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EXECUTIVE SUMMARY

In recent years, Cyber Physical System (CPS) technologies have become a game changer in strategiesectors

Europe is a world leadesuch as Automotiveinergy and Industry Automatio€PS4EU is a European project

that aims at developing enablingtefte t 2 3ASa FT2NJ /t { a2 SyO2YLI aaAiy3a G NR 2
overall goal iso strengthen the C® value chain by creating wortthss European Small and Medium Enterprises

(SME)nd by providing CPS technologies that in turn will sustainethéership of the large Europearoups in

key economy sectors. this way, the projectis stimulating the development ofnnovative products to support

the massive digité&zationincreasingly integrated iaur everyday environment.

Work RackaggWP)2 of CPS4EU deals witihe communication aspects @PS. It investigatehow aCP%an be
connected efficiently and securely to a network, in the context of emerging technologies, as Internet of Things
(loT) and 5GiIt also targets the design and developmaeritsolutions that guarantespecific performance and
quality of servicdor various CPS applicatiofhe numerous emerging CPS application scenarios and use cases
impose constraints and require features that cannot be met by nowadays technologies. Thefkdsk 2.2 of

WP2 has the rolef investigaing novel communication solutions that surpass the state of the art and are
especially adapted to the requirements coming from other WPs, analysed during the work of Taskd2.1
reported in deliverable§D2.1]and[D2.2]

As a result, the activities of Task 2.2 were devoted to the study of novel telecommunicatitorsoat different

network layers and for different application scenarios, though all with the common goal of servingTé&ss.
covered several aspects of CPS applications, such as network architectural enablers, innovations at the physical
layer, resoure orchestration solutions applied to edge computing scenarios, mobility asp&cgarticular
attention has been paid to enablers Uftra-Reliable Low.atency Communication§/RLLLand TimeSensitive
Networking (TSN), identified by the project as keytdezs of an effective CRSipporting communication
infrastructure.The research work carried out was made of both theoretical analysis and numerical validation of
the proposed solutionsMoreover, part of solutions developed in Task 2.2 have bselectedfor further
development and evaluation in Task 2a3 reported in deliverablg®2.5]and[D2.6]

The activities ofask 2 RdzNA Yy 3 G KS FANRG KFEF 27F (KSlelisRefD2.810Qa AT
This deliverabl¢D2.4]is the second report of Task Zaid describes the activities of this task during the second
KIfF 2F GKS LINpeSOGiQa tAFSGAYSOD

This deliverable is organized as follow®&ctionl briefly recals the requirements and motivations identified

within the Task 2.1 of WP2, and discesthe context and the relation between the project goals and the
proposed studiesSection2 summarizes thestudiescarried out in Task 2.2juring the entire lifetime of the

project. While in line with the actual and foreseen standardization directions for modern communication
networks, ourworka 2 Yl 1Sa | FdzZNIKSNJ adSL) aoSe2yR pDé (2 | RRNB
studies span through several domains: physiagér enablers for URLLC networks at the service of CPSs,
resource scheduling optimization for URLLC netwarsmization of collaborative communications in industrial
environments, algorithms for energy efficiency in scenarios where CPSs leverage edge computing under latency
and reliability constraints, TS#iedicated network architecturesolutions for improvig the reliability of the

forward error correction schemend solutions for the improvement of the quality of wireless communications

in mobility scenariosThe activities carried out duringtteS O2y R KI f F 2F (G(KS LINRB2SO0O0Qa
detailed in Sectior8 of this deliverableFinally,a general conclusion of the work carried out in Task 2.2 is given

in Sectiord.
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Acronym/

abbreviation
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Acronyms

Description

Third Generation Partnership Project

4th Generation of technology standard foroadband cellular networks
5th Generation of technology standard for broadband cellular networks
6th Generation of technology standard for broadband cellular networks
Acknowledgement

Arithmetic Logic Unit

Angle of Arrival

Angle of Departure

Access Point

Application Programming Interface
Additive White Gaussian Noise
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Bit Error Rate

Belief Propagation

Base Station

Buffer Status Report

Contention Based Random Access

Carrier Frequency Offset

Contention Free Random Access

Core Network

Commercial Off The Shelf
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Central Processing Unit

Cyclic Redundancy Check

Cellspecific Reference Signal

Channel State Information

Centralized Unit

Downlink Control Information

Downlink

Discontinuous Mobile Edge Computing
Data Radio Bearer

Digital Signal Processing

Energy Detection

eNodeB

3GPP Extended Pedestrian A channel
Evolved Packet Core

FreguencyDivision Duplex

Forward Error Correcting

Frame Error Rate

FeedForward

gNodeB

Global Navigation Satellite Systems
GraphicsProcessing Unit

Graphical User Interface

Hybrid Automatic Repeat reQuest

High Density Parity Check

HandOver

Home Subscriber Server

Hardware

Information and Communications Technology
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IEEE Institute of Electrical and Electronics Engineers

loT Internet of Things
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PCRF Policy and Charging Rules Function
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RF Radio Frequency

RNN Recurrent Neural Network

RRC Radio Resource Control

RSRP Reference Signal Received Power
RTL RegistefTransfer Level

RU Radio Unit

Rx Reception

SDN SoftwareDefined Networking

SDR SoftwareDefined Radio

SIB System Information Block

SINR Signalto-InterferenceNoise Ratio
SME Small and Medium Enterprises
SNR Signalto-Noise Ratio

SPGW Serving Gateway and Packet Data Network Gateway
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Software
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1. INTRODUCTION

1.1. Requirements and Motivation

The activities carried out in Task 2.2 are grounded on the requirements, use cases, and motivations collected in
Task 2.1 from the vertical WPs with respect to the communication ndésisoutcome ofrask 2.was captured
initially in ddiverable[D2.1]and completed in deliverablg2.2]

CPS4EU covers a large variety of vertical use cases, from energy, factory artpangbmotive and we realized

that every specific use case has finally its own set of requirements for communication. First, most of use cases
YSYGA2ySR O2YYdzyAOFGA2Y & | aYdzAad KI@S¢d +SNE FTSg 02
driving relies on local sensors and processing for emergency situations, but leverages communication for a better
service (e.g. for map upgrade, traffic information retrieval, or simply secure software upgrade). This variety of

use cases Yield a variety requirements with respect to communication: either very low and infrequent data
exchanges (e.g. for sensors reporting few measurements per day like metering use cases) or more frequent (e.g.

for asset tracking), and in many cases including very stringentirements either in terms of data rate or in

terms of latency or reliability (e.g. for remote control of moving devices, virtual or augmented reality, digital twin,
coordinated lifting for cranes, robots coordination in factory 4.0, etc.).

Task 2.1 aoducted a quick survey on existing technologies and we concluded that there is no single wireless
communication technique that could meet all the requirements. However, we also realized that the cellular
framework offers a set of solutions that could coweost of the requirements. Indeed, cd and NBIOT is an
efficient solution for battery powered lovend devices while LTE could meet highad use cases, thanks to its
various categories (from category 1 allowing throughput of few tens of Mbps to cateifrup to around 1
Gbps). So, 4G is already a satisfactory candidate as a universal communication system for CPS.

However, some specific use case cannot be met with 4G mostly because of three characteristics: the need of low

(and sometimes determinisfidatency; the need of higher throughput, and the foreseen explosion of the number

of connected lowend devices (massive machitygoe communications). 5G then becomes a natural candidate

to fulfil such CPS requirements, especially for the significanbfligiit will provide, at least from the network

perspective and deployment possibilities. Hence, with a single network solution, an operator could offer various
GatA0Sa¢ H6A0GK RATFSNBYG v2{ LINRTATf S aemetoyk déplRyRianisA 2y >~ p D
a network could be deployed specifically for a vertical, locally, e.g. over its factory, independently of consumer
networks, naturally fulfilling requirements in terms of security and data protection (e.g. the network servers

being tosted locally at the factory).

'a | NBadzZ G pD 2LISya (KS R22NIF2NJ I ySg asSia 2F L2¢x
the complete set of communication requirements of CPSs, as gathered from WP6, WP7, WP8 and WP9 of
CPS4EU.

However, 5G was initially defined for the consumer market and the requirements of verticals were captured but
not prioritized. The first 5G version, release 15, was mostly serving higher data rates, with little work on critical
communications. Release témpensated a bit this gap but still important aspects are not fully defined, such as
the notion of URLLC profile (what is exactly an URLLC communication?), how to integrate TSN within a 5G
network, or how we could use new frequency bands, especiallyrilienetre-wave (mmWave) one, to support

harsh communications scenarios.

In the perspective of 5G development and evolution, WP2 has also the mission to propose innovative solutions,
in line with standard work, and to provide missing building blocks (it has to be noted that a standard ensures
interoperability between device angetwork equipment, but does not define internal algorithms to support this
interoperability). As a result, in WP2, Task 2.2 has the objective to worktanidngterm solutions to enable

the few CPS use cases that cannot be served with nowadays andiegweiteless communications systems.

1.2. Context and relation between the project goals and the proposed studies

As introduced aboveZPSrepresent key drivers for the innovation capacity of European industrissctors like

automotive, energy and industrgutomation CPS combire intensive connectivity, embeddedmputing and

local intelligenceo create a link between physical and digital worlds émdnable cooperation among systems.

The importance of CB® increasig with massive digitalization anteir development is pening new market

opportunities andrequires nonstraightforward technological innovations KSNEFTF2NB>X 2yS 2F [/t {
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objective is to éster the creation of worletlass CPS technology providdrsline with this goal, WPBcusson

the designand development of CPS HWW communicatiomodules to be used across differemdustrial
sectors, leveraiggrequirements coming directly from the significant number of CPS4EU industrial paitimess
reinforcing their leadership in a wercompetitive marketThe goal is to guarantee dynamic management of
applicative flows (ex: reliability, latency, and data rate) and continuity of service in order to ensure the control,
localization of vehicles and CPS devices, distribution and collesftmontents and criticabr non-critical data.

Connectivity is critical fo€CPS. Indeed, it must bear communications of hundreds, or even thousands, of
dynamically connected objects that are also connected to external operators while ensuring reli&hility
connectivity, whether objeeto-object or objectto-network infrastructure,often needs tobe wireless(or to
integrate complementary wireless and wired features) to offer more flexibility, adaptability to changing
environment and much lower cost of operation compared to a wired communication appritatiust also be
able to auteadapt dynamically in timand space and to support the differentiation of operations or services.
Thus, CPS requirements in terms of connectivity introdheeneed for avery limited latency of communication
between the device and the infrastructur&his is particularly the casd remote control of heavy machinery in
hazardous places or used for monitoring and cotitnglsmart grids. The challenge is to provigldremely fast

and reliable connectivity at the radio level, as well as for-emdnd performance of the system. Thisquires

also a more distributed infrastructure design that include mobile edge computing (MEC) capabilities.

In general, to achieve the performance required by URLLC applications for CPSs, it is necessary to combine in the
architecture of 5G networks ages of enablers and technological innovations. In particular, it will be necessary

to implement at all layers solutions that make the network more robust and able to guarantee both low latencies
and low transmission error probabilities. These solutiordiide multiconnectivity enablers (network reliability

through spatial and frequency redundancy or diversity), high coordination and synchronization of network nodes
(for instance via TSN) and new coding, modulation, and scheduling schemes for the RE¥ankllAansport

layers.

hyS 2F GKS 321t 2F /t{n9!Qa 2tu Aa G2 Ay@Sadraaras
theoretical solutions for 5G networks and beyond, adapted to-§jeSific use cases and applications. These
solutionsmay be defined on top or be complementary to the solutions defined by the standardisation bodies
addressing these challenges, such as 3GPP orAEégtfdingly, the activities carried out in Task 2.2 cover several
aspects of URLLC and CPS applications, suehvesrk architectural enablers, innovations at the physical layer,
resource orchestration solutions for URLLC applied to edge computing scenarios, mobility aspests.

activities are summarized in the next section.
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2. SUMMARY OF THE CONTRIBUTWINSIN TASK 2.2

In thissection,we provide a global overview of the activities carried out in Task 2.2 during the entire lifetime of
the project. We summarize first the activities carried out during the first half of the pr{§eattior?.1), reported

in deliverable[D2.3] and then the activities carried out during the second half of the prqj@ettion2.2). To
avoid content duplication, only the activities carried out during the second half of the paojefitrther detailed

in Sectior3 of this document.

2.1. Summary ofthe activities carried out during the first half of the project

Design and analysis of MIMO systems using energy detectors for mmWave applicgidh8, Section 3.2A

common feature ofCPSgsthe densification of the network and the presence of maess points and more
O22LISNF A2y 0SG6SSYy (GKSYZ (G@LIAOI Tt e& Aigthetelor detessary 2 LJ2 2 3
to make communication between access points and backhauling extremely efficient, even more so than they
already are. Threfore, in D2.3, we presentedur innovative results on mmWave MIMO xHaulilbe demand

for wirelessmmWavexHaul connection is increasing especiallytf@ rapid deployment of private netwogk

mmWave xHaulsmprove the data rate, latencyand power cosumption of modern networks andre thus

LI NI AOdzf F NI @ AYLERNIFYyG F2N ! w[[/ ySig2Nlad ¢KSe& LINE G
capacities thanks to higliequency communications and reliability through the possibility of redtinectivity

2T GKS aYSakKé (2L12f 2 3edhastakdShe advdntdzie afa nglatiiely low im@edneritahNdd LJ2 & S
cost, because it is based on a radio architecture that is simpler and cheaper than others. In spite of these
advantagesthe performanceof mmWaveradio-frequency systems is severely degradedabtypicallystrong

osdllator phase noise. Thereforge investigatel the use of MIMO systems with energy detection receivers to

achieve higkrate commurications robust to phase nois€irst, the @sign of the receiver detection algorithm
wasaddressedln particular, weproposel to use an original and efficient detector based on neural networks.

The communication performanc&asassessed through numerical simulations for uncoded and coded systems.

Our results further detailed in[BDF20] [BFD+22]demonstrated that spatial multiplexing with nowoherent
mmWavetransceivers can besalized on strongly correlated liraf-sight channels using the proposed detection

schemes. Thereby, we highligitkthat highrate mmWave RBystems can bariplemented with lowcomplexity

and lowpower architectures using MIMO systems with energy detection receivers.

Stochastic geometry framework for ultr@eliable cooperative communications with random blockagé32.3,
Section 3.3)We furtherfocused on coogerative reliable communications for CPSs in industrial environments.
Namely, ve proposeal a solution foran industry automation scenario wheie central controller broadcasts
critical messages to the wireledsvices (e.g., sensors/actuators). We dedliastochastic geometrframework
where the rate coverage probability of devicess modelled by taking into account the density of roaming
blockagesover the factory floor. To alleviate the loss in the coverageadepted a two-phase transmission
policy, whee in the broadcasphase, the central controller broadcasts the messages inteffiolethe devices in
the network area. The devices in coveraligingthe broadcast phase act as deceded-forward relays in the
relay phase, so as to reinforce the signaésgth at the devicef outage. The total downlink transmission time
is therefore partitioned into two phases by a tuneabfactor. Finally, we studiethe optimal value of the
partitioning factor with varying devicdensities, blockageensities, and file sizes and we highligghthat a
longer transmission time should be allotted to the broadgasdse in the case of larger file sizes or lower transmit
power ofthe controller.

Discontinuous mobile edge computin{D2.3, Section 3.4)A specific contribution in D2.3 wadedicated to
scenarios where CPSs are assisted by an edge computing server that can rapidly and efficiently run computational
tasks on their behalf. In particular,endescribal a novel strategy for energefficient dynamic omputation
offloading aimed atminimizang the energy consumptiomf the overall system, comprising user devicasd
network elements, undetRLLEonstraints on the endo-end service delay and the packet error rate over the
wireless interface. To reducée energyconsumption, we exploétd low-power sleep operation modes for the
userdevices, the access point and the edgerver, shifting the edge computing paradigm from an always on to
an always available architecturggpable of guaranteeing an @femandtarget service quality with the minimum
energy consumptionTo this aim, wantroduced Discontinuous Mobile Edge ComputingNIEC): an online
algorithm thatdynamically and optimally orchestrates the sleep mode operations and the duty cycles of the
networ| (eEments. In such a dynamic framework, eiodend delay constraints translate into constraints on
overall queueing delays, including both the communication and the computation phases of the offloading
service. EMEC hinges on stochastic Lyapunov opation, does not require any prior knowledga the
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statistics of the offloading traffic or the radio channels, and satisfies the-tlermy performanceconstraints
imposed by usersNumerical results illustratéthe advantages of the proposed method.

Endto-end time synchronization in TSBG network architecturegD2.3, Section 3.5Moreover, we discussl
Time Sensitive Networkin@l'SN, whichis a set of standards that provide deterministic communication to
standard Etherneaind are being nowadays extended to wirele&s important objective of TSN is to guarantee
data delivery with deterministic delay and jitter for reahe applications which can be a crucial feature for
URLLC service and CR8srecalkdthe main featues of TSN and briefly describhe testbed of Ethernet TSN
implemented by CEA, whoseauatd performance on time synchronizatiamasreported in[TBB20]

Channel estimation for norstatic users via base station cooperatid2.3, Section 3.6Finally,we presened

our initial ideas for a novel channel estimation technique in scenarios withstaiit users,leveraging
cooperation between network access points. These ideas have foettrer developed into a concrete solution
during thesecond half othe project, which isummarized below, andeported in Sectior8.2 of this deliverable.

2.2. Summary of theactivities carried out during thesecondhalf of the project

We summarizébelowthe work done during the second half of the project, and further detailed in Se8tin
this deliverable.

Design and analysis of MIMO systems using energy detecfor mmWave applicationsin Section3.1, we

present the continuation of the work carried out during the first half of the project on mmWave MIMO xHauling.
IntheO2y G SEG 2F GKS FOGABGAGE 2F ¢l &1 H®PoX /[ 9-kdgel yR +{ h
development tools and expertise to implement theoposedneural networkbased MIMGdetectorin a real DSP

target. While the details of the implementation @hthe evaluation results are reported in the two deliverables

of Task 2.3, we presetitere the deployment constraints and the development flowe show that we can

gquantize the weights of the neural network to only lits with negligibledegradation on tle performance.

Besides, we expect achieving high throughput ( 5Gbps), with a peak power consumption of only 0.58W. This is
equivalent to 0.11nJ/bit. Thus, the proposed quantization scheme and DSP design allow to achieve high
throughput and high energy effiency for mmwWave MIMO xHauling.

Joint estimation of CFOs and Doppler shifts in mmWave distributed MIMO systémSectior3.2, In Section

3.2, we introduce a Doppler shift estimation technique in a distributed MIMO system. Because of the
multiplication of access points and the diverse clock offsets it induces yti@hsonization procedure is harder

than in conventional MIMO. We show here that one can use the multi transmission to enhance the joint Doppler
shift and oscillator offset estimation. It thus limits the effect of channel aging and also reduces the arfiount o
channel feedback.

Transferable and distributed usersgociationpolicies for 5G andbeyond retworks. In Sectior8.3, we study the
problem of user association, neely finding the optimal assignment of user equipment to base stations to
achieve a targeted network performance. More specifically, we focus on the problerkn@fvledge
transferability of user association policies. Indeed, traditional ridwial user assciation schemes are often
scenariespecific or deploymenspecific and require a policy-gesign or rdearning when the number or the
position of the users change including change in network topology. In contrast, transferability allows applying a
singk user association policy, devised for a specific scenario, to other distinct user deployments, without needing
a substantial rdearning or redesigning phase. Therefore, such a key feature is particularly important for CPSs
as it considerably reduces tlieemputational and management complexity as well as operation costs. To achieve
transferability, we first cast user association as a ragent reinforcemerdearning problem. Then, based on a
neural attention mechanisrmat we specifically conceived ftris context, we propose a novel distributed policy
network architecture, which is transferable among users wzighoshot generalization capabilitye., without
requiring additional training. Numerical results show the effectiveness of our solutiennrstof overall network
communication rate, outperforming centralized benchmarks even when the number of users doubles with
respect to the initial training point.

Evaluating landover performance forend-to-end LTE etworks with OpenAirinterface.In Section3.4, we
present an experimental testbed of the handover procedure using an accessible and reconfigurable software
defined radio environment with an erth-end arctitecture (i.e. including both the radio access network and the
core network). First, we provide a comprehensive overview of the X2 handover procedure, in-toresrtl
cellular network architecture and detail the handover condition, message flow andcha@ecomposition. We

then describe our OpenAirinterface based implementation andtenend experimentation of LTE X2 handover
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in a fullSDR environment. Finally, we analyse the performance in terms etioeadd throughput and of latency
for each step othe handover procedure and compare it to the state of the art of X2 handover experimentation.

Resource scheduling optimization fodtta-reliable low-latency @mmunications In Sectior.5, we propose a
ReYyFYAO YR STFAOASY(H NBaz2dz2NDOS aO0OKSR®Elidbl Bowdaten R 2y |
Communications, taking into account the traffic arrival at the netwayler, the queue behaviors at the data link

layer and the risk that the applied decision might result in packet losses. Thedfatletween the resource

efficiency, latency and reliability is achieved by the timing and intensity of decisions and isddajptynamic

scenarios (e.g., random bursty traffic, timarying channel). Our quetswvare and channedware solution is

validated by an experimental testbed using OpenAirinterfaicé performance igvaluated in terms of latency,

reliability and resoure efficiency and

Error structure aware parallel BRNN decoders for short LDPC codesSection3.6, we address the problem

of decoding of short block length Lof@ensity Parity Check (LDPC) codesevant to machineto-machine
communicationsand URLLC scenaridshas already been demonstrated that Belief Propagation (BP) can be
adjusted to the short coding length, thanks to its modeling by a Recurrent Neutalohe(BRPRNN). To
strengthen this adaptation, we introduce a new training method for theRBIN. Its aim is to specialize the-BP

RNN on error events sharing the same structural properties. This approach is then associated with a new decoder
composed of seeral parallel specialized BENN decoders, each trained on correcting a different type of error
events. Our results show that the proposed specializeeRBRs working in parallel effectively enhance the
decoding capacity for short block length LDPC cddgsoving the reliability of the communication link
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We provide below the list of publicatiorsd patentsresulting from the activities carried out in Task 2.2.
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3. INNOVATIVE SOLUTIONS FOR CPS COMMUNICATION MODULEBMDRKING

3.1. Design andanalysis of MIMOsystems usingenergydetectors formmWaveapplications
3.1.1.Motivation and related work

Multi-connectivity schemes (based on frequency, time, or spatial diversity) are a way to increase the reliability
of a wireless transmission. This feature is critical for CPS application scenarios. From the infrastructure side,
reliability canbe supported via the deployment of a mesh network system. This requires though extreme xHaul
capabilities (bandwidth, latency requirements). These requirements make fibre solutions desirable, but
sometimes complicated by local installation constraints dfficiently deploy networks. The wireless
infrastructure is foreseen as a complement to the optical fibre deployment as it offers more agility, shorter
installation times, and, in the case of a mesh architecture, strong reliability. It may also provitkctoity to
mobile, removable or even flying access points. Finally yet importantly, these solutions will be valuable if and
only if their cost efficiency is demonstrated. From a spectrum perspective, this paradigm will require large
bandwidth and therefee wireless mmWave links in\&, W-, D-bands, nhamely 60 GHz to 81 GHz, 90 GHz and
140 GHz, are investigate@b o Dt t Qa & (| y R d\cBriplerheiitioS ¢ mEWaR edlabiils-gB5and

39 GHz). These facts support the search for novel architectuchhardware solutions for cosffective and
high-performance wireless infrastructures.

To achieve higldata-rate mmWavecommunications, additional research is required to design efficient and new
physical layer algorithms. Traditional techniques canreotlivectly transposed temmWavebands(especially for
spectrum above 60GHa} they do not consider the specific features of RF impairmentswiVavesystems. In
particular, they suffer from strong phase impairments due to the poor performance offtéghency oscillators
[VPZ13] Stateof-the-art approachedJDC20]jnvestigate the use of coherent systems together with channel
bonding. This type of architecture needs to be further combined with signal processing optimizations to mitigate
the effects of phase impairments leading to complex practical implementatiansveCsely, we consider nen
coherent detection for its inherent robustness to phase noise and simple implementatsoan Axample, fully
integrated260GHz oroff keying (OOK) transceiver is demonstrate{AKT+12] Transceivers based on energy
detection (ED) have been extensively studied for systems with a single transmit antenna and multiple receive
antennas, se¢JDPM16Jand references therein. Nevertheless, for rosherent subTHz systems, the main
challenge is to increase the spectral efficiemgyile maintaining a low complexityVith regard to this objective,

the work in[PWO09]is relevant as it shows thIMO systems with amplitude detection receivers may exploit
spatial multiplexing to increase their spectral efficiency. Therefore, we investigate the design of MIMO systems
with EDreceivers to achieve high ratemWavecommunications.

In ourwork, reported in deliverabldD2.3] the channels are strongly correlated, and moreover, the resulting
interference is nonliear due to the ED at the receiver. The strong and nonlinear interference between channels
represents a significant challenge to achieve spatial multiplexing withcoberent transceivers in sebHz
frequencies.Hence, he contributions ofour work are the following. First, we deriw the model for MIMO
systems using ED receivers. Second, the design of the receiver detection algeaitimaestigated. We derive

the joint maximum likelihood (ML) detector corresponding to the studied nonlinear MIMO charsirg a
Gaussian approximation approach. In addition, we proplaae original and efficient detector based on neural
networks, which does not need any knowledge or assumption of the channel. We alsedldtaildifferences
between stateof-the-art detection methods and the two proposed detectors. Third, the system performance
was evaluated through numerical simulations. We introddce realistic scenario modelling a fixed indoor
wireless link in thé band atl45 GHz. Our results shedthat low-error rate communications can be achieved
with strong spatial interference between channels using the proposed demodulation algorithms. Fourth, we
consideed the integration of a forward error correcting code (FEC) scheme in order to achieveetttaxling
gains. With regard to targeted higlate low-complexity applications, we propoddehe use of a Bose, Ray
Chaudhuri and Hocquenghem (BCH) code with a short packet length that can be implemented withtariow
low-complexity decoder. The redslof numerical simulations confirea that the integration of the FEC scheme
leads to significant performance gains in terms of achievable data rate.

To avoid content duplication, we refer [D2.3] Section 3.2,dr the details othe abovework, carried out durig

the first half of the projectWe also mention that this work kto a patent application[BDF20] ard has been
published ifBFD+22]In the following, we report on the implementation of the proposed neural network MIMO
detector on a real targetwork that has been carried out dag the second half of the project
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3.1.2. Implementation of the proposed neural network MIMO detector on a real target

Numerical resultgeported in[D2.3]were obtained via Matlab simulationMatlab is an environment with its

own programming language for directly expressing mathematics in arrays and matrices. Its API is user friendly
but the drawback is the relatively long processing time: in particular, this application could not be embedded

a realtime system as it is. In the context of the activity of Taskof WP2, CEA and VSO&llaborated to

t SOSNI IS <+ {-ddge!devélopraedritabls gha expertise to implement the neural network detector
descrited above onto a real DSP targ€&he details of the implementation and the consequent evaluation results

are reported in the two deliverables dfask2.3 (D2.5] and [D2.6). Here,we only presentthe deployment
constrains and the development flow.

In generalporting a numerically validated algorithm to a real DSP target introduces new constraints:
U Real time constraint

The application is a stream that must be processed periodically. If the processing time is higher than the
sampling period, the system will lopackets. The experimental study will explore this constraint and will
RSGSNXYAYS GKS LINRPOSaaiay3d ySSRa 66l araldrtte GKS ydzyo €
can increase the number of processing units to fit the requirements.

Another axs of research is the coding style: the DSP has some features (such as the combination of several
instructions) which improve the processing capacity. This is theoretically recognized and optimized by the
compiler released with the development kit, butdome cases, optimization patterns are not recognized.

A fine study of the embedded code could improve the coding style and finally gain performances.

0  Memory constraint

The DSP contains several memories: On one hand, a tighilyled memory (TCM) located the core of

the DSP is a memory directly connected to the processing units. This memory is fast but has a low density.
On the other hand, BIRAM, used as peripheral, can store large amount of data. This memory is dense (small
footprint) but it is slow. e connection between these two types of memory is done via direct memory
accesses (DMASs). By targeting a real DSP, we will study the needs for both types of memory, the number of
DMAs to be implemented and the limitations introduced by them.

U Quantization constraint

The quantization is the operation which cuts numbers to be stored in memory (precision limitation or
saturation). This is done on all computer systems, including software like Matlab: for instance the result of
AT ‘O executed by Matlab imot equal tor, but it gives a very small number. The IEEE consortium
defined a standard (IEEE754) to represent floating point values. The common data typecuse@ igzinf S £
this case data is represented over 64 bits: the exponent coded over 11 lgits)ahtissa coded over 52 bits

plus the sign.

¢KS (el aR2dzof S¢ AyiNRRddzOSa |+ @GSNEB avlftf SNNBN 2
algorithm study phase. However, this quantization is too large: we do not need such precision on a real
targetand the memory footprint is too large.

+{hw!Qa 5{t SyO2RSa RIGlI F2ft26Ay3d GKS L999Tpn y 2N
configuration (decided by the customer before the silicon design). The development tools allows to finely
study the quantization impact on the system.

As depicted ifFigure3.1-1> G KS RS@St 2LIySyd 1Al 2y £{hw! Qa 5{t Aa 2N
I RSRAOFGSR 3I2FIftd ¢KSe Fif akKINB GKS ary$S &az2daNOS 02
platforms very easily: if a problem is detected on the last simulation platform (FPGA), we can quickly modify the
algorithmif needed.

NATIVE Allelx i i FPGA
LEVEL | i ]

Figure3.1-1¢+ { hw! Qa RS@St 2LIySyd LI I GF2N¥a

N
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Thenative platform describes the system in C++. It is released with a mathematical library (vslib) developed by
+{hw!Y Al RSTAySa O2yidl AySNE oYl neAopemtions SrhlfipicAibniX 0 | Y R
AYOSNEAZYSIX0d ¢KAA tfAONINEB F2fft2¢a Fa FIFIN a LlR2aaArot
aldftlIoQa SY@ANRYYSyG G2 z{hw! Qad SY@ANRBYYSYy({ &K2dzZ R 0°¢
algoiithm.

Thehigh-level platform introduces the DSP: the code developed during the native phase is compiled with special

options to be mapped on the target: the binary generated is the same for all lower level platforms (up to silicon).
Simulations on the higlevel platform generate reports about the processing cycles and the memory needs
ONRdzZIK SadAYlIGA2yoo CKAA LIXFOF2N)Y Aa faz2 dzAaSR G2 a
chosen precision.

The TLM (transactionlevel modeling) and RTL(registertransfer level)platforms introduce more accurate
models of DSP: These platforms are useful to develop the final silicon, we will not use them in the context of
CPS4EU.

TheFPGAJ | GF2NY A& GKS FAYLl f 2y S Ynlyihécombiyhéa DSP islhdapped bvéri 2 y 2y
the FPGA. We use remote FPGA through the Amazon Web Service: this allows to use FPGA while optimizing the
costs. This platform is used to validate the whole system and to run long simulations.

The final goal of CPSs io be embedded in autonomous devices. New features and new approach in
communication systems will require to be implemented on efficient DSP. However, this implementation could

have an impact on the algorithm itself, since the real time aspect, the mgmsues and the quantization effect

FNB KIFENR O2yaiNlAyidaod +x{hw! Qa RS@St2LIVSyd Ft2¢ | tf203
of development. Finally, simulations on a remote FPGA authorize long duration patternaafimyestigated

A yThedimulation tools and experimental platfotmieliverable[D2.5]

3.1.3.Method and environment

We present here the contribution of VSORA during the implementation of the MIMO system on the VSORA
platform. VSORA is the provider of the simulation platform which reflects the results that will be get once the
system is implemented on a real target.

Theglobal simulation environment of the MIMO system set up by CEA is shown in the diagram below:

Bit tx(i) TX + channe

Symbol rx

CEA neural
network
environment

FP Model (CE/ VSORMatform
inference (pb)

\ 4
y

@

Figure3.1-2 ¢ Simulation environment of a MIMO system

During the project, VSORA provided 8 releases of its simulation platform. As the project from VSORA side was
evolving quickly, we decided to regularlopose the most recent version of our DSP to the CEA to conduct their
simulations. We took care to make the installation and the update process as simple as possible to facilitate the
task of the user.
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Release name Date

vsora -ai_2011_001_cea.tar.gz 2020- 11- 04
vsora - ai_2104_002_cea.tar.gz 2021- 04- 16
vsora - ai_2105_000_cea.tar.gz 2021- 05- 25
vsora -ai_2107_001_cea.tar.gz 2021-07- 06
vsora - ai_2108_000_cea.tar.gz 2021-08- 14
vsora -ai_2109_001_cea.tar.gz 2021-09- 13
vsora -ai_2112 _001_cea.tar.gz 2021-12-15
vsora - ai_2202_002_cea.tar.gz 2022- 02- 22

VSORA also provided the interface environment (yellow box in the diagram) to compare the results of the VSORA
platform and the result of the original model of the neural network described with the tensorflow framework.
The model of the neural network is gorted as pb files. These files can be simulated within the original
framework and give a reference for the simulation result.

PB files are also the inputs for the VSORA platform: the model is compiled for the VSORA target (using the
compilation tools; graph compiler + LLVM compiler developed by VSORA). The simulations give different results
than the DSP model because it processes quantified data. We take advantage of the ability to configure easily
the quantification to study its influence on the results

¢CKS aAvYdzZ iA2ya KIFE@S 06SSy R2yS gAGK GKS LI FGF2NY AKAS:
environment and gives a good estimation of the CPU load and the exact usage of memory. Data are also
quantized and computations are bit to Bguivalent to the real target. At the project definition in 2019, we

expected to use the remote FPGA platform to complete the study.

The remote FPGA platform has been developed during the project and it is functional. However, it appeared that
A G R Zateh/wittii theYscope of the project. Indeed, the number of base units (number of parallel ALUS) is
limited by the capacity of the FPGA and the DSP has a fixed quantification. In order to have a different set of
gquantification, it is necessary to synthetiasnew database. This process is time consuming and the synthesis of
many versions of the DSP was out of the scope of the project.

The remote FPGA platform is useful for the algorithmic study: the main use is to speed up long simulations, where
one does nbcare about the configuration (quantification): the process consists only of loading a new algorithm
in the memory of the DSP. When the project was submitted, the scope of the study was not precisely defined:
originally it was planned to use the classib&8P instructions and we finally switched to the Al instructions since
VSORA also started to work on a version of its DSP with this feature. The neural network (algorithm part) used
for the MIMO system was already defined and the goal of the joint worlvbeh CEA and VSORA was to map

this network on a true DSP, and to study the influence of the quantification and of the number of base units.
Obviously, the remote FPGA was not suitable with this study.

VSORA helped the CEA in the interpretation of theltesund to fine tune the configuration of the system. The

DSP is a complex system and it is necessary to know precisely its architecture to understand some phenomena.
For example, by increasing the number of ALU of the system, the overall performancesnialjow in the

same range since the number of MACs (multiplication / accumulation units) varies with the square of the inputs
(this is a specific feature of the DSP). In this case it is necessary to increase the batch size (the number of samples
handled in order to avoid idle ALUs.

3.1.4.Results of the study

¢KS &iGdzRé | yR (KS NBfIGiSR NBadzZ & NS SELR&ASR Ay NB&S
sub¢ KT O2 YYdzy A Owa$ sudryitted tothie K/ RO20RFall (IEEE Vehicular Technologynf€a@nce).

This paper is a common work between the CElexisFalempin, JeaBaptiste Doré) and VSORA (Trung Dung

Nguyen, Julien Schmitt). We present here the overall conclusions.
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Regarding the impact of the quantized weights on the Bit Error Rate (BER) we compare different sets of
quantization with the unquantized model. Unquantized model means that simulations are run using the original
data format of the tensorflow framework whicis 32 bits floating point; VSORA quantization model is
represented using a set of 2 parameters q = (e, m) : the quantization follows the IEEE754 rules with e bits to
encode the exponent and m bits to encode the mantissa. The word length is therefoeetdm (adding the sign

bit). Vsora floating point supports normalized and denormalized numbers. Only special numbers (NaN, infinity)
are ignored since these values have little use in an embedded environment.

b —— w /0 gquantization
'%i- —e—w/ quantization: q—(3,3)
KH;\\_.. w/ gquantization: q—(4,3)
'\‘ —+— w/ quantization: q=(5,10) |
N
N
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Figure3.1-3 ¢ Impact of quantization on BER

Results presented here are obtained with a post training quantization: this means that we apply the quantization
on weights after the training process.

We can observe that using q(5, 10) we obtain the same performances as the unquantified mode. Us3hg q(4,
and q(3, 3) will induce a slight degradation which can be neglected. If a real product would be designed, we
probably would choose a quantization of q(4, 3)b{& words), associated with a QAT (quantization aware
training) : the limited word lengthdwve a huge impact on the silicon area (mainly in the TCM) and consequently
on the price of the final solution.

Another aspect of the study is the throughput obtained regarding the processing power. We assume the clock
frequency of the DSP at 2 GHz. Weaswee the throughput for many configurations of DSP (changing the number
of MACs). Each configuration gives a processing power we can express in TFLOPs.
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Figure3.1-4 ¢ Achievable throughput in Gbps in ftilon of the processing power

We observe a good linearity between the processing power and the throughput. This linearity has been obtained
by modifying the coding style: in particular, it has been necessary to increase the batch size to keep an activity
on the maximum computing units. We chose a batch size of 32k symbols to keep the same configuration
independently from the number of MACS and which avoid idle processing units and keep an acceptable latency.
This exercise highlighted the difficulties of ashing a good performance in an embedded device (compared to

a high level code in a standard framework). It also proved the efficiency of the development method proposed
by VSORA: even if we had to rework the code to reach the desired performance, welm@gtie code which is

still described with a high level of abstraction. Traditional methods require writing a dedicated code for the
embedded device, increasing the time of development, with a possible loss in efficiency and reliability.

3.1.5.Conclusion

In wnclusion, the implementation of and advanced MIMO system on a real target, using artificial intelligence
was successful. At the beginning of the project, the Al core proposed by VSORA was at the very early stage of
development: we achieved to develop tlwere supporting a large variety of neural network topologies. The
compilation paradigm imagined by VSORA (separate the framework from the target compilation) has been
successfully proven by the CEA: the mapping of the neural network required very fets effalevelopment.
Although the remote FPGA platform was not used by the-eset in the scope of the study, we still achieved its
development and now we have a clearer vision of the benefits this platform can contribute. CPS4EU was clearly
helpful to VSOR to develop the Al version of its DSP, to refine the release process, to finalize the documentation.
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3.2. Joint estimation of CFOs and Doppler shiftsnmWave distributed MIMO systems
3.2.1.Motivation and related work

Wireless connectivity is makingitsway 6 2 Ay RdzZGNAIf ySGéeg2Nya Fa Ad Aa alld
and control of devices, and even enables the coordination of moving devices such as transport vehigk$z Sub

bands are not suitable to support a dense traffic and their reliakihity be significantly reduced because of the

presence of interfering systems. That is why millimeter wave (mmWave) spectrum is considered as a plausible
candidate to replace wires in industrial sectors especially with the licensed band at 28 GHz anlicéresed

band at 60 GHz [SOL18]. However, wireless communications are unreliable compared to wired links and poor
connectivity can result in delayed transmission or reduced performance. The challenge is thus to ensure Ultra
Reliable and Low Latency Comnuations (URLLC) wirelessly which is critical for industrial applications.

In mmWave communications, Radio Frequency (RF) blockages may occur because of obstacles and moving
objects and vehicles. Spatial diversity is therefore required to prevent thoskldekages [KHO19]. In this
context, distributed MIMO systems, also known as-Eede MIMO, have been proposed to improve the system
capacity of conventional elmcalized systems [BJO20, DAWO06]. With such architectures, the Base Station (BS) is
composed ba Centralized Unit (CU) responsible for the digital signal processing and several Radio Units (RUs)
that are spatially distributed over the cell and responsible for the RF processing of the signals. In this work, we
consider beamforming techniques at tfUJs side to come up with severe path loss of the millimeter wireless
links. The main advantages of the distributed architecture are i) providing an improved coverage thanks to an
enhanced macro diversity and higher robustness to RF blockages and pialedsss and energy consumption
thanks to shorter B8evice distances in average [NGO17, ZHA20]. The uplink signals are received by one or more
RUs which transpose it into the baseband and forward it to the CU for reconstruction. This is known as joint
reception. When it comes the downlink, the CU precodes the signal to transmit to the devices and send the
resulting signals to the RUs for osée-air transmission. The devices thus receive a set of coherent signals to
recombine for reconstruction. It is kmvn as joint transmission. The way to precode the downlink messages
depends on the system. It can be for instance linear schemes likeFdecong or Minimum Mean Square Error

to mitigate the interuser interference in Multlser MIMO (MLEMIMO) [BJO20a].

The capacity of a MIMO system highly depends on the quality of the Channel State Information (CSI). First,
reliable instantaneous CSl is hard to ensure in a MU environment because of possible pilot contamination. Then,
channel aging limits the validity ohé CSI in time. Channel aging results from inevitable residual Carrier
Frequency Offsets (CFOs) and UE motion inducing additional Doppler shifts. This phenomenon is even more
critical in distributed MIMO architectures because the wireless links betweerk aadl the different RUs
experience different frequency offsets. Besides in mmWave communications, because of the large frequency
offsets (both CFOs and Doppler shifts) the channel aging is a significant impairment.

When it comes tgoint-transmission, the UE devices must perform the estimation of multiple frequency offsets

in order to reconstruct the downlink signal. Some techniques based on training sequences exist and some of
them can even approach Maximum Likelihood (ML) perforoeaiz AR08]. However, those iterative algorithms

are rather computationally intensive and are therefore not suitable for devices with limited computation
resources or links with stringent latency constraints like with industrial networks. Based on thisatise we

believe that it is not suited to perform the mu@FO estimation at the UE side. That is why in this study, we move
the estimation at the BS side based on measurements of the uplink signals like in [ZEN18]. Because the respective
contributionsof the CFO and the Doppler shifts are the same on the uplink and downlink [ZEN18], it is thus
required to jointly estimate the CFOs and the Doppler shifts for each link. In this work, we thus propose to tackle
the challenge of frequency estimation in dibuted MIMO architectures. The main contribution of this study is

not about the frequency estimation at the RU level (based on pilot or training sequence) but at the BS level
(based on multiple frequency offset measurements) in order to separate the céspeontributions of the CFO

and the Doppleinduced shifts. For our proposed joint frequency estimator, there is no need for a priori
knowledge on UE motion and there is no condition on channel delay spread. It is a solid contribution with respect
to literature solutions and [ZEN18].
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3.2.2.System model

The BS is composed 6f RUs responsible for the transmission/reception of wireless signals and one CU
performing the signal processing. Each RU is equipped with an antenna array and is able to perform a
beamfaming with beam width . The K devices are equipped with omnidirectional antenna.

In this study, we assume that the antenna array is able to steer its beam in the direction of the maximum received
power, either in Linef-Sight (LOS) or in ndrOS. The niti-path components of the propagation channel are
then filtered out by the RU beamformif®AP15] The received signal is thus only composed of one resolvable
path along withd unresolvable paths. Besides, the RUs are static which implies that thdeb@ffect is due

to the mobility of the devices. However, the AoDs are equal for all the unresolvable paths between'@mdce

RU'Q and therefore the Doppler shift is the same. As a consequence, a simpler propagation channel model with
a unigue unrsolvable path wilbe assumed for the rest of this worlkonetheless, the Doppler shift experienced

on each devic&RU link varies because the AoDs are different.

In addition to the Doppler effect, the frequency shift induced by oscillator imperfectiorstaken into
consideration as wellQ and "Q  respectively denote the CFOs of the RU j and the détGitae system

model for two RUs and two devices is depidteBigure3.2-1. For the RU, a common clock signal can be obtained
with a network synchronization protocol like Global Navigation Satellite Systems (GNSS) or Time Sensitive
Networking (TSN), which is becoming more and more central in industeéahét of Things (I0T). And when the
synchronization provided by the protocol is not sufficient, other etnerair synchronization procedures can be
considered [ROG14]. Therefore, the clock imperfection of the RUs will be neglected for thisQtudy: 1t for

any RUQ

Figure3.2-1 ¢ System model with two UEs.

The resulting frequency offset experiencedtbe uplink path between devic&and the RUQs thus the sum of
the contributions of the deice CFOQ  and the Doppler shiftQ;

305 Q "Q; (.21

The Dopplgr shift expression is giver{3r2-2) where 0 "“Qdenotes the device speed) the carier frequency of
the signalthe light celerity— the AoD of the link anéo the device agular direction

v, -
0 S0t % (3:22)
[N}

When it comes to the frequency offset experienced on the downlink for the same path,0btains the
expression3.2-3).

30, o (3.23)

The overall frequency offset experienced on the link depends on the same terms but with the opposite
contribution for the device CFO. Indeed, as the relative motion of the device with respect to each RU is the same
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for both links then the Doppler shift Bso the same on both UL and DL links. To obtain this expression, it is
assumed that the time interval between the uplink and downlink signals is small enough so that the CFO and the
device localisation remain constant which is a reasonable assumption.

This observation justifies the need of a joint CFO and Doppler shift estimation on each wireless link. It is indeed
required to estimate separately the contributions’®  and™Q;  to properly estimate the overall frequency
offset. We propee in this study, a joint estimation technique based on measurements from the uplink signals.
The resulting estimation of the downlink frequency offgel; can thus be used to compensate the phase
variation of the Channel State Information (G&duced by time delay between the CSI and the DL precoding.

One can observe that the estimation problem can be performed independently for each devicestifimation
problem introduced in3.2-1) can thus be simplified to a singtkevice problem where the indé&s omitted:

3FQ Q Q WE+— %o (3.2-4)

3.2.3.JointEstimation algorithm

U Regression Problem

We am at estimating the device CFQ , the maximum Doppler shiff2 and the anguladirection of
the device%o based on the measurements of the Aobthe wireless uplink signals- at each RU anthe
cumulated frequency shifts"Q

On the one hand, the quality of the measurement for the frequency shifts depends on many parameters: the
signatto-noise ratio of the wireless link, the reference signals (preamble strugtuéd] pilot-based[SPE99]

blind [PANO6]and so on). Given thadur objective is to assess the feasibility and the performance in ideal
conditions, the overall frequency shift measuremdatassumed to be ideal (i.e. the estimation 312 is
noiseless).

On the other hand, the measurement of the AoDs cannot be idedeed, the AoD is measured at each RU
thanks to the anglelomain projection of the signaJZEN18]obtained with the antenna arrays. The
measurements of the AoDs, denoted- are then noisy and the actacy depends of the beam width

v

— — T
wheref  denotes a random noise that we assume followrgferm continuous distributio’» | T¢h ¢ .

The regression problem described(B12-4) is nortlinear and therefore not easy to solve. We propose here a
pragmatic solution to linearize the problem by using trigonometric relations:

s0 0 0 Al AT & 0 OEKOEL (3.25)

The expressiof3.2-5) can be put in the matrix form as well:
;% 3.26
H A (3.26)

1 H 3B BQ N g
N Al @GNQ OE% M s
Ng g AKO2E day ypAT S IPE-

= =4
S 5

Lemma 1Assume thati o, and AoDs—8 h— are independent and uniformly distributed imf* . Then,

f is full rank with probability 1.

As a consequence, whén o1 is invertible with probability 1 ang can be evaluated by applyir{§.2-7):
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n ™A

Finally, the estimation of the three parameters of interests can be expressed as follows:

v

T % AOAH
where® "Qis the ith coordnate of the vecton.

U Analytical Analysis
The theoretical performance of the estimator is discussed ingdgion.

By inserting3.2-6) into (3.2-7), one obtains:
AoORMTARY A SRR AR
0 0
with the jth column® pAT &-MPEF

WhereR M 5

(3.27)

(3.28)

(3.2-9)

(3.2-10)

Lemma 2Assume that AoDs+t8 h— are independehand uniformly distributed intic* . Then, the following

equalities hold withprobability 1

p T T
1 aQest TN
™ To-
p i i
2. 4dQ. -fRH - T TOEH
T T -OE}
By using the above lemma, one gets:
p I
 om SOEL &
O Ney | e &
C . -k
\ —OE+
o " | ¢ QO
It implies that
1 adQo Q Q
1 08  -OElQ

T adQo %o %o

(3.211)

(3.212)

(3.2-13)

It means that the estimator3.2-8) and (3.2-10) are consistent bu{3.2-9) is not. However, by settin(.2-14)

one gets(3.2-15).

CPS4EU CONFIDENTIAL

2477

D2.4 - Propositions for
5G, including URLLC
No 826276

This project has received funding from the ECSEL Joint Undertaking (JU) under grant agreg

evolutioni v2




’ , (3.214)

y (3.2-15)

We have then defined three consistent estimators for the paransetdrinterest(3.2-8), (3.2-10) and (3.2-14). It
means that by cosidering the system model presented (8.2-4) when one collects a large number of
measurements of frequency offsets, the three estimators converge in probatilithe true value of the
parameters independently of the value of the RU beam width

3.2.4.Performance Evaluation
In this section, the algorithm performance is evaluated for practioglementations (i.ewith limited number

of RUs). Three criteria will lmssessed: i) the estimation accuracy of the parameters of interest, ii) the quality of
the resulting channel prediction and iii) the achievable gaite.

Table 1
SIMULATION PARAMETERS
Signal
Center frequency 26.7 GHz
Channel model geometrical approximation based on ray-tracing
Propagation Channel ~ LOS only
CFO 0.1 ppm [15]
RUs
Location Uniformly distributed on a 50m radius disc
UEs
Location Uniformly distributed
Speed Uniformly distributed between 0 and 30 km/h
Direction Uniformly distributed between 0 and 27

An mixed static/moving UE scenario is considered for the simulations with sgretanectivity wding at the
26.7GHz licensed ban@&OL18]rhe channel model and the list of the simulation parameters is given in Table
The algorithm defined ifiZEN18Jwhere UE motion is known) will be used as reference. The comparison with
[ZEN18Hhllows us to evalate theprice to payto estimate the UE direction in addition to the frequency offsets.
For the evaluation performance, the normalized Mean Square Error (nMSEtordi used in this study. Its

expression is remded in(3.2-16) where Z andvare respectively the real and the estimated scalar vabfdke
parameter of interest, |z|depictsthe absolute value of the real z adds the expectation operator.

P 3oy v 2R (3.2-16)
LB

The first performance indicator is the quality of the estimation technique for the three paramefenterest:
the device CFA2 , the device max Doppléf and the device angular directio%o (not for [ZEN18]
because it is known a priori). The results are depictefFigure3.2-2.
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Figure3.2-2 ¢ Evaluation of the estimation accuracy for two possible RU deployments N=4 (left) and N= 8 (right)
([9] is [ZEN18]).

First, one can estimate the relative impact of the numbers of RUs and the beam width on the estimatacgpcc
Indeed, wih a large number of RUs (likgigght)), the constraints on the beam width to satisfy are less tight. It
means that even with large beams, the estimator can provided accurate results. On the contraryediced
number of RUs (like deft)), the beam width must be narrow enough to provide satisfactory accuracy. The latter
case is more interesting because it corresponds to a more practical scenario

It seems worth noticing that the estimators appears to be also consistent whends to 0 for any)  ¢. And,
for realistic values df and NJ| looks to play a more predominant role on the estimator accuracy. This implies
that the quality of the estimation is better improved by narrowing the beam widths than by adding new RUs.

One carpbserve that the estimation acracy of the device directiofomainly depends on the number of RUs.
Indeed fora limited number of RUs (likg,4t is the parameter know with the poorest accuracy. One can therefore
expect larger performance penaltyith the algorithm defined in [ZEN18jith limited number of RUs. To assess
the performance difference between the two estimators, we propose to evaluate the accuracy of the overall
frequency shift at the RU side (including CFO and Doppler shift). The eesulspicted irFigure3.2-3 for 4 and

8 RUs.
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Figure3.2-3 ¢ Evaluation of the estimation accuracy for ttreerall frequency shift for two possible RU
deployments ([9] is [ZEN18]).

First of all, theproposedsolution (with estination of device directiofi provides good estimation of the overall
frequency shifts. As foreseen, the performance penalty with eespo [ZEN18]s larger for a limited number of
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RUs. However, it seems interesting to notice that the performance penalty lowers when the beam wglth
reduced. In other words, for narrow beam widths, thece to payin terms of estimator accuracy tstimate
the device direction as well is negligible.

We can also evaluate the benefits of the proposed method by looking at the resulting average downlink sum
rate per user as a function of the time delay between the CSI acquisition and the MU downladdipge
computation. The objective of this KPI is to observe the effects of channel aging on downlink performance and
to evaluat the robustness of the proposed estimation technique against this effect. The results are depicted in
Figure3.2-4. The expression of the mean stenate T is given in3.2-17) where0 ,0 and0 respectively
denote the powers of the received useful signal, the noise and the interference terms. The noise power if fixed

to ensure &Signaito-Noise Rat (SNRf 20 dB per link, i.e— ¢ 1B. The interference term comes from the

inter-user interference from the zerforcing precoding induced by the error of CSI due to imperfect channel
prediction. The curves corresponding to the “ideal' caseamimgy perfect estimation and channel prediction and

‘no compensation' case, meaning no estimation and channel prediction is performed, are plotted as well for
comparison.
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Figure3.2-4 ¢ Achievable sumnate ([9] is [ZEN18]).

One can first observe that thanks to the joint CFO and Domgsitamation, proposedn our workand [ZEN18]

the performance penldy induced by channel aging lisduced. Indeed, the mean surate is improved with
respect to the “without estimation case™ which means that the CSI has a better validity in time whiok@spr

the downlink capacity. As already stated, the performance provided by the proposed solution is slightly below to
what provides [ZEN18It is expected and is a direct consequence of what we obseémfeidure3.2-2 andFigure

3.2-3. Nonetheless, the gain in performance igl stubstantial for a delay of s, typtal frane duration in 5G
systems, with 127% increase for ¢" 7o tand N=4 or 140% increase for ¢“ 7@ tand N=8 It shows that

when there is no a priori knowledge on UE location and motion, the proposed joint frequency offset estimation
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technique promsed inour workefficiently improve the quality of the CSI and limits the effect of channel aging.
That is a major contribution with respect to stadéthe-art techniques.

Another observation worth making is that it is more interesting to narrow the be#dith than to add extra RUs
to improve the algorithm performance. It makes the proposed solution more scalable and easy to implement for
concrete and realistic distributed MIMO systems.

3.2.5.Conclusion

We proposed a joint estimation technique to cope with thequency offsets in a muttiser distributed MIMO
systems. The proposed algorithm works without any a priori knowledge of user motion and the estimation is
performed at the BS side to keep the device processing as simple as possible. It is a real edviimtagpect

to similar solutions proposed in the literature. The proposed estimation technique has suitable asymptotic
properties and provides significant performance gains with both realistic and practical scenarios. It makes the
proposed solutions amaling for beyond 5G MMIMO scenarios.

In our work strong assumptions have been made (ideal frequency estimates and perfect RU oscillator
synchronization). Those assumptions lead to a simple system model which is interesting for a first approach but
their impacts on the achievable performance will &alyzedand evaluated in a future publication to conside
realistic system constraints.
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3.3. Transferable and Distributed User Association Policies for 5G and Beyond Networks
3.3.1.Motivation and related work

With the significant proliferation of smart connected devices, the cyber and physical spaces are fusing, turning
humans, objects, and events more and more into sources of digital information. As a result, mobile data traffic
is growing exponentially and ware witnessing the emergence of new performasimmanding services such as
online gaming, health, augmented and virtual reality applications. Some of the challenges induced by these
services are being addressed by current fifémeration (5G) wirelessommunication systems, for example
through the adoption of millimetewave (mmWave) technologies as well as massive MIMO and network
densification. However, many technical issues, for instance related tegnegtision manufacturing in Industry

4.0 or holgraphic communications, still remain unsolved or need more efficient solutions in terms of efficiency,
complexity or deployability, pushing towards sixganeration (6G) networks [ECS19]. To address these issues,
among the various solutions under considia, the adoption of artificial intelligence (Al) at the network edge
(edge intelligence) is envisioned. In this scenario, multiple distributgmb¥kred devices can learn and possibly
share their knowledge with each other to optimize some network ytflitnctions and achieve some common

goals [ECS19], [EPEL20]. This is currently enabled by endowing mobile devices with Al algorithm computing
capabilities [YDG19]. In this context, we are interested in adopting edge intelligence to solve the problem of
efficient association between users and network access points. Indeed, user association plays a crucial role in

Y20AtS O02YYdzyAOFGA2ya a AG RANBOGEE FFSOGA GKS ySicg

service. Its optimization is a fidult task, since it generally involves the solution of smmvex and combinatorial
problems with exponential complexity in the number of user devices in the network. Moreover, multiple factors
impact the user association and further make difficult itamagement:

i) the wireless channel dynamics,

ii) the network data traffic dynamics, and

i) GKS dzaSNBQ Y20AfAGE®
This difficulty is even exacerbated in mmWave networks due to severe path loss and high sensitivity to blockage
[ADD17], and in largscale networks de to dense deployment of user equipments (UEs) and base stations (BSs).

Current stateof-the-art solutions of user association are in general not scalable and tangibly lack adaptability. In
particular, such approaches, are often grounded on quite rigaiaptions, such as pr&zed and fixed sets of

BSs and static UEs, favourable channel conditions, absence otdfiten intracell interference, fulbuffer

network traffic. Yet, in dynamic mmWave networks, especially in dense networks, the numbes,othgiE
position with respect to each other and BSs, and the performance requirements of the services they access, are
likely to change over time and are characterized by a high dynamicity. Even in relatively stable scenarios from
the radio channel and da traffic points of view, the arrival in the network or the departure from the network

of one or more users has an impact on the overall network performance, which requires a constant adaptation
of the user association to dynamically guarantee the bessjiae quality of service (QoS). To tackle this problem

of adaptability and scalability, we propose transferable user association policies. Transferability is indeed an
important key feature. It allows transferring the user association knowledge acquir@uki specific scenario to
another one [SJP10], thus, resulting in a significant gain in terms of signalling and computation overhead. With
this feature, a UE that attempts to access a cell can benefit from the already available knowledge of other UEs in
the network to select the appropriate BS, without requiring any additional training procedure of the global policy.
As a direct result, the proposed mechanism adapts well by design to variations in the number of UEs or changes
in the geometry of the networki.e., in their geographical positions, and or to the channels and traffic dynamic.

The user association problem has received a wide attention from the literature. Numerous solutions have been
proposed utilizing different techniques to optimize the netlkquerformance with respect to (w.r.t.) various
metrics [DL16]. In [GAL5], the authors neglect the interference to derive a distributed user association to
maximize the network sumate. A load balancing user association is proposed in [AA19a], with aopuiin

time algorithm to balance the radio resources across BSs. Leveraging alggomatical approach, the user
association is reformulated as a nonoperative game with local interactions in [YL18] and as a matching game
in [AA19b]. These works eithndr A f G2 O2y&aAARSNI SYGANRYYSYid Reyl YAOa
traffic dynamics or are subject to a large amount of signalling. Most recent works on user association involve
machine learning and reinforcement learning to cope with user aationi complexity and the radio
environment dynamics [QM18]LBO08]. In this sense, a deep neural network (NN) architecture is introduced in
[PZ19lthat predicts the user association and power allocation. Similarly, authgrLi2Olhave formulated the
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problem of user association with muitonnectivity as a muHiabel classification problem. All these works are
based on building cumbersome databases, requiring extensive computation, hence resulting unsuitable to large
scale scenarios. To address this éssudistributed user association scheme based on ragkint reinforcement
learning is proposed ifNZ18] Although this solution addresses the issue of the database size, it still lacks
scalability as their proposed NN architecture intrinsically scaliéls the number of UEs in the network. In
addition, the solutions of the statef-the-art either optimize the user association for a fixed number and position

of UEs in the network or devise user association policies, which are not transferable, i.enothiedge of
already present UEs in the network cannot be straightforwardly and efficiently transferred to newly arrived UEs.

In this work, we address the problem of transferability of the user association policy. We propose a novel policy
network archite¢ure (PNA) and learning mechanism to derive a transferable user association strategy able to
address changes in radio environment, including channel dynamics, mobility of UEs as well as the variability of
the number of UEs over time.

In summary, the contbution of this work is foufold:

1 Transferability: in contrast to previous approaches from the literature [NZ18], [PZ19], which require
reconstructing the PNA (i.e., the NN architecture) and an entire new learning process whenever the
number of UEs variesur new proposed solution presents the advantage of being transferable. In other
words, both the PNA and the learned association skills can be transferred to a newly arrived UE that
joins the coverage area, without any additional changes. To achievénttisad of having one specific
policy per UE as in [NZ18], we construct a unique global PNA using the mechanism of attention NNSs,
which can be efficiently trained with the experiences of all UEs. Simulation results show that
empowering our proposed arclgcture with an attention mechanism enables transferability without
any additional loss in performance.

1 Hysteretic proximal policy optimization: we optimize the user association policy using a policy gradient
algorithm, in particular, the proximal policy timization (PPO) framework. However, dynamic channels
and network traffic combined with the simultaneous interaction of agents, make the radio environment
strongly nonstationary, which challenges MARL systems. Hence, to stabilize the learning process and
improve the convergence, we leverage the concept of the hysteretieathing [LM07], [SO17] to
modify the PPO algorithm by introducing two clipping factors that induce a hysteretic behavior in policy
updates. We show through numerical simulations the bé&nef such a method both on the
convergence and the system performance.

1 Zeroshot generalization: in addition and in sharp contrast with existing solutions, the proposed
mechanism has zershot learning capability, i.e., it can actively adapt to the vaitat due to the
departure or arrival of UEs without requiring additional training iterations. For this purpose, we
introduce a UE dropout mechanism, which consists in masking some UEs during the learning process to
enable robustness of the learned policyrw the variation of the number of UEs in the network. We
show that the dropout mechanism further stabilizes the learning process and enables better knowledge
transferability. Also, we show that with this zesbot generalization capability, our algonithcan
quickly adapt to scenarios with mobility.
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3.3.2.System model

Figure3.3-1 ¢ Network topology for 3 SBSs, 1 MBS, and 10 UEs.

Network Model. We consider the system model &igure3.3-1, focusing on downlink communications. We
consider thatd & UEs are located at tim@in a region of the bidimensional Euclidean space, coveredby
mmWave small base stations (SBSs) and &6sGblz macro base station (MBS), to enable ubiquitous network
coverage. We denote by ~ Tdpf8 [) the set of BSs, whemeindexes the MBS, and by pici8 i) o

the set of UEs in the network. We call a wetk deploymenf , a collection of positions of all UEs in the
network:

" 0 w oh oMYA

where® and® denote the coordinates of UEIn deployment  expressed w.r.t. a reference system
common to all UEs and BSs. We deroteP ' the subset of BSs that can be associated witHQIE general,

is strictly contained in , because UBEnay not lie in the coverage area of all the SBSs (howevespnsgider
that the MBS is always n ). Moreover, we assume that each BS can support at mo&tEs simultaneously
and that a UE is associated to exactly one BS at a time. Eé@oB®/unicates to its served UEs using equal
transmit power. In additin, we assume that the mmWave SBS allocates the entire available band to their served
UEs, whereas the MBS equally shares its band across its UEs. Finally, we assume that there exists a central
controller, collocated with the MBS, able to collect and fordvanformation to the UEs in the network.

Channel ModelFor simplicity of analysis, and since we consider a dense regime, we denot¥ wiita size of
the coverage range of SBSs. Thus, a UE can only be associated with a SBS located at most & ¥ distanc
Moreover, we consider that each communication link experiences a smallsddbkagami fading. We u&&o

denote the fading coefficient, which follows a normalized Gamma distributiol — . We assume Rayleigh

fading for UBMBS links, which is special case oft -Nakagami, wherei p. In addition, we adopt the
commonly used Friis propagation loss model [TB15], where the received gowés given as a function of the
distanceQbetween the UE and its serving BS:

0 Q ® O006Q hiv 3"B" B

Here,6 denotes the patHoss constant- is the pathloss exponent, and is the transmit power w.r.t. BS

The gains of the transmitter and receiver antennas w.r.ti B8 O and"O respectively. In addition, we
assume that the UEs and the BSs perform beam steering in advance such that when a communication is set up,
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the useful received power in absence of interference is maximized;@e., 'O and"O ‘O arethe
maximum antenna gain at the transmitter and the receiver, respectively.

/ Serving SBS of :
| RD': the typical UE o

. oo '

---------------- d Wi |
}f | h 0 "/ | Ry interference range |
\ Grnoy B . ..o .cooii 4
\ '. Typical UE -

\‘ \ !

Figure3.3-2 ¢ Cell interference illustration.

Cell interference Since we assume the presence of only one MBS, whibbgonalizes its served UEs by sharing
its band across them, the communication links between the MBS and its served UEs experience neitbell intra
nor inter-cell interference. Therefore, interference is only due to the communications between mmWase SBS
and UEs, as a result of overlapping beams. Let us consider a typical UE @aglatied at a distanc@ from

its serving SBS (say SBSGiven an interfering SE3hat is located at a distanc@, and relative anglg from

this UE, serving 0 other UEs it random directions defined by their relative andle; (seeFigure3.3-2),

we use'Q to denote the interfeence caused by if§th beam towards the typical UE. Thi®, B ‘G is the

total interference incurred by this SBS on the typical UE. Moreover, for sake of simplicity, we assume that the
receiver and the transmitter use the same antenna réidiapattern denoted byO—h , where—is the beam
width and| is the azimuthal angle to the main lobe (deigure3.3-2). Hence, the interference induced by the
communication between th&h SBS and if§th UE and the total interference resulting from SB&re:

Q@ 0 'QO0-H Oy 6Q h
O 0 QO "O-H Ok 6Q 8

Thus, the signab-interference plus naie ratio3 ) . 2 between the typical UR2BSQ which comprises both
intra-cell and intercell interference is defined as:

0 QO 6Q .

B, O 06 f

3) .2

where6 j is the bandwidth allocated to the Uby BSQand( is the Gaussian noise power spectrdemsity.
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3.3.3.Problem Formulation

At time 6, each UEQequests a minimum data rat® o from its serving B®o satisfy a certain quality of service
(QoS),cdl SR KSNB (KS ! 9Qa RI'@a RBE{YI ¥R OT dzBfif tad adhiciipkla dam § R
rate’Y, 0 61 1T @ 3) .;2 ,given by the Shannon capacity of the channel betweerthtE BSQ

is greater thanO 0, i.e.,,’Y; 6 'O 0. Based on this, we consider that at each timethe effective

communication rate between UBand its serving BS equdlIsE T'Y; 6 FO 6 . Hence, we can define anfair

network utility function[RS14hs follows:

YO oY T ETY; 0HO o
n! NS
" s vy e RO
Y O wp Y | Elph—— 0 0
N O o
Y o WY g 000 h
Nt NY
whereq;,  pindicates that UEDs associated with BSotherwisew; mandll ; 0 | Elph—— ~ mip

indicates the QoS satisfaction of {@.r.t. its associated B®which is fully satisfied wheh,

| -fair utility function given ifRS14hs follows:

p."Y i isthe

i p | w h AEIOTATIA p
Vo L i@h Qe p 8
Then, we formulate the user association problem to maximize the network U¥lidy at time 6 asfollows:
i A®o Wi Y ;000
f |
' NY
OOA DAADY miph |'AQ
op Oh 1! mn
Ny

The first constraint indicates that they;, are binary variables. The number of resources available at each SBS is
limited; this is highlighted in the next constraint, by constraining the number of UEs simultaneously associated

with a given SB®to be lower than( . Finally, the third constraint ensures that, in our setting, each UE is

o ph 1@Ys8

associated with exactly one BS.

Depending on the value of, this optimization problem guarantees different fairness criteria in the user

association.

Lemma 1.When|

m Y @ p and the optimization problem is equivalent to the network swate

maximization problem. When © p,"Y @& converges to the proportional fair utility function é(§'§2~li( N

0 € d® and the optimization problem falls into networkrstiog-rate maximization, also known as proportional
fairness user association. AL Hs, Y & approaches maxnin fairness utility function and the optimization

problem is equivalent to maxin fairness user association.

Proof. Proof can be found in [RS18gction 2.2.1. Yy

In the following, we will focus an ™ T1ip , widely used in the literature [DL16], [AA1BR

3.3.4.Proposed Transferable User Association Policy

Taking into account the targeted optimization objective, we derive in this section gutiseassociation policy
capable of solving the user association problem regardless of the location and the number of UEs in the network.
The desired policy must be able to adapt to the departure or arrival of UEs from and in the network, as both
events hae an impact on the optimal user association. To do so, we propose to construct a transferable policy
neural network architecture, invariable with the number of UEs, which can be efficiently trained and then
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transferred to any UE that arrives inthe c@llK A & L2t A0& f SOSNI 3ISa ! 9aQ f20It¢t
information, e.g., from a central controller, which without loss of generality we can assume to be collocated with
the MBS, to optimize the association decisions using a MARL framework.

o~ ™
of(t)
‘ g9(-)
...................................................................... cell side
UE side L
o; (t)
vj(t)
‘ f) \
u;(t)
N
zi(t) g
| @
c;(t)
‘ PPO
Pj[f'}
Action Selector\
L7
Y
- va;(t)
\]\-.

Y

Figure 3.3-3 ¢ UE association policy network architecture (PNA). The model is the same for Ug$afidm

General framework

In this section, we provide a general description of the PNA, whose component design details will be specified in

the following Section. For now, let us denote by & andi o the local and global observation of UEQ

respectivelyi 6 O2 YLINA &aS&a (GKS &S0 2F YSI &adaNBYSyid ardaylfa RANB
device. Instead, depending on the optimization objective and constraints) embeds highetevel information

(macro observations), which can be collectedd dorwarded to UEs by the central controller. Then, in our

proposed framework, each UE starts by building its local state encéting "Q7 o6 and global state

encoding” © Q1 o using differentiable and learnable functioi@f and "Qf ! (i.e., functions with
learnable parameters like NNs). Next, the local and global state encoding are combined together to form the
agent context encodingH 6 using a combiner functioiQt . The role of this combiner function, which is also

chosen to be differenable and learnable, is to build UE context understanding vector, as a representation of its
local and global observations. Now, given the context veitiay , the goal of the learning ageff@t each time

1 One can view this process as a filtering stage, which consists in building a state representation of the input
observations.
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instanto, is to define amssociation probality vectorl o 1 8 N omip withB. /iy  pand

Ng mforal@' ® ¢KSYysS [DQuhich drilespdngds to a connection request towards the BS

indexed by® o in 'is sampled from the distribution characterized thy 1) . Thus, the learning problem

here consists in deriving an association policy that optimizes the corresponding association probability vector

1 0, so that sampling from it maximizes the network utility functigrd . Figure 3.3-3 describes the proposed

tb! ® b20S GKIG Ay GKA& | NOKAGSOQdZNB >andQb ar@commbBw i a & K| |
all UEs. This setting does not preclude UEs from takingyeliff actions as they do not observe the same inputs.

In contrast, sharing the parameters among UEs enables a better skill transfer since there is only a unique policy

(in contrast to having one policy per UE agNZ18), which can be efficiently and simultaneously trained with

the experiences of all UEs in a MARL framework usind F5AJ]

Proximal Policy Optimiation (PPO)In a MARL system, agents learn by interacting with a shared environment
by making decisions following a Markov Decision Process (MDP). In MDP, thexadtiafi an agentn a given
state | 0 leads it to the next statél 0 p and results in a reward 0. From the underlyingxperience
Qo6 Tohdoh oRl 6 p ,the agentlearns its policyf tst, parameterized by, the set of PNA
parameters, where‘ 5 sl is the probability that agentQtakes action in state "2, to maximize an
accumulated londerm 1 -discounted rewardO 0 B r i O over anepisodec¢ a new network
deploymentc of duration™Y:

o AGCA®W 00 8

In our study, we consider the particular case of cooperative MRAR0LS8] i.e., UEs share the same reward, hence,
they are assigned to the same objective of maximizing the netwolikyutinction:i 6 Y 0 . Moreover, UEs
also share the same policy, i.t.5  “- forallQ

In general MARL, an agent has only access to a partial observation 1 oH o of the actual state

"l &, which is unknown, resulting jpartially observable MDP (POMDOBJ017] Moreover, MARL is subject to
non-stationarities due to simultaneous interactions of agents with the environment, which make the learning
proces more complex. In the literature, policy gradient algorithms are used to solve this proRBE13]

We use an actecritic mechanism to iteratively update the policy parametersgo minimize the -clipped
proximal loss function:

fll M I EE"I 6PA1 ED T 7 & h
where Al &hifo | ET A@hohd, 6 ®A  denotes the advantage estimator, which measures the
advantage of selecting a given action in a given state ieagstimate using one step Temporal Difference error

[RSS18} "I % is the probability ratio between the current and previous update.

By introducing the clipping effect, PPO pessimistically ignores updates (possibly destructive) that will lead to high
changes between policy updates.

Hysteretic PPONote that in vanilla P®,T T . However, in multagent environments, an agent should not

be pessimistic in the same way for boplositive (- I p) and negative (- 7l p). In fact, due to the

interaction of multiple agents with the environment and the common reward of the eoafve framework, an

agent may receive a lower reward because of the bad behaviour of its teammates. This may cause the user to
change its policy at the risk to misleading it. To overcome this issue, following the concept of hystézaticiqy

in [LMO7], we introducehysteretic proximal policy optimizatipwhere we usg for negative updates arfd for

positive updates, such that T . In this way, an agent gives more imparta to updates that improve its

policy rather than to ones that worsen it. This setting is particularly important when agents do not have equal
O2yiNRodziA2zy (2 (KS GSHYQa NBSINR FyR F2NJ RSOSYGNT £ Al

Notice that the association policy can efficiently trained in a centralized way with the experience of all agents.
In case a decentralized approached is envisaged, this can be obtained by leveraging the decentralized and
distributed PPO approaches presentedHwW20]

2Note that* 5 sl N, wheren j is theassociatiorprobability.
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On Transferable Policy Architecture: PNA Components Design

In order for the policy architecture to be transferable, an adequate design of the PNA components is required.
Our objective, in fact, is to construatpolicy architecture whose size does not vary with the number of UEs in
the network, which is bound to change over time. In the following, we will describe the main components of
PNA, including the contents of local and global observations, as well abdlh&cteristics of encoding functions

"Qt ,"Qt , and'Qt , which allow the transferability of the policy architecture.

UE Local Observation Encodirig. this study, we assume that at each time step, each(b&n estimate the
received signal strength (R$®Y the corresponding angle of arrival (AoA) w.r.t. its surrounding BSs. We denote
with 2 3 3and] f the estimated RSS and AoA of .r.t. BSQrespectively. Moreover, as [MS20] a UE
receives an acknowledgmenit ¢ /+ ! #)-signal whenever its connection request succeddst (+ p) or is
denied { # + ™), which may happen due to the limited resources available at each BS ¢ththdal in the
problem formulation is given and finite); we call this event a collision. Hence, we define the local state of a UE,
T 0, as follows:

T 0o o phy Rivo pA #6233 , h1y , 8

N

Here,Y i represents the achievable communication rate when'@&associated with the BS indexed by
wo p.

Note that the size of © does not depend on the numbef UEs, in sharp contrast wifiNZ18] Then, we
obtain the& -dimensional local encoding vectdr & Q1 © ,whereQDa © a is a neural network, and
ais the size of the vector obtained after the concatenation of the elemenits io .

Remark 1(Collision events halling) Note that collisions may occur when a BS receives more connection requests
than it can support. In previous work on static user associfiti@20] we severely discouraged collisions by zero
rewarding UEs when collision events occurred; however, here, as the positions of UEs change from one episode
to another, the collision management is consat#y more complex. Agents have to learn that collision events do

not only depend on their actions but also on their relative positions. To handle such a complexity, we consider a
softer solution: when a collision occurs, the BSs send a NACK signdlttJBstof collision, then each BS selects
among the colliding UEs the best ones to associate with, according to their association probability. In this way,
the reward of UEs is not severely zeroed and we directly relate the collision events to the paifirmgance.

UE Global Observation Encodindifter taking an actiontd 6, the controller can encode for UEsome
meaningful global state (i.e. macro) informatibn 6 such as the estimated position of UEs of interfering links,

i.e., of active mmWaw links, the load of each BS, etc. However, one has to notice that embedding more
AYTF2NXIGA2Yy R2Sa y2G ySOSaalNARte& AYLX & LISNF2NXIyOS
thus requiring more exploration to discover the intrinsic statdfan relation at the risk of misleading the agent.

In our scenario, we consider that the information about the actual rate perceived by ea€hndRhe position

of the potential interferers of URi.e., the set of UEs 0, susceptible to impadhe association decision of UE
"Qhrough the interference resulting from their communicatinslence, we define o :

~ v

i o “  whohy v 8

As 0 varies withtime, constructingUB2a 3t 26 t & 01706 & O& Relvghachaliefidng.2 NJ
A naive solution to construét o is to first concatenate all elementsin o, resulting in a vector of size

o AAOA. Then, we obtain the local encoding vectbro "QT o ,where"@n © s is also a NN.
However, such an approach

f has limited scalability, as the size of 0 varies with the number of UEs, especially in the
neighborhood, and
1 requires ordering elements prior to concatenation, preventing from traredfility.

3 Note that in this study, and for the sake of simplicity, we considems the Qnearest neighbors of UR
however, solutions based on local interaction graphs can be considered, where potential interferers can be
identified based on an interference threshold following approadndsrreur! Source du renvoi introuvable.
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Therefore, a efficient solution to the problem should be agnostic of the ordering ind . Moreover, in order
to build a scalable and transferable architecture, the siZé should be also independent of the lengthiof o ,
i.e., the number of UEs in UB Zeighborhood. To satisfy these properties, we adopt ideas frondtitproduct
attention mechanisms developed [AV17] Considering this approach, et "Q * Q" ,and

"Q “ , where' QRQRQ Da © g are also encoding functions (e.g., neural networks), &ndl , and
denote thekey, the queryand thevalueassociated with URrespectively. For a given {{Bve compute for each
UE in its neighborhood a weight (or score) f:

P
) | & ol /EOI—A—.@M‘ 8
< .

N

Here, O1 /EO1 & @he softmax function also known ake normalized exponential function. Let
| RAQv™ . The vector) represents the interaction of UBwith its neighbors. Then, we compute the
encodingl 6& I 33ANBIFGAYy3I It GFfdSaQ AyF2N¥IGAZ2Y FNRY (KS

| | 8

Remark 2.This process can also be viewed as a message passing between UEs. In this case, UEs only need to
exchange their queries and values with each otheéhe neighborhood.

Remark 3By construction, the size @f built as a linear combination of the is invariable with the size of .
That is to say, whenever the number of UEs varies, there is no need to change the PNA.

Now, once weobtain the UE local and global encoding vector, they are merged together to build its context
understanding vectdii.e., its perception of the radio environmefidd Q6 0 hwhered 6 "I 0 §
"I &..This is done thanks to the combiner functidiba © a , which we consider here to be NN.

Finally, note that the association policy can be efficiently trained in a centralized way with the experience of all
agents or in a decentralized way, by leveraging approaches presented in [EW20]. To furtedeanaikg robust
against the variability of the number of UEs over time, we introduce a UE dropout mechanism with rate
corresponding to the Bernoulli probability of a UE to be masked out in a given training episode, thus, appearing
as nonexistent inthe cell for the others UEs.

3.3.5.Numerical results
In this section, we evaluate the effectiveness of our approach in different simulation setups. We assess both the

impact of the learning parameters and radio environment dynamicity on the system perform@fealso
evaluate the zereshot generalization capacity of the proposed framework and hence, its transferability.
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Figure3.3-4 ¢ Simulated TX/RX antenna gaadiation pattern for an array of 10 by H)ements operating at
28 GHZRJIM17]

Radio environmentlIn our simulations, we considé&r  p UJEs randomly located in a-limensional region,

under the coverage af 0 SBSs working at mmWave frequencies with a carrier frequency of 28 GHz, and one
MBS communicating at 2 GHz. We assume that when UEs and SBSs communicate together, they uge the sam
antenna radiation pattern obtained through the analog beamforming showsigare3.3-4. In contrast, the MBS
transmits via a 1-dBi omnidirectional antenna. In addin, we assume that the error in the estimation of the

AoA follows a normal distribution with mean equal to 2°. In addition, in our simulations, we consider three types
of service corresponding to an average data rate dem@nd vkt mtfpru T Mbps. We assumthat the traffic

request of a UEQis a random variable, which follows a Poisson distribution with inter®ity M O o .
Additional simulation parameters can be foundedTiable 3.21. Note that we compute the patloss constant

aso o¥t“"Q , where"Qis the carrier frequency an® o p mmstis the speed of light.

UE action spacesince all UEs share the same policy networlcoincides with the action space. In this way, we
guarantee a fixed action space for all UEs irrespective of plositions. However, a UBan only be associated

. .0 R | . . . . R 1 .
with BSs in® P ° . Accordingly, unauthorized actions or connection requeast® © °~ are redirected
towards the MBS, i.e., they appear as connection requests to the MBS.

Learning parameters specificatioltVe fixed the size of the encoding functians p ¢.yll encoding functions
are composed of only one hidden mdliyer perceptron (MB) of¢ neurons. The network parameters are
optimized using actecritic PPQJS17] where both actor and critic comprise also one hidden layer wih
neurons. All layers use a rdadr linear unit (ReLU) activation. We set the learning rat®o p 11 and the
discounting factof  T&. Unless specified, we empirically fix the clipping factofis to @t pf ™, the
time horizon to"Y ¢ v and the dropout probability ta) T80 L Also, we limit the neighborhood of a UE
to its ‘Qnearest neighbors, wher® p v

Benchmarks As a comparison, we consider the same benchmarks gd$20] i.e., the MaxSNR algathm,

which associates UEs on the basis of links with the maximum SNR, and the centralized heuristic algorithm, which
consists in associating UEs, starting from the links with the maximum SNR, and in an iterative way as long as it
increases the network utiy. Originally proposed ifPZ19] the centralized heuristic algorithm is shown to exhibit

good performance, specifically in interferenlbmited network. Therefore, we use it as adeline solution in lieu

of the optimal solution, infeasible here, due to the network size.

To assess the convergence performance of the proposed algorithm, we define Y 8 o6 Y 8y,
which corresponds to the difference of tlaerage reward over an episode reached by the proposed algorithm
compared to the centralized heuristic approach. For sake of clarity, we plot the associated rolling average and
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standard deviation on @ Tti-sized window, with a logarithmic scale on theas. Also, unless otherwise
specified, we represent on the histograms, the average performancewvemrandom deployments of UEs.

PARAMETERS

Table3.3-1. Simulation paramets [MS20]

VALUES (MACRO CELL)

VALUES (SMALL CELL)

CARRIER FREQUENEY, 2 GHz 28 GHz
BANDWIDTH 10 MHz 200 MHz
THERMAL NOISE, -174 dBm/Hz -174 dBm/Hz
NOISE FIGURE 5dB 0dB
SHADOWING VARIANCE 9dB 12 dB
TX POWER} * 46 dBm 20 dBm
ANTENNA GAINA 1 J 711, 17 dBi / 0 dBi (see radiation pattern)
RADIUS{ 50 m
BACKLOBE GAIN 20 dB
PATHLOSS EXPONEMT, 3.76 2.5
INTERCELL DISTANCE 1.2 'Y
Convergence Properties
Ly GKAa aSOiAz2yz ¢S FAY G2 S@rtdz S GKS FfI2NAGKYQA
1010
0.2 4 —m—¢e; =0.01, &9 =05
e —eg =02
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Figure3.3-5 ¢ Effect of the hysteretic clipping factors on the cengence for networsum rate maximization.
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Effect of Hysteretic Clipping Factors on Convergenas.us start by evaluating the impact of clipping factors
andi on the convergencerigure3.35is obtained fixing  1tin the optimization function an® o6  Hfor
all 'QIt shows the evolution df 0 in two settingsy T &, corresponding to the setting of the vanilla
PPO poposed in[JS17)and our empirically optimized hysteretic setting 18t Bif T@. We show that by
simply introducing a hysteretic effect in the clipping factors, we notably imptiegestability and the learning
performance, reaching the same performance as the heuristic algorithin (@sconverges on average to zero).

—8— Without o (t)

0- g

Using o/ (1)
—10
—20
—30

T |\||||\| |||\\||| T T T T TTTT
10t 10? 10? 104

Number of episodes
Figure3.3-6 ¢ Global information impact on netwodonvergence for networkum lograte maximizatio®

Impact of Global Information on ConvergencElere, we assess the agah impact of the global information

T o for the learning convergencéigure3.3-6 is obtained by fixing pandO 6  Hbfor all'Gand shows

the evolution ofi 6 when UEs have or do not have access to global inforntatiate can remark that o

can effectively help accelerate the convergence of the algorithm. However, aftep 1 episodes, the two

curves eventually end up with the same performance. This last result comes from the fact that the information

(i.e.,” ,"Ov " )carriedor 0 isalso embeddedin © through the RSSIafnd o, although this information

Ad GRNRGYSRéD . & aSLI NI GiAy 658 OKIZNIAKSSNG A2YFLINRRYFS NJYO 8k 20/;
thus the learning speed.

PolicyTransferability Property

To assess how transferable the proposed algorithm is, we consider training the PNA for a reference number of
users,0 p wand for fixed number of beams per BS, o for all"QThen, we evaluate the performance of

the algorthm for different network deployments with a variable number of UES p fp b fg bo 1

AyOf dzRAYy3a OKlFy3dSa Ay GKS !1'9aQ LRaAlA2Yy®

Zeroshot Generalization Capacity.o evaluate the generalization capability of the proposed algorithm, we train
the PNA to ptimize the network sumog-rate, i.e.| p.

“Note that here, the optimization is done for p; however, the same results appliedjto Tt

D2.4 - Propositions for CPS4EU CONFIDENTIAL 4077
5G, including URLLC This project has received funding from the ECSEL Joint Undertaking (JU) under grant agreg
evolutioni v2 No 826276




| I bl TN SN N W B B L bl R T I T 1 L
i ||1l-.m'.=,-nc [ Transf. R],| . ol |Ez||ic1jrisr.ic B Transf. RL |
=3 T | == 7
2% |- 26 |- |
L 253 L
24| 24| B
5 5
= S =
R I LR =
= 2} = 2} .
? o am g 22 $ L
S ol W b = a0 el
o | o | 1= 18.1 1.2 -
18 s 181 —
| 7. | 17.a i
| 16 5. e 16
I e : T = <A
16 - 16 - H i { H i{E4
14 — A= L T e S e
15 20 25 10 15 20 25 30
Number of UEs Number of UEs
(a) NV, = 15 in left figure (ie.. less collision events), N, = 3 in right figure.
K varies.
23 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

|| B Max-SNR |
22 || EE Heuristic B
[ |E Transf. RL ]

21 b .
o} ]
S 5 |

: 18} é
T 18| Z .

= | 2

; Z
]?_ :a.ﬁ‘c‘ué -

_ N7
16 Nz )
s 14.5] EE/ ]

I %ﬂzi ::?

14 S g

2

Number of Beams per BS, N;
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Figure3.3-7 ¢ Generalizability of the proposed PNA to different numbers of UEs.

We remark that the proposed architecture can effectively a&fffitiently adapt to change in the number of UEs

and the number of beams available per BS, without requiring additional training $tepse3.3-7 is obtained

with 0 p und0  ofor all"QInFigure3.3-7 (a), we can see that when the number of UEs doubles w.r.t. the
reference training point fronp uwo o Ttthe proposed transferable a PNA exhibits & Pincrease in network
sumrate compared ¢ the heuristic approach. Moreover, an additional feature of the proposed architecture is
that even when the number of beams available per BS later changes, which impacts the collision events, the
FEA2NRAGKY adGAtf FRILIG& G2 IndeedhipFigured. 7 (), Wikere ivé evaludty thed LIS NJFF 2
performance of the algorithms for differeit ¥ ¢foftfufp fp v, we can observe that @b increases, implyig

less and less collisions singeis fixed, the algorithm keeps outperforming the two benchmarks. Wen
becomes greater thap, i.e,B 0 0 p ythere is no improvement in the sunte as there are enough
beams to serve all UEs.
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Figure3.3-8 ¢ Performance w.r.t. network traffic

Performance w.r.t. Network Traffic. Now we evaluate the system performance w.r.t. network traffic. Here again,
the PNA is trained fob p uo optimize the network summate (11 . Figure3.3-8 (a) shows the case of
full-buffer traffic (i.e.,0 0 p) andFigure3.3-8 (b) the case of dynamic traffic. We remark that in case of full
buffer traffic, the proposed method performs better than the two benchmarks but performs slightly worse than
the heuristic algathm when generalized to p Tand v o ntHowever, when we consider the network
traffic, the proposed transferable solution clearly outperforms the two benchmarks, yieldjmgi@& Pand a

¢ @ o metwork sumrate increase fop o nw.r.t. the maxSNR and the heuristic algorithm, respectively.

3.3.6.Conclusion

In this study, we investigated the problem of transferability of user association policies in dense mmWave
networks. To this end, we proposed a policy network architecture and a learning mechanisem#ide users

to learn a robust and transferable user association policy. The latter is adapted to withstand the environment
dynamics, including fast fading, evolving traffic requirements, and time varying number and position of UEs. Our
proposed solutioris based on deep multigent reinforcement learning, where agents trained by a centralized

O2y iGNRBtfSNI t SOSNI3IS 1 9aQ t20Ft IyR Ll2aarote 3Ift2o0lf 2
proposed novel architecture, the learned policy fmso-shot generalization capabilities and can directly be
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