SW Switch / MPSoC
Router / Hardware Switch
ADC/DAC (Integrated and discrete), RFSoC
Others like clock distribution

. Building blocks to be addressed:

IP SW/HW missing especially 5G related for this components

. Unit level design to be defined and activities initiated

o Requirements need to be flown down from payload and processor architectures of various use cases
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https://indico.esa.int/event/532/contributions/9839/attachments/6378/11007/ADCSS2024_BGlass_UDSM.2.pdf

EEE Space Components

esa

ESA, EC, DEFIS active in various activities for European EEE relevant for future RF Payloads and Digital

Equipment

ESA GSTP programme: Status of EEE Space Component Sovereignty for Europe (esa.int)
IP Technology: USDM covers many aspects, HSSL, Analog, DDR, radiation hardening/tolerance

Components that need to be addressed for RF payloads:

oBFIC - Addressed in ARTES AT WP 2026

©SDR / Modem / FPGA

oAccess / SW Switch / MPSoC

oRouter / Hardware Switch - Addressed in ARTES AT WP 2026
oADC/DAC (Integrated and discrete), RFSoC

o0thers like clock distribution

Building blocks to be addressed:

IP SW/HW missing especially 5G related for this components

Unit level design to be defined and activities initiated

Requirements need to be flown down from payload and processor architectures of various use cases

5 UDSMComponent Product Portfolio

EGesa

Field Programmable Gate Array (FPGA):

O increase portfolio of European FPGAs [RF and security)
- Deweiop next peneration FPGA ULTRA T

O Mature FRGEA development tools

General Purpose Processor (GPP)

O Dewelop next generation European space general purpose processor, based on
openssource RISC- and exploiting NT FinFET tadhnology

o Dewelop a mature SW tool ecosystem % exploit muli-core paralisl processing

General Purpose Accelerator (GPA)

0 Dewelop high perormance Ewropsan space general purpose acoslerator, based
on apen-source RISC-V and explaiting N7 FinfET technology

J  Applications: Digital ‘Signal Processing for SAR, Digital Beamioming, A,

0 Develop a mature SW ool ecosysiem io exploil mul§-cone paraliel processing

Digital Beamfarming (DBF)

4 Develop anienna digital beamfceming chipsat based on NT FinFET technology
O Develop iow-powes ADCTAC on NT FInFET technology

0  Develop a digital beamforming processor

= Ol E D"+ IHNECS IS ERE - HeIESEIRE S -l

UDSM N7 Proposed Development Plan — DBF

Cesa

ESA/C-M[2025)

2034 2008 * 2026

ESASC-M{2028)

2027 2038 * 2029

O Digital Backend

O Foundation Lib vi Testchip L-X_
a2 SpW Imterface
0 RISCV Testchip L

O Foundation Lib v2
O Analog BB Lib

d Analog BE Lib Testchip

O 112Gbps HSSL + Eth

O 112Gbps HSSL + PCle

J 112Gbps HSSL + PCle + Eth
& DDR4 PHY

O DDR4 Interface

O UGle interface

U FPGA Fabric

O FPGA Testchip

O GPA Core
1 GPA Testchip
O TAS- Testchip
O ADS-UK Testchip
O _DBF Testchip

H O IE=S" 4+ IHNESINIIESERE - HeIIESEIDE S e

0D
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https://indico.esa.int/event/532/contributions/9839/attachments/6378/11007/ADCSS2024_BGlass_UDSM.2.pdf

Components - Ultra Deep Submicron technology esa

« Highly efficient processors needed for on-board processing and beamforming application, which can only be
achieved with Ultra Deep Submicron (UDSM) technology

«  Commercial-of-the-Shelf (COTS) processors viable in LEO application with significant cost advantage, but
require dedicated radiation mitigation and error handling

Mostly non-European solutions

Not suited for safety and security sensitive application

=> Develop a UDSM Radiation-Hard Application Specific Integrated Circuit (ASIC) mixed-signal standard cell
library and IP portfolio based on 7 nm (or beyond) CMOS technology for the design of complex ASIC

GOAL.:

Increase competitiveness for European industry in
the telecom sat market, secure/high performance
Navigation applications and state of the art Earth
Observation payloads to meet future NAV and EO
mission challenges.

\ ~ Ultra-Deep Submicron
N

1
. v ‘N,
\ \ I,
\

: Deep Sub-micron =~

\

-~
~-.

. '\'
Sub-micron y 65 nm
. 180 - 150
_I '\. = nm
' 350 - 250 nm

~.

1000 ‘-\500 Am

AN
A

1995 2000 2005 2010 2015 \2‘02@ 2025

~.
~.
~.
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Satellite Communication Payloads: an
overview of past, present and future

trends and challenges — Annex on N7
UDSM

Richard Jansen, UDSM Team
TEC-ED, TEC-EF

European Space Agency — ESTEC
12/10/2025
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Identified Generic N7 UDSM Components esa

L111)] L1111 -
DBFN FPGA | FPGA GpPP [E

RF |E —
ERRER TTTTTT

JESD204

Digital N7 IP

F |JESD204

Analog/MS/RF N7 IP

Technology N7 IP

—=— - o] E= ] == " ™ ] 3 4+ +



Identified Generic N7 IP

o 0000000000 D0DO

RF Front-end

A/D - Analog to Digital Converter

D/A — Digital to Analog Converter
Channeliser - Multiplexor and Demultiplexer
Beamforming

Modem

Codec

Router core

Processor core

Field Programmable Gate Array core
Tensor Processing core

Digital Processing Unit (DSP, BBP, ...)

Security

m
U E
(1) N
(=]
Y

O 000000000

=)
=)
A

4

b @00

I

High Speed Serial Link (PHY)
JESD204 Controller

Ethernet Controller

PCle Controller

DDR Memory Interface (PHY)
DDR Controller

Phased Locked Loop - Digital
Phased Locked Loop - RF
Input/Output ports

Digital Library
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N7 IP and Component Dev. in GTE3-101ED esa

1 N7 IP Developments

] IP not included for Component — GPP and TPU

@E O Processor core 42+ O High Speed Serial Link (PHY) l@ B ey
J DDR Memory Interface (PHY) I':'i O Ethernet Controller Joruff H DPU
_IIIIII_
DDR
O DDR Controller JESD204| (] JESD204 Controller ::;.T.::: O Router
‘-L-,
' Input/Output ports PCle | [ PCle Controller
ouoolg
ooong
ype < Modem J N7 Component Developments
 General Purpose Processor
= 0O Codec QT P ing Uni dal FGPP
¢.¢ ensor Processing Unit (stand alone or part o )
111111
aa =] & N7 Digital Library o ere S e =
JL\;:)>°— _IIIIII _IIIIII_
1 N7 IP going to other Components
T (AL L
Jreeale  JTAE JoemE
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N7 IP and Component Dev. in GTE3-102ED esa

. N7 IP Developments 1 N7 IP not included for Component
i U Field Programmable Gate Array core U Input/Output ports
— : AR = - :
O Tensor Processing core JL\; 5 O N7 Digital Library

0%’ L High Speed Serial Link (PHY)
1 N7 Component Developments

fh O Ethernet Controller d FPGA and FPGA-RF

1 N7 IP going to Components

FPGA
TIREE TIREE
DDR | 1 DDR Controller GPP TPU
u DBFN

RF
LI
O Phased Locked Loop - Digital

FPGA

PCle | 1 PCle Controller

O DDR Memory Interface (PHY)
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UDSM Technology Development Status

1 Foundation and Platform Technology — GTE3-101ED -
L Technical Requirements Specification Determined BE
L Work package content defined
O ITT released — Q2 2024 DE
L Negotiation Successful — Q4 2024
O Activity KO — Q4 2024
U Consortium & X
O Frontgrade Gaisler (SE) = - = GTE3-101ED
O IMEC (BE) Signing of Contract — 11/12/2024
O IMST (DE)
UK
1 Interface and System in Package Technology — GTE3-102ED
U Delegate support received: BE, FR, IT (expected), UK SE
L Technical Requirements Specification Determined .
L Work package content under review (with inclusion of additional UDSM products pre-
developments) T
U ITT to be released — Q3 2025
GTE3-102ED
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Satellite Communication Payloads: an
overview of past, present and future

trends and challenges — Annex on
5G/6G

Max Ghiglione, Fabrizio de Paolis, Maria Guta
Connectivity & Secure Communications
ARTES SPL 5G/6G

European Space Agency — ESTEC
02/10/2025
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ESA UNCLASSIFIED - Releasable to the Public

3GPP N'IN standardisation activities: 5G, B5G, towards 6G

3D Multilayer
Networks

NTN in a wide sense Not to scale

v
3GPP work on NTN 3GPP work on UAV

¥ ¥ \ K
o0k 8 above Rel.zol-l
~/¢,‘ - Rel.16 / Rel.17  Rel.18 Rel.19... > MVSAT
oo 5G NRNTN (3GPP > 5G NRNTN > High power UE > Multi-orbit

Air-to-ground network

SatCom access) enhancements > Regenerative NTN , Re i
generative NTN

+ Below 7GHz > Above 10GHz  , (Coverage Emergency SMS over

Direct to handheld » Broadband satellite enhancements NAS and/OI‘ IMS

from Satcom services > Mission critical services Security

O O > NTN-loT > Mobility Coverage

V P /\ /\ specifications enhancements enhancements

completed Broadcast, RedCap

Mission critical

services
2020 2021 2022 2023|2024 12025 [2026 [ 2027 m-m-m

A7 (5G)
x‘&) vanced — B5G (Rel.18/19)

Rural

el.20/21/...)
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ESA UNCLASSIFIED — Releasable to the Public

Transparent Payload

In both Rel-17 and Rel-18, NTN is based on a e
transparent (bent-pipe) architecture | |

> It limits payload complexity and enables early déployment R _ﬁ P
» Previouslydeployed transparent payloads can be reptitposed for NIN N
Rel-17/18NR NIN if it stupports the correect RF requirements in the, w~7w ransparent payioad [1]
appropriate bands

g

| sGe

Example: SGNIN test at the ESTEC 5G Lab with

Telesat LEO3

» Amarisoft 3GPP compliant Rel-17 protocol stack

» Stable bi-directional link between the gNB and the 5G NR NTIN UE

» Spectral efficiencyof3 bits/s/Hz (peak) by enabling adaptive
modulation and coding from QPSKto 64-QAM.

» 32 HARQ processes activated to maximize DL/ UL throughput

Source: https://connectivity.esa.int/news/esa-telesat-
and-amarisoft-achieve-worldfirst-5g-3gpp-

nonterrestrial-network-Ilink-over-leo [ 3]
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ESA UNCLASSIFIED — Releasable to the Public

Full gNB onboard

Benefits to mtroduce regenerative payload:

» reduce delaybetween UE &gNB (i.e., NR Uylatency
reduction)
» enable more flexible N TN deployment

’ 1
! 1 -
i NR-Uu NG-SRI (7 i NG
—— C—— G——
| ® @_ : o
; :
' 1

»>* suitable for large LEO networks thanks to the reduction of /[VTN Regenerative Payload without functional split

datarate on the ISL
» mmprove sewice link &feeder link spectrum efficiency
» increase'throughput &capacity

Rel-19 mcludes NIN with a regenerative
payload, in which a full gNB1s placed on the

satellite

» Favorable timing due to 6G studies expected to start in 3GPP
in Rel-20 (during 2025), where a CU-DU split might not be
justified due to potential future 6G RAN node using a different
split architecture

Basic RAN architecture

The radio access network antenna receives information from
user equipment and sends it to the core network via the
baseband units. Source:
https://www.techtarget.com/searchnetworking/definition/ra

= s _ IS PTESsSEBEBIENSs SE=ENBEMNNESE

dio-access-network-KAN
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5G NTN Architecture evolution and impact on Satcom esa

current status

Rel.17 ]

— <Transparent

*FR1

Layer-1

Layer-2

Layer-3

(wide adoption of 5G) 2026+

ﬁ *Regenerative *Full gNB *Sensing

Rel.18
*Semi-Regen

*FR1

Wide channels (>50 MHz)

High aggregated bandwidth ' *

Wideband ADC/DAC

*FR2 *Above FR2 *Navigation
*Al / ML

Very Wide channels (>400 MHz)
High number of cells '

High number of users/cell *  Full DU on-board

Software packet processing i+ Security
for DU

>100Gb Routers

CU functions on-
board

Radio Resource
Control
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5G system capacity and hardware implications esa

Number of PRBs
1 27 55 83 111 250
200
2 - 27 41 55
¥
= 150
u
]
[F3]
2 - 13 20 27 69
- 100
ﬁ . 34 -50
=
i I i i I i i
5 10 15 20 30 50 100 200 400

Bandwidth {(MHz)

FR1 numerologies m
(Rel. 17)

FR2 numerologies
(Rel. 18/19)
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5G system capacity and hardware implications @esa

Number of PRBs
" ~ 250
1 27 ~ 55 83 111
200
R
&)
= 150
0]
?
=]
=]
- 100
S -50
5 10 15 20 30 50 100 200 400 ~y
‘ Bandwidth (MHz) ~\
Rate FFT Size
FEC Number
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5G system capacity and hardware implications @esa

Number of PRBs

~
w 27 \55 83 111

250

5CS (kHz)

FFT
FEC
-

200

Size Time <150 us

150

- 100

ﬁ -50
é ll[) ll5 2I{} 3|{}
‘ Bandwidth (MHz) Not feasible in CPU
Rate
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Payload Complexity

Complexity on ground Complexity on board
(State of art) (Current trend)
« System Split 7-2 « System Split full gNB
Split 6 * No Payload Split » Payload Split 7-2, 6, 2
Network Network
Split 2 lyer | | RRC| TP yer | | RRC| TP CuU
1 1
PDCP PDCP DU
5G functional splits and interfaces Daa link | [ e o ) Datalink | | o )
Bandwidth and one-way latency requirements of different functional split options. layer 4 layer 4
Functional Required Downlink Required Uplink One-way
Split Capacity Capacity Latency MAC |— 5 MAC 5
; 6 — 6
Option 2 4016 Mb/s 3024 Mb/s 1-10 ms o i ioh- ||
Option 7-1 9.2 Gb/s 60.4 Gb/s 250 ps g}_‘?}; RU ; I;}_%};, . RU
Option 7-2 9.8 Gby/s 15.2 Gb/s 250 ps T —— 7-3,7-2, 7-1 e 7.3, 7-2, 7-1
Option 8 157.3 Gb/s 157.3 Gb/s 250 ps i Physical Low- | Physical Low-
layer PHY i layer PHY
. . . : : 8 8
5G functional splits and bandwidths | i
: RF |/ RF AFE
(digital)
71
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https://www.smallcellforum.org/5g-network-fapi-specifications/
https://doi.org/10.1016/j.comnet.2022.108931

5G Regenerative Payload Split examples esa

5G system and payload splits distribution of functions on different satellite payloads:

Low Capacity Medium Capacity High Capacity Very High Capacity
Low N. of Beams Low N. of Beams Medium N. of Beams High N. of Beams
Semi-Regen Fully regenerative Fully regenerative CU functions on DU
« System Split 6 « System Split 2 « System Split 2 « System Split2,10r0
* No payload split « Payload Split 7-2 « Payload Split 6 and 8 « Payload split 6 and 7-2x
Network el @ Network rre| 1P Network re| 1P Network rre| 1P
layer 1 layer 1 layer 1 layer 1
PDCP PDCP DU PDCP DU PDCP DU/CU
Data link RLC  — i Data link -“-;R;(; 1 i Data link ““I;LmC- mil i :;
layer layer layer
4 4 4 4
MAC 5 MAC 5 MAC 5 5
High. i ° High 6 : T 6 6
ey | U v | , RU
; — 7-3,7-2, 7-1 [ i 7-3,7-2, 7-1 ; — 7-3,7-2,7-1 - 7-3,7-2,7-1
| Physical Low- | | Physical Low- || k. Physical Low- | Physical Low-
layer PHY | . | layer PHY I 5U layer PHY : . RU layer PHY .
RF . RF RF AFE RF AFE
S e (analog) (digital)

r-
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5G Signal and Data processing esa

Signal - PHY Layer - Porting of SW based gNodeB to embedded processors (e.g. OAIl porting) has been carried out:
« Development needed for porting of Rel 19 (higher SCS and BW) - no available open source

« FPGA/DSP acceleration needed for PHY components, such as Coding, Scrambling, Modulation, Filtering

» |IP development for wider bandwidths (>50 MHz), especially FR2

Data - MAC and higher layers - First examples of L2-3 processing demonstrated (e.g. to ARM), but not representative
capacity:

« Development needed for embedded implementation of L2/3 functions, including interfaces to network
« Porting of x86 code to ARM and RISC-V

Adaptation of code to NTN to achieve higher number of cells (>1000) and users

5G gNodeB N[ Versal Al Core aSoC AV Al Accelerator
powered by DPEQ%iR Processing System * + [ Programmable Logic | 4 [ Intelligent/Al-Engines Based on AMD-Xilinx's Vitis Al
= iteerace : Deep Learning P Unit
A — ...y UPper 56 Stack Layers PHY Layer (partial) AI/ML (partial) SEP ~earing Frocesser
esign Partitioning on RLC Layer [€: - Design Partitioning on
CPY B4 [FPGA meneencansaan g Fourier Transform Heavy Compute - ;
2 MAC Layer y -omp " FPGA & Al-Engines
X Doodod L ] Cyclic Prefix (CNN, Dense) 9
* 5G processing steps partly PHY Layer (partial) <} e s ori v CNN
HW accelerated Com. Protocol Native DSP S i upports primarily -
- i T - ative uppo based model architectures
L?gg)?;a),igﬁ,%g | sesp204c RF-Frontend iy
« Extended OAIl's RF interfaces / o . . q B
I . (De-)Modulation ‘| AIML (partial) » FIR ﬂlters. Functionality expandable
with Linux Inqlustrlal I/0 MIMO Encoding | Control & Compute » Convolution with arbitrary layers or
Subsystem (Lib-110) Windowing; Filtering | [pool, element-wise) ) : Corrigtfu’prenw e custom operations

« Communication Protocol-

o between Vercal A o e : + Efficient integration of
Handling between Versal < : Network-on-Chip > AUML into SQG -y
and RF-Interface - more .

I DDR4 I I PHY-Transceivers I I PCle I I Ethernet I I HBM I ------ possible

fully HW-accelerated Peripherals

not HW accelerated = [ HW accelerated | [High Potential for HW acceleration] *Application Processor ARM Cortex-A72

i [*] Michael Petry and Raphael Mayr, “Al-enabled 5G base-station with Hardware Acceleration for
SyStem Archltecture fOF Shared cle gNOdeB and Non-Terrestrial Networks on a Space-Grade System-on-Chip", 1st SPAICE Conference on Al in and for Space

AI/ML applications on an AMD-Xilinx Versal a SoC [*]
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5G Regenerative Payload — Broadband (now) esa

EZ 3 XN CRE
De/Mod MAC&RLC . PDCP
CPU CPU C

: Ground
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5G Regenerative Payload — Broadband (next gen) esa

Broadband AFE

RU DU
Broaband __ AFE______ ~ oy
TR | jomw | | [T
Spic A 7 S N L N N PR C R
ADC/DAC FFT/IFFT Digital BFN ' RE Map De/Mod

i BFN ASIC BFN ASIC BFNASIC I FPGA FPGA FPGA

|
|
*different specification
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5G Regenerative Payload — Broadband esa

De/Mod MAC&RLC . PDCP

1 Ground

iSplit _
ADC/DAC FFT/iFFT

| BFN ASIC BFN ASIC BFN ASIC l: FPGA FPGA FPGA

*different specification
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De/Mod MAC&RLC | PDCP

Ground Ground Ground Ground
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5G Regenerative Payload — Direct to Device (next gen) oesa

Direct to Device AFE
TlNcrr | ToraN | | T T
soic | AT S L S £ S R PR

IBFNASIC* BFNASIC* BFNASIC* I Ground Ground Ground Ground Ground

*different specification than broadband
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5G Regenerative Payload- Direct to Device esa

De/Mod MAC&RLC | PDCP

Ground Ground Ground Ground

ADC/DAC |FFT/FFT  |Digital BFN 'REMap  |De/Mod  |Coding | MAC&RLC |PDCP

IBFNASIC* BFNASIC* BFNASIC* I Ground Ground Ground Ground Ground

*different specification than broadband
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