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« Who we are? [5 min]
« Part I: Multi-Functional Satellite Systems (MFSS) in 6G-NTN [20 min + 5 min Q&A]

e Part Il: Joint Communications and Sensing (JCAS) [35 min + 10 min Q&A]
* Introduction
e Applications
* Sensing-centric Design
* Communication-centric Design
* Future Directions

« Part lll: Joint Communications and PNT (JCAP) [35 min + 10 min Q&A]
* Introduction
* JCAP Architectures
* JCAP Receivers
* Performance PNT limits
* Challenges and future trends
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MFSS in 6G-NTN

Communications System — Evolution

Focus shifts
to mobile data

Efficient voice to
reach billions

Mobile voice
communication

2000s

Wireless Internet
COMA2000/EV-DO
WCDMA/HSPA+

1980s

Analbg voice
AMPS, NMT
TACS

1990s

Digital voice
DIAMPS, GSM
15:95 (CDMA)

of Mobile Networks

The next innovation
platform

Mobile broadband and
emerging expansion

A unified connectivity
platform

2010s

Mobile broadband

LTE, LTE Advanced
Gigabit LTE

2020s

Connected intelligent edge

5G New Radwo

2030s

Next-gen wireless
Al-native, new spectrum, RF
sensing, and many more.

Evolution of mobile communication networks

Source: Qualcomm
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7 MFSS in 6G-NTN

Communications System — 6G Usage Scenarios and Requirements
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8 MFSS in 6G-NTN

Non-terrestrial
Networks

=

~ LEO satellites

|

backhapl
link

Terrestrial networklcomponents|

Urban area Rural area Remote area

uni.ln | ST
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9 MFSS in 6G-NTN

Joint Functionality Nomenclature in Scientific Papers

Sensing

Communication

Examples of
Examples of Metrics Enabler from SATCOM 6G-NTN perspective:
Metrics: AF
Throughput Detection
BER Probability
SINR/SNR DFRC
Sum rate 3‘@ Multi-Functional Satellite
Positioning SyStemS (M FSS)
Examples of metrics

Coverage
RMSE/MAE
CRLB
SPEB

uni.ln | ST

Source: Lohan, E.S. Emerging Topics in Joint Radio-Based Positioning, Sensing, and Communications. Sensors 2025, 25, 948 ‘



10 MFSS in 6G-NTN

Multi-Functional Satellite Systems (MFSS)

New MFSS paradigm: concurrent comms, sensing and PNT — pip
Commun lauon‘ > &‘:;:2’.." $
satellite \&\‘ ‘k?:?&- Al ‘%

<«

[ Different levels of inter-system interaction (see next slides)
O MFSS main advantages:
O Extremely High Spectral Efficiency: Integration of systems
O Reduced Launching Mass/Costs: Combined operations
O Enhanced Energy Efficiency: Eliminating redundant hardware
O Lower Hardware Costs: Merging multiple functionalities
O Mutual Benefits: Better coordination

1 Grand Challenges:

O Multi-service interference modelling and management

rming

Joint

O Spatio-temporal-spectral multiplexing and DL/UL duplexing Waveform

O Joint MFSS satellite payload, terminal and waveform design

Digital Beamfo

& * sMS?2: Sustainable Multi-functional Satellite Systems
& Luxembourg FNR CORE 2024 Grant (09/2025 — 08/2028)

SHS?
Joint MFSS scenario




11 MFSS in 6G-NTN

MFESS Inter-system Interaction Levels
MFSS Precursor: Hosted Payloads

d Same Satellite Platform (shared satellite subsystems)
O Independent payloads and antennas/carrier freq.

J Hosted payloads are a commercial reality

Iridium® NEXT Satellite Specifications
“A portion of a satellite, such as a sensor, instrument or a set _ -

. . AireonSM Cross Link a \
of communications transponders that are owned by an Antennas \
organization or agency other than the primary satellite \
operator [Owner]. The hosted portion of the satellite operates y’ _
independently of the main spacecraft, but shares the o

satellite’s power supply, transponders, and in some cases, e
ground systems.” 3 i
1 Example: Aireon ADS-B service on Iridium NEXT Feeder Link
ntennas Ka-Band
L Automatic Dependent Surveillance—Broadcast (1090 MHz)
Q IRIDIUM User Links (1616 MHz — 1626.5 MHz) Deployed Wingspan: 9.4m

Weight: 860 kg (Approx.)

Stowed Dimensions: 3.1Tmx 24mx 1.5m

& Aireon. iridiunmy il ‘ SIT

Source: https://www.iridium.com/blog/what-is-a-hosted-payload-iridium-aireon/



https://www.iridium.com/blog/what-is-a-hosted-payload-iridium-aireon/

12 MFSS in 6G-NTN

MFESS Inter-system Interaction Levels

Level 1: Co-located Systems

Software-Defined Radio (SDR) payloads are state-of-the art
O Shared payload hardware (SDR)

[ Satellite Communications: Eutelsat Quantum, Iridium NEXT, SES-17
J Independent antennas/carrier freq. 0 Spaceborne Sensing: NASA CYGNSS, NASA RainCube, ICEYE SAR

Examples of operational SDR-based satellite payloads (with single functionality)

SES*

beyond frontiers

Q @UTELSAT iridiunm

 Main Challenges:

0 Payload Integration Complexity: requires advanced coordination to ensure compatibility
O Security and Data Privacy: ensuring secure communication and data privacy in multi-operator

L Constellation Design: targeted use cases for satcom, spaceborne sensing and PNT must meet similar requirementi

mi.ln | ST



MFESS Inter-system Interaction Levels

Level 1: Co-located Systems

(1 There are already operational cases of JCAS and JCAP in Co-located MFSS

ISARA (Integrated Solar Array and Earth observation + high-speed data
Reflectarray Antenna) links

CYGNSS (Cyclone Global Navigation Hurricane tracking + GNSS
Satellite System) reflectometry + Ka-band downlink

FSSCat (Federated Satellite Systems
3Cat Mission)

TROPICS (Time-Resolved Observations

of Precipitation structure and storm Weather observation + real-time
Intensity with a Constellation of comms

Smallsats)

Galileo Second Generation (G2G) Navigation + flexible inter-satellite
Satellites (Planned) links

TDRS (Tracking and Data Relay Spacecraft comms + precise orbit
Satellite) Series tracking

Climate monitoring + data relay




14 MFSS in 6G-NTN

MFESS Inter-system Interaction Levels

Level 2: Cooperative Systems

O Shared antennas/carrier freq.

L Operate in independent sub-bands

L]
( :O O e rat I Ve a I O a d Reuse antenna system and channelizer (same OBDP), operate
in FDM in same band, need for interference mitigation
—

Onboard Digital Processor "
p

Radar

Comms

O

Channelizer
Digital Beamforming

LLLLLLLLLLLLLALIE

O Main Challenges (added to previous ones):

. ! ,"v'f'_'l:!
O Need for adjacent channel interference mitigation Yﬂ:»&u "—

i
O Synchronization and coordination between Functions (DL/UL) “l"“ '“ ‘ SIT

Multiple-Function Applications




15 MFSS in 6G-NTN

MFESS Inter-system Interaction Levels

Level 2: Cooperative Systems

1 Current allocations show potential adjacent bands to be used with same antenna and SDR payload

Frequency Frequency Satellite service type  Applications Assigned Bandwidth for Sensors
band range (GHz) Satellite Frequency Allocated Frequency ——
L-band 1.518-1 675 MSS (mobile satellite Civil mobile communication services, global positioning system, Bands for Active Sensing e Altimeter SAR Pfec'l:ta“c‘" c'°"dde°ﬁ'e
services) weather radar systems radar radar
S-band 1.97-2.69 MSS Satellite TV, mobile broad band services, radio broadcasting, in- P (0.3-1 GHz) 432-438 MHz 6 MHz
flight connectivity
C-band 34-7.025 FSS (fixed satelite Data services, satellite TV networks, unprocessed satelite feeds L (1-2GHz) 1215-1300 MHz 5-500 kHz 20-85 MHz
services) 5 (2-4 GHz) 3100-3300 MHz 200 MHz 20-200 MHz
X-band 7.25-8.44 FSS Military operations, pulse radar systems, weather monitoring, air
traffic control C (4-8 GHz) 5250-5570 MHz 5-500 kHz 320 MHz 20-320 MHz
Ku-band 10.7-14.5 FSS, broadband Fixed satellite television data services 8550-8650 MHz 5-500 kHz 100 MHz 20-100 MHz
satelite service (BS5) X (8-12 GHz)
Ka-band 17.3-30 FSS, BSS Two-way broadband services, fixed satellite data services 9300-9900 MHz 5-500 kHz 300 MHz 20-600 MHz
Q/V band 375514 MSS, BSS High-speed broadband services, in-flight connectivity 13.95-13.75 GHz 5.500 kHz 500 MHz 0.6-14 MHz
. . . Ku (12-18 GHz)
Satellite Communications frequency bands 17.2:47.3 Ghz 5500 kiz 06-14 Mz
K (18-27 GHz) 24 05-24 25 GHz 0.6-14 MHz
Lower Bands Upper Bands Ka (27-40 GHz) 35.5-36 GHz 5500 kHz 500 MHz 0.6-14 MHz
78-79 GHz 0.3-10 MHz
W (75-110 GHz)
94-94.1 GHz 0.3-10 MHz
133.5-134 GHz 0.3-10 MHz
G (110-300 GHz)
237.9-238 GHz 0.3-10 MHz

® 6Ps/QZsS @ Q755

® GALILEO @ GLONASS (@ BEIDOU @ IRNSS/NAVIC

GNSS frequency bands

Source: https://www.tallysman.com/gnss-constellations-radio-frequencies-and-signals/

Frequency bands allocated for spaceborne radars

uni.lu | ST
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MFESS Inter-system Interaction Levels

Level 3: Integrated Systems

(d Shared Digital Signal Processing (DSP) Blocks
O Shared (sub-)band - Need for time/freq./space multiplexing

Reuse digital processing blocks, operate in TDM+FDM in same
band, need for joint optimization, potential use of full-duplex

Digital Beamforming

O Main Challenges (added to previous ones).

0 Advanced resource allocation and interference mitigation Y& e i

U Requirement of DL/UL full-duplex (in some cases) procesg 5

L Latency and processing overhead

Multiple-Function Applications

uni.ln | ST



17 MFSS in 6G-NTN

MFESS Inter-system Interaction Levels
Level 4: Jointly Designed Systems

O Unified and common waveform
O Flexible and reconfigurable in real-time

| ]
J O I n t p a yI O a d Joint waveform design, may operate dynamically in full-duplex,

need for optimized operation

Onboard Digital Processor

Joint
Waveform

Power contro
Digital Beamforming

;.;
2
'.)__.
()
5]
>
[=]
@
o

(d Main Challenges (added to previous ones):

T
O Joint Waveform and Beamforming Optimization [ zemworr 1=
O Self-Shielding Techniques Against Radar Interference = ,,.ﬂ..,. ’

| [
L Optimal Receiver Design for Superimposed Signals -

Multiple-Function Applications

uni.ln | ST
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22 Introduction

Communications System — Service Aspects

1G - 4G 5G 6G

»infrastructure-as-a-Service* wInfrastructure-as-a-Service“ »Everything-as-a-Service*

Intelligence

Gensing

Computing

y 4

Computing //

Connectivity Connectivity Connectivity
& &) & &
] # iy & o & gy & o
Phones Things Intelligent Things

Fig. 1: Service aspects of different generations of mobile communication networks

nni.lu | SOT

Source: Bosch



23 Introduction

Communications System — Limitations

J

+* Limitations of existing mobile communication networks:

¢ They support only active localization techniques or device-based sensing.
% l.e., device must be connected to the network and able to communicate to enable location services.
** Communication and sensing systems are built independently.

Fig. 2: Device-based sensing

uni.ln | ST

Source: Huawei



24 Introduction

Communications System — 6G Features

+» Limitations of existing mobile communication networks: s 6G features:
¢ They support only active localization techniques or device- ¢ 6G will support both active and passive sensing.

based sensing. % l.e., can support both devise-based and devise-free sensing.

+* l.e., device must be connected to the network and able to

: _ _ ¢ Aims to design a single system that can mutually support both
communicate to enable location services.

communications and sensing.
% Communications and sensing systems are built independently.

Fig. 2: Device-based sensing Fig. 3: Device-free sensing

uni.ln | ST

Source: Huawei
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Introduction
Sensing System — Introduction
» In modern sensing system, radio signals are used to sense, detect, and track objects.

s+ The objects to be sensed or detected can be illuminated by any radio signals of sufficient power, such as TV signals, Wi-Fi

signals, and mobile/cellular communication signals.

% Both terrestrial network and non-terrestrial network nodes with multiple-input and multiple-output (MIMO) antenna

elements are used for sensing and tracking purposes.
» Object, activity, and event recognition through radio sensing can support diverse range of applications in different domains.
» Location, range, velocity, angle of arrival, and angle of departure are some parameters to be estimated in sensing systems.

»* Sensing parameter estimation types:

4

D)

* Absolute — The case in which transmitter and receiver are synchronized and acting cooperatively.

L)

D)

L 4

* Relative — The case in which transmitter and receiver are not synchronized and acting independently.

uni.ln | SOT
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Sensing System — Types

Fig. 4: Passive and active sensing systems

uni.lu | ST

Source: NASA
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Introduction

Sensing System — Classification

Imaging

Active Sensing

Remote Sensing

Satellite-based Microwave | |

|

Real Aperture
Radar

— Polarimetric SAR

Radar (SAR)

Synthetic Aperture| | |

Interferometric
SAR

Radar Altimetery

Non-imaging

Spectrometry &
Reflectometry

Imaging

Passive Sensing

|_|Point-to-Paint Link

Monitoring

Real Aperture
Radiometry

Synthetic Aperture
Radiometry

Total Power
Radiometry

Non-imaging

Opportunistic
Reflectometry

Opportunistic
Radiometry

— Differential SAR

Ground-to-Space

Space-to-Space

Fig. 5: Classification of microwave sensing techniques

uni.ln | ST



28 Introduction

Sensing System — Architectures

EO satete“ EO satellite 1 EO satellite 2
2 ),

A  /
Transmitted and ' Transmitted si
. gnal ,
backscattered signals | Backscattsei;c;/l Reflected
A \ 2

A, A,

Fig. 6: Monostatic, bistatic, and multistatic sensing systems e
uni.lu | ST
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Introduction

Sensing System - Limitations

+* Large bandwidth is assigned for better sensing and detection.
%+ Typically use high transmission power for better accuracy.

+* Relative estimation of sensing parameters at the receiver end may cause ambiguity due to lack of knowledge of the

transmitted signals and inaccuracy.

uni.ln | ST
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Introduction

Communications System vs. Sensing System

Fig. 8: A high-level view of radar/sensing system

4 Y\ Request Y\ Request )
» Communications » User2/
User 1 System External
Infrastructures Network
9 ) Response { ) Response \_ Y,
Fig. 7: A high-level view of communications system
~ N Sensing Signal ™
Radar/Sensing >
System Targets
Infrastructures <
. Y, Echo . Y,

ST



31 Introduction

Co-existence of Communications and Sensing Systems

EO satellite

for sensing Communication

satellite

Transmitted and
backscattered signals

Downlink and uplink
communication signals

\4

)
S oL SR

Fig. 9: Independent communication and sensing systems

uni.ln | ST



32 Introduction

Co-existence of Communications and Sensing Systems — Frequency Bands

Frequency Band Radar Systems Communication Systems
L-band (1-2GHz) Long-range surveillance radar, ATC radar LTE, 5G NR
Moderate-range surveillance radar, ATC radar, IEEE 802.11b/g/n/ax/y WLAN,

S-band (2-4GHz) airborne early warning radar LTE, 5G NR

Weather radar, ground surveillance radar,
vessel traffic service radar

C-band (4-8GHz) IEEE 802.11a/h/j/n/p/ac/ax WLAN

MmWave band (30-300GHz)  Automotive radar, high-resolution imaging radar  IEEE 802.11ad/ay WLAN, 5G NR

Table 1: Shared frequency bands for communication and sensing systems

wni.ln | SNT

Source: Liu et al., “Joint radar and communication design,” IEEE Transactions on Communications, Vol. 68, No. 6, June 2020.



33 Introduction

Co-existence of Communications and Sensing Systems — Interference Issue (1/2)

EO satellite

for sensing Communication

satellite

Interference
signals

Transmitted and
backscattered signals

Downlink and uplink
communication signals

(=
o5 &)

Fig. 10: Interference issue in coexistence of communication and sensing systems |"||||| ‘ SﬂT




34 Introduction

Co-existence of Communications and Sensing Systems — Interference Issue (2/2)

EO satellite
for sensing

Z

Transmitted and
backscattered signals

\4

A

W 4
. 3 A N
M

Interference
signals

The standard solution is to
separate them temporally,
spatially, or spectrally

—

\

Communication
satellite

Downlink and uplink
communication signals

fe=

;]98

Fig. 10: Interference issue in coexistence of communication and sensing systems |"||||| ‘ SﬂT
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Introduction

Coexistence of Communications and Sensing Systems - Limitations

% Sensing systems typically use large bandwidth and high transmission power for better accuracy. However, it may cause

severe interference to communications systems in coexistence scenarios.

% In coexistence of communications and sensing systems, great efforts have been devoted to mutual interference
cancellation by using resource sharing methods such as cooperative spectrum sharing and opportunistic spectrum sharing

(also known as cognitive radio).

% However, effective interference cancellation depends on the mobility of nodes and the information exchanged between

them. Hence, spectral efficiency in those methods are limited.

% Moreover, cooperative resource sharing methods require a good cooperation of nodes and complicated signal processing,
whereas cognitive radio methods cannot guarantee the performance of secondary systems and even may affect the

performance of primary systems.

uni.ln | ST



36 Introduction

Joint Communications and Sensing (JCAS)

& N
S
) & % JCASis also known as:

. &
JCAS en.abled % :~ &
satellite

&

=

Sensing

\Communication
signal

* signal
A °°

S
g2

Fig. 11: Joint communication and sensing satellite

+* Integrated Sensing and Communications (ISAC)

¢ Joint Sensing and Communications (JSAC)

+¢* Dual-Functional Radar and Communications (DFRC)
++ Joint Radar and Communications (JRC)

+* Joint Communications and Radar (JCR)

¢ Radar and Communications (RadCom)

uni.ln | ST



37 Introduction

JCAS — Motivation and Need (1/2)

Beamforming Hypotheses Testing

PN

@ Radar Beamforming

7 AN S targets

L - - - .
L ’ samples

Target Detection

Communication Communication Symbol
Beamforming Detection
Estimation v v Hardware Design
O\ - :
- ) Communication N N
Channel Estimation e Phased Arrays ade S | ;\ r\\
Catia WY U\ IR
- SENS &
= . [“ &< L~ "" '!\.\ “\.
. . ‘- “1 Target Parameter >0 W W
. .. . T < : : ' a /NN
- U 5 il Estimation o \Tms Radar Phased
: = i <] : Arrays
Fig. 12: Common functionalities of communications and sensing systems |||||||| ‘ SIT

Source: UCL
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JCAS — Motivation and Need (2/2)

J

%* Better resource utilization:

+» JCAS system cooperates instead of competing for resources.

¢+ JCAS can share the same frequency band and hardware to improve the spectrum efficiency, reduce the hardware cost, and save
energy.

A/

** Mutual benefits:

+* Communication links can provide better coordination among multiple nodes for sensing.
¢ Sensing provides environment-awareness to communications.

*» Communication system infrastructures can be leveraged to realize wide-area and pervasive sensing.

J

** Support future requirements:

+» JCAS can support future 6G applications such as smart transportation, agriculture, and immersive entertainment services that
require both high-performance sensing and communication simultaneously.

+* 6G will use high-frequency bands (e.g., millimeter wave and terahertz bands) with massive MIMO antennas, which can support
high-resolution in both time and angular domain for enabling JCAS.

i lu | SIT
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JCAS - Gains

Coordination Gain Optimal
Mutual Assistance .

I
Cooperation

Specturm — Application Hardware — Waveform —p

Integration Gain

Interference

Fig. 13: The integration and coordination gains in JCAS

/7

** Integration gain: It deals with effective utilization of the existing communication and radar infrastructure resources.

/7

%+ Coordination gain: It deals with sharing system resources for co-design to balance the performance of dual-functional

systems with-mutual assistance between communication and sensing systems.

uni.lu | SOT

Source: F. Liu, C. Masouros, and Y. C. Eldar (Editors), “Integrated Sensing and Communications,” Springer, 2023.
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JCAS - Different Levels of Integration

e.g., cellular e.g., automotive
. . radar
Coexistence in same
n frequency bands . l
. Communlcatlon Eommunieatien Communication
Sepa rate SenSIng Sensing & Sensing ©
& communication
. . (N
Sensing-assisted 2:{;‘0"‘“”“" (‘@@
communication ‘/j/,vﬂ 00
b+ .
sensing
Communication- sensmg/'m
- - ""*
assisted sensing g SN @
communication
Separate dewc.es, sepgrate S @
spectrum, no interaction Joint communication e Ny
and sensing -— "‘f{rsensing
[\

Fig. 14: Different levels of integration of communication and sensing

uni.lu | ST

Source: Bosch
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42 Introduction

Remote Sensing and Earth Observation

Environmental

Remote Sensing |
E Monitoring

’g — é - é - ’ﬁ Satellite Imaging and Broadcasting
Z £ 4 & Q1 @© @ rombps (sal

T @ Weather Prediction

Q01 Qo
Drone Swarm SAR Imaging (B 100Mbps( Avg)/10Gbps(Peaki(S2]

i
1

1

1

1

1

1

1

1

1

1 h

1 a0 Qo1 @ @ 20Mbps
o N e e © |
1 I ;'._‘ Pollution Monitoring
: \ Qo @

l 1}

i
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i
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1
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+"% Rain Monitoring
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) 100MbpsAvg)/10Gbps(Peakl{S2]

i e e e e e e e Em Em e

(@ 100Mbps|Ava)/ 10Gbps(Peak)[52]

Sensing as a Service !

I Channel Knowledge Map Construction Drone Monitoring and Management Cooperative Localization and Imaging | !
I 05 Qo5 ®s L3 @ Q0 Q02 @1 L1 @O @a0Mbps Qo1 @5 @s00 £3 GO .
: (i) 100Mbps{Avg)/ 10Gbps(Peak)[52] I (R 100Mbps{Avg )/ 10Gbps(Peak)[52] h :
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1 j B !
1 / S f‘ / \ .
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[
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1
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: Mobile Crowd Sensing in Cellular Network |dentification Human Counting Passive Sensing I'~~Ie:t'f-m::|rk'~~ :
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Fig. 15: An illustration of remote sensing and earth observation scenarios of JSAC l"“'“ ’ m
Source: Y. Cui et al.. “Integratineg Sensineg and Communications for Ubiquitous |1oT: Apbplications. Trends and Challenees” |IEEE Network Vol. 35 No.5.2021.
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Enhanced Navigation and Tracking

tu
mg
=
Y
Wy
L]
LR
]
...........
-----------------

Fig. 16: An illustration of space navigation and collision avoidance

uni.lu | SOT
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Enhancing Security

JCAS Signal

Eavesdropper

Legitimate entities

Fig. 17: An illustration of securing the communication with legitimate entities

uni.lu | ST



45 Introduction

Emergency and Disaster Management — Monitoring and Managing from Space

i
(0]¢]
= :
00 v afl
U |ﬂ.‘.

isaster monitoring and management from space

uni.ln | ST

Source: ESA
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Digital Twin

Insights

Decisions

Interventions

Fig. 19: An illustration of digital twin of the Earth environment

uni.lu | ST

Source: DestinE Project
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Design Principles

’0

% Sensing-centric or radar-centric design gives more priority to sensing
tasks while providing information to assist communication for

achieving high integration gain.

+** This approach aims to introduce/embed information signalling in Radar WF » Radar-Centric

known radar waveform. ‘.‘ DFRC

*¢ As the transmission power of radar systems is high, very long range modulation

communications can be achieved. Fig. 20: A high-level representation of radar-centric design

1

wni.ln | SNT

Source: UCL
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Sensing-centric Design

Transceiver Design

LD

Pulsed Radar

/7

/7

/7

Source: Zhang et al.,

Continuous-wave

““‘ Radar

~PRI—
Output

Pulse n Pulse n+1

Tx

—

Rx

BPF

S TF

Beat freq

/D'lﬂﬂ_ N

</
A7
freq |
-PRI — tlmc

Transmitted chirp

Fig. 21: Pulsed radar system ‘PRl' > < tlmc

%* In pulsed radar system, short pulses of large bandwidth are transmitted.

“Overview of signal processing techniques for joint communication and radar sensing,” IEEE JSTSP, Vol. 15, No. 8, 2021.

signal

Fig. 22: Continuous-wave radar system

%+ Continuous-wave radar system transmits chirp signals, typically scanning over a large range of frequencies.

%* In both radar systems, the waveforms are typically non-modulated and they also can be used in MIMO radar.
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Sensing-centric Design

Waveform Design and Signal Processing (1/3)

/

%+ Radar systems typically use specially designed waveforms such as short pulses and chirps, which enable high-power

radiation and simple signal processing at receiver.

% Radar signals are typically designed to achieve high localization and tracking accuracy and to enable simple sensing

parameter estimation.

% Sensing-centric design mainly exploits side information of radar waveform for enabling communication.
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51 Sensing-centric Design

Waveform Design and Signal Processing (2/3)

s Time-frequency embedding:

% Amplitude, phase and/or frequency shift keying techniques are Target

used to embed information in traditional radar waveforms. Comm user 2

Joint Tx Platform
Fig. 23: Waveform design

uni.ln | ST

Source: Hassanien et al., “Signalling strategies for dual-function radar communications: an overview,” IEEE Aerosp., Vol. 31, No. 10, 2016.



52 Sensing-centric Design

Waveform Design and Signal Processing (3/3)

J

** Index modulation:

*» Information is represented by the indexes of antennas,
frequencies, and/or codes of the signals.

+* For example, MIMO-OFDM radars use the indexes of subcarriers
and transmitting antenna elements to embed the information.

ST s }:> Spatial V

Modulation 1

S2=0/1

Fig. 24: An example of index modulation block diagram
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Sensing-centric Design

Parameter Estimation

/7

*%* Sensing:
+»» Time delay, range, velocity, Doppler frequency, and magnitude of multipath signals.

+» Angle of arrival/departure estimation.

’0

»* Communication:

¢ Achievable data rate using radar signals.
+» Short latency time at high spectral efficiency.

1
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Communication-centric Design

Design Principles

4

*%* Communication-centric design gives more priority to communications
while introducing radio sensing as an add-on to a communication

system for achieving high integration gain.

** This approach aims to use communication waveform to extract

sensing information through target echoes.

% Communication-centric design exploits communication signals and

network cooperation for enabling sensing.

%+ Itis also called perceptive mobile networks when the communication

infrastructures are enhanced to include sensing capabilities as well.

Source: UCL

Comms WF g Comms-
'] Centric DFRC

Radar detection J

Fig. 25: A high-level representation of comms-centric design

1
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56 Communication-centric Design

Transceiver Design

Node A Node B
| £ .

Preamble | Data payload
Communications

Fig. 26: Communications system

nni.lu | SOT

Source: Zhang et al., “Overview of signal processing techniques for joint communication and radar sensing,” IEEE JSTSP, Vol. 15, No. 8, 2021.



57 Communication-centric Design

Possible Sensing Types

A/

* Uplink sensing:
+» Transmitters (e.g., UE) and receivers (e.g., satellite) are non-synchronized.
¢ Exact transmitted signal format is not known at the receivers.

X ?atellites can estimate only the relative sensing parameters, not absolute due to non-synchronization, such as time delay and Doppler
requency.

s* Downlink sensing:

¢ Downlink passive sensing:

s Transmitters (e.g., satellite) and receivers (e.g., ground radar receivers) are non-synchronized.
¢ Exact transmitted signal format is not known at the receivers.

* Ground radar receivers can estimate only the relative sensing parameters, not absolute due to non-synchronization, such as time
delay and Doppler frequency.

+* Downlink active sensing:

s Transmitters (e.g., satellite) and receivers (e.g., satellites and ground base stations) are synchronized.
s Exact transmitted signal format is known at the receivers.

+» Satellites and ground base stations can estimate absolute sensing parameters such as time delay and Doppler frequency.
+» Communication reference signals (e.g., pilot signals, demodulation reference signals (DMRS), channel state information

reference signals (CSI-RS), sounding reference signals (SRS), positioning reference signals (PRS)), and synchronization signal
blocks can be used for sensing.
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Communication-centric Design

Waveform Design and Signal Processing (1/2)

R

% Communication signals are designed for effective utilization of resources such as information carrying capabilities and

spectral efficiency.
+* Communication signals are designed to serve diverse services and meet various quality of service requirements.

s* Communication signals are modulated, discontinuous, and fragmented to improve the service quality.

ST



59 Communication-centric Design

Waveform Design and Signal Processing (2/2)

A
% Orthogonal frequency division multiplexing (OFDM): * o002 ® piot
. . . . . O d t
» Comb-type pilot signals which are circularly shifted across OFDM symbols . g g 8 8 8 8 8 -
. (&)
can be used for sensing. 5|e ¢ 6 © @ © o
glo o000 o0 o0
© 00 000O0O0]|g
© 00 00 0O
I EEEEE
, >
Time

Fig. 27: OFDM comb-type pilot arrangement

/7

** Modifications required to existing communications system:

¢ In the case of monostatic sensing, full-duplex operation is expected for better sensing performance.
¢ In the case of bistatic sensing, clock synchronization is required between different communication nodes.
s With limited communication signal transmitted power, long range sensing is difficult.

i lu | SIT

Source: IUT



60 Communication-centric Design

Parameter Estimation

J

*%* Communication:
+¢ Data rate

+»* Symbol/bit error rate

/7

*%* Sensing:
+ Accuracy
+* Resolution

uni.ln | ST



61 Communication-centric Design

Parameter Estimation

J

*%* Communication:
+¢ Data rate

+»* Symbol/bit error rate

/7

*%* Sensing:
+ Accuracy
+* Resolution
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63 Future Directions

Comparison of JCAS Designs

Design Methodologies | Representative Techniques Advantages Disadvantages

Sensing-centric Pulse signal Guaranteed sensing performance  Low data rate
Chirp signal
MIMO radar
Communication-centric  OFDM Guaranteed comm. performance  Unreliable sensing
performance

Table 2: Pros and cons of different levels of integration of communication and sensing

uni.lu | ST



64 Future Directions

JCAS Design Challenges

’0

% Sensing-centric design:

¢ Due to their simple and special signal form and hardware, the existing radar systems generally cannot support very high-rate
communications.

J

** Communication-centric design:

++ Conventional channel estimation techniques can be used to obtain channel coefficients, but sensing parameter estimation requires
extraction of the channel composition rather than channel coefficients only.

¢ The complicated existing communication signals are very different to conventional radar and demand new sensing algorithms and the
knowledge on signal structure is required for coherent detection.

¢ There are also practical limitations in communication systems, such as full-duplex operation and asynchronization between transmitting
node and receiving node, which requires new sensing solution to be developed.
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Future Directions

Joint Design Principles

+* Joint design offers a tunable trade-off between communications and

sensing for achieving high coordination gain.

% This approach aims to jointly design communications and sensing

waveform to meet the needs of users and network operators.

** Mutually benefit the real-time performance of both communications

and sensing systems.

Source: UCL

Joint DFRC
Radar Comms

Trade-off

New DFRC WF

Fig. 28: A high-level representation of joint design

wni.ln | SNT



66

Future Directions

Joint Design Challenges

»  New signal waveform design (e.g., OTFS) would be required to mutually and flexibily accommodate the requirements of

sensing- and communications-based services.

» New hardware with enhanced and additional capabilities would be required to process communications and sensing signals

in parallel.

» New techniques and algorithms may be required to estimate sensing and communications related parameters accurately

with high resolution.

% In the case of distributed sensing, the estimation of parameters may be ambiguous and inaccurate when do joint signal

processing from multiple sources, particularly when they are not well coordinated.
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OQutline

1. Introduction to PNT and JCAP

What is PNT

Actual and future PNT use cases.
Requirements

Legacy GNSS

5G NRNTN

Solving GNSS and 5G NTN drawbacks
JCAP from LEO

Current LEO-PNT missions

2. JCAP Architecture

System architecture
Waveforms

3. JCAP Receivers

Observable extraction
PNT modes
PVT Engines

4. Performance PNT limits

Theoretical limits. Cramer-Rao Lower
Bound

Sources of errors

5. Challenges and future trends

Signal acquisition in high mobility
scenarios

Interference Management
Inter-satellite synchronization
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Introduction to PNT and JCAP

* What are PNT services?

e Actual and future PNT use cases. Requirements
* Legacy GNSS

* 5G NRNTN

* Solution to GNSS and NTN drawbacks. JCAP

* JCAP from LEO. Taxonomy

* Current LEO-PNT and planned missions
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What are PNT services?
Natlonal PNT Archltecture

PNT services are public or private services
that offer a Reference Framework to ._
locate assets on a certain area. 5 Preudones

: . Ve
- Public services are well known, for Sa Gk
example Global Navigation Satellite '
Systems (GNSS) such as GPS, Galileo,

Glonass, Beidu offer global coverage.

Regional Nav - P>
~

Peoudclites &

- Private global services such as PULSAR
from Xona Space Systems, offer their
clients enhanced accuracy and resilience
to complement GNSS services globally. : - :

Other private regional services are offered @ > or T of, mmm - Easorer
by mobile operators, using their cellular | SOperative

network, they can locate their subscribers.

Pseudolites &
Beacons 28 Beacons

el

ENABLERS & INFRASTRUCTURE




Actual and Future use cases for PNT

* Aviation & Aerospace e Autonomous drones

* Critical infrastructure. Time : -
synchronization * Urban Air mobility

. l\/lil.itarv * Space Exploration. Moon

* Policy & Governance. and Mars surface navigation

* Geodesy and mapping .
Sci * Smart cities

* Science

 Transportation (non-aerial) * Secure communication

* Enhanced Communication * Precision Agriculture

Immersive gaming
Emergency services

wni.ln | ST



Use cases requirements for PNT

GNSS (General use) 1-10 m (civilian) 10-100 ns 1 30-60 s (cold start)
Autonomous vehicles 0.1-1 m lus 2 1-5s

Aviation 3-5m 1 us 2 10-30 s

5G Networks 1m 1-10 ns 1 5-15s

SAR 5-10m 10-100 ns 1 5-30s

Precision Agriculture 2-5cm 1 us 2 5-10s

Urban air mobility 0.1-1m 1ns 3 1-5s

* The ITU-R document “M.2160 : Framework and overall objectives of the future development of IMT for 2030
and beyond” recently published offer a summary of some of the requirements for PNT services offered by
6G networks. With a research target of accuracy of 1-10 cm and including sensing capabilities.
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Global Navigation Satellite System (GNSS) as a
PNT reference system

Space Segment

GNSS offer Global coverage for PNT services.
It is composed by:

)

s

L T
......

Control Segment

- Space Segment. Satellites or Space Vehicles (SV)

- Ground segment. Monitor and control stations sisinndd T i a
- User segment & s
L .|

Source: R. Morales-Ferre, P. Richter, E. Falletti, A. de la Fuente and E. S. Lohan, "A Survey on

Coping With Intentional Interference in Satellite Navigation for Manned and Unmanned Aircraft,"

in IEEE Communications Surveys & Tutorials, vol. 22, no. 1, pp. 249-291, Firstquarter 20?0, doi:,
10.1109/COMST.2019.2949178 TTRIT SIT



GNSS drawbacks

* Anydisruption of these PNT services could be catastrophic for the users.
* At this moment, most of PNT services rely on Global Navigation Space Services (GNSS).

» This could be easily attacked/disrupted intentionally (jamming and spoofing techniques) or unintentionally (solar storms)

Safety Information Bulletin
X Operations — ATM/ANS

AIS Path History for Vessels European Union Aviation Safety Agency SIB No.: 2022-02

Affected by Spoofed GNSS Signals 3 . Issued: 17 March 2022
June 22,2017 e B ~vessashdaphé

Subject: Global Navigation Satellite System Outage Leading to
Navigation / Surveillance Degradation

i Vessel Location
ndzhik Airport) Ref. Publications:
None.

Applicability:
National Aviation Authorities (NAAs), Air Navigation Service Providers (ANSPs) and air operators.

Description:
In the current context of the Russian invasion of Ukraine, the issue of Global Navigation Satellite
Systems (GNSS) jamming and/or possible spoofing has intensified in geographical areas
surrounding the conflict zone and other areas.

Eurocontrol, Network of Analysts and open-source data reports analysed by EASA indicate that
since 24 February 2022, there are four key geographical areas where GNSS spoofing and/or
jamming has intensified, namely:

= Kaliningrad region, surrounding Baltic sea and neighbouring States;

= Eastern Finland;

= The Black Sea; and

SpOOfed GN SS Slgnal |n the BlaCk Sea . SOUFCGZ C4A DS. - Lr;itie;srtnell':a:.\editerranean area near Cyprus, Turkey, Lebanon, Syria and Israel, as well as
“Above Us Only Stars. Exposing GPS Spoofing in Russia

The effects of GNSS jamming and/or possible spoofing were observed by aircraft in various phases
of their flights, in certain cases leading to re-routing or even to change the destination due to the

) . . P . o y
. inability to perform a safe landing procedure. Under the present conditions, it is not possible to
a nd Syr Ia ° AcceSI bI e Vi a * predict GNSS outages and their effects. The magnitude of the issues generated by such outage
. would depend upon the extent of the area concerned, on the duration and on the phase of flight
https://www.c4reports.org/aboveusonlystars ofthe afected arcrat

The latest report about GNSS outage for flights. Source: EASA
Operations ATM/ANS. “Global Navigation Satellite System
Outage Leading to Navigation/Surveillance Degradation”.
Safety Information bulletin No: 2022-02. 17 March 2022.
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5G NTN

NTHN in a wide sense

AGPP work on NTN AGPP work on UAV

" ¥ v v v
Satellite network L/
M9, High attitude platform station
@ as IMT base station (HIBS)
. Air-to-ground network
E UAV
(aka. drone)
o an-=0
/ sha,
R 1
Remote Rural Urban

Source: X. Lin, S. Rommer, S. Euler, E. A. Yavuz and R. S. Karlsson, "5G from Space: An Overview of 3GPP
Non-Terrestrial Networks," in IEEE Communications Standards Magazine, vol. 5, no. 4, pp. 147-153,
December 2021, doi: 10.1109/MCOMSTD.011.2100038
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NTN drawbacks

* Up to release 18, the user equipment requires to have a GNSS
receiver to be synchronized with the NTN element.

* The network operator service rely on a third party system outside its control

e Some applications and use cases that needs to be very power efficient (loT for
example) are burden by adding a GNSS receiver at the user.

* Some business models that plan the deployment of thousands of devices are
jeopardized by including a GNSS receiver

wni.ln | ST



Solution Joint Communication and Positioning (JCAP)

e Efficient spectrum usage
* Infrastructure sharing COM2NAV

* Single receiver for both services - o

e Sovereignty of the network. No i .
dependency on third party o ' 6
system.

* Redundancy and robustness | .

* Enhance Search and Rescue NAV2COM
* Signal authentication

Source: ESA
i lu | SIT



Clock, Orbit corrections GEO ‘
MEO Ionosphere data

Actual examples of JCAP //3‘{

Downlink

* They are co-located systems, using a e
hlgher data throughput of the Gmund . e
communication link to assist the GNSS k. i A K. o
receivers via the navigation message | = En

and/or corrections: | —

"

SBAS: Satellite Based Augmentation Credit ESAEGNOS

* The Satellite Based Augmentation is a .- |
communication system used to complement A
the actual GNSS by sending the navigation o
messages from GEO satellites

* 5G GNSS assisted message. The 5G Network
provides the UE assisted information to the
GNSS receivers in the UE to accelerate the
Time To First Fix and its accuracy

Q22222 =~ A-GNSS Receiver

i A"~
/j)r | Collular Network =18~ s
erence Networl
A ce

- assistance

i lu | SIT



JCAP taxonomy for LEO satellites payload

LEO PNT differentiators - a combination of

PNT measurements derived from PNT signals — dedicated SV or PNT LEO speciﬁcitles,

hosted payload (e.g. on satcom)
- Signal / frequencies designed for PNT

« Geometry designed for PNT (dedicated) or for hosting systems Lower free space losses

. Facilitator for compact payloads, frequency diversity and 2way PNT links

GNSS-enabled ODTS
. Complemented by ISL

PNT measurements derived from satcom signals Measurement Diversity
- Signals / frequencies designed for satcom, with tailoring for PNT

« Constellation geometry and antenna coverage : constrained by
hosting system 2-way PNT links 5G Satcom - NTN

(Non-Terrestrial

. Decorrelation, whitening of multipath, shorter outages, etc

Networks)

Signals of Opportunity (SOOP) Frequency Diversity

PNT measurements derived from 3rd party signals

Signal / Frequencies designed for 3rd party missions
Lower frequencies 4m m) Higher frequencies

Constellation geometry and antenna coverage: constrained by Sub-GHE (VHF-UKF): penstration, U 0 KKa-Dand: very wide
hosﬁng system 1arge waveliength for ambiguty resciution bandwidth, high dicectivity, low iono

Ad-hoc monitoring necessary to support commitment of PNT
service provider

Source: ESA



Current LEO-PNT systems and planned missions

= ESA FutureNAV LEO-PNT Demostrator.
https://www.esa.int/Applications/Satellite navigation/ESA kicks off two n
ew havigation missions

XONA
¢ Pulsar from Xona Space Systems. https://www.xonaspace.com/

et Satelles STL-PNT. https://satelles.com/technology/reliable-and-secure-pnt-

stl

hd
TrustPoint. https://www.trustpointgps.com/

uni.ln | ST
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JCAP system components

e System architecture
* Space segment
* Ground Segment
* User segment

* Waveform and multiplexing
* Narrowband
* DSSS
* OFDM
* OTFS

i lu | SIT



System architecture for JCAP in 5G NTN

(a) Al. (b) A2.

Architectures for RAN in NTN Comms

Source: 3GPP s
uni.ln | SOT



System architecture for JCAP in 5G NTN

/.

'b_'a
&
/ v
UE ——NR-Uu
| SET
Figure 3-35:

Source: 3GPP

TRP |

LMF

NG-RAN

AMF

Overall architecture of 5G UE positioning [RD6].
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Space segment in JCAP

* Generate the reference signal
and transmit to the users

* Receive the corrections and
include into the navigation
message before its
transmission

 RAN functions in the case of
regenerative payload

Source: Position, navigation, and timing technologies in the 21st Century: integrated satellite
navigation, sensor systems, and civil applications. Volume 2. Hoboken, NJ: Wiley : IEEE Press, 2021.

Baseband Signal Generation

%

Upconversion
to £,

e

Upconversion
tof,

Signal A
Generation
Signal B J Signal ]
Generation l Multiplexing r
Signal C -
Generation
Signal D
Generation -
] Signal
Multiplexing
Signal E
Generation
F)
Atomic
Frequency
Standard

RF
Power
Amplification

v

RF

Power
Combining
A

3 /\
P /N
ower / \\
Amplification )
Transmit
Antenna

Figure 2.3 Satnav satellite payload [3]. Source: Reproduced with permission of IEEE.
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Space segment in JCAP

Freq 1. Data. SINR [dB] Freq 2. Data. SINR [dB]

-
o

Latitude [deg]
o

-10
-10 0 10 -20 -10 0 10 20
Longitude [deg] Longitude [deg]
Freq 3. Data. SINR [dB] Freq 1. Nav. SINR [dB]
10 10
=)
3]
h=s
2 o0 0
2
®
—
-10 -10
Data beam k& -10 0 10 -20 -10 0 10 20
Longitude [deg] Longitude [deg]

Source: Alejandro Gonzalez Garrido, Jorge Querol, Henk Wymeersh, Symeon Chatzinotas. "Joint Communication and Navigation from LEO Multi-Beam
satellite." Submitted to OJ-COMMS, preprint available at https://www.techrxiv.org/users/889763/articles/1267093-joint-communication-and-navigation-from-

leo-multi-beam-satellite .
umi.lu | SOT
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Ground segment in JCAP

The main task of the ground [ Ground |
Monitoring Station Monitoring Station |
Segm.ent a r.e to u pdate the Antenna and Antenna and »
satellites with: Eloctronics ; | Eectronics ; [N
. Monitoring Monitorin |
e F o hemeris Receiver Receiver | :
* Clock monitoring and ; |
. Master Control Station
corrections —— |. Ot deteminion ﬁ..
* Synchronization
e Satellite and payload status L T

monitoring

Figure 2.6 Ground segment architecture.

Source: Position, navigation, and timing technologies in the 21st Century: integrated satellite
* 5G Core Network

navigation, sensor systems, and civil applications. Volume 2. Hoboken, NJ: Wiley : IEEE Press, 2021.
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User segment in JCAP

Depending the receiver use (for
PNT or COMS) it will look for a
different parameter. However the
signal will provide both, and it can
be exploited by a JCAP receiver

PNT Receiver: Communication Receiver:
Determine the Determine the sign of
time of transition  the wavefrom

Normalized Amplitude (Q5)

0.00 0.05 0.10 0.15 0.20
Time (microseconds)

Figure 14.1 Phase transition eye diagram for a BPSK-modulated
signal containing noise, phase jitter, and distortion (live sky GPS
L5Q chip transitions) [2].

Source: Morton et al —2020. Position, navigation
and timing technologies
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User Segment In JCAP 5G NR Receiver for NAV

Demodulation 1 i-:l'-r-l;:-k—h-\-g-l-t;t;;ws

i
1
Ba;eband Delay X FFT Phase l S
signal rotation [ 1| 1
GNSS Receiver bt [ e — ;
i i— 17 i ; : i
i Reference pilots 1 | discriminator H filter H NCO }TH
1 i
i
i

Phase-lacked loop Pii1

- E Phase Loop {| [rad]
Yip /)_(\ﬁ‘(p) rrl discriminator H filter H NCO |_r_>

T

local replica 3 T
Feedback | L. ot Delay-lockedloop | [sample]
Antenna ' Baseband Processor (BEP)
AF Front End (RFFE) Dynamic range management, Sample Processor (SMP) I. Lapin, G. S. Granados, J. Samson, O. Renaudin, F. Zanier, and L. Ries, “STARE:
- timizali - . e .
quantizer optimization | Pttt Y [ Acauisiion Real-Time Software Receiver for LTE and 5G NR Positioning and Signal
A | bicital processor engine Monitoring,” in 2022 10th Workshop on Satellite Navigation Technology
: - igi . . .
Signal Frequency | [ Bandwidth | [ Sampiing, | || | stream Sample Comelation (NAVITEC), Noordwijk, Netherlands: IEEE, Apr. 2022, pp. 1-11. doi:
| conditioning ) translation ) selection ) digrtizaticn J L conditioner engine ]_O_]_109/NAV|TEC53682_2022_9847544_
r ) H
| I
— -
Reference Phase-ocked frequency synthesis |7—h Counters, timers, pulse generators
oscillator ]
«PPS < IHardware-soi‘hvare interface
5G NR Receiver for COMMS
o e e e + Acquisition commands Reduced Data Processor (RDP)
* = * State updates - o . Nl .
* Status [ User Receiver 1l Resource management [ mnﬂuézmn ot 1 { T;ﬂ;‘g ] } g PBCH
interface intelligence » TOR adjustments PBCH DM-RS Is58
- . ch. est
puwer SUPD}}' -~ - " rCtrl S‘tﬂ.‘tﬁ EFI'OI' Dﬂtﬂ. wavelﬂ. searc chann:f:;il:nallon aa PBCH PBCHREs
— PVT Channel I'I'Ita([}:‘hsl;"lﬁs comection decoding Freq. flobsksimatia] . extraction
'S ™ solution management - SRS i) - o cqualization gy MIB
* Low-power - J X /|« ADR, TOT, Q, CN, < demeduiztion R
DSC‘I”?IDF ™ Nom 0 ( 5 |+ Acquisition results Interference/spocfing Freq corrected i
* Healtime clock volatile Initialization | | * Mav data bit streams detection/mitigation J
,l:_Baﬂenr )\ _memory ) |» Situational awareness
indicators
Source: Position, navigation, and timing technologies in the 21st Century: integrated satellite Source: Matlab

navigation, sensor systems, and civil applications. Volume 2. Hoboken, NJ: Wiley : IEEE Press, 2021.
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Wavetorms and multiplexing
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Wavetorms and multiplexing

Signal combination at baseband

| OFDM Frame

LY
rd

Subframe 1 | Subframe 2 Subframe 10
T e
OFDM | OFDM OFDM
Symbol (0 | Symbol 1 Symbol N

Navigation code

Fig. 1: Time-Code OFDM combining data transfer and a navigation signal

I ms

using the 5G Frame structure.

Signal combination Over the Air (OTA)

Data beam k

Sat ° V/\
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Waveforms. Narrowband signals

/ \
* NB-loT signal /1 - R - ig\
T T * Better for Doppler
Source: M. Kanj, V. Savaux and M. Le Guen, "A Tutorial on J,ff E[E e =N measurements.
NB-loT Physical Layer Design," in IEEE Communications _ e
Surveys & Tutorials, vol. 22, no. 4, pp. 2408-2446, e
Fourthquarter 2020, doi: 10.1109/COMST.2020.3022751 T
5; * Can be embedded between
T : broadband transmission.
. . e Can be pure tones or specific
channels 142 vacant [ F, . .
e Starlink beacons ST S | pilots known at the receiver
! | oo
1 F:ILI A : = - :.-f
/ Ff2
I"i;:d_,..— leak .
| | aube .«}f
R —| AF |
F gutter

Fig. 5: Channel layout for the Ku-band Starlink downlink. ~
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Waveforms. Direct Sequence Spread
Spectrum (DSSS)

This waveform uses a code to A A |
o ﬂ'J\HM'mw"J\'ﬁ.'d I\ \J'Jl' IWWWWIWWW - correr

distinguish between Co
transmitters. Widely used in < | | | [ _ Spreadspecium
GNSS. The maximum number .- T —

. . . X | data wavelornn
of simultaneous transmitters is
limited by the length of the - | modulated spread
COde' R= 1'T, = chipping rate (chips's) R 1'T,= data rate (bits's)

o= 1/'Ty = camier frequency (Hz)

Produces a constant envelope
signal, that is very efficient in
High Power Amplifiers (HPA)
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Waveforms. Orthogonal Frequency Division
Multiplexing (OFDM)

CP-OFDM Signal model

M—1 Nscs—1 T ‘ —
()= VPu Y D slm, KePm rect(——) =
m=0 k=0 S éh SAT3
: . SAT4
@ M Number of Symbols o had
@ Nscs Number of subcarriers m
o s() Resource Grid of the signal 2 | [ ]
1 1 I 4 5 6 T E 9% I IF 12 13 1A
@ fr = kAf Subcarrier frequency _ sl _ _
_ ) ) _ Fig. 2: 5G PRS Transmitted Resource Grid example to multi-
o Is=T+ Tcp Complete symbol time = Symbol time + cyclic prefix plex 4 different satellites (each color is the PRS transmission
duration from a different satellite). Size 1 Resource Block x | Slot
‘ and a Comb Size (frequency periodicity of the PRS per

transmitter) of 4.
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Waveform. Time-Coded OFDM

The NAV block of the receiver, thanks to the correlation
gain, can extract the navigation signal. It treats the
communication signal as "extra" interference.

The communication block at the receiver, once the
navigation signal is detected, it removes it (It can follow
a Sequential Interference Cancellation (SIC) approach).
And then demodulate the signal, with the aid of the
parameters estimated from the nav signal (delay,
Doppler, SINR)

The nav signal can be in the order of -10dB or less
power than the data.

This design can be backwards compatible with 5G NTN
as the modifications are minimum at the UE side

-25

-30 -

-35

Fres = 38.2236 kHz

)
2 a0h
£
2 ot (VIR
Boasp
Q.
%]
¢ 50t
o]
a

,55 L

— OFDM
-60 NAV
Combined [
-65 - : - * - -
-3 -1 0 1 2 3
Frequency (MHz)
I OFDM Frame
Subframe 1 | Subframe 2 Subframe 10
OFDM OFDM OFD!
Symbol 0 | Symbol | Symbol N
Navigation code
1 ms

Fig. 1: Time-Code OFDM combining data transfer and a navigation signal

using the 5G Frame structure.
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Waveform. Orthogonal Time-Frequency
Space (OTFS)

Delay

Delay-Doppler Domain (OTFS)

|
Doppler | 5
|
|
i ) | Heisenberg
Xgqlm,n) ISEET Xkl | Transform
(OFDM
: : Modulator)
\ v -
5 e R e
(MxN) Time
(<)
o
£
=
L
w
MxN
N-1M-1N—-1M-—
€T (f) =V Prx

_______________________ N ) Doppler
Time Domain | :
g ey I
Wigner | [
() ) Yok 1) Yyimn), =
o> Channel ——» T:g":&"‘ sFFT 1> 3
! /' Demodulator) ZX: |
______ b oo ISR /
-------------------- v-‘-----’ Data Grid
(MxN)
Time
g
ES
kY
fre
MxN

In the delay-Doppler domain the channel
is sparse. Easier for a communication
receiver to equalize. Furthermore, it can
be exploited for navigation purposes as in
the channel estimation the receiver have
the delay and Doppler observables

-

magnitude
i
magnitude
= -

L]
DST i A 0SMAf o
_ P T/ NT

> s : .‘:.
S ST 0 i (o)  OSMAT 0

(@) hir,v) (b)Y H(f, 1)

Lis)

FIGURE 2.5 The continuous delay-Doppler vs time-frequency channel representation of a

high-mobility mulh;m:h channel (inear ime-varving)
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PNT Technigues

 Observable extraction
* Acquisition
* Fine estimation
* Tracking loop

* PNT Measurement models. Single point and multi-epoch
* TOA

TDoA

FDOA

Multi-RTT

* PVT Engines
« WLS
« KF
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Observable Extraction. 1. Acquisition

* This step is the first estimation of the
delay and Doppler of a received signal.

* It also serve to evaluate the presence of
a signal or not.

* |t is based in the cross-correlation
between the received signal and a local
replica. When the signal is present, a
peak appears in the output.

* The detection of the signal is based on a
threshold in the cross-correlation
output. It can be fixed of dynamic

Training Band Delay M,

L XY

Figure: Cross Ambiguity Function for the 5G PRS

Guard Band Doppler 3,

Training Band Doppler M,
Training Cells Guard Cells CuT

Figure 31: 2D CA-CFAR algorithm in the Delay/Doppler Map

Guard Band Delay (7,
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Observable Extraction. 2. Fine Delay and
Doppler

* Channel estimation by using the pilots and the local replica

hi(p) = T;_‘p'ff

ip for p=01,....F—1,

* Doppler Offset Estimation: Using two consecutive estimations of the
channel:

: Po1
NS . ,
vi =50 Tnl (1;] hz(p_)h_uﬂ(p)) [Hz].

* Delay Offset Estimation using the ESPRIT algorithm

ot [

[To Ty .f'L_l]T S 'CLXI [‘)}

.-',‘-
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Observable Extraction. 3. Tracking loops

The classical approach is to use

one close loop to track the
changes in the delay, a DLL.
Another closed loop to track
changes in the phase, a PLL.
And depending on the
implementation, an initial
frequency locked loop (FLL)
and aiding the PLL with the

DLL. Or a cascade architecture.

 Acquisition (Python)

(A) FICA) pICA) Modes
Baseband — T Coarse acquisition . —rr (1)1 (BG)
signal | - | 2 52 (89
{File/SOR) (8}, #FA) GOFA) G (FA) Hedes
[l e Fine acquisition * 110 (8C)
(1) | Demodulation (Python/C++) | - - SEETTEEIIIIIIE IS it b
1] i) Xial ¥y i) __| - 1 L SNR;
'D':"" :;::;, L~ FET o _."L\.:K;I_ Filot power and SNR estimator 4B}
(BC), I T — T/_uk ‘21 ;U‘LL 1EE i_L[:ﬁJ+i_ll'ﬂ]
L _ o-bi.| EMLP elay | [Loop | (Do - ool il
0, e=fe il pltriin) ©l discriminator | | filer | Mo I-:m;g]\—/ [sarmple]
[Yip E_EPLLammgmm .
¥ i=1
Referance pilots I = T [Hz)
i NEO) v
ccareptes | {[L[ ARz phase] [Toon 1P LI L1000 |
P discriminator filter g s = Y :,ad]
! PLL FlCA) o i..LF-'I:-.—J @A
Faadback Tracking loops (C++)

Source: I. Lapin, G. S. Granados, J. Samson, O. Renaudin, F. Zanier, and L. Ries, “STARE: Real-Time Software
Receiver for LTE and 5G NR Positioning and Signal Monitoring,” in 2022 10th Workshop on Satellite
Navigation Technology (NAVITEC), Noordwijk, Netherlands: IEEE, Apr. 2022, pp. 1-11. doi:
10.1109/NAVITEC53682.2022.9847544.
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Observable Extraction.

The classical tracking loops as PLL/FLL/DLL can be
substituted by Bayesian approaches as Kalman filters

3. Tracking loops

| PLL (Bp=10Hz) N

|-~ FLL-assisted PLL (Bf/Bp=5/5Hz) ‘i
B;---Standard KF E
~|==Augmented state KF (KF=AR) %5,

6!

EU r E I- ;
E, | Loss of Lock threshold (30 degrees) 4 WY e |
L ] 1
W Moderate Scintillation - i
Z04- : | :
o 04 TP i :
| WA |
[ 2 i 4 H
| i t R | [
| ' i !
5 ] | |
0.2- ; 3 :

Severe Scintillation
- o T ——

1 1 | |
0 20 40 60 80 100
Time [s]

i

(a) Carrier phase RMSE

J. Vila-Valls, P. Closas, M. Navarro, and C. Fernandez-Prades, “Are PLLs dead? A tutorial on kalman filter-based techniques for digital
carrier synchronization,” IEEE Aerosp. Electron. Syst. Mag., vol. 32, no. 7, pp. 28-45, Jul. 2017, doi: 10.1109/MAES.2017.150260.
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PNT single-point and multi-epoch algorithms

Snapshoot UE State Observables Min Number ) , ) i
Multiple epoch passive observation from two satellites

Algorithm

One way range

One way
Doppler

One way range
and Doppler

Two way Range

Two way
Doppler

Two way range
and Doppler

Defference of
ToA

parameters of satellites in

UE position ToA

and clock bias

UE position, FoA

velocity and

clock drift

UE position, ToA and FoA

velocity, clock

bias and drift

UE position Round trip
time

UE position Round trip

and velocity Doppler

UE position Roud trip time

and velocity and Doppler

UE position TDoA

and clock bias

1=\ - \=\
‘;._ ‘ '

pseudorange
p3t,)
pie) | ph(E), Y
I":{rlj

palta)
piits)

) pi(ts)

vy

(x, ¥)=(0,0)
Pseudorange data from | Z (Up)
two spacecrafts must be

collected in one place for Y (North)
double-difference process. X (East)

Source: Tanaka, T.; Ebinuma, T.; Nakasuka, S.; Malki, H. A Comparative Analysis of Multi-
Epoch Double-Differenced Pseudorange Observation and Other Dual-Satellite Lunar
Global Navigation Systems. Aerospace 2021, 8, 191. .
https://doi.org/10.3390/aerospace8070191 “ “l L l“ S_[L[




PNT modes. ToA

ToA = tre — Cig
D= (fT"CE - ft’;{?) " Up

(x—a)*+(y—b)*+ (2 —c)* = ((tre — tia) - 1.-'p)2 +e

2
toa

Apyg Axyg £psat,

— —s T
(Is‘nl —Xux)

T— =
[ %sac, —Xuell

—nT
(Xsat, —sz)

—_—
[¥sat, ~Xus]|

e
(Xsaey —XuE) 1

p— ———
_”x.s'az”—-xux” dyxa

- [],,, tua]

Sat
vE Ayyg 4 |Bpsats | _ g axPL-Toa | H=
i L%y “DL-Toa =

S.a,S atN

Nx4

where

Ap (= Ap
satellite,

Sat;
UE

) is the vector of observations, constituted by the range differentials between UE and i-th

AXPL-TeA s the vector of unknowns, including UE position differentials (i.e. AX, Ay, Az) and the UE clock
error (i.e., byg), being ¢, is the speed of light,

H defines the design, geometry or Jacobian matrix

£ is the vector of the measurements noise including contribution from

o]

o]

Thermal noise (¢ 3%%), the RFI (RFI%E), the MAI (MALE) and the MP (MP3%:%)

The residual for the LEO 5G satellite clock and orbits

The residual for the atmospheric models (when applicable) for the ionosphere (If,f‘[f%) or

troposphere (T55%).

Note: In case some system scenarios comprises dual-frequency corrections for ionosphere, the
noise amplification factor would apply within the terms (e 3%%), (RFL5E), (MALTE) and (MP35E)
calculated in both frequencies.

N is the number of satellites in view.
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PNT modes. TDoA

Ral'ry — Ra'l'ry = (fr:cﬂ tre1) - Up + €tdoa

RaTz; = /(v —2:)2 4+ (y — 4:)2 + (2 — 2)?
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PNT modes. FDoA

Doppler Observable model

Where:
® pn(t) = |Fsatn — rUE|

d _ FsaTn—TUE (3, _ B o=
o Zipn(t) = Al—E (Vsatn — VUE) = OsaTnVsaTn,UE

Cost Function:
£ _ ra 0 s =-—
=TIp— ?USATn,UE VSATn,UE

Position estimation:
X = argmin, L

(4)

Ap =

ﬂﬂsmi

"ﬁp.':'u‘atn

_—s —
Xsary —Xuvp

ﬂ.plsﬂ-tz - G

| Cobyp |

— —
Xsary —Xup

=

i)

XsaesXuoll = \[[¥sar, Xuoll ~ [¥sar, Xuo|l
., R T
{ Xsat, _XUD ( Xsar, —X[m ||VSat2 —Vup ||)
”"’Satz—xv::” ||7"Snrz—xun|| [Xsae, Xuo

—_—
Xsar,—Xup

_—
{ Xsar,, —Xup

— ——+
LU%sac, Xus |

d

—
||XSat“_XUD"

IIVsm,,—ﬁll)

— ——
||X5“trl_x[”’ ||

— G.AX"D 4
— —UuD —OWD
-1
-1 [[g ] r,m]
—1 nx3 nx4
-1
“nx4$
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PNT modes. Multi-RTT

Satellite UE
i _—7 Resulting position uncertaiaty areas :
| 13 ] DL RS (PRS) transmitted at Typ 1y m—
: RTT measurement error N [
RIT3@ 1,425 / '
hw &
RIT2@ t,+d ‘ ;
RIT1 @1, / A
R S ‘ Orbital plane
S % — oy B e
vIRPL UviRPRVTREY U, | ONB™ LoNB-Rs - lam- T CETE R R
—
a UL RS (SRS) received al Lo gy _J; {| Buz L0 be reported (0 gNB
Figure 3-1: Single-satellite multi-RTT positioning method for NTN positioning [RD3]. RTT= 8,5~ S0

Figure 3-2: Single-satellite multi-RTT measurement [RD4].

RTT = (trg.qek + 7tx) — (tig.s + THT) =ty — tig

The measurement model is the same as ToA as it describes circles

1

wni.ln | SNT



PVT Engine. Weighted least squares

* After linearizing the measurement model h() for H, x can be estimated
by:

%1 =% + (HTWH)  H'W (y — h(k:))

Where W are the weight (or relative quality) of each of the
measurements. W can be obtained based on the variance of the
measurements
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PVT Engine. Kalman Filtering

. Prediction step. It estimates what is going to be the state x;; at time & + 1 from on the previous state x; at
time k based on the state transition matrix F
Xk+1 = Fxp (45)

. After the state prediction, it is necessary to update the covariance matrix of the error in the prediction P using
the matrix Q as the process noise covariance, or how good is our model F to the reality:

Piy1 = FPFT 4+ Q (46)

. The state update with the measurements. The measurement model we have seen before in (44), h = — £ ul e vsarue

is used to update the prediction done in the previous step X,
Yi+1 = Zk+1 — b (Xi41) (47)

. Then it is required to update the measurement covariance matrix Sy, using the Jacovian of the measurement
model H and the measurement noise covariance matrix R

Sk+1 = He1PrHY, + R (48)

. Then the Kalman gain is obtained as: K41 = PryH S},
. With the Kalman gain, the final state estimation can be obtained: xx4; = Xx+1 + Kk 41¥k+1

. And finally update the covariance matrix of the error in the prediction Py, = (I — Ky 1Hiy1) Pi

Prior knowledge

.

of state

P_1jk-1
Xk—1|k—1

i

Next timestep
k+—k+1

I

Pk
Xk|k

/

Output estimate
of state

Prediction step

—> Basedoneg.

physical model

{

Pir-1
Xk|k—1

{

Update step

-<— Compare prediction -—

to measurements

Measurements

Yi ‘
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Performance limits

e Theoretical limits. Cramer-Rao Lower Bound

e Sources of errors
* Geometrical Dilution of Precision
* Clocks and Synchronization
* Radio propagation
* Interference and multipath
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Sources of error. Geometrical Dilution of

Precision (GDOP)

A B C

)9

Source: Wikipedia

Ty Tz T3 T4

a o o o
Q—{HTH}I 1 _ 21 22 3 24
d31 0O3x OC3a3 O

T4l Taa T43 Taa

The theoretical analysis of the GDOP is done in the reference
| 17). Starting with the definition of the measurement matrix /7 which
contains K > 4 range residuals:

hix hly hlz 1
ikl W F i

th hKy th 1
Where each residual is the component of a unit vector from the
UE coordinates (z,y, z) to the 4,, BS coordinates (zi, vi, 2i) .
Ti — Tyk
R
And R is the cuclidean estimated distance between the UE position
and the BS position:

Ri= (zi — ) + (% — ¥)? + (2 — 2)?

hu' —

GDOPery: = +/sum(diag(Q)) = Vo + 02 + 033 + 0aa

GDOP Value Rating

<1 Idecal
1-2 Excellent
2-5 Good
H—10 Maoderate
10 =20 Fair
=20 Poor
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Sources of Error. Clocks

Clock technologies for LEO platforms:

- CSAC: Chip Scale Atomic Clock Oscillator Stability Aging/10 Power
type (logl10) year (logl0) | consumptio

- VCXO: Voltage-Controlled Crystal Oscillator n (W)

- TXCO: Temperature-compensated Crystal Oscillator CSAC -11,-9 -8 0.1
TCXO -9, -8 -7 le-4

- OCXO: Oven-Controlled Crystal Oscillator
OCXO0 -12,-10 -8 3

- MCXO: Microcomputer-compensated Crystal Oscillator MCXO 12, -9 6 De-4

- USO: Ultra-Stable Oscillator Uso -13,-12 -8 8
Rubidium -11 -10, -9 12

- RAFS: Rubidium Atomic Frequency Standard
Cesium -12,-11 -12,-11 40

- CAFS: Cesium Atomic Frequency Standard
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Sources of Error. lonospheric and
Tropospheric propagation

There are two models for the ionosphere:

35 ’(E‘:T 1
2 % .................................... GNssatitude \ .......... . 20000 - Klobuchar: Used in GPS
7GNSS satellite 7
o - ' - NeQuick: Used in Galileo and Beidou
..,t" - 600 km|
@ : 2 Both of them estimate the Total Electron
300 m‘; Content (TEC) between the satellite and the
200 km | a user.
90~Km
50 kom ° New models are required for LEO missions
that operate below C-Band as the TEC will
Figure 6-6: lonosphere Layer Representation w.r.t. to satellite altitudes [RD56]. be smaller as in MEO missions at L-Band

Source: M. Imad, A. Grenier, X. Zhang, J. Nurmi, E.S. Lohan, “lonospheric Error Models for
Satellite-Based Navigation—Paving the Road towards LEO-PNT Solutions”, Computers, vol. 13,
no. 1:4, 2024. https://doi.org/10.3390/computers13010004
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Sources of error. Interference

* * Spherical cap A
*
Omask
LH
— > Typical user
h R
BT i # Satellite of interest
& Interfering satellite S—1
% Not visible satellite . -2 2
- Iz - E Ps PTXlX;ESm (ATsaA'Us) | '

sF#1

Fig. 3: Typical satellite user view. Where the maximum slant
range is defined by Rmax at an elevation angle of 0°. It
shows also the usable area as a spherical cap A in green,
defined by minimum elevation angle fyask. At the elevation
angle Oyask the satellite is at the maximum usable distance
pmax.- It also shows different satellites, one of interest, 3 that
could interfere with the interest and one out of sight from
the user
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Sources of Error. Multipath

1 6 T T T T T T T T

Multipath Interference Non-line-of-sight Reception 12H 1

! |
10_ l |I ‘Il ||I T

Signal r_ef!ected Direct signal from
by a building satellite

Signal reflected Direct signal is
by a building blocked

o [m]

Signal reflected
off the ground

Figure 22.1 Multipath interference and NLOS reception. 0 I I I I I I

Source: Position, navigation, and timing technologies in the 21st Century: integrated satellite 0 [deg]

navigation, sensor systems, and civil applications. Volume 2. Hoboken, NJ: Wiley : IEEE Press, 2021.
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User Equivalent Range Error

® Typical Single Freq. GNSS UERE Budget

* All the errors can be modelled as an iid (20 = 95.5%)

. . . Space/Control  Broadcas 1.3 m
Gaussian random variable with mean O e
an d VvVa rla nce User lonospheric delay 14 m

Tropospheric delay 0.4m

9 Receiver noise 0.2m
OUERE — O [Il]]
- J Multipath 0.4m
J System UERE Total 14.1m

Source: Understanding GPS — Principles and Applications; Kaplan, Hegarty; 2nd Edition; Artech House; 2006
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Challenges in JCAP from LEO

* High Doppler shift makes the search window in acquisition larger than MEO satellite.
Requiring more processing for acquiring it and higher order in the tracking loops

* Clocks on board LEO satellites are not as accurate as those in GNSS because of the cost
Ber unit. In LEO it is intended a much larger number of satellites and the unit cost should
e kept at minimum.

* Intersatellite links are required for communications
* Interference management strategies for large LEO constellation

* No real time LEO-PNT receivers are available in the market at this moment. Only
academic works
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Future trends

* Seamless communication for the user. It will not distinguish if the user
terminal is connected to a terrestrial or a satellite network.

* Improved accuracy, availability and robustness of the PNT service.

« Communication throughput improves by knowing the user location
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