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SSID Service Set Identifier 

SSF Special Subframe Format 

TAC Tracking Area Code 

TCCS TDD Configuration Connected Sets 

TDD Time Division Duplex 

TDoA Time Difference of Arrival  

TTI transmit time interval 

TWR Two-Way Ranging 

UDP User Datagram Protocol 

UL Uplink 

URLLC ultra-reliable low latency communication 

URSP UE Route Selection Policy 

WR White Rabbit 
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Executive Summary 

This document, 5G-CLARITY D3.3, aims to provide evaluation results and final refinements on the proposed 

and refined 5G-CLARITY user and control plane architecture, which is reported in 5G-CLARITY D3.1 [1], and 

5G-CLARITY D3.2 [2]. The proposed network structure, its components and related solutions reported in 

this document are aligned with the άbŜǘǿƻǊƪ CǳƴŎǘƛƻƴ ŀƴŘ !ǇǇƭƛŎŀǘƛƻƴ {ǘǊŀǘǳƳέ ǘŜŎƘƴƛŎŀƭ ǊŜǉǳƛǊŜƳŜƴǘǎ, 

which presented in 5G-CLARITY D2.2 [3].  

In a nutshell, 5G-CLARITY D3.3 provides performance evaluations, implementational details and final 

refinements for the following items: 

¶ Spectrum sharing framework using citizens broadband radio service (CBRS): The proposed 

framework is based on an end-to-end (E2E) cloud native and fully disaggregated 5G New Radio 

(5GNR) solution. This employs 3rd-party distributed units (DUs) and radio units (RUs) with multi-

wireless access technology (WAT) support and enablement of near real-time (near-RT) radio access 

network (RAN) intelligent controller (RIC) xApps to deliver to the pilots. 

¶ Multi -connectivity and 5G-CLARITY eAT3S frameworks: A complete design and evaluation of the 

5G-CLARITY multi-connectivity framework is provided. The throughput, reliability and latency 

metrics are investigated for a multi-WAT based network. An investigation study is also introduced 

on the operational flows and algorithms to implement high- and low-level enhanced access traffic 

steering, switching, and splitting (eAT3S). 

¶ Advanced Resource management framework: Deep multi-agent reinforcement learning (DMALR)- 

based autonomic LiFi attocellular network slicing framework is introduced. Wi-Fi network slicing 

based on Wi-Fi APsΩ airtime sharing scheme is presented, which considered the spatial and temporal 

users and traffic load across the network. 

¶ Positioning framework: The multi-WAT based localisation architecture is optimized and 

synchronization capabilities are also included. WAT-specific positioning schemes, which operates 

on sub-6GHz, mmWave and LiFi bands and their performance evaluation are presented. 

¶ Integrated 5GNR/Wi-Fi/LiFi network performance evaluation: Enhanced system level simulator 

with additional features and functionalities is presented. The link quality and performance models 

are employed to capture the potential reflection of the link-level simulations on the higher levels. 

In Section 2, the spectrum sharing network that benefits from the CBRS Alliance dynamic spectrum access 

paradigm is given. Accordingly, the baseline legacy architecture as well as the newer specifications are 

provided. Then, the cloud native, disaggregated radio access networks (RAN) and 4G/5G generalised CBRS 

solution is presented. The obtained results are compared with the Wireless Innovation Forum 

(WINNFORUM) test harness, where an example testcase is also presented. 

In Section 3, the final evaluation of the multi-connectivity with a novel application programming interface 

(API) to modify traffic steering policies and its demonstration has been presented. Moreover, benchmarking 

of the 5G-CLARITY multi-connectivity framework is obtained by using real-world 5GNR, Wi-Fi and LiFi 

infrastructure. Several algorithms for the 5G-CLARITY proposed enhanced access traffic steering, switching, 

and splitting (eAT3S) framework are presented and evaluated. 

In Section 4, the intelligent Wi-Fi and LiFi slicing schemes to provide custom resource utilization flexibility 

are introduced. The network slicing problem is formulated, and the decision-making problem is solved by 

the developed algorithms. A DMARL-based autonomic LiFi attocellular network slicing framework is 

introduced along with the computer simulation results. Results are also presented on a sliced Wi-Fi network 

based on the Wi-Fi !tǎΩ ŀƛǊǘƛƳŜ ƛƴǘŜǊŦŀŎŜ ǎƘŀǊƛƴƎΦ   
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In Section 5, we present the Wi-Fi, mmWave and LiFi WATs based localization framework. The WATs sub-

6GHz, mmWave bands and LiFi based advanced positioning framework is evaluated and the results for real-

world measurements are presented. A solution for the synchronization problem in the downlink time 

difference of arrival (DL-TDoA) is also presented. 

In Section 6, an object-oriented programming (OOP) based system level evaluation simulator with enhanced 

simulation capabilities is developed. The enhanced simulator could capture more realistic scenarios as well 

as higher level architectural processing on top of the link level simulations. The section reports achievable 

signal-to-interference-ratio (SIR) distributions along with the throughput results. 
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1 Introduction  

This document, 5G-CLARITY D3.3, provides the final refinements on the initially designed and proposed 5G-

CLARITY control and user plane architecture, which is reported in 5G-CLARITY D3.1 [1]. This deliverable 

covers the last tier of refinements and potential deviations from the initial 5G-CLARITY control and use plane 

architecture. The design and implementation details of the integrated coexistence, multi-connectivity, 

resource management, and positioning/localization frameworks are aligned with the 5G-CLARITY 

architectural principles and technical ǊŜǉǳƛǊŜƳŜƴǘǎ ŦƻǊ άbŜǘǿƻǊƪ CǳƴŎǘƛƻƴ ŀƴŘ !ǇǇƭƛŎŀǘƛƻƴ {ǘǊŀǘǳƳέ 

provided in 5G-CLARITY D2.2 [3].The final refinements and evaluations in this deliverable can be 

summarized as follows: 

1. The Citizens Broadband Radio Service (CBRS) based spectrum sharing framework that enables the 

co-existence to the 5G-CLARITY network structure is investigated and the testbed results are 

provided. 

2. Advanced multi-connectivity framework with multi radio access technology (RAT) implementation 

and validation are provided. Enhanced access traffic steering, switching, and splitting (eAT3S) along 

with the achievable throughput, latency and reliability performances are investigated, and the 

results are presented. 

3. Advanced resource management frameworks are developed, which incorporate interface selection, 

dynamic resource allocation, and machine learning (ML) based network slicing to support diverse 

services. The overall performance enhancement of sliced LiFi and Wi-Fi networks by using DMARL 

and bandwidth estimation algorithms are investigated, considering the network variable load in 

spatial and temporal spaces. 

4. The performance of the advanced multi-WAT based localization framework is reported. The WATs 

sub-6 GHz, mmWave and LiFi are investigated, where a synchronization framework is also proposed, 

and the performance evaluation is reported. The positioning accuracy and reliability key 

performance indicators (KPIs) of the 5GNR/Wi-Fi/LiFi based network is obtained by the real-world 

measurement results. 

5. The achievable 5G-CLARITY system area capacity KPIs via a new iteration of the 5G-CLARITY system 

level simulator is provided. The performance of the 5GNR/Wi-Fi/LiFi WATs based 5G-CLARITY 

network is also investigated by obtaining the signal-to-interference ratio (SIR) distribution and 

aggregated area capacity values, demonstrating that the project KPIs are achieved. 

1.1 Scope of this document 

5G-CLARITY D3.3 takes inputs from the previous WP3 deliverables, 5G-CLARITY D3.1 [1] and 5G-CLARITY 

D3.2 [2] as well as the previous and present WP2 5G-CLARITY D2.1 [4], 5G-CLARITY D2.2 [3], 5G-CLARITY 

D2.3 [5], and 5G-CLARITY D2.4 and 5G-CLARITY D2.5 [6]. The output of this document is going to be utilized 

by the 5G-CLARITY WP2 (D2.5), 5G-CLARITY WP4, 5G-CLARITY WP5, and 5G-CLARITY WP6. The preparation 

and a successful delivery of the 5G-CLARITY D3.3 marks the accomplishment of the milestone MS3.3 

άComplete control and user plane design to support coexistence of private and public networks, operates in 

licensed and/or unlicensed bands, multi-connectivity to 5G/Wi-Fi/LiFi, with enhanced aggregate area 

capacity and positioning performance is ready and evaluated". 

In 5G-CLARITY D3.1 [1], the state-of-the-art technologies on integrated network coexistence, multi-

connectivity, resource management, and positioning are investigated, where the initial 5G-CLARITY network 

design with the 5GNR/Wi-Fi/LiFi wireless access technologies (WATs) is also proposed. Accordingly, the 5G-

CLARITY network user and control plane structure is focused on: (i) non-3GPP access to the 5G core network, 
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(ii) coexistence of public and private networks via spectrum databases, (iii) multi-connectivity via 5GNR/Wi-

Fi/LiFi, (iv) resource management and the traffic routing on the access network level as well as resource 

scheduling on the access point (AP) level, and (v) indoor positioning with cm-level localization and ns level 

synchronization capabilities. 

In 5G-CLARITY D3.2 [2], the refinements and improvements on the state-of-the-art network design that is 

initially proposed in 5G-CLARITY D3.1 [1] are captured, and a preliminary performance evaluation is included. 

Especially, the non-3GPP access, which is an integral part of the multi-connectivity framework, as well as 

the control and user plane functionalities/algorithms have been emphasized. Moreover, refinements and 

evaluation regarding the resource management is investigated both by computer simulations and 

laboratory measurements in the developed testbed environment. Lastly, the evaluation of the multi-WAT 

based localization performance was also inspected and initial results were reported. Note that a potential 

way forward is provided for coexistence, multi-connectivity, resource management, and positioning 

frameworks to finalize the design, which is envisaged to meet the related key performance indicators (KPI) 

and technical objectives of the 5G-CLARITY project. 

In 5G-CLARITY D3.3, the last tier of the refinements and potential diversions from the initial design that has 

been proposed in 5G-CLARITY D3.1 [1] are covered. Therefore, the final 5G-CLARITY system architecture, 

which includes both the theoretical and practical considerations for user and control plane functionalities, 

algorithms, and implementations are provided in the current deliverable, 5G-CLARITY D3.3. Moreover, the 

technical objectives OBJ-TECH-2 to OBJ-TECH-5 are addressed via development of the advanced spectrum 

sharing, multi-connectivity, resource management, coexistence, and localization frameworks. The inherited 

frameworks from 5G-CLARITY D3.1 and 5G-CLARITY D3.2 are enhanced and the results for the final design 

are presented. It is important to note that the findings and final design details obtained in 5G-CLARITY D3.3 

will be reflected on 5G-CLARITY D2.4, D2.5, D4.3 and D5.4. 

1.2 Objectives of this document 

In the following, the specific objectives of this 5G-CLARITY D3.3 will be presented. Accordingly, the 

deliverable objectives could be mapped to the overall technical objectives of the 5G-CLARITY project (in the 

format of OBJ-TECH-X), ǿƘƛŎƘ ŀǊŜ ǎǳƳƳŀǊƛȊŜŘ ƛƴ ǘƘŜ ǇǊƻƧŜŎǘΩǎ ŘŜǎŎǊƛǇǘƛƻƴ ƻŦ ǿƻǊƪ ό5ƻ²ύ as follows: 

¶ D3.3 OBJ-1: Further validation of the multi-technology coexistence framework that enables 

efficient spectrum sharing between the private and public networks (OBJ-TECH-2). 

¶ D3.3 OBJ-2: Development of the multi-connectivity framework, which integrates the 5GNR/Wi-

Fi/LiFi WATs by evolving the 3GPP Release 16 capabilities. The developed network will be able to 

provide: (i) more than 1Gbps downlink (DL) user experienced data rate, (ii) less than a millisecond 

latency in the air interface through multi/parallel access, (iii) at least six 9s reliability through smart 

interface selection, and (iv) vertical handover time less than 5 ms (OBJ-TECH-3). 

¶ D3.3 OBJ-3: Provision of system area capacity of more than 500 Mbps per meter square by the 

utilization of smart radio resource management (RRM) algorithms (OBJ-TECH-4). 

¶ D3.3 OBJ-4: Simultaneous support of positioning and related synchronization1 infrastructure over 

the proposed 5GNR/Wi-Fi/LiFi WAT network, which can provide; (i) less than a centimetre peak 

positioning along with 99% availability for less than a meter positioning accuracy, (ii) ns level 

synchronization by using the wireless transport of clock distribution protocols (OBJ-TECH-5). 

                                                           

1 The synchronization related design and evaluations are not included in this deliverable because they have been reported in 5G-

CLARITY D2.4. 
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1.3 Document structure 

The rest of the document is structured as follows: 

¶ In Section 2, the D3.3 OBJ-1 is covered, where the spectrum sharing network that benefits from the 

CBRS Alliance dynamic spectrum access paradigm is presented. 

¶ Section 3 covers the D3.3 OBJ-2, where the final evaluation of the multi-connectivity framework is 

provided. 

¶ In Section 4, both the D3.3 OBJ-2 and D3.3 OBJ-3 are partly covered. Accordingly, intelligent Wi-Fi 

and LiFi slicing schemes that provide custom resource utilization flexibility to the designed network 

is given. 

¶ In Section 5, the objective D3.3 OBJ-4 is addressed. The 5G-CLARITY proposed 5GNR, Wi-Fi and LiFi 

WATs based localization framework is provided. 

¶ In Section 6, the D3.3 OBJ-3 is covered. An object-oriented programming (OOP) based system level 

evaluation simulator with enhanced simulation capabilities is presented. 

¶ And, finally, the Section 7 concludes the deliverable. 

1.4 Evaluation Methodology 

The main goal of D3.3 is to evaluate the fulfilment of the 5G-CLARITY user and control plane objectives 

defined in the DoA. To achieve this goal, the 5G-CLARITY consortium partners have developed a set of 

evaluation tools ranging from laboratory testbeds to simulation engines. In this section we briefly introduce 

our evaluation tools and clarify the approach we have followed to assign these tools to our target technical 

objectives validations. 

Table 1-1 describes the evaluation tools available to the consortium, highlighting the relation of these tools 

to the 5G-CLARITY architecture described in D2.2 [3]. It also defines which part of the architecture is 

validated with each tool, as well as clarifying what extensions to the tools have been done specifically in the 

context of 5G-CLARITY. More detail on the evaluation tools is included in the subsequent sections. 

Table 1-1. Tools developed to support D3.3 evaluation methodology 

Evaluation 
Tools 

Main 
partner 

Relation to 5G-CLARITY 
architecture 

Discussion 
Tool development with in 

5G-CLARITY 

Bristol Multi-
connectivity 
testbed 

UNIVBRIS 

Infrastructure stratum: 
CPE, 5G gNB, WiFi6 AP 
and LiFi AP 

Network Function and 
Application stratum: 5G 
Core, AT3S user plane 
function 

Testbed deployed in 
laboratory environment. 

A 100 MHz n77 license is 
available to be used at 
this testbed. 

5G radio based on NOKIA 

Added LiFi APs to 
infrastructure stratum 

Development of CPE 

Provisioning of 5GCore and 
AT3S user plane function 

BOSCH Multi-
connectivity 
testbed 

I2CAT 

Infrastructure stratum : 
CPE, 5G gNB, WiFi6 AP  

Network Function and 
Application stratum: 5G 
Core, AT3S user plane 
function 

Testbed deployed in 
laboratory environment. 

A 40 MHz n77 license is 
available to be used at 
this testbed. 

5G radio based on 
Amarisoft 

Development of CPE (same 
software as Bristol testbed) 

Provisioning of 5GCore and 
AT3S user plane function 
(identical to Bristol testbed) 

Multi-
Connectivity 

UGR 
Infrastructure stratum: 
Emulated through VMs 

Testbed suitable only to 
evaluate control plane 

Developed from scratch in 
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virtual testbed Network Function and 
Application stratum: 5G 
Core, AT3S user plane 
function 

procedures 5G-CLARITY.  

Available open source [7] 

Localization 
testbed 

IHP 

Infrastructure stratum: 
software defined radios 
(SDRs) required to 
support localization 
methods 

Network Function and 
Application stratum: 
Positioning server 

Testbeds for sub-6 GHz 
and mmWave ς 60 GHz 
localization.  

Framework Development for 
running localization 
algorithms on Ettus N321 
SDRs. 

Support for bandwidths of 
160 MHz: signal processing 
functions for this bandwidth 
ς previously not available in 
radios used at IHP; intelligent 
functions for accelerated 
signal processing to achieve 
quasi real-time performance.  

mmWave positioning system 
with IHP radios (mmWave 
IHP radios were not 
developed within 5G-
CLARITY). Adapting the 
radios to support 60 GHz 
COTS modules. Algorithms 
for positioning, using the 
obtained distance 
measurements.  

Tools for evaluation of the 
performance of the 
positioning systems. These 
tools use real obtained data 
to estimate the positioning 
performance of the 
developed system. 

System Level 
Simulator 

USTRATH 
Infrastructure stratum: 
Simulated 

Simulation engine 
designed to evaluate 
system level capacities 
with large number of 
devices and APs 

This System level simulator 
has been entirely developed 
during the 5G-CLARITY 
project. First it was built 
based on procedures and 
functions call. Then, in D3.3, 
it is redesigned by using 
objected oriented 
programming (OOP). This 
allows to evaluate complex 
wireless communication 
scenarios, such as the 
Coordinated multipoint 
(CoMP) data transmission 
approach.   

ORAN CBRS 
testbed/PoC 

ACC 

Infrastructure stratum: 
Includes only 5G gNB 
and RAN cluster 

Management and 
Orchestration stratum: 

The 4G integrated CBRS 
client from Accelleran 
was already available as 
background IP and 
commercial solution for 
the 4G E1012 Series 

This is an open source tool 
from WINNFORUM. It can be 
used for official FCC CBRS 
certification if the company 
using it is a CBRS Alliance 
Member. Otherwise an 
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Emulated 
communication with 
CBRS SAS 

Small Cell. Since 
Accelleran plans to 
market a 5G CBRS cloud 
native and disaggregated 
RAN solution in 2023 the 
first stepping stone was 
to enhance the CBRS 
client for 5G, making it 
cloud native and align it 
to O-RAN disaggregated 
RAN architecture. This is 
what this initial CBRS 
PoC/test setup 
developed within 5G-
CLARITY was used for. To 
check if the PoC was fit 
for purpose to be used as 
a suitable baseline for 
future production. The 
WINNFORUM test 
harness tool was used to 
validate conformance of 
CBSD to SAS protocol 
procedures. This 
WINNFORUM Test 
Harness is used to 
achieve CBRS FCC 
conformance.  As 
mentioned above, 
Accelleran plans to 
develop this 5G 
disaggregated CBRS 
PoC/Test Setup further 
so that they can have a 
product into the market 
for 2023. 

applicable fee needs to be 
paid. For lab testing it is free 
to use. 

After describing the available evaluation tools, we describe in Table 1-2 the rationale we have followed to 

address the WP3 5G-CLARITY technical objectives using the available tools. We note that, in addition to the 

arguments provided in Table 1-2, we have also tried to load balance the evaluations across the different 

tools, to avoid that a particular tool becomes a bottleneck.  

Table 1-2. Mapping of 5G-CLARITY WP3 Technical Objectives to evaluation tools 

DoA objective Selected Tool Discussion 

OBJ-TECH-2: Design and validation of a multi-

technology coexistence framework that 

enables efficient spectrum sharing between 

private and public networks 

ORAN CBRS 

testbed 

The co-existence architecture framework of 

CBRS was proposed to manage the inter-domain 

and intra-domain co-existence in 5G-NR.  The 

main aspect done in 5G-CLARITY in terms of 

implementation was the enhancement of the 

integrated 4G CBRS client for a cloud native 5G-

NR implementation based on a disaggregated 

RAN. This initial PoC was validated against the 

WINNFORUM test harness tool, which is used for 

CBRS conformance testing for FCC certification. 
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This validation served to prove that this PoC 

could be integrated in a product to be 

commercialised in 2023.  

OBJ-TECH-3: Design and development of a 

multi-connectivity framework integrating 

5G/Wi-Fi/LiFi evolving 3GPP R16 capabilities 

by: 

Downlink user experienced data rates > 1 Gbps 

Bristol Multi-

connectivity 

testbed 

The Bristol testbed is selected for this task 

because of the 100 MHz n77 license and the 

availability of the NOKIA 5G gNB, which makes it 

the best testbed to measure the aggregated 

over-the-air throughput. 

OBJ-TECH-3: Design and development of a 

multi-connectivity framework integrating 

5G/Wi-Fi/LiFi evolving 3GPP R16 capabilities 

by: Latency in the air interface < 1 ms through 

parallel access; Reliability of at least six 9s 

through smart interface selection 

BOSCH Multi-

connectivity 

testbed 

Having only a 40MHz 5G carrier, the work on this 

testbed is focused at comparing the latency 

performance of 5GNR and Wi-Fi and 

understanding how the MPTCP based multi-

connectivity can be used to minimize latency and 

improve reliability. 

OBJ-TECH-3: Design and development of a 

multi-connectivity framework integrating 

5G/Wi-Fi/LiFi evolving 3GPP R16 capabilities 

by: Vertical handover times < 5 ms 

Multi-

Connectivity 

virtual testbed 

Mobility evaluation is costly in laboratory 

testbed, due to the large spaces required and 

the difficulty of confining the signal from each 

radio within the target evaluation range. 

In addition, mobility performance within the 

context of 5G-CLARITY has two components: i) 

the time required to access a wireless network, 

and ii) the time required to establish the MPTCP 

session. We note that point i) is RAT specific and, 

therefore, outside the scope of 5G-CLARITY. 

Therefore, we decided to use the virtual multi-

connectivity testbed because it fully evaluates 

the MPTCP related delays and offers the 

required flexibility to perform mobility 

experiments. 

OBJ-TECH-4: System area capacity > 500 

Mbps/m2 through smart RRM algorithms 

System level 

simulator 

Evaluating area capacity requires connecting 

many devices and deploying many APs, for which 

the laboratory or the virtual testbeds are not a 

good choice. 

The System Level Simulator is the right tool to 

address this objective. 

OBJ-TECH-5: Simultaneous support of 

synchronization and positioning services over 

the proposed 5G/Wi-Fi/LiFi infrastructure: 

i. Positioning to a peak accuracy < 1 cm, and 

availability of < 1 meter accuracy 99% of the 

time. ii. Synchronization to the ns-level via 

wireless transport of clock distribution 

protocols 

Localization 

testbed 

Localization testbed is chosen because it 

contains the SDR devices that implement the 

developed localization algorithms. 

In the following sections, we add further insights to the design of tools used for the evaluation, and to the 

results of the evaluation of the different technical objectives. 

1.5 Fulfilment of 5G-CLARITY functional requirements and KPIs 

In this section, the mapping between the project objectives, as defined in the DoW, related requirement 
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KPIs, as defined in previous 5G-CLARITY D2.1 and D2.2, and verification of those elements by the specific 

component that has been developed during the lifetime of the project as well as the verification within the 

sections in this deliverable is provided in the following table. 

Table 1-3 Requirements and KPIs Mapping 

Project 
Objectives 

Requirement/KPI 
ID [D2.1, D2.2, KPI 

Tracking Sheet] 

Requirement/ 
KPI Description 

Component 
Means of Verification / 

Status 
[D3.3 Section] 

OBJ-TECH-3  

D22-CLARITY-NFAS-
R16, 

KPI-FUNC-REQ-18, 
KPI-FUNC-REQ-19 

The 5G-CLARITY network 
function and 
application stratum shall 
decouple downlink and 
uplink transmissions and 
shall have the capability to 
schedule downlink and 
uplink traffic to different 
WATs.  

MPTCP 

Sections 3.2.1, 3.2.2, 3.2.3, 
3.2.4 provide functional 
validation of default, 
redundant, round robin, and 
5G-CLARITY MPTCP 
schedulers.  

OBJ-TECH-4  

D22-CLARITY-NFAS-
R18, 

KPI-FUNC-REQ-20, 
KPI-FUNC-REQ-21, 
KPI-FUNC-REQ-22 

The 5G-CLARITY network 
function and 
application stratum 
shall allow controlling 
physical resources of 
5GNR gNBs, Wi-
Fi and LiFi APs.  

Wi-Fi airtime-
based 

scheduler, 
LiFi airtime 
scheduling, 

LiFi spectrum 
resource 

scheduling 

Sections 4.1 and 4.2 provide 
evaluation results of 
network-wide slicing of Wi-Fi 
networks with variable loads 
and autonomic LiFi 
attocellular network slicing, 
respectively. 

OBJ-TECH-3  

D22-CLARITY-NFAS-
R19, 

KPI-FUNC-REQ-19, 
KPI-FUNC-REQ-23 

The 5G-CLARITY network 
function and 
application stratum shall 
support hosting xApps to 
provide value added 
services such as spectrum 
access system, localization 
server, real-time access 
traffic controller, 
integrated Wi-Fi/ 
LiFi network controller, etc.  

dRAX (near/n
on-real-time 

RIC); 
Positioning 

server 

Section presents how dRAX 
can host a spectrum related 
microservice and hosts 
xApps. Sections 2, 3, 4 and 5 
provide details and 
evaluations on spectrum 
access, multi-access, 
integrated Wi-Fi/LiFi network 
controller and localization 
frameworks, respectively. 

OBJ-TECH-3  
D22-CLARITY-NFAS-

R20 

The 5G-CLARITY network 
function and 
application stratum shall 
provide necessary 
telemetry data to the 
hosted xApps.  

dRAX (near/n
on-real-time 

RIC) 

The xApp deployment in the 
5G-CLARITY RAN cluster is 
discussed in Sections 2.4.2 
and 3.1. 
Telemetry is demonstrated in 
the demonstration described 
in section 3.1. 

OBJ-TECH-3  
D21-5GC.KPI-2, 
KPI-FUNC-REQ-5 

Reducing latency in the air 
interface < 1 ms for uplink 
and downlink through 
parallel access across 
various technologies  

MPTCP 

The evaluation results for the 
E2E latency achievable by the 
5G-CLARITY multi-
connectivity framework is 
provided in Section 3.2.2. 

OBJ-TECH-3  

D21-5GC.KPI-3, 
D21-TECH-UC2.1-01, 
D21-TECH-UC2.1-02, 
D21-TECH-UC2.1-03, 
D21-TECH-UC2.1-04, 
D21-TECH-UC2.1-05, 
D21-TECH-UC2.2-08, 

Providing reliability of at 
least six 9s through smart 
interface selection  

MPTCP 
The reliability evaluation and 
further details are provided in 
Section 3.2. 
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Project 
Objectives 

Requirement/KPI 
ID [D2.1, D2.2, KPI 

Tracking Sheet] 

Requirement/ 
KPI Description 

Component 
Means of Verification / 

Status 
[D3.3 Section] 

KPI-FUNC-REQ-6 

OBJ-TECH-3  
D21-5GC.KPI-4, 
KPI-FUNC-REQ-7 

Supporting vertical 
handover between wireless 
technologies with handover 
times < 5 ms  

MPTCP 

Section 3.2.3 provides further 
information and evaluation 
results for less than 5 ms 
vertical handover between 
WATs. 

OBJ-TECH-4  
D21-5GC.KPI-5 

KPI-FUNC-REQ-8 

Demonstrate aggregate 
system area capacity in 
relevant indoor scenarios > 
500 Mbps/m^2 
 through smart RRM 
algorithms and SDN control 
frameworks that fully 
exploit the capacity of the 
combined 5G/Wi-
Fi/LiFi access  

Simulation 
platform 

Section 6 provides a 
simulator development 
process and presents 
obtained link quality and 
performance results.   

OBJ-TECH-5  
D21-5GC.KPI-8 

KPI-FUNC-REQ-9 

Positioning to a peak 
accuracy < 1 cm, and 
availability of < 1 meter 
accuracy 99% of the time.  

Positioning 
server 

The multi-WAT positioning 
framework development and 
related results are provided 
in Section 5.  

OBJ-TECH-5  KPI-FUNC-REQ-10 

Synchronization to the ns-
level via wireless transport 
of clock distribution 
protocols.  

Simulation 
Platform 

Synchronization results are 
demonstrated in D2.4, 
section 5 and 6. 

OBJ-TECH-2  
KPI-FUNC-REQ-2 
KPI-FUNC-REQ-14 

Validation of slice aware 
spectrum broker  

dRAX (near/n
on-real-time 

RIC) 

The details of a co-existence 
and spectrum sharing 
architecture based on CBRS 
are presented in Section 2. 

OBJ-TECH-2  KPI-FUNC-REQ-15 

Integrated LTE SAS client 
used in CBRS Small Cell 
context will be implement 
in O-RAN dRAX content as 
an xApp  

dRAX (near/n
on-real-time 

RIC) 

Disaggregated and cloud 
native CBRS client is 
implemented, and results are 
provided in Section 2.  

OBJ-TECH-5  KPI-FUNC-REQ-24 
5GNR location report 
interface setup  

Positioning 
server 

Localisation server 
implementation will be 
provided in 5G-CLARITY D5.2. 

OBJ-TECH-5  KPI-FUNC-REQ-26 
mmWave position 
interface  

Positioning 
server 

mmWave based positioning 
interface details and 
implementation results are 
provided Section 5.2. 

OBJ-TECH-5  KPI-FUNC-REQ-27 LiFi position interface  
Positioning 

server 

LiFi positioning server 
implementation and related 
results are provided in 
Section 5.3. 

OBJ-TECH-5  KPI-FUNC-REQ-28 
Location management of 
3GPP and non-3GPP access  

Positioning 
server 

Theoretical and simulation-
based investigations and 
related results are provided 
in Sections 3.2.3, 5.1, 5.2, 5.3. 
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2 Spectrum Sharing Framework with CBRS 

2.1 Introduction 

The spectrum sharing framework for 5G-CLARITY 5GNR access leverages CBRS Alliance dynamic spectrum 

access paradigm, as described in 5G-CLARITY D3.1. This innovative regulatory regime, albeit was initially the 

focus of the United States (US) market, might potentially be replicated elsewhere. Its intrinsic advantage is 

that since it is based on a 3-tier approach, it can be mapped to different regulatory spectrum regimes. These 

include from the usual traditional licensed ones to others where incumbent protection or local vertical 

licenses are granted to private network deployments. 

2.2 Baseline legacy CBRS architecture and newer specifications 

In April 2015 [8] and May 2016 [9] the Federal Communications Commission (FCC) established the 

regulatory grounds for the CBRS, involving the shared commercial use of the 3.5 GHz (3550-3700 MHz) with 

incumbent military radars and fixed satellite stations. The derived CBRS specifications and certification 

framework were defined together between the Wireless Innovation Forum [10] and the CBRS Alliance [11]. 

At that time, Long Term Evolution (LTE) was the 3rd Generation Partnership Project (3GPP) mainstream 

technology in use, since the 5GNR specifications were only defined in the 3GPP Release 15 in 2019. As a 

result, the CBRS system was based on 3GPP LTE, for which a specific B48 band was defined in the 3GPP 

specifications. 

At that time, most base stations were based on either fully integrated enhanced NodeBs (eNBs) 

architectures (Centralised Unit (CU), Distributed Unit (DU) and Radio Unit (RU) functionality in the same box) 

or Baseband Unit (BBU)/RU splits using Common Public Radio Interface (CPRI) interface. It was still very 

early days for a fully disaggregated RAN as later on defined by 3GPP with a normative High Layer Split based 

on F1 interface between CU and DU, and a Low Layer Split based on Fronthaul 7.2x interface defined by 

Open RAN (O-RAN) Alliance. 

CBRS was defined to make additional spectrum available for flexible wireless broadband use while ensuring 

interference protection and uninterrupted use by the incumbent users. The main components of the CBRS 

system are depicted in Figure 2-1. 

 

Figure 2-1 CBRS overall architecture 

In CBRS, a novel three-tier sharing paradigm coordinates spectrum access among the incumbent military 

radars, satellite ground stations and temporarily protected Fixed Wireless Access (FWA) legacy stations and 

new commercial users.  
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The three tiers sharing the 150 MHz of CBRS spectrum are:  

¶ Protected Incumbents: this tier is protected from interference caused by Priority Access License 
(PAL) and General Access License (GAA) users. These are primarily radars and Fixed Satellite Service 
(FSS) stations (coastal areas mainly) and temporarily the Wireless ISPs in 3650-3700 MHz. 

¶ Priority Access License (PAL):  this tier is protected from interference caused by GAA users. Up to 
70 MHz where available per county. This priority spectrum was awarded via auction during 2020 
[12]. In principle a maximum of 40 MHz could be offered to a given licensee. 

¶ General Authorised Access (GAA): this tier can use any portion of spectrum not assigned to 
Protected Incumbents or PALs in an area. A minimum of 80 MHz is reserved for this tier per county, 
although up to the full 150 MHz can be made available by the Spectrum Access System (SAS) if no 
Protected Incumbents or PAL users are present in the area. 

As described in [13] the CBRS framework enables the use of sensing network inputs to enable real time 

awareness of naval radars and allows dynamic interference protection managed by the SAS, as shown in 

Figure 2-2.  

9ŀŎƘ {!{ Ƙŀǎ ŀ άƳŀǇέ ƻŦ ŀƭƭ ŘŜǇƭƻȅƳŜƴǘǎ ƻƴ ǘƘŜ t![ ŎƘŀƴƴŜƭǎ ŀƴŘ Ŏŀƴ ŦŀŎƛƭƛǘŀǘŜ ƻǇǇƻǊǘǳƴƛǎǘƛŎ D!! ǳǎŜ ƻŦ 

ǾŀŎŀƴǘ t![ ǎǇŜŎǘǊǳƳ ƛƴ ŘƛǎŎǊŜǘŜ ƎŜƻƎǊŀǇƘƛŎ ŀǊŜŀǎ ƻƴ ŀ άǳǎŜ-it-or-share-ƛǘέ ōŀǎƛǎΦ Lƴ ǘƘŜ /.w{ ōŀƴŘΣ ƭƛŎŜƴǎŜǎ 

(PALs) ensure interference protection for deployed nodes but confer no right to exclude opportunistic users 

(GAA) when and where the spectrum is not in use. Because the SAS has awareness of the transmit power, 

bandwidth and other characteristics of each device authorized to operate in a local area, it can make 

assignments to GAA users that optimize performance and mitigates mutual interference. 

Figure 2-3 shows the overall CBRS architecture within an LTE system and the example deployment of 

Accelleran E1012 CBRS fully integrated small cell as starting point for the enhancements needed to: 

¶ Have CBRS functionality supporting both LTE and 5GNR deployments. 

¶ Have CBRS functionality based on a cloud native paradigm. 

¶ Have CBRS functionality working in a fully disaggregated RAN with separate CU, DU, and RU. 

 

Figure 2-2 Admission control system architecture CBRS 

 
Figure 2-3 Overall CBRS architecture in LTE system (using Accelleran small cell as example) 
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The CBRS Alliance Release 1 standard, published in February 2018, described the extensions required to 

3GPP standards to enable LTE operation in the US 3.5 GHz CBRS band. It encompassed radio, networks 

service and coexistence specification. The network services standard defines Neutral Host Networks (NHN) 

and private networks operation. The CBRS Alliance Release 2 standard, published in April 2019, added Multi-

Service Operator (MSO) and fixed wireless use cases, non-SIM access mode (non-EPS-AKA) and User 

Equipment (UE) profiles. The standard included new LTE network identifiers for private or NHN networks, 

referred to as a shared Home Network Identifier (HNI), which are administered by the CBRS Alliance in 

conjunction to ATIS IOC [14] oversight. SAS operation is extended to facilitate coexistence between GAA 

devices. 

The CBRS Alliance Release 3 standard, published in February 2020, included for the first-time support for 

5GNR. In [15] and [16] CBRS specifications defined the 5GNR E-UTRAN New radio - Dual Connectivity (EN-

DC) Use Case based on Non-Standalone (NSA) mode for Private and NHNs, initially as derived from 3GPP 

Release 15. In [17] CBRS defined the coexistence between and among multiple LTE and NR networks where 

Coexistence between Citizen Broadband Radio Service Devices (CBSD) belonging to the CBRS Alliance 

Coexistence Group is coordinated by one or multiple Coexistence Managers (CxMs). The specification 

included GAA coexistence requirements for CBSDs including cell phase synchronization, Time Division 

Duplex (TDD) Configuration for LTE-TDD and NR-TDD CBSDs amongst others. That version of the document 

focused on Band 48 [16] [15] LTE-TDD using Frame Structure 2 (FS2) and limited support for n48 NR-TDD 

deployment. 

 

Figure 2-4 Mandatory NR-TDD TDD UL/DL Configurations for the CBRSA CxG 

Additionally, all NR TDD CBSDs in a CBRS Alliance (CBRSA) Figure 2-4 "connŜŎǘŜŘ ǎŜǘέ ƴŜŜŘ ǘƻ ǳǎŜ ǘƘŜ ǎŀƳŜ 

or equivalent TDD configurations (G symbols are guard symbols for compatibility with F slots in LTE Special 

Subframe Format (SSF) 7).  

The CBRS Alliance Release 4 standard, published in August 2021, and later updated to Release 4.1 in 

November 2021, included important enhancements in the architecture such as the introduction of support 

for 5G Standalone (SA) and Non-Public Networks and others related to Coexistence handling. 

¶ Network Architecture ( [17] [18] [19]) 

o Extended Authentication for 5GNR SA 

o 5GNR SA Public Network support 

o 5GNR SA Non-Public Network support 

¶ Coexistence ( [19] [20]) 

o Inter-CxM operation for TDD configuration coordination 

o Enhanced support for 5GNR TDD configuration 

o PAL TDD configuration coordination 

o TDD configuration coordination with CBSDs using non-3GPP technologies 
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For coexistence the SAS/CxM associated to a particular domain or network creates TDD Configuration 

Connected Sets (TCCS) with CBSDs having overlapping coverage contours according to specific propagation 

models. All LTE TDD and 5GNR TDD CBSDs belonging to the same TCCS are mandated to use the same or NR 

equivalent TDD configuration to avoid interference and are the basis for the primary channel assignments. 

Different CBSDs can also request the SAS/CxM to be part of Interference Coordination Groups (ICGs) and 

Common Channel Groups (CCGs) in which interference coordination may be done within themselves on the 

same assigned channel by the SAS/CxM. Otherwise, the SAS/CxM will assign separate channels. In case 

where multiple CxMs manage CBSDs in the same area, the CxMs exchange the list of CBSDs that are part of 

their respective TCCS and agree on the final common/shared TCCS to be used. If the CBSDs in the TCCS have 

different desired TDD configurations, there is a protocol based on majority voting to decide which of the 

default TDD configurations 1 or 2 are finally used. While in LTE TDD the configuration is specified by only 2 

parameters, in 5GNR the configuration depends on 11 parameters (Subcarrier spacing, number of resource 

blocks, pattern periodicity, downlink (DL) slots, downlink symbols, uplink (UL) slots, uplink symbolsΧ), but 

not all of them may influence the alignment of UL/DL symbols which will cause interference. There are 

certain combinations of each of those 11 5GNR parameters have equivalent UL/DL symbol alignment, which 

means that all the CBSDs in a TCCS have the same or equivalent desired TDD configuration. Therefore, they 

can use their desired configuration. Figure 2-5 shows how CBSDs, belonging to different domains, i.e., 

networks, and sharing the same geographical area, may potentially be interfering with each other according 

to the intra-SAS/CxM propagation models. They are assigned non-overlapping common TCCSs with non-

interfering configurations and channels, because of the inter-SAS/CxM coordination.  

The CBRS system has a great flexibility, as it supports different spectrum sharing tiers, protects incumbents 

and general priority licensed allocations from general use. It also manages the coexistence, coordination of 

TDD configurations, allocation of spectrum blocks, and transmission power across CBSDs in the same 

geographical area and manages co-existence across domains. These flexibility features of the CBRS system 

are the most important aspects to conceive the spectrum sharing framework based on CBRS in the 5G-

CLARITY project.  

 
Figure 2-5 Shared/Common TCCSs with multiple SAS/CxMs 
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2.3 Industry status in CBRS alliance, O-RAN alliance and 3GPP 

3GPP establishes the normative specifications for LTE and 5GNR evolution with interfaces that enable 

amongst others a disaggregated RAN based on a High-Level Split (HLS) Split 2 between the CU and DU. CBRS 

Alliance leverages on what 3GPP specifies, but with a focus on the additional specifications needed to 

enable CBRS operation in a dynamic spectrum access framework. O-RAN Alliance also leverages 3GPP 

specifications for the normative interfaces and enhances and extends what 3GPP defines with newer 

interfaces and specifications to enable a fully interoperable, open, disaggregated cloud native and 

intelligent RAN. One of these important interfaces is the Low-Level Split (LLS) or Fronthaul 7.2 between DU 

and RU which is not normative in 3GPP. Currently, across the industry there is not a cloud native, open and 

fully disaggregated RAN blueprint definition for CBRS.  

Accelleran is involved in discussions with different companies and industry fora to enable the definition of 

an open RAN blueprint in CBRS context. The work done in 5G-CLARITY to show a cloud native and 

disaggregated CBRS testbed as described in the next sections can be easily aligned with the future direction 

the industry may take for such blueprint. 

2.4 5G-CLARITY coexistence framework 

2.4.1 5G-CLARITY co-existence framework high level architecture 

Since the status of the disaggregated open RAN CBRS blueprint, latest releases of CBRS specifications and 

O-RAN interface alignment of DU/RU ecosystem are not currently mature enough or readily available, there 

are certain concepts that could not be validated in the testbed.  

 

Figure 2-6 5G-CLARITY spectrum sharing and co-existence architectural concept 

However, as industry evolves, these supporting concepts could be enabled. The following are some of the 

main aspects and concepts that could contribute to coexistence and slice awareness: 

¶ PAL versus GAA allocations implemented in the SAS Server enable the protection of licensed 

spectrum blocks available at the same time as GAA ones in a particular geographical area. This can 

be used to avoid interference between macrocells deployed outdoors and small cells deployed in 

a non-public network (NPN), whether indoor or outdoor. 
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¶ Co-existence management done by the CxM components within GAA coordinates co-existence 

between CBSD deployed in the same geographical area, so that compatible TDD configurations are 

used across CBSD with overlapping coverage areas according to propagation models. Channel 

separation in a geographical area within GAA is guaranteed by CxM to manage co-existence, while 

provisioning the requirements for channel separation for CBSDs.  These can manage interference 

between themselves with their own proprietary methods, or mandate co-channel assignment for 

CBSDs that consider themselves as part of a common co-existence group.   

¶ The use of DU schedulers capable of supporting slicing in terms of physical resource block usage or 

different bandwidth parts can be used. This realises slice awareness based on the actual availability 

of spectrum blocks in particular geographical areas as communicated via spectrum inquiries. 

¶ The use of xApps/rApps responsible for Automatic Neighbour Relations (ANR), Coverage and 

Capacity Optimisation (CCO), Mobility Load Balancing (MLB), proprietary Interference 

Management (IM) across a group of CBSDs. Others can be leveraged so that co-existence and 

interference coordination provided by CBRS are enriched. 

The architectural concept for 5G co-existence and spectrum sharing in 5G-CLARITY is shown in Figure 2-6. 

2.4.2 Testbed/PoC description 

In addition to the implementation of an E2E cloud native and fully disaggregated 5GNR solution using 3rd-

party DUs (Effnet/Phluido) and RUs (Benetel) with multi-WAT support and enablement of nRT-RIC xApps to 

deliver to the pilots (the lion share of Accelleran contribution to 5G-CLARITY), Accelleran has also enabled 

a generalised CBRS Solution based on an E2E open RAN and cloud native architecture. This testbed/PoC was 

used to confirm the suitability of a 5G CBRS solution in a cloud native and disaggregated open RAN 

architecture using 3rd-party DU and RUs. This was confirmed by using the WINNFORUM Test Harness that is 

used for FCC CBRS certification. Accelleran plans for use this testbed/PoC implementation as baseline for a 

commercial product solution in 2023. However, it is worth noting that this testbed/PoC had some limitations 

in terms of test harness and third-party components capabilities to support most recent releases of 

Winnforum/CBRS Alliance/O-RAN Alliance interfaces and procedures. 

For the generalised CBRS solution, the following aspects had to be developed in the Testbed/PoC as part of 

the 5G-CLARITY project: 

¶ Generalisation of Radio Access Technology (RAT) to support both 4G and 5G. 

¶ Enabling CBRS client in a cloud native architecture. 

¶ Definition of a framework so that future interference management, co-existence, and self-

optimisation 4G and 5G xApps can be developed appropriately. 

¶ Design the solution to align with the O-RAN architecture as much as possible. Enable flexibility to 

use any future interfaces that will be defined in the CBRS blueprint while still using the current 

proprietary interfaces available in the 3rd-party DUs and RUs used in the testbed. 

Figure 2-7 shows the evolution of the architecture in the solution towards a generalised cloud native open 

and disaggregated blueprint. The 4G CBRS integrated implementation was already available before the 

project, since it was part of the Accelleran E1012 Series CBRS fully integrated Small Cell. The testbed/PoC 

implementing the generalised cloud native and disaggregated CBRS client with 5G-NR was developed in this 

project. 

The idea, in the initial 5G-CLARITY proposal, was to enable a CBRS client as an xApp running on the nRT-RIC. 

However, the final decision for the CBRS testbed/PoC was to enable that functionality as a cloud native 

microservice deployed along the different dRAX microservices in the platform. This enables more flexibility 
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for deployment and placement. The CBRS blueprint discussed by Accelleran and other stakeholders in the 

industry have different options that need to be studied. For example, whether a Domain Proxy or a single 

CBSD controller approach should be used, and where this component should be deployed (outside of O-

RAN, in Service Management and Orchestration (SMO), in Non-RT RIC context, in near-RT-RIC context, etc.), 

and which interfaces should be used to manage the disaggregated RAN components. For the validation of 

the developed cloud native and disaggregated 5G CBRS client functionality in the testbed/PoC the official 

WINNFORUM Test Harness (open source for lab testing purposes) is used in addition to the use of Open5GS 

as shown in Figure 2-8. The WINNFORUM test harness is officially used to prove CBSD to SAS conformance 

as part of FCC certification process. The current version of this test harness is based on former CBRS Release 

1 and WINNFORUM Release 1 specifications.  

 

Figure 2-7 Enhanced 4G/5G CBRS solution 

 

 

Figure 2-8 5G CBRS testbed with Effnet/Phluido DU and Benetel and NI B210 RUs 
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Figure 2-9 5G CBRS testbed in the lab with B210 RU  

The testbed validation was done initially using the research RU National Instruments B210 Software Defined 

Radio (SDR), as shown in Figure 2-9. It was later validated with the commercial Benetel RUs that are also 

part of the multi-connectivity pilots.  

2.4.3 Dependencies on disaggregated third-party DU/RU components 

The initial E2E disaggregated dRAX 5G reference platform delivered by Accelleran with the dRAX 5G is based 

on the use of 3rd party DU (Effnet and Phluido) and RU (Benetel and National Instruments SDR) components. 

The CBSD acquires the grant from the SAS server with the Radio Frequency (RF) parameters that are allowed 

to be used by the base-station in a particular geographical area using the CBSD to SAS protocol. These 

parameters need to be configured appropriately and consistently across the DU and RU using the available 

interfaces. The RF parameters to configure are: 

¶ Carrier frequency  

¶ Transmission power 

¶ Bandwidth 

In the current testbed, the 3rd-party DU (Effnet and Phluido) is configured via a JavaScript Object Notation 

(JSON) configuration file until the appropriate O-RAN O1 interface based in Netconf is available.  

 

Figure 2-10 5G CBRS DU/RU configuration 

The 3rd-party RU (Benetel) is configured via a Command Line Interface (CLI) until the appropriate O-RAN O1 

interface based on Netconf is supported (hybrid architecture) or the O-RAN fronthaul management 

interface (hierarchical architecture) is supported between the DU and RU. 
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The carrier frequency, transmission power and bandwidth need to be consistently configured in the DU and 

RU. The carrier frequency and bandwidth in the RU need to be consistent with the New Radio Absolute 

Radio Frequency Channel Number (NR-ARFCN) and bandwidth configured in the DU. The transmission 

power configured in the RU needs to be consistent with the one advertised in the System Information 

Broadcast 1 (SIB1) by the DU for the Physical Broadcast Channel (PBCH). This is used by the UEs to calculate 

the actual pathloss experienced by the wireless link. Figure 2-10 shows the testbed setup with some of the 

main interfaces/parameters used from Winnforum Test Harness. The scope of this validation was limited to 

the current capabilities of Winnforum Test Harness based on Winnforum Release 1 baseline. 

2.4.4 Solution design 

Figure 2-11 shows the design of the CBRS client components and interfaces used. The main goal of the CBRS 

client is to implement the protocol with the SAS to obtain the RF parameters for the DU/RU and configure 

them for operation. 

 
Figure 2-11 5G CBRS client components 

 
Figure 2-12 5G CBRS client typical successful sequence 

Figure 2-12 shows the typical success sequence from the point where the CBSD (SasClient) receives a 

response to spectrum inquiry from the SAS (SasServer), requests the grant, acquires the grant, starts 

transmitting by configuring the DU/RU (DuRuServer) and stops transmitting when the grant is terminated 

as part of a heartbeat. 






























































































































































































