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Abstract—Non-Terrestrial Networks (NTN) have been formally
integrated into the 5G standard since 3rd Generation Partnership
Project (3GPP) Release 17, introducing significant adaptations
to the protocol stack to support satellite-based connectivity.
However, experimental validation of NTN deployments remains
challenging due to the limited accessibility of real satellite
infrastructure. This tutorial presents a reproducible, Software
Defined Radio (SDR)-based laboratory testbed for emulating
3GPP-compliant regenerative NTN scenarios, combining Ope-
nAirInterface5G (also known as Duranta in more recent releases),
Open5GS, Universal Software Radio Peripheral (USRP) SDRs,
and the Keysight PROPSIM FS16 channel emulator. We detail
the hardware setup, software configuration, and NTN-specific
protocol adaptations for both Low Earth Orbit (LEO) and
Geostationary Earth Orbit (GEO) scenarios. An experimental
campaign validates the testbed and highlights key behavioral
differences between the two orbit types, particularly regarding
the impact of transport protocols on throughput when significant
end-to-end latencies are experienced. All configurations are
released in a public repository to foster reproducibility.

Index Terms—Non-Terrestrial Networks (NTN), Software De-
fined Radio (SDR), 5G New Radio, Satellite Communications.

I. INTRODUCTION

The Sixth-Generation (6G) of mobile telecommunications
is poised to transform the mobile telecommunication land-
scape through the introduction of various key enablers, such
as Integrated Sensing and Communication (ISAC), terahertz
communications and cell-free Multiple-Input Multiple-Output
(MIMO) [1]. The integration of Non-Terrestrial Networks
(NTN) also play a crucial role in this context, as they enhance
network coverage, thus enabling connectivity in remote and
rural areas where conventional network infrastructures are
often lacking [2]. Furthermore, NTN have the capacity to
provide network services whenever terrestrial communication
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infrastructure has failed due to natural disasters or unforeseen
circumstances. In line with this vision, 3rd Generation Partner-
ship Project (3GPP) considered the integration of NTN nodes
— i.e. Unmanned Aerial Vehicles (UAVs), High Altitude
Platform Systems (HAPSs), and satellites — in the Fifth
Generation (5G) ecosystem starting Release 15. From Release
17 onwards, however, a set of adaptations to support NTN are
introduced to the 5G protocol stack [3]. Adaptations mainly
focus on two classes of satellite nodes, namely Low Earth
Orbit (LEO) and Geostationary Earth Orbit (GEO) [4].

Experimental platforms are required to validate and test
the efficacy of 3GPP adaptations adaptations. To this end,
Proofs of Concept (PoC) implementations have been presented
in literature, often relying on channel emulators and thereby
bypassing the direct involvement of aerospace stakeholders.
Due to its compliance with Release 17 GEO and LEO adapta-
tions, OpenAirInterface (OAI) (which is currently transitioning
to the Duranta project) is often favored as an open-source
implementation of the 5G protocol stack [5]. Specifically,
[6] presents an end-to-end in-lab GEO demonstrator using
Software Defined Radios (SDRs) and a channel emulator.
In [7], a preliminary study toward integrated terrestrial and
NTN is conducted, employing a Keysight PROPSIM FS16
to emulate both transparent and regenerative GEO satellites.
On the other hand, [8] provides detailed insights into the
calibration procedures of key OAI parameters, along with
a comprehensive description of the hardware components
used to enable 5G operation over a real transparent GEO
platform. Regarding LEO satellites, to the best of the authors’
knowledge, experimental studies are limited to [9], where
preliminary results from an OAI-based in-lab demonstrator are
provided.

Although several works have explored SDR-based imple-
mentations of 5G NTN, they tend to focus on either GEO
or LEO scenarios in isolation, and none provides a compre-
hensive, step-by-step tutorial covering both orbit types within
a unified experimental framework. Furthermore, the absence
of detailed configuration guidance and publicly available re-
sources hinders the ability of the research community to
reproduce and build upon existing results. To address these
gaps, this work presents a tutorial on reproducing a 3GPP-
compliant 5G NTN testbed using SDR hardware and open-
source software, encompassing both LEO and GEO regener-
ative scenarios. All configurations, scripts, and setup instruc-
tions are made publicly available through an accompanying
repository.
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II. 5G FROM THE SKY: ARCHITECTURES AND
STANDARDIZATION OVERVIEW

The extension of 3GPP technologies to the non-terrestrial
segment foresees multiple reference architectural configura-
tions that combine different payload types and satellite orbits
to meet diverse service requirements. The Transparent pay-
load, also known as bentpipe or amplify-and-forward mode,
represents the simplest approach where the satellite acts as
an analog Radio Frequency (RF) repeater with no onboard
processing capabilities [10]. The simplicity of this architecture
comes at the cost of doubled spectrum allocation and severe
channel effects that are applied twice to the same signal.

For these reasons, this work focuses on Regenerative pay-
loads, also known as decode-and-forward mode. This approach
enables on-board processing capabilities at the satellite, which
may host part or all of the 5G Node B (gNB) functions,
depending on the adopted functional split (e.g., full gNB
on board or split architectures with DU on board and CU
on ground) [10]. Assuming a full base station on board,
a deployment option for the 5G Core is to host the User
Plane Function (UPF) (accessible via the N3 interface) on
board, thereby reducing delay on the data plane and enabling
edge computing services [2]. In this case, the feeder link
between the ground station and the satellite would carry the
N2 interface to the Access and Mobility Management Function
(AMF), and the N4 interface between the UPF and the Session
Management Function (SMF). In this work, we consider the
5G Core to be entirely located on the ground, which implies
that the N2 (through the AMF) and the N3 (toward the UPF)
interfaces should be conveyed via a dedicated feeder link to
the Earth’s surface.

When a LEO or GEO satellite is integrated into the Next
Generation Radio Access Network (NG-RAN), operating in
regenerative/transparent mode, the 5G protocol stack requires
several adaptations [5]:

� PHY: Continuous estimation and compensation of fre-
quency drift and timing variations to address time-varying
propagation delays and frequency offsets.

� MAC: Hybrid Automatic Repeat reQuest (HARQ) deac-
tivated for GEO satellites, up to 32 HARQ processes
for LEO; adjusted Timing Advance (TA) and Random
Access (RA) procedures; enhanced Channel State Infor-
mation (CSI) feedback, Adaptive Modulation and Coding
(AMC), and handover procedures.

� RLC/PDCP: Expanded Automatic Repeat Request (ARQ)
buffers, extended sequence number ranges, and prolonged
reassembly timers to handle increased latencies.

� RRC: Extended UE timers (T300, T301, T311) for high
propagation delays.

III. RADIO FRONT-END AND SATELLITE CHANNEL
EMULATION

In order to reproduce an in-lab testbed to evaluate standard-
compliant 5G NTN architectures using OpenAirInterface5G,
dedicated hardware is required for both the radio front end
and the channel emulation.

In Fig. 1, the main building blocks of our setup are
summarized. In this context, the term Radio Unit (RU) is used
to generalize the tested SDR platforms, all connected to the
channel emulator. The latter is of utmost importance in repro-
ducing GEO or LEO satellite channel effects without the need
for real ground infrastructure and a space segment.. Hereafter,
a detailed description of the hardware components in our 5G-
enabled satellite communications testbed is provided. We also
shed light on the channel emulation approach, in line with the
3GPP simulation method.

A. SDRs for 5G and NTN

Among the commercially available solutions, the Univer-
sal Software Radio Peripheral (USRP) family has gained
widespread adoption in both academic and industrial research
environments. For NTN applications, where channel band-
widths do not exceed 20 MHz, several USRP models offer
suitable performance. We have successfully used three devices
that fall into different price ranges, widening the possibilities
to replicate the same setup. The first one is the USRP B210, a
compact and cost-effective solution with USB 3.0 connectivity.
It supports up to 61.44 MHz of bandwidth, in the 70 MHz
to 6 GHz range, for two full-duplex channels [11]. Moving
on to network-controlled systems, the USRP X310 represents
a more advanced platform featuring a 10 Gigabit Ethernet
connection, an operational bandwidth of up to 160 MHz and
superior RF performance [11]. Finally, the USRP X410 further
extends these capabilities up to 7:2 GHz and 400 MHz of
bandwidth, built-in GPS Disciplined Oscillator (GPSDO), and
enhanced FPGA resources [11]. After installing the UHD
library (version 4.8 in this work) and configuring network
parameters, the command uhd_find_devices will show
the serial number and the IP address of the connected SDRs,
required in the OAI configuration.

In our setup, an Ettus OctoClock G distributes time and
frequency reference signals to the USRP radios. Nevertheless,
this device does not make the testbed less realistic, since
Global Navigation Satellite System (GNSS) constellations
provide accurate synchronization in real NTN deployments.

B. Channel Emulation

Channel emulators enable controlled and repeatable testing
of communication protocols under various impairment scenar-
ios including propagation delays, Doppler shifts, fading, and
attenuation. When used in conjunction with SDRs, the analog
signal is routed through an RF cable to the emulator, where
the signal is altered before reaching the receiving SDR through
another wire. Both open-source and commercial solutions are
available for digital channel emulators. On the one hand,
open-source is a cost-effective option when SDRs are already
available. OpenAirLink is a notable example of an FPGA-
based emulation platform [12], although it is currently not
designed for NTN. On the other hand, commercial channel em-
ulators offer turnkey solutions with extensive pre-configured
channel models, high RF fidelity, and comprehensive support
for various wireless standards. Platforms such as the Keysight
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Fig. 1. Software (in blue) and Hardware (in black) overview of the in-lab SDR-based experimental testbed for 5G NTN regenerative scenarios.

PROPSIM F64, IZT C5040, and Spirent Vertex are typical
examples of such devices [11].

In our testbed, we employ a Keysight PROPSIM FS16
which, thanks to the Geometric Channel Modeling (GCM) ex-
tension, allows us to configure GEO and LEO satellite channel
scenarios via an easy-to-use graphical interface. Specifically,
it implements delays and Doppler shifts characteristic of the
chosen scenario. In addition to these, the channel model used
can be chosen to be purely Line-of-Sight (LoS) (i.e., single-
tap), or one of those defined in TR 38.811, including both
Tapped Delay Line (TDL) and Clustered Delay Line (CDL)
channels. Regarding signal attenuation and the corresponding
Signal-to-Noise Ratio (SNR), the analysis follows the 3GPP
reference framework for NTN scenarios, with the underlying
methodology detailed in [13, Sec. 3.3.2]. The resulting SNR
values directly determine the maximum supported Modulation
and Coding Scheme (MCS), which has been accordingly con-
strained in the OAI configuration based on the corresponding
link budget.

IV. OPENAIRINTERFACE FOR NTN TUTORIAL

Once the hardware described in Sec. III is operational,
dedicated software components can be individually installed to
deploy Radio Access Network (RAN) and 5G Core. However,
as an additional contribution, we published a code repository1

to facilitate rapid testing for those who have access to the same
hardware as ours. Here, RAN and 5G Core are dockerized
services, as represented in Fig. 1. Specifically, we use a Docker
Compose setup, which simplifies the execution of all core
network and RAN functions as individual containers with pre-
configured networking between them.

A. 5G Core and RAN

The adopted core network is Open5GS, a popular open-
source implementation of a 5G core providing the full suite
of 5G network functions [14].

Regarding the RAN, there are several open-source 5G
protocol stack implementations available, with OAI emerging

1https://github.com/dpugliese6/5G NTN Tutorial

as the preferred option, as it benefits from frequent updates and
a broad base of contributors continuously pushing new features
and protocol improvements. Notably, OAI implements Rel. 17
adaptations for NTN, covering both LEO and GEO satellite
scenarios. After compiling the code, the base station can be
started by launching the nr-softmodem executable, while a
User Equipment (UE) is started with the nr-uesoftmodem
command. As mentioned before, in our framework these
commands are executed at startup of two dedicated containers.
The behavior of the UE and gNB can be configured in two
different ways: through a configuration file (with the path
specified after the -O flag), or by appending flags to the
command. In the OAI version used in this work, namely
2026w18, both the UE and the gNB can be configured via
the configuration file only; some basic examples can be found
in the OAI repository2. The SDR used as radio front-end must
be specified in the RUs(f...g); section, where:

� sdr_addrs accepts a string specifying the serial num-
ber (i.e., ”serial = XXXXXXX”) or IP address (”addr =
xx.xx.xx.xx”) of the USRP to be used;

� att_tx, att_rx require an integer indicating by how
much, in dB, the transmission and reception gain should
be reduced. The maximum reception gain for the B210
and X310 depends on a OAI-specific calibration table,
while it is set to the maximum for the X410. It is
important to note that the output level of the PROPSIM
must be properly calibrated so that it is not too high to
saturate the Low Noise Amplifier (LNA) at the USRP
input, and not too low to fall below the device noise
floor;

� time_src and clock_src require a string that defines
the source of the reference signals, set to “external” in
our case as the devices are connected to the external
OctoClock.

B. NTN Specific OAI configurations

Specific configuration parameters are required for NTN
mode. Regarding the cell frequencies, the repository associated

2https://gitlab.eurecom.fr/oai/openairinterface5g/
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