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ABSTRACT

In the proper designing of spectrally efficient Sth Generation (5G)/Beyond 5G
(B5G) systems, minimization of Peak-to-Average Power Ratio (PAPR) of the time domain
Orthogonal Frequency-Division Multiplexing (OFDM)/Cyclic Prefix (CP)-less OFDM
signal and reduction of baseband signal Out-of-Band (OOB) spectral power in the vicinity
of boundaries of the transmission frequency band is very much essential. In the perspec-
tive of considering the non-compatibility of CP-less Single-Input Single-Output (SISO)
OFDM technique with Multiple-Input Multiple-Output (MIMO) technology adopted 5G
systems, we present the first CP-less MIMO OFDM System. It is based on incorporating

Discrete Fourier transform (DFT) spreading, signal discrimination with Walsh-Hadamard

il



coding, and PAPR reduction with Tukey (tapered cosine) time-domain windowing tech-
niques. This combination of mechanisms provides an effective combination of benefits
related to Bit Error Rate (BER), PAPR, Complementary Cumulative Distribution Func-
tion (CCDF) of PAPR, and OOB spectral power. The BER performances of our system in
its simplified (SISO) form are compared with the CP-less SISO OFDM system. Addition-
ally, the estimated OOB powers are also compared with various future-generation wire-
less communication systems such as DFT-Spread Windowing and Restructuring Orthog-
onal Frequency Division Multiplexing (WR-OFDM), Universal Filtered Multi-Carrier
(UFMC) and Filter Bank Multi-Carrier (FBMC). Our simulation study shows that the
proposed scheme achieves OOB spectral power attenuation of 142 dB with PAPR of 8.56
dB and BER of 10~* under a scenario of Signal-to-Noise Ratio (SNR), E;,/N, = 15 dB
with 16-Quadrature Amplitude Modulation (16-QAM) modulation.

To improve the spectral efficiency and robustness of wireless communication sys-
tems, on the other hand, drone-assisted 5SG and beyond 5G wireless communication net-
working capabilities require strong consideration of constrained transmission power, user
equipment receiver sensitivity, coverage area, and severe mmWave path loss. We present
a Non-terrestrial downlink wireless communication system using a Cyclic Postfixed Win-
dowed Orthogonal Frequency Division Multiplexing (CPW-OFDM) signal format. We
demonstrate the impact of combining a Tukey windowing technique with Clipping and

Filtering (CF) techniques for the simultaneous reduction of both OOB energy and PAPR.

v



Block Diagonalization (BD) channel precoding provides Multi- user Interference (MUI)
reduction, while (3, 2)- Single Parity Check (SPC), Repeat and Accumulate (RA) channel
coding, and Zero Forcing (ZF) signal detection schemes improve BER. Numerical results
confirm that the proposed Non- terrestrial downlink CPW-OFDM system is suitable for

multi-user signaling on mmWave frequencies.
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CHAPTER 1

INTRODUCTION

1.1 Problem Statement

In commercially deployed internet-of-things (IoT), enhanced mobile broadband
(eMBB) and multimedia broadcast single frequency network (MBSFN) supportable 5G
new radio (NR) networks with multiple NR OFDM numerology and utilization of cen-
timeter wave (cmWave) and millimeter wave radio frequencies (3.4 to 3.6 GHz, 24.25
to 27.5 GHz, 27.5 to 29.5 GHz, 37 GHz, 39 GHz and 57 GHz to 71 GHz), cyclic pre-
fixed orthogonal frequency division multiplexing (OFDM) and cyclic prefixed discrete
Fourier transform-spread-OFDM (DFT- s-OFDM) multiple access schemes have been
implemented for downlink and uplink transmissions [1, 2]. Global mobile data traffic has
been steadily increasing over the past ten years. According to the International Telecom-
munication Union (ITU), monthly mobile data traffic will amount to 5 zettabytes (ZB).
The fifth generation (5G), the most recent effort to advance mobile communications tech-
nology, is anticipated to hit its limits by 2030. Numerous rapidly developing, highly data-
intensive use cases and applications, such as multiway virtual meetings with holographic
projection, virtual and augmented reality (VAR), brain communication interface, telepor-
tation, remote surgery, etc., show that the latency, reliability, and data rate requirements

of these future applications clearly exceed the capabilities of current 5G systems [3-6]. In



consideration of such a realistic scenario, significant emphasis is being given to the de-
velopment of BSG-compatible enabling technology rather than implementing CP-OFDM
and DFT-s-OFDM multiple access schemes. In the CP-OFDM signaling technique, dif-
ferent OFDM sub-channels/subcarriers are assigned to different users which in fact not
indicative of showing the robustness of the system/network in terms of spectral efficiency.
In addition, the excessive usage of the Cyclic Prefix (CP) degrades spectral efficiency as

well as transmission latency in the CP-OFDM system.

1.2 Motivation

Orthogonal frequency division multiplexing (OFDM) is the widely accepted trans-
mission waveform for Wi-Fi, Long-Term Evolution (LTE), 5G New Radio, and nar-
rowband IoT. While OFDM has many advantages such as efficient use of the spectrum
through the division of channels into fading subchannels, it also has issues such as high
Peak-to-Average Power Ratio (PAPR), spectral leakage, strict synchronization require-
ments, and frequency offset sensitivity.

To overcome some of these problems, the cyclic prefix is used with OFDM, but
there are also some disadvantages. For example, when the cyclic prefix (CP) is exces-
sively used, particularly in highly dispersive channels, potential degradation of Single-
Input Single-Output (SISO) performance is possible, in terms of spectral efficiency as
well as transmission latency.

To circumvent these impacts, a promising CP- Less uncoded OFDM system for

SISO was proposed in [7]. In such a system, it is expected that the CP-Less OFDM



waveform would be capable of fulfilling of the low latency and high spectral efficiency
requirements. The authors made Out-of-Band-Emission (OOBE), PAPR, BER, Trans-
mission efficiency, Transmission latency, and Power efficiency comparisons between CP-
Less uncoded SISO OFDM and conventional CP OFDM system with FFT size of 64
and QPSK, 4-QAM and 16-QAM digital modulations. In merely transmission efficiency
comparison, low to higher-order digital modulations (64-QAM, 32-QAM, 16-QAM, and
4-QAM) were used. On the basis of simulation results, the authors demonstrated that
their CP-Less SISO OFDM technique would be suitable for future 5G and beyond wire-
less services and applications including URLLC, IoT- based mMTC, and eMBB. In their
paper, the authors pointed out that the applicability of their proposed CP-Less OFDM
scheme is highly desirable for MIMO and it may require some modifications to make it
fully compatible with MIMO due to having multiple channels interaction that may impact
the orthogonality among subcarriers when CP is not used. We note that little work has
been done on the MIMO CP- Less OFDM system so far.

On the other hand, considering non-terrestrial networking, the 374 Generation
Partnership Project (3GPP) has initiated studies on the role of satellites in terrestrial mo-
bile radio communications. 3GPP 5G releases provide a promising opportunity to inte-
grate previously independent terrestrial and satellite networks.

The overall structure of integrated terrestrial-non-terrestrial airborne networks gen-
erally incorporates Low Altitude Platforms (LAPs), High Altitude Platforms (HAPs), and

satellite platforms. In 3G PP activity, a great emphasis is given to the role of LAPSs in



addition to integrating satellites and HAPs into the terrestrial network. In LAPs sub net-
working, the Unmanned Aerial Vehicle (UAV) is located at a height between 0.1 km to 1
km from the ground surface [14].

UAVs are the most prominent example of LAPs. The UAVs, popularly known as
drones, are expected to be an important component of near-future wireless networks. With
strong Line-of-Sight (LoS) linking, high data rate transmission capability, and fast and
flexible deployment, UAV's can provide non-terrestrial Communication (NTC) services in
various types of natural and man-made disasters such as floods, fires, and earthquakes that
have devastating impacts on the economy and human life. UAVs can facilitate fast and
efficient information dissemination in various terrestrial networks that support Device-to-
Device (D2D), Vehicle-to-Vehicle (V2V) as well as mobile ad hoc networks. UAV's can be
used to enhance communication at high-frequency millimeter wave (mmWave) bands in
3D Multiple Input Multiple Output (MIMO), massive MIMO, and reconfigurable antenna
array systems. The massive deployment of small, power-limited Internet of Things (IoT)
devices in many key IoT application domains such as health care, emergency response,
transportation, and smart cities can potentially benefit from the presence of UAVs [15],
[16].

After commercial deployment of 5G New Radio (5G NR) networks, NTC can
provide cost-effective and high-capacity connectivity in the future beyond 5G (B5G)/
6" generation (6G) wireless networks. The 6G research is currently focusing on the
development of NTC to promote ubiquitous and high-capacity global connectivity. 6G

is expected to envision a three-dimensional (30) heterogeneous architecture in which



terrestrial infrastructures are complemented by non-terrestrial stations, including UAVs
as Low Altitude Platform Stations (LAPSs), High Altitude Platform Stations (HAPSs),
and satellites [17].

In the present scenario of mobile networks, 5G NR is based on the utilization
of both Centimeter Wave (cmWave) and Millimeter Wave (mmWave) radio frequencies.
In such networks, Cyclic Prefixed OFDM (CP-OFDM) in the downlink and Cyclic Pre-
fixed Discrete Fourier Transform-spread-OFDM (DFT-s-OFDM) in the uplink have been
adopted as radio waveforms [18], [19]. Other radio waveforms such as filtered OFDM,
Universal Filtered Multicarrier (UFMC), and Filter Bank Multicarrier (FBMC) were also
suggested for 5G NR networks.

However, an advanced windowing-based waveform called - Weighted Overlap
and Add based OFDM (WOLA-OFDM) is believed to be capable of mitigating the OOB
emission by providing faster side lobe decay. This WOLA-OFDM is constrained, how-
ever, in terms of a data collision problem between consecutive OFDM symbols. Cyclic
postfixed windowed OFDM (CPW-OFDM) is an improved and simplified version of the
WOLA-OFDM system, having only one extension on the right side. Windowing is per-
formed on both the right extension and the left part with the cyclic prefix (CP) and thus
avoids data collision without any time loss between the consecutive OFDM symbols [20],

[21].



1.3 Aims, Objectives, and Improvement

Here in the first part of our research works, we provide a MIMO CP-Less OFDM
approach. Several changes are necessary for the SISO system.

By considering the constraints of the proposed CP-Less OFDM scheme and its
compatibility with different modes of MIMO, our work addresses the design of a new
DFT spread [8] system. Our approach is compatible with the utilization of low-density
parity-check (LDPC) channel coding technique [9, 10] and channel encoded MIMO CP-
Less OFDM system based on implemented DFT spreading, Walsh-Hadamard coding [11],
and Tukey time-domain windowing [12] techniques. The 5G frame structural information
provided on the website in [13] will be incorporated into our work. Our study on a number
of symbols shows that our approach is very promising.

On the other hand, in the second part of our research, a comprehensive demon-
stration has been made on beyond 5G compatible downlink drone-assisted non-terrestrial
mmWave CPW-OFDM system. Consideration is made relative to drone transmission
power (46 dBm) [22], receiver sensitivity [23], and drone height for a coverage area [24].

In Fig. 19, we present a typically assumed scenario of non-terrestrial downlink
transmission in which a low altitude mmWave-drone-Base station at a height of / from
the ground surface is transmitting signals towards four users located in a circular area of
radius R.

We present a novel framework of such a system with the introduction of (3, 2)-

Single Parity Check (SPC) and Repeat and Accumulate (RA) channel coding, a Cyclic



Postfixed Windowed Orthogonal Frequency Division Multiplexing (CPW-OFDM) sig-
naling scheme, a Tukey windowing technique combined with Clipping and Filtering and
Block Diagonalization (BD) channel precoding techniques. The impact of various signal
processing algorithms/techniques incorporated in our simulated system has been analyzed
properly.

In our research work, we gave emphasis to present a robust system in terms of en-
hancing data transmission bandwidth, reducing Out-of-Band (OOB) spectral power and
Peak-to-Average Power Ratio (PAPR) with reasonably acceptable Bit Error Rate (BER)
and multiuser interference (MUI) reduction. In the proposed system, all the subcarriers
in the OFDM signal are utilized simultaneously by all users. Numerical results ratify that

our proposed system is undoubtedly robust in terms of reasonable performance metrics.

1.4 How These Works are Related

In our research work, we gave emphasis mainly on the development of a robust
5G compatible spectrally efficient system. We proposed two advanced MIMO OFDM
systems, CP-less MIMO Discrete Fourier Transform Spread OFDM system using Walsch
Hadamard Code and A UAV- Assisted Multiuser Non-terrestrial Cyclic Postfixed Win-
dowed OFDM System, to enhance data transmission bandwidth, reduce Out-of-Band
spectral power and Peak-to-Average Power Ratio with reasonably acceptable Bit Error

Rate and Multiuser Interference reduction.



1.5 Summary of Contributions

In this section, we briefly discuss the main contributions of this dissertation.

1.5.1 CP-less MIMO Discrete Fourier Transform Spread OFDM System

We present a new DFT (Discrete Fourier Transform) spread B5SG compatible LDPC
channel encoded Multiple-Input Multiple-Output (MIMO) CP-Less OFDM system
based on incorporated DFT spreading, signal discrimination with Walsh-Hadamard
coding and PAPR reduction with Tukey (tapered cosine) time-domain windowing

techniques.

The performances of our proposed simulated system are analyzed and discussed
in terms of Bit Error Rate (BER), PAPR, Complementary Cumulative Distribution

Function (CCDF) of PAPR and OOB spectral power.

The BER performances of our system in its simplified (SISO) form are compared

with the CP-less SISO OFDM system.

Additionally, the estimated OOB powers are also compared with various future-
generation wireless communication systems such as DFT-Spread Windowing and
Restructuring Orthogonal Frequency Division Multiplexing (WR-OFDM), Univer-

sal Filtered Multi-Carrier (UFMC) and Filter Bank Multi-Carrier (FBMC).

The simulation results reveal that the proposed scheme achieves reasonably accept-

able OOB spectral power attenuation of 142dB with PAPR of 8.56dB and BER



of 1074 under a scenario of Ej,/Ny value of 15dB with rectangular 16 — QAM

constellation.

The above contributions are published in our paper [58].

1.5.2 UAV-Assisted Multiuser Non-terrestrial Cyclic Postfixed Windowed OFDM
System

* A comprehensive demonstration has been made on the suitable utilization of our 6G
compatible windowing-based waveform in the Unmanned Aerial Vehicle (UAV)-
assisted Non-terrestrial downlink Millimeter Wave (mmWave) Cyclic Postfixed Win-

dowed (CPW)- Orthogonal Frequency Division Multiplexing (OFDM) system.

* We present a novel framework of a UAV-assisted Non-terrestrial downlink system

with the implementation of a windowing-based waveform, CPW-OFDM.

* The key contribution of our research work is to make proper designing of a multi-
antenna configured Windowed OFDM System which incorporates additional Cyclic
post fixing scheme for 6G compatible UAV-Assisted Multiuser Non-terrestrial net-

works.

* We assess our systems’ performances in terms of Bit Error Rate (BER) improve-
ment, Multi-User Interference (MUI) reduction, Out of Band (OOB) spectral power

leakage reduction, and Peak to Average Power Ratio (PAPR) reduction.

* In our system, we have introduced the Block Diagonalization (BD) channel precod-

ing technique for reducing MUI and the computational complexity of a precoding



technique.

» Applicability of the Tukey windowing technique combined with Clipping and Fil-
tering techniques has made our system robust in perspective of reducing PAPR and

OOB spectral power leakage.

* Simultaneous implementation of pre and post-fixing techniques compensates the
effects of the multipath fading channel and prevents collision between two consec-

utive windowed OFDM symbols.

» Simulation results verify the significant enhancement of the achievable BER per-
formance with the implementation of various useful channel coding and signal de-

tection techniques.

* System performance metrics of our research work have also been compared with

the works of other researchers and notable achievements have been received.

* We analyze the impact of various signal processing algorithms/ techniques incor-

porated in our simulated system.

The above contributions are published in our paper [59].

1.6 Organization

The rest of this dissertation is organized as follows: Chapter 2 presents an exten-
sive literature survey on Cyclic Prefix and Cyclic Prefix-less SISO and MIMO OFDM

Systems and UAV-assisted terrestrial and non-terrestrial networking systems.
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We discuss our proposed Cyclic Prefix-less MIMO DFT-Spread OFDM System
in Chapter 3. First, we provide a description of our proposed system. Then we present a
comprehensive treatment of the signal model. Then the numerical results including BER,
PAPR, CCDFs of PAPR, and OOBE are presented in this chapter.

In Chapter 4, we present the UAV-assisted multiuser non-terrestrial CPW OFDM
system. In this chapter, firstly, the signal model of our proposed mmWave non-terrestrial
Downlink CPW-OFDM system is described. The system description is given. Then the
simulation and numerical results are presented at the end of this chapter.

Finally, We conclude this dissertation and briefly discuss several future research

directions in Chapter 5.

11



CHAPTER 2
LITERATURE REVIEW

In this chapter, we discuss the state-of-art researches that have been done to im-
prove the spectral efficiency, performance, and robustness of wireless communication
systems. As mentioned in Chapter 1, this dissertation is divided into two major sec-
tions such as CP-less MIMO DFT-Spread OFDM System and UAV-Assisted MUItiuser
Non-terrestrial CPW OFDM System, thus, the literature review is also organized into two
sections based on these issues. In each section, we present the related works and how our

work has novel contributions compared to other works.

2.1 Cyclic Prefix-Less MIMO Discrete Fourier Transform Spread OFDM System

2.1.1 Literature Review

In reviewing literature for enhancing 5SG/B5G system performance, various ap-
proaches to the problem of OOB power and PAPR reduction are found in addition to
estimating BER. Hamamreh et al. [7] introduced an alignment signal for a CP-Less SISO
OFDM system and studied its performance in terms of spectral efficiency as well as trans-
mission latency with consideration of degradation due to the excessive usage of CP. In
their work, degraded BER performances are presented for the CP-Less SISO OFDM sys-
tem in comparison with a regular SISO CP-OFDM system. The transmission efficiency,

transmission latency, and out-of-band emissions (OOBE) of the CP-Less SISO OFDM
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system are much better in comparison with regular the SISO CP-OFDM system. PAPR is
almost identical in both cases. To our knowledge, this is the only work on SISO CP-Less
OFDM. Because our work builds on this work to provide MIMO capabilities by adding
several additional mechanisms, we believe our work to be the first work on MIMO CP-
less OFDM. Plus we demonstrate high-quality BER, PAPR, and OOB performance.
In regards to DFT spreading, there have been a number of works. Choi et al. [25] ex-
tended the idea of a DFT spreading-based low PAPR Filter Bank Multi-Carrier (FBMC)
scheme to the intercarrier interference-free Alamouti-coded FBMC. Substantially lower
PAPR than the previous Alamouti-coded FBMC scheme was achieved in their study. Ad-
ditionally, a properly chosen sub-block size in DFT spreading was found to have produced
better BER performance in comparison to the theoretical Alamouti-coded BER with a di-
versity order of two.
Furthermore, Nazmul et al. [26] proposed a DFT-spread Windowing and Restructuring
OFDM (WR-OFDM) communication system for PAPR and OOB spectrum power reduc-
tion under consideration of a cyclic prefix length of 128 with 512 active carriers with an
FFT size of 1024. In their work, the authors demonstrated 3 dB more PAPR reduction as
compared to the WR-OFDM system and achievement of OOB attenuation of 110 dB at
the window length of 62 (less than half of the CP length).

In [27], Wu and et al., proposed an improved joint precoding method based on two
precoding schemes for simultaneous reduction of OOB emission and high PAPR under-
utilization of merely 64 subcarriers and low order digital modulation (QPSK constellation

mapping). The estimated OOB attenuation was found to have a value of less than 50dB.
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In [28], Kim et al., suggested a WR-OFDM system and showed competitive and desirable
OOB spectrum characteristics that were very important to save the frequency resources
and competitively similar shape to the OOB spectra of FBMC and UFMC system. In their
work, the Kaiser window was used with an FFT size of 128 and a cyclic prefix length of
16. The authors made a comparative study on the OOB power spectrum showing OOB
power reduction of 26 dB, 80 dB, and 117dB in comparison to in-band spectral power
for OFDM, UFMC, and FBMC systems under the scenario of linearity condition. In [21]
Zayani et al., investigated the performance of a Weighted Overlap and Add based OFDM
(WOLA-OFDM) system under consideration of cyclic prefix length of 72, FFT size of
1024, Window length of 32 with 16-QAM digital modulation. In their work, the authors
showed that 20dB OOB power reduction was achieved in the WOLA-OFDM system in
comparison with the CP-OFDM system.

In [56], Saeedi et al., focused on low-complexity channel estimation techniques
for CP-less MIMO-OFDM systems. The authors proposed an efficient channel estimation
algorithm based on the exploitation of pilot subcarriers and sparsity properties of the
MIMO channel. The algorithm significantly reduced the computational complexity while
maintaining satisfactory channel estimation accuracy.

Xu et al., investigated the performance of CP-less MIMO-OFDM systems in the
presence of channel estimation errors in [57]. The authors analyzed the impact of im-
perfect channel estimation on system performance and proposed a technique to mitigate
the performance degradation caused by channel estimation errors. The results provided

insights into the robustness of CP-less MIMO-OFDM systems under practical conditions.
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It is observable from numerical results presented in previous related works that no
effort has not yet been done on the MIMO CP-Less OFDM system which motivated me
to develop a spectrally efficient robust 5G/B5G compatible wireless communication with
reasonably acceptable BER, PAPR, CCDF of PAPR, and OOB spectral power.

We note that little work has been done on the MIMO CP- Less OFDM system so

far. We address this by using a new approach as described in the following section.

2.1.2 Recent Advancements

To explore the most recent advancements in CP-less MIMO OFDM systems we
review and refer to a few recent and remarkable works on CP-less MIMO OFDM systems.
These papers provide valuable insights into various aspects, including transceiver design,
modulation and coding, channel estimation, and performance analysis.

In [52] Tang et al., presented a CP-less MIMO OFDM transceiver design specifi-
cally tailored for SG New Radio (NR) systems. The authors proposed a novel scheme for
channel estimation and equalization, considering the characteristics of CP-less OFDM.
The performance of the proposed system is evaluated through simulations, and the results
demonstrate its feasibility and benefits in 5G NR scenarios.

Furthermore, F. Ahmad et al., explored the advanced modulation and coding tech-
niques for CP-less MIMO-OFDM systems [53]. The authors investigated the performance

of different modulation schemes, such as Quadrature Amplitude Modulation (QAM) and
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Phase Shift Keying (PSK), in combination with advanced coding techniques like Low-
Density Parity-Check (LDPC) codes. Simulation results showed the achievable data rates
and error performance of the proposed system.

Recently, in [54] Jiang et al., proposed a Full-Duplex MIMO System Based on
Cyclic Prefix (CP)-Free orthogonal frequency division multiplexing (OFDM) in Sensor
Network. Their results have shown that full-duplex (FD) system based on OFDM is po-
tential for wireless sensor networks. They extended FD to further improve spectral effi-
ciency by removing CP with optimal canceling self-interference (SI) remains a challenge.
In this paper, they analytically studied the conventional FD OFDM system and proposed
a CP-free system on this basis. The key point of the proposed scheme is the symbols are
transmitted in a unit of two identical symbols without CP. To eliminate the intersymbol
interference, the disturbed part was replaced by the repeated signal at the receiver, which
had the same effect as CP. Finally, an SI cancellation was down to restore the transmitted
symbols. As a key of analysis, a multiple-input multiple-output (MIMO) FD simulation
model was carried to show that their proposed scheme is effective in terms of the bit error
ratio (BER).

Another very recent work [55] has been carried out by Zhang et al., where they
tackled the problem of the signal-to-noise ratio estimation for a cyclic prefix (CP)-Less
orthogonal frequency division multiplexing (OFDM) system in the presence of Gaussian
noise over multipath fading channels. First, they introduced the cyclic correlation of the
CP-Less OFDM signal with CP, and analyze the cyclic correlations for Gaussian noise

and received signal. Second, they isolated the Gaussian noise power from the signal
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power. Finally, they obtained the close-form expression of SNR estimation by using
cyclic correlations. Computer simulation results verified the effectiveness of the proposed
method.

These papers represent a sample of recent research on CP-less MIMO OFDM
systems. Further exploration of these works can offer a deeper understanding of the ad-
vancements and challenges in the field.

Other advancements in CP-less MIMO OFDM systems generally revolve around
addressing challenges such as inter-carrier interference (ICI), inter-user interference (IUI),
signal processing algorithms, precoding, and beamforming, while maximizing the bene-
fits of the increased spectral efficiency. Some notable advancements include:

1. ICI and IUI mitigation techniques: Researchers have proposed various algo-
rithms and techniques to mitigate the effects of ICI and IUI in CP-less MIMO OFDM
systems. These include advanced equalization algorithms, such as minimum mean square
error (MMSE) and zero-forcing (ZF) techniques, as well as interference cancellation
schemes.

2. Advanced signal processing algorithms: Researchers have developed advanced
signal processing algorithms to improve the performance of CP-less MIMO OFDM sys-
tems. These algorithms aim to optimize resource allocation, precoding, and beamforming
techniques to maximize system capacity, minimize interference, and enhance overall sys-
tem performance.

3. Channel estimation and equalization techniques: Accurate channel estimation

is crucial in MIMO OFDM systems. Researchers have proposed novel channel estimation
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techniques that exploit the characteristics of CP-less OFDM signals, such as pilot-based
estimation, sparse channel estimation, and compressed sensing techniques. These tech-
niques aim to improve channel estimation accuracy, reduce pilot overhead, and enhance
system performance.

4. Hybrid precoding and beamforming: Hybrid precoding and beamforming tech-
niques combine the advantages of analog and digital beamforming in MIMO OFDM sys-
tems. These techniques enable efficient use of limited RF chains in massive MIMO sys-
tems, leading to improved spectral efficiency and reduced hardware complexity.

5. Nonlinear Precoding Techniques: Researchers have explored nonlinear pre-
coding techniques to improve the performance of CP-less MIMO OFDM systems. Non-
linear precoding algorithms, such as Tomlinson-Harashima precoding (THP) and vector
perturbation (VP) precoding, can effectively mitigate inter-symbol interference (ISI) and
inter-carrier interference (ICI) in CP-less systems.

6. Hybrid CP-less MIMO OFDM Systems: Hybrid systems that combine CP-
less MIMO OFDM with other modulation schemes or multiple access techniques have
gained attention. For example, combining CP-less MIMO OFDM with single-carrier
frequency division multiple access (SC-FDMA) can provide enhanced performance in
terms of spectral efficiency and power efficiency.

7. Low-Complexity Receiver Algorithms: Researchers have developed low-complexity
receiver algorithms for CP-less MIMO OFDM systems, aiming to reduce computational
complexity while maintaining performance. These algorithms leverage the sparsity of the

channel and exploit the structure of the received signals to achieve efficient detection and
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decoding.

8. Interference Mitigation and Resource Allocation: Advanced interference mit-
igation techniques and resource allocation algorithms have been investigated for CP-less
MIMO OFDM systems. These techniques optimize subcarrier allocation, power allo-
cation, and user scheduling to maximize the system’s capacity and mitigate inter-user
interference.

9. Frequency-Domain Processing: Frequency-domain processing techniques, such
as frequency-domain equalization (FDE) and iterative frequency-domain decision feed-
back equalization (FD-DFE), have been explored to combat inter-symbol and inter-carrier
interference in CP-less MIMO OFDM systems.

10. Massive MIMO Systems: CP-less MIMO OFDM systems have also been
investigated in the context of massive MIMO, which involves a large number of antennas
at the base station. Massive MIMO offers significant gains in terms of spectral efficiency
and interference suppression, and researchers have explored its application in CP-less
MIMO OFDM systems.

11. Machine Learning Approaches: Machine learning techniques have been em-
ployed to enhance CP-less MIMO OFDM systems. Researchers have investigated the use
of deep learning algorithms for channel estimation, interference cancellation, and equal-
ization tasks. These techniques aim to improve system performance and adapt to dynamic

channel conditions.
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2.2 UAV-Assisted Multiuser Non-terrestrial Cyclic Postfixed Windowed OFDM
System

2.2.1 Literature Review

Recently, considerable literature has grown up around the theme of UAV-assisted
non-terrestrial networking. The authors of [29] optimized the performance of a UAV-
assisted Wireless Powered Relay Network (WPRN) to maximize the sum rate in all ser-
vice sectors. In such a network, UAV was considered to be used as a radio-frequency
(RF) power transmitter and as a communication relay between Energy Harvesting Users
(EHUs) and a Base Station (BS). The EHUs employed a combination of Non-orthogonal
Multiple Access (NOMA) and Time-division Multiple Access (TDMA).

In [30], an optimization framework for power and time resource allocation during
Time Sharing Non-orthogonal Multiple Access (TS-NOMA) transmissions performed by
a UAV was proposed. An analysis on the joint optimization of various UAV systems
parameters including the UAVas position, height, beam width, and the resource alloca-
tion for uplink communications between ground IoT devices and a UAV employing short
Ultra-reliable and Low-latency (URLLC) data packets is provided in [31].

A comprehensive study was made in [15] on improving the secure performance of
a UAV-assisted jamming wideband CRNs where a UAV transmits the jamming signal to
interfere with the eavesdropper (Eve) and the SBS provides communication services for
the Secondary Users (SUs) over multiple sub-carrier channels. The authors of [16] made
an investigative study on the problem of lifetime maximization of a UAV-assisted network

in the presence of multiple sources of interference, where the UAVs were deployed to
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collect data from a set of wireless sensors. In prolonging the lifetime of the network, the
key role of UAVs was demonstrated.

A UAV-assisted disaster relief network is addressed in [32] where UAVs can dis-
seminate emergency information to those terrestrial users in a multicast manner. At [33],
the authors considered a two-phase Decode-and-Forward (DF) relay network assisted by
a UAV, where the UAV performed energy harvesting and information decoding simulta-
neously with a Power Splitting (PS) receiver structure. For the network, the PS and Time
Allocation (TA) factors were optimized to minimize the outage probability in transferring
the data from a source to a destination suffering from blockages in the direct link.

A general Roadside Unit (RSU)/ UAVs joint planning solution was proposed in
[34] so that UAVs could complement RSU coverage by providing flexible connectivity
capable of adapting coverage for traffic fluctuations, energy consumption, and budgetary
constraints that all have effects on Intelligent Transportation System (ITS) operations.

In [35], the characteristics of a mobile self-organizing network composed of mul-
tiple UAVs were analyzed to improve the communication quality of the UAV network.
An investigative study was made in [36] on the transmission issue of UAV communica-
tion systems using OFDM with index modulation. In such a study, the performance of
the spectrum efficiency, energy efficiency, and BER were analyzed according to different
conditions and simulation parameters.

The authors of [26] worked on SISO WR-OTEFS System for 5G and B5G compatible
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terrestrial networks with low order digital modulation (4QAM) and estimated OOB re-
duction power. In [37] and [38], BER performances comparisons were made by the au-
thors for Space-Frequency Index Modulation (SFIM) systems in different cases of SFIM,
SIM, and FIM with low order digital modulation (4QAM) and constant amplitude OFDM
wireless communication system with low order digital modulation (QPSK), respectively.
PAPR reduction performance analysis has been investigated in [39] for FFT-NOMA with
W-NOMA in discrete wavelet transformation based 5SG compatible non-orthogonal mul-
tiple access networks under utilization of low order modulation (BPSK and QPSK).

The numerical results presented in the work [37]-[39], [51] have been compared with the
results in our proposed system. From the points of OOB energy and PAPR reduction
with simultaneous mitigation of BER at the high-quality receivers, some compensation
techniques with the combination of conventional Tukey windowing technique with the
Clipping and Filtering (CF) technique have not been widely investigated in most litera-
tures. In our proposed transceiver for UAV-assisted multiuser Non-terrestrial Cyclic Post-
fix Windowing OFDM system, utilization of useful combined techniques has presented

performance advantages. We address our proposed approach in the following section.
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CHAPTER 3

CYCLIC PREFIX-LESS MIMO DISCRETE FOURIER TRANSFORM SPREAD
OFDM SYSTEM

In this chapter, we present our proposed Cyclic Prefix-less MIMO Discrete Fourier
Transform Spread OFDM System. Firstly, we provide our system description. After that,
we present a short review of the CP-less Uncoded Single Input Single Output OFDM
System before discussing our signal model in detail. At the end of this chapter, we analyze

the detailed results.

3.1 System Description

The key concepts underlying the transmission mechanism of our proposed DFT
spread CP-Less OFDM system with a multi-path frequency selective and slowly varying
fading channel-dependent alignment signal is illustrated in Fig. 1. We assume that bi-
nary data bits are channel encoded and digitally modulated using various low and higher
order digital modulation (DM) [40]. The complex digitally modulated symbols are pro-
cessed with a 512-point FFT operation and subsequently spatially multiplexed in spatially
multiplexed encoders; here we illustrate this by producing two independent data streams.
In each of the two data streams, frequency domain data symbols are packed up near the
central part of a 4096-IFFT-sized block with no data symbols at its two ends and central
point in the symbol mapping to avoid nearby channel interference. The symbols are first

converted from serial to parallel form to introduce a 4096-IFFT for OFDM multicarrier
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modulation assigning each symbol to different active subcarriers.

In parallel to serial conversion, a time domain signal vector is generated whose sam-
ples are coming from the contribution of all of the frequency data symbols [41]; this is
combined with an alignment signal. The resultant signal is repeated and multiplied with
Walsh-Hadamard codes to produce orthogonal signals transmitted from each of the an-
tennas (two antennas for this example).

On the receiving side, the desired transmitted signals are extracted using Walsh-Hadamard
codes at each antenna. After execution of each of the reverse operations, eventually, the

transmitted binary bit steam is retrieved.

3.2 Signal Model

In this section, we first review the SISO CP-Less OFDM system described in [7]
to set the stage for our proposed MIMO CP-less DFT spread OFDM system. Then we

present our proposed DFT Spread Windowed MIMO CP-Less OFDM System.
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3.2.1 CP-Less uncoded SISO OFDM System: Review

The transceiver structure of the previously proposed CP- Less SISO OFDM sys-
tem [1] is presented in Fig. 2. It is seen from Fig. 2 that the modulated frequency data
symbols rearranged for each CP-Less OFDM symbol containing N number of modulated
frequency data symbols are first converted from serial to parallel and then passed through
an IFFT block and subsequently parallel to serial converted to produce a time domain

signal vector whose samples are coming from the contribution of all the frequency data

symbols.
Transmitted _h_.. Tx
Hya s |IFFT |2 | P/S
Symbols 9 s F 3
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Figure 2: Transceiver structure of the proposed CP-less SISO OFDM system [7]

A time domain alignment signal (c;) of identical size equal to (N x 1) is added to
each time domain CP-Less OFDM signal (s;) and i'* transmitted signal can be modeled

as:

t,=s; +¢; € CVx1 (3.1

where NV is the number of modulated frequency data symbols. On transmission through a
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frequency selective and slowly varying fading channel, h, of (R + 1) taps, the i’" received

baseband signal vector, y; € CI(N+8)x1] can be modeled as:

where, n; € CIV+x1 5 7ero mean complex additive white Gaussian noise (AWGN)
at the receiver. The convolution form of the signal model in (3.2) can be rewritten by

N+R)XN]

inserting a Toeplitz matrix, H € cl , as:

y, = Ht;+n;, = H(s; + ¢;) +n;. (3.3)

The total resulting i** signal to be transmitted can be modeled under consideration of
intersymbol interference (ISI) cancellation at the transmitter and circularity providing a

signal at the receiver can be calculated as [7]:

t}zsi—l—ui—i—zi

. I O[N><1]

p°1

Hps[leu]

0[N><1]

3.4)
+(HTH)_1HT [

where H, € CI*Nl is the interference part of the Toeplitz matrix, H, while (.)”
represents the Hermitian transpose operation. The " signal received at the receiver, y, €

CIN+R)>1] with AWGN noise n; can be written as:

A

y;, = Ht; + ;. (3.5)

Discarding filter delay due to a time dispersive channel by eliminating the last R samples

of y, from (3.5), the i*" received signal §Z would be of (N x 1) in size and on further
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processing of )i with frequency domain channel equalization, the time domain CP-Less

i" indexed OFDM signal will be detected.

3.2.2  Signal Model for DFT Spread Windowed MIMO CP-Less OFDM System

For our proposed approach for a MIMO CP-Less OFDM System, several changes
are necessary from the SISO system described above in Section 3.2.1. We use 2 x 2 MIMO
as an example to describe our approach that is depicted in the transceiver structure of the
DFT Spread Windowed MIMO CP-Less OFDM System in Fig. 1.

We assume that there are four independent multi-path frequency selective and
slowly varying fading channels. As two channel dependent alignment signals are to be de-
signed, we consider that the signal transmitted from each of the two transmitting antennas
reaches the two receiving antennas through identical frequency selective and slowly vary-
ing fading channels g = [gog: ... gr]" € ClEHD* U and h = [hohy ... hg]" € CUR+DXI],
The power delay profiles of the two Rayleigh multipath time dispersive channels are de-

fined to be exponentially decaying with (R + 1) taps and expressed as:
hDF,n) = a;el™P>".n = 0,1,.. . R (3.6)

g(DF,n) = ael™PF>":n = 0,1,. .. R, (3.7)

where, a; and as are the normalization factors, n represents the tap index and DF is the
decay factor of the channel.

IfG,eC [ExN] represents the interference part of the Toeplitz matrix of the chan-
nel impulse response, g with (R + 1) taps for a block-based transmission system, we can

write:
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0 ... gr .- 9o
Gy=1|: 0 . . i (3.8)

The corresponding Toeplitz matrices, G € Cl(NV+F)xN]

g 0 ... ... 0
g O
L%
o G _ |or Soor 0 (3.9)
G 0 gr © " g
0 gr :
0
0 0 ... ... ggrj

where G, and G, are the N x N interference-free channel convolution matrices.
With our considered frequency selective channels, it can be expected that both of two
receiving antennas would receive identical signals.

Taking the Toeplitz matrix, /1, and its component, [, from [1] and considering
preprocessed " time indexed CP-Less OFDM signals, s;; from Layer 1 and s,; from
Layer 2, the alignment signals that will be added at Layer 1 and Layer 2 to cancel out ISI

can be written as:

O[le]
uw, =(H"H)'H" b A1 (3.10)
—HpSy;
O[le]
wy; = (GTG)'G* : (3.11)
—Gps[fx”

28



The alignment signals that will be added at Layer 1 and Layer 2 to provide circularity can

be written as:

H, st
2 = (HTH)"'HT |71 (3.12)
O[N><1]
G, s
z = (GTG)'\GT |77 (3.13)
O[le}

where H, € CI#¥*N and G, € C#*M are the interference parts of Toeplitz matrix, H and
G for transmission from Layer 1 and Layer 2, respectively.
The total resulting i*" signal to be transmitted prior to orthogonal signal generation

from first and second transmitting antennas can be modeled and calculated as:
t =81 + Wy + 2y, (3.14)

to; = So; + Uy; + Zy;. (3.15)

The signal presented in (3.14) and (3.15) are (N x 1) matrix in size. In order to produce
orthogonality between these two signals, they are multiplied block wise with two different
Walsh-Hadamard codes of processing gain 8 to produce signal t;; and t,; of both (N x 8)
matrix in size. The i*" signal received from two transmitting antennas at receiving antenna

1 and 2 with AWGN noise added can be written as:
Yii = Hty; + Gty; + 1y, (3.16)

¥o = Hty; + Gty + iy, (3.17)
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The signal vectors y,; and ¥, are (N + R) x 8 matrix in size. On removing channel delay,
the modified signal vectors §71i and ):'21- would be (N x 8) matrix in size. On multiplying
signal ffli with assigned Walsh-Hadamard codes at Layer 1 would cancel out the signal
transmitted from second transmitting antenna. Similarly, on multiplying signal §’2¢ with
assigned Walsh-Hadamard codes at Layer 2 would cancel out the signal transmitted from
first transmitting antenna. On further processing with execution of some necessary steps

as mentioned in Fig. 1, the transmitted signal is detected.
3.3 Result Analysis

In this section, we present the simulation performance results using MATLAB of
the proposed DFT Spread Windowed MIMO CP-Less OFDM system. In our study, we
use BER, PAPR, OOBE, and CCDFs of PAPR as main performance metrics to validate
and demonstrate the performance of our simulated system as discussed in the following
subsections.

In our simulated system, maximum utilization of active subcarriers is made viz.
3300 sub carriers are active and the remaining 796 subcarriers are null distributed equally
at the upper and lower band edges viz. 388 null subcarriers are assigned at the band edges
to reduce adjacent channel interference in a channel bandwidth of 250 MHz and FFT
size of 4096. Additionally, the multipath frequency selective and slowly varying fading
channel is used here to consider its coherence bandwidth smaller than the bandwidth of
the signal such that the transmitted signal experiences uncorrelated fading. The proposed

model is simulated to evaluate the system performance for parameter values presented in
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Table 1.
In our study, we use BER, PAPR, OOBE, and CCDFs of PAPR as main perfor-
mance metrics to validate and demonstrate the performance of our simulated system in

various subsections as follows:

.-I[]D E T T T T T

e P free OFDM - DF=1 |
i CP free OFDM - DF=2
1071 3 == CP free OFDM - DF=3 |
[ = @ = Regular CP OFDM

BER
S

._ID_q_ 1 1 1 1 1
0 5 10 15 20 25 30

E, /N, (dB)

Figure 3: BER comparison between CP-less OFDM and CP OFDM with different chan-
nel decaying factors underutilization of channel spread length equal to one forth Of the
OFDM symbol period, QPSK modulation and 64 subcarriers [7]

31



w=ipe= (P free OFDM-DF=1

mnflje= CP free OFDM-DF=2
CP free OFDM-DF=3

=3 = Regular CP OFDM

10 w-i== DFT spread CP free OFDM-DF=1| _
=== DFT spread CP free OFDM-DF=2|
=={==DFT spread CP free OFDM-DF=3 | |

o

]
e
/m

107 |

10"

] 5 [ 15 20 25 30

Eb/NI(dB)

Figure 4: BER performance comparison of our DFT spread CP free uncoded OFDM sys-
tem in its simplified single-input single-output (SISO) form with Regular SISO uncoded
CP OFDM and SISO uncoded CP free OFDM system under scenario of utilizing identical
parameters presented in Figure 3
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Figure 5: BER performance of CP-Less MIMO OFDM system for low order digital mod-
ulations: At various lengths of CDS
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Figure 6: BER performance of CP-Less MIMO OFDM system for low order digital mod-
ulations: Windowed at CDS=1/32
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Figure 7: BER performance of CP-Less MIMO OFDM system for low order digital mod-
ulations: DFT spread and windowed at different CDS
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Figure 8: BER performance of CP-Less MIMO OFDM system for higher order digital
modulations: At various lengths of CDS
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Figure 9: BER performance of CP-Less MIMO OFDM system for higher order digital
modulations: Windowed at CDS=1/32
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Figure 10: BER performance of CP-Less MIMO OFDM system for higher order digital
modulations: DFT Spread and Windowed at different CDS
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3.3.1 BER Comparison

Fig. 3 shows the BER performance comparison for previous SISO CP-Less OFDM.
It is seen from graphical illustrations presented in Fig. 3 that the previous SISO CP-Less
OFDM technique removes totally the redundancy of CP and exhibits BER performance
close to that provided by regular OFDM as the decaying factor of the channel increases.

Fig. 4 compares SISO cases. It shows the uncoded BER performance of the our
DFT spread CP-Less OFDM system in its simplified SISO form compared with Regular
SISO CP OFDM and the SISO CP-Less OFDM system presented in [7] utilizing identical
parameters. Various decay factors (DF) are shown, as used in (3.6) and (3.7). Notice the
best case for lower Ej, /Ny is SISO compatible DFT spread scheme considering higher
channel DF(=3), QPSK modulation with 64 subcarriers.

Fig. 5 - 7 show the BER curves of the proposed CP-Less MIMO OFDM sys-
tem for low order modulation (4-QAM, QPSK, and DQPSK) with the utilization of 1/2
rate LDPC forward error correction (FEC) over various Rayleigh multipath channel delay
spread (CDS) with and without implementation of DFT spreading and windowing tech-
niques. The performance improvement of the CP-Less MIMO OFDM system without
implementing DFT spreading and windowing techniques is clearly observed in Fig. 5,
in the case of lower CDS of the time dispersive channel. The estimated BER is 10~*
for E, /Ny value of 0dB for 4-QAM. At a typically assumed BER = 1073, a SNR gain
of approximately 5.3 dB is obtained for 4-QAM with lower channel delay spread length
in comparison with 4-QAM under consideration of comparatively higher channel delay

spread length.
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Fig. 6 shows BER curves of windowed CP-Less MIMO OFDM system without
implementing DFT spreading and utilization of low order modulation with lower channel
delay spread length. It can be seen from the figures how the system performance de-
grades with an increase in windowing length. Such operation affects frequency-domain
complex input data symbols modulated by active subcarriers. BER performance is found
to be reasonably acceptable. Here, BER is 10~ for £}/ N value of 0dB with 4-QAM at
windowing length of 100 samples. Fig. 7 shows BER curves of DFT Spread windowed
CP-Less MIMO OFDM system and utilization of low ordermodulation with lower chan-
nel delay spread length. It can be seen from the figures that the system performance is not
well discriminated from each other at low SNR values. At a 0 dB value of E;,/N, with
4-QAM, the estimated BER is found to have a value of 2 x 10~* at windowing length of
100 samples.

Fig. 8 - 10 show the BER curves of the proposed LDPC channel encoded CP-
Less MIMO OFDM system for higher order modulation (16-QAM, 16-PSK, and 16-
DPSK). For the CP-Less MIMO OFDM system in Fig. 8, the estimated BER is 10~
for E},/Ng = 15 dB using 16-QAM. Fig. 9 shows BER curves of the windowed CP-Less
MIMO OFDM system without implementing DFT spreading and utilization of higher or-
der digital modulations with lower channel delay spread length. The system performance
in 16-QAM is comparatively better but no discrimination is seen for different window-
ing lengths. Fig. 10 presents BER performance curves for DFT spread CP-Less MIMO
OFDM system with implementing windowing technique and and lower channel delay

spread (CDS). It can be seen from the figures that the system performance is better in
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16-QAM and little discrimination is seen for lower E},/N,. At 15 dB value of E;,/Ny
with 16-QAM, the estimated BER is found to have an approximate value of 2 x 1072 at

windowing length of 100 samples.

3.3.2 PAPR and OOBE

Figs. 11 - 14 show graphical illustrations of the OOB spectrum of the DFT spread
CP-Less OFDM system with and without implementing windowing technique and utiliza-
tion of higher order digital modulations for Layer 1 and Layer 2. In every case, we observe
that implementation of windowing technique improves OOB reduction performance.

In Table 2 and Table 3, numerically estimated OOB powers in comparison to in-
band spectral power are presented. Note that with the higher order modulation (Table
2), the maximum OOB power reduction of approximately 134 dB is achieved in a win-
dowed CP-Less OFDM system without the implementation of DFT spreading. On the
other hand, a maximum OOB power reduction of approximately 143 dB is achieved in a
windowed CP-Less OFDM system with the implementation of DFT spreading. With the
lower order modulation (Table 3), we observe that the maximum OOB power reduction of
approximately 143 dB is achieved in the windowed CP-Less OFDM system without im-
plementation of DFT spreading. On the other hand, maximum OOB power reduction of
approximately 139 dB is achieved in the windowed CP-Less OFDM system with imple-
mentation of DFT spreading. It is also observable that in low-order modulation, the DFT
spread CP-Less OFDM system has reasonably satisfactory OOB reduction performance.

From Table 4 and Table 5, we see that PAPR values confirm that implementation of the
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Tukey windowing technique in the DFT spread CP-Less OFDM system reduces PAPR
in comparison with non-implementation of the Tukey windowing technique. It is also
observable that in low-order digital modulation, the DFT spread CP-Less OFDM system

has reasonably satisfactory OOB reduction performance.
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Figure 11: Power Spectral density of DFT spread CP-Less OFDM with and without im-
plementing windowing technique and utilization of lower order digital modulation for
Layer 1 (First Transmitting antenna)

3.3.3 CCDFs of PAPR

Fig. 15 plots the CCDFs of PAPR for our DFT spread CP-Less OFDM system

with utilization of lower order modulation. From the figure, we can observe that a PAPR
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Figure 12: Power Spectral density of DFT spread CP-Less OFDM with and without im-
plementing windowing technique and utilization of lower order digital modulation for
Layer 2 (Second Transmitting antenna)
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Figure 13: PSD of DFT spread CP-Less OFDM for higher order digital modulation (Layer
1)
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Figure 14: PSD of DFT spread CP-Less OFDM for higher order digital modulation (Layer
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reduction of 0.5 dB at CCDF = 1072 can be obtained with Layer 1 under scenario of
no windowing compared with Layer 1 with windowing length of 300 samples. In case of
Layer 2, a PAPR reduction of 0.4 dB is found to have achieved at COCDF = 1072,

Fig. 16 plots the CCDFs of PAPR for our DFT spread CP-Less OFDM system
with utilization of higher order modulation. We can observe that a PAPR reduction of 0.4
dB at CCDF = 1073 can be obtained with Layerl under a scenario of no windowing
compared with Layer 1 with windowing length of 300 samples. In case of Layer 2, a

PAPR reduction of 0.3 dB is found to have achieved at CCDF = 1073.
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Figure 15: CCDFs of PAPR for DFT spread CP-Less OFDM system for lower order
digital modulation
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Figure 16: CCDFs of PAPR for DFT spread CP-Less OFDM system for higher order
digital modulation
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Table 1: Simulation Parameters for the Cyclic Prefix-Less MIMO Discrete Fourier Trans-

form Spread OFDM System
FFT size 4096
Effective subcarriers, number of | 3300
frequency-domain complex input
data symbols in a single OFDM
Subcarrier spacing [KHz] 60
Sampling frequency [MHz] 245.76
Carrier Bandwidth [MHz] 200
System Bandwidth [MHz] 250
No of OFDM symbol 2

Input data symbols

4-QAM, QPSK, DQPSK, 16-QAM,
16-PSK, 16-DPSK

Windowing

Tukey (Tapered cosine)

Window length (samples) at both ends
of Tukey windowing function

100, 150, 200, 250, 300, 350 and
400

No of frequency domain symbols in | 512

DFT spreading

Length of the dispersive part of | 128 and 256

OFDM symbol (sample)

Normalized Signal to Noise ratio, | -10 to 20

Eb/NO [dB]

Channel AWGN and multi-path frequency
selective and slowly varying fading
channels

Spreading code Walsh-Hadamard code

Spreading factor of spreading codes | 8

Normalization factor of power de- | 0.8 and 0.7

lay profile of Rayleigh multipath time

dispersive channel

Decaying factor of the channel 3
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Table 2: OOB Power Comparison for Higher Order Modulation (16-QAM)

Window OOB power (dB) for 16-QAM
Length | CP-Less OFDM without DFT spreading | DFT-spread CP-Less OFDM
Layer 1 Layer 2 | Layer 1 Layer 2
0| -63.98 -5345 | -67.83 -67.44
100 | -104.86 -108.73 | -100.74 -127.83
150 | -108.78 -112.64 | -114.86 -114.88
200 | -120.07 -123.35 | -123.84 -141.60
250 | -122.61 -122.19 | -119.63 -129.78
300 | -130.89 -124.30 | -132.23 -135.28
350 | -123.16 -134.09 | -127.92 -141.46
400 | -126.47 -126.74 | -142.50 -138.14

Table 3: OOB Power Comparison for Lower Order Modulation (4-QAM)

Window OOB power (dB) for 4-QAM
Length | CP-Less OFDM without DFT spreading | DFT-spread CP-Less OFDM
Layer 1 Layer 2 | Layer 1 Layer 2
0| -55.33 -62.89 | -60.70 -61.76
100 | -105.70 -99.57 | -118.35 -106.96
150 | -108.69 -111.61 | -124.34 -119.98
200 | -112.35 -121.36 | -124.85 -130.01
250 | -122.57 -123.61 | -121.37 -127.81
300 | -118.83 -125.59 | -128.79 -139.09
350 | -128.82 -134.14 | -126.60 -134.33
400 | -143.15 -135.50 | -127.59 -130.61
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Table 4: PAPR Comparison (16-QAM)

Window PAPR (dB) for 16-QAM
Length | CP-Less OFDM without DFT spreading | DFT-spread CP-Less OFDM
Layer 1 Layer 2 Layer 1 Layer 2
0 10.23 10.17 9.34 8.55
100 10.37 10.32 9.46 8.70
150 10.44 10.40 9.53 8.77
200 10.51 10.48 9.60 8.84
250 10.59 10.55 9.67 8.91
300 10.31 10.62 9.74 8.98
350 10.29 10.70 9.81 9.05
400 10.37 10.77 9.88 9.13
Table 5: PAPR Comparison (4-QAM)
Window PAPR (dB) for 4-QAM
Length | CP-Less OFDM without DFT spreading | DFT-spread CP-Less OFDM
Layer 1 Layer 2 Layer 1 Layer 2
0 9.03 8.78 8.24 7.91
100 9.15 8.95 8.36 8.05
150 9.22 9.02 8.43 8.12
200 9.28 9.09 8.50 8.19
250 9.35 8.89 8.56 8.26
300 9.42 8.70 8.63 8.33
350 9.49 8.78 8.70 8.40
400 9.56 8.87 8.77 8.48
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CHAPTER 4

UAV-ASSISTED MULTIUSER NON-TERRESTRIAL CYCLIC POSTFIXED
WINDOWED OFDM SYSTEM

In this chapter, we present our proposed UAV-Assisted Multiuser Non-terrestrial
Cyclic Postfixed Windowed OFDM System. First, we provide the system description of
our proposed system. After that, we discuss the detailed signal modeling. Finally, we

conclude this chapter by providing a detailed results analysis.

4.1 System Description

In our proposed system model (presented in Fig. 17 and Fig. 18), the binary data
of each user is channel encoded using (3,2)-SPC coding [42] and subsequently digitally
modulated to produce complex data symbols. Such symbols are rearranged and mapped
in accordance with the information of [43], [44] addressed in Section 4.2. The properly
mapped symbols are serial to parallel converted and fed into the OFDM modulator. The
OFDM modulated signals are operated on with the clipping and filtering technique in
combination with Tukey windowing for simultaneous reduction of PAPR and OOB and
subsequently processed with pre- and post-fixing for generation of CPW-OFDM modu-
lated signals. The windowed CPW-OFDM modulated signals are D/A converted using
the root-raised cosine pulse shaping filter as an interpolation filter. The D/A converted
signals are parallel to serial converted and their transmission powers are scaled. Such

signals are rearranged to make the signals compatible for processing in the subsequent
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precoding section. All the precoded signals for individual users are summed up to trans-
mit simultaneously from a drone-based base station. At the receiving section of each user,
the received signals are processed with signal detection techniques. The detected signals
are rearranged with signal power rescaled, serial to parallel converted, and fed into an
A/D converter. The A/D converted signals are restructured by removing additional pre-
and post-fixed data samples and sent up to the OFDM demodulator section. The OFDM
demodulated signals are parallel to serial converted, symbol demapped, digitally demod-
ulated, and channel decoded to recover the transmitted data. The required data processing
techniques have been addressed in Section 4.2. We use MATLAB to simulate our pro-

posed model.
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Figure 17: Block diagram of a Non-terrestrial Downlink CPW-OFDM System: Transmit-

ting Section
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Section

4.2 Signal Model

In our proposed Non-terrestrial simulated downlink CPW-OFDM system pre-
sented in Fig. 17 and Fig. 18, the drone-assisted base station comprises of Ny transmitting
antennas and each of the Ng users comprises of Ny receiving antennas. All users are con-
sidered to receive identical numbers of binary data. The preprocessed digitally modulated
complex symbols, x,,,.4, discussed in section 4.1 are mapped on the basis of the 5G frame
structural information provided at [43] for localized subcarrier mapping [44]. In such a
subcarrier mapping scheme, if the number of active subcarriers in an OFDM symbol of
each user with IFFT/FFT size is of N is N, the number of null subcarriers would

be Npui = N — Ngyetive- In the N—point IFFT, the transmitter assigns zero amplitude
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to the N,,,; null subcarriers. The number of null subcarriers are distributed at both ends
of the input signal vector applied to the N-point IFFT modulator is 0.5N,,,;;. The [**

discrete-time OFDM symbol for the n'* time sample and k™" user with its input signal

vector xy,[n] = [14,[0], zx[1], T a[2] oo 21 [N — 1]]* can be written as:
N-1
Xipalm] = 1/N Y~ apy[n]e72mmmN (4.1)
n=0

where, k = 1,2,---  Ngym =0,1,2,--- /N —1;and [ = 1,2,3,---, L; here, L is the
total number of OFDM symbols.

In Equation (4.1), each discrete-time OFDM symbol is operated with the CF tech-
nique for PAPR reduction [45]. In such an operational step, the discrete-time OFDM
symbol of sample size N is processed with N-point FFT and oversampled with a factor
Z(: 4) by padding N (E — 1)) zeros in its middle part and is subsequently transformed
into another form of discrete-time OFDM symbol X, ,[772] by LN -point IFFT, where,
m=0,1,2,---,LN — 1. The X r1[m] signal vector for the k' user is clipped for

m=20,1,2,... ,EN — 1 to create the clipped signal vector X ;. ;[7] as follows.

X my; X ml|| < Aci
ngkjl[m]:{ Zk,l[m]v | 2,k:,z[m”_ lip 42)

Aclipejarg(xz’k’l[m]); ’X2,k,l [mH > Aclz’p

where A, is the clipping amplitude derived by the Clipping Ratio (CR) defined as:

CR = 20logy, (AC“P> (dB) (4.3)
g

where, o is the RMS signal power of the signal vector X3 ;[77].
The clipped signal vector X x,[7] is processed with the LN -point FFT and the

out-band frequency components are removed with adaptation of a filter to produce the
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clipped and filtered signal vector X, ;. ;[m] of sample size N. The signal vector X, ;. ;[m]
is windowed by the Tukey tapered cosine technique for digital communication systems

and such tapered cosine windowing technique can be written [46] as

(1014 cos(2) &Y — W];
fm“p <z(P-1+
w(p) =19 1; forL(P —1)—|—1<p<P——(P—1) 4.4)
[l—i-co (= -z —n);
KforP—%(P—l) P)
where p = 1,2, , P(= N), r is the ratio of taper to constant sections (r = 22£) and

its value is in between 0 and 1. W L is the length of the samples at each of the two ends
of the signal vector X, ;[m].
The Tukey (tapered cosine) windowed [** discrete-time domain signal vector for

the k*" user can be written as:

X5 pa[m] = Xaga[m) () w(p) (4.5)

where, m = 0,1,2,--- | N — 1 and () denotes the point-wise product respectively.
On applying the N-point IFFT operation to combine CF and Tukey windowing
techniques implemented in the signal model of Equation (4.5), the newly formed [

discrete-time OFDM symbol for the k%" user can be written as:

—j2mmn
Xo pam ZXW v (4.6)

where, k =1,2,--- ,Ng; m=0,1,2,--- N —1;and [ =1,2,3,--- , L.
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In the case of a cyclic prefixed [ discrete-time OFDM symbol generation with a
cyclic prefixing sample length of N, Equation (4.6) can be written in a modified form of

(N + N) x 1 matrix in size as:

-~ N-1 s —j2mmn
Xﬁkz[m] =N Z ~X5kz[n]€ N
Xrpalmt] = R=N-N B 4.7)
Xskz[m]—%ZXskz[n]e =
n=0

where, 11 = 0,1,2,3,--- ,(N+N—1); = N—N,--- ,N=1; k=1,2,--- ,Ng; m =
0,1,2,--- ,N—1;and n = N—N,--- , N — 1, respectively.

In the CPW-OFDM signaling scheme, post fixing is executed to the signal model
of Equation (4.7) with an assumed sample length of N (= 0.5N ). On the basis of the
fundamental idea on CPW-OFDM in [20], the CPW-OFDM signaling scheme is imple-
mented for the [*" discrete-time OFDM symbol for the k%" user of (N + 1.5N ) x 1 matrix

size and can be written as:

[ N1 —j2mmi i
Xﬁkl[ﬁl] = le ~X5,kl[ﬁ]€ N
n=N—-N
o N—-1 jommn
Xspa[m] = | Xewi[m| =+ 0 X5 pilnle™w (4.8)
n—
(0.5N—1) iommn
XGkI[m] = % XS,k,l[ﬁ]e N
| =0 i

where, m = 0,1,2,3,---,(N + 1.5N —1):m = N — N,--- N — 1; and i =
0,---,(0.5N — 1), respectively.

To perform Inter Symbol Interference (ISI) reduction and Digital-to-Analog (D/A)
conversion, a root-raised cosine pulse shaping filter [47] is applied to the signal model of

Equation (4.8). The response of the root-raised cosine pulse shaping filter can be written
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. [4?@(003(1—1—04)7@)] + [(1 B a)(SinC(l—(l)?TS)]
CVRL- Y

where, « is the roll-off factor, and R is the number of samples of each symbol of the

hsro(s) =

signal vector Xy ., [m].

As an ideal raised cosine filter has an infinite impulse response, its response is
truncated through assigning the number of symbols [3; that the filter spans. In such
consideration, f3; is introduced in the root raised cosine filter and the length of its fil-
ter coefficient is (51 R + 1) and the sample index number, s used in Equation (4.9) is
s=0,1,2,--- /1 R.

The signal vector Xy ;. ;] is up sampled with an up sampling factor R and filtered

with a root raised cosine filter. The filtered signal vector Xg 5 ; [7%] can be written as:
Xo a[] = Xio[m] ® hsre(s) (4.10)

where, hsrc(s) is the response of the root raised cosine pulse shaping filter, s is the
sample index number, X [ﬁ] is the up sampled form of a signal vector of Xg . [m]
with i = 0,1,--- , (N + 1.5N)R — R, ® is the discrete convolution operator and the
sample length of the signal vector X j; [ﬁz] isQ = [(N+15N)R— R+ (B1R+1)] with
= 0,1,2,---,Q — 1[48]. (61 R + 1) is the length of the filter coefficient.

The power level of the signal in Equation (4.10) for k%" user is scaled and is writ-
ten in a matrix form of size () X L as By. Then stack all the elements of the matrix By,
into a single column vector by with assigning desired transmission signal power, and the

modified form of the signal vector is Bk with a sample length of (L. Prior to design-

ing the transmit precoder, a probabilistic path loss model based on the 3D geometry of
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MIMO fading channels has been considered for UAV-ground communications. The LOS

probability for the k™" user can be written as:

1

k _
PLOS - 1 +77Z}€_ﬁ[6k_¢] (411)

where, 1) and  are functions of the carrier frequency and environment, 6; represents the

elevation angle and 6, = £22 x sin™!(

huav _hk )
dg ’

where dj, = \/(2k — Tuaw)® + (Y — Yuav)? + (Puaw — hy.)? is the 3D distance be-
tween UAV and the k™ user. The 3D coordinates of the k* user and UAV respectively
are [y, Y, hi] and [y av, yuav, huav).

The NLOS probability for the k" user is simply P¥;,5 = 1 — PF,s. The path

loss for the k" user in both the LOS link and NLOS link can be written as:

Anleds Yo for LOS link
Lk:{m( ) for LOS lin w1

772(@)% for NLOS link

where, « is the path loss exponent, f. is the carrier frequency (28 GHz), n; and 7, are
the excessive path loss coefficients for LOS and NLOS links, and c is light speed. The

average path loss between the UAV and the k" user is:

47chdk 47chdlc

Cc

) 4.13)

Ly, = Pfogm( ) + PXosne(

T 47chdk

Ly.[dB] = [edogao( )llogio(Pros)+

4.14)
logiom + loglo(lef/Los) + logiom2]

where, f. is the carrier frequency, 7; and 7, are the excessive path loss coefficients for
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LOS and NLOS links, respectively. The average path loss model of Equation (4.14) is
preferred for channel estimation.

In block diagonalization precoding, an aggregate channel matrix of Ng users is
considered as:

H=[H/H] - -H}]" e CNsNrxNr (4.15)

For the k" user, its channel matrix H, is removed from H to create a channel matrix

H, ¢ CNsNr—Nr)xNr .

H,=[H ---H_H - -H] (4.16)
On singular value decomposition (SVD) of I/-Ivk, we get
H, = U, (Vi V)" (4.17)

From Equation (4.17), it is noticeable that the diagonal matrix > . has dimensions
(NsNg — Ng) x (NsNg — Ng) containing non-zero singular values and the matrix {72
holds Ny — (NgNg — Ng) right singular vectors forming a basis for the null space of IA{;C
The precoding matrix Wy of Ny X Ny in matrix size is constructed with the columns
of {/2 to satisfy the MUI condition [49]. Prior to executing the precoding operation, the
signal vector Ek is reshaped to produce a matrix Dy, of size Ny x 0.5¢) L. The output of

the k" useras precoder IN)k matrix is of size Ny x 0.5Q)L and is given by
D), = W,D; (4.18)

Summing all the precoded signals from Equation (4.18), the transmitted signal matrix B

is produced.
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The signal received at the k' user with user interference terms can be written as:

Y, =H;B =H,(W;D; + WyD, + - --
4.19)
+Wy Dy,) + ny

where, the term WD, is applicable to the first user, W55 is applicable to the second
user and so on; n; is the AWGN noise with variance 0,% associated with the received sig-
nal. From Equation (4.19), the received average signal power, P for the k™ user is
estimated from the signal represented by the matrix [H; W, Dy| and the received aver-

. k
age interference power Pi(nt)er Ference

is estimated from the sum of [Hy_+; WDy ;. j =

1,2, -, Ngl, and the P*)

noise

from ny,. The Signal to Interference Ratio (SINR) for the k"

user can be written as:
P,
+ P

noise

SINRy = (4.20)

[20)

inter ference

However, Equation (4.19) can be written for the k' user with interference com-

ponents neglected as:

where, H,, = H, W), is the equivalent channel matrix with size Nz x Np for the k" user.

With the application of the zero forcing signal detection technique [50], the de-

tected signal D, of size Ny x 0.5Q L can be written as:
D, = (A7H,) A'Y, 4.22)

Stacking all the elements of the matrix D}, into a single column vector b, with rescaled

signal power, it is rearranged into a matrix X of size () X L. Since the root-raised cosine
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filter presented in Equation (4.9) is real, symmetric, and linear-phased, it can also be used
as a matched filter. On application of such matched filter to deconvolve each column
vector data of the matrix X, an A/D converted signal matrix )A(a /4 1s produced and with
the execution of down-sampling factor 2, the retrieved CPW-OFDM symbols, X; 1, (m),
where m = 0,1,2,3,--- ,(N + 15N —1); k = 1,2,--- ,Ng;and [ = 1,2,---,L;
is processed for cyclic prefixed and additional post-fixed data removal resulting in the
production of retrieved [*" discrete-time OFDM symbol vector for the k" user, X 12,0 [m].
The OFDM signal vector X5 j;[m] is demodulated to produce a signal vector, X3 j;[m]
and after symbol and subcarrier demapping, digitally modulated complex symbols Z gepmod
are retrieved. The z 4¢.,,0q complex symbol is further processed for digital demodulation
and channel decoded to recover binary bits.

Note: Throughout the paper, the notation [.]7" and [.]¥ denote the non-conjugate

matrix transpose and conjugate (Hermitian) transpose of operation, respectively.
4.3 Result Analysis

In this section, we present the simulated performance of the proposed UAV-assisted
multiuser non-terrestrial CPW-OFDM system. The UAV with a height of 200 m from the
ground would serve four ground users located within the coverage area of 50 m with the
3D distances from the UAV to users of 203.00 m, 198.31 m, 203.55 m and 204.32 m,
respectively. We observe the user’s own signal power and randomly distributed user’s
interference signal power over a coverage area of a radius of 50 m by varying the heights

of the UAV (drone) from 50 m to 300 m and considering the height of all users is 1.5 m
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above the ground surface in all cases. In all other simulations, the UAV (drone) at height
of 200 m has been considered. The overall study assumes the probabilistic path loss model
is based on a mmWave flat fading MIMO channel with Channel State Information (CSI)
available at the receiver. Our proposed system is simulated under parameters in the Table

6.

4.3.1 Path Loss Model with Received Signals

On the basis of the signal model presented in Equation (4.14), the average path
loss has been calculated with the consideration of both LOS and NLOS links. The es-
timated values of maximum and minimum average path loss are 111.14 dB and 110.39
dB, respectively. In such estimated average path loss values, LOS component values are

found to be significant in comparison with NLOS components.

4.3.1.1 Height of UAV (drone) is 50 m

The distribution of the received user’s signal power with a UAV height of 50 m in
our study area is shown in Fig. 20. It is noticeable that the maximum and minimum signal
power values are 5.1835 x 1078 W and 3.3009 x 10~ W, respectively. In Fig. 21, the
user’s interference signal power is presented. The maximum and minimum interference

signal powers are found to have values of 1.3526 x 1073® W and 5.3277 x 10~% W.

4.3.1.2 Height of UAV (drone) is 100 m

In the case of considering UAV height of 100 m, it is seen that the maximum and

minimum signal power values are 1.4512 x 10~® W and 4.8335 x 10~ W, respectively
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Figure 19: Scenario of a typically assumed non-terrestrial Downlink transmission show-
ing significant LOS signal power
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Figure 20: Received randomly distributed user’s own signal power over a coverage area
of radius of 50 m. Height of UAV (drone) is 50 m and height of all users is 1.5 m above
ground surface
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Figure 21: Received randomly distributed user’s interference signal power over a cover-
age area of radius of 50 m. Height of UAV (drone) is 50 m and height of all users is 1.5
m above ground surface
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(Fig. 22). From Fig. 23, it is also noticeable that the user’s interference signal power
distribution is very low as compared to the user’s own signal power and the maximum
and minimum interference signal power values are 3.6953 x 1073 W and 1.2216 x 10~%°

W.

X 10'8

Signal Power(watt)
=
=]
/

50

Y Coordinate .
50 -850 X Coordinate

Figure 22: Received randomly distributed user’s own signal power over a coverage area
of radius of 50 m. Height of UAV (drone) is 100 m and height of all users is 1.5 m above
ground surface

4.3.1.3 Height of UAV (drone) is 200 m

The distribution of the received user’s signal power in our study area is shown in
Fig. 24. We see that although the user’s own signal power distribution is very low, the
estimated values are above the receiver sensitivity of 1.20 x 107!3 W (—99.2 dBm).The

maximum and minimum signal power values are 3.9315 x 107 W and 1.9442 x 107!
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Figure 23: Received randomly distributed user’s interference signal power over a cover-
age area of radius of 50 m. Height of UAV (drone) is 100 m and height of all users is 1.5
m above ground surface
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W, respectively. The distribution of the received user’s interference signal power is shown
in Fig. 25. It is noticeable that the user’s interference signal power distribution is very
low as compared to the user’s own signal power shown in Fig. 24. The maximum and

minimum interference signal power values are 1.6188 x 10739 W and 5.4698 x 104 W,

respectively.
%107
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Figure 24: Received randomly distributed user’s own signal power over a coverage area
of radius of 50 m. Height of UAV (drone) is 200 m and height of all users is 1.5 m above
ground surface
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Figure 25: Received randomly distributed user’s interference signal power over a cover-
age area of radius of 50 m. Height of UAV (drone) is 200 m and height of all users is 1.5
m above ground surface

69



4.3.1.4 Height of UAV (drone) is 300 m

In the case of considering UAV height of 300 m, it is seen that the maximum and
minimum signal power values are 1.3755 x 1072 W and 8.2203 x 107'2 W, respectively
(Fig. 26). From Fig. 27, it is also noticeable that the user’s interference signal power
distribution is very low as compared to the user’s own signal power and the maximum
and minimum interference signal power values are 4.8110 x 10~4° W and 1.9986 x 10~*!
W.

On comparing the graphical illustrations presented in Fig. 20 through Fig. 27, it
is remarkable that both the user’s own signal and interference power decrease with the

increase in UAV heights.

4.3.1.5 Impacts of Heights on User’s Own Signal Power and Interference Signal

Power

Fig. 28 and Fig. 29 show the received randomly distributed user’s own signal
power in Watt along the profile of the length of 100 m (—50 m to 450 m) by taking the
cross-section along the X — axis and Y — axis, respectively for the UAV heights of 50
m, 100 m, 200 m, and 300 m.

Fig. 30 and Fig. 31 show the received randomly distributed user’s interference
signal power in Watt along the profile of the length of 100 m (—50 m to +50 m) by taking
the cross-section along the X — axis and Y — axis, respectively for the UAV heights of
50 m, 100 m, 200 m, and 300 m.

On the critical observations of the graphical illustrations shown in Fig. 28 through
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Figure 26: Received randomly distributed user’s own signal power over a coverage area

of radius of 50 m. Height of UAV (drone) is 300 m and height of all users is 1.5 m above
ground surface
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Figure 27: Received randomly distributed user’s interference signal power over a cover-
age area of radius of 50 m. Height of UAV (drone) is 300 m and height of all users is 1.5
m above ground surface
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Figure 28: Signal power along the profile of the length of 100 m with taking the cross-
section along the X — axis for UAV heights of 50 m, 100 m, 200 m, and 300 m
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Figure 29: Signal power along the profile of the length of 100 m with taking the cross-
section along the Y — axis for UAV heights of 50 m, 100 m, 200 m, and 300 m
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Figure 30: Interference signal power along the profile of the length of 100 m with taking
the cross-section along the X — axis for UAV heights of 50 m, 100 m, 200 m, and 300 m
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Figure 31: Interference signal power along the profile of the length of 100 m with taking
the cross-section along the Y — azis for UAV heights of 50 m, 100 m, 200 m, and 300 m
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Fig. 31, we find that the received randomly distributed user’s own signal power increases
with a decrease in UAV heights. Similarly, in the case of received randomly distributed
interference signal power, it is seen that such power increases with a decrease in UAV
heights. In all cases, it is considered that the base station is located at the origin of the
study area (X - Coordinate, Y- Coordinate) = (0,0). Away from the location of the base
station user’s own signal power and the received randomly distributed interference signal

power gradually decreases.

4.3.2 Power Spectral Density

In Fig. 32 through Fig. 35, the simulated Power spectral density performances
of the OFDM modulated signals for adaptation of the clipping and filtering technique
integrated with and without Tukey windowing are presented. In our designed subcarrier
mapped OFDM modulated signals from [43], the OOB reduction with merely utilization
of clipping and filtering technique is low and it depends on the value of CR. The OOB
reduction performance improves insignificantly with increases in the values of the clip-
ping ratio. The average OOB power relative to in band power for CR values of 0.5 dB,
1.0 dB, and 2.0 dB are —20.34 dB, —20.95 dB, and —22.23 dB respectively. In combi-
nation of the Tukey windowing technique with the clipping and filtering technique, the
average OOB power relative to in-band power for CR values of 0.5 dB, 1.0 dB, and 2.0
dB are found to have values of —116.58 dB, —117.18 dB, and —118.47 dB, respectively
(Table 7, 8, and 9). It is remarkable that the highest average OOB power reduction of

117.41 dB is observed in the case of implementing the Tukey window-based clipping and
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filtering technique. In the absence of utilizing the Tukey window, the average OOB power

reduction reduces from 117.41 dB to 21.17 dB.

th
S
T
1

-100 ¢ 1

m— With 16-QAM+ Clipping and filtering for user 1
-150 L With 16-QAM+ WL=100 for user 1 _
m— With 16-QAM+ WL=200 for user 1
= With 16-QAM+ WL=300 for user 1

Normalized Power Spectral Density|dB]

2200 - m— With 16-QAM+ WL=400 for user 1 1
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-350 ' ' ' ' '
-1.5 -1 -0.5 0 0.5 1 1.5
Frequency(Hz) <108

Figure 32: Power Spectral Density of OFDM modulated signals with the utilization of
Clipping and Filtering technique integrated with Tukey windowing and 16-QAM digital
modulation for user 1

4.3.3 Complementary Cumulative Distribution Functions and Peak-to-Average Power

Ratio

In Fig. 36, simulated Complementary Cumulative Distribution Functions (CCDFs)
of PAPR for our proposed schemes are presented using 16-QAM. At a CCDF of 1074,

PAPR values are around 9 dB in case of combined adaptation of the clipping and filtering
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Figure 33: Power Spectral Density of OFDM modulated signals with the utilization of
Clipping and Filtering technique integrated with Tukey windowing and 16-QAM digital
modulation for user 2
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Figure 34: Power Spectral Density of OFDM modulated signals with the utilization of
Clipping and Filtering technique integrated with Tukey windowing and 16-QAM digital
modulation for user 3
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Figure 35: Power Spectral Density of OFDM modulated signals with the utilization of
Clipping and Filtering technique integrated with Tukey windowing and 16-QAM digital
modulation for user 4
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technique and the Tukey windowing technique and the PAPR increases from 9 dB to 10
dB in a specific case of not utilizing both techniques. Numerical results clearly suggest a
PAPR gain of 1 dB. In Tables 7, 8, and 9, the estimated values of PAPR with and without
windowing for different clipping ratios 0.5 dB to 3.0 dB are shown. It is observable from
such tables that the PAPR performance degrades insignificantly with an increase in both

Tukey windowing length and clipping ratio.

10" - . . . ; . . . . 1

me No clipping and filtering+ No windowing

L Clipping and filtering with clipping ratio 0.5 + Tukey windowing
\_ = (Clipping and filtering with clipping ratio 1.0 + Tukey windowing
Ty e Clipping and filtering with clipping ratio 1.5 + Tukey windowing
g, Clipping and filtering with clipping ratio 2.0 + Tukey windowing
1 | — Clipping and filtering with clipping ratio 2.5 + Tukey windowing
b Clipping and filtering with clipping ratio 3.0 + Tukey windowing

10

Without Clipping and Filtering

10" and Windowing

With Clipping and Filterin
and Windowing

10~ r

CCDF of PAPR (Probability of PAPR = PAPRD)

0 2 4 ] 8 10 12 14 16 18 20
PAPRO (dB)

10

Figure 36: CCDFs of PAPR for an average transmitted signal with and without the uti-
lization of Tukey windowing aided Clipping and Filtering technique
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4.3.4 Bit Error Rate and Signal-to-Interference-plus-Noise Ratio

In all BER curves shown in Figs. 37 through Fig. 40, obvious BER performance
degradation is shown and well discriminated with the implementation of (3, 2)- SPC chan-
nel coding compared with Repeat and Accumulate (RA) channel coding at normalized
(Ep/Ny) values. In all cases, the simulated system with 16-QAM digital modulation
and RA channel coding provides best performance at low Ej,/N, values. The BER per-
formance difference under two utilized channel coding is low and it increases with an
increase in value of E},/Nj.

To optimize the performance of our proposed system in terms of BER, PAPR,
and OOB, we used a clipping ratio of 0.5 dB and a Tukey window of sample length 400.
In a typically assumed E,/N, = 0 dB, the estimated BER value in Fig. 37 decreases
from 0.0919 to 0.0008 which is an improvement of 20.60 dB. The simulated system with
RA channel coding achieves the BER of 107! at £,/Ny = —9.50 dB, while (3,2)- SPC
channel coding achieves the same BER value at a E},/Ny = —1.00 dB which is an SNR
gain of 8.50 dB.

In Fig. 38, the simulated system with RA channel coding achieves the BER of
107! at E,/Ny = —9.00 dB, while (3,2)- SPC channel coding achieves the same BER
ata Fj,/Ny = 0.50 dB for an SNR gain of 9.50 dB. The estimated BER decreases from
0.0964 in (3, 2)- SPC channel coding to 0.0015 in RA channel coding for E,/Ny, = 0 dB
which indicates a system performance improvement of 18.08 dB.

Fig. 39 demonstrates that the RA channel coding achieves a BER of 107! at

Ey/Ny = —6.00 dB, while (3,2)- SPC channel coding achieves the same BER value at
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Figure 37: BER performance of Non-terrestrial Downlink CPW-OFDM with different
channel coding, 16-QAM modulation, Clipping and Filtering, with and without Tukey
windowing for user 1
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Figure 38: BER performance of Non-terrestrial Downlink CPW-OFDM with different
channel coding, 16-QAM modulation, Clipping and Filtering, with and without Tukey
windowing for user 2
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Ey/Ny = 3.00 dB, which signifies an SNR gain of 9.00 dB. In identical consideration,

the estimated BER decreases from 0.1517 in (3, 2)- SPC channel coding to 0.0122 in RA

channel coding which indicates a system performance improvement of 10.95 dB.
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Figure 39: BER performance of Non-terrestrial Downlink CPW-OFDM with different
channel coding, 16-QAM modulation, Clipping and Filtering, with and without Tukey
windowing for user 3

Fig. 40 shows how the RA channel coding achieves a BER of 107! at F,/N, =

—5.88 dB, while the simulated system with (3, 2)- SPC channel coding achieves the same
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Figure 40: BER performance of Non-terrestrial Downlink CPW-OFDM with different
channel coding, 16-QAM modulation, Clipping and Filtering, with and without Tukey
windowing for user 4
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BER value at £;,/N, = 3.35 dB. This ratifies a SNR gain of 9.23 dB. For E},/N, = 0 dB,
the estimated BER decreases from 0.1589 in (3, 2)- SPC channel coding to 0.0144 in RA
channel coding which indicates an improvement of 11.44 dB.

In Fig. 41, BER versus SINR performance comparison curves are presented for
all users. The estimated SINR values are found to have values ranges from —3.98 dB to
16.02 dB. The simulated system achieves a BER of 10~% at SINR values of 8.02 dB, 9.02
dB, 13.02 dB, and 12.02 dB in case of user 1, user 2, user 3, and user 4 and subsequently
BER value approaches zero at SINR values of 9.02 dB, 10.02 dB, 14.02 dB, and 13.02
dB.

In Fig. 42, the Cumulative Distribution Function (CDF) of SINR for four users
is shown in a scenario of eight transmitting antennas of UAV with transmit power of 46
dBm. As the power of received signals is very low due to severe path loss encountered
in mmWave frequency of 28 GHz, the estimated SINR values in the case of all four users
are found to be almost identical and for readability, CDF of SINR values are presented
separately. From Fig. 42, it is seen that all the users achieve a SINR value of 10 dB with
probability 30%. The value of the probability would increase with the requirement of

higher SINR values.

4.3.5 Performance Comparison with Existing Works

Our estimated system performance evaluation indicator values in terms of BER,
OOB, and PAPR can be compared with the numerical results of many authors [37]- [39],

[51]. In comparison, our estimated OOB reduction power is 117.41 dB (Tables 7, 8, and
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Figure 41: BER versus SINR performance comparison in Non-terrestrial Downlink CPW-
OFDM system with implementation of Repeat and Accumulate channel coding, 16-QAM
digital modulation, Clipping and Filtering technique with Tukey windowing for all users
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9) which is higher as compared to their estimated OOB reduction power (110 dB) [51].

The estimated BER value of 1 x 10~% was shown for SNR value ranges from 9.25
dB to 14 dB for three different cases (SFIM, SIM, and FIM) [37]. Our simulated system
presents BER value of 1 x 10~* at E},/N, value ranges from 2 dB to 7 dB (Fig. 37 - Fig.
40) which corresponds to SNR value ranges from 8.02 dB to 12.02 dB.

The BER value of 2.34 x 10~2 was shown at an average E, /Ny value of 10 dB
[38]. Our simulated system presents BER value of 2.64 x 1072 at average E,/N, value
of —3.5 dB (Fig. 38).

From [39], the estimated PAPR values with the complementary cumulative dis-
tribution function (CCDF of 10~2), are found to have values of 2.67 dB, 5.30 dB, 6.71
dB, 7.55 dB, and 9.20 dB under consideration of W- NOMA (Haar wavelets), W- NOMA
(Cioflet 2), W- NOMA (Daubechies 6), W- NOMA (Daubechies 8), and FFT-NOMA.
Our proposed system with clipping ratio 0.5 and Tukey window of sample length 400 at
a CCDF of 1072 has PAPR value within this range viz. 8.82 dB (Fig. 36) and such value

18 less than 9.20 dB estimated for FFT-NOMA.
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Table 6: Simulation Parameters for the UAV-Assisted Multiuser Non-terrestrial Cyclic
Postfixed Windowed OFDM System

ROM FT size 4096

Data subcarriers 3300
Length of cyclic prefixing 100 samples
Length of post fixing 50 samples

Length of samples in each CPW- | 4246 samples
OFDM symbol

No of CPW-OFDM symbols 4

Antenna configuration {2,2,2,2} x 8
Subcarrier spacing (kHz) 60

Sampling frequency (MHz) 245.76

Carrier Bandwidth (MHz) 200

System Bandwidth (MHz) 250

PAPR reduction Clipping and Filtering
Input data symbols 16-QAM

Windowing Tukey (Tapered cosine)

Window length (samples), WL at | 100,200, 300, and 400
both ends of Tukey windowing func-
tion

D/A transmit filter, A/D receive filter | Raised cosine pulse shaping
with roll off 0.25, filtering
spanning, 3; = 6 and samples
per symbol, R =4

Signal to Noise ratio, F}, /Ny (dB) —10to +10

Channel frequency non selective geo-
metrical fading channel
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Table 7: Estimated PAPR at different transmitting channels with OOB for four users

[Clipping Ratio (CR) = 0.5]

| CR | Channel WL=0 | WL=100 | WL=200 | WL=300 | WL=400 |
1 8.4592 | 8.5987 | 8.5737 8.5514 | 8.5655
2 8.4689 | 84734 | 84931 8.4813 8.4763
3 89293 | 9.0615 | 9.1136 | 9.1706 | 9.2176
4 8.7582 | 8.7977 | 88159 8.8237 8.8378
5 9.1858 | 9.1993 | 9.2214 | 9.2261 9.2215
6 8.8503 | 8.8991 | 8.9466 8.9779 8.9987
0.5 7 8.1403 | 8.1576 | 8.1371 8.1487 8.2009
8 8.7073 | 8.7514 | 8.8459 8.9467 9.0384
Average PAPR (dB) | 8.6874 | 8.7424 | 8.7684 8.7908 8.8196
-19.7996 | -91.9513 | -103.9919 | -111.0355 | -116.0330
OOB (dB) -21.6327 | -93.7844 | -105.8250 | -112.8686 | -117.8661
-22.6960 | -94.8477 | -106.8884 | -113.9319 | -118.9295
-17.2498 | -89.4015 | -101.4422 | -108.4857 | -113.4833
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Table 8: Estimated PAPR at different transmitting channels with OOB for four users

[Clipping Ratio (CR) = 1.0]

| CR | Channel WL=0 | WL=100 | WL=200 | WL=300 | WL=400 |
1 8.5415 | 8.6625 | 8.6351 8.6159 8.6294
2 8.5472 | 85525 | 85720 | 85616 8.5566
3 89714 | 9.1342 | 9.1740 | 9.2243 9.2661
1 8.8338 | 8.8687 | 8.8863 8.8926 8.9047
5 9.2165 | 9.2281 | 9.2472 | 9.2509 | 9.2479
6 8.9645 | 9.0143 | 9.0617 9.0912 [ 9.1115
1.0 7 82592 | 82772 | 82603 8.2836 8.3294
8 8.7969 | 8.8434 | 8.9308 9.0237 9.1070
Average PAPR (dB) | 87664 | 8.8226 | 8.8459 8.8680 | 8.8941
-20.5328 | -92.6844 | -104.7251 | -111.7687 | -116.7662
OOB (dB) -22.2571 | -94.4088 | -106.4494 | -113.4930 | -118.4905
-23.3472 | -95.4989 | -107.5396 | -114.5831 | -119.5806
-17.6488 | -89.8005 | -101.8412 | -108.8847 | -113.8822
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Table 9: Estimated PAPR at different transmitting channels with OOB for four users

[Clipping Ratio (CR) = 2.0]

| CR | Channel WL=0 | WL=100 | WL=200 | WL=300 | WL=400 |
1 8.7734 | 88135 | 8.7877 8.7872 8.8071
2 8.6817 | 8.6602 | 8.6574 8.6923 8.7608
3 9.2024 | 9.2556 | 9.2720 | 9.3103 9.3424
4 9.0059 | 9.0446 | 9.0335 9.0334 | 9.0426
5 9.1574 | 9.1670 | 9.1816 | 9.1851 9.2193
6 9.1235 | 9.1683 | 9.2137 9.2365 9.2517
2.0 7 8.5578 | 85745 | 8.5638 8.5705 8.6025
8 9.0432 | 9.0543 | 9.1213 9.1964 | 9.2636
Average PAPR (dB) | 89432 [ 89672 | 89789 | 9.0015 9.0363
-21.9638 | -94.1155 | -106.1561 | -113.1997 | -118.1972
OOB (dB) -23.5438 | -95.6954 | -107.7361 | -114.7797 | -119.7772
-24.2724 | -96.4241 | -108.4648 | -115.5083 | -120.5058
-19.1350 | -91.2867 | -103.3274 | -110.3709 | -115.3684
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CHAPTER 5

CONCLUSION AND FUTURE WORKS

We have presented a new form of a beyond 5G compatible system based on re-
search done with consideration of generating multi-path frequency selective and slowly
varying fading channel dependent alignment signal for SISO CP-less OFDM system for
enhancing spectral efficiency and reducing latency of 5G services. To our knowledge, this
is the first work on CP-less MIMO OFDM. Our proposed DFT Spread Windowed MIMO
CP-less OFDM system was observed to be spectrally efficient with reduced transmission
latency due to significant adaptation of active subcarriers, non-utilization of CPs between
OFDM symbols, and implementation of the Walsh-Hadamard encoding scheme. Simula-
tion results show reasonably acceptable system performance in terms of its BER, PAPR,
and OOB reduction. These all come from the combination of methods that were used.
In low-order digital modulation with 4-QAM, the simulated system shows robust perfor-
mance; the system performance degrades somewhat with higher-order digital modulation.
All of the given equations and system design can be applied readily to higher-order MIMO
systems; we have just used 2 x 2 MIMO as an example. As the specially designed align-
ment signal is frequency selective channel dependent, the work can be extended further
in the future by introducing index modulation into the DFT Spread Windowed MIMO

CP-less OFDM systems.
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On the other hand, we have introduced a modified form of the Clipping and Fil-
tering technique by incorporating Tukey windowing to improve the performance of our
proposed UAV-assisted multiuser non-terrestrial CPW-OFDM system, in terms of simul-
taneous reduction of both Out of Band and Peak to Average Power Ratio. Utilization of
Block Diagonalization, Channel precoding, Repeat and Accumulate channel coding, and
probabilistic average path loss model on both LOS and NLOS from UAV to ground com-
munications have made our system robust by improving BER performance and mitigat-
ing Multi-user Interference. Our presented 3D models for both received and interference
signal power over the study area are clearly indicative of severe path loss in mmWave
transmission.

The presented work can be extended in non-terrestrial networking using a cyclic
prefix-free OFDM multicarrier signaling technique for reducing latency and increasing
data rate with minimizing extra overhead due to cyclic prefixing.

Moreover, the modeling of wireless channels for UAV-to-ground/ground-to- UAV
links is an active and ongoing research area. UAV-aided wireless networks demand tech-
niques to predict channel variations introduced by their mobility, and this challenge is
magnified when source and destination nodes are also mobile. To establish and maintain
link connectivity, advanced air-to-ground (A2G) channel models and communication pro-
tocols that allow robust, reliable, and adaptive responses to dynamic environments can be

developed.
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