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Abstract: Reconfigurable Intelligent Surface (RIS) has evolved as an energy-
efficient wireless communication technology and its anticipation with
Unmanned Aerial Vehicles (UAV) has extended the millimetre wave range
communications by enhancing wireless coverage. In this research article, we
propose a downlink multi-user RIS-assisted Non-Orthogonal Waveform
(NOW) transceiver system that is energy-efficient. A NOW approach for
increasing spectrum efficiency through the integration of Faster-Than-Nyquist
(FTN) signalling in DFT-s-OFDM is provided. In addition, we have
implemented QR-GSO pre-coding algorithm for reducing Multi-User
Interference (MUI). The simulated system incorporates Low-Density Parity
Check (LDPC) and Repeats and Accumulates (RA) channel coding schemes
along with various types of signal detection techniques such as Zero Forcing
(ZF), Cholesky Decomposition (CD)-based ZF, Lattice Reduction-based
MMSE (LR-MMSE) and Minimum Mean Square Error (MMSE) to improve
Bit Error Rate (BER). Results from simulations demonstrate that the suggested
system is effective with regard to of BER, energy efficiency and attainable
spectral efficiency. The ground users achieve an improved BER performance

with a value of 1x10™ at 10 dB signal-to-noise ratio under RA with CD based

ZF, 8 dB under RA with CD-based ZF, 10 dB under RA with LR-MMSE and
12 dB under RA with ZF.

Keywords: energy efficiency; faster-than-Nyquist signalling; millimetre-wave;
non-orthogonal waveform; QR-GSO pre-coding; reconfigurable intelligent
surfaces; unmanned aerial vehicle.
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1 Introduction

As part of the third Generation of the Partnership Project (3GPP), commercial Fifth-
Generation-New Radio (5G-NR) networks supporting the Internet of Things (IoT),
multimedia-broadcast single frequency network (MBSFN) with NR-OFDM numerology
and Enhanced Mobile Broadband (eMBB) have been implemented. The 5G NR networks
use both millimetre wave (mmWave) and centimetre wave (cmWave) radio frequencies.
For both downlink and uplink transmission in the 5G NR physical layer, Cyclic Prefix
(CP)-based Orthogonal Frequency Division Multiplexing (OFDM) is used as the multiple
access scheme, while CP-supportive Discrete Fourier Transform-spread-OFDM
(DFT-s-OFDM) is used for single carrier frequency division multiple access (Zaidi et al.,
2018; ETSI, 2018). Currently, 5G networks are confronted with unprecedented demand
for high-quality and seamless wireless services for eMBB, massive Machine-Type
Communications (mMTC) and Ultra-Reliable and Low-Latency Communications
(URLLC). In 2030, beyond 5G (B5G) networks will not be able to satisfy all the needs of
future cellular systems due to the revolutionary changes in individual and social trends
brought on by the quick spread of entirely new IoT applications and visible improvement
in human-machine interface technologies.

Keeping in mind the limitations of 5G networks, researchers from academia and
industry have concentrated on sixth-generation (6G) wireless communication networks,
which are anticipated to be capable of releasing the full potential of plentiful autonomous
services containing both previous and future trends. The 6G wireless communication
networks are anticipated to offer much greater energy/spectral/cost efficiency,
10 times lower latency, a higher data rate, more intelligence for full automation, sub-
centimetre geolocation accuracy, 100 times higher connection density and close to 100%
coverage. Owing to its enormous bandwidth, low latency, high rate and user-friendly
locating function, mmWave communication with a frequency spectrum of 30 to
300 GHz will become one of the primary supporting technologies in 6G wireless
communication systems. It is envisioned that Reconfigurable Intelligent Surface (RIS)
will be used in 6G networks to increase the spectral efficiency, security, energy
efficiency and communication dependability of 6G wireless networks (Xie et al., 2021;
Zhang et al., 2021a).

1.1 Prior works

To give a substantial advantage to new communication technologies, researchers are
prioritising the design of Reconfigurable Intelligent Surfaces (RIS) while taking into
account issues such as Line-of-Sight (LOS) requirements and high path loss, as well as
their usability in 6G networks. Chen et al. (2022) emphasised the developing RIS as a
viable technique for improving the propagation environment and spectrum efficiency of
wireless communications by managing low-cost passive reflecting parts. In their
research, they had a constructive conversation about RIS-assisted channel estimation
challenges in B5G/6G communications, such as Channel State Information (CSI)
collection, imperfect cascade CSI for beamforming design and co-channel interference
coordination. The authors developed a few prospective solutions or futuristic
technologies to promote the development of BSG/6G in their work. The Ultra-Massive
Multiple-Input Multiple-Output (UM-MIMO), RIS, cell-free massive MIMO and
terahertz communications are among the primary prospective technologies for 6G mobile
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networks that the authors of Cui et al. (2022) noted as sharing an exceptionally large-
scale antenna array. They studied the upcoming near-field communication approaches for
6G in-depth and provided the principles of near-field communications as well as the
metric for determining near-field ranges in common communication situations. The
consequences of applying cutting-edge Al architectures, designs and techniques to
various UAV-assisted Internet of Things (IoT) network aspects, such as important IoT
technologies, duties and applications, was examined by the authors in Cheng et al.
(2023). They also discussed possible areas of study and challenges for Al-enabled
UAV-assisted [oT systems.

Liu et al. (2020) emphasised the use of a Non-Orthogonal Waveform (NOW) for 6G
networks and demonstrated its superior spectral efficiency compared to discrete Fourier
transform spreading OFDM (DFT-s-OFDM) waveform. The authors stated in Zhang et
al. (2021b) that the inherent integration of Non-Orthogonal Multiple Access (NOMA)
and RIS methods was envisioned as a potential way to greatly improving both spectrum
efficiency and energy efficiency for future wireless communication networks. They
investigated Physical Layer Security (PLS) for RIS-aided NOMA 6G networks in terms
of both external and internal eavesdropping and required that the offered systems
perform better. Hassouna et al. (2022) developed a wideband OFDM communication
system based on a feasible RIS configuration with variable phase shifts for each element
in the surface. In their simulation analysis, they found that applying high resolution
discrete phase changes per RIS element resulted in a higher data rate. The authors of
presented an innovative RIS Grouping-Based Index Modulation (RGB-IM) to increase
spectral efficiency and Bit Error Rate in (BER) (Asmoro and Shin, 2022). In their study,
they simulated and evaluated the proposed system’s spectrum efficiency and BER using
theoretical calculations, and the computer simulation results showed that the RGB-IM
outperformed a relay-assisted spatial modulation. Because of the cost efficiency and
installation flexibility, Sadique et al. (2022) emphasised a UAV communication system.
In their research, they presented a cumulative effect of 3D fractional-order Liu chaotic
system and 3D fractional-order Li chaotic system is presented to improve the PLS of the
UAV-to-ground communication network to boost the safety of OFDM downlink and the
performance in terms of BER and minimise multi-user interference. Faruk et al. (2023)
outlined an approach for enhancing PLS, security of a network, and BER with a small
Peak-to-Average Power Ratio (PAPR) for non-terrestrial networks utilising an
unidentified area vehicle. They have developed a MIMO-NOMA system that utilises the
cyclic prefixed Orthogonal Variable Spreading Factor (OVSF) for encoding.

Yin et al. (2024) investigated the possibility of using UAVs to enhance the secrecy
performance of uplink broadcasts in satellite supported IoT networks. In order to secure
uplink communication and reduce the possibility of ground eavesdroppers capturing
uplink transmissions, they first used UAV-assisted frameworks in their research. Then,
they created an optimisation problem for the max-min secrecy rate with uplink power
limitations. Zhai et al. (2022) addressed the simultaneous usage of Unmanned Aerial
Vehicles (UAVs) and RIS in the area of Mobile Edge Computing (MEC) to enhance the
environment for data interchange. They examined a unique UAV-mounted RIS-assisted
MEC system, in which a UAV-mounted RIS was deployed to aid ground users’
communication with a MEC server. The authors requested that the suggested algorithm
considerably enhance the energy efficiency of the MEC system.

Yin et al. (2019b) proposed a secure downlink data transmission strategy for Mobile
Users (MUs) utilising UAVs. By considering a protected zone free from eavesdropping,
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the maximisation of the minimum secrecy rate was achieved through the NOMA
technique for MUs. Adopting a frequency domain NOMA scheme, the physical layer
security of satellite downlink transmission was investigated by Yin et al. (2019a). Also, a
multi-user cooperative scheme was proposed to maximise the secrecy rate and enhance
the spectrum efficiency of the system. Singh et al. (2022) examined a NOMA-enabled
multi-user wireless communication network that used a hybrid aerial Full-Duplex (FD)
transmission consisting of a RIS mounted above an FD UAV relay to provide the
simultaneous flow of information from the Base Station (BS) to all ground users. Using
both RCG and iterative methods, the passive beamforming of RIS and the location of
RIS/UAV were concurrently optimised, and the efficacy of the suggested techniques was
validated by extensive computer simulations. Abualhayja’a et al. (2021) compared the
performance of RIS-enabled UAV-assisted communications to Decode-and-Forward
(DF) relaying. The number of RIS components necessary to surpass DF relaying in terms
of feasible rate was measured by their research. In addition, the authors demonstrated the
impact of UAV altitude on the overall transmit power. Table 1 provides a brief overview
of the most recent NOW approach with the proposed system model.

1.2 Contribution and organisation

According to current research, academia and industry are developing several
numerologies-supported orthogonal/non-orthogonal signalling approaches for 6G
wireless communication networks. This study emphasises building a multi-antenna,
6G-compatible, multi-user NOW transceiver based on RIS with UAV. The following is a
summary of the study’s main contributions:

e We present a unique downlink multi-user NOW transceiver UAV-mounted RIS
system and signal model.

e An approach for non-orthogonal communication that combines discrete Fourier
transform spreading orthogonal frequency division multiplexing (DFT-s-OFDM)
and Faster-Than-Nyquist (FTN) signalling has been developed.

e We introduce a Gram Schmidt Orthogonalisation (GSO) and QR decomposition-
based Multi-User MIMO (MU-MIMO) pre-coding scheme for Multi-User
Interference (MUI) minimisation, which reduces the computational cost of a
pre-coding approach.

e  Numerical results show that the RIS-aided UAV system performs better in terms of
energy efficiency and spectral efficiency. The proposed system introduces several
signal detecting techniques and channel coding to give negligible Bit Error Rate
(BER) performance.

The rest of this research article is organised as follows. The system model of our
proposed mmWave downlink UAV mounted RIS-based multi-user NOW transceiver
system is presented in Section 2, along with a description of the network model, a block
diagram, channel model, signal model, signal detection and performance metric.
Simulation findings are presented and discussed in Section 3. Section 4 winds up with
summary thoughts.
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Table 1 Comparison of the existing literature on NOW technique with proposed system model
Liu et Asmoro Sadique Faruk Yinet  Zhai Yin Yin
Proposed and
al. . et al. et al. al. et al. et al. et al.
work Shin

(2020) yyyy (2022) (2023) (2024) (2022) (2019b) (2019a)

UAV-aided v v v v

.. v 4 v v v
communication

RIS-assisted
network

<
<
<
x
x
x

v x x

Multi-user v v v v v v x v v

Signal
detection v x v v x x x x x

schemes

Channel
coding v x v v x x x x x

techniques

Interference
reduction v v v v v v x v v

strategy

Maximising
achievable v
spectral

efficiency

Maximising
achievable v
energy

efficiency

BER
performance

2 System model

2.1 Network descriptions

Figure 1 depicts a layout for mmWave signal transmission utilising a RIS-mounted
UAV-based multi-user NOW transceiver system. One GBS, one RIS-mounted UAV and
k Ground Users (GUs) are taken into account in this kind of downlink RIS-mounted
UAV-based terrestrial cellular networking. Moreover, each GU is equipped with multiple
antennas. The altitude of the UAV remains constant. A UAV equipped with a RIS assists
in transmitting signals from a GBS to a GU. This occurs when the GU is unable to
interact with the GBS due to factors such as a significant distance, barriers or a crucial
position. A unique communication mechanism is used for transferring mmWave signals,
and this approach is achieved through the utilisation of the RIS and each component that
makes up the RIS. An inexpensive sub-wavelength programmable meta-material particle
provides an extra communication connection. By exploiting these channels, the RIS is
able to provide an extra spatial variety gain. This technology significantly enhances the
effectiveness of mmWave communications, particularly in dense urban environments
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that may obstruct direct LOS paths. This not only extends the GBS’s range, but also
improves the reliability and quality of the communication links to the GUs. The multiple
antennas at each GU, in conjunction with the spatial diversity the RIS gains, guarantee a
more stable and high-throughput communication network. Basically, this method uses
the special features of RIS and UAV technology to get around the problems that come
with sending mmWave signals, like high path loss and being sensitive to obstacles. This
makes it possible for faster and more reliable wireless communication networks.

Figure 1 Multi-user NOW transceiver system scenario at mmwave (see online version
for colours)

UAV

== e
Base Station . * j * F ’
as I ; 7]
| ’E ,; » i - E

2.2 Schematic diagram

Figure 2 is a conceptual block diagram of the RIS-mounted, UAV-based, multi-user
NOW transceiver structure. It illustrates that £ users are presumed to secure their own
transmitted data as synthetically generated binary data and that the binary data of each
user is sent up along the channel encoder first and then through a digital modulator to
make the complex symbols (Vitetta et al., 2013; Jiang, 2010; Rappaport, 2002). The
complicated digitally modulated symbols are put into blocks, and DFT spreading is done
on each block. In centralised subcarrier mapping, null subcarriers (zero-paddings) are
added to both ends of the data subcarriers after the DFT-spread complex symbols are
mapped into the required number of subcarriers in the frequency bandwidth
(Tanangsanakool et al., 2020). OFDM is used to modulate the complex symbols that are
mapped to a central subcarrier in blocks, and each block of data is cyclically prepended
and then processed for FTN modulation (Liu et al., 2020). Complex data that has been
modulated with FTN is reshaped and pre-coded with a transmit pre-coding scheme that
depends on the channel (Wu et al., 2014). From the GBS, the pre-coded signal data of
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each user is added up, scaled to the desired transmission power and sent to both GUs and
RIS. At each user’s receiving end, linear signal detection schemes like Zero Forcing,
MMSE, CD-based ZF and LR-MMSE are used to find all the transmitted signals
(Gangarajaiah et al., 2017; Bai and Choi, 2012). After removing cyclic prefixing, the
FTN demodulation of each user’s signal and then OFDM demodulation is done. The free
cyclic prefix OFDM demodulated signal is given a subcarrier demapping scheme and
then DFT dispreading is used to process it further. The DFT-peeled signal is sent through
a digital demodulator and a channel decoder, and then the binary data that were sent are

finally retrieved.

Figure 2 Block diagram of a multi-user NOW transceiver for RIS-assisted UAV communication

(see online version for colours)

Data generation Channel Coding and DFT
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Data generation Channel Coding and DFT
for User k Digital Modulation Spreading

Data Reshaping and QR-GSO
Precoding

Data Reshaping and QR-GSO
Precoding

DFT (OFDM
FTN Demodulation Demodulation) -

DFT (OFDM
FIN Demodulation Demodulation) -

Cyclic prefix Carrier Demapping

Millimeter Wave
Channel

Centralized Sub-
Cydlic prefix Carrier Demapping

Centralized Sub-

Centralized Sub-
Carrier Mapping

Centralized Sub-
Carrier Mapping

Digital Demodulation
and Channel Decoding

Digital Demodulation
and Channel Decoding

IDFT (OFDM
Modulation) + FIN Modulation
Cyclic prefix

IDFT (OFDM
Modulation) + FTN Modulation

Cyclic prefix

J Signal Detection
for User 1

Signal Detection
for User k

Retrieved Data
for User 1

DFT Retrieved Data
Desperading for User k

2.3 Channel model

A probabilistic LOS/NLOS mixture Path Loss (PL) model has been added to our analysis
for both the GBS to GUs and the UAV-mounted RIS to GUs links. A probabilistic LOS
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model is taken into account when uplink transmission from the ground BS to
UAV-mounted RIS is involved. The probability condition-based mixed PL model for
LOS and NLOS links between ground BSs to GUs and RIS placed on UAVs can be
expressed as follows:

uav
k

uAav
k

uav
k

PLy., = P(L0S)" PL(L0S)," +[1-P(L0S)" | PL(NLOS)" 1)

GBS
k

GBS
k

GBS
k

GBS

P = P(LOS)™ PL(LOS)™ +[1- P(LOS)™ | PL(NLOS), @

where PL"" indicates the average path loss in the form of dB from UAV-mounted RIS
to GUs links ((1)) and PL{™ represents the mean path loss in dB from GBS to GUs

links. P(LOS )kUAV/GBS , PL(LOS )ZAWGBS and PL(LOS )gAV/GBS are the LOS probabilities

of UAV-mounted RIS/GBS to GU &k, LOS PL of UAV-mounted RIS/GBS to GU % in
dB and NLOS PL of UAV-mounted RIS/GBS to GU k& in dB, respectively. The

PL(LOS)UAV/GBS and PL(LOS)UAV/GBS

k k

between UAV/GBS and the GU &

can be written in terms of distance d*"'“*

UAV /GBS
k

PL(LOS) = 20log,, (""" )+ 20log (£, ) + 20log (47 / €) + 7,05 (3)

UAV IGBS
k

PL(NLOS) = 2010g10d,i]AV/GBS + 2010g10(fc ) + 2010g10(47r / c) + Tvos 4

where d""'%" presents the length (m) between the UAV-mounted RIS/GBS and GU &,
f. defines the carrier frequency (Hz), ¢ denotes the light’s speed (m/sec), 77,,, and
Mwos (3 dB and 23 dB) from Saad et al. (2020) are denoting the excessive coefficients

PL for LOS and NLOS links. The probability of having a LOS link between the
UAV-mounted RIS/GBS and the GU £ in a dense urban area can be stated as:

2
_ 1 _
P(LOS)kUAV/GBs: n - exp _|:hUAV/GBs (n+2)(}2lzgxz/cas hk)/(m+l):|
=1

)

where m = ﬂoor(r\/g ), r is the horizontal length (km) from the UAV-mounted
RIS/GBS to the GU &, ¢(= 0.5) is the ratio of the built-up to the entire land area and
£(=300) is the average number of buildings in every single unit area (km’) and
o(= 20) is a scale parameter that describes the height distribution of the buildings’
according to the Rayleigh probability density function. The mean path loss having both
LOS and NLOS link between the UAV/GBS and the GU % in dense urban area can be
written as (Sabuj et al., 2023, 2022):

UAV /GBS
k

UAV /GBS

= P(LOS),
+[1-P(LOS)

UAV /GBS

k
) UAV /GBS (6)

|pL(NLOS),

PL(AVG) PL(LOS)

UAV /GBS
k
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U4V
GBS

U4v
GBS

In case of linking the GBS to UAV mounted RIS, the PL (LOS )
can be expressed in terms of length d,, between UAV and GBS

and PL(NLOS)

U4v
GBS

PL(LOS),, = 20log,(dgs ) +20log,y( £, )+ 20log,, (47 / ¢)+ 17,0 (7)

PL(NLOS) s = 20log,(dgss ) + 20log,(f.) + 20log, (47 / €) + 17,05 ®)

The probability of having a LOS link between the UAV-mounted RIS and the GBS in
dense urban area can be written as

2
[ = (143 ) O = ) (m41)|
207

P(£0S) =TT|1-exp| -

GBS

)

n=1

The mean path loss having both LOS and NLOS link between the UAV and the GBS in
dense urban area can be written as (Sabuj et al., 2023, 2022)

GBS
uav

GBS
u4ayv

GBS T
u4ayv

GBS
UAv

GBS

PL(4VG)y) = P(LOS). PL(LOS);} +| 1~ P(LOS)h) |PL(NLOS)]) (10)

The estimated power of complex MIMO fading channel linking the GBS to the GU &
can be expressed as

7, - \/[%j[m““( L.M)+Trandn (L, M) (11)

—PL(AVG),?BS/IO

where ChPogy, =10

The estimated power of complex MIMO fading channel linking the GBS to the
UAV-mounted RIS can be expressed as

H, = \/(%][randn(N,M) + \/_—1randn(N,M):| (12

~PL(4 VG)gg‘; /10

where ChPogq,,,, =10

The estimated power of complex MIMO fading channel linking between the
UAV-mounted RIS and the GU £ can be written as

H,, , = \/(%j[randn(M,N)+ lerandn(M,N)] (13)
—PL(AVG)%,/AV/IO

where ChPo,,,, =10

The equivalent channel for GU k£ from GBS to GU £k in direct transmission and
additional transmission via UAV-mounted RIS to GU k can be stated as:

H, =H +H

uav—k

YH, (14)
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where ¥ isa N x M diagonal matrix and it is defined as ¥ = [ Be' K Be’ o ] with

j denoting imaginary. 6, € [O, 27[] and S, €[0,1] denote the phase shift and amplitude

reflection coefficient of the n-th element of IRS, respectively.

2.4 Signal model

For GU £k, the vector of binary data b, is channel encoded to create a new binary data
vector ¢, with data length N, , and the ¢, is further turned into a digitally modulated
complex symbol vector x, with data length N, . The data vector x, is reorganised into
the pre-DFT spreading block, X, . » has the dimensions K x M matrices. The number of
data samples in each column of the matrix X . 1s K , and the number of pre-DFT spread

column vectors is M . The spreading size of the DFT represents the symbol K . The
m -th discrete frequency domain DFT spread signal vector for the GU k£ with 7 -th
frequency domain sample index and 7 -th time domain sample index can be stated in

terms of considering various elements of the matrix, X , containing digitally modulated

complex symbols as
Xoali]= 3 Xeglile © (15)

where 7 =0,1,2,3,.,K -1, k=1,2,3,4,..., m=1,2,.,M and 7=0,1,2,..K -1,
respectively. In centralised subcarrier mapping, N, is the number of zeros to be added in
equal numbers at both ends of the DFT spread signal vector of matrix X . and

N=K+ 2N, is the total number of data samples in properly designed centrally sub

carrier mapped input data matrix, ):( , and N is denoted by the IDFT size and the matrix

X, is of NxM in size. The discrete time domain IDFT operated/OFDM modulated

signal vector with 7 -th time-domain sample index and 7 -th sub carrier index for GU k
can be stated as:

)?k,rﬁ [ﬁ]:# _k,rﬁ [’?:Ie v (16)
where 7=0,1,2,..,N-1, 7=0,1,2,.,N-1, k=1,23,4,.. and m=1,2,... M.
With cyclic prefixing of sample length N, , the cyclic prefixed IDFT operated/ OFDM
modulated signal vector can be written as:

1 a=N-1 _ - 7]277[;5

_ XA |V & Nt o
Xeali]=| 2 =] e - (17)

Xowli]: % X, [l ©
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where  1=0,1,..(N+ Ny, )1, 7=01,2.,N-1, ii=(N+Ng),.N-1,
7=0123.,N-1, a=(N+Ng),..N-1, #=0,1,2,..N-1. The cyclic
prefixed OFDM modulated signal matrix X . isof NxM insize, where N = N + N,
Each column-wise signal vector in the matrix X is up sampled in the FTN
modulation with an up sampling factor of R(=4), and a new data matrix X of size

Nx M is created, where N = Rx N . Each of the 7 -th signal vectors of the matrix X

receives an application of a root raised cosine pulse shaping filter (Sadique et al., 2021).
Such a root raised cosine pulse shaping filter’s response can be expressed as:

(o)
al

where a(= 0.25) is the roll off factor. In such filter, it is assumed that its impulse

P (8) = (18)

response is truncated over Q(= 6) quantity of symbols and the range of the filter

coefficient is (rQ+ 1) and the sample index number, s used in Equation ((18)) is
defined by s = 0,1,2,3,...,7Q . The FTN modulated signal can be stated as:

X, 0= X, [3]® hye(9) (19)
where the symbol ® is indicative of discrete convolution operator. The length of the
samples in each column wise signal vector of the matrix X is N +r(Q—l)+l.
W =0,1,2,..,N +r(Q- 1) =0,1,2,.., N — 1. The FTN modulated signal matrix Xk
is of NxA7[ in size where N=N +r(Q-1)+1.

The entire matrix X . 1s layered into a single column vector and then organised into a

data matrix X, of size N, x N,_, where N, is the amount of receiving antennas for each

GU and NC:]V]?—M. In purpose of reducing multi-user interference reduction, low-
R

complexity QR-GSO pre-coding algorithm has been implemented for each GU. In such
algorithm, estimated pre-coding weight for the GU k& is obtained from the estimated
channel presented in equation (14).

In the QR-GSO pre-coding algorithm, firstly pre-coding matrix W* is estimated
using QR decomposition of the matrix H!" as

= OR (20)
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where (1) indicates Hermitian transformation, Q e Cc"r ™k s an orthogonal matrix
and R e CM"***" s an upper triangular matrix. The combined channel matrix A, with
consideration of L = R” can be written as

Hy = LQ" @1

Alternatively, the pseudo-inverse of the concatenated channel matrix A, is computed as
-1 -1 _ A A A
Hyt=H/"(HH") =0R(LQ"OR) =0L" = Q[ L,..Lpn by | (22)

where L, € C) x N, represents the sub-matrix of L' e C) x N, for GU k. Since
H tHg =1, I being the identity matrix, we can write LOL =0 and QL is the
MUI null space vector. To reduce processing complexity, a simplified approach for
determining the inverse of L can be employed. Since L is a lower triangular matrix, it

can be transformed into a unit lower triangular matrix B by multiplying it by a diagonal
matrix G whose diagonal elements are the inverse of L ’s diagonal elements, as

demonstrated by the following expression:
B=GL (23)

We can determine the inverse of the matrix L by

L'=B'G=0| L Ly Ly | (24)

It is important to note that Qﬁk does not have an orthogonal basis, instead the pre-coding
matrix for GU k& should contain the orthogonal basis of Qﬁk . Thus, the GSO method is

used to determine the orthogonal basis LA‘Z for ﬁk is defined by
L= GSO(ik) (25)

Given that, an orthogonal matrix is O, the columns of QLA‘,)c serve as an orthonormal
basis for the null space of H, . - Consequently, for the GU k of the proposed QR-GSO

pre-coding algorithm the initial pre-coding matrix W,* is given as follows:
W = oL, (26)
After traversing all GUs, for K GUEs the initial pre-coding matrix W is denoted as
AR ANN AN A (27)

In the QR-GSO pre-coding process, a second pre-coding operation must be performed to
obtain the highest pre-coding gain for every GU. In this step, the effective channel matrix

H , forthe GU k is formulated as

Hg = HW/ (28)
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Using the SVD function on the effective channel matrix H,, , we get
Hy, =UNV =UA [0 (29)
effk K%k k% | e Tk

The value B

i represents the position of H,

o« - The formula for obtaining the second

pre-coding matrix W, for GU k is:

ANIA (30)
After traversing each GU, the second pre-coding matrix W’ for each GU K can be
expressed as follows:

W= ] (31)
The overall pre-coding matrix with application of QR-GSO pre-coding algorithm can be
written as:

W=w'w" (32)
GU £k pre-coding matrix can be expressed as (Wu et al., 2014)

W, =W W, (33)
Such individual QR-GSO pre-coding algorithm implemented pre-coding matrix of each

GU is the size of N, x N, matrix. However, multiplying pre-coded data matrix X . of
size N, x N_ for the GU k with the assigned pre-coding matrix W, , we get pre-coded
matrixed data for the GU & with its matrix size N, x N, as

Xi =W, X (34)
Summing all the data for all the GUs from signal model describe in equation (29), the
transmitted data matrix D of size N, x N, can be stated as

_ =4
D=WXi+ Y WX, (35)
J=1j#k

The MIMO fading channels for GUs can be taken into account using equation (14), and
the whole MIMO channel matrix for K GUs is expressed as

H =[H H . A (36)

In case of considering the total amount of transmitting antennas (NT) at the ground

station and receiving antennas (N,) for every GU, the total channel matrix H,,

eliminating the k-th GU’s channel, is given by
H, :[ITIlT’HA»Tfl’[—_[kT+1’""]__I1§]T (37)

NkXNT

where H, € C , N, =KN, -N,.
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Considering signal transmission in all time slots, at the GU k the accepted signal can
be written as

- Jj=4 _ _ j=4 o
Y, =HkD=Hk[Wka + > W,.X,,-]mk = H (W X))+ Hy Y WX, +n (38)

Jj=1j#k J=lj#k

where n, ~ CN (0 e NpxNg ) represents additive white Gaussian noise (AWGN) and

all terms in equation (38) reflect N, x N, sized matrix data.

2.5 Signal detection

In case of k # j, H W, would be 0. Thus, equation (38) can be stated as
Y= H (W, Xe)+n, = H Xi +n,, (39)

where modified form of channel matrix for the GU k is H, (= H,, ). With application

of various signal detection techniques addressed at Gangarajaiah et al. (2017) and Bai
and Choi (2012), using Zero Forcing (ZF) signal detection technique and its applicability
to signal model of equation (39), for the GU k the detected signal can be written as

A

n A oA -l
Xk:ZF:Hk(HkHHk) Y, (40)

Using the Minimum Mean Square Error (MMSE) technique for signal detection, for GU
k the detected signal can be stated as

-1
A ~ A A N,
Xk:MMSE = Hk [HkHHk +F0j Yk (41)

where E_ denotes the symbol energy and N, denotes noise power spectral density. If

Cholesky Decomposition (CD)-based ZF signal detection is applicable, the detected
signal for GU £ can be defined as

Xk:cusz = (Lf )_l (Lk )71 [:Ilflyk (42)

where L, is the lower triangular matrix acquired from CD of matrix (I:I 7 H k) . In case

of applicability of Lattice Reduction-based MMSE (LR-MMSE) signal detection
technique. The observed signal for GU &k with implementation of LR-MMSE technique
for signal detection can be written as

—~ _ ~ -1 ~ H~ NO ~-H ~-1 71/\]‘/
X k:Lr-MmsE —(Uk) Gr Wi +FUk Uk Gy Y, (43)

The data matrix for the GU & estimated from all the detected signals of equations (40),
(41), (42) and (43) are of N, x N, matrix in size. Ignoring the nomenclature of the

signal detection technique and identifying detected signal as X . » its all elements can be
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layered into a single column of by vector and it is organised into a matrix X with the

dimension of N x # . The signal model expressed in equation (21) ratifies itself as real,
symmetric and linearly phased, it can be used effectively as matched filter and on

implementation of such match filter to de-convolved every column wise signal of X
vector matrix and further implementation of down sampling with identical sampling
factor R, we get retrieved FTN demodulated signal matrix X, of N x M in size. On

execution of various necessary steps OFDM demodulation, Centralised sub-carrier
demapping, DFT dispreading, etc., retrieved data of the GU & will be available.

2.6 Performance metric

From equation (38), we can figure out the Signal-to-Interference-plus-Noise Ratio
(SINR) for the GU £k

1 HH (m.x:)
k Kk
SINR, = NeNC ; (44)
=
i S,

J=1,j#k

2
+ 0,

.

N,NC
where o} is a variance. The system spectral efficiency, R, (bps/Hz) in terms of SINR,
can be expressed as

WX

el

Ry, 2 1og2 (1+ SINR,) Zlog2 1+ (45)

2

H, ZWXk

J=1,j#k

N NC NC oy

The energy efficiency, 77, (bits/Joule) for our proposed multi-user downlink UAV
mounted RIS-assisted NOW transceiver system can be written as

B, R,
Py + By +KPUE + NP, (b)

Mer = (46)

where B, denotes transmission bandwidth, R, denotes the system spectral efficiency,
&£(=1.2) is the circuit dissipated power coefficients at base station, p,, is the average
transmit power, F,, (=10dBm) is the power that has been lost at each GU,
P,(b)(=10dBm) is the diminished power at the n-th RIS element, N is the total
quantity of RIS reflecting elements and Py (: IOdBW) is the static power
consumption/circuit dissipated power (Huang et al., 2019; You et al., 2020).
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3 Simulation results

This section presents and analyses numerical findings for a downlink UAV-mounted
multi-user NOW transceiver system that was processed using the parameters of
simulation listed in Table 2. In this case, a unique scenario with four users — whose
number is increasing — is taken into consideration. In this study, it is assumed that
everyone is aware of the locations of the four terrestrial GUs and the UAV. The GUs
typically need to estimate the CSI. In reality, the CSI of the channels between the GBS
and the GUs and that of the channels between the GBS and the RIS mounted on the UAV
can vary. The probabilistic LOS/NLOS mixture path loss model discussed at Al-Hourani
et al. (2014) is taken into consideration in this instance, and CSI can be produced in
particular circumstances of downlink transmission from the predicted MIMO flat fading
channel. At the receiver, these estimated channels are used for channel equalisation and
signal detection. At the transmitter, they are used for transmit pre-coding.

Table 2 Simulation parameters

Parameter Value
Input data type Synthetically generated binary data
Digital modulation 16 QAM
Channel coding RA and LDPC
Subcarrier spacing (kHz) 120
Carrier frequency (GHz) 39

No of transmitting antennas of GNB 8

No of active physical resource blocks in each OFDM symbol 275

DFT spreading size 792
IDFT size 4096
Transmission Bandwidth (MHz) 396

No of RIS elements 25,50 and 75
Height of RIS mounted UAV from ground surface (m) 200

No of receiving antennas of each GU 2
Modulation 16 QAM

Figure 3 shows the average receive signal power (the GU’s own targeted signal
plus the MUI signal) when the median transmit power is changed from 0 to 50 dBm
(1 to 100 mW). The respective distances between the GBS and GUs (k=1, 2, 3 and 4) are
115.79 m, 125.71 m, 151.17 m and 174.51 m. The UAV-mounted RIS is at 200 m
height above the earth surface. All the GUs are receiving signals both directly and via
UAV-mounted RIS transmission. Owing to the fact that 37 GHz mmWave signal
transmission is taken into account, it significantly affects the signal strength that is
received.
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Figure 3 Estimated average receive signal power versus average transmit power for a multi-user
UAV-mounted RIS-assisted NOW transceiver (see online version for colours)
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Figure 4 shows the estimated received SINR that can be reached with different average
transmit powers. It also shows that the signal attenuation at 37 GHz mmWave
transmission is very large, and the existence of interference signals causes the SINR
values for every GU to decrease.

Figure 4 Achievable receive SINR versus average transmit power for multi-user UAV-mounted
RIS-assisted NOW transceiver (see online version for colours)
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Figure 5 presents the estimated Cumulative Distribution Function (CDF) of the SINR
received by all four GUs when a RIS mounted on a UAV flying 200 m above the ground
surface is taken into account. Figure 7 shows that the SINR CDF change a lot depending
on where the GU is in relation to the serving RIS on the UAV and the GBS. The SINR
value for GU 1 is 10.86 dB; the SINR value for GU 2 is 9.06 dB; the SINR value for
GU 3 is 8.20 dB and the SINR value for GU 4 is 5.45 dB. This indicates that the
suggested technique’s four GUs can communicate with SINR values that vary from
10.86 dB to 5.45 dB.

Figure 5 Receiving SINR CDF for a multi-user UAV-mounted RIS-assisted NOW transceiver
(see online version for colours)
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Figure 6 shows the estimated achievable spectral efficiency values for various average
transmit powers with varying heights of UAV-mounted RIS. It is noticeable from the
graphs in Figure 6 that both transmit power and the height of the UAV-mounted RIS
have a significant impact on achieving maximum spectral efficiency of the system. Since
the UAV height increases, the spectral efficiency decreases. This is because path loss
increases as distance increases.

Figure 7 shows the estimated achievable spectral efficiency values that can be
reached when different transmit powers and the total amount of RIS passive elements are
considered. Given the lower number of RIS passive elements, it is clear that the
simulated system has good spectral efficiency in this situation.
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Figure 6 Achievable spectral efficiency versus average transmit power for varying the height of
the UAV in a multi-user UAV-mounted RIS-assisted NOW transceiver (see online
version for colours)
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Figure 7 Achievable spectral efficiency versus average transmit power for varying the number of
RIS passive elements in a multi-user UAV-mounted RIS-assisted NOW transceiver
(see online version for colours)
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Figure 8 illustrates the energy efficiency performance of the designed system. The energy
efficiency performance saturates at the specified GBS transmit power. It is not
monotonically increasing with the increase in GBS transmit power. It is clear that the
best use of energy happens at 39 dBm, 37 dBm and 37 dBm when there are 25, 50 and
75 RIS elements.

Figure 8 Average energy efficiency versus average transmit power for varying the number of
RIS elements in a multi-user UAV-mounted RIS-assisted NOW transceiver (see online
version for colours)
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Figures 9 to 12 show the applicability of various channel coding and signal detection
techniques to quantify BER for different GUs. With careful analysis of the BER curves
shown in Figures 9 to 12, with the combination of Zero Forcing (ZF), Minimum Mean
Square Error (MMSE), Cholesky decomposition-based Zero Forcing (ZF) and Lattice
reduction-based MMSE (LR-MMSE) signal detection techniques, it is evident that RA
channel coding outperforms LDPC channel coding in the simulation. It is also clear that
when the LR-MMSE signal detection technique is used, the simulation system has
superior BER performance compared to all other possible combinations.

Observing the simulation results of GU 1 in Figure 9, the approximate BER value of
MMSE reduces from 0.0018 to 0.0011 in the LR-MMSE signal detection technique, and
the BER value changes from around 31.86 to 0.10% for an ordinary SNR value of 6 dB.
In this scenario, the system employing RA channel coding with ZF signal detection
achieves a 25.03 dB enhancement over LDPC channel coding with LR-MMSE signal
detection under 16-QAM higher-order digital modulation.
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Figure 9 BER performance utilising various channel coding and signal detection techniques for
GU 1 (see online version for colours)
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With such a similar assessment of the SNR value for GU 2 in Figure 10, the approximate
BER value of MMSE reduces from 0.0061 to 0.0023 in the LR-MMSE signal detection
technique and the BER values are found to vary from approximately 31.56 to 0.07%.
With these predicted values under 16-QAM, the system using RA channel coding with
Cholesky decomposition-based Zero Forcing (ZF) represents an improvement of
16.54 dB over LDPC channel coding with MMSE signal detection approach.

In case of GU 3, in Figure 11, the approximate BER value of MMSE reduces from
0.018 to 0.0017 in LR-MMSE signal detection technique and the BER value varies from
approximately 32.13 to 0.14%. Using RA channel coding employing LR-MMSE signal
detection technique as compared with LDPC channel coding employing LR-MMSE
signal detection technique, a system enhancement of 22.63 dB is attained for the
16-QAM digital modulation case specifically investigated.
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Figure 10 BER performance utilising different signal detection and channel coding techniques for
GU 2 (see online version for colours)
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Figure 11 BER performance utilising various channel coding and signal detection techniques for
GU 3 (see online version for colours)
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From Figure 12 for GU 4, it is observable that the predicted BER value of MMSE
reduces from 0.0443 to 0.0128 in LR-MMSE signal detection technique and the BER
values are found to vary from approximately 32.18 to 0.26% for an ordinary SNR value
of 6 dB. Figure 11 also shows that the estimated BERs for RA channel coding with ZF
signal detection and LDPC channel coding with LR-MMSE signal detection under
16-QAM are 0.0026 and 0.3218, respectively, for RA channel coding with ZF signal
detection and LDPC channel coding with LR-MMSE signal detection. In this instance,
the predicted parameters are clearly pointing to a systematic improvement of 23.03 dB.

Figure 12 BER performance utilising different signal detection and channel coding techniques for
GU 4 (see online version for colours)
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4 Conclusion

In this paper, a design methodology for a transceiver for a UAV-mounted RIS-based
downlink 6G compatible multi-user NOW system is presented. In the proposed system,
GUs are receiving dominant signals in transmission from the GBS via RIS. In the case of
direct transmission from the GBS to the GUs, the presence of skyscrapers in urban areas
has a blocking effect. The simulation results demonstrate the efficiency of the proposed
system in terms of enhanced BER performance with higher-order digital modulation.
According to the findings, the deployment of RA channel coding with CD-based ZF
signal detection technique or LR-MMSE delivered superior performance. In the future,
we plan to extend the proposed model to accommodate imperfect channel state
information (Li et al., 2024).
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