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Executive Summary  

Deliverable D4.3 provides the initial outcomes of SUNRISE-φ'ȭÓ ×ÏÒË ÏÎ Ô×Ï ÃÒÉÔÉÃÁÌ ÅÎÁÂÌÅÒÓ ÆÏÒ φ' 
experimentation:  

1. A multi -Radio Access Technology (RAT) dual connectivity framework supporting integration 
between Non-Terrestrial Networks (NTN) and terrestrial 5G systems,  

2. An O-RAN-enabled Network Digital Twin (ONDT) is designed to enable intelligent, large-scale, and 
reproducible experimentation with disaggregated RAN architectures. 

The first enabler introduces a standards-aligned architecture for flexible experimentation with integrated 
satellite-terrestrial connectivity. This document presents a set of standard options for implementing this 
type of multi-radio technology, and a specific combination is chosen for the implementation of the 6G 
enabler. The proposed architecture leverages Multipath TCP (MPTCP), combined with satellite emulation 
and terrestrial 5G components. Two independent implementations, deployed at NCSRD (Greece) and 
Siemens (Germany), ÄÅÍÏÎÓÔÒÁÔÅ ÔÈÅ ÆÒÁÍÅ×ÏÒËȭÓ ÖÅÒÓÁÔÉÌÉÔÙȢ 4ÈÅ ÉÎÔÅÒÆÁÃÅÓ ÁÎÄ ×ÏÒËÆÌÏ×Ó ÆÏÒ the 
experiment are explained for both implementations, along with practical guidelines for executing the 
experiment. Key functionalities to be supported and demonstrated in the functional tests of the SUNRISE-
6G project include the ability to steer traffic across NTN and TN paths, perform latency and throughput 
measurements, and enable experiment configuration via programmable Application Programming 
Interfaces (APIs). These experiments lay a technical foundation for further enhancements and validation of 
hybrid 5G/NTN communication systems. Initial outcomes of testing and validation of the enabler are 
presented, along with an outlook on the next steps. 

The second enabler, the ONDT, provides a modular and virtualised environment for evaluating RAN 
Intelligent Controllers (RICs) and Machine Learning (ML) based x/rApps. Its architecture supports both 
Near-RT and Non-RT RIC integration, a simulation/emulation layer, and well-defined APIs for 
experimentation orchestration. Multiple simulator options, including both open-source and commercial 
ones, are presented and compared. Furthermoreȟ Á ÐÒÏÔÏÔÙÐÅ ÈÁÓ ÂÅÅÎ ÄÅÐÌÏÙÅÄ ÕÓÉÎÇ *ÕÎÉÐÅÒȭÓ .ÏÎ-RT 
RIC, and potential future enhancements are discussed. The ONDT facilitates experiment submission and 
monitoring through the SUNRISE-6G portal, supporting the realistic configuration and visualisation of 
results. In particular, a set of reference use cases is defined that specify the scope and expected capacities 
of the ONDT. The current version of the ONDT enables early-stage testing and lays the groundwork for 
future support of rApps/xApps and multi-vendor environments. A manual for the deployment and 
operation of this initial version is provided. 

Together, these two 6G-enablers contribute to the core objective of Work Package 4 (WP4): implementing 
a 6G experimentation library that supports experimentation across heterogeneous infrastructures. While 
this deliverable represents an initial milestone, it already provides mature architectural definitions and 
early experimental results. Future updates (notably in Deliverable D4.6) will build on this work with 
functional validations, improved integration, and expanded use cases. 
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1 Introduction  

This deliverable presents the initial outcomes of two foundational tasks (namely Task 4.4 and Task 4.5) 
within the scope of SUNRISE-6G, WP4 (Implementation of 6G Library for experimenters) focusing 
respectively on the enablement of multi-RAT dual connectivity for NTN and terrestrial 5G access, and the 
development of an O-RAN-enabled network digital twin. Both efforts are designed to support advanced 
experimentation capabilities and are integral 6G-enablers of the federated SUNRISE-6G infrastructure. 

The first part of the report focuses on the design and development of all necessary components to realise 

inter -Public Land Mobile Network (PLMN) NTN-terrestrial connectivity in a controlled and cost-effective 

test environment. The architecture is broken down into its components and interdependencies, and the 

initial implementation is documented. Two separate implementations in their respective testbeds are 

presented, along with initial results from experiments performed in both sites. The second focus area of this 

deliverable is the development of an O-RAN enabled network digital twin, which serves as a virtual 

environment for emulating and experimenting with disaggregated RAN architectures. The different layers 

of the digital twin architecture are introduced, along with any internal and external APIs, as well as the first 

implementation details. 

As an initial report, this document lays the groundwork for future developments and functional validations 
of the two 6G-enablers, which will be detailed in the final version of the deliverable, D4.6 due in Month 24 
(December 2025). The outcomes presented here mark an important step toward enabling interoperable 
and intelligent experimentation capabilities across heterogeneous network domains, in line with the overall 
goals of the SUNRISE-6G project. 

1.1 Mapping SUNRISE-6G Outputs 

The purpose of this section is to map the SUNRISE-6G Grant Agreement (GA) commitments, both within the 
formal Deliverable and Task descriptionsȟ ÁÇÁÉÎÓÔ ÔÈÅ ÐÒÏÊÅÃÔȭÓ ÒÅÓÐÅÃÔÉÖÅ ÏÕÔÐÕÔÓ ÁÎÄ ×ÏÒË ÐÅÒÆÏÒÍÅÄȢ 

Table 1: Adherence to SUNRISE-6G GA Deliverable & Tasks Descriptions 

SUNRISE-6G 
Task No. and 

Title  
SUNRISE-6G GA Task Description  

Respective 
Document 
Chapter(s)  

Justification  

Task 4.4 - 
Multi -RAT Dual 
connectivity for 
NTN-terrestrial 
access 

This task develops key components 
for enabling Multi-RAT dual 
connectivity between NTN and 
terrestrial 5G in a cost-efficient, 
controlled test environment. A 
satellite emulator is integrated with 
the 6G-SANDBOX testbed, 
complemented by MPTCP proxies 
and standards-compliant APIs 
following CAMARA guidelines. The 
solution aligns with 3GPP 
specifications and supports legacy 
mechanisms like ATSSS to enable 
flexible, interoperable 
experimentation for 6G scenarios. 

Section 2 

Section 2 introduces the target 
architecture for the NTN/5G 
multi -RAT architecture and the 
initial implementation. 

Task 4.5 - 
Design and 
development of 

This task focuses on developing an 
O-RAN-enabled network digital 
twin to support advanced 

Section 3 Section 3 presents the 
architecture of the O-RAN digital 
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an O-RAN 
enabled 
Network Digital 
Twin 

experimentation within the 
SUNRISE-6G federated environment. 
The digital twin includes an 
emulation platform and an O-RAN 
RIC stack, allowing the definition of 
custom topologies, user mobility, 
and traffic patterns. It leverages 
open-source tools and exposes 
interfaces to accommodate diverse 
RICs and emulators, enabling 
flexible and reproducible O-RAN-
related experimentation. 

twin, all its layers and the initial 
implementation. 

Deliverable Description  

Ȱ$ψȢχ - Report on NTN and Open RAN enablers ɀ )ÎÉÔÉÁÌȱ - Initial Report on inter-PLMN NTN-terrestrial  
connectivity and O-RAN emulator 

1.2 Deliverable Overview and Report Structure  

The report begins with the executive summary of this deliverable, followed by Section 1, which introduces 
the deliverable and situates it within the proper context of the project.  

Section 2 focuses on the development of Multi-RAT Dual Connectivity for NTN-Terrestrial Access. It 
provides an overview of the system architecture, detailing the NTN and TN components used in two 
experimentation testbeds, as well as the APIs designed to support experimentation. The section also 
includes implementation details, early results, and validation steps.   

Section 3 presents the design and early implementation of the O-RAN Digital Twin. It begins with an 
architectural overview and then delves into the emulation and RIC layers, covering multiple RIC 
frameworks and simulator options, including both open-source and commercial options. This section also 
outlines the development of northbound APIs, initial deployment efforts, and summarises relevant use 
cases and feedback from preliminary testing. 

Section 4 provides the conclusions, summarising the progress achieved in the initial phase of the 6G-enabler 
development and setting the stage for future work, which will be reflected in the final version of the 
deliverable.  
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2 Multi -RAT Dual Connectivity for NTN -Terrestrial Access  

This section presents the initial design and development of a Multi-RAT Dual Connectivity framework 
enabling seamless integration between NTN and terrestrial 5G systems. It explores different convergence 
architectures, highlights the possible experimentation setups to be adopted within SUNRISE-6G, and details 
the implementation steps taken to realise a flexible, interoperable testbed environment for future 6G 
experimentation scenarios. 

The integration of MPTCP in dual-connectivity TN-NTN environments presents unique challenges, 
particularly in delay management and path characteristics optimization. The main complexity arises from 
the clear differences between terrestrial and satellite paths, where delay variations can range from tens of 
milliseconds in LEO configurations to hundreds of milliseconds in GEO deployments. This time difference 
has a significant impact on path quality assessment and scheduling decisions. Terrestrial paths typically 
show lower latency but suffer from bandwidth changes due to network congestion and environmental 
factors, while satellite links offer more stable bandwidth at the cost of much higher latency. This creates a 
complex optimization challenge where traditional MPTCP scheduling algorithms, designed primarily for 
terrestrial networks with similar path characteristics, might become less effective. The scheduler must 
consider multiple important factors simultaneously: the stability and predictability of links, latency, the 
potentially unstable nature of the links, and application-specific requirements for latency and throughput. 
This integration of different network types requires the development of new strategies for multi-RAT dual 
connectivity for NTN-TN access that can adapt to the unique characteristics of hybrid terrestrial -satellite 
networks. 

2.1 NTN Integration within 5G/6G TN -NTN Convergence Experiments 

While NTNs have been under consideration since 3GPP Release-16, the complete realisation of a 5G/6G TN-
NTN will involve a phased approach where distinct interconnection, integration, and convergence 
opportunities will be established. Today, NTNs and their terrestrial counterparts are still largely considered 
two distinct systems that not only follow their evolutionary trajectories but also comprise different 
stakeholders and operators. From an architectural perspective, distinct integration models can be 
instantiated through various options, each offering different levels of seamless integration, security, 
trustworthiness , and performance. The following subsections describe different options in which NTN can 
be part of a 5G/6G system, thereby extending the capabilities of the User Equipment (UE) with a 5G-
compatible Satellite interface. 

2.1.1 Interconnecting Distinctly Operated Networks  

Satellite and mobile networks are developed, implemented, and operated as completely distinct networks, 
interconnected via ground stations that serve as gateways [1] . This has been the preferred deployment 
model for more than two decades to provide satellite-based Internet, in which the satellite network relies 
on border gateways (also referred to as access gateways) to interconnect with the terrestrial networks [2] 
[3] . This satellite-ground topology does not offer any kind of convergence between the satellite network 
and 5G/6G ecosystem, other than enabling IP connectivity and allowing devices from one networking 
domain to communicate with devices in the other. 

Satellite -Ground Topology over the Internet:  Nowadays, TN-NTN integration relies on a thin 
interoperability layer which builds upon:  

(i)  native IP-based communication systems, allowing them to communicate using standard 
Internet protocols transparently;  

(ii)  border gateways responsible for required protocol adaptations.  

As depicted in Figure 1, both 5G and Satellite networking domains are connected via a border gateway, such 
as an Internet Exchange Point. This gateway acts as the point of interconnection between the two distinct 
networking domains; therefore, network traffic must traverse the Internet itself to establish IP connectivity 
between devices operating within these separated domains. For example, and to the best of our knowledge, 



$ψȢχ Ȱ)ÎÉÔÉÁÌ Report on NTN and Open RAN enablers" 

©SUNRISE-6G  Page | 13  

some commercially available satellite networks have deployed several ground stations across the globe that 
act as a logically distributed border gateway between their  satellite network and the terrestrial Internet [4] 
[5] [6] . 

 

Figure 1: Option A: Interconnection of 5G and Satellite Networks over Data Network 

Interconnecting via Roaming: Roaming is a key feature in today's mobile networks, as it enables seamless 
connectivity between networks of distinct domains [7] . The predominant usage is more commonly 
manifested in cross-border scenarios, where a device travels outside the coverage area of its operator (i.e., 
home network) and must connect to available networks governed by another operator (i.e., visited 
network). Naturally, roaming can also be applied to interconnect 5G/6G-enabled satellite networks with 
existing 5G/6G terrestrial networks [8] , similarly to what happens already for the 5G Public Network 
Integration with Non-Public Networks (PNI-NPN) [8] .  

As depicted in Figure 2, a 5G Capable Satellite UE is served by a Visited User Plane Function (V-UPF) in the 
visited network, which then either establishes a connection with its Home User Plane Function (H-UPF) in 
the home network or performs local breakout to route data traffic to an Internet or directly to the Visited 
Data Network. In addition, both domains have separate control planes, which interact with one another to 
exchange control plane information and signalling between the home and visited networks (e.g., for 
registration and authentication as well as data path configuration). Note that roaming interconnections 
between a 5G/6G system and a legacy (i.e., non-5G) satellite system might be possible (e.g., following similar 
approaches as described for the integration of LoRaWAN and 5G in [10] ) although this would require ad-
hoc mechanisms in place and several modifications in both the satellite and 5G control planes. 

 

Figure 2: Option B: Interconnecting via Roaming 
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2.1.2 Interworking as a non -3GPP Access Network 

In the mid-term, the interworking of satellite networks with terrestrial 5G/6G systems can explore already 
established mechanisms to leverage untrusted or trusted non-3GPP access networks, significantly 
expediting the integration process and minimising infrastructure development costs. Despite providing a 
seamless interworking, the following two approaches still keep the satellite network decoupled and isolated 
from the 5G/6G system, where intermediary gateways facilitate the communication and interoperability 
between the two networking domains. They achieve this by adapting and translating protocols, security 
mechanisms, Quality of Service (QoS), and mobility management, among others. 

Untrusted non -3GPP Access Network: If the satellite network is not managed by the same operator of the 
5G/6G network, it can still be integrated by relying on existing 5G/6G mechanisms to interwork with 
untrusted non-3GPP Access Networks [11] . This architectural option considers the existence of a Non-3GPP 
Interworking Function (N3IWF) entity to act as the intermediary gateway towards the satellite network 
(i.e., the untrustworthy non-3GPP domain) [12] . Such an approach has already proven itself as fundamental 
in the adoption of 5G NPNs for vertical domains that exploit heterogeneous access networks (e.g., Wi-Fi) by 
means of the N3IWF [13] . Additional security mechanisms between the Satellite UE and N3IWF are 
required [14] , including the adaptation of access and authentication protocols for the non-3GPP access 
network and the establishment of secure tunnels for the control and data planes. As depicted in Figure 3, 
the N3IWF acts as a gateway towards the core network, translating the protocols and signalling messages 
between 3GPP and non-3GPP domains. Finally, this interworking option enables extending the coverage of 
the 5G/6G system while supporting seamless handovers across heterogeneous access networks, and 
interoperability with legacy devices and network technologies. 

 

Figure 3: Option C: Integrated 5G System and Satellite Networks via N3IWF 

Trusted non -3GPP Access Network: In case the operator of the 5G/6G network is also in charge of 
operating and managing the satellite access network, the previous architectural option can operate in a 
trusted mode [15] . To do so, the N3IWF is replaced by a Trusted Non-3GPP Gateway Function (TNGF), as 
depicted in Figure 4. Additionally, and likewise to Access Gateway Function (AGF) and Trusted WLAN Inter-
Working Function (TWIF), which are optimised functions specifically tailored for, respectively, Wireline 
and Wireless Access [16] , an equivalent trusted function for Satellite Access can also be devised and 
available in the future. One of the main differences between the TNGF and AGF-alike functions is the support 
for 5G-capable and non-5G-capable UEs, respectively. In addition, Layer-2 (L2) authentication is tied to a 
key derived from 5G core authentication. Thus, Satellite L2 security mechanisms are enforced, avoiding the 
need for additional secure tunnels (i.e., IPSec tunnel with no encryption) between the UE and the TNGF. 
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Figure 4: Option D: Integrated 5G System and Satellite Networks via TNGF 

2.1.3 Convergence as a 5G RAN 

In the long term, the satellite network can be envisioned as a native 5G/6G RAN where the Next Generation 
Node B (gNodeB/gNB) Base Station (BS) capabilities can be hosted on the satellites and/or ground stations 
indistinctively. This architectural option offers a full convergence between the satellite networks and 
terrestrial 5G/6G systems, enabling seamless connectivity, but requiring conformity with radio resource 
management, connection and mobility management, security, and QoS procedures as defined by 3GPP. 
Smaller variations of the following architectural option are also possible if a gNB functional split is 
considered [17] , where, for example, the gNB-Distributed Unit (DU) is hosted on moving satellites, and the 
gNB-Central Unit (CU) is hosted on static nodes at ground stations [18] . Nevertheless, these are out of the 
scope of this work. 

Ground Stations as gNB: Whenever ground stations host the gNB functionality [19] , the satellite network 
is used as the radio interface towards the 5G Capable Satellite-enabled UEs. In doing so, the satellites 
themselves serve as relay points that extend 5G coverage, and are limited to actions such as filtering, 
conversion, and amplification of radio frequencies [20] (similar to their operation as the transparent or 
bent-pipe model). As depicted in Figure 5, the full set of gNB functionalities is hosted in the ground stations, 
and the satellite networks simply echo back any received signal without baseband processing. Such an 
approach would severely limit the satellite network's capacity to implement additional capabilities on-
board the satellites themselves. Nevertheless, this approach may prove valuable for developing scalable and 
reliable systems by offering an intermediary node that is easier to extend and scale. Additionally, it provides 
a geographically fixed reference point within the satellite domain. 

 

Figure 5: Option E: Integrated 5G System and Satellite Networks via Ground Station gNB 
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Satellite as gNB: Alternatively, a full functional gNB can be placed on the satellite itself as payload [21] , 
thus capable of performing demodulation/modulation, encoding/decoding, routing or other predefined 
actions (similarly to their operation as a regenerative model). Despite an overall increase in complexity for 
the satellite payload, this minimises control-plane signalling that needs to be relayed to the ground. As 
depicted in Figure 6, the gNBs are available on satellites, which become responsible for radio 
communication with the UEs (e.g., radio transmission/reception and beamforming) as well as for the 
mobility management procedures (e.g., coordination of the handovers). Unlike the previous approach, this 
allows the satellite network to implement Satellite Computing infrastructures that can be used to host both 
Network Functions (NFs) and third-party applications. 

 

Figure 6: Option F: Integrated 5G System and Satellite Network via Satellite gNB 

2.2 Architecture of the Multi -RAT Dual Connectivity Enabler  

The options listed in Section 2.1 pave the way for alignment with 3GPP specifications and support legacy 
mechanisms like Access Traffic Steering, Switching, and Splitting (ATSSS) in an 5G/6G TN-NTN 
Convergence Environment. This enables flexible and interoperable experimentation for 5G/6G scenarios, 
ensuring that new developments are built upon a solid foundation of established standards and practices. 
By leveraging these established mechanisms, researchers and developers can explore innovative 
approaches to network design and optimisation, fostering a seamless transition from current technologies 
to future advancements. 

In SUNRISE-6G, Option A is being adopted and implemented through two novel approaches to advance the 
development of Multi-RAT Dual Connectivity for integrated NTN-Terrestrial access, marking a significant 
step forward in testing and experimentation in this domain. In the setup described in Option A, the UE is 
capable of communicating with both the satellite and 5G Terrestrial Network (TN) via its dedicated network 
interfaces, allowing for seamless integration and enhanced connectivity across two completely disjoint 
networks. This dual connectivity approach ensures that the UE can maintain robust communication links, 
even in challenging environments, by dynamically switching between satellite and terrestrial networks 
based on the selected scheduling algorithm.  

As mentioned in the introductory section, the two 6G-enablers discussed in this document are associated 
with specific experiments under Functional Tests, as detailed in D2.1 [22] . Thus, a key differentiation 
between the two approaches of the Multi-RAT dual connectivity enabler lies in their integration with the 
experimentation framework. The first approach is tightly coupled with experiments managed through the 
project's adaptation framework and experimentation portal, enabling dynamic configuration and real-time 
performance monitoring. In contrast, the second approach is a standalone setup and is not coupled with 
any experiment through the adaptation framework and the portal of the project. By following this approach, 
baseline results that provide a more profound understanding of future implementations of the remaining 
options are being obtained. This foundational knowledge is crucial for refining and expanding the scope of 
the project, even though these additional options are outside the current project's scope. Establishing a 
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clear baseline allows researchers to identify key performance metrics and potential areas for improvement, 
guiding the development of more sophisticated solutions in subsequent phases of the project. 

In this context, Figure 7 illustrates the Multi -RAT Dual Connectivity for NTN-terrestrial access enabler and 
its integration within the overarching general architecture of the experimentation framework provided by 
the SUNRISE-6G project. The enabler is implemented as a functional block deployed on top of the Athens 
testbed. This architecture defines the baseline functionalities for the enabler while supporting 
comprehensive experimentation capabilities.  Within the Athens Testbed, a set of core components handles 
the actual deployment and execution of experiments. From bottom to top, the infrastructure layer includes 
the 5G components and all the physical equipment that is involved in the overall setup. The Experiment 
Orchestrator coordinates experiment lifecycles by interacting with a dedicated Database (DB) for storing 
and a Monitoring system for real-time feedback. As development progresses, the storage of experiments 
will be shifted to the central database as part of the SUNRISE-6G Experimentation portal. The enabler is 
closely integrated with the experimentation orchestrator, which manages experiment execution, including 
start/stop operations , ÁÎÄ ÆÁÃÉÌÉÔÁÔÅÓ ÔÈÅ ÃÏÌÌÅÃÔÉÏÎ ÏÆ ÐÅÒÆÏÒÍÁÎÃÅ ÍÅÔÒÉÃÓ ÔÈÒÏÕÇÈÏÕÔ ÔÈÅ ÅØÐÅÒÉÍÅÎÔȭÓ 
duration. 

The Infrastructure Southbound Interface (Infra SBI) ensures low-level communication with the 
infrastructure components, including OpenNebula in which the dedicated components have been deployed.  

Serving as the interaction point between the Experiment API and the underlying infrastructure, the 
Northbound Interface (NBI) Layer provides an upward-facing endpoint that supports the orchestration and 
management of system components through the Experimentation-as-a-Service API. This API supports 
essential functionalities such as experiment creation, monitoring, and control, providing seamless 
programmatic access to the testbed capabilities through the adaptation framework. Finally, the adaptation 
framework connects the portal of the SUNRISE-6G project with the underlying experiment, supporting the 
selection, execution, and monitoring of the experiment.  

 

Figure 7: Architecture of the Multi-RAT Dual Connectivity Enabler and its integration with SUNRISE-6G Components 

The following sections, 2.3 and 2.4, describe the two approaches for implementing the Multi-RAT dual 
connectivity NTN-TN enabler. The first approach, deployed in the Athens testbed, utilises a physical UE 
device connected through the Amarisoft 5G RAN and Core, and incorporates the OpenSAND emulator to 
model the NTN segment. The second approach, implemented at the Siemens premises, employs UERANSIM 
to emulate the UE, Open5GS as the 5G Core network, and leverages the NTN Edge Cloud System Emulator 
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for the NTN component. In both setups, the MPTCP proxy is based on Linux in-kernel integration, enabling 
the efficient management of multipath traffic across different network links.   

In terms of the current State of the Art (SoTA), most existing solutions have predominantly relied on 
simulation-based evaluations [23] [24] [25] . While these approaches are valuable for early-stage 
assessments, they often fail in capturing the complexities of real-world deployments, such as hardware 
variability, integration issues, and runtime dynamics of a physical infrastructure . To address these 
limitations, our approach advances beyond simulation by leveraging a real testbed setup that incorporates 
physical devices along with diverse software environments. In our approach, the use of diverse hardware 
and software components across the two testbed setups allows for a more robust evaluation of the Multi-
RAT dual connectivity solution. By combining both physical and emulated UEs, as well as commercial and 
open-source 5G Core and RAN implementations, the testing framework aims to address the gap often found 
in homogeneous validation environments.  This heterogeneity allows the enabler to be assessed under a 
broader range of deployment scenarios. Moreover, the utilisation  of both real and virtualised elements 
supports testing in hybrid configurations, facilitating a comparative analysis towards the performance.  

2.3 Multi -RAT Dual Connectivity for TN-NTN Integrated Setup for Functional 
Tests 

Figure 8 depicts the functional architecture of the initial implementation of the Multi -RAT dual connectivity 
for NTN-TN enabler, which is implemented in SUNRISE-6G and will be used for functional test evaluations.  
At the core of the system, the MPTCP software supports multipath communication and manages traffic 
routing across the different network paths, namely the TN and NTN.  For network performance evaluation, 
the iperf utility is employed. The iperf client generates traffic on one end of the network. In contrast, on the 
other end, the iperf server receives the traffic and records core network performance metrics (throughput, 
latency, and jitter). To conduct the scoped network topology and implement a dual connectivity End-To-
End (e2e) experiment, traffic between the two iperf agents is steered over two paths. One path utilises 5G 
connectivity, where the data plane starts from the iperf client, passes through an Amari gNB (next-
generation NodeB), and then through the 5G UPF (User Plane Function).  

The other path is an emulated satellite path, implemented using the OpenSand emulator. The NTN emulator 

consists of three components: the Gateway (GW), the Satellite (SAT), and the Terminal (ST), each deployed 

in a dedicated virtual machine (VM). Traffic is routed between these components. While all OpenSand VMs 

provide an API to start or stop them, the satellite component (VM) also allows for configuring the orbit type, 

which affects network delay. MPTCP (Multipath TCP) software, built on OS kernels adapted for this purpose, 

is used on both ends of the network. It splits traffic just after the iperf client, directing it over the two paths. 

On the receiving end, it properly collects, assembles, and forwards TCP streams to the iperf server. 
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Figure 8: Topology of the Multi-RAT Dual Connectivity NTN-TN enabler in the Athens testbed [26]  

2.3.1 Components  

The building blocks of the first implementation (prototype)  towards the Multi -RAT dual connectivity 
solution presented above are broken down with detailed descriptions in the following subsections. 

2.3.1.1 MPTCP 

In this setup, an MPTCP-enabled kernel was deployed on a Raspberry Pi 4 to enable simultaneous use of 
multiple network interfaces for improved reliability and bandwidth aggregation. The custom MPTCP kernel 
was compiled and installed to replace the default Raspbian kernel, allowing the Raspberry Pi to establish 
and manage multiple TCP subflows across the two network paths. 

To enable MPTCP for the specific application, the tool mptcpize was used. This utility allows applications to 
utilise MPTCP instead of standard TCP by dynamically intercepting library calls and modifying socket 
creation to set the MPTCP protocol number, so in that sense, it enforced the topology running with MPTCP. 
iPerf, the tool selected for performing the network measurements, leveraged the capabilities of mptcpize to 
force traffic to split across both paths (5G TN and emulated NTN). Figure 9 demonstrates that MPTCP is 
enabled and running on the Raspberry Pi. The system information shows that the kernel supports MPTCP, 
and the relevant configuration settings indicate that MPTCP functionality is active. Additionally, the list of 
available network protocols includes MPTCP, confirming that it is appropriately integrated and is 
functional. 

 

 

Figure 9: Output Showing MPTCP Capacities by using mptcpize 
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2.3.1.2 OpenSAND Satellite Emulator  

As illustrated in Figure 10 the overall architecture of the Satellite Emulator has been implemented using the 
OpenSAND platform, integrated on top of the Athens testbed. This integration enables a realistic evaluation 
of NTN-TN interoperability scenarios, with support for MPTCP-based traffic steering mechanisms. The 
experimental topology, as described in Section 2.3, establishes a dual-connectivity setup in which both 
terrestrial and non-terrestrial links are simultaneously accessible by the UE. Traffic is dynamically split or 
switched across the two paths by leveraging MPTCP functionality. 

The OpenSAND components are deployed as VMs within an OpenNebula-managed cloud environment. Each 
emulated satellite component, namely, the Satellite Terminal (ST), SAT, and GW, is instantiated as a 
dedicated VM. These VMs are automatically launched and configured during the experiment initialisation  
phase using dedicated automation scripts, which define the required IP addressing and interconnection 
logic. 

 

Figure 10: OpenSAND Emulator Components Deployed at the OpenNebula Infrastructure of the Athens Testbed 

2.3.1.3 5G-NR components 

The TN part is implemented using the Amarisoft callbox (all-in-one), which integrates both the 5G NR and 
5G core functionalities. The UE, equipped with a 5G Raspberry Pi Communication HAT, implements the 
MPTCP client and connects to the Amarisoft RAN using a dedicated SIM card. Traffic is routed to the MPTCP 
proxy, which is hosted within the OpenNebula virtual infrastructure of the testbed. The equipment that has 
been utilised for the UE is the 5G communication HAT, adopts SIMCom 5G module SIM8200EA-M2, 
supporting 5G SA networking and data rates up to 2.4 Gbps Dowlink (DL) / 500 Mbps Uplink (UL) and is 
based on Qualcomm snapdragon X55 platform, with multimode multi band support. The baseboard features 
a standard M.2 connector, allowing it to support various 5G communication modules that use the M.2 
format. The module connects via an M.2 Key B interface and is mounted on a HAT board, enabling 
connectivity to the Raspberry Pi through USB 3.0. This setup ensures high-speed data transmission between 
the module and the Pi. The hardware components comprising the UE are shown in Figure 11. On the left 
side of the figure, the 5G HAT, along with the 5G NR module, is displayed. On the right side, the board is 
shown attached to the Raspberry Pi, integrated with the 5G NR module. 
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Figure 11: 5G HAT Hardware Components 

The overall setup, including both the UE and the 5G Core, is shown in Figure 12.  The 5G access network is 
implemented using the Amarisoft stack, which provides both the gNB and UPF functionalities. The UE, 
integrated with the 5G Communication HAT enables 5G NR connectivity. The UE connects wirelessly to the 
Amarisoft gNB, which handles the radio link and forwards user-plane traffic to the UPF. From there, traffic 
is routed towards the OpenNebula virtual infrastructure, which hosts the MPTCP proxy and the iPerf3 
server. This setup establishes the complete 5G data path between the UE and the server through the 
Amarisoft components. 

  

Figure 12: Amarisoft callbox (gNB) and the servers hosting the 5G Core in the Athens testbed 

Table 2 describes the radio configuration for the Amarisoft 5G deployment in the Athens testbed. 

Table 2: Radio Configurations for Amarisoft 

Parameter   Value  

Band n78, ARFCN 632628, 3489.42 MHz  

Mode TDD 

Bandwidth  50 MHz 

Carrier Components 1 carrier 

Multiple -Input Multiple -Output (MIMO)-layer  2T1R DL 
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MIMO Mode 2X2  

Subcarrier-spacing 30 KHz 

UL/DL slot ratio 7 DL slots, 2 UL slots, 1 special slot 

2.3.1.4  Orchestrator  

The experiment orchestrator serves as the central point of access for all platform capabilities. It exposes a 
coherent API to the adaptation framework, enabling its integration within the SUNRISE-6G portal. The 
exposed API has two main functions: it reports the availability of the underlying platform and the available 
experiments, and it provides endpoints to start the experiment and retrieve its status. As its name suggests, 
the orchestrator is responsible for configuring all experiment components according to the experimenter's 
requests, executing the experiment, and reporting the results. The interaction with experiment 
components, such as NTN adaptation, MPTCP configuration, and iPerf, is based on API access. Once all the 
components are configured according to the parameters provided by the experimenter and have reported 
their availability, the orchestrator triggers the iperf client to generate traffic towards the server. 
Periodically, at short intervals, the orchestrator collects the experiment results and reports them back to 
the calling application, which is the Adaptation Framework. 

To initiate an experiment, the orchestrator issues a POST request to the dedicated endpoint 
(http://10.220.2.57:8000/experiment  - API details are provided in the Experimentation API section) with 
a JSON payload containing all necessary configuration parameters for the experiment to run. 

2.3.2 Interfaces  

The interfaces of the Multi-RAT dual connectivity enabler can be categorised into two groups (Table 3). The 
first group consists of interfaces related to SUNRISE-6G, including the APIs that interact with the SUNRISE-
6G Adaptation Framework. The second group consists of internal configuration APIs, which are responsible 
for managing the experimentation processes and coordinating the internal operations required to execute 
the experiments. The following sections provide a detailed description of each group of APIs and their 
respective functionalities. 

Table 3: Interfaces of the Multi-RAT Dual Connectivity Enabler 

Interface ID  Interface Description  

SUNRISE 6G-Experiment  Testbed experiment exposing APIs 

SUNRISE 6G-Testbed Testbed availability and capabilities exposure 

2.3.2.1 OpenSAND APIs 

To facilitate configuration and monitoring within the OpenSAND1 Emulator, a set of dedicated APIs has been 
developed. These APIs enable users to perform key operations, such as initialising the three core machines, 
selecting the satellite type (which affects network delay), and managing capacity distribution between the 
two-communication links. The available API endpoints and their corresponding Hypertext Transfer 
Protocol (HTTP) methods are provided in Table 4. 

Table 4: OpenSAND APIs 

REST 
Method  

Resource URI Description  

POST / opensand_api.php?action=start Start the gateway VM 

 
1 https://www.opensand.org/  

http://10.220.2.57:8000/experiment
http://10.220.2.63/opensand_api.php?action=start
https://www.opensand.org/
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POST /opensand_api.php?action=start Start the satellite VM 

POST /opensand_api.php?action=start Start the terminal VM 

POST /opensand_api.php?action=stop Stop the gateway machine  

POST /opensand_api.php?action=stop Stop the satellite machine 

POST /opensand_api.php?action=stop Stop the terminal machine 

GET /opensand_satellite.php?type=LEO Retrieve the status mode for the satellite  

GET /opensand_satellite.php?type=MEO Retrieve the status mode for the satellite 

GET /opensand_satellite.php?type=MEO Retrieve the status mode for the satellite 

GET 
/network_bandwidth.php?bandwidth5g=3&
bandwidthntn=7 

Retrieve results for bandwidth allocation per 
channel 

GET 
/profile/element_value?element=delay_value
&entity_type=st 

Retrieve the value of a specific element file 
based on the entity type 

The figures below provide indicative examples from Postman, where the actual body of the API is displayed. 
Figure 13 specifically shows the API used for starting the OpenSAND machines, while Figure 14 illustrates 
the API used to stop the OpenSAND machines, respectively. 

 

Figure 13: API call used to start OpenSAND Machines 

 

http://10.220.2.64/opensand_api.php?action=start
http://10.220.2.65/opensand_api.php?action=start
http://10.220.2.65/opensand_api.php?action=stop
http://10.220.2.65/opensand_api.php?action=stop
http://10.220.2.65/opensand_api.php?action=stop
http://10.220.2.65/opensand_satellite.php?type=LEO
http://10.220.2.65/opensand_satellite.php?type=LEO
http://10.220.2.65/opensand_satellite.php?type=LEO
http://10.220.2.52/network_bandwidth.php?bandwidth5g=3&bandwidthntn=7
http://10.220.2.52/network_bandwidth.php?bandwidth5g=3&bandwidthntn=7
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Figure 14: API call used to stop OpenSAND Machines 

Figure 15 displays the bandwidth allocation between the two channels, TN and NTN, as defined in the 
Postman API. It provides a detailed view of how the bandwidth is distributed and managed between the 
two networks, showcasing the API's role in facilitating the capacity of the channels. 

 

Figure 15: OpenSAND API call for Configuring Bandwidth 

2.3.2.2 Experimentation APIs  

As explained earlier, the experiment orchestrator exposes an API that provides information on both the 
testbed's status and the available experiments, as well as requests the execution of an experiment with 
specific parameters. These parameters include traffic division between the NTN and 5G paths, the type of 
NTN, which is defined by specific parameters (e.g., NTN delay), and iPerf parameters. The exposed 
endpoints and their corresponding HTTP verbs are listed in Table 5: Endpoints exposed for multi-RAT TNT-
TN Experimentation. 
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Table 5: Endpoints exposed for multi-RAT TNT-TN Experimentation 

REST 
Method  

Resource URI Description  

GET /sunrise6g/availability/testbed  Retrieve testbed availability 

GET /sunrise6g/availability/experiments  

Retrieve experiment name, status (availability 
to be executed) and parameters which are 
expected in the POST body for proceeding to 
execute it. 

GET /sunrise6g/experiment/status?exp_id=ID Retrieve the status of the experiment 

POST /sunrise6g/experiment  Start experiment 

Additionally, Figure 16 shows the Swagger UI, which provides an overview of the API, including both the 
implemented endpoints and the models used within them. 

 

Figure 16: Overview of the MPCTP Network Performance Orchestrator API calls 

The Adaptation Framework can access the above endpoints to retrieve and forward towards the portal 
information of the testbed. Initially, Á '%4 ÒÅÑÕÅÓÔ ÔÏ ȰȾÓÕÎÒÉÓÅφÇȾÁÖÁÉÌÁÂÉÌÉÔÙȾÔÅÓÔÂÅÄȱ ×ÉÌÌ ÒÅÓÐÏÎÄ ×ÉÔÈ 
the status of the testbed. In case a component is not properly functional (e.g. NTN emulator VMs are down), 
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it will report negatively. Otherwise, it returns a positive (true) response. Subsequently, a GET request to 
ȰȾÓÕÎÒÉÓÅφÇȾÁÖÁÉÌÁÂÉÌÉÔÙȾÅØÐÅÒÉÍÅÎÔÓȱ ×ÉÌÌ ÒÅÃÅÉÖÅ Á ÒÅÓÐÏÎÓÅ ÉÎÃÌÕÄÉÎÇ ÔÈÅ ÎÁÍÅ ÏÆ ÔÈÅ ÁÖÁÉÌÁÂÌÅ 
experiments and all required parameters for a subsequent call for their execution. Currently, one 
experiment is underway, named Ȱ.#32$ͺ-04#0ͺ.4.ͺυ'ȱȢ 4ÈÅ ÒÅÓÐÏÎÓÅ ÔÏ ÔÈÉÓ ÒÅÑÕÅÓÔ ×ÉÌÌ ÇÉÖÅ ÂÁÃË Á 
full list of all parameters needed to configure the behaviour of the NTN, MPTCP and iPerf components. 
Beyond their name, as expected in POST body object, their type, range or predefined values are provided in 
the response. Part of the response, as shown in the following  figure (Figure 17), clearly indicates the type 
of information provided to callers of this endpoint. 

 

Figure 17: List of Parameters and their Predefined Values for the Configuration of the Experiment  

The most crucial endpoint is the one which proceeds to request the experiment configuration and execution. 
4ÈÉÓ ÉÓ ÓÕÐÐÏÒÔÅÄ ÂÙ ÔÈÅ ÅÎÄÐÏÉÎÔ ȰȾÓÕÎÒÉÓÅφÇȾÅØÐÅÒÉÍÅÎÔȱ ÕÎÄÅÒ Á 0/34 ÍÅÔÈÏÄ, which expects in the 
body all the parameters that will clearly define the behaviour of the testbed experiment. These parameters 
are divided into 3 parts, each of which addresses a component of the experiment. 
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Figure 18: Example of Experiment Configuration Parameters 

The "ntn_orbit_type" parameter defines whether OpenSand will emulate a LEO, MEO, or GEO NTN network. 
The OpenSand APIs, running on the three VMs (Terminal, SAT, and GW), are called to start the emulation, 
and the orbit type parameter is provided. 

The "ntn_bandwidth" and "cell_bandwidth" parameters are used to set the traffic steering accordingly. APIs 
are accessed in the MPTCP proxy and client (see Figure 18) to configure traffic allocation between the two 
paths. The MPTCP proxy and client, under the hood, use kernel tools to manipulate traffic control settings 
(e.g., tc) to set kernel parameters. 

Once the above APIs have been called and thus the intended topology has been configured, iPerf client and 
server APIs are called to set the experiment execution loops, their duration, and TCP window size 
("window_size", "loops", and "duration" parameters) and then kick start the experiment.   

The orchestrator periodicallyȟ ÅÖÅÒÙ ȰÄÕÒÁÔÉÏÎȱ ÓÅÃÏÎÄȟ collects the results and reports back to the caller 
(adaptation framework). Additionally, every time a change in the status of the experiment occurs (e.g., 
ÃÈÁÎÇÅÓ ÔÏ ÓÔÁÔÕÓ ȰÒÕÎÎÉÎÇȱȟ ȰÆÁÉÌÅÄȱȟ ȰÃÏÍÐÌÅÔÅÄȱȟ ÅÔÃȢɊ, the orchestrator updates the caller.  

The endpoint for sending results and updates to the calling application (i.e., the Adaptation Framework) is 
specified in the execution request via the callback_url parameter. Additionally, the experiment ID is 
provided using the exp_id parameter, which serves as a reference for the reporting. 

The relevant endpoints associated with the Adaptation Framework are as follows: 

¶ Data collection: http://62.217.72.78:8080/sunrise6g/experiment/data  

Experiment status updates: http://62.217.72.78:8080/sunrise6g/experiment/status . At the time of writing 
this deliverable, the integration with the adaptation framework has undergone an initial round of testing 
and validation, during which the experiment configuration parameters and the testbed status were 
successfully collected.  

Figure 19 below reflects the sequence diagram of the process. The process begins with the Adaptation 
Framework interacting with the Experimentation API of the enabler to check whether the testbed is 
available. It achieves this by querying the testbed status and retrieving a list of supported experiments, 
along with their parameter schemas. Once the framework selects and configures the desired experiment 
(including parameters like orbit type, bandwidth for satellite and cellular links, TCP window size, and 
duration), it sends this configuration via the API. The Orchestrator then applies this configuration to the 
underlying testbed infrastructure. 

Next, OpenSAND emulator initiates the emulation based on the selected orbit type and configures the link 
characteristics (e.g., bandwidth for satellite and 5G). It then sets the experiment parameters and starts the 
traffic flow. During the experiment runtime, periodic updates are sent back from the testbed to the 
adaptation framework via a callback URL. These updates contain the metrics and status information. Once 
the experiment concludes, a final status update (e.g., "completed" or "failed") is sent, indicating the end of 
the workflow and the process that follows. The project source code is hosted at the ISI project github repo 
at https://github.com/SMARTECH-ISI-Athena/Multi -RAT-Dual-connectivity-for-NTN-terrestrial -access. 

http://62.217.72.78:8080/sunrise6g/experiment/status
https://github.com/SMARTECH-ISI-Athena/Multi-RAT-Dual-connectivity-for-NTN-terrestrial-access
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Figure 19: Sequence Diagram of the Multi-RAT Dual Connectivity Experiment 

2.3.3 Results of the Initial Implementation  

To confirm that the overall setup and topology of the initial enabler implementation are properly 
configured, both in terms of network interfaces and communication capabilities, a series of verification tests 
has been conducted to ensure correct functionality and readiness for further experimentation. Figure 20 
presents the list of available interfaces, offering a clear overview of the supported connectivity options. In 
particular, the 5G interface (wwan0) is responsible for routing traffic through the 5G system, while the NTN 
interface (eth0) handles communication via the NTN.  

 

Figure 20: The two interfaces on the Rpi for TN (5G) and NTN 

To further  assess the capabilities of the topology and evaluate the effectiveness of MPTCP deployment, a 
performance test was conducted using the iperf3 tool wrapped with mptcpize for the NTN path. During the 
test, a stable connection was established between the client (Raspberry Pi) and the server, achieving a 
consistent throughput with zero packet retransmissions and a well-maintained congestion window. It is 
worth mentioning that the satellite link capacity has been configured with a maximum throughput of 10 
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Mbps. This limitation is intentional, reflecting the typical bandwidth constraints of real-world satellite 
systems. 

 

Figure 21: Iperf Over Mptcp for the NTN Link 

For further assessment of the setup, Figure 22 and Figure 23 reflect the ping to the corresponding endpoints 
over both the 5G/TN and NTN interfaces. The variation in latency observed between the two confirms that 
the traffic is being routed from independent network paths, each with different characteristics (the NTN 
interface provides more latency). 

 

Figure 22: Ping the Server Through the NTN Interface 

 

Figure 23: Ping the Server Through the TN Interface 

Figure 24 below reflects the functionality of the MPTCP deployment. With the mptcp monitor command, 
two separate MPTCP connections are identified by the tokens 072c8311 and 71c2e827. These tokens 
represent the distinct MPTCP connections, namely the 5G and NTN, each with multiple subflows. For 
token=072c8311, multiple [SF_ESTABLISHED] entries show at least two different source-destination pairs 
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in use. Similarly, token=71c2e827 also shows multiple [SF_ESTABLISHED] lines. One subflow is marked as 
backup=0 (primary), while the others are marked as backup=1 (secondary), indicating the roles of the 
subflows in traffic distribution. In our case, 5G is considered the primary technology, and NTN is considered 
secondary. Additionally, the screenshot includes [SF_CLOSED] lines, demonstrating the clean drop of 
subflows, as the final process in the MPTCP stack operation.  

 

Figure 24: Different Subflows for the Two Interfaces 

2.4 Multi -RAT Dual Connectivity for TN-NTN Standalone Setup 

Understanding the impact that each of the described architectural integration options has in the user plane 
of a 5G/6G network, it is essential before a full-scale deployment and adoption. Therefore, a parallel testing 
playground was implemented at the NTN & NTCS Testbed from Siemens with the primary objective of 
allowing the instantiation of an E2E 5G/6G TN-NTN infrastructure and its extension to multi-RAT dual 
connectivity for NTN and TN. This testing playground takes an emulation approach for both the TN and NTN 
segments, and the extensions described below are expected to be leveraged on Scenario 1 of Use Case 3 
Experiment 1 as part of WP6.  

2.4.1 Components  

The testing playground is built upon three key components, as depicted in Figure 25: 

(i)  NTN Edge Cloud System Emulator, an emulation framework for NTN networks and devices,  
(ii)  UERANSIM, an open-source tool for simulating RAN and UE interactions,  
(iii)  Open5GS, an open source 5G core network implementation.  

Together, these components form an E2E 5G/6G TN-NTN testing infrastructure. Their detailed role within 
the testing playground is as follows: 

¶ NTN Edge Cloud System Emulator: The NTN Edge Cloud System Emulator is an orchestration and 
emulation framework designed to build distributed and dynamic NTN edge networks and 
computing systems, such as those involving satellites, ground stations, and devices. By doing so, this 
tool can serve as a one-stop shop for defining and instantiating NTN testbeds. The NTN segment is 
mostly emulated or simulated. It can be connected to a real networking segment (e.g., a private LAN 
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or even the Internet itself) and/or to real industrial systems. Additionally, each node of the NTN 
edge network can be used to deploy  

(i)   Real-world applications,  
(ii)   Additional capabilities (e.g., Satellite Computing capabilities)  
(iii)   Connecting dedicated devices, such as IoT sensors, to create a hybrid and mixed-reality 

environment. 
¶ Open5GS: Open5GS is an open-source, 3GPP-compliant 5G Core implementation that serves as the 

mobile core network, managing essential functionalities such as user authentication, session 
establishment and control, mobility management, and infrastructure monitoring. Although it 
provides an implementation of a wide range of 5G NFs, it still lacks the implementation of N3IWF 
and TNGF, which are necessary to fully support interworking as a non-3GPP Access Network option. 

¶ UERANSIM: UERANSIM is an open-source tool that mimics the behaviour of a 5G UE and RAN (i.e., 
gNB). Although it does not fully implement the physical layer, it emulates the 5G-NR radio interface 
over the UDP protocol and, consequently, it can model the physical and protocol layers (including 
the establishment of the user plane via GPRS Tunneling Protocol), as well as the signaling 
procedures between the UE, RAN and 5G Core (including authentication and key agreement 
procedures). 

 

Figure 25: Multi -RAT Dual Connectivity for TN-NTN with Emulated NTN and TN Segments 

Note that, in this setup, the satellite and mobile networks are considered to be developed, implemented, 
and operated as completely distinct networks, interconnected via ground stations that serve as gateways 
(Option A in Section 2.1.1). The simplest scenario has been chosen to establish baseline measurements for 
multi -RAT dual connectivity, ensuring that our initial analysis is straightforward and focused on 
fundamental performance metrics. 

2.4.2 Interfaces  

Despite not being targeted as an experimental enabler within the scope of the project, this setup also 
supports the interfaces of the Multi-RAT dual connectivity enabler regarding the experiment-related 
operations (see   
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Table 6). These consist of interfaces related to SUNRISE-6G, including the APIs that interact with the 
SUNRISE-6G Adaptation Framework. The details of these interfaces will be reported in WP5 deliverables 
D5.2 and D5.4, which are related to the integration of the 6G library with the experimentation plane. 
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Table 6: Experiment-related Interfaces of the Multi-RAT Dual Connectivity Enabler 

Interface ID  Interface Description  

SUNRISE6G-Experiment  
Experiment-related operations 
(start/stop/retrieve results)  

2.4.3 Datasets and Results  

This subsection presents initial outcomes of a series of MPTCP experiments showing potential 
improvements achieved over traditional transmission methods. 

2.4.3.1 MPTCP Experiments 

The initial set of experiments for the MPTCTP implementation utilises iperf3 as the baseline measurement 
tool to assess network performance. These tests were first conducted over legacy TCP to establish a 
reference point for comparison. Subsequently, the same tests were run over MPTCP, facilitated by mptcpize, 
a program that enables multipath TCP on existing legacy applications. To do so, mptcpize dynamically 
intercepts library calls, transparently modifying the TCP socket creation to a MPTCP socket and, therefore, 
allowing ËÅÒÎÅÌȭÓ MPTCP capabilities to be enforced. Both tests are represented in Figure 26. This approach 
enables us to directly compare the performance improvements offered by MPTCP with those of traditional 
TCP in multi-RAT dual connectivity for NTN-TN scenarios, providing a clear understanding of the benefits 
and potential challenges associated with multipath connectivity. 

 

Figure 26: iperf3 experiments over legacy TCP and MPTCP 

Upon startup of the environment, we confirm the proper configuration of the emulated node, both in terms 
of its networking interfaces and communication properties. Figure 27 lists the available interfaces in the 
emulated node, providing a comprehensive overview of connectivity options. In particular , we can see the 
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5G interface (i.e., uesimtun0), which forwards the traffic via the 5G system, and the NTN interface (i.e., eth0), 
which forwards traffic via the NTN system.  

 

Figure 27: Multi -RAT 5G-NTN Node's Interfaces 

In Figure 28, we initiate a ping from the emulated node to the other endpoint via each interface (5G/TN and 
NTN), and the observed latency differences confirm that traffic is routed through distinct paths, each with 
unique characteristics. 

 

Figure 28: Ping the Counterpart Endpoint via either 5G or NTN Interfaces 

The next step involved verifying that MPTCP was enabled in the node and ensuring that iperf3 could operate 
using both legacy TCP and MPTCP within the instantiated environment. Initially, we confirmed that MPTCP 
was enabled in the kernel, as depicted in Figure 29. Subsequently, we ran iperf3 tests both without and with 
the mptcpize tool, and utilised Wireshark to validate that the traffic was being transmitted over legacy TCP 
(Figure 30) and MPTCP (Figure 31), respectively, demonstrating the successful implementation of both 
protocols. 

 

Figure 29: MPTCP Enabled at the Emulated Node 

 

Figure 30: Wireshark capture of iperf3 traffic flow with legacy TCP 
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Figure 31: Wireshark Capture of iperf3 traffic flow with MPTCP 

By analysing the packets captured in Wireshark, it is obvious that multiple subflows are established via both 
interfaces. This detailed inspection reveals the distinct paths taken by the traffic, confirming the successful 
implementation of MPTCP and its ability to leverage multiple interfaces. It also maps to the configured ip 
mptcp limits (add_addr_accepted 2 subflows 2), which means that: 

(i)  The node will accept up to 2 ADD_ADDR sub-options from the peer and use them to notify the 
node of additional IP addresses for creating new subflows;  

(ii)  The node will allow up to 2 additional subflows for each MPTCP connection, enabling the use of 
multiple paths for data transmission. 

In this respect, the kernel's ip mptcp utility can be used to define various MPTCP scheduling strategies. 
These strategies will be tested to evaluate their effectiveness in optimising network performance under 
different conditions. By systematically varying the scheduling algorithms, we aim to identify the most 
efficient methods for distributing traffic across TN and NTN paths, thereby enhancing overall network 
reliability and throu ghput. 

2.5 Multi -RAT Dual Connectivity for NTN -TN: Next Steps 
To advance the implementation of Multi-RAT Dual Connectivity for NTN-TN, a specific implementation plan 
has been defined and will be reported in D4.6, due in M24. As a first  approach, comprehensive performance 
tests comparing legacy TCP and MPTCP will be conducted. These tests will focus on key metrics such as 
throughput, latency, and reliability under various network conditions, aiming to identify the advantages 
and potential drawbacks of MPTCP in NTN-TN scenarios. Additionally, the plan includes experimentation 
with different MPTCP schedulers to assess their impact on E2E traffic when TN-NTN paths are utilised and 
how they perform in the selected topologies and with different UEs. This involves choosing a variety of 
schedulers, measuring their performance in terms of throughput, latency, and overall network efficiency, 
and analysing the results to determine which scheduler offers the best performance for specific use cases 
within TN-NTN environments. 

Furthermore, the optional exploration of MP-QUIC as an alternative to MPTCP is being considered. This step 
involves setting up test environments to compare MP-QUIC and MPTCP, evaluating MP-QUIC's performance 
and documenting the findings to understand if MP-QUIC can offer additional benefits or improvements over 
MPTCP in NTN-TN scenarios. Finally, comprehensive guidelines on the effective use of MPTCP in TN-NTN 
scenarios will be provided. These guidelines will include best practices for configuring MPTCP in mixed 
terrestrial and non-terrestrial networks, recommendations on selecting appropriate MPTCP schedulers 
based on specific network conditions and requirements, and strategies for optimising MPTCP performance 
to ensure reliable and efficient connectivity in NTN-TN environments. 
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3 O-RAN Digital Twin  
The current O-RAN ecosystem lacks a dedicated, scalable, and realistic training and validation environment 
where ML models for x/rApps can be thoroughly evaluated before deployment. In operational networks, 
ML mechanisms rely on vast amounts of real-time data. However, training and testing these models directly 
on production networks pose significant risks, including network instability, data privacy and security 
concerns, and limited scalability. To address this gap, SUNRISE-6G implements an O-RAN Network Digital 
Twin (ONDT), a virtualised representation of an O-RAN network that allows for controlled experimentation, 
dataset generation, and pre-deployment testing of ML-based x/rApps. 

This chapter presents an intermediate progress report on the implementation of an ONDT as a 6G Enabler 
platform for  the SUNRISE-6G project. More specifically, the chapter covers: 

¶ A very brief introduction of the O-RAN ecosystem, where a Network Digital Twin applies and brings 
value. 

¶ The architecture of the ONDT with explanation of its components; describe aspects of configuration, 
visualisation and result artefact collection. 

¶ Required external components of the digital twin: a survey of RICs and Radio Access Network (RAN) 
emulators.  

¶ How ONDT integrates with the SUNRISE-6G Adaptation Framework (NBI). 
¶ Early report on implementation progress of the SUNRISE-6G ONDT. 

3.1 Introduction  

In recent years, there has been a continuous increase in discussion about the use of open interfaces in the 
RAN domain. O-RAN alliance2 has been formed in 2018 with the participation of operators, vendors and 
ÒÅÓÅÁÒÃÈ Ǫ ÁÃÁÄÅÍÉÃ ÉÎÓÔÉÔÕÔÉÏÎÓ ×ÉÔÈ ÔÈÅ ÃÈÁÒÔÅÒ ÔÏ ȰÒÅÓÈÁÐÅ 2!. ÉÎÄÕÓÔÒÙ ÔÏ×ÁÒÄÓ ÍÏÒÅ ÉÎÔÅÌÌÉÇÅÎÔȟ ÏÐÅÎȟ 
virtualised ÁÎÄ ÆÕÌÌÙ ÉÎÔÅÒÏÐÅÒÁÂÌÅ ÍÏÂÉÌÅ ÎÅÔ×ÏÒËÓȱȢ /-RAN has provided a network architecture 
compatible with 3GPP, and has hence issued numerous specifications3 through its currently 11 Working 
Groups covering different aspects of the O-RAN architecture. 

Figure 32 shows the O-RAN displays the O-RAN architecture as defined by the WGs. The three main O-RAN 
components that are introduced by O-RAN are:  

¶ The Near-Real-Time (Near-RT) RIC which can communicate directly with 3GPP defined components 
(RUs, DUs, CUs). Please note that the O- prefix in the RU/DU/CU refers to O-RAN compliant RAN 
elements that implement the 7-2x functional split4. 

o Near-RT RICs provide a programmable interface to application developers to write their 
own apps, called xApps, and leverage the capabilities of the E2 protocol. xApps target a time 
granularity for their control -loop between 10 milliseconds and 1 second. 

¶ The Non-Real-Time (Non-RT) RIC that may control through policies the behaviour of multiple Near-
RT RICs 

o Similar to Near-RT RIC, Non-RT RIC allows the development of applications, called rApps, to 
allow developers access the Non-RT RIC services, its data and its policies. The time 
granularity of the control-loops implemented by rApps is higher than 1 second. 

¶ The Service Management and Orchestration Framework (SMO) serves as the overarching platform 
for the overall E2E service management in the RAN domain. It covers aspects of NF CU/DU Lifecycle 
Management (LCM), Infrastructure (edge cluster/data centre) LCM, centralised Fault and 
Performance Management (FM/PM), 3GPP-compliant Network Slice Subnet Management Function 
(NSSMF) for the RAN, exposure NBIs, etc. The SMO also enables connections to external entities, 

 
2 https://o -ran.org/about 
3 https://specifications.o-ran.org/specifications 
4 https://www.5gtechnologyworld.com/open-ran-functional-splits-explained/ 

https://o-ran.org/about
https://specifications.o-ran.org/specifications
https://www.5gtechnologyworld.com/open-ran-functional-splits-explained/
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such as systems providing enrichment information or consuming analytics produced by the rApps, 
although no specific interface has been defined.  

 

Figure 32: O-RAN Architecture [26]  

Furthermore, and in addition to the 3GPP network interfaces, O-RAN introduced several new interfaces to 
achieve its purposes: 

¶ E2 interface for the communication between the NFs and the Near-RT RIC. Through this interface, 
RAN elements can be registered, controlled and monitored. 

¶ A1 interface as the policy framework between a Non-RT RIC and a Near-RT RIC. 
¶ O1 interface for the Fault, Configuration, Accounting, Performance, Security (FCAPS) aspects of the 

NFs and Near-RT RIC elements 
¶ O2 interface with two different sub-interfaces for the LCM of Infrastructure (O2-IMS) and NFs (O2-

DMS), respectively. 
¶ R1 protocol for the communication of rApps with the Non-RT RIC and among each other. It 

implements Data Management and Exposure (DME) and Service Management and Exposure (SME) 
services.   

¶ Y1 interface to provide RAN analytics information services to external consumers, such as edge 
applications or services.   

In the context of SUNRISE-6G, the ONDT will be developed to allow experimentation with the O-RAN alliance 
interfaces and rApps/xApps. The purpose of ONDT is to provide a new 6G experimentation platform where 
experiments shall be able to access an O-RAN-enabled testbed with RAN emulators communicating over O-
RAN E2 protocol with a set of Near-RT RICs and Non-RT RICs. Per O-RAN architecture, Near-RT and Non-
RT RIC platforms run as conduits for experimenters to be able to submit their xApps and rApps, 
respectively, to monitor and control the RAN network behaviour. 

The SUNRISE-6G ONDT will mainly focus on integration with the Non-RT and Near-RT RICs, leveraging the 
A1 and E2 interfaces to respectively enable coordination between rApps and xApps, and allow the 
monitoring and control of emulated RAN nodes. Additionally, it will support the configuration of the 
simulation layer to emulate realistic network behaviour and facilitate the deployment and evaluation of 
AI/ML -driven optimisation strategies. 
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To be noted that O-RAN has identified the value and necessity of the Digital Twins, and in the context of the 
O-RAN Next Generation Research Group (nGRG), two reports have been published on the use cases [27] and 
the key enablers [28] for RAN Digital Twins. As per [27] , the digital twin presented in this section focuses 
on the AI/ML Training, Evaluation and Performance Assurance, as well as the Network Testing Automation. 

3.2 ONDT Functional Architecture  

Figure 33 depicts the functional architecture of the ONDT to be implemented in SUNRISE-6G. 

 

Figure 33: High-level ONDT Architecture [26]  

In the following subsection, the components of the ONDT architecture are provided in detail. 

3.2.1 ONDT Components  

The ONDT architecture (green block) can mainly be divided into stateful and stateless services. The stateful 
services are responsible for data persistence and include a database that stores infrastructure 
configurations, topologies, and x/rApps, as well as a Prometheus metrics system to collect and manage 
performance data. A file storage system holds datasets, experiment results, and additional x/rApps, while 
an internal message queue (MQ) facilitates communication between various microservices. The stateless 
services, which include the interfaces towards other elements of the SUNRISE-6G ecosystem and the digital 
twin infrastructure, are specified below. 

NBIs are mainly responsible for the interactions with the external entities, which are the Adaptation 
Framework (Experimentation-as-a-Service) and a simple ONDT management user interface (UI) that is 
used mainly for maintenance and monitoring of the tool, with testbed owners being its exclusive users. 
Though all operations can be performed through the API server (ONDT-interfaces, see Table xx below), the 
ONDT UI serves mostly to perform tasks such as monitoring usage, applying data retention policies, 
handling faults, etc.  

At the core of ONDT is the Experiment Manager, which is responsible for the Experiment LCM and 
implements all the business logic of the ONDT. This component interacts only with NBIs and SBIs and is the 
ÉÎÔÅÒÎÁÌ ȰÏÒÃÈÅÓÔÒÁÔÏÒȱ ÆÏÒ ÁÌÌ ÏÐÅÒÁÔÉÏÎÓȢ  
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Several SBIs connect the digital twin with various physical and virtual elements that execute the 
simulations. To start with, the SBI RIC ensures interoperability with the Non-RT and Near-RT RIC layers via 
specific adapters for vendor implementations, such as Juniper. The SBI Sim links the digital twin to the 
Simulation/Emulation Layer, supporting different network modelling tools, while the Infra SBI manages 
interactions with the Infrastructure Layer, leveraging container orchestration platforms like K8s. 

The RIC and O-RAN Simulation Layers form a crucial part of the architecture, providing different levels of 
control and abstraction. The Non-RT RIC Layer is responsible for long-term policy enforcement and AI-
driven optimisations, interfacing with the system through the O-RAN A1 interface. The Near-RT RIC Layer 
deals with real-time control of network parameters via the O-RAN E2 interface, enabling dynamic 
optimisations. The RICs will directly interface with the simulation layers, allowing for large-scale modelling 
of O-RAN environments and supporting the execution of network experiments in a controlled, virtualised 
setting. Here, different topologies (distributed radio, centralised radio) and the quantity of end users (e.g., 
smartphone users) are simulated. Depending on the simulator's capacities, different simulation parameters 
may be supported.  

For testing and validation purposes of the digital twin, the deployment will take place in the i2CAT testbed 
facilities, which feature Juniper RIC components and a third-party network simulator . This will require 
implementing the necessary adapters to support the specific solutions deployed in the testbed. The 
adapters, like the transformation functions used to translate from generic CAMARA APIs to operator-
specific telco network, will assure that the generic experimentation calls (configuration, retrieval of 
metrics) are mapped to the corresponding functions exposed by the specific elements of the digital twin 
(RICs, network simulator). 

In summary, the ONDT architecture features the following layers: 

¶ NBI API layer, which consists of APIs that are exposed towards the rest of the project components 
(Portal, Adaptation Framework) 

¶ SBI API layer with client APIs towards the actual O-RAN components: Non-RT RIC, Near-RT RIC and 
Simulators/Emulators 

¶ Management layer that includes the Experiment Manager, which performs the Experiment LCM 
operations (submission, queueing, preparing, retrieving results and datasets). 

¶ Data store layer contains a stateful data store and event management service for all microservices.  

A more detailed explanation of these layers and their APIs, as well as brief explanations on API usage, is 
shown below: 

3.2.1.1 NBI APIs 

¶ NBI API Server: This service implements the server portion of the ONDT protocol for submitting 
experiments, monitoring progress, and retrieving results. This is the main interface with the 
Adaptation Framework and the SUNRISE-6G portal.  

o Inputs: HTTP calls (external) 

o Outputs: MQ requests (internal) 

¶ NBI Web UI: Implements a lightweight UI that helps with the initialization of the ONDT, performing 
tasks like Create, Read, Update, and Delete (CRUD) operations on topologies, applications, and 
infrastructure (RICs, emulators). This is an auxiliary service intended for the testbed owner, 
providing monitoring and maintenance capabilities.  

o Inputs/Outputs: HTTP/Websocket requests (external) to MQ requests (internal), bi-
directionally. 
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3.2.1.2 SBI APIs 

¶ SBI RIC: Implements communication with Non-RT and Near-RT RICs.  

o Inputs: MQ requests (internal) 

o Outputs: HTTP calls towards Non-RT/Near-RT RICs (external to ONDT) 

¶ SBI Sim: Implements the communication of the ONDT with a Simulator/Emulator software. 

o Inputs: MQ requests (internal) 

o Outputs: HTTP calls towards Simulator/Emulator software (external to ONDT) 

¶ SBI Infra: A simple (optional) component that continuously monitors the platforms where RIC and 
simulators run, focusing on collecting resource-related data (for example, to understand if 
performance results may be skewed because of resource depletion) 

o Inputs: HTTP calls (external; from platform/infrastructure running RICs, simulators) 

o Outputs: MQ requests (internal) 

Please note: The internal MQ requests will be as agnostic as possible of the RICs and Emulator/Simulator. The 
exact calls towards the external components will be done through the appropriate adapters in the SBIs (dark-
green boxes next to the SBIs in the architecture, Figure 33). 

3.2.1.3 Management Layer  

¶ Experiment Manager is the core of the ONDT and is responsible for:  

o 2ÅÃÅÉÖÅ ÅØÐÅÒÉÍÅÎÔÅÒȭÓ ÉÎÔÅÎÔ ÔÈÒÏÕÇÈ ÔÈÅ .") !0) ÓÅÒÖÅÒ ɉ-1Ɋ ÁÎÄ ÔÒÁÎÓÌÁÔÅ ÔÏ %ØÐÅÒÉÍÅÎÔ 
objects 

o Handle the full LCM of the Experiment (all state transitions) 

o Verify the availability of the O-RAN infrastructure and report any errors 

o Handle the internal ONDT UI; send the appropriate async UI notifications when internal 
state changes 

o Interact with the data store backends (DB, Time Series Database (TSDB), File Storage) 

Regarding inputs/outputs, the Experiment Manager is not directly exposed to external services and 
communicates with NBIs/SBIs only through MQ requests. 

3.2.1.4 Data Store Layer 

¶ DB implements a simple backend to store entities such as Topologies, Applications, Infrastructure 
(RIC-, emulator-related information). 

¶ TSDB stores time-series data regarding the execution of the experiment. 

¶ File Storage for topology files, applications, and results. 

¶ MQ for asynchronous microservice communication. 

Note that the data store layer contains open-source components that will be used in the process. From the 
early study in T4.5, these may be:  

(i)  NATS for the MQ and the DB through its KV-store implementation,  
(ii)  Minio for file storage,  
(iii)  Victoria Metrics or Prometheus for the TSDB. 
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3.2.2 Interfaces  

The ONDT microservices communicate with each other over some internal and some open protocols. Figure 
34 below demonstrates these interfaces, and Table 7 explains the role of each interface and the protocols 
used.  

 

Figure 34: External and Internal Interface Diagram for the ONDT Services 

An overview of ONDT interfaces, including a brief description of the target functionality and initial 
implementation details such as the protocols used by the interfaces, is provided in Table 7: ONDT Interface 
Description. 

Table 7: ONDT Interface Description 

Interface name  Description  Details  

S6G_API SUNRISE-6G interface towards the 
Adaptation Framework for the Testbed 
Availability and Experiment LCM 

SUNRISE-6G interface, HTTP-based 
(see NBI section 3.5.2) 

S6G_CALLBACK Notifications to SUNRISE-6G Adaptation 
Framework for experiment status  

SUNRISE-6G interface, HTTP-based 
(see NBI section 3.5.2) 

ONDT_WS Internal websocket interface for the real-
time updates towards the Admin Web UI  

Proprietary notification API, 
Websocket-based 
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MQ Internal communication among 
microservices 

Proprietary JSON-based messages 
exchanged over NATS MQ 

RIC_API Management calls towards the RIC platform 
(e.g. to onboard xApps, view status, etc.) 

Currently, Juniper has a specific API 
for Juniper Non-RT RIC/Near-RT 
RIC 

SIM_API Management calls towards the RAN 
emulation platform 

*These interfaces will be specified in 
later stages. 

ORAN_A1 Communication between the Non-RT RIC 
and Near-RT RIC(s)  

A1 protocol, HTTP-based (per O-
RAN WG2 specs) 

ORAN_E2 Communication among Near-RT RIC and 
RAN elements (control, feedback) 

E2 protocol, SCTP-based (per O-RAN 
WG3 specs) 

3.2.3 Configuration  

The SUNRISE-6G ONDT has an internal, proprietary interface to allow configuration following an OpenAPI 
definition 5. Through this API, the administrator can perform tasks like: 

¶ Onboard and monitor new Near-RT and Non-RT RIC instances  
¶ Onboard and monitor RAN emulator/simulation software 
¶ Upload new RAN topologies, UE mobility patterns, etc. (assuming the RAN emulator supports this 

functionality)  
¶ Upload and onboard new x/rApps for the Near-RT and Non-RT RICs 
¶ Access the history of executed experiments and their result status 
¶ Retrieve any previously saved experiment results/datasets 
¶ View operational state of all ONDT components 

For facilitating access to this API, a simple Web UI has been developed (please refer to the next sub-section 
3.2.4). Also, note that the purpose of this API is not to replicate any functionality of the SUNRISE-6G web 
portal, but only to assist the administrator in easily performing some maintenance tasks and monitoring 
the performance of the ONDT platform. Experiment LCM is fully covered through the NBI with the SUNRISE-
6G Adaptation Framework, described in Section 3.5. 

3.2.4 Visualisation  

The ONDT application, in addition to the NorthBound API towards the Adaptation Framework, provides an 
internal web-based tool, primarily for administrative and maintenance purposes. The main motivation was 
the ability to monitor and control low-level aspects, such as managing connectivity to the O-RAN RICs and 
the simulation tool, monitoring ONDT health, seeing experiment execution history, etc., which go beyond 
the scope of the SUNRISE-6G Adaptation Framework.  

Access to the administration web tool for the ONDT administrator is currently provided only through port-
forwarding of the nbi-webui service. In the next release cycles, an API gateway will be provided and will 
directly expose the Admin WebUI through a LoadBalancer Kubernetes service, directly to end consumers. 

To enable port forwarding, administrators should have access from their workstation to the kubeconfig file 
of the ONDT cluster and set the KUBECONFIG environment variable appropriately (e.g., export 
KUBECONFIG=~/.kube/config). Once kubectl access to the ONDT cluster is verified, administrators can run 
the following commands to enable local port forwarding of the APIserver and the WebUI NBIs:  

 
5 https://github.com/SMARTECH-ISI-Athena/SUNRISE-6G-ORAN-Network-Digital-Twin/openapi/odt -nbi.yaml (private project repo)  

https://github.com/SMARTECH-ISI-Athena/SUNRISE-6G-ORAN-Network-Digital-Twin/openapi/odt-nbi.yaml
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kubectl port - forwared svc/nbi - apiserver 8090:8090  

kubectl port - forwared svc/nbi - webui 8091:8091  

Then, the ONDT Admin Web UI should be reachable through a web browser at http://localhost:8091 . The 
dashboard screen in Figure 35 below should appear as follows: 

 

Figure 35: Dashboard Page of the Internal ONDT Admin Tool 

The dashboard page acts as a single pane of glass screen that shows the most useful info for the operation 
of the ONDT tool. The elements shown in the navigation pane are described in Table 8. 

Table 8: Main ONDT Navigation Menu 

Dashboard: Single pane of glass info about the current ONDT status 

Topologies: Details about the onboarded emulation topologies that can be used 
in emulation-based experiments 

Applications: Details about the onboarded xApps and rApps for the Near-RT RIC 
and Non-RT RIC, respectively.  

Infrastructure: Shows info about the RAN elements (RIC, emulators) that are 
available for the ONDT tool. 

Experiments: List of all experiments run, their start/stop date, and exit status.  

Datasets: generated datasets as a result of experiments. 

Logs: access to microservice logs for debugging purposes. 

http://localhost:8091/
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System: Monitoring the operational status of the ONDT deployment. 

While the development of the ONDT prototype is still in progress, some early screens have been developed 
that demonstrate how the Admin Web UI would serve its purposes. 

The infrastructure  screen shows which assets are present at the Southbound of the ONDT. This includes RIC 
instances (Non-RT and Near-RT) and emulators. The screen should provide details of whether these assets 
are currently connected and available for experiment execution. Figure 36 below shows this screen. 

 

Figure 36: ONDT RAN Infrastructure for Experiment Execution 

The System view presents a similar view, with a greater emphasis on the quick visualisation of the current 
status of all components: internal (ONDT microservices) and external (RICs and RAN Emulators). The 
tooltips will provide details on the operational status of the component. An initial version of the system 
summary view is shown in Figure 37. 
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Figure 37: ONDT System Summary View 

3.2.5 Dataset/Results  

The results of the experiments will primarily consist of RAN metrics, enabling effective visualisation and 
analysis to assess experiment performance or to be stored as datasets. Regarding the collection and 
exposure of Key Performance Indicators (KPIs)/ Key Performance Metrics (KPMs), two main strategies are 
contemplated: 

¶ First, the utilisation of open-source TSDB frameworks, such as Prometheus6. Prometheus 
implements a multidimensional data model, where time series data are identified by metric name 
and key/value pairs or labels. KPMs are gathered by the server(s) by periodically pulling exporters 
in discovered/registered targets. In an O-RAN environment, Prometheus exporters can be 
implemented as xApps or rApps, or a side service within the RICs. The utilisation  of labels is very 
relevant, allowing the data to be filtered by identifiers such as the PLMN ID, Slice ID, cell ID, or UE 
ID. Prometheus also implements a flexible query language, called PromQL, which is integrated with 
Grafana7 and allows selecting and aggregate time series data in real time.  

¶ Alternatively, the generation and storage of timestamped Comma Separated Values (CSV) files is the 
common approach to create datasets that can be used to feed Artifical Intelligence (AI)/ML models. 
To this end, S3 compatible open-source storage solutions such as Minio8 can be contemplated. The 
generation and uploading of datasets can be automated through the utilisation of rApps and xApps, 
which may process and store the RAN KPMs requested by the user in real-time during the 
experiment. Again, the utilisation of common rows to identify and process the data, such as the 
PLMN Identifier (ID), Slice ID, cell ID, or the UE ID, is mandatory.  

Additionally, the exposure and storage of execution logs may also be required. For instance, to retrieve 
information, feedback, and conflicts related to the RAN operations performed via A1 policies and E2 

 
6 https://prometheus.io/  
7 https://grafana.com/  
8 https://min.io/  

https://prometheus.io/
https://grafana.com/
https://min.io/
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commands. These logs must be indexed, utilising  open-source tools such as the ELK9 or Grafana Loki10 
frameworks.  

3.3 RIC Layer 

The SUNRISE-6G ONDT is designed to be agnostic of the RIC implementation. However, in the SUNRISE-6G 
project, the implementation will focus on the Juniper RIC stack, offered by Juniper Networks, and the 
Keysight RIC test emulator, offered by the i2CAT testbed. To achieve being agnostic, the internal SBI calls 
towards the RIC and SIM components are generic enough to match every RIC implementation, and 
internally in the SBI, they are transformed into the appropriate API calls to be sent to the actual RIC or RAN 
emulator.  

This section provides a survey of some RIC platforms (both commercial and open-source) and their key 
characteristics, serving as a guide for defining the SBI-RIC agnostic API. 

3.3.1 Juniper RIC Architecture  

Juniper Non-RT RIC architecture is shown in Figure 38. Please note that it illustrates how Non-RT RIC 
interacts with the rest of the Juniper O-RAN components, specifically the SMO and the Near-RT RIC.  

 

Figure 38: Juniper Non-RT RIC Architecture 

The main components of Non-RT RIC architecture are: 

¶ A1 termination: A1 termination is responsible for sending A1 policy messages to Near RT RIC. It 
also listens to notifications coming from Near RT RIC and distributes any message coming from Near 
RT RIC to other relevant Non-RT RIC components. 

¶ R1 termination: The R1 termination component implements the R1 protocol for establishing 
communication between rApps and the Non-RT RIC platform. 

¶ Application On-boarder: Application On-boarder is for onboarding the (r)Apps, that the operator 
provides as JSON descriptors to the Non-RT RIC Platform 

¶ Application Manager: The Application Manager is responsible for the LCM of an (r)App on the Non-
RT RIC Platform. 

A screenshot of the non-RT RIC web UI is shown in Figure 39. 

 
9 https://www.elastic.co/es/elastic-stack 
10 https://grafana.com/oss/loki/  

https://www.elastic.co/es/elastic-stack
https://grafana.com/oss/loki/
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Figure 39: Web UI Non-RT RIC  

 

Figure 40: Juniper Near-RT RIC Architecture 

The main components of the Near-RT RIC architecture, detailed in Figure 40 are:  

¶ A1 mediator: A1 Mediator component is responsible for sending A1 policies that are created from 
Non-RT RIC to the appropriate (x)Apps, based on the supported A1 Policy Types. Additionally, the 
A1 mediator informs the Non-RT RIC of any policy status changes in the (x)Apps.  

¶ E2 termination: E2 Termination component is responsible for managing E2 connection and 
transporting E2AP messages towards E2 nodes.  

¶ Application On-boarder: Application On-boarder is responsible for onboarding the (x)Apps, which 
the operator provides as JSON descriptors, to the Near RT RIC Platform 

¶ Application Manager: Application Manager is responsible for the LCM of an (x)App on the Near RT 
RIC Platform. This is the component that deploys and removes (x)Apps, providing statuses and 
information on existing deployments. 
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3.3.2 ɨ-RAN Software Community  

ɨ-RAN Software Community (OSC11) is a joint initiative by the O-RAN Alliance and the Linux Foundation 
aimed at fostering an open-source community to explore, develop, and refine the concepts and 
specifications defined by O-RAN. Developers and organisations worldwide participate in diverse ways, 
contributing to different subprojects within the framework. The two main subprojects are related to the 
development of the Non-RT and Near-RT RICs, as described below:  

¶ Non-RT RIC: Figure 41 ÄÅÐÉÃÔÓ ÔÈÅ ÁÒÃÈÉÔÅÃÔÕÒÅ ÏÆ ÔÈÅ /3#ȭÓ .ÏÎ-RT RIC (Release 17). As shown in 
the figure, some components are inherited from ONAP, while others have been developed by the 
/3#ȭÓ ÃÏÍÍÕÎÉÔÙȢ 4ÈÅ ÆÒÁÍÅ×ÏÒË includes A1 Policy Controller functions, which can be evaluated 
through an A1 simulator also developed by OSC12. Other relevant components are related to the 
implementation of the R1 interface, which allows rApps to produce and consume data (DME) and 
services (SME). In particular, the Information Coordinator Service (ICS) functions as a data 
subscription platform that streamlines the interaction between data producers and consumers. 
Data consumers, or subscribers, can create data subscriptions, referred to as Information Jobs, 
without needing to identify the data sources. These Information Jobs, identified through a defined 
Information Type, can be served by multiple providers or producers. It also enables data exposure 
to xApps through the A1-EI (Enrichment Information) interface. Regarding service exposure, 
various components, including the Service Exposure Gateway and Manager, are utilised to enable 
this functionality. Finally, it also incorporates an rApp manager and catalog to enable rApp LCM. 

 

Figure 41: OSC's Non-RT RIC Architecture (Release J) 13 

 
11 https://o -ran-sc.org/ 
12 https://docs.o-ran-sc.org/projects/o-ran-sc-sim-a1-interface/en/latest/overview.html 
13 https://lf -o-ran-sc.atlassian.net/wiki/spaces/RICNR/overview 

https://o-ran-sc.org/
https://docs.o-ran-sc.org/projects/o-ran-sc-sim-a1-interface/en/latest/overview.html
https://lf-o-ran-sc.atlassian.net/wiki/spaces/RICNR/overview
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¶ Near-RT RIC: OSC also provides an implementation of the near-RT RIC14, which serves as an 
intermediary between xApps and RAN elements through the E2 interface and facilitates 
communication between xApps and network operators via the A1 and O1 interfaces. xApps rely on 
the services provided by the RIC platform to operate efficiently, including the E2 manager, E2 
termination, and A1 mediator. As described in Section 3.4.1.1, OSC has also developed an E2 
simulator to evaluate performance and O-RAN compliance of the near-RT RIC and developed xApps. 
Several relevant research projects leverage implementations of OSC Near-RT RIC, such as OpenRAN 
Gym15 (RAN based on OpenAirInterface16 or NS-σ ÐÌÕÓ /3#ȭÓ %ς ÓÉÍÕÌÁÔÏÒ17) or Open AI Cellular18 
(RAN based on srsRAN19).  

3.3.3 FlexRIC 

/!)ȭÓ &ÌÅØ2)#20 is an implementation of a Near-RT RIC developed by the MOSAIC5G group. Implemented in 
C/C++, it enables real-time interaction with the E2 nodes, while minimizing the deployment footprint and 
complexity compared to other cloud-native RIC implementations such as OSC or SD-RAN [30] . xApps can 
be implemented in either C or Python, although the framework lacks an xApp Manager. It implements 
various service models (O-RAN standard E2SM-KPM v2.01/v2.03/v3.00 and E2SM-RC v1.03), which are 
updated according to community contributions. Communication between xApps and FlexRIC uses a 
proprietary adaptation of the E2 protocol, called E42 protocol, which allows fast and lightweight 
communication. As shown in Figure 42, FlexRIC defines iApps, which implement and abstract some 
common control E2 operations which can be further exploited by xApps via E42 protocol without needing 
to program again the control logic (e.g., RAN slicing control). Communication with the RAN nodes is based 
on the development of E2 Agents, which implement the required E2 protocol and logic.  In addition to OAI 
RAN, FlexRIC also supports srsRAN and state-of-the-art E2 simulators.  The A1 interface is currently not 
supported. 

 

Figure 42: FlexRIC Architecture 

 
14 https://lf -o-ran-sc.atlassian.net/wiki/spaces/RICP/overview 
15 https://openrangym.com/  
16 https://openrangym.com/tutorials/oai -o-ran  
17  https://openrangym.com/tutorials/ns -o-ran 
18 https://www.openaicellular.org/  
19 https://docs.srsran.com/projects/project/en/latest/tutorials/source/near -rt -ric/source/index.html 
20 https://gitlab.eurecom.fr/mosaic5g/flexric 

https://lf-o-ran-sc.atlassian.net/wiki/spaces/RICP/overview
https://openrangym.com/
https://openrangym.com/tutorials/oai-o-ran
https://openrangym.com/tutorials/ns-o-ran
https://www.openaicellular.org/
https://docs.srsran.com/projects/project/en/latest/tutorials/source/near-rt-ric/source/index.html
https://gitlab.eurecom.fr/mosaic5g/flexric
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3.3.4 SD-RAN 

SD-RAN is a former near-RT RIC implementation developed by the Open Networking Foundation (ONF), 
now adopted by the Aether project of the Linux Foundation21. Based on ʈONOS SDN Controller, it provides 
a cloud-native implementation of Near-RT RIC based on microservices, together with some exemplary 
xApps such as KPI monitoring, PCI conflict resolution, mobility load balancing or RAN slice management. It 
allows the deployment of SD-RAN cluster within a single host machine through the SDRAN-in-a-Box (RiaB) 
framework, which provides a development environment. RiaB deploys SD-RAN infrastructure over 
+ÕÂÅÒÎÅÔÅÓ ×ÈÉÃÈ ÉÎÃÌÕÄÅÓ ÔÈÅ #ÏÒÅ ɉÂÁÓÅÄ ÏÎ /.&ȭÓ /-%#22), emulated RAN (CU/DU/UE), and ONOS RAN 
Intelligent Controller (ONOS RIC) services. In the case of the RAN, it supports OAI components and also 
implements a RAN simulator, as described in section 3.4.1.3. The current version supports A1 interface. The 
SD-RAN architecture is shown in Figure 43. 

 

Figure 43: SD-RAN near-RT RIC Architecture 

3.4 Simulation Layer  

The simulation layer is a key component for the ONDT: at this layer, different O-RAN network topologies, 
numbers and types of user end devices, user mobility and other aspects of real networks can be simulated. 
There are commercial and open-source simulator implementations, which are discussed in this subsection, 
highlighting the main features and limitations. 

3.4.1 Open-source E2 Simulators/Emulators  

In this subsection a selection of open-source E2 simulators is presented (in some cases emulators) that are 
available at the time of writing this document. 

3.4.1.1 O-RAN Software Community 

O-RAN Software Community has developed its own E2 interface simulator. The simulator is available in a 
public repo23. There is an E2 simulator library developed for E2AP support based on E2APv1, and there is 
also E2SM support. The specific E2SM support that should be enabled is based to the E2SM of the calling 
application. Currently, O-RAN E2SM KPM can be found in the repo as an E2SM example.  

A Dockerfile for building a container and a HELM chart can be used as deployment options. 

The O-RAN Software Community also has available repositories with xApps that can be used in conjunction 
with the E2 interface simulator. 

 
21 https://aetherproject.org/sd-ran/  
22 https://opennetworking.org/omec/  
23 https://gerrit.o -ran-sc.org/r/sim/e2 -interface 

https://aetherproject.org/sd-ran/
https://opennetworking.org/omec/
https://gerrit.o-ran-sc.org/r/sim/e2-interface
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3.4.1.2 ns-O-RAN 

ns-O-RAN is a simulation platform that combines a functional 4G/5G protocol stack in ns-3 with an O-RAN 
compliant E2 interface24. The ns-O-RAN framework is composed by: 

¶ e2sim software, which is the previously mentioned e2 sim library implemented by O-RAN Software 
Community (4.4.2), including some additional updates to make it work with ns3-o-ran-e2 ns-3 
module. 

¶ ns3-mmWave, which is the ns-3 module for the simulation of 5G cellular networks operating at 
mmWaves25. For the ns-O-RAN there is a specified version of ns3-mmWave implemented by the 
University of Padova and NYU in order to make it work with the ns3-o-ran-e2 ns-3 module26. 

¶ ns-O-RAN27 A module which is an external module that can be plugged into ns-3 and uses the e2sim 
to create an SCTP connection with the RIC. 

¶ ns-O-RAN solution uses the E2APv1 library of O-RAN software community and the supported E2SM 
are E2SM KPM monitoring and E2SM-RAN Control (RC).   

The simulation platform is composed by more than one component, and there is not a single Dockerfile or 
a HELM chart for deploying the full solution. In addition, xApps that can work with ns-O-RAN can be found 
in public GitHub repos28. The architecture of the ns-O-RAN platform is shown in Figure 44. 

 

Figure 44: ns-O-RAN Architecture 

3.4.1.3 ONOS 

ʈ/./3 0ÒÏÊÅÃÔ ɉ-ÉÃÒÏ-service implementation of Open Network Operating System)29 has implemented a 
RAN simulator that can be found in a public repo30. Its architecture is shown in Figure 45. It offers the 
capability of describing and configuring simulated RAN environments using YAML models at start-up. There 
is also a gRPC API (RAN Sim API) available that can be used to induce changes during run-time.  The gRPC 
API capabilities are exposed via a ransim command line interface tool for the RAN simulator. 

 
24 https://openrangym.com/tutorials/ns -o-ran 
25 https://github.com/nyuwireless-unipd/ns3-mmwave 
26 https://openrangym.com/tutorials/ns -o-ran 
27 https://github.com/o -ran-sc/sim-ns3-o-ran-e2 
28 https://github.com/wineslab/ns -o-ran-scp-ric-app-kpimon& https://github.com/wineslab/ns -o-ran-xapp-rc 
29 https://github.com/onosproject 
30 https://github.com/onosproject/ran -simulator 

https://openrangym.com/tutorials/ns-o-ran
https://github.com/nyuwireless-unipd/ns3-mmwave
https://openrangym.com/tutorials/ns-o-ran
https://github.com/o-ran-sc/sim-ns3-o-ran-e2
https://github.com/wineslab/ns-o-ran-scp-ric-app-kpimon&
https://github.com/wineslab/ns-o-ran-xapp-rc
https://github.com/onosproject
https://github.com/onosproject/ran-simulator
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Figure 45: ONOS RAN Simulator Architecture 

The E2 agents of the E2 Node simulations support E2APv2 procedures, and the supported E2SMs are O-
RAN E2SM KMP and ONOS MHO (Mobile Hand Over). 

For deploying the RAN simulator, someone could use the HELM charts uploaded to the onosproject repo31. 
Similarly, xApps can be found in the same repository. 

3.4.1.4 FlexRIC Emulators 

As part of FlexRIC solution32, there are O-RAN alliance compliant E2 Node Agent emulators. These 
emulators support E2APv1, E2APv2 and E2APv3. Regarding the E2SM support, E2SM KPM and E2SM RC 
are supported. The agent emulator can be deployed using Makefile. Additionally, there is the option to 
specify the type of E2 node, either by running a gNB-mono option, splitting CU/DU gNB logic, or an eNB 
option. 

3.4.1.5 Comparison Matrix  

An overview of the capacities of the four open-source E2 simulators introduced in this section is provided 
in Table 9. It lists the supported protocols and models for each simulator, the deployable applications, the 
deployment methods for simulators, whether they support topology definitions, and their licensing details. 

Table 9: E2 Simulator Comparison Matrix 

Feature  O-RAN SC ns-O-RAN ONOS FlexRIC Emulators 

Technical Aspects 

Protocols/Models supported  

E2AP versions supported  E2AP v1 E2AP v1 E2AP v2 E2AP v1 

 
31 https://github.com/onosproject/sdran-helm-charts 
32 https://gitlab.eurecom.fr/mosaic5g/flexric 

https://github.com/onosproject/sdran-helm-charts
https://gitlab.eurecom.fr/mosaic5g/flexric
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E2AP v2 

E2AP v3 

E2SM supported E2SM KPM 
E2SM KPM 

E2SM RC 
E2SM KPM 

E2SM KPM 

E2SM RC 

Custom E2SM     

Applications  

xApps available for testing      

Deployment  

VM image    
 

 

Makefile      

Docker container     
 

 

HELM     

Topology  

Topology  

Configuration  
    

Commercial Aspects  

Open Source     

OS License Apache 2.0 GNU v2.0 Apache 2.0 OSA 1.1 

3.4.2 Commercial E2 Simulators/Emulators  

Two main products are available in the market, providing a realistic and O-RAN compliant simulation 
ÅÎÖÉÒÏÎÍÅÎÔȡ +ÅÙÓÉÇÈÔȭÓ 2)#ÔÅÓÔ33 ÁÎÄ 6)!6)ȭÓ 4ÅÒÁ6-Ⱦ!)2 3'34. Both products offer similar features and 
allow the implementation of the Simulation Layer of the O-RAN DT.   

3.4.2.1 +ÅÙÓÉÇÈÔȭÓ 2)#ÔÅÓÔ 

+ÅÙÓÉÇÈÔȭÓ 2)#ÔÅÓÔ35 is a RAN emulation solution that enables testing of the Non-RT RIC (and rApps) and the 
Near-RT RIC (and xApps) under different RAN configurations and traffic patterns, as illustrated in Figure 
46. As described in [31] , it enables the validation of four main aspects: 

¶ Performance: Determines Non-RT and/or Near-RT RIC readiness for production load levels.  

 
33 https://www.keysight.com/us/en/product/P8828S/rictest-ran-intelligent-controller-test-solutions.html 
34 https://www.viavisolutions.com/en-us/products/teravm-ai-rsg 
35 https://www.keysight.com/us/en/product/P8828S/rictest-ran-intelligent-controller-test-solutions.html 

https://docs.o-ran-sc.org/en/f-release/license.html
https://github.com/o-ran-sc/sim-ns3-o-ran-e2/blob/master/LICENSE
https://github.com/onosproject/sdran-helm-charts/blob/master/LICENSES/Apache-2.0.txt
https://gitlab.eurecom.fr/mosaic5g/flexric/-/blob/dev/LICENSE?ref_type=heads
https://www.keysight.com/us/en/product/P8828S/rictest-ran-intelligent-controller-test-solutions.html
https://www.viavisolutions.com/en-us/products/teravm-ai-rsg
https://www.keysight.com/us/en/product/P8828S/rictest-ran-intelligent-controller-test-solutions.html
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¶ Conformance: Assesses standards compliance for E2 and A1 interfaces, following O-RAN Alliance 
specifications. 

¶ Interoperability: Enables validation of vertical integration involving RICs and rApps/xApps from 
different vendors. 

¶ Use cases: Validates operations and performance of automated closed loops implemented through 
rApps and xApps targeting RAN optimisations.   

 

Figure 46: Keysight RICtest Architecture [31]  

For the O-RAN DT validation, the main focus is the validation of use cases, according to the developed 
rApps/xApps by the experimenters. Additionally, the interoperability of these xApps/rApps will be 
indirectly assessed based on the results. To this end, Keysight provides support for the E2SM Key 
Performance Metric (KPM), RAN Control (RC), and Cell Configuration and Control (CCC) service models, 
which facilitate telemetry, network state, and network modification delivery. In the case of RAN 
performance metrics, they are based on NR (TS 28.552) and E-UTRA (TS 32.425) specifications.  

Another key aspect for the DT is the design of RAN, UE mobility and traffic patterns. As shown in Figure 47, 
the Keysight RICtest allows defining sites and/or individual capacity (300 m) and coverage (2 km) cells. 
Different parameters of the cells can be configured, such as the central frequency, the beam properties, the 
number of slices, or the number of radio resources available per slice, among others. Regarding mobility, 
stationery, line and circle movement are supported. When defining the UEs, the experimenter can select the 
desired mobility pattern and speed, which will be maintained throughout the entire simulation. For each 
UE or group of UEs, the traffic pattern can also be configured, allowing us to define the uplink and downlink 
rates and the throughput gradient (steady, bell curve, inverted bell curve). UEs can follow a timeline, 
deactivating and activating different traffic pattern during the simulation.  
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Figure 47: Keysight RICtest RAN and Mobility Patterns Design [31]  

The scenario configuration can be applied via API following a JSON format, allowing the O-RAN DT to 
dynamically apply it  according to the defined experiment. 

3.4.2.2 6)!6)ȭÓ 4ÅÒÁ6- 2)# 4ÅÓÔ Ⱦ !) 23' 

6)!6)ȭÓ 4ÅÒÁ6- 2)# 4ÅÓÔ ÐÒÏÖÉÄÅÓ Á ÓÉÍÉÌÁÒ ÓÏÌÕÔÉÏÎȟ ÁÌÓÏ ÆÏÃÕÓÅÄ ÏÎ ÐÅÒÆÏÒÍÁÎÃÅȟ ÃÏÍÐÌÉÁÎÃÅ ÁÎÄ 
interoperability assessment according to O-RAN specifications. It enables experimenters to test proposed 
changes and assess their impact, ensuring the robust validation of RIC functions and rApp/xApps.  The 
available features of TeraVM are based on the activation of licenses, which incorporate various E2 service 
models, Network Slice management support, energy efficiency information and operations, QoS-related 
control, and more. Similarly, +ÅÙÓÉÇÈÔȭÓ ÔÏÏÌ ÁÌÓÏ ÉÍÐÌÅÍÅÎÔÓ ÁÎ !0) that allows defining the simulation's 
configuration, enabling the O-RAN DT to configure it on demand.  

Figure 48 ÐÒÅÓÅÎÔÓ ÁÎ ÅØÁÍÐÌÅ ÏÆ ÔÈÅ 6)!6) 2)# 4ÅÓÔÅÒȭÓ 'ÒÁÐÈÉÃÁÌ 5ÓÅÒ )ÎÔÅÒÆÁÃÅ ɉ'5)Ɋȟ ÉÌÌÕÓÔÒÁÔÉÎÇ ÔÈÅ ÒÁÄÉÏ 
environment, including cells, UEs, and various performance metrics for analysis. 

 

Figure 48: TeraVM Ric Test Dashboard 
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The TeraVM RIC Test tool has recently been renamed by Viavi to TeraVM AI RSG, incorporating additional 
features oriented toward generating datasets according to the performed simulations and validating AI-
driven rApps/xApps. Figure 49 illustrates the main features af this new product as defined in its web page36. 

 

Figure 49: Viavi's TeraVM AI RSG 

3.5 ONDT Northbound APIs  

3.5.1 Interfaces  

The ONDT interfaces can be split into two groups:   

1. The SUNRISE6G group that includes the APIs towards the SUNRISE-6G Adaptation Framework,  
2. The internal configuration APIs that have been covered in Section 3.2.3.  

All the NBI interfaces are summarised in Table 10.  

Table 10: ONDT NBI overview 

Interface ID  Interface Description  

SUNRISE6G-Experiment  Experiment-related operations (start/cancel/retrieve results)  

SUNRISE6G-Testbed Testbed-related API calls (retrieve status, capabilities) 

ONDT-Topologies  CRUD operations on Topologies and their related Performance Metrics 

ONDT-Applications  CRUD operations on O-RAN applications (x/rApps) 

ONDT-Infrastructure  
View/Monitor resource data on the infrastructure where ONDT, RIC, 
Simulators, etc. run. 

ONDT-Subscription  
Subscription API for consumers to receive asynchronous notifications on 
CRUD events on Experiments  

 
36 https://www.viavisolutions.com/en-us/products/teravm-ai-rsg#overview 

https://www.viavisolutions.com/en-us/products/teravm-ai-rsg#overview
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3.5.2 OpenAPI Specs 

The OpenAPI specs for the above APIs are available in the project repository. The two interface groups 
considered, SUNRISE-6G and ONDT, are presented in Table 11. 

Table 11: OpenAPI definitions for the ONDT 

Interface group  OpenAPI definition  

SUNRISE6G  The Adaptation Framework API is available at the internal project repo37 

ONDT 
Internal configuration APIs are available in the project's internal 
repository38. 

3.5.3 Call Flows 

Based on the OpenAPI specs, this section presents how the ONDT will handle these API calls through 
sequence diagrams. 

3.5.3.1 SUNRISE-6G Interfaces  

The SUNRISE-6G family of interfaces includes the API calls that will be sent by the Adaptation Framework. 
The most important from a functionality perspective are those related to the Experiment execution 
(Start/Stop). These are shown in the next two diagrams. 

Ȱ3ÔÁÒÔ %ØÐÅÒÉÍÅÎÔȱ ÏÐÅÒÁÔÉÏÎ ÉÓ initiated  by a POST Experiment call to the ONDT API server. The exact call 
flow is shown in Figure 50. 

Start Experiment follows the sequence below: 

¶ It is initiated by a POST request to the NBI API server [00]. An example of the POST payload can be 
found in Section 3.6.3. 

¶ First, the request is validated for syntax or logical errors [01]. 
¶ Once the experiment has passed initial validation, a success [15] or failure response [16, 17] is sent 

back. In case of success, the experiment is stored in the internal DB with a status PENDING. 
¶ An infrastructure check occurs right after to verify readiness of the ONDT: for Non-RT RIC [30-34], 

for Near-RT RIC [40-44] and Emulator [50-54].  
¶ The status is saved in the DB [60] and notifications are sent: 

o Upon success, the experiment initiates execution, and the RUNNING state is sent to the 
callback URL [70-73]. 

o On failure to initiate the experiment due to an infrastructure error, the FAILED status is sent 
to the callback URL. 

Similarly, Stop Experiment follows the sequence as shown in Figure 51: 

¶ The Stop Experiment is initiated by a DELETE request to the API server [00]. 
¶ A check takes place for the operational status of the experiment based on its ID [01-03]. 
¶ If accepted, the ONDT assets must stop execution: 

o Emulator is the first one to stop generating traffic [10-12]. Upon termination, the 
experiment is marked as CANCELLED and the appropriate notifications are sent [13-18]. 

o The Non-RT RIC [20-24] and Near-RT RICs [30-34] are cleared of any deployed r/xApps, to 
prepare for the next execution. 

¶ In case of any error to the request, ONDT will send a 404-status code [60-64]. 

 
37 https://github.com/SMARTECH-ISI-Athena/SUNRISE-6G-ORAN-Network-Digital-Twin/blob/main/docs/api/sunrise6g -
testbed.yaml  
38 https://github.com/SMARTECH-ISI-Athena/SUNRISE-6G-ORAN-Network-Digital-Twin/blob/main/openapi  

https://github.com/SMARTECH-ISI-Athena/SUNRISE-6G-ORAN-Network-Digital-Twin/blob/main/docs/api/sunrise6g-testbed.yaml
https://github.com/SMARTECH-ISI-Athena/SUNRISE-6G-ORAN-Network-Digital-Twin/blob/main/docs/api/sunrise6g-testbed.yaml
https://github.com/SMARTECH-ISI-Athena/SUNRISE-6G-ORAN-Network-Digital-Twin/blob/main/openapi
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Figure 50: Start Experiment Sequence Diagram 
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Figure 51: Stop Experiment Sequence Diagram 
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3.5.3.2 ONDT Interfaces  

The ONDT interfaces are currently under development and are intended for internal management purposes. 
One experimental API that has been used to upload file-based artefacts for topologies, xApps and rApps is 
shown in Figure 52.  

Please note that these APIs are subject to change, and their final documentation will be included in D4.6.  

 

Figure 52: Uploading file Artefacts through the ONDT Management Interface 

The internal File Upload ONDT API serves for uploading files that can be characterized as topologies, xApps 
or rApps based on specific HTTP headers:  

¶ The process is initiated by a POST request with the file attached as a multipart/form-data MIME 
type [00]. 

¶ Once the file is uploaded, it is stored in the internal Minio object storage [12-13]. 
¶ The file is registered in the DB [14-15] and if successful, an OK status code is returned [16-17]. 

o Otherwise, an error status code is sent back to the requester. 

3.6 Initial  ONDT Implementation  

At the time of writing, an initial implementation of the ONDT is available. This section provides information 
on the code location and installation instructions. 

3.6.1 Source Code and Build Instructions  

SUNRISE-6G ONDT has been implemented as a cloud-native application comprising multiple microservices, 
both stateful and stateless. The project source code is hosted at ISI project github repo at: 

https://github.com/SMARTECH-ISI-Athena/SUNRISE-6G-ORAN-Network-Digital-Twin 

The source code structure shown in Figure 53 is as follows: 

¶ /common: contains code libraries that are common among microservices (data structures, etc.) 
¶ /docs: documents in the form of Markdown, Plantuml, OpenAPI, etc. 
¶ /openapi: OpenAPI files that have been used to generate golang specific code 

https://github.com/SMARTECH-ISI-Athena/SUNRISE-6G-ORAN-Network-Digital-Twin
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¶ /samples: code or JSON samples, app descriptors, simulator topology samples, etc. 
¶ /services: contains all developed microservices (see below for exact contents). 
¶ /tools:  deployment-specific scripts, helm charts and helmfile, etc. (see below for exact contents). 
¶ Dockerfile-*: Dockerfiles that are used for building the microservice container images. 

 

Figure 53: ONDT Source Code Structure 

/services folder (Figure 54) consists of the microservices, organised in folders that denote the logical place 
of the microservice. The structure is:  

¶ /data : contains services related to access and management of stateful services (databases, etc.). At 
the time of writing, such services are not yet available. 

¶ /nbi : North-bound services, which contain the external- and internal-facing API server, plus one 
extra service for the ONDT Internal Management Web UI. 

¶ /orchestration : This contains the Experiment Manager, which is the main component that 
manages the LCM of the experiment. 

¶ /sbi : the folder that contains the South-bound services that handle the communication with the 
ONDT components: Non-RT RIC, Near-RT RIC and RAN emulators. An extra service (infra) is a 
placeholder for the service that will collect infrastructure-related metrics and will report its 
readiness to execute experiments. 

¶ /utils : Utility folder, mainly with Initjob contains to execute one-off tasks. 

 

Figure 54: ONDT Microservices Code Structure 

/tools  folder (Figure 55) contains various scripts and configuration files that are required for the 
deployment of the SUNRISE-6G ONDT: 

¶ /chartmuseum : some helper files to create a chartmuseum39 to host the project Helm charts 
Chartmuseum is a lightweight repo for Helm charts that can be used in case a more 
sophisticated artifactory solution is in place for Helm charts and container images (e.g. Jfrog). 

 
39 https://github.com/helm/chartmuseum  

https://github.com/helm/chartmuseum
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¶ /deploy : contains the main deployment artefacts: 
o /charts : contains the ONDT microservice Helm charts. 
o /helmfile : contains the Helmfile (see Section 3.6.2.1) configuration that synthesises 

the ONDT deployment with its own and the open-source, third-party Helm charts. 
¶ /scripts : auxiliary scripts that carry out some development tasks, such as building the 

project containers and the Helm charts. 

 

Figure 55: ONDT Tools Code Structure 

3.6.1.1 Building Container Images of Microservices 

1. Set the REGISTRY value in tools/scripts/build_containers.sh  as the container registry where the 
images will be pushed. 

2. Ensure that the URL of the REGISTRY is accessible from your system. 
3. Set the TAG value in tools/scripts/build_containers.sh  to specify the image tag that will be pushed 

to the REGISTRY. 
4. Run ./tools/scripts/build_containers.sh  for executing the script. 

3.6.1.2 Building HELM Charts 

1. Set HELM_REPO value in tools/scripts/build_charts.sh , as the repo where the helm chart would be 
eventually uploaded (e.g. ChartMuseum). 

2.  Ensure that the URL of the HELM_REPO is accessible from your system. 
3. Run ./tools/scripts/build_charts.sh  for executing the script 

3.6.2 Initial ONDT Version Deployment  

This subsection provides guidelines for deploying the initial ONDT version described in this deliverable. 

3.6.2.1 Helmfile  

The ONDT is deployed by using helmfile40  tool. Helmfile is a declarative configuration management tool for 
HELM. It simplifies the process of managing multiple HELM charts by allowing users to define their desired 
state in a single YAML file (helmfile.yaml ). With helmfile, you can specify chart versions, values, and 
dependencies, and then synchronise your Kubernetes cluster to match the defined state. This eliminates the 
need for manually running multiple HELM commands, making deployments more consistent and 
repeatable. 

3.6.2.2 Deployment Steps 

For deploying the ONDT, follow the instructions below: 

1. Change directory to tools/deploy/helmfile . 
2. Run the command below, replacing the namespace and repo fields appropriately:  

ONDT_NAMESPACE=sunrise- ondt  ONDT_REPO=s- artifactory.juniper.net/atom - docker -
fiveg/fiveg/eu/sunrise/6g ONDT_TAG=0.1 ONDT_CHART_REPO=http://localhost:6060 helmfile sync  

 
40 https://helmfile.readthedocs.io/en/latest/# 

https://helmfile.readthedocs.io/en/latest/
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The parameters of the command in step 2 are defined in Table 12: Key Parameters for the ONDT Deployment. 
If no value is specified for the parameter, then the default value is assigned to the parameter. 

Table 12: Key Parameters for the ONDT Deployment 

Parameter Name  Description  Default value  

ONDT_NAMESPACE The namespace to deploy ONDT sunrise-ondt 

ONDT_REPO 
The repository to pull container images 
from 

s-artifactory.juniper.net/atom -
docker-
fiveg/fiveg/eu/sunrise/6g  

ONDT_TAG Docker images container tag 0.1 

ONDT_CHART_REPO 
The chart repository to pull HELM charts 
from 

http://localhost:6060  , local 
chart museum running 

The helmfile sync synchronises the Helm releases defined in the tools/deploy/helmfile/helmfile.yaml  file. 
It ensures that the specified charts are installed or updated in the Kubernetes cluster 

3.6.3 Operation  

This subsection provides basic operation guidelines for using the initial ONDT implementation using some 
raw CLI commands. It consists of 3 main parts:  

¶ The preparation phase, where administrators configure the ONDT tool by adding the 
experimentation infrastructure (Non-RT RIC, Near-RT RICs, RAN emulators). 

¶ The functional test exposure towards the Adaptation Framework, where the supported experiment 
templates and their configurable parameters are advertised and eventually presented to the 
SUNRISE-6G portal. 

¶ The experimentation LCM, where experimenters can start/stop an experiment, get experiment 
status updates, and finally retrieve the result datasets.   

3.6.3.1 Preparation Phase 

The first part of the ONDT involves establishing a connection to a RIC platform. There is an internal ONDT 
API developed for that operation in the nbi-apiserver microservice that can be easily exposed to local 
environments by executing a port-forward to a local port 

kubectl port - forward svc/nbi - apiserver 8090:8090  

Then someone could onboard and establish a ONDT ɀ RIC communication using a curl command similar to:  

curl - i - X POST "http://localhost:8090/sunrise6g - odt - nbi/v1/infra?infraType=ricInfraType" \           
- H "Content - Type: application/json" \  
- d '{  
  "name": "myRIC",           
  "username": "uname",   
  "password": "passwd",     
  "host": "11.11.11.11",  
  "port": 33333,  
  "vendor": "Juniper"  
}'  
 

)Î ÔÈÅ ÃÕÒÌ ÃÏÍÍÁÎÄ ÁÂÏÖÅȟ ÄÅÔÁÉÌÓ ÓÕÃÈ ÁÓ 2)#ȭÓ ÎÁÍÅȟ ÕÓÅÒÎÁÍÅȾÐÁÓÓ×ÏÒÄ ÃÒÅÄÅÎÔÉÁÌÓȟ ÔÈÅ ÈÏÓÔÎÁÍÅ ÁÎÄ 
the port of the RIC deployment and the RIC vendor must be defined. 

Similarly, ODNT should establish a connection to a simulation layer. 

http://localhost:6060/
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curl - i - X POST "http://localhost:8091/sunrise6g - odt - nbi/v1/infra?infraType=simE2InfraType" \  
- H "Content - Type: application/json" \  
- d '{  
  "name": "KeySight - 1",  
  "username": "uname",  
  "password": "passwd",  
  "host": "11.11.11.11l",  
  "port": 8080,  
  "vendor": "Keysight"  
}'  

A response of such operations with a successful outcome for both POST requests is: 

HTTP/1.1 200 OK  
Access- Control - Allow - Headers: Content - Type, Authorization, Accept - Encoding, Content - Length, Accept  
Access- Control - Allow - Methods: GET, POST, DELETE, OPTIONS 
Access- Control - Allow - Origin: *  
Content - Type: application/json  
Date: Mon, 28 Apr 2025 08:11:20 GMT  
Content - Length: 88  
  
"Infra myRIC with id 15775569 - 9dec- 4e5c- 8f4e - 182a9ce4fd91 created successfully"  

3.6.3.2 Experiment Parameters  

Experimenters should have knowledge of the available tests and the corresponding parameters for each 
test. That knowledge is exposed by the SUNRISE-6G Adaptation Framework API: 

curl - i - X GET "http://ondt - hostname:<ondt - port>/sunrise6g/experiments"  

The status and parameters are provided in the following response. Using this information, an experimenter 
can configure an experiment by making another request. Below is a simple example of a response containing 
one available test with a single test parameter for an xApp descriptor, which should be in a base-64-decoded 
format. 

[  
  {  
    "test_name": "Experiment 01",  
    "status": true,  
    "parameters": [  
      {  
        "name": "descriptor - xapp",  
        "default_value": "",  
        "optional": true,  
        "value": "base64 - decoded- json",  
      }  
    ]  
  }  
]  

The onboarding of the RAN emulator is in progress and will be described in the next phase. 

3.6.3.3 Functional Test Exposure 

Once ONDT has been configured with the necessary RICs and emulators, it is ready to expose the functional 
tests towards the SUNRISE-6G Adaptation Framework, and eventually the SUNRISE-6G portal. At this early 
phase, these test templates are hardcoded in the code and will be considered configurable during the 
initialisation of the ONDT tool, if use cases require it.  

According to the SUNRISE6G-Testbed interface (per ONDT NBI Interfaces section), the endpoint to retrieve 
these tests is http://<host>/sunrise6g/availability/tests .  

Example:  
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curl - i - X GET http://localhost:8090/sunrise6g/availability/tests 
 
HTTP/1.1 200 OK  
Content - Type: application/json; charset=UTF - 8 
Date: Tue, 06 May 2025 11:49:29 GMT  
Transfer - Encoding: chunked  
[  
    {  
        "test_name": "Functional Test DEMO",  
        "status": "true",  
        "parameters": [  
            {  
                "name": "experiment_duration",  
                "default_value": "5",  
                "optional": "false",  
                "unit": "seconds",  
                "min": "1.000000",  
                "max": "1440.000000"  
            }  
        ]  
    },  
    {  
        "test_name": "Single xApp with Keysight Topology",  
        "status": "false",  
        "parameters": [  
            {  
                "name": "experiment_duration",  
                "default_value": "5",  
                "optional": "false",  
                "unit": "seconds",  
                "min": "1.000000",  
                "max": "1440.000000"  
            },  
            {  
                "name": "xapp_descriptor",  
                "default_value": <omitted for brevity> ,  
                "optional": "false",  
                "unit": "b64_json"  
            },  
            {  
                "name": "topology_predefined",  
                "default_value": "small",  
                "optional": "false",  
                "unit": "selection",  
                "predefined": [  
                    "small",  
                    "medium",  
                    "large"  
                ]  
            }  
        ]  
    },  
    {  
        "test_name": "Single xApp/Single rApp with Keysight Topology",  
        "status": "false",  
        "parameters": [  
            {  
                "name": "experiment_duration",  
                "default _value": "5",  
                "optional": "false",  
                "unit": "seconds",  
                "min": "1.000000",  
                "max": "1440.000000"  
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            },  
            {  
                "name": "rapp_descriptor",  
                "default_value": <omitted for brevity>,  
                "optional": "false",  
                "unit": "b64_json"  
            },  
            {  
                "name": "xapp_descriptor",  
                "default_value": <omitted for brevity> ,  
                "optional": "false",  
                "unit": "b64_json"  
            },  
            {  
                "name": "topology_predefined",  
                "default_value": "small",  
                "optional": "false",  
                "unit": "selection",  
                "predefined": [  
                    "small",  
                    "medium",  
                    "large"  
                ]  
            }  
        ]  
    }  
]  

3.6.3.4 Experiment Lifecycle 

For starting an experiment, ONDT supports the relevant call of the SUNRISE-6G Adaptation Framework API. 
To illustrate the whole workflow, the first functional test (Functional Test DEMO ) is used which runs a mock 
experiment, only for testing the NBI interactions. 

To start the experiment:  

curl - i - X POST "http://localhost:8090/sunrise6g/experiments" - H "Content - Type: application/json" - d 
'{  
    "exp_id": "6de48d00 - 5dfc - 43c8- ba7d- 23c32927a640",  
    "test_name": "Functional Test DEMO",  
    "configuration": [  
      {  
        "name": "experiment_duration",  
        "value": "20"  
      }  
    ],  
    "data_url": "https://<callback_URL>/sunrise6g/experiment/data",  
    "status_url": "https://<callback_URL>/sunrise6g/experiment/status"  
 }'  

In the above curl command payload, we define: 

¶ exp_id  ÁÓ ÅØÐÅÒÉÍÅÎÔȭÓ ÕÎÉÑÕÅ ÉÄÅÎÔÉÆÉÅÒ 
¶ test_name as the name of the available functional test, exposed in the previous section 
¶ data_url  as the URL to which the testbed should send experiment data 
¶ status_url  as the URL to which the testbed should send experiment status updates 
¶ configuration  as the list of configuration parameters used to start the experiment, that are exposed 

for each specific test in the previous section. Please note that the definition of the exact configuration 
parameters is still under discussion. 

A response of such an operation with a successful outcome is: 

HTTP/1.1 200 OK  
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Content - Type: application/json; charset=UTF - 8 
Date: Tue, 06 May 2025 12:01:38 GMT  
Content - Length: 3  
  
{}  
 

7ÈÅÎ ÔÈÅÒÅ ÉÓ Á ÃÈÁÎÇÅ ÉÎ ÁÎ ÅØÐÅÒÉÍÅÎÔȭÓ ÓÔÁÔÕÓȟ /.$4 ÉÎÆÏÒÍÓ ÁÂÏÕÔ ÔÈÁÔ ÓÔÁÔÕÓ ÔÒÁÎÓÉÔÉÏÎ ÂÙ ÅØÅÃÕÔÉÎÇ Á 
request ÔÏ Á ÄÅÓÔÉÎÁÔÉÏÎ 52, ÔÈÁÔ ÉÔ ÈÁÓ ÂÅÅÎ ÄÅÆÉÎÅÄ ÉÎ ÔÈÅ ÐÒÅÖÉÏÕÓ ÓÅÃÔÉÏÎ ÁÓ ÔÈÅ ȰÓÔÁÔÕÓͺÕÒÌȱ ÏÆ ÔÈÅ 
experiment. These POST calls are currently performed by the ONDT Manager.  

The mock experiment is first sending an update the set the experiment to PENDING state, after 5 seconds it 
sets it to RUNNING, and finally after the configurable number of seconds defined in the experiment_duration  
parameter (here, 20), test is set to COMPLETE.  

To capture these messages, a test callback URL was provided, and it produces the following logs to show 
the experiment progress:  

time="2025 - 05- 06T12:01:39 Z" level=debug msg="Experiment Status Request: {ExpId:6de48d00 - 5dfc - 43c8-
ba7d- 23c32927a640 Status:PENDING}" module=experiment - manager version=0.1  
2025/05/06 12:01:39 POST /sunrise6g/experiment/status ChangeExperimentStatus 2.782722ms  
time="2025 - 05- 06T12:01:44 Z" level=debug msg="Experiment Status Request: {ExpId:6de48d00 - 5dfc - 43c8-
ba7d- 23c32927a640 Status:RUNNING}" module=experiment - manager version=0.1  
2025/05/06 12:01:44 POST /sunrise6g/experiment/status ChangeExperimentStatus 226.922µs  
time="2025 - 05- 06T12:02:05 Z" level=debug msg="Experiment Status Request: {ExpId:6de48d00 - 5dfc - 43c8-
ba7d- 23c32927a640 Status:COMPLETED}" module=experiment - manager version=0.1  
2025/05/06 12:02:05 POST /sunrise6g/experiment/status ChangeExperimentStatus 140.566µs  
 

At the end of the experiment, the result datasets are sent back to the Adaptation Framework through the 
data_url  parameter. The mock experiment produced per-seconds metrics for 2 sample KPIs. To capture the 
dataset output from the logs, a test callback URL was used: 

time="2025 - 05- 06T12:02:05Z" level=debug msg="Experiment Data Request: {  
  "experiment": {  
    "exp_id": "6de48d00 - 5dfc - 43c8- ba7d- 23c32927a640",  
    "source": "ONDT"  
  },  
  "data": [  
    {  
      "timestamp": "2025 - 05- 06T12:01:44.643008129Z",  
      "moids": [  
        {  
          "name": "cell_id",  
          "value": "0001"  
        }  
      ],  
      "kpis": [  
        {  
          "name": "cpu_usage",  
          "value": "92%",  
          "unit": "%"  
        },  
        {  
          "name": "memory_usage",  
          "value": "1330MB",  
          "unit": "MB"  
        }  
      ],  
ƛ ˷ÏÍÉÔÔÅÄ ÆÏÒ ÂÒÅÖÉÔÙ˸ ƛ.  
{  
      "timestamp": "2025 - 05- 06T12:02:04.654077689Z",  
      "moids": [  
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        {  
          "name": "cell_id",  
          "value": "0001"  
        }  
      ],  
      "kpis": [  
        {  
          "name": "cpu_usage",  
          "value": "62%",  
          "unit": "%"  
        },  
        {  
          "name": "memory_usage",  
          "value": "1121MB",  
          "unit": "MB"  
        }  
      ]  
    }  
  ]  

An experimenter can stop the experiment using the DELETE call of the SUNRISE-6G Adaptation Framework 
API. 

curl - i - X DELETE "http://localhost:8090/sunrise6g/experiments/ 6de48d00- 5dfc - 43c8- ba7d- 23c32927a640"  

where the last endpoint parameter is the exp_id  that was used in the Start Experiment section. 

A response of such an operation with a successful outcome is: 

HTTP/1.1 200 OK  
Content - Type: application/json; charset=UTF - 8 
Date: Wed, 30 Apr 2025 08:59:55 GMT  
Content - Length: 0  

3.6.4 Reference Use Cases 

The objective of the reference use case is to validate the core capabilities of the SUNRISE-6G ONDT, focusing 
on an experimenter aiming to assess optimisation strategies implemented through rApps and xApps prior 
to their deployment in operational networks. To support this workflow, the ONDT must provide tools for 
seamless onboarding of custom rApps/xApps and their associated optimization policies, enable the 
generation of simulated scenarios based on real-world deployments, and facilitate the collection and 
exposure of relevant metrics for performance evaluation and AI/ML model training. 

Particularly, the selected use case focuses on enhancing energy efficiency in the 5G RAN deployments by 
Mobile Network Operators. Current operational networks typically rely on the provision of capacity and 
coverage layers, implemented through cells configured with different carriers, bandwidths and RF chains. 
For instance, in 5G NSA deployments, the 3.5 GHz 5G carrier often serves as the capacity layer, while 4G and 
5G using Dynamic Spectrum Sharing (DSS) provide coverage. Although this approach ensures sufficient 
capacity to meet Quality of Service (QoS) expectations during peak hours, it can result in significant energy 
inefficiencies during off-peak periods. Multiple studies indicate that 5G cells may consume up to five times 
more energy than their 4G counterparts [32] . This trend is expected to continue in 6G, with higher carrier 
bandwidths and more complex MIMO configurations further increasing power consumption per BS. 

One of the most common approaches to address this challenge is the application of dynamic on/off 
switching approaches exploiting low demand conditions. These strategies can be implemented at various 
levels, by switching off specific components such as the Power Amplifier (PA), the Radio Unit (RU), the node, 
or the entire BS, respectively [33] . Among these, carrier and cell on/off switching is a key energy-saving 
use case promoted by the O-RAN Alliance [34] . These dynamic strategies, often supported by AI/ML 
algorithms, aim to reduce energy usage while maintaining QoS [35] .  












