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1 Executive Summary

This deliverable is part of WP3 “6G Breakthrough enablers/bricks” and supports the work under tasks T3.4
“OpenAirinterface RIS controller” and T3.5 “Intelligent PaaS abstraction framework for the compute continuum”.
It covers one of the key innovations of the 6G-BRICKS project, which consists of integrating Reconfigurable
Intelligent Surface (RIS) (provided by CEA) with OpenAirinterface (OAl) Next Generation Node B (gNB) based on
mmWave. This integration is done following the Open RAN (O-RAN) vision through the usage of Real-time
Intelligent Controller (RIC), which will interact with the gNB and RIS to control the latter. Moreover, the
deliverable introduces the PaaS-based framework for the abstraction and seamless management of
heterogeneous, decentralized, and dynamic Cloud, Edge, and Deep Edge of the 6G-BRICKS compute continuum.
Both will be exposed to experimenters in the next step of the project.

Hence, we divided the deliverable into two parts: the first part presents the implementation of the RIS control
enablers, while the second part tackles the implementation details of the intelligent PaaS enablers.

The first part of the deliverable sheds light on the vision of 6G-BRICKS to integrate RIS and OAI, which will undergo
different steps. The integration starts by devising the necessary components at the RAN Intelligent Controller
(RIC) side, including xApp, and testing it with a RIS simulator, validating particularly the devised E2 Service Models
(E2SM). This step will also allow opening the xApp to be run by an external experimenter for the first Open Call.
In this part, we start by diving into the CEA’s RIS hardware details and how it works, as the latter will be integrated
as the next step. Indeed, the CEA’s RIS is expected to be integrated into the EURECOM testbed for the second
Open Call. Then, we detail the O-RAN-compliant RIS-control framework that abstracts the RIS control procedure
for the experimenters. We will describe the concept of E2SM proxy, which we devised in 6G-BRICKS to interface
with RIS. Indeed, the O-RAN E2SM agent is supposed to run only at the gNB side. But since we aim to control the
RIS through xApp sitting at RIC, we introduced the concept of proxy E2SM to fill the gap. To test the proxy E2SM
and the interaction with RIC, we developed a RIS simulator in Go language, which allows us (and an experimenter)
to realistically simulate different scenarios using RIS, including mobility at the mmWave band (similar to the real
RIS).

The second part delves into the approach considered in 6G-BRICKS to support the compute continuum, where
cloud-native service chains and micro-services can be dynamically deployed, instantiated, migrated, or scaled
across devices and domains, corresponding to their constantly evolving networking and compute requirements
or to changes in the underlying infrastructure (e.g., new resources becoming available). The compute continuum
is expected to be one of the key components of 6G. In this context, 6G-BRICKS adopts the m-Edge Platform and
Edge Cloud Continuum Manager (ECCM) modules. The m-edge platform embodies an extended NFV MANO
approach with the incorporation of a Platform-as-a-Service (PaaS) model for edge service delivery. The PaaS
framework facilitates the automated deployment and auto-provisioning of multi-Virtual Machine (VM)
Kubernetes clusters at the device-to-cloud continuum as a managed service while implementing elasticity rules
to scale up or down the clusters based on resource demand. In this part of the deliverable, we will give a detailed
overview of m-Edge Platform and the adopted PaaS concept. In addition, we will introduce a disaggregated X-
Haul solution that reduces the deployment cost and provides both connectivity as well as edge-computing
capabilities to the 6G network operator.

© 6G-BRICKS 2024
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2 Introduction

6G-BRICKS aims to offer a trusted, agile, and evolvable 6G experimentation facility, federating two
experimentation platforms in Belgium (part of KUL) and France (part of EUR) under a Core Site (part of ISI/ATH)
acting as the facility entry point and offering Public Cloud and experimentation services. The Facility will be
accessible by third-party consortiums and vertical application owners, as well as experimenters from the vertical
and component industry.

6G-BRICKS proposes two key innovations to embrace 6G. The first one is the integration of RIS within the
EURECOM testbed through the integration with OAl mmWave to build a 6G end-to-end system, including UE,
which allows experimenters to test the RIS control algorithm using a real platform. Another important aspect of
this integration is the usage of a O-RAN compliant approach, where the RIS control algorithms will run as xApp
on top of RIC.

The second innovation proposes a cloud-edge compute continuum to run cloud-native micro services through
the adoption m-Edge Platform that encompasses a PaaS. The m-Edge platform can handle the Life Cycle
Management of cloud-native micro-services by migrating and scaling resources over the continuum.

This deliverable is an initial report that details the low-level implementation details of the 6G-BRICKS enablers
covering the above-mentioned innovations, that is, RIS control and compute continuum.

This deliverable takes input from WP2, which introduced the design blueprints and serves as input to WP4, which
will describe how the 6G-BRICKS enablers are exposed to the experimenters, as well as WP5, which addresses
how the enablers are deployed and integrated into the testbeds.

This deliverable will permit to understand the initial approaches of 6G-BRICKS by providing details on:
e The implementation details of the RIS control framework
e The description of the RIS hardware
e The implementation details of the RIS simulation
e The implementation details of the edge continuum platform
e The details of the optimization algorithms for the edge continuum and monitoring

2.1 Mapping 6G-BRICKS Outputs

6G-BRICKS GA 6EBRICKSIGAComponent Respective -
Component Title Outline Document Justification
P Chapter(s)
DELIVERABLE

D3.2 Initial report on the RIS controller and PaaS abstraction enablers

TASKS

This task covers one of the key The first part of the deliverable
innovations of the project, presents the implementation of

T3.4
which is the integration of the the RIS control enablers (Section

R(I)Spce;rﬁlrrgllggace RIS with OAl gNB. Therefore, section 3 3). We added an E2SM proxy to the
this task will provide all the RIS in order to communicate with
necessary components, xApps via the RIC (Section 3.3).

© 6G-BRICKS 2024
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algorithms, and protocols to Hence, we integrated the RIS with
achieve this objective. OAIl FlexRIC. The deliverable also
details the RIS hardware (Section
3.2) and the RIS simulation (Section
3.4). The RIS simulation will be
used for for 6G-BRICKS first open
call while the RIS hardware will be

used in the second open call.
This task will deliver the PaaS-
based framework for the
T3.5 “Intelligent | abstraction and seamless

The second part of the deliverable
details the implementation of the
PaaS-based framework used in 6G-

PaaS  abstraction | management of . . .
8 . . BRICKS (Section 4). The innovation
framework for the | heterogeneous, decentralized | Section 4 . ) gy
. of 6G-BRICKS projects is detailed in
compute and dynamic Cloud, Edge and .
) ” Section 4.3 and the edge
continuum Deep Edge/swarm resources of . N
continuum optimization
the  6G-BRICKS  compute . . . .
. algorithms are listed in Section 4.4.
continuum.

2.2 Deliverable Overview and Report Structure

In what follows, Section 3 tackles the RIS control enablers while section 4 addresses the compute continuum
enablers. In section 3, subsection 3.1 summarizes the novelty of 6G-BRICKS approach in controlling the RIS.
Subsection 3.2 describes the RIS hardware, subsection 3.3 describes the RIS control framework while Section 3.4
details the RIS simulation. In section 4, subsection 4.1 introduces the compute continuum concept. Subsection
4.2 describes the baseline edge platform while subsection 4.3 details the platform extensions for 6G-BRICKS
project. Subsection 4.4 enumerates the optimization algorithms developed in the context of 6G-BRICKS. Finally,
section 5 concludes the deliverable.

© 6G-BRICKS 2024
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3 Enablers for RIS control

3.1 Introduction

One of the key innovations of 6G-BRICKS is the integration of a RIS in the EURECOM testbed, which makes it
ready for experimentation by third-tier persons through the 6G-BRICKS facility.

The architecture of the envisioned integration is illustrated in Figure 1, which relies on an O-RAN approach. On
one side, the 5G New Radio (NR) components, which are composed of Radio Access Network (RAN) (i.e., OAI
Distributed Unit (DU), OAIl Centralized Unit (CU), and a commercial Radio Unit (RU) operating in the millimeter
waves), 5G Core Network (CN), and on top of the RAN access a RIC; here OAI FlexRIC. The latter is assumed to
execute the xApps that are concerned by controlling the RIS. The foresee integration consists of two steps. Firstly,
we will use a RIS custom-made simulator and secondly a hardware prototype to be delivered by CEA. To support
this integration, we specifically devised the notion of a RIS E2 proxy, as one of the outcomes of the 6G-BRICKS
project that acts as a E2SM agent to translate E2SM commands into hardware-specific commands that can be
interpreted by the RIS. In our case, the CEA RIS uses a set of specific commands that are communicated through
the serial link.

The RIS simulator has been developed for the project’s purpose and it has two key objectives: (1) validate the
xApp communication with the RIS simulator through the devised SM and E2 proxy; (2) be available for the first
Open Call to allow experimenters to test their algorithms to control the RIS. In this step, the simulated RIS
behaves similarly to real RIS hardware. The second step will consist of replacing the simulated RIS with the CEA
RIS.

In what follows the components related to the RIS integration, that is, CEA RIS, simulated RIS, E2SM proxy, and
an example of xApp that controls the RIS are presented in detail.

Juli]

a nth
- . el
‘ > Ve RIS E2SM RIS
— ! Tx broa e il o) « s proxy control Yhons
% . m XApp
- i Ez: RIS n
3 : Service Model
Simulated RIS testbed (GoSimRIS) A
PEN AIR
Serial
Connection RIS E2SM
«— | x .
proxy E2: KPM E2: KPM
A4 Y
M M
Fronthaul
OPEN AR N AR IPEN SR
UE s ) : :
Real RIS testbed Virtual Infrastructure

3.2 RIS hardware description

In the past few years, reconfigurable intelligent surfaces (RIS) gained a lot of interest due to their key role in
mobile communication networks. A RIS is a programmable electromagnetic surface capable of actively altering
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and controlling electromagnetic fields. Typically, an EM surface operates as a reflective, transmissive, or
transflective programmable surface, employing radiating elements or unit cells with a period ranging from one-
tenth to one-half of a wavelength. When the unit cell measures less than a quarter of a wavelength, it is termed
a metasurface, meta-screen, or meta-lens. Otherwise, it is known as a reflectarray (RA) or transmitarray (TA),
depending on its operational principle and feeding mechanism. In contrast to classical phased array antennas
using local phase shifters and power amplifiers for controlling phase and amplitude distribution on the radiating
surface, RIS manipulate EM characteristics (e.g., impedance, current distributions) of unit cells via locally
programmed RF switches, variable capacitive loads, or tunable materials. Unlike phased arrays, EM surfaces
demonstrate high efficiency, eliminating the need for complex and lossy feed networks. Consequently, EM
surfaces serve as efficient, energy-conserving platforms for holographic beam shaping, exhibiting wide band,
high-gain characteristics, and programmable features in the mmWave and sub-THz band.

For EM surfaces designed to function in the microwave and millimeter wave spectrum, conventional practices
involve heterogeneous integration of tunable devices. This approach includes discrete electronic devices (e.g.,
varactors, RF MEMS switches, p-i-n diodes) flip-chipped onto the unit cell, typically constructed using printed
circuit board (PCB) technologies. Additionally, tunable substrates like liquid crystals or ferroelectrics could be
used in such designs.

In this section, the RIS hardware is described. It was designed and fabricated in the framework of the H2020
project Rise-6G, and its main characteristics can be found in [1]. It is based on the principle of RA antennas where
we use the rotation strategy to design a 1-bit reconfigurable architecture. By opportunely controlling the ON and
OFF states of two p-i-n diodes, it is possible to electronically control the electromagnetic current distribution on
the radiating elements of the RA and create a 180° phase shifter. Compared to classical structures used in the
literature, which are based on a single p-i-n diode per unit cell, we use here two diodes per cell to improve the
bandwidth of the RA and reduce the insertion losses. The section is organized as follows. Firstly, the p-i-n diode-
based unit cell achieving a 1-bit reconfigurable phase shift is presented. Then, the simulation results of this
structure are discussed. The realized 400-unit cell RIS prototype is presented in the last sub-section, including
the simulated results achieved when the electromagnetic surface is illuminated by a 10dBi gain horn located in
its Fresnel region. In what follow a brief description of [1] is provided.

3.2.1 Geometry of the unit cell and operating principle

The schematic view of the proposed reconfigurable unit cell is drawn in Figure 2. It is composed of four metal
layers printed on two Isola Astra MT77 substrates and bonded with a bonding film. The radiating element based
on a rectangular patch antenna loaded by an O-slot is printed on the top metal layer (Figure 2 (b)). The patch
antenna is connected by a metalized via hole located at its centre to the ground plane (Figure 2 (e)) realized on
the bottom metal layer. Two p-i-n diodes MA4AGP907 are flip-chipped on the patch antenna to electronically
control the reflection phase with a phase resolution of 1 bit (i.e., two-phase states with 180° of relative phase
difference). The two p-i-n diodes are controlled considering the bias line (Figure 2 (c)) printed on one of the two
inner metal layers. The bias network includes microstrip radial stubs to isolate the Radio Frequency (RF) signals.
The patch is also connected to a delay line (Figure 2 (c)), printed as well on the opposite side of the substrate.
The Direct Current (DC) connection to the ground is realized with a short circuit stub (Figure 2 (d)).
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Figure 2: The proposed 1-bit linearly-polarized unit-cell: (a) Schematic view, (b) radiating element, (c) biasing layer, (d) DC connection to
the ground layer, and (e) ground plane.

3.2.2 Simulation of the unit cell

The operation principle of the unit cell is based on the opportune biasing of the two p-i-n diodes by using a
positive or a negative current. In this way, by alternating the current, the two states of the unit cells (denoted by
State000 and State180) can be generated. A 180° phase shift is produced on the reflection coefficient. In the
electromagnetic simulation performed to study the behaviour of the proposed architecture and optimize its
performances, the OFF state of the diode (red diode) is equivalent to a capacitor Co = 0.042 pF in parallel with a
resistor Rog = 300 kQ (Figure 3). Whereas the ON state of the diode (green diode), is equivalent to an inductor Lo,
=0.05 nH in series with a resistor Ron» = 4.2 Q (Figure 3). The current distribution on the patch antenna is plotted
in Figure 3, where it is possible to observe the rotation of the current density of 180°. When illuminated by a
plane wave front with normal incidence and considering periodic boundary conditions, the unit cell presents a
phase difference of almost 180°+ 20° and a reflection coefficient magnitude higher than -1.5 dB over the
frequency band for both unit cell states (Figure 4).

(' m mHm EE EE EEE I E i E e m i mtm -

' | State000 | State180

i Lon = 0,05nH;
' Rypp = 300KQ;
i Caff = 0,042pf

Currents

Figure 3: The two states of the unit cell with the corresponding diode states and current distributions.
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3.2.3 Prototype and ad-hoc software

A 20x20 unit cell RIS has been designed (Figure 5) and fabricated (Figure 6) in the framework of the H2020 project
RISE-6G. The final prototype is shown in Figure 6. In addition to the activity performed during the previous
project, its performance will be assessed by a specific measurement campaign performed in the CEA LETI antenna
measurement facility. This validation will be computed considering the RIS in a reflectarray architecture.
Different from the classical use of RIS where an incoming wave impinges on the surface, here a 10dBi gain horn
is integrated in the Fresnel region as a focal source. The radiation patterns of this RIS-reflectarray are simulated
by using a specific numerical tool based on a hybrid technique, which combines the full wave results of the unit
cell, the focal source and a ray-tracing solver (Figure 8). The gain of the RIS can be extracted as a function of the
angle. This tool is also used to compute the specific phase distribution required on the RIS to generate a specific
response. This software will be used to generate the database (code book) of the RIS responses. The steering
logic has been developed and successfully interfaced with the OAl in the context of the WP5.
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Figure 6: RIS hardware illustration

Figure 7: R-RIS prototype with its steering logic.
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3.3 RIS control framework
3.3.1 Introduction

Some promising testbeds have been introduced in [2], [3] initially confirming the practical viability of using RISs
in wireless networks. However, the details of these experimental tests are often difficult to find and are
insufficient for judging the actual potential of RISs in realistic operating conditions with real use cases. Besides,
these testbeds use closed protocols, restricting third-party usage for testing. In this enabler, we propose a
framework to open the experimentation of RIS control algorithms to third-tier parties. The innovation behind
this enabler is the possibility to develop and test RIS control algorithms as xApps using a high-level Software
Development Kit (SDK) provided by FlexRIC [4]. To implement this framework, we leveraged the O-RAN
architecture and Service Models (SMs)*. The developer can develop specific RIS control algorithms using different
languages (e.g., Python, Golang or C). By using our proposed framework, the control of the RIS becomes easier
and the developer will focus on the control logic instead of dealing with low-level implementation details on the
RIS. This abstraction also allows the use of different RISs from different vendors. The developer will not find
technical differences in terms of implementation, but only in terms of RIS parameters such as the number of RIS
elements, supported frequency, etc. Each RIS will be connected to a RIS E2SM proxy, that interacts with FlexRIC.
The E2SM proxy abstracts the low-level details of the RIS and translates the high-level control messages of
FlexRIC to low-level RIS control messages.

To the best of our knowledge, there is no open experimentation platform that allows testing RIS control
algorithms on top of a real 5G and beyond networks. In what follows, we present an overview of O-RAN and OAl
FlexRIC. Then, we describe the implementation of the RIS control framework including the RIS SM, RIS E2SM
proxy and RIS control xApps.

1 O-RAN Alliance, https://www.o-ran.orqg/
© 6G-BRICKS 2024

Page | 19



https://www.o-ran.org/

D.3.2. Initial report on the RIS controller and PaaS abstraction enablers BR ECKS

3.3.2 O-RAN overview

O-RAN is an initiative within the telecommunications industry that aims to promote openness, intelligence,
flexibility, and efficiency in the Radio Access Network (RAN) domain of the mobile network. Traditionally, RAN
has been dominated by proprietary hardware and software solutions provided by a few major vendors. O-RAN
seeks to change this by promoting open interfaces and interoperability among different vendors' equipment and
software. This allows operators to mix and match components from different vendors, fostering innovation,
competition, and cost reduction. O-RAN promotes the use of standardized, open interfaces and virtualization of
Network Function (NF) instances, enabling more flexible and efficient deployment and management of RAN
infrastructure. Among the key interfaces, the E2 interface allows the RIC to control the logic exposed by the E2
nodes. The E2 interface is a logical interface composed of two protocols: (i) E2 Application Protocol (E2AP); (ii)
E2 Service Model (E2SM). The E2AP is a basic procedural protocol that coordinates how the near-RT RIC and the
E2 nodes communicate with each other and provides a basic set of services. E2AP messages can embed different
E2SMs, which implement specific functionalities (i.e., the reporting of RAN metrics or the control of RAN
parameters). The E2 interface runs on top of the SCTP protocol. Each E2 node exposes a number of RAN functions,
i.e., the services or capabilities it supports. For example, DUs from different vendors may expose different control
knobs depending on which parameters and functionalities can be tuned, as well as their capability in collecting
and reporting different performance metrics. The data models exchanged between E2 nodes and RIC via the E2
interface are called SMs.

xApp RIC E2 Node

E2 Indication > E2 Indication

A
A

E2 Control - E2 Control

Y
A

xApps are applications that run on the top of the RIC. The latter plays the role of a relay between the xApps and
the E2 nodes. The messages from xApps to E2 nodes are called E2 control messages and the messages from E2

nodes to xApps are called E2 indication messages, as depicted in Figure 9 . These messages embed the SMs
available at the RIC and the E2 nodes.

3.3.3 OAI FlexRIC overview

FlexRIC [4] is one of the most efficient RICs available in an open-source manner and maintained by the OAI
Software Alliance?. FlexRIC comes with a bundle of per-defined RAN functions that implement a set of SMs that
can be used by developers such as the KPM SM [5]. FlexRIC provides an SDK that can be used in external
applications (called xApps in O-RAN terminology). The FlexRIC SDK hides the complexity of most of the xApp
operations, such as the E2 communication, data management, and data storage, thus simplifying the processing
of xApps down to just the application logic. By using the FlexRIC SDK, xApps can focus on the application logic,

2 E2 interface, https://www.techplayon.com/what-is-e2-interface-in-open-ran/
3 OAl Software Alliance, https.//openairinterface.org/
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monitor RAN metrics and push RAN configuration to E2 nodes using high-level functions. The latter will use
FlexRIC SMs and communicate with the E2 node via the E2AP protocol which significantly lowers the
communication delay down to 70us from xApp to E2 Node. Finally, the FlexRIC SDK implements a Swig* compiler
interface to enable developers to realize their application logic in the language of their choice. Currently, we
validate example xApps in C, Python and Golang languages.

3.3.4 RIS control framework innovation

In this project, we integrate an E2SM proxy to the RIS to form a new E2 node. The latter sends E2 indication
messages to xApps and receives E2 control messages from xApps. The RIS control logic is implemented as an
xApp. A RIS SM is proposed to define the data structures exchanged between the RIS E2 node and the xApps.
Figure 10 depicts the RIS control flow based on the 6G-BRICKS vision. In what follows, we explain the RIS control
xApp, the RIS SM and the RIS E2SM proxy.

XApp FlexRIC E2SM proxy RIS

Read RIS properties file

E2 Indication e E2 Indication

RIS properties RIS properties
E2 Control s E2 Control
RIS coefficients or

RIS coefficients or
beam angle

if beam
angle

beam angle

Read RIS distribution file

Selecting the RIS
coefficients associated to
the received beam
angle(s)

RIS coefficients

\4

3.3.4.1 RIS control algorithms as xApps
The experimenter will leverage the E2 SMs to create RIS control xApps. The latter are automatically connected
to FlexRIC and hence can send and receive E2 messages to the available E2 nodes such as the RIS and the DU.
The RIS control xApps monitor the RAN performance using the KPM SM [5] from the DU. The KPM provides a set
of Key Performance Indicators (KPIs) that are monitored to ensure the efficient and effective operation of the
network. These metrics could include parameters related to network throughput, latency, reliability, coverage,
capacity, and other aspects of network performance. Particularly, the KPM SM includes User Equipment (UE)’s
channel conditions metrics such as Signal to Noise Ratio (SNR), Reference Signal Received Power (RSRP) and Block
Error Rate (BLER). The RIS control algorithms can leverage these metrics to compute the RIS’ coefficients to
maximize the RAN performance (i.e., throughput or coverage). Figure 11 illustrates a sample xApp body written
in Python language. In such code, the xApp first connects to the E2 nodes, then registers a callback to be executed

4 Simplified Wrapper and Interface Generator, https://www.swig.org/
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periodically (i.e., each 1ms). The callback function, illustrated in Figure 13, reads the channels’ conditions from
E2 indication messages and computes the RIS coefficients using the function illustrated in Figure 12. Section
3.4.4.8 details how RIS coefficients can be computed. At the end, the experimenter can customize the xApp to
implement the desired RIS control algorithms.

© 6G-BRICKS 2024

ric.init()
conn = ric.
(8, len(conn)):

print("Global E2 Node [" +
print("Global E2 Node [" +

r(1) + ")
1 + "1

ris_hndlr =

ris_cb = ri back(conn)

PLMN MCC =
PLMN MNC =

" + str(conn[i].id.plmn.mcc))
" + str(conn[i].id.plmn.mnc))

hndlr = ric.report_ris_sm(conn[@].id, ric.Interval_ms_1, ris_cb)

ris_hndlr.a d (hndlr)
while(1):

time.: (1)

(ris_hndlr)):
sm(ris_hndlr[i])
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bac for ris w
1lback(ric.ris_cb):
it__(self,node):

vis ct lass
init__(self)
self.TX_RIS
self.RIS_RX = []
self.conn node

handle(self, ind):

t_now = time.time_ns() / 1
t_ris = ind.tstamp / 1.0
t_diff = t_now - t_ris
self.TX_RIS , se IS_RX,self.ts . e t(ind)

L(ris_cbh.TX_RIS,ris_cb.RIS_RX,self.ts)

ris_sm(self.conn[0].id, msg)

(tx_ris_chan, ris_rx_chan,ts):
tri_msg_t()

result E oef(tx_ris_chan,ris_rx_chan)
#print(re:
json_str json.dumps ({"coefficients":result,"TS":ts})
byte_result = json_str.encode('utf-8"')
msg.len = 1
msg.ris_coefficients ic.ne hyte_array(len(byte_result))
#print(byte_result)
for index , value in enumerate(byte_result):

ric.byte_array_set(msg.ris_coefficients,index,value)

return msg

def ris_siso_coef(tx_ris,ris_rx):
coef =[]
for a,b in zip(tx_ris,ris_rx):
opt_i = (-(cmath.phase(a)+cmath.phase(b)))
coef.append(opt_i)
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3.3.4.2 RIS E2 Service Model
In order to abstract the interaction with the RIS, we introduce the RIS E2SM. The RIS E2SM defines two types of
information: (i) read (or E2 indication messages in O-RAN terminology) and (ii) write (or E2 control messages in
O-RAN terminology).

1) Read information are two-fold:

a. The RIS properties from each RIS E2 node include the RIS dimension (length and height), number
of RIS elements, spacing between elements, number of RIS element states, the position of the
RIS, the supported frequency and the list of the available beams (angles). The xApp receives this
information from each E2 node and forms a catalogue. The user can choose which RIS he wants
to use according to his experiment.

b. UE’s channel metrics: The channel between the RIS and the UE is a cascade channel (i.e.,
composed of: (i) a channel between RIS and UE; (ii) a channel between the RIS and gNB; and (iii)
a direct channel between RIS and UE). The E2 indication message can contain one or many
metrics.

2) Write information consists of the RIS configuration (i.e., the RIS elements’ coefficients) sent from the
xApp to the RIS’ E2SM proxy. The configuration can have two abstraction levels:

a. High-level configuration: the angle of the beam in a 2D plane (an integer value) or two angles in
a 3D plane (two integers).

b. Low-level configuration: the phase distribution for all the RIS elements (list of bytes).

3.3.4.3 RIS E2SM proxy

The RIS E2SM proxy reads the RIS configuration from a configuration file that contains the following RIS
properties: RIS dimension (length and height), number of RIS elements, spacing between elements, number of
RIS element states, position of the RIS, the supported frequency, list of the available beams (angles). Then, it
creates an E2 message, following the RIS SM description and using the FlexRIC SDK to send it to the FlexRIC
controller. The latter will forward the message to all the xApps that are connected to the RIS.

The RIS E2SM proxy listens for control messages from the RIC. Each time the proxy receives an E2 control
message, it will decode the content using the RIS SM and get the RIS configuration. There are two options at this
point: if it is a low-level configuration, the agent will send it directly to the RIS hardware connected via the serial
port with the E2SM proxy; whilst if it is a high-level configuration, the proxy will first derive the phase distribution
of the RIS associated with the received angle(s). The phase distribution of all the beams has already been
computed by the RIS provider and listed in a file. The proxy reads the file and gets the right phase distribution
associated with the angles(s). Finally, it sends the phase distribution to the RIS hardware via the Serial port.

3.4 RIS simulator

3.4.1 Introduction

One intermediate step for running xApp for RIS control is the usage of RIS computer simulations. Such an
approach allows us to validate the xApp in a realistic environment before testing it in a real deployment. Our
objective is to build a RIS simulator that interacts in real-time with the xApp/FlexRIC to control the coefficient of
the RIS simulated in a representative environment.
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In this context, we leverage the SimRIS> simulator to allow the latter to connect to FlexRIC through E2 and
communicate with the xApp, on one hand, to send the location information of a UE, and on the other hand, to
receive the RIS coefficient as computed by the xApp. These contributions result in GoSimRIS, the proposed RIS
simulator used in 6G-BRICKS and implemented in Go language to avoid the limitation of Matlab in terms of real-
time communication with a remote system (such as xApp/FlexRIC) using an E2 agent enclosed in the simulator.
Furthermore, GoSimRIS allows the simulation of mobility of UEs, which was not possible with the original SimRIS.
With GoSimRIS it is possible for a RIS control algorithm to be run as xApp. This step will allow experimenters to
test an xApp before testing it using the OAI RIS platform.

It is important to highlight that the integration of RIS within 6G-BRICKS will occur in two steps. The first one is
the integration with the RIS simulator, which was developed for the project’s purpose. This step aims to achieve
two primary objectives: (1) validate xApp communication with the RIS simulator using the devised SM and E2SM
proxy, and (2) make it accessible for the first Open Call, enabling experimenters to evaluate their algorithms for
RIS control. During this step, the simulated RIS emulates the behavior of the real RIS hardware. The subsequent
step will entail replacing the simulated RIS with the CEA RIS.

Before describing the core components and how GoSimRIS works, we will review some existing and relevant
approaches to simulate advanced wireless channels, particularly in 3D environments.

3.4.2 Simulation model of advanced wireless channels

Before building a simulation model, we need a good understanding of the characteristics of advanced wireless
channels. This includes considerations such as multipath fading, shadowing and path loss. In the balance of this
section, we will detail the wireless channel modeling techniques.

3.4.2.1 Ray tracing

We model the wireless channels using the Ray tracing technique [6] to simulate the propagation of
electromagnetic waves in complex environments. This helps understand how signals move between transmitters
and receivers, considering factors such as reflections, diffractions, and scattering. The ray tracing-based channel
modeling process includes the following steps:

e Description of the environment: this step consists of creating a detailed description of the environment
where the wireless communication will occur. This includes the location and geometry of buildings, trees,
vehicles, and other obstacles that may influence signal propagation. This can be achieved by multiple
environmental scanning methods, such as 3D object scanning, which gives a perfect replica of real objects
and environments in the form of a 3D model.

e Propagation modeling: this step traces rays of electromagnetic waves that propagate from the
transmitter to the receiver, considering the basic principles of electromagnetic wave propagation. Each
ray can interact with various surfaces, resulting in effects such as reflection, diffraction, and scattering.
Figure 14 represents a 3D ray tracing simulation layout using the Shooting Bouncing Ray Tracing (SBRT)
[6], which is a technique used for modeling radio waves with multiple reflections and scattering.

e Ray tracing algorithm: The ray tracing algorithm sends numerous rays from the transmitter, following
their paths as they interact with objects and surfaces in the environment. The algorithm calculates each
ray's flight time, path loss, phase shifts, and other parameters. We can see in [7] a comparative study of
several methods used by ray tracing simulators.

o Reflection and Diffraction: When a ray hits a surface, it can be reflected according to the laws of
reflection. The reflected ray continues its path and can reach the receiver after one or more reflections,
or it may curve around the edges of the obstacle. This curvature, called diffraction, is modeled using
mathematical techniques to determine the new path of the ray.

5 https://corelab.ku.edu.tr/tools/simris/
© 6G-BRICKS 2024
Page | 25




D.3.2. Initial report on the RIS controller and PaaS abstraction enablers BR lCKS

e Diffusion: When rays encounter rough surfaces, they scatter in different directions. This scattering can
contribute to multipath propagation; multiple signal paths with different delays and phases reach the
receiver.

e Receiver signal calculation: By following the trajectories of these rays and considering their interactions
with the environment, the simulation calculates the received signal intensity, delay spread, and other
channel characteristics at the receiver.

e Analysis: The data collected by the simulation can be used to analyze and visualize various aspects of the
wireless channel, such as signal quality, coverage, multipath effects, and potential dead zones or hotspots
with low connectivity.

3.4.2.2 Statistical channel model
The Third Generation Partnership Project® (3GPP) is a global organization that develops standards for mobile
communications technologies. One of the essential aspects of 3GPP standards is statistical channel modeling,
which describes the behavior of wireless channels in real-world environments. This helps standardize the
behavior of radio channels, which guides the design and performance evaluation of cellular networks.
The 3GPP Spatial Channel Model (SCM) is one of the most widely used statistical channel models. It provides a
statistical representation of the wireless channel’s behavior, considering path loss, shading, and various types of
fading (such as Rayleigh and Rician fading) [9] and characterizes the channel in terms of parameters such as delay
spread, Doppler spread, and angular spread.
The channel is divided into clusters and rays. Clusters represent groups of signal paths with similar propagation
characteristics, while rays represent individual signal paths. This approach captures the effects of multipath
propagation observed in real environments. A set of statistical parameters is used to describe different aspects
of the wireless channel, such as the power of different clusters and rays, the spreading of the propagation time
of the clusters, and the angular spread of the rays. SCM also assumes channel behavior as a function of frequency,
considering how propagation characteristics change with frequency. This is essential for understanding the
behavior of wireless channels in different frequency bands.
The statistical channel model defined by 3GPP is used in system-level simulations to evaluate the performance of
cellular networks. It helps network designers and operators understand how their networks will perform in

6 Third Generation Partnership Project, https.//www.3gpp.org/
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different scenarios, including urban, suburban, and rural environments.

Over the years, 3GPP has improved the statistical channel model to account for evolving wireless technologies.
For example, for 5G networks and beyond, new channel models, such as the 3GPP 3D channel model and the
New Radio Unlicensed (NR-U) model, have been developed to address specific cases. Such a model is generally
calibrated and validated using in-depth measurement campaigns in various environments. The measurements
are used to determine the parameters and characteristics of the model, ensuring its accuracy and relevance.
Cellular network planners and operators use the statistical channel model to optimize network deployment,
antenna configuration, and coverage forecasts. This helps ensure efficient use of resources and provides better
user experiences.

Consequently, statistical channel modeling provides a standardized framework for understanding the behavior of
wireless channels in cellular networks. It is an essential tool for planning, optimizing, and evaluating network
performance in the dynamic and diverse world of mobile communications, and its low computing costs make it
the most suitable method, which is commonly used to simulate RIS-assisted Multiple Inputs Multiple Outputs
(MIMO) channels.

3.4.3 SimRIS

Given that the presented GoSimRIS leverages SimRIS, this section recalls how SimRIS uses the different concepts
seen in the precedent sections to simulate RIS channels and extract useful information such as SNR and
throughput.

It should be noted that the solution envisioned in SimRIS can be applied to both indoor and outdoor deployment.
Still, in practice and for the framework of 6G-BRICKS, we generally assume that the mmWave technologies are
not mature enough for an outdoor environment. Hence, we will focus on simulating only the indoor environment.

3.4.3.1 System model

The depicted generic 3D geometry, as illustrated in Figure 15, represents physical channel characteristics. In this
configuration, the RIS is affixed to the xz-plane, with potential adaptability in the simulator for generalization.
The model encompasses diverse indoor and outdoor wireless propagation environments, focusing on the physical
attributes of mmWave frequencies. Additionally, the channel model incorporates numerous practical
considerations related to 5G channel models [9]. To establish the parameters for a given operating frequency and
environment, such as the number of clusters (C), the number of sub-rays (scatterers) per cluster (Sc), and the
positions of the clusters, readers can refer to the comprehensive steps and procedures outlined in [10].
According to the 5G channel model, determining the number of clusters and scatterers involves employing the
Poisson and uniform distributions, respectively, with specific parameters. While it is possible to model clusters
independently between Transmitter (Tx)-RIS and Tx-Receiver (Rx), an assumption can be made that the Rx and
the RIS may share the same clusters when the Rx is positioned relatively closer to the RIS.

The fixed orientation of the Tx and the RIS allows for the straightforward calculation of array response vectors for
the Tx and the RIS, considering the given azimuth and elevation departure/arrival angles. However, it is essential
to highlight that if azimuth and elevation angles are randomly generated for the Tx, these angles cease to be
random at the RIS due to their fixed orientation. Instead, they must be calculated from the 3D geometry using
trigonometric identities. Nevertheless, the array response vector of the Rx can be calculated with randomly
distributed azimuth and elevation angles of arrival, owing to the Rx’s random orientation.
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The presented system is a simplified and deterministic model considering the link power equation and channel
model of a RIS-assisted system with obstacles or reflection/scattering elements (interacting objects, noted 10)
between the terminals and the RIS. In this context, we assume there are M |0 (broadcasters) between the Tx and
the RIS, as shown in the figure above. While assuming a pure Line of Sight (LoS) link between the RIS and the Rx,
the transmit power and antenna gains are also assumed to be the same for clarity.

/ cth cluster

25— 50 m

(¢, s)th scatterer

dr-gis b
Tx broadside RIS broadsid®

Cth cluster

75 m

3.4.3.2 Channel modeling
For a dynamic environment, we need to resort to statistical channel models. For example, for a large number of
randomly distributed 10s, the summations of the RIS-assisted channel vector inputs follow a complex Gaussian
distribution, resulting in a Rayleigh-like amplitude distribution for the received signal, even with fixed terminals.
In the following three subsections, we present the solution to generate Tx-RIS, RIS-Rx and Tx-Rx subchannels:

e Tx-RIS channel:
We assume that the total number of 10 is M grouped in C clusters. Each cluster has S; sub-rays for c=1,...,C. A

cluster may simply be defined as a group of sub-rays with the same spatial and/or temporal characteristics.

Hence, we note the vector of Tx-RIS channel coefficients h € CNXl, which can be rewritten for a cluster model

taking into account array responses the path attenuations (Equation (3.1)):

H=y3i 38, chG (OEOILET 5 a(985, 688) + huos  (3.1)

Where, y = ’Z !_is a normalization vector, hi.s is the component of the LoS, § ~ CN(1,0) and L™RS
c=1 C

respectively represent the complex path gain and attenuation associated with the propagation path Tx-RIS.
G.(68L) is the RIS element pattern in the direction of the (c,s)th scatterer. It should be noted that CN(0,02) is
complex Gaussian distribution with zero means and o2 variance, while a(¢ZL5,0815) € CV*1 is the array
response vector of the RIS for the considered azimuth (¢pRL*) and elevation (6FL5) arrival angles (with respect to
the RIS broadside). It is computed as follows for RIS uniformly distributed elements with inter-element spacing d
(Equation (3.2)):

a(¢§§sn QRIS [1 ejkd(xsinegés+ysin¢§§5cost9§£5) ejkd((\/ﬁ—l)sinegés+(\/N—l)sinqbgéscosegés)]T (3.2)
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Where, 0 <x <VN—-1and0<y<+N-1
To obtain the Array Response, as done in SimRIS, we consider the 3D geometry in Figure 16. There, the elements

of the RIS are counted from right to left and from top to bottom; and the RIS element at the southeast is taken
as the reference, that is, corresponds to the first entry of the array response vector.

RIS
To model the RIS element radiation Ge(HC,S ), a cosq pattern is assumed, which is widely used for Reflectarrays

as well as feed patterns [11]. Hence, Ge(gf’{gs) is obtained as follows (Equation (3.3)):
Ge(0815) = 2(2q + 1)cos?9(0RLS), —m/2 < OFIS < m/2 (3.3)
We assume g=0.25G,(0)-0.5, where G.(0) is computed as follows (Equation (3.4)) :
G.(0) = 4mA,(0)/2? (3.4)
Here, A,(0) = (1/2)? is the physical surface of a RIS element. We then obtain q=0.285 and G,(0) = m(5dBi).

Usually, a Poisson distribution (C~ P(4,)) is used to model the number of clusters in mmWave. As indicated in
[12], [13] for 28 Ghz band we can assume that 1, = 1.8, while a value 1, = 1.9 is suggested for the frequency
band of 73 Ghz.

As in [11], the number of sub-rays for the cth cluster is an integer uniformly distributed between 1 and 30, which
is reasonable assumption for both 28 and 73 Ghz bands.

PN-/N+1

Incoming signal from (c, s)th scatterer

¢ dVN+1

Y (RIS broadside)

For a given reference cluster c, the azimuth departure angles (qbcT,’sC, s = 1,...,S¢) of the available sub-rays are

assumed to be conditionally Laplacian distributed with a mean value ¢£§ following U[-1/2, m/2] distribution
[13]. Similarly, the elevation departure angles (HCT;‘, s=1,...,S) are conditionally Laplacian with a mean value
9£§~ U[-1/4,1t/4]. The standard deviation (angular spread) of their Laplacian distribution is set to g9 = Op = 5°
[14]. Consequently, we have ¢J¥ ~ L(¢pI*, 5) and 7% ~ L(6*, 5). All these departure angles are given with
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respect to the Tx broadside. It is worth noting that the envisioned model is generic and all these small- scale
fading parameters can be adjusted according to the given environment.

Further, we use the Euclidean distance to compute the distance between the Tx and RIS. It is obtained as follows
(Equation (3.5)):

droris = \/(szs — XTX)Z & (yRIS — TX)Z  (zRIS — zTx)Z  (3.5)
The coordinates of the st scatterer in ¢ cluster are calculated by Equations (3.6), (3.7) and (3.8) as follows:
x5 = x™* + acosOlFcospl¥ (3.6)
y©S =y —acoslEsingly  (3.7)
295 = zT* + asinl’* (3.8)
The RIS arrival angles are obtained by Equations (3.9) and (3.10):

-1 |xRIS_xC,S|

P& = Iptan SR e (3.9)
RIS_,cs
RIS = [ 4sin" l2 b: | (3.10)

For the corresponding path attenuation (Equation (3.11)), the 5G path loss model (the close free space reference
distance model with frequency-dependent path loss exponent, in dB) is adopted, which is applicable to various
environments including Urban Micro Cellular (UMi) and Indoor Hotspot (InH).

4 —_
Lrx-gis = —20l0gy (5) — 10n(1 + b(fff"

N00g10(@rx—ris — Xo) (3.11)

fo is reference frequency, b is a system parameter and X, ~ N(0, 2) is the shadow fading.
In the following table, we report the channel parameters as in [15] for InH Office-No Line of Sight (NLoS)/LoS
corresponding to the indoor scenarios.

Scenario Parameters
InH Indoor Office (NLoS) N=3.19, 6=8.29db, b= 0.06, fp=24.2 Ghz
InH Indoor Office (LoS) N=1.73, 6=3.02db, b=0

Now, we introduce Equation (3.12) used to compute hos, which represents LoS between Tx and RIS:

hpos = I (de—RIS)\/Ge (Gfég)LTx—Rlsejna(th(I)%v Pros (3.12)
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RIS . L . . .
where G, (BLOS) is the RIS element gain in the LoS direction, @ (RIS, dRIL) is the array response of the RIS

in the direction LoS of the Tx, and 17~71[0,27T] is the random phase term. Here Iy(dTxris) is @ Bernoulli random
variable taking values from the set {0, 1}, characterizes the existence of a LoS link for a Tx-RIS separation of dryris.
Denoting the frequency independent LoS probability by p, i.e., P(In=1) = p, we can resort to the 5G channel model
[13] to obtain Equation (3.13):

1de—RIS S 12

_(de—RIS_ 1.2

p=A_e 27 1.2 < dpy_ps < 6.5 (3.13)

_(de—RIS_6-5

0.32e 32.6 )de—RIS > 6.5

® RIS-Rx channel
The initial analysis assumes that the RIS and the Rx are close enough together to have a clear LoS link with no
discernible NLoS components between the two, so even as an H channel we will have the following G channel

equation (Equation (3.14)):
G = [G.(BESLEE ™ ema(ofls, ofl (3.14)
e Tx-Rx channel

The RIS-assisted channel is a double-broadcast channel, that is, the signal can propagate directly from the Tx to
the Rx or indirectly via the RIS. Therefore, the direct Tx-Rx channel must be considered in the channel model.
Although the RIS can be placed close to the Rx, the direct Tx-Rx channel is generally more powerful than the RIS-
assisted path. Therefore, the direct Tx-Rx channel cannot be ignored in the channel model (Equation (3.15)):

D=yX¥i Y51 Bcse’me /LZ,’.%‘RX + dpos (3.15)

Where dios is equivalent to hos.

3.4.4 GoSimRIS

GoSimRIS is the RIS simulator created in this project. It leverages the existing SIimRIS described in the previous
section, with more capabilities in terms of UE mobility and RIC integration. In what follows, we will describe the
simulation pipeline and the mains components of GoSimRIS.
3.4.4.1 Simulation pipeline

As shown in Figure 17, the simulator runs in a closed loop to traverse several stages. First, it loads the
configuration file containing the simulation configuration, the position of the transmitter, the receiver, the
number of antennas and shape per receiver (either linear or planar, which can be extended to other shapes in
the future), the position of the RIS and its orientation and the number of elements or antennas it has. Note that
other parameters are going to be included and can be extended in the future with more details, but for now we
will only have the frequency and the dimensions of the environment (length, width, height). Then, the simulator
instantiates the structure of each component while defining the default parameters of the simulation (loss on
the path, distance between the antennas, etc.). Then, the simulator starts generating the three channels; namely
H, G and D. After this, we load the path of the Rx inside the environment. Once this is done, a connection with
the RIC will be established through the E2 interface, and a RAN function will be initiated with the RIC. During this
time, the xApp application will initialize and subscribe to the RAN function established by the simulator. The latter
will then send an indication message to the xApp containing the positions of the equipment and the channel
information, to which the xApp will respond with a control message containing the optimal coefficients and will
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keep the logs in an SQL database which will be used later for simulation training and analysis. This process will
continue to work in the closed loop. It should be noted that GoSimRIS is able to simulate mobile Rx and Tx, which
explains the closed loop between the simulator and xApp. Indeed, the simulator sends the channel information
and the UE position and waits for the coefficients (RIS configuration - ®@). Please refer to section 3.4.4.8 for more
details.

H Channel
generation

onnection
establishment
with RIC

nput:
Simulation
configuration

G Channel
generation

Components Input: UE
generation positions

D Channel
generation

Send CSI
information to

\____xApp

Update

channels and —_—
UE positions Coefficients

reception
I

L 4

S EE—
SMA and Rate
calculation

The following sections describe each of the introduced stages.

3.4.4.2 Configuration
The configuration file will be in JSON format for easy understanding and subsequent modification or update. An
example of the JSON file used for the configuration is shown in
Figure 18. It configures a simulation of Rx, Tx, and one RIS element. For each component, the coordinates, as well
as the shape of the antenna for Rx and Tx (0: linear or 1: planer), and the number of elements for the RIS.
As illustrated in Figure 19, once the file is loaded, it is parsed for syntax errors while checking for the existence of
mandatory fields (RIS, Rx, and Tx with their respective configuration). Once this is done, the fields of the JSON
file are converted into their appropriate data structure. Then, another verification process is applied to ensure
that the configuration complies with the rules (constraints) defining an indoor environment standardized by 3GPP,
mainly the dimensions of the site and the position of the equipment relative to each other.
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File: init.json
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Upload the

configuration file

Error

Check Syntax

Error

for the simulation is
provided

Data is
missing

No

Check 1T the essential dataJ

Error

Check if the 3GPP
constraints are respected

Error

3.4.4.3 Generation of the environment
Once the file loading process is complete, we start instantiating the structures of each RIS, Tx, Rx, and
environment. This process is represented in Figure 20. After that, we connect all the elements, RIS, Tx, Rx, and
environment, to the simulation instance and run the configure function, which checks the default settings. Finally,
we launch the simulation.
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Tx creation
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3444 Clusters generation
Before generating the H and D channels, we should first generate the signal from the broadcasters in the
environment. The broadcasters are first grouped into clusters, as illustrated in Figure 21. We start by fixing the
number of clusters, and then for each cluster, we generate its coordinates from its distance from the TX; as well
as the number of broadcasters that it contains. Then, for each broadcaster, we calculate its coordinates by
deriving them from those of the clusters. In each step of the above figure, we check that the environment limits
are not exceeded; and if the check fails, we repeat the step until it passes.

Generafion of Generafion of
the number of the coordinates
clusters of the clusters

A

enerafion o
the number the
scatters

Generation of
the scatters

Yes

3.445 H channel generation
After generating the clusters, we start by calculating the angles (azimuth: ¢, elevation: 8) between each
broadcaster - transmitter and broadcaster - RIS, as well as the angles between the transmitter and the RIS. Then,
we calculate the two components of the H channel: H-LOS which represents the direct channel between the
transmitter and the RIS, and H-NLOS which represents the channel between the transmitter and the RIS when
the signal passes through the broadcasters. By adding these two channels, we obtain the complete H channel. As
a reminder, the channel equation is as follows (Equation (3.16)):

H:[ m=1 ’Llfr{ie_jk(am"'bm,l) %=1 ’Lﬁ{ie‘jk(am"'bmw)] (316)
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Figure 22 shows the different steps needed to calculate and generate the H channel.
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anales channel
Calculation of
the H channel
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h the Tx-clusters the clusters-RIS the H-NLOS
generation anales Anales b

3.44.6 G channel generation
The G channel, unlike the other channels, has only one Gios component in an Indoor context, which makes the
calculations easier; we use the same process and equations that we use for H,os and Dos. As a reminder, the
channel equation is as follows (Equation (3.17)):

6 = [GoOEOES o8 08 B)

3.4.4.7 D channel generation
Similarly to the H channel, we start by calculating the angles (azimuth: ¢, elevation: 8), but since we are going to
use the same clusters for both channels, all we have to do is calculate the angels between the diffusers and R, for
the Dnios and those between TX-Rx. As a reminder, the channel equation is as follows (Equation (3.18)):

D=yXY: Y5, B selme /LE.’;"” +Dpos  (3.18)

Figure 23 illustrates the different steps to generate the D channel.
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3.4.4.8 Coefficient computation
One of the key functions of the simulator is to evaluate the Channel quality (SNR and rate) considering a specific
RIS configuration. Indeed, assuming a MIMO system with N; transmit antennas and N, receive antennas operating
in the presence of an RIS with N reflecting elements. The end-to- end channel matrix C € C¥r*Nt of MIMO system
assisted by RIS can be given as follows (Equation (3.19)):

C=GPH+D (3.19)

Where H is the matrix of channel coefficient between Tx and the RIS, G is the matrix of channel coefficients
between the RIS and the Rx, and D is the direct channel (not necessarily a LoS-dominated one and is likely to be
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blocked for mmWave) between Tx and Rx. It is worth noting that the precedent sections have detailed how these
matrices (G, H, and D) can be computed. For @, which is the key to a RIS-assisted MIMO communication, it
impacts the end-to-end channel (from Rx to Tx) strongly. Indeed, it represents the diagonal matrix capturing the
complex reconfiguration responses of the RIS. In GoSimRIS, we offload the computation of @ components to the
xApp. This represents a key innovation by reporting to SimRIS. As shown in Figure 17, GoSimRIS computes in a
closed loop the SNR and rate while receiving the @ components.

However, like SimRIS, GoSimRIS can calculate @ using state-of-the-art approaches. Although for Single Input
Single Output (SISO), finding the optimal cap phi is straightforward as it exists an exact method to find optimal
coefficients, for the MIMO case, the problem becomes a nonconvex optimization problem, and the search for
optimal solutions becomes much more difficult. GoSimRIS uses the iterative approach proposed in [16] to resolve
the non-convex problem and find the optimal @. The latter can be a reference value to compare with the solutions
provided by the xApp, and the experimenters.
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4 6G-BRICKS Cognitive Compute Continuum

4.1 Introduction to the Compute Continuum concept

From a broader telecommunications operator’s perspective, the Compute Continuum brings several benefits and
potential opportunities. The advantages that it provides to operators such as: (i) reduced latency, (ii) improved
network efficiency, (iii) enhanced security features, (iv) support of automation, maintainability and
interoperability of services, (v) effective scalability, (vi) support of Internet of Things (loT) devices running at the
edge/cloud, and (vii) increased resilience and redundancy; offering the capability of penetration to new market
verticals and business opportunities. Figure 24 illustrates a telco operator’s infrastructure transformation from
the past and to the future. In a traditional operation environment, the operator’s main assets were the
transmission infrastructure bringing the connectivity between the core cloud and the Broadband Access for the
subscribers. Data centers are mostly run in the core cloud hosting Operation Support Systems (OSS) / Business
Support Systems (BSS). The subscribers are accessing services through Broadband Access, via the operator’s
Internet Protocol (IP) backbone infrastructure. In the past, the computing services provided to customers were
limited to a few data centers.

Past Future

Compute IP Dev ) IP Broadband

Teeh | Networks o Networks ~ Access

In the future, this status quo is expected to change. The computing power will shift from the core cloud towards
the edge of the network. Based on that, data centers will have enough computing power at the Edge, to deliver
near real-time processing power, such as autonomous devices and loT. Additionally, the profile of the users is
shifted from the people to the things [18].

Edge computing is considered as an evolution of cloud computing, which brings application hosting from a central
location down to the ‘edge’ of the network, closer to the users (i.e., end-user or 10T devices). This concept refers
to a broad set of techniques designed to move computing and storage out of the ‘central cloud’ (either public or
private) and closer to the source of data. Furthermore, it is acknowledged as one of the key pillars for meeting
the demanding KPlIs, as far as low latency and bandwidth efficiency are concerned. Multi-access Edge Computing
(MEC), formerly referred to as Mobile Edge Computing, is more than a technical enabler for the demanding KPls
of the telecommunications networks; as it plays a crucial role in the transformation of the telecommunications
business, where networks are turning into service platforms for various market verticals.

MEC provides the necessary capabilities of “opening” the edge of the network for applications and services
offered by the 3rd parties. Furthermore, it provides an Information Technology (IT) environment and cloud-
computing capabilities at the edge of the network within the RAN and near mobile subscribers. The aim is to
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reduce latency, ensure high network availability and reliability towards the scope of increased user experience
[19].

MEC operates on a virtualized platform, presenting a complementary approach to Network Functions
Virtualization (NFV). While NFV concentrates on virtualizing the network logic through NFs, the MEC framework
facilitates the deployment of applications at the network's edge. The infrastructure supporting both MEC and
NFV, specifically the NFs, shares considerable similarities. To maximize investment benefits, leveraging NFV's
infrastructure and infrastructure management becomes advantageous. This involves hosting both Virtual
Network Functions (VNFs) and MEC applications on a unified platform. The MEC environment is characterized
by features such as low latency, proximity to end-users, high bandwidth, and real-time access to radio network
information and location awareness. These attributes translate into tangible value, offering opportunities for
mobile operators and application providers.

Moreover, the continuous increase of the usage of 1oT networks is associated with many breakthroughs such as
remote sensing, actuation, automation and observation. These innovations have widespread applications in
various sectors, such as smart cities, farms and buildings. However, such beneficial applications also present
technological hurdles for 1oT devices because of the requirements of substantial processing power and memory
for intricate computing tasks. Therefore, the implementation of edge computing in parallel with the advantages
offered by the telco-supported cloud-edge continuum in 6G Networks, is poised to benefit 10T networks by
fulfilling the demanding network requirements.

It is crucial to highlight that for the telecommunication companies, the primary objective for deploying 6G
wireless communication networks is to leverage the loT networks, for the creation of fully intelligent and
autonomous systems. A recent survey on 6G loT, investigates the potential advantages of integrating 6G
Technology into loT and applications [20]. The authors highlight several key 6G technologies, encompassing edge
intelligence, reconfigurable intelligent surfaces and communication across space, air, ground and underwater
domains. Additionally, several loT sectors are examined, such as healthcare, transportation and manufacturing,
in the context of 6G Networks. As a conclusion of the study, new challenges and opportunities are highlighted
for further research. It is anticipated that 6G Networks will be important enablers for loT development, ultimately
elevating the quality of service and user experience in upcoming applications.

In the context of 6G BRICKS, the Compute Continuum concept is further evolved into the Cognitive Compute
Continuum, through the adoption of automation. Al optimization algorithms are leveraged throughout the
management of computing, networking and storage resources located anywhere in the network and therefore
defining an expanded network-compute fabric facilitating a hyper-distributed and hyper-connected
environment. This is supported by an abstraction framework which is implemented within 6G-BRICKS to facilitate
the dynamic deployment, instantiation, migration and scaling of cloud-native service chains, following their
constantly evolving networking and compute requirements and the changes in the underlying infrastructure
(e.g., new resources becoming available). This framework is supported by two key components: the (i) Edge-
Cloud Continuum Manager (ECCM) and the (ii) m-Edge platform. Each autonomous edge-cloud domain is
orchestrated by a n-Edge platform deployment, which is provided by ICOM and is extended with additional
cognitive services and APIs for the purposes of the project, while the ECCM is responsible for higher-level intent-
driven decisions related to the orchestration of multiple edge clouds, i.e., multiple m-Edge platforms.

In the next section, the current state of the n-Edge platform is analyzed, since this is the core concept of the
Cognitive Compute Continuum. The rest sections (i.e., 4.3 and 4.4) describe the extensions and new deployments
that are under the scope of 6G-BRICKS project as well as the innovative optimization algorithms to be developed.

4.2 Baseline t-Edge platform

The n-Edge platform is a cloud-native edge management platform that supports the automation, maintainability,
and interoperability of services running on the Edge-Cloud across their full lifecycle. This platform also handles
the proper management and use of edge resources. The platform reduces the management overhead required
by local cloud management entities or centralized orchestrators for an Edge Cloud operation and
© 6G-BRICKS 2024
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interoperability. This is achieved by combining the PaaS and Function-as-a-Service (FaaS) models for autonomous
management capabilities. More specifically, the PaaS model is adopted for persistent services at the Edge, such
as those used to support common application functions like authorization and storage, while the FaaS model is
used for serverless services that are instantiated by a specific trigger. The internal architecture of the n-Edge
platform is presented in Figure 25 and is analyzed more thoroughly in deliverable D2.2. Some of these
components will be developed during the project, while others will be improved and extended with further
functionalities and services, as it will be analyzed in section 4.3.
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The sub-components that are currently provided by the m-Edge Platform are the Application Programming
Interface (API) Gateway, the Edge Intelligence Agent, the Monitoring Service, the Edge Catalogue, the External
Services and the Container Cluster Manager. These are described in the following paragraphs.

The API Gateway is the northbound interface of the n-Edge platform and provides all the API calls that a user or
another component (in our case, the ECCM) can use to manage the Edge-Cloud. The most important APIs that
are available are related to user authentication, management of the Edge Platform, instantiation of services, and
management of the Edge-Cloud and its nodes. The APl Gateway is a server and is implemented in Python. The
developed API offers an abstraction layer, and its main advantage is that the user is not required to know all the
details of the underlying technology. This Gateway offers not only interoperability, but simplicity as well. For
example, these API calls are much easier to use than the respective K8 commands.

The Edge Intelligence Agent is the "brain" of the m-Edge platform and handles automation features for
translating high-level requests related to PaaS into low-level requests that the rest of the internal components
can handle. In other words, the requests that are accepted by the APl gateway are forwarded to the Edge
Intelligence Agent, which then proceeds with the registration/deregistration of PaaS services and Service
Functions, the deployment/update/termination of PaaS and FaaS services on a particular edge node, and the
retrieval of information about the state of each edge node owned by Edge Cloud.
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For the Monitoring Service of the -Edge platform, there are several tools that could be used. However, the tools
that have been selected and are already in use are Prometheus’, which is mainly utilized by other components
and services that need to get monitoring data, and Grafana®, which is used for analysis tasks and interactive
visualization of the operating elements. More specifically, Prometheus is an open-source application used for
event monitoring and notification. It logs metrics to a time-series database built using an HTTP pull model, with
flexible queries and real-time alerts. On the other hand, Grafana is a multi-platform open-source analytics and
interactive visualization web application. It provides charts, graphs and web alerts when connected to supported
data sources. The users can create complex monitoring dashboards, using interactive query builders. Generally,
this component provides a comprehensive set of services capable of monitoring the resources of the physical
infrastructure that make up the Edge-Cloud and the services installed in the specific Edge-Cloud. The monitored
resources can be CPU, RAM, disk usage, network card bandwidth/throughput, etc. In particular, the Monitoring
Service component is based on Prometheus-Operator with the main goal of simplifying and automating the
configuration and management of the Prometheus monitoring stack. Specifically, the services installed are the
following:

e Prometheus-operator: the core of the monitoring system, responsible for managing other system micro-
services.

e Kube-state-metrics exporter, node-exporter, blackbox-exporter: services responsible for exporting
metrics about the resource usage for both physical infrastructure and the micro-services installed on the
cluster.

e Prometheus Server/prometheus-adapter: service responsible for collecting metrics from the export
services (kube-state-metrics exporter, node-exporter, blackbox-exporter) as well as for storing the data
in relevant databases.

e Grafana: service responsible for handling requests for measurements from the databases as well as for
the visualization and analysis through multiple interactive graphs.

e Alertmanager: service responsible for managing alerts in case a measurement exceeds a predefined
upper limit. It takes care of sending notifications to the right recipients via email.

The Edge Catalogue, which is already provided by the m-Edge platform, maintains a registry of PaaS and FaaS
services, Service Functions and Nodes that are available in the Edge-Cloud. Service Functions are the smallest
"unit" of the directory that can be installed in the Edge-Cloud. Specifically, Service Functions records contain
information about the online repository where the image exists, its name, its type, the application ports,
information about when you should perform (auto-)scaling, the resources that are required, as well as
information on whether volumes are required and what values the system parameters (environment
parameters/variables) should have. Whereas, a PaaS service can refer to a combination of Service Functions.
Each Service Function contains its name, used as the identifier (to find it in the repository), and the necessary
information needed for its successful installation (volumes, environmental parameters, and autoscaling metric).
For the PaaS services, the Edge Catalogue is responsible for registering Paa$S services locally, which can then be
deployed on a node, as well as for maintaining a list of available auto-scaling policies that can be assigned to a
PaaS deployment. Generally, the Edge Catalogue includes functions for provisioning, searching, managing and
viewing the various services and functions at the level of container images. Essentially, the Edge Catalogue
includes a set of available services, which can be dynamically requested to satisfy the needs of a specific
application or usage scenario. An additional possibility given to the user is to create a combination of available
services, thus creating a service chain. Additionally, the Edge Catalog contains a database of all nodes present in

7 Prometheus, https.//prometheus.io/
8 Grafana, https://grafana.com/
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the Edge-Cloud. It also manages the infrastructure, by supporting functions such as registering a new node and
monitoring it, maintaining statistics about its state. The non-relational MongoDB Database® was chosen as the
database for the various elements of the system.

The External Services component handles the connection (in the form of plug-ins) with other services, such as
security services (e.g., Security Analytics Service or SAS) or dataspace connectors. There are no specific enablers
anticipated for this component. At the moment, the only services that are present in this are the SAS service and
a dataspace connector, but more services may be connected during the project.

The Container Cluster Manager handles the communication with a Kubernetes'® cluster. Kubernetes is an open-
source container orchestration system for automating service deployment, scaling and management. It offers a
comprehensive suite for managing programming projects implemented with the principles of micro-services. A
Kubernetes cluster consists of at least two (2) VMs that are assigned with the roles of administrator (master) and
executor (worker). The master node coordinates the operation of several worker nodes, with priority on the
containers that host the service code. The project at hand has automated Kubernetes installation while allowing
the administrator to select the appropriate number of worker nodes in real-time. The Container Cluster Manager
is essentially the plugin for the interface with the Kubernetes master node. The Kubernetes Python Client is
used, in addition to our own implementations, which acts as a client to the supported APIs offered by the
Kubernetes master node, so that they can be installed with the services at the Edge.

The m-Edge Platform will be installed on the KUL testbed, where we will have 1 cluster (i.e., 1 Edge-Cloud)
anticipated to consist of 2-3 compute nodes. Currently, the m-Edge Platform supports Kubernetes nodes (e.g., in
a physical computer). So, we will have at least 2 nodes in the cluster, 1 master and 1 worker.

4.3 Platform Extensions for 6G-BRICKS

This section analyzes the new modules (e.g., ECCM) and sub-components that will be offered through the 6G-
BRICKS project. Most of the extensions and new components mentioned below are under development and will
be finalized during the duration of the project.

4.3.1 m-Edge Platform

Existing components of the n-Edge platform, such as the APl Gateway and the Edge Intelligence Agent will be
modified to offer compatibility with the project intent-driven cognitive continuum specifications. In specific, the
ni-Edge will be extended with Location APIs and the Service Management APIs that are required to offer location-
based service migration capabilities, which are being standardized by ETSI MEC. The Location APls is a set of APIs
that provides location information for UEs, which are required by the 6G compute continuum vision which allows
microservices to “follow” the user. Indicative Location APIs being implemented include:

e UE Distance Lookup: Calculation of distance between two UEs or a UE and a point, defined by geographic
coordinates. It returns the distance between the two points in JSON format.

e UE Location Lookup: Select one or more UEs based on the given filters and view their location
information. It returns in JSON format a list of the UEs corresponding to the given filters, where each
element includes a series of information related to their location.

e Closest UE: Find the UE closest to another UE or to a point specified by its geographic coordinates. It
returns in JSON format a series of information related to the location of the nearest UE.

® MongoDB, NoSQL open-source database, https://www.mongodb.com/
10 Kubernetes, https.//kubernetes.io/
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e Nearby UE(s): Find the UE(s) that are within range of another UE or a point specified by its geographic
coordinates. It returns in JSON format a list of the UEs located within the given range, where each
element includes a series of information related to their location.

The Service Management APIs being implemented include:

e Get Services: Retrieves information for a list of all MEC services provided. Used as a service availability
check. It returns in JSON format a list of all services.

e Get Service: Retrieve information for a specific MEC service. Used as a service availability check. It returns
in JSON format all the information about the specific service.

e Get Application Services: Retrieves information about a list of all MEC services provided by a given MEC
application. Used as a service availability check. It returns in JSON format a list of all services matching
the criteria.

e Get Application Service: Retrieves information about a specific MEC service provided by a given MEC
application. Used as a service availability check. It returns in JSON format all the information about the
specific service.

e Post Application Service: Register a new service. It returns in JSON format all the information about this
service.

e Put Application Service: Update existing service. It returns in JSON format all the information about the
renewed service.

e Delete Application Service: Delete service.

In order to add deep Edge support for the 6G-BRICKS cognitive continuum, ri-Edge is being integrated with an
loT Platform based on EdgeX Foundry®!, which interacts with the physical world of devices, sensors, actuators,
and other loT objects, and acts as middleware between them and the services and applications of m-Edge. The
loT approach provides a connection between various devices, sensors and objects, which can directly
communicate with each other without human intervention, except for configuration options. EdgeX Foundry is
a flexible and extensible open-source platform for use at network edges, supported by the non-profit Linux
Foundation®2. It aims to provide a unified open platform for loT edge computing, which will facilitate the
interaction between devices and applications at the edge of the network. With the interoperability that it
provides, EdgeX Foundry makes it easy to monitor objects in the physical world, send instructions to them, collect
data from them, and forward the data to cloud computing; where it can be stored, aggregated, analyzed and
used for decision making. We already have an EdgeX Foundry instance at ICOM and the next step is to upgrade
and integrate it with the m-Edge Platform. This integration will allow microservices to “follow” users at the deep
edge domain, also based on the ETSI MEC Location and Service Management APIs.

Finally, the n-Edge is being extended with a new MLOPS module that, at the end, will provide automated quality
assurance for Al models that are responsible for the lifecycle management of edge services. Several Machine
Learning (ML)-based predictive models are included in the MLOps component, enabling the n-Edge platform to
trigger events or make decisions based on ML models’ results. Also, the MLOps methodologies are incorporated
to manage the life cycle of artificial intelligence models, such as that of automatic re-training. One key innovation
of the MLOps component is that it can be incorporated on self-healing features. For example, a time series
forecasting service may proceed with periodic evaluations of the selected ML model, in terms of accuracy,

11 EdgeX Foundry, Open-Source Edge Platform, https.//www.edgexfoundry.org/
12| inux Foundation, https://www.linuxfoundation.org/
© 6G-BRICKS 2024

Page | 43



https://www.edgexfoundry.org/

)

D.3.2. Initial report on the RIS controller and PaaS abstraction enablers BR ECKS

comparing it with empirical thresholds. If the accuracy falls below the minimum threshold, then the retraining
process begins, where all available models are retrained with the available data; including the data that may
have caused the drift. Then, the model with the highest accuracy is selected as the default one and will be used
for the next predictions, as long as the accuracy of this model is greater than the threshold. Another innovative
goal of the MLOps component is to facilitate and optimize the orchestration of workflows. Some key tools that
have been explored for this component are Kubeflow!3 and Elyra®. Kubeflow is an open-source platform for ML
and MLOps on Kubernetes. The different stages in a typical ML lifecycle are represented by different software
components in Kubeflow, including model development (Kubeflow Notebooks), model training (Kubeflow
Pipelines, Kubeflow Training Operator), model serving (KServe), and automated ML (Katib). Elyra is a set of
Artificial Intelligence (Al)-centric extensions to JupyterLab notebooks. Its main features include the Al Pipelines
visual editor, the ability to run a notebook, Python or R script as a batch job, the reusable code snippets, hybrid
runtime support and version control using Git integration. Elyra enables data scientists to visually create end-to-
end ML workflows.

4.3.2 Edge Cloud Continuum Manager

The ECCM is a new element proposed by 6G-BRICKS in order to add a layer of abstraction and management for
several edge clouds that may potentially belong to different administrative domains. The main responsibility of
ECCM is to orchestrate the entire facility in an optimal way by utilizing intent-driven optimization algorithms that
are being developed in the project. For example, one of ECCM’s operations is to choose the best node to deploy
a service, based on the service requirements and available resources per node, as expressed by the intent
language.

For the Application Orchestrator, which is part of ECCM (Figure 26), a set of optimization algorithms is developed
as part of the project, to be detailed in the following paragraphs, where, for the sake of completeness, the main
progress of ECCM’s component is briefly described.

Firstly, the ECCM has an APl Gateway, which is its northbound interface with users or other components (e.g.,
DMO or Intent Engine). This APl Gateway is under development and it follows the TMF921 Northbound intent
APls, as detailed in D2.2.

Next, the Application Orchestrator handles the overall service and application LCM in all available Edge-Clouds.
The main functions the Application Orchestrator provides are:

e The Check Feasibility function: It performs a feasibility check of the service instantiation or scaling
request to reserve resources before doing the actual instantiation/scaling. If there are available
resources, it reserves them.

e The Start Instance function: Creating an instance of the service, i.e., the process of locating and assigning
the virtualized resources required for the service and starting it.

e The Validate Service function: When a request to create a service is received, the Application
Orchestrator validates the validity of the request to create an instance. If necessary, the parameters
accompanying the request are also validated for technical correctness and policy compliance.

e The Terminate Instance function.

13 Kubeflow, https://www.kubeflow.org/
1 Elyra, https://elyra.readthedocs.io/en/latest/getting_started/overview.html
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Moreover, the main innovation of this module are the newly developed optimization methods that aim to
optimize the execution of most of the above-mentioned functions. An algorithm for the Start Instance function
has been implemented, as analyzed in section 4.4.1.

Finally, the System Catalogue and the Infrastructure Orchestrator are similar to the Edge Catalogue of n-Edge.
Specifically, the Infrastructure Orchestrator provides the appropriate endpoints allowing the user to manage an
infrastructure (e.g., register a new node to an Edge-Cloud) and its nodes, while the System Catalogue maintains
repositories for the registered Edge-Clouds, nodes, services and topology.

The ECCM is a central component that can be installed anywhere. The final decisions and details of the
deployment setup will be analyzed in WP5's deliverables.

4.3.3 X-Haul as an edge compute node of the continuum

Today, wireless X-Haul systems are vendor-specific implementations, where RF modules, modems, network
processors and internal interfaces are all proprietary. In 6G-BRICKS we envision that a wireless X-Haul transport
solution, adopting the principles of an open and disaggregated architecture, will accelerate 6G transport network
deployments through the convergence of IP and micro/mmWave technologies. The disaggregation principle
allows network operators to independently select and combine software and hardware components, such as
deploying operating systems from one vendor on network equipment from another vendor. The disaggregated
X-Haul solution proposed in 6G-BRICKS, is based on the concept of the Disaggregated Cell Site Gateway (DCSG)
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proposed by the Telecom Infra Project®>. A DCSG is a white-box aggregation router based on an open and
disaggregated architecture for existing 2G/3G/4G and 5G mobile infrastructures.

The architecture of this solution was presented in deliverable D2.2. This architecture has been currently
implemented in ICOM'’s labs, with the following building blocks:

Radio equipment - UltraLink™-GX80 (Figure 27)

ICOM’s UltraLink™-GX80 is a high-performance, high-capacity radio operating in the E-Band (71-76/81-
86 GHz), designed for use in demanding transport applications requiring capacity up to 10Gbit/s as an
alternative to optical fiber. UltraLink™-GX80's leading system gain can offer the most stable/large range
E-Band links, while its combination with lower operating frequency microwave (MW) radios in Dual Band
configuration can extend 10Gbit/s link ranges to 10kms and beyond.

HW ODU

White box switch - ALPHA STX-60D-126F (Figure 28)

ALPHA STX-60D-126F from Alpha Networks, is a cost-optimized high port-density white box switch used
as cell site gateway, which provides 4 x 1GbE copper ports, 1 x 1GbE Small Form-factor Pluggable (SFP)
port and 6 x 10GbE SFP+ ports for network connectivity. It accommodates Broadcom's BCM88272
chipset, which provides switching capacity up to 64 Gbps and an external Intel Denverton CPU C3508 (4
cores, 1.6 GHz). The latter one is combined with an SSD flash of 32GBytes capacity and 8Gbytes RAM.
These components provide the required hardware resources for the installation of the Linux-based
Network Operating System (NOS) as well as the containerized applications on top of it. The switch is also
installed with ONIE (Open Network Install Environment) that defines an open source “install
environment” for NOS (Network Operating Systems).

15 https://telecominfraproject.com/
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e NOS - Adtran Ensemble Activator (Figure 29)

Ensemble Activator from Adtran is a carrier-grade Linux-based NOS for bare-metal switches. The Linux
kernel is the core component of the Linux operating system and serves as the bridge between the
hardware and the software. It provides essential services to applications, manages system resources,
and facilitates communication between software and hardware components. The Linux kernel and
drivers sit on top of the Platform Abstraction Layer (PAL) which provides a software abstraction layer on
top of the underlying hardware (Application Specific Integrated Circuits (ASICs), chassis, etc.). The NOS,
which is an optimized Linux-based operating system, provides a comprehensive set of Carrier Ethernet
(CE), IP and Multiprotocol Label Switching (MPLS) protocols for a wide range of underlay and overlay
applications. It also provides open standardized northbound interfaces for the simplification of the
integration with open-source and commercial multi-domain controllers and end-to-end orchestrators.
Another innovative feature is the support of Cloud-Native Network Function (CNF) infrastructure
components such as Docker, which serves as a hosting platform for a wide range of edge computing
services and workloads. One major benefit of the container application hosting is also the possibility to
manage the number of resources (memory and CPU) consumed by the hosted applications to not
interfere with the core networking services.
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Up to now, the procurement of the Alpha whitebox switches and the Adtran NOS, followed by the installation of
the Adtran NOS on the switches, have been completed. Appropriate initialization of the switch and various
configurations have also been performed, in order to enable the docker engine and expose its RESTful HTTP API.
Given the current baseline infrastructure, a number of extensions and integrations with the m-Edge components,
will be implemented as immediate next steps.

At the n-Edge Platform, an SDN control scheme is also under development. Its main responsibility is to establish
communication links across edge nodes, integrating the X-Haul system with the management layer. Moreover,
6G-BRICKS proposes the exploitation of the X-Haul switches as edge nodes of the continuum, managed and
orchestrated by the n-Edge Platform in a holistic way, as depicted in Figure 25. To achieve this, the extension of
the m-Edge Platform with the Docker Swarm plugin_is currently underway, as this is the only orchestration tool
that is supported by NOS. Therefore, the Container Cluster Manager is being extended in order to handle also
communications with a Docker Swarm?® cluster. In particular, we have studied and tested the Docker Swarm APIs
and we are currently developing the API calls for m-Edge. The completion of these APIs will signify the integration
of the Container Cluster Manager with the Docker Swarm plugin. After this integration, the NOS will be basically
a worker node for the Docker Swarm that will be handled by n-Edge as any other node. The main difference will
be on the node characteristics (e.g. compute capabilities), which may add limitations on the types of services
that can be executed on them. In 6G-BRICKS, the combination of all the above-mentioned technologies, is
expected to render the disaggregated X-Haul, a cost-efficient solution that provides both connectivity as well as
edge-computing capabilities to the 6G network operator.

4.4 Optimization Algorithms

The higher level components that are relevant to the Cognitive Compute Continuum Manager, i.e. the Edge-
Cloud Continuum Manager and the DMO, which will be integrated with ECCM, offer some optimization
algorithms focused on service deployment and life-cycle management. In this respect, the next sections describe
two algorithms that are under implementation in the scope of 6G-BRICKS. The first one (section 4.4.1) is provided
by ECCM, while the second one (section 4.4.2) is provided by DMO.

4.4.1 Optimization of service deployment in ECCM

An optimization algorithm is being implemented for the ECCM’s Application Orchestrator. At the current state
of the project, a first version of the algorithm has been developed and it will be further extended in the months
following this deliverable. Generally, its main idea is to optimally decide where to deploy the given services, as
explained below.

The service placement is a proven Non-deterministic Polynomial (NP) Complete problem [22]. As such,
implementing an optimal solution in every case is not feasible, due to its time complexity. Several approaches
have been proposed in order to approximate a solution which is good enough [23]. The problem can be modeled
as an integer linear optimization problem and approximations can be made using several techniques, like
assigning importance metrics and trying to maximize the obtainable score based on these metrics [24]. The
problem we are facing is slightly different than the standard service placement problem. First, we want to focus
on providing an optimal user/network experience and thus have introduced the notion of the optimization
strategy, a combination of attributes that the placement wants to satisfy each time. Second, we have 2 layers of
placements: We must choose a cluster among several ones and then a combination of nodes. Third, we receive
small packets of services that we want to place immediately each time. We also have as a secondary target to
check if a placement is possible at all. Firstly, the optimizer divides the available parameters (either given at the

6Docker Swarm, https://docs.docker.com/engine/swarm/
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input request or retrieved from the System Catalogue) into hard and soft requirements. As hard requirements,
we define the minimum amount of computing resources needed to run a service; while the soft requirements
refer to some preferences regarding the service deployment, such as the need to minimize latency, maximize
bandwidth, relieve overloaded nodes/clusters, minimize energy, etc. The soft requirements and their importance
create the optimization strategy, which is taken into consideration during service placement. There is a list of
optimization strategies in the system and each one serves a different purpose (e.g., minimizing latency, relieving
overloaded systems, etc.). Generally, for a single service request, the optimizer checks all available nodes and
creates a list of nodes that meet the hard requirements, as it is imperative that the selected node should be
capable of meeting these requirements. After making this list, the algorithm assigns each node a score, based on
several customizable parameters and the optimization strategy selected, and then, the node with the highest
score is chosen for the placement. For the case of a composite service request, the algorithm first selects a list
of the Edge-Clouds near the requested coverage area and then, iteratively, (virtually) places each service on the
best node of the Edge-Cloud. In this way, it finds out which Edge-Cloud has the highest score for the PaaS Service
placement and how to place individual services into this Edge-Cloud to achieve this score. The algorithms flow
chart is shown in Figure 30.
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The algorithm utilizes certain attributes that have been defined as useful to decide on the optimal cluster and
node for placing a Service Function or a PaaS Service. These attributes make up the optimization strategy. The
first version of the algorithm considers the next attributes:
e CPU: The compute power that the service intends to use. If the node under consideration cannot provide
the required computing power to the service, it is automatically rejected.
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e RAM: The memory the service intends to use. If the node under consideration cannot provide the
required memory to the service, it is automatically rejected.

e Energy: The metric relates to energy consumption. According to related research, idle processors
consume relatively little energy, and this increases sharply when the processor starts to be used, and
then the increase is relatively linear. Therefore, when taking this attribute into account, the algorithm
tries to place services on nodes that are not idle.

e Duplication Space: This attribute exists to provide preference to nodes that will allow the service to
create more copies of itself on the node where it will be placed, if needed.

e Prioritize Full: This attribute, if used in the optimization strategy, gives points to nodes that tend to fill
up with memory and computing power demands.

e Prioritize Empty: This attribute, if used in the optimization strategy, gives points to nodes that are not
using a large percentage of their computing power and memory.

e Prioritize Underloaded clusters: This attribute gives weight to placing services in clusters that are less
loaded.

e Location Requested: If the user requests their service to be placed in a specific cluster, this attribute will
give more weight to the nodes of that cluster.

e Load Prediction: This attribute collaborates with ML models to predict the consumption of nodes at the
future. In other words, the predicted future state of the nodes is taken into consideration for deciding
the service placement. An example of such an approach is shown in [25], where neural networks are
used for predicting the required number of VNFs according to traffic demand.

e Same Node Bias: This attribute is used when we have a PaaS Service, which consists of many Service
Functions, and, if selected, it indicates that the services must be placed on the same node (often
requested for simplicity reasons).

As mentioned above, the optimization algorithms can consider forecasts for future resource usage. For this
reason, it is connected with a resource usage prediction service provided by n-Edge Platform’s MLOps. The
resource usage is modeled as a Time Series, where the use of each resource, for example memory consumption,
evolves over time. Therefore, the problem of resource usage prediction can be projected into a Time Series
Forecasting problem. There are multiple methods to approach this problem, such as statistical methods like
AutoRegressive (AR), Moving Average (MA), Autoregressive Integrated Moving Average (ARIMA), Vector
Autoregression (VAR), and others. The resource usage prediction service is basically an Al service and, in this
context, ML and Deep Learning (DL) techniques are used. Also, since this service requires real time data to
produce its forecasts, the Prometheus service has been selected for this purpose, which is installed in the
Monitoring Service component of each n-Edge Platform, as explained in section 4.2. A range of Al/ML/DL models
have been studied for the predictions. The suite of these models consists of innovative transformers, such as
Temporal Fusion Transformer (TFT) and Informer, models based on Multi-Layer Perceptron (MLP), such as
Neural-basis Expansion Analysis for interpretable Time Series forecasting (N-BEATS) and Neural Hierarchical
Interpolation for Time Series Forecasting (N-HiTS), popular models based on Recurrent Neural Network (RNN),
such as Gated Recurrent Unit (GRU) and Long Short-Term Memory (LSTM), and a lightweight regression
technique, called Support Vector Regression (SVR). For the training of the Al models and the calculation of
optimal hyperparameters of these models (i.e., the hyperparameter tuning), the widespread k-fold cross
validation method'’ is preferred. To facilitate the whole process, Neuralforecast, Darts and Scikit-learn libraries
are used.

In the next phases of the project the optimization algorithm will be extended in order to include more metrics
(e.g., latency and bandwidth), which in the present version are not available, as well as additional information

17 Cross validation in ML, https://www.geeksforgeeks.org/cross-validation-machine-learning/
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from MEC and 5G Core services. Moreover, the optimizer will be upgraded in order to also manage the service
migration. Specifically, it should be able to proactively sense that the topology of services deployed in Edge-Cloud
needs to change (e.g., due to excessive use of resources in a node) and optimally decide which service(s) should
be migrated and where.

4.4.2 Distributed monitoring and reinforcement learning for life cycle management.

In K8s the workloads are ran by placing containers into pods to run on nodes. A node may be a virtual or physical
machine and each node is managed by the control plane and contains the services necessary to run pods.
Typically, there are several nodes in a K8s cluster in the continuum. The pod scheduling problem is an NP-hard
problem meaning that there is no polynomial complexity algorithm to find an optimal solution. To this end
several approaches have been proposed in the literature [26]. The heuristic approaches generate efficient
solutions in a reasonable amount of time. Integer Linear Programming (ILP) approaches first formulate the
problem as an ILP problem and then standard optimization techniques are used. ILP approaches can be used only
for small size networks due to complexity. Meta-heuristic approaches are algorithms inspired by intelligent
processes arising in nature. ML algorithms belong in this category. DL is a subfield of ML that uses layered Neural
Networks. ML approaches for k8s pod scheduling have been proposed in [27][28][29][30][31][32] , with
[271[29][30][32] following a Deep ML approach. In [27], [29], [31], CPU and RAM are the system resources that
are taken in account, while in [29] bandwidth is also considered. In [32], the utilization rate of the application
resources is only predicted. The ML solutions proposed in the literature are either centralized or distributed. In
our approach, there are multiple ML decision-making elements, called Al ML Agents ( ), thus we follow
a distributed ML approach. Furthermore, we also introduce the concept of an auction mechanism for scheduling
(see below). The proposed algorithm is expected to achieve efficient performance, due to the use of ML, also
allowing scalability due to its distributed nature along with the use of the novel concept of the bidding
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As mentioned above, Al Agents will be deployed locally at every K8s node in the continuum, in different domains
in the network such as core, edge, and deep edge. The agents will communicate with one another and will decide
in a distributive manner e.g., for the horizontal scaling threshold of a pod. The agents will communicate with the
Domain Manager Orchestrator (DMO) ( ) that will be responsible for an auction mechanism. Through

this auction mechanism, facilitated by Al Agents and the DMO, the optimal pod placement and proactive
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migration within the K8s cluster will be determined distributively. The Al agents exchange the confidence metrics
generated by them, and the highest bidder or the node with the maximum Confidence receives the service
module currently in auction. The placement optimization is performed once: once a pod is deployed, it is placed
in a node in the continuum. Proactive migration will take place in case Service Level Agreement (SLA) breaches
are predicted due to changes (e.g., in the workload).

/ \ ~
-~ / \ o

,.—"/-/; . -\n\\"\_
AlAgent AlAgent AlAgent AlAgent

POD 2 POD1

POD & POD3

POD 2 POD3

Edge Node Edge Node Deep Edge Node

Figure 32: Al Agents communication with DMO
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Currently, the optimization algorithms provided by the Application Orchestrator of ECCM follow a more
centralized approach. For example, for the service placement, the optimizer decides which node to place each
Service Function (e.g., pod in Kubernetes or service in Docker Swarm), taking into consideration the service
description and information from all clusters. Also, any related predictions are done at the cluster level as well,
as they are provided from the m-Edge Platform, which in turn retrieves statistics from each node.

In general, these optimization algorithms facilitate a better management and orchestration of resources and
services. The main responsibility of this orchestrator's optimizer is related to services activation, for example,
deciding in which node to deploy the service or how to manage the life cycle of the service’s instances. For this,
it considers various parameters derived from resource characteristics and service requirements. This information
must be accurate, valid and not stale, so that the algorithms are able to make the optimal decisions about the
smart allocation of resources and services. Specifically, this optimizer takes as input the service to be
instantiated, its physical resource requirements (as specified in the service description), the user requirements
(e.g., service area and specific policies), the current state of the edge-clouds and their nodes and some
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predictions regarding the future state of the nodes. Using all or part of this data, as well as possible trade-offs, it
decides which the optimal node to run the service is.
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5 Conclusions

This deliverable detailed the low-level implementation of 6G-BRICKS enablers covering RIS control and the
compute continuum.

It is divided into two parts. The first part presented the RIS hardware provided by CEA. It then described the 6G-
BRICKS approach to control the RIS leveraging O-RAN. In this context, this deliverable detailed the
implementation of the various components involved in the RIS control process, including the E2SM proxy, the RIC
and xApps. Next, the deliverable shed light on RIS simulation in order to validate 6G-BRICKS' RIS control approach
in the first open call, since the RIS hardware integration is planned for the second open call. The second part of
this deliverable described the approach considered in 6G-BRICKS to support the compute continuum. In this
context, the deliverable described the implementation details of the m-Edge Platform that encompasses a PaasS.
The n-Edge platform is able to handle the Life Cycle Management of cloud-native micro-services by migrating and
scaling resources over the continuum.

This document served as an initial report on the above-mentioned enablers. The latter will be integrated and
deployed at the testbed (EUR and KUL) for the first open call. In D3.4 (M24), a final report will be presented with
new updates and improvements on the RIS control and compute continuum enablers. The updates will be the
fruit of the RIS hardware integration and the execution of the first open call.
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