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Abstract – In recent years, Non‑Terrestrial Networks (NTNs) have gained increased attention from the 3rd Generation
Partnership Project (3GPP) due to their potential to enhance cellular networks by improving coverage, resiliency, and
reliability, especially in rural areas and disaster scenarios. The upcoming Sixth‑Generation (6G) cellular networks aim to
establish layers of cells at different altitudes with Base Stations (BSs) on Earth and in space, providing a seamless user
experience. Testing and experimentation are crucial for realizing this ambitious vision. University of the Bundeswehr
Munich (UniBw M) is deploying a Beyond 5G (B5G) and 6G testbed comprising both space and ground segments. The
space segment of the testbed is composed of the ATHENE‑1 satellite that is going to be launched in 2025. The ground
segment includes the satellite ground stationwith several full motion antennas for the radiofrequency links and an optical
ground station for the free‑space optical link based on laser technology, while the Terrestrial Network (TN) component is
deployed using a Fifth‑Generation (5G) Non‑Public Network (NPN) with multiple gNodeBs (gNBs) and multiple 5G core
solutions. In its current state, the testbed includes various measurement equipment and emulators in the 5G Lab, a gNB
with two active cells, a core network, a satellite ground station, and amobile 5G on‑the‑move solution. This testbed allows
various experiments including interference management between existing networks, positioning and localization, Public
Protection and Disaster Recovery (PPDR) using Multi‑Access Edge Computing (MEC) and NTN. This paper describes the
components of the SeamlessRadioAccessNetworks for Internet of Space (SeRANIS) B5G testbed, the current status, future
deployment plan, preliminary test results, and planned tests.
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1. INTRODUCTION

Non‑Terrestrial Networks (NTNs) based on Fifth‑
Generation (5G) New Radio (NR) have been an important
focus of the 3rd Generation Partnership Project (3GPP)
[1]. NTN refers to any network involving ϐlying objects,
such as air‑to‑ground networks, High‑Altitude Platform
Stations (HAPSs), and satellite communication networks
[2]. Satellites have the potential to complement and
enhance the 5G Terrestrial Networks (TNs) by improving
network coverage, resiliency, reliability, and by ad‑
dressing complex use cases (e.g. natural and man‑made
disasters). The 3GPP standardization process resulted in
the speciϐications for 5G‑NTN in the Release‑17, which
was frozen in March 2022 [3].

3GPP Release‑17 has been a ϐirst step in the convergence
of satellite and terrestrial networks. In the next genera‑
tion of cellular networks, as part of the 6G vision, cellu‑
lar networks will be uniϐied with platforms in the air and
space [4, 5]. Alongside the standardization work done by
3GPP with regard to NTNs, satellite communications is
going through a paradigm shift. In the past, satellite com‑
munications have beenmostly based on the use of a single
satellite in Geostationary Orbit (GEO). However, over the
past few years the world has witnessed a surging inter‑
est in broadband services provisioned by large Low‑Earth

Orbit (LEO) satellite constellations (e.g., Starlink, Kuiper,
and OneWeb). By incorporating Multi‑Access Edge Com‑
puting (MEC) functionalities on low‑orbit satellites and
deploying Base Stations (BSs) on non‑terrestrial nodes,
Sixth‑Generation (6G) networks can provide a seamless
experience to users. However, such an ambitious vision
requires extensive testing and experimentation.

The University of the BundeswehrMunich (UniBw M) has
an ongoing project for technology demonstration called
Seamless Radio Access Networks for Internet of Space
(SeRANIS). It is a small satellite mission that aims to
provide a publicly accessible multifunctional experimen‑
tal laboratory in orbit serving as a platform for different
experiments. The mission includes several scientiϐic ar‑
eas in the ϐield of space communication including radio
science, Global Navigation Satellite System (GNSS), high‑
level Artiϐicial Intelligence, (AI)‑based autonomy, Earth
observation in visual and Infrared (IR) wavelength, ob‑
ject detection algorithms, payload operation concepts,
modern structures, innovative system‑health‑monitoring
techniques, and electrical‑propulsion [6]. Moreover, an
important part of the mission is related to broadband,
wideband, Internet of Things (IoT) satellite communica‑
tion, and TN/NTN integration. One of the purposes of
SeRANIS is developing a Beyond 5G (B5G) and 6G testbed
with space and ground segment, to support our own re‑
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search and establish an open research environment for
the community.

The space segment of the SeRANIS testbed is composed of
the ATHENE‑1 satellite. The satellite platform has a mass
of around250kg, including the90kgof experimental pay‑
load developed at the UniBw M. The payload communi‑
cation capabilities include several radiofrequency links in
UHF, L, S, X, Ka bands and a laser terminal for a free‑space
optical link. ATHENE‑1 will be launched in 2025 to an or‑
bit below 600 km ensuring six passes per day, which can
be used to establish contact with the ground segment at
the UniBw M in Neubiberg (Germany). The ground seg‑
ment includes a ground station and the TN component
of the testbed. The ground station considers several full
motion antennas for the radiofrequency links and an op‑
tical ground station for the free‑space optical link based
on laser technology, while the TN component is deployed
using a 5G Non‑Public Network (NPN) with multiple gN‑
odeBs (gNBs) and multiple 5G core solutions. 5G NPNs,
also referred to as private networks, are networks that
are intended for non‑public (or private) use but with the
same technology as public mobile networks. Since NPNs
are exclusivenetworks, they canbedesigned to ϐit the spe‑
ciϐic needs of the network owner. This ϐlexibility makes
NPNs very desirable for industry as well as for research
institutes, as it allows them to create their testbed that can
bemodiϐied to investigate speciϐic research questions [7].
The SeRANIS B5G testbed also includes a laboratory with
Software Deϐined Radios (SDRs) and channel emulators
and a complete on‑the‑move solution that can create an
entire 5G network in a van.

While the design of the ATHENE‑1 payload and the de‑
ployment of the ground segment is ongoing, our research
is focusing on various aspects related to the success of the
SeRANIS testbed. Current research includes use cases re‑
garding the integration of TN and NTN, use cases for the
coexistencebetween5GTNsand satellite ground stations,
and peculiar problems for the coexistence of 5G public
and non‑public networks.

The ATHENE‑1 satellite will enable testing of two impor‑
tant use cases of integrated terrestrial and non‑terrestrial
networks. The ϐirst use case is satellite‑to‑device commu‑
nication; in other words, direct connectivity between a
satellite gNB and a terrestrial User Equipment (UE). The
other important use case is LEOsatellite backhauling. The
success of these two demonstrations will lay the founda‑
tion for the development and testing of other 5G and B5G
use cases.

Our testbed will enable the use of MEC for disaster relief
scenarios. 5G service demand goes beyond improvedmo‑
bile broadband or reduced latency and massive Machine‑
Type Communications (mMTC). The need for a 5G net‑
work in certain areas plagued with natural disasters or
war has become eminent in recent times. 5G NTNs pro‑
vide the solution thanks to their coverage and high band‑

width. However, NTN poses challenges for users requir‑
ing higher Quality of Service (QoS), high data rates, low
communication latency, and low energy costs for data
communication andprocessing [8] due to the largepropa‑
gation delay of the satellite link. MECwasproposed in late
2014 by the European Telecommunications Standards In‑
stitute (ETSI) Mobile Edge Computing Industry Specifica‑
tion Group (MEC ISG) [9] to transfer the computation and
storage capacity from remote servers to local servers, and
this can greatly improve the QoS, latency, and energy con‑
sumption of user devices. Consequently, disaster relief
provision via satellite backhaul emerges as a practical im‑
plementation of MEC in NTN 5G networks. Thanks to the
LEO satellite capabilities of our testbed we will be able to
test MEC applications via satellite.

Another research question we focus on is the positioning
aspect of 5G. Accurate positioning is a fundamental ele‑
ment of 5G for location‑based services, and is a require‑
ment from the regulatory bodies for emergency and dis‑
aster relief services [10, 11]. Standard GNSS has limita‑
tions in indoor environments,making it essential to inves‑
tigate alternative approaches for positioning. The 5G and
6Gcommunication systemswill requirehigh‑precision lo‑
cation services [12] that will complement GNSS, partic‑
ularly in indoor and urban settings. Several positioning
techniques have been proposed for terrestrial position‑
ing, including Angle of Arrival (AoA)/ Angle of Departure
(AoD), Time of Flight (ToF), and Time Difference of Ar‑
rival (TDoA) [13]. TDoA, which is supported by 3GPP
speciϐications, offers some distinct advantages, such as
providinghighpositioning accuracywith synchronization
between base stations, but without synchronization re‑
quirements between base stations and the target. More‑
over, TDoA does not require a multi‑antenna system as
for theAoAorAoD techniques. In addition, theATHENE‑1
satellite, together with the terrestrial infrastructure, can
be exploited for new hybrid positioning and localization
approaches using ephemeris data and broadcast signals
transmitted by the satellite.

Another important aspect of 5G networks is the seamless
connectivity regardless of whether the users are in mo‑
tion or still. Handover, the process of transferring an on‑
going communication session between cells, plays a crit‑
ical role in maintaining uninterrupted connections and
has beenunder restricted requirements in the 3GPPTech‑
nical Speciϐication (TS) for 5G [14]. In [15], a formal anal‑
ysis of handover in 5G is done. The automotive test track
in our testbed provides us the opportunity to evaluate
handover Key Performance Indicators (KPIs) in 5G and
B5G networks considering the cells of terrestrial gNBs
and the gNB on board the ATHENE‑1 satellite.

In the path of uniϐication of TN and NTN, coexistence be‑
tween the two infrastructures is also important. The allo‑
cation of the 3.3 ‑ 4.2 GHz band, which is commonly used
for satellite communications, to 5G NR [16] has raised
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concerns about interference at Satellite Ground Stations
(SGSs). A study [17] determined that the deployment of a
nearby 5G network operating in the C‑bandwould greatly
impact the satellite station in Burum. Further research
[18], [19] indicated that to avoid signiϐicant interference,
a separation of over 15 km between the BSs and the SGSs
is necessary. Authors in [20] and [21] demonstrated that
even interference from adjacent band 5G signals can dis‑
rupt satellite services. Deploying a 5GNPNaroundour ex‑
isting SGSwill allow us to investigate the impact of the 5G
to SGS interference and vice versa. Thanks to the ϐlexibil‑
ity of the testbed, we can generate different signals with a
varying number of streams, power, and bandwidth to an‑
alyze the resulting interference and experiment with dif‑
ferent mitigation techniques.

The 5G terrestrial network component of the SeRANIS
testbed relies on an NPN. NPN, in Germany as well as
other countries, operates in a dedicated frequency range
adjacent to the spectrum reserved for public networks.
Although operating in different frequency ranges, NPNs
could affect the performance of 5G public networks espe‑
cially in the uplink. The impact of this problem and solu‑
tions to mitigate it have to be assessed to ensure the co‑
existence between the two types of 5G networks.

To the best of the authors’ knowledge, the SeRANIS B5G
testbed will be the ϐirst one to complement a multi‑gNB
5G NPN deployment with a LEO satellite and a large
ground segment, including an optical ground station for
free‑space optical communication. These unique capabil‑
ities will enable us to conduct novel research on several
topics. The scope of the paper is to present the SeRANIS
B5G testbed, the components, the current status, future
deployment plan, preliminary test results, and planned
tests. The rest of the paper is structured as follows. Sec‑
tion 2 gives an overview of other 5G NPN testbeds, Sec‑
tion 3 describes the network and its components, Section
4 presents the capabilities and initial test results, Section
5 explains the planned experiments and Section 6 con‑
cludes the paper.

2. RELATEDWORK

This section provides an overview of existing 5G NPNs
testbeds in the literature.

The 5G‑VINNI [22] is a testbed deployed to demonstrate
the practical implementation of infrastructure to support
and allow vertical industries to test and validate speciϐic
5G applications. 5G‑VINNI has seven sites with different
capabilities. It includes 5G Non‑Standalone (5G NSA) and
5G Standalone (5G SA), mmWave, low power wide area
networks for IoT, a space segment with GEO andMedium
Earth Orbit (MEO) gateways, a nomadic 5G node for Pub‑
lic Protection and Disaster Recovery (PPDR) use cases.

5G Playground is a versatile 5G SA testbed operated by

Fraunhofer FOKUS, Fraunhofer HHI, and innovation clus‑
ter 5G Berlin [23]. The 5G Playground offers test facilities
for various radio access technologies for indoor and out‑
door measurements, ultra‑reliable low latency communi‑
cation for factory shop ϐloors, an automotive testbed en‑
vironment, coverage of dense urban areas, and a portable
5G edge node.

The 5G‑Industry Campus Europe is a 5G campus network
with a focus on industrial applications [24] based on the
campus of RWTH Aachen. It relies on 5G NSA and can use
cellular test networks in various outdoor and indoor lo‑
cations with an outdoor network of around 1 km² and a
shop ϐloor of 8000 m². The network is implemented with
a Fourth‑Generation (4G) anchor band at 2.3 GHz and a
5G network in the n78 band.

Recently, researchers from TU Kaiserslautern published
the results of the performance analysis of the private cam‑
pus network deployed on their campus [25]. The campus
represents a ϐlat and dense urban development. The net‑
work is a 5G SA network operating in the n78 band with
three outdoor BS masts covering two cells each. In addi‑
tion, there are also indoor networks for the demonstra‑
tion of industry‑related applications. The testbed setup
at TU Dresden has a similar setup also including a 5G NSA
network [26].

The Ericsson testbed [27] consists of a terminal mounted
in a van with an external omnidirectional antenna. It
also includes a massive Multiple‑Input‑Multiple‑Output
(MIMO) solution that supports up to 16‑layers spatial
multiplexing. The testbed is deployed in two different en‑
vironments: a dense urban area with micro‑cells and an
open line‑of‑sight area. Furthermore, they have similar
testbeds using different frequency bands in [28] and [29].

5G Test Network Finland (5GTNF) [30] is a testbed with
multiple sites in Finland with different capabilities. The
sites include an outdoor test network covering an au‑
tonomous vehicle testing area, a wideband mmWave 5G
test networkwith indoor and outdoor coverage, LoRa test
networks, and Long‑Term Evolution (LTE) networks.

POWDER [31] is a ϐlexible testbed deployed at the Univer‑
sity of Utah campuswith themain site covering an area of
about 6 km2. The main site has numerous ofϐice, lab, and
classroom buildings ranging from one to twelve stories.
Many of the BSs are co‑located with commercial cell tow‑
ers, providing a similar Radio Frequency (RF) coverage as
that observed in operational networks. POWDER offers a
range of functional experiment environments with popu‑
lar network stacks such as OpenAirInterface and srsLTE
for 4G and 5G networks and Open RAN for virtualization
and programmability.

COSMOS [32] is deployed in a densely populated urban
environment in West Harlem, New York City, with an em‑
phasis on mmWave wireless, converged optical‑wireless
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networking, edge cloud, and full programmability. The
radio hardware is based on SDRs, small SDR nodes are
used as end clients while larger nodes are used as BSs.
The testbed can operate between 400 MHz and 6 GHz.
Moreover, it has 28 GHz mmWave capability. The net‑
work is interconnected via ϐiber optic connections, free‑
space optical and microwave backhaul.

Eurecom has deployed a Cloud Radio Access Network
(CRAN) using OpenAirInterface (OAI) that consists of
three main parts: i) the Remote Radio Unit (RRU) which
functions as a radio transceiver, ii) the radio aggregation
unit which connects multiple RRUs to a Baseband Unit
(BBU) and serves as a data processing unit, iii) the ra‑
dio cloud centerwhich is responsible for centralizedbase‑
band processing and controls the radio aggregation unit.
A total of 20 RRUs are deployed on the ceilings of corri‑
dors across two ϐloors of the Eurecom building. Addition‑
ally, a high‑power commercial Remote Radio Head (RRH)
is connected to the C‑Radio Access Network (RAN) server
through a common public radio interface gateway [33].

5GENESIS is a testbed distributed across ϐive sites [34].
It offers various capabilities such as an edge‑computing‑
enabled shared radio infrastructure, satellite communi‑
cations infrastructure with a GEO satellite, ultra‑dense
areas covered by various network deployments, indoor
nodes and nomadic outdoor clusters, and mMTC includ‑
ing 5G Narrowband Internet of Things (NB‑IoT). The
scope of the use cases includes secure content deliv‑
ery and low latency applications in large public events,
service continuity and ubiquitous access, and mission‑
critical services in the lab and outdoor deployments.

The University of Luxembourg developed its 5G space lab
testbed in [35]. The testbed consists of SDRs for terres‑
trial and satellite communications, channel emulators for
non‑geostationary satellites, various software tools as the
simulation framework, and an 80 m2 laboratory space
that simulates the surface of theMoon. The capabilities of
the 5G‑SpaceLab include 5G NTN communications, non‑
geostationary satellite emulation, small satellite payload
design and implementation, space‑based edge comput‑
ing, lunar rover control, and space‑based IoTapplications.

A test network focusing on disaster relief based on WiFi
instead of 5G is described in [36]. The testbed consists
of four entities: i) the UE, equipped with a 2.4 GHz WiFi
interface; ii) the communication entity responsible for
bridging UE data with the data backend; iii) the ϐlight
management unit, which runs an auto‑pilot, maintains a
control link, and provides telemetry data for the control
plane decisions; iv) the ground control station which is
responsible for processing the information received from
the Unmanned Aerial Vehicles (UAVs) and bridging inter‑
UAV and controller messages. In the paper, the authors
demonstrate an infrastructure for disaster areas.

The 5G/6G Hub based at European Space Agency (ESA)’s

European Centre for Space Applications and Telecommu‑
nications (ECSAT) at Harwell in the UK is composed of a
5GNPNwith SatCom connectivity in a business‑driven fa‑
cility designed to engage the wider community [37]. The
agency has also planned to launch the STERLING satel‑
lite, an in‑orbit 6G laboratory to allow experimentation,
optimization, and validation of key 6G technologies and
techniques [38]. ESA has signed amemorandum of intent
with SeRANIS to collaborate and experiment with 5G and
6G NTN communications [39].

Compared with existing testbeds, to the best of the au‑
thors’ knowledge, the SeRANIS B5G testbed will be the
ϐirst one to complement a multi‑gNB 5G NPN deployment
with a LEO satellite and a large ground segment, including
an optical ground station for free‑space optical communi‑
cation. This allows for testing and evaluation of emerging
5G and 6G use cases and applications.

3. SERANIS B5G TESTBED

The B5G testbed at the UniBw M campus in Neubiberg
(Germany) described in this paper is part of the research
activities of the SeRANIS mission. SeRANIS is a small
satellite mission that aims to provide a publicly accessi‑
ble multifunctional experimental laboratory in orbit and
it will serve as a platform for different experiments. An
important part of the mission is related to broadband,
wideband, IoT satellite communication, and TN/NTN in‑
tegration. One of the purposes of SeRANIS is developing a
B5G and 6G testbed with space and ground segment [40].
The space segment is composed of theATHENE‑1 satellite
which is going to be launched in 2025, while the ground
segment includes a ground station and the TN component
of the testbed.

The ground segment is located on the UniBwM campus,
which covers a large area of about 1.3 km2 south of the
city ofMunich. The campus is surroundedmainly by small
suburbs and ϐields, while inside the campus it provides
different facilities, densely developed areas with build‑
ings and roads, and low‑density developed areas with
warehouses and ϐields. The campus has an automotive
test track and a restricted zone for UAVs. The campus is
populated by about three thousand students and work‑
ers who move within it by various means, such as by
car, bicycle, and on foot. These unique factors turn the
UniBw M campus into a perfect testbed for the use of mo‑
bile networks, replicating a modern city environment on
a smaller scale. The UniBwM campus is already home
to the Munich Mobility Research Campus (MORE) project
that aims to transform the university into a model mobil‑
ity city of the future [41]. In early 2023, theMORE project
launched amobility‑sharing technology supported by dif‑
ferent types of electric vehicles, enabling all members
of the UniBw M to experience the latest mobility‑sharing
technology [42]. Collaboration with the MORE project
could provide the testbed with a large number of users
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Fig. 1 – SeRANIS B5G testbed network diagram.

and/or possiblemeasurement devices across the campus.

The SeRANIS B5G testbed presented in this paper is a
complex entity with several components as shown in Fig.
1. The main components can be summarized as follows:

• 5G NTN Lab with SDRs and satellite channel emula‑
tors;

• Radio access network (5G RAN) component of the
NPN;

• Core network (5G core) component of the NPN;

• 5G on‑the‑move solution;

• LEO satellite;

• Satellite ground station.

All the components of the testbed can interact with each
other, as shown in Fig. 1, creating a multitude of possible
scenarios and experiments. At the time of writing, only a
limited part of the overall network has been installed and
full ground segment implementation is planned for the
end of 2024, while the launch of the ATHENE‑1 is planned
for 2025.

3.1 5G NTN Lab

The 5GLab offers vast opportunities for researchers to in‑
vestigate the entire 5G protocol stack in one lab. The 5G
Lab is equippedwith three complete 5G SA solutions from
Amarisoft (including 5GRAN, core network, andUE simu‑
lator) [43], several SDRs, measurement equipment, open‑
source software, and commercial 5G terminals of differ‑
ent vendors. This solution enables the testing of 5G and
LTEmobile networks. It can create a networkwith several
3GPP compliant BSs, eNodeBs (eNBs) or gNBs, and core
components (Evolved Packet Core (EPC)/5GC) allowing
functional and performance testing. The 5G Lab is also
equipped with satellite channel emulators, modulators,
and demodulators to simulate different TN and NTN in‑
tegration scenarios. The end‑to‑end satellite communica‑
tion system for 5G backhauling can also be emulated via
software using OpenSAND [44].

In addition, the 5G Lab hosts several x64 computers and
SDRs with an adapted OpenAirInterface protocol stack
considering 3GPP Release‑17 enhancements for NTN.
The adaptations thatwere implemented take into account
all layers of the OAI 5G protocol stack. This enables the
setup of an in‑lab NTN for direct access, complete with
two user terminals and a BS. An OAI‑based 5G core net‑
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Fig. 2 – Overview of the gNB sites on the campus.

workwas also included in [45, 46] to facilitate end‑to‑end
testing.

The 5G Lab also includes an RF‑capable Field‑
Programmable Gate Array (FPGA) board, a versatile
tool that signiϐicantly augments the capacity for captur‑
ing and analyzing In‑phase and Quadrature‑phase (IQ)
samples. This FPGA board serves as a vital resource, al‑
lowing a deeper delve into the characteristics of received
signals. Furthermore, the FPGA board’s capabilities
extend beyond signal analysis, enabling more function‑
alities such as interference measurements and position
estimation. Leveraging the FPGA’s parallel processing
capabilities, interference from neighboring signals can
be accurately quantiϐied and analyzed, leading to insights
that contribute to enhanced signal quality and reliability.
Moreover, interfacing with the diverse array of 5G Lab
equipment, the FPGA facilitates the implementation of
algorithms and techniques for ϐine‑tuning positioning es‑
timation. Through careful calibration and optimization,
the FPGA board can support the generation of accurate
location data.

3.2 5G RAN

On the campus of the UniBw M, it is planned to estab‑
lish a terrestrial 5G mobile network with three gNB loca‑
tions with the option to add a fourth one. The different
sites of the gNBs have been chosen according to different
criteria. The ϐirst and most important one is the cover‑
age of the campus area. The second one is getting the
best conditions for localization purposes. Therefore, a ge‑
ometric triangle arrangement has been planned as seen
in Fig. 2. Within the planned coverage area there are
two planned test tracks: one for vehicle and airborne test
scenarios with drones and the other one contains many
buildings and trees. The latter test area simulates an ur‑
ban test scenario for pedestrians and cyclists. There will
be awide spectrumof test options by themaximum range
on the test track of about 1 kmand a covered area of about
240 000 m².

Fig. 3 – Simulation results of signal strength.

The three gNB sites will be equipped with commercial 
Nokia components. Each site has up to three 5G micro‑ 
Remote Radio Heads (mRRHs) depending on the location. 
The locations and heights of the gNB sites can be seen in 
Fig. 2. Therefore, ϐixed or mobile pole installations are 
used to assemble the mRRHs in the locations. In the case 
of gNB sites located on buildings, special rooftop mount‑ 
ings with adjustable directions of radiation will be used. 
The mRRHs can transmit up to 40 Watts. All mRRHs are 
connected via two exclusive single‑mode dark ϐiber optic 
lines to one of the three BBUs.

This will allow data rates of more than 10 Gbps which are 
required for the communication between the gNBs and 
the core network. The BBUs are connected to the core 
components’ Core Router (CR), Edge Core (EC), and the 
Virtual Private Network (VPN) Router via Ethernet lines. 
The whole RAN can be expanded by an additional mobile 
RAN from Blackned described further in subsection 3.4, 
which can be used for very speciϐic and ϐlexible test sce‑ 
narios, e.g. in a van to set up a nomadic 5G network.

A ϐirst coverage simulation for the planned four gNB sites 
has been done with Matlab and a radiation simulation tool 
from Nokia. The simulation had the following parame‑ 
ters: n78 band with 3.7 to 3.8 GHz and transmitting power 
of 40 Watts per RRH. The expected result of radiation cov‑ 
erage in both test areas can be seen in Fig. 3. The signal 
reception on and above the vehicle and drone test area 
is expected to be higher than ‑60 dBm. In the urban test 
area, the signal strength could decrease to ‑100 dBm be‑ 
cause of the buildings and plants in this area. Moreover, 
the results will be evaluated after all sites are in operation.

3.3 5G core

We operate 5G core solutions from different vendors to 
test interoperability and beneϐit from the different capa‑ 
bilities of each of them. Two 5G core solutions from Nokia 
and Fraunhofer FOKUS are currently integrated into the 
network.
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The Nokia 5G core architecture is based on 3GPP release 
15 where there is a clear separation between the user and 
the control plane function, with a service‑based architec‑ 
ture for the control plane functions. The service‑based in‑ 
terfaces are based on HTTP/2 with JSON as an application 
layer serialization protocol. The complete 5G system is 
deployed on‑premises with 5G gNBs and all 5G network 
functions at the edge. This keeps the data local and se‑ 
cure and ensures low latency for high‑bandwidth appli‑ 
cations. The edge is connected to the Nokia Digital Au‑ 
tomation Cloud (NDAC) data center regional cloud, which 
provides cloud‑based management functions.

Open5GCore is a software implementation of the 3GPP 5G 
core network created by Fraunhofer FOKUS to be used 
for research and development purposes. The core net‑ 
work is deployed as a small‑scale operator testbed and 
5G private network and can be accessed by prototype 
or off‑the‑shelf phones. It can be integrated with 5G SA, 
5G NSA, LTE, NB‑IoT LTE, WiFi, and satellite. The 5G 
core implements several 5G core functions such as Access 
and Mobility Management Function (AMF), Authentica‑ 
tion Server Function (AUSF), Session Management Func‑ 
tion (SMF), Uniϐied Data Management (UDM), Network 
Repository Function (NRF), User Plane Function (UPF), 
and Network Slice Selection Function (NSSF). It supports 
features like network slicing, location service, local of‑ 
ϐload, edge‑central split, Xn handovers, roaming, high ca‑ 
pacity UPF, QoS and session management, benchmark‑ 
ing, and service‑based architecture implementation using 
HTTP/2 OpenAPI and REST. Open5GCore supports Voice 
over 5G (Vo5G) by integrating with Kamailio IMS, which is 
an open‑source implementation of 3GPP IMS containing a 
high‑performance SIP Express Router and OpenIMSCore. 
The core solution’s compatibility with both open source 
and commercial RAN presents a great opportunity for re‑ 
searchers to test or validate their existing networks.

3.4 5G on‑the‑move solution

The 5G on‑the‑move solution is based on Blackned’s 
Ridux system which sits on the application layer and con‑ 
sists of a mobile 5G core hardware and a Nokia 5G RAN 
hardware. Blackned Ridux supports call management 
technology with which it is possible to switch telephone 
calls and video calls, geolocation capabilities, and integra‑ 
tion of 3rd party applications for IoT applications [47]. 
Additionally, the core network supports narrowband and 
broadband applications, multi‑service aggregation, edge 
computing, and security features. Blackned is a software 
manufacturer and specialist in mission‑critical communi‑ 
cation systems. The 5G on‑the‑move solution can be in‑ 
stalled in our van to create a complete modular 5G pop‑ 
up/nomadic network.

Fig. 4 – Model of the ATHENE‑1 satellite.

3.5 LEO satellite

ATHENE‑1 is the name of the satellite of the SeRANIS
mission, the model of which is shown in Fig. 4. It is a
procured satellite platform with a mass of around 250
kg including the 90 kg of experimental payload devel‑
oped at the UniBw M. The mission plans to examine
and test more than 15 technological developments in the
ϐield of space communication such as electric propulsion,
modern satellite structures, functionalmaterials, modern
operating procedures, AI‑based docking manouvres, AI‑
based error management, event monitoring, multispec‑
tral object recognition, laser communication, GNSS spoof‑
ing and jamming detection, novel antenna concepts, and
radio science. Moreover, an important part of themission
is related to broadband, wideband, IoT satellite commu‑
nication, and TN/NTN integration. The satellite payload
embeds several radiofrequency links in UHF, L, S, X, Ka
bands and a laser terminal for a free‑space optical link.
The satellite is developed with a software‑deϐined ap‑
proach that enables over‑the‑air reconϐiguration of pay‑
load to support planned and future experiments. The
launch of ATHENE‑1 is expected in 2025 into an orbit be‑
low 600 km. The selected orbit will ensure six passes
per day that can be used to establish contact with the
ground segment at the UniBw M inNeubiberg (Germany).
The mission lifetime is expected to be ϐive years and the
satellite has an active de‑orbiting system to comply with
space debris mitigation requirements. The integration of
the ATHENE‑1 into the SeRANIS B5G testbed will be an
essential part of testing LEO satellite backhauling solu‑
tions, satellite‑to‑device direct communication, seamless
connectivity between TN and NTN, and new applications
such as MEC.
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Fig. 5 – Ground station of theMunich Center for Space Communications.

3.6 Satellite ground station

The UniBwM hosts the Munich Center for Space Com‑
munications (MCSC) [48], a versatile research facility for
satellite and space communication. The MCSC offers a
powerful satellite ground station with multiple antennas
covering a large spectrum of frequencies enabling the
connectionwith satellite networks including the radiofre‑
quency links of the ATHENE‑1. The current capabilities of
the ground station shown in Fig. 5 include:

• Full‑motion antenna with an aperture diameter of
4.6m operating in C, X, and Ku‑bands;

• Full‑motion antenna with an aperture diameter of
4.9m operating in X and Ka‑bands;

• Full‑motion antenna with an aperture diameter of
7.6m operating in Ku‑band;

• Smaller antennas ranging from 0.75m to 2.4m aper‑
ture diameter;

• S‑band and Ka‑band tracking antennas for LEO satel‑
lites;

• SATCOM‑On‑The‑Move (SOTM) antenna installed on
the roof of a van.

The payload of ATHENE‑1 will include a Laser Communi‑
cation Terminal (LCT) for high‑speed data up and down‑
links [49]. The main goal is to demonstrate the feasibility
of optical links for routine operations and investigate the
optical channel. The ground segment of SeRANIS conse‑
quently comprises an Optical Ground Station (OGS) oper‑
ating at high efϐiciency in the visible and in near‑infrared
wavelength range from 1000nm to 1700nm [50].

4. INITIAL RESULTS

The SeRANIS B5G testbed in Fig. 1 represents the net‑
work diagramof the complete planned infrastructure but,
at the time of writing, only some parts are fully opera‑
tional. However, this section provides initial results of on‑
going research using current components of the SeRANIS
testbed or data/measurements generated through it. The
different nature of the proposed experiments shows the
wide range of applications of the testbed.

mRRH
Nokia AWHQF

PCI 50

BBU
Nokia ASEO

Core Router

EDGE
Nokia MXIE DL110

Internet

5G NR - gNB #1

Starlink
terminal Starlink ISP GW

LEO Starlink

5G core network Ground station

mRRH
Nokia AWHQF

PCI 54

Outdoor
shelter

Fig. 6 – Diagram of the network under test.

4.1 First performance evaluation

This ϐirst network evaluation aims to collect passive and
active measurements to determine the performance of
the network. This evaluation considers a single BS with
two antennas (network under test) operating with low
transmission power to provide coverage over a limited
area of the campus (area under test). Measurements are
carried out using Rohde & Schwarz mobile network test‑
ing devices (devices under test) and the collected raw
data is analyzed with customized Matlab scripts.

4.1.1 Network under test

The network under test considered for this ϐirst evalua‑
tion is a 5G SA network operating in the Frequency Range
1 (FR1), speciϐically in the 3GPP band n78, frequency
range from 3.7GHz to 3.8GHz reserved for 5G private net‑
works by the German telecommunications regulator [51].
The network operates in Time‑Division Duplexing (TDD),
allowing the use of the entire available spectrum in both
downlink and uplink, but in separate time slots. The net‑
work is conϐigured to transmit only one Synchronization
Signal Block (SSB); therefore, it does not support beam‑
forming, similar to an LTE network.

The 5G RAN component of the network under test con‑
sists of a single BS, the 5G gNB located in the south‑
western part of the campus next to the satellite ground
station. It consists of an outdoor shelter and a temporary
mast pole of approximately 4m in height. The planned
ϐinal mast tower will instead have a height of 25m. The
top of the pole hosts two RRHs oriented at 110°N and
290°N respectively, with 0° mechanical and electric tilt.
Each RRH embeds a 4‑port cross‑polarized directional
antenna of approximately 10 dBi gain, a horizontal Half
Power Beam Width (HPBW) of approximately 65°, and a
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Table 1 – 5G gNB #1 main parameters.

Parameter Sector 1 Sector 2
PCI 50 54

Antenna direction (°) 110 290
Antenna tilt (°) 0 0

Antenna gain (dBi) 10 10
Antenna horizontal HPBW (°) 65 65
Antenna vertical HPBW (°) 35 35

Antenna height (m) 4 4
Antenna power (dBm) 27 27
Center frequency (MHz) 3750 3750

Bandwidth (MHz) 100 100

vertical HPBW of approximately 35°. Due to the limited
height of the current pole, the RRHs are using a lowpower
conϐiguration, 27 dBm, to provide coverage only in the BS
proximity and allow for preliminary measurements. The
two RRHs are logically mapped into two different cells,
identiϐied by the Physical Cell ID (PCI)) 50 and 54. The
main parameters of the 5G gNB #1 are summarized in Ta‑
ble 1.

The two RRHs are connected through optical ϐibers to the
BBU installed inside the outdoor shelter. The BBU is con‑
nected to the core router that provides access to the 5G
core component of the network and the Internet. Internet
access is provided through a Starlink terminal including
LEO satellites even before the launch of ATHENE‑1. Fig.
6 shows a simpliϐied network diagram of the network un‑
der test for this ϐirst evaluation.

4.1.2 Area under test

The area under test considered for this ϐirst evaluation is
a 450m footpath around the BS (Fig. 7 and Fig. 8b). Due
to the limited height of the temporary pole, the east and
south‑east directions of the path have several obstruc‑
tions that prevent the line‑of‑sight propagation, such as
other shelters and the large parabolic dishes of the NTN
teleport. The west and north‑west directions of the path
have obstructions due to the presence of trees. The mea‑
surement path starts from the BS traveling in an easterly
direction. The estimated measurement time for a com‑
plete lap of themeasurement path is approximately 6min
considering an average walking speed of 4.5 km/h.

4.1.3 Devices under test

The measurement devices utilized during this ϐirst evalu‑
ation are a complete Mobile Network Testing (MNT) so‑
lution from Rohde & Schwarz including a TSMA6 scan‑
ner and an Android QualiPoc smartphone. The scanner is
controlled by the ROMES4 software, which performs pas‑
sive measurements without being registered to the net‑
work. It can measure 5G NR SSBs and decode the Phys‑
ical Broadcast Channel (PBCH) and Master Information

Table 2 – Mapping between SS‑RSRP values and RX status. Association
between status and power values from practical considerations.

RX status Value (dBm)
Excellent 𝑃 𝑆𝑆−𝑅𝑆𝑅𝑃

𝑅𝑋 ≥ −80
Good −80 < 𝑃 𝑆𝑆−𝑅𝑆𝑅𝑃

𝑅𝑋 ≤ −90
Poor −90 < 𝑃 𝑆𝑆−𝑅𝑆𝑅𝑃

𝑅𝑋 ≤ −100
Very poor 𝑃 𝑆𝑆−𝑅𝑆𝑅𝑃

𝑅𝑋 < −100
Block (MIB) of each detected SSB [52]. Nevertheless, the
QualiPoc device performs passive and active measure‑
ments. It can decode the protocol layers of the supported
technologies, layer 3 (L3) text messages, Transmission
Control Protocol/Internet Protocol (TCP/IP), Real‑time
Transport Protocol (RTP), and perform a range of ser‑
vice tests including call testing, voice quality, data testing,
video streaming, and video quality [53].

4.1.4 Measurement analysis

This ϐirst evaluation of the network focuses on two anal‑
yses:

• Received power analysis using the Synchronization
Signal Reference Signal Received Power (SS‑RSRP)
values;

• RTT and connectivity analysis using the results of
ping test results.

The ϐirst analysis focuses on the SS‑RSRP values mea‑
sured by the TSMA6 and QualiPoc Android. The SS‑RSRP
is deϐined as the linear average over the power contribu‑
tions of the resource elements that carry the SSB. 5G UE,
such as smartphones, do measurements of SS‑RSRP and
use it for cell selection, cell reselection, power control,
mobility procedures, and beam management procedures
[54]. The analysis of the SS‑RSRP values along the mea‑
surement path is crucial to understand the coverage and
the performance of the BS. Table 2 maps the ranges of
power values into receiver status groups to facilitate the
graphical representation.

Fig. 7 shows the results of the SS‑RSRP analysis. Fig‑
ures 7a, 7b, and 7c are based on measurements carried
out with the TSMA6, while Fig. 7d is based on measure‑
ments carried out with the QualiPoc Android device. In
particular, Fig. 7a shows the SS‑RSRP RX status of PCI
50 (sector 1). It is worth noting that PCI 50 presents ex‑
cellent and good received power only for the initial part
of the path, while the east/southeast direction presents
degraded received power due to obstacles in the line‑of‑
sight. Similar considerations can be done for Fig. 7b rep‑
resenting the SS‑RSRP RX status of PCI 54 (sector 2). In
this case, the sector provides excellent and good cover‑
age in the west direction. A degradation of the received
power is present behind the trees in the north‑west di‑
rection. Considering the power values of the two sectors,
Fig. 7c shows the best server analysis. It showswhich PCI
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Fig. 7 – Received power analysis using SS‑RSRP values: (a) RF status according to Table 2 of PCI 50 recorded by the TSMA6; (b) RF status according
to Table 2 of PCI 54 recorded by the TSMA6; (c) Best server visualization carried out using TSMA6 data; (d) Serving cell visualization extracted from
QualiPoc data.

has the highest power values for each point of the path.
This representation clearly shows two handover oppor‑
tunities around positions P1 and P3. The latter observa‑
tion is conϐirmed by the result in Fig. 7d. In this case,
the ϐigure shows the SS‑RSRP of the serving cell, the cell
on which the UE is camped [55]. It is worth noting that
the south‑eastern part of the measurement path has very
poor received power from both PCI 50 and 54, which ex‑
plains why the handover takes place in P2 and there is no
service cell between P1 and P2.

The second analysis considers the results obtained with
the active test set programmed on the Android QualiPoc
device:

• Ten consecutive ping attempts toward a local server
hosted in the outdoor shelter;

• Ten consecutive ping attempts toward a popular DNS
server on the Internet.

Fig. 8 shows the results of the ping analysis. In partic‑ 
ular, Fig. 8a shows a boxplot representation of the RTT, 
wherein in each box the central mark indicates the me‑ 
dian, while the lower and upper edges of the box indicate 
the 25th and 75th percentiles, respectively. Whiskers ex‑ 
tend to the most extreme data points not considered out‑ 
liers, and the outliers are plotted individually using the ‘+’ 
marker symbol [56]. The statistical analysis of the RTT 
shows a median value of 17.2 ms for the local server and a 
median value of 56.2 ms for the external server. The out‑ 
liers are around 50 ms and 250 ms for the local and exter‑ 
nal servers, respectively. The achieved local RTT perfor‑ 
mance is aligned with the 5G NR latency observed in [57], 
while external RTT performance is aligned with the 
Starlink performance obtained in [58].
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Fig. 8 – Round‑Trip Time (RTT) and connectivity analysis using the ping tool: (a) Boxplot representation of the RTT measurements for the local and
external server; (b) Mapping of the ping attempts on the measurement path.

Fig. 8b maps the successful and unsuccessful ping at‑ 
tempts on the measurement path. This graphical repre‑ 
sentation shows interesting results for the test of the net‑ 
work under test. Although the SS‑RSRP analysis shows 
a good power level in the ϐirst part of the measurement 
path (Fig. 7a), Fig. 8b highlights the problematic behav‑ 
ior of the PCI 50 (sector 1). The analysis shows that there 
are no successful ping attempts when PCI 50 is the serv‑ 
ing cell (Fig. 7d). Investigating the layer 3 messages ex‑ 
changed between the UE and the BS, the problem lies in 
the establishment of the Radio Resource Control (RRC) 
connection. The UE successfully establishes an RRC con‑ 
nection but immediately starts a new connection request. 
While for some parts of the measurement path, especially 
in the east/south‑east direction, this behavior could be 
explained by the low received power due to the current 
state of the network under investigation, the erratic be‑ 
havior in the ϐirst and last parts of the measurement path 
needs to be thoroughly investigated to understand the 
possible reasons.

4.2 Edge test with high latency

In a previous paper [59], we presented a proof‑of‑concept 
test that investigates the potential of a localized 5G UPF 
installed at the gNB to reduce the latency and increase 
broadband of the UE to the core network in a 5G NTN. The 
latency and user throughput were measured using user 
datagram and transmission control transport protocols. 
The experiments were performed in our 5G lab featur‑ 
ing various vendor and open‑source tools. Two different 
testbed setups were used to carry out experiments, Fig. 
9a presents the testbed without satellite backhaul, while

Fig. 9b presents the testbed with satellite backhaul. Three 
ofϐloading scenarios were considered: local core, the gNB 
and 5G core are started on the same local PC; central UPF, 
the gNB is started on the local PC while the core functions 
are started on a remote PC; edge UPF, the gNB and edge 
UPF are started on the local PC while the other core func‑ 
tions are started on the remote PC.

The Transmission Control Protocol (TCP) uplink and 
downlink throughput for the three ofϐload conϐigurations 
with and without LEO satellite backhaul is presented in 
Fig. 10. For the downlink results shown in Fig. 10, we 
observed a signiϐicant drop in throughput for the central 
UPF conϐiguration compared to the other two conϐigura‑ 
tions in the presence of the LEO satellite, and this is due 
to the large delay and increased contention introduced 
in the channel by the satellite backhaul. For the uplink 
result, we also observed a similar trend in the results, 
where the central UPF performs worse than the other 
two ofϐload conϐigurations. However, the edge UPF re‑ 
sult is comparable to the local core result. Hence, by sim‑ 
ply moving a network function (UPF in this case), one can 
achieve the same throughput results as if the entire core 
functions were installed locally.

The results presented show the application of MEC in 
satellite non‑terrestrial networks. However, an edge UPF 
alone is not enough for optimal results at the edge, espe‑ 
cially when routing to an application installed at the cen‑ 
tral core side (see latency results in [59]). The application 
of an edge application close to the edge UPF can help mit‑ 
igate the issue of the large transmission time between the 
UE to Google server. Further experiments will consider 
the application of MEC in remote areas, for public protec‑ 
tion, or during a disaster e.g. for positioning applications 
so that users who may be displaced during a natural 
disaster can be easily located.
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Fig. 9 – Testbed: (a) LEO satellite backhauling; (b) Terrestrial backhaul‑ 
ing.

4.3 C‑band interference at SGSs

With the scarcity of the radio frequency spectrum, there 
has been an increasing focus on the coexistence of differ‑ 
ent technologies within the same frequency range. As 
discussed in the introduction, an example of this is the 
allocation of the 3.3 ‑ 4.2 GHz band, which is commonly 
used for satellite communications, to 5G NR [16]. Various 
studies raised concerns regarding the interference at 
SGSs [17, 18, 19, 20, 21, 60]. In a previous work, we 
focused on the cancellation of the SSBs of 5G as the ϐirst 
step. The short burst nature of the SSB blocks poses a 
challenge for the adaptive cancellation algorithms. We 
have shown that the information carried on the SSB can 
be used to overcome this challenge. The pilot symbols in 
the SSBs can be used to improve the slow convergence 
speed of the Least Mean Squares (LMS) ϐilter by 
initializing the ϐilter based on the channel estimates. 
Moreover, the number of interfering BSs can also be 
estimated using the pilot symbols in the SSBs. We 
considered a scenario where the signals transmitted from 
𝑁 BS antennas cause interference at the SGSs. 𝑀 
reference antennas are placed around the SGS to capture 
the interfering signals from the BSs. We assumed that the 
satellite signal was only received at the SGS. The 
considered scenario is depicted in Fig. 11.

The interference cancellation approach was based on the 
LMS ϐilter. We exploited the physical layer properties of 
the SSBs and the information they carry to improve the 
performance of the LMS ϐilter. The steps followed to can‑ 
cel the 5G SSB interference at the SGS were as follows:
Step 1, Timing & Frequency Offset Correction: The Primary 
Synchronization Signal (PSS) is used to synchronize the 
received signals in time and frequency;
Step 2, Cell ID Search: The Secondary Synchronization Sig‑ 
nal (SSS) is used to estimate the number of interfering 
BSs. This can be done since the combination of PSS and
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Fig. 10 – TCP downlink and uplink throughput for the different ofϐload‑
ing scenarios. The gray area represents results without LEO satellite,
while the white area represents results with LEO satellite.

SSS results yields a speciϐic 𝑁𝑐𝑒𝑙𝑙
𝐼𝐷 for each interferer;

Step 3, Channel Estimation: The channel estimate is calcu‑
lated;
Step 4, Initialization of the LMS ϔilter: An estimate of the
optimal ϐilter weights is calculated and the LMS ϐilter is
initialized using the optimal weights;
Step 5, Filtering: Finally, the time and frequency synchro‑
nized signals are passed through the LMS ϐilter to cancel
the interference.

To test the proposed approach in practice, we used the
signals we recorded at our SGS before the initial deploy‑
ment of the testbed. Our results showed that there is a
signiϐicant gain to be obtained by initializing the adaptive
ϐilter based on the channel estimates calculated using the
pilot symbols in the SSBs, as seen in Fig. 12.

As explained above, in the case of SSB interference, the
information carried in the SSBs can be exploited for in‑
terference cancellation. A considerable improvement is
achieved by using the pilot symbols in the SSBs to es‑
timate the channel and initialize the interference can‑
cellation ϐilter. When we expand this work to user sig‑
nals, however, the pilot symbols are user‑speciϐic and un‑
known at the SGS. Due to this reason, the interference
cancellation approach at the SGS needs to resort to blind
channel estimation algorithms.

Ongoingwork as part of the SeRANIS testbed is the exten‑
sion of the described interference cancellation approach
to user signals using blind channel estimation algorithms,
speciϐically, the noise subspace‑based method. Shin et al.
[61], outlined conditions for establishing channel identi‑
ϐiability and introduced a blind channel estimation tech‑
nique based on the noise subspace method for MIMO‑
Orthogonal Frequency DivisionMultiplexing (OFDM) sys‑
tems. In their methodology, the autocorrelation matrix of
the received signal is estimated by aggregating multiple
blocks of received OFDM symbols. However, due to the
necessity for a considerable number of samples for ac‑
curate autocorrelation matrix estimation, the algorithm
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Fig. 11 – Considered scenario: Reference antennas are used to capture
the interference from the BSs; Reference signals are multiplied with the
appropriate weights and subtracted from the signal at SGS to cancel the
interference.

converges slowly. To address this issue, [62] proposed
to use a small sliding window over the received OFDM
symbols to increase the number of equivalent symbols
and use them to estimate the autocorrelationmatrix. This
increases the convergence speed at the cost of accuracy.
For the interference cancellation problem, we exploit the
ideas provided in [61] and [62] to come to an approach
that quickly converges while preserving the accuracy of
the estimation.

In Fig. 13, the simulation results are shown for the in‑
terference cancellation achieved using themodiϐied blind
channel estimation algorithm compared to [61] and [62].
The scenario consists of a single BS and two reference an‑
tennas. Here, 𝐽 refers to thewindow size used for the cal‑
culation of the autocorrelation matrix in terms of OFDM
symbols in [61] and 𝐺 refers to the window size used for
the calculation of autocorrelation matrix in terms of sam‑
ples in [62]. 𝛾𝑥𝑠 refers to the 5G signal‑to‑satellite‑signal
ratio. For the simulations, the 5G signal‑to‑noise ratiowas
set to 20 dB. Given enough time, [61] with 𝐽 = 2 achieves
a performance close to the scenario where the channels
are known. However, it converges slowly and if the chan‑
nel is not constant for long enough, its performance is
limited. Setting 𝐽 = 1 improves the convergence speed
since there are twice as many OFDM blocks used for the
calculation of the autocorrelationmatrix compared to the
𝐽 = 2 case. The drawback with 𝐽 = 1 is that the in‑
terference reduction for a long coherence time is signif‑
icantly degraded. The method in [62] increases the num‑
ber of OFDM blocks even further by partitioning the re‑
ceived signal into smaller blocks. In this case, the number
of OFDM blocks used for the calculation of autocorrela‑
tion matrix is increased even further compared to 𝐽 = 1.
Consequently, the convergence speed of the algorithm is
even faster at the cost of accuracy. With our approach, a
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Fig. 12 – Interference reduction performance using different reference
antennas and 𝑁𝑐𝑒𝑙𝑙

𝐼𝐷 conϐigurations

sweet spot between [61] and [62] can be achieved as seen
from the blue curves. The convergence of ourmodiϐied al‑
gorithm is quick and it offers a performance very close to
the cancellation with perfect channel knowledge which is
represented with the dotted ϐlat line.

5. PLANNED EXPERIMENTS
This section provides an overview of the planned exper‑
iments involving various aspects related to the integra‑
tion of TN and NTN, the coexistence of 5G TNs and satel‑
lite ground stations, and peculiar problems for the coexis‑
tence of 5G public and non‑public networks. Some of the
planned experiments will beneϐit greatly from the launch
of the ATHENE‑1 satellite.

5.1 Satellite‑to‑device communication and
backhauling

The ATHENE‑1 satellite will enable testing of two impor‑
tant use cases of integrated terrestrial and non‑terrestrial
networks. The ϐirst use case is satellite‑to‑device com‑
munication, in other words, direct connectivity between
a gNB and a terrestrial UE. Satellite‑to‑device commu‑
nication will be demonstrated using the Ka‑band digital‑
transparent payload of the ATHENE‑1 and the adapted
OAI protocol stack for NTN [45]. Both UE and satellite
gNB will be based on open‑source software that can run
on x64‑based Linux computers. Such a scenario with a
broadband Ka‑band link is particularly relevant for the
automotive sector. Moreover, satellite‑to‑device commu‑
nication will be also demonstrated for IoT applications
using the UHF and S‑band payload of the satellite [6].

The other important use case is LEO satellite backhaul‑
ing. Inmobile communicationnetworks backhauling gen‑
erally refers to the connection between the core network
and the RAN and is typically implemented with a ϐiber
connection. Satellite backhauling is a solution to extend
the coverage of mobile networks where ϐiber and point‑
to‑point microwave links are difϐicult to implement. It
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Fig. 13 – Comparison of [61], [62] and the described modiϐication. 𝛾𝑥𝑣
is set to 20 dB, 𝑀𝑟 = 2 and 𝑀𝑡 = 1.

allows the creation of mobile “pop‑up” networks, which
are crucial in emergency or disaster recovery scenarios.
High‑speed LEO backhauling solutions will be demon‑
strated using the ATHENE‑1 satellite. Along with the Ka‑
band communication link, the experimental free‑space
optical link will be tested to achieve a target 1 Tb/s in the
downlink and 100 Mb/s in the uplink [50].

The success of these twodemonstrationswill set the stage
for development and testing of other 5G and B5G use
cases.

5.2 Disaster relief using MEC and NTN

As discussed in the introduction, disaster relief provision
via satellite backhaul emerges as a practical implementa‑
tion of MEC in NTN 5G networks. Very limited literature
exists that has addressed the use of MEC in a 5G satellite‑
terrestrial network for PPDR. A PPDR testbedwas used in
[63] to demonstrate that a 4G/5G mobile network could
be effectively augmented with a satellite network using a
core‑edge split concept. The authors concluded that the
distribution of EPC components achieves an integrated
satellite‑terrestrial network architecture that fulϐills the
needs of government agencies and emergency respon‑
ders. Due to the ϐlexibility and distribution of 5G core ar‑
chitecture to be deployed at the edge of the network, it
is more suited for public protection and disaster control.
Our previous work [59] details the advantage of an edge
UPF in a satellite‑terrestrial network with distributed 5G
core functions. However, we observed that the edge UPF
alone was not sufϐicient to deal with applications at the
central side and hence we propose that an edge applica‑
tion be positioned close to the gNBs and users, and this
is useful to serve in situations of public safety or dur‑
ing a disaster to provide ϐirst responders and relief. Our
testbed leverages a location application server positioned
at the edge UPF.

(a) (b)

Fig. 14 – BS locations’ effect on positioning accuracy.

5.3 Positioning and localization

As discussed in Section 1, TDoA emerges as the most
suitable candidate for precise positioning within our net‑
work. However, it is important to acknowledge that the
performance of TDoA positioning is inϐluenced by multi‑
ple factors, which can be ϐine‑tuned to enhance its accu‑
racy signiϐicantly.

This study aims to shed light on two pivotal factors that
impact positioning accuracy in 5G networks. The ϐirst fac‑
tor is the installation positions of BSs within an indoor
environment. As detailed in [64], we conducted an in‑
vestigation into the effect of BS locations on TDoA accu‑
racy in various simulated environments. The conclusion
drawn from this investigation was that Geometric Dilu‑
tion of Precision (GDoP) calculations can serve as a vi‑
able alternative to time and power‑intensive simulations.
In Fig. 14, we illustrate two distinct setups of three BSs,
namely Rx1, Rx2, and Rx3, which are utilized to estimate
thepositionof the target, Tx. The gray areadepicted in the
ϐigure represents the positional ambiguity arising from
noise variance, commonly referred to as GDoP. The gray
area size and shape illustrate how moving only one BS,
Rx3, in, otherwise, the same setup can degrade the posi‑
tioning accuracy. This opens the door to investigate how
different BS constellations can result in different position‑
ing accuracy, and how the optimization process proposed
in [64] can be utilized in a real‑life implementation to get
the optimum BS constellation to achieve higher accuracy.

After the establishment of the SeRANIS B5G testbed with
both its indoor and outdoor components, a validation of
the GDoP approach and the simulation outcomes from
[64] can be performed through ameasurement campaign
conducted exclusively within the indoor segment of the
network. Furthermore, the inclusion of a sufϐicient num‑
ber of outdoor BSs enables the assessment of TDoA po‑
sitioning performance, facilitating the creation of accu‑
racy maps. These maps can then be compared with sim‑
ulated GDoP accuracy maps, thereby facilitating compar‑
ative analysis of the outdoor and indoor accuracy levels.
This comparative study aims to investigate the inϐluence
of various parameters, such asmultipath propagation and
shadowing, onpositioning accuracy andverify their align‑
ment with the GDoP model.
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The second factor that would be investigated is the com‑
bined positioning estimation using GNSS and 5G. In [65],
an investigation and measurement campaign was con‑
ducted for Time of Arrival (ToA) estimation in LTE. A sim‑
ilar experiment can be done with TDoA instead of ToA
using our 5G network instead of the LTE public network
where we have more control over the different training
and control signals. Furthermore, an experiment combin‑
ing 5G and GNSS will be implemented. A 5G positioning
systemcanbe seamlessly integrated into theMulti‑Sensor
Navigation Analysis Tool (MuSNAT) GNSS software re‑
ceiver, thereby facilitating a holistic and high‑precision
positioning solution that leverages the strengths of both
technologies. This integration holds promise for advanc‑
ing the state‑of‑the‑art in positioning accuracy and ex‑
panding the applications of multi‑sensor navigation sys‑
tems.

In addition, the ATHENE‑1 satellite can be exploited for
new hybrid positioning and localization approaches. The
satellite could embed ephemeris data into broadcast sig‑
nals. Ephemerides provide information about the satel‑
lite’s position relative to the Earth, with respect to time.
By decoding and measuring the signals transmitted by
the satellite together with signals from terrestrial BSs,
new hybrid location and positioning approaches could be
tested.

5.4 Handover

Our B5G testbed encompasses multiple BSs, covering a
car track on our UniBw M campus in Neubiberg that al‑
lows for high‑speed mobility tests. The experimental
setup includes a moving vehicle equipped with a UE and
connected to the 5Gnetwork. TheUEwill be programmed
to initiate a continuous data transmission while travers‑
ing the track and crossing two cells of the same gNB or
two cells of different gNBs, simulating handover scenar‑
ios where the user is engaged in a bandwidth‑intensive
activity. Moreover, the satellite‑to‑device communication
capability of the ATHENE‑1 can be used in a similar sce‑
nario. While the car is traveling along the predeϐined path
the serving cell of the terrestrial gNB is deactivated, forc‑
ing a handover to the satellite gNB. Handover could also
be tested between two terrestrial cells inwhich one of the
cells belongs to a gNB with satellite backhauling.

To evaluate the handover Key Performance Indicators
(KPIs), we will focus on several performance metrics, in‑
cluding handover latency, packet loss, and service conti‑
nuity. Handover latency will be measured as the time re‑
quired to complete the handover process, including the
time to detect and initiate the handover, transmit con‑
trol signaling, and resume data transmission. Packet loss
will be assessed by monitoring the number of lost pack‑
ets during the handover process. Additionally, we will ex‑
amine the impact of handover on service continuity, en‑
suring that the user experiences minimal disruption in

Vodafone 1&1 O2 T-Mobile 5G NPN

3GPP band n78 3400-3800 MHz - Germany

90 50 70 90 100MHz

Fig. 15 – 3GPP band n78 3400‑3800 MHz Germany frequency plan.

ongoing applications and services. This experiment aims
to provide valuable insights into the performance of han‑
dover procedures in 5G and B5G networks. By evaluating
the handover KPIs under challenging mobility scenarios,
we can identify potential bottlenecks.

5.5 C‑band interference at SGSs

The work in Section 4.3 will be extended in the future for
the cancellation of the user signals. The main difference
with the user signalswill be the unavailability of the pilots
in the SSB. Since the DM‑RS symbols for user signals are
user speciϐic, a third party is not able to estimate the chan‑
nel by using theDM‑RS. Different channel estimation such
as blind methods need to be utilized. The deployment of
the SeRANIS B5G testbed will provide a more controlled
test environment where we can transmit arbitrarily con‑
ϐiguredPDSCHsignalswith adifferent number of streams,
power and bandwidth. This will enable us to test alterna‑
tive approaches to cancel the user signals. Moreover, we
will conduct further interference measurements and de‑
velop interference management and cancellation strate‑
gies in a real‑world scenario.

5.6 Uplink degradation

The German frequency plan in the 3GPP band n78
3400MHz to 3800MHz is shown in Fig. 15. The ϐirst
300MHzof the available spectrum is assigned to four pub‑
lic national operators, while the last 100MHz is reserved
for private local operators. To avoid potential interfer‑
ence situations, the deployment of multiple 5G TDD net‑
works requires synchronization of adjacent networks. In
particular, operators have to agree on a compatible frame
structure. The GSM Association (GSMA) provides guide‑
lines and recommendations for the coexistence of TDD
networks in the 3.5GHz band [66]. Regarding the frame
structure, in which D, U, and S represent downlink, up‑
link, and special slots, respectively, two alternatives are
recommended: DDDDDDDSUU for coexistencewith exist‑
ing LTE TDD networks, or DDDSUUDDDD for coexistence
with other 5G TDD networks. Both frame structures take
into account an asymmetric, downlink intense trafϐic pat‑
tern, an assumption typical of public networks based on
the enhanced Mobile Broadband (eMBB) use cases. Un‑
like public networks, NPNs have different requirements.
A more balanced or uplink‑oriented TDD conϐiguration
should be considered [67] in use cases that require higher
uplink capacity and lower latency.
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Fig. 16 – Operative examples with TDD conϐigurations: (a) Frame mis‑ 
alignment due to a synchronization problem; (b) Downlink and uplink 
mismatch problem.

Although different networks operate in separate fre‑ 
quency ranges, shoulder and spurious emissions, and in‑ 
termodulation products can affect uplink performance in 
the case of unsynchronized networks or different TDD 
conϐigurations. This problem was already present in pre‑ 
vious generations of TDD networks, but the use of Ac‑ 
tive Antenna Systems (AASs) to enable beamforming in 
the 5G network increases the problem [68]. AASs embed 
a large number of passive antennas together with active 
electronic components, reducing cable losses. Incorpo‑ 
rating multiple bandpass ϐilters for the multitude of pas‑ 
sive elements would drastically increase the weight and 
cost of AASs, so it is not practical.

Due to the relevance of the problem in 5G networks, two 
experiments are planned in the SeRANIS B5G testbed. 
The experiments consider two gNBs operating in two ad‑ 
jacent frequency ranges within the assigned spectrum, 
e.g., 3730 MHz to 3750 MHz and 3750 MHz to 3770 MHz. 
In the ϐirst experiment, the two gNBs operate with the 
same TDD conϐiguration but are not synchronized (Fig. 
16a). In the second experiment, the two gNBs are syn‑ 
chronized but with different TDD conϐigurations, one ori‑ 
ented to the downlink and the other to the uplink (Fig. 
16b). The objective of these experiments is to quantify the 
uplink degradation, investigate and test solutions to mit‑ 
igate its impact. The uplink degradation will be charac‑ 
terized as a function of different system parameters. The 
SeRANIS B5G testbed offers several alternatives for im‑ 
plementing these experiments. The two gNBs could be 
implemented with two ϐixed BSs of the 5G RAN, or with a 
ϐixed BS and the 5G on‑the‑move solution (Fig. 3), allow‑ 
ing uplink degradation to be characterized in a multitude 
of different scenarios. In addition, the use of a ϐlying gNB 
with a drone in the UAV restricted zone can provide im‑ 
portant insights into the uplink degradation problem in 
the coexistence scenario with HAPSs and terrestrial BSs.

6. CONCLUSION

The B5G and 6G testbed of the UniBw M is an important
part of the Seamless Radio Access Networks for Internet
of Space (SeRANIS), a small satellite mission that aims to
provide a publicly accessible multifunctional experimen‑
tal laboratory in orbit serving as a platform for different
experiments. The SeamlessRadioAccessNetworks for In‑
ternet of Space (SeRANIS) B5G and 6G testbed comprises
both space and ground segments. The space segment of
the testbed is composed of the ATHENE‑1 satellite. It con‑
sists of a platform with a mass of around 250 kg, which
carries the 90 kg of experimental payload developed at
the UniBw M that is going to be launched in 2025. The
ground segment includes a ground station and the TN
component of the testbed. The ground station considers
several full motion antennas for the radiofrequency links
and an optical ground station for the free‑space optical
link based on laser technology, while the TN component is
deployedusing a 5GNPNwithmultiple gNBs andmultiple
5G core solutions. The full ground segment deployment is
expected during 2024. While the design of the ATHENE‑
1 payload and the deployment of the ground segment are
ongoing, our research is focusing on several aspects in‑
cluding the integration of TN and NTN, coexistence be‑
tween 5G TNs and satellite ground stations, and peculiar
problems for the coexistence of 5G public and non‑public
networks. This paper describes the components of the
testbed, the current status, future deployment plan, pre‑
liminary test results, and planned tests. The unique ca‑
pabilities of the Seamless Radio Access Networks for In‑
ternet of Space (SeRANIS) B5G testbed introduced in this
paper will enable testing and evaluation of emerging 5G
and 6G use cases and applications. The ultimate goal of
testbed is to support the UniBw M research and create an
open environment for the entire research and develop‑
ment community.
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