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Executive summary 
 

This document presents the architectural directions and early technical activities of Work 

Package 3 (WP3) within the NexaSphere project. WP3 focuses on the development of free-

space optical and satellite transceivers, on-board processing, LiFi, multi-band antennas, and 

disaggregated RAN hardware subsystems, enabling uniĜed terrestrial and non-terrestrial 

(TN/NTN) 3D networks for 6G, with energy efĜciency as a cross-cutting design objective 

across all of these components. 

The document introduces the background and scope of WP3 and reviews the state of the art 

in relevant free-space optical, on-board processing, LiFi, antenna, and disaggregated RAN 

technologies, with emphasis on cross-cutting energy-efĜciency challenges and current 

technological limitations. IdentiĜed gaps include robustness and synchronisation limitations in 

long-distance and cross-atmospheric optical links, scalability and flexibility constraints in 

existing RF and LiFi solutions, the need for compact, high-efĜciency, multi-band antennas 

capable of supporting beam steering and high-mobility TN/NTN scenarios, size, weight, power, 

and radiation-tolerance constraints on on-board processing platforms, and the limited maturity 

of disaggregated RAN solutions for NTN operation under long and variable propagation delays, 

Doppler, and satellite mobility. 

It further outlines the architectural structuring approach adopted in WP3, identifying reference 

scenarios and use cases, requirements and performance criteria, and functional hardware 

allocation as key aspects guiding the work. These elements provide a common framework for 

aligning WP3 tasks and their interaction with other work packages. 

Initial technical activities are presented for optical transceivers and satellite links, on-board 

processing for satellite payloads, LiFi systems, high-efĜciency multi-band antenna design for 

aviation and automotive platforms, and flexible disaggregated RAN concepts, establishing the 

basis for subsequent prototyping, integration, and validation activities. 
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Section 1: Introduction 

1.1 Background: Energy-efficient radio-optical 3D 

network components 

Future 6G systems are expected to operate as fully three-dimensional (3D) networks that 

seamlessly integrate terrestrial networks (TN) with non-terrestrial networks (NTN), including 

satellite constellations and high-mobility platforms. To meet the stringent requirements of such 

networks in terms of capacity, latency, availability, and coverage, a tight coupling of radio-

frequency (RF) and optical communication technologies is required across the user, space, 

and ground segments. 

Energy efĜciency is a key cross-cutting challenge in this context. Satellite payloads, airborne 

platforms, and mobile terminals are inherently constrained in size, weight, and power (SWaP), 

while being required to support high data rates and dynamic connectivity. As a result, next-

generation transceiver and processing technologies must maximise performance per joule and 

enable adaptive operation under highly variable channel and mobility conditions. 

RF technologies remain essential for wide-area coverage and robust service links in integrated 

TN/NTN systems, driving the need for advanced multi-band antennas and flexible RF front-

ends. At the same time, free-space optical (FSO) communication offers very high data rates 

and favourable energy efĜciency for inter-satellite and feeder links, provided that transceiver 

architectures are adapted to long distances and atmospheric impairments. Complementing 

these long-range links, short-range optical wireless technologies such as LiFi enable high-

capacity, interference-free connectivity in static and mobile environments. The effective 

integration of these heterogeneous radio and optical components further requires advanced 

on-board processing (OBP), disaggregated RAN architectures, and intelligent resource 

management across the TN/NTN continuum. 

Within NexaSphere, Work Package 3 addresses these challenges by developing and 

evaluating energy-efĜcient RF, optical, OBP, LiFi, antenna, and disaggregated RAN subsystems, 

forming the technological basis for the uniĜed 3D network architecture pursued in the project. 

These developments are particularly relevant for the NexaSphere mobile-transportation 

verticals, including aviation, automotive, and railway scenarios, where high-mobility 

connectivity must be supported under strict SWaP constraints. 

1.2 Objectives of WP3 and positioning of D3.1 

The purpose of Deliverable D3.1 is to provide the Ĝrst consolidated description of the design 

concepts, architectural decisions, and early prototype developments for the main WP3 

technology lines: radio and optical links, on-board processing for satellite payloads, LiFi 

transceivers, multi-band antenna systems, and disaggregated RAN. As WP3 supplies the 

foundational hardware and system-level components for the NexaSphere communication 

platform across terrestrial, non-terrestrial, and optical domains, this deliverable documents the 

initial design directions and technical trade-offs that will guide subsystem development in 

subsequent phases of the project. 
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D3.1 introduces the state of the art, identiĜes the key technical gaps, and presents the early-

stage design activities for the main transceiver and processing components developed in WP3. 

These include free-space optical and satellite communication terminals, OBP concepts for 

satellite payloads, LiFi transceivers for cabin connectivity and Gate Data Transfer, multi-band 

NTN/TN antenna systems, and the flexible and power-efĜcient disaggregated RAN functionality 

that will support multi-RAT processing and integration within the NexaSphere architecture. For 

each subsystem, the deliverable outlines the conceptual design, preliminary interface 

considerations, and the rationale behind selected technology choices. The scope further 

includes the deĜnition of initial requirements and interface speciĜcations that will support later 

integration and validation of work across WP4²WP6. 

As the Ĝrst WP3 technical deliverable, D3.1 captures the progress achieved during the initial 

project phase, including laboratory investigations, component evaluations, prototype planning, 

and subsystem architecture deĜnition. The detailed implementation, integration, and validation 

of the complete transceiver prototypes and processing modules will be presented in the follow-

up deliverable D3.2. 

1.3 Relation to other WPs 

WP3 builds on the system-level requirements, use cases, KPIs, and architectural assumptions 

deĜned in WP2. It provides energy-efĜcient RF, optical, OBP, LiFi, antenna, and disaggregated 

RAN subsystems that will support integration and demonstration activities in WP6. Close 

interaction with WP4 ensures alignment with multi-connectivity and transport mechanisms, 

while coordination with WP5 supports alignment with edge-cloud orchestration and network 

management concepts (e.g. O-RAN-related orchestration aspects where applicable). The 

outcomes of WP3 will also provide technical inputs for dissemination, exploitation, and 

standardisation activities in WP7. Feedback from integration and validation activities will 

iteratively reĜne WP3 developments. 
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Section 2: State of the Art: Radio-Optical 3D 

Network Components 

2.1 Free-Space Optics and Satellite Transceivers 

This section is structured as follows. First, the optical terminal is introduced with examples of 

commercially available terminals. Second, the optical transceiver is deĜned. Third, references 

to terrestrial and non-terrestrial optical transceiver standards are given. In the fourth part, the 

coherent / non-coherent transceiver classiĜcation is motivated. It is further shown how COTS 

transceivers in both categories have limitations in the SOTA, supported by link budgets for 

different optical link scenarios. 

Within the space segment, the basis for free-space optical communication is the optical 

communication terminal, of which a satellite in a constellation can have up to 6 (front, back, 

left, right, up, down), depending on the constellation design. The optical terminal consists of 

the optical head with the telescope and pointing mechanism, the optical ampliĜers, the optical 

transceiver, and support electronics. Some examples of existing COTS terminals include the 

SCOT series terminals from TESAT [1], which are illustrated in Figure 1, the Condor Mk3 

terminal from Mynaric [2], illustrated in Figure 2, the Kepler optical user equipment [3], as well 

as the General Atomics optical communication terminal [4].  

 

Figure 1 SCOT series terminal from TESAT [1] 
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Figure 2 Illustration of Mynaric terminals [2] 

One of the key components inside the optical communication terminal is the optical 

transceiver. The optical transceiver is responsible for converting data, for example, Ethernet 

packets, into light on the transmitter side, and converting light back to data on the receiving 

side. The transmitting process includes encapsulating the data, applying error correction 

codes, modulating the bits, and applying supplementary data, such as pilot symbols, for 

synchronisation of the receiver. On the receiving side, this process is reversed. First, the 

symbols are recovered and mapped to bits. Second, the bits are mapped into frames. 

Transceivers can broadly be divided into two categories based on the modulation technique 

they use: coherent transceivers and non-coherent transceivers. This division is motivated by 

the fact that transceivers differ considerably in their complexity and sensitivity. Coherent 

transceivers are orders of magnitude more sensitive than non-coherent transceivers but 

require synchronisation of the receiver, which increases the implementation complexity, such 

as requiring additional optics, RF ampliĜers and additional digital signal processing (DSP). 

Some existing transceiver speciĜcations are deĜned in the space-tailored SDA OCT [5] 

standard for non-coherent transceivers, and the terrestrial OpenROADM [6] and OpenZR+ [7] 

standards for coherent optical transceivers. Further, the ESTOL technical speciĜcation by ESA 

[8] currently suggests following the SDA standard for non-coherent links up to 10 Gbit/s and 

for data rates higher than 100 Gbit/s to follow the OpenROADM standard. Work in ESTOL is 

currently being done to deĜne so-called low-coherent modes, deĜning coherent 

communication protocols for data rates up to 10 Gbit/s. All speciĜcations listed so far operate 

in the C-band around 1550 nm wavelength, which allows re-using existing terrestrial 

components. An option outside the C-band is the CCSDS 141.11-O-1 for 1064 nm free-space 

optical links. 

Coherent COTS transceivers, which are commonly used in terrestrial optical Ĝbre 

communication, such as DCOs (digital coherent optics), are highly SWaP efĜcient and offer 

high throughput, but are prone to lose lock during fade events occurring in the cross-

atmospheric links in combination with Doppler shift and Doppler rate; this further extends the 

fade duration and thus causes increased loss of data due to the non-optimal DSP algorithms. 

Furthermore, currently optical coherent COTS transceivers are not built to withstand radiation, 

constraining the operating conditions and mission duration. While operating a satellite for a 
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couple of years in LEO might be feasible, operating one for 10 years in MEO might not be 

possible without additional measures. 

Non-coherent transceivers struggle to close link budgets at distances beyond a few hundred 

kilometres at high data rates due to their inherently low receiver sensitivity. At long link 

distances, this means that either the optics need to be larger and/or the optical ampliĜers must 

provide more ampliĜcation, increasing power consumption and complexity compared to 

coherent transceivers. However, non-coherent transceivers do not suffer from synchronisation 

issues within the atmosphere compared to coherent systems. Additionally, the optical terminals 

listed previously claim to be operable at higher orbits, suggesting at least some level of 

radiation mitigation measures. 

Currently, there is no transceiver that can cope with atmospheric effects to allow operational 

use within ground-to-space links at high data rates. Furthermore, there is no transceiver which 

can be operationally used within a LEO-GEO OISL link at high data rates. The proposed 

solution is a custom-built coherent optical transceiver which shall build upon the long-standing 

heritage from the terrestrial developments and customise the critical link functions. Such 

custom coherent transceivers could solve the synchronisation issues within the atmosphere 

by employing time diversity and specialised DSP algorithms, while at the same time allowing 

for long distances at high data rates due to the higher sensitivity compared to non-coherent 

systems. 

To highlight the potential of optical links in different situations, link budgets are evaluated for 4 

scenarios using 10 Gbit/s DP-QPSK and 100 Gbit/s DP-QPSK modulation schemes: LEO-to-

LEO, LEO-GEO, LEO-OGS, LEO-Aircraft. The LEO-OGS is divided into up- and downlink 

scenarios due to link asymmetry. Different aperture sizes are evaluated to observe their effect 

on the link budget. A link margin above zero means that the link can be closed, i.e., 

communication for the given parameters is possible. To note is that a non-coherent modulation 

scheme would decrease the link margin by 10-20 dB due to the lower sensitivity. In addition, 

for an atmospheric link, the effects of turbulence may cause coherent links using existing 

terrestrial transceivers to lose their synchronisation and thus degrade performance. The 

following link budgets assume that sophisticated DSP is applied for synchronisation and that 

any residual penalty is included in the receiver sensitivity. The pointing error of the optical 

heads is described by the pointing loss. 
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Table 1 Link Budget LEO-LEO 

 

For LEO-LEO links, it is shown in Table 1 that communication at 10 Gbit/s DP-QPSK for two 30 

mm diameter optical terminals is not possible. If at least one of the terminals is changed to 80 

mm, this enables 10 Gbit/s communication in both LEO scenarios. 

At 100 Gbit/s, changing one terminal to 80 mm is not enough. If both terminals were to be set 

to 80 mm, resulting in a further 8.5 dB improvement in link margin compared to just one 

terminal being 80 mm, LEO-LEO intraplanar links would be possible. However, LEO-LEO 

interplanar links remain below 0 at ²0.5 dB, requiring slightly improved performance to close 

the link. 
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Table 2 Link Budget LEO-GEO 

 

For LEO-GEO links, as shown in Table 2, an 80 mm aperture is not enough to close the link at 

10 Gbit/s. A 250 mm aperture is required for at least one of the satellites to be able to close a 

10 Gbit/s link. For closing a 100 Gbit/s link, both satellites need a 250 mm aperture terminal. 
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Table 3 Link Budget LEO-Aircraft 

 

For LEO-aircraft, as depicted in Table 3, a 30 mm aperture on both the aircraft and the satellite 

is enough to close the link even at 100 Gbit/s. At cruising altitude, the optical link availability 

does not depend on the cloud coverage, as the aeroplane is above the clouds. Therefore, the 

link availability increases compared to ground-to-space links. 
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Table 4 Link Budget LEO-Ground Uplink 

 

Table 4 shows that for a 10 Gbit/s Ground-LEO uplink, e.g. a feeder link, a 30 mm aperture on 

the satellite is sufĜcient. For a 100 Gbit/s feeder link, an 80 mm aperture on the satellite is 

required. 
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Table 5 Link Budget LEO-Ground Downlink 

 

For a LEO-Ground downlink, a 30 mm aperture is sufĜcient to close the 10 Gbit/s and 100 

Gbit/s links in accordance with Table 5. 

Non-coherent links require high output power to close the link budget with receivers at least 

an order of magnitude lower in sensitivity compared to coherent links. This means that 

employing coherent optical links allows for more energy-efĜcient communication than non-

coherent links. 

As coherent links require signal processing that is adapted for the atmosphere, coherent COTS 

transceivers offer sub-optimal performance within atmospheric links. Within the scope of 

NEXASPHERE, custom ASIC development is out of scope. However, validating the DSP 

algorithms on FPGAs paves the way for future ASIC implementation, therefore further 

supporting energy efĜciency goals. A further point towards energy-efĜcient links is a PHY-layer 

FEC with an interface to a time-diversity mechanism, such as a (packet-level) erasure decoder 

optimised for an atmospheric channel. However, the implementation and design go beyond 

the scope of the project. 

Optical links are inherently more secure than RF links, as the illuminated area at the receiver 

is much smaller than the illuminated area for RF links. This makes the signal more challenging 

to listen to without the receiving partner noticing such efforts. 



                                                                                          

NEXASPHERE | D3.1 JUN-26 

This project has received funding from the Horizon Europe research and innovation program under grant 

agreement No. 101192912 

 

t
ŀ
Ǝ
Ŝ
н
с 

2.2 On-Board Processing Platforms and Routing 

Advances in onboard processing have enabled modern SATCOM payloads to integrate digital 

channelizers, high-speed ADC/DAC chains, and increasingly capable software-deĜned radios 

(SDR) and software-deĜned networking (SDN) frameworks. Experimental regenerative 

payloads have demonstrated the feasibility of hosting partial 5G gNB functions and low-latency 

user-plane processing in orbit, while commercial digital transparent processors routinely 

support flexible beamforming, dynamic bandwidth allocation, and multi-beam routing.  

However, radiation-tolerant processors, FPGAs, and heterogeneous SoCs currently offer only 

a fraction of the compute density and memory bandwidth required for full 5G PHY/MAC 

execution, large-scale trafĜc aggregation, or edge-compute workloads (i.e. AI Functionality, 

etc.) and are further constrained by strict power and thermal budgets. In parallel, present-day 

SDRs often lack the instantaneous bandwidth, reconĜgurability, and multi-carrier support 

needed for wideband NR operation or simultaneous multi-RAT processing, while limited 

SDN/NFV support complicates the orchestration of routing, network slicing, and resource 

allocation across a dynamic constellation topology. 

Table 6 Technical Challenges and Limitations 

Items Details Requirements Limitations 

Latency-sensitive 5G 

Control Loops 
¶ Hybrid ARQ 

¶ Link Adaptation 

¶ Scheduling 

¶ Beam Management 

¶ Power Control 

¶ Fast Processing 

¶ Deterministic Timing.  

¶ Tight PHY and MAC 

layer coupling. 

¶ Slow clock speeds from radiation 

tolerant components.  

¶ Limited resources (i.e. FPGA, etc.) 

¶ Power and thermal limits. 

Secure High-Rate 

Encryption 

¶ 5G user-plane trafĜc 

¶ Inter-satellite link trafĜc 

¶ Secure Gateway backhaul 

¶ High-speed encryption 

¶ High memory bandwidth 

¶ Limited resources (i.e. 

throughput) 

Dynamic SDN/NFV 

Orchestration 
¶ Dynamic VNFs 

¶ Migratable services 

¶ ReconĜgurable routing 

¶ Adaptive Real-time 

network slicing  

¶ Orchestration 

frameworks 

¶ Stable, low-latency 

control plane 

¶ Limited memory (i.e. RAM, 

Storage, etc.) 

¶ intermittent links to ground 

¶ Harsh fault-tolerant 

requirements. 

 

These limitations impact the effective utilisation of inter-satellite links, where real-time routing 

and distributed user-plane anchoring remain challenging with existing hardware. Efforts 

undertaken in Task 3.1 envision a reconĜgurable and modular SDR/SDN-enabled OBP 

architecture, incorporating the necessary hardware-accelerated processing blocks for 5G NTN 

waveforms and a virtualised onboard user-plane framework to support dynamic routing, multi-

RAT integration, and edge-computing services within a constellation. 

A key element in evaluating the feasibility of the proposed OBP architecture is an evolving 

SWaP analysis, which determines whether the processing, memory, and networking resources 

can be integrated within the physical, mass, and power constraints of a LEO satellite payload. 

This begins with estimating the computational load associated with the target 5G/NTN and 

edge-computing functions and mapping them onto candidate processors, FPGAs, and 

accelerator conĜgurations to derive expected power consumption, thermal output, and 

memory bandwidth requirements. These Ĝgures can then be compared against candidate 

platform-level constraints, including available payload volume, radiator area, power generation 



                                                                                          

NEXASPHERE | D3.1 JUN-26 

This project has received funding from the Horizon Europe research and innovation program under grant 

agreement No. 101192912 

 

t
ŀ
Ǝ
Ŝ
н
т 

margins, and thermal dissipation capacity. The result can further help quantify the processing 

density achievable within mission constraints, highlighting bottlenecks and available 

architectural trade-offs. The goal of this systematic approach is to ensure the OBP design 

remains scalable and compatible with the overall resource budgets of various spacecraft. 

2.2.1 OBP Architecture and Processing Technologies 

Onboard processing (OBP) refers to digital signal processing functions executed directly 

onboard the satellite payload, enabling communication signals to be processed prior to 

downlink or uplink transmission. In contrast to conventional transparent or bent-pipe payloads, 

OBP enables routing, beamforming, channelisation, and regenerative processing capabilities 

directly within the space segment. These functions support scalable and software-deĜned 

communication architectures by enabling dynamic resource allocation, flexible trafĜc 

management, and reduced dependency on ground infrastructure. 

The evolution of satellite communications has seen a progressive shift from transparent 

payload architectures toward digital and regenerative systems. Modern satellite networks are 

adopting Digital Transparent Processors (DTPs), software-deĜned payloads, and regenerative 

payload architectures to provide greater flexibility in managing spectrum, coverage, and trafĜc 

demand. Such capabilities are particularly important for future non-terrestrial networks 

(NTNs), where dynamic beam management, trafĜc steering, onboard routing, and seamless 

integration with terrestrial 5G and emerging 6G networks are expected to become key system 

requirements. 

For regenerative NTN architectures, OBP plays a key role in enabling adaptive beam 

management, inter-satellite routing, user-plane processing, and support for multiple radio 

access technologies (RATs). The increasing complexity of these functions has driven the 

evolution of onboard processing platforms toward more flexible and software-deĜned 

architectures. Recent developments have also seen the adoption of heterogeneous processing 

architectures that combine general-purpose processors, dedicated accelerators, and 

programmable logic to balance flexibility, performance, and power consumption. 

However, the implementation of such functionality is strongly dependent on the underlying 

digital processing hardware. Current OBP architectures primarily rely on either Field-

Programmable Gate Arrays (FPGAs) or Application-SpeciĜc Integrated Circuits (ASICs), each 

presenting distinct advantages and limitations. 
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Table 7 FPGA versus ASIC Trade-Offs for Spaceborne OBP 

 

FPGAs provide reconĜgurable digital hardware that enables in-orbit updates and algorithm 

modiĜcations, offering flexibility to adapt to evolving mission requirements and communication 

standards. This makes FPGA-based processing particularly attractive during early deployment 

phases of software-deĜned payloads. However, this flexibility typically comes at the cost of 

higher power consumption and lower computational efĜciency compared to custom hardware 

solutions. 

ASICs, by contrast, are custom-designed integrated circuits optimised for dedicated 

processing functions. They generally offer improved computational performance, lower power 

consumption, and reduced volume, making them attractive for power-constrained satellite 

payloads. However, ASICs lack post-deployment reconĜgurability and require stable system 

requirements and signiĜcant upfront development effort. These trade-offs are particularly 

relevant for the design of flexible regenerative payload architectures intended for evolving 

mission requirements. 

Current state-of-the-art onboard processing architectures increasingly adopt heterogeneous 

designs that integrate reconĜgurable logic and dedicated acceleration to improve performance 

efĜciency while maintaining operational flexibility. Despite this trend, practical implementations 

remain constrained by a persistent trade-off between reconĜgurability and power-efĜcient 

high-throughput processing. 

Despite advancements in FPGA-, ASIC-, and heterogeneous onboard processing 

architectures, current regenerative payload implementations still exhibit a fundamental trade-

off between flexibility, computational efĜciency, and scalability. FPGA-based systems provide 

adaptability but are limited by power and resource efĜciency, while ASIC-based solutions 

achieve higher efĜciency but lack post-deployment flexibility. This persistent limitation deĜnes 

a design gap in achieving both high adaptability and efĜcient large-scale deployment in future 

NTN scenarios. The regenerative processing architecture presented in this work is motivated 

by this gap and targets a balanced approach between reconĜgurability and processing 

efĜciency. 
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2.2.2 OBP Sizing Drivers and Platform Constraints 

The design and feasibility of onboard processing systems are governed by both processing 

requirements and spacecraft-level constraints. Key sizing drivers include communication 

throughput, end-to-end latency targets, beamforming capacity, number of simultaneously 

active users, and the complexity of onboard functions such as routing, regenerative 

processing, beamforming, and edge-computing workloads, as described in regenerative and 

flexible payload architectures for HTS and NGSO systems (e.g., DVB-S2/S2X regenerative 

processor studies and ESA regenerative payload demonstrators) [9][10]. Increasing 

throughput and processing functionality scales directly into higher computational load, 

memory bandwidth requirements, and internal data movement across the payload 

architecture, consistent with Ĝndings in FPGA-based SDR payload and digital channeliser 

architectures [11]. 

At the platform level, onboard processing performance is fundamentally constrained by 

available spacecraft resources. Power consumption represents one of the primary limitations, 

as processing capability scales directly with the satellite power budget [12]. High-performance 

digital processing generates signiĜcant heat, but space-based thermal rejection is limited to 

radiative cooling, making thermal control a primary system constraint in high-density payloads 

[12]. Internal data rates introduce additional constraints, particularly through memory 

bandwidth and interconnect throughput limitations, which are widely identiĜed as bottlenecks 

in high-throughput digital payload and FPGA/ASIC-based processing architectures [13]. 

The space radiation environment further constrains architecture and component selection. 

Single-event effects (SEEs) and cumulative radiation degradation influence processor 

reliability and lifetime, often necessitating mitigation strategies such as redundancy, fault-

tolerant architectures (e.g., TMR), and radiation-hardened components, as documented in ESA 

radiation effects guidelines and space-grade FPGA studies [14]. These approaches typically 

increase system mass, power consumption, and architectural complexity. 

Consequently, onboard processing sizing for NexaSphere is constrained not solely by 

processing demand, but also by Size, Weight, Power, and Cost (SWaP-C), thermal dissipation 

capability, and radiation tolerance within the LEO environment, consistent with system-level 

spacecraft design trade-off analyses for digital payloads [12]. 

2.2.3 NexaSphere OBP Trade-Offs and Development Path 

Several architectural trade-offs shape the evolution of state-of-the-art onboard processing 

platforms. Regenerative architectures increasingly replace bent-pipe payloads in advanced 

telecommunications satellites due to their improved routing flexibility, lower latency, and 

support for onboard network intelligence. Similarly, digital payloads and digital transparent 

processors increasingly dominate commercial systems, while analogue processing remains 

largely restricted to RF front-end functions. 

Future OBP platforms are expected to increasingly incorporate heterogeneous processing 

architectures, combining FPGA flexibility with ASIC acceleration and AI-assisted resource 

management to improve performance and efĜciency. Early developments in adaptive resource 

allocation and intelligent beam management indicate potential beneĜts for dynamically 

changing LEO network topologies. 



                                                                                          

NEXASPHERE | D3.1 JUN-26 

This project has received funding from the Horizon Europe research and innovation program under grant 

agreement No. 101192912 

 

t
ŀ
Ǝ
Ŝ
о
л 

To guide these developments, key performance indicators for OBP systems typically include 

throughput, end-to-end latency, beam capacity, reconĜguration time, and reliability. Since 

increasing onboard processing directly impacts spacecraft power consumption, thermal 

dissipation, and payload integration, OBP architecture is tightly coupled with overall spacecraft 

design trade-offs. 

2.3 LiFi Transceivers 

LiFi has matured from early visible-light communication prototypes into a family of bidirectional 

optical wireless systems using visible or infrared light for high-speed data transfer in conĜned 

environments such as aircraft cabins, trains and industrial halls. Research and industrial 

demonstrators show practical LiFi cells covering up to 50 square metres with sustained data 

rates from around 100 Mbit/s up to 1 Gbit/s per cell [15], and standardised solutions based on 

IEEE 802.15.13 and 802.11bb for industrial and WLAN-style deployments. These systems 

conĜrm that LiFi can provide reliable, RF-immune connectivity in challenging environments, 

but they are mostly single-AP or small multi-AP setups and leave open questions around 

scalable multi-antenna architectures, very high-rate short-range links, protocol flexibility and 

hardware efĜciency, exactly the areas addressed in NexaSphere. 

For multi-antenna LiFi with a central unit, state-of-the-art work has moved beyond single 

luminaires towards coordinated grids of optical frontends that are centrally controlled. A key 

example is the emerging IEEE 802.15.13 ecosystem for industrial optical wireless, where the 

reference architecture consists of a coordinator connected over Ethernet to multiple 

distributed optical frontends (OFEs) in the ceiling. The coordinator forms ¯virtual cells° per 

user by assigning OFEs via TDMA and simple MISO transmission, explicitly targeting robust 

coverage and smooth mobility rather than aggressive spatial multiplexing. A recent FPGA-

based 802.15.13 testbed from TU Berlin/Fraunhofer HHI demonstrates this concept in practice: 

a central controller runs the MAC and PHY, while several ceiling-mounted OFEs act as remote 

optical heads to provide industrial LiFi coverage, with handover and resource allocation 

handled centrally [16]. Earlier networking studies analysed multi-AP LiFi layouts with 

centralised handover control to maintain service continuity as users move across overlapping 

light footprints, again using TDMA or simple scheduling rather than full MIMO processing [17]. 

Overall, the trend is towards central-unit architectures that fan out to many low-complexity 

optical heads to improve coverage and interference management, but existing work is mostly 

focused on room-scale industrial spaces; aircraft-cabin²speciĜc multi-antenna LiFi with a 

single baseband unit and many coordinated ceiling antennas is still largely unexplored, which 

is where NexaSphere®s cabin design Ĝts. 

For high-speed point-to-point optical links relevant to gate data transfer, the most visible state-

of-the-art comes from industrial LiFi and optical wireless backhaul products. Fraunhofer HHI®s 

outdoor LiFi point-to-point solution is a representative example: it uses infrared LEDs and 

achieves about 1 Gbit/s over 100 m and 500 Mbit/s over 200 m, with bidirectional 

communication, dynamic rate adaptation and <2 ms latency, and explicitly advertises that no 

active tracking is required and alignment is simple compared to narrow-beam FSO [18]. At 

shorter ranges, Fraunhofer IPMS®s Li-Fi GigaDock and related optical docking interfaces reach 

up to 5-12.5 Gbit/s over a few centimetres and have even been used as part of an optical data 

interface on the International Space Station (ISS), but the operating distance is deliberately 
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very short and mechanically constrained [19]. Between these two extremes, some evaluation 

kits and prototypes offer roughly 1 Gbit/s over 5 m line-of-sight indoor links, aimed at replacing 

short cables or slip rings in industrial applications. Across this landscape, there is a clear trade-

off: centimetre-scale optical docks can reach multi-gigabit rates but rely on rigid Ĝxtures; mid-

range LED-based links provide Ḑ1 Gbit/s with relatively loose alignment. There is, however, 

very little published work or product evidence of 10 Gbit/s-class links over a few metres 

speciĜcally tailored to aircraft gate scenarios, where the link must be quickly established, 

tolerate small misalignments and support short, intense data bursts. NexaSphere®s 10 

Gbit/s@5 m gate data transfer therefore targets performance with a design emphasis on 

alignment tolerance and aviation integration rather than pure lab-demo peak rates. 

On the protocol and system level, recent work has looked at integrating LiFi into broader 

5G/Wi-Fi ecosystems and using more flexible protocol stacks than those found in current 

closed LiFi chipsets. The 5G-CLARITY project is a central reference: it built private networks 

that integrate 5G NR, Wi-Fi 6 and LiFi under a common architecture, using the 3GPP Non-

3GPP Interworking Function (N3IWF/TNGF) to attach LiFi access points as non-3GPP access 

to the 5G core, and multi-path TCP to distribute trafĜc across radio and LiFi links [20]. In their 

testbeds [21], LiFi was used as a high-capacity local access in an Industry 4.0 environment 

while 5G NR provided wider coverage, and the system demonstrated seamless handover and 

trafĜc offload between LiFi and 5G. This line of work shows that LiFi can be cleanly integrated 

as a non-3GPP access into 5G, beneĜting from standard security and mobility procedures. In 

parallel, the IEEE 802.11bb amendment allows LiFi to reuse the Wi-Fi MAC/PHY stack, so that 

light-based links can appear as just another Wi-Fi band to operating systems and enterprise 

networks.  What is still largely missing are open, research-grade LiFi platforms that expose full 

control over PHY/MAC and can run complete 3GPP stacks such as srsRAN over an optical 

front-end. Current 5G²LiFi integrations typically use proprietary LiFi modems with Ethernet 

interfaces and treat them as black-box access points from the 5G perspective.  NexaSphere®s 

plan to use an open 4G/5G stack (srsRAN) directly driving a LiFi front-end is therefore well 

aligned with the direction of the literature but goes a step further in terms of PHY/MAC 

flexibility: instead of adapting 5G to a Ĝxed LiFi hardware, it adapts the LiFi hardware to a fully 

programmable 3GPP stack, which is not yet widely documented in existing LiFi work. 

Finally, on hardware efĜciency and custom implementations, several recent efforts have 

focused on lean, FPGA-based or SoC-based LiFi physical layers designed speciĜcally for 

communication efĜciency rather than relying on general-purpose wireless chipsets. The IEEE 

802.15.13 standard for industrial optical wireless deĜnes relatively lightweight PM-PHY and 

OFDM PHY variants intended for deterministic operation, and Fraunhofer HHI reports an 

FPGA-based PM-PHY implementation used in test deployments and standard validation [22]. 

The LiFi for Industry 4.0 testbed similarly shows the PM-PHY running on a commercially 

available FPGA evaluation board while the MAC executes on a general-purpose CPU, 

demonstrating real-time operation and conĜrming that industrial LiFi can be implemented with 

relatively low hardware overhead. Earlier FPGA-based VLC/LiFi prototypes, though limited in 

throughput, have also implemented custom PHY/MAC stacks for basic networking tasks, 

illustrating that task-speciĜc, non-standard LiFi designs on programmable logic are feasible 

and can be tightly tailored to application constraints. Taken together, these works highlight LiFi 

architectures in which the PHY ² and in some cases simpliĜed MAC functions ² are offloaded 
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to FPGA or SoC hardware to avoid the overheads and inflexibility of commercial LiFi chipsets. 

At the same time, most existing prototypes target standards-compliant PM-PHY operation or 

narrow industrial scenarios, leaving limited exploration of fully custom, lightweight LiFi PHYs 

designed speciĜcally for energy-efĜciency benchmarking. This gap motivates NexaSphere®s 

dedicated FPGA-based LiFi implementation, which serves as a controlled evaluation platform 

for comparing energy efĜciency against commercial LiFi chipsets such as MaxLinear-based 

devices. 

In summary, the limitations identiĜed across multi-antenna architectures, short-range high-

throughput optical links, protocol flexibility, and hardware efĜciency directly motivate the 

developments pursued in NexaSphere T3.2, which address these gaps through new LiFi 

transceiver designs presented in Section 5. 

2.4 Multi-band Antennas for NTN/TN Integration 

Within the scope of the NexaSphere project, two distinct types of antennas are planned for 

development and validation: (i) a combined Ku/Ka-band antenna for avionics applications, and 

(ii) a compact Ka-band flat antenna for automotive use.  

2.4.1 Multi-Band Ku/ Ka Avionics Antenna 

This section reviews the state of the art in satellite antenna technologies relevant to the 

NexaSphere avionics use case, with particular focus on low-proĜle steerable solutions capable 

of supporting multi-band Ku/Ka communications for high-mobility airborne platforms.  

PhasedȤarray antennas are electronically steerable arrays of radiating elements that generate 

narrow beams by controlling phase/amplitude across the array, eliminating mechanical 

tracking and enabling high dataȤrate satellite links at microwave/mmWave frequencies like Ku 

and Ka bands. These bands support High Throughput Satellites (HTS) and nextȤgeneration 

constellations for broadband IFC. 

Active phased arrays are electronically scanned antennas that make use of an electronic active 

beamforming network (BFN) to properly adjust the phase progression of the radiating elements 

as sketched in Figure 3. 

They are typically suitable for Ku- and Ka-band applications because they can be low proĜle 

and allow fast beam pointing. 

 

Figure 3 Sketch of phased array architecture 
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However, this solution implies the use of a large number of phase-controlling devices, which 

impact the network implementation cost and power consumption. The BFN®s high 

concentration of electronic devices in a limited space requires special attention to the 

realisation of effective heat dissipation, and it causes a limitation of the antenna efĜciency due 

to the BFN®s losses. Furthermore, since the distance between array elements depends on the 

frequency and the required Ĝeld-of-view (to avoid grating lobes in the antenna pattern, the 

distance between antenna elements must be kept smaller than half a wavelength), the size of 

the antenna may become large when a high number of elements is required. Moreover, phased 

arrays sometimes need a wide-angle impedance matching (WAIM) superstrate in order to 

guarantee the matching and the efĜciency when the beam is steered. The PA modules are 

usually fabricated on multilayered printed circuit boards (PCBs). 

Several vendors are developing/commercialising phased-array solutions. Most of them are 

based on low-cost Silicon-Germanium chips that implement a full TX and/or RX chain of front-

end, namely phase-shifters, ampliĜers, recombination networks (Figure 4). A single chip 

usually can feed a number (4 / 8 / 16) of radiating elements.  Renesas and Anokiwave are both 

vendors of those chips; others are emerging as well.  

 

Figure 4 Block diagram of the four-element Ka-band phased array silicon chip 

An example of a product implementing Anokiwave chips is commercialised by HiSky (Figure 

5) [23]. 

  

Figure 5 HiSky Ku terminal (a), Ka terminal (b) 
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SiGe based phased array has been recently demonstrated [24], [25], [26]. The transmit/receive 

implementation in [27] employs separate phase shifters for the transmit and receive paths and 

results in potential phase errors between the transmit and receive paths across temperature 

and process variations. 

The classical designs presented in [24], [25], [26], [27], [28] use a single passive (bidirectional) 

RF phase shifter and result in excellent tracking between the transmit and receive beams, 

reduced chip area and power consumption. However, those solutions are still high-cost and 

low-efĜciency in terms of power consumption for the application targeted in this activity. 

Similar to active phased arrays but based on a different principle to steer the beam is the 

holographic beamforming antenna (HBF), in Figure 6, proposed by Pivotal Commware.  

  

Figure 6 Holographic Beamforming Antenna 

This solution is based on a feeding line for each array®s row coupled to each radiating element 

within the row, and there is a tuning element associated with each radiating element, as shown 

in Figure 7a. The tuning elements are controlled by ASICs, which manipulate the amplitude 

and phase of the signal at each radiating element, thus forming and steering the beam in two 

dimensions, as shown in Figure 7b. The details of the beamforming process are like forming a 

hologram, hence the term ¯Holographic Beam Forming°.   

 

(a)                                                                           (b) 
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Figure 7 a) Holographic beamforming antenna block diagram. (b) Illustration showing tunable resonators 

affecting a feed wave propagating through a waveguide 

HBF antennas are passive because they use no active ampliĜcation. That makes them fully 

reciprocal, forming the same beam pattern in both transmit and receive operations. External 

ampliĜers set the power level of the transmit signal and/or provide low-noise ampliĜcation of a 

received signal. Owing to the difference in array grids, an HBF antenna typically has about 2.5 

times as many radiating elements as an active phased array antenna with the same antenna 

directivity.  HBF typically has one digital control ASIC per 25 tuning elements. This very simple 

ASIC sets the control voltage applied to each tuning element, thus steering the beam. HBF 

uses no phase shifters and only one ampliĜer for transmitting and one ampliĜer for receiving, 

while APA requires many of both.  

The tuning elements used by HBF are low-cost since they are the same technology found in 

smartphones. EfĜciency is one of the main critical parameters.  

Another kind of electronically scanned antenna is the metamaterial-based antenna. 

Metamaterials are synthetic materials that are engineered to provide electromagnetic 

properties not found naturally, such as a negative index of refraction. Unlike natural materials, 

metamaterials® dielectric properties are determined by the periodic arrangement of scattering 

structures that are smaller than the wavelength of the electromagnetic waves they are 

interacting with. 

The size, shape, orientation, and conĜguration of the structures that compose the metamaterial 

can be designed to interact with electromagnetic waves to create Ĝnely tuned resonances and 

other unconventional properties in certain frequency bands. 

Flat antennas based on such technology work on a different radiation mechanism than phased 

arrays.  The radiation is produced by the cumulative effect of electrically small elements which 

are excited by a travelling wave. Such small radiators are of non-resonant type and tightly 

placed together. Their scattering behaviour is controlled electronically so they can be 

individually switched on and off to focus the radiation towards the desired direction. 

Metamaterial-based antennas and speciĜcally liquid crystals steered antennas are 

commercialised by Kymeta [29] for Ku band applications. 

The Kymeta approach is based on a diffractive metasurface to deĜne an antenna beam 

holographically. This holographic approach to beam forming inherently relies on tuning the 

resonance frequency of each antenna element to implement a dynamically reconĜgurable 

diffraction grating. The metasurface is printed with hundreds or thousands of elements in a 

periodic array. 

A travelling guided wave feeds the structure and interacts with the elements tuned by CPU 

control to resonate at a certain frequency and scatter (radiate) the guided wave as shown in 

Figure 8 and Figure 9. 
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Figure 8 Metamaterial based antenna 

  

Figure 9 Metamaterial antenna cross-section 

The elements that are physically spaced such that their radiated waves are in phase (coherent) 

at the desired scan angle of the antenna beam (which is the sum of the waves radiated by the 

elements) are tuned to scatter strongly, while the elements that are out of phase are detuned 

so as not to radiate, as sketched in Figure 10. 

 

Figure 10 Holographic mechanism of beamforming with metamaterials 

The Kymeta metasurface uses the controllable permittivity of liquid crystals to tune each 

radiating element. By applying a voltage bias, the liquid crystals locally rotate, modifying the 

effective dielectric constant associated with the material and consequently entailing the shifting 

of the resonant length of the radiating elements and working as a switch for each element in a 

similar manner to the holographic solution proposed by Pivotal Commware (pivo). The main 

advantage of this approach is that the design is compatible with liquid crystal display (LCD) 

fabrication processes, so it is suitable for high-volume production. Moreover, this solution is 

compact and lightweight, and since the beam is electrically steered to track satellites, it has no 

moving parts. 

However, the use of liquid crystals implies some limitations due to their sensitivity to 

temperature. Furthermore, the power needed to reconĜgure the beam is not compatible with 

battery-powered devices. 
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Each element has a spiral shape, and it radiates a circularly polarised Ĝeld whose relative phase 

depends on the orientation of one element with respect to the others. In this way, it is possible 

to achieve high beam scanning precision by Ĝnely controlling the phase of each element of the 

array through mechanical rotation. On the other hand, Ĝne-tuning of the element requires the 

mechanical complexity of the motor network. The following Table 8 summarises and compares 

the different technologies presented in this review. 

Table 8 Comparison among different technologies for antenna beam steering 

 

2.4.1.1 Review of products 

Among the various companies that manufacture satellite antennas, the current landscape 

highlights three particularly promising contenders: SpaceX, Amazon, and ALL.SPACE. These 

companies have garnered substantial attention due to their innovative approaches and 

signiĜcant strides in the Ĝeld of satellite technology. As of the present moment, they stand out 

as some of the most noteworthy players in the industry. 

¶ ALL.SPACE developed an ¯array of array° concept, where each array module is a lens-

based system capable of multibeam coverage, potentially reaching a very high efĜciency 

(Figure 11) and working in both Ku and Ka bands.  
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Figure 11 ALL.SPACE, (a) view of the lens antenna, method of switch beam steering, (c) switch beam steering 

network 

This system employs an arrangement of dielectric lenses to manipulate the direction of the 

radiation beam. When the underlying antenna shifts from the lens centre, the resulting 

beam also shifts, moving away from the original central direction known as the boresight. 

This mechanism allows for controlled tilting of the beam away from the reference point as 

the antenna's position changes. In this approach, individual patches within the lens system 

are sequentially activated, not all at once. By switching between these patches located in 

different areas, the radiation beam's direction can be controlled. When multiple of these 

switchable beam lenses are organised into an array, a precise steering effect is achieved 

through phase shifts across the lenses. Despite the substantial lens-to-antenna spacing 

needed, this technique maintains low grating lobes due to limited phase shifting, even at 

higher frequencies like the Ka-band. However, the resulting system has a signiĜcant proĜle 

due to the necessary distance between the lens and the underlying antenna switching 

array. 

¶ Starlink (Figure 12a) uses a shared aperture hybrid beamforming antenna array. That is, 

the system mechanically steers the antenna array for broad beam pointing and then 

electronically steers the array beam for accurate targeting. The array panel measures 303 

ò 513 mm and has limited performance details due to its commercial nature. The system 

employs both mechanical and electronic beam steering, with mechanical steering helping 

reduce the array's size by enabling physical rotation around the azimuth plane. This 

reduces the need for electronic steering, resulting in a narrower 300mm width compared 

to a 500mm length. Each terminal's production cost is approximately $1300, according to 

SpaceX's April 2021 statement. While the design is advanced for static ground terminals, 

it's unsuitable for vehicular use requiring pure electronic steering. More recently, indeed, 

Starlink released a fully electronic version of the product, which has had a signiĜcant 

impact on the competitive landscape. 
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Figure 12 (a) Starlink Terminal. (b) Amazon Terminal. (c) CesiumAstro Terminal 

¶ Amazon targets higher Ka-band frequencies (17.7 - 19.3 GHz at receive and 28.5 - 29.1 

GHz at transmit) than Starlink. There is, unfortunately, even less information available 

regarding their ground terminal antenna other than a stylised diagram presented in Figure 

12b. This antenna array developed here combines the Rx and Tx into a single multilayer 

element and results in a 1:1 ratio of Rx and Tx feeding requirements. However, due to the 

~ 10GHz difference in frequency between Rx and Tx, there will therefore be a large 

variation in array directivity for each Rx and Tx subarray. This is likely the reason for the 

smaller Tx subarray area (shown in orange in Figure 12b), as outer Tx elements were likely 

not needed to meet the directivity requirements.  

Unlike the Starlink antenna array, the feeding network and antenna elements appear to be 

manufactured on a single PCB board. This will add complexity to the PCB design but may 

allow for higher efĜciency and greater performance, as well as a lower overall proĜle. 

Finally, this design uses purely electronic steering, with seemingly no mechanical 

components, suggesting greater beamforming performance than that developed by 

Starlink. This system only requires a single circular polarisation mode for Rx and Tx, i.e. 

RHCP for receive and LHCP for transmit. Thus, there is no need for polarisation 

reconĜgurability, and this can signiĜcantly simplify the antenna array design. However, this 

choice does limit the spectral efĜciency of the satellite constellation. Much of the difference 

in design choices between these two systems may be explained by the difference in 

frequencies between the Rx and Tx bands. The greater difference in wavelength used by 

the Starlink system Rx and Tx bands has allowed two Tx elements to be interlaced per Rx 

element. At the frequencies utilised by Amazon Kuiper, this would not be easily possible. 

Amazon's Project Kuiper has developed a Ka-band single-aperture transmit-receive (TX-

RX) phased array antenna for its customer terminals, which is a key technological 

component of their satellite internet service. However, the Project Kuiper satellite internet 
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service and its corresponding customer terminals are generally not yet commercially 

available on the open market. Here's a breakdown of the current situation: 

¶ Development Status: Amazon has successfully developed and tested this 

innovative phased array antenna architecture, noting its smaller size and lower cost 

compared to traditional designs. 

¶ Service Rollout: Project Kuiper began the full-scale deployment of its satellite 

constellation in 2025 and is planning to start delivering internet service to initial 

customers in late 2025. 

¶ Commercial Availability: The Ka-band phased array antenna is an integral part of 

the Project Kuiper customer terminal (the equipment you would buy to receive the 

service). It will become available to the public as part of the Kuiper internet service 

offering when Amazon ofĜcially launches commercially. So, while the technology 

exists and is being produced, it is not currently sold separately on the market; it will 

be bundled with the Project Kuiper service when that service is fully operational 

and available to consumers. 

¶ ThinKom's Ka-band antennas that use their VICTS (Variable Inclination Continuous 

Transverse Stub) technology are commercially available and on the market, particularly in 

the Communications-on-the-Move (COTM) and In-Flight Connectivity (IFC) sectors. The 

"single aperture" aspect is key to their technology, although ThinKom's VICTS antennas 

are technically mechanically steered phased-array antennas, which provide their high 

efĜciency and low-proĜle form factor. SpeciĜc models that are on the market include: 

¶ ThinAir Ka2517 (Aeronautical): Widely used for high-speed in-flight connectivity 

on commercial and military aircraft. This product is actively being deployed and 

certiĜed for various satellite networks (GEO, MEO, and LEO). 

¶ ThinSat Ka500 (Ground/Mobile): Introduced in 2022 for Communications-on-

the-Move (COTM) applications on vehicles, supporting both commercial and 

military requirements. 

¶ Kymeta has announced a signiĜcant technological breakthrough in 2025, successfully 

demonstrating a single-aperture antenna capable of operating simultaneously across both 

Ku- and Ka-band frequencies (four concurrent beams). This is a major development 

because it combines both bands into one low-proĜle antenna. 

While the technology has been successfully demonstrated and Kymeta is working to scale 

up deployment, the most recent announcements indicate they are moving from 

breakthrough demonstration to working with partners (governments and strategic 

investors) to ramp up the platform for deployment. 

¶ CesiumAstro®s Ka-band Active Electronically Scanned Array (AESA) antenna (Figure 12c) 

is a next-generation phased array terminal designed for high-performance satellite 

communications across aerospace, defence, and mobility sectors. Operating in the 17.7²

21.2 GHz (receive) and 27.5²31.0 GHz (transmit) bands, it delivers high-throughput 

connectivity without any mechanical steering. The antenna uses a modular, tile-based 

architecture that can scale from compact to large apertures, supporting a wide range of 

platforms including aircraft, UAVs, and mobile ground systems. With electronic beam 

steering of up to Ì60Ë and the ability to generate multiple independent beams, it enables 

seamless connections to GEO, MEO, and LEO satellites simultaneously.  
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The system achieves EIRP levels up to around 56 dBW and a G/T ratio between 8 and 15 

dB/K depending on conĜguration, ensuring strong link budgets for broadband data and 

video transmission. CesiumAstro®s design integrates advanced digital control, RF power 

ampliĜers, and calibration systems for precise beamforming and dynamic tracking. Its 

software-deĜned nature allows flexibility in adapting to different modems or network 

architectures. The flat-panel format reduces aerodynamic drag and mechanical 

complexity, enhancing reliability in motion. Demonstrations with SES and Hughes have 

validated real-time on-the-move operation, conĜrming its readiness for commercial and 

defence deployment. Combining compactness, scalability, and agility, CesiumAstro®s Ka-

band AESA terminal represents a major step forward in active phased array SATCOM 

technology. 

The review of current airborne SATCOM antenna technologies highlights that no existing 

solution simultaneously provides wide Ku/Ka-band coverage, full electronic beam steering, 

polarisation reconĜgurability, low proĜle, high efĜciency, and a cost-effective architecture 

suitable for large-scale deployment in future multi-orbit NTN systems. Active phased arrays 

offer excellent beam agility but remain challenged by power consumption and cost, while 

alternative solutions often introduce limitations in efĜciency, scalability, mechanical 

complexity, or operational flexibility. These gaps motivate the NexaSphere avionics 

antenna development presented in Section 6.1, which investigates a modular multi-band 

electronically steerable architecture aimed at achieving an improved trade-off between 

performance, SWaP, and implementation cost. 

2.4.2 Automotive Scenario 

With the ongoing research and development towards global connectivity, the ground user 

terminal has to keep up with challenging and conflicting requirements. On a technical level, 

user terminals on mobile platforms (such as trains, aircraft, and automobiles) will need to 

connect with satellites in both GEO and LEO orbits. This calls for intricate designs that can 

handle the difĜculties brought on by the high-level needs, such as frequency of operation, 

bandwidth, signal strength, data rate, beam steering, etc. However, the size, weight, power, and 

cost (SWaP-C) of these ground terminals have a signiĜcant impact on their commercial 

viability, especially for satcom-on-the-move applications for automotive use cases. Large user 

platforms such as trains and aircraft give freedom in the SWaP-C factor, which is however a 

bottleneck for automotive scenarios due to small installation space. Hence, compared to 

avionics, the automotive industry has fewer innovations or commercially available products, 

which is a shortcoming that needs to be addressed. The various antenna technologies such 

as phased arrays, holographic antennas, and metamaterial technology were already discussed 

in detail in section 2.4.1 and therefore will be skipped in this section. However, some of the 

commercially available products speciĜc to automotive scenario are listed below with the 

performance and mechanical speciĜcations: 

¶ Starlink Mini [30]: With dimensions of around 30 x 25 cm, this terminal makes use of 

phased array technology in the Ku band and has a Ĝeld of view of 110 degrees. It weighs 

around 1 kilogram and has an average power consumption of 25-40 Watts. The terminal is 

said to have maximum download speeds of over 200Mbps. The price of the hardware is 

around 200 euros, and then there are additional prices for different internet services. 
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Figure 13 Starlink mini terminal 

¶ Hawk u8 [31]: Hawk u8 is a Ku band 89.5 x 89.5 cm GEO terminal from Kymeta with a 

Ĝeld of view from broadside up to 75 degrees. It weighs around 33 kilograms and has a 

power consumption of 70 Watts. The terminal is said to have a Gain-to-noise temperature 

ratio of 9.5 to 12 dB/K, an EIRP of 46 dBW, and a data rate of 600 Mbps. 

   

Figure 14 Hawk u8 terminal 

¶ Intellian OW10HV [32]: Intellian Technologies advertises a 56 x 45 cm compact flat panel 

antenna for land mobility using Eutelsat OneWeb services. It weighs around 12 Kilograms. 

The terminal has a gain-to-noise temperature ratio of 9 dB/K, EIRP of 36.6 dBW and 

downlink data rate of 75 Mbps. 

   

Figure 15  Intellian OW10HV terminal 

¶ Hydra 4 [33]: Hydra 4 is a quad-link, multi-band, Military SatCom mobility terminal from 

ALL.SPACE of dimension 86 x 150 cm and Ĝeld of view broadside to 70 degrees. It weighs 

around 120 Kilograms and utilises Ka GEO HTS, SES O3b mPOWER, and Starlink (Ku) for 

its various orbit services. It has a power consumption of 700W to 1400 W due to the number 

of links it supports. 
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Figure 16 Hydra 4 terminal 

A low SWaP-C terminal is envisioned for the automobile scenario due to the restricted 

installation platform, which stands in stark contrast to the complex technological design 

required. The terminal antenna aperture must be smaller due to these size and cost 

constraints, which straight away lowers the antenna's performance. From a technical 

perspective, phased array antennas are a potential solution among the several existing antenna 

technologies due to needs like wide scan range, tracking precision, and high reconĜgurability. 

The type of antenna elements in the array, the orientation of the elements, and the amplitude 

and phase excitation given to the elements can be manipulated by array synthesis to satisfy 

the application requirements in a phased array. However, the number of elements required, 

and power consumption are big drawbacks. To make use of the beneĜts offered by phased 

arrays, one must search for trade-off solutions such as thinned arrays, sparse arrays, or 

clustered arrays to reduce the total number of RF chains required and thus reduce the total 

power consumption and cost. Out of these techniques, the clustered array (sub-array-based 

architecture) is the most promising due to its high modularity and the possible beamforming 

network simpliĜcation.  

In conclusion, a sub-array-based architecture will be considered in NexaSphere for developing 

the automotive antenna with the following key points. 

¶ To reduce the manufacturing complexities, the array elements will be designed 

identically, with 2 elements in a sub-array called a ­domino® (base design taken from 

[34]).  

¶ One of the challenges with the above patch antenna design is the reduced bandwidth, 

which will affect the Ĝnal data rate of the system. Here, we will utilise the in-house 3D 

printing knowledge and capability to manufacture Dielectric Resonator antennas 

(DRAs) [35], which are known to exhibit larger bandwidth.  

¶ The bottleneck of a regular sub-array-based arrangement is obviously the occurrence 

of grating lobes, especially during steering. However, we intend to break this regularity 

with a zig-zag domino arrangement to reduce the grating lobes and thus improve the 

overall array performance [36]. 

The above proposed methods will be utilised for the development of the automotive antenna 

in NexaSphere. The details of the development so far will be discussed later in section 6. 

2.5 Flexible and Power-Efficient Disaggregated RAN 

RAN disaggregation involves separating the traditional gNB into three logical units: the Radio 

Unit (RU), the Distributed Unit (DU), and the Central Unit (CU). This disaggregation approach 
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has been widely adopted in terrestrial networks (TN), aiming to involve more key players in 5G 

development and reduce the RAN capital expenditure. To facilitate communication between 

different vendors, the O-RAN standardisation body has deĜned the intercommunication 

interfaces Open-fronthaul (OFH) and F1 to control the communication between RU/DU and 

DU/CU, respectively. However, applying this architecture to Non-Terrestrial Networks (NTN) 

presents signiĜcant challenges, mostly related to the large propagation delays as well as 

synchronisation issues.  

A 3GPP NTN network comprises three main entities: the UE, the satellite (which provides 

wireless access), and the ground station (which acts as the interface to the core network). 

3GPP has deĜned two distinct architectural options for NTN deployment: Transparent Mode 

and Regenerative Mode. 

In transparent mode, shown in Figure 17, both the DU and CU reside on Earth. The satellite 

performs minimal processing, typically limited to RF Ĝltering, time alignment, and ampliĜcation. 

While this offers the simplest design and lower demands on satellite payload processing, it 

incurs longer round-trip times from the RAN to the terminal, ranging from 8 ms (at a high 

elevation of 90Ë for a LEO satellite at 600 km) up to 26 ms (at a low elevation of 20Ë). This 

extended RTT directly affects the synchronisation between the RU and DU, as well as the 

performance of higher-layer protocols (MAC, RLC, etc.). 

 

Figure 17 5G NTN ² Transparent Mode 

In regenerative mode, shown in Figure 18, the DU resides on the satellite (while the CU may 

or may not reside on the satellite as well). In case CU is on Earth, then the F1 interface is 

implemented over the feeder link, i.e., the wireless interface between the satellite and the 

ground station. In case CU is on a satellite, the wireless interface carries the NG interface, 

which connects the core with the gNB. This conĜguration signiĜcantly reduces the RTT, which 

ranges between 4 ms and 13 ms depending on the elevation. However, this deployment 

requires the satellite payload to have higher signal processing capabilities and consequently 

increased power consumption. 
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Figure 18 5G NTN ² Regenerative Mode 

The F1 and OFH interfaces differ fundamentally in how they operate and what they require 

from the underlying system. Table 9 below summarises their key differences in terms of latency 

and synchronisation. The OFH interface transports raw I/Q samples between the DU and RU, 

which demands extremely tight timing, deterministic latency, and precise synchronisation. 

Because of these strict real-time constraints, OFH cannot be decoupled or relaxed without 

compromising the integrity of the radio signal. In contrast, the F1 interface behaves quite 

differently. Its trafĜc is driven by UE activity and by higher-layer control and user-plane 

signalling. As a result, it does not impose hard real-time deadlines; instead, its load varies with 

the presence of active UEs and the volume of data they generate. This flexibility makes 3GPP 

Split Option 2 (F1 carried over the wireless interface) particularly suitable for a regenerative 

payload NTN architecture, where relaxed timing and variable latency budgets are essential 

design considerations. 

Table 9 F1 and OFH interfaces differences 

Interface 3GPP Split 

Option 

Timing 

Requirements 

Throughput 

Requirements 

Synchronisation Implications 

for NTN 

OFH 7.2x / 8 Extremely 

tight (symbol 

level) 

High Strict Long  

propagation 

delays, 

variable 

latency 

FAPI 6 Tight - less 

extreme than 

High Strict Long RTTs ( 

> slot 
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OFH 

(slot level) 

duration) 

destroy MAC 

- PHY timing 

F1 2 Loose Moderate Not strict Resilient to 

NTN latency 

 

Nonetheless, unlike TN, NTN is extremely dynamic due to the constant mobility of the satellites. 

In such cases, special control operations must be executed at a higher level to provide 

seamless connectivity to the end UEs. These operations typically involve intelligent preemptive 

handover procedures. To enable these procedures, the RAN Intelligent Controller (RIC), 

deployed alongside the Service Management and Orchestration (SMO) framework,  must 

maintain constant and tight monitoring of the satellite movement and then trigger these 

necessary control actions through the E2 interface, interconnecting the RIC and the RAN. 

The feeder link, which connects the ground station and the satellite, is an additional interface 

unique to NTN that requires specialised management. As a crucial part of the communication 

system, procedures for impairment mitigation must be developed, such as providing a backup 

link in case of failure or atmospheric interference. Furthermore, due to the increased mobility 

of LEO satellites, the feeder link must be established and decommissioned every time a 

satellite switchover takes place (i.e., when the serving satellite completes its full pass over the 

ground station's geographical coverage area). Release 17 speciĜes how an NTN link can be 

established between the UE and RAN over a satellite. However, there are aspects of the system 

missing to enable the RAN element to function in a network as it scales. It is these aspects that 

we will work to address in Section 7. 

2.6 Cross-Cutting Energy Efficiency Challenges  

Energy efĜciency is a cross-cutting challenge across all WP3 components ³ free-space 

optical and satellite transceivers, on-board processing, LiFi, multi-band antennas, and 

disaggregated RAN ³ as highlighted in the NexaSphere proposal. Satellite payloads, airborne 

platforms, and mobile terminals are inherently constrained in size, weight, and power (SWaP), 

while being required to support high data rates, low latency, and dynamic multi-connectivity 

across the TN/NTN continuum. Across all technologies, there is a common trade-off between 

link robustness, signal processing complexity, and energy consumption, which is further 

exacerbated by mobility, long propagation distances, and rapidly varying channel conditions. 

Addressing these challenges requires not only energy-efĜcient transceiver and antenna 

designs, but also system-level integration and adaptive operation across heterogeneous radio 

and optical links. These aspects will be expanded further during the course of WP3 and 

captured in D3.2. 

2.7 Gaps and Challenges 

Despite signiĜcant advances in RF and optical communication technologies, several limitations 

remain that hinder their efĜcient use in integrated 3D TN/NTN networks. In free-space optical 

links, current transceivers exhibit limited robustness in timing recovery for cross-atmospheric 

links, leading to inefĜcient resynchronisation after fades, while time-transfer and 



                                                                                          

NEXASPHERE | D3.1 JUN-26 

This project has received funding from the Horizon Europe research and innovation program under grant 

agreement No. 101192912 

 

t
ŀ
Ǝ
Ŝ
п
т 

synchronisation performance over long distances remains constrained. In addition, existing 

systems offer limited ranging capabilities and struggle to sustain very high data rates over long 

optical link distances, particularly under atmospheric impairments. For short-range optical 

wireless systems such as LiFi, current solutions are typically optimised for static or small-scale 

deployments and provide limited flexibility in terms of scalability, protocol integration, and 

energy-efĜcient hardware implementations in high-mobility environments. 

For on-board processing, current satellite payload platforms remain constrained by processing 

capability, memory bandwidth, radiation tolerance, thermal dissipation, and overall size, weight, 

and power limitations. These constraints limit the practical deployment of advanced onboard 

functions such as routing, packet switching, trafĜc aggregation, gNB-related processing, multi-

RAT integration, and edge-computing support in regenerative NTN systems. 

For antenna subsystems, existing electronically steerable and flat-panel antenna solutions still 

face limitations related to power consumption, efĜciency, thermal management, beam-steering 

complexity, cost, and integration into high-mobility platforms. Active phased arrays, 

holographic beamforming antennas, and metamaterial-based solutions each present trade-offs 

between performance, implementation complexity, efĜciency, and suitability for aviation and 

automotive TN/NTN scenarios. 

For disaggregated RAN, current open and disaggregated implementations are mainly 

designed and validated for terrestrial deployments. NTN operation introduces additional 

challenges related to long and variable propagation delays, Doppler effects, satellite mobility, 

feeder-link switching, synchronisation, and service continuity across TN and NTN domains. 

These limitations affect the selection of suitable gNB split options, RAN interfaces, and mobility 

procedures for future WP3 and WP6 integration activities. 

Overall, these gaps and limitations provide the technical baseline for the WP3 developments 

addressed in the following sections, covering optical transceivers, on-board processing, LiFi, 

antenna subsystems, and disaggregated RAN. 
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Section 3: Architecture and Hardware 

Subsystems (AER) 

3.1 Use Cases Mapping 

This subsection identiĜes the WP2 use cases that are relevant to the main WP3 component 

blocks. The mapping shown in Table  is based on the use cases deĜned in D2.1 [37] and on 

the component-level mapping performed by the WP3 partners. For each WP3 component 

block, the mapping indicates whether the component has a direct or indirect relevance to the 

corresponding use case. Direct relevance means that the component is expected to form part 

of the main technical solution or demonstrator chain for the use case. An indirect relevance 

means that the component supports the use case. 

Table  WP3 component blocks to use case mapping 

WP3 Component 

Block 

Use Case ID Use Case Title Relevance 

Free-space optics 

and satellite 

transceivers 

AVT-UC01 Joint Terrestrial and 

Satellite in-Flight 

Connectivity 

Direct 

AVT-UC02 Integration of 3GPP 

and non-3GPP 

technologies for 

access to offboard 

connectivity 

Direct 

AVT-UC03 Joint connectivity for 

User Access to In-

Flight Entertainment 

Indirect 

ATM-UC01 Connected 

Automated 

Passenger Cars in 

Urban Scenario 

Indirect 

ATM-UC02 Hazardous Location 

Warning 

Indirect 

ATM-UC03 Software Update 

(Autonomous-

Urgent) 

Indirect 

ATM-UC04 See-Through for 

Passing 

Indirect 

ATM-UC05 In-Vehicle 

Entertainment (IVE) 

² High-DeĜnition 

Content Delivery, 

On-line Gaming and 

Virtual Reality 

Indirect 
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ATM-UC06 Coordinated, 

Cooperative Driving 

Maneuver 

Indirect 

RLW-UC01 Joint Terrestrial and 

Satellite on-board 

connectivity 

Indirect 

RLW-UC03 Ubiquitous IoT 

Integration for 

Railway Monitoring 

Indirect 

RLW-UC04 Joint Connectivity 

for User Access to 

On-board 

 Entertainment 

Indirect 

On-board 

Processing 

AVT-UC01 Joint Terrestrial and 

Satellite In-Flight 

Connectivity                   

Direct 

AVT-UC02  Integration of 3GPP 

and non-3GPP 

technologies for 

offboard 

connectivity 

 Direct    

LiFi Transceivers AVT-UC03 Joint connectivity for 

User Access to In-

Flight Entertainment 

Direct 

AVT-UC04 Joint Connectivity 

for Gate data 

transfer 

Direct 

 

AVT-UC05 Resource 

Optimisation for In-

Cabin Access 

Networks 

Direct 

RLW-UC04 Joint Connectivity 

for User Access to 

On-board 

 Entertainment 

Direct 

Antenna subsystems AVT-UC01 Joint Terrestrial and 

Satellite In-Flight 

Connectivity  

Direct 

AVT-UC03 Joint connectivity for 

User Access to In-

Flight Entertainment 

Indirect 

ATM-UC01 Connected 

Automated 

Passenger Cars in 

Urban Scenario 

Indirect 

ATM-UC02 Hazardous Location 

Warning 

Indirect 
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ATM-UC03 Software Update 

(Autonomous-

Urgent) 

Indirect 

ATM-UC04 See-Through for 

Passing 

Indirect 

ATM-UC05 In-Vehicle 

Entertainment (IVE) 

² High-DeĜnition 

Content Delivery, 

On-line Gaming and 

Virtual Reality 

Indirect 

ATM-UC06 Coordinated, 

Cooperative Driving 

Maneuver 

Indirect 

Disaggregated RAN AVT-UC01 Joint Terrestrial and 

Satellite In-Flight 

Connectivity 

Direct 

AVT-UC02 Integration of 3GPP 

and non-3GPP 

technologies for 

access to offboard 

connectivity 

Direct 

AVT-UC03 Joint connectivity for 

User Access to In-

Flight  

Entertainment 

  

Direct 

RLW-UC01  Joint Terrestrial and 

Satellite on-board 

connectivity 

Direct 

The mapping conĜrms that WP3 components cover the main aviation, automotive, and railway 

use cases deĜned in WP2. Aviation use cases are addressed by all WP3 component blocks, 

especially through in-flight connectivity, hybrid 3GPP/non-3GPP access, LiFi-enabled cabin 

connectivity, and satellite antenna support. Automotive use cases are mainly addressed 

through the antenna and optical transport chain, where WP3 contributes to the feasibility of 

NTN-supported vehicle connectivity. Railway use cases are mainly addressed through TN/NTN 

service continuity, optical transport support, disaggregated RAN, and potential LiFi access for 

on-board entertainment. 

3.2 KPIs Mapping 

This subsection identiĜes the WP2 KPIs that are relevant to the WP3 component blocks. The 

mapping shown in Table 10 is based on the use cases identiĜed in Section 3.1 and on the KPI 

deĜnitions provided in D2.1. 
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Table 10 WP3 component blocks to KPIs mapping 

WP3 

Component 

Block 

Use Case 

ID 

Use Case 

Title 

KPI Name Unit Value 

Free-space 

optics and 

satellite 

transceivers 

AVT-UC03 Joint 

connectivity 

for User 

Access to In-

Flight 

Entertainment 

Service 

Availability 

% >99 

Aggregated 

DL 

Gbps 2.8 

ATM-UC02 Hazardous 

Location 

Warning 

Latency ms 100 

Reliability % 99 

ATM-UC03 Software 

Update 

(Autonomous-

Urgent) 

Data Rate Mbps 3.3 

ATM-UC04 See-Through 

for Passing 

Data Rate Mbps 15 

Latency ms 50 

ATM-UC05 In-Vehicle 

Entertainment 

(IVE) ² High-

DeĜnition 

Content 

Delivery, On-

line Gaming 

and Virtual 

Reality 

Data Rate Mbps 100 DL / 40 

UL 

On-board 

Processing 

AVT-UC01 Joint 

Terrestrial 

and Satellite 

In-Flight 

Connectivity 

Service 

Availability 

% >98 

AVT-UC02 Integration of 

3GPP and 

non-3GPP 

technologies 

Service 

Interruption 

ms <1 

Service 

Availability 

% >98 

LiFi 

Transceivers 

AVT-UC03 Joint 

connectivity 

for User 

Access to In-

Flight 

Entertainment 

Service 

Availability 

% >99 

DL Rate per 

UE 

Mbps >30 

UL Rate per 

UE 

Mbps >10 

AVT-UC04 Joint 

Connectivity 

for Gate data 

transfer 

Service 

Availability 

% >99 

DL/UL Rate 

(Parked) 

Gbps >10 



                                                                                          

NEXASPHERE | D3.1 JUN-26 

This project has received funding from the Horizon Europe research and innovation program under grant 

agreement No. 101192912 

 

t
ŀ
Ǝ
Ŝ
р
н 

AVT-UC05 Resource 

Optimisation 

for In-Cabin 

Access 

Networks 

Energy 

EfĜciency 

Increase 

% >20 

RLW-UC04 Joint 

Connectivity 

for User 

Access to On-

board 

Entertainment 

Service 

Availability 

% >99 

DL Rate per 

UE 

Mbps >10 

UL Rate per 

UE 

Mbps >2 

Antenna 

Subsystems 

AVT-UC01 Joint 

Terrestrial 

and Satellite 

In-Flight 

Connectivity 

Total DL 

Rate per 

Plane 

Mbps > 850 

Total UL 

Rate per 

Plane 

Mbps > 85 

Service 

Interruption 

s < 1 

AVT-UC03 Joint 

connectivity 

for User 

Access to In-

Flight 

Entertainment 

DL rate per 

UE 

Mbps > 30 

UL rate per 

UE 

Mbps > 10 

ATM-UC01 Connected 

Automated 

Passenger 

Cars in Urban 

Scenario 

Data Rate Mbps 16-80 

ATM-UC03 Software 

Update 

(Autonomous-

Urgent) 

Data Rate Mbps 3.3 

ATM-UC04 See-Through 

for Passing 

Data Rate Mbps 15 

ATM-UC05 In-Vehicle 

Entertainment 

(IVE) ² High-

DeĜnition 

Content 

Delivery, On-

line Gaming 

and Virtual 

Reality 

Data Rate Mbps 100 DL/40 

UL 

Disaggregated 

RAN 

AVT-UC01 Joint 

Terrestrial 

Service 

Availability 

% >98 
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and Satellite 

In-Flight 

Connectivity 

Service 

Interruption 

s <1 

DL Rate per 

Passenger 

Mbps >3 

UL Rate per 

Passenger 

Mbps 

 

>0.3 

Total DL 

Rate per 

Plane 

Mbps 

 

>850 

Total UL 

Rate per 

Plane 

Mbps 

 

>85 

AVT-UC02 Integration of 

3GPP and 

non-3GPP 

technologies 

for access to 

offboard 

connectivity 

Service 

Interruption 

ms <1 

Service 

Availability 

% >98 

AVT-UC03 Joint 

connectivity 

for User 

Access to In-

Flight  

Entertainment 

 

Service 

Availability 

% >99 

DL Rate per 

UE 

Mbps >30 

UL Rate per 

UE 

Mbps >10 

Handover 

Duration 

s <1 

RLW-UC01 Joint 

Terrestrial 

and Satellite 

on-board 

connectivity 

Reliability % >99.9 

Latency ms <100 

Seamless 

Handover 

s <1.5 

Capacity Mbps >100 

 

3.3 Hardware Interface View 

This subsection presents the hardware interface view developed during WP3. The purpose of 

this view is to identify the main hardware-level interconnections between the WP3 component 

blocks and the supporting external blocks required for prototyping, integration planning, and 

later validation activities. The view builds on the overall NexaSphere system architecture 

deĜned in D2.2 [38]: the WP3 component blocks correspond to the subsystems already 

identiĜed within WP3, while the external blocks represent components addressed in other 

work packages, with which the WP3 subsystems interface. Figure 19 is not intended to redeĜne 

the complete NexaSphere system architecture, for which the reader is referred to D2.2. 
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Instead, it provides a practical interface-oriented representation of how the WP3 hardware 

components may exchange data, timing, RF, optical, and control signals. 

  

Figure 19 WP3 hardware interface view 
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The diagram distinguishes between WP3 blocks and external supporting blocks. WP3 blocks 

include the LiFi transceivers, antenna subsystems, gate data transfer units, optical 

transceivers, on-board processing, and 5G gNB-related elements developed or adapted within 

WP3. External blocks include user equipment, Wi-Fi access points, multi-connectivity 

functions, DVB-S and 5G modems, clock references, up/down conversion, and the 5G core, 

which are needed to represent the surrounding test and integration environment. 

From a segment perspective, the interface view covers three main areas: the user segment, 

the space segment, and the ground segment. In the user segment, user equipment can 

connect through different access technologies, including LiFi, 5G, and Wi-Fi. The LiFi path is 

represented through an infrared link between the user equipment and the LiFi optical antenna, 

followed by an analogue interface towards the LiFi central unit. The LiFi central unit then 

connects to the multi-connectivity function through Ethernet. In parallel, the 5G and Wi-Fi 

access paths are represented through RF links towards the user equipment and Ethernet 

interfaces towards the multi-connectivity function. 

The multi-connectivity function acts as an integration point for the different access and 

backhaul options represented in the diagram. It exchanges Ethernet trafĜc with the LiFi central 

unit, 5G gNB, Wi-Fi access point, DVB-S modem, and 5G modem. 

The antenna subsystem is interfaced with the communication chain through analogue RF 

interfaces. In the represented conĜguration, the 5G modem is connected to the up/down 

converter using an analogue L-band interface, while the up/down converter connects to the 

antenna system through analogue Ku/Ka interfaces. The DVB-S modem is also connected to 

the antenna system through Ethernet and associated RF chain elements. A clock reference is 

included to indicate the need for timing and synchronisation support in the RF and satellite-

link-related hardware chain. 

The optical transceiver blocks represent the free-space optical communication chain across 

user, space, and ground-related segments. Ethernet interfaces are used on the electrical side 

of the optical transceivers, while optical interfaces are used between optical transceiver pairs. 

The diagram captures both space-to-ground optical links, such as optical feeder links between 

the space and ground segments, and inter-satellite optical links within the space segment. In 

the space segment, the optical transceiver interfaces with the on-board processing and 5G 

gNB-related blocks through Ethernet. This reflects the expected role of optical links as high-

capacity transport interfaces, while keeping packet-based connectivity available towards 

processing and RAN-related functions. 

The ground segment includes the optical transceiver, 5G gNB, 5G core, and gate data transfer 

ground-side unit. The ground-side optical transceiver represents the terrestrial endpoint of the 

space-to-ground optical link, while also providing an Ethernet interface towards the ground-

side 5G gNB and related network functions. These blocks are interconnected through Ethernet 

interfaces and represent the laboratory or ground-side counterpart of the WP3 hardware chain. 

The gate data transfer path is shown through a connection between the user-side and ground-

side gate data transfer units, using optical and/or RF connectivity depending on the 

implementation option under evaluation. 
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The 5G gNB blocks are marked with an asterisk throughout the user, space, and ground 

segments to indicate that the exact gNB functional split is not Ĝxed at this stage. Depending 

on the selected use case, PoC demonstrator, and integration constraints, different gNB split 

options may be considered and later decided in WP6. This allows the WP3 interface view to 

remain flexible while still identifying the relevant Ethernet-based interconnections between 

RAN-related functions, optical transport, on-board processing, and the 5G core. 

Overall, the interface view provides a common reference for WP3 partners to align subsystem 

development and identify integration dependencies. It highlights the main physical and logical 

interface types expected in WP3: infrared, RF, analogue, optical, and Ethernet. The view will be 

reĜned in later project phases as the individual prototypes mature, as the WP2 architecture 

work evolves, and as the Ĝnal integration choices for the WP3 and WP6 validation activities are 

conĜrmed. 
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Section 4: Energy-EfĜcient Free-Space Optics 

and Satellite Transceivers with on-board computing  

4.1 Free-Space Optics and Satellite Transceivers 

The free-space optics and transceivers enable OISLs to connect network nodes in space. In 

addition, it is possible to utilise free-space optics and transceivers for ground-to-space links. 

The optical links are deĜned in T2.2 deliverable D2.2. Within the optical testbench, it is possible 

to demonstrate both intersatellite and ground-to-space links. This includes all the link budget 

scenarios discussed in Section 2.1 of this document. The testbench allows different system 

elements to observe the end-to-end behaviour with an optical link in the loop by plugging the 

optical testbench between a data source and a data sink. 

4.1.1 Prototype Description 

The prototype consists of an optical testbench, allowing end-to-end optical link testing, and is 

depicted in Figure 20. The data is sourced via an Ethernet switch from an Ethernet packet 

generator. The packet generator is plugged into the switch either using a 100M/1G Ethernet 

interface (e.g. via an RJ45 connector) or using a 10 Gbit/s Ethernet interface with an SFP 

connector. 

The prototype end-to-end interface is IP-based and transparent to the rest of the system. The 

switch is conĜgured to route the IP packets to the FPGA via a 10 Gbit/s Ethernet connection 

with SFP cables. The FPGA generates the packet frame, applies a forward error correction 

(FEC) code, maps the bits to symbols, adds symbols for synchronisation and applies signal 

conditioning. For the FPGA, a so-called FPGA RFSoC is used; its main beneĜt, beyond the 

space heritage of the FPGA platform, is its integrated radio frequency (RF) analogue-to-digital 

converters (ADCs) and digital-to-analogue converters (DACs) on the chip. Therefore, the 

symbols are directly output by the DACs as RF signals. The RF signals are then led to a 

coherent optical transmitter via an analogue interface. The optical transceiver modulates the 

symbols onto the optical carrier provided by an external laser. The modulated optical signal 

exits the optical transceiver via a Ĝbre connector. The signal then travels via an optical Ĝbre to 

the channel emulator that allows for emulation of realistic OISL and atmospheric links via 

generation of so-called power vectors. The conĜguration is done via software running on a 

control PC connected to the emulator. In the channel emulator, the phase and amplitude of the 

light passing through can be adjusted at a kHz rate, i.e. the dynamic conditions of the 

atmosphere are considered. 

After the light passes through the emulator, it enters a coherent optical receiver, which converts 

the light back into RF signals. The RF signals are fed into the FPGA ADCs, which then convert 

the RF signal into samples in the digital domain. These run through the customised DSP chain. 

There, the symbols are recovered after carrier, timing, and phase recovery. Then the symbols 

are mapped to bits, the frames are recovered, and Ĝnally the Ethernet packets are created. 

Next, the Ethernet packets are sent from the FPGA to a 10 Gbit/s switch where they are 



                                                                                          

NEXASPHERE | D3.1 JUN-26 

This project has received funding from the Horizon Europe research and innovation program under grant 

agreement No. 101192912 

 

t
ŀ
Ǝ
Ŝ
р
у 

available to the destination, an Ethernet packet sink. Alternatively, these packets can be sent 

back to the Ĝrst FPGA with an SFP cable, re-entering the transmit logic of the FPGA. 

The destination system will only see the arriving Ethernet packets, i.e. the entire link is 

completely transparent. 

 

Figure 20 Optical testbench to emulate OISLs and atmospheric optical links 

4.1.2 Simulation Results 

During the fade event, which can be more than 10 dB deep and typically occurs for several 

milliseconds, the optical transceiver loses the signal (loss of link). COTS transceivers are not 

natively used in such scenarios and are optimised for the AWGN channel. Therefore, such an 

abrupt fade event also causes loss of synchronisation (loss of sync). This, on its own, is inherent 

to the channel, and the transceiver cannot compensate entirely, at least not at the physical 

layer. One of the key issues for coherent COTS transceivers in cross-atmospheric links is, 

however, their relatively slow re-synchronisation time after a fade, artiĜcially increasing the 

amount of data that is lost. Utilising a Kalman Ĝlter in combination with a feedforward timing 

error detector, as shown in Figure 21, can improve re-sync time. 

 

 

Figure 21 Kalman Ĝlter enhanced feedforward timing recovery concept 

In order to demonstrate the beneĜt of using a Kalman Ĝlter during fading in a cross-

atmospheric link, the Ĝlter is Ĝrst simulated in Python and afterwards in VHDL. The input is 

identical to both implementations of the Kalman Ĝlter and therefore directly comparable. A 
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simple linear model is used to simulate the timing error. The change in timing error over time 

is set to a constant 50 ppm. When modelling the distortions to the timing error, it is assumed 

that the TED is unbiased, quasi-linear, and that the channel itself is normally distributed with a 

time-dependent variance. Under these assumptions, the true timing error is distorted by 

including additive white Gaussian noise with time-dependent variance. The depth of the fade 

is 40 dB, corresponding to an increase in variance from 10-6 to 10-2. The duration of the fade 

is 40000 updates. At a 5 GHz sampling rate or a 10 Gbit/s DP-QPSK system at Nyquist rate 

sampling, this corresponds to 40000 * 1024 / 5 109 s = 8 ms. 60 * 103 updates of the Ĝlter are 

conducted per simulation run. There are 100 runs. The initial timing error is randomly chosen 

from a uniform distribution in interval [0, T_s), where T_s is the sampling period. The timing 

error residual is deĜned as the absolute of the difference between the true timing error and 

the estimated timing error. The unĜltered timing error residuals, the Ĝltered timing error 

residuals using the Python implementation and the Ĝltered timing error residuals using the 

VHDL implementation are observed after each update. To visualise the results, Ĝrst, in each 

run, the 60*103 data points are grouped in batches of 500, of which the maximum value is 

taken. This yields 60*103/500 = 1200 plotted points per y value per run. Afterwards, the mean 

and maximum of the runs in each update are plotted, labelled °Mean max ...° and °Max max 

...°. 

Figure 22 shows that after the fade ends, a single update of the Kalman Ĝlter-based timing 

recovery system is required to achieve pre-fade timing error. As a single update takes 1024 

sample durations, at 10 Gbit/s, a DP-QPSK system with a 5 GHz sampling rate would result in 

1024/5 109 s = 0.20 Ös re-sync duration. Increasing the bitrate to 100 Gbit/s and the sampling 

rate to 50 GHz would result in 1024/50 109 = 0.020 us instead. This would be an over 4 orders 

of magnitude improvement over existing 100 Gbit/s coherent transceivers, often achieving re-

sync times in the range of milliseconds. 

 

 

Figure 22 Kalman Ĝlter enhanced feedforward timing recovery simulation results 
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4.1.3 Expected Improvements 

For the testbed, integrating the CFP2-ACO transceiver(s), FPGAs, channel emulator, and 

Ethernet switches is essential to allow end-to-end testing. Ensuring external Ethernet interface 

compliance is especially important. After this, different link scenarios will be prepared aligned 

with WP6. 

The internal DSP will be subject to further improvements and optimisation throughout the 

process. Improving synchronisation performance in the symbol timing, carrier- and phase 

recovery, under different link scenarios, is key to maximising system-level performance. By 

varying the design parameters and evaluating their impact on the system-level performance, 

insights into protocol design will be gathered. This will further lead to a better understanding 

of the beneĜts and limitations of current free space optical communication standards with 

respect to protocol design and advance the state of the art. 

4.2 On-Board Processing (OBP) 

The onboard processing (OBP) subsystem developed by OHB constitutes the regenerative 

processing core of the NexaSphere payload architecture. It is responsible for executing all 

digital signal processing and networking functions required to support non-terrestrial network 

(NTN) operation in low Earth orbit (LEO), including baseband regeneration, adaptive beam and 

trafĜc management support, and onboard routing of user and feeder link data. In contrast to 

transparent payload architectures, the OBP enables packet- and signal-level processing within 

the spacecraft, reducing reliance on ground-based routing and increasing system autonomy. 

The OBP architecture is implemented as a regenerative, software-deĜned processing system. 

It supports channelisation, packet reconstruction, buffering, and inter-beam routing, enabling 

dynamic adaptation to varying trafĜc loads and changing network topologies. These functions 

are essential in LEO environments, where frequent handovers, variable link availability, and 

heterogeneous trafĜc demand require continuous reconĜguration of onboard resources. The 

regenerative processing approach allows the payload to operate as an active network node 

rather than a passive relay. 

From an implementation perspective, the OBP follows a modular and layered processing 

architecture. High-throughput signal processing tasks such as channelisation, spectral 

decomposition, and preprocessing for beamforming are executed on programmable logic, 

primarily Field-Programmable Gate Arrays (FPGAs). These components provide the required 

parallelism and deterministic timing for real-time digital signal processing under strict latency 

constraints. A second processing layer handles regenerative networking functions, including 

packet routing, scheduling, trafĜc prioritisation, and buffer management. This layer is tightly 

coupled to system-level knowledge of link state and trafĜc demand, enabling adaptive resource 

allocation across beams and users. A control and management layer coordinates 

conĜguration, resource scheduling, fault handling, and interface functions to the spacecraft 

platform and ground segment. 

The hardware strategy is based on a heterogeneous processing concept. In the initial 

implementation phase, the OBP is FPGA-centric to maximise flexibility and support iterative 

algorithm development during system maturation. This allows in-orbit reconĜguration and 
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adaptation to evolving mission requirements and communication standards. In later stages, 

selected high-throughput and computationally stable functions may be migrated to application-

speciĜc integrated circuits (ASICs) to improve processing efĜciency, reduce power 

consumption, and increase payload scalability. This staged evolution enables a controlled 

trade-off between adaptability and efĜciency across the system lifecycle. 

The OBP is strongly coupled to the optical inter-satellite link (OISL) subsystem deĜned by DLR. 

Variations in inter-satellite connectivity, link availability, and network topology directly influence 

onboard buffering requirements, routing complexity, and scheduling strategies. As a result, 

OBP performance cannot be treated in isolation but must be designed in conjunction with the 

dynamic characteristics of the inter-satellite network to ensure stable end-to-end 

communication performance under LEO operating conditions. 

Overall, the OHB onboard processing architecture is designed to balance flexibility, 

computational efĜciency, and scalability under constrained spacecraft resources. The selected 

regenerative, heterogeneous processing approach provides a pathway from early-stage 

FPGA-based implementation toward more power-efĜcient hybrid FPGA²ASIC systems, 

enabling progressive optimisation of performance as mission requirements and hardware 

maturity evolve. 
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Section 5: Design trade-offs and prototype of 

transceivers for LiFi communications 

This section describes the design principles, architectural choices, prototyping activities, and 

validation results carried out within Task 3.2. The objective of this task is to design and evaluate 

LiFi transceiver architectures suitable for aviation and high-mobility environments, while 

meeting the performance and sustainability targets set in the NexaSphere project. Four 

complementary hardware development lines are pursued: a distributed multi-antenna LiFi 

access system, a high-speed Gate Data Transfer optical link, an SDR-based LiFi 

experimentation platform, and an energy-efĜcient FPGA-based LiFi PHY. Together, these 

developments form a coherent LiFi technology stack that will interface with the TN/NTN 

communication framework addressed across WP3 to WP6. 

5.1 Overview and trade-off of LiFi transceivers 

The LiFi transceiver developments in T3.2 address two complementary optical wireless 

communication needs within the aviation use case: short-range in-cabin connectivity and high-

speed aircraft²ground data transfer. In-cabin LiFi relies on LED-based transmitters and 

photodiode receivers to provide controlled indoor coverage, electromagnetic immunity, and 

high spatial reuse. In contrast, Gate Data Transfer targets a longer-range, point-to-point optical 

wireless link using laser-based transmission to support very high data rates during aircraft 

turnaround operations. 

The design effort therefore requires different trade-offs depending on the target scenario. For 

in-cabin LiFi, the main considerations are coverage uniformity, optical output power, receiver 

sensitivity, robustness to passenger movement and blockage, compact form factor, and 

integration with cabin infrastructure. For Gate Data Transfer, the main considerations are 

optical beam alignment, link distance, transmit power, receiver sensitivity, wavelength 

selection, and compatibility with standard Ethernet/Ĝbre interfaces. 

A second trade-off concerns implementation flexibility versus energy efĜciency. SDR-based 

implementations provide a highly reconĜgurable platform for testing 4G/5G PHY and MAC 

operation over an optical baseband channel, making them suitable for protocol 

experimentation and Open RAN-oriented studies. FPGA-based implementations, on the other 

hand, target reduced energy consumption, deterministic timing behaviour, and scalable real-

time signal processing for future optimised LiFi PHY development. These trade-offs guide the 

selection of components, interfaces, test conĜgurations, and validation methods across Task 

3.2 development streams. 

5.2 IFE Multi-antenna LiFi system 

The previous-generation LiFi system used a single LiFi AP with an integrated transceiver and 

optical front-end. The multi-antenna LiFi system, shown conceptually in Figure 23, is designed 

to enhance the coverage area and minimise interference between LiFi APs. The design 
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employs a Central Unit (CU) connected to multiple optical antennas. The CU contains the 

baseband chipset and distributes the LiFi signals to the optical antennas. Each antenna 

integrates an optical transceiver, where the transmitter converts electrical signals into optical 

signals and the receiver converts optical signals back into analogue electrical signals. This 

distributed architecture improves spatial diversity and mitigates coverage holes caused by 

obstacles, seating structures, and passenger movement. 

 

 

Figure 23 Multi-antenna LiFi System Concept 

Design work has focused on specifying and validating the optical front-end building blocks. 

The optical antenna design, shown in Figure 24, includes a transimpedance ampliĜer (TIA) with 

gain above 60 dB and bandwidth above 50 MHz, together with an adjustable LED driver that 

allows the transmitted optical power to be tuned. This tuning capability is important for 

balancing signal quality, coverage range, and interference between neighbouring optical 

antennas. The central unit design, shown in Figure 25, supports multiple antenna connections 

through Tx and Rx lines to the analogue front-end and baseband chipset. 

 

Figure 24 Optical Antenna Design 



                                                                                          

NEXASPHERE | D3.1 JUN-26 

This project has received funding from the Horizon Europe research and innovation program under grant 

agreement No. 101192912 

 

t
ŀ
Ǝ
Ŝ
с
п 

 

Figure 25 Central Unit Design 

The LiFi CU acts as the brain of the multi-antenna system. It hosts the digital baseband 

processor and provides a standard Ethernet interface for power and data connectivity to the 

external network. The current LiFi CU prototype, shown in Figure 26, converts Ethernet data 

into analogue signals and delivers them to the optical antennas. It provides six LiFi optical 

antenna ports, delivering both power and LiFi data signals to the connected antennas. The 

maximum power consumption of the LiFi CU is around 20 W. 

 

Figure 26 LiFi Central Unit Prototype (Front and rear view) 

The LiFi optical antenna converts electrical signals into optical signals and vice versa. The 

current optical antenna prototype, shown in Figure 27, has one Ethernet port for data and 

power and connects to the LiFi CU using a standard Ethernet cable. The optical antenna 

consists of one Tx LED without a lens and one to three Rx photodiodes with integrated lenses. 

On the transmitter side, it includes the LED and its transmitter circuit. On the receiver side, it 

includes photodiodes together with ampliĜer and Ĝlter circuitry. The LiFi optical antenna 

operates at a 940 nm wavelength, and its maximum power consumption is up to 4 W. 
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Figure 27 LiFi Optical Antenna Prototype 

The LiFi dongle, shown in Figure 28, acts as the endpoint or client device and connects to a 

user device, such as a laptop. It provides a standard USB-C interface for both power and data 

signals and includes power and LiFi status LEDs to indicate the device state to the user. Like 

the LiFi optical antenna, it converts electrical data signals from USB into optical signals and 

vice versa. For LiFi transmission and reception, the dongle hosts one Tx LED without a lens 

and four Rx photodiodes without lenses, together with the relevant ampliĜer circuitry. It 

operates at 940 nm wavelength, and its maximum power consumption is around 3 W. 

 

Figure 28 LiFi Dongle 

Initial testing has been carried out using one central unit, up to Ĝve optical antennas, and one 

LiFi dongle. The test setup considered an antenna-to-dongle height of approximately 2 m, with 

antenna positions distributed over a test area of approximately 2.3 m ò 2 m. The tests evaluated 

the impact of Tx gain, number of connected antennas, and Tx LED lens conĜguration. Tx gain 

was used to adjust signal quality and system range, while the Tx LED lens was assessed to 

improve data rate and coverage performance. The measurements show that adding antennas 

increases the overall covered area, although the data rate and the individual coverage radius 

per antenna decrease as more antennas are connected. This is caused by the current CU 

implementation, where the loading introduced by each additional antenna causes the Rx/Tx 

driving circuitry to split the available signal power between antennas. Based on the measured 

results shown in Table 11, Tx gain values of 4 to 5 provide the best compromise between data 

rate and coverage. 
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Table 11 Impact of number of antennas on data rate and coverage area 

No. Of 

Antennas 

Antenna Tx 

Gain 

Uplink Data 

rate (Mbps) 

Downlink Data 

rate (Mbps) 

Coverage 

radius (cm) 

1 4 93 95 120 

 5 90 95 120 

2 4 90 61 110 

 5 86 64 110 

3 4 88 52 90 

 5 88 51 100 

4 4 82 43 90 

 5 87 43 100 

5 4 80 45 90 

 5 88 45 100 

The impact of adding a Tx LED lens was also evaluated at a gain of 2 with antenna-to-dongle 

distances: D200, corresponding to 200 cm, and D300, corresponding to 300 cm. Figure 29 

shows that adding a Tx LED lens improves data rate at both distances. 

The main current challenges are the antenna loading effect in the central unit and the limited 

receiver signal bandwidth of the optical antenna. The next development steps are to add 

dedicated Tx driving circuitry in the central unit to reduce the antenna loading effect, enhance 

receiver sensitivity to improve decoding of lower-SNR signals, improve Tx signal power and 

quality by incorporating additional LEDs, and continue testing with the optimised components. 
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Figure 29 Evaluation of impact of Tx lens on data rate at different distances 
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5.3 Gate Data Transfer 

The Gate Data Transfer system addresses the need for high-speed data exchange between 

aircraft and ground infrastructure during short turnaround times. The prototype design targets 

a 10 Gbps optical wireless link for high-speed media and data transfer, enabling the aircraft to 

offload or receive large data volumes without relying on wired links or physical connectors. 

Since LED-based optical sources are not suitable for 10 Gbps operation, the system adopts a 

laser-based optical wireless architecture. The link is designed as a point-to-point, line-of-sight 

communication system operating over a target distance of approximately 5²10 m. The optical 

wavelength options considered are 1270 nm and 1330 nm, with standard Ethernet/Ĝbre 

interfaces used for integration with the connected network infrastructure. 

The conceptual design, shown in Figure 30, includes separate aircraft-side and ground-side 

optical terminals. Each terminal comprises an optical front-end, a digital processor, an 

alignment-control subsystem, a standard Ethernet/Ĝbre interface, and optical beam collimation. 

The optical front-end includes the laser diode, laser driver, photodiode, and receiver circuitry. 

The processor provides the required digital processing and standard interface handling, while 

the collimator is used to shape and collimate the optical beam. The alignment-control 

subsystem monitors signal strength and supports motorised control for tracking and 

realignment in case of misalignment. This is a key design aspect, as maintaining alignment is 

challenging even over short gate distances. 

 

Figure 30 Gate Data Transfer Conceptual Design 

Initial testing has been performed using an iperf3 data-transfer setup between two PCs 

connected through a laser link over approximately 8 m, as shown in Figure 31. The 

corresponding test results, shown in Figure 32, validate the basic high-speed data-transfer 

functionality of the Gate Data Transfer concept and provide the basis for further optimisation 

of the optical and mechanical alignment design. 
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Figure 31 Gate Data Transfer Test Setup 

 

Figure 32 Gate Data Transfer Test Results 
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The main current challenge is beam alignment. At this stage, beam adjustment is performed 

manually, and alignment remains difĜcult due to the small lens aperture, limited transmit power, 

and receiver sensitivity. The next development steps are to test a new, larger and adjustable 

lens system to ease alignment, and to add an automated Pointing, Acquisition, and Tracking 

(PAT) mechanism. This will support stable operation under realistic gate conditions, where 

small positioning variations between the aircraft and the ground-side terminal are expected. 

5.4 Dedicated Hardware Solutions 

The development of dedicated hardware platforms enables complementary evaluation of LiFi 

transceiver performance. Two platforms are being developed: an SDR-based testbed and an 

FPGA-based LiFi PHY. Both platforms interface with LiFi optical front-ends. The SDR platform 

is used to investigate protocol flexibility and the feasibility of operating 4G/5G stacks over an 

optical baseband channel, while the FPGA platform targets deterministic, low-power PHY 

processing for energy-efĜcient real-time LiFi implementation. 

5.4.1 SDR ð protocol flexibility 

The SDR-based platform enables testing of LiFi communication using standard-compliant 

4G/5G PHY and MAC layers. This approach provides a flexible, software-deĜned path for LiFi 

system experimentation beyond what is possible with Ĝxed commercial LiFi chipsets. The SDR 

platform is also considered a stepping stone toward possible future Open RAN-based LiFi 

deployments, where the LiFi optical front-end complements the conventional RF front-end and 

operates at baseband frequencies. In the current implementation, the LiFi OFE works over a 

baseband operating range of approximately 1²50 MHz. The setup, shown in Figure 33, uses 

SDR devices that are compatible with baseband transmission. A USRP X300, supporting 

operation from approximately 1²250 MHz, is used as the gNB-side SDR, while a LimeSDR, 

operating above approximately 10 MHz, is used as the UE-side SDR. To enable this setup, 

software adaptations were carried out on the radio protocol stack: srsRAN was adapted for the 

gNB to operate at baseband frequencies, and srsRAN-4G was adapted for the UE to support 

the same baseband operating mode. 

 

Figure 33 SDR with Integrated LiFi Platform Architecture 

The current SDR-LiFi testbed is shown in Figure 34. A LiFi OFE is connected to LimeSDR on 

one side, while another LiFi OFE is connected to a USRP X300 on the other side. It operates 

at 30 MHz uplink and 40 MHz downlink, both within the operating range of the LiFi optical front-

end. The radio conĜguration uses a 5 MHz NR channel bandwidth, Band 3, and 15 kHz 

subcarrier spacing. Initial integration tests using iperf trafĜc demonstrated end-to-end data 
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transfer over the SDR-based LiFi setup, achieving approximately 3.1 Mbps downlink and 17 

Mbps uplink, as shown in Figure 35. 

 

Figure 34 SDR testbed conĜguration 

 

Figure 35 SDR testbed results 
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The results show that the uplink performance reaches approximately 92% of the 5 MHz NR 

theoretical maximum of 18.4 Mbps, indicating that the uplink path is already close to the 

expected performance for the selected bandwidth. The downlink throughput is currently 

limited by the LimeSDR receiver hardware, particularly I/Q quality, which prevents reliable 

decoding beyond QPSK and limits operation to a maximum MCS of 9. 

The main challenges identiĜed so far are the LimeSDR receiver I/Q quality, the analogue front-

end minimum operating frequency of approximately 30 MHz, Tx-to-Rx crosstalk on the LiFi 

board, and the 5 MHz bandwidth ceiling of the current srsUE conĜguration. The next 

development steps are to replace the LimeSDR with a higher-quality SDR to enable 16QAM 

and 64QAM downlink operation, increase the channel bandwidth beyond 5 MHz for higher 

aggregate throughput, and improve Tx/Rx isolation to eliminate crosstalk. 

5.4.2 FPGA ð energy efficiency 

The FPGA-based LiFi PHY aims to provide an energy-efĜcient real-time processing solution 

for LiFi communication. Commercial chipsets used in broadband cable and telecom 

applications are typically power-hungry and based on Ĝxed architectures, which makes them 

difĜcult to adapt to the speciĜc requirements of LiFi experimentation. In contrast, an FPGA-

based implementation enables power-efĜcient signal processing through dedicated hardware 

pipelines, deterministic real-time behaviour for optical front-end timing, LED modulation and 

ADC acquisition, and parallel execution of DSP functions with microsecond-scale latency. This 

makes the FPGA approach well suited for developing a customisable and scalable LiFi PHY 

while reducing unnecessary processing overhead compared with CPU- or GPU-based 

solutions. 

Several candidate FPGA platforms were evaluated based on cost, analogue interfacing 

capability, and suitability for high-speed LiFi signal processing. The selected platform is the 

Eclypse Z7, a cost-effective Zynq SoC platform with approximately 85K logic cells and a dual-

core ARM processor. The platform is combined with the Zmod AWG 1411, which provides a 

14-bit, 125 MSPS DAC for high-quality signal generation, and the Zmod SDR 1450, which 

provides a 14-bit, 125 MSPS ADC with programmable gain control. The use of the SYZYGY 

interface enables direct connection between the ADC/DAC modules and the FPGA, eliminating 

the need for external controllers and supporting efĜcient mixed-signal LiFi PHY development. 

The processing architecture of the FPGA-based LiFi platform is shown in Figure 36. On the 

transmit side, the FPGA generates baseband samples and forwards them to the DAC, which 

converts the digital waveform into an analogue signal for the transmit optical front-end. After 

propagation through the optical channel, the receiver optical front-end converts the incoming 

optical signal back into an electrical signal, which is digitised by the ADC. The FPGA then 

performs the required receiver-side processing, including future demodulation, 

synchronisation, Ĝltering, and data recovery functions. The Zynq processing system manages 

conĜguration, control, and interfacing with higher-layer components. 
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Figure 36 Block diagram of FPGA with LiFi 

The initial FPGA implementation focuses on validating the mixed-signal transmit and receive 

paths before integrating the optical front-end. On the transmit side, a sine-wave generator is 

implemented as the Ĝrst controlled validation source. The generator produces repeatable 

digital samples inside the FPGA, which are then formatted for the DAC path and forwarded to 

the DAC controller. The DAC converts these samples into an analogue waveform, as shown in 

Figure 37. A sine wave is selected because it is easy to recognise in simulation, on 

measurement equipment, and during later ADC capture. Its smooth periodic shape also makes 

it useful for identifying timing issues, sample-formatting errors, or distortion in the transmit 

path. This stage validates digital waveform generation, sample formatting, and DAC 

connectivity. 

 

Figure 37 FPGA transmit path for sine-wave DAC validation 

On the receive side, the Ĝrst milestone is to conĜrm that an analogue input signal can be 

digitised by the ADC and observed inside the FPGA programmable logic. The analogue-input-

to-observed-value path is shown in Figure 38. This step conĜrms that the ADC interface is 

active, that sampled data reaches the FPGA logic, and that the receive path can later be 

extended with continuous acquisition, buffering, detection, synchronisation, and demodulation 

functions. 

 

Figure 38 FPGA receive path for analogue input capture and observed ADC value 

As an intermediate integration step, the transmit and receive paths are combined in an 

electrical DAC²ADC loopback before introducing the optical front-end. In this setup, the sine 

LUT drives the DAC, the resulting analogue signal is passed through an analogue cable, and 
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the ADC captures the returned signal in the programmable logic, as shown in Figure 39. This 

provides a controlled end-to-end validation of the mixed-signal path and conĜrms that a known 

waveform can leave the FPGA through the DAC and return through the ADC. 

 

Figure 39 DAC²ADC loopback path from sine LUT to PL capture 

The DAC²ADC loopback result is shown in Figure 40. The received samples are not expected 

to be numerically identical to the transmitted samples, since the analogue path can introduce 

scaling, DC offset, delay, and noise. Therefore, the Ĝrst validation criterion is the preservation 

of the overall waveform shape rather than exact sample-by-sample equality. The observed 

loopback result provides the basis for the next stages of the FPGA LiFi PHY, including buffered 

acquisition, host data exchange, and replacement of the sine-wave source with LiFi baseband 

modulation. 

 

Figure 40 DAC²ADC loopback validation result showing transmitted and captured waveform shape 
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The next development steps are to add TCP/Ethernet data exchange between the laptop and 

FPGA, replace the sine-wave test source with an initial LiFi baseband waveform such as OOK, 

add basic receiver detection and synchronisation, and start initial energy measurements. 

These steps will move the FPGA platform towards a complete LiFi PHY prototype suitable for 

energy-efĜciency evaluation and later optical front-end integration. 
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Section 6: High-efĜciency multi-band antenna for 

6G-NTN, Ka, and Ku bands 

6.1 Multiband Ka/Ku Aviation Antenna 

Today, the development of user terminals for LEO/MEO/GEO constellations is led by phased 

array technologies adopting complex and lossy beamforming networks with high power 

consumption. A phased array beam steering antenna will be developed to reach a compromise 

on performance, power and size, meeting regulatory requirements set by ITU, ETSI, etc. and 

beam control required by multiple constellations.  

Antenna requirements have been reported in Section 2.1 of D2.2. System speciĜcations 

require a structure capable of operating in Ku or Ka band, with TX and RX panels in the same 

aperture and with reconĜgurable polarisation. RF Microtech identiĜed a modular solution 

based on the use of small active modules that are then recombined with phase coherence so 

that variable aperture antennas with scalable performance can be composed.  The proposed 

solution consists of implementing an ultra-wideband panel (from 10.7 to 31 GHz, with 100% 

bandwidth), followed by another panel that allows for the selection of the correct polarisation. 

Figure 41 shows the envisioned architecture for the radiating panel. Essentially, it is based on 

linear subarrays of wideband antennas. These antennas are constructed on a substrate, with 

the same substrate being utilised as a carrier to recombine a sub-array. The sub-array 

recombination network for columns also integrates a preliminary Ku/Ka (both TX and RX) 

quadruplexer. 

 

Figure 41 Architectures of the Radiating Panel 

The radiating panel will be made of identical modules (Figure 42). Each module delivers RX 

and TX signals for both the Ku and Ka bands. An active beam-forming network drives and 

merges all the input/output signals. An integrated upconverter in the radiating panel performs 

the conversion operations from L-band to transmission frequencies for both bands. The 
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received signals, on the other hand, are directly sent to the RF output connectors of the 

terminal. 

 

Figure 42 Functional Block diagram 

Each module is a sort of compact radiating panel. It is comprised of linear sub-arrays of 

broadband radiating elements.  

The subarray combining network for columns also includes a Ĝrst Ku/Ka quadruplexer. 

Downstream, the combined subarrays are nested in a horizontal combining structure, in a 

suspended stripline or in a ridge waveguide, depending on the loss analysis, which combines 

all columns this time. As shown in Table 12, there are 8 such horizontal combining structures, 

for each band (TX and RX) and each polarisation (V-pol. + H-pol.). 

Table 12 The antenna shall control 8 different signals, corresponding to the different antenna polarisations, V and 

H. 

Yǳ 

¢· 
± 

I 

w· 
± 

I 

Yŀ 

¢· 
± 

I 

w· 
± 

I 

These 8 outputs can be further combined to vary the skew and/or create right-hand or left-

hand circular polarisation. As a result, each module will be functionally divided into a 

completely passive section consisting of radiating elements, BFNs (including the quadruplexer) 

and an active section for signal ampliĜcation in reception and transmission, as well as 

polarisation selection functions. The planar dimensions, on the other hand, are related to the 

gain requirements (EIRP and G/T). 
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The losses (Figure 43) take into account the path between the Ĝrst LNA and the radiating 

elements, the radiation efĜciency of the element, the losses of the transition, and the losses of 

the quadruplexer. 

 

Figure 43 Losses Path 

6.1.1 Radiating Element Design 

The radiating section consists of 1024 elements arranged in a 32ò32 grid. Figure 44 shows 

the unit cell of this array. The Vivaldi element operating in horizontal polarisation is placed on 

the same plane as its vertical BFN, whereas the Vivaldi element operating in vertical 

polarisation is physically twisted by 90Ë with respect to its BFN and is therefore positioned 

orthogonally to the H-Pol array of Vivaldi elements. 

 

Figure 44 Radiating Elements 

The unit cell was designed and simulated using HFSS. The technology adopted is microstrip, 

printed on a DiClad 880 substrate (Ƭ = 2.2, tanƫ = 0.0009).  The element was simulated with 

periodic boundary conditions (primary-secondary) in order to analyse the behaviour of a unit 

cell surrounded by an inĜnite array of identical cells, which closely reproduces the 

performance of a unit cell located far from the outer edges of the 1024-element array. The 
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simulation results show good matching for both linear arrays of the two polarisations (Figure 

45 and Figure 46). The array lying on the scanning plane maintains superior matching across 

all frequency bands and for the different elevation steering angles. 

 

Figure 45 Simulated active S-parameters for Port 2 for different elevation angles 

  

Figure 46 Simulated active S-parameters for Port1 for different elevation angles 

Excellent isolation between the two polarisations is observed, with values remaining below ²

20 dB across all bands and elevation steering angles (Figure 47). 
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Figure 47 Isolation between Port1 and Port2 for different elevation angles 

Good radiation efĜciency is obtained. In particular, the Ku Rx and Tx bands show the best 

behaviour, as the linear array orthogonal to the scanning plane operates more effectively 

(Figure 48). 

 

Figure 48 Array EfĜciency for different elevation angles 

6.1.2 Beamforming Network 

The antenna module consists of 64 slices, each with a vertical beamforming network and 32 

radiating elements. Two slice types are used³H-Pol and V-Pol³arranged alternately to enable 

switchable polarisation (RHCP/LHCP + linear). As shown in Figure 49, each slice is connected 

to its multiplexer with 4 outputs (Ku Tx band, Ku Rx band, Ka Tx band and Ka Rx band). Each 

of the 4 outputs is then connected to its corresponding active beamforming board. 
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Figure 49 Beamforming network and multiplexer 

6.1.3 Passive beamforming network (Vertical slice) 

The vertical beamforming network (Passive section) consists of balanced T-junctions, 

designed to deliver the same signal (in both amplitude and phase) to all radiating elements.  

Since the radiating elements were optimised under periodic boundary conditions, there is no 

meaningful way to simulate and test the vertical slices individually. For this reason, the 

electromagnetic design developed for the vertical BFN was also implemented as a breadboard, 

which is shown in Figure 50. 

 

Figure 50 Passive beamforming vertical slice 

Figure 51 shows the simulated S-parameters of the connectorised vertical slice breadboard. 

The overall return loss remains below ²15 dB in the four bands of interest. 
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Figure 51 S-Parameters performance of the passive beamforming vertical slice 

Regarding losses, Figure 52 and Figure 53 show a comparison between the loss performance 

with and without metallic cover on the top of microstrip lines. 

 

Figure 52 Loss of the passive beamforming vertical slice without metallic cover 
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Figure 53 Loss of the passive beamforming vertical slice with metallic cover 

In Table 13, a comparison between simulated loss with and without metallic cover is reported. 

The metallic cover improves RF performance by providing electromagnetic shielding and 

reducing parasitic coupling and radiation from the microstrip lines on the top of the PCB board. 

Table 13 Comparison between simulated loss with and without metallic cover 

 Losses without metallic cover Losses with metallic cover 

Ku RX 1.13 dB 0.99 dB 

Ku TX 1.15 dB 1.05 dB 

Ka RX 1.81 dB 1.31 dB 

Ka TX 3.17 dB 1.65 dB 

6.1.4 Ku & Ka Band Multiplexer 

A four-channel RF multiplexer has been designed using suspended stripline technology to 

operate over Ku and Ka satcom RX & TX bands, shown in Figure 54. The proposed multiplexer 

is intended for high-frequency satellite communication systems requiring low insertion loss, 

high isolation between channels, good return loss performance, and compact implementation. 

The selected suspended stripline technology provides an effective compromise between 

electrical performance, manufacturability, power handling capability, and dimensional 

compactness, especially for applications extending from Ku-band up to Ka-band frequencies. 
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Figure 54 3D model of the designed multiplexer 

The obtained return loss and insertion loss by simulation are reported in Figure 55, Figure 56 

and Figure 57. All simulated return losses are better than 15 dB for all 4 bands. Regarding the 

insertion loss, all simulated ILs are better than 1 dB except at 10.7 GHz, where the IL is around 

1.3 dB.  

 

Figure 55 Return loss of the designed multiplexer 
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Figure 56 Insertion loss of the designed multiplexer 

 

Figure 57 Zoom on insertion loss of the designed multiplexer  

6.1.5 Next steps for aviation antenna 

The following activities are foreseen in the framework of this work package: 

¶ Fabrication of a passive wideband array, including the radiating antenna elements 

(vertical slice) 

¶ Fabrication of Ku & Ka band multiplexer 

¶ Design & fabrication of the four active beamforming boards 
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¶ Design of mechanical structures  

¶ Thermal management design 

¶ Test of all separated structures and construction of the full module 

¶ Test of the full module, including all active beamforming antenna boards  

6.2 Automotive Ka band Antenna 

The objective O.4 of NexaSphere states the goal to achieve sustainable data communication 

through energy-efĜcient air-interface operations achieved by means of Ku/Ka user terminal 

antennas and LiFi-enabled devices. Part of this objective includes the design of Ka/Ku band 

antenna elements based on the user requirements and KPI deĜned as part of the scenario 

analysis for ground-to-space communication (user link), and analysis of the radiation pattern 

for Ka band antennas and corresponding validation through dedicated tools and in-depth 

veriĜcation in anechoic chambers. In the automotive sector, due to the restrictions in the size 

of the installation platform, the antenna shall be smaller and considerably lower proĜle 

compared to the avionics antenna. However, even with reduced aperture dimensions, the 

antenna shall provide satisfactory performance to fulĜl the application requirements. 

In this section, we elaborate on the initial developments performed in Task 3.3 for the 

automotive antenna. In NexaSphere, the automotive antenna developed at DLR will be 

operating at Ka band (20 GHz Rx and 30 GHz Tx). On an automotive platform, the required size 

of the antenna is signiĜcantly smaller, making it challenging to integrate both Ku and Ka bands. 

Because the Ka band has a shorter wavelength than the Ku band, it is possible to use smaller 

aperture dimensions. Additionally, we can use Ka band to get larger throughputs because of 

the higher bandwidth available. In the developed antenna, the Rx and Tx will be developed on 

separate apertures, such that the total dimension will be less than 15 cm, as shown in Figure 

58. Each aperture (Rx and Tx) will be of dimension 4 times the wavelengths calculated at the 

respective frequencies. This calculation gives us a size of 6 cm for Rx and 4 cm for Tx aperture. 

 

Figure 58 Planned NexaSphere aperture with Rx and Tx 
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Figure 59 Block diagram of the automotive antenna development process 

In NexaSphere, the development will be done in terms of antenna design and development, 

array synthesis, beamformer network module design, and development. Tests and 

measurements will be performed to validate the individual components as well as the 

combined system (beamformer + antenna array), i.e. up to the dashed black line in Figure 59. 

  

   

Figure 60 Designed DRA domino antenna at 20 GHz and the gain simulated in Ansys HFSS 

The DRA Domino antenna was designed as shown in Figure 60. The detailed stack-up of the 

antenna is shown in Figure 61. The core dielectric material Rogers 6002 has a dielectric 

constant (Ƭ) of 2.94, and the Rogers 6700 has a dielectric constant of 2.35. This feed network 

was manufactured and then glued to the DRA (Dielectric constant 8.5) with the tape of 

dielectric constant 2.5. The RF signal from the element is carried through the upper feed 

network and passed to the lower hybrid coupler through the signal vias. This signal will then 

move to the SMP connectors through a co-planar waveguide. The SMP connectors will then 

serve as the interface to the beamformer board. 
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Figure 61 Detailed stack-up and RF signal lines of the DRA Domino. 

The simulated antenna shows a gain of 7.56 dB at 20 GHz. A regular 8x8 array constructed 

with uniformly illuminated DRA dominos as shown in Figure 62 gives a total gain value of 22.2 

dB at 20 GHz, which is very close to the ideal value (23 dB) that can be calculated from aperture 

size. 

   

Figure 62 32-element DRA domino array at 20 GHz and the array gain simulated 

The DRA Domino at 20 GHz was then manufactured as shown in Figure 63. This antenna 

element will serve as the building block for the Rx array to be measured.  
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Figure 63 Manufactured DRA Domino at 20 GHz 

Before moving into the Ĝnal 8x8 array setup with the DLR beamformer board, a quadrant of 

the array, which is a 4x4 array, was measured using Qorvo®s evaluation board, which consists 

of one AWMF0197 IC and 8 input ports. The RHCP ports of 8 dominos were connected to the 

evaluation board, and all LHCP ports on the Dominos were terminated with 50 ohm loads. 

Thus, the RHCP gain was measured in the Millibox anechoic chamber. In Figure 64, the red 

dotted curve denotes the simulated RHCP gain of the array, which has ~16 dB at broadside, 

which is close to the expected theoretical gain from this aperture size. However, due to the 

LNA (low-noise ampliĜer) present in the IC, the measured active gain goes up to 24.3 dB. 

   

Figure 64 Intermediate tests with 4x4 array (quadrant of NexaSphere Rx array). 

Next, the Ĝnal 8x8 DRA Domino array will be tested with the DLR beamformer board (Figure 

65). The developed beamformer board has 8 AWMF0197 ICs in a daisy chain, resulting in 64 

input ports (SMP connectors). The 64 RF inputs are then combined with the Wilkinson power 

combiner to one output port (2.92 mm connector). The beamforming weights are assigned to 

each of the input ports using SPI control. 32 DRA Dominos will be assembled on top of the 

beamformer board for the Ĝnal Rx array measurements. 

8x8 array at 20 GHz theoretically results in ~ 23 dB of passive gain. However, considering the 

LNA gain of the chip, we expect the active gain of the 8x8 DRA Rx array to be around 32 dB 

(ideal value). 
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Figure 65 DLR beamformer board design (top) and manufactured model during characterisation (bottom). 

The following imminent steps are considered in this work package: 

± Array synthesis for 20 GHz to obtain the lattice arrangement and beamforming weights. 

± Array + Beamformer tests for 20 GHz in the Millibox anechoic chamber for different 

steering scenarios. 

± Design and development of the Tx radiating element. 

± Design and development of the Tx Beamformer board. 
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Section 7: Flexible and power-efĜcient 

disaggregated RAN 

This section describes the implementation work carried out to enhance the NTN capabilities 

of the SRS 5G RAN, in fulĜlment of WP3 Objective 1, which covers the development of network 

components for future TN/NTN integrated systems. Given that baseline NTN link functionality 

was already established in the RAN, this task has focused on advancing RAN maturity through 

the addition of mobility features necessary for deployment in a real-world network. 

7.1 Architecture 

The disaggregated 5G NTN RAN under development within NexaSphere is built on top of 

srsRAN. The deployment model supports both transparent and regenerative payloads and 

adopts the hybrid functional split anticipated in Section 2.5: latency-sensitive layers (PHY, 

MAC, RLC) sit close to the radio interface (on the ground for transparent payloads, on the 

satellite for regenerative ones) while higher-layer protocols (PDCP, RRC) remain on the ground. 

In the regenerative case, the F1 interface is therefore carried over the wireless feeder link; F1 

is timing-relaxed, but its SCTP transport stresses easily under feeder-link impairments and 

switchover transients (see Section 7.3). 

System Information Block (SIB) 19 remains the cornerstone of NTN operation: the 

ephemerisInfo-r17 element provides the satellite's orbital state, and ta-Info-r17 conveys the 

common timing-advance terms that allow the UE to track the time-varying feeder-link delay. 

SIB19 is generated by the gNB from orbit-propagation outputs (typically TLE-driven, via the 

SMO) and refreshed continuously. The UE combines SIB19 with an integrated GPS receiver 

to derive its own service-link TA and Doppler pre-compensation. 

A single LEO satellite is typically visible to a UE for only 5 to 10 minutes, imposing a much 

higher handover rate than in terrestrial deployments. This motivates the use of the O-RAN 

Near Real-time  (Near-RT) RIC and SMO to schedule and execute handovers proactively 

(driven by ephemeris rather than measurement reports alone), and the adoption of NTN-

speciĜc mobility procedures alongside the standard NR ones. The reference architecture 

supporting both transparent and regenerative modes is shown in Figure 66; the procedures 

addressed in this section are intra-satellite handover, inter-satellite handover (intra-gNB and 

inter-gNB), TN<->NTN handover, Conditional Handover with NTN triggers, Satellite Switch with 

Re-sync (Rel-18), and feeder-link switchover. 
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Figure 66 Overall NTN RAN architecture supporting transparent and regenerative payload modes, with CU/DU/RU 

placement across satellite and ground segments and the corresponding F1 and NG interface mapping 

7.2 Implementation: NTN mobility procedures in the 

srsRAN gNB 

The srsRAN gNB exposes mobility conĜguration through a dedicated mobility submodule. The 

operator declares the serving cells (one per beam, each with its own PCI), the neighbour 

relations (intra-gNB or inter-gNB), the measurement and reporting conĜgurations, and the 

event triggers. All NR event triggers deĜned in 3GPP TS 38.331 are supported (A1²A6); the 

NTN-speciĜc time-based (T1) and location-based (D1/D2) events are available when 

Conditional Handover is conĜgured (Section 7.2.4). 

Table 14 provides an overview of the NTN mobility procedures addressed in this section, 

summarising their trigger mechanisms, network scope, NTN-speciĜc protocol additions, and 

current implementation status within the NexaSphere srsRAN development. The procedures 

are further described in detail in Sections 7.2.1 - 7.2.6. 

Table 14 NTN Mobility Procedures Addressed 

Procedu

re 

Trigger Type Networ

k 

Scope 

NTN-SpeciĜc 

Element 

NexaSphere 

Relevance 

Status 

Intra-

satellite 

HO 

(7.2.1) 

and 

Inter-

satellite 

HO 

(7.2.2) 

A3 (RSRP) or 

time-based 

Intra- 

gNB / 

Inter-

gNB 

NTN-ConĜg IE in 

RRCReconĜgurati

on (ephemeris, TA, 

Doppler) 

Intra-satellite 

HO: Beam-to-

beam 

transitions 

within same 

LEO satellite; 

high frequency 

in NexaSphere 

mobile verticals 

Implement

ed and 

tested 
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Inter-satellite 

HO: Cross-

satellite 

transitions 

during LEO 

pass; relevant 

for continuous 

aviation/automo

tive coverage 

TN<-

>NTN 

HO 

(7.2.3) 

A2/A5 (inter-

frequency) 

Intra- or 

inter-

gNB 

NTN-ConĜg added 

to HO command;  

Handover 

between 

terrestrial and 

satellite 

coverage; key 

for TN/NTN 

integration 

scenarios 

Implement

ed and 

tested 

Conditio

nal HO 

(7.2.4) 

A3/A4/A5/T1/D

1/D2 

Intra-

CU 

Time- and 

location-based 

NTN triggers (T1, 

D1, D2); UE 

executes 

autonomously 

Deterministic 

LEO pass 

scheduling; 

reduces 

handover 

latency for 

predictable 

satellite 

geometry 

Implement

ed and 

tested 

Satellite 

Switch 

with Re-

sync / 

Rel-18 

(7.2.5) 

SIB19 

broadcast 

(scheduled) 

Same 

gNB / 

PCI 

preserv

ed 

SatSwitchWithReS

ync-r18 IE in 

SIB19; avoids full 

RRC 

reconĜguration 

Quasi-Earth-

Ĝxed NGSO 

scenarios; 

reduces 

signalling 

overhead 

during satellite 

transitions 

SIB19 

extension 

implement

ed 

Feeder-

link 

switchov

er (7.2.6) 

O&M schedule 

(SMO/NTN 

Control) 

Varies 

(may 

require 

NG/Xn 

HO) 

Feeder link 

managed 

separately from 

service link; 

soft/hard/network-

assisted variants 

Ground 

gateway 

transitions for 

LEO satellites; 

impacts F1-

over-feeder 

robustness 

studied in 7.3 

Architectu

re 

speciĜed; 

soft/netwo

rk-

assisted 

variants in 

preparatio

n 
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7.2.1 Intra-satellite handover 

Intra-satellite handover refers to the transition of a UE between two beams illuminated by the 

same satellite (Figure 67). Each beam is exposed as a distinct cell under a common gNB 

instance, so the procedure is realised as intra-gNB handover and requires neither Xn nor N2 

signalling. Although source and target beams share ephemeris and feeder link, srsRAN still 

issues a contention-free RACH on the target beam to reĜne timing alignment. 

 

Figure 67 Intra-satellite (beam-to-beam) handover topology and signalling sequence: the procedure is realised as 

intra-gNB; the RRCReconĜguration carries an NTN-ConĜg IE so the UE can apply pre-computed TA/Doppler on 

the target beam 

The default trigger is event A3 (neighbour offset-better than serving), appropriate for Ĝxed 

Earth-cell deployments where geometry varies gradually. In earth-moving cell deployments, 

the regularity of beam crossings makes time-based triggers more appropriate. Relative to the 

corresponding TN procedure, the only NTN-speciĜc addition is that the RRCReconĜguration 

carries an NTN-ConĜg IE containing the target-beam ephemeris, common TA, drift and 

cellSpeciĜcKoffset. Even though these are unchanged across the handover, the UE expects 

the IE in the reconĜguration. The relevant mobility conĜguration is: 

ÍÏÂÉÌÉÔÙƙ 
  ÔÒÉÇÇÅÒʍÈÁÎÄÏÖÅÒʍÆÒÏÍʍÍÅÁÓÕÒÅÍÅÎÔÓƙ ÔÒÕÅ 
  ÃÅÌÌÓƙ 
    Ɯ ÎÒʍÃÅÌÌʍÉÄƙ ʣØʦʮÃʣ 
      ÎÃÅÌÌÓƙ 

Ɯ ǅ ÎÒʍÃÅÌÌʍÉÄƙ ʣØʦʮÂʦƗ ÒÅÐÏÒÔʍÃÏÎÆÉÇÓƙ ǁ ʧ ǂ ǆ 
  ÒÅÐÏÒÔʍÃÏÎÆÉÇÓƙ 
    Ɯ ÒÅÐÏÒÔʍÃÆÇʍÉÄƙ ʧ 
      ÒÅÐÏÒÔʍÔÙÐÅƙ ÅÖÅÎÔʍÔÒÉÇÇÅÒÅÄ 
      ÅÖÅÎÔʍÔÒÉÇÇÅÒÅÄʍÒÅÐÏÒÔʍÔÙÐÅƙ Áʨ 
      ÍÅÁÓʍÔÒÉÇÇÅÒʍÑÕÁÎÔÉÔÙƙ ÒÓÒÐ 
      ÍÅÁÓʍÔÒÉÇÇÅÒʍÑÕÁÎÔÉÔÙʍÏÆÆÓÅÔʍÄÂƙ ʨ 
      ÔÉÍÅʍÔÏʍÔÒÉÇÇÅÒʍÍÓƙ ʦʣʣ 
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7.2.2 Inter-satellite handover 

When the UE migrates between beams illuminated by different satellites, the procedure 

becomes inter-satellite. Depending on the deployment, this is either intra-gNB or inter-gNB. 

The case explicitly implemented here is the inter-gNB variant with no Xn between source and 

target CU-CPs: handover proceeds through the AMF as an NG/N2-based procedure (Figure 

68). 

Unlike the intra-satellite case, the ephemeris of the target cell differs materially from that of the 

source. The target satellite's NTN-ConĜg (ephemeris, kOffset, kMAC and TA information) is 

forwarded from the target gNB to the source gNB across the AMF and inserted in the 

RRCReconĜguration. Because no internal CU reference is available, the neighbour cell must 

be fully declared in the source gNB conĜguration (SSB ARFCN, periodicity, SCS, offset, 

duration); event-trigger conĜguration is otherwise identical to the intra-satellite case. 

 

 
Figure 68 Inter-satellite NG-based handover: source and target satellites anchored at different gNBs; the target 

NTN-ConĜg is conveyed via the AMF and inserted in the RRCReconĜguration so the UE can pre-compute 

TA/Doppler for the target satellite before RACH 
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7.2.3 TN<->NTN handover 

Two implementation options are supported. The simplest conĜgures both cells under the same 

gNB and reuses the intra-gNB procedure (one cell omitting the NTN-ConĜg IE); this is useful 

for early integration testing. The more representative deployment uses two distinct gNBs (one 

terrestrial, one non-terrestrial) and an NG/N2-based handover (Figure 69). For the UE to detect 

inter-frequency cells across the TN/NTN boundary, the serving cell's SIB4 must declare the 

candidate carriers: 

ÓÉÂʩƙ 
  ÉÎÔÅÒʍÆÒÅÑʍÃÁÒÒÉÅÒʍÆÒÅÑʍÌÉÓÔƙ 
    Ɯ ÁÒÆÃÎƙ ʫʩʣʣʣʣ              ʢ !2&#. ÏÆ ÔÈÅ .4. ÎÅÉÇÈÂÏÕÒ ÃÁÒÒÉÅÒ 
      ÓÓÂʍÓÃÓƙ ʨʣ                ʢ 33" 3#3 ƽË(Úƾ 
      ÑʍÒØʍÌÅÖʍÍÉÎƙ Ɯʦʩʣ 
      ÔÈÒÅÓÈʍØʍÈÉÇÈʍÐƙ ʣ 
      ÔÈÒÅÓÈʍØʍÌÏ×ʍÐƙ ʣ 

 

 

Figure 69 TNŸNTN NG-based handover. The UE-side NTN preparation step (TA computation from ephemeris + 

GNSS, Doppler pre-compensation, kOffset application) is executed prior to RACH on the target NTN cell 

7.2.4 Conditional Handover 

For deterministic LEO passes, Conditional Handover (CHO) is more appropriate than 

measurement-triggered handover: the source can pre-provision the target ahead of time, and 

the UE executes the transition autonomously. The intra-CU CHO procedure implemented in 

srsRAN proceeds through preparation (the CU-CP contacts each candidate target DU in 

parallel via UE CONTEXT SETUP), RRC reconĜguration (a single RRCReconĜguration carries 

the execution condition and pre-packed conĜguration for all candidates), UE-autonomous 


















