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Abstract

This work is carried out in the context of transceiver technologies for 5G non-terrestrial net-

works (NTN), with a focus on the live in-orbit demonstration (LIDE) mission and related

activities spanning hardware design, system analysis, and testbed implementation. LIDE is

a European space agency (ESA)-founded project which aims to validate a 5G-compliant link

between a user equipment (UE) and 5G node B (gNB) on ground, through a transparent

satellite payload in K/Ka band. After introducing the fundamentals of satellite communica-

tions and the 5G new radio (5G NR) protocol stack, the study addresses NTN-specific design

challenges, including Doppler shift, latency, constrained terminal capabilities, and higher-

layer issues such as hybrid automatic repeat request (HARQ) under long propagation delays.

The research is focused on the development and validation of K/Ka-band transceivers, pre-

senting in-orbit demonstrations (IODs) with transparent payloads. A commercial-off-the-

shelf (COTS)-based upconverter architecture for low earth orbit (LEO) fixed-satellite service

(FSS) applications was proposed, covering 17.3GHz to 21.2GHz with variable intermedi-

ate frequency (IF), and characterized in terms of spurious emissions, spurious-free dynamic

range (SFDR), and error vector magnitude (EVM), achieving compliance with ITU rec-

ommendations. The payload design, integration with ground equipment, and qualification

campaign are presented, along with 5G-specific testing in laboratory and in-orbit scenarios.

The in-lab results confirm the feasibility of transparent payloads for NTN, with achieved

data rates exceeding 1Mbit s−1 uplink and 10Mbit s−1 downlink at the user terminal. Two

in-orbit demonstrations, by Picosats and the LIDE consortium, are presented. In the first

IOD the transceiver capabilities are validated in orbit, showing also the transmission of a

photo of the Earth taken from the relative satellite. LIDE IOD is presented as well; however,

since the full ITU filing procedure was completed in September, only promising preliminary

results are shown.
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Introduction

The satellite communication (SATCOM) industry has been rapidly evolving in recent years.

5G new radio (5G NR) is emerging as a promising common platform for the terrestrial and

non-terrestrial network infrastructures. The European space agency (ESA) IRIS2 mission

has adopted 5G as the baseline protocol for the new low earth orbit (LEO) telecommuni-

cation constellation. This PhD activity is carried out within this context, focusing on the

challenges of 5G non-terrestrial networks (NTN) at physical layer and on satellite telecom-

munication payload design. Picosats srl, spin-off of University of Trieste, is the main opera-

tional site of the PhD. The scenario of the research activity is the live in-orbit demonstration

(LIDE) mission, funded by ESA, with Tyvak International as prime contractor and Picosats

srl as the provider of a 5G K/Ka band satellite communication payload. The work pre-

sented is oriented towards solutions at high technology readiness level (TRL), up to TRL

8–9, including the analysis of in-orbit demonstrations (IODs).

The main objective of the PhD activity is the study of 5G NTN challenges and solutions

at physical layer, oriented to the design of satellite transceivers in the context of the NTN

mission. 5G NR is standardized by the third generation partnership project (3GPP) con-

sortium. The enhancements proposed by 3GPP in Release 17 have enabled the evolution of

NTN. The integration of the terrestrial ecosystem with satellites has always been of interest,

but only recently it has been reflected into 3GPP technical specifications. Typical 5G NTN

use cases include coverage of under-served and rural areas, disaster communications in case

of land communication damages, and broadcasting over large areas. The main system blocks

of a 5G NTN are one or more user equipment (UE), a 5G node B (gNB) acting as interface

between UE and data network, and a space platform. The satellite platform can integrate a

transparent payload performing frequency conversion, filtering and signal amplification. If

the payload integrates higher layers functionalities, it can be considered as a regenerative

payload.

The main challenges of 5G NTN are well known in the literature. However, testbeds or

in-orbit demonstrations integrating the 3GPP protocol adaptations for NTN are still quite

few and recent to the date of this report. Frequency and time alignment are critical in 5G.

Frequency shift due to Doppler effect and time delay variation induced by satellite move-

ment can impact significantly 5G link performance. Compared to a terrestrial application,
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INTRODUCTION

radio link distances are much greater, resulting in higher free space attenuation. Further-

more, satellite antennas and transmitters, as well as UEs radio capabilities, are typically

constrained, making the scenario even more challenging. Much of this work focuses on the

design of satellite transceivers. During the time at Picosats, several projects were dedicated

to developing K/Ka-band transceivers, resulting in three design iterations carried out over

the course of the PhD. Each iteration addressed a different use case, requiring specific mod-

ifications that ultimately led to a new version of the design. The three relative projects, in

chronological order, are the IOD of a K/Ka band transponder and horn antenna, the 5G

LIDE mission, and the design of an improved version of the 5G transceiver for covering the

complete K/Ka band fixed-satellite service (FSS).

During the first months of the PhD, the main outcomes were connected to the previous

work carried out in Picosats. In that period, a Ku band version of the transponder reached

the testing phase, leading to the publication [1]. This paper presented a new way to create

a continous wave (CW) beacon signal using a conventional super-heterodyne transponder

architecture. The IOD of a K/Ka band transponder and a dual-band horn antenna was

presented in [2]. In the test results, primary bent-pipe transponder functionality was suc-

cessfully validated, along with other minor tests. As a final test, two images of Earth were

captured and successfully transmitted in multiple packets over several satellite passes, with

one image clearly depicting Italy.

The LIDE mission description was presented in [3], demonstrating the feasibility of pro-

viding direct 5G broadband access from LEO satellites to small terminals. The satellite

payload designed in Picosats, on the other hand, was described in [4]. This work presented

key performance metrics and the payload qualification campaign. The results confirm that

the system is in line with the scenario even after qualification. Its compatibility with a 5G

environment was further validated through a dedicated testbed, which incorporated channel

emulators to simulate satellite impairments.

After the LIDE payload design, the improved transponder transmitter was proposed

in [5]. The system can cover the 17.3GHz to 21.2GHz FSS radio frequency (RF) bandwidth

with a variable intermediate frequency (IF) frequency from 2.5GHz to 4.0GHz. Combined

frequency conversion modes are used to achieve a state-of-art spurious-free dynamic range

(SFDR) across the wide RF-IF bandwidth.

The work presented in this thesis aims to answer the following questions, by describiong

the work carried out in Picosats: is it feasable to integrate commercial-off-the-shelf (COTS)

devices in a complex satellite communication payload in Ka band? In the context of 5G

NTN can the above mentioned systems be compliant with 5G frequency, timing constraints

and other challenges regarding the integration of 5G in a satellite network? What are the

main focus points to be considered in the design and testing of a system to be integrated in

a 5G NTN mission? In the following, these questions will be answered as far as the author

could during the PhD activity conducted from 2022 to 2025 in Picosats and University of

2



Trieste.

The work presented in this thesis aims to answer some research questions regarding

the evolution of satellite transceivers. The presented study investigates: is it feasible to

integrate COTS devices into complex satellite communication payloads operating in the

Ka-band? Furthermore, in the context of 5G NTN, can these systems be fully compliant

with 5G frequency and timing constraints, as well as all the other challenges of integrating

5G into a satellite network? Finally, what are the primary design guidelines to consider

for a system intended for a 5G NTN mission? In the following chapters, these questions

are addressed through the analysis and results obtained during the PhD activity conducted

from 2022 to 2025 at Picosats and the University of Trieste.
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Chapter 1

State of art on 5G NTN

In this chapter, the state of the art for 5G new radio (5G NR) in the context of non-terrestrial

networks (NTN) is presented. The current satellite communication (SATCOM) scenario

is first described, with a focus on satellite telecommunication payloads. Then, the third

generation partnership project (3GPP) 5G standardization path is discussed, along with

the main protocol features; particularly the physical layer and the challenges and solutions

related to 5G NTN will be addressed. The enhancements proposed by 3GPP in Release

17 enabled the evolution of NTN, increasing the interest for 5G SATCOM. The internet

connectivity environment has been dominated by the 3GPP solutions for many years, in the

evolution path from universal mobile telecommunications system (UMTS) passing through

global system for mobile communications 2G (GSM), long term evolution (LTE) to the actual

5G NR. In this path, the integration of the ground ecosystem with satellites has always been

of interest, but did not reflect into 3GPP technical specifications like nowadays. Typical 5G

NTN use cases are the coverage of under-served and rural areas, disaster communications in

case of land communication damages and broadcasting over large areas. Another key aspect

in assessing the feasibility of a 5G infrastructure is laboratory testing. A review of the state

of the art in 5G NR testing is also provided.

1.1 Satellite telecommunications

The SATCOM industry has been rapidly evolving in the recent years. The four SATCOM

market areas drivers are: consumer such as home internet users or private maritime users;

enterprise such as industries that need satellite-to-ground communication or for data centres

infrastructures; government in aviation, ground, maritime for civilian or military purposes;

and commercial mobility, which involves companies which business is aerial, ground or mar-

itime transportation.

The presented work mostly refers to the satellite environment in the proximity of Earth,

5



CHAPTER 1. STATE OF ART ON 5G NTN

Orbit Range Coverage Satellite passage Antenna speed
LEO 500 - 1200 km Narrow 10 minutes Fast
MEO 5000 - 20000 km Large 1 hour Slow
GEO 36000 km Largest / Stationary

Table 1.1: High-level comparison of the three main satellite orbit classes.

System Kuiper OneWeb Starlink Telsat
Band Ka Ku Ku Ka

Satellites (in orbit) 2 660 8050 0
Satellites (planned) 3232 7088 20 000 300

Altitude (km) 590 to 630 1200 540 to 570 1015 to 1320
Latency (ms) ∼30 ∼40 ∼30 ∼40 to 50

Satellite life (years) 7 ∼5 5 to 7 10 to 12
Constellation capacity at Full Plan 30 to 32 ∼50 ∼75 ∼12

Table 1.2: Main telecommunication constellation in orbit [7].

which is the most crowded area since the beginning of human space exploration [6]. In this

context three main areas are populated by satellites: low earth orbit (LEO), medium earth

orbit (MEO) and geostationary orbit (GEO), ordered by increasing altitude. A general

summary of their characteristics is reported in Table 1.1.

The boundaries between these three orbit classes are the Van-Hallen belts, which are

zones of charged particle trapped by Earth magnetic field, that create a harsh environment

for satellites transiting through those regions. MEO hosts a considering amount of satellites.

All global navigation satellite system (GNSS) missions such as global positioning system

(GPS), Galileo, Glonas and Beidou are placed in this orbit. On the other hand, GEO is a

special orbit for which the satellite orbit time is equal to one Earth day. For this reason,

GEO satellites appear stationary in the sky and are suitable for fixed terminals and for

fixed areas of coverage, such as television broadcasting. The higher the altitude, the widest

the coverage at ground. MEO constellations requires less satellites compared to LEO, for

which thousands are needed to get a full global coverage. LEO ground terminals requires

the highest scan speed to follow the satellite, and may need to perform handover between

multiple satellites as a consequence of the short visibility time in a passage. However, due to

the proximity to Earth, the majority of orbiting objects are at LEO orbit and are related to

telecommunication purposes [6]. A summary of the main telecommunication constellations

is listed in Table 1.2.

In the last decade the cost-per-mass of a space mission deployment has decreased signif-

icantly, enabled by the introduction of reusable launchers. Above all, SpaceX Falcon 9 has

imposed itself as the leader of reusable rockets, with more than 400 successful completed

missions, landings and booster reflights [8]. In the same scenario, the project management

of space missions has changed. The use of commercial-off-the-shelf (COTS) components has

6



1.1. SATELLITE TELECOMMUNICATIONS

become common practice. These are ready-made components available in the market (in

some cases not even designed for space), used for space applications. On the other hand,

the use of custom designed components relates now only to large missions that requires a

long life, e.g. deep-space scientific missions. This last approach is significantly more costly

and requires much time to get to the final flight model [9]. It is therefore mainly adopted in

the context of space agencies or army. The adoption of COTS comes after system analysis,

for which it can be stated that the integration of a ready-made component is suitable in

terms of cost and reliability for the system in which it has to be integrated. For instance, a

component placed inside a satellite platform, which has in many cases a temperature con-

trol system, does not have to withstand the external space environment. Some components

designed for automotive may be tested in a suitable temperature range. Furthermore, mis-

sions that do not require long durations and involve a constellation of a large number of

satellite can withstand the failure of some nodes and still be fully operative. In literature,

many examples of COTS solutions can be found also for 5G SATCOM applications, even at

millimeter waves [10].

1.1.1 Radio frequency channel

The design of a satellite communication system has to cope with many factors that are

related to the characteristics of the propagation channel. The first, inevitable, drawback of

a wireless link is the free-space path loss LFS . Assuming a receiver and a transmitter placed

at distance d (in the far-field region of their antennas) the received power PRX decreases

with the square of the distance. The whole concept is reported with the Friis formula, shown

in (1.1) and (1.2), where the receiver and transmitter antenna isotropic gains are GRX and

GTX , the transmitted power is PTX , Latm is the atmospheric power loss, c the speed of light

and f the transmitted signal frequency [11].

PRX =
PTXGTXGRX

LFSLatm
(1.1)

LFS =

(
4πfd2

c

)2

(1.2)

Losses depend on frequency. LFS increases with the square of f . This can suggest that

moving towards higher frequencies is unnecessary, but the actual trend reveals the opposite.

The main aspects to be considered are the gain, dimensions of antenna and the available

signal bandwidth. The antenna reciprocity formula shown in (1.3) explains the first point

well. Aeff = ηA is the effective aperture of the antenna, related to the aperture efficiency

η and the physical area of the aperture A.

Aeff =
λ2

4π
G (1.3)

7



CHAPTER 1. STATE OF ART ON 5G NTN

Band Uplink (GHz) Downlink (GHz)
L 1.535 - 1.560 1.635 - 1.660
S 2.500 - 2.540 2.650 - 2.690
C 3.400 - 4.200 5.800 - 6.725
X 7.25 - 7.75 7.90 - 8.40
Ku 10.0 - 13.0 14.0 - 18.0
Ka 17.7 - 21.2 27.5 - 31.0
Q/V 37.5 - 42.5 42.5 - 51.4
E 71.0 - 76.0 81.0 - 86.0

Table 1.3: SATCOM frequency bands [12].

By keeping the same physical aperture, the gain increases with the square of the fre-

quency. With this aspect, by shifting towards higher frequency bands, part of the signal lost

in the power budget by free-space path loss can be somewhat recovered. On the other hand,

the same gain of the antenna can be achieved with smaller antennas at higher frequencies

compared to lower ones. This leads to another concept that is critical in satellite systems,

which is the challenges introduced by the integration of the components on the space plat-

form. However, the main enabler for the deployment of systems at higher frequency is the

greater bandwidth that can be allocated. It can be way more feasible to design a telecom-

munication system with 200MHz signal bandwidth using a carrier frequency at 40GHz

rather than at 1GHz. The main figure of merit in this context is the fractional bandwidth

(FBW), defined as the ratio between the allocated bandwidth and the carrier frequency. In

a frequency allocation sense, the FBW is positively correlated with the actual cost of the

frequency filing. As a general remark, allocating large bandwidth at L, S and X-band can

be unfeasible also because nowadays the spectrum is crowded. The provisioned frequencies

for SATCOM are listed in Table 1.3. As it can be seen, the available bandwidth increases

with the operative frequency.

Two major impairments that can impact 5G SATCOM are latency and Doppler effect.

5G requires both time and frequency synchronization. With d(t) as the distance between

the two communicating terminals, which depends on time t, c the speed of light in vacuum

and f the operative frequency,it is possible to compute Tp(t) as in (1.4) and the Doppler

frequency shift ∆f(t) as in (1.5).

Tp(t) =
d(t)

c
(1.4)

∆f(t) = −f
˙d(t)

c
(1.5)

Depending on the scenario, equations Equation 1.4 and Equation 1.5 can be developed to

obtain an approximation. However, many tools for the computation of satellites movement

use perturbation methods like SGP, SGP4, SDP4, SGP8 and SDP8. The trajectory of a body
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in space is expressed through state vectors, which comprise position vector, velocity vector

and time epoch in a earth-centered inertial (ECI) reference system. However, the above

mentioned models use two-line element (TLE) as input that describes satellite trajectory.

TLE are two lines of 69 characters containing the space object name, identifier, epoch,

parameters for the computation of state vectors and additional information on the evolution

of trajectory, such as drag coefficient and derivatives of mean anomaly.

The path between satellite and ground is not only free space. Additional atmosphere

impairments are more significant at lower elevation angles. Atmospheric gases can add a

frequency-dependent attenuation, which depends on the water vapor content in the telecom-

munication path [13]. Local ground humidity, clouds, rain and fog impact strongly at higher

frequencies [14]. Their effect is mainly attenuation, but they can also cause depolarization.

Weather forecast models and required availability time are used to design a satellite coverage

system. Refraction effects are caused by the troposphere temperature and pressure profiles,

as well as scintillation due to the presence of charged particles in the ionosphere [15].

Apart from atmosphere, a large number of other impairments can be added into the

channel mode. Thermal noise detected by the antenna can increase noise level and must be

taken into account during the link budget. This is related to the Brillance noise emitted by

the scenario in the field of view of the antenna. The co-existence with other systems can

impact in terms of interferences.

1.1.2 Payload transceivers

A satellite telecommunication system must provide connectivity between space-born termi-

nals and/or earth stations. A transceiver is a combination of a receiver and a transmitter,

and can serve as transparent data relay or integrate functionalities of higher layers level than

the physical layer. A sample transceiver architecture is shown in Figure 1.1.

The receiver front-end performs filtering and amplification to ensure a sufficient signal-

to-noise ratio (SNR), setting the complete system noise figure (NF). It consists of low-noise

amplifiers (LNAs) and a pass-band filter serving as an image rejection filter [16]. [17].

Several works are related to the design of 5G receivers [18] [19]. To process the received

signal, most of the times, a superheterodyne or omodyne architectures are used, with a mixer

and a variable local oscillator (LO). The LO signal is usually supplied by a phase-locked loop

(PLL) controlled by a stable reference oscillator, such as a temperature-compensated crystal

oscillator (TCXO). Another approach is the ”direct sampling” [20], which bypasses hardware

frequency conversion by directly sampling the radio frequency (RF) signal using high-speed

analog-to-digital converter (ADC) or digital-to-analog converter (DAC). In this case, the

main limitation concerns the maximum sample-rate achievable in the designed system. It

can be dictated by hardware limitations for ADC and DAC [21] [22] or constraints in the

power consumption.

The intermediate frequency (IF) chain comprises gain blocks and filter stages. In a

9
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Figure 1.1: Sample diagram of a transceiver incorporating a modem.

transparent payload the IF chain is analog, while in regenerative case modulation and de-

modulation can be performed with a modem, integrating ADCs and DACs. Once the re-

ceived or transmitted signal is in the digital domain, higher layers of the protocol stack can

be implemented in the payload. In the 5G architecture, this leads to several interesting

configurations of the network architecture, which will be explained in detail in the next

sections.

The transmitted signal, at the output of the IF chain, is set to the desired transmitted

frequency through an up-converter. This part of the circuit can be interfaced to a monolithic

high-power power amplifiers (PAs) [23] [24], or to an active antenna, integrating multiple

PA feeding its radiating elements [25] [26]. Monolithic solid-state power amplifiers (SSPAs)

can be found in different technologies like GaAs [27] and GaN [28]. The GaN technology is

the most suitable for high-power solutions, capable of delivering 40 dBm output RF power

in Ka band [29].

An interesting solution that integrates transmitter, power amplifier stage and a steerable

transmitting antenna is the active electronically steerable antenna (AESA). Printed circuit

patch antennas are used as the radiating elements of the array. This is a cost-effective

solution that allows integration of beam-forming (BF) chips and other components on the

same printed circuit board. The array of radiating elements can be implemented in different

configurations to minimize side-lobes in the radiation pattern, and with varying numbers of

elements: the greater the number of elements, the higher the gain, beam-steering capability,

and accuracy, but also the larger the antenna size, cost, and complexity of the beam-forming

network. The BF network is the part of the system that carries the RF signal from the input

port to the radiating elements. This section contains several power amplifiers, which increase

the radiated power and thus the effective isotropic radiated power (EIRP). Programmable
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TX Freq. EIRP P. Diss. n° elem Scan range Dim. Pol. Ref
27–31 49 280 32x32 ±70◦ 19.2x14.9 cm Arb. [30]
28–31 34 76 16x16 ±60◦ 8.75x4.67 cm Arb. [31]

13.5–14.5 43 32x32 ±70◦ 33.2x33.8 cm Arb. [32]
28–29 10 4x8 ±55◦ Arb. [33]

Table 1.4: State of art on AESA.

Release Start End Status Summary report
Release 15 2016-06-01 2019-06-07 Frozen TR 21.915 [34]
Release 16 2017-03-22 2020-07-03 Frozen TR 21.916 [35]
Release 17 2018-06-15 2022-06-10 Frozen TR 21.917 [36]
Release 18 2019-09-16 2024-06-21 Frozen TR 21.918 [37]
Release 19 2021-06-18 2025-12-12 Open /
Release 20 2024-03-14 / Open /

Table 1.5: Current status of 3GPP Releases involving 5G NR [38].

phase shifters are used for beam-pointing, steering the main lobe in the desired direction.

In Table 1.4 a state of art on AESA technologies is reported.

1.2 5G NR

5G NR is the radio access technology defined by 3GPP for the fifth generation of mobile

networks. This section begins with an overview of the standardization process and the 5G

NR protocol stack, followed by a description of the physical layer and its main characteristics.

It then examines the integration of NTN, focusing on the associated technical challenges.

Finally, it outlines representative testbeds developed for evaluating and validating 5G NR

in NTN scenarios.

1.2.1 Standardization and general overview

5G NR is standardized by the 3GPP consortium, which unites worldwide seven telecom-

munication standard development organizations: ARIB and TTC (Japan), CCSA (China),

ETSI (Europe), ATIS (North America), TSDSI (India), TTA (South Corea). The initial

objective on 3GPP, in 1998, was to develop technical specification for a 3G mobile system

based on GSM core networks. The work in the following years evolved into the development

and maintenance of UMTS with related 3G standards, LTE with related 4G standards and

5G NR. Actually, the initial study on improvements of 5G NR is ongoing and will be devel-

oped under the future 6G. 3GPP standards are organized in a system of ”Parallel Releases”.

The date for every release are shown in Table 1.5.

The work on 5G began from Release 15, noted as “5G Phase 1”, and continued in Release

16 and 17 as “5G Phase 2”. Between Release 17, 18 and 19 further improvements led to
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the final “NR Advanced” phase of the 5G development [39]. Release 20 will be the last

5G-related and will incorporate the initial 6G use cases study item. The work is planned to

continue with the 6G requirements in Release 21.

The targeted improvements for 5G over the previous 4G standard can be listed according

to the following profiles, described by 3GPP:

• enhanced mobile broadband (eMBB): increase the data-rate capabilities of mobile

networks.

• critical communications and ultra reliable and low latency communications

(URLCC): ensure reliable and real-time connection through mobile network for appli-

cations such as Edge Computing and Vehicular remote driving.

• massive internet of things (mIoT): support to networks composed by many devices in

the context of Internet-of-Things.

As a general aspect 5G aims also to increase the network flexibility, depending on the

requirements in a wide range of use cases[40]. In the following, the protocol stack is described.

An overall description of the 5G NR system architecture is provided in [41], while the radio

technology is described in [42]. The main components of the 5G architecture are the user

equipment (UE), the new generation - radio access network (NG-RAN) and the 5G core

network (5GC). The UE is connected to the services of the 5GC through the NG-RAN. An

overview of the 5G NR network is reported in Figure 1.2.

The radio interface in the NG-RAN that connects the UE to the core network is the

gNB base station. The signal path from the UE to the gNB is the uplink (UL), whereas

downlink (DL) is the one on the opposite direction. 5GC comprehends at high level all the

control infrastructure and the data network (DN), which is the main set of online services

to which the UE connects. One of the main aspects of 5G NR is the separation of the

user plane, related to the data traffic between users and the DN, from the control plane,

which, on the other hand, represent the network components responsible for signaling and

network management. This separation improves efficiency and reliability. Indeed, the control

data exchange needed for network maintenance is way less than the huge user plane data

traffic that goes towards the DN. Furthermore, the level of security needed in control and

user planes can be significantly different, depending on the application. In the context of

NG-RAN the gNB is not necessarily a monolith, but it can be divided in multiple gNB -

distributed units (gNB-DUs) controlled by a gNB - centralized unit (gNB-CU). gNB-DUs

are the physical interfaces of the gNB to the UEs. While gNB-CU handles the control plane

instructions by higher layers of the network and orchestrates gNB-DUs. This separation is

beneficial in terms of efficiency, but also because it enables the virtualization of network

functionalities. This paves the way to emerging networking technologies such as software-

defined networking (SDN) and network function virtualization (NFV) [43]. At the 5GC side,
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Figure 1.2: Simplified diagram of the 5G network architecture, involving: UE, NG-RAN
with the 5G node B (gNB) and the 5GC divided in its User plane and Control Plane
sections. Other components of the 5GC, rather than user plane function (UPF) and access
and mobility management function (AMF), are not reported for simplicity.

the user plane traffic is handled by the UPF entity:, which is placed between the NG-RAN

and the DN. The 5GC control plane interface to the NG-RAN is the AMF, which regulates

the UE access to the NG-RAN, orchestrates mobility and other functions related to the

control of user plane.

1.2.2 Protocol stack

The division of Control plane and User plane is evident in the protocol stack, for which

two separate cases are provisioned. In Figure 1.3 a generic description of it is shown. Both

signaling and data go through a common first layer stack:

• physical layer (PHY): the lowest layer in the stack that relates to the radio interface.

Since the presented work is related to this layer, this will be explained in more detail

in the next sections.

• medium access control (MAC): it manages the resources of the PHY through flow con-

trol, data multiplexing and schedules traffic from multiple UE to the gNB. This layer

is where retransmission procedures and error corrections are implemented through hy-

brid automatic repeat request (HARQ), which is the combination of automatic repeat

request (ARQ) together with forward error correction (FEC) [44].
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Figure 1.3: Diagram of the protocol stack, divided in User and Control plane cases.

• radio link control (RLC): three layer operative modes are provisioned: transparent

mode (TM), unacknowledged mode (UM) and acknowledged mode (AM). RLC TM

simply forwards packets from upper layers to MAC, while UM provide segmentation

and reordering of packets that can come in inappropriate order from the MAC. The

most complete mode, AM, comprises also ARQ strategies [45].

• packet data convergence protocol (PDCP): in this layer data encryption, packet com-

pression and integrity protection are implemented. It acts as an interface between the

physical resources management (RLC, MAC and PHY) and the management of higher

level services [46].

Channelization is another key aspect of 5G, for which the flux of information and signal-

ing is divided and forwarded to different physical or logical channels that spans across the

protocol stack. Channels act as an interface between layers. Physical channels are within

PHY and allocates data and signaling in different resources of the radio interface (subcar-

riers). This will be seen more in detail further. In the interface between MAC and RLC

Logical channels divide and organize the traffic between broadcast information, unicast data,

paging, and other control signaling. Another key MAC function is the mapping of Transport

channels, which are the interface between the RLC Logical channels and the PHY Physical

channels. The interface between PDCP and higher layers are the Radio Bearers, which can

be divided in data radio bearers (DRB) or signalling radio bearers (SRB). The presented

list of channels is depicted in Figure 1.4.
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Figure 1.4: 5G layer 1 and 2 protocol stack, with a focus on channelization between layers.

From this point on, the higher protocol layers are:

• service data adaptation protocol (SDAP): it is present only for the User plane and

is bypassed for the Control plane. It is not present in LTE. Its main function is to

map quality of service (QoS) flows to Radio bearers. QoS flows are channels that

can forward services of different type. For instance, video broadcasting QoS flow is

separated from voice calls services. In this way the network can handle the two type of

services in a different way, based on their needs [47]. The data traffic from this layer

finally goes to the 5GC through the UPF.

• radio resource control (RRC): its main function is to handle the establishment, main-

tenance and release of communications between UE and gNB. RRC discipline the

UE connection states: idle, inactive and connected; it also helps handover processes

and assigns QoS flows. Key components for the protocol are the RRC timers, which

discipline several operations, giving the maximum time to wait for RRC requests [44].

• non access stratum (NAS): this is the final layer that interfaces UE signaling to the

5GC through the AMF. Together with RRC it is present only for the Control plane.

NAS is related to the authentication of the UE and other functions that ensure that

the device has a known identity when interfaced with the network [48].

With respect to the open systems interconnection protocols (OSI) stack, Layer 1 is

associated with PHY, while in Layer 2 MAC, RLC, PDCP and SDAP are present, and in

Layer 3 RRC and NAS.
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FR1 410 MHz - 7125 MHz
FR2 24.25 GHz - 71.0 GHz

Table 1.6: 5G NR frequency bands

1.2.3 Physical layer

The presented work is mostly related to hardware technologies enabling 5G in space, there-

fore, a major detail will be spent in this section to describe the physical layer PHY.

5G is based on orthogonal frequency-division multiple access (OFDMA), which makes

possible for multiple users to organize the main physical resources: frequency and time [49].

With OFDMA the signal bandwidth is divided in multiple orthogonal subcarriers. Their

spacing is named subcarrier spacing (SCS). The duration of OFDMA symbol is proportional

to 1/SCS. A standard OFDMA transceiver does not comprise multiple frequency conversion

stages to allocate each subcarrier. Instead, the transmitted OFDMA symbols are computed

by inverse fast fourier transform (IFFT) of the subcarriers vector describing a OFDMA

symbol. At the receiver side, subcarriers symbols are extracted by fast fourier transform

(FFT) of the received samples of the OFDMA signal. FFT size is the number of samples

used by IFFT and FFT processing, which must be greater than the number of subcarriers.

Being the NFFT the FFT size, the OFDMA transceiver should work, at least, with a sample

rate equal to NFFTSCS. In the time domain, each symbol is spaced by a guard-time,

needed to mitigate inter-symbol interference (ISI) between two consecutive symbols. In the

frequency domain some subcarriers at the edges of the bandwidth are leaved null to respect

a guard-band needed to mitigate adjacent channel interference (ACI). In a slow frequency-

selective channel, multipath can affect significantly ISI. This is mitigated through the cyclic

prefix (CP), which consists of filling the guard-time replicating the last OFDMA symbol

samples for each symbols. In this way frequency-selective channel equalization is simplified.

For more details refer to [50]. However, the duration of CP affects throughput, and it should

be more than the duration of the channel impulse response. Channel equalization comes

after channel estimation, which is performed through known pilot subcarriers, used to probe

the channel frequency response. Data subcarriers are the one used for data transmission,

while guard subcarriers are those allocated in the guard-band. The physical resources are

divided in this way in resource elements, which are single subcarriers in a OFDMA symbol.

The general picture of what have been described is reported in Figure 1.5

5G NR frequencies are divided in two main sections, FR1 and FR2, according to Ta-

ble 1.6.

For each group other standard sub-bands are defined: from n1 to n109 for FR1 and from

n257 to n263 for FR2. Each one can be allocated with defined channel bandwidths, utilizing

either time division duplexing (TDD) or frequency division duplexing (FDD) for the uplink-

downlink duplexing. In FDD uplink and downlink frequencies are separated, while in TDD
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Figure 1.5: General picture of an OFDMA system physical resources.

Name Duplex Uplink (MHz) Downlink (MHz) Channel bandwidth (MHz)
n254 FDD 1610 – 1626.5 2483.5 – 2500 5, 10, 15
n255 FDD 1626.5 – 1660.5 1525 – 1559 5, 10, 15, 20
n256 FDD 1980 – 2010 2170 – 2200 5, 10, 15, 20

Table 1.7: FR1 NTN frequency bands

the duplexing is performed in terms of allocated resources in the resource grid [51]. Within

FR1 and FR2 other frequency bands designed for NTN are also defined. These are the 5G

frequency bands used in this work. For this reason, they are listed in Table 1.7 and Table 1.8

[52] [53].

In 5G a physical resource block (PRB) is defined as 12 consecutive subcarriers in the

frequency domain. The number of usable PRB is defined in [51] for each pair of SCS

and total channel bandwidth, in FR1 and FR2 frequency ranges. In a similar fashion,

the minimum guard-band is specified. The time domain is divided in 5G in radio frames,

each 10 ms long. A radio frame is divided in 10 sub-frames, each divided in slots, which

are composed of consecutive OFDMA symbols. This division is defined by the quantities

Nslot
symb, N

frame
slot and Nsubframe

slot , being symbols in a slot, slots in a radio frame and slot in a

frame, respectively. In 5G, numerology refers to the SCS configuration that can be used and

the time division of radio frames. This specification is dictated by the compromise between

Name Duplex Uplink (GHz) Downlink (GHz) Channel bandwidth (MHz)
n510 FDD 27.50 – 28.35 17.30 – 20.20 50, 100, 200, 400
n511 FDD 28.35 – 30.00 17.30 – 20.20 50, 100, 200, 400
n512 FDD 27.50 – 30.00 17.30 – 20.20 50, 100, 200, 400

Table 1.8: FR2 NTN frequency bands.
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µ SCS (kHz) Nslot
symb Nframe

slot Nsubframe
slot CP mode Symb. duration (us)

0 15 14 10 1 Normal 71.35
1 30 14 20 2 Normal 35.68
2 60 14 40 4 Normal 17.84
2 60 12 40 4 Extended 71.35
3 120 14 80 8 Normal 8.92
4 240 14 160 16 Normal 4.46
5 480 14 320 32 Normal 2.23
6 920 14 640 64 Normal 1.12

Table 1.9: Numerology table as in [49]

versatility in many scenarios and spectral efficiency. Each numerology is defined with the

letter µ and affects also the CP length. The higher the SCS, the lower the CP length. CP

mode can be either normal or extended, depending on the formula used for the computation

of CP length. For more details refer to [49]. A summary of 5G numerologies is reported in

Table 1.9.

The frame subdivision is the starting point of the allocation of time resources between

users and uplink/downlink. Several duplexing modes are defined, at slot subdivision level,

for TDD 5G scenarios.

The resource grid of PHY is divided in uplink and downlink in different physical channels,

related to transport channel at MAC, connected to logical channels at RLC [54] [55]. For

the downlink they are listed in the following:

• primary downlink shared channel (PDSCH): main channel for the transmission of user

data, together with information of higher layers and system information block (SIB).

Its modulation and coding scheme can be dinamically adjusted based on the link

conditions.

• primary downlink control channel (PDCCH): it carries downlink control information

(DCI) for the downlink stream, which transports information on the channel state and

the schedule instructions for the allocation in the resource grid of the PDSCH and its

counter part for the uplink. The modulation and coding scheme is fixed to quadrature

phase shift keying (QPSK) with polar coding.

• physical broadcast channel (PBCH): used to broadcast synchronization signal from

gNB to the UE connected to the cell. The synchronization procedure will be examined

with more detail.

On the other hand, uplink physical channels are:

• primary uplink shared channel (PUSCH): counterpart at the uplink side of the PDSCH,

used for user data.
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• primary uplink control channel (PUCCH): in a similar fashion to PDCCH it carries

uplink control information (UCI), which may contain acknowledgement, requests for

the gNB or channel state information.

• physical random access channel (PRACH): used to access the channel. It will be

detailed better when describing the random access channel (RACH), which is the

transport channel at MAC that handles the initial UE connection with a gNB.

The physical channels hosts control, user data, and also physical channels, which are

known subcarrier patterns that enable several protocol functions. They are listed below as

well.

• primary synchronization signal (PSS) and secondary synchronization signal (SSS):

reference signals used for downlink synchronization. They are contained in the syn-

chronization signal block (SSB) (explained later). PSS and SSS can be one out of

several possible known sequences, which the UE checks in parallel. The type of se-

quence broadcasted by the gNB is a sort of identifier of itself, or one of its beams in

case of beamforming.

• demodulation reference signal (DM-RS): pilot subcarriers used for channel estimation,

spread among the resource elements of PDSCH and PUSCH.

• sounding reference signal (SRS): known subcarriers sent by UE, received by the gNB

to sense the channel state and optimize resource allocation and scheduling.

• phase-tracking reference signal (PT-RS): optional reference signal used to track the

phase of the transmitter local oscillator, to mitigate its phase noise or frequency

drift. This is particularly useful at higher frequencies and with high order modulation

schemes.

• positioning reference signal (PRS): like SRS it is a sounding signal, but transmitted by

gNB and received by UE. This is used for estimation on time and direction of arrival,

for UE that can implement beamforming, or in applications like drones or automotive.

Also SRS can be used in a similar way at gNB side.

• channel state information reference signal (CSI-RS): downlink sounding signal, which

can seem similar to PRS, but its purpose is different and relies within the wider

framework of channel state information (CSI). While PRS is used by UE only, CSI-RS

is sent by gNB expecting that the UE reports back its estimations, helping the gNB to

make the CSI-report. This is useful for the gNB in the context of beam-management

and UE scheduling.

In this section the main components of the 5G NR physical layer have been presented.

Now the focus is shifted to the RACH procedure, which specify how a UE can get access to
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Figure 1.6: RACH procedure in 5G NR in contention-based and contention-free cases.

a gNB. RACH can be triggered at RRC in different ways: initial access from RRC inactive

mode, handover, re-connections and other scenarios for which the UE should authenticate to

the gNB or require more information. Contention-based RACH is defined when multiple UE

can randomly access the network using the same PRACH preamble. This scenario is used

for the majority of cases and expecially when a UE wants to access the network from RRC

inactive. On the other hand, contention-free RACH occures during handover or services

for which a deterministic and reliable behaviour of the access to the network is needed. In

Figure 1.6 the sequence of messages for contention-based RACH is shown, and they are

listed in the following:

• Downlink synchronization: the UE which wants to connect to a gNB does not know

its configuration, such as SCS, therefore, a synchronization procedure is needed. The

minimum set of information needed is acquired with master information block (MIB)

and SIB1 messages. At first with the MIB message on PBCH, which gives information

on how to demodulate the SIB1 on PDSCH. Every 2 frames (20 ms) the gNB broadcasts

bursts of SSB. The structure of the SSB is fixed and is depicted in Figure 1.7. It

comprises PSS, SSS and PBCH. The PBCH contains the MIB, together with DM-RS

for channel compensation. The PBCH is updated with the current MIB every 80 ms.

On top of that, gNB broadcast on PDSCH the SIB1 every 160 ms. Other SIBs (SIB2,

SIB3, SIB4...) are periodically transmitted by gNB on PDSCH in the PDSCH and

give further information to the UE.

• Msg 1 PRACH Preamble Transmission: The UE detects the SIB and selects a pseudo-

random Zadoff-Chu preamble to be transmitted on the PRACH. This acts as a tempo-
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Figure 1.7: SSB downlink signal structure.

Figure 1.8: Uplink timing in 5G NR. The UE adjusts its uplink start of frame in order to
have at gNB side uplink and downlink start of frames at the same timing.

rary identifier for the UE. The gNB still does not know if multiple UEs are contending

the same identifier.

• Msg 2 random access response (RAR): The gNB replies in the PDSCH to the UEs

assigning another temporary identifier, to distinguish among them, and specifies their

transmission window with a key information: the timing advance (TA). The uplink

start of frame time must be adjusted according to the propagation delay, avoiding

collisions between frames in uplink or downlink at both ends. To achieve this the gNB

informs the UE, through the TA, on how much to anticipate the start of frame for

PUSCH, PUCCH and SRS. A schematization of this process is reported in Figure 1.8.

• Msg 3 RRC Connection Request: UE aligns its timing according to TA and sends a

RRC request to conect to the gNB through PUSCH.

• Msg 4 (Contention Resolution): if only one UE Msg 3 is decoded by the gNB, it

concludes the handshake with an ACK in the PDSCH. If multiple UEs RRC requests
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are decoded, the gNB performs other operation to grant the connection to only one

and restart the RACH for the others.

In contention-free RACH the steps are slightly different. At first, the gNB sends a unique

preamble, defined by the network, to a specific UE, thus, eliminating any chance of collisions.

The UE sends back the received preamble within the PRACH. At the end, the gNB transmit

the RAR with TA and UE identifier.

1.2.4 NTN in 5G

The work of 3GPP on NTN started in the context of Rel-15. The study carried out was

published in 3GPP TS 38.811 [56] [57]. 3GPP classifies NTN as a network where space

platforms like LEO, MEO or GEO satellites or airborne platform act as a relay node or a

base station [56]. The identified NTN use cases identified are:

• Service ubiquity : serve ”unserved” or ”underserved” areas, like rural places and off-

shore sea platform, thus filling the gap of the terrestrial 5G infrastructure.

• Service continuity : increase the availability and reliability of 5G network services even

in case of moving users.

• Service scalability : by using the large area served by satellites, the NTN infrastructure

can be used for off-loading the terrestrial infrastructure traffic and scale its capacity

dinamically.

The main system blocks of a 5G NTN are listed in the following [58]:

• one or more UEs which connects to the network through the satellite platform. The

network can serve UEs classified as very small aperture terminal (VSAT), which incor-

porate directive antennas, like reflector antennas, and can be suitable for K/Ka band

links. Otherwise, UEs can also be handled devices with omni-directional antennas.

This kind of application is more suitable for lower frequency bands like S band.

• a service link between the UE and the space platform.

• a space platform hosting the telecommunication payload: transparent or regenerative.

• inter satellite links (ISLs) in case of satellites connected in a constellation, incorporat-

ing gNB.

• a gateway connecting the satellite platform to the core network.

• a feeder link between the gateway and the satellite platform
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Figure 1.9: NG-RAN examples for NTN

The satellite platform can integrate a transparent payload performing frequency conver-

sion, filtering and signal amplification. The payload is transparent to any protocol and its

features are all within the physical layer. It can be used to serve as a relay between UE

and gNB, or between multiple gNBs. On top of that, if the payload integrates higher layers

functionalities, it can be considered as a regenerative payload. Its functionalities are those

of a transparent payload plus demodulation, decoding, routing, modulation and/or encod-

ing. In this latter case, the gNB can be on board the satellite platform: as a monolith,

or splitted in gNB-CU and gNB-DUs among the NTN network components. For each of

these cases multiple NG-RAN architectures are defined [56]. Some examples are reported

in Figure 1.9. The radio access to a 3GPP core network can also be accomplished through

a non-5G connection type, e.g., DVB-S2X. The direct-to-device use case is of particular

interest in this work and regards the full 5G-compliant connection between UE and the 5G

NTN infrastructure [59].

Several works in the literature, related to 3GPP documents, explain the NTN scenario

highlighting the challenges and possible solutions [60]. On notable advancement in NTN

is the adoption of the SIB19 downlink signal, specified in [61]. The information contained

in the SIB refers to satellite ephemeris and timing adjustments, that the UE can use to

synchronize itself with the NTN scenario. In the following the main design challenges and

related solutions are listed. The analysis is here restricted to the scenario of a fixed UE with

a focus on direct access to LEO satellites with transparent payload.

• Frequency alignment : Satellite movement, especially for LEO, introduces a time-

varying Doppler frequency shift to the 5G signal. A closed form for the computation

of Doppler shift during a satellite passage is described in [62]. In a OFDM waveform

based technology such as 5G NR, it is straightforward to say that the impact of the

Doppler shift is relevant when it is comparable to or higher than the SCS. The Doppler

spread of a LEO satellite at 600 km altitude, relative to a fixed UE, can range up to
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± 48 kHz at 2 GHz carrier frequency and ± 480 kHz at 20 GHz. If the SCS is not

wide enough the total frequency shift at the UE should be compensated. As described

in [63], the frequency offset is both compensated in downlink and pre-compensated in

uplink by the UE. This can be done through downlink reference signals, i.e. SIB19

packet containing satellite ephemeris data, from which a UE with GNSS capabilities

can estimate Doppler shift. On the other hand, the UE can be adviced by the 5GC

on the required compensation to be performed.

• Timing : propagation delay in a NTN scenario are certainly higher than in terrestrial

network. The round-trip time (RTT) is dependant on elevation angle of the satellite

with respect to the earth station. It is in the order of 10 ms for a LEO scenario

and around 130 ms for a GEO satellite. This relates to the fact that for some RRC

procedures a time window extension is needed, e.g. RRC timers procedure, RAR time

window size, Contention Resolution window size, TA, and HARQ. In a LEO scenario

the RTT changes with satellite motion, therefore, the TA received from gNB should

be adjusted further to align with it.

• SNR: For a one-way signal path, the main SNR is dependent on the EIRP of the

transmitter (EIRPTX), the G/T of the receiver (G/TRX), the total path loss (Ltot),

which increases with carrier frequency, and the signal bandwidth B. As described in

(1.6), with k as the Boltzmann constant [11].

SNR = EIRPTX +G/TRX − Ltot − 10 log10(kB) (1.6)

Expecially in the context of direct access, UE power and size constraints at UE and

non-terrestrial platform can impact EIRP or G/T, depending on which component

is at transmitter or receiver side. Dimension of the receiving/transmitting antennas

impact both EIRP and G/T. They can be a big concern for handled UE devices or

telecommunication system installed on moving platforms. On the other hand, satellite

platform are limited mainly for what concerns transmitted power, expecially with the

trend towards the deployment of small satellites in LEO [6]. In the context of regener-

ative payloads, uplink signal path from UE requires a high satellite receiver sensitivity.

The trade-off between SNR and throughput is often shifted towards modulation and

coding schemes with low spectral efficiency (less than 1 bit/Hz) [64], compared to

earth-borne 5G links. If also a narrow bandwidth is needed to close the link with a

sufficient SNR, then SCS can be reduced to increase throughput, but increasing the

impact of Doppler shift and timing issues analyzed before.

• HARQ: To improve reliability 5G NR supports Stop-And-Wait HARQ. Up to 16 mul-

tiple processes are possible in uplink and downlink [54]. It is possible to compute

the minimum number of HARQ processes needed to achieve maximum throughput
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(N
(min)
HARQ) as in (1.7); with TTI as the time to transmit a transmission block, and

THARQ, dependent on RTT, as the HARQ processing time.

N
(min)
HARQ =

THARQ

TTI
(1.7)

If the above-mentioned condition is not satisfied, it is not possible to occupy the

maximum number of time slots, since there can be the possibility that all HARQ

process identifiers are occupied and every process is waiting for a ACK/NACK. If the

reception time window is narrower than RTT the connection can even stall. As an

example: by considering a THARQ of 29 ms, comprising RTT for a LEO satellite and

processing time, and 1 ms of TTI, the minimum number of HARQ processes should be

29 [65], greater than what is provisioned in [54]. Viable solutions can be increasing the

number of HARQ processes, ensuring better throughput but with greater buffer size

reserved for HARQ for UE; or disabling HARQ, addressing re-transmission procedures

to higher level protocols.

1.2.5 Testbeds for 5G NTN

5G testbeds are an essential tool for validating network architecture and the interfacing be-

tween hardware equipments with the proposed software radio-stack. The work presented in

[66] proposes cross-layer adaptations made to OpenAirInterface5G to ensure compliance with

3GPP Release 17, as part of the 5G-LEO project. This project focuses on enabling direct

access to 5G services from ground UE via a transparent payload LEO satellite. Given the

unique challenges of LEO satellite communications—such as high and time-varying Doppler

shifts, significant RTT, and frequent handovers represents one of the first efforts to adapt the

5G protocol to these conditions. A software defined radio (SDR)-based end-to-end demon-

strator was developed to validate these adaptations. The experimental results from this

demonstrator confirm the feasibility of direct 5G access through LEO satellites. [67] evalu-

ates an OpenAirInterface implementation for direct satellite access using a 5G NR waveform.

The study connects OpenAirInterface UE and a gNB through a satellite channel emulator

to assess the performance of various IP-based protocols over geostationary transparent pay-

loads. Experimental results indicate that the implementation is stable, achieving uplink

and downlink speeds of 3.5 Mbit/s with a typical geostationary latency of approximately

600 ms. The findings confirm that this software-based demonstrator is suitable for inves-

tigating broadband universal service applications. In the context of OpenAirInterface, the

work presented in [68] introduces a 5G mobile network testbed designed with a virtualised

and containerized architecture, enabling integration with artificial intelligence applications.

Built using open-source technologies, the testbed allows for the deployment and orchestra-

tion of virtual network functions to create flexible mobile network scenarios with different

fronthaul and backhaul topologies. Key advantages of this setup include its relatively low
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cost and its capability to leverage artificial intelligence for network performance optimiza-

tion. The future coexistence of integrated NTN and terrestrial networks is examined in [69].

It leverages SDN to monitor network traffic and make dynamic routing decisions through

traffic handovers in response to unexpected events such as congestion or link failures. Ad-

ditionally, for traditional handovers caused by the loss of Line of Sight, the SDN controller

proactively manages the transition to minimize traffic loss. The study highlights the po-

tential of SDN-based approaches in enhancing the reliability and efficiency of integrated

NTN-terrestrial networks. In the presented papers, overall communication performance is

evaluated at the transport and application layers. NTN adaptations are tested by assessing

frequency and timing offset compensation. Throughput is measured using commercial soft-

ware such as iPerf, while latency is assessed via ping commands. At the application layer,

various services are tested, including voice-over-ip (VoIP), web browsing, Ookla speed test,

and YouTube video streaming.
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Scenario

In this chapter the main missions that served as reference scenarios for this work are pre-

sented. For each mission, a link budget analysis is provided. An application-specific system

analysis is also carried out, focusing on power compression and phase noise introduced by

the satellite payload’s power amplifier and frequency conversion stages, in the context of

OFDMA. Additionally, the impact of frequency offset caused by frequency conversions in

a transparent payload 5G satellite system is examined. The components mentioned in this

chapter will be described in detail in chapter 3.

2.1 Missions description

Much of this work focuses on the design of satellite transceivers. During the time at Picosats,

several projects were dedicated to develop K/Ka-band transceivers, resulting in three design

iterations carried out over the course of the PhD. Each iteration addressed a different use

case, requiring specific modifications that ultimately led to a new version of the design. This

chapter presents selected aspects from these iterations to highlight the overall design process

and the challenges encountered in this context. In the following the three relative projects,

in a chronological order, are listed:

• radiosat and beamsat in-orbit demonstration (IOD).

• 5G live in-orbit demonstration (LIDE) mission.

• design of an improved version of the 5G transceiver designed for covering the complete

K/Ka band fixed-satellite service (FSS).

A crucial step for the development of a satellite communication system is the IOD,

required to validate system performance directly in space. IOD plays a crucial role in

verifying compliance with design requirements and enhancing the technology readiness level
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Figure 2.1: LIDE mission scenario and key components.

(TRL) of new components, enhancing their appeal on the market. This study focuses on

the in-orbit validation of a regenerative transponder operating in the K/Ka band (radiosat),

alongside a dual-band, dual-polarization horn antenna (beamsat). This mission aimed at

evaluating the performance of the radiosat Ka-band transponder and the beamsat Ka-band

horn antenna in an operational space environment. These technologies were integrated into

the D-Orbit ION Satellite Carrier SCV13, and launched on November 11th, 2023, as part of

the SpaceX Transporter-9 mission. Following the deployment, the validation phase started

on February 27th, 2024 once the satellite entered a sun-synchronous orbit at an altitude of

645 km. The operations were successfully completed on August 31st, 2024.

LIDE is an European space agency (ESA) funded project for the demonstration of 5G-

compliant satellite link between a UE and a gateway (GW) through a transparent K/Ka-

band satellite relay [70]. The satellite platform is a 12U CubeSat, equipped with a bidirec-

tional transparent K/Ka-band transponder system, connecting a UE with a GW integrating

a gNB. The ground-based UE and GW adopt 5G commercial software radio stack compliant

with the technical standards defined by 3GPP, provided by Amarisoft, adapted for the NTN

scenario. Each UE and GW terminals includes a SDR, a block up-converter (BUC), and a

block down-converter (BDC). The K/Ka band links connecting ground terminals with the

satellite are named hereafter service uplink and service downlink, for the ones related to

UE and feeder uplink and feeder downlink for those related to GW. The target bit-rate is 1

Mbps in upload and 10 Mbps in download, measured at UE side. The SDRs generate signals

in the n256 frequency band (uplink: 1995MHz; downlink: 2185MHz), which is designated

for FR1 NTN applications in FDD mode by 3GPP [63]. The chosen SCS is 30 kHz. A

simplified diagram of the mission is shown in Figure 2.1. The mission payload was deployed

successfully on 23/07/2025 with SpaceX Falcon9, as reported in ESA news page [71]. A

photo of the LIDE release is shown in Figure 2.2.

The final iteration of transceiver design was developed to extend the bandwidth be-

yond the previous versions. The receive band was expanded from 27.0GHz to 30.2GHz

to 27.0GHz to 31.0GHz, and the transmit band from 17.0GHz to 20.2GHz to 17.0GHz

to 21.0GHz. This upgrade introduced additional challenges, which will be discussed later,

along with adaptations aimed at enabling not only transparent operation but also com-

patibility with a modem, paving the way for a regenerative payload. Furthermore, this
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Figure 2.2: LIDE satellite deployment.

device will enable the integration in the space platform of a SDR modem connected to the

transceiver IF outputs. The previous versions where designed to be used in a transparent

payload scenario, without the integration of other systems which perform modulation/de-

modulation at IF. This will enable the evolution towards regenerative payload, which, in the

context of 5G will make possible to integrate the gNB onboard.

Two link budget studies were carried out in the radiosat/beamsat IOD and in the LIDE

missions. In botses this is a crucial mission design phase, for which, antenna gain and size,

transmitted power, receiver sensitivity and other system specifications are extracted from

telecommunication link requirements such as bit-rate and availability. The SNR is the main

low-level parameter to assess the feasibility of a link. As shown in (1.6) SNR depends on

the EIRP of the transmitter, the G/T of the receiver and all the impairments added by the

link path. This was described in subsection 1.1.1.

The main radiosat/beamsat IOD link parameters are listed in Table 2.1. In Table 2.2 the

link budget for the LIDE mission is reported. In this case feeder uplink / feeder downlink

are the two signal paths defined for the GW connection to the satellite relay, and service

uplink / service downlink are those for the other path between UE terminal and satellite.

The relay is transparent and the total SNR resulting from the uplink and downlink path

combined can be expressed as in (2.1), by computing the two separate uplink and downlink

link budgets and combining them afterwards [72]. In the LIDE link budget a dedicated

analysis was performed on the noise added by the transponder SSPA non-linearities, as

described in section 2.2.

SNRtot =
SNRULSNRDL

SNRUL + SNRDL
(2.1)
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2.2 SNR degradation due to non-linear distortion

A common issue in telecommunication systems using modulations with variable amplitude

envelope, like OFDMA, is the peak-to-average power ratio (PAPR) [73] [74] [75] [76] [77].

The input-to-output power characteristic of a transmitter can induce both amplitude-to-

amplitude distortion (AMAM) and amplitude-to-phase distortion (AMPM), which affects

signal quality. AMAM is related to the amplifier gain with respect to the input signal

power. AMPM, on the other hand, is related to phase shift induced by the amplifier. This

phenomena can be added on a link budget as a SNR degradation, dependent on the output

back-off (OBO), which is the power ratio between the actual mean power at the transmitter

output and its saturated power. Depending on the waveform used a low OBO induces a

SNR degradation due to AMAM and AMPM, which increases the noise floor due to self-

interference. With SNR degradation we refer to the SNR achievable with a distortion-free

transmitter and a mean output signal power equal to the transmitter saturated power. A

high OBO leads to an SNR degradation as well, but in the sense that the mean power

used is less than the saturated power. In this work a simulator in Matlab for computing

the SNR degradation due to non-linearities was defined. The amplifier model used in the

simulator is related to the SSPA used in the transceiver designs presented in the following

chapters, whicn deliver up to 40 dBm output saturated power in K band. Only AMAM is

included in the computation since AMPM is under 5° and can be neglected. The distortion

simulation uses as input parameters the number of subcarriers, the number of guard and pilot

subcarriers (even if no channel estimation is done in this simulation), the AMAM distortion

characteristic with respect to amplifier input power, and the OFDMA signal mean input

power. A schematic of the simulation performed is given in Figure 2.3.

A simulation run begins by defining a stream of QPSK, unit-power, randomly generated

symbols. The symbols are then inserted into a vector, to which the symbols of the pilot

carriers are added: in this way the frequency samples of the single OFDMA block are

generated. Using IFFT, the time domain samples vector of the individual OFDMA block

are generated. The FFT size is chosen as the first power of 2 higher than the total number

Table 2.1: radiosat/beamsat IOD link budget main parameters, at 20° satellite elevation.

Parameter Uplink Downlink
Satellite antenna gain 24 dBi 20 dBi
Earth station antenna gain 49 dBi 46 dBi
Polarization LHCP RHCP
Transmitter power 30 dBm 32 dBm
Carrier frequency 29.0GHz 19.8GHz
Receiver noise figure 3.0 dB 2.5 dB
Signal bandwidth 300 kHz 300 kHz
SNR 24.0 dB 8.2 dB
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Table 2.2: Link budget summary of LIDE mission, at 50° satellite elevation.

Single trip parameters
Parameters S. UL F. UL S. DL F. DL
Frequency 29.1GHz 29.5GHz 19.2GHz 18.8GHz
TX EIRP 39.4 dBW 54.2 dBW 22.4 dBW 7.5 dBW
RX G/T −10.1 dBK−1 −11.4 dBK−1 6.4 dBK−1 19.8 dBK−1

Path loss 178.6 dB 178.7 dB 175.0 dB 174.8 dB
TX output power 4.8 dBW 10.0 dBW 6.0 dBW −10.0 dBW
RX input power −96.5 dBm −83.3 dBm −94.5 dBm −95.8 dBm
Signal bandwidth 5.0MHz 10.0MHz 10.0MHz 5.0MHz
Single link SNR 8.3 dB 18.5 dB 9.1 dB 11.7 dB

Satellite bent-pipe link SNR
Total SNR UE to GW 6.7 dB
Link margin UE to GW 4.1 dB
Total SNR GW to UE 8.6 dB
Link margin GW to UE 6.0 dB

of subcarriers. The proposed model is memory-less and works only on the instantaneous

time domain samples, as shown in (2.2). Being x the input signal sample, y the output

signal sample and AMAM(|x|2) the AMAM characteristic, which is dependent on the input

sample power |x|2.

y = xAMAM(|x|2) (2.2)

To make a comparison with a transmission without AMAM distortion, a copy of the

symbol vector of the OFDMA block is created. The un-distorted samples are amplified in

a uniform way, according to the gain G0 computed as the AMAM value at the OFDMA

mean input power Pin. No oversampling operation is done at this stage. An additive white

gaussian noise (AWGN) type channel is used. Multiple copies of the vector of samples

output to the transmitter are generated, one for each Eb/N0 sample used to graph the bit

error rate (BER): each is associated with a different level of Eb/N0, from which real and

imaginary parts of white Gaussian noise standard deviation are calculated. The power of

each component of the noise is σ2, computed by reversing the Eb/N0 formula, as shown in

(2.3).

σ2 =
G0Pin

4Eb/N0
(2.3)

Next, the receiver is assumed to be perfectly synchronized. Using FFT, received time

domain samples are translated to the frequency subcarriers domain. Pilot carriers and guard

bands are removed. The obtained data subcarriers are compared with those transmitted.

The overall symbol error rate (SER) can then be calculated from the errors made: assuming

31



CHAPTER 2. SCENARIO

Figure 2.3: AMAM degradation simulation setup.

Gray coding and, a sufficiently low noise level and QPSK modulation, BER can be calculated

as BER = SER/2.

(a) (b)

Figure 2.4: BER simulation with AMAM distortion, with 37 dBm output mean power (left)
and 40 dBm (right).

In table Table 2.3 the parameters used in the AMAM simulation are listed.

The simulated BER with respect to Eb/N0, at 37 dBm and 40 dBm output mean power,

is shown in Figure 2.4. In botses the BER curve related to the distorted signal is shifted

towards higher Eb/N0. In the 40 dBm case a plateau on the BER graph is showing that for

high Eb/N0 the overall noise is no longer dominated by AWGN, the highest noise contribution

is due to the AMAM distortion instead. Assuming a target BER of 10−4 and computing the

distance between the blue and red curve shown in Figure 2.4 for different values of OBO, it
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FFT size 256
Data subcarriers 203
Pilot subcarriers 7
Guard subcarriers 23
Subcarrier spacing 30 kHz
Channel bandwidth 7680 kHz
Data bandwidth 6090 kHz
Guard band 690 kHz

Table 2.3: AMAM degradation simulation signal parameters.

Figure 2.5: SNR degradation due to AMAM.

is possible to compute the SNR degradation as shown in Figure 2.5. For decreasing OBO

the degradation rises rapidly due to AMAM distortion, while for increasing OBO the SNR

degradation is due to the lower power delivered by the PA. In between it is possible to define

the best OBO for the selected simple OFDMA waveform which is 2 dB to 3 dB.

An analysis on the phase noise added by the transponder was carried out. A similar

approach as in Figure 2.3 was used, with a simulation block that adds phase noise according

to a spectrum mask, in place of the AMAM distortion block. With this simulation setup

the maximum phase noise mask was defined according to Figure 2.6. The phase noise mask

values were computed empirically by checking when the SNR degradation is over 0.5 dB.

The payload added phase noise is, however, way below this threshold and its effect on BER

is negligible.
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Figure 2.6: Phase noise mask defined for the scenario in Table 2.3

2.3 Frequency offset analysis

In a OFDMA system, time and frequency synchronization are essential. Carrier frequency

offset (CFO) is the residual shift in the carrier frequency of the received signal with respect to

the expected actual frequency. Its presence affects the orthogonality of OFDMA subcarriers

increasing the iinter-carrier interference (ICI), which in the end can also lead to a failure in

the synchronization between gNB and UEs. Mitigation of CFO is approached considering

the static offset introduced by frequency conversions, and dynamic offset, caused by Doppler

shift. The static offset induced by reference clock precision can be computed according to the

formula CFO = ±CFOreffLO, with fLO oscillator signal used by the up/down converter

stage and CFOref its precision in ppm. For instance, for a LO signal at 24GHz, generated

from a 0.01 ppm reference TCXO, a static frequency offset in the range ±290Hz can be

expected. If two frequency conversion stages are synchronized, i.e. their relative PLLs share

the same reference oscillator source, they will share the same relative frequency error as well.

Synchronization is useful in a transceiver for which the RF signal should transit in down and

then up conversion stages. In this case the sign of one conversion stages is the opposite to

the other, assuming upper side-band conversion. In up-conversion fRF = fIF + fLO, while

in down-conversion fIF = fRF − fLO. The opposite sign of fLO = f ′
LO + ferr in the two

cases implies that in one ferr is positive while in the other is negative. As a result, with

fUP and fDWN uplink and downlink carrier frequencies respectively, the static CFO added

by a transparent transceiver is expressed in (2.4).

CFO = ±CFOref |fUP − fDWN | (2.4)

The LIDE mission was analyzed in terms of added CFO by system components. A simplified

diagram showing the main conversion stages in the whole path from gNB to UE and back

is shown in Figure 2.7.

As can be seen, SDRs, BUCs and BDCs share the same reference; therefore, their added
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static CFO can be computed as in (2.4). The single satellite transponder can be treated in

the same way. A SYNC cable was added in order to have a master transponder sharing its

reference to the other slave transponder. Since the LIDE operating frequencies in K/Ka band

for uplink and downlink are pretty close to each other, the added CFO of one transponder is

almost the same as the other. During the design phase several CFO compensation strategies

were considered. Among these the use of a beacon close to the pass band was proposed by

the company responsible for the ground segment, and having both transponders introducing

the same added CFO was beneficial for the CFO compensation by the UE. The assumption

of this method was that the gNB would have been in the service downlink beam, with

another SDR listening to the beacon relayed by the transponder. However, this method was

considered unfeasable and cumbersome later on. Nevertheless, the SYNC cable connecting

transponders remained in the designed payload.

The most suitable method for this purpose is at 5G physical layer level. ThegNB, instead

of decoding the first PRACHs that receives from UE, uses those to compute the frequency

error in the feeder downlink and calibrates its transmit frequency to compensate the CFO

measured. Then the rest of the RACH sequence continues as usual. Furthermore, gNB

compensates the Doppler shift in the feeder link from its position and ephemeris data con-

tained in SIB19, which is then forwarded to the UE. On the other side, the UE compensates

the Doppler of the service link from its position and the SIB19 data received by gNB. The

residual CFO in the service downlink, after UE Doppler compensation, is forwarded to the

service uplink path. The frequency error for SDRs, BUCs, BDCs and transponders ref-

erences is assumed to be uniformly distributed in the range ±0.1 ppm [78], with Doppler

compensation frequency error with the same distribution as well. Considering the archi-

tecture in Figure 2.7 a CFO analysis was carried out in the following cases: S/N (payload

synchronized / no PRACH compensation), N/N (payload not synchronized / no PRACH

compensation), S/P (payload synchronized / PRACH compensation) and N/P (payload not

synchronized / PRACH compensation). In the payload synchronized case the transponder

has its receiver and transmitter stages with their own reference, while in the opposite case

Figure 2.7: LIDE mission conversion stages.
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Figure 2.8: cumulative distribution function (CDF) of the added CFO in the following cases:
S/N (payload synchronized / no PRACH compensation), N/N (payload not synchronized /
no PRACH compensation), S/P (payload synchronized / PRACH compensation) and N/P
(payload not synchronized / PRACH compensation).

the reference is shared. The added CFO is reported in terms of its CDF in Figure 2.8.

The residual CFO in the case without PRACH compensation is in the order of SCS

(30 kHz), which can be problematic. The synchronization of the payload conversion stages

lowers the added CFO by some kHz. However, the best improvement can be achieved with

the PRACH calibration, leading to a residual CFO below 1 kHz. The synchronization of

the payload is not improving the overall performances in this last case. However, the initial

PRACH incoming at the gNB has a frequency error in line with the red or the orange curves

(S/N, N/N cases), since no compensation is performed at that moment. In this sense, having

the payload synchronized can reduce the search space around the wanted carrier frequency

for the gNB trying to calibrate itself, with subsequent improvements in terms of precision

and speed.

In [79] an analysis on OFDMA signal degradation induced by CFO is presented . This

analysis is used to assess the effect of CFO in the presented work. The signal-to-noise-plus-

interference ratio (SINR) parameter gives an estimate on the quality of the received signal,

which takes into account the interference added noise induced by ICI, caused by CFO. It can

be defined a worst case lower bound for the SINR for a received signal affected by a frequency

offset ∆F , expressed as relative to the actual SCS ϵ = ∆F/SCS. The lower bound formula

is expressed in (2.5) with respect to Es/N0, where Es is the averaged received energy and

N0/2 is the AWGN power spectral density.

SINR ≥ Es

N0

(
sin (πϵ)

πϵ

)2

1 + 0.5947Es

N0
sin2 (πϵ)

(2.5)
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(a) (b)

Figure 2.9: CDF of the added SINR degradation induced by CFO for 30 kHz SCS (left) and
15 kHz (right). The following cases are considered: S/N (payload synchronized / no PRACH
compensation), N/N (payload not synchronized / no PRACH compensation), S/P (payload
synchronized / PRACH compensation) and N/P (payload not synchronized / PRACH com-
pensation)

Starting from the CFO CDF reported in 2.8, the SINR degradation is computed as the

ratio between Es/N0 and the worst case lower bound in (2.5). The final results are presented

in 2.9, comparing 30 kHz and 15 kHz SCS cases, using the service downlink Es/N0 reported

in 2.2 and equal to 14.6 dB.

In both cases it can be seen that the PRACH compensation leads to an almost negligible

SINR degradation below 1 dB. For other CFO compensation techniques the degradation

is quite relevant and is higher in the case of 15 kHz SCS, as expected. This analysis sug-

gests that without PRACH based CFO compensation the proposed OFDMA satellite link

is significantly affected for the 30 kHz SCS case and practically not feasible if 15 kHz is

implemented as SCS instead.
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Chapter 3

Transceiver Design

In this chapter are gathered some works performed during the PhD activity, related to the

design of satellite transceivers. Only the works that had an outcome on scientific papers

are presented. The design of Ka band receiver front-end is described with a focus on its

integration in the transponder chassis. The design of an upconverter with low spurious

emission is described as well, considering the ITU recommendations in matter of spurious

emission. These two major thopics are not describing the whole transceiver design. The IF

section between up and down converter is omitted in this chapter, because it is not of big

interest in terms of research impact.

3.1 Payload architecture

A telecommunication payload must comprise an analog frequency conversion and amplifica-

tion section, which are the transceivers in our case, controlled by a main on-board computer

(OBC), which is then interfaced to the rest of the satellite platform. Antennas are then

interfaced to the transceivers to transmit or received the wanted signals from ground or

other satellite platforms in the case of ISLs. A transparent data relay comprises only the

analog transceivers controlled by the OBC. On the other hand, a regenerative payload must

integrate also a modem to modulate and demodulate signals transiting in it.

In the radiosat/beamsat IOD the non-regenerative bent-pipe transponder occupies a

volume of 0.5U and has a mass of 700 g. The complete satellite communication payload is

reported in a simplified block diagram in Figure 3.1.

It features coaxial connectors for input from the receiving antenna and output to the

transmitting antenna, along with a multi-pin connector for data and power interfacing with

the OBC. Its gain is adjustable, thanks to an internal attenuator, within a 60 dB range,

allowing operational flexibility. The internal attenuation can also be automatically adjusted

with the automatic gain control (AGC) mode where, measuring the output power with a
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Figure 3.1: radiosat/beamsat IOD telecommunication payload main architecture. In blue
the RF signal path from reception to transmission is shown, while the serial control interface
in RS422 towards the OBC is shown in green.

detector, the power is maintained constant by adjusting the gain. In addition to bent-pipe

operation, the transponder can generate a continous wave (CW) or GFSK modulated beacon

[1].

The transponder’s firmware is reprogrammable in orbit. It interfaces with the satellite’s

OBC via an RS422 connection. The transponders comprises two main boards: the receiver

and the transmitter. The receiver board, which determines the noise figure of the entire

system, and down-converts the signal, receives the uplink signal in the Ka band. The

description of the LNA front-end is reported in [16]. The transmitter board up-converts

the IF signal to the K band for data downlink. The transponder’s output stage is a SSPA

integrated into the transmitter section and can deliver up to 10W of saturated RF power.

The beamsat dual-band K/Ka band horn antenna is designed to be interfaced with radiosat

at both its transmit and reception ports. It includes an orthogonal mode transducer (OMT),

which isolates antenna transmit and reception ports and makes it possible to transmit and

receive at two orthogonal polarizations, i.e., left-hand circular polarization (LHCP) or right-

hand circular polarization (RHCP). It features a compact design with a volume of less than

2U and a mass of 570 g.

The LIDE transponder is pretty similar to the one used in the radiosat/beamsat IOD,

with two separate reception and transmission sections. The telecommunication payload

in the LIDE mission comprises two transponders, each connected to a receive antenna in

the Ka band and a transmit antenna in the K band. This architecture ensures isolation

between the four data streams: Feeder uplink, Feeder downlink, Service uplink, and Service

downlink. The general block diagram of the satellite payload is depicted in Figure 3.2. Both

transponders share the same synchronization signal for their frequency synthesizers. One

transponder acts as the Master: generating the 100MHz synchronization signal for itself and

the other, designated as the Slave transponder. An additional board, named SYNC, is used

for sharing a precise 100MHz reference signal for the transponder’s frequency synthesizers.

When the transponder is used as the Master, a digitally controlled TCXO is integrated into

its SYNC board. The SYNC output is forwarded to the reception and transmit boards of

the Matser transponder and also to the Slave transponder via a twisted-pair cable. The

TCXO’s oscillating frequency can be adjusted via an I2C interface, allowing for further
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Figure 3.2: Block diagram of the LIDE telecommunication payload.

CFO mitigation during the device calibration phase. The RF signal paths are shown in

blue, the 100MHz synchronization signal in green, and the digital control lines for the

communication with the OBC in red. The antennas are mounted on one aluminum satellite

surface and connected via 2.92 mm harness cables to the transponders. A photograph of the

payload transponder pair and the payload patch antennas are shown in Figure 3.3 Figure 3.4,

respectively.

LIDE mission antennas are realized in printed circuit technology. Both K and Ka band

antennas comprise an 8×8 array of circularly polarized patches in a nested architecture to

enhance the axial ratio over the required bandwidth [80]. A SMP-type connector is placed on

Figure 3.3: Flight model pair of LIDE transponders.
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Figure 3.4: Photo of the Ka band antenna (left) and K band antenna (right).

the bottom layer of the PCB and connected to the feeding network, propagating the signal

to the patch array on the top layer. To facilitate integration, they are designed together

with an aluminum enclosure. This design allows the antennas to be easily bolted onto the

satellite chassis without significant issues related to the coupling of feeding networks.

In the wideband transceiver design miniaturization is a key design parameter. In this

case, the reception and transmission boards are all integrated in a single board. Further-

more, the printed circuit board (PCB) design ensures reconfigurability during components

soldering phase. Components can be mounted on different arrangements on the same PCB

layout. In this way, it is possible to manufacture a bent-pipe transponder with several values

of analog bandwidth, or a regenerative transceiver by adding an IF output to the transceiver

towards the external modem and another connector for the way back. This approach re-

duces by a significative amount the lead time for a component, since the PCB manufacturing

time is way higher than the components soldering once. For this design an IOD is not yet

scheduled.

3.2 Receiver front-end

The IOD and the 5G transponders shares a similar front-end architecture described in [16].

In this section the wideband transponder front-end is described. The goal of this new design

was to shrink by a significative amount the dimensions of the front-end section in the PCB.

The proposed circuit layout comprises a LNA and a band-pass filter, acting as image rejection

filter for the following downconverter module. This latter component is out of the scope of

this simulation and is an Analog Devices ADMV1014, which integrates another LNA in the

first stage and a image rejection down-converting mixer. The first LNA and the band-pass
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3.2. RECEIVER FRONT-END

(a) Section of the enclosure shielding wall (b) PCB enclosure

Figure 3.5: Block diagram of a section of shielding wall and a picture of an aluminium PCB
enclosure, comprising cavities, gaskets and RF absorbing pads.

filter are placed on the PCB within an aluminum enclosure, which is the main chassis of the

transceiver. This can lead to cavity resonances that can affect the behavior of the front-end.

This is a phenomena that can happen also in other sections of the circuit. Furthermore,

the insertion of the enclosure can affect the coupling between PCB sections. For example,

coupling between the LO sections and the output amplification stage could increase LO

leakage at the output port. This issue can compromise spectral quality, potentially leading

to non-compliance with spurious emission masks [5]. The designed sections are intended to

isolate the following functional blocks: the LNA section, PLLs, output driver stage, and IF

gain blocks. The shielded PCB sections act as resonant cavities, with the PCB ground plane

serving as the bottom conducting layer of the cavity. The enclosure walls are designed as

shown in Figure 3.5, with a metallic wall in contact with the PCB through a conductive

gasket.

Beneath it, a metallic exposed PCB track is filled with vias connected to the ground

plane, extending the cavity wall within the PCB substrate. RF coplanar waveguide traces

can enter the shielded cavity through rectangular openings in the wall. Other lines, such

as power and digital signals, enter the cavity only through vias from other PCB layers.

The circuit was simulated in CST Studio Suite, in a co-simulation setup that involves also

Altium Designer for the PCB layout drawing. The cavity resonance modes frequencies of

the structure can be computed according to (3.1)

fmnk =
c

2π
√
εr
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n
π

a

)2

+
(
m
π

b

)2

+
(
k
π

c

)2

(3.1)

A list of resonant cavity frequencies in the proximity of the receiver bandwidth 27.0GHz

to 31.0GHz for the receiver front-end section is reported in Table 3.1. As can be seen, more

than one resonance frequency is within the receiver bandwidth.
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Resonance frequency Order X Order Y Order Z
(24.5mm) (8.2mm) (5.0mm)

25.92GHz 3 1 0
30.00GHz 0 0 1
30.56GHz 4 1 0
30.61GHz 1 0 1
32.40GHz 2 0 1

Table 3.1: Cavity resonance frequencies in the proximity of the receiver bandwidth 27.0GHz
to 31.0GHz.

The simulation is then performed by drawing the front-end layout in Altium Designer,

with signal traces, ground planes, vias and the selected substrate. Only the first two layers

of the PCB were defined (top layer and ground plane), since they are reserved for the RF

signal traces and are well separated from the other layers, in which digital and other signals

at lower frequencies are present. The Altium layout is then exported in CST Studio Suite for

the simulation. The metallic enclosure is then added on top of the PCB. In this environment

simulation ports are added in the PCB 3D model and a frequency-domain simulation was set

up. A section of the simulated structure is reported in (cite). The simulation S-parameters

are then exported as a .sxp file, and placed in a circuital block connected to other blocks

modeling the LNA and the band-pass filter.

The structure was analyzed also by changing PCB components spacings, between each

other and from components to enclosure, and the size of the metallic enclosure. Even

though it is possible to slightly move resonances across the receiver bandwidth, none of the

simulated cases was satisfactory. Therefore, the insertion of a RF absorber pad on the ceil

of the enclosure was necessary. The selected pad is the Laird Eccossorb GDS. This latter

component was added in the simulation as well.

A evaluation board (EVB) of the proposed front-end was designed and manufactured.

A picture of it is reported in Figure 3.6.

The final comparison was performed between the following cases: the front-end with-

out the metallic enclosure, the addition of the metallic enclosure and the complete system

comprising also the RF pad. S11 and S21 plots regarding this comparison are reported in

Figure 3.8.

Simulations shows that the insertion of the RF pad is necessary since at resonant fre-

qencies the system appears to be unstable, with S11 peaks over 0 dB. The insertion of the

RF pad makes results somewhat similar to the case without enclosure, which is what it is

wanted. Measurements of the complete system are satisfactory and shows an S11 below

−12 dB and a gain over 18 dB over the required signal bandwidth 27.0GHz to 31.0GHz.

Regarding the comparison with measurements, there is a major error in each case around

the resonant frequency at 30GHz. Furthermore, the S11 peaks over 0 dB are not present

in measurements. All this aspects shows that the simulation should be improved for bet-
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Figure 3.6: Photo of the manufactured front-end EVB.

Figure 3.7: S11 comparison between simulation and measurement for the selected case of
study.

ter modeling the cavity resonances. Another aspect not present in the simulations is the

decrease of gain (S21) in the case without the RF pad. However, the final result was con-

sidered satisfactory and no further analysis were made. Noise figure is a key parameters in

front-ends, but was not measured in this phase due to lack of instrumentation.

Regarding other PCB sections, if the computed resonant frequencies are above the op-

erating signal bandwidth, then they can be considered not an issue. For instance, in the

IF section, in which signals below 6GHz are transiting, a cavity resonance at 20GHz could

not be an issue if the RF chain path is well filtered. In the proposed design resonances were

unavoidable near the PLLs. In this case, an empirical approach was adopted: if resonances

effects were detected during transceiver normal operation, an RF absorber layer was added

to the upper face of the shield. This solution damped all the detected resonances in PLLs

sections.
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Figure 3.8: S21 comparison between simulation and measurement for the selected case of
study.

Figure 3.9: Upconverter schematic.

3.3 Up-converter design

In this section an upconverter architecture for 17.3GHz to 21.2GHz FSS and IF frequency

up to 4GHz is proposed and validated with a focus on spurious emissions. To increase

spurious rejection, upper side-band (USB) and lower side-band (LSB) frequency conver-

sion modes are combined, and LO leacage reduction techniques are used. The proposed

architecture is validated in terms of spurious-free dynamic range (SFDR) on a preliminary

set-up, realized through the interconnection of adopted EVBs. The upconverter is finally

connected to a 10W PA. Spurious emission of this latter test set-up is compared with ITU

recommendations, to assess the feasibility of the system to be integrated in LEO satellite

telecommunication equipment. error vector magnitude (EVM) for a 16-APSK modulated

signal with 10MHz symbol rate was finally measured to characterize the complete system.

3.3.1 Upconverter Architecture

The complete upconverter architecture is reported in Figure 3.9. The main component of

the system is the Analog Devices ADMV1011: an in-phase/quadrature (I/Q) integrated up-

converter with x2 frequency multiplier in the LO-chain and a RF output driver amplifier. To

improve LO leakage rejection, LO-nulling can be performed by changing the bias of the I/Q
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Table 3.2: ITU spurious emission mask for FSS in the proposed scenario.

Region Mask
Out-of-band domain 40 log(F/50 + 1) dBsd
Spurious domain 43 + 10 log(P ) or 60 dBc,

whichever is less stringent

mixers [81]. The LO signal for ADMV1011 is generated by the Analog Devices ADF4368

PLL, with controllable output power level. The ADMV1011, together with a 90° coupler, is
used as an image rejection mixer (IRM) [82], [83]. A non-reflective single-pole-double-throw

(SPDT) switch is used to select the USB or LSB output spectrum component, by feeding

the IF signal in one of the two input ports of the 90° coupler and terminating the other one

on a matched termination. The RF signal is filtered in the desired band by a 17.3GHz to

21.2GHz transmit channel band-pass filter. Compared to single USB operation, the combi-

nation of USB and LSB modes shifts the LO leakage frequency further from the pass-band

of the transmission channel filter, thereby enhancing the rejection of LO leakage. The pro-

posed upconverter allows for an IF frequency from 0 to 4GHz. However, in a FSS scenario,

the output spectrum might not comply with ITU spurious emission recommendations across

the entire 2D plane defined by RF and IF frequencies.

The ITU regulations [84] divide the unwanted emission spectrum into two main sections:

out-of-band domain [85] and spurious domain [86]. Considering the modulated test signal

used for the upconverter characterization, described in the following sections, the out-of-

band domain extends 2.5MHz beyond the edges of the main allocated signal bandwidth.

In Table 3.2 the spurious emission mask is reported, with F as the frequency offset from

the boundary of allocated signal bandwidth, dBsd decibels relative to the maximum value

of power spectral density within the allocated bandwidth, P average power supplied to the

antenna transmission line, and dBc decibels relative to the unmodulated carrier power of

the emission. The reference bandwidth for spurious emission measurement should be 4 kHz.

3.3.2 Measurement set-up

Measurement set-up was composed of EVBs of the components described in Figure 3.9. The

USB/LSB switch was modeled by combining the results of USB and LSB modes in post-

processing. A spectrum analyzer Rohde & Schwarz FSW was used for the measurement of

spurs. Resolution bandwidth was set to 4 kHz, as specified in [86] for spurious domain char-

acterization. A 16-QAM 100MHz modulated IF signal was generated by a signal generator

Rohde & Schwarz SMW200 and forwarded to the system under test. The main measured

parameter was the SFDR, which is defined as the magnitude ratio between the unmodulated
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Figure 3.10: Test set-up with upconverter and 10W power amplifier.

carrier and the most powerful spur in the modulated scenario. SFDR is therefore reported in

dBc. Spurious emission was evaluated in the range 14GHz to 25GHz. Unmodulated carrier

power was measured in a CW test for all the RF-IF frequencies, prior to modulated SFDR

measurement. The proposed set-up emulates a more realistic scenario compared to a single-

tone CW measurement, where third-order intermodulations are not considered. Moreover,

a test with a modulated input signal enables the differentiation between spurs influenced by

modulation in terms of spectral density and those that are not, such as LO leakage and its

harmonics, whose spectral density remains independent of the symbol rate. To assess the

compliance with ITU recommendations, the upconverter was connected to a 10W power

amplifier, which is limited in the 17.3GHz to 20.2GHz bandwidth; therefore, in this case,

measurement were repeated with the narrower bandwidth. To ensure a sufficient back-off

from saturation, output power of the power amplifier was limited to 5W. In Figure 3.10 the

complete test set-up is shown.

3.3.3 Test Results

In this section, the following results are presented: (i) the SFDR of the upconverter across

the entire FSS bandwidth for the IF band 1.5GHz to 4GHz without LO-nulling, and a

comparison of SFDR with and without the LO-nulling for a fixed 3.2GHz IF frequency, (ii)

measurement of ITU spurious emission mask margin of the upconverter connected to a 10W

power amplifier, without LO-nulling, and (iii) 16-APSK, 100MHz symbol rate, constellation
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and EVM for sample IF and RF frequencies; with 36 dBm of mean output PA power.

In Figure 3.11 the SFDR in USB mode (Figure 3.11a), LSB mode (Figure 3.11b), and

combined mode (Figure 3.11c) are reported. The used RF-IF frequency threshold is added

on the graph, which is the separation line in the 2D RF-IF frequencies plane between the

two side-band operating modes. LO-nulling was not applied in this case and PLL power was

set at a fixed value. The main unwanted spurs are 2LO and 3LO, which are not affected

by modulation and appear on the output spectrum as tones. The 2LO spur effect on SFDR

can be seen where SFDR plot is clearest: in the upper-right part of USB mode plot and in

the upper-left of LSB mode; while 3LO causes a SFDR degradation in the bottom-left of

USB mode.

By adding LO-nulling and controlling the PLL output power, it is possible to lower the LO

leakage and its harmonics. As an example and demonstration of such an improvement, the

SFDR for a 3.2GHz IF frequency is reported in Figure 3.12 with and without these ad-

justments. Since the RF bandwidth is wide enough to have the 3LO spur in the pass-band

of the transmitter channel filter, the spur rejection can be enhanced only by adjusting the

non-linear performances of the system with LO-nulling. The use of switchable filters can

be another viable solutions, as proposed in [87] for a Ku band receiver, though with the

trade-offs of lower system integrability and higher costs.

Finally, in Figure 3.13 the results of the test of the upconverter with 10W power amplifier

are shown. The reported parameter is the margin relative to the mask of Table 3.2. Spurious

signals within the ITU spurious domain were measured in dBc, while in the out-of-band

domain in dBsd: which is the power ratio between the main RF signal and spur peak, both

measured with the same modulated input signal. As in the previous section, ITU margin

is reported for USB mode (Figure 3.13a), LSB mode (Figure 3.13b), and combined mode

(Figure 3.13c). In this case the RF-IF frequency threshold was fixed for every IF frequency

at 19.1GHz RF frequency. Since the spurious emission margin is high enough, a simple RF-

IF threshold profile was selected. The LO-nulling was not applied in this case. In Figure 3.14

a detail of ITU spurious mask margin is shown for different IF frequencies.

The area defined by RF frequency 17.3GHz to 17.7GHz and IF frequency 3.6GHz to 4.0GHz

has a non-compliant spurious mask margin due to the presence of 3LO spur in USB operating

mode.

The complete system (upconverter and 10W PA) was finally evaluated in terms of EVM

and quality of a 16-APSK constellation, with 100MHz symbol rate. Mean output PA power

was set to 36 dBm. In Table 3.3 16-APSK constellations with relatives EVM are shown,

for sample IF frequencies 2.5GHz, 3.2GHz and 4.0GHz and RF frequencies 17.5GHz and

20.0GHz. For the RF frequency 17.3GHz USB mode was used; on the other hand, for

20.0GHz LSB mode was used instead. Measured EVM ranges between 3.41% and 6.75%
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(a) USB mode. (b) LSB mode.

(c) USB-LSB combined mode.

Figure 3.11: Upconverter SFDR in the side-band operating modes.

for the presented cases. The main reason for the degradation of EVM, expecially at 20.0GHz

RF frequency, is due to the lower saturation power of PA at this frequency, which translates

in a less OBO, hence, in a lower linearity caused by compression distortion [88].
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Figure 3.12: Upconverter SFDR at 3.2GHz IF frequency with and without the LO-nulling
and PLL output power adjustment.

(a) USB mode. (b) LSB mode.

(c) USB-LSB combined mode.

Figure 3.13: ITU spurious mask margin in USB/LSB modes.
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Figure 3.14: ITU spurious mask margin at various IF frequencies.

Table 3.3: 16-APSK constellation, 100MHz symbol rate, measured with 36 dBm mean out-
put PA power.

RF
frequency:

17.5GHz 20GHz

IF
frequency
2.5GHz

EVM: 4.16% 5.37%

IF
frequency
3.2GHz

EVM: 3.41% 5.50%

IF
frequency
4GHz

EVM: 3.87 % 6.75%
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Testing

In this chapter, the testing activities carried out during this work are presented. As in the

previous chapters, the content is organized around the main projects developed throughout

the study. The LIDE payload went through a qualification campaign, which is briefly de-

scribed below. At the time of writing, the improved FSS K/Ka-band transceiver has been

manufactured but not yet sufficiently tested; for this reason, it is not included in this chap-

ter. Two 5G NTN testbeds, developed in the context of the LIDE mission, are described.

In the first testbed, both the design and the final performance are presented, while in the

second only the design is reported, as the project is currently on standby and scheduled to

continue in November. The first setup was primarily constrained by the availability of test

components and aimed at demonstrating the compatibility between the ground and space

segments. The second setup focuses mainly on the space payload as the device under test,

making it of greater technical interest than the first for the purpose of this study. The results

of the radiosat and beamsat IOD campaigns are also presented, along with the design of the

corresponding test schedules. This activity achieved highly positive outcomes: all functional

tests were successful, and, as a final demonstration, an image of Earth was transmitted to

the ground, proving the full functionality of the satellite payload. Finally, the LIDE IOD is

presented. The satellite was successfully deployed on 24/07/2025, but full ITU licensing was

only granted in September; therefore, this document reports preliminary test results only.

4.1 Payload qualification

In the final phase prior the deployment of a satellite mission the designed component should

be verified. A picture of the payload under environmental test campaign (EVT) is shown in

Figure 4.1, with antennas mounted on the satellite structural mock-up and the transponder

hosted on the shaker during vibration tests. The objectives of the verification process are

as follows:
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(a) Satellite structural mock-up with K and
Ka band antennas

(b) Transponder on the shaker during vibra-
tion tests

Figure 4.1: Payload main components during EVT campaign.

• to demonstrate the qualification of design and performance, as meeting the specified

requirements at the specified levels;

• to ensure that the product is in agreement with the qualified design, is free from

workmanship defects and acceptable for use;

• to confirm product integrity and performance at particular steps of the project life

cycle (e.g. launch, commissioning, mission events and landing).

The model philosophy is the definition of the optimum number and the characteristics of

physical models required to achieve confidence in the product verification with the shortest

planning and a suitable weighing of costs and risks [89]. More replicas of the design were

manufactured: the proto flight model (PFM), the engineering qualification model (EQM),

and the spare model (SPM). The PFM is the flight end product on which an acceptance test

campaign is performed before flight. For this device, the objective of tests is demonstrating

that the product is free of workmanship defects, is in accordance with the qualified design

and is ready for its intended use. The EQM is an exact replica of the PFM and is intended

to be tested more extensively according to the qualification campaign. This verification

stage has the objective to demonstrate the design, ensuring that it satisfies the applicable

requirements including proper margins. This testing philosophy is applied to get sufficient

data to ensure that the designed PFM can withstand the operative scenario, and at the

same time, to not stress it twice at the qualification campaign stage and during the flight.

For some applications, EQM tests can also be destructive. The SPM is another device which

can be promoted to PFM if unexpected issues may occur during the testing phase of the

actual PFM.

In the LIDE mission development, the EQM payload went through an EVT, comprising

thermo-vacuum chamber (TVAC) tests with 4 cycles in the range −15 °C to 50 °C with

1 °Cmin−1 slope, and vibration tests (quasi-static load, random and sine on each axis) [89].
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(a) Ka band antenna (b) K band antenna

Figure 4.2: S11 comparison before and after qualification campaign

(a) Large signal gain (b) Phase noise

Figure 4.3: Transponder key parameters after EVT.

EVT antennas were checked by visual inspection and by comparing S11 parameters

before and after EVT, as shown in Figure 4.2. Since there is no performance degradation in

terms of S11, antennas were mounted on the satellite structural mock-up and their radiation

diagram was measured in anechoic chamber (not shown in this document).

In Figure 4.3, transponder large signal gain and phase noise are shown after EVT. Fur-

thermore, telemetry was queried to the device under test every 5 °C to check proper opera-

tion. The receiver noise figure was not measured at this stage; however, in the work presented

[16] a measurement of the same receiver front-end design of the transponder under test is

described.
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Figure 4.4: First 5G test setup, with components and node labels (in green boxes).

4.2 5G testing

The EQM transponder pair was also used to assess compliance with the ground equipment

and the 5G deployment (after EVT). In this document two test setups are described: in the

first one most of the ground segment of LIDE is interfaced with the space segment, while

in the second one only transponders are used as the device under test with a laboratory

channel emulator and frequency converters.

4.2.1 5G NTN test setup 1

In the first setup, described in Figure 4.4, two SDRs were used for the UE (UE SDR) and for

the gNB (GW SDR) terminals, each equipped with a 5G software radio stack incorporating

NTN adaptations from Rel. 17 [63].

The main goal was to test, in one solution, the space telecommunication payload, ground

segment power amplifiers, BUCs and BDCs, using the selected Amarisoft software radio

stack. Given the available components to set up the testbed, testing all the components

and ensuring power levels and SNR similar to the operative scenario is challenging. In the

following, an analysis of the testbed is shown. The designed ground BUCs (BUC feeder

uplink (FUL) and BUC service uplink (SUL)) and BDCs (BDC feeder downlink (FDL)

and BDC service downlink (SDL)) were included in the setup, along with fixed attenuators

(ATT SDL, ATT FDL, ATT SUL, and ATT FUL). The transponders were integrated into

the setup in place of the space segment (StF Tr. and StF Tr.). Ground power amplifiers
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were included in the satellite uplink paths (PA FUL and PA SUL).

Doppler and latency effects are introduced within the Amarisoft software radio-stack

emulator at the gNB side and compensated at the UE side. Even though this is not as

relevant as a test where impairments are added with an external channel emulator, it is

sufficient to check whether transponders are introducing impairments that could degrade

the link. Furthermore, the SNR at the UE and gNB sides is higher than what is estimated

by the link budget. This is due to the limited availability of fixed attenuators, which were

introduced to ensure that signal levels at the input of devices are within a safe range,

rather than to reproduce the operative case path attenuation. The achieved SNR can be

computed considering the noise figure and gain of each device in the test chain, as described

in Algorithm 1.

Algorithm 1 Procedure for test-bed SNR analysis, using the following parameters: PIN

test-bed input power, B channel bandwidth, k Boltzmann constant, T0 IEEE standard noise
temperature, Gtot total test chain gain, Ftot total test chain noise figure, S output signal
level, N output noise level and SNR output SNR. This pseudo-code computes just the
output of the whole test chain. To get a plot like Figure 4.5 S, N and SNR are saved for
each component in the test chain and then plotted on a graph.

for component in chain do ▷ loop through components in the test chain
if component is first then ▷ if the component is the first in the test chain

Ftot ← Fcomponent ▷ get component noise figure
Gtot ← Gcomponent ▷ get component gain
S ← PIN ▷ update S as the test-bed input power
SNR← S/(kT0B) ▷ consider thermal noise floor

else
Ftot ← Ftot + (Fcomponent − 1)/Gtot ▷ two stages Friis formula
Gtot ← Gtot ×Gcomponent ▷ update total gain

end if
S ← S ×Gtot ▷ update component output power
SNR← SNR/Ftot ▷ update component output SNR
N ← S/SNR ▷ update component output noise

end for
return Gtot, Ftot, S,N, SNR

In Figure 4.5, the results of this analysis are shown in terms of signal and noise power

levels across the test chain. It is worth noting that the link power level can be controlled

through the input power from the SDRs and the transponders’ variable gain. These two

degrees of freedom are not sufficient to ensure that, in the testbed, power amplifiers and

transponders operate at the selected output power back-off while, at the same time, the

SNR at the far-end SDRs inputs is consistent with the link budget. As can be seen from

Figure 4.5, the SNR at the input of the far-end SDRs (UEIN or GWIN nodes) depends

mainly on the first uplink attenuator and the transponder noise figure.

There is a significant drop of SNR between nodes FULPA–FULT and SULPA–SULT,

due to the first fixed attenuators (ATT FUL and ATT SUL). Then, there is a slight drop of
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(a) GW to UE signal and noise power levels (b) UE to GW signal and noise power levels

(c) GW to UE SNR (d) UE to GW SNR

Figure 4.5: First 5G setup power levels and SNR in the first 5G test setup probe points.
Please refer to Figure 4.4 node labels.

SNR at the transponder outputs: FULT–SDLT and SULT–FDLT. This is due to the noise

figure of the transponders. Finally, at the outputs of the downlink attenuators (ATT FDL

and ATT SDL), the SNR remains almost constant. This is the main issue of this setup: the

noise at the BDCs inputs is mainly amplified thermal noise coming from the transponders.

There is no control over the satellite downlink SNR after the transponders. Therefore, the

only way to change the SNR at the far-end SDRs is by changing the testbed input power,

which affects the output back-off of the ground power amplifier. The only way to achieve

control would be to manually add noise before the far-end SDRs (or simply use channel

emulators). However, the selected approach was to operate all components at the chosen

back-off, despite the SNR being higher than in the link budget. The bit rate was evaluated

using the Iperf3 tool. Figure 4.6 presents the achieved upload and download bit rates for

the UE SDR. Based on this test, it can be concluded that the transponders do not introduce
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Figure 4.6: Achieved bit-rate during an emulated satellite passage measured at the UE side
using the Iperf3 tool. The UE acts as the client, performing a standard upload test. The
primary tested link is the uplink, which shows a consistent bit-rate. The observed download
traffic corresponds to acknowledgments and control signaling generated by the connection.

significant impairments and can be integrated into the LIDE mission scenario.

4.2.2 5G NTN test setup 2

This second iteration of 5G NTN testing was performed in ESA ESTEC, Noordvijk, The

Netherlands. Due to issues on the availability of laboratory equipment and PhD timeline,

only the set up was completed, but, at the moment of writing of this document, no test has

been performed. In the following, the test set up is presented. The block diagram of this

testbed is shown in Figure 4.7.

The setup is similar to the one used in the one described in the previous section. BUCs

and BDCs are laboratory equipment installed in a rack, as well as channel emulators. The

used transponders are the same EQM used in the previous setup, interfaced to fixed atten-

uators. A testbed controller computer is used to monitor and control every component in

the setup through a dedicated software that schedules a test procedure. Test devices are

placed in two separate racks, as shown in Figure 4.8: one for channel emulators, SDRs, UE

and gNB terminal; and another one for transponders, attenuators, BUCs, BDCs and power

supply.

Each component in the testbed is connected to the laboratory ethernet network. For

timing purposes, the testbed controller is a network time protocol (NTP) server for all the

devices. Test procedures are written in Python and comprise an initial instrument setup, a

main schedule of operations to be performed at precise timestamps, and a release schedule

used to switch off instruments in a controlled way. Two separate machines are used for gNB

and UE terminals; both integrate the Amarisoft software radio stack. The gNB Amarisoft

terminal integrates also core network functionalities such as AMF and UPF. The satellite

OBC is emulated on the same computer used for the gNB. This is implemented by connecting

the computer to the transponder’s interface boards via USB. The transponders accepts
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Figure 4.7: 5G NTN test setup 2.

string-based commands over an RS-422 interface. The transponder’ss interface boards serve

as USB to RS422 converters. Each of the UE and gNB computers is connected to an Ettus

X300 universal software radio peripheral (USRP) SDR. The X300 operates over a frequency

range 0GHz to 6GHz and supports an instantaneous bandwidth of up to 120MHz. This

makes it suitable for operation in the 5G FR1 band, and also capable of generating baseband

signals for FR2 channels with bandwidths up to 100MHz. Both SDRs shares the same

10MHz reference signal. It is provided by the high quality ESA ESTEC facility atomic

clock and is forwarded by a reference distribution unit to SDRs, channel emulators and

frequency converters on the testbed rack.

The used channel emulators are Squarepeg RLS-2100 radio link simulator. They feature

4 channel with instantaneous bandwidth up to 1200MHz with operative frequency in the

range 140MHz to 2450MHz. Latency, path loss and Doppler shift impairments can be

added. The channel emulator features propagators for the computation of impairments that

takes as input the terminal position on ground, fixed or mobile, and satellite position as

state vector or from TLE. Some of the other available impairments are multipath fading,

atmospheric effects, and blockage. Upconverter (BUC) and downconverter (BDC) to and

from K/Ka band to the channel emulators operative frequency range are included in the

setup, provided by Work Microwave.

The transponders can deliver up to 10W saturated power in K/Ka band and need a very

low input signal level, down to −90 dBm and up to −60 dBm. This operating level is wider

than the one of the rest of the components in the rack. Therefore, fixed attenuation stages

should be added in the testbed to prevent damage. Furthermore, the attenuation value
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(a) Main rack (b) Transponders rack

Figure 4.8: Pictures of the main rack, hosting channel emulators, SDRs, UE, gNB terminal
and other equipment not related to this activity. On the right, the rack hosting transponders,
BUCs, BDCs and power supply is shown.

should be known at channel emulator side, to compute the correct path loss and ensure that

SDRs receives a signal with a SNR in line with the scenario to be emulated. Compression

effects due to PAPR should be emulated only on the transponder. Other components in the

testbed should be as much linear as possible.

The Amarisoft software radio stack of the gNB is integrated in one machine, along

with the UPF. On another machine the UE simulator is integrated. Doppler and latency

compensations are performed on service link by UE, based on SIB19 and UE position. On

the same way, a similar pre-compensation is performed at gNB side from satellite TLE and

gNB position.

Time windows of RACH procedure were adjusted according to the RTT. In this scenario,

which involves a transparent, single satellite data relay, the RTTmax is computed as in 4.1

[66]. RE is the Earth radius, h the satellite altitude and c the speed of light in vacuum. θmin

is the minimum elevation angle at which gNB and UE can transmit. This can be imposed

by the scenario or by telecommunication regulations in the operative area.

RTTmax ≈
2

c

[√
(RE + h)2 −R2

E cos2(θmin)−RE sin(θmin)

]
(4.1)

RAR window size is defined by gNB and tells the UE how much time to wait from

Msg1 transmission to Msg2 reception. MAC contention resolution timer, in a similar way,
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TLE field Line Column Value
Satellite name 0 1–24 satellite name
Line 1 number 1 1 1
Satellite number 1 3–7 99954
Classification 1 8 U
International designator 1 10–11 25046A
Epoch 1 12–32 t0 (test time origin)
1st mean motion derivative 1 34–43 0
2nd mean motion derivative 1 45–52 0
Drag term 1 54–61 0
Ephemeris type 1 63 0
Element set number 1 65–68 1
Checksum 1 69 Modulo 10 of Line 1
Line 2 number 2 1 2
Satellite number 2 3–7 99954
Inclination 2 9–16 i (4.9)
Right ascension 2 18–25 α (4.3)
Eccentricity 2 27–33 0
Perigee argument 2 35–42 0
Mean anomaly 2 44–51 M (4.4)
Mean motion 2 53–63 n (4.8)
Revolution at epoch 2 64–68 0
Checksum 2 69 Modulo 10 of Line 2

Table 4.1: TLE field mapping.

is related to Msg3 and Msg4. These timers were set both at 20ms, which is higher than

the maximum RTT combined with gNB processing time. The timeAlignmentTimer is used

to control for how long the actual TA value is considered valid and when it should be

updated. UE adjust its time alignment also through SIB19, but TA updates are neces-

sary.timeAlignmentTimer should be higher than the maximum RTT, and enough frequent

to maintain the time alignment. The chosen value, obtained empirically is 160ms.

The testbed control procedure should specify a reference satellite TLE, which is provided

to the channel emulator for impairment calculation and to the gNB for SIB19 broadcasting

and proper feeder-link pre-compensation. Using a real satellite TLE is not feasible, as this

would require each test to coincide with the actual satellite passing over the selected ground

position. A straightforward solution would be to modify the time reference of all instruments

in the testbed. However, manipulating the system clock of the test machine was considered

cumbersome. To overcome this, a virtual TLE generator was developed. For each test, a

TLE is generated dynamically based on the current time and the desired satellite passage

characteristics. A summary of the TLE fields is shown in Table 4.1 and their calculation in

the following.

The generator produces a TLE file from the following input parameters: satellite altitude

hs, satellite mass ms, ground position [glat, glon, gel] (latitude, longitude, elevation), maxi-
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mum elevation emax, and minimum elevation emin with respect to the ground station. The

following approximations apply: spherical Earth model, null orbit eccentricity, null drag,

and null mean motion derivatives. The virtual satellite corresponding to the generated TLE

is at elevation emin when the test starts. The TLE epoch is set at the test time origin t0. The

ascending node longitude ANlon at t0 is then computed. The ascending node is the origin of

the equatorial coordinate system and is defined as the Sun location at the March equinox.

At t0, the Sun is located above [0;ANlon] in [latitude; longitude] Earth coordinates. The

calculation of ANlon is shown in (4.2), with tME as the time epoch of the March equinox

(20/03/2024 03:07 UTC), ∆tnoonME as the time difference between tME and 12:00 UTC on the

same day, and tsyd as the duration of a sidereal day:

ANlon =
t0 − tME

360tsyd
+

tME −∆tnoonME

360tsyd
(4.2)

ANlon is the sum of two terms: the first relates to Earth’s rotation from tME to t0,

while the second is the longitude of the Sun at noon UTC on tME . Once ANlon is known,

the right ascension α and mean anomaly M TLE fields can be computed as in (4.3) and

(4.4) from the ground station location. The offsets ∆slat, ∆slon, defined in (4.6) and (4.7),

from (4.5), define the latitude/longitude displacement needed to obtain the desired satellite

passage with the specified starting and maximum elevation. RE is the Earth radius.

α = glon +∆slon +ANlon (4.3)

M = glat +∆slat (4.4)

l(ϑ) = tan−1

(
1

tanϑ

)
−

sin−1

(
RE + gel
RE + hs

)
√

(tanϑ)2 + 1
(4.5)

∆slon = l(emax) (4.6)

∆slat = sin−1

(√
sin2(l(emin))− sin2(∆slon)

)
(4.7)

The last parameters needed for the TLE generation are the satellite mean motion n and

orbital inclination i. In (4.8), mE and ms denote Earth and satellite masses, respectively,

and G is the universal gravitational constant.

n =
tsyd
2π

√
G(mE +ms)

(RE + hs)3
(4.8)

A slight orbital inclination i is added to the generated TLE to compensate for Earth’s ro-
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(a) Satellite footprint on ground
(b) Satellite elvation with respect to ESA ES-
TEC

Figure 4.9: TLE generator tested for different satellite maximum elevation. Satellite mass
is 300 kg, its altitude is at 600 km and ground station is placed at ESA ESTEC, Noordvijk,
The Netherlands.

tation during the satellite passage, as shown in (4.9) ensuring that the satellite ground track

remains approximately parallel to the meridians. This assumption significantly simplifies

the computations.

i = cos−1

(
− 2π

tsydn

)
(4.9)

In Figure 4.9, the TLE generator is tested with four satellite passages at maximum

elevations of 90°, 80°, 50°, and 30°. The satellite mass is set to 300 kg, and its altitude to

600 km. The ground station is located at ESA ESTEC, Noordwijk, The Netherlands. As

observed, the maximum elevation is not reproduced with full accuracy, and the satellite

ground track is not exactly parallel to the meridians. This could be a consequence of the

simplified model. Nevertheless, the result is more than sufficient, as the TLE generator

is only required to provide a reference satellite passage that can be replicated at different

times.

In conclusion, this setup is ready to be used in ESA ESTEC but in stand-by at the

moment of writing of this document. The 5G NTN test setup 1 was developed in the

context of the LIDE activity, as a de-risking test to assess the compatibility of the space

segment, with ground segment and 5G protocol deployment. 5G NTN test setup 2 was

instead developed to serve as a in-lab reference scenario during LIDE in orbit demonstration,

which are ongoing.
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4.3 In-Orbit demonstration

The two IODs of radiosat and beamsat payload, and the LIDE IOD are presented in this

section.

4.3.1 Radiosat and beamsat IOD

The radiosat and beamsat devices, as a payload, were integrated into a satellite carrier, which

can point at a base station on ground actively, changing its attitude during the satellite

passage. The satellite, still in orbit, is at 645 km of altitude in the LEO range. A ground

station located in central Italy interfaced with the satellite during its orbital passes. The

station, developed by a partner company, featured a dual-band, dual-polarization reflector

antenna, frequency up/down converters, and a 10W power amplifier for transmission.

The received power spectrum, for every transponder operative mode, are presented. As

a final demonstration of the success of the mission, a photo of the earth acquired by the

satellite camera was transmitted by the developed device using the Beacon modulated mode.

A series of in-orbit tests were performed during the mission’s operational phase to eval-

uate system performance. These tests included:

• Check-alive: Transponder telemetry was queried to ensure all system parameters were

within expected values in a non-operative phase.

• radiosat CW beacon reception: Reception of the CW beacon generated by radiosat.

• Transponder bent-pipe mode with CW transmission: Evaluation of the transponder’s

ability to relay a CW signal generated by the ground station.

• Transponder bent-pipe mode with QPSK transmission: Main operativity test, in which

the ground station transmits a QPSK signal and receives it after the radiosat relay

operation.

• Modulated beacon transmission: A predefined string was transmitted via the satellite

transponder’s modulated beacon in GFSK and received by the ground station.

• In-orbit firmware upload: An update of the radiosat firmware was fetched to the OBC

through the telemetry and command (TT&C) link to the satellite, separated by the

K/Ka link object of this work. The new firmware version was then flashed in the

transponder memory and main functionalities were evaluated.

• Image transmission: Through the modulated beacon two photos of the earth were

transmitted, which were captured by satellite camera during operations.

The initial check-alive tests were successful, with all telemetry parameters confirming

nominal operation. No anomalies were detected throughout the test campaign. During the

IOD, telemetry data were consistently monitored to ensure proper system functionality.
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Figure 4.10: 19.74GHz CW beacon test passage shown with the spectrum analyzer max-hold
function. Doppler shift is not compensated. Test performed on 08/05/2024 with satellite
maximum elevation at 38°

The first set of operational tests focused on CW beacon transmission. This test provided

an initial assessment of the overall performance of both space and ground segments, as well

as the pointing accuracy. The received signal is shown in Figure 4.10.

The second set of tests focused on the primary functionality of the transponder, which

operates as a bent-pipe repeater. In this configuration, a signal generated by the ground

station is transmitted to the satellite, relayed by the transponder, and received back by the

same ground station. The test was conducted in two phases:

• Initially, the ground station transmitted a CW signal to facilitate a straightforward

evaluation of the transponder’s relay capability. This result is not shown here.

• Following multiple successful CW tests, the ground station began transmitting a mod-

ulated signal using QPSK.

The tests confirmed the proper operation of the transponder. However, signal loss was

observed at high elevation angles. This is due to the high angular speed required for the

ground station to follow the satellite, which led to a degradation of pointing accuracy.

During the passage the transponder handled its gain through AGC. The spectrogram of the

visibility and output spectrum is presented in Figure 4.11.

In this test and in the following ones, the ground station actively compensated for the

Doppler effect induced by the satellite relative speed to the ground station.

During each test transponder telemetry was queried every 5 s by the OBC running in

the satellite subsystems and managing Picosats transponder. Then, after each test, the

telemetry, saved in a text file format, was downloaded using the S-band TT&C transceiver

available on the satellite. The telemetry data collected included voltages, currents, temper-
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(a) Signal spectrum (b) Passage spectrogram

Figure 4.11: 19.74GHz transponder mode test passage shown with the spectrum analyzer.
Doppler shift is compensated. Test performed on 23/07/2024 with satellite maximum ele-
vation at 59°. The ground station lost connection around maximum elevation, probably due
to the required high angular scan rate.

Figure 4.12: Transponder telemetry recorded during the test reported in Figure 4.11 on
23/07/2024.

atures and other parameters such as RF output power read through the detector, internal

attenuation and frequency of operation. During some tests of the IOD the AGC was turned

on. In Figure 4.12 temperatures telemetry (left) and AGC telemetry (right) during the same

test reported in Figure 4.11 are shown.

Board temperature traces shows that the payload system was heating at around 0.02K s−1.

The transponder mass is 790 g and its power consumption was around 13W all along the

satellite passage. The estimated thermal capacitance is then 923 J kg−1 K, which is in line

with what was simulated by Picosats (not shown in this document). Regarding the tem-

perature absolute value it is difficult to extract further information, since the satellite has

an active temperature management system which ensures that the payload is always in

the temperature range −30 °C to 70 °C. Satellite internal temperature information was not

provided.
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(a) Signal spectrum (b) Passage spectrogram

Figure 4.13: 19.74GHz GFSK mode test passage shown with the spectrum analyzer.
Doppler shift is compensated. Test performed on 22/08/2024 with satellite maximum ele-
vation at 48°.

Regarding the output power and internal attenuator value, the AGC algorithm clearly

increases the attenuation when an incoming signal is detected. The attenuator value peaks in

Figure 4.12 align with the spectrogram in Figure 4.11. On the other hand, the output power

appears constant at the 35 dBm AGC set point throughout the satellite pass. This might

seem unexpected, given that the ground station lost visibility during the pass. However, the

attenuator reaches 30 dB upon signal reception, and the estimated SNR (based on Table 2.1)

ranges from 24.0 dB to 30.0 dB for elevations between 20° to 59°. Since the estimated SNR

falls within the observed attenuator variation, the 35 dBm output recorded during loss of

visibility is likely just amplified noise. Therefore, the output power reading is considered

accurate, and the AGC is working properly.

The final set of tests evaluated the transponder’s modulated beacon. In this case, a

GFSK modulated signal carrying the string “PICOSATS Radiosat&Beamsat – IOD 2023”

was transmitted. The string was successfully received multiple times (results not shown

here). The output spectrogram is presented in Figure 4.13.

Following the successful completion of previous tests, the transponder firmware was

successfully updated in orbit. Rather than a standard test, this upgrade enabled the satellite

payload to transmit an image of Earth via the modulated beacon. The photo was captured

by the satellite camera.

To carry out this test, part of the transponder’s software was rewritten to facilitate

image transfer from the satellite to the transponder’s memory, to segment the image into

packets, and to transmit it to Earth using the modulated beacon mode. The test was

performed twice, successfully receiving two images reported in Figure 4.14. The first image

was unclear, while the second distinctly captured Italy.

The purpose of this IOD was to demonstrate the transponder and horn antenna com-

pliance with the space environment. The presented results fully demonstrate the satellite

telecommunication payload in transponder, CW beacon and modulated beacon modes. How-
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Figure 4.14: Two images of earth captured by satellite camera and transmitted with GFSK
transponder beacon. The first image captured on the left is unclear, but the one at the right
is clearly shows the Italian peninsula.

ever, a comparison with K/Ka-band propagation experiments like [90] and [91] is difficult to

make. Several uncertainties affect the ground station and satellite pointing, which were not

under the control of the author of this thesis or Picosats in general. As far as the author’s

knowledge, a complete description of the in-orbit demonstration of a K/Ka-band satellite

has not been presented in academic literature.

4.3.2 LIDE IOD

In this section, only the relevant tests conducted at the time of writing of this thesis are

described. These tests were carried out to assess the operation of at least one transponder

prior to the full deployment of the LIDE mission. A CW signal was transmitted from the

ESA ESTEC ground station, relayed by one transponder in the satellite payload, and then

received by the same ground station. The CFO of the entire system can be easily measured

with this setup. Baseband data samples were recorded during the satellite passage on

25/09/2025 and subsequently processed to generate the plots shown below.

In Figure 4.15, the useful spectrogram of the satellite passage is shown. Unfortunately,

the recording encountered issues shortly after the satellite rose above the horizon. The plot

shown is therefore limited to the useful portion of the data. It can be observed that the CW

signal was successfully detected on the ground.

The received signal was then compared to the predicted Doppler shift using the TLE of

the LIDE satellite and the SGP4 propagator. The received signal frequency, the estimated

Doppler, and the Doppler-compensated signal are shown in Figure 4.16. The Doppler-
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Figure 4.15: Spectrogram of the LIDE satellite passage on 25/09/2025 at ESA ESTEC.
Only the useful portion of the data is shown due to recording issues.

compensated frequency error is significant, approximately 330 kHz. As can be seen in Fig-

ure 2.8, this frequency error is much larger than what could be caused by an unsynchronised

payload over the entire round-trip path from the GW to the UE and back. Further investi-

gations should be done.

Figure 4.16: Frequency offset of the received signal on 25/09/2025, related to the spec-
trogram in Figure 4.15. The displayed traces are: measured at ground (blue), predicted
Doppler shift (orange), and the difference between the two (green).

On 26/09/2025, another test was performed using the same setup. A 5G NR signal was

generated with a signal generator, relayed by the satellite, and decoded using a spectrum

analyzer. Doppler shift was not compensated in this case. At the point of maximum eleva-

tion, where Doppler shift is minimal, the 5G signal was successfully received and decoded,

with a mean EVM of approximately 9.7%. This result is promising for the planned mission

operations in the following months. A spectrum analyzer screenshot of the performed test

70



4.3. IN-ORBIT DEMONSTRATION

around maximum elevation is shown in Figure 4.17.

Figure 4.17: Spectrum analyzer screenshot of the satellite passage on 26/09/2025, in which
a 5G NR signal was generated and relayed to the ground station. In this case, Doppler was
not compensated.
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Conclusions

In this work, transceiver technologies for 5G NTN were described, focusing in the context

of LIDE mission and other activities from hardware design to system analysis and testbed

implementation.

In initial chapters, the fundamental characteristics of satellite communications was pre-

sented, as well as the basics of the 5G NR protocol stack. This analysis led to the description

of 5G NTN design challenges and standardization process. The work presented here revolves

mainly around the 5G physical layer. In this context, the main issues are related to Doppler

shift, latency, constrained terminals capabilities and higher layer issues related to the large

propagation delay, such as HARQ.

The scenario in which this work was carried out is then described. The main activities

are the IOD of a K/Ka band transponder with dual-band horn antenna, the LIDE mission

and the improved design of the satellite transceiver. In the presented IOD a K/Ka-band

transparent transponder radiosat and the dual-polarization, dual-band K/Ka horn antenna

beamsat were validated in a LEO environment. LIDE mission involves a 12U satellite acting

as a transparent data relay between a 5G UE and a gNB, which provides access to the

core network. The satellite’s uplink and downlink operate in the FSS K/Ka-band frequency

range, while the 5G software radio stack used on the ground operates in the FR1 frequency

range with NTN adaptations. A pair of transponders and four antennas operating in the K

and Ka bands were designed as the mission payload. Link budgets and system analysis on

PAPR and carrier frequency offset were presented. The transceiver systems presented in this

work were described in terms of their architecture. The LIDE mission payload and space

platform architecture and interfacing with the ground segment was described as well. The

design of the transceiver up-converter and the receiver front-end were presented, focusing

on the integration of the designed PCB with the metallic enclosure.

An upconverter architecture based on COTS componets for FSS LEO was proposed. The

system is capable of covering the 17.3GHz to 21.2GHz FSS RF bandwidth with a variable

IF frequency from 2.5GHz to 4.0GHz. Combined USB and LSB frequency conversion modes

are used to increase SFDR, which was characterized using a modulated 100MHz 16-QAM

input signal. The presence of 3LO spur, however, degrades the SFDR for RF frequencies near

17.3GHz and IF near 4.0GHz. This drawback can be mitigated with LO-nulling and PLL
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output power adjustment; for instance, at 3.2GHz IF frequency, it is possible to increase the

minimum SFDR on the RF band from 31 dBc to 48 dBc. A 10W power amplifier, limited to

the 17.3GHz to 20.2GHz band, was added and the overall spurious emission was compared

with ITU recommendations. The system is compliant for all the RF bandwidth within IF

band 2.5GHz to 3.5GHz and in the sub-band 17.8GHz to 20.2GHz for IF band 3.5GHz

to 4.0GHz. As a final characterization EVM was measured. In the presented cases, EVM

ranges between 3.41% and 6.75%.

As a final chapter, the testing of the presented devices and systems was presented. The

qualification campaign of the payload was briefly described. In particula, two 5G-specific

testing activities carried out during the PhD were described. The first one was related to the

LIDE mission development and involved ground equipment as well. The results confirm that

the designed payload is in line with the scenario even after qualification. Its compatibility

with a 5G environment was further validated through the dedicated testbed. The achieved

data rates are in line with LIDE requirements, reaching more than 1Mbit s−1 for upload

and 10Mbit s−1 for download at the UE side. The second testing activity, carried out in

ESA ESTEC, was mainly involving the satellite payload integration with the 5G protocol

stack and related NTN adaptations. This activity is in standby and will be continued in

November. The designed testbed will be used as an in-lab comparison for the LIDE IOD.

During the PhD two IODs were successfully deployed by Picosats and the LIDE consortium.

The Picosats IOD test results demonstrated the transponder’s capability to generate both a

CW beacon signal and a Gaussian Frequency Shift Keying (GFSK) modulated beacon. The

primary bent-pipe transponder functionality was successfully validated, along with initial

system health checks and in-orbit firmware programmability. During modulated beacon

tests, a predefined string was transmitted and received multiple times. As a final test, two

images of Earth were captured and successfully transmitted in multiple packets over several

satellite passes, with one image clearly depicting Italy. The LIDE IOD is still ongoing; in

this work the main outcomes available at the moment of writing of this document have been

presented. In particular, a 5G NR link was implemented suing a signal generator, spectrum

analyser, and a reduced LIDE mission setup. The payload is currently working properly,

based on preliminary tests, and the full deployment of LIDE system will be performed soon.

The presented work gives a practical overview of the SATCOM ecosystem from 2022

to 2025, described through the author’s activities carried out at Picosats srl. Based on the

experimental and in-orbit evidence collected during this period, the research questions posed

in the introduction can now be addressed.

The results demonstrate that COTS solutions can be successfully integrated into space

telecommunication systems. As evidenced by the presented IODs, a reliable K/Ka-band

system based on COTS components can survive and operate in the LEO environment.

The LIDE experiments further link this capability to the 5G NTN scenario, proving that

commercial hardware can meet the physical layer requirements of modern standards.
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Regarding 5G NTN satellite systems, this study highlights that while transparent pay-

loads offer reduced hardware complexity, they impose significant challenges on system in-

tegration, particularly regarding frequency and timing synchronization. Since the satellite

acts as a ”bent-pipe” relay without regenerative capabilities, impairments such as Doppler

shift, delay, and SSPA must be compensated by the ground system. Furthermore, the feeder

link compensations is outside current 3GPP specifications. The satellite payload should be

as ”transparent” as possible in terms of frequency accuracy and other impairments such

as non-linearities introduced by the satellite power amplifier. Since the satellite does not

implement other network layers apart from the physical layer, this type of compensation

should be performed at the GW-gNB side through non-3GPP adaptations like the satellite

TLE-based timing and PRACH frequency compensation proposed by the Amarisoft software

radio stack. On the service link side, SIB19 and GNSS capabilities of the UE could help

on the synchronization. In the case of the integration of the gNB in the satellite payload,

the feeder link issues could be bypassed since the feeder link could be implemented with

other point-to-point protocols like DVB-S2X. The GW could then be interfaced with 5GC

functions and the DN. Several activities initiated during this PhD remain open. Above all,

the LIDE IOD, which is currently yielding promising preliminary results, and the related

5G testbed designed at ESA ESTEC.

While this work focused on transparent solutions, recent trends, especially in the context

of ESA IRIS2 and future 6G networks, show increased interest in gNBs integrated directly

on satellites. While the question of whether to host 5GC some functions in orbit remains an

open research topic, the transition towards regenerative payloads represents the next step

towards more versatile and scalable NTNs.
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