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Executive surmary

5GDRIVE, an innovative 3donth project, was focused on harmonising research and trials between
the EU and China in the area of service evolution for enhanced Mobile Broadband (eMBB) and
Vehicleto-Everything (V2X). Whereas a significant part of peject is focused on trial and
experimentation, this work package is devoted to research activities. The activities reported were
focused on radio access and RAN, network virtualisation and slicing combined with service
development and deployment. There another project deliverable of the SORIVE project, namely
D5.3, that reports WP5 activities in the area of V2X security and privaeyresearch presented in

this document includes:

1 Approaches related to the improvements of the massive Multiple Inpltltiple Output
(mMIMO) and virtual resource management under the new distributed architecture of RAN,
which consists of the Remote Units (RU), Distributed Units (DU) and Central Units (CU). To that
end, we have looked into RAN performance optimisatioratigpting Artificial Intelligence (Al).
Furthermore, the transport network optimisations and the use of Softwaedined
Networking/Network Function Virtualization (SDN/NFV) optimisations and analogue fronthaul are
discussed.

1 Network slicing enables the aton of parallel virtual telecommunication over a common
distributed cloud infrastructure. In this document, we have focused on analysing the performance
of virtual networks and MANO orchestration, on issues related to network slicing enabled RAN
and on he integration of MEC with-®AN and network slicing.

1 Network virtualisation raises performance issues. We have evaluated the performance of in
software implemented network functions (i.e. VNFs) and assessed their performance.

The WP5 activities have bedinked with WP3 and WP4 activities, and some of the WP5 results
related to performance evaluation of virtual networks and orchestration are reported in WP3 and
WP4 deliverables. Part of the work has been performed in cooperation with Chinese partners.
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1 Introduction

1.1 Context of the deliverable

5GDRIVE was an innovative,-8%nth long project focused on harmonizing research and trials
between EU and China in service eNimin for enhanced Mobile Broadband (eMBB) Vehiole
Everything (V2X) communications. The-BRIVE project was implemented by the consortium
O2YLINRA&AY3I mMT LINIYSNE FNRBY 9! | OFRSYAlIZX AYyRdz
were structured mto three main areas: technical, regulatory, and business objectives. THHRBEE

KFa RSRAOFGSR |y SyGaANB 22N] tFO1F3aS p 062tpho
LYy2@8FGA2yaéded ¢KS FOGAGAGASE 27T ( khitapicstisaNdere LI O |
split into the following tasks:

9 Task 5.1: Radio Access and Transport Netwdithke task activities concerned RAN improvements,
Distributed Massive MIMO and RAN transport issues in beyond 5G mobile communications.

I Task 5.2: Network Virtulization and Slicingwas focused on different aspects of network
virtualization and slicing (performance analysis of the existing concepts, evaluation of algorithms
and definition of beyond 5G network slicing concepts).

i Task 5.3: 5G New Servicaddressesiovelties required at the service level to flexibly provision,
replace, and migrate network functions.

9 Task 5.4Security and Privacy aspects of 5G and the Internet of Vehittiastackles security and
privacy challenges within the complex 5G ecosystem.

The initial outcome of the WP5, covering all the mentioned tasks, is included in Deliverable D5.1. This
deliverable is a final deliverable of WP5 and concerns only activities of Tagk8.5The activities of

Task 5.4 are reported in a companion Delivégad5.3. It has to be noticed that some activities of
WP5 concerning cooperation with Work Package 3 (WP3) and Work Package 4 (WP4) are included in
deliverables of those Work Packages.

1.2 Scope and organization of the deliverable

The main purpose of WP5 is ttevelop and document key 5G improvements to support real
operational scenarios in terms of expected functionalities, as well as scalability and performance
characteristics. There are many technical areas, in which the 5G network can be improved. In 5G
DRVE, we have selected specific topics from different network areas that are described in this
deliverable. The technical areas were used to shape the structure of the document that is following:

9 Section 1(current section) serves as an overall introductionthe document and discusses the
scope of WP5.

1 Section 2iscusses Radio Access Technologies, including:

beam squint exploitation in millimetravave multicarrier systems,

3D beamforming evaluation,

orthogonatSGD based learning approach for MIMO detectoer URLLC,
correlationbased dynamic task offloading for user eneggfjciency maximization,

distributed learningbased edge traffic offloading in 5G networks and beyond,

O O O o o o

distributed learning framework for the resource orchestration in computatioroaffing.
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9 Section 3focuses on RAN transport. It is devoted to:
o0 phasemodulated RoF (Radio over Fibre) for efficient 5G fronthaul uplink,
o flexible and efficient fronthaul by incorporating a combined multiplexing technique,
0 description and comparison of D@Bsisted analogue 5G fronthaul approaches.

1 Section 4focuses on network virtualization and slicing, including aspects of MANO operations.
This section discusses:

o state of the art of RAN slicing,
a proposal of implementation of network slicing iFRA\N,
a proposal of GRAN, network slicing, SON and MEC integration,

the Akdriven RAN resource orchestration for maéthant RAN slicing,

O O O O

network slicing implementation using slice templates, based on the GSMA Generic Slice
Template concept,

o implementation of Dep Packet Inspection function as VNF.

1 Section 5summarizes the outcomes of WP5 that includes standardization efforts, publications
exchange of knowledge between WP5 with other work packages-@RIFE, as well as results of
cooperation in the research aregith Chinese partners.

The conceptual map of topics addressed within the document against the background of the 5G
architecture is presented iRigurel.

______________________ : Network slicing enabled O-RAN

Beyond 5G network | i\ integration with MEC and SON
ici ] : Section 4.3 LTI S
5"‘3'%%’[1”:39(‘;‘0”‘ | e S L ./ | URLLC taskoffloading
[i‘:eciion 4 i] : A 1 ™, : [Section 2.4] '
S R . [ _
/ ' Resource orchestration for |
| multi-tenancy network slicing, . PR ah
p RAN slicing 1 MIMO detection |
' ' [Sections 4.1, 4.2] g over URRLC !
near-RT RIC T I [Section 2.3]
I,,r.' """"""""
S v

! Network slicing Katana | RAN —r-

! implementation ! 1

: [Section 4.5] : 5GC cu DU RRU N

Deep Packet Inspection 7
i VNF implementation )
Section 4.6 L :
______ [] ' Beamforming . r
' [Sections 2.1, 2.2] !
' RAN transport: fronthaul !
H [Section 3] ]
A ——————— o

MEC/Edge task offloading
[Section 2.5]
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2 Radio access

2.1 Beam squint exploitation in millimetrewave multi-carrier systems

To support millimetrevave (mmW) communications successfully, a large number of antennas (in the
2NRSN) 2F Kdzy RNBRa&a 2NJ K2dzil yRao vy SgoRagaiich ar@lS A Y|
scattering losses. Phased array is one of the popular choices due to its low complexity. However,
phased arrays are only a good implementation for narrowband systems, as phase shifters can be
configured at only the carrier frequency. That the configuration of an approximation assuming
phase shifter values remains stationary for all transmission frequencies, as there are practical
limitations, such as the cost of hardware. Then only approximated performance could be obtained at
frequencies other than the carrier frequency, which does not work well for wideband
implementation. If the Angle of Arrival (AoA) or Angle of Departure (AoD) of a signal is not on the
broadside, i.e. not 0 degrees, the beam direction is frequatependent. Any beanthat is
transmitting or receiving over a frequency that is not the carrier frequency gets steered away
(squinted) as a function of frequency. In a wide bandwidth, this results in much smaller gains at edge
frequencies, which is known as beam squint.

Currently, there are only few methods in solving the beam squint issue. True Time Delay§1{13 D)

a hardware solution, suggesting the implementation of TTD circuit elements that would make phase
shifting frequencyindependent eve over wider frequency bands. However, this solution is
undesirable in massive multiple input multiple output (mMIMO), collocated or distrib{@¢das

when the number of phase shifters and antennas is very large, the powesuggtion,
implementation cost and circuit complexity scale make it impractical. Another mefBpdavas
proposed to increase the density of the codebook to combat the beam squint effects, which is more
practical. However, havingery large codebooks can lead to long beamforming times, introducing
latency. Other studies were performed on hybrid beamforming systés[5] and, as such,
introduced extra flexibility into the sfem through a digital precoder. The latency and complexity of
the system could be very high due to the adaptation of a digital precoder, especially in a system with
multiple users. Therefore, it is important to study the beam squint problem and look e m
efficient ways of solving it to reduce the latency introduced by the codetbadsled solution and the
implementation complexity that is associated with the hardware solution. Therefore, this work aims
to minimize the implementation cost of beam squinttigation by studying analogue beamforming,
and a subcarrier to beam allocation scheme is proposed to improve the throughput.

2.1.1 System model

Consider an orthogonal frequency division multiplex (OFDM) mMIMO system Nyithansmit
antennas andV subcarriersdbelledm = 1, 2E , M. TheN, antennas are deployed in the shape of a
Uniform Linear Array, as shown kigure2. The number of radio frequency (RF) chains determines
K2g Ylye dzaSNRQ RI Gl aidNBSI Vidstar©Od. Al adteBnasiatelsbtpiet S R
and of the same shape. Denotg as the wavelength of the carrier frequendy, The distanced
between two adjacent antenna elements is set to be half wavelengthdize</2. AoD or Ao0A is
denoted as’, relative tothe broadside. The angle increases clockwise, and the analytical limit is

‘N —h . We will define a virtual angfe to keep expressions shorter, which is given by:

r OEd (2-1)
Denotel as a phase shift value of tiith antenna elemet The phase shifters are implemented in
a beamforming vector, which is denoted as:

Q K HQ (2-2)
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UE1
i

Broadside &M l‘

Digital to Analog Converter

[

Figure2: Beam squint effect demonstrated in a multiuser scenario.

With the carrer frequencyf., given a target angle—, the goal of a beamforming system is to
maximise the array gain towards angle, which can be converted fo following (1). The goal can
be achieved by setting up phase shifters to ensure all of\{l@tenna elements have the same time
delay for receive or transmit signals at the carrier frequehg¢ywhich is a solution for optimal
implementation cost of the system in a muti@rrier environment. Followinf§], to focuson an angle
[, the phase shifter configuration is given by:

r ¢ ¢Ad AT p O (2-3)

Corresponding to the beamforming vectar for any frequencyf, the ULA response vector at any
angle' is derived as:

Al phA PA HE P G N plp (2-4)
Then, based on the array response ve@gr) at frequencyf, and predesigned beamforming vector,
w, the array gain normalized by the square root of the number of antenna elem&rggyiven by:

cxff —x Af —B A (2-5)
where ()denotes the Hermitian transpose.
2.1.2 Beam squint model

As stated before, phase shifters are designed for the carrier frequency, meaning that they are fixed,
regardless of operatip frequency, within bandwidtfB. This introduces beam squint. Beam squint
can be effectively defined as the ratiof operational frequencyto the carrier frequency,:

vo— (2-6)
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where'Q¥ "Q 61cRQ 67¥c . Then, the fractional banudth is defined as:
b=Bf, (2-7)

and, ¥ p o¥cfp ¢ . Since is dependent orb, any reduction in b will reduce the range,of
available. For example, in a wide bandwidth of 2.5 GHz with a centre frequency 73 GHz (considered
as the carrier frequeng,, varies from 0.9829 to 1.0166igure3 demonstrates that the gain at edge
frequencies is much smaller than at the centre frequency for a large number of antdhra256.

Any frequency corresponding to gaitist are 3 dB or smaller than the maximum gain is considered
unusable for transmission to the user. 6], the array gain derived in {2) is modified for a
subcarrier with a ratig , AoA/AoDy , and beam focsi anglg . This is expressed &, [ [

where:

Qo ——0Q (2-8)

A subcarrier with, at AoA/AoDf has a gain equivalent to a gain for the carrier frequefcat
AoA/LoDr , [. The maximum array gain is achieved by:

§o) i A@ s T 0 (2-9)

It can be seen that at frequendy the maximum array gain is achieved at angle [ 7, , which
makes the beam steer away from the foarsgler when, p,i.e.”Q "Q The beam squint effect
is illustrated inFigure3. As the bandwidth changes, so does the range.d&Vhen the bandwidth is
narrow,, pors,s T, from Figure3, this means that the beamforming gai@ 0 for the
entire bandwidth. As the bandwidth becomes relatively large e.g. cros¥es 0.008 the
performance is optimal for a small range of frequencies around the centitegt the edges, when=
0.9829 or 1.0166, the gain is approaching the gain of the first sidelobe of the same bdagurb2,
these edge frequencies correspond to the dashed beams.

Effective gain towards user at 38°

Ol&rmii)

-3dB £=0.9924 -3dB £=1.008

098 0985 099 0995 1 1.005 1.01 1015  1.02
operational to carrier frequency ratio, £

Figure3: Effective gain across entire normalized bandwidth in a single carrier system256.
2.1.3 Problem analysig€ OFDM system channel capacity

Here, the receiver has only one antenna, and only transmitter beam squint is considered. The
analysis is perfoned on multiple user scenarios, and a single user implementation with multiple RF
chains is studied as a special case. Equal power is allocated across all subcarriers. This is common
under the condition of no channel state information. mmW bands with marbeams ensure a

sparse channdl]. As a result, line of sight (LoS) is assured.

Within bandwidthB, before beamforming, the antenna receiving a signal receives p&weP/K,
whereP, is the total power of the system ari€lis the number of scheduled users. The noise power of
AWGN split across M subcarriers,is —0 . The channel capacity for a multiple user OFDM
system with beam squint at AdDand beam focus angfe is thus:
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Y B -B 11 i (2-10)

where, p ————. Inthe beam squint environment, variabl€s JDand[ j show that the

beamforming gain and focus angle, respectividy a specific user. This specification is important, as,
depending on the user location, the number of beams available for use, e.gkusaties when as
beam squint is stronger further away from the broadside. For comparison, the channel capacity for a
multi-user system with no beam squint denoted Rgsis derived. Based on the single user capacity
obtained in[6] at AoD' , and beam focus angfe , the multiuser system capacity can be simply
times of that achieved in a singleser scenario, as without beam squint, i.es 1 for all users, and

M E "Q E "Q "Q .Thereforethe capacity oKuses is given by:

Y B —lig =2—=% (2-11)
Figure4 shows a comparison of the maximum achievable throughput for the scenarios with beam
squint Rs9 and without beam squt (Ry9 as a function of fractional bandwidth defined in{R
when the number of users in the system is one and three, respectively. As fractional bantwidth
increases, the range of extends, which leads to strengthening the beam squint effect. ush,s
while the gain is constant for thBsscenario, the throughput does not change, however as beam
squint is introduced for theRss scenario, the capacity degrades significantly as the bandwidth
increases. This shows that beam squint effects for watarnunication bandwidths are a significant
issue, especially when there are multiple users.

Maximum Achievable Downlink Throughput

1200

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

1000 r

RBS K=1
800 | Ryes 11
R K=3

600

Throughput, bits/s

400

200

0 0.01 0.02 0.03 0.04 0.05
Fractional bandwidth b

Figure4: Achievable downlink throughput versus fractional bandwidth. Number of antenrma296.

2.1.4 Subcarrierto-beam allocation

When seriadata containing<dza SNA Q RIF GF Sy GdSNJ G6KS GNIXyaviAaairzy

will be distributed to each respective user and their exclusively assigned beams. Due to beam squint
effects, the data transmitted will suffer heavy losses on a higimlver of subcarriers assigned to
each user. Hence in the work, a subcartimbeam allocation (SBA) scheme is proposed, which
acquires information about beam squint and uses this information to maximize the ggéin
towards any given user. The schemepisposed based on the concept of interleaving. The input
data, as the input of every single beam, will be split ackpsd\; beams, and this may result in some
dataofauser,eg.uséE 0SAy3 YAESR Ay 6AGK 20GKSNhemSNAEQ
beam may not be exclusively allocated to one user. Given a user, due to beam squint effects, the
edge subcarriers would have the beams to point away from the user and result in degraded gains. As
the beam pattern is fixed, for the purpose of intaling, given a user, SBA algorithm selécts
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significant beams, according to the information of the number of beams present within an angle
range given by— QN — g h— g ,where:

and’Q*  -h- is the operating frequency relative to the carrier frequency.

Then, interleaving will be carried out among theselected beams for the data of user k. Therefore,
the number of seleed beams,L, would affect the system performance. In the SBA, a gain
difference factor,Q; —, is defined for each beam at Aob-to find suitable subcarriers for

transmission across all chosen beams, which is givépy;by— S , where'Q; —isthe

gain of beamion subcarrierm at a given angle— Each subcarrier that has gain difference factor
higher than a pralefined thresholdey, is stored in a subcarrier gain matrix  "Yoha
 — . After it is generated)Ydt is examined, and the beam with the highest gain on

subcarrierm, denoted byt ; is allocated to usek. Its gain is recorded B4 Yo fo . The
method of allocating subcaars to beams is summarised in Algorithm 1.

Due to the nesting of loops, the complexity of the algorithm for a full user ran@éigM). None of

these variables scales quickly. The number of usable beams for beam squint compensation increases
slowly withN,, number of users that would be available to benefit from the algorithm depends on
their spacing and varies between INkd. M can take a multitude of discrete values that can be
constant depending on the system and it allows for further simplificadiothe complexity to G{Ly).

Using information that is returned from Algorithm 1, it is now possible to rearrange input data to
ensure it reaches the required beam to benefit from the possible gains. A second algorithm is
proposed to meet this goal. If ardered arbitrary serial data séi™ s containingkdza SNE Q R G I
0S YIFILIISR (2 o0Slkvyas 02y @SyidAizylfftes 2yS dzaSND:
beam. In the SBA scheme, using Algorithms 1 and 2 will override the selection, as one user may get
allocated more than one tmm. Then, following Algorithm 1, which has successfully returned a
subcarrier to beam allocation set for each user separately, Algorithm 2 is developed for data
interleaving, which creates a data allocation indication matrix, or the output strédams )

The elemeniQy, j of D takes the value of one if the bealris selected for usek to transmit data on
subcarrierm. Then, this data stream is a modified input serial data set of each user, with all the
information remapped following the ralcreated by Algorithm 1. An input, from X is selected and
mapped to thed,, slot. The final output of the algorithm is interleaving all matri€ggo form the

final allocation matrixD, which has inputsX remapped in an order of ascending subcariiedex

across multiple beams.
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Algorithm 1 Subcarrier to Beam Allocation
1: Initialise subcarrier index m = 1 and user index k
2: Locate number of beams L; within ©, from main beam.
3: for all significant beams [ =1,2,.-., L; do
4 Calculate phase shifter values
5. Apply AF[#] to each phase shifter
6:  Calculate the gain g;[6] )
7. Normalise gain to number of antenna elements %
8
9

Find maximum gain gnee = max gi,m|[f]
for all g; ,,,[f)] m=1,2,--- , M do

10: if e, = 'gfj]i‘g' 100 < e, then

11 Generate a usable subcarrier gain matrix S =
{S[l,m] = @qmnfl.l = 1l,---.Lpm =
1., M}

12: end if

13:  end for

14: end for

15: Choose highest gain subcarriers for beam allocation
Gplm] = m[aX(S[l,m])._m = 1.2,--- ,M,l =
1,2,--- Ly

16: Locate beam indexes corresponding to the gains Gy[m],
A = {lgm = argmax(S[l,m]).m = 1,2,--- M, =
1,2,-++ L} [

17: Return A, G}

Algorithm 2 Data Interleaving

1: Initialise data set X = |J Xz, k=1,2,--- ,K and data
allocation matrix D = 02*M

2: Load Aj from Algorithm 1

3: Insert data into Dy = {d;,, = z,, : 2, € X3, 1, =
Agm,m=1,2,--- M}

4 Interleave data D =S5 | Dy

5: Return D

2.1.5 Simulation results and performance evaluation

A. Bit Error Rate (BER)

When Binary Phase Shift Keying (BPSK) is adopted in the sySigme 5 shows the BER
performance of the systerat frequency fc = 73 GHz and with a bandwidth BW = 2.5 GHz in an AWGN
LOS channel. In this figure, BERpresents the results when no method is used to mitigate the
effect of the beam squint in the system. BERpresents the performance of the propasescheme

when beam squint exists in the system. BERpresents the performance of the system without
beam squint. FronFigure5, an improvement is shown when number of antenids> 64. The
performance under 128 antennas showsskightly better, while the performance has improved
significantly when there are 256 antennas, with an overall gain of 12 dB and only 1.5 dB loss over the
system without beam squint.
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{;,1] N.'gk

BER vs EbN0dB, fc = 73GHz BW=2.5GHz

B. Capacity
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Figure5: BER versus SNR.

In this sipsection, the impact of increasing the number of antennas the system capacity, when the
number of userktakes the value of one and three. AmoK§JES, one is selected as a reference UE.

In the simulations, user location is randomly generated inthe rahde wn <~ kHB8 FT2NJ GKS
GKAETS GKS 20KSNJ ! 9a KFER GKSANI LlRaAitAazya asSa Gz
A0SYFNA2S AYy GKAOK LISNF2NXIYOS Aa aAIYyAFAOF yif:

locations ensure that the three adjacent beams would be signalling towards the three users with
maximum gainskigure6 shows, with a different number of users in the system, how the number of
antennas affects the averaged throymit over different UE locations, as the performance over the
entire direction range is similar to the proposed algorithm. When Algorithms 1 and 2 are applied, the
capacity increases significantly as the number of antennas increases, as shown by théeord8it
single user and RS mulliser inFigureb.
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Figure6: Achievable throughput versus the number of antenna elements.
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2.2 3D Beamforming

3D beamforming technique is attractive massive MIMO wireless commigations owning the
beneficial capability of controlling the strength r@diation field energy in different directions in the
spatial domain. Performances of 3D beamforming in wireless communications obviously rely on the
properties of the beam pattern.HErefore, it is of importance to investigate in depth the properties
and applications of 3Dbeamforming, analysing system performance of massive MIMO
communications, and evaluating the actual performance through field trials.

2.2.1 Application scenario

Due to utra-high data rate transmissionsyé¢ coverage area & 5Gbasestation (BS), named next
generation nodeB (gNBhould be much smaller than that of the 88. In particular, in dense areas,
where there are a number of higlise buildings, the gNB must quide services through 3D
beamforming Figure7 shows one application scenario, where there are high buildings served by

5G massive MIMO, which provides 3D beams not only horizontally, but also vertically. Each vertical
layerof the formed beams covers a number of floors in a high building. Thus, to cover the whole
hightrise building, multiple layers of beams are required.

- "Ek.

=

&

Figure?7: 3D beamforming application scenario

In order to study the 3D beamifming, linear horizontal and vertical arrays will be described in the
following sections.

2.2.2 Linear arrays

First, we present the horizontal linear array. For each linear horizontal array, the spacing between
two antenna elements igl, =0.5/ , where / is the RF signal wavelengtk.and ¢ represent the

number of horizontal antenna elements and an angle of departure (AoD) at the horizontal plane.
Assuming that each antenna element is weighbgda weighting factor, the normalized array factor
of any horizontal beam, where n =1, 2, &, is given by8]:

sin((i“pN sing

A(q) =

Nsin(%p sin @ e i)
/ N (2-13)

where B, is given by:
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f — & (2-14)

Second, we present the linear vertical array. In practice, the vertical angle of coverage should be
smaller than the horizontal angle of coverage. Therefore, fewer layers of vertical beams may be
considered. Assuming there ate vertical axtenna elements with the spatial separatioD.83
between two adjacent elements. The L antenna elements are dividedMrgab-arrays (equivalent
units), with each sularray consisting ol / M antenna elements. Note that each sabray is
weighted with one phase angle (one RF chain). Assuming that eaelirrsybhas three antenna
elements (i.eDF0 o, the spatial separation between two equivalent unitis 1@ gt 070

™ gto ¢8 w Assuming that” represents an AoD at the vertical, the normalized array factor

of any vertical bearm, m=1,2, & Kb, iS given by:

sin((ijM sin - . H
1 WL( J

m (2-15)

B.(f) =

M sin(c/lvp sin £

where b, is given by (24) with substitution ofN and n with M and m, respectively,W, (f)is a
window function depending on the numbdt, of each equivaldrelement and given bi9]:
_|sin(0.8%L sinf)

W) =| =
08&7L Sin (2_16)

When L=1, W, () =1 for vertical AoD, which is a constant window functidiigure12 shows the

beam patterns folM=4 and L=12. It can be seen that for four equivalent antenna units, the four
vertical beams may cover 2iegree angles.

o

< 30
X o
X 12
[X]
A 4 §
0.8\ ;‘ 0
A X o
X 12
X
X
X .
-30

Figure8: Equivalent vertical antenna stdirays, four suarrays (4 RF chains) with three antenna
elements in eaclsub-array.

2.2.3 Rectangular antenna arrays
The conceptual block diagram of the rectangular antenna arrays used in WP3 is sHeguréi 3.
The rectangular antenna array structure has 32 antenna elements (4 rows and 8 columns)a8ince e

subarray has 3 vertical antenna elements, the rectangular array has 96 antenna elements in total.
Each sukarray is connected to one dedicated RF chain, and there are up to 32 RF chains.
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Figure9: Rectangular antenna configuration (4x8 salray configuration)

WhenL /M=3, the space between two adjacent sabrays is 2.& By considering downlink digital
beamforming similarly to the Butler method, 32 satrays may form 32 beams with four rows
(vertical) and eight columns (horizontal). The normalized array factor of any 3D beam is given by:

Cnm = A1(q) m( J (2_17)

Figure10 illustrates the beam pattern generated according tel@. In the vertical plane, all the
beams are within 24 degrees, while in the horizontal plane, all the beams are within 120 degrees (or,
typically, one sector)The vertical range of 24 degrees may cover the most realistic scenarios for
building coverage. If each beam supports one user, 32 users may be supported by this complete
MIMO architecture. Further, if antenna polarization technology is yS¢deach beam may support

two users through the two polarizations, and the number of users may be doubled so that 64 users
may be supported by only using the spatial domain.

(a) One vertical layer (b) Two vertical layers (c) Four veital layers

Figurel0: Complete beam patterns, (a) one layer of vertical beams (1x&rsay configuration), (b): two
layers of vertical beams (2x8 salray) configuration, (c) 4 layers of vertical beams (4x8astdy
configuraton)

2.3 OrthogonatlSGD based learning approach for MIMO detection over
URLLC

Detection of multipleinput multiple-output (MIMO) signals through machine learning (ML) has
demonstrated remarkable advantages in terms of their strong paraitetessing ability, apd
performancecomplexity tradeoff, as well as selfptimization with respect to the dynamics of
wireless channel$l0]. More remarkably, datariven ML approaches are modeldependent, i.e.

© 2018- 2021 5GDRIVE Consortium Parties Page26 of 121



L

D5.2:Final report of 5G technology and service inatbans

they learn to detet signals without the need of an explicit model of the signal propagation, which
have been reported in our previous work in DBL1] and other publications ifiL2], [13], [14]. This is
particularly useful for receivers to reconstruct signals from random nonlinear distortions, which are
often very hard to handle with harengineeredapproaches. Meanwhile, Massisted wireless
receivers can also be modetiven, which can take advantage of the model knowledge to mitigate
the curse of dimensionality problem inherent in the deep learning procedure. Moreover, ML and
handengineered approehes can work together to form a synergy when conducting signal detection.

Despite already numerous contributions in this domain, there are very few results that have been
reported so far, concerning the wireless channel ewaiming problem. More specdally, current
ML-assisted receivers are trained mainly for a specific channel model, such as the MIMO Rayleigh
fading channel. However, a receiver that is well trained for one channel model is often teo sub
optimum or even unsuitable for other channel nalg. This is also known as the training set ever
fitting problem in the general artificial intelligence domain. In the literature, there are a couple of
ways to handle the ovetraining problem. One approach is called continual learning, which aims to
inject new knowledge without forgetting previously learned knowledge. Consequently, machines will
always adapt themselves to be better optimized for the latest training samples (i.e. new channel
models in telecommunications). The other approach is called #adk learning, which aims to
improve all training tasks simultaneously by combining their common features. These approaches
have already achieved promising results in traditional ML applications, such as natural language
processing or image/video recogioib; however, it is still not clear whether these approaches can be
costeffective to handle wireless channels that are random, continuous, and infinite in their states.

In this subsection, we introduce our initial results of a novel algorithm to tacklevireless channel
overtraining problem when machines learn to detect communication signals in MIMO fading
channels. The basic idea lies in the discovery and exploitation of the orthogonality of training samples
between the current training epoch and pdsiining epochs. More specifically, theS&D algorithm

does not update the neural network simply based upon training samples of the current epoch.
Instead, it first discovers the correlation between current training samples and historical training
data and then updates the neural network with those uncorrelated components. The network
updating occurs only in those identified null subspaces. By such means, the neural network can
understand and memorize uncorrelated components between different trainingstés.g. channel
models). This idea is evaluated for the artificial neural network (Adgkisted MIMO detection with
various channel models. It is shown, through computer simulations, thR8GO is very robust to
channel model variations as well as SNRatians.

ML signal detection faces great challenges when the MIMO channel matrix is randomiyatipigg;

as in this case, the set of possibly received signals becomes infinite. More seriously, the randomness
of the MIMO channel will result in the charine | Yo A 3dzA 1&é> A PSP GKS NBOS
correspond to various combinations of the channel matiand the transmitted signal bloakeven

in the noiseless case. In this case, ML is not able to conduct signal classification since tloa bijecti
between w and @ does no longer hold. Theoretically, the channel ambiguity can be resolved by
feeding the machine with the full channel knowledge, i.e. the input to the -Abdisted MIMO
receiver consists of the received signal block y as well ashitwenel matriXOor more precisely, its
vectorequivalent formQ which is often called the datdriven approach. However, the dimension of

the "Odefined training input grows much faster than thedefined training input, and this could

result in ineffitent learning at the ANN training stage. In this regard, the mddeken approach
demonstrates remarkable advantages by replacing the received signal block y with its matched filter
(MF) equalized versiol® wand the channel matrifOwith the corresponding versioriO "Q cf. the

block diagram of the ANBIssisted MIMO detection iRigurell. By such means, the growth rate for

both inputs is largely scaled down.
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Figurell: Block diagram of the AWassisted MIMO detection.

The basic idea of the proposed algorithm lies in the discovery and exploitation of the orthogonality of
the training samples between the current training epoch and previous training epochs. Specifically,
the algorithm does not uglate the neural network simply based upon the current training input.
Instead, it discovers the correlation between the current training samples and the historical training
data. By such means, ANN can understand and memorize uncorrelated components rbetwee
different training data set.

The proposed algorithm is demonstrated through simulati@sed experiments here. Our computer
simulations are structured into three experimenExperiment laims to demonstrate our hypothesis

on the existence of the chann@lvertraining problem in ANMssisted MIMO signal detection.
Experiment 2and Experiment 3evaluate the performance of the conventional SGD algorithm and
the proposed G5GD algorithm by training multiple tasks sequentially and simultaneously in the time
domain, respectively. The size of the MIMO systemy-8, and QPSK modulation is considered at
the transmitter side. The key metric utilized for performance comparison is the average BER over
sufficient MonteCarlo trails of multiple block fading chanseMoreover, the signgab-noise ratios
(SNR) is defined as the average received informatioern®tgy to noise ratio per receive antenna
(i.e.Bo/NO).

Figurel2: BER as a function of Eb/NO for Alld¢isted MIMO signal detectioANN is trained for the Rayleigh
fading channel (i.e. K = 0) and evaluated under various channel models.

Experiment 1 In this experiment, an ANA&ksisted MIMO receiver optimized for the Rayleigh fading
channel (i.e. K = 0) is evaluated under multipleeotthannel models. The aim of this experiment is to
demonstrate the existence of a channel oweining problem in ANMssisted MIMO signal
detection. Moreover, the training is operated Bb/NQ = 8 dB with a midAbatch size of 500, as the
above configuraons are found to provide the best performance.
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