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Abstract: One of the key technologies of 6G communications relies on large intelligent surfaces (LIS),
which can be viewed as a near-field beamformer that is supportive of extremely high symbol rates
and enables a high level of interference avoidance. This article focuses on LIS systems, analysing
the impact of the use of a whole LIS system or a subset of an antenna array. We analyse an LIS
system associated with a single carrier with frequency domain equalization (SC-FDE), and with
different receiver types of varying complexities. Because it is a function of the number of antennas,
the computational complexity decreases when antenna elements that are closer to the user equipment
are used instead of the whole LIS. Moreover, with a partial LIS, a reduction of energy consumption is
achieved, and mitigation of the interference levels is obtained, allowing a performance very close to
that obtained with the whole LIS system.

Keywords: LIS systems; 6G; SC-FDE; receiver types

1. Introduction

With a view to better optimizing existing resources but being associated with an even
higher level of human skills, the fourth industrial revolution (also regarded as Industry 4.0)
corresponds with the use of robots that replace humans and is associated with four essential
terms: robotics, artificial intelligence (Al), the internet of things (IoT) and big data. The
combination of these four elements is transforming the way that companies produce and
provide products and services, the way society is organized, and the way human beings
live [1]. It thus corresponds with the replacement of humans by machines, or their interac-
tion [2]. Like previous industrial revolutions, it corresponds with a better optimization of
existing resources. An example of this is automation, and with it the autonomous vehicle,
while the massification of car sharing will be facilitated by the abolition of drivers.

The fifth generation of mobile communications (5G), given the contribution of IoT,
is an important pillar of the fourth industrial revolution. With this generation, machines
communicate with each other, instead of people. This is disruptive, as previous generations
of communications have been limited to interconnecting humans rather than machines [3].

This fifth generation of mobile communications corresponds with the initial contri-
bution of IoT to the fourth industrial revolution, while the sixth generation of mobile
communications (6G) will correspond with an improvement in this contribution in a more
significant and broad way, supporting new services such as the following;:

e Holographic services;
e [Extended and augmented reality;
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Location and remote-control applications and mapping;

Future eHealth services—healthcare;

Next-generation autonomous vehicles;

More efficient IoT connectivity of low-power devices for smart cities and smart homes;
Interaction with high-speed unmanned aircraft vehicles.

Meanwhile, 6G is expected to include the following requirements:

Speeds as high as 1 terabit per second;

Higher network capacity, supporting a much higher number of mobile devices per
square kilometre;

e  Lower latency, as required for delay-sensitive applications, such as autonomous driving,
online gaming or controlling remote devices.

With the aim of interconnecting billions of IoT devices with extremely high through-
puts and low latencies, 6G requirements are expected to be achieved using mechanisms
such as block transmission techniques, advanced error correction codes and large intelli-
gence surfaces (LIS). The LIS system can be viewed as a beyond-massive multiple input
multiple output (MIMO) service, with an even higher number of antenna elements and
supporting higher capacities and data rates.

Wireless communications are commonly established beyond the Fraunhofer distance,
that is, in the far-field [4]. Individual antenna elements of the LIS act in the far-field, but
the LIS system, as a whole, works in the near field [4-6]. Therefore, this can be viewed as a
near-field beamformer, differing from a traditional beamformer because the beam can also
be directed over a distance, in addition to being directed along bearing and elevation planes.
This additional property allows for a reduction of interference between users that are aligned
in terms of bearing and elevation but located at different distances. Note that the adjacent
antenna elements of the LIS are typically spaced apart A/2, while the channel correlation
between the antenna elements allows for the creation of the above-described beam.

It is worth noting that previous works have addressed the deployment of improved
capabilities (better spectral efficiency, increased data rates, lower latencies, better per-
formances) using energy-efficient techniques, such as non-orthogonal multiple access
(NOMA), that take into account the received powers. The work published in [7] inves-
tigates NOMA-assisted secure offloading for vehicular edge computing networks in the
presence of multiple malicious eavesdropper vehicles. Instead of using an LIS between the
user and a BS, the work published in [8] considers a full-duplex unmanned aerial vehicle
relay employed to increase the communication capacity of millimetre-wave networks.

Channel encoding is proposed as a solution for handling complexity. In low-density
parity-check (LDPC) codes, complexity reduction is emphasized for efficient operation in
LIS scenarios. LDPC codes empower a coded MIMO system to achieve a data rate nearly
approaching that of the Shannon limit. LDPC codes boast remarkable error-correction
prowess while maintaining minimal decoding complexity, making them highly compatible
with LIS environments.

In this article, we analyse an LIS [9-13] system associated with a single carrier with
frequency domain equalization (SC-FDE) [14,15], which is an alternative to orthogonal
frequency division multiplexing (OFDM). Due to the high peak-to-average power ratio
(PAPR) of OFDM signals, their use in uplink scenarios is not well suited. SC-FDE transmis-
sion presents a less significant PAPR, and is thus more suited for the uplink scenario. Four
different receivers are studied in this article and are compared in terms of performance: zero
forcing (ZF), minimum mean squared error (MMSE), maximum ratio combining (MRC),
and equal gain combining (EGC) [16,17]. Moreover, the LIS system, combined with SC-FDE
transmission, is also studied in scenarios associated with LDPC codes.

This article is an extension of the research published in [10], using a subset of the
antenna LIS elements (referred to as a partial LIS), instead of the whole LIS. Because it is a
function of the number of antennas, the computational complexity decreases when using
only antenna elements that are closer to the user equipment (UE) instead of the whole LIS.
Moreover, with a partial LIS, a reduction of energy consumption is achieved, and mitigation
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of the interference levels is obtained, allowing a performance that is approximately the
same as that obtained with the whole LIS system.

The outline of this article is as follows: system and signal characterizations are pre-
sented in Section 2; the performance outcomes are shown and discussed in Section 3; and,
finally, the conclusions of this article are presented in Section 4.

2. System and Signal Characterization

Sixth generation communications are expected to reach the requirements of a peak
data rate of, at least 1 Tbps in nomadic access (100 times higher than 5G) and 1 Gbps in
a mobile environment (10 times higher than 5G), while the energy efficiency is expected
to be 10 to 100 times better than 5G, with a spectral efficiency 5 to 10 times better than 5G.
These requirements are expected to be achieved with LIS systems associated with terahertz
bands and block transmission techniques. Note that the higher the carrier frequency is, the
greater the channel coherence bandwidth.

The LIS fits well with terahertz bands because the lower wavelength originates from
extremely low antenna sizes, which facilitates the implementation of low-cost LIS panels.
Nevertheless, the level of processing increases with the number of antennas, which is
the case of the LIS (this can be viewed as a beyond-massive MIMO). Because of this, it is
extremely important to study receivers that are as simple as possible. This article associates
receivers with low complexity (that simplify the decoding process), with the use of a subset
of the LIS panels, known as the partial LIS. By using a subset of the LIS panels, the decoding
process becomes less complex, while the performance tends to be kept almost unchanged.

Block transmission techniques are commonly used to reduce intersymbol interference.
The SC-FDE block transmission technique presents the advantage of exhibiting lower
PAPR [14,15], as compared with OFDM, which makes it well suited for scenarios such
as those involving an uplink and for facilitating the efficiency of the power amplification
process [18].

Unlike traditional communications between a UE and a base station (BS), the com-
munication between a UE and an LIS system is typically established in a line-of-sight
scenario. The LIS can be viewed as a short-range beamformer, while the distance between
antenna elements is typically half-wavelength, instead of three to four wavelengths, as in
traditional MIMO systems. Moreover, while the individual antenna elements of the LIS
establish communications in the far field, the whole array of the LIS system establishes
communications in the near field, that is, shorter than the Fraunhofer distance, which is
only a few wavelengths. This makes the LIS exhibit special properties. While in traditional
beamforming, the focus is established along the azimuth and elevation planes, the LIS also
allows for focusing along the distance plane. This property allows for a mitigation of the
interference coming from users aligned in terms of azimuth and elevation but placed at
different distances.

As depicted in Figure 1, the nth transmitted block, of N data symbols, sent by the tth UE

is denoted as sgf), while the received block by the rth antenna of the LIS system is denoted

as yy). The mapping between the time domain signal and the frequency domain signal, for

the kth subcarrier (assumed invariant during the transmission of a given block), of the trans-
mitted block is defined as DPT{SEP;n -01,...,N— 1} - {S,(f);k -01,...,N— 1},
i.e., by performing the discrete Fourier transform (DFT) of the time-domain block (a
similar method applies, mutatis mutandis, to the received signal block, channel and noise).
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Figure 1. Block diagram of an LIS System.

The received frequency domain signal, in matrix—vector representation, becomes [14]

Yi = VY, Y] = Hie Sy + Ny )

T
where S, = [S(l), ..., 5 ,ET) stands for the frequency-domain-transmitted data symbols,

Hj denotes the T x R channel frequency response for the kth subcarrier (assumed to be
invariant during the transmission of a given block), with (7, t)th element H,Et’r). Moreover,
Ny is the frequency-domain block channel noise for that subcarrier [14].

In this article it is assumed that only a subset of the LIS antennas is employed to create
a beam towards the desired UE. This can be viewed from Figure 2, showing a partial LIS.
The criterion utilized was the selection of the antennas that are closer to each UE.

controller

g@
Base station

Figure 2. Block diagram of a partial LIS.

System and Signal Model for the Receivers

It is known that the ZF and MMSE receivers are complex, from a computation point of
view, as they require a channel inversion for each frequency component. This translates
into heavy battery use. The ZF receiver presents the advantage of intersymbol interference
remotion that is undertaken in a very efficient manner. Nevertheless, it also has the disad-
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vantage of presenting enhanced noise for average-to-high noise levels, which translates
into a performance degradation. On the other hand, MRC and EGC receivers avoid such
complexity, leading to a very simple receiver that is especially useful in an LIS scenario in
which the number of antenna elements is extremely high. Nevertheless, MRC and EGC
receivers generate some level of interference in the decoding process, which should be
suppressed with iterative receivers.

Assuming a non-iterative receiver, the estimated frequency domain data symbols
Se= 1[5, 59"

PR become

Sk = By Yy 2)

Depending on the algorithm, By can be computed [16] as

1.  Using the ZF receiver, By becomes

B, = H! (HkH,fj ) - 3)

2. Using the MMSE receiver, By becomes

-1
B(HH + 1) HY )
o2 E“Nk‘z]
where f = -} = —2- and where Iis an R x R identity matrix.
75 E[|5¢|*]

2

3. Using the MRC receiver, By becomes

B, = HY (5)

4.  Using the EGC receiver, By becomes

B, = exp{j arg(Hllj)} (6)

A very efficient receiver commonly associated with SC-FDE schemes is the iterative
block—decision feedback equalization (IB-DFE) [15]. Such an iterative receiver uses feedfor-
ward and feedback coefficients to process the signals in the frequency domain, reaching
a performance that is typically much better than that of a non-iterative receiver. IB-DFE
can be viewed as turbo equalization [15]. As described above, the MRC and EGC receivers
are very simple from a computation point of view, but generate some residual interference
in the decoding process, especially for moderate values of T/R. This can be mitigated
by employing an iterative receiver, similar to the IB-DFE, that implements the following
function [16]:

St = BI'Y, — Sy, (7)

The interference cancellation matrix Cy can be computed as [16]
C,=Al'H; — 1 (8)
where I'is an R x R identity matrix.

3. Simulation Results and Analysis

This section shows the performance of the LIS and partial LIS, in terms of bit error
rate (BER), as a function of E; / Ny. Ej, stands for the energy of the transmitted bits, and Ny
is the one-sided power spectral density of the noise. Results are obtained through Monte
Carlo simulations, using SC-FDE block transmission techniques. In the simulations, the
locations of the users are randomly selected within the compartment. The channel has five
multipath components (an LoS and four reflected rays in the walls) without fading, and
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the power of each multipath component is given by the propagation conditions (overall
propagation length plus reflection losses). Ground-reflected paths are more likely to be
blocked and/or attenuated by the antennas’ radiation pattern and have a lower reflection
factor (for example, if a mat or a carpet is employed). It is worth noting that the number of
reflections does not seem to have a significant effect on the performance and does not affect
our main conclusions (the conclusions are essentially the same even with second-order
reflections). In the Monte Carlo simulations, we considered N = 256 symbols, as a block size
(we obtained similar results for other values of N >> 1). Moreover, the QPSK modulation
was adopted. In some scenarios, LDPC codes are utilised in the Monte Carlo simulations.
When LDPC codes are used, these have a code rate of 2. The length of the LPDC codes
utilized in the simulations is 32,400 from the DVB-S.2 standard (also used in [10]). LDPC
codes have gained significant attention due to their excellent performance in various
communication systems, including wireless, satellite, and optical communication. These
are characterized by their sparse parity-check matrices, which lead to efficient encoding
and decoding algorithms. Regular LDPC codes were employed in the simulations, with
all variable nodes and all check nodes having the same degree. In the simulations, we
employed a min-sum belief propagation decoder with 20 iterations, using hard decision.
Figure 3 shows a 3D user distribution map that allows for the viewing of the distribution
of users and also the distribution of the panels, and which gives an idea of how much
each user is aligned with each panel. Figure 3 also shows the scenario considered in the
simulations, with four panels on the ceiling, each with a different number of antennas.
Moreover, the number of users varies, depending on the scenario. Note that their locations
are randomly selected by the simulation, i.e., each run of the Monte Carlo simulation
considers a different location for the users.

A coiling=12-00 [m?), A g=8.56 [m?], M=1600, I=0.150 [m]

y [m]

Figure 3. Scenario considered in the simulations with four panels.

Different graphics include results for “full LIS” and “partial LIS”. “Full-LIS” corre-
sponds with the performance results of the regular LIS with all panels and all antennas in
each panel. On the other hand, “partial LIS” means that such results with this designation
correspond with the use of a subset of the total number of antennas that compose the LIS
system. “Partial LIS” considers the antennas that are closer to each user while mitigating
the level of interference of the other users. In other words, “full LIS” considers the total
number of panels, and total number of antennas. In our simulations, we considered four
panels. “Partial LIS—one panel” corresponds with the use of only one panel (the closest
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panel) of the four total panels. In the other scenarios of “partial LIS” that do not correspond
with the use of one panel, the number of antennas under consideration is stated. For
example, in the configuration 4 x 400, “full LIS” corresponds with 4 panels of 400 antennas
on each panel, while “partial LIS—one panel” corresponds with the use of a single panel,
ie., 1 x 400. Moreover, “partial LIS—225 antennas” corresponds with the use of only 225
of the 4 x 400 = 1600 antennas of the full LIS.

The different graphics representing the performances include matched filter bound (MFB)
curves. These represent a lower bound in performance, corresponding with a scenario without
intersymbol interference. In other words, this corresponds with the performance when a
single symbol is transmitted and in which the degradation is due only to fading.

Figure 4 shows the performance results with the 4 x 400 LIS system, with 2 users,
without LDPC codes, with and without the partial LIS. The 4 x 400 LIS system means that
4 panels of 400 antennas each are utilized (20 antennas on each side of the panel), making a
total of 1600 antennas as part of the LIS. The number of users is 2, which means that there is
one reference user and one interfering user. As can be seen, for the full LIS (i.e., with the use
of 4 panels, each with 400 antennas), the ZF receiver has a performance slightly better than
the MRC. Nevertheless, the MRC presents the advantage that the receiver is much simpler,
as it does not require the channel inversion for each frequency component of the channel.
When only a subset of the whole LIS is utilized (partial LIS), using only 225 antennas out
of the total 1600, the performance achieved is much worse than that of the whole LIS, for
both receiver types. Nevertheless, when the partial LIS comprises 361 antennas out of a
total of 1600, one can see that the performance is slightly better than that of the full LIS.
This occurs because the number of antennas utilized by the partial LIS (361) is sufficiently
high, compared with the total (1600), enabling the exploitation of diversity. In addition, the
slight gain of performance obtained with this configuration compared with the full LIS also
results from the fact that a partial LIS allows interference mitigation. Similarly, observing
the performance results achieved with “partial LIS—one panel”, the performance obtained
is even better than that obtained with 361 antennas. Note that one panel corresponds with
the use of the panel that is closer to each user, comprising 400 antennas (i.e., more than
the previously considered 361 antennas), and, therefore, with the increasing gain obtained
with the beam, while the ability to mitigate interference is kept. It is worth noting that
the ZF receiver achieves a performance slightly better than that of the MRC receiver, in all
scenarios, though at the cost of a higher complexity (processing at the receiver side).

Figure 5 shows the performance results with the 4 x 225 LIS system, with 2 users,
without LDPC codes, and with and without the partial LIS. The 4 x 225 LIS system is one
in which 4 panels of 225 antennas each are utilized (15 antennas on each side of the panel),
making a total of 900 antennas as part of the LIS. Like the previous graphic, the number
of users is 2, which means that there is one reference user and one interfering user. The
“full LIS” corresponds with the use of the total of 900 antennas, while the “partial LIS—one
panel” corresponds with the use of the panel (with 225 antennas) that is closer to each
user, mitigating the interference. As can be seen, like the results of the previous figure,
results obtained with “partial LIS—one panel” indicate improvement over the performance
obtained with “full LIS, for the different receiver types. This happens because the number
of antennas per panel is still sufficiently high (225 antennas), allowing a good gain in terms
of diversity, while mitigating the interference over the interfering user due to the use of a
single panel, instead of the whole LIS. In terms of receiver types, one can see that ZF and
MMSE receivers achieve the same performance, leading to the best results. This is followed
by the low complexity MRC receiver, whose performance is always between those obtained
with ZF/MMSE and EGC receiver. It is worth noting that, in the case of the “full LIS”, the
performance obtained with the MRC receiver is almost superimposed over those obtained
with the ZF/MMSE receivers, while in the case of the “partial LIS—one panel” the MRC
shows a small degradation compared with the ZF/MMSE.



Electronics 2024, 13, 1035

8 of 12
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ZF - Full LIS
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Figure 4. Performance results of the 4 x 400 LIS system, with 2 users, without LDPC codes, and with
and without the partial LIS.
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ZF/MMSE - Full LIS
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Figure 5. Performance results of the 4 x 225 LIS system, with 2 users, without LDPC codes, and with
and without the partial LIS.
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In the previous graphics, one can see that “partial LIS—one panel” achieves the best
performance results, for both 4 x 400 LIS and 4 x 225 LIS. Figure 6 shows the results with
a partial LIS, using a single panel, with 2 users, without LDPC codes, but while performing
a comparison between different LIS configurations. As can be seen from Figure 6, the use
of one panel with the configuration 4 x 400 LIS (i.e., with each panel corresponding to
1 x 400 LIS) slightly outperforms the configuration 4 x 225 LIS—one panel (i.e., 1 x 225),
for all receiver types. Nevertheless, the results obtained with 4 x 50 LIS—one panel
(i.e., 1 x 50) experience a significant degradation as compared with the other two LIS
configurations, while the MRC and EGC receivers perform very badly. This occurs because
the diversity gain obtained with the 50 antennas is very low.

T T T T T T T
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......:::;s.uu-....,,,.... ..... LT ]
..llll
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LITTTY
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™
[ITH
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Mragg,,, ]
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x 1073

MFB
ZF/MMSE 4x400 One Panel
MRC 4x400 One Panel
104 EGC 4x400 One Panel

= = =7F/MMSE 4x225 One Panel
= = = MRC 4x225 One Panel

5 EGC 4x225 One Panel

10 ZF 4x50 One Panel

---------- MMSE 4x50 One Panel
""""" MRC 4x50 One Panel

10-6 EGC 4x50 One Panel |

0 2 4 6 8 10 12 14
E,/N,[dB]

BE

Figure 6. Performance results of several LIS configurations, with 2 users, without LDPC codes, with
the partial LIS—one panel.

Figure 7 shows the performance results of the 4 x 400 LIS system, with 16 users,
without LDPC codes, with and without the partial LIS. Similar to the results shown in
Figure 4 (2 users), Figure 7 shows that, with 16 users and for this LIS configuration, the
utilization of a single panel leads to a gain in performance as compared with the scenario
of the full LIS configuration. Moreover, such gain is higher in the case of 16 users (Figure 7)
than in the case of 2 users (Figure 4). This occurs because the use of one panel allows
interference mitigation (as compared with the full LIS), whose effect is more visible for a
higher number of interfering users.

Figure 8 shows the performance results of the 4 x 361 LIS system, with several number
of users (2, 8 and 16 users), with the partial LIS, and without LDPC codes. As expected, the
performance degrades with the increase in the number of users. Nevertheless, as previously
shown, the performance degradation is partially mitigated using the partial LIS. Moreover,
the performance degradation with the increase in the number of users is very low in the
case of the ZF/MMSE receivers, which is achieved at the cost of a higher processing power,
as compared with the MRC/EGC receivers.
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Figure 7. Performance results of the 4 x 400 LIS system, with 16 users, without LDPC codes, with
and without the partial LIS.
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Figure 8. Performance results of the 4 x 361 LIS system, with several number of users, with the
partial LIS, and without LDPC codes.
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Figure 9 aims to perform a comparison between the results with and without LDPC
codes. Note that the use of LDPC with the full LIS has been previously analysed in [10].
Figure 9 shows results like those of Figure 5 but in which the LDPC codes are also shown,
considering the scenario with the partial LIS. One can see that the use of LDPC codes allows
for a performance improvement for all receiver types, and with the partial LIS. Note that
the partial LIS corresponds with the use of one panel. The gain achieved with the LDPC
codes is of the order of 2 dB in the different scenarios.

3 4
n: 10 ]
L ~
[a1] ~ ~
~
~ -~y
-4 Il 4
10 N ~ 3
N
\Q\\
5 |= = =ZF/MMSE - Partial LIS - without LDPC " |
107 | = = =MRC - Partial LIS - without LDPC % 5
=-=== ZF/MMSE - Partial LIS - with LDPC Mo
—-4=-=MRC - Partial LIS - with LDPC “
A3
100 MFB NN T
2 4 6 8 10 12 14

E,/N,[dB]

Figure 9. Performance results of the 4 x 225 LIS system, with 2 users, with and without LDPC codes,
and with the partial LIS.

4. Conclusions

This article performs a comparison between the results with the full LIS, in different
scenarios of antennas, and with the partial LIS, with and without LDPC codes. In the case
of the partial LIS, different numbers of antennas are considered. It can be seen that, as
long as the number of antennas that compose the LIS system is sufficiently high to provide
a high level of diversity, the partial LIS with one panel tends to achieve the best overall
performance. Different receiver types were analysed in the above-described scenarios,
while the ZF/MMSE are those that tend to achieve the best performance and the MRC is
the one that, performing slightly worse than ZF/MMSE, is very simple. This is because
it avoids the computation of the channel inversion, for each frequency component of the
channel, that is required for ZF/MMSE receivers.

Finally, one can see that the use of the partial LIS, associated with LDPC codes, tends
to achieve the best overall performance, as long as the number of antennas that compose
the LIS is sufficiently high to provide a high level of diversity. The partial LIS tends to
outperform the full LIS because it allows for the mitigation of interference.

Considering the downlink scenario, future research should focus on the use of OFDM
transmission techniques, instead of the SC-FDE adopted in this study.
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