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Abstract: This article provides an overview of the fifth generation of cellular communications
{53) and beyond. It presents the transmission techniques of current 3G communications and those
expected of future developments, namely a brief study of non-orthogonal multiple access (NOMA)
using the single carrier with frequency domain equalization (SC-FDE) block transmission technique,
evidencing its added value in terms of spectral effidency. An introduction to the sixth generation
of cellular communications (6(:) is also provided. The insertion of 5G and &G within the Fourth
Industrial Revolution framework (also known as Industry 4.0) is also dealt with. Consisting of a
change in paradigm, when compared to previous generations, 5G supports a myriad of new services
based on the Internet of things (IoT) and on vehicle-to-vehicle (V2V) communications, supporting
technologies such as autonomous driving, smart cities, and remote surgery. The new services
provided by 5C are supported by new techniques, such as millimeter waves (mm-wave), in addition
to traditional microwawve communication, and by massive multiple-input multiple-output (m-MIMO)
technology. These technigues were not employed in the fourth generation of cellular communications
{4G). Whale 5C plays an important role in the initial implementation of the Fourth Industrial
Revolution, 60 will address a number of new services such as virtual reality (VR), augmented reality
{AR), holographic services, the advanced Internet of things (loT), Al-infused applications, wireless
brain—computer interaction (BCI), and mobility at higher speeds. The current research on systems
beyond 5G indicates that these applications shall be supported by new MIMO techniques and make
use of terahertz (THz) bands.

Keywords: 5G; 65G; NOMA; Industry 4.0; massive MIMO; mm-wave; loT

1. Introduction

The Fourth Industrial Revolution considers the replacement of humans by machines in certain
tasks, or the development of new or more efficient tasks. Making use of robots and artificial intelligence,
the Fourth Industrial Revolution is already deeply modifying society and organizations [1]. As seen in
Figure 1 the Fourth Industrial Revolution comprises other parameters besides robots and artificial
intelligence [2]. Robots need to communicate and to sense the environment (using sensors and
communications), for which the Internet of things (IoT) is employed (all over the Internet protocol (IF)).
The IoT generates massive quantities of data (big data) that will be processed with artificial intelligence
to generate knowledge; that is, the data supports human decision-making, as well as decisions made
by the robots. [3]. These new technologies will originate a deep modification of society with great
impact on the human way of life, as well as on the employment market [4].

Appl. Sci. 2020, 10, 7091; doi:10.33Myapp 10207091 www.mdpi.comfaurnalfapplsci
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Abstract: The aim of this article is to study the conventional and cooperative power-order Non-
Orthogonal Multiple Access (NOMA) using the Single Carrier with Frequency Domain Equalization
(SC-FDE) block transmission technique, associated with massive Multiple-Input Multiple-Output
(MIMO), evidencing its added value in terms of spectral efficiency of such combined scheme. The
new services provided by Fifth G ion of Cellular C cations (5G) are supported by new
techniques, such as mill waves (mm-wave), alongside the ¢ ional centi waves and
by massive MIMO (m-MIMO) technology. NOMA is expected to be incorporated in future releases
of 5G, as it tends to achieve a capacity gain, highly required for the massive number of Internet of
things (IoT) devices, namely to support an efficient reuse of limited spectrum. This article shows
that the combination of conv I and coop ve NOMA with m-MIMO and SC-FDE, tends
to achieve capacity gains, while the performance only suffers a moderate degradation, being an
acceptable alternative for future evolutions of 5G. Moreover, it is shown that Cooperative NOMA
tends to outperform Conventional NOMA. Moreover, this article shows that the Maximum Ratio
Combiner (MRC) receiver is very well fitted to be combined with NOMA and m-MIMO, as it achieves
a good performance while reducing the receiver complexity.

Keywords: NOMA; massive MIMO; SC-FDE; mm-wave; 5G

1. Introduction

The Fourth Industrial Revolution, comprising the replacement of humans by machines
in certain tasks, is originating deep societal, organizational and corporate changes, in areas
such as industries, agriculture, mobility (with special focus on autonomous vehicles), home
safety and automation, lawyer and medical advice, etc. [1]. These modifications are being
carried out making use of technologies, such as robots, artificial intelligence, big data,
Internet of Things (IoT) or 3D printing [2]. Appendix A contains a list of acronyms that can
be used for clarification.

5G represents a change of paradigm when compared to previous generations. These
modifications aim to give a strong contribution, from the cellular communications point of
view, to the implementation of the Fourth Industrial Revolution. One important novelty of
5G relies on the implementation of three use cases to provide different services. Moreover,
while previous cellular generations comprised communications always established through
base stations, 5G allows direct communications (device-to-device), which is especially
important to support loT, widely used, e.g., in smart cities or autonomous vehicles.

As can be seen in Figure 1, 5G communications comprise different groups of use
cases in order to support different services: Enhanced Mobile Broadband (eMBB), massive
Machine-Type Communications (mMTC) and Ultra Reliable Low Latency Communications
(URLLC). These groups of use cases support the concept entitled network slicing, which
aims to provide to different users the requirements of the services that are being utilized.
For example, autonomous vehicles require communications that are highly reliable and
almost real-time, which are supported by URLLC. On the other hand, smart cities require

Appl. Sci. 2021, 11, 3541. https/ /doiong/10.339%0/app11083541 https:/ /www.mdpi.com/journal fapplsci
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Abstract: This arficle studies the power-ordersd Mon-Orthogonal Multiple Access (NOMA)
techniques associated with Low-Density Parity-Check (LDPC) codes, adopted for use in the fifth
generation of cellular communications (50). Both conventional and ooperative NOMA are studied,
associated with Single Carrier with Frequency Domain Equalization (SC-FDE) and massive
Multiple-Input Multiple-Chatput (MIMOY). Billions of Intemet of Things (loT) devices are aimed to
be incorporated by the Fourth Industrial Revelution, requiring more efficient use of the spectrum.
NOMA technigques have the potential to support that goal and represent strong candidates for
incorparation into future releases of 3G. This article shows that combined schemes sssociated with
both conventional and eooperative LDPCcoded NOMA achieve good performance while keeping
the computational complexity at an scceptable lerveel.

Keywords: NOMA; LDPC; massive MIMO; SC-FDE; 506G

1. Introduction

The Fourth Industrial Revolution consists of the revolution of robots. Artificial
intelligence is wtilized to support the decision-making of robots, namely, Lo process a large
amount of data (big data) that is generated with high data rate communications and using
a wide variety of sensors and Internet of Things (loT) devices. The Fourth Industrial
Revolution is already deeply modifying humans and society in a myriad of areas, such as
economy, mobility, housing, teaching. health, agriculture, medical and lawyer
counselling, defense, wildlife monitoring, etc. [1,2].

From the communication and loT point of view, the fifth generation of cellular
communications (3G} was designed to offer the services required by the Fourth Industrial
Revolution, representing a maodification of the paradigm when compared to previous
generations. One novelty of 5G relies on the ability to support direct device-to-device
communication without requiring a base station, which is needed to support loT dewvices
required for autonomous vehicles, smart logistics, and smart cities. Moreover, as can be
seen from Figure 1, to support different services with the required reliability, 3G is split
into three groups of use cases: Enhanced Mobile Broadband (eMBB), massive Machine-
Type Communications (mMTC) and Ultra-Reliable Low Latency Communications
(URLLC). These three groups support the network slicing concept, which aims to provide
diverse requirements for different users. For example, smart cities employ an extremely
high number of devices with low power consumption, which is supported by mMTC. On
the other side, autonomous vehicles require communication that is highly reliable and
almost real-time, which is supported by URLLC.

Appl. 5. 2001, 11, 8684, hirpsyffdol oeg 1 0390 appl 11 85684 wwrw.mdplcomfournallapplsc
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Abstract: This is a tutorial on current techniques that use a huge mimber of antennas in intelligent re-
fecting surfaces ([RS), large intelligent surfaces (L1S), and radio stripes (RS), highlighting the similar-
itiees, differences, advnnlagr_ﬂ, and drawbadks. A nlmparirﬂ.ln between IRS, LIS, and BS is Perfomu:d
in terms of the mmplementation and capabilities, in the form of a tutorial. We begin by introducing
the RS, LIS, and RS as erc:rmul.ng Ixhnul.(:gieﬁ bor & G wineless E:hmlluﬁy. Then, we will look at
heirww thes three notions ane applied in wireless networks. We dsouss various pech:-rmanc\e indicators
and methodologies for characterizing and improving the performance of IR, LIS, and ES-assisted
wireless networks. We cover rate maximization, power :un:iumprinn reduction, and cost impll.-men-
tation comcerns in order to take advantage of the performance increase.  Furthermone, we extend
the discussion to some cases of etrmt;i.ng use. In the dmipti[ln of the three comoepts, IES-assisted
communication was introduced as a passive system, considering the capacity/data rate, with power
c:Ftimiz.nﬁnn]ring an .:ldv.:ml:agr, while channe] estamation was a d‘ul.l:nae. LI% 15 an active compo-
nent that goes beyond massave MIMCY, a recent study found that channel estimation issues in RS
had ilnpr:l»\ed.. In ctrm'pari.-um o IRS, :.:p.tril}- enhancement is a hilthigh:, and user inferference
showed a trend [Ird.l:ﬂEﬂ.‘iinE. However, power c(ln.-iumptiun due Eor utilizi.rqq power amplif‘iﬂs has
restrictions. The third bechnique for i.n-rruxing coveTage is coll-free massive MIMO with RS, with
easy deployment in communication network strocheres. It is demonstrated to have suitable energy
eHi:ien:}' and power consumption. Finally, for future work, we hrﬂwrpnrpcneexpmdinglhe con-
versation to include some cases of new uses, such as :umple'x.il}- reduchion; d.c:nign and simulation

with LD code could be a sohation to decreasing complexity.

Keywuords: IES; LIS; B5; 610

1. Introduction
1.1, Mativation

The fifth generation (5 G) telecommunications network structure has been developed
and deployed. With the increasing popularity of Internet of Things (IoT) adoption among,
users, itis urgent to upgrade the existing working network to 6 G [1]. While improving
the new design, attention to the needs of the users is expected. It includes increased capac-
ity, higher data rates, increased bandwidth, less interference, the highest quality of service
{Q05) for users, and low-cost implementation for operators [2]. This optimization is created
on the side of the base station by increasing the number of antennas using MIMO, cell-free
MIMO technology, and also using low-power small cells in a dense network. Therefore,
designers are looking for three new techniques—IRS, LIS, and radio stripes—to deploy
in the network. Intelligent reflecting surfaces (IRS) have piqued the interest of academics
and businesses as a possible early-stage technology [2]. Usually, a wireless cellular com-

:N:i"‘““ roasngfcensesit! munications network uses transceiver end-point transmission techniques to limit or use
Appl Sci. 2023, 12, 126%. hitpssfidod org/10 3350 appl 2241265 hetpssifwww mdplcomfjowmalfapplsc
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Abstract: This article Mudiu].arg\e mrdligentﬂtmmtushalnngm:h S'mgln’_'arria with ]"requmc\'
Diommain Equalizal.‘icm (SC-FDE], uﬁl.i:ing Ln:val:nxil:!.' [‘:ril:}'-ﬁ'_'hu:HLDI"(.'h. Four different receivers
are studied in the scenarios described above, namely Equal Gain Combining (EGC), Maximum Ratio
l.'.'-:smbini:lwi.\lk(_'], Zero Fnrcing (ZF), and Mindmuom Mean .‘9'-c|1:|ar\ed Error (MMSE). The results of
this article show that the use of LDPC codes leads to an improvement of performance by about 2 dB
for a 4825 LIS system and by 3 diB for a 4XZ25 LIS system, as compared to similar systems without
LT codes. Moreoves, for all simulations, the MMSE recetver achieves the best overall pctfnnn:mce,
while BGC performs the worst.

Keywords: 60; LDIC; LIS systems; SC-FDE

1. Introduction
1.1, Motivation

The future of communications is going to become intelligent and interactive as it tries
to make human-made surfaces electronically active, improving wireless communication.
In this regard, the emergence of the Internet of Things (IoT) and billions of terminals that
require access o wireless communications have made researchers put a lot of effort into
solving communication problems [1]. s-MIMO (Massive MIMO—Multiple Input Multi-
ple Cutput), UM-MIMO (Ultra Massive-MIMO), and ELAA (Extremely Large Antenna
Arrays) are three of the most significant developments in communication system design
in recent decades, and they have significantly improved data rate, network capacity, and
performance. In this regard, the LIS concept can be viewed as a beyond-massive MIMO in
a telecommunications network with increased capacity and data rate, where the number of
antennas is even higher.

Traditionally, wireless communications are established in the far-field, that is, with
propagation distances beyond the Fraunhofer distance (the Fraunhofer distance is only
a few wavelengths). The LIS system comprises several panels, and each panel includes
several antenna elements. The LIS system acks as a near-field beamforming; that is, the com-
munication is established behind the Fraunhofer distance [2,3]. In this case, the individual
array elements are in the far-fleld but mot the array as a whaole. Consequently, the focus is
established not only in the bearing and elevation planes but also in the distance dimension.
This allows for the reduction of interferences between users that are aligned but located
at different ranges, bringing another advantage, as compared to traditional beamforming.
The typical distance between the anterna elements is A /2. The channel correlation betwesn
the antenna elements allows for the creation of the above-described bearm.

Appi. 5oi., 2023, 15, 4738 hitpsc/ fdiol.org /103390 appl 3084738
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Transmission Technigues for 6G
1. The Digital Transformation

What is “Digital
Transformation”?

 Analog Electronics (Fourties) h 3rd Industrial

* Phase 1: Digital Electronics (Eighties) — Revolution

e Phase 2: All-over-IP - Information Age ,, TH

* Phase 3: Automation | | 4th Industrial | Industrial
Revolution - Knowledge Age ~ Revolution

* ChatGPT versus static information



Transmission Technigues for 6G

1. The Digital Transformation

The 4th Industrial Revolution is characterized by the
massive use of Robots, as well as Artificial Intelligence, Big
Data, Internet of Things, 3D Printing, Quantum Computing.

More efficient use of the Resources.

These technologies potentiate the replacement of Humans
by Robots in diferent areas.

* Some Jobs disappear, others are created, requiring a great
human adaptation to this new Paradigm.

 Knowledge Age — routine decisions are implemented by
machines.

 Scientific, technical and human skills, critical thinking,
emotional intelligence, abstract thinking, became more
important assets than tangible goods.

* Corporates are becoming capital-intensive.

11
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1. The Digital Transformation

ndystrial Revolut

* Massive loT & 5G

* 5G is disruptive: not only higher throughputs and
lower latency - Introduction of Machine-to-
Machine Communications - point-to-point (loT),
instead of through Base Station.

* Speeds up to 20 times higher (20 Gb/s) & latency
10 times lower (than 4G).

* Big Data

* Consists of the generation of massive quantity of
data, structured or not, which can be processed by
Artificial Intelligence to generate Knowledge.

* Robotic & Artificial Intelligence
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1. The Digital Transformation

loT in Smart Farming

(Prerision Farming)

Cybersecurity, but witl
Cybersecurity Solution

SMART HOME
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2. 5G Communications

* Disruptive: Not only higher throughputs, but IOT-

oriented, W/OUt base station, increased

lower lattencies Massive MIMO,

Capacity, and
Millimeter Waves & V2V

 Capacity: Up to 15 Tbps/km2 Indoor environment.

eSpectral EffICIenC/y:
eDownlink 30bit//s Hz - services require more in the downlink
eUplink 15bit/s
Power, and lower number of Tx antenas, ...

*Main Differences: 3 Use Cases — Improved Resilience of
services (Network Slicing, ex: Virtual Reality, autonomous
vehicles & smart citiesL:
*(1) Normal + Higher Speed,; .
*(2) Terminal-to-Terminal = Internet of Things &
Security (Tetra)
¢[2.1] Sensitive to delay and very reliable
(Communication & Sensors) = Edge Computing
052.2] Smart Cities) = one million devices per square
kilometer, and each device should have up to 10 years of
autonomy or more [ITU]

Hz - uplink is the bottleneck, due to lower Tx

Massive Machine-type
communications
(mMTC)

——

Enhanced Mobile
Broadband (eMBB)

Ultra-reliable Low-

latency Communications

(URLLC)

T - R s e B el
©
Internet of Things
Capabilities 5G 4G
Peak Data Rates 20 Gb/s 1 Gb/s (downlink)
(downlink)
Experienced Data eMBB 100 Mb/s 10 Mb/s(downlink)
Rates (downlink)
Mobility Speed 500 km/h 350 Km/h
Connection mMTC 1 million devices 100,000 devices per
Density per Km? Km?
Latency URLLC 1 ms 10 ms
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2. 5G Communications

Mobility

Roadmap to 5G Communications

Phases of 3GPP Standardization for 5G: Low latency Broadband

1. [2018] 3GPP Release 15: Improvement of 4G ar'c
(eMBB), with increased speeds and loT support, i M
in Non-standalone (NSA) Mode & Standalone u1trareliable<‘"
(SA) [Radio Access, Core & Transport Networks] Security

2. [2020] 3GPP Release 16: Implementation of the \ mMTC
other two use cases: mMTC & URLLC, Network ' Massive loT Smart Cities
Slicing (splitting services in different uses - N
cases/QoS, reserving resources), etc -> Services .

Resilience. o

3. [2022] 3GPP Release 17: Several improments to
5@G, as improvement to URLLC, Network Slicing, 1gh Mobirty & Hgh

improved capacity, remote control of vehicles,
etc. eVIBB mMTC URLLC

High connection
density (#/sq. km)

High Reliability &
Low Lattency

High Capacity & High

* Phased Implementation and differentiated by Power efciency

different Countries and Operators. FIGURE 1 THE THREE GROUPS OF USE CASES OF 5G
22
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2. 5G Communications

Wiavelangth 10¢m dom Lon 1mm 1 mm 300 ym 100 pm

N

breguency A6z 10 GH:2 RLRCS G RSN

254 iMe 4

Millimeter Waves & Massive MIMO schemes involving several
hundreds of antenna elements are the central technologies for
5G systems

O
q
o
+—
o
(]
| -
(qe]
o
£
o
(@)
(%]
=

Support of new and Emergent Services:

Q
>
Q
s
(@)
(¢0)
(@]
+—
©
()}
£
©
Q
o
(¢°)
=)
@\l
S~
(@)
—i
o
),
(7p]
=
Q
=
(%]
>
(V5]
O
LN

9%§gﬁ
Tx_?j \/Rx

ol V& .




i

888 t», Multipath
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* Higher Signal Bandwidth corresponds to higher
Intersymbol Interference

* This is not only a matter of Spectrum
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"« The basic concept behind Multiple Input Multiple Output (MIMO) techniques
relies on exploiting the multiple propagation paths of signals between multiple
transmit (Input) and multiple receive (Output) antennas.
* In the case of frequency selective fading channel, different symbols suffer
interference from each other, whose effect is usually known as Intersymbol
Interference (ISI). This effect tends to increase with the increase of the symbol <~ < A d Y

rate. MIMO systems can be employed to mitigate ISI. The antenna spacing
must be larger than the coherence distance to ensure independent fading across

different antennas. T T Y Y Y Y
* The various configurations are referred to as Single Input Single Output SISO SIMO MISO MIMO

(SISO), Multiple Input Single Output (MISO), Single Input Multiple Output

(SIMO) or Multiple Input Multiple Output (MIMO). Multiple Antennas Configurations

* MIMO architectures can be used for combined transmit and receive diversity
(performance improvement), as well as for the parallel transmission of data or
spatial multiplexing.

* MIMO schemes are implemented based on multiple-antenna techniques, which
can be of different forms:

= Space-time block coding
= Multi-layer transmission
= Space division multiple access

= Beamforming 3
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3. Future Evolutions & NOMA

Hundreds or
Thousands of

Tx and Rx
Antennas

mm-Wave VIassive
facilitates m- NIIM/Z?) Complexity

MIMO, as grows
distance Exponentially
between => Signal

antenas is Processing

reduced
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3. Future Evolutions & NOMA

mm-Wave communications (30-300GHz - EHF) are crucial part of
5G systems due to their increased channel coherence
bandwidth, as compared to centimeter Wave. These systems use
mm- carrier frequencies of 30 - 70 GHz, where we have large
W unoccupied bandwidth. — E.g.: IEEE802.11ad uses 2.16 GHz of BW
dave in 60 GHz band (ISM band), supporting up to 7 Gbps.
and

Massive
MIMO

The distance between antennas is reduced, facilitating a higher
number of antenna elements (Massive MIMO).

Moreover, antennas size are also reduced.

(Large
Capacity

G ains) Moreover, higher frequencies present higher propagation path
losses.

However, mm-Wave suffers from high path loss and rain and
oxygen absorption.

5G overcomes this problem with m-MIMO techniques, such as
beamforming.

¥ ;fL _ A=clf

with f =60 GHz
C AN 3x108 1
S A= = =0,005m=5mm
'Y Y |} 60x10° 200

e Higher frequencies

o Smaller wavelengths

e Smaller antennas

e Large number of antennas per area
¢ Beyond massive MIMO
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Evolution of 5G Communications

Agenda

1. The Digital Transformation

2. 5G Communications

3.6G Communications

56



Transmission Technigues for 6G

4. 6G Communications

* 5G focus on the initial requirements of the 4th
Industrial Revolution.

* 6G (2030) aims to improve such implementation.

* The digital society of 2030 and beyond, comprises more
and more connected devices (loT), including sensors,
vehicles, aerial drones, and data.

* 6G aims to consider:

Augmented Reality (AR) and Extended Reality
(XR)

Artificial Intelligence (Al) infused applications
Wireless Brain-Computer Interactions (BCl)
Holographic services

The integration of communications with
localization, mapping and remote control

Emerging eHealth applications
Improved autonomous vehicles

More efficient support of IoT, namely smart cities
and smart houses, supporting an extremely high
number of low-power devices

Support of flying vehicles and increased mobility
speed

+XR + Al +BCl +
VTC+V2X + loT

VOICE + FAST DATA
VTC+V2X + loT

VOICE + FAST DATA
(INTERNET)

VOICE + DATA

(INTERNET)

VOICE + SMS
o .
FDMA / Analog TDMA / Dlgltal WCDMA OFDMA / MIMO OFDMA / mm-Wave / m-MIMO Terahem /VLC
3G

Figure 8. Evolution of cellular generations.
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4. 6G Communications

Perspectives

fO r 6G « Some of the foreseen requirements for 6G include:

* Nomadic peak data rate of at least 1 Tbps (100
times higher than 5G)

* Mobile data rate of 1 Gbps (10 times higher
than 5G)

* Energy efficiency 10 to 100 times better than
5G

 Spectral efficiency 5 to 10 times better than 5G

» While 5G requirements are achieved based on mm-Wave
and m-MIMO, 6G must incorporate new concepts and
frequency bands not yet considered for cellular
communications.

 This includes Visible Light Communications (VLC)
and Terahertz bands (100 GHz — 10 THz).

e LIS Systems
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4. 6G Communications

* How to achieve 1 Tbps and low latencies, in
6G, focusing on loT?

* Large Intelligent Antenna Systems
(Antenas LIS)

Terahertz Bands Communications &
Visible Light Communications

* Higher Carrier Frequencies
correspond to higher channel
Coherence Bandwidth

Digital Signal Processing

TxR LIS channel  {y®} | |5 Panel

N
@
UE; ) LT T e
[} EEE P EEEEEEEE T
UE, LG EEEE T T
. FEEE TP T
UET{(T)} L LT
Sn
Wl
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= Panel with
I Antenna
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~+In space-time block coding and spatialw,

multiplexing MIMO schemes, the antenna

Desired direction
elements that form an array are usually widely (main beam) Antenna 1

separated in order to form a transmit diversity array

with low correlation among them. Antenna 2

* On the other hand, the beamforming 1is
implemented by antenna array with array elements

Beamforming
signal

vt

Antenna3

at the transmitter or receiver being closely located PO oy

to form a beam.

Undesired
direction (null)

» The beam is generated with the Uniform Linear
antenna Array (ULA).

Adaptive
» The ULA antenna elements spacing is typically algorithm

half wavelength.
» Beamforming is an effective solution to maximize

the SNR, as it steers the transmit (or receive) beam

towards the receive (or transmit) antenna.
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\\.J 4. 6G Communications B e '7

-
Receives
||

* LIS System has differences over traditional Communications:
* Short Range
e Near-Field Communications (near-field Beamforming)
* LoS Communications

» Corresponds to Beyond Massive MIMO (5G) — Higher Number of Antennas

* Traditional far-field wireless communications are typically established at propagation distances greater than the
Fraunhofer distance (the Fraunhofer distance is only a few wavelengths).

. V¥?\I/I§ MIMO systems have an antenna element separation of 3\ to 4A, the LIS has an antenna element spacing typical
0 .

e Individual elements of the LIS array can be seen in the far field, but not the whole array, which acts in the near-field.

e So, the focus is set on the distance, the bearing, and the elevation planes. This acts like a lens to focus the sun's
energy on a piece of paper. Note that traditional beamforming does not focus on distance, but only on bearing and
elevation.

e LIS is different from traditional beamforming in that it can get rid of interference between users who are aligned, in
terms of bearing and elevation, but at different ranges. This makes the process of concentrating energy even better.

e Some receiver types might allow us to forego the necessity for channel estimation (equalization).
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4. 6G Communications

RESULTS FOR Large Intelligent Antenna Systems

* BER as a function of Eb/NO obtained with Monte Carlo Simulations.
» SC-FDE Transmission (similar to OFDM but with better PAPR).
* LDPC Codes, with 7% Code Rate.

* Five statistically independent equal average power paths => Extreme Rayleigh
Fading Channel.

* Receiver Types: ZF, MMSE, MRC and EGC (low complexity receivers).

e 2, 5and 10 users.
* LIS composed of 4 panels of 25 versus 225 antennas.
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4. 6G Communications

MFB

- | —t—ZF (with equalization)
- | === MRC (with equalization)
| | === EGC (with equalization)
MMSE (with equalization)
- | =8 MRC (w/out equalization)
== EGC (w/out equalization)

5

6

7 8
E,/N,(dB)

9 10

Figure 4. Results for 4X25 LI5S System, with 5 users, without LDPC codes, with and without equali-

zation.

e Results for 4x25

e Best results for ZF and
MMSE

* MRC and EGC may
operate without
equalization (same
performance):

* Less Complex Receivers

 May avoid Equalization

e And Channel
Estimation
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4. 6G Communications

m—r——— * Results for 4x225
= IRC (W/oUt equalization) (instea d of 4x 25)
=== EGC (w/out equalization)

—©— MRC (with equalization)
=& EGC (with equalization)
=~ ZF (w/ith equalization)
MMSE (with equalization)

* Best results for ZF and
MMSE - But MRC and
EGC perform closer to
ZF/MMSE

* MRC and EGC may
operate without
equalization (same
performance):

e Less Complex Receivers

2 4 5 8 10 12 14 * May avoid Equalization
E, /N, (dB) * And Channel Estimation

BER

|

Figure 5. Results for 4X225 LIS System, with 5 users, without LDPC codes, with and without

equalization.
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4. 6G Communications

ZF - 4X25 LIS
MRC - 4X25 LIS
107" B EGC-4X25LIS | ] e Results for 4x25
o romsns | versus 4x225

= = =MRC -4X225 LIS

= = =EGC-4X225 LIS
MMSE - 4X225 LIS

—t—NFB

e 4x225 performs
better than 4x25

BER

4 5 6 7 8 9 10 11 12 13 14 15
E, /N, (dB)

Results for 4X25 versus 4X225 LIS System, with 2 users, missing LDPC codes.
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4. 6G Communications

l

e Results with 2, 5 and 10
users, without LDPC
Codes

MFB

ZF - 2 users
ﬁ 10-2 : MRC - 2 users
m EGC - 2 users

* Performance decreases
with increase of the
number of users

I MMSE - 2 users
1= 4 =ZF - 5 users
|= 4+ =MRC -5 users
H= * =EGC -5 users
MMSE - 5 users
1073 @ ZF - 10 users
=@ MRC - 10 users
0 EGC - 10 users
MMSE - 10 users

4 6

E_/N(dB)

Figure 7. Results for 4X25 LIS System, with 2, 5 and 10 users, without LDPC codes.
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4. 6G Communications

| . ; * Results with and without
MFB with LDPC | ]

ZF with LDPC ; LDPC Codes

MRC with LDPC | |

EGC with LDPC

MMSE with LDPC

- =MFB w/out LDPC

= =/F w/out LDPC
= =MRC w/out LDPC

~ ~EGC wiout LDPC | * Increase of performance
MMSE w/out LDPC | .
with LDPC Codes

10°

BER

E,/N,(dB)

Results for 4X25 LIS System, with 5 users, with and without LDPC codes.
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4. Conclusions

* An advantage of the LIS System relies on its good performance and
simplicity (equalization can also be avoided for some receivers).

* Performance improvement with:

* Increase of the number of antennas that form the LIS.
e With LDPC Codes.

* Although performing better, ZF and MMSE receivers are more complex.

* Difference of performance (MRC/EGC vs ZF/MMSE) reduces for higher number of
antennas.

* MRC and EGC receivers may be used without equalization, without
degrading the performance (ZF and MMSE cannot).

e MRC and EGC can avoid channel estimation.

* A system comprising LIS, associated with LDPC codes, and coupled with the
SC-FDE transmission technique, exhibits performance optimization that
improves with an increased number of antennas.
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