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Abstract

o deploy high-rate wireless services, future communication networks envisage the use of wide
frequency bands. Still, the usual frequency bands in the sub-6 GHz spectrum are extremely limited
and expensive. To expand its available spectrum, the forthcoming generation of mobile networks with
5G initiates the use of higher frequencies through the exploitation of millimeter-wave bands. In this
search for frequency resources, the sub-THz spectrum from 90 to 300 GHz offers unprecedentedly large
available bands, several tens of GHz. Wireless communications in sub-THz frequencies are therefore
seen as a foremost solution to achieve Tbit/s data rates and meet the requirements of future wireless
connectivity. Nevertheless, existing and mature wireless technologies cannot be directly transposed to
the sub-THz bands as they do not consider the specific features of sub-THz communications. Additional
research is hence required to design efficient communication systems adapted to the constraints of sub-
THz frequencies. Some of the major technological challenges brought by using high carrier frequencies
and large bandwidths include: the performance limitations caused by the strong phase impairments of
high-frequency oscillators; and the problem of high sampling rates required by the analog-to-digital
conversion. In this thesis, the conducted research focuses on the development of the physical layer for
sub-THz communication systems and attempts to overcome these technological barriers. Our objective
is twofold: to increase the communication data rate and to relax the constraints on radio-frequency
architectures. To do so, our approach consists in jointly designing signal processing for the analog and
digital domains.

The two main contributions of this work are: the optimization of coherent transceivers for strong
phase noise channels; and the proposal of dedicated communication systems with non-coherent and
high-rate architectures. First, we have proposed optimized transmission schemes for strong phase noise
channels including: the modulation, the demodulation, and the link adaptation. The proposed solutions
achieve high spectral efficiency communications with relaxed constraints on radio-frequency oscilla-
tors. Our results show that the use of optimized transmission schemes greatly contributes to mitigate
the impact of phase noise on coherent transceivers. Consequently, our work describes valuable techni-
cal solutions to the development of physical layers with high spectral efficiency for the sub-THz spec-
trum. Second, we have also targeted low-complexity physical layers readily implementable in sub-THz
frequencies. We have studied the design of communication systems specifically dedicated to the sub-
THz bands using non-coherent architectures. In order to implement high-rate communications with
non-coherent architectures, we have considered the use of spatial multiplexing and wide frequency
bands. Our work on spatial multiplexing in sub-THz frequencies demonstrates that high-rate commu-
nications can be implemented with low complexity and low power architectures using multi-antenna
systems and energy detection receivers. Besides, the use of wide bands strongly constrains the analog-
to-digital conversion. In order to reduce the required sampling frequencies of converters and to simplify
practical implementations, we have proposed a new receiver for high-rate impulse radio systems. We
have shown that the proposed receiver architecture, using parallel projections of the received signal in
the analog domain, leads to near-optimal performance with significantly reduced sampling frequencies.
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Résume

Es futurs réseaux de communications pour déployer des services sans-fil trés haut-débit envisagent
I'utilisation de larges bandes de fréquences. Alors que les bandes de fréquences habituelles dans le
spectre sub-6 GHz sont extrémement prisées et limitées, la future génération de réseaux mobile amorce
une montée en fréquence en exploitant les bandes millimétriques. Dans cette quéte de ressources fré-
quentielles, le spectre sub-THz, de 90 a 300 GHz, offre des bandes disponibles d’une largeur sans pré-
cédent. Les communications sans-fil dans les fréquences sub-THz sont donc considérées comme une
solution privilégiée pour atteindre des débits de ’ordre du Tbit/s et ainsi répondre aux futurs besoins
de la connectivité sans-fil. Néanmoins, bien qu’elles soient matures, les technologies sans-fil existantes
ne peuvent étre directement transposées aux bandes sub-THz car elles ne tiennent pas compte des ca-
ractéristiques spécifiques des communications sub-THz. Il est donc nécessaire de mener des recherches
supplémentaires afin de concevoir des systemes de communication performants et adaptés aux enjeux
et contraintes de ce nouveau spectre. Parmi les principaux défis technologiques amenés par la montée
en fréquence et l'utilisation de bandes larges se trouvent les limitations de performance dues aux os-
cillateurs générant un bruit de phase important et une problématique d’échantillonnage a trés haute
fréquence. Dans cette these, les recherches menées portent sur le développement de la couche physique
pour les systemes de communication sub-THz et tentent de lever ces verrous technologiques. Notre ob-
jectif est double : augmenter le débit de données de communication et assouplir les contraintes sur
les architectures radiofréquences. Pour ce faire, notre approche consiste a concevoir conjointement le
traitement du signal pour les domaines analogique et numérique.

Les deux principales contributions de ce travail sont les suivantes : Poptimisation d’émetteurs-
récepteurs cohérents pour les canaux a fort bruit de phase; et la proposition de systémes de communica-
tion dédiés avec des architectures non-cohérentes et haut-débits. Tout d’abord, nous avons proposé des
schémas de transmission optimisés pour les canaux a fort bruit de phase comprenant : la modulation, la
démodulation, et ’adaptation de lien. Les solutions proposées permettent de réaliser des communica-
tions a haute-efficacité spectrale avec des contraintes reldchées sur les oscillateurs radiofréquences. Par
conséquent, nos travaux décrivent des solutions techniques précieuses au développement de couches
physiques a haute efficacité spectrale pour le spectre sub-THz. Dans un second temps, nous avons égale-
ment ciblé les couches physiques de faible complexité et simple a mettre en ceuvre dans les fréquences
sub-THz. Nous avons ainsi étudié la conception de systémes de communication spécifiquement dé-
diés au bandes sub-THz utilisant des architectures non cohérentes. Pour réaliser des communications
haut-débit avec des architectures non-cohérentes, nous avons notamment considéré 1'utilisation du
multiplexage spatial et de larges bandes de fréquences. Nos travaux sur le multiplexage spatial dans les
fréquences sub-THz démontrent que des communications haut-débit peuvent étre réalisées sur des ar-
chitectures de faible complexité et de faible puissance en utilisant des systémes multi-antennaire et des
récepteurs a détection d’énergie. Par ailleurs, utiliser de larges bandes de fréquences implique de fortes
contraintes sur la conversion analogique-numérique. Afin de réduire les fréquences d’échantillonnage
des convertisseurs et de simplifier la mise en ceuvre pratique, nous avons proposé un nouveau récepteur
pour les systémes radio-impulsionnels haut-débit. Nous avons montré qu’une architecture de réception
avec des projections paralléles du signal recu dans le domaine analogique conduit a des performances
quasi-optimales avec des fréquences d’échantillonnage considérablement réduites.
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Chapter 1

Introduction to Sub-TeraHertz Communications

HE purpose of this chapter is to answer the following question: Why and how are communica-
tions in sub-THz frequencies envisaged for future wireless applications? Significant efforts from
research institutes and industrial companies are currently devoted to the development of wireless com-
munications in sub-THz frequencies. Indeed, the sub-THz spectrum, from 90 to 300 GHz, offers large
available frequency bands which could be used to implement high-rate wireless services. For this rea-
son, communication systems using the sub-THz bands are emerging and considered as a foremost so-
lution for future wireless networks. To gain insight on the design of sub-THz communication systems
and their requirements, a simple analysis is proposed using two fundamental tools of wireless com-
munications: Shannon’s capacity formula and Friis’ transmission equation. The design limitations are
cross-correlated to the contemplated applications to determine the characteristics of physical layers
of future sub-THz systems. In doing so, we introduce the new design challenges brought by the spe-
cific propagation conditions and technological constraints of sub-THz communications. One of the
main challenges for the physical layer is the design of wireless communication systems impacted by
strong phase impairments and implemented with band-limited analog-to-digital converters. Finally, we
present the ambitions of research and industrial projects in facing these new challenges. In particular,
the expected outcomes are oriented towards novel communication technologies in sub-THz frequencies
that could meet the requirements of future wireless applications.

1.1 The Physical Layer of Digital Communication Systems

This section introduces the physical layer for digital communication systems by describing the
main blocks of the transmission chain!. Transmission of information between different systems is
ruled by protocols to ensure successful communications and interoperability. The Open Systems In-
terconnection (OSI) model is a conceptual framework widely used to describe communication systems.
It partitions communication systems into different abstraction layers to define the transmission and
reception of information. Each layer has a specific communication function and can communicate only
to the layer above and to the one under. The purpose of this conceptual framework is to simplify the

design of protocols. Since layers are independent, errors and problems are contained within each layer.

Physical layer: In this thesis we focus on the physical layer of digital communication systems, the
first layer of the OSI model. This layer directly interacts with the transmission medium. The purpose
of the physical layer is to convert the information bits into a physical signal that can be transmitted
over the communication medium — the modulation. This layer also performs the reverse operation and
aims to retrieve the transmitted bits from the received signal — the demodulation. Communications at

1Readers familiar with this topic can move forward to the following section without loss of understanding.
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FIGURE 1.1 — The transmission system model

the physical layer level can be represented by the transmission system model depicted in Figure 1.1. It
is composed of three parts: the transmitter, the channel and the receiver. We introduce in the rest of
this section the different sub-systems used within the physical layer.

Modulation: At the transmitter side, the digital modulator performs the conversion from information
bits to physical signals. The modulation scheme maps different groups of multiple bits to different sig-
nal points called symbols. Transmitted symbols belong to a known constellation of size M such that
one symbol encodes log, (M) bits. Constellation size M is also referred to as the modulation order.
Since symbols are modulated with duration T, it follows that the information rate R = log, (M) /T;
expressed in bit/s. A key performance indicator of the physical layer is the spectral efficiency defined
by 7 = R/B expressed in bit/s/Hz with B the system bandwidth in Hz. The higher the modula-
tion order M, the larger the information rate R and spectral efficiency 7. Further in the transmission
chain, the digital symbols are converted to a continuous-time analog signal through pulse shaping.
The baseband analog signal is then emitted by the Radio-Frequency (RF) front-end of the transmitter
at high-frequencies, i.e. in the passband of the communication channel.

Channel: The physical transmission medium between the transmitter and the receiver is represented
in this model by the channel. The channel alters the signal integrity with noise, distortions, nonlinear-
ities, etc. Different models can be selected for the channel to reflect the different sources of impairment.
In this report, we are interested in radio transmission channels based on the propagation of electro-
magnetic waves in free space. Some of the channels considered in this work are:

m The Additive White Gaussian Noise (AWGN) channel: a simple model that describes communications
corrupted by additive thermal noise, intrinsic to any communication systems. The noise follows
a normal distribution and its power spectral density is the same for all frequencies of the system
bandwidth.

m The flat fading channel: a channel for which all frequency components experience the same level of
fading. Fading is due to path loss over free-space propagation. The fading coefficient of the channel
needs to be estimated by the communication system to then mitigate it.

Signal distortions introduced by the RF front ends at the transmitter and receiver sides are included in
the channel model. The amplification of the signal and its frequency translations between baseband
and passband are other sources of signal distortion, linear and nonlinear.

Demodulation: At the receiver side, the received analog signal is sampled by Analog-to-Digital Con-
verters (ADC) to obtain digital acquisitions. The purpose of the demodulator is then to estimate the
transmitted bits based on these noisy observations of the signal. Demodulation is combined with equal-
ization techniques used to mitigate channel distortions.
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Channel coding: The Forward Error Correction (FEC) scheme in communication systems is referred
to as channel coding and is implemented to improve the robustness of the communication against
signal distortions. As aforementioned, the received signal is subject to noise and distortions caused by
the transmission over the channel. Such signal distortions may be strong enough for the demodulation
scheme to make incorrect decisions, which results in bit errors in the information packet. To prevent
these errors, the channel coder adds redundancy bits to the information source. Thereby, the channel
decoder is able to detect and correct some of the demodulation errors.

1.2 The Sub-THz Spectrum: Motivations and Applications

1.2.1 An increasing demand for wireless connectivity

Over the last decades, an exponential growth of the data traffic has been witnessed. In particu-
lar, the main component of this traffic growth can be related to an increasing and specific demand
for wireless connectivity providing efficient user-friendly data connections. With wireless links, users
can access the connectivity irrespective of location. It contributes to eliminate cables and helps in re-
ducing the complexity and cost of physical infrastructures. In addition, the different standardization
procedures have enabled a world-wide deployment of wireless technologies. Each of the generations of
wireless networks — either cellular networks or Wireless Local Area Networks (WLAN) — has targeted
during its development a higher communication throughput. The high-speed access service of wireless
networks is commonly referred to as the broadband connectivity. Though the latest generation of cel-
lular networks, the Fifth Generation (5G), has developed new capabilities beyond broadband connectiv-
ity enabling massive machine type communications and Ultra-Reliable Low-Latency Communications
(URLLC), the broadband connectivity remains the dominant and most valued segmentation of the wire-
less connectivity market. With regard to the increasing Internet penetration, the wireless connectivity
market is expected to continue significantly its exponential growth. For this reason, future networks
and wireless technologies, e.g. Beyond-5G, are contemplated to further enhance the broadband con-
nectivity with higher communication data rates and increased density of access points. Overall, future
wireless technologies are to continue the main path of their development towards higher data rates for
more users in more places. Furthermore, higher data rates for users definitely require high-capacity
backhaul to ensure the link between the core network and the radio access points.

1.2.2 Key approaches to increase the communication throughput

In this paragraph, we outline a simple analysis based on the channel capacity, more precisely on the
Shannon-Hartley theorem, explaining the key approaches to increase the communication throughput.
First of all, the channel capacity is defined as the maximum achievable rate of information that can be
communicated at an arbitrarily low error rate. To put it differently, the channel capacity is a theoretical
limit on the highest data rate, e.g. in bit/s, that can be sent reliably between a transmitter and a receiver.
Practical channels are subject to limitations imposed by finite bandwidth and noise. The channel ca-
pacity expresses the fundamental limitations of noisy communication channels. Thereby, the channel
capacity is one of the fundamental results of information theory and provides a highly valuable tool for
system designers. As mentioned, we use the channel capacity in this paragraph to illustrate the differ-
ent key approaches to achieve higher data rate communications. To simplify our analysis, we focus on
a single-antenna and point-to-point scenario. Moreover, we consider a finite-bandwidth continuous-
time channel impaired by Gaussian noise. For such channel, the Shannon-Hartley theorem on channel
capacity C establishes a relation between the achievable rate R, the communication bandwidth B and
the Signal-to-Noise Ratio (SNR). The SNR is defined as p , the ratio of the received signal power P,
and the noise power P,. This ratio, usually expressed in dB quantifies the quality of a communication
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channel. It is directly related to the achievable information rate on the channel. Intuitively, the higher
the SNR, the lower the probability of error due to noise distortion, and hence, the larger the amount of
information that can be communicated over the channel. Precisely, the Shannon—-Hartley theorem [1]
states that

%
R < C=B-log, <1+NOB)’ (1.1)
where R is the information rate in bit/s, C the channel capacity in bit/s, B the system bandwidth in
Hz, P, the power of the received signal. The noise power in this equation is expressed by P, = NyoB
with Ny denoting the spectral density of noise. It means that it is theoretically possible to transmit
information at rate R up to the channel capacity limit C with an arbitrary low probability of error at
the receiver. One can notice that the channel capacity is increasing with the bandwidth and with the
SNR.

We now use the latter equation to demonstrate how the communication throughput can be in-
creased in future wireless technologies. The key approaches are subdivided into two categories: ap-
proaching the channel capacity, and using channels with larger capacities. The first approach consists
in improving the communication algorithms for the rate of wireless systems R to get closer to the
channel capacity C. It includes the use of capacity-achieving channel coding, such as Low-Density
Parity Check (LDPC) or polar codes, or advanced modulation and demodulation schemes. Neverthe-
less, it would be an understatement to state that such an approach is a widely investigated research
topic as it has been the purpose of countless research efforts. State-of-the-art communication algo-
rithms are already very close to the channel capacity. And though improvements are still achievable,
they cannot lead to a tenfold increase of the communication throughput.

Therefore, future wireless networks will rely on a second approach to meet the forthcoming require-
ments on higher communication rates. This second approach considers the use of channels with larger
capacities. It is worth mentioning that multi-antenna systems demonstrate larger capacities thanks to
spatial multiplexing gains and thereby provide a practical method to increase the throughput. Never-
theless, the channel capacity of multi-antenna systems cannot be described with Eq. (1.1) and exceeds
the scope of this first analysis. To increase the capacity C in the right side of Eq. (1.1), and hence, enable
higher data rates, it is either possible to improve the SNR % or to exploit a larger bandwidth B. A larger
SNR allows larger throughput. With weaker noise distortion, modulations of higher order can be used,
i.e. more bit/symbol. Conversely, a larger bandwidth allows a higher symbol rate, i.e. more symbol/s.
Regarding the SNR, as the ratio of the received signal power over the noise power, it is immediate that
the SNR increases with the transmit power and decreases with the propagation distance between the
transmitter and receiver. Therefore, when it comes to improving the SNR, it is theoretically possible to
increase the transmission power, still in practical systems transmission powers are regulated and lim-
ited. For this reason, it is preferable to increase the density of access points or cells to improve the SNR,
which is definitely envisaged for future networks deployments. Finally, the most intuitive and efficient
way to increase the communication throughput is simply by exploiting larger frequency bands. It is
hence essential for future networks to take advantage of large frequency resources in order to deploy
high-rate services. In this thesis, we focus on the latter method, and accordingly, we now explain why
communications in the sub-THz spectrum are envisaged for future wireless technologies.

1.2.3 Building upon the frequency resource

The economic value of a frequency band can be extremely high. In general, it is directly related to
the propagation conditions in that band. The more favorable the radio propagation, the more expensive
the frequency resource. In addition, the wider the bandwidth allocated to the service, the higher the
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achievable data rate or the more users covered. Wide frequency bands can be of higher economic inter-
est. In short, the value of a frequency band equals the width of the band times the quality of the radio
propagation in the band. For instance, the frequency bands in the sub-6 GHz are extremely expensive
and highly valued for their excellent propagation conditions. By means of illustration, we can mention
the cost of the newly attributed frequency bands for the 5G. There are 11 bands of 10 MHz available
between 3.4 and 3.8 GHz. In France, the starting value for a 10 MHz band at the auction has been set
to 70 million euros by the French agency in charge of regulating telecommunications (ARCEP) [2].

To avoid the spectrum shortage in sub-6 GHz bands and expand its available spectrum, the future
generation of cellular networks 5G has started to operate at higher carrier frequencies by using of
millimeter-wave (mm-Wave) bands around 30 and 40 GHz. Anyway, thanks to the evolution of semi-
conductor technologies, it is now possible to envisage RF communication systems at higher carrier
frequencies. The so-called THz gap between RF and optical communication systems begins to nar-
row. Tough the propagation conditions are not particularly favorable in the sub-THz spectrum from
90 to 300 GHz, it offers an unprecedentedly large amount of unused frequency bands. This extremely
large amount of frequency resources could be exploited to deploy high-rate wireless services or to
cover numerous users. Initially, the radio spectrum above 90 GHz has been used by scientific services,
e.g. radioastronomy observation, Earth exploration-satellite services, meteorology. It also offers oppor-
tunities allowing huge signal bandwidths for wireless communications. Within the range 90-200 GHz,
up to 58.1 GHz bandwidth could be made available for new wireless communication services. For more
details on spectrum allocation, the readers may refer to [3], which presents the outcomes of World
Radiocommunication Conference (WRC) and Europe Conference of Postal and Telecommunications
(CEPT). In conclusion, the sub-THz spectrum represents a true opportunity to achieve high data
rate communications.

The use of sub-THz frequencies should not only be contemplated to take advantage of large avail-
able bandwidths in order to continue the main path towards higher data rates of the development
of communication systems. In addition, the sub-THz spectrum can also be interpreted as offering an
alternative path for innovative and groundbreaking applications. Exploiting the specific features of
sub-THz communications can lead to new and original use cases. For example, the quasi-null pene-
tration in walls appears to be highly valuable for privacy applications. Moreover, the large frequency
bands can also be exploited to deploy low-power systems based on a wideband regime. With a fixed
transmission rate, a larger bandwidth can be used to lower the spectral efficiency and hence reduce the
required transmission power.

1.2.4 Envisaged applications

As previously mentioned, sub-THz bands are considered for Beyond-5G networks to meet the re-
quirements of emerging applications. The contemplated applications are currently being discussed and
delineated. Though we will not discuss here in-depth the pragmatism nor the economic interest of
the contemplated applications, they provide objectives driving the development of the sub-THz sys-
tems. The envisaged scenarios can be differentiated on several features including: the coverage range,
the point-to-point or point-to-multipoint feature, the symmetry or asymmetry of the communication
link, etc. Subsequently, we have identified three main scenarios, representative of the different flavors
of contemplated applications. These three scenarios capitalize on the large sub-THz bands to deploy
high-rate wireless services. They can be described as follows:

m High-capacity backhaul: This scenario covers a fixed symmetric point-to-point link targeting high
data rates without strong energy or complexity constraints since no user devices are involved. The
envisioned ultra-dense network topology in urban areas with extreme capacity and latency require-
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High-Capacity Backhaul Enhanced Hot-Spot Device-to-Device
m Enhanced broadband fixed access = High-speed downlink m Connector-less applications
m Point-to-point m From base station to terminals m Inter- and intra-chip communications
m Symmetric link m Point-to-multipoint m Point-to-point
m 100+ meters range m Asymmetric link ® Symmetric or asymmetric link
a Outdoor m 10+ meters range m < 5 meters range
m No complexity or energy constraints = Indoor or outdoor ® Indoor
m 1+ Thit/s m Constraints on receiver complexity m Complexity and energy constraints

m 100+ Gbit/s m 10+ Gbit/s

FIGURE 1.2 — Main descriptive elements and performance indicators of envisaged applications

ments makes fiber-based backhauling highly desirable but complicated due to the limited fiber net-
work penetration. Wireless infrastructures are hence required as a flexible complement to optical
fiber deployment in order to avoid any bottleneck in backhaul links. Ultra-high speed links are re-
quired since backhaul aggregates the data of numerous users. The backhaul can also provide efficient
access to computing resources at the edge or in the cloud for computational or content caching. For
instance, two topologies could be exploited: the backhaul link with both terminals located on high
buildings or the mesh backhaul interconnecting small cells with multi-hop and redundant links.

m Enhanced hot-spot: This use case refers to a high-rate downlink from a base station to several user
equipments with a short coverage and strong receiver complexity constraints. By means of example,
data kiosks are envisaged to serve high-speed downloads to one or several users in a short duration
in crowded places such as airport gates, train stations, or shopping malls. The data offloading by
using data kiosks reduces the burden of networks and the number of users connected to the network
operator. The data kiosk is connected to the backbone network and can store locally large trending
files such as the most downloaded movies, newspapers or software. The transmitter data kiosk has
relaxed constraints since it is directly connected to a power outlet, it can also support a higher com-
plexity with a higher cost. Conversely, user equipments have more severe constraints since they are
highly limited in complexity (cost), power consumption (battery powered) and dimension that limits
the overall system size and antennas position.

m Device-to-device communications: In this use case, a symmetric high data rate link with energy
and architecture complexity constraints is considered for Device-to-Device (D2D) communications.
This scenario is also sometimes referred to as short-range communications. It includes inter-chip
or intra-chip communications, wireless connectors, or connection between devices in a server farm.
For instance, server farms are becoming a part of most information system infrastructures. Deployed
architectures mostly use wired networks for intra- and inter-rack connections. Wired solutions re-
quire the deployment of larger number of cables, which may escalate cabling complexity problems,
e.g. cable management, maintenance, and heat dissipation. These considerations have motivated re-
searchers to investigate the feasibility of establishing wireless links in server farm networks. Wire-
less links are a relevant candidate to implement high-rate low-latency communications and hence
simplify deployments of server farms.

The main descriptive elements and performance indicators of these three scenarios are provided
in Figure 1.2. Further details on envisaged scenarios — data centers, autonomous vehicles, industrial
automation — can be found in the deliverable [4] or in the white paper on broadband connectivity in
6G [5] — we have contributed to both.
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Promises are great, still there is a long way off. Soon, we are to describe the not particularly favorable
propagation conditions in sub-THz frequencies. Moreover, numerous challenges are to be addressed to
implement high-rate sub-THz systems.

1.3 Requirements and Challenges

1.3.1 From link budgets to requirements

Some insight on the requirements of sub-THz systems can be obtained by evaluating some link bud-
gets related to the contemplated applications. Link budgets establish a relation between the transmitted
power and the received one, by accounting power gains and losses experienced over the communica-
tion channel. Though based on simplifications, namely a Line-of-Sight (LoS) and AWGN channel, link
budgets are a highly valuable design tool to understand constraints and challenges that need to be
faced. The simplistic link budgets we consider are based on Friis’ transmission equation, which enables
us to characterize the power of the received signal. From the received power, we can derive the SNR,
essential to assess the system performance in terms of achievable spectral efficiency and error rate.
Using Friis’ formula, the SNR at the receiver can be evaluated by
P, DGy GY

r
SNR = P, L,-P, (1.2)
where P, is the power of the received signal and P, the power of thermal noise. In detail, P; denotes
the transmission power, G1* and GX* are the directivity gains of the transmit and receive antennas,
Lp is the free-space path loss due to propagation, and P, the power of thermal noise at the receiver.
The free-space path loss L, = (@)2, with f. the carrier frequency, d the propagation distance,
and c the speed of light. It means that the higher the carrier frequency f. the larger the path loss L,.
Subsequently, sub-THz systems have to cope with strong propagation losses to achieve high-rate com-
munications. The noise power is evaluated using the Johnson-Nyquist formula P, = kpToBNf where
kp denotes Boltzmann’s constant, Ty is the absolute temperature, B is the system bandwidth and N¢
is the noise figure of the Low Noise Amplifiers (LNA) at the receiver. Before going into details, we
remind readers that the sole purpose of the link budgets presented in Figure 1.3 is to roughly delineate
future requirements of sub-THz communication systems. From this perspective, we aim at highlighting
technological challenges and design limitations, rather than at providing accurate system-level perfor-
mance analyses. It should be noted that establishing such predictive link budgets is a complex task as
it involves a wide range of different factors and forecasts. The results of our link budgets are obtained
as follows. We first set some realistic system parameters with regard to envisaged applications. Then,
for different modulation orders, i.e. different spectral efficiencies, Friis’ transmission equation is used
to derive the maximum path loss in order to achieve the required SNR and the targeted Bit Error Rate
(BER). Thereby, we are able to evaluate the communication throughput and coverage distance.

In this paragraph, we detail how our link budgets are constructed and system parameters selected.
Unconcerned readers may pass through this paragraph without repercussions on the comprehension.
First of all, the considered communication systems are operating in D-Band around 145 GHz. The
width of the frequency bands is chosen according to targeted data rates and pragmatic considerations.
It is worth mentioning that current converters technologies limit the width of the overall bandwidth of
a RF transmission chain. Accordingly, communication systems use channelization to aggregate mul-
tiple sub-bands and increase the system bandwidth. For the transmit power, our choice is set with
respect to the application and usual regulations. The transmit power for the D2D scenario is set to the
maximum transmit power allowed for Wi-Fi access points providing a practical comparison. For the
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High-Capacity Backhaul

Carrier Frequency 145 GHz
Bandwidth 20 GHz
Transmit Power 40 dBm
Tx Antenna Gain 30 dBi
Rx Antenna Gain 30 dBi
Receiver Noise =5 dBm
QAM 64 1024 16384
Spectral Efficiency 6 10 14 bit/s/Hz
SNR 25 36 46 dB
Maximum Path Loss 126 115 105 dB
Distance 580 160 50 m
Throughput 120 200 280  Gbit/s

Enhanced Hot-Spot

Carrier Frequency [ 145 GHz
Bandwidth [} 20 GHz
Transmit Power P 30 dBm
Tx Antenna Gain e 30 dBi
Rx Antenna Gain € 3 dBi
Receiver Noise [ES —55 dBm
QAM U 16 256 1024
Spectral Efficiency n 4 8 10  bit/s/Hz
SNR vaH 19 32 36 dB
Maximum Path Loss S 100 87 83 dB
Distance d 16 3.7 23 m
Throughput 2 80 160 200 Gbit/s

Device-to-Device

Carrier Frequency 145 GHz
Bandwidth 2 GHz
Transmit Power 10 dBm
Tx Antenna Gain 14 dBi
Rx Antenna Gain 14 dBi
Receiver Noise —66 dBm
QAM 4 16 64
Spectral Efficiency 2 4 6 bit/s/Hz
SNR 12 19 25 dB
Maximum Path Loss |8 92 85 79 dB
Distance 6.5 2.9 1.5 m
Throughput 4 4 8 12  Gbit/s

FIGURE 1.3 — Link budgets for the three envisaged applications
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enhanced hot-spot, the transmit power is based on the power of common base stations of cellular net-
works, see the report of International Telecommunication Union (ITU) on 4G radio interface [6]. And
the transmit power of the backhaul scenario refers to usual dedicated backhaul systems. Regarding
the antenna gains, our assumptions are the following. For the backhaul application, we have selected
highly directive antennas at the transmitter and receiver sides. For the hot-spot scenario, the transmit
antenna is highly directive and includes a beam steering scheme while the receive antenna is a low-gain
integrated antenna. For D2D communications, we have considered medium gain antennas with cost-
efficient architectures composed of multiple elements, namely based on 10 elements of 4 dBi gain each.
Thereupon, the noise power at the receiver is evaluated using the Johnson-Nyquist formula for thermal
noise while considering a noise figure of 15 dB according to state-of-the-art sub-THz LNA [7]. Then, the
chosen modulation is the Quadrature Amplitude Modulation (QAM), the most commonly used scheme.
No channel coding is considered to simplify the analysis. The required SNR to ensure a BER below the
targeted 10~ is derived from well-known results of QAM performance on AWGN channels [1]. Based
on Friis’ formula, we are able to evaluate the maximum path loss using Eq. (1.2). Thereupon, we directly
infer the maximum communication distance from the maximum path loss through the previously in-
troduced path loss formula. Finally, the communication throughput directly results from the product
of the system bandwidth and the spectral efficiency fixed by the modulation scheme. More generally,
we refer interested readers for more details on antennas to [8], on amplifiers and other examples of
sub-THz link budgets to [7], and on use cases definitions and requirements to [4].

We are now in a position to draw some preliminary inferences regarding requirements and design
limitations of future sub-THz communication systems. The first assessment, and certainly the most
straightforward one, is that the use of high carrier frequencies induces severe propagation losses over
distance. Subsequently, to cover long communication ranges, highly directive antennas should be used
such that these high-gain antennas can compensate the severe path losses. In addition, large trans-
mission powers are required to cover long ranges, and hence, heavy power consumption and efficient
power amplification are also needed. Altogether, we are facing the usual trade-off between commu-
nication throughput and coverage distance, yet this trade-off is emphasized by the strong path loss of
high carrier frequencies of sub-THz bands. Further, an uplink transmission from an embedded terminal
towards a base station appears to be extremely challenging, in the short term at least, because of re-
quired transmit powers. Besides, it is also extremely challenging to reach 1 Tbit/s data rate with a single
communication link, still 100+ Gbit/s might be achievable using high-order modulation schemes. For
this reason, the use of multi-antenna systems, i.e. Multiple-Input Multiple-Output (MIMO) schemes, is
essential to increase the data rate by spatially multiplexing multiple communication streams.

Meeting future requirements using sub-THz bands is a challenging objective — at least not as direct
as if large frequency bands were available in the sub-6 GHz spectrum. Notably, several challenges are
directly related to the use of high carrier frequencies. For this reason, numerous of these challenges are
present in mm-Wave communications as well. Accordingly, we present in the following paragraph the
design limitations and technological constraints rendering difficult the realization of high-rate commu-
nications in sub-THz frequencies. Thereby, we also identify the main differences with usual sub-6 GHz
communication systems.

1.3.2 Propagation and technological constraints

Propagation conditions: As aforementioned, sub-THz communications suffer from severe propaga-
tion losses due to their high carrier frequency. We can notice in Friis’ transmission equation that the
free-space path loss increases with the square of the carrier frequency. To compensate these severe
path losses, high-gain antennas with strong directivity have to be used. Subsequently, the use of the
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radio channel is highly different from usual sub-6 GHz systems. With less angular spread, the strong
directivity of the antenna leads to fewer multi-path components, and hence, towards channels with
a single dominant-path. More generally, the propagation conditions in high-frequency bands experi-
ence poor reflections, scattering and penetrations. These propagation characteristics entail that fewer
and weaker multi-path are expected. Altogether, these considerations lead us to expect LoS channels.
Recent measurements campaigns [9, 10, 11, 12] have confirmed those predictions and have shown ex-
perimentally that the radio propagation channels in sub-THz frequencies are highly dominated by the
LoS component. Therefore, the channel can be considered as frequency flat and described with a single
dominant path model. Radio propagation at frequencies above 90 GHz is also subject to strong atten-
uations from rainfall, which affect the availability of backhaul links. In addition, the vegetation foliage
creates blockages in sub-THz frequencies and should be considered during backhaul deployments.

High-gain antennas: The compensation of propagation losses entails serious constraints on direc-
tivity gains of antennas and further on beam alignment as well. The research for antenna solutions
achieving high gains, greater than 30 dBi, over wide frequency bands for sub-THz frequencies is still
at an early stage. Examples of emerging solutions are dielectric lens antennas, or transmitarray anten-
nas. In particular, transmitarrays provide an attractive and cost-effective solution to achieve high-gain
antennas which can be fabricated using standard Printed Circuit Board (PCB) technology. For more
details, we refer the readers to [8].

Oscillator phase impairments: Let us now introduce one of the main technological difficulties to im-
plement communication systems in sub-THz bands. Digital communication systems fully rely upon RF
oscillators, an indispensable element of the transmission chain. Their roles is to create stable reference
signals to perform a fundamental operation: the frequency translations between baseband and pass-
band. Unfortunately, practical RF oscillators suffer from hardware imperfections that introduce phase
impairments to the communication system, namely Phase Noise (PN) and Carrier Frequency Offset
(CFO). The higher the carrier frequency, the stronger the phase impairments, which means that the
impact of phase impairments may be worse in systems with high carrier frequencies. For sub-6 GHz
communications, the PN problem is rarely considered. Oscillators at sub-6 GHz frequencies demon-
strate great reliability such that effects of PN may be negligible compared to other RF impairments.
Conversely, for digital communication systems in sub-THz bands, oscillator PN represents one of the
major hardware impairments [13] [14] and can considerably limit the system performance in terms of
achievable data rate [15]. Though we have presented the main RF impairment for sub-THz systems it
is worth mentioning some other technological difficulties including: the nonlinearities of power am-
plifiers, the In-phase/Quadrature (I/Q) imbalance, etc.

Analog-to-digital conversion: Regarding communication data rate, exploiting several GHz of fre-
quency bands enables to achieve large throughputs, yet it also constrains severely the analog-to-digital
conversion. Though sampling rates of state-of-the-art ADC technologies — e.g. Flash converters — reach
several Gsample/s, it remains challenging for embedded terminals to perform the analog-to-digital con-
version at such high sampling rates. For integrated systems, the implementation of ADC is subject to
a trade-off between the power consumption, the sampling rate and the resolution — number of quan-
tized bits and level of quantization noise. Subsequently, the analog-to-digital conversion is becoming a
limiting factor to achieve high-rate sub-THz systems. It requires channelization, i.e. the aggregation of
several sub-bands multiple RF chains. Also referred to as channel-bonding, channelization may lead to
spectral efficiency losses resulting from the insertion of frequency guard bands between channels.
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1.3.3 Main challenges for the physical layer

Prior to presenting the challenges for the physical layer, the use of sub-THz bands demonstrates
some advantages that should be mentioned. Using high-gain antennas with highly directive beams,
sub-THz channels are strongly dominated by the LoS path. These frequency-flat channels hence enable
the use of low-complexity transceiver schemes such as single-carrier modulation with simple-tap equal-
ization. It follows that a deviation from the widely used Orthogonal Frequency Division Multiplexing
(OFDM) could be beneficial. In fact, multi-carrier modulations such as OFDM can be quite complex to
implement in the context of broadband sub-THz systems — transceivers with Tbit/s digital processors
still do not exist. The large Peak-to-Average Power Ratio (PAPR) and strict frequency synchronization
imposed by OFDM describe extremely challenging requirements in sub-THz frequencies in regard to
the strong phase impairments and large power consumptions required. The limitations of converters
further prevent the analog-to-digital conversions of multi-band orthogonal signals. With regard to the
required large amount of transmission power required and the poor efficiency of power amplifiers for
high carrier frequencies, it is preferable to use amplifiers with low input back-offs, and hence, to exploit
waveforms with low PAPR. For these reasons, single-carrier modulations for wireless communications
above 90 GHz are considered as a relevant and efficient solution to achieve Tbit/s data rates.

Furthermore, it is straightforward to infer from the constraints presented above the main challenges
for the development of sub-THz physical layers. The first to be mentioned is the mitigation of phase im-
pairments issued by high-frequency oscillators. Namely, minimizing the performance degradations due
to PN in coherent transceivers is an essential topic to be addressed. Moreover, phase impairments create
inter-channel interference in channel-bonding systems due to the large CFO between unsynchronized
oscillators. The second challenge to be tackled is to digitize large bandwidth signals with band-limited
converters. Solutions based on the aggregation of multiple sub-bands, or dedicated signal processing
techniques could be examined. We therefore claim that an important step towards the development of
sub-THz systems is to investigate thoroughly the following problem: the design of high-rate wireless
communications impacted by strong phase impairments and implemented with band-limited
converters. It should also be noted that the realization of spatial multiplexing, essential to achieve high
data rates, in sub-THz bands is demanding. First, the strong correlation between LoS channels severely
limits the potential spatial multiplexing gains. Moreover, the strong phase impairments impede the
implementation of digital beamforming schemes required by MIMO systems. Before presenting the
approach of research institutes and industrial companies to address these problems, we are going to
introduce and appreciate some of the current solutions available in sub-THz frequencies.

1.4 Research Ambitions and Objectives

1.4.1 Existing solutions and ongoing standardizations

To begin this section, we review some of the existing solutions and on-going standardizations re-
garding communications in sub-THz frequencies. Multiple wireless communication links have been
demonstrated in frequencies above 90 GHz. For instance, a short-range wireless link is proposed in [16]
for chip-to-chip communication with low latency, high data rate, and reasonable power consumption.
This transceiver is based on a fully integrated Complementary Metal-Oxide Semiconductor (CMOS) ar-
chitecture operating at 260 GHz and uses On-Off Keying (OOK) to achieve a 10 Gbit/s link. In the same
vein, the work in [17] proposes a fully integrated transceiver for short-range wireless communications
at 300 GHz. Based on multi-level Amplitude-Shift Keying (ASK), the transceiver reaches a 20 Gbit/s
throughput. Further, the advancements in CMOS technology have enabled coherent transceivers to
operate in sub-THz frequencies, an important step towards spectral-efficient communications. State-
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of-the art CMOS transceivers use architectures with multiple parallel RF channels, i.e. channel-bonding.
We can mention the wireless transceiver described in [18], which implements a 56 Gbit/s link in W-
band (75-110 GHz) using a 16-QAM. Eventually, it is relevant to cite [19] in which an I/Q coherent
transceiver at 90 GHz is presented. Channel-bonding is implemented with 16 channels of 2 GHz band-
width and modulation schemes up to 64-QAM in order to realize a 100 Gbit/s wireless link. The work
in [19] mostly focuses on designing efficient RF technologies, while conventional algorithms are used
for baseband signal processing.

With the development of multiple demonstrators for wireless communications beyond 90 GHz,
standardization groups have shown a growing interest in high carrier frequency bands. The Third Gen-
eration Partnership Project (3GPP), the organization related to the standardization of mobile telecom-
munication protocols, has over the years included to the usual sub-6 GHz some higher carrier frequency
bands. Recently, the 5G New Radio (5G-NR) has planned the exploitation of lower mm-Wave bands.
The Ka-band (26.5-40 GHz) is envisaged to deploy micro-cells providing short-range high-speed data
transmissions while using the standard OFDM-based physical layer. The latest release of 5G-NR has also
considered some applications in V-band (40-75 GHz). Nowadays, some specifications groups of 3GPP
are currently examining the use of E-band (60-90 GHz) and D-band (110-170 GHz) for future cellular
networks. Furthermore, some interest groups of the Institute of Electrical and Electronics Engineers
(IEEE) have examined the sub-THz spectrum as well. To be specific, the IEEE task groups referred to
as 802.15.3c and 802.15.3d respectively investigate the frequency ranges 57-64 GHz and 252-325 GHz
for WLAN. The 802.15.3c considers the use of the 57-64 GHz unlicensed band to support high data rate
applications (at least 1 Gbit/s) such as high-speed Internet access. The task group 802.15.3d is interested
in the higher sub-THz frequency range for high-rate point-to-point links. The physical layer proposed
by the 802.15.3d group is based on channelized OOK or single carrier with low-order modulations com-
bined with an LDPC code to reach data rates up to 100 Gbit/s.

1.4.2 Why is additional research required?

Current research efforts are mainly devoted to the development of efficient sub-THz technology: RF
components, oscillators, power-amplifiers, high-gain and compact antennas, etc. Regarding the physical
layer, we can notice from state-of-the-art demonstrators in sub-THz bands that conventional transceiver
architectures and communication algorithms are used. Nevertheless, conventional transmission tech-
niques cannot be transposed in a straightforward way to high carrier frequencies above 90 GHz as
they do not consider the unique features of sub-THz systems. We can mention the following examples:
the performance degradations in coherent systems due to oscillator PN, the difficulties to implement
spatial multiplexing on strongly correlated LoS channels. For these reasons, existing wireless com-
munication systems using sub-THz bands demonstrate limited performance and thereby leave a large
room for improvement. By means of illustration, to cope with the strong RF impairments of sub-THz
analog front-ends, low or medium order modulation schemes are used which cannot achieve high spec-
tral efficiencies. We therefore claim that research activities on RF technologies for sub-THz frequencies
should be complemented with investigations on the physical layer to develop dedicated baseband signal
processing. In conclusion, additional research is required to design efficient physical layer algorithms
and achieve high data rates wireless communications in sub-THz bands. We detail in the following
paragraph the potential outcomes and value of additional research on physical layers for sub-THz com-
munications.
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1.4.3 About the research on the physical layer

We introduce in this paragraph some research topics regarding the development of the physical
layer for sub-THz communication systems. We have noticed that research focuses fall into the following
categories:

1. Optimization of communication schemes for coherent transceivers: One of the main chal-
lenges to deploy communication systems in sub-THz frequencies is the severe performance degra-
dations due to the strong RF impairments of high-frequency analog front-ends. Examples of these
impairments are nonlinearities, PN, I/Q imbalance, ADC impairments. Hence, limiting the per-
formance degradations to obtain enhanced system performance with state-of-the-art RF com-
ponents, is an important research topic. This can be achieved by optimizing the digital signal
processing to mitigate the hardware impairments. Doing so is a well-known technique that has
been successfully employed for instance to cope with power amplifier nonlinearities and could be
adapted to mitigate phase impairments. Equivalently, optimized communication schemes can be
used to relax implementation constraints on RF architectures, and to obtain similar or enhanced
system performance with lower-quality RF components. Furthermore, it is also highly relevant to
benefit from existing and mature wireless technologies such as I/Q coherent transceivers. Com-
bining these mature technologies with optimized communication schemes is envisaged as a fore-
most solution to achieve high data rate communications in the sub-THz bands. One of the main
research objectives is hence to increase the spectral efficiency of coherent transceivers in the
presence of strong RF impairments through digital signal processing optimizations.

2. Design of new dedicated transceiver architectures and communication schemes: The pre-
viously presented design approach represents somehow a conventional and incremental develop-
ment of communication systems. Conversely, the approach we discuss here is more exploratory
and innovative. The development of efficient sub-THz physical layers can be extended beyond
the optimization of communication schemes. The underlying principle of such an approach is
to combine software optimizations — optimized digital signal processing — with initial hardware
considerations of the specific features of sub-THz communications - dedicated RF architectures.
Initial considerations include for instance the use of extremely wide frequency bands, and that
phase information can be severely corrupted, or that propagation channels are highly dominated
by a single path. With regard to hardware considerations, it is also preferable to envisage the use
of RF components which are simple to implement in sub-THz frequencies rather than the com-
monly used ones. Accordingly, it is meaningful to rely on existing sub-THz RF technologies such
as envelope detectors, 1-bit ADC, etc. All things considered, proposing new RF architectures ded-
icated to sub-THz applications with adapted communication algorithms should be contemplated
as a valuable research topic.

These topics should not be interpreted as disjoint and can be jointly investigated. Besides, they
highlight that while exploiting higher carrier frequencies, it is no longer possible to maintain separated
the design of analog and digital domains. Therefore, we namely enter a research framework close to
the dirty RF paradigm [20]. Let us describe this design paradigm with Fettweis’ own words:

In the world of “Dirty RF” we assume to design digital signal processing such that we can
cope with a new level of impairments, allowing leeway in the requirements set on future
RF sub-systems. [20]

Both research topics presented above point out that designing efficient physical layers for sub-THz
systems requires a joint optimization of the analog and digital signal processing algorithms.
Let us now conclude with an analogy to the optimization of wireless communication systems in sub-
6 GHz spectrum with rich multi-path environments. First, strong multi-path components have been
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considered as interference that should be equalized. Later, multi-path components have been inter-
preted as a mean to provide spatial and diversity gains, now exploited in MIMO systems to improve
significantly communication performance. We can also claim that a similar path is to be followed for
the development of future communication systems in sub-THz frequencies. Dedicated communication
systems and algorithms will be designed for sub-THz frequencies, and in the near future, optimized
schemes will become a norm.

In this final paragraph, we present a few current research projects on sub-THz frequencies. First,
this thesis research is conducted within the framework of the project BRAVE, funded by the French Na-
tional Research Agency (ANR), on physical layer and waveform design for Beyond-5G systems. BRAVE
is a collaborative research project started in January 2018, that aims at creating new physical-layer
techniques devoted to Beyond-5G wireless communications. The partners — Siradel, Centrale-Supélec,
CEA-Leti and ANFR - are designing new high-data rate and energy-efficient waveforms that operate
in frequencies above 90 GHz. It is also relevant to mention the TERAPOD project, which investigates
and demonstrates the feasibility of ultra high bandwidth wireless access networks operating in sub-
TeraHertz bands. The project focuses on the end-to-end demonstration of sub-THz wireless links. The
research project EPIC aims to develop a new generation of FEC codes. They will serve as a fundamental
enabler of Beyond-5G wireless Tbit/s solutions. The UltraWave and Dream-D research projects could be
cited as well. Both projects cover the technological development of analog front-ends for transceivers
operating in D-Band (130-174.4 GHz). Regarding industrial companies, the vision on sub-THz commu-
nication systems is neither clear nor explicitly public. However, main research institutes such as Nokia
Bell Labs and Huawei R&D Centers conduct projects on communication systems using frequency bands
above 100 GHz, see for instance [21].

Synthesis

The sub-THz spectrum, with plenty of unused frequency resources, represents a real opportunity
to implement high-rate communications, and thereby, to meet the requirements of future wireless net-
works. Contemplated applications are ambitious and promises are great. Still, the use of a new spec-
trum involves new technological challenges including: difficult propagation conditions, strong phase
impairments, constraints on band-limited converters, etc. Since conventional wireless technologies can-
not be straightforwardly transposed to sub-THz frequencies, additional research is conducted to design
dedicated and efficient transmission techniques. The development of sub-THz transceivers lie in an
uncommon design paradigm, close to the dirty RF one. In this paradigm, the design of communication
schemes has to consider jointly the analog and digital domains. We have presented in this chapter the
context of the research work of this thesis. By doing so, readers may better understand and appreciate
our contributions to the development of the physical layer for future sub-THz communication systems.
In the following chapter, we outline an overview of the thesis research: the addressed challenges, the
developed approaches and our main contributions.



Chapter 2

Thesis Work on Sub-TeraHertz Physical Layer

HE previous chapter has set up the scene for the design of sub-THz communication systems. The
motivations and research framework have been enlightened. This chapter now outlines an overview

of our research work. We first describe the problematics addressed in this thesis on the physical layer
for sub-THz systems. To guide the readers throughout the whole manuscript, we also introduce here
the developed approach within our research and its objectives as well. In particular, we consider that
the design of the sub-THz physical layers should be driven by the technological constraints. The path
from technological constraints to solutions highlights that two distinct design paradigms arise for the
physical layer of sub-THz systems: spectral-efficient vs. low-complexity. For each paradigm, a brief
introduction is given to precise how our research focuses relate to or differentiate from the literature
and state-of-the-art techniques. Finally, we present briefly the main results obtained during this thesis
and the organization of the manuscript.

2.1 Thesis Vision: From Technological Constraints to Solutions

2.1.1 Two distinct design paradigms for the physical layer

Despite the evolution of semiconductor technologies, additional research is required to design new
physical layer algorithms and transceiver architectures to manage Radio-Frequency (RF) impairments
of sub-THz systems. Therefore, we claim that a constraint-driven design of sub-THz communication
systems is essential. In this paragraph, we detail a constraint-driven design of the physical layer for
sub-THz systems. Figure 2.1 accordingly illustrates the path from sub-THz technological constraints to
the two design paradigms for the physical layer. We have previously stated that a major challenge is
to design wireless communications with strong phase impairments and band-limited converters. The
phase impairments and band-limited converters represent two important technological constraints to-
ward the realization of sub-THz systems. A fundamental solution to cope with the band-limited con-
verters is a parallelized RF architecture. For instance, we can mention the use of channelization — i.e. the
aggregation of several sub-bands also referred to as channel-bonding — or the use of correlated receivers
namely projecting the received signal upon a set of analog signals. Conversely, two kinds of solution
are possible to mitigate the effects of phase impairments. First, the straightforward solution is the op-
timization of signal processing techniques to improve robustness to Phase Noise (PN), e.g. the design
of the constellation for PN channels [22]. This lies perfectly in the dirty RF paradigm where dedicated
digital signal processing algorithms are designed to cope with impairments of the analog domain. Such
optimizations may lead to complex algorithms, yet they are essential to achieve high-spectral efficiency
communications since strong phase impairments limit the achievable information rate. Second, inher-
ent robustness to phase impairments may be obtained by using an envelope detection scheme at the
receiver side. It discards any phase component of the received signal such that information is transmit-
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FIGURE 2.1 — Illustration of the path from technological constraints to the two paradigms for the physical layer

ted by modulating the amplitude of the sent signal. Though transceivers using envelope modulation
and detection have limited spectral efficiency, they can be implemented straightforwardly even at high
carrier frequency with very simple architectures. From these two kinds of solution to mitigate phase
impairments, we notice that two distinct design paradigms emerge. Either the objective is to maximize
the spectral efficiency of the communication system at any cost in terms of complexity or power con-
sumption. Or the objective is a low-complexity implementation in practical systems at the detriment
of using modulation schemes with low modulation orders and low spectral efficiencies. We do not claim
that this analysis should define the unique comprehensive framework for the development of sub-THz
systems. The aim of this illustration and analysis is to provide readers the means to rapidly understand
and position our research on the design of sub-THz systems. We now describe with more details these
two design paradigms in order to introduce the potential solutions for their implementation. A brief
description of the two design paradigms is outlined in Table 2.1.

2.1.2  Spectral-efficient physical layer

In this paragraph, we present a concise description of the design paradigm of spectral-efficient
physical layers for sub-THz communications. In the present case, the design objective is to maximize
the communication throughput for a given bandwidth. Namely, the objective is to maximize the spec-
tral efficiency expressed in bit/s/Hz. This describes somehow a conventional approach to the design
of communication systems that continues the current path towards higher data rate systems. With re-
gard to the previous chapter, this design paradigm lies in the so-called band-limited regime as targeted
spectral efficiency 7 = R/B > 1, the limiting constraint being the finite bandwidth. To describe fur-
ther this design paradigm, the contemplated applications for spectral-efficient physical layers include
backhaul links, fixed wireless point-to-point links, etc. Put differently, this paradigm is suited to any
scenarios where there are no specific constraints on the architecture complexity or on the transceiver
power consumption, i.e. where no embedded terminals are involved. We have observed in the pre-
ceding chapter that the implementation of high spectral efficiency links is a necessary condition for
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TABLE 2.1 — Description of the design paradigms for the physical layer of sub-THz systems

Design paradigm Spectral-efficient Low-complexity
Objective Maximize throughput for a given band Achieve high data rates with low-complexity
Constraint Finite bandwidth Architecture complexity
Regime Band-limited 7 > 1 Wideband 77 < 1
Application High-capacity backhaul Enhanced hot-spot

Features 1/Q arch., high-quality RF, high-order modulations Non-coherent arch., simple RF, pulse-based modulations

achieving Tbit/s data rates. To achieve high spectral efficiencies in sub-THz bands, transceivers require
coherent In-phase/Quadrature (I/Q) architectures with high-order modulations schemes. They hence
rely on high-quality RF components with strong linearity constraints and large power amplification. To
introduce briefly state-of-the-art solutions, we highlight that current research projects mainly focus on
channel-bonding architectures combined with digital signal processing optimizations, see [19]. Subse-
quently, important efforts are dedicated to the design of reliable RF components: oscillators, power am-
plifiers, etc. with the intention to realize spectral-efficient transceivers. To complete these works at the
technological level, we have focused our research on the design of dedicated transmission schemes for
systems impacted by strong phase impairments. State-of-the-art techniques are rather theoretical and
lead to complex implementations, for instance optimized constellations for PN channels. Conversely,
we intend to work at the crossroads between algorithm design and their efficient implementation in
practical systems. With regard to the previous chapter, this design paradigm is related to the research
objective on the optimization of communication schemes for coherent transceivers. Optimizing trans-
mission techniques aims at: i) limiting the performance degradations due to RF impairments to obtain
enhanced system performance with state-of-the-art components such as improved spectral efficiency;
ii) and at relaxing RF constraints while achieving similar system performance with lower-quality com-
ponents.

2.1.3 Low-complexity physical layer

For the low-complexity design paradigm, the objectives of the physical layer are considerably dif-
ferent. In particular, the main objective is to achieve high-rate communications with low-complexity
architectures. The targeted applications for low-complexity physical layers include: short-range and
device-to-device communications, or the enhanced hot-spot kiosk. In the wider sense, low-complexity
sub-THz transceivers are suited to any scenarios with constrained equipment such as embedded termi-
nals. Regarding the analysis presented in the previous chapter, the design of low-complexity physical
layers is rather related to the research objective of designing new dedicated sub-THz systems. It hence
represents an alternative perspective to the design of communication systems for sub-THz frequencies.
The principle of this exploratory approach is to rely on existing RF technologies readily implementable
in sub-THz frequencies. Moreover, this approach is based on initial considerations of the specific fea-
tures of sub-THz communications: wide frequency bands, phase information corrupted, Line-of-Sight
(LoS) channels, etc. Implementing high-rate communications with low-complexity transceivers intrin-
sically defines a wideband regime [23] — also referred to as the power-limited regime — in the sense
that the targeted spectral efficiency # = R/B < 1. The limiting constraint is the complexity of the
transceiver rather than the available bandwidth. Subsequently, it requires the use of simple RF archi-
tectures with low-order modulation schemes, such as On-Off Keying (OOK), and efficient analog pro-
cessing of communication signals. One of our fundamental considerations for low-complexity physical
layers is the use of envelope detection schemes at the receiver, or other non-coherent architectures.
Envelope detection is not subject to phase impairments and can be easily implemented in sub-THz fre-
quencies. To present some existing solutions regarding high-rate and low-complexity physical layers,
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we could mention: channelized OOK transceivers using multiple sub-bands as described in [24] and
proposed by the IEEE 802.15.3d interest group for Wireless Local Area Networks (WLAN) applications
in sub-THz frequencies. Besides, in the context of Ultra-WideBand (UWB) communications, high-rate
and low-complexity transceivers have been designed specifically for wideband regimes, see for instance
[25]. These solutions are relevant to the desired objectives and can be used as inspirations for commu-
nication systems in sub-THz bands. Our research is hence directed towards the design of high-rate and
non-coherent transceivers for sub-THz applications.

We have shown that considering a constraint-driven approach leads to two distinct paradigms for
the design of the physical layer. Either we investigate the optimization of coherent systems to achieve
high spectral efficiency, or the design of novel dedicated systems readily implementable in sub-THz
frequencies. Though this design approach and the proposed paradigms can be discussed in themselves,
they are the foundations of our work. We have thereby set up the framework of the thesis research
and have also started to identify some research focuses. Readers are now ready to understand our
contributions, and therefore, we present an overview of the thesis work.

2.2 Thesis Overview

The previous section has introduced our vision on the considered research topic: the design of
efficient physical layers for sub-THz communication systems. We now present an overview of the thesis
work and how it contributes to this topic. Figure 2.2 provides a synthetic illustration of the thesis
research.

2.2.1 Scope

We define in this paragraph the scope of this thesis. First of all, this work covers the design of
future sub-THz communication systems. Neither the design of RF components nor the antennas are
addressed in this thesis. Our research focuses on the physical layer such that higher layers are not
investigated — for instance access and network algorithms. To be more specific regarding the physical
layer perspective, we investigate the design of: transceiver architectures, waveforms and modulation,
and signal processing algorithms. It should be mentioned that the design of error correcting codes ex-
ceeds the scope of our research. Nevertheless, many of our results are based on numerical simulations
using existing state-of-the-art channel coding schemes - e.g. the Low-Density Parity Check (LDPC)
code of the 5G New Radio (5G-NR). For these reasons, this work overlaps multiple domains including
signal processing and communication systems. Our research lies at the frontier of the analog and dig-
ital domains, and therefore, involves tools from continuous-time and discrete-time signals processing
techniques. In a few words, the intention of this exploratory study is to clear the field with prelim-
inary investigations. This work somehow prepares the groundwork within the laboratory for future
research activities. Furthermore, the development of sub-THz physical layers can be tackled from nu-
merous complementary perspectives. By way of example, we could mention the derivation of some
theoretical boundaries considering RF impairments of sub-THz systems using information theory. An-
other example could be realistic link and system level specifications using numerical simulations. To
limit the scope of our research, and not get lost along the way, it has been fundamental for us to identify
a research focus and define the corresponding approach. We introduce in the following paragraph our
research approach for this thesis work.
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FIGURE 2.2 — A synthetic overview of the thesis research
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2.2.2  Approach

Optimizing the physical layer for the specific features of sub-THz systems is a complex task. Our
approach can be summarized as follows: a joint design of the analog and digital domains. Let us
now provide some details and clarifications to this approach. A foundation of our work is the dirty
RF paradigm [20]. Namely, we consider the analog problems within the design of the digital signal
processing. It enables new levels of RF impairments and limit performance degradations. To put it
differently, we cross-correlate the optimization of the transceiver architecture and signal processing
algorithms with regard to the specific features of sub-THz communications. By means of illustration,
most of communication schemes have been developed for Gaussian noise, e.g. Quadrature Amplitude
Modulation (QAM), still in the presence of strong PN it has been shown that optimizing the modulation
scheme lead to valuable performance gains [22]. Nevertheless, with regard to the design of optimized
signal processing algorithms, there is an inevitable trade-off between improving the system perfor-
mance and maintaining a low-complexity implementation. In this work, we pay particular attention
to this performance-complexity trade-off with a pragmatic approach. Practical implementation is
one of our prime considerations. We therefore aim to propose solutions that can be implemented in
standard communication systems with limited memory, latency and computational resources. Com-
plex numerical optimizations leading to minor performance gains will be discarded for the benefit of
a low-complexity implementation. Since readers have now a comprehension of the thesis scope and
approach, we can present the objectives of our research while developing this approach.

2.2.3  Objectives

We have in this thesis two main objectives. Still, they should not be considered as distinct. These
two objectives should rather be interpreted as two complementary ways to use the proposed solutions.

1. Realizing high-rate communication systems

m We aim at proposing spectral-efficient communication schemes. By means of example,
we investigate in Part II the optimization of transmission schemes for PN channels with the
intention to enhance the spectral efficiency of systems impaired by strong phase impairments.

m Another objective of ours is to design dedicated multiplexing techniques. Conventional
multiplexing schemes in either the spatial or frequency domains cannot be directly used in
sub-THz bands respectively due to the strongly correlated LoS channels and oscillators insta-
bilities. We therefore address in this thesis the adaptation of multiplexing techniques to the
unique features of sub-THz systems — propagation conditions, impairments, etc. For instance,
Chapter 5 is dedicated to realizing spatial multiplexing with strongly correlated LoS channels.

2. Relaxing constraints on the RF components

m We also intend in this work to relax the constraints on oscillators performance, espe-
cially in terms of PN and carrier frequency instabilities. In particular, we are interested in
maintaining superior system performance with strong phase impairments.

®m A major concern in our research has been to reduce the requirements on the sampling
frequency of Analog-to-Digital Converters (ADC). With lower requirements on sampling fre-
quencies, the practical implementation of high-rate systems is to be simplified. From the com-
plementary perspective, it means that the proposed solutions could be used to exploit wider
bands with state-of-the-art converter technology — see for example Section 6.2.
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2.3 Main Contributions and Organization

We introduce briefly in this section the manuscript organization by presenting the main contri-
butions of the thesis. The manuscript organization reflects, mostly in a chronological way, the ad-
vances of our research. We have chosen to present our contributions in a two parts structure. These
parts are inherited from the two design paradigms of sub-THz physical layers: spectral-efficient and
low-complexity. The unique purpose of this structure is to articulate our contributions in the most
meaningful way. To facilitate access to the individual topics, the parts and chapters are rendered as
self-contained as possible. Let us now proceed to the parts and chapters description.

Part II: Optimizations of Signal Processing for Coherent Transceivers

In this part, we study the adaptation of existing wireless technologies, coherent I/Q transceivers, to
the sub-THz spectrum. This is notably achieved through the optimization of signal processing, i.e. com-
munication algorithms, to enhance system performance. In particular, our main focus in this part is
on achieving high-spectral efficiency communications in the presence of strong phase impairments. A
representative application for the contributions of this part is the high-capacity backhaul scenario. The
following remark is fundamental to this part. The proposed solutions, designed to increase communi-
cation rates, can equally be used to relax constraints on the RF components. These two objectives are
simply different perspectives of a unique approach. Most of our findings related to Part I have been
published in our journal article [26].

Chapter 3: From System Modeling to Optimized Receiver Algorithms

The third chapter is dedicated to the optimization of receiver algorithms for strong PN channels.
However, it first requires us to study the modeling of sub-THz communication systems. In particular, we
focus on the selection of the oscillator PN model for large-bandwidth systems. Based on the proposed
system model, we then investigate the optimum demodulation in the presence of PN. We propose a
dedicated detector providing a joint complexity and performance optimization. Namely, a the decision
rule for symbol detection is derived, and the probabilistic demapper for soft-decision decoding as well.
The material of Chapter 3 has been partly published in four conference papers [27], [28], [29], [30]; and
a journal article [26].

Chapter 4: Transceiver Optimizations and Performance Analyses

In Chapter 4, we extend the optimization of communication algorithms for PN channels to a transceiver
perspective. First, we describe a PN robust modulation scheme: the Polar-QAM. The proposed mod-
ulation is based on a theoretical analysis on optimal constellations for PN channels and on practical
implementation considerations. The Polar-QAM is designed to improve the system spectral efficiency
in the presence of PN with a simple implementation. We present the performance analysis of the pro-
posed scheme using analytical tools and numerical simulations to highlight its performance gains over
conventional and state-of-the-art modulations. Second, we extend our study to system-level optimiza-
tions and performance analyses. Link adaptation strategies are presented to choose the best modula-
tion scheme and physical layer parameters depending on the channel conditions. We further assess
the performance of the proposed communication schemes using deterministic channel predictions on a
realistic sub-THz scenario modeling a backhaul deployment in a city center. The content of the fourth
chapter has lead to several publications including two conference papers [31], [32]; one journal article
[26]; and one patent [33].
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Part III: Proposition of Dedicated Architectures

The previous part describes a conventional and incremental approach to the development of sub-
THz communication systems. In Part III, we develop a more innovative and groundbreaking approach.
Our objective is to propose new transceiver architectures dedicated to communications in sub-THz
frequencies. In particular, we focus on designing low-complexity transceivers based on envelope mod-
ulation and detection. In doing so, transceivers achieve an inherent robustness to phase impairments
with readily-implementable RF architectures in sub-THz bands. In contrast to Part I, we do no investi-
gate only software optimizations to mitigate RF impairments but also initial hardware considerations.
The presented contributions in Part IIl have potential applications for the following envisaged sub-THz
scenarios: enhanced hot-spot, or device-to-device communications.

Chapter 5: MIMO systems with Energy Detection Receivers

When considering non-coherent impulse radio transceivers, the spectral efficiency is quite limited
due to the use of pulse-based modulation schemes. For this reason, the fifth chapter focuses on the
study of non-coherent spatial multiplexing in sub-THz frequencies to achieve high-rate communica-
tions. Namely, we investigate the design and performance analysis of MIMO systems using energy
detection receivers for future sub-THz applications. Two dedicated detection algorithms are proposed,
a model-based detector and another one using neural-networks. We also present the results of a per-
formance analysis considering an indoor wireless link in sub-THz bands using numerical simulations.
The findings of this chapter have been published in part in one conference paper [34], one submitted
journal article [35], and one patent [36].

Chapter 6: Parallelization of Envelope Detection Receivers

Using large frequency bands to achieve high-rate communications involves important constraints
on ADC especially for embedded systems with low-complexity physical layers. The sixth chapter is
therefore dedicated to the parallelization of the RF architecture of sub-THz receivers using envelope
detection. Our objective in this chapter is to relax implementation constraints on ADC. We first focus on
providing the analytical tools to develop efficient communication schemes for pulse-based transceivers.
To be specific, we introduce a dedicated Hilbert space. The proposed framework describes an appropri-
ate representation of non-negative signals for transceivers based on envelope modulation and detec-
tion. Next, we present a new receiver architecture for non-coherent sub-THz communications, entitled
RAFAE, for Receiver based on the Analog Fourier Analysis of the Envelope. This analog-oriented re-
ceiver is designed for high-rate and pulse-based communications with relaxed constraints on ADC.
The material of this chapter has lead to the publication of two conference papers [37], [38] and to the
deposit of two patents [39] [40].
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Chapter 3

From System Modeling to Optimized Receiver Algorithms

N the previous part, we have highlighted that the sub-THz spectrum, offering large frequency re-
I sources, is an opportunity to deploy high-rate wireless services. Still, to meet the requirements of
Beyond-5G networks, additional research is required to design efficient physical layer algorithms. It is
essential for the development of sub-THz systems to consider the specific features of wireless commu-
nications in sub-THz frequencies, such as strong Phase Noise (PN) or Line-of-Sight (LoS) environments.
A potential solution to implement sub-THz communication systems is the adaptation of existing and
mature technologies, i.e. coherent In-phase/Quadrature (I/Q) transceivers. In this part, we develop this
approach and investigate the optimization of coherent I/Q transceivers for the sub-THz spectrum. To be
specific, this part is dedicated to the optimization of signal processing algorithms for sub-THz systems
targeting high-spectral-efficiency communications. The purpose of designing adapted signal process-
ing algorithms is to cope with the specific impairments of sub-THz communications and achieve high
data rates. In particular, we focus in this part on the mitigation of phase impairments. With regard to
the previous chapter, we consider the design paradigm of a spectral-efficient physical layer. It means
that the limiting constraint of the studied transceiver is the finite bandwidth and the objective of the
physical layer is to achieve high spectral efficiency. A representative application of such communica-
tion systems is high-capacity backhauling, without strong complexity or energy constraints and whose
objective is large communication throughput.

In this chapter, we study the optimization of coherent receiver algorithms for strong PN channels.
This task is divided into two sections. In the first section, we investigate the modeling of sub-THz com-
munication systems. In particular, efficient modeling of Radio-Frequency (RF) impairments is essential
to optimize physical layer algorithms and enhance system performance. Subsequently, we focus on the
selection of the oscillator PN model. In the second section, and based on the proposed modeling, we
investigate the design of optimum demodulation in the presence of strong PN. With a joint complex-
ity and performance optimization, we propose a dedicated decision rule for symbol detection, and a
probabilistic demapper for soft-decision decoding.

3.1 Modeling Sub-THz Communication Systems

Intentions: We intend in this section to determine an efficient system model for sub-THz communi-
cation systems. We consider that an efficient system model describes realistically physical processes
at stake in communications - e.g. RF impairments or propagation —, and still remains mathematically
convenient. Such model enables efficient signal processing optimizations enhancing performance with
simple practical implementations. In particular, we focus on the modeling of oscillator PN since it is
one of the main limiting factors in sub-THz systems [41] [14]. Phase impairments severely degrade
the performance of coherent sub-THz systems and thereby significantly limit the achievable spectral
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efficiency. By determining an efficient system model, we aim at providing analytical tools for sub-THz
communication design and circuit specifications. We consider a spectral-efficient physical layer based
on a coherent I/Q transceiver. More specifically, we study systems using single-carrier modulation with
a channel-bonding architecture.

Summary: We first detail the system model describing the communication channel for the considered
coherent transceiver. We use the results of recent measurement campaigns to describe the sub-THz
propagation channel. Second, we present one of the main contributions of this thesis: the modeling of
oscillator PN. Using numerical simulations and statistical analyses, we confront two PN models: one
correlated (Wiener PN and Gaussian PN); and another uncorrelated (Gaussian PN). We then study the
selection of the PN model. Given the system parameters and the spectral characterization of the oscilla-
tor, we aim to determine whether the correlated PN model or the uncorrelated one is the most efficient
model. Numerical simulations results show that an uncorrelated Gaussian process is appropriate to
model the impact of PN in sub-THz systems. Overall, in this first study, we provide analytical tools for
sub-THz communication design and circuit specifications.

3.1.1 Channel model

As previously mentioned in Chapter 1, the radio propagation channels in sub-THz frequencies are
expected to be sparse. The theoretical expectations that the LoS path provides most of the energy
contribution in sub-THz propagation channels have been demonstrated by the recent measurement
campaigns within sub-THz bands. The radio propagation channel has been characterized through mea-
surements between 126 and 156 GHz in [9]. Complementary results on non-LoS components can be
found in [10]. Sub-THz channels have also been characterized in [42] using deterministic ray-tracing
tools. We assume subsequently in this work a LoS propagation channel model, hence considered as
frequency flat.

We consider a single-carrier coherent communication system impaired by PN. The presented results
can also be exploited in channel-bonding architectures. We assume that the propagation gain and phase
shift of the channel are perfectly compensated at the receiver side. In addition, we assume that the
receiver is synchronized in time and frequency. We therefore study the discrete-time symbol model of
a complex Additive White Gaussian Noise (AWGN) channel impaired by oscillator PN. The received
symbols are then expressed by

rlt] = sl[t]- e +w[t], TezZ (3.1)

where s[T] denotes the T-th transmitted symbol and w([7] is a zero-mean circularly symmetric complex
Gaussian variable modeling thermal noise, i.e. w[t] ~ CN(0,02). The oscillator PN to be modeled is
described by ¢|[7]. Transmitted symbols are modulated with duration T and belong to constellation C
with modulation order M and average energy E;. The power spectral density of thermal noise w|[t] is
denoted Ny such that 02 = Ny/T;. The considered discrete-time symbol model in Eq. (3.1) has been
further characterized in [43]. Conditions on the sampling rate and on the PN intensity of the system
are given to ensure the accuracy of this model. The analysis of [43] has shown that the discrete-time
symbol model provides a good representation of the physical continuous-time PN channel, still this
simple model represents a worst case description.

With regard to the propagation channel, it is worth pointing out the following remarks. The model
in Eq. (3.1) can be easily adapted to include the propagation gain and phase shift of a frequency-flat
channel with a single dominant path, the envisaged model for sub-THz scenarios. This is achieved by
integrating a complex coefficient & as follows r = I - s - e/ 4 w, where h varies slowly. If the receiver
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estimates and compensates the channel coefficient /1 with sufficient accuracy, then the channel can be
described with Eq. (3.1) in a more concise way. The unique resulting difference in the system model
would be the definition of the spectral density of thermal noise which should be modified from Nj to
No/|h|?. Besides, single or multi-carrier systems communicating on multipath channels and impaired
by PN have to be described differently and with more complex models, see [44]. Optimizing communi-
cation schemes for multipath channels in the presence of PN is not addressed in our research — readers
may refer to [21]. This work targets sub-THz applications and hence focuses on propagation channels
with a single dominant path.

Phase noise is one of the main limiting factors in sub-THz systems, hence this chapter focuses on
the mitigation of this impairments using signal processing optimizations. Subsequently, we devote a
significant part of this section to the modeling of oscillator PN.

3.1.2 Phase noise model

To reach 100+ Gbit/s data rates, classical coherent architectures are combined with highly spectral-
efficient communication schemes. This entails numerous constraints on the design of RF components
especially at the oscillator level. Indeed, high frequency oscillators severely impair sub-THz systems
with PN. For a coherent system, the fundamental effect of PN is a random rotation of the constellation,
which leads to:

m Detection errors resulting in performance degradation
m Spectral regrowth which may cause inter-channel interference

m In-band signal injection and out-of-band emission

It is hence essential to discuss the selection of the PN model to design dedicated transmission schemes.

A wide range of PN models have been introduced in the literature: Non-linear [45], Tikhonov [46],
Wiener [47], etc. The selection of the PN model depends on the application. For millimeter-wave (mm-
Wave) systems, the PN is usually modeled by the superposition of a correlated contribution (colored
PN) and an uncorrelated one (white PN floor) [48]. However, sub-THz systems exploit even wider band-
widths and thus require to reconsider the PN model. It has been shown in [47] that performance of
wide-band systems are significantly more impacted by the uncorrelated contribution of PN than the
correlated one. This result prompts us to compare the efficiency of an uncorrelated Gaussian PN model
to the correlated model commonly used for mm-Wave systems, i.e. a superposition of Wiener PN and
Gaussian PN. State-of-the-art works on system performance analysis consider correlated PN models for
their accurate description [47]. Conversely, research activities on communication schemes optimiza-
tion use rather uncorrelated PN models for their mathematical convenience [49]. In this chapter, we
compare a correlated and an uncorrelated PN models through a statistical analysis to select the most
efficient model given the system parameters.

In this study, we present two PN models: one correlated (Wiener PN and Gaussian PN) and another
uncorrelated (Gaussian PN). First, the accuracy of the uncorrelated Gaussian PN model is assessed
with a Pearson’s x? goodness of fit test. We next derive the closed-form expression of the likelihood-
ratio of the two models. Thereupon, an analytical condition is proposed to determine whether the
correlated or the uncorrelated model should be selected given the system parameters and the spectral
characterization of the oscillator. Numerical simulations are performed with a realistic PN generated
according to a state-of-the-art sub-THz oscillator.
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FIGURE 3.1 — PSD of the considered 200 GHz oscillator [51].

3.1.2.1 Oscillator Description

The modeling of the complex output v of a practical oscillator with carrier frequency f, is given by

o(t) = (1 + e(t)) exp (j27'(( fot O+ jcp(t)), (3.2)

where ¢, { and ¢ denote respectively the amplitude noise, the Carrier Frequency Offset (CFO) and the
PN. The amplitude noise ¢ is mitigated by applying a limiter on the oscillator output and is considered
negligible [50]. It is also assumed that the receiver is synchronized in frequency such that the CFO
term ( is compensated. When it comes to PN, the common figure to characterize the performance of an
oscillator is its single-side-band spectrum L£( f). It is obtained throughout the following measurements

L(f) = Sv(flcj:rf) (3.3)

with S, the Power Spectral Density (PSD) and P, the power of the oscillator output v. Though the
total power of an oscillator should ideally be concentrated in f. and the PSD of the oscillator a pure
tone, PN induces the power to be spread over frequencies around f.. We denote Sy the PSD of PN ¢.
For large f, the small angle approximation ¢/# ~ 1 + j¢ leads to Sy(f) =~ L(f). The latter equation
bonds the PN ¢ and the oscillator output v. This relation enables us to calibrate the PN model on the
oscillator spectral characterizations. In this work, we intend to confront several PN models on realistic
observations. We therefore select a state-of-the-art 200 GHz oscillator [51], whose PSD is illustrated
in Figure 3.1. The simulated PN will correspond to this oscillator by respecting the same spectral
characteristics as measured in Figure 3.1. Simulation of realistic PN consists first in generating several
white random PN processes. Next, each of the PN contributions is independently filtered to yield a fixed
characteristic. Lastly, the different contributions are added to outcome the desired PN. Nevertheless,
we refer the reader to [47] for PN simulation based on oscillator spectral characterizations and also to
[52] for simulation of power law noise. It is also worth mentioning that communication systems may
use separate oscillators at the transmitter and the receiver. In this case, both PN contributions must be
added together.

3.1.2.2 Phase Noise Models

We now present the two studied PN models. The first one is a correlated model based on the physical
modeling of the PN generation in oscillators. This model is frequently used for mm-Wave systems
[48] and describes the superposition of a correlated contribution (colored PN) and an uncorrelated one
(white PN floor). The second model is an uncorrelated model describing only the white PN floor. Its
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FIGURE 3.2 — PSD of the considered correlated PN model.

mathematical expression is hence simple and commonly exploited to optimize the signal processing for
PN channels[22].

Correlated phase noise: The generation of PN in oscillators is due to the transformation of amplitude
fluctuations into phase fluctuations. In practical systems, free-running oscillators are stabilized by
means of a Phase-Locked Loop (PLL). With respect to the linear time-invariant model of the PLL, the
PN generation mechanism may be modeled as an amplification and an integration of the noise sources
present in the circuits [47] [50]. The integration of noise sources by the PLL gives a cumulative and
correlated nature to PN. We assume that the circuitry is only subject to white noise'. Accordingly,
the oscillator PN ¢[7] may be modeled by the superposition of a Wiener process ¢ [T] (a Gaussian
random-walk) and a Gaussian one ¢ [7| [50]. That is

¢lt] = owltl + ¢cltl. (3-4)

The Gaussian PN ¢¢[t] ~ N (0, 0'42, . ) is caused by the amplification of the thermal noise in the oscil-
lator. The Wiener PN is defined by

owlt] = pw(t — 1] + opw(T], (3.5)

where é¢pw[t] ~ N (0, (Tq%w). It expresses the integration by the PLL and hence the cumulative nature
of PN. Figure 3.2 presents the PSD described by this PN composed of two characteristics. The uncor-

related Gaussian process with variance ‘T(ZPG = Ko/ T; has a flat spectrum of density K. The correlated

Wiener PN presents a Lorentzian characteristic (1/ f 2) [50] with density K5. The variance of the Wiener
increment verifies (Tq%w = 471°K, T, [50]. The variances Uq%c and Uc%w of the two processes are bonded by
the corner frequency f% = K5 /K. We use hereafter the normalized corner frequency f, - Ts expressed
as a fraction of the system bandwidth 1/T;. In the following, we will refer to this model as My for
short. Based on the physical modeling of the PN generation in oscillators, this model is frequently used
in the literature for its accuracy - see [47] and references therein. However, its complexity motivates
the introduction of an uncorrelated Gaussian PN model.

Uncorrelated phase noise: By definition, modeling a stochastic process represents a trade-off be-
tween the accuracy of description and its complexity. Since the development of communication sys-
tems highly benefits from theoretical analyses, the low analytical complexity of a model can be preferred

IThe influence of flicker noise is disregarded in this study.
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TaBLE 3.1 — Spectral density Ko (dBc/Hz) of the white PN floor.
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over its accuracy. By means of illustration, the Gaussian PN model has already been exploited in [22]
to optimize constellations for PN channels. We thus turn away from the accurate but complex My to
consider the Gaussian PN model. Besides its mathematical convenience, the Gaussian distribution is
also a relevant PN model for wide-band systems. The work in [47] has studied separately the influences
of the different PN spectrum regions on communications. It has exhibited a strong dependence with
the system bandwidth 1/T;. In particular, when considering high symbol rate systems, the oscillator
noise floor — characteristic Ky in Figure 3.2 — represents the greatest contribution to the overall PN.
This result may also be appreciated by evaluating the ratio

%
2 272
v = U—zw = 47 fIT5. (3.6)
e
For wide-band systems, fay < 1/T; leads to Uéw < ‘Tq%c' It follows that the Wiener PN becomes neg-
ligible compared to the Gaussian PN. For these reasons, it is worth considering a Gaussian PN model

denoted Mg. The oscillator PN ¢[7] is described by a truncated Gaussian distribution,
¢[t] ~ N(0, créc). (3.7)

As the phase is naturally bounded by (— 7z, 7t], the Gaussian distribution must be truncated. The proba-
bility density function is normalized? by A = (Fxr(7r) — Fxr(—7)) ! to ensure that [ p(¢)dp = 1,
where F denotes the cumulative distribution function. Returning to oscillator characterization, Ta-
ble 3.1 presents some values of spectral density Ky of the white PN floor for different variances o2 . and
system bandwidth 1/T;. The presented spectral densities can be related to practical oscillators with
Figure 3.1. Still, Figure 3.1 presents a state-of-the-art oscillator such that worse PN performance may
be expected in practice. The following work evaluates the efficiency of M to model PN observations.
It is clear from Eq. (3.6) that the accuracy of M is function of the normalized corner frequency f., - Ts.

3.1.2.3 Accuracy of the Gaussian model

We have previously introduced two PN models: My, correlated with a complex and accurate de-
scription of PN; and Mg, uncorrelated with a simple mathematical expression. We first evaluate the
accuracy of Mg, the Gaussian distribution, to model PN observations. Then, we compare the likelihood
of the correlated My and uncorrelated Mg models in order to select the most efficient one given the
system bandwidth and the oscillator spectral characterization.

To assess the accuracy of Mg, we perform a Pearson’s x> goodness of fit test on simulated PN.
By doing so, we intend to determine the systems parameters, communication bandwidth and oscillator
spectral characteristics, for which M models accurately the PN observations. The simulated PN sam-
ples are generated either according to My, considered as an accurate and realistic PN model, or to the
oscillator described in Figure 3.1. First, the goodness of fit test is described, and then, the simulations
results are presented.

21t is worth mentioning that most demodulation algorithms are not subject to a normalization of the likelihood function
and hence a factor multiplication does not increase the complexity.
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Pearson’s x> goodness of fit test: The aim of this paragraph is to establish whether an observed
PN frequency distribution differs from a truncated Gaussian distribution. In other words, we operate
normality tests on simulated PN. Let ¢ = {¢[7]}1<r<n denote the observed values of random PN and
N the number of symbols within a communication frame. Two different communication frames hence
represent two independent realizations of PN. The null hypothesis can now be described as

Hy : Mg is consistent with the observations ¢. (3.8)

To test this hypothesis, a Neyman-Pearson approach is a reasonable choice. This approach is designed for
binary detection problem with a given significance « [53]. The hypothesis testing J takes the following
form

5($) = {accept Hy, ifS(¢) <A, (3.9)

reject Hy,  otherwise,

where S is the test statistic of observed samples ¢ compared to a decision threshold A, which maximizes
the probability of detection. The significance is the probability of rejecting the null hypothesis when
it is true, i.e. &« = P (S() > Ac| Hp). Further, we exploit the common Pearson’s x? goodness of fit to
test the observations against the null hypothesis Hy. In this case, the value of the statistic S is

(Ok(¢) —p )2

K
S(¢)=N) N = b “ (3.10)
k=1

where Oy is the number of observations ¢[t] € I, while K denotes the number of intervals I parti-
tioning (—7t, 7t] and py = Pr(¢[t] € It). To determine the goodness of fit we compare the value of
S(¢) to a x%_, distribution with K — 1 degrees of freedom. The variance is estimated from observa-

tions, the mean is known to be null. The critical value is given by A, = FX}l (1 — ), where « is the
K

given significance.

Simulations results: We first perform the x? test on PN samples generated according to My, with sig-
nificance & = 0.1. Figure 3.3a illustrates the frequency of accepting Hj as a function of the normalized
corner frequency f, - Ts. This confirms the aforementioned intuition in Eq. (3.6) that M¢ is accurate
when f, < 1/Ts. The value 0.9 of the frequency of accepting Hy is consistent with the significance
a = 0.1. It must be pointed out that N, the length of the studied sequence, has a great influence on the
selection of the model. For long sequences, the impact of the PN correlation is significant and cannot
be neglected. Second, we test Hy against realistic PN samples simulated according to the oscillator
described in Figure 3.1. The frequency of choosing 6(¢) = Hj is presented in Figure 3.3b as a function
of the system bandwidth 1/T;. Properties observed in Figure 3.3b and the resulting conclusions are
similar to the ones of Figure 3.3a. We have confirmed with the Pearson’s 2 goodness of fit test that the
uncorrelated Gaussian PN model Mg is accurate if the corner frequency remains small compared to
the system bandwidth. However, we have not yet derived an analytical expression of the dependence
between the accuracy of M and the system features N and f,, - Ts. This is carried out in the following
paragraph.

3.1.2.4 Model Selection

We have previously witnessed the limitations of the Neyman-Pearson approach. The properties of
M have been highlighted, still they have not been expressed analytically. To do so, we compare the
efficiency of My and Mg to model some PN observations ¢ = {¢[7]}1<r<n in terms of likelihood.
We recall that N denotes the number of symbols within a frame and that different frames represent
independent realizations of PN.
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FIGURE 3.3 — Frequency of accepting the Gaussian model Hy with a x> goodness of fit test for simulated PN

Log-likelihood ratio: Given the oscillator PSD, the comparison between Mg and My, can be achieved
by evaluating the Log-Likelihood Ratios (LLR) of the models for observations ¢». The LLR is expressed
by

p(¢|Mg)

AG/W =In <p(¢|]\/lw)) ’ (3.11)

and is denoted A for brevity. While the sign of A infers the model to select (Mg if A > 0, My
otherwise), its absolute value quantifies the reliability of this decision. So, a small |A| leads to the
conclusion that Mg and My are equally likely. Conversely, a high value of |A| indicates that the
observations are particularly in favor of one model over the other. To derive the expression of A, we
must express the joint distributions p(¢|Mg) and p(¢p|My). Regarding Mg, ¢[7| are independent
and identically distributed. It is hence straightforward from Eq. (3.7) that

_N N 2
_ 2\ 2 v ¢l
p(oIMc) = (2703, ) -exp ( L5 ) . (3.12)
As for My, PN is correlated and we must start by applying the conditional chain rule. We have
N N
p(@IMw) = [T p (@[tl|Mw, ¢t —1],- -, 9[1]) = [ ] p(¢[7]|Mw, ¢[r — 1]). (3.13)
=1 =1

The latter equality holds as My is a Markov chain of order 1. To evaluate the factors in the previous
equation, we next define A¢[t] = ¢p[T] — ¢[T — 1] which yields

p(@[T)|Mw, ¢l = 1)) ~ N (¢l = 1],05. 2+ 7)),

5 (3.14)
= p(Ag[][Mw) ~ N (0,05, 24 7)),
where ¢ = (qu)w / (7(217@ as defined in Eq. (3.6). Substituting Eq. (3.14) into (3.13), we have
_N N A(])[T]2
My) = (2702 (2 + ’. -y . 3.15
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Since p(¢|Mg) and p(¢|My ) have been derived, we are now in a position to express the LLR A. At
last, we obtain the closed-form expression of the LLR:

_N - Aplt? &gl
A_Zln(2+7)+;2%z,c(2+7)_; 20_42](3, (3.16)

which completes our derivations.

Simulation results with correlated phase noise: Let us now consider that the PN observations are
generated by a My process and study the expected value E[A]. Given the system features N and
fy - Ts, the expected value of the LLR yields the selected model in average. Since Myy is considered as
an accurate and realistic PN model, studying the expected value of the LLR enables us to characterize
analytically the observed properties in Figure 3.3a and 3.3b. When ¢[7] are generated according to
My, we have in Eq. (3.16)

N Aglr]? 2
— 1~ x%, with E[xX] =N. (3.17)
;(TéG(ZJrv) N o

Then, the second sum in Eq. (3.16) has for expected value

N N
E [Zy[ﬂ = gE [(pwlT] + ¢pc[T])?],

= i E [pw[t]?] + E 2¢wlt] - pc[t]] + E [¢c[7]], (3.18)
=1

_ N B N(N+1)

— 2, .gk.wl) . <2 HN) .

When the PN observations ¢ are generated by a My process, it follows that the expected value of the
LLR is given by
N N+1

Several remarks must be mentioned with regard to this expression. First, E[A] & —7 - N confirms the
simulation results that the longer the sequence, the lower the normalized corner frequency must be to
ensure that Mg remains an accurate model. Furthermore, we are now able to give a condition on N

and f, - T, for the correlated PN to be negligible. By evaluating the inequality E[A] > 0, we claim that
the PN is appropriately modeled by Mg if

N-f2.T2 < In(2)

<7 (3.20)

Regarding communication design, the condition in Eq. (3.20) may either be exploited to specify the
normalized corner frequency f, - Ts or to set the length N of the frame’. Second, even when the PN
is generated with My, if 7 small, then the value of A can be greater than zero. The LLR actually
penalizes the complexity of My in comparison to M. This illustrates the principle of the Occam’s
razor: if both M and My accurately model the observations, then the simplest model should be
favored. Eventually, Figure 3.4a presents the mean LLR value for different frame lengths with My
simulated PN. Figure 3.4a and condition in Eq. (3.20) may be exploited to select the best PN model -
Mg if E[A] > 0, My otherwise — with regard to system features N and f, - T.

3We recall here that the frame length N is related to the estimation scheme. Every N symbols, the phase shift of the
channel is estimated and compensated.
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FIGURE 3.4 — Mean value of LLR Ag sy on simulated PN

Simulation results with realistic PN: In this paragraph, the simulation results are presented for a
realistic PN corresponding to the sub-THz oscillator described in the Figure 3.1. The Figure 3.4b shows
the mean value of the LLR as a function of the system bandwidth 1/T; for several frame lengths N.
The analytical curves correspond to the expected value of the LLR if the PN samples where generated
according to My with characteristics Ko and K, measured on Figure 3.1. We can deduce from these
results that the condition given in Eq. (3.20) does ensure that an uncorrelated PN model is valid. Nev-
ertheless, it can be observed that this analytical condition is slightly conservative in view of the results
obtained by simulation. This may be explained by the fact that the correlated PN of the oscillator close
to the carrier frequency is not as strong as the one described by a Lorentzian characteristic. In other
words, My models a stronger correlated PN contribution than the one measured in practice. Further-
more, considering that the contemplated bandwidths of sub-THz systems will be of the order of the
GHz [14], we can conclude from these results that an uncorrelated Gaussian model is appropriate to
describe the PN in sub-THz communications.

3.1.3 Conclusion on modeling sub-THz systems

First, we have introduced the system model for sub-THz communication systems. The propagation
channel has been described by a LoS model according to the results of recent measurement campaigns,
which is a common model in current research on sub-THz communication systems. We have also ad-
dressed in this section the problem of PN modeling for sub-THz communications. We have compared
two PN models: one correlated, accurate but complex, and another uncorrelated, analytically simpler.
Numerical simulations have been performed considering realistic PN corresponding to a state-of-the-
art 200 GHz oscillator. We have demonstrated that the uncorrelated Gaussian PN model is accurate
when the oscillator corner frequency remains small compared to the system bandwidth. We have also
proposed an analytical condition to select the best PN model between correlated or uncorrelated given
the system parameters. Overall, our results have shown that an uncorrelated Gaussian process is an
appropriate PN model for sub-THz communication systems. In addition, they provide theoretical sup-
port to several research studies using uncorrelated PN models to optimize transmission techniques for
PN channels.

The presented analysis can be used for PN modeling but also for the specification of communica-

tion systems. The proposed analytical condition is useful to specify the required oscillator features,
or the frame structure to ensure that the correlated PN remains negligible. By means of example, an
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application of the proposed PN model selection is outlined in our paper [28]. The presented applica-
tion illustrates that our method for PN model selection can be used to adapt the modulation scheme
with regards to the oscillator PN performance. Namely, it is proposed to select between a coherent
or a differential modulation scheme in order to maximize the system performance. Though the con-
tributions of this chapter are presented within the context of sub-THz communications, they remain
relevant to any communication channel impaired by oscillator PN such as satellite communications
or next generation of mm-Wave communications, for instance considered in 5G. The main application
of our contributions on PN modeling is the optimization of signal processing algorithms for strong
PN channels. The Gaussian PN model with a simple analytical description allows in-depth theoretical
analyses. Subsequently, the next section capitalizes on the Gaussian PN model to derive the optimum
demodulation in the presence of PN.

3.2 Optimum Demodulation in the Presence of Phase Noise

Intentions: The aim of this section is to improve the spectral efficiency of coherent sub-THz commu-
nication systems. More specifically, we intend to enhance the demodulation in the presence of PN.
Improving the demodulation performance enables systems impaired by PN to communicate with more
spectral-efficient transmission schemes. We consider in this section a single-carrier system commu-
nicating on a frequency-flat channel corrupted by Gaussian oscillator PN. The considered channel is
described by

r=s-e®+w, (3.21)

with s € C, w ~ CN(0,02) and ¢ ~ N (0, (T(%). Hereafter, this channel is referred to as the Gaussian
PN channel. Since the channel is not time-dependent, the time index T is discarded for brevity. In
the following, we adopt the polar representation and use subscripts p and 6 to respectively denote the
amplitude and phase of a symbol.

Related works: The poor performance of high frequency oscillators plagues sub-THz systems with
strong random PN. It severely degrades the communication performance and limits the achievable
information rate. Nevertheless, receiver algorithms can be adapted to PN channels. An appropriate
decision rule for data detection is to improve the demodulation performance. This has motivated ex-
tensive work on the design of optimum receivers for systems impacted by PN, a research topic studied
for decades. For each PN model, a corresponding optimum receiver has to be derived. Several optimum
receivers for the common PN models are listed in [54]. When it comes to the Gaussian PN channel,
the state-of-the-art detection scheme is presented in [54]. This detector is based on the approximate of
the Maximum Likelihood (ML) decision rule and is optimum at high Signal-to-Noise Ratio (SNR). The
symbol detection in this case relies on a joint amplitude-phase decision rule. However, detectors of the
literature present complex definitions making the practical implementation difficult, in particular when
soft-decision decoding is considered. Current communication systems are combined with soft-decision
decoding known to improve significantly the demodulation performance. Still, the computability of
probabilistic bit values, namely LLR, has rarely been studied in the literature and should be a prime
consideration in this problem. In this section, our research mainly pursues the work of [54] in order to
achieve a joint optimization of system performance and implementation complexity.

Summary: We address in this section the design of the optimum demodulation scheme for the Gaus-
sian Phase Noise (GPN) channel. We exploit a high SNR and strong PN assumption to characterize the
likelihood function of the GPN channel, and further, to propose an optimized detector. Our approach
is based on a joint performance and implementation complexity optimization. First, we introduce the
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FIGURE 3.5 — Illustration of the received symbol expression

polar metric, a low-complexity detection scheme minimizing the error probability. The proposed detec-
tor achieves, with a simpler implementation, the optimum detection performance of the state-of-the-art
detector described in [54]. We also propose a low-complexity implementation of the soft-output demap-
per using the polar metric for soft-decision channel decoding. Our simulation results demonstrate that
using the proposed polar metric leads to important performance gains and significant complexity re-
ductions of the receiver implementation. Second, we show in this section that representing signals upon
an appropriate metric space allows the design of efficient transmission schemes. We provide an origi-
nal mathematical framework to design PN robust algorithms based on a signal decomposition in polar
coordinates. The introduced framework enables us to highlight the similarity between the complex
Gaussian channel in the I/Q plane and the GPN channel represented in the amplitude-phase domain.

3.2.1 Decision rule for symbol detection

Derivation of the polar metric: Regarding symbol-by-symbol detection, the Symbol Error Probabil-
ity (SEP) is minimized by the ML decision criterion [1] for equiprobable and independent symbols. The
optimum detection decision rule is expressed upon p(r|s) the channel likelihood function. With the
considered channel in Eq. (6.25), it is appropriate to write the likelihood function as follows

p(rls) = p(ro,79lsp,56), (3.22)

and further to express (r,, r¢) from (s, sg). We denote the shifted noise w - e7/¢*#) by w’. Since the
complex noise is circularly symmetric, w and w’ are identically distributed. It follows that the amplitude
of the received symbol is given by

rp = ‘(SP + w,> . ej(59+4))‘ ,

= /(5 +Re (@) +1m ('), (5.29
~ s, + Re (w'),

and the phase by
rg = arg ((Sp + ?/U/) . ej(59+¢)) ,

= Sp + ¢ + arctan M
=set¢ so+Re(w') )’ (3.24)
Im (w')
259—|-(P+7.
Sp
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FIGURE 3.6 — Illustrations of channel likelihood functions withs = 1

These approximations are illustrated in Figure 3.5. The two latter equations consider the transmission
of non-zero symbols. If a zero symbol is sent, the channel in Eq. (6.25) is only corrupted by Gaussian
noise. The first-order approximations in Eq. (3.23) and (3.24) are tight at high SNR. Since high data rate
applications are targeted in this work, it is reasonable to assume a high SNR in order to allow the use
of high-order modulation schemes. Accordingly, we further pursue under a high SNR assumption. It is
then straightforward from the channel and PN models that

(ro —sp) ~ N(0,03),

3.25
(re—se)NN(O,Ué—i-ag)/sg). (3.25)

We conclude that the channel likelihood function can be expressed as a bivariate Gaussian distribution:

1 <1’p — Sp)2 (1’9 — 59)2
P <_2 ( o2 +c742,+05,/s%
p(rls) = . (3.26)

27r\/(730((7qz> +02/s2)

Figure 3.6 illustrates the channel likelihood functions for different SNR and PN levels. The sent symbol
in Figure 3.6 is s = 1. Deriving the ML decision rule using this expression of the channel likelihood,
we obtain the ML premetric. This decision rule was originally derived in [54] and is given by

(rp —sp)* (g — 59)* ) 0%
§= i + +log | o5+ = | . 3.27
arsgenéln O.zzu 0_% i Uzzt; / 5‘27 og ¢ S% ( )

It has been shown in [54] that using the ML premetric leads to important performance gains in com-
parison to standard receivers based on the Euclidean distance — optimum for the complex AWGN

channel. Due to its non-constant logarithmic term log ((7(% + ‘57—122”), this decision rule might be com-
plex to evaluate in practical systems. Further, this decision rule is entitled the ML premetric since it
does not define a metric — neither symmetric nor sub-additive — and only a premetric. In this study,
we are interested in strong PN scenarios. Using the strong PN and high SNR assumption, we have
(742, + 02/ S% ~ (qub + 02,/ Es, which is a tight approximation. Thereupon, we propose the polar metric
detector. Its decision rule is given by

§ = arg mind, (r,s)?, (3.28)
seC

where d., is the polar metric defined by

(19 — s0)?

e (3.29)

dy(r,8)* = (rp — sp)2 +
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FIGURE 3.7 — Performance of the different decision rules for an uncoded 16-QAM with PN variance (74% =102

and 7% = (Té /02 +1/E;. The proposed detection criterion is the minimization of the distance related
to the polar metric. The detected symbol is then the closest constellation symbol to the received one.
The demodulation therefore consists in a nearest neighbor search. It should be noted that this decision
rule is a joint amplitude-phase detector. The polar metric is a weighted combination of the amplitude
and phase of the received symbols. The detector adapts its decision rule to thermal and PN variances.
When PN gets stronger, the detection relies more and more on the amplitude of received symbols rather
than on the phase.

Numerical simulations, demodulation of uncoded QAM: We depict in Figure 3.7 the BER perfor-
mance of an uncoded 16-Quadrature Amplitude Modulation (QAM) with detection based either on the
Euclidean distance, or on the ML premetric, or on the polar metric. Simulation results demonstrate
that exploiting a joint amplitude-phase detector rather than a Euclidean one yields valuable detection
performance gains. In particular, the error floor caused by PN is significantly lowered by using an ap-
propriate detection criterion. These simulations also demonstrate that performance achieved by the
polar metric, with a simpler expression, are identical to the ML premetric one at high SNR.

One of the advantages of using the polar metric rather than the ML premetric is that the evaluation
of distances to perform the detection is simpler to implement on practical systems. We will demonstrate
in the following the benefits of the polar metric over the ML premetric. In the case of structured
constellations, the polar metric greatly simplifies the implementation of the receiver. With the polar
metric, the symbol detection can be simplified as threshold comparisons and the evaluation of soft-
bit values can be efficiently approximated with piecewise linear functions. These receiver complexity
reductions are not possible with the ML premetric due to its non-constant logarithmic terms in the
decision rule. In addition, the map d., verifies the algebraic properties of a metric. Subsequently, we
pursue the analysis within the scope of complete metric spaces.

3.2.2 Algebraic Framework

We present here an original theoretical framework related to the polar metric. This framework
enables us to draw a parallel between the GPN channel and the complex AWGN one. In particular, the
proposed framework provides the analytical tools to design PN robust communication schemes, which
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will be used in the following chapter to optimize the signal constellation. It also gives tools to evaluate
many literature proposals related to modulation design for PN channels.

Lemma 1. Let the complex number s be represented by its polar coordinates (s,,59) € P = [0,00) X
[—7t, 7). Then the space PN - of sequences s = {(s,[t], s6[T]) }1<r<n of N numbers inP - is a complete
metric space when equipped with the metricd., : PN x PN s R* defined by

N

d«,(m, y)z _ Z ((XP[T] . yp[T])Z + (XG[T] - yG[ﬂ)Z) / (3.30)

2
=1 Y

with y> € R for every z,y vectors of PN,

Proof. Tt is sufficient to demonstrate that PV is a closed subset of the complete metric space (IR?Y, d,).
First, it is clear that the map d., is a weighted Euclidean distance in R?N . 1t follows immediately that
(R?N, d., ) is a complete metric space. Ultimately, the metric space (P, d. ) is complete as P is clearly
a closed subset of R?N. O

In the following, p? denotes the metric space (PN, d., ). It results from Lemma 1 that p? is a complete
metric space and therefore provides a valuable framework to design efficient algorithms for the GPN
channel. For instance, the symbol detection based on nearest neighbor search in Eq. (3.29) can be effi-
ciently implemented within p? using projections or sphere decoding. Furthermore, it should be noticed
that a strong similarity exists between the GPN channel represented in the amplitude-phase domain
and the complex AWGN channel in the I/Q plane. This property can be highlighted by approximating,
according to Eq. (3.25), the system model at high SNR as follows

(1o, 79) = (5p + Wwp, 59 + Wp), (3.31)

where w, and wy follow Gaussian distributions. The radial noise w, models the impact of thermal
noise on the amplitude. By Eq. (3.25), we have w, ~ N (0, 02). The angular noise wy models the
contributions of both the PN and the thermal noise on the phase. In Eq. (3.25), the angular noise is
given by wy ~ N (0, (T(% + 02/ sf,) It should be recalled that the variance of the angular noise wy is

function of (i) the amplitude of the sent symbol s, (ii) the thermal noise variance 02 and (iii) the PN
variance 2. For the GPN channel, the noise on the amplitude and the noise on the phase are Gaussian
and independently distributed. This property can also be observed on a complex AWGN channel in the
I/Q plane where the noise on the real part and the noise on the imaginary part are as well Gaussian
and independently distributed. Accordingly, the space p? is entitled by analogy to the commonly used
discrete signal space £2, the space of square-summable complex-valued sequences equipped with the
Euclidean inner product.

Figure 3.8 depicts the Voronoi regions - i.e. the ML decision regions — related to the Euclidean dis-
tance and the polar metric for a 16-QAM. It illustrates the joint amplitude-phase feature of the polar
metric detector. We recall here that the polar metric detector adapts its decision regions to the thermal
and phase noise variances. Furthermore, it should be emphasized that the polar metric in the amplitude-
phase domain is defined as a weighted Euclidean distance as illustrated on Figure 3.8.(c). Altogether, the
latter property along with Lemma 1 highlight the strong similarity between Gaussian PN and complex
AWGN channels which will be used further to optimize the modulation scheme.
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FIGURE 3.8 — 16-QAM Voronoi regions

3.2.3 Probabilistic Demapper

It is of practical interest to consider the integration of a Forward Error Correction (FEC) scheme in
order to achieve channel coding gains. Channel coding is usually combined with soft-decision decoding
known to significantly improve the performance of channel decoders. We therefore propose in this
paragraph to study the probabilistic demapper based upon the polar metric.

LLR expression: In practical communication systems, computing the exact values of the bit LLRs
may be too complex. Therefore, close approximations of the bit LLRs are evaluated to be computed
efficiently. We consider a Bit-Interleaved Coded Modulation (BICM) architecture. Let the symbol s map
the binary word b = (b1, ..., bigg,( M))- Regarding the detection of bit b;, the decision b; minimizing the
error probability is derived from the ML criterion [53]. We have

b(r) = {1, if Li(r) >0 (332

0, otherwise

where the LLR L; of the bit b; is given by
p(bi 1|T)>
Li(r) =1lo . 3.33
i) g(P(biZUW 39

The sign of L; is used to infer the detection decision while its absolute value |L;| quantifies the reliability
of this decision. Since transmitted symbols are equiprobable, we can express with Bayes’ rule the LLR

as
Ls,ec; p(rls1)
i =1 — . .
g (r) o8 <250666 ]9(1’|So)> (39

We adopt the notation C}’é to describe the subset of the constellation symbols such that b; = B. To
simplify the computation of soft bit values, we derive sub-optimal LLRs expressions using the log-sum
approximation: log(Y; xx) =~ maxy log(x). This approximation is tight at high SNR and is commonly
used in practical communication systems for conventional modulation schemes such as QAM [55]. It
has been shown in [55] and in [56] that the log-sum approximation does not lead to any significant
performance loss, even at low SNR. Subsequently, we obtain

Li(r) ~ max log (p(rls1)) — max log (p(r|so)) - (3.35)

s1€C) €Cy

The channel decoding algorithms implemented in practical systems are not impacted by a normalization
factor, for instance the min-sum decoder for Low-Density Parity Check (LDPC) codes. For this reason,
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FIGURE 3.9 — Performance of a LDPC coded 16-QAM with LLR based on the Euclidean distance or on the polar metric

for different PN variances (qu)

the approximations of the LLRs can be expressed upon the polar metric introduced in Eq. (3.29) by

Li(r) ~ min d,(r,s0)* — min d.(r,51)?.

, , (3.36)
E) EC(I) S1 ECi

The proposed bit LLR values in the latter expression can be easily evaluated. The computation of bit
LLR values relies on the polar metric d.,, and therefore, requires only the evaluation of few weighted
Euclidean distances within p?. In comparison, if the LLR computation is based on Eq. (3.34), the receiver
is required to evaluate logarithmic terms as well as multiple sums of Gaussian functions of the received
symbol. It should be further highlighted that such complexity reductions are not possible with the ML
premetric as this decision rule implies several non-constant logarithmic terms. For this reason, the new
soft-output demapper proposed in Eq. (3.36) allows significant complexity reductions of the receiver in
comparison to state-of-the-art detectors [54]. It is worth mentioning that the expression in Eq. (3.36) of
the bit LLRs remains valid if the propagation channel is considered by integrating a complex coefficient
h to Eq. (3.1). The unique difference is that the variance of the thermal noise should be adapted.

Numerical simulations, demodulation of LDPC-coded QAM: Let us now evaluate the demodula-
tion performance of coded systems over the GPN channel. The implemented FEC scheme is a LDPC
code respecting the 5G New Radio (5G-NR) specifications [57] with an input packet size of 1500 bytes, a
coding rate of 0.8 and a min-sum decoder. LDPC codes demonstrate excellent performance with highly
parallelizable decoder architectures. Therefore, they are considered as a foremost solution for error-
correcting codes in high-rate communication systems. Figure 3.9 presents the Packet Error Rate (PER)
performance of a coded 16-QAM for different values of PN variance and demodulation schemes. Simu-
lated PER have been obtained by Monte-Carlo simulations. Results show that important demodulation
performance gains are achieved by the polar metric in comparison to the Euclidean detector. For low
values of SNR and PN variance, the Euclidean detector performs slightly better than the polar metric
(< 0.1 dB). This minor performance loss results from the assumptions of a high SNR, in Eq. (3.23) and
(3.24), and a strong PN used to derive the polar metric decision rule. When the PN variance gets stronger,
the performance gain of the polar detector in comparison to the Euclidean one becomes significant —
e.g.> 4 dBfor (T(% = 5 x 1072, For strong PN variances, the PER of the receiver using the Euclidean dis-
tance is 1 for any SNR as the iterative decoder never converges. In contrast, the receiver based on polar
metric demonstrates the waterfall feature of LDPC codes and can achieve low error rate communica-
tions. The presented PN variances can be related to their corresponding oscillator noise floor spectral
densities Ky using Table 3.1. Though more complex to compute, the demodulation algorithm based on
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ML premetric demonstrates identical performance to the one using polar metric one, and hence, is not
presented. The proposed demodulation scheme has been assessed for QAM, yet remains valid for any
modulation scheme. Ultimately, these results highlight that the proposed demodulation scheme based
on the polar metric achieves important performance gains on the GPN channel with valuable complex-
ity reductions of the receiver. Altogether, the results of numerical simulations are an illustration of the
performance maximization through channel information capitalization. It is worth mentioning that
using channel statistics to properly represent the signal and optimize the communication algorithms is
a widely used technique.

3.2.4 Channel Estimation

The previous subsection has shown that knowledge of the channel statistics may be used to im-

prove the performance of the receiver. Therefore, estimations of thermal and PN variances: 02, (742,

are required. The PN variance o2 results from the combination of two PN processes issued by the

transmitter and the receiver oscillators, hence is not inherent to the receiver only.

Derivation of estimators: Estimation of 02 and (Tq% may be realized by inserting N, pilot symbols
and evaluating the appropriate estimators. The pilot symbols denoted s = (s[1],5[2],...,5[N]) are
known from the receiver and possibly distributed. The joint likelihood function of the N) received
pilot symbols r = (r[1], ...,7[N,]) is given by

NP
pw,(rl s,05,05) = [ [ p(rltlls[t], 0%, o3).- (3.37)

=1

It should be mentioned that here T € {1,..., N, } is the index of pilots symbols and may refer to non-
consecutive received symbols. In the following, we set pilot symbols to have a constant amplitude +/Es.
The average symbol energy E; is considered perfectly known as it can be estimated blindly through all
sent symbols. The ML estimators of 02 and (Tq% are defined by

02 = arg max pN, (7| s), and 642, = arg max py, (7| s). (3.38)
o2 o2
w (P

To derive these estimators, we first use the definition of the channel likelihood function in Eq. (3.26).
We then use Fermat’s theorem on stationary points, the function derivative is null at a local extremum,
to evaluate the maximum of the likelihood function. It follows that

1 N
o2 = N Z(rp[r] —VE)?,
Pr=1 (3.39)
22 = L Y (rafr] - sale) - 22
= olT| —se - =
¢ NF’ =1 ES

We express these estimators as Xlz\lp distributions to evaluate their biases and dispersions. That is

(3.40)

A ~2] 2
E[02] =02, [E [0'4,] =03,
\V4 [’\2] — 2‘72% (,\72 _ 2(0—£+‘71%/E5)2 20,%

¢ N, N, Es*

It is clear that these estimators are unbiased. In addition, it is of practical interest to compare the
proposed estimators to their Cramer-Rao Lower Bounds (CRLB) [58] since the regularity conditions
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FIGURE 3.10 — Performance degradation due to estimation errors for a 16-QAM with different number of pilot samples

are satisfied by the likelihood function in Eq. (3.26). The corresponding CRLBs are given by

2 2 2
vz 2%, v %) = Aoyt ol B) (3.41)

- Wp/ Np

It is shown that the estimator of thermal noise variance achieves the CRLB. The estimator of the PN
variance is tight to the CRLB but does not achieve it. Nevertheless, it is possible to demonstrate that
the proposed estimators present the smallest mean square error among any unbiased estimators. It is
immediate from Eq. (3.37), that the joint probability density function py, belongs to the exponential

family. Therefore, statistic S = (L. (r,[t] — VEs)?, L (re[t] — sg[7])?) is complete and sufficient for

parameter (Ug),cr%). We can conclude from the Lehman-Scheffé theorem that the proposed unbiased

estimators (02, %%) defined upon S are the unique minimum-variance unbiased estimators of ¢ and

(79%. It should be mentioned that these estimators use amplitude and phase information, and can be
described in p?.

The effect of a propagation channel with a single dominant path could be modeled by integrating
a complex coefficient & to Eq. (3.1). Nonetheless, the estimation of the channel coefficient required
for equalization is not carried out here. The necessary framework has been proposed such that the
estimation of the channel complex coefficient is straightforward to derive.

Performance degradation due to estimation errors: Though we have been able to evaluate the per-
formance of the estimators, definitions of the ML premetric and the polar metric are subject to estima-
tion errors. The performance degradation due to such estimation errors has to be quantified to specify
the required number of pilots. Therefore, Figure 3.10a and 3.10b present respectively the performance
of an uncoded and a LDPC coded 16-QAM for different number of pilots symbols. The reference is the
system performance with perfect channel knowledge, i.e. perfect Channel-State Information (CSI). We
may remark that the polar metric is more resilient than the ML premetric to estimation errors for hard
symbol detection, and also in the case of soft decision decoding.
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3.2.5 Conclusion on demodulation in the presence of phase noise

In this section, we have addressed the problem of the optimum demodulation scheme in the pres-
ence of Gaussian PN. We have proposed the polar metric, a joint amplitude-phase detector. This de-
cision rule has been derived as a symbol detection scheme minimizing the error probability. We have
also proposed a low-complexity implementation of the soft-output demapper using the polar metric
for probabilistic channel decoding. In contrast to state-of-the-art detectors, the proposed soft-output
demapper allows a simple evaluation of soft bit values. Our results show that significant demodulation
performance gains are achieved for coded and uncoded systems by using the polar metric in comparison
to standard detectors. In brief, the polar metric detector provides a valuable solution optimizing jointly
the system performance and the implementation complexity. We have also proposed a framework to
properly represent signals upon the GPN channel. It has been highlighted that the GPN channel in the
amplitude-phase domain present similar properties to the complex AWGN channel in the I/Q plane.

3.3 Synthesis and Discussions

Conclusion: In this chapter, we have been interested in adapting I/Q coherent transceiver to the spe-
cific features and impairments of the sub-THz spectrum. Our attention has been in particular focused
on the strong phase impairments issued by high carrier frequency oscillators. In the first section, we
have shown that an uncorrelated Gaussian process is an appropriate PN model for sub-THz communi-
cation systems. We have also justified that considering a propagation channel with a single-dominant
path is an appropriate channel model for sub-THz communication systems. Once the system model
characterized, it has been shown in the second section that using a dedicated demodulation algorithm,
based on a joint amplitude-phase detector, leads to significant demodulation performance gains in the
presence of PN. In contrast to state-of-the-art detectors, the proposed soft-output demapper allows a
simple practical implementation with optimum demodulation performance. The content of this chapter
has lead to several publications including three conference papers: [27], [28], [30]; and a journal article:
[26]. Interested readers may refers to these publications for further details, see citations below.

Contribution on CFO mitigation: We briefly summarize in this paragraph an additional contribu-
tion of ours on the optimization of receiver algorithms for future sub-THz systems. Our work has been
presented in [30] and has not been developed in this chapter. It addresses the mitigation of indepen-
dent CFO in channel-bonding architectures. The strong oscillator instabilities does not only impair
sub-THz systems with PN but also with large CFO. Future sub-THz systems are contemplated to use
channel-bonding architectures to maximize the communication throughput. This type of architecture
aggregates several channels with multiple RF chains in order to benefit from the large frequency bands
available in the sub-THz spectrum. To cope with the oscillator instabilities, frequency guards bands
are usually inserted between channels which results in a spectral efficiency loss. This performance loss
motivates us to investigate the mitigation of CFO in a channel-bonding scenario. In [30], we study the
analog parallelization of multiple channels. Each of them is corrupted by an independent and randomly
distributed CFO. We show that these independent CFOs lead to inter-carrier interference and severely
affect the communication performance. In contrast to state-of-the-art approaches, we do not consider
the mitigation of this impairment by the estimation and compensation of CFO. In paper [30], we pro-
pose and compare digital signal processing algorithms to jointly demodulate the multiple carriers in
the presence of strong independents CFOs. Such algorithms are widely used in the domain of digital-
subscriber line systems in order to mitigate cross-talk [59]. We adapt in this work theses techniques
to a sub-THz channel-bonding scenario. As expected significant performance gains are demonstrated
when a joint linear receiver algorithm is considered. It enables to demodulate jointly multiple channels
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in the presence of strong CFOs without compensating them. The proposed detection algorithm hence
allows relaxing the constraints on oscillators stability without system performance losses.

Perspectives: We have presented in this chapter the main receiver algorithm schemes to realize robust
communications impaired by PN. However, many receiver algorithms regarding practical communica-
tions are yet to be addressed, e.g. the estimation of the channel complex coefficient. In particular, the
synchronization between the transmitter and the receiver in the presence of strong PN is challenging.
Time and frequency synchronization errors lead respectively to inter-symbols interference and CFO.
Synchronization errors need to be compensated in order to limit the resulting performance degrada-
tion. For this reason, dedicated synchronization techniques should be designed for systems impaired
by strong PN. This topic is of important practical interest and remains to be investigated. Additionally,
further perspectives to this study are detailed in the next chapter.

Applications and limitations: This paragraph aims to delineate the potential applications and limi-
tations of our contributions. In doing so, we hope that readers may better appreciate the value of our
research work. Our results on PN modeling can be used for system performance analysis or commu-
nication schemes optimization. Equivalently they can also be used for system specification in order to
determine the required oscillator performance or frame structure. Furthermore, the proposed demodu-
lation scheme provides a readily implementable solution to adapt coherent transceiver to PN channels.
Simply modifying the demodulation, either the symbol detection or the LLR evaluation, contributes to
alleviating the technological limitations due to oscillator PN and realizing high-rate sub-THz commu-
nications. Though the main considered application has been high-capacity back-hauling, the proposed
schemes can be used for any coherent transceiver targeting a spectral efficient physical layer. This study
is presented within the context of sub-THz communication, yet these results remain valid for any fre-
quency bands. They are particularly relevant for scenarios in which oscillator PN is a major impairment
such as satellite communications or next generation of millimeter-wave communication. It should be
reminded that the scope of this research covers single-carrier communication systems with frequency-
flat channels. Our results are also relevant to system using channel-bonding architectures. However,
and as aforementioned, either the use of multi-carrier modulation or multi-path propagation channels
requires a different system modeling, and hence, different signal processing optimizations to cope with
PN. Besides, our results are subject to some limitations regarding the considered system model. In this
work, the impact of PN has been described with a discrete-time symbol model. As previously discussed,
this model is efficient yet remains simplistic. We have also considered a single-dominant path channel
model. Nevertheless, and though other paths present weak energy contributions, they might cause
some interference slightly lowering the SNR. In addition, high SNR and strong PN conditions have
been considered to ease analytical derivations, which could lead to approximation errors. Implications
of the related approximation errors have been characterized. It has been shown that these errors lead
either to none or to minor performance losses at low SNR and low PN. Eventually, we emphasize the
great value of experimental validations regarding algorithms design. Experimental validations could
assess the performance gains of the proposed schemes but could also demonstrate the impact of other
RF impairments such as I/Q imbalance or amplifier nonlinearities. Such experimental validations are
envisaged in the research team and should be conducted in the near future.

In this chapter, we have notably shown that using dedicated receiver algorithms enables spectral-
efficient communications in the presence of PN. The next chapter continues in the same vein. It inves-
tigates under a transceiver perspective the optimization of communication algorithms for strong PN
channels. In other words, the following chapter studies optimizations at the transmitter and receiver
sides including: the modulation scheme and the link adaptation strategy. Moreover, one objective of
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the next chapter is to evaluate the performance gains achieved by the proposed solutions in a realistic
sub-THz scenario.
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Chapter 4

Transceiver Optimizations and Performance Analyses

His part is dedicated to the adaptation of coherent In-phase/Quadrature (I/Q) transceivers, a ma-
ture technology for wireless communications, to the sub-THz spectrum. And more precisely, we
focus on signal processing optimizations to cope with the strong phase impairments of high-frequency
oscillators. The previous chapter has investigated the design of receiver algorithms for Phase Noise
(PN) channels. Thereby, it has unveiled valuable information on the Gaussian PN channel. To deter-
mine the optimum receiver, we have previously considered conventional modulation schemes, such as
Quadrature Amplitude Modulation (QAM), which are not particularly suited to strong PN channels.
Optimizing the transmission schemes also at the transmitter side gives an additional degree of freedom
which enables us to further improve the system performance. For this reason, this chapter pursues the
study of the previous one. It extends the optimization of transmission algorithms for PN channels to
both the transmitter and receiver sides. We lie in the design paradigm of spectral-efficient physical lay-
ers for sub-THz communications. Our investigations aim to maximize the communication throughput
given a fixed bandwidth without strong complexity or energy constraints. High-capacity backhaul in
the sub-THz bands is the most representative envisaged application of the considered scenario.

This chapter deals with the optimization of communication algorithms from a transceiver perspec-
tive for strong PN channels. In the first half of this chapter, we propose the Polar-QAM, a PN robust
modulation scheme. Based upon a theoretical analysis, the proposed modulation scheme is designed
to enhance communication performance on strong PN channels with a simple practical implementa-
tion. The performance analysis of the proposed modulation is pursued analytically and numerically to
demonstrate the performance gains over conventional and state-of-the-art modulations. In the second
half of this chapter, our focus is on system-level optimizations and performance analyses. We present
link adaptation strategies to select the modulation scheme and physical layer parameters with regard
to the channel conditions. The performance of the proposed modulation and demodulation schemes
are further assessed in a realistic sub-THz scenario using ray-tracing channel predictions.

4.1 Polar-QAM: a Phase Noise Robust Modulation Scheme

Intentions: We intend in this work to increase the spectral efficiency of communications impaired by
strong PN. In particular, we focus on designing a modulation scheme providing significant performance
gains while maintaining a simple implementation in practical systems — with limited computational
resources, memory, power consumption etc.

Working hypotheses: Let us now recall the framework introduced in the previous chapter. We con-

sider a coherent transceiver whose objective is to maximize the spectral efficiency. More specifically, we
study a single-carrier modulation impacted by Gaussian PN. The communication channel is described
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as follows. Received symbols are expressed by 7 = s - e/? 4 w where s is the sent symbols and belong
to constellation C, ¢ is the oscillator PN and w models an Additive White Gaussian Noise (AWGN).
Furthermore, we use in this chapter the polar metric detector, i.e. the joint amplitude-phase detector
proposed in the previous chapter and optimized for demodulation in the presence of Gaussian PN. We
also represent signals in the amplitude-phase domain. As shown in the previous chapter, the Gaussian
PN channel in the amplitude-phase domain present similar properties to the complex AWGN channel
represented in the I/Q plane.

Related works: Designing optimized modulation schemes is a widely investigated problem. Notably,
choosing M points in a two-dimensional space such that a target function is optimized. In partic-
ular, there exists an extensive amount of literature on constellation optimization for PN channels.
The following articles are representative of prior work. Research on constellation optimization for
PN has begun fifty years ago with Foschini in [46] where signal points are selected among a lattice
with a heuristic search to minimize the Symbol Error Probability (SEP) for Tikhonov PN. More recent
works have exploited powerful numerical optimization algorithms such as simulated annealing [60]
or gradient-search [22] to maximize the mutual information or minimize the SEP. The work in [45]
optimizes Amplitude-Phase-Shift Keying (APSK) constellations with a simplex algorithm to minimize
the SEP for nonlinear PN. A state-of-the-art solution on constellation optimization for Gaussian PN
is proposed in [15]: The spiral constellation based on a semi-analytical description, i.e. the modulation
points are defined with a closed-form expression upon an optimized modulation shape parameter. Nev-
ertheless, most of the constellations proposed in the literature are efficient but local solutions. These
schemes are optimized for a specific Signal-to-Noise Ratio (SNR) and PN variance, and thus, do not de-
scribe a comprehensive solution. Furthermore, existing solutions are often unstructured which leads to
difficult practical implementation with complex binary labeling and demodulation, including the com-
putation of Log-Likelihood Ratios (LLR). In contrast to prior work, we investigate in this work a joint
optimization of communication performance and complexity of implementation on practical systems.

Summary: This first section is dedicated to the optimization of the modulation scheme for strong
PN channels. An analytical approach is conducted to demonstrate how optimal constellations can be
built to maximize performance on the Gaussian Phase Noise (GPN) channel. Motivated by this theo-
retical analysis, we propose the polar quadrature amplitude modulation (PQAM or Polar-QAM), a PN
robust modulation scheme based on a structured APSK. The constellation and the binary labeling of
the Polar-QAM are jointly designed to improve the system performance on PN channels while main-
taining a low-complexity implementation. In particular, it enables to implement the symbol detection
with a simple threshold comparison, and the soft-output demapper with piecewise linear functions. The
proposed modulation scheme is compared to conventional and state-of-the-art solutions taking into ac-
count different performance metrics. The performance of the Polar-QAM is assessed analytically and
numerically considering state-of-the-art channel codes. Our results highlight that the Polar-QAM sig-
nificantly enhances performance in terms of achievable data rate with valuable complexity reductions
of the transceiver.

4.1.1 Optimum constellation for the Gaussian phase noise channel

Optimum constellation from sphere packing: Let us investigate the problem of finding the con-
stellation, i.e. the set of signal points in the complex plane, that minimizes the SEP for a given channel.
The number of points is fixed to M and the constellation average energy is constrained to Es. For a
transmitted symbol s, the SEP Pr(E|s) may be defined upon its complementary event, the probability
of correct detection, as follows

Pr(Els) =1— Pr(§ = sls). (4.1)
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FIGURE 4.1 — Voronoi regions for the polar metric of polar-lattice based constellations with 16 signal points

With regard to a detection rule defined upon the ML criterion, the probability of correct detection is
equal to the integral of the likelihood function over the Voronoi region of the symbol. That is

Pr(§ =s|s) = / p(r|s)dr, (4.2)

where Vs is the Voronoi region of symbol s and p(r|s) is the channel likelihood function. It follows
that the larger the areas of the Voronoi regions, the smaller the error probability. This result is valid
for any channel, yet let us consider the GPN channel. We are hence looking for the constellation that
maximizes the areas of Voronoi regions defined by the polar metric. By way of illustration, it is clear
on Figure 3.8 that the QAM constellation does not maximize the areas of the Voronoi regions for the
polar metric and is thus not optimal for the GPN channel. As previously stated, the proposed constel-
lation in the literature lead to difficult implementations due to their lack of structure. We therefore
investigate constellations defined upon lattices in the amplitude-phase plane. Since the ML detector in
Eq. (3.28) describes a joint amplitude-phase detector, we study the optimal lattice-based constellation
problem within p?. It results that the noise distribution is circular! in p? for high SNR and strong PN
scenarios. The modulation order and the average energy of the constellation being fixed, the problem
of finding the lattice that maximizes the areas of the Voronoi regions can be regarded as finding the
densest sphere packing in a two dimensional space. The well-known result of this problem gives that
the highest density in the plane is achieved by the hexagonal lattice [61]. Subsequently, a constella-
tion based upon a hexagonal structure is to maximize the areas of the Voronoi Regions [62], and thus,
minimizes the SEP. Nevertheless, we consider hereafter the use of a rectangular polar-lattice to define
a modulation scheme with the intention to ease the demapping implementation. For the purposes of
illustration, Figure 4.1 presents the I/Q and amplitude-phase representations of the hexagonal and rect-
angular polar-lattice based constellations. Figure 4.1 depicts the Voronoi regions, for the polar metric,
of the constellations based on polar-lattice. We will show in the following paragraph that though a
hexagonal lattice performs better in terms of error probability than a rectangular one, the performance
gain is small and the complexity increase is significant. Therefore, the proposed Polar-QAM scheme
relies on a rectangular polar-lattice.

We have previously highlighted the similarity between the GPN channel and the complex AWGN
one. Thanks to the analytical framework described in this section, it follows that the derivation of the
optimum lattice-based constellation for the GPN channel in the polar domain is highly similar to the
one for the complex AWGN channel in the I/Q plane - see [1]. Likewise, the optimal constellation
for the complex AWGN channel relies on a hexagonal lattice in the I/Q plane and is referred to as the
hexagonal-QAM (HQAM). Though the HQAM demonstrates a performance gain in comparison to the

!The noise is distribution is actually ellipsoidal in the amplitude-phase domain, yet is circular in p2 with the axis scaling

v-
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FIGURE 4.2 — Performance of different constellations with Ml = 16 on the GPN channel

QAM using a rectangular lattice [63], the rectangular QAM remains the most exploited modulation
scheme for its simple implementation.

Performance of constellations based on polar-lattices: We discuss here the results of numerical
simulation concerning the BER performance of the different constellations based on polar-lattices. The
implemented symbol detection rule is the polar metric. The BER performance for different PN vari-
ances of the QAM and the polar-lattice based solutions are outlined in Figure 4.2a with M = 16. First,
we can remark that the optimized constellations are sub-optimal at low SNR. The previous analysis on
the design of PN robust constellations is correct under a high SNR assumption. In the low SNR regime,
the channel is dominated by thermal noise, even in the presence of strong PN, and in this case, conven-
tional modulation schemes should be preferred. However, it is shown that the constellation of the QAM
reaches an error floor due to PN which can be high for strong PN scenarios. Conversely, constellation
based on polar-lattice achieve significant performance gains and enable low error rate communications
on strong PN channels. These results exhibit the performance gain of hexagonal lattice over the rect-
angular one, but at the detriment of a complexity increase of the demodulation algorithm.

The performance analysis can be improved by studying the achievable Information Rate (IR) re-
lated to the constellations. Figure 4.2b compares the achievable rates of the different constellations
for AWGN and GPN channels?. The presented achievable IR have been obtained through Monte-Carlo
simulations as described in [66]. Given a channel and a constellation, the achievable rate is evaluated
by computing numerically the mutual information of the transmitted and received symbols. Our results
demonstrate that the achievable rate of the QAM scheme is severely limited by PN. Therefore, we con-
clude that the optimization of the modulation scheme is essential to target high-rate communications
on the GPN channel. For this purpose, constellations based on polar-lattices are a relevant solution to
achieve enhanced performance with simple practical implementation.

2The theoretical upper bound for the achievable IR on the GPN channel is not presented but can be evaluated. Neverthe-
less, it requires complex numerical evaluations and an extremely high-SNR assumption. Interested readers may refer to [64]
or [65] and references therein.
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FIGURE 4.3 — Illustration of a 16-PQAM(2) in the complex plane

In contrast to constellations obtained through numerical optimization [22], modulation schemes de-
fined upon polar-lattices present an analytical expression of signal points expression. It hence results in
a plain signal generation at the transmitter. Furthermore, the binary labeling regarding Bit-Interleaved
Coded Modulation (BICM) architectures is trivial. In this case, the binary labeling in the polar domain is
identical to the labeling in the I/Q plane of a QAM for a rectangular lattice and respectively to a HQAM
for a hexagonal lattice. The difference in implementation between the use of a hexagonal and a rectan-
gular lattice to define the constellation is the following. It has been shown previously that the symbol
detection is defined as a nearest neighbor search. As a result, this detection for a rectangular polar-
lattice relies on simple threshold comparisons in the polar domain. This simple demodulation algorithm
can be observed on Figure 4.1c. In addition, the bit LLR values related to a rectangular lattice and nec-
essary to channel decoding can be approximated as piecewise linear functions in the amplitude-phase
domain. These two complexity reductions at the receiver are enabled only with the use of a rectangular
polar-lattice and not a hexagonal one. In conclusion, a constellation based on a hexagonal polar-lattice,
in comparison to a rectangular one, leads to relatively small performance gains — see Figure 4.2a and
4.2b - yet at the detriment of a more complex receiver. Therefore, we propose a modulation scheme
based on a rectangular polar-lattice: the Polar-QAM.

It is interesting to mention that state-of-the-art approaches [22] [15] [67] on PN channels shape
the constellations toward hexagonal and rectangular polar-lattices. For instance, the representation of
the circular-QAM proposed in [67] in the amplitude-phase domain is close to a hexagonal lattice. Fur-
ther, it has been shown in [67] that the circular-QAM realizes, in comparison to a conventional QAM,
performance gains on PN channels. Similarly, it is worth studying the Gray-APSK proposed in [68] to
provide a shaping gain for satellite communications. Signal points of the Gray-APSK represented in the
amplitude-phase domain nearly describe a rectangular lattice, the amplitudes of signal points are non-
linearly distributed though. Thanks to the presented analysis, we can conclude that such modulation
scheme should provide valuable performance gains on PN channels. Eventually, the following remark
should be pointed out. We have presented here a theoretical analysis based on the signal decomposition
in the amplitude-phase domain to optimize the modulation scheme for the GPN channel. This original
analysis provides a valuable theoretical framework to design PN robust communication schemes but
also to evaluate many of the literature proposals.
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4.1.2 Definition of the proposed Polar-QAM

Polar-QAM constellation: The proposed Polar-QAM is defined by the constellation C illustrated in
Figure 4.3. With m,n € IN and m > n, the constellation C is a set of M = 2 complex points placed
onT = 2" € {1,2,4,..., M} concentric circles, i.e. amplitude levels. The average energy of the
constellation is denoted E;. Each of the T’ circles contains M /T signal points. Correspondingly, the
minimum angular distance 66 between two symbols is

_2ar
R

The phase shift 6, of the p-th symbol on a circle is described by 6, = %(ZP —1). Likewise, the

50 (4.3)

amplitude p, of the g-th circle p is defined by p; = 57”(211 — 1) where dp is the minimal radial distance.

It results from this definition of the amplitudes of signal points and from the average symbol energy
E; that the minimal radial distance Jp is given by

op 12

= . 4.4

V Es 412 —1 (44)

Then, any PQAM constellation can be entirely defined by two parameters M and I respectively the

modulation order and shape. Therefore, we use the notation M-PQAM(T') to described the constellation

C = {(Z)(Zq—l)-exp (j-‘f(zp—m) |1<q<T,1 SPSM/T}- (4.5)

One may remark that some particular cases of the PQAM fall into known modulations: a M-PQAM(M /2)
describes an amplitude-shift keying while a M-PQAM(1) is a Phase-Shift Keying (PSK). The PQAM is a
structured definition of an APSK constellation. For the demodulation of the PQAM on the GPN channel,
it is relevant to use the proposed detection scheme based on the polar metric. When this demodula-
tion scheme is used, the symbol detection for the PQAM can be implemented with a simple threshold
detection in the amplitude-phase domain.

Polar-QAM binary labeling: Nonetheless, the PQAM is not only defined by its constellation but also
by its binary labeling. For a given channel, optimizing the symbol mapping in order to minimize the
Bit Error Rate (BER) is not trivial and induces a high complexity — cf. binary switching algorithm [69].
Thanks to the regular structure of the PQAM, an efficient binary labeling can be proposed in order
to achieve robustness and simple demodulation. In a 2"-ary modulation system, every m bits form a
binary word b € {0,1}". This binary word is modulated by a symbol s € C under a mapping rule
called constellation labeling y,

u:{0,1}" — C. (4.6)
To minimize the bit error probability, the mapping rule must implement a Gray code. Namely, a Gray
code mapping consists in labeling the M points with binary words of length m = log, (M) such that
the Hamming distance between two nearest points is equal to 1. Subsequently, incorrectly estimating
a symbol by one of its nearest neighbors leads to a single bit error. In the case of a M-PQAM(I'), any
binary words b € {0, 1}1°gZ(M) mapped to a symbol s can be expressed as

0 4
b= (¥,.., bfogz(r),blogz(r)ﬂ, s Blog, (M) )1 (4.7)

where log, (T') bits are encoded by the amplitude level s,, of s, and log, (M /T') bits are encoded by the
phase sy of s. Therefore, the mapping rule ¢ may be subdivided into two uni-dimensional rules y, and
He:

o : {0,138 5

(4.8)
Mo : {0,1}10g2(M/F) — Sp.
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FIGURE 4.4 — Binary labeling of a 16-PQAM(4)

Uni-dimensional mapping of signal points respecting a Gray code is straightforward and a well-known
result. It is worth mentioning that the PQAM constellation has been designed to achieve such effi-
cient binary labeling. Figure 4.4 depicts the binary labeling for a 16-PQAM(4). Conversely, optimized
constellations of the literature present no particular structure and lead to complex labeling and poor
performance in terms of BER. Besides, the binary labeling of the Polar-QAM allows low-complexity
evaluation of the bit LLR. When the PQAM is used with the proposed soft-output demapper based on
the polar metric, the soft-bit values can be efficiently approximated with piecewise linear functions. The
piecewise linear approximations of the LLR of the log, (I') bits related to the amplitude level present
similar expressions to the ones of a QAM constellation, see [70]. While for the log, (M /T') bits encoded
on the phase, approximations are similar to a PSK [71]. The evaluation of the bit LLRs based on piece-
wise linear functions is an important complexity reduction of the receiver. This complexity reduction
highlights the benefits of using the PQAM and the proposed demodulation scheme over state-of-the-art
solutions, based on numerically optimized constellations. It also emphasizes the relevance of jointly
optimizing the modulation and demodulation schemes.

4.1.3 Performance analysis of the Polar-QAM

4.1.3.1 Performance analysis

Bit-error-rate: We use the definition of the PQAM and the expression of the likelihood function to
derive the closed-form expression of the SEP. We can approximate the detection error probability Pr(E)

by

§ # sls) *Z (1= Pr(s=sls)),

sEC

zp
eC

60
~2Q < £ ) 20—
2, /a + 02/ Es
The latter approximation holds for high SNR and corresponds to the widely used assumption that errors

occur on the nearest neighbors of the sent symbol. To simplify the closed form expression in Eq. (4.9),
it is assumed that the average detection errors on the phase of symbols occur for an amplitude of 1/ E;

i \
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which is slightly optimistic. Since the binary labeling implements a Gray code mapping and under

the nearest neighbors error assumption, the bit error probability Py, may be derived from the symbol

detection error probability as

_ (B
log, (M)

Let us replace dp and 06 by their definitions in Eq. (4.3) and (4.4) to express the BER as a function of

E,/ Ny, (7(%, M and I'. Hereafter, it is assumed that T; = 1 which results in no loss of generality. The

Py (4.10)

average bit energy E, = E;/log,(M) and the noise power spectral density Ny = 202, Eventually,
the BER of a M-PQAM(I') can be approximated by the following closed-formed expression

Py, ~ (4.11)

2 6 -log,(M) - Ey/ Ny rl

— - (o \/ 2 +Q

log, (M Ar2 —1 T T
0g,(M) M\J0F + s 1o

In the BER expression, the two terms in the addition should be interpreted differently. The first term
expresses the probability of misestimating the amplitude level of the received symbol whereas the sec-
ond term corresponds to mistestimating the phase. Figure 4.5 outlines the analytical BER performance
of a 16-PQAM(T) for T’ € {4,8,16} and their respective constellations. As depicted in Figure 4.5, the
BER reaches an error floor when Ej, / Ny tends to infinity. This error floor is caused by PN and can be

evaluated by
2 il
li Py, = . 4.12

e, e = fog ) S (Mm,,) (412)

It is shown in Figure 4.5 and in Eq. (4.12) that the smaller I', the higher the error floor. For a PN channel,
the error floor of a constellation is caused by several signal points using the same amplitude level and
can be lowered by increasing the minimum angular distance. In brief, a large number of amplitude
levels I entails a low error floor, yet attained at a higher Ej, / Np.

Peak-to-average power ratio: With regard to the Radio-Frequency (RF) power-amplifiers, directly
related to the energy consumption of transmitters, the Peak-to-Average Power Ratio (PAPR) is a key
performance indicator for any communication system. In the context of the Polar-QAM, the PAPR is

Ut
ot
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TABLE 4.1 — PAPR of the Polar-QAM constellation for different parameter T

Number of amplitude levels T 1 2 4 8 16 32
M-PQAM(T') PAPR (dB) 0 2.55 3.68 4.23 4.50 4.64

TABLE 4.2 — PAPR of the QAM constellation for different modulation order M

Modulation order M 4 16 64 256
M-QAM PAPR (dB) 0 2.55 3.68 4.23

— QAM no PN
—o— QAM simulated

—#— PQAM simulated .\
----PQAM analytical R

9
&

0 5 10 15 20 25 30 35 40

FIGURE 4.6 — 16-QAM and 16-PQAM(8) performance with PN variance (74% =1.25x 107!

given by
2
max |s|
r—1
s —3. . (4.13)
Es 2I' +1

It can be noticed that the PAPR is a strictly increasing function of the number of amplitude levels I and
is not function of the modulation order M. In addition, the PAPR of the Polar-QAM is upper-bounded
by 4.77 dB. Table 4.1 and 4.2 present the value of the PAPR for the Polar-QAM and QAM constellations
with different configurations. As previously mentioned increasing I' does improve the PN robustness
at the detriment of a higher PAPR. Finally, the closed-form expressions of the BER and the PAPR of the
Polar-QAM provide new and valuable results for the specification and analysis of future systems. The
theoretical analysis of such important performance metrics is not possible for the numerically optimized
constellations of [22] or the state-of-the-art modulation proposed in [15]. This further motivates the
use of a structured constellation.

Numerical simulations results: The results of numerical simulations for uncoded systems are pre-
sented in Figure 4.6. The BER performance of the QAM and PQAM are compared for M = 16 and
(Té = 1.25 x 10~!. The demodulation with the polar metric detector is implemented. Results demon-
strate the performance gain achieved by the PQAM constellation over a conventional QAM on a strong
GPN channel. The QAM constellation presents a high error floor which results from the low angular
distance between its signal points. Nonetheless, it is worth mentioning that this performance gain is
achieved to the detriment of the PAPR. A 16-QAM presents a PAPR of 2.55 dB while the 16-PQAM(8)
exhibits a 4.23 dB PAPR. It is also illustrated that the analytical expression of the BER for a PQAM is
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tight to the simulation results. Nevertheless, the optimistic consideration made in Eq. (4.9) is to explain
the slight difference between the analytical expression and the simulation results.

4.1.3.2 Comparative studies

State-of-the art-constellation: The definition of the Polar-QAM is close to the one of the Gray-APSK,
proposed in [68] to provide a shaping gain for satellite communications and not to achieve PN robust-
ness. Both modulation schemes use structured APSK and two independent Gray mapping on the phase
and on the amplitude, and hence, demonstrate similar performance. The difference between these con-
stellations is that the amplitudes of Gray-APSK signal points are nonlinear. We have proposed the
Polar-QAM and derived its analytical and numerical performance analysis in the context of PN chan-
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nels. For this reason, we compare in this paragraph the performance of the proposed solution to the
one of the state-of-the-art solution proposed in [15] on constellation optimization for the GPN chan-
nel: the spiral constellation. Nonetheless, interested readers may refer to [15] which evaluates the
performance of the Gray-APSK. Figure 4.7 compares the SEP performance of the PQAM and the spiral
constellation for M = 64 and (742) = 10~! demodulated with a polar metric receiver. It is shown that
the spiral constellation demonstrates a performance gain in comparison to the PQAM at the expense
of a transceiver complexity increase. The spiral constellation presents a semi-analytical description:
the modulation points are defined with a closed-form expression upon an optimized modulation shape
parameter f; € IR>g. For each SNR, the spiral constellation requires the optimization of the parame-
ter f; through important Monte-Carlo simulations to maximize the achievable information rate of the
modulation. Conversely to this, the modulation shape parameter I' of the Polar-QAM belongs to a small
finite set; and therefore, adapting the modulation scheme to the channel is straightforward. Though a
simple and efficient symbol detection rule is proposed in [15], the binary labeling of the spiral constel-
lation entails a complex LLR evaluation which cannot be efficiently approximated. Figure 4.7 precisely
illustrates the benefits of the proposed solution: near-optimal performance are achieved with a simple
implementation. By way of illustration, Figure 4.8 presents the Polar-QAM and spiral constellations in
the I/Q plane and in the amplitude-phase domain. It can be observed on Figure 4.8e that the definition
of the spiral constellation is actually closed to a hexagonal polar-lattice in the amplitude-phase domain.
The Polar-QAM and the spiral constellations demonstrate similar PAPR values. For the spiral constel-
lation optimized for E;,/ Ny = 30 dB the PAPR is 4.66 dB while the PAPR of the 64-PQAM(32) is 4.64
dB.

Complexity of implementation: It is clear that numerically optimized constellations, and more gen-
erally speaking generalized APSK modulations, are difficult to demodulate due to the complex nature of
the Voronoi regions. Conversely, using the proposed Polar-QAM and polar metric detector, the symbol
detection can be implemented with a simple Cartesian-to-polar transform followed by an independent
component processing with threshold detection. Considering a soft-decision decoding, with a proba-
bilistic demapper, the Polar-QAM is even more beneficial. On one hand, non-structured constellations
leads to multi-dimensional processing involving all signal points. This leads to a wide literature to
reduce decoder complexity, see [72] or [73]. On the other hand, with the Polar-QAM, the commonly
used log-sum approximation - e.g. widely considered for QAM demapping — can be implemented after
the Cartesian-to-polar transform. In addition, the binary labeling and structure of the Polar-QAM en-
ables efficient approximations of the bit LLR values with piecewise linear functions, similar to the ones
presented in [70] and in [71], and therefore leads to a significant complexity reduction of the decoder.
This is an important benefit of using the PQAM and the polar metric. In comparison to state-of-the-art
techniques, it offers significant complexity reductions of the transceiver.

4.1.4 Conclusion on modulation for phase noise channels

We have studied the optimization of the modulation scheme for the GPN channel. A mathematical
framework, based on a signal decomposition in polar coordinates, has been presented to design robust
constellations and also to evaluate state-of-the-art solutions. It has been shown that a constellation
defined upon a lattice in the amplitude-phase domain is robust to PN and leads to a low-complexity im-
plementation. Thereupon, we have proposed the Polar-QAM scheme. We have compared the proposed
modulation to conventional and state-of-the-art solutions on different performance metrics such as the
PAPR, the BER. Our results highlight the important performance gains realized by the Polar-QAM in
comparison to conventional schemes. In contrast to state-of-the-art optimized constellations, the ad-
vantage of the proposed solution is that near-optimal performance is achieved with significant complex-
ity reductions of the transceiver. Altogether, we have shown that the transmission schemes optimized
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for PN channels have the following properties. Optimized schemes expressed in the amplitude-phase
domain are highly similar to the commonly used ones for the complex AWGN channel represented
in the I/Q plane. This property has been highlighted for multiple transmission techniques including
modulation, estimation and detection.

In this section, our results have highlighted that the proposed modulation scheme leads to valuable
performance gains in the presence of PN. Nevertheless, an important task remains to be addressed:
selecting the physical layer parameters with regard to the channel conditions. By means of illustration,
the modulation order and the constellation shape should be chosen according to the thermal and PN
variances in order to maximize the system performance. The next section tackles this problem and
outlines link adaptation strategies. Furthermore, the following section also investigates a second un-
treated topic of significant practical interest: the comparison between the proposed communication
schemes and the conventional ones in a realistic sub-THz scenario. Hence, results of system-level sim-
ulations are presented considering a high-capacity backhaul in a city downtown and the integration of
a state-of-the-art channel coding scheme.

4.2 System-Level Optimizations and Performance Analyses

The purpose of this second section is to extend the previous study with more practical considera-
tions. Our main objective is to provide a more comprehensive performance assessment of the proposed
schemes by considering their application in sub-THz bands. This section investigates system-level op-
timizations and performance analyses. We first present a new link adaptation technique particularly
adapted to the wide spectrum covered by envisaged sub-THz applications. Implemented to maximize
the spectral efficiency, commonly used link adaptation strategies adapt the modulation order and the
coding rate to the SNR. In contrast, we propose to adapt the modulation order and the modulation
shape as well as the coding rate to the SNR and PN variance. Thanks to the regular structure of the
Polar-QAM, the proposed modulation scheme can be easily adapted to the SNR and PN variances, and
hence, provides a general solution to various channel conditions. Next, the integration of a state-of-
the-art channel coding scheme is considered and the achievable information rate is assessed. Finally,
the results of system-level simulations are presented considering a high-capacity backhaul scenario in
a North-American city downtown. Recent works on communication design for PN channels limit their
performance analysis to the common performance indicators: mutual information, Symbol Error Rate
(SER), achievable information rate, etc. Thanks to our collaboration with Siradel, and their expertise
on deterministic channel predictions, we have been able to extend the performance analysis to more
realistic simulations. These simulations are based on ray-tracing channel predictions using accurate
LiDAR point cloud and a realistic link budget. Overall, it is shown that the communication through-
put is severely limited by PN when using conventional modulation schemes over sub-THz channels.
Conversely, the proposed solutions can achieve high spectral efficiency communications even in the
presence of strong PN.

4.2.1 Link adaptation

In order to maximize the spectral efficiency, practical communication systems implement adaptive
modulation schemes. Namely, the modulation order is set with regard to the quality of the channel.
In particular, a link adaptation scheme is highly valuable for sub-THz communications. Regarding
contemplated applications for terrestrial, a base station is to address several users’ equipment with
different qualities, and thus, different SNR and PN levels. Moreover, for channel-bonding systems,
the aggregated spectrum may be wide enough to exhibit significant differences between oscillators
performance in higher and lower frequencies. In the case of the Polar-QAM, we propose a new link
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FIGURE 4.10 — Highest achievable rate given the SNR, the PN level and the modulation/demodulation strategy

adaptation strategy which is developed beyond adjusting the modulation order M of conventional
techniques, by also adapting the modulation shape with parameter I'. In particular, the introduced
theoretical analysis of the performance of the Polar-QAM is valuable for the link adaptation. We can
use the analytical expression of the BER in Eq. (4.11) to determine the best set of parameters (M, T') to
achieve the highest spectral efficiency while maintaining the BER below a fixed threshold. Figure 4.9
presents the PQAM parameters M and I' for a given PN variance 0'% and Ej,/ Ny such that the spectral
efficiency is maximized and the BER remains inferior to 10~*. This link adaptation strategy requires a
channel estimation scheme which has been previously introduced in Sec. 3.2.4. It should be emphasized
that the Polar-QAM enables a simple link adaption strategy. In contrast to state-of-the-art solutions,
the modulation order and shape parameters (M, I') belong to small finite sets, and therefore, adapting
the modulation scheme to the channel conditions is straightforward.

4.2.2 Physical layer performance assessment

Figure 4.10 presents the results of numerical simulation for coded systems. It outlines the achiev-
able rate in bit/symbol for 0'(% = 107! and a Low-Density Parity Check (LDPC) code. Three modula-
tion/demodulation schemes are considered: QAM with Euclidean detector, QAM with polar detector
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TABLE 4.3 - Simulation parameters

Carrier Frequency [ 150 GHz
Channel bandwidth B 1 GHz

Allocated bandwidth B 0.8 GHz

Thermal noise [ —174 dBm

Noise figure 3 10 dB

Transmit power [ 30 dBm
Tx/Rx antenna gain [ 25 dBi
Implementation loss L 2 dB

and PQAM with polar detector. The FEC scheme is based on the 5G New Radio (5G-NR) LDPC and is
implemented with an input packet size of 1500 bytes and a coding rate ranging from 0.3 to 0.9. The
communication performance has been characterized to determine the best set of parameters: coding
rate, modulation order M and modulation shape I given the SNR, the PN variance. A PER of 1072 is
targeted for numerical evaluations. This quality of service gives reliable transmission with low through-
put penalty when automatic repeat request scheme is implemented. It avoids the design of low error
floor and reliable FEC scheme. This level of PER is widely considered in modern wireless communica-
tion standards [57]. The PN variance U(zp = 107! rad? corresponds to an oscillator spectral density Ky
of —100 dB for a bandwidth of 1 GHz. These simulation results clearly highlight the benefits of us-
ing optimized modulation and demodulation schemes to implement high-rate communication systems
impaired by PN. In the low SNR regime or without PN, the optimized schemes exhibit minor perfor-
mance losses on the achievable rate. These losses result from the high-SNR and strong PN assumptions
made to derive the polar metric and to construct the PQAM. These results confirm that at low SNR, and
even with strong PN, conventional modulation schemes such as QAM should be used. Furthermore, it
should be mentioned that the probabilistic bit values derived for the PQAM upon the polar metric de-
cision rule present non-uniform protections. With regard to the SNR and PN variance, the bits mapped
on the phase and on the amplitude experience different levels of protection. A joint optimization of
the modulation and the channel coding (e.g. similar to multi-level coding techniques) could exploit the
latter property to further enhance the demodulation performance and increase the achievable rate.

4.2.3 System-level numerical simulations

In this paragraph, the performance of the proposed PN robust schemes, the polar receiver and the
P-QAM, are further assessed through system-level simulations in a sub-THz scenario. These numerical
evaluations assume a city center environment (from the San José, USA, 3D model) while targeting a
high capacity mesh backhaul. The system performance is characterized for an outdoor mesh backhaul
application, which could be exploited to feed an ultra-broadband mobile access network or fixed wire-
less access network. The sub-THz devices are supposed to be installed on lampposts, located along
the streets at 8 meters above the ground, in order to transport the data streams from a fiber point of
presence to dense local high-speed access points that either provide mobile or fixed wireless access
typically at a lower frequency. The antennas of the sub-THz devices are considered with 6° beam-
width, 25 dBi maximum gain. The antenna beam is supposed to be perfectly aligned on the dominant
propagation path, which is either the direct Line-of-Sight (LoS) path, a reflected path, or an attenu-
ated path. Other transmission parameters are given in Table 4.3. Additional justifications regarding
the selection of these system parameters and references to state-of-the-art systems can be found in
Chapter 1. The propagation paths and losses are predicted from the ray-tracing tool. The throughput

61



CHAPTER 4. TRANSCEIVER OPTIMIZATIONS AND PERFORMANCE ANALYSES

QAM QAM Proposed modulation
with Euclidean receiver with polar receiver with polar receiver

Medium phase noise No phase noise

Strong phase noise

FIGURE 4.11 — Throughput heat maps for a city center when impaired by PN

of each calculated link is obtained from the estimated SNR which is mapped to the spectral efficiency
of the considered modulation scheme using the previous performance assessment in Sec. 4.2.2. In other
words, the throughput evaluation relies on precomputed direct correspondences (i.e. a lookup table)
between the channel conditions (i.e. SNR and PN variance) and the physical layer parameters (i.e. mod-
ulation scheme, coding rate, and resulting spectral efficiency). It should be noticed that the throughput
is estimated for a channel of 1 GHz bandwidth. Thereupon, a channel-bonding scheme could increase
the aggregated throughput and allow to benefit from the large spectrum available in the sub-THz bands.
The choice of a channelization of 1 GHz is motivated by the current technology of analog-to-digital
converters [74].

The heat maps in Figure 4.11 illustrates how the lamppost-to-lamppost link performs depending
on the distance, the propagation condition, the PN level and the selected modulation scheme. The il-
lustrated environment may be characterized as a square in the middle of a dense urban center with
medium tree density. The peak throughput per channel is computed between two aligned sub-THz de-
vices; the first one at the center of the figure; the second one at any pixel of the map. Note that the real
lamppost locations, where this second device could precisely be positioned, are shown by black dots.
The connectivity is strongly affected by building and foliage obstructions, while LoS propagation and
strong clear reflections leads to the best performance. These throughput heat maps demonstrate that
optimizing the modulation and demodulation schemes for PN channels results in significant perfor-
mance gains for future sub-THz systems. These numerical simulations have been carried out with the
collaboration of Siradel, also a member of the ANR project BRAVE. Precisely, Yoann Corre and Grégory
Gougeaon from Siradel have been in charge of the deterministic channel predictions using ray-tracing
and LiDAR point cloud. Thereupon, we have mapped the estimated SNR to the corresponding spectral
efficiency using the proposed communication schemes and the presented link budget.
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4.2.4 Beyond memoryless phase noise

The phase shift induced by the propagation channel must be estimated and then corrected. Gen-
erally speaking, pilot-based estimation schemes are considered and lead to a spectral efficiency loss.
Moreover, the oscillator at the receiver may not be synchronized to the carrier frequency of the trans-
mitter resulting in a Carrier Frequency Offset (CFO). If the CFO is not perfectly estimated and compen-
sated, then a residual frequency synchronization error corrupts received symbols with a cumulative
phase error. This phase error is increasing between reference pilots and phase corrections, and thus,
can be modeled as cumulative PN. Besides, it has been stated in the previous chapter that oscillator PN
also demonstrates a cumulative nature. For these reasons, the cumulative PN in certain systems might
not be negligible or not perfectly compensated using reference signals. These impairments affecting
practical systems lead to performance degradation and motivate the use of a differential modulation. It
should be mentioned that the use of differential M-QAM with M > 4 is not simple and remains chal-
lenging to design. In contrast to conventional solutions or state-of-the-art constellations, the proposed
modulation scheme has the advantage of being straightforwardly compatible with a differential scheme.
We denote DPQAM the Differential implementation of the PQAM. The information encoded upon the
amplitude of symbols remains identical whereas the phase information is encoded in the relative phase
difference between two symbols. Subsequently, the DPQAM is not subject to the initial phase shift of
the channel. We propose the DPQAM to provide a high-order modulation scheme with an improved
robustness to the cumulative PN and residual CFO. The performance analysis of the DPQAM has been
pursued but are not presented in this manuscript. Nevertheless, one may refer to our previous work
[31] which assessed analytically and numerically the performance degradation due to cumulative PN
for phase modulated signals. In addition, we have proposed in [31] a link adaptation technique to se-
lect the most robust modulation between a coherent or different scheme in the presence of cumulative
PN.

4.3 Synthesis and Discussions

Conclusion: In this chapter, we have investigated the optimization of transmission algorithms for
strong PN channels. In the first section, we have proposed the Polar-QAM, a PN robust modulation
scheme with simple practical implementation. Lattices in the amplitude-phase domain can be used
to define structured constellations with enhanced performance on PN channels. Moreover, structured
constellations, in contrast to numerically optimized ones, achieve near-optimal performance with sig-
nificant complexity reductions of the transceiver. In the second section, we have assessed the perfor-
mance gains of the proposed modulation and demodulation schemes using deterministic ray-tracing
in a backhaul scenario. It has been notably pointed out that the communication throughput when us-
ing conventional transmission techniques is severely limited by PN. Conversely, our proposals achieve
high information rates even in the presence of strong PN. The material of this chapter has been partly
published in two conference papers [31], [32]; one journal article [26]; and one patent [33], see full
citations below. In addition, the proposed optimized schemes have also been exploited to assess the
performance of another sub-THz application: an indoor mesh backhaul in D-band. This study has been
led by Siradel and its results have been published in [75]

Perspectives: Regarding the modulation scheme for strong PN channels further performance enhance-
ment are possible. The use of hexagonal polar-lattice or Gaussian constellation shaping (either prob-
abilistic or geometric) could improve the communication performance. Still, such performance gains
are to be realized at the detriment of a complexity increase of the transceiver implementation. Besides,
channel coding schemes could be further optimized for strong PN channels. It has been remarked that
information sent on the amplitude and on the phase of symbols experience different levels of protec-
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tion. Subsequently, techniques similar to multi-level coding can be implemented to achieve additional
performance gains. The work in [76] could be easily adapted to our propositions since it investigates
multi-level coding for regular APSK. We have shown that modulation and demodulation schemes for
strong PN channels exploit the polar coordinates of transmitted symbols. For this reason, transceivers
with a polar RF architecture are relevant for strong PN channels and could be studied for application
in sub-THz bands. Polar transceivers send the amplitude and phase signals as independent streams.
We use here the term polar transceiver to refer to the combination of a polar transmitter and a polar
receiver. Polar transmitters are a well-known implementation [77], whereas polar receivers are less
common [78]. Eventually, any findings related to algorithm design should be confronted to experimen-
tal validations. Upcoming research projects on sub-THz communication systems are oriented in this
direction, which would provide valuable complementary results.

Applications and limitations: As mentioned multiple times, coherent transceivers using sub-THz
bands are contemplated for high-capacity backhauling applications. The research presented in this
chapter has been conducted with regard to this scenario. Our findings contribute to the development
of spectral-efficient physical layers for sub-THz communications. More generally, our contributions
can be used for any PN limited communications system. For instance, the next generation of mobile
networks (5G) envisages the exploitation of millimeter-wave (mm-Wave) frequency bands, known to
be impacted by PN. Optical communication systems are also severely impaired by PN. Still, the scope of
our contributions is limited to single-carrier modulation and channel-bonding systems in LoS environ-
ments. It does not include multi-path channels with rich environment nor multi-carrier modulation.
Readers interested in signal processing optimization for multi-carrier modulation impaired by PN may
refer to [21]. In addition, it should be recalled that the discrete-time symbol model used in this chapter
is simplistic. This model to be accurate requires up-sampling at the receiver. Otherwise, a SNR penalty
loss might be observed. Although it is mentioned that a large power amplification is required, the
effects of amplifier nonlinearities has not been considered in this study. The power-amplifier nonlin-
earities and other RF impairments (e.g. I/Q imbalance) can affect the system performance which could
be assessed in further studies.

First-authored contributions

[33] S. Bicais, J.-B. Doré, and J. L. Gonzalez Jimenez, “Digital High-Order Modulation Scheme Ro-
bust to Phase Noise,” Patent, Mar. 2019

[26] S. Bicais and J.-B. Doré, “Design of Digital Communications for Strong Phase Noise Channels,”
IEEE Open journal of Vehicular Technology, vol. 1, pp. 227-243, 2020

[31] S. Bicais, J.-B. Doré, and J.-L. Gonzalez Jimenez, “Adaptive PSK Modulation Scheme in the Pres-
ence of Phase Noise,” in 2018 Signal Processing Advances in Wireless Communications (SPAWC), June 2018

[32] S. Bicais, J.-B. Doré, G. Gougeon, and Y. Corre, “Optimized Single Carrier Transceiver for Fu-

ture Sub-TeraHertz Applications,” in 2020 45th International Conference on Acoustics, Speech, and Signal
Processing (ICASSP), Barcelona, Spain, May 2020

4.4 Towards Dedicated Architectures

The main contribution of this part of the manuscript is to propose a comprehensive optimization
of the communication schemes for strong PN channels. We have investigated and cross-correlated the
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design of multiple communication schemes including the constellation, the binary labeling, the symbol
detection, the soft-output demapper, and the link adaptation strategy. To the best of our knowledge,
such extensive optimization has not been addressed in the literature. Moreover, many works on com-
munication design for PN channels are either based on i) complex numerical optimizations; or on ii)
semi-analytical approaches — optimizing a reduced set of parameters. These approaches lead to com-
plex practical implementations. In contrast, our work is supported by an original theoretical framework,
based on the signal decomposition in the amplitude-phase domain. It provides analytical tools to design
PN robust communications. Efficient PN modeling and appropriate signal representation have been the
two cornerstones of our research. It has been demonstrated that the optimum transmission schemes
for the GPN channel represented in the amplitude-phase domain are highly similar to the commonly
used ones for the complex AWGN channel in the I/Q plane: e.g. the modulation, the demodulation,
and the estimation of channel parameters. Our propositions have been compared to conventional and
state-of-the-art techniques on key performance indicators and on a realistic sub-THz scenario. The re-
sults of numerical simulations show that optimized schemes system performance can greatly enhance
system performance even in the presence of strong phase impairments. Poor performances of high-
frequency oscillators, causing strong phase impairments, can be considered as no longer a critical and
limiting factor. Overall, we have illustrated that using dedicated communication algorithms enables
to implement spectral-efficient communications with relaxed constraints on the RF architecture. Our
findings contribute to the development of spectral-efficient physical layers for future sub-THz wireless
communication systems.

We have shown in this part of the manuscript that coherent I/Q transceivers can achieve high com-
munication throughput in sub-THz bands. To further increase the spectral efficiency, spatial multiplex-
ing could be used with Multiple-Input Multiple-Output (MIMO) systems. Still, usual MIMO techniques
(precoding, beamforming, detection) suffer from the strong phase impairments and LoS environments
of sub-THz communications. The design of new and adapted spatial multiplexing techniques is a rel-
evant topic to investigate for the development of spectral-efficient physical layers in sub-THz bands.
As mentioned in the Prologue of this manuscript, some of the envisaged sub-THz applications have
strong complexity and energy constraints and necessitate low-complexity physical layers. Coherent
I/Q transceivers are an efficient method to realize high-rate communications, yet require complex op-
timizations and high-quality RF components. And more generally, coherent I/Q transceivers are more
suited to spectral-efficient applications in sub-THz bands rather than the low-complexity ones. To de-
velop low-complexity communication systems in sub-THz bands, we investigate in the next part the
design of dedicated architectures for sub-THz applications.

No longer targeting spectral efficiency, our objective is from now on the development of low-
complexity physical layers readily implementable in sub-THz frequencies. To put it differently, we
are not anymore interested in adapting an existing technology with software optimizations to the sub-
THz bands. Rather, we study the use of dedicated systems with intrinsic hardware considerations of
the specific sub-THz characteristics. Therefore the following part is dedicated to our investigations
and proposals on the design of dedicated architectures for sub-TeraHertz communications. In the pre-
vious study, signal processing optimizations have been designed to mitigate the impact of oscillator
phase impairments. Conversely, in the following, we consider transceivers using envelope modulation
and detection, inherently robust to phase impairments. More specifically, two major challenges related
to non-coherent sub-THz transceivers are addressed in the next part: increasing the communication
throughput with spatial multiplexing, and relaxing the implementation constraints on analog-to-digital
converters in wideband transceivers.



Part III

Propositions of Dedicated Architectures
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Chapter 5

MIMO Systems with Energy Detection Receivers

N the previous part, we have studied the optimization of coherent transceivers to realize spectral-
I efficient communications in sub-THz bands. Our findings lie in the dirty Radio-Frequency (RF)
paradigm in the sense that digital signal processing techniques have been proposed to mitigate RF im-
pairments of sub-THz systems. It has been notably shown that efficient signal processing techniques,
at transmitter side and receiver side, is performed using polar coordinates. This observation motivates
the use of new transceiver architectures such as polar RF transceivers, but also highlights that In-
phase/Quadrature (I/Q) coherent transceivers may not be particularly suited to sub-THz applications.
The main drawback of coherent architectures in sub-THz bands is that they require some high-quality
RF components: stable oscillators, high sampling rate converters, and large power amplification. There-
fore, I/Q transceivers cannot be considered as a cost-efficient solution and is difficult to implement in
embedded systems such as users’ equipments. This is not particularly problematic for high-capacity
backhaul applications in sub-THz bands, yet it is an important issue for the envisaged device-to-device
communications or the enhanced hot-spot scenario. For these reasons, in this part, our design paradigm
changes from a spectral-efficient to a low-complexity physical layer. The considered communication
systems are no longer characterized by their band-limited regime but rather by a wideband regime in
which the main constraint is the complexity of the receiver. In the following, we investigate the mitiga-
tion of specific sub-THz impairments not only through software optimizations (optimized digital signal
processing) but also with initial hardware considerations (dedicated RF architectures). Subsequently,
we consider non-coherent receiver architectures for their inherent robustness to Phase Noise (PN) and
their simple implementation, even at high carrier frequencies. The first communication systems imple-
mented in sub-THz frequencies used non-coherent transmission schemes, in particular impulse radio
and envelope detectors, e.g. [16]. Since then, numerous demonstrators have been developed for sub-
THz communications using envelope detection because it can be easily implemented at high carrier
frequencies, and in the end, is a well-mastered technology. The use of high-rate impulse radio appears
to be relevant for contemplated sub-THz applications in which complexity is limited. Nevertheless,
there is a significant gap between the throughput achieved by current pulse-based demonstrators and
the theoretical capacity [64] [79] of non-coherent channels, and hence, still room for improvement.

The spectral efficiency is quite limited when pulse-based modulation schemes are used. Then, we
can mention two possible solutions to achieve high-rate communications with non-coherent transceivers:
i) using extremely large bandwidths. In that case, embedded converters are subject to severe con-
straints and the analog-to-digital conversion limits the width of the aggregated band. One way to
alleviate the constraints on converters is the use of sub-band channelization (channel-bonding). This
type of architecture requires the challenging implementation of efficient filter-bank with energy split-
ter and bandpass filters [24]. This solution has been selected by the IEEE 802.15.3d interest group for
high-rate Wireless Local Area Networks (WLAN) in sub-THz frequencies. As a complement or an al-
ternative to channel-bonding, we investigate in Chapter 6 the parallelization of non-coherent sub-THz

67



CHAPTER 5. MIMO SyYSTEMS WITH ENERGY DETECTION RECEIVERS

receiver in order to relax the implementation constraints on converters; ii) spatial multiplexing.
When the objective is to increase the communication throughput, it is straightforward to consider the
use of Multiple-Input Multiple-Output (MIMO) systems to benefit from spatial multiplexing. Spatial
multiplexing consists in making multiple signal streams orthogonal to each other by spatially sepa-
rating them. Using multiple antennas at the transmitter and receiver sides, the throughput of MIMO
systems can be increased using a fixed band. Nevertheless, spatial multiplexing gains can be severely
limited in sub-THz bands by the spatial correlation between the system channels. With propagation
channels being largely dominated by the Line-of-Sight (LoS) component and transceivers using direc-
tive antennas, the channels of a MIMO system in sub-THz frequencies can be strongly interfering.

This chapter is entirely dedicated to the study of non-coherent spatial multiplexing in sub-THz fre-
quencies. We present the design and performance analysis of MIMO systems using energy detection
receivers for future sub-THz applications. This chapter begins with a brief summary of our contribu-
tions. We then outline the system model and derive the distribution of received symbols. Thereupon,
the design of the detection algorithm is addressed and the two proposed detectors are presented. The
performance analysis is next carried out through numerical simulations modeling an indoor wireless
link in sub-THz bands.

5.1 Introduction

Intentions: In this chapter, our purpose is to design high-rate non-coherent sub-THz systems by using
spatial multiplexing. We consider a pulse-based single-carrier communication system using envelope
modulation at the transmitter and envelope detection at the receiver. The envelope of the received
signal is extracted with an energy detector by integrating the square of the received signal over a
symbol duration. Subsequently, the spectrum of the communication signals is described with a double
sideband representation.

Related works: Let us now briefly review some of the existing work and literature related to our
objective. Transceivers based on energy detection have been extensively studied for systems with a
single transmit antenna and multiple receive antennas, see [80] and references therein. Nevertheless,
these works have been conducted for reliability purposes and not for multiplexing. With regard to our
objective, the work in [81] and [82] is particularly relevant. It studies MIMO systems with amplitude
detection receivers and has shown that they can exploit spatial multiplexing to increase their spectral
efficiency. Our study in this chapter pursues the work of [82] by evaluating and analyzing the system
performance in a sub-THz scenario. In [82], the channel is built from independent and identically
distributed Gaussian entries modeling a rich multipath environment. In contrast to [82], we assume
that each spatial stream is transmitted with a directive antenna on a LoS channel. Subsequently, the
channels are strongly correlated, and moreover, the resulting interference is nonlinear due to the energy
detection at the receiver. Since we study a nonlinear MIMO channel, conventional techniques cannot
be used. The strong and nonlinear interference between channels represents a significant challenge to
implement spatial multiplexing with non-coherent transceivers in sub-THz frequencies. In the rest of
this chapter, we are interested in achieving this objective.

Summary: The contributions of this chapter are the following. First, we derive the model for MIMO
systems using energy detection receivers in sub-THz bands. Second, the design of the receiver detection
algorithm is investigated. We derive the joint Maximum Likelihood (ML) detector corresponding to the
studied nonlinear MIMO channel using a Gaussian approximation. In addition, we propose an original
and efficient detector based on neural networks, which does not need any knowledge or assumption
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FIGURE 5.1 — Block diagram of a 3 x 3 MIMO transceiver

of the channel. We also detail the differences between state-of-the-art detection methods and the two
proposed detectors. Third, the system performance is evaluated through numerical simulations. We
introduce a realistic scenario modeling a fixed indoor wireless link in the D-band at 145 GHz. The
integration of a channel coding scheme is considered, and more specifically, the use of a short-packet
Bose-Chaudhuri-Hocquenghem (BCH) code to ensure a low-complexity decoder. Our results show
that low-error rate communications can be achieved with strong spatial interference between channels
using the proposed demodulation algorithms. The main contribution of this work is to demonstrate that
spatial multiplexing with non-coherent sub-THz transceivers can be realized on strongly correlated LoS
channels.

5.2 System Model

We consider in this chapter a MIMO communication system as illustrated in Figure 5.1 with N
transmit antennas and N, receive antennas and N; < N,. The propagation channel is described by two
N, x N; matrices: H = (hy,,) and ® = (¢ ,) where hi,n and @y , denote respectively the propagation
gain and phase shift of the channel for signals transmitted on the 7-th Tx RF chain and received on the
k-th Rx RF chain. To refer to this channel, we adopt hereafter the symbolic notation n — k. In addition,

X

it is of interest to express the propagation gain for channel n — k as hin = g,f’;l i - gﬁ,n to highlight
the influence of the antennas directivity gains g, gf’;l and the path loss /i ,,. Let the column vectors
8§=(s1...sN,)Tandr = (71 ... rn,)7T denote the sent and received symbols. The transceiver uses

envelope modulation at the transmitter and energy detection at the receiver.

Transmitter RF chain: The transmitter implements envelope modulation and the architecture of one
of its RF chains is depicted in Figure 5.2. Using envelope modulation allows a simple implementation
and an efficient use of power amplifiers [77]. In the present context, a wideband regime with envelope
transmission schemes, OOK appears to be a simple and efficient modulation scheme considering a
non-coherent demodulation - see flash-signaling in [23]. On the n-th RF chain, we write s,,(¢) € R>q
the modulating signal which results from a rectangular pulse-shaping I'l. Using OOK, the modulating
signal is given by

(3 -1)
nl(t) = n : ’ , tER, 51
su(t) ngs 7] T (5.1)

where s, ] is the T-th modulated symbol from constellation C = {0,1/2} and Ty is the symbol dura-

tion. We have | TTTTS AT s (t)]|?dt = s,[T]%. The transmitted signal x,,(t) at carrier frequency f. on the

n-th RF chain is expressed by

X (£) = su(t) - V2 cos(2mfot + ¢(1)), (5.2)
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where ¢(t) is a stochastic process modeling a strong oscillator PN. The transmitter uses a single oscil-
lator reference, common to all RF chains, hence the PN process ¢(f) is unique.

Propagation channel: The recent measurement campaigns [9] [11] have shown that sub-THz propa-
gation channels are largely dominated by a single path, often the LoS direct path, which provides most
of the energy contribution. It is due to the stronger channel sparsity at those frequencies and to the
usage of highly directive antennas. Accordingly, we assume in this work a static LoS channel model.

Receiver RF chain: We detail here the receiver RF chains whose architecture is depicted in Figure 5.3.
The input of the k-th chain is the double sideband signal vy (¢) band-limited with bandwidth B > 2/T
and centered around carrier frequency f.. The band-pass filter prevents the spectral folding of noise
resulting from envelop detection. This signal is given by

2 i nsu(t) - V2008 (27 fot + @ + P(t)) + wi(t), (5.3)

where wy(t) is a band-limited continuous Gaussian process with spectral density Ny modeling ther-
mal noise. For further derivations, it is interesting to express the thermal noise using the baseband
quadrature signals wy . (t) and wy s (t). It follows that

Wi (t) = wee(t) - V2 cos(27fot) — wys(t) - V2sin(27fet), (5.4)

where wy . (f) and wy ¢(f) are band-limited continuous Gaussian process with spectral density Np/2.
The channel phase shift ¢y, = d, - 271 f./c, with dy , the propagation distance and c the speed of
light. The frequency down-conversion of the signal to baseband is achieved without impact of PN by
squaring signal y(t) and low-pass filtering it. That is

t+Ts
re(t) = /t yk(u)zdu, (5.5)

with f. > 1/Ts. For interested readers, more details are provided on frequency translation from pass-
band to baseband using a self-mixer and a low-pass filter in Chapter 6, Section 6.1.1. For the k-th Rx
RF chain, the 7-th received symbol r¢[T] = rx(TTs) is obtained after integration and sampling. This is
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expressed by
Nt N;
Z Z hensn[T] - B mSm[T) cOS(@rn — Proom)
n=1m=
TTs+Ts
w2 7 ot 2 Binsn(1) €0s (g + (1)
JTTs
TTs+Ts
+2 - wks thnsn sin (@x,n +(t)) dt
TTs+T.
- / - Wi o (1) + wys(t)?dt. (5.6)
Tls

Regarding this equation, the first line represents the energy of the received signals of the different Tx RF
chains whereas the following lines express the contribution of thermal noise in the received symbols.
Accordingly, we denote the energy of received signals

N N

Z Z hk nSn hk msm[T] COS(QDk,n - @k,m)- (5.7)

n=1m=
It should be noted that Ey expresses the nonlinear interference between the different channels of the
system. To design the receiver detection algorithm it is necessary to express the probability distri-
butions of received symbols r¢[T]. It is hence required to derive the distributions of the integrals in
Eq. (5.6). Appendix A details the derivations of the distributions of received symbols. These derivations
are based on the dimensionality theorem [1]. Finally, denoting 2M = |2BT;| + 1 the time-bandwidth
concentration of received signals, the received symbols can be expressed by

Vk[’l'] = Ek['l'] + \/2Ek[’l'] . wk['l'] + zk [T], (5.8)

where wy[T] ~ N(0,02) is a zero-mean Gaussian variable with variance 02, = NgB/2M and z;[T] ~
is a chi-square distributed variable with 4 M degrees of freedom. Furthermore, Eq. (5.8) defines the non-
linear MIMO channel of the considered transceiver. In the following section, we investigate the design
of the detection algorithm related to this channel. From now on, the time index T is disregarded for
brevity.

5.3 Detection Algorithm Design

In this section, we present three detection algorithms for the studied nonlinear MIMO channel
described in Eq. (5.8). The first detection algorithm to be presented is the optimal detection method
used to demodulate an OOK based on the received energy. The second one is the proposed detection
algorithm based on an analytical criterion and derived from the ML decision rule. Finally, the third
detector to be described is the proposed demodulation based on neural networks.

5.3.1 Threshold detector (TD)

We present in this paragraph the commonly used threshold detector abbreviated by TD. When using
a single-antenna transceiver, this criterion is known to be optimal for the detection of an OOK with an
energy detection receiver, i.e. minimizing the error probability [83]. This decision rule is defined upon
a threshold comparison. The detected symbol 5y at the receiver is expressed by

o 0, if 7 < Aopt, (5.9)
k V2, otherwise. '
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where Ay is the optimal threshold, function of h% i~ This detector only requires the estimation of prop-

agation gains h% i~ The expression of Aoy and its evaluation in practical systems are presented in [83].
Estimating syml;ol Sk on the k-th Rx RF chain, this detection criterion demodulates symbols from the
different spatial streams independently, even if they are interfering. Using the TD in multiple-antennas
systems implies the modeling of the spatial interference between channels as noise. On the one hand,
if the spatial interference is negligible, this decision rule provides an efficient and low-complexity de-
modulation scheme. On the other hand, in the case of strongly correlated channels, this detector might
not be able to estimate sent symbols. In this case, a joint demodulation of the received symbols over
all antennas should be used. We propose in the following paragraph a joint demodulation algorithm
which exploits spatial interference between channels as information to demodulate symbols on strongly
correlated channels.

5.3.2 Maximum likelihood detector with Gaussian approximation (MLD-GA)

Position to state-of-the-art techniques: Well-known for linear MIMO channels, the ML detector
jointly demodulates the received symbols of the different RF chains. This detector uses spatial inter-
ference as information to demodulate symbols in strongly correlated LoS channels. It is important to
point out the following remark. Unlike linear MIMO channels, the spatial interference between chan-
nels expressed in Eq. (5.7) is nonlinear due to the squaring of received signals such that traditional
detectors cannot be used. Therefore, we derive here the ML detector corresponding to the nonlinear
MIMO channel described in Eq. (5.8) using a Gaussian approximation approach. The proposed detec-
tor is further abbreviated by Maximum Likelihood Detector with a Gaussian Assumption (MLD-GA). It
should be mentioned that [82] also addresses the demodulation for a nonlinear MIMO system. In [82],
the demodulation is based on amplitude detection of complex symbols resulting from a coherent re-
ceiver with a local oscillator. It follows that the demodulation proposed in [82] may be sensitive to
phase impairments since the output of the matched-filter is subject to a penalty in Signal-to-Noise Ra-
tio (SNR) resulting from PN [84]. Conversely, we consider envelop extraction using energy detectors
robust to PN. For this reason, the detector described in [82] cannot be used for the studied transceiver
and differs from the proposed MLD-GA.

Derivation of the MLD-GA decision rule: For independent and equiprobable symbols, the ML de-
cision rule is optimum, i.e. minimizes the error probability. This detection criterion is defined upon the
channel likelihood and detected symbols § are given by

8 = arg max p(r|s, H, ®). (5.10)

scCNt

With regard to the superposition of x? and Gaussian distributions in Eq. (5.8), the detection criterion
resulting from the channel likelihood would be too complex to be evaluated in practical systems. To
derive a decision rule with a simple practical implementation, we approximate the contribution of the
x? distributed noise - precisely z; in Eq. (5.8) — by its expected value. Received symbol 7y is then
modeled with a Gaussian distribution

1 ~ N (e, 07), (5.11)

where the mean and variance are given by
py = Ex+2M-02, and of =2E;-03 +e. (5.12)

Though the noise contribution is approximated as Gaussian, the interference between channels remains
nonlinear as expressed by Ej in Eq. (5.7). The term ¢ is introduced to prevent discontinuity® in the

IEmpirical results have shown that setting & = 0'1% is an efficient choice to minimize the BER.
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detection criterion. Then, the joint probability density function is given by

N, 1 ’7’k _ Vk|2
p(r|s,H,®) = Hiexp ——— - (5.13)
k=1 ,/27'(0,3 20}
Finally, the detection decision rule can be written as
N |, 2
8§ =argmin )_ Ire = m(s) +1In (0 (s)?). (5.14)

seCMt k=1 Uk(s)z

This expression fully describes the proposed MLD-GA. The minimization space C™! increases expo-
nentially with the number of antennas N;. Since OOK is used, the modulation order remains small,
|C| =2, and the complexity of the MLD-GA algorithm is not an issue. It must be emphasized that
the MLD-GA requires the estimation of H and ®. The implementation of such estimation algorithm
is not presented here. In the following, we assume perfect knowledge of the channel at the receiver.
Basic and simplistic estimation schemes are straightforward to design. For instance, the estimation of
channel parameters can be realized by using some reference pilots and transmitting all |C|Nt possible
MIMO symbols. Still, we highlight the large room for improvement. The number of transmitted pilots
can be largely reduced by switching different pairs of antennas, i.e. optimized selection of sent symbols.
In addition, a Bayesian estimation algorithm could capitalize on the prior knowledge of the antenna
radiation pattern to provide channel knowledge.

5.3.3 Neural Networks based Detector (NND)

We now propose to use a novel and original Neural-Networks based Detector (NND) in order to esti-
mate sent symbols. The motivation of using neural networks is twofold. First, as discussed previously,
the considered system communicates through a nonlinear MIMO channel and neural networks are ef-
ficient to solve multi-variables nonlinear problems. Moreover, in the case of the MLD-GA algorithm,
the impact of noise on received symbols is assumed to follow a Gaussian distribution, assumption we
do not make using the NND. In addition, the NND does not need the explicit knowledge propagation
matrices H and ® to estimate symbols as it learns the channel features during the training phase.

Position to state-of-the-art techniques: This paragraph briefly reviews some of the state-of-the-
art relating to the use of neural networks within communication systems, and more specifically, for
detection purposes. First, [85] provides a general overview of the use of neural networks for detection
in communication systems and also for linear MIMO systems. Moreover, in [86], the use of deep neural
network detection is investigated for linear MIMO systems with knowledge of the propagation matrices.
Nevertheless, no mention is made on the use of neural networks for nonlinear MIMO systems. Similarly
to the proposed NND, the combination of neural networks with energy detectors is addressed in [87].
Still, in [87] neural networks serve a different purpose and aim to detect the unused portions of the
spectrum in order communicate in an opportunistic way, i.e. spectrum sensing applications. To the
best of authors’ knowledge, the proposed neural network based demodulation for MIMO systems with
energy detection receivers is original and has not been addressed in the literature.

Architecture of the NND: The architecture of the NND is illustrated in Figure 5.4. It is worth noticing
that the NND uses one neural network by transmit antenna. Each of the N; neural networks estimates
a single transmitted symbol. The proposed architecture of the #-th neural network is depicted in Fig-
ure 5.5 for the detection of symbol s,,. This neural network uses fully connected hidden layers, each
one composed of N, neurons using rectified linear unit (ReLU) as activation function. The number of
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FIGURE 5.4 — Receiver using the NND with Ny = N, = 3
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FIGURE 5.5 — Architecture of the n-th neural network of the NND

hidden layers Nj; is function? of the number of transmit antennas N;. The input layer has N, units,
each one representing a received symbol ;. Finally, a prediction s; — homologous to the probability
Pr(s, = 0|r) - is produced at the output layer with a sigmoid unit. Thus, we build a multi layer
perceptron classifier in order to estimate the transmitted symbols s,,. It should be mentioned that this
architecture is replicated N; times. Besides, it is worth mentioning that optimizing jointly the N; neu-
ral networks is more complex, and we have not observed any performance improvement with respect
to the parallel optimization. Therefore, we consider the parallel optimization of the neural networks
in this work. Eventually, the use of the NND is relevant for high-rate applications requiring parallel
processing since sent symbols are estimated independently.

Training of the NND: The training of the NND is realized by transmitting some reference symbols
known by the receiver. The set of weights is optimized during the training phase to maximize the detec-
tion performance of the NND. Each neural network, one by transmit antenna, is trained independently
using an Adam optimizer and its own loss function J,. Since OOK is exploited, it is pertinent to use a

21t shall be mentioned that the choice of these parameters is empirical, still we have noticed some relations between the
NND parameters and the system parameters such as Nj; ~ N;/2 and N, ~ Nt2
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FIGURE 5.6 — Detection performance without spatial interference

binary cross-entropy loss function described by

Jn =

1 & [salt], - sn[T] N
_ET:1 NG In (5,,[7]) + (1 B, >1n(1 —sn[T])] , (5.15)

where Bs stands for the batch size. In addition, it could be noted that the fixed property of the wireless
link in the targeted application is particularly suited to machine learning. A detailed description of the
NND implementation parameters is outlined in the following section presenting the results of numerical
simulations.

5.4 Performance Analysis

In this section, we present the results of numerical simulations, conducted to assess the performance
of MIMO systems using energy detectors in sub-THz bands. This task is addressed in two steps. First, we
present a simplified performance analysis based on an analytical model, namely the sectored antenna
model. Second, we consider the real radiation pattern of transmit and receive antennas and also the
integration of a channel coding scheme. Thereby, the performance analysis is enhanced thanks to
the system-level perspective and more realistic modeling. In the light of simulation results, we finally
discuss and compare the implementation of the proposed detection algorithms.

5.4.1 Simplified simulations based on an analytical model

5.4.1.1 Systems without spatial interference

To evaluate the performance of the detectors, we first investigate MIMO systems without spatial
interference. The channels are perfectly spatially multiplexed, i.e. H is diagonal. To implement the
TD decision rule in practical systems, the threshold A has to be evaluated efficiently. Therefore, we
use the expression of Aqp; proposed in [83] using a polynomial approximation. Figure 5.6 presents the
results of numerical simulations for systems using OOK with N; = N, and no spatial interference. The
communication performance is expressed in terms of Bit Error Rate (BER) as a function of the SNR
defined by hZ, /03. We can remark that the TD and the NND present a performance gain in compar-
ison to the MLD-GA decision rule. This performance loss of the MLD-GA results from the Gaussian
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FIGURE 5.7 — Disposition of the antennas in the scenario

approximation of the noise distribution. Furthermore, for transceivers without spatial interference, it
can be shown that the NND achieves the optimal detection performance given by the TD.

5.4.1.2 Scenario description: a fixed indoor link in the D-band

We introduce here a realistic sub-THz scenario. The targeted application is a fixed indoor wireless
link in the D-band. Table 5.1 outlines the main simulation parameters for this scenario. The consid-
ered system uses a Uniform Linear Arrays (ULA) of antennas with Ny = N, = N. The disposition of
the antennas is depicted in Figure 5.7. The specification of the antenna is extracted from [8] which
describes the design of a high-gain antenna for the D-band based on transmit-arrays. We evaluate the
propagation gain h% a/ 02 for channel n — k using the link budget given by the Friis’ transmission
equation. Denoting PATX the transmit power by antenna, Gy, the antennas gain, and dy ,, the propaga-
tion distance, the link budget is given by

h c Z/NoB. \ !
—= =P . .1
o3, = Pan G <4nfcdk,n) <2M Nf > (16)

w

We have Gy, = g{’; : g?’; the product of the Tx and Rx antennas directivity gains for channel n — k.
We assume the commonly used sectored antenna model illustrated in Figure 5.7. The antenna direc-
tivity gain is then defined by

; 0
g(a) = {go, i laf <3, (5.17)

g0+ €, otherwise,

upon the beam width 6, the beam offset angle to the main lobe a, the side lobe level € (0 < € < 1) and
the antenna gain go. The considered scenario is symmetric and the beam of the k-th transmit antenna is
aligned with the k-th receive one. Thisleads to g}* = g8 = ¢(ay ) with ay , the beam offset angle for

TABLE 5.1 — Simulation parameters

Carrier Frequency [ 145 GHz
Symbol rate UM 1 GHz
Bandwidth B 2 GHz
Thermal noise [ —174 dBm
Noise figure [\ 10 dB
Antenna gain [ 32 dBi
Beam width 0 3
Side lobe level € —20 dB
Distance Tx-Rx [N 10 m
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channel n — k. Eventually, the channel matrix H may be evaluated using Eq. (5.16) and Table 5.1. The
maximum propagation gain h% . is achieved for any channel k — k. For a transmit power by antenna

Pa,, = —30 dBm, we have
2

hkk
SNR = —4 ~ 16.23 dB. (5.18)

w

With kK’ # k, the interference terms (off-diagonal elements) in matrix H are approximately

e {—0.01 dB, i |ae| < §, (5.19)

h%,k | —40.02 dB, otherwise.

When Ad < dj the differences in path loss between channels are close to zero. Subsequently, the
channels are either strongly interfering or almost not. The level of interference between two channels,
either strong 0 dB or very low —40 dB, only results from the angle «; ;. If the inter-antenna distance
Ad is sufficiently large,

Ad > d* = dytan (g), (5.20)
the spatial streams are almost perfectly multiplexed. The interference between channels in this case
results from side lobes of the antennas and is very low (< —40 dB). This corresponds closely to an
ideal case and the system performance for any N equals the one described in Figure 5.6 without in-
terference. Since d* =~ 26 cm, the latter condition implies that the width ¢ of the array of antennas
may be significantly large for practical implementation. The width of the ULA ¢ = ds + (N — 1)Ad,
where dy = 5 cm is the width of the antenna itself [8]. By way of illustration, for N = 8 we have
¢ > 1.8 m. To reduce the width of the transceiver, we now consider a smaller inter-antenna distance
such that multiple spatial streams interfere strongly. The inter-antenna distance is characterized by the
following condition

NI

Kk—1 Kk+1

where k¥ €{35,...2N-1}. In this case, the main lobe of one transmit antenna beam enlightens multiple
receive antennas, namely up to k. To put it differently, ¥ denotes the maximum number of transmitted
symbols strongly interfering on a receive antenna. Hence, the larger the value of «, the stronger the
spatial interference between channels. By means of illustration, the channel gain matrix H for N = 4

and ¥ = 3 could be accurately approximated® as follows

(5.21)

11
11
HZhl,l' [pl
ope

)

o
‘j] , (5.22)
1

where p models the residual interference due to side lobes of the antennas with p> = —40 dB. There
are x diagonals of H whose elements are equal to 1 which corresponds to the maximum number of
interfering symbols on a receive antenna. We use hereafter x = 1 to denote the multiplexed case corre-
sponding to Eq. (5.20). Eventually, parameter x enables us to quantify the level of spatial interference.

5.4.1.3 Systems with strong spatial interference

Let us now evaluate the influence of the spatial interference on the system performance using
parameter x. In these simulations, the propagation gain and phase shift matrices are not approximated
and are exactly computed from the scenario description and simulation parameters.

7
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FIGURE 5.8 — Influence of the level of spatial interference (parameter k) on the system performance

TABLE 5.2 — NND parameters

1x1MIMO 4x4MIMO 8 x 8 MIMO
Hidden layers (HL) 1 2 4
Neurons/HL 8 16 64
Batch size 32 32 256
Epochs 50 150 150
Optimizer Adam
Learning rate 0.001
Loss function Binary cross-entropy Eq. (5.15)

Activation ReLU and Sigmoid

MLD-GA vs. TD: The results of numerical simulations comparing the detection performance of the
MLD-GA and the TD are depicted in Figure 5.8. The BER performance is assessed for N = 8 and
different values of x. First, it must be emphasized that the MLD-GA is essential to communicate on
strongly correlated channels. As expected in the presence of spatial interference, i.e. for x > 1, the
TD cannot demodulate sent symbols and presents a BER of 1/2. Simulation results also show that
in the moderate SNR regime transceivers with large values of x, i.e. strong spatial interference, may
demonstrate lower BER than the multiplexed case ¥ = 1. Subsequently, setting x large is interesting
to achieve low error rate communications while reducing the width of the transceiver. Nevertheless,
we can remark that if the spatial interference is too strong, e.g. k = 9 in Figure 5.8, the BER reaches an
error floor. The properties exhibited for N = 8 in Figure 5.8 also hold for different values of N.

MLD-GA vs. NND: This paragraph presents the communication performance of the NND and the
MLD-GA algorithms on strongly correlated LoS channels. Table 5.2 presents the parameters of the
NND architecture for the different system configurations. Here the tuning of the NND parameters is
empirical, yet we have observed that increasing the number of antennas requires to increase the number
of hidden layers and neurons. The results of numerical simulations are depicted in Figure 5.9. The BER
performance is assessed for N = 4 and N = 8 and different values of «, i.e. different levels of spatial

3Since the differences in path loss is less than 0.02 dB, the adjacent channels interference and the residual side lobes
interference can be respectively approximated to 1 and a constant p.
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FIGURE 5.9 — BER performance of the MLD-GA and the NND

interference. First, we can notice that, for ¥ = 1 with any number of antennas N, the performance
equals the one without interference previously described in Figure 5.6. Second, for N = 4 with spatial
interference, it can be observed that the MLD-GA and the NND present similar detection performance.
Though, the NND demonstrates slight performance gains. Nonetheless, it should be noted that if the
spatial interference is too strong, e.g. k = 5 for N = 4 or k = 9 for N = 8, the BER reaches an error
floor. Third, for N = 8, we notice that the system performance of the NND is close to the one of the
MLD-GA if the spatial interference is not too strong. With strong interference, x = 9 and N = 8, using
the NND leads to a significant performance loss.

5.4.1.4 Discussions

We conclude this first analysis of the system performance by discussing some properties of the
transceiver. Similarly to linear MIMO systems, the considered system benefits from the spatial diver-
sity. A symbol transmitted on one transmit-antenna may be received on several receive antennas. This
property thus improves the robustness to thermal noise. It justifies the performance gains achieved by
systems with strong interference in the moderate SNR regime in comparison to the multiplexed case,
for instance shown in Figure 5.8. In addition to diversity, the studied system is also subject to ambiguity.
Since the communication channel is a nonlinear MIMO channel, different transmitted MIMO symbols
s may lead to similar received observations 7. For this reason, the BER of system configurations with
strong spatial interference reaches an error floor, see for instance Figure 5.9. Subsequently, we claim that
the level of spatial interference, and hence the inter-antenna spacing Ad, is directly related to a trade-off
between diversity and ambiguity. Eventually, our results show that low-error rate communications can
be achieved with strong spatial interference between channels. Still, the detection algorithm must use
jointly the different received symbols to demodulate transmitted symbols, similarly to the NND or the
MLD-GA. Our results demonstrate that spatial multiplexing with non-coherent sub-THz transceivers
can be realized on strongly correlated LoS channels. MIMO systems with energy detection receivers
hence offer a valuable solution to achieve high-rate communications in sub-THz frequencies. Since the
analysis is carried out with some approximations, in particular on the antenna model, the exactitude
of the conclusions could be questioned. Nevertheless, the next section proposes to improve the perfor-
mance analysis by considering and discussing some practical implementation issues and specifically by
assessing the system performance with the real radiation pattern of the antenna.
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FIGURE 5.10 — Antenna gain measured in [8] FIGURE 5.11 — BER for N = 8 with the real antenna gain

5.4.2 System-level simulations based on measurements

We have previously shown that low-complexity low-power transceivers using MIMO systems with
energy detection receivers can be implemented within sub-THz frequencies. Nonetheless, the presented
performance analysis could be improved by further considering some practical implementation issues.
To do so, we first evaluate the system performance with the real radiation pattern of the antenna as
measured in [8]. Second, we consider the integration of a Forward Error Correction (FEC) scheme as
channel coding. Third, the practical implementation of the proposed detection schemes are discussed.

5.4.2.1 Performance with the real antenna radiation pattern

Previously, we have based the performance analysis upon the commonly used sectored antenna
model. The sectored model is relevant for its simple analytic expression. However, the accuracy of the
analysis can be improved by considering the real antenna gain pattern measured and published in [8].
Figure 5.10 depicts the real antenna gain pattern and the sectored model. The assessment of commu-
nication performance with the real antenna gain, in comparison to the sectored model, is presented
in Figure 5.11 for N = 8 using the MLD-GA and the NND. It can be observed that the BER perfor-
mance of system configurations with strong interference is deteriorated when the real antenna gain
is considered. Nevertheless, and conversely to the sectored model, no error floor is observed with the
real antenna pattern, see the configuration N = 8, x = 9. In addition, it should be emphasized that
the MLD-GA and the NND demonstrate similar demodulation performance when considering the real
antenna gain. We conclude from these results that the sectored antenna gain model is an efficient but
optimistic model to describe practical systems. In the following, any further performance analysis is
based on the real radiation pattern of the antenna gain.

5.4.2.2 Integration of channel coding

It is interesting to consider the integration of a FEC scheme to achieve channel coding gain and
low error rates. However, implementing the FEC, and in particular its decoder, may entail a significant
complexity and power consumption. To achieve a low-complexity low-power transceiver, we propose
here to use a BCH code. The considered FEC scheme is a BCH code with a packet size of 63 bits, a
coding rate ranging from 0.4 to 1 and a decoder based on hard decisions. It should be mentioned that
the key features of this code are a low-complexity implementation and a low-power consumption -
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interested readers may refer to [88]. In addition, with regard to the short packet size, this code has a
low-latency decoder. These features appear to be highly relevant for the scenario investigated in this
study. The considered transceiver architecture with the integration of channel coding is presented in
Figure 5.12. Multiple FEC schemes are used and the coding rate can be adapted to the channel quality of
the receive antenna. The channel presents significant differences in terms of quality depending on the
receive antenna. Receive antennas in the middle of the ULA are subject to stronger interference than
the ones on the extremities. For this reason, adapting the coding rate to the receive antenna enables
us to capitalize on the latter property to further enhance the demodulation performance. The system
architecture in Figure 5.12 is particularly interesting as it also maintains a high degree of parallelism.
Conversely, using a unique FEC is not an efficient solution to define a parallel implementation and to
optimize the coding rate to the transmit-receive antennas.

b, —| FEC Tx RF Rx RF FEC |— b

by —{ FEC [={TxRF Rx RF [—|Demod. |—>| FEC [~ b,

b3 — FEC [—{Tx RF Rx RF FEC

—
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FIGURE 5.12 — System architecture integrating a FEC scheme

Figure 5.13 presents the achievable rates as function of E; / NyB for systems with a BCH code such
that the BER is below 107°. The BCH code is implemented with a coding rate ranging from 0.4 to 1
and a channel decoder based on the hard decisions produced by the MLD-GA. Numerical results have
been obtained through the Monte-Carlo simulations with the real antenna gain pattern. First, it should
be remarked that integrating a FEC scheme enables to achieve valuable channel coding gains. Second,
it can be remarked that the adaption of the coding rate to the antenna leads to performance gains in
comparison to setting a fixed coding rate for all antennas. In particular, we can see that for N = 4 and
N = 6 the performance gains are larger than 2 dB.
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FIGURE 5.13 — Achievable data rate with a BCH code and the real antenna gain
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TABLE 5.3 - Simulation parameters and results

Carrier Frequency fe 145 GHz

Symbol rate 1/ T 1 GHz

Bandwidth B 2 GHz
Distance Tx-Rx doy 10 m
Antenna gain g0 32 dBi
Number of antennas N 1 4 6 8

Throughput % -0.9 0.9 Gbps 3.6 Gbps 5.4 Gbps 7.2 Gbps
Power by antenna Pa., —31.8 dBm —31.2 dBm —30.4 dBm —32.3 dBm
Transceiver width l 5cm 44 cm 50 cm 55 cm

Inter-antenna dist. Ad (%) 13 cm 9 cm 7 cm

To present the results of Figure 5.13 differently, we propose in Table 5.3 a synthesis of the system
performance and parameters for different number of antennas. For all system configurations, the band-
width is B = 2 GHz, the distance Tx-Rx is dy = 10 m, and the coding rate of the BCH is 0.9. Though the
system performance is evaluated with the MLD-GA, similar results are expected using a demodulation
based on the NND. Further, a channel bonding scheme, aggregating several sub-bands, could increase
the throughput and allow to benefit from the large spectrum available in sub-THz bands. It can be con-
cluded that MIMO systems using energy detection receivers may achieve high-rate communications
in sub-THz bands with low-power and low-complexity RF architectures. Performance of coded sys-
tems could be further improved by considering longer packet length, soft-decision channel decoding,
or capacity-achieving codes — e.g. a polar code — yet at the detriment of a complexity increase. It is
worth mentioning that we have implemented a state-of-the-art polar code with soft-decisions channel
decoding, results are presented in our paper [34].

5.4.3 Comparison of the proposed detection algorithms

This section outlines a quick overview of the practical aspect of MLD-GA and NND techniques to
understand the benefits and drawbacks of each technique.

Channel estimation: The first difference between the MLD-GA and NND is the following. To perform
its decision rules, the MLD-GA algorithm requires an explicit knowledge of H, UZ% and ®, and hence,
also the design of a channel estimation algorithm. In contrast, the NND is able to learn the channel
features, and implicitly the channel matrices, during the training phase in order to demodulate symbols.
The transmission of reference symbols is required for both detection algorithms which results in a
spectral efficiency loss.

Algorithm complexity: It is delicate to compare the complexity of MLD-GA and NND algorithms
since they lie in different paradigms. The MLD-GA algorithm is a common detection method. Though
the complexity of the MLD-GA is O(|C|V) and increases exponentially with the number of antennas,
the decision rule only requires the evaluation of simple weighted Euclidean distances. Moreover, the
complexity of the MLD-GA depends on the order of the modulation scheme. Using an OOK with
|C| = 2, the resulting complexity is O(2N) which is reasonable for practical implementation. The
implementation of the MLD-GA in practical systems would likely use a common digital signal processor.
In contrast, the complexity of the NND depends on the size of the used neural networks. It means
that increasing the number of layers would drastically increase the complexity. Thereby, in our case,

82



CHAPTER 5. MIMO SyYSTEMS WITH ENERGY DETECTION RECEIVERS

increasing the number of antennas will also increase the complexity of the NND. The complexity of both
training and inference stages should be differentiated. Indeed, the training stage involves many data and
consuming resources whereas the inference stage could be quite simple. Pre-training or offline training
can be envisaged to reduce the cost and the complexity of the receivers. Besides, the implementation of
neural networks is currently a largely investigated research topic. Thus, implementing neural networks
on dedicated hardware such as GPU, FPGA and ASIC can significantly decrease computation time
regarding the chosen neural network architecture — readers may refer to [89] and [90].

Transceiver RF nonlinearities: Eventually, it is interesting to mention that RF components of the
transceiver might present additional nonlinearities, e.g. quantization, RF power amplifier. In particular,
envelope detectors based on diodes may present non-ideal square law response such that X o« X§
with a < 2 [91]. It is expected that the NND might learn these channel nonlinearities and still demodu-
lates symbol efficiently. The MLD-GA does not consider any other nonlinearities, such that it might be
sensitive to these impairments and might require additional modeling. Nevertheless, it is of practical
interest to characterize the detector robustness to imperfect RF components.

5.5 Synthesis and Discussions

Conclusion: Regarding the development of sub-THz communication systems, state-of-the-art approaches
mostly rely on coherent transceivers with high-order modulation schemes and high-quality RF com-
ponents to achieve spectral-efficient communication links [19]. Conversely, we have studied in this
chapter non-coherent spatial multiplexing in sub-THz frequencies to achieve high data rate with low-
complexity transceivers. More precisely, in this chapter, we have investigated the design of MIMO
systems with energy detection receivers for future applications in sub-THz bands. The main chal-
lenge to be faced in these systems is the strong and nonlinear interference between the correlated LoS
channels. First, the system model has been characterized Next, we have proposed two original detec-
tion algorithms: i) the MLD-GA, derived from the ML decision rule for the studied nonlinear MIMO
channel using a Gaussian approximation; ii) and the NND, a demodulation based on the use of neural
networks. Later, a realistic scenario modeling an indoor wireless link has been considered to assess
the communications performance. Simulation results have proved that low error rate communications
can be achieved on strongly correlated LoS channels using the proposed detection schemes. The two
proposed detectors present similar demodulation performance, yet their implementations in practical
systems are significantly different. Moreover, we have shown that integrating a low-complexity channel
coding scheme leads to valuable performance gains in terms of achievable data rate while maintaining a
simple practical implementation. In conclusion, the main contribution of this chapter is to demonstrate
that spatial multiplexing with non-coherent sub-THz transceivers can be realized on strongly correlated
LoS channels. The spectral efficiency of non-coherent communication systems using sub-THz bands
can be efficiently increased using MIMO systems and energy detection receivers with low-complexity
and low-power RF architectures. The material of this chapter has been partly published in one confer-
ence paper [34]; one submitted journal article [35]; and has lead to the deposit of one patent [36], see
citations below. The authors would like to thank Valentin Savin and Alexis Falempin, from CEA-Leti,
for their significant contributions. Valentin Savin has offered a precious help with regard to the integra-
tion of channel-coding and careful readings of the related publications. Alexis Falempin has carried out
numerical simulations regarding the performance analysis of the NND. Moreover, the authors would
like to express their gratitude to Francesco Manzillo and Antonio Clemente, from CEA Leti, who have
provided valuable information on antennas contributing to the relevance of this work.
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Perspectives: We now outline some meaningful perspectives to the research in this chapter. In doing
so, we hope that readers will better appreciate the scope of our contributions and the remaining topics
to be addressed. First, we have assumed in this chapter perfect channel knowledge for the model-based
detection algorithm, the MLD-GA. Therefore, it must be mentioned that efficient channel estimation
schemes need to be designed. Though basic and simplistic estimation schemes are straightforward to
design, we highlight the large room for improvement. Notably, a Bayesian estimation algorithm could
capitalize on the prior knowledge of the antenna radiation pattern to provide channel knowledge. In
addition to the design of estimation schemes, it is of practical interest to quantify the performance
degradations due to estimation errors. Second, when it comes to practical implementation, the ro-
bustness of the proposed detection algorithms to additional RF nonlinearities should be characterized,
e.g. non-ideal square law response of the envelope detectors [91]. Third, we find worthwhile to mention
one of our on-going research study. We are currently investigating the design of a probabilistic demap-
per using neural networks. In the case of the MLD-GA, the probabilistic demapper is straightforward
to compute. Soft-channel decoding using the probabilistic outputs of the MLD-GA has been imple-
mented and presented in [34]. Conversely, in this chapter, the channel decoding scheme is based on the
hard decisions generated by the MLD-GA. It is clear that using the NND with soft-decisions channel
decoding is to provide further performance enhancements and should be a prime investigation.

Applications and limitations: It is worth discussing the potential applications and limitations of the
presented results. Our findings contribute to the development of future sub-THz applications with low-
complexity physical layers, and in particular, of short-range wireless links targeting high data rates.
And our contributions are expressly relevant in the light of the current wireless networks context
where an extreme densification of access points is envisaged. Besides, it is worth mentioning that the
presented techniques and results are relevant to applications beyond sub-THz communications such as
Visible Light Communications (VLC) or optical systems. VLC systems commonly implement intensity
modulation and direct detection. Subsequently, the nonlinear interference between channels in these
systems is also a major challenge to implement spatial multiplexing [92]. The proposed detectors, and
especially the neural network based demodulation, could be easily adapted to VLC systems in order
to achieve spatial multiplexing. It is a well known result that machine learning methodologies are
efficient to solve nonlinear and multi-variable problems. It has been used in this chapter to mitigate
nonlinear interference and thereby has unveiled new possible applications for future physical layers.
Nevertheless, some limitations regarding the contributions of this chapter should be mentioned. In this
chapter, the sub-THz scenario has considered a fixed wireless link with perfect antenna alignments.
The fixed property is extremely useful for machine learning and channel estimation. However, they
remain somehow idealistic assumptions. Misalignments between transmit and receive antennas would
lead to a lower received power and to a stronger interference between channels, and hence, to some
performance deteriorations. And though this does not question the value of our contributions, the
resulting requirements on beam alignment are challenging. We have also observed that the inter-
channel interference is a limiting factor to communicate over a long range with MIMO systems in
sub-THz bands. When the communication range increases, either the inter-antenna separation has
to scale with the distance or the beamwidth of the antennas has to narrow in order to limit the inter-
channels interference. The strong requirements on antenna directivity and beam alignment are a topical
problematic. It is common to numerous future wireless systems such millimeter-wave (mm-Wave)
communications and is directly related to the use of higher carrier frequencies.

Coherent LoS MIMO: We could not conclude this chapter without referring to the research activi-
ties on the development of MIMO systems in LoS environments with coherent transceivers. This field
of research has gained interest with regard to the future deployment of spectral-efficient links in the
mm-Wave bands. This research topic should be related to our work in this chapter. Though the design
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paradigms are considerably different since we target low-complexity implementations, some design is-
sues are shared. Using coherent or non-coherent transceivers, in both cases the use of ULA of antennas
is considered and geometric approaches are developed. Moreover, the system performance is directly
linked to the antenna separation in any cases. In LoS environments with sparse channels, multiplexing
and detecting several signal streams with MIMO systems is challenging due to the correlation among
channels. To cope with the spatial correlation of the channels in coherent systems, the work in [93]
propose to include a precoding scheme in the transmission chain whereas the work in [94] investigates
the optimization of the antennas separation. These techniques improve the system performance of
coherent MIMO systems in LoS environments by maximizing spatial degrees of freedom and channel
capacity. Subsequently, it is legitimate to ask the following question: Is it possible to implement LoS
MIMO with coherent transceivers in sub-THz bands? Such communication systems rather belong to
the paradigm of spectral-efficient sub-THz physical layers with complex RF architecture and transmis-
sion techniques, and not to the low-complexity paradigm. And with regards to the previous chapters
of Part II, phase impairments entail severe consequences on the design of coherent LoS MIMO systems.
Oscillator instabilities render difficult the implementation of beamforming but also of precoding and
detection. For these reasons, the design of coherent LoS MIMO systems in sub-THz frequencies could
be relevant to further increase the spectral efficiency, still numerous design problematics are yet to be
addressed in addition to state-of-the-art techniques and existing literature.

Increasing the communication throughput is one of the main challenges of using non-coherent
transceivers in sub-THz bands. In this chapter, we have shown that spatial multiplexing is an efficient
method to implement large communication throughputs with low-complexity sub-THz systems. In the
next chapter, we pursue a different approach to achieve high-rate sub-THz communications with low-
complexity transceivers. This approach relies on the use of large bandwidth transceivers in sub-THz
bands with non-coherent receivers. Still, the demodulation of large-bandwidth signals implies strong
constraints on the analog-to-digital conversion. To relax the constraints on converters, we investigate
in the next chapter the parallelization of the RF architecture of non-coherent receivers.

First-authored contributions

[36] S. Bicais, J.-B. Doré, and A. Falempin, “Neural Networks Based Demodulation for MIMO sys-
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Chapter 6

Parallelization of Envelope Detection Receivers

UR intention in this part of the manuscript is to propose high-rate and cost-efficient transceiver
O architectures for sub-TeraHertz communications. Subsequently, we study non-coherent transceivers
with low spectral efficiency. In the previous chapter, we have studied the design of Multiple-Input
Multiple-Output (MIMO) systems based on energy detection receivers. Not subject to phase impair-
ments, these systems enable to benefit from spatial multiplexing and can achieve high-rate commu-
nications in sub-THz frequencies. In this chapter, our objective remains the same, still a different ap-
proach is investigated. The approach developed in this chapter exploits more original signal processing
techniques. The sub-THz spectrum offers unprecedentedly large bands. We hence consider the use of
these large bandwidths to achieve high data rates communications with non-coherent transceivers. It
involves important constraints on Analog-to-Digital Converters (ADC) especially in the case of em-
bedded systems with low-complexity physical layers. The implementation of converters in embedded
systems is subject to a trade-off between sampling frequency, power consumption and quantization
resolution. The width of the aggregated frequency bands is restricted by the sampling rates of cur-
rent converters technologies. The communication throughput is then limited by the analog-to-digital
conversion. This chapter deals with this trade-off between system performance and architecture con-
straints. To illustrate the design paradigm of this chapter, the enhanced hot-spot, delivering high-rate
download from a base station to user terminals in a short-range, is representative of the considered
scenario.

The objective of this chapter is to investigate the parallelization of the Radio-Frequency (RF) ar-
chitecture of sub-THz receivers using envelope detection. In doing so, we propose valuable techniques
to relax the constraints on ADC. Similarly to the previous chapter, we consider a single-carrier com-
munication systems with a double sideband spectrum using envelope modulation at the transmitter
and envelope detection at the receiver. Within the chapter, we first focus on the representation of
non-negative signals — for transceivers based on envelope modulation and detection. The definition
of an appropriate Hilbert space is examined. Our goal is to provide the analytical tools to design effi-
cient transmission techniques for envelope modulation schemes. Later, a new receiver architecture for
non-coherent sub-THz systems is proposed and analyzed: the RAFAE scheme. This acronym stands for
Receiver based on the Analog Fourier Analysis of the Envelope. The proposed architecture is designed
for pulse-based communications and targets high-rate applications. This analog-oriented receiver al-
lows the use of sampling rates lower than the symbol rate, and hereby, relaxes constraints on ADC.

6.1 An Algebraic Framework for Envelope Modulation

The objective of this chapter is to relax constraints on the analog-to-digital conversion for non-
coherent sub-THz receivers. In particular, we attempt in this section to reduce the ADC sampling rates
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FIGURE 6.1 — Frequency translations performed with envelope modulation and detection

with the use of multiplexing techniques. To do so, our approach is to provide the analytical tools to
design transmission methods based on envelope modulation and demodulation. We consider amplitude
modulation at the transmitter and envelope detection at the receiver — either implemented with a diode,
or by combining a self-mixer and a low-pass filter. This type of architecture are used in a wide range
of applications: pulse-based Ultra-WideBand (UWB) systems, Visible Light Communications (VLC),
optical systems, etc. For such transceiver architectures, the potential multiplexing techniques include:
sub-bands frequency channelization or time division multiplexing. Nevertheless, not all multiplexing
schemes can be used with the considered architecture, e.g. Orthogonal Frequency Division Multiplexing
(OFDM) or Code Division Multiplexing (CDM). Indeed, we study here the transmission of signals modu-
lated in amplitude whose values are real and non-negative. Generally, signal-spaces £2 and £? are used
to represent communication signals. The Hilbert space £ (resp. £2) denotes the set of square-integrable
real or complex valued functions, i.e. continuous-time signals, (resp. the set of square-summable se-
quences, discrete-time signals) equipped with the usual inner product (-, -),. They provide powerful
analytical tools for real and complex valued signals and have lead to the design of numerous efficient
transmission schemes. Nonetheless, these spaces are not particularly well-suited to non-negative sig-
nals and yield a limited analytic description. We claim that a dedicated theoretical framework would
provide the analytical tools to design new multiplexing schemes and evaluate existing ones. This mo-
tivates us to introduce an appropriate Hilbert space to represent non-negative real-valued signals. It
enables us to redefine fundamental properties and operators for non-negative signals: orthogonality,
projection, etc. Then, we present an application of the proposed framework. It is demonstrated that
constraints on embedded ADC may be relaxed with the use of orthogonal non-negative waveforms.
Altogether, our results show that the introduced framework provides efficient tools to design multi-
plexing schemes adapted to non-coherent sub-THz systems.

6.1.1 System Model

Transmitter: Sub-THz systems based on coherent receivers suffer from severe phase impairments is-
sued by oscillators [41]. To perform a frequency translation from passband to baseband without impact
of phase impairments, using envelope detection at the receiver is a relevant solution. In addition, en-
velope modulation at the transmitter allows an efficient use of power amplifiers [77]. We consider here
a communication system based on envelope modulation and detection as depicted in Figure 6.1. At the
transmitter, the band-limited modulating signal is denoted s(t) and lies in R>g = {s(f) € R, s(t) >
0}. The transmitted signal at carrier frequency f. is then expressed by

x(t) = s(t) - V2 cos(2mfet 4 P(t)), (6.1)

where ¢(t) represents the oscillator Phase Noise (PN). Further, we consider a digital modulation such
that the modulating signal is defined by

s() :T;ZSM'H(TS;T:_J' R, 6.2)
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where s[T] € R is the T-th modulated symbol with duration T and belongs to the constellation C,
and T'1(#) is the rectangular pulse shaping function.

Channel: Recent measurement campaigns [9] have shown that the Line-of-Sight (LoS) component
prevails in sub-THz channels. Accordingly, we consider a frequency-flat channel, further assumed to be
equalized. Subsequently, we study a waveform corrupted by Additive White Gaussian Noise (AWGN).
The received signal is given by

y(t) = x(t) +w(t), (6.3)

where w(t) is a zero-mean real Gaussian process with spectral density 202. The noise w(t) is filtered
at the input of the envelope detector and is hence band-limited. Hereafter, we will refer to Eq. (6.3) as
the Non-Negative Channel (NNC).

Receiver: The down frequency translation from passband to baseband is realized at the receiver by an
envelope detector. Typically, envelope detectors rely on an self-mixer combined with a low-pass filter.
First, multiplying the signal by itself yields

x(t)? = s(t)* - [1+ cos(4rfot +2¢(t))]. (6.4)

Then, it is sufficient to filer images at 2f. and take the square root in order to recover the signal of
interest s(#). The details on the implementation of envelope detectors exceed the scope of our work
though. It is hence assumed that the detector perfectly demodulates the envelope () of the received
signal y(t). Hereafter, the received symbols r[T| € R>( are obtained by integrating and sampling as
follows
TTs+T;
rlt] = / r(t)dt. (6.5)
TTs

We further consider that the receiver evaluates symbol estimates using a Maximum Likelihood (ML)
detection criterion. The estimated symbols are hence expressed by

§[t] = arg max p(r[T]|s), (6.6)
seC

where p denotes the channel likelihood function.

6.1.2 Definition of the non-negative Hilbert space

6.1.2.1 Motivations

Hilbert spaces provide an efficient framework for the development of communication systems. Lin-
ear signal analysis, processing and reconstruction are entirely developed upon the properties of Hilbert
spaces. For instance, optimal filtering exploits the concept of orthogonality, meanwhile the projection
theorem is used in any approximation problem. Nonetheless, conventional algebraic structures are pri-
marily designed for real-valued signals and are not well-suited to envelope modulation. By means of
example, it is difficult for a set of non-negative signals to be orthogonal with the usual inner product
of real functions (-,-)2. A common set of orthogonal signals with non-negative values is the set of
pulse slots disjoint in time. This set is exploited as an orthogonal modulation in the Pulse-Position
Modulation (PPM), or as a multiplexing scheme in Time Division Multiple Access (TDMA). We intend
in this work to define an algebraic framework that could enable the design of new envelope modulation
schemes adapted to sub-THz communications. To do so, non-negative waveforms, whose values lie in
R>, are represented within a Hilbert space. This space is denoted H, for continuous waveforms and
h, for discrete signals. Moreover, we also desire to exploit the signal processing techniques developed
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FIGURE 6.2 — Illustration of the non-negative channel

for real-valued signals. Therefore, the Hilbert space H, (resp. h,) is defined by transport of structure
of the signal-space £? (resp. ¢? in the discrete case). The transport of structure ® : £> — H,, relies
on a bicontinuous function @ in order to bond real-valued waveforms to non-negative ones. The use
of map ® in the NNC is depicted in Figure 6.2. Here and subsequently, we write £? the Hilbert space
(£%(]0, Ts]), (-, -)2), the vector space of square-integrable functions with domain [0, T;] equipped with
the usual inner product of real functions, i.e. (f,g)2 fo . Similarly, ¢* denotes the
Hilbert space of square-summable sequences. We first present the transport of structure of Hilbert
spaces and then detail the definition of Hy. I would like to thank Pr. Grégory Berhuy from the Math-
ematics Department of the Fourier Institute, of Université Grenoble Alpes for his collaboration on the
elaboration of the following paragraphs.

6.1.2.2 Transport of structure and Hilbert spaces

From vector space V; to V,: We first consider two sets Sq, S and a homeomorphism & : S — S».
Further, the set S1 equipped with vector addition + and scalar multiplication X over the field F defines
a vector space V) = (S1,+, X). We next study V, = (Sy, @, ®) the set S; equipped with the vector
addition @ and the scalar multiplication & over field F defined as follows. Set 11,71 € Vj and A € F.
We denote 1, = ®(uy1),v; = ®(v1) € V3, then the vector addition and the scalar multiplication are
respectively defined by

Uy ®vp = P(ug +v1),
AR uy = P(A X uy).

Proposition 1: Vy = (Sp, @, ®) is a vector space over the field F.

Proof. Proposition 1 is easily proven by showing that V; satisfies the eight axioms of a vector space. [

From Hilbert space H; to Hj: Let the inner product (-, )1 : V4 X V; — Fsuchthat Hy = (V4, (-, *)1)
is a Hilbert space. Subsequently, the set S; is a complete metric space when equipped with the dis-

tance induced from the inner product dq(u1,v1) = /(u1 — v1,u1 — v1)1. We next evaluate Hy =
(Va, (-, -)2), where the map (-, -)» : Vo X Vo — F is defined by

<M2,02>2 = <CD_1(M2),CI)_1(Z12)>1 = <U1,Ul>1. (6.9)

Proposition 2: Hy = (Vy, (-, -)2) is an inner product space.

Proof. Proposition 2 is easily proven by showing that Hj satisfies the three axioms of an inner product
space. O

It follows that H, defines a norm ||-||, and a metric d5(+, -) upon its inner product expressed by:

[uzll, = 1/ (U2, u2)2, (6.10)

dy(up,vp) = \/(Mz @ —v, Uy B —v2)2, (6.11)

where —v; stands for the opposite of vector vy, i.e. ~v, = ®(—07).
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Proposition 3: Hy = (Vy, (-, -)2) is a Hilbert space.

Proof. To prove that Hy = (V5,(-,-)2) is a Hilbert space, it is sufficient to show that (Sp,d7) is a
complete metric space since (V3, (-, -)2) is already proved to be an inner product space. To do so, we
exploit the property that (Sy,d2) and (S1,dq) are isometric. Isometry preserves completeness — more
precisely, uniformly continuous function maps Cauchy sequences into Cauchy sequences — and (S1, d1 )
is known to be complete. It follows immediately that (Sp, d») is a complete metric space. t

Properties of transport of structure: The introduced definition of Hy upon Hj is referred to as a
transport of structure whose properties are listed below.

Theorem 1: Let the transport of structure @ : Hy — H>, then the following properties are sastified:

1. D is surjective and preserves the inner product.
2. ® is surjective and isometric.

3. ® maps an orthonormal basis for Hy into an orthonormal basis for H,.

Proof. We first recall that Hy is defined such that @ is surjective and preserves the inner product.
Therefore, property 1. is satisfied and the other properties follow directly. This theorem may also be
demonstrated from the observation that ® : H; — H; is a bounded linear operator by definition of
Hs. For a deeper discussion of operators on Hilbert spaces, we refer the reader to [95]. O

6.1.2.3 Definition of the envelope Hilbert space H,

We will now use the previously described results on transport of structure of Hilbert spaces to
define an algebraic framework for envelope modulation. As aforementioned, we also desire to rely on
conventional Hilbert space £2. Subsequently, we define

®: L% — H,, 1
25(t) = s(t), (6.12)
where 5(t) is a real-valued waveform. To ensure the soundness of envelope modulation, ® is subject
to the following constraint: the image of 5(f) must be non-negative ie. ® : 5(t) — s(f) € R>g. As
an illustration, a DC offset may be sufficient to map a real-valued waveform onto the non-negative
real space. This could also be achieved with different maps such as the exp function for instance. The
Hilbert space H, = (V), (-, -),) is defined by vector space V, and inner product (-, ) ,. The vector space
V, denotes the set (L?([0, T;])) equipped with vector addition ¢ and scalar multiplication ® over
the field R defined by Eq. (6.7) and (6.8). Furthermore, the inner product (-, -), on vector space V, is
defined from ® and the usual inner product of real functions (-, -)» by Eq. (6.9). It is worth mentioning
that Hilbert space H, can be extended to higher dimensions by Cartesian product. It is sufficient to
define vector space operations component-wise and to set the inner product as the sum of the inner
products associated to the different components. As represented in Figure 6.2, the NNC may also be
expressed by

Fit) =@ 1 (|@(5(t)) + w(t)]), (6.13)

where 5(t) and 7(t) are real-valued signals. In a similar manner to the definition of H, upon £? for
continuous waveforms, the envelope Hilbert space /i, for discrete signals is defined upon 2.

6.1.2.4 Orthonormal sequences in H,

Orthonormal sequences play an important role in communication systems to design orthogonal
modulation or multiplexing schemes. We here introduce them in the context of Hy. Aset ) = {1, }1<n<n
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FIGURE 6.3 — Illustration of a serial OOK transceiver

of N vectors in H, is orthonormal if it satisfies V1, n2, (¥u,, ¥u,) o= Onyny- Then, the synthesis oper-
ator refers to the linear isomorphism from RN onto H, defined by

AR U= RYP1D--- BANR YN, (6.14)

where uw € Hy and A = (Ay,---,An) € RN. We may also use the notation u = (), to define a
vector u by its coordinates A relatively to 7). Conversely, given a vector u € H), the analysis operator
is the inverse map ¢! : Hy — RN that evaluates coordinates A of u with regards to basis 1. By
orthonormality of 1), we have

An = <u/ 1/’n>P (6.15)
Theorem 1 gives that a sequence ) is orthonormal in H,, if and only if the sequence ¥ = D 1(a)
is orthonormal in £?. Accordingly, any orthonormal sequence in £? can be exploited upon envelope
modulation with an appropriate map ®. In addition to the aforementioned example on PPM, this result
entails that new orthogonal modulations or multiplexing schemes can be designed with non-negative
waveforms. By means of illustration, it is interesting to mention the DC-biased OFDM, a multiplexing
scheme frequently used in VLC systems. Using the proposed framework, this multiplexing scheme can
directly described with 1[) the Fourier basis and ® a DC offset. Besides, the introduced framework can
be used to develop novel and more efficient solutions.

6.1.3 Applications of the proposed framework

The objective of this section is to give the reader some application examples. In particular, it aims
to illustrate that the proposed framework enables the design of efficient envelope modulation schemes
adapted to sub-THz communications. Subsequently, the focus is neither on thorough performance eval-
uation of the described system nor on details of implementation. One of the contemplated applications
for the sub-THz communications is the enhanced hot-spot scenario, also called kiosk. A short-range
hot-spot supplies users with a high-rate downlink, refer to Chapter 1 for more details. Receiver ar-
chitectures must remain simple in order to be embedded into users’ terminals. Even if low complexity
schemes are implemented, e.g. On-Off Keying (OOK)), it is difficult for embedded ADC to sample several
GHz of band. Our objective is therefore to relax the constraints on ADC. We show that the sampling
rate of ADC can be made twice slower by multiplexing transmitted symbols on two orthogonal non-
negative waveforms.

For the purpose of comparison, we first describe a pulse-based transceiver with a serial architecture
as represented in Figure 6.3. The considered modulation scheme is OOK. Symbols s; € {0,v/2} are
transmitted using a rectangular pulse shaping. As illustrated in Figure 6.3, the received symbols 7[7]
are obtained by integrating signal 7(¢) and sampling every 7T instants. In this case, the sampling rate
1/ T; of the ADC is equal to the symbol rate. Then the receiver estimates transmitted symbols s|[7| with
the ML decision rule.

Conversely, we now present an architecture where the receiver is parallelized and the ADC sam-
pling rate is half the symbol rate. The sampling rate reduction is achieved by considering the modula-

tion and demodulation of sequences of two symbols. The informative symbols 5 = (5[27],5[27 + 1]) € {0, /2}?
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FIGURE 6.4 — Illustration of a parallel OOK transceiver, with a serial transmitter and a parallel transceiver

are mapped onto an orthogonal sequence 1 composed of vectors 11,1y € h%. Then the transmitted
symbols s = (s[27],s[2T + 1]) are defined by

s = (). (6.16)

By way of illustration, we consider 1) to be the image of Hadamard code ¢p = {(1,1),(1,—1)} by
map ®(u) = u + /2, a simple DC offset. At the transmitter, mapping from 5 to s is achieved by the
synthesis operator introduced in Eq. (6.14)

5[27] @ 1 D 52T + 1] ® o,
= ®(5[27] + 5[2T + 1], 5[27] — 527 + 1]).

S
(6.17)

The transmitter keeps a serial architecture, yet it no longer sends symbols belonging to {0, \@} but
s[t] € {0,v/2,2v/2,3v/2}. Incidentally, the transmitter complexity is not an issue in the considered
scenario as it is implemented within a base station. It is in general easier to realize Digital-to-Analog
Converters (DAC) with high sampling rates than ADC. At the receiver side, received symbols may
be obtained from the received sequence r = (r[27],7[2T + 1]) by the analysis operator defined in
Eq. (6.15)

F27] = (r,v¥1)p, and 72T +1] = (r,12),. (6.18)

Nonetheless, these projections on 1) may also be realized within the analog domain since a Hadamard
code may actually be regarded as the discrete Fourier transform on the two-element additive group
Z./(2). This requires first to evaluate 7(t) = ®~1(r(t)) and second to project 7(t) onto two signals,
one constant and the other oscillating with frequency 1/2T;. As depicted in Figure 6.4, these projections
are expressed by

27T +2Ts
72t] = /ZTT‘ 7(t)dt, (6.19)
2TT+2T; T 27tt
72Tt +1 :/ 7(t) - —sin dt. 6.20
et = [0 ) Fin (57 (6.20

In the latter equations, it should be highlighted that the sampling rate is 1/2Tj, half the symbol rate.
The receiver finally obtains symbol estimates from these projections by using the ML decision rule, i.e.

§[27] = arg max p(7[27]|5), and §[27+ 1] = arg max p(F[27 +1]|5). (6.21)
seC 5eC

This achieves the desired objective. For a fixed symbol rate, the receiver demodulates the symbols
based on ADC whose sampling rates are twice slower. Furthermore, this can be easily extended to N
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orthogonal non-negative waveforms, and thus, to systems with N times slower ADC. Still, it is straight-
forward to show that the presented multiplexing scheme entails a performance loss in Signal-to-Noise
Ratio (SNR) due to the DC offset in ®. Precisely, to achieve a Bit Error Rate (BER) of 107°, the use of
the parallelized transceiver induces a performance loss of ~ 4.77 dB in SNR in comparison to the serial
transceiver. Though such performance loss may be considered significant, this scheme is unoptimized
and could be improved. Other choices of map ® can be more efficient. We have presented it in order
to illustrate the potential applications of the introduced framework to sub-THz communications. Fur-
thermore, another direct application of the proposed framework is presented in our paper [37] where
an In-phase/Quadrature (I/Q) signal is transmitted using envelope modulation and detection to achieve
PN robustness at the detriment of a performance loss in SNR.

6.1.4 Conclusion on the algebraic framework

We have proposed in this section an algebraic framework for envelope modulation. Non-negative
real waveforms have been represented within appropriate Hilbert spaces H, and 1. These spaces are
defined by transport of structure of usual signal-spaces £2 and ¢? which enables to exploit existing
schemes developed for real-valued waveforms upon envelope modulation. It is further shown that the
introduced framework may be used to design efficient transmission schemes for non-coherent sub-THz
communications. By way of illustration, we have demonstrated that the constraints on embedded ADC
may be relaxed with the use of orthogonal non-negative waveforms. More or less directly, the research
findings presented in this section have lead to the deposit of one patent [39]. In this patent, the pro-
posed transceiver architecture enables a coherent demodulation using a combination of two envelope
detectors at the receiver and a DC offset at the transmitter, and thereby, alleviates the impact of phase
impairments.

This work has been conducted while targeting sub-THz applications with low-complexity physi-
cal layers e.g. the enhanced hot-spot. Nevertheless, our findings are relevant to multiple non-coherent
communication systems, and in particular, systems based on the transmission of amplitude, energy or
intensity signals. We could mention optical systems, UWB radio, or even VLC. For instance, it can
be remarked that the DC-biased OFDM, a commonly used multiplexing scheme in VLC, can be easily
expressed using the proposed framework.

We remind here that this contribution remains an introductory work proposing an analytical frame-
work. It should hence be followed by some investigations on the design of non-coherent multiplexing
schemes for sub-THz systems, and as well, by the evaluation of potential solutions. In addition, the pro-
posed framework could also be extended. As remarked in the previous chapter, polar RF transceivers
— transmitting the amplitude and phase of signals as independent streams — are a relevant architecture
for sub-THz communications. To fully describe polar RF transceivers, the proposed framework, for
amplitude-only signals, could be complemented by an analytical description of phase-only signals.

Further, it is worth comparing this amplitude-only framework H, to the analytical framework p?
previously introduced. In Part II, the analytical framework p?, a metric space describing signals in
the amplitude-phase domain, has been proposed for the purpose of detection and estimation. For this
purpose, measuring distances is fundamental, thus we have focused on complete metric spaces. Con-
versely, the intention in this chapter is to provide orthogonal sequences for multiplexing. With regard
to this objective, the definition of an inner-product space, and further, of a Hilbert space is essential. In
summary, we have proposed two distinct analytical frameworks for two distinct purposes. It highlights
that appropriate signal representation is one of the foundations of our research.
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We have shown in this section that converters sampling frequencies of non-coherent sub-THz re-
ceivers can be reduced by using multiplexing techniques. In the next section, we also investigate the
relaxation of converters constraints. Nevertheless, we develop another perspective of analog paral-
lelization of RF architectures. Namely, we propose a receiver architecture that partitions the signal
processing related to demodulation between analog and digital domains in order to lower the require-
ments on the analog-to-digital conversion.

6.2 RAFAE: A receiver architecture for high-rate impulse radio
with reduced sampling rates

Intentions: In this section, we are interested in relaxing the constraints on embedded converters of
non-coherent sub-THz receivers. We thus propose a new receiver for sub-THz applications entitled
RAFAE based on an analog parallelization of the RF architecture. Namely, RAFAE stands for Receiver
based on the Analog Fourier Analysis of the Envelope. Similarly to the previous section, we study
a non-coherent single-carrier communication system using a pulse-based modulation with a double
sideband spectrum. Prior to the description of the proposed receiver architecture, we introduce some
of the related works and literature.

Related works: The proposed receiver is directly inspired by the one described in [96] and [25] where
an estimation of a pulse delay is obtained by projecting the received signal onto double quadrature
signals. The method in [96] has been designed for UWB localization. We also exploit the idea of using
projections of the received signal in the analog domain. We adapt this principle to digital communica-
tion applications in sub-THz bands. The proposed architecture enables to demodulate jointly multiple
consecutive symbols, and hence, to lower the sampling frequency of converters. In brief, we use a non-
coherent multi-symbol detection to reduce the ADC sampling rates while achieving PN robustness.
And more generally, it is worth noting that the proposed receiver architecture lie in the framework of
correlator receivers, see for instance [97].

Summary: The content of this section is organized as follows. First, we introduce the system model and
describe in details the proposed receiver. Thereupon, we address the design of the detection algorithm
based on the ML decision rule. Second, we use the proposed scheme to design a PPM receiver with re-
laxed constraints on ADC. A detailed performance analysis is presented. Numerical simulations results
show that near-optimal performance can be achieved with low-complexity RF architecture. Our results
highlight that the proposed receiver provides, in comparison to conventional impulse radio receiver,
additional degrees of freedom to adjust the trade-off between system performance and architecture
complexity.

6.2.1 Principle of the proposed architecture

The proposed receiver relies on the two following key points:

1. The proposed receiver performs a waveform-to-vector conversion: Within the receiver, the
square of the received signal is projected onto the Fourier basis using multiple parallel branches in
the analog domain before being sampled. The parallel projections are obtained by correlating the
square of the received signal to a set of quadrature signals oscillating with different frequencies.
The received coordinates are then used in the digital domain to estimate transmitted symbols.

2. We consider a multi-symbol detection, based on the ML decision rule, which demodulates
jointly multiple consecutive symbols. Then, the integration time of the analog projections can be
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FIGURE 6.5 — Block diagram of the transceiver using the proposed receiver architecture

set to multiple symbol durations which enables to set the sampling rate lower than the symbol
rate.

6.2.1.1 System description

Transmitter: The transmitter is based on envelope modulation and the architecture of its RF chain
is depicted in Figure 6.5. Using envelope modulation allows a low-complexity implementation and an
efficient use of power amplifiers [77]. We denote M the modulation order. Let the informative symbol
m € [1, M] be modulated by transmitting signal s,,(t) € R>( with duration Ts. We write s, () the
modulating signal and x,, () the transmitted signal at carrier frequency f, expressed by

X (1) = sm(t) - V2 cos(2mfot + P(t)), (6.22)

where ¢(t) is a stochastic process modeling the oscillator PN. This analytical representation enables
us to describe pulse-based modulation schemes such as OOK, PPM, etc. In the following, we consider a
sequence of L > 1 consecutive symbols such that we adopt the notationm = (my,...,mr) € [1, M]*.

Channel: The recent measurement campaigns have confirmed the theoretical expectations that the
LoS path provides most of the energy contribution in sub-THz propagation channels. Accordingly, we
assume in this work a static LoS channel model and denote H the propagation gain. At the input of the
receiver RF chain, we have the double sideband signal y(t) and band-limited with bandwidth B > 2/T
centered around carrier frequency f.. The band-pass filter is required to prevent the spectral folding of
noise, see Eq. (6.4). The received signal is expressed by

y(t) = VH - x,,(t) + w(t), (6.23)

where w(t) is a band-limited continuous Gaussian process with spectral density Ny modeling thermal
noise in the receiver.

Receiver: The receiver performs a waveform-to-vector conversion which is illustrated in Figure 6.5
and can be described as follows. The received signal y(t) is squared, then parallelized to be correlated
to a set of quadrature signals oscillating at different frequencies and finally is sampled by the converters.
The projection signal of each branch is composed of in-phase and quadrature components related to
each other by the Hilbert transform. For this reason, we use hereafter the complex representation to
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describe the projection and the received coordinates. The real part (resp. imaginary part) corresponds
to the in-phase component (resp. quadrature component). Accordingly, the square of the received
signal y(t)? is projected in the analog domain onto the Fourier basis e = {ex(t) }o<x<k. The observed
coordinate AX on the k-th branch, k € [0, K], is obtained after integration and sampling as follows

Ay = /(,Ti YA (1) - ex(t)"dt, (6.24)

where ey (t) = exp (jZﬂ%t + ij) with 6y € [—71, 7T) a phase offset'. The digital demodulation relies

on the observed vector A, = (A%, ..., AK) € CK+1, Regarding Eq. (6.24), it is worth mentioning
that the integration time may be larger than the symbol duration, i.e. T; = L - T; > T;. In this case,
consecutive symbols are jointly demodulated and the sampling rate of the converters f; = 1/T; is
reduced. It can be easily shown that the system can be described as a K + 1 dimensional complex
channel by

Ar=H: Ay + Ay, (6.25)

where A, denotes the transmitted point of CX*1 modulating symbol m and A, models the impact
of noise. We refer to the set of all possible transmitted points A, as constellation C C CX+! known
or estimated by the receiver with |C| = ML!. In the following section, our purpose is to design the
detection algorithm to estimate the sent symbol m from vector A,. To do so, we derive the probability
distribution of observations A, by expressing analytically A, and Ay,. Nonetheless, let us first present
a practical example to gain more insight on the transceiver operation and its advantages.

Practical example, demodulation of a 2-PPM: In this paragraph, we study the demodulation of a
2-PPM using the proposed receiver architecture. We illustrate here without further analytical analysis
the receiver principle, properties and advantages. The two possible transmitted signals with m € [1,2],
depicted in Figure 6.7, are expressed by

(- )

where T, denotes the pulse duration such that T, = T/ M and I'l(t) is the unit pulse - or also referred
to as the rectangular function. With regard to the architecture of conventional PPM receivers [1], the
energy of the received signals is measured over all possible pulse positions. Then, the position with the
maximum energy is used to estimate the transmitted symbol m. In this case, the sampling rate of con-
vertersis 1/ Tp = 2/T;. The architecture of a conventional 2-PPM receivers is depicted in Figure 6.6.

su(t) = (6.26)

Conversely, the proposed architecture allows to set the integration time as the duration of multiple
pulses. In this example, we consider an integration time equal to a symbol duration, i.e. T; = Ts = 2- T),.

!t is worth mentioning that the frequencies of projection signals k/ T; are small - of the order of the GHz - in comparison
to the carrier frequency f.. Accordingly, we can assume that the projection signals are not corrupted by phase impairments.
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FIGURE 6.7 — Projection onto ey of possible transmitted signals for a 2-PPM

This allows to reduce by a factor 2 the sampling rate of converters, i.e. f; = 1/2T, = 1/T;. Regarding
the proposed architecture, Figure 6.7a and 6.7b illustrate the projection of the two possible transmitted
signals onto signal e;. Figure 6.7c depicts the possible noiseless observations A}, in the digital domain,
i.e. the constellation C in the complex plane. It can be remarked that the two different codewords lead to
two different projections A}, which is used to differentiate the transmitted symbols from one another.
This illustrates the fundamental principle of the proposed receiver architecture.

Further, one can notice on Figure 6.7c that only the imaginary part of A}, is necessary to differ-
entiate the two codewords. Then if the projection signals e are synchronized - Vk, 6, = 0 - to the
transmitter pulse rate, half of the projections can be dismissed - the real parts. In this case, the number
of required ADC can be divided by two. Nevertheless,using quadrature signals enables to demodulate
the transmitted symbols without synchronization of the receiver. When 60 # 0, both projections Almzl
and )\,111:2 are subject to the same phase offset. The real and imaginary parts are in this case useful to
differentiate the two codewords. Thereby, we have illustrated one of the fundamental trade-offs of the
RAFAE architecture: increasing the number of converters enables to relax the synchronization con-
straints, whereas having a strict synchronization enables to reduce the number of ADC. Eventually,
this example is not sufficient to present some performance results since the demodulation algorithm is
yet to be designed with regard to the probability distributions of received vectors.

6.2.1.2 Detection algorithm design

Closed-form expression of received vector A,: We have shown previously that the channel of the
considered transceiver can be expressed as

Ar == H . A]’Vl + Aw. (6.27)

However, this does not yield the probability distribution of received observations such that we are not
yet in a position to design the receiver detection algorithm. To do so, we study the distribution of the
noise term Ay, and derive the closed-form expression of the transmitted point A,,. By Eq. (6.24), the
received observation on branch k is given by

PLEs /OT (x/ﬁ X (F) + w(t))2 -ex(t)*dt, (6.28)

T,

:H/ X ()% - ep(t)*dt +2vVH / X ( cex(t dt+/ er(t)*dt, (6.29)
0

=H-A 4+ 2vVH AR+ Ak (6.30)
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In contrast to Eq. (6.25), we can see that the noise term AX, can be decomposed as a sum of two noise
components: AX. a mixed signal-noise contribution and AL, a squared noise contribution. The expres-
sions of Ak, AK "and AK are derived in Appendix B and their distributions analyzed. The analytical
developments are based on the following principle. We express signals x,, (t) and w(t) using Fourier se-
ries decomposition and the dimensionality theorem. It is then straightforward to express the projection

of these signals onto a particular Fourier signal.

Distribution of received vectors: The main result of Appendix B is that the channel can be described,

for k # 0, by
AN =H A 12 /H EF - w+ /22N +1—k) -z, (6.31)

where wy and zj are complex normally circular-symmetric distributed variables with variances Ny/ T;
and (No/T;)?, i.e. wy ~ CN(0,No/T;) and zx ~ CN(0, N3/T?). The term EX, represents the con-
tribution of the modulating signal in the mixed signal-noise projection AX,, and is defined as follows

k N n 2 1
Eyn= Y. |Su <> S, (6.32)
" n=—N+k Ti Ti

with S, (f) the Fourier transform of signal s,, (). For the first branch , i.e. k = 0, the expression of the
projection is slightly different since it is purely real. It follows from Appendix B that

N
A= H-AY +2,/H-2E) - wy+ 1/4(4N +2) - 2 +2(4N+2)T9, (6.33)
1

where w( and z( are Gaussian distributed with zero-mean and variances Ny / T; and (Np/ Ti)z, e wy ~
N(0,No/T;) and zx ~ N (0, N3 /T?). It is worth noting that subscripts 1 are used in order to denote
the dependence of the possible codewords on the channel. Regarding the channel model introduced
in Eq. (6.31) and (6.33), it should mentioned that the contribution of the square-noise term AL is
efficiently modeled as Gaussian, though it is x? distributed. The degree of freedom of the x? distribution
is large and its variance is small in comparison to the one of the mixed signal-noise term A . For these
reasons, the Gaussian assumption is an accurate approximation which enables to considerably simplify

the detection algorithm. In the following, we define the SNR as ;]{0‘—7% where 02 is the average energy
of sent signals. In other words, the SNR is the ratio of the received signal energy over the noise energy
integrated during a symbol duration. Altogether, the communication channel of vector A, follows a
(K 4 1)-dimensional complex circularly-symmetric Gaussian channel. To illustrate this, Figure 6.8
illustrates the simulated and modeled distributions of received coordinates for different values of k.
One can observe that the approximation of a Gaussian distribution is an efficient modeling close to the
observations.

Detection decision rule: We have previously concluded that the channel may be efficiently modeled
as a multi-dimensional complex Gaussian channel. We are now interested in this paragraph in designing
the detection algorithm related to the proposed received architecture. The demodulation is realized in
the digital domain and relies on the received complex vector A,. It is known [53] that for independent
and equiprobable symbols the ML decision rule is the optimum detection criterion, i.e. minimizing the
Symbol Error Rate (SER). In the present case, the ML decision rule is defined upon the channel likelihood
function and detected symbols 772 are expressed by

1 = arg max p(A|m, H). (6.34)
me[l,M]E
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FIGURE 6.8 — Probability distribution of A

The channel is described as a (K + 1)-dimensional complex Gaussian channel, i.e. A, ~ CN (p, o).
With regard to Eq. (6.31), the channel likelihood function is expressed as

2
p()‘r‘m/H> = 15[(27'[0'13)71 - exp (_M)

k=1 207
ov—1 (A? - .”0)2
X (27t0g) 2 - exp <_%"5 (6.35)

where ||-||, stands for the complex Euclidean distance - for k = 0 the real Euclidean distance is used.
The expression of p and o2 can be directly derived from Eq. (6.31). The ML decision rule can thus be
written as

A7 -

2
pr= argmin 17 —Fom)”

m)|;
+2-Inc?(m). (6.36)
me[1,M]- o5 (m) £

+Incg(m) + Z ’

o ( )
This expression fully describes the detection algorithm required to implement the digital demodulation
related to the proposed receiver. Further, (p, 02) is a sufficient statistic of the joint probability density
function described by the channel likelihood function. Hence its knowledge is essential to implement
the decision rule. Two options are possible to evaluate this sufficient statistic: either it can be easily
estimated with some reference pilots; or it can also be derived from the sent signal using the expres-
sions of AK, and EX, given in Appendix B and the estimation of the channel gain H and noise density Np.

The ML decision rule outlined in Eq. (6.36) describes a comprehensive detection algorithm. Never-
theless, the detection algorithm can be simplified by exploiting the properties of the modulation scheme.
By means of example, let us consider PPM. Then the energy of modulated signals is the same for all
transmitted symbol m. As a result, the 0-th coordinate A, does not convey any information on m and
can be dismissed. In addition, it also results that Vm, EX, = Ef = 0?(m) = ¢2(1). Subsequently, the
ML decision rule simplifies to

i g A H AL
™ = arg min .

(6.37)
me[1L,M]L k=1 2N+1-k

In this case, it is much more intuitive to interpret the detection criterion since it is the minimization of
a weighted Euclidean distance in a K-dimensional complex space, i.e. a Mahalanobis distance. Further-
more, the detection algorithm is implemented as a nearest neighbor search with regard to constellation

C.
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6.2.2 Performance analysis and discussions

It is time to present and analyze the results of numerical simulations regarding the proposed ar-
chitecture. In particular, we focus on designing an original and efficient PPM receiver. Regarding the
RAFAE architecture, we highlight the implementation trade-off between the number of converters K,
their sampling frequency f; and their quantization order Q.

6.2.2.1 PPM for sub-THz communications

Let us first outline the reasons that motivate the use of PPM for sub-THz communications and then
use the proposed architecture to design a parallel receiver. Sub-THz systems are critically impacted by
PN [14]. For this reason, coherent communications are severely degraded and non-coherent schemes
appear to be highly valuable. Furthermore, achieving high-rate communications over wireless links
in the sub-THz spectrum demands a tremendous amount of power[14]. With regard to the wideband
power-limited regime, using an orthogonal modulation is appropriate since it maximizes the spectral
efficiency per unit of energy, i.e. bit/s/Hz/J [23]. Therefore, PPM is a relevant scheme choice for sub-THz
communications. It enables a non-coherent demodulation robust to PN while maximizing the spectral
efficiency per unit of energy. It should also be mentioned that PPM yields low-complexity RF architec-
tures which is consistent with requirements of the envisaged complexity constrained applications. Now
let us illustrate how constraints on the analog-to-digital conversion may be relaxed using the RAFAE
architecture.

6.2.2.2 Numerical simulations:

We present in this paragraph the numerical simulations results regarding the performance of the
proposed architecture. For different system configurations, the BER performance of the proposed re-
ceiver is compared to a conventional receiver architecture, as described in the practical example of
Sec. 6.2.1.1. The simulated BER results have been obtained through Monte-Carlo simulations and are

presented as function of the SNR defined by 1\?0'7/0% where 02 is the average energy of the sent signal —
i.e. the SNR is the ratio of the received signal energy over the noise energy integrated over a symbol
duration. We do not present here simulation results concerning the influence of the modulation order
and the system bandwidth. The influence of these parameters are well-known results and thus are not
detailed. As any orthogonal modulation, the larger the modulation order M the lower the required SNR
to achieve a fixed BER. It is important to mention that using the proposed architecture the sampling
rate reduction is at least 1/ M for a M-PPM in comparison to a conventional receiver. The integra-
tion time T; > T; = MT), which leads to f; = 1/MT), for the proposed PPM receiver, whereas for
a conventional receiver the sampling rate is 1/ Tp. Therefore, with a large modulation order M, the
sampling rate is significantly reduced, yet the demodulation performance is more sensitive to noise and
implementation trade-offs. As for the receiver bandpass filter, using a wider bandwidth B leads to a
greater amount of noise integrated in the projections and hence to some performance deteriorations.

Influence of the number of converters: We study here the influence of the number of parallel
branches K on the communication performance. The degree of parallelization represented by K is
directly mapped to the number of ADCs used by the receiver which is 2K. Figure 6.9a depicts the
simulated BER as function of K for two modulation order M = 2,4. It should be mentioned that the
more converters are used (the larger K), the closer is the performance of the proposed receiver to the
optimal one achieved by the conventional receiver. This property outlines an implementation trade-off
of the RAFAE architecture between the number of converters and the communication performance. In
addition, we highlight that the larger the modulation order M, the larger the performance loss induced
by using fewer converters (a lower K).
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FIGURE 6.9 — BER performance of the proposed PPM receiver

Influence of the sampling rate: In this paragraph, we study the trade-off between the sampling rate
reduction and the communication performance. We consider here a receiver in which several consec-
utive symbols are jointly demodulated, i.e. L > 1. Accordingly, we set the integration time T; = L - T.
In this case, the sampling rate f; is divided by a factor 1/ ML in comparison to a conventional receiver
architecture. We evaluate the impact of increasing the length of the sequence L on communication
performance. Figure 6.9b outlines the simulated BER as function of the SNR for a 2-PPM with different
lengths L and degree of parallelization K. We remark on these results that the lower the sampling rate
(the larger L), the more converters (the larger K) are required to achieved a fixed BER performance. This
may be explained by the fact that when L increases, the number of possible codewords M" increases
as well. Subsequently, the more parallel branches (the more converters) are required to differentiate
the codewords.

Influence of the quantization order: Up to now, we have not considered the impact of quantiza-
tion operated by the ADCs to supply the digital domain. The performance assessment of the detection
algorithm has considered a perfect quantization. With the intention to better characterize the im-
plementation of the the proposed architecture, we now introduced the quantization function in the
ADCs. Further, evaluating its impact on the detection performance is to unveil the trade-off between
the quantization order and the communication performance. Let us express the converters sampling
and quantizing operations as follows. We define the continuous-time signal at the input of the k-th
converter by

t+T;
re(t) = / V(1) - e (1) *du. (6.38)
t
Considering a uniform quantization, the discrete-time outputs of the converters can be expressed by
k re(t-To) 1
At =A- T+§ , TEZ, (6.39)

where A denotes the step size. The quality of the quantization is then defined by the quantization
order Q, a power of two Q = 29, g € IN. The quantization order Q denotes the number of thresholds
implemented in each converter. Put it in a different way, coordinates AX are all quantified on g bits and
the representation space is subdivided into 27 — 1 segments of size A. Figure 6.10 presents the simulated
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FIGURE 6.10 — BER performance of the proposed PPM receiver for different quantization order Q

BER as function of the quantization order Q for different configurations. These results highlight the
fact that the larger the quantization order, the closer the performance to the optimal. Moreover, using
converters with low-quantization order (low Q), the performance loss is larger when the numbers of
codewords to differentiate is great (large M or large L).

6.2.3 Implementation trade-offs

Previously, the numerical simulations and the performance analysis have pointed out three imple-
mentation trade-offs to the design of a PPM receiver with the proposed architecture. These implemen-
tation trades-offs are:

(i) The higher the converter sampling rate, the better the communication performance.
(ii) The larger the number of converters, the better the communication performance.

(iii) The larger the quantization order, the better the communication performance.

Accordingly, if one of the three parameters f;, K, Q is lowered, then it follows that the communica-
tion performance is to be deteriorated. Nonetheless, it is interesting to interpret these trade-offs as an
equilibrium of the system parameters. Figure 6.11 illustrates the equilibrium between the number of
converters K, their sampling rate f; and their quantization order Q. The interpretation may be the
following. If one of the three parameter is lowered, for implementation purposes, then the other pa-
rameters should be increased in order to achieve a fixed BER. For instance, if the converter sampling
rate is reduced to relax the implementation constraints, then it may be possible to increase the number
of converters to still achieve a similar communication performance.

To illustrate these implementation trade-offs and equilibrium, we compare the communication per-
formance of two systems with different constraints. A numerical application regarding an implemen-
tation in the D-band is outlined in Table 6.1. Two system configurations are compared. The first system
has constraints on the number of converters 2K and their quantization order Q. The second system has
constraints on the sampling rate f; and on the quantization order Q. The implementation loss ASNR
is the difference in SNR between the system performance and the optimal receiver to achieve a BER of
107°. It is shown that constraining both the number of converters K and the quantization order Q leads
to minor performance loss, ASNR < 0.25 dB. Nonetheless, constraining the sampling rate f; entails a
larger performance deterioration. Indeed, increasing L and jointly demodulating multiple symbols, in
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FIGURE 6.11 — Illustration of the equilibrium between system parameters

order to reduce the sampling rate, leads to an exponential increase of the number of possible codewords
m. Subsequently, differentiating the numerous different codewords is more sensitive to noise and to
the constraints on quantization and parallelization.

TABLE 6.1 — Example of applications in D-band

Carrier frequency fe 145 GHz
Bandwidth B 2 GHz
Modulation order M 2-PPM
Bit rate 1/T;s 500 Mbit/s
Projection signals freq. fr k - 500 MHz
System configuration System 1 System 2
Constraint n°1 few converters low sampling rate
Constraint n°2 low quantization medium quantization
ADCs sampling rate fs 500 MHz 125 MHz
Number of ADCs 2K 2 8
Quantization order Q 21 23

Implementation loss AN 0.25 dB 2 dB

We conclude this discussion on implementation by presenting the type of converter suited to en-
visaged applications. The targeted high-rate applications, and high sampling frequencies, lead us to
consider the use of Flash converters for the implementation of RAFAE receivers. The flash, also known
as direct-conversion, converters are the best candidate for extremely high sampling frequency with
low quantization order, and therefore, are well suited to the considered applications. In addition, this
kind of converters presents a low-complexity architecture, namely it uses a simple linear voltage ladder.
For this type of ADCs, the power consumption is proportional to the number of thresholds within the
receiver, i.e. 2K - Q. Put differently, the power consumption increases exponentially with the number
of quantization bits and linearly with the number of converters, i.e. 2K - 29. This property yields a key
criterion to determine implementation parameters.
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6.2.4 Conclusion on the proposed receiver RAFAE

To conclude this section, this work presents an efficient analog-oriented receiver, entitled RAFAE,
relaxing implementation constraints for sub-THz applications. The proposed architecture, in contrast
to conventional impulse radio receivers, partitions the signal processing related to the demodulation
between analog and digital domains. The use of a non-coherent detection yields an inherent robust-
ness to phase impairments. In addition, combining an analog projection with a multi-symbol detection
allows lowering the ADC sampling rates. Numerical simulation results show that near-optimal per-
formance can be achieved with largely reduced sampling frequencies. The performance analysis has
highlighted the trade-off between the number of converters, their sampling rate and their quantization
resolution. Altogether, the proposed receiver scheme enables to realize a joint optimization of system
performance and architecture complexity. We have proposed the RAFAE architecture with the inten-
tion to lower the sampling frequency of ADCs given a fixed bandwidth and symbol rate. Equivalently,
the RAFAE scheme can also be used to aggregate wider bandwidths with a given converter technology,
and hence increase the possible data rate.

Our findings contribute to the design of high-rate impulse radio in sub-THz bands. We propose
a low-complexity receiver that is relevant to multiple envisaged applications such as device-to-device
communications, or enhanced hot-spot. Some of the potential perspectives to this work are the fol-
lowing. It is interesting to consider and study different basis for projection, e.g. the Walsh-Hadamard
basis, wavelet decomposition, etc. In addition, the proposed framework can be used to realize the de-
modulation of other pulse-based modulation schemes such as a Pulse-Amplitude Modulation (PAM)
which could increase the spectral efficiency. Finally, it is also meaningful to investigate the integra-
tion of channel-coding scheme, known to improve significantly system performance. In particular, the
design of a probabilistic demapper in order to implement soft-channel decoding should be addressed.
Furthermore, the proposed architecture can be combined with channel bonding similarly to [83]. In
this case, the transceiver aggregates several sub-bands with multiple RF chains which could increase
the communication throughput and allows to benefit from the large spectrum available in the sub-THz

bands.

6.3 Synthesis and Discussions

Conclusion: To the implement high-rate and low-complexity transceivers in sub-THz bands, existing
solutions use impulse radio combined with channel-bonding. For example, readers may refer to the
specifications of the IEEE 802.15.3d group. Channel-bonding is commonly used to alleviate constraints
on converters when aggregating large frequency bands. In this chapter, we have investigated the par-
allelization of envelope detection receivers. In doing so, we have intended to provide alternatives or
complementary solutions to channel-bonding. Our objective has been to relax constraints on convert-
ers. In the first half of this chapter, we have introduced Hilbert spaces to represent non-negative signals.
The proposed framework provides valuable analytical tools to design multiplexing schemes adapted to
non-coherent sub-THz systems. In the second half, we have proposed an efficient analog-oriented re-
ceiver, entitled RAFAE. The purpose of proposed receiver is to relax implementation constraints on
ADC for high-rate impulse radio in sub-THz bands. The main advantages of the RAFAE scheme are its
PN robustness and its demodulation using low converter sampling rates. The material of this chapter
has been partly published in two conference papers [37], [38]; and two patents [39] [40].

Perspectives: Regarding non-coherent multiplexing schemes, the proposed framework could be fur-
ther characterized by the comparison of different potential maps and orthogonal sequences. Further-
more, the use of non-surjective map has led to promising results for non-coherent multiplexing [98]. Re-
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garding the RAFAE scheme, it is worth investigating the use of other pulse-based modulation schemes
such as Pulse-Width Modulation (PWM) or PAM. We also find relevant to mention one of our on-going
studies. We are currently investigating the design of an OOK receiver using the RAFAE architecture
with a Walsh-Hadamard projection basis. In addition, efficient hardware implementations of analog
signal projection have been designed for compressed sensing applications and could be used within the
proposed receiver, e.g. projection on the Walsh-Hadamard basis, or wavelet decomposition, see [99]
and references therein. In this chapter, our goal has been to relax converters constraints by lowering
sampling rates. However, this goal can also be achieved by using fast converters with low quantiza-
tion order. By means of example, the design of transmission schemes based on 1-bit converters is an
ongoing research topic that is highly relevant to future sub-THz communication systems.

Applications and limitations: We have by our research aimed to contribute to the development of
low-complexity physical layers for sub-TeraHertz communication systems. Contemplated applications
in sub-THz bands requiring low-complexity physical layers include device-to-device communications
and enhanced hot-spot. Our findings can be used as intended to reduce the sampling rates of convert-
ers for a given throughput. Equivalently, they can be used to increase the aggregated bandwidth for
a given converter technologies. We have proposed valuable solutions for envisaged sub-THz applica-
tions and in particular device-to-device communications and the enhanced hot-spot scenario. However,
our results are relevant to every applications involving high-rate communication systems based on en-
velope modulation and detection. By means of illustration, we can mention VLC, or optical systems.
Several aspects of our work limits the scope of these contributions. First, it should be remarked that
envelope detectors may present non-ideal square-law response. Such impairment can result in per-
formance degradations and require supplementary modeling. Second, Inter-Symbol Interference (ISI)
has not been considered in this work. With regard to the studied architectures, ISI can be caused by
a band-limited channel, or additional nonlinearities. To prevent ISI, it may be necessary to introduce
some guard time between symbols leading to a spectral efficiency loss.

First-authored contributions

[39] S. Bicais, J.-B. Doré, and B. Miscopein, “Coherent Quadratic Receiver with Low Intermediate
Frequency, Patent, Jan. 2020

[40] S. Bicais and Doré, “Analog and Parallel Receiver Architecture for the Demodulation of Large-
Bandwidth Signals,” Patent, Mar. 2020

[37] S. Bicais and ]. Doré, “An Algebraic Framework for Digital Envelope Modulation,” in 2019 27th
European Signal Processing Conference (EUSIPCO), 2019, pp. 1-5

[38] S. Bicais and J.-B. Doré, “Espaces de Hilbert pour les Modulations Numériques d’Enveloppe,”
in XXVIIéme Colloque francophone de traitement du signal et des images-GRETSI 2019, Lille, France, Aug.
2019

6.4 Dedicated Architectures: Retrospective and Opening

The previous part has presented incremental research works optimizing a mature technology to
the constraints of the sub-THz spectrum in order to realize spectral-efficient communications. Ongoing
standardizations and main research projects also propose contributions in this direction. Conversely,
we have in this part investigated the design of low-complexity physical layers readily implementable
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in sub-THz frequencies. We have claimed that one of the stepping-stones on the path toward cost-
efficient implementations is the use of envelope detectors for their simple hardware implementation
and robustness against phase impairments. We have hence studied the design of dedicated communi-
cation systems using non-coherent and high-rate architectures.

Transceivers using envelope modulation schemes have limited spectral efficiency, especially if the
Peak-to-Average Power Ratio (PAPR) is constrained at the transmitter. Subsequently, to achieve high-
rate communications with non-coherent transceivers, we have investigated two potential solutions:

i) using extremely large bandwidths. In this case, the analog-to-digital conversion is highly con-
strained. State-of-the-art approaches consider the use of sub-band channelization (channel-bonding)
based on filter banks to relax constraints on converters, see for instance the specifications of the IEEE
802.15.3d interest group. In Chapter 6, our objective has been to alleviate the constraints on the analog-
to-digital conversion. And to do so, we have studied the design of analog signal processing techniques
such as projecting the received signal in the analog domain. Subsequently, we have proposed an effi-
cient analog-oriented receiver, entitled RAFAE, relaxing implementation constraints on ADC for high-
rate impulse radio in sub-THz bands;

ii) spatial multiplexing. The correlation between LoS propagation channels in sub-THz bands can
limit the spatial multiplexing gains. In Chapter 5, our results have demonstrated that spatial multiplex-
ing can be implemented in sub-THz bands with low-complexity and low-power architectures using
MIMO systems and energy detection receivers. It has been shown that low-error rate communications
can be achieved using the proposed detection algorithms even in the presence of strong spatial corre-
lation between channels.

Conversely to the previous part, the contributions of Chapter 5 and 6 are not directly related to
some existing solutions or to state-of-the-art techniques. These contributions propose novel and origi-
nal communication systems, inspired from less common transceiver architectures, originally designed
for different applications in the sub-6 GHz spectrum [82] [25]. Altogether, the findings of Part III offer
valuable solutions to implement low-complexity physical layers for high-rate sub-THz communica-
tions, a still wide open research topic. And regarding this area of research, few promising solutions
are currently under investigation. In particular, we would like to mention the work in [100]. The latter
work uses spatial multiplexing to implement index modulation and provide low-power high-rate wire-
less links. Such investigations should be continued towards the development of low-power transceivers
for sub-THz frequencies, which remains an uncommon research topic relevant to envisaged device-to-
device communications. Eventually, the following remark should be pointed out. While the previous
part has investigated a conventional approach on the design of RF communication systems, this part
has developed a considerably different perspective closer to the development of optical systems [101].
We have studied transceivers using envelope modulation at the transmitter and envelope detection at
the receiver. Within this framework, we have highlighted that multiple design problematics are shared
with the development of optical communication systems. By means of example, we could mention
the mitigation of nonlinear interference between channels, the design of non-coherent multiplexing
schemes, or the use of frequency-flat channels with large bandwidth.

It is now time to take a step back and draw some concluding words on the presented contributions,
and more generally, on those of this Ph.D. The next chapter summarizes the preceding ones and ends by
sketching some open questions. Our main contributions are to be recalled and our findings discussed
in a wider context. In a sense, the following chapter proposes to look back on our research and ahead
on its future.
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Chapter 7

Conclusion and Perspectives

UTURE wireless networks are contemplated to provide higher communication data rates for more
F users in more places. To achieve this objective, the use of wide frequency bands is considered as
a foremost solution. Still, the usual frequency bands in the sub-6 GHz spectrum are extremely limited
and expensive. To aggregate larger bandwidths, the fifth-generation of mobile networks has already
planned to operate in millimeter-wave (mm-Wave) bands. In this search for frequency resources, the
sub-THz spectrum, from 90 to 300 GHz, offers large available bands. The sub-THz spectrum hence
represents a valuable opportunity to deploy high data rate wireless services. Thanks to the evolution
of semi-conductor technologies, it is now possible to envisage Radio-Frequency (RF) communications
in the sub-THz spectrum. It is expected that wireless communications in the large sub-THz bands will
play an important role in Beyond-5G networks. Still, conventional transmission techniques cannot be
straightforwardly used since they do not consider the specific features of communications in sub-THz
frequencies. The use of a new spectrum entails different technological constraints and challenges in-
cluding: the strong phase impairments issued by high-frequency oscillators; the high sampling rates
required by the analog-to-digital conversion; the difficult propagation conditions; and the challenging
design of high-gain antennas. To achieve high-rate communications in sub-THz bands, additional re-
search is required to design efficient physical layer algorithms. It has been highlighted that two distinct
design paradigms arise for the physical layer of sub-THz systems: spectral-efficient vs. low-complexity.
Current research projects mainly focus on spectral-efficient systems combining coherent transceivers
with channel-bonding. In this case, the main objective is to realize a large communication throughput
without strong constraints on the transceiver complexity or power consumption. One of the envisaged
applications for spectral-efficient systems in sub-THz bands is high-capacity backhauling. Nevertheless,
the development of cost-efficient communication systems, with energy or complexity constraints, in
sub-THz frequencies is also investigated. Accordingly, the use of spatial multiplexing or impulse radio
transceivers is considered to implement high-rate communications with limited transceiver complexity.
Contemplated applications for low-complexity systems using sub-THz frequencies include device-to-
device communications, and enhanced hot-spots.

7.1 Summary of Thesis Research

The research conducted in this thesis was oriented towards the development of efficient physical
layers for future sub-THz communication systems. We have intended to answer the following research
question: How can transceiver architectures and algorithms be designed to cope with the specific con-
straints of sub-THz communications? Our approach has consisted in designing jointly the analog and
digital domains. In other words, we have investigated joint optimizations of the RF architecture and
the digital signal processing. Our results have shown that using transmission techniques specifically
designed for sub-THz frequencies allows both increasing the communication throughput and relaxing
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the constraints on the RF components. In particular, we have proposed in Part II signal processing
optimizations for coherent transceivers targeting a spectral-efficient physical layer. We have also de-
signed in Part Il dedicated communication systems using non-coherent and high-rate architectures to
implement low-complexity physical layers in sub-THz frequencies. It should be mentioned that the
development of sub-THz systems lies in the gap between RF and optical communication systems, and
somehow narrows this gap. We have notably observed in Parts II and III that sub-THz systems share
some design problematics with both RF and optical systems. To conclude this manuscript, we summa-
rize our main contributions from theoretical tools to algorithm design and architecture proposals:

m Phase noise modeling for large bandwidth transceivers: We have addressed in Chapter 3 the
problem of Phase Noise (PN) modeling for sub-THz communications. State-of-the-art works on sys-
tem performance analysis consider correlated PN models for their accurate description [47]. Con-
versely, research activities on communication schemes optimization use rather uncorrelated PN mod-
els for their mathematical convenience [54]. We have compared through a statistical analysis two PN
models: one correlated, accurate but complex, and another uncorrelated, analytically simpler. Our
objective has been to select the most efficient PN model given the system parameters. Numerical
simulations have been performed considering realistic PN corresponding to a state-of-the-art 200
GHz oscillator. First, the accuracy of the uncorrelated Gaussian PN model has been assessed with a
Pearson’s X% goodness of fit test. We have demonstrated that the uncorrelated Gaussian PN model is
accurate when the oscillator corner frequency remains small compared to the system bandwidth. We
have next derived the closed-form expression of the likelihood-ratio of the two models. Thereupon,
we have proposed an analytical condition to determine whether the correlated or the uncorrelated
model should be selected given the system parameters and the spectral characterization of the oscil-
lator. Overall, our results have shown that an uncorrelated Gaussian process is an appropriate PN
model for sub-THz communication systems, and more generally for large-bandwidth systems. In ad-
dition, they provide theoretical support to several research studies using uncorrelated PN models to
optimize transmission techniques for PN channels. The presented analysis can be used for PN mod-
eling but also for the specification of communication systems. The proposed analytical condition is
useful to specify the required oscillator features, or the length of the frame structure to ensure that
the correlated PN remains negligible.

m Optimization of transmission schemes for strong phase noise channels: The strong phase im-
pairments of high-frequency oscillators is one of the limiting factor for sub-THz systems. In Part II,
we have presented a comprehensive optimization of the communication schemes for strong PN chan-
nels. Namely, phase impairments limit the achievable information rate. We have investigated the
design of multiple communication schemes including the modulation, the demodulation and the
link adaptation strategy. Many works of the literature on communication design for PN channels
are either based on i) complex numerical optimizations; or on ii) semi-analytical approaches - op-
timizing a reduced set of parameters. These approaches lead to complex practical implementations.
In contrast, we have focused on the trade-off between enhanced system performance and simple
practical implementation. Besides, our research is supported by an original theoretical framework,
based on the signal decomposition in the amplitude-phase domain. This framework provides the
analytical tools to design PN robust communications. It has been demonstrated that the Gaussian
Phase Noise (GPN) channel represented in the amplitude-phase domain demonstrates similar prop-
erties to the ones of the complex AWGN channel in the In-phase/Quadrature (I/Q) plane. First, we
have designed an optimized demodulation scheme for PN channels, the polar metric detector. We
have presented both the decision rule for symbol detection and the probabilistic demapper for soft-
decision channel decoding. Our results have shown that significant performance gains are achieved
for coded and uncoded systems by using the polar metric in comparison to standard detectors. And
in contrast to state-of-the-art detectors, the proposed demodulation presents a lower complexity of
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implementation. Second, we have proposed the Polar-QAM, a PN robust modulation scheme with
a simple practical implementation. It has been highlighted that lattices in the amplitude-phase do-
main can be used to define structured constellations with enhanced performance on PN channels.
Moreover, structured constellations, in contrast to numerically optimized ones, achieve near-optimal
performance with significant complexity reductions of the transceiver. Our propositions have been
compared to conventional and state-of-the-art techniques on key performance indicators. In par-
ticular, we have assessed the performance of the proposed modulation and demodulation schemes
using deterministic ray-tracing in a sub-THz backhaul scenario. It has been observed that the com-
munication throughput when using conventional transmission techniques is severely limited by PN.
Conversely, our results have shown that using optimized transmission algorithms enables to achieve
spectral-efficient communications even in the presence of strong PN.

m Design and performance analysis of MIMO systems using energy detectors: State-of-the-
art sub-THz communication systems mainly use coherent transceivers with high order modulation
schemes and high-quality RF components to realize high-rate communications [19]. In contrast, we
have investigated in Chapter 5 the use of non-coherent spatial multiplexing in sub-THz frequencies.
Our objective has been to achieve high-rate communications with low-complexity transceivers. To
be specific, we have studied the design of Multiple-Input Multiple-Output (MIMO) systems using
energy detectors for applications in sub-THz bands. The implementation of non-coherent spatial
multiplexing in sub-THz frequencies is challenging due to the strong and nonlinear interference
between the correlated Line-of-Sight (LoS) channels. Conventional detection techniques cannot be
used for the studied nonlinear MIMO channel. Hence we have proposed two original detection algo-
rithms: an analytical detector derived from the Maximum Likelihood (ML) criterion with a Gaussian
approximation; and another detector using neural networks for binary classification. Numerical sim-
ulations have been performed to assess the communication performance considering a wireless link
in D-band at 145 GHz. Our results have shown that spatial multiplexing with non-coherent sub-
THz transceivers can be realized on strongly correlated LoS channels using the proposed detection
schemes. In addition, we have considered the integration of a channel coding scheme which pro-
vides valuable performance gains in terms of achievable data rate. In summary, the communication
throughput of non-coherent sub-THz transceivers can be efficiently increased using MIMO systems
and energy detection receivers with low-complexity and low-power RF architectures.

m A novel receiver for high-rate impulse radio with reduced sampling rate: To implement high-
rate and low-complexity transceivers in sub-THz bands, existing solutions use impulse radio com-
bined with channel-bonding (see the specifications of the IEEE 802.15.3d group). Channel-bonding is
commonly used to alleviate the strong constraints on converters when aggregating large frequency
bands [19]. In Chapter 6, our objective has been to design complementary solutions to channel-
bonding in order to relax constraints on converters. In particular, we have proposed an efficient
analog-oriented receiver for high-rate impulse radio in sub-THz bands, named RAFAE. The acronym
RAFAE stands for Receiver based on the Analog Fourier Analysis of the Envelope. In contrast to
conventional impulse radio receivers, the RAFAFE architecture partitions the signal processing re-
lated to the demodulation between analog and digital domains. The proposed receiver is based on
a non-coherent detection, which provides robustness to phase impairments. In addition, the RAFAE
scheme combines an analog projection with a multi-symbol detection which allows lowering the
Analog-to-Digital Converters (ADC) sampling rates. The performance analysis has been carried out
through numerical simulations considering the demodulation of Pulse-Position Modulation (PPM).
The simulation results have shown that near-optimal performance can be achieved with largely re-
duced sampling frequencies. In particular, an implementation trade-off has been highlighted between
the number of converters, their sampling rate and their quantization resolution. Altogether, the pro-
posed receiver scheme enables to realize a joint optimization of system performance and architecture
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complexity. The main advantages of the RAFAE scheme are its PN robustness and its demodulation
using converters with low sampling rate. We have proposed the RAFAE scheme with the intention
to lower the sampling frequency of ADCs given fixed symbol rate and bandwidth. Equivalently, the
RAFAE architecture can also be used to aggregate wider bandwidths with a given converter technol-
ogy, and hence increase the possible data rate.

7.2 Applications of Thesis Findings

In this section, we present some of the potential applications of our findings. In doing so, we aim
to clarify the scope of our research and thereby highlight its value. The large bands available in the
sub-THz spectrum provide the necessary frequency resources to deploy high data rate communications.
Wireless communication systems using sub-THz bands are hence contemplated to meet the require-
ments of future wireless networks. In this paragraph, we briefly review how our research contributes to
the development of efficient physical layers for sub-THz systems. It should also be mentioned that our
contributions are expressly relevant with regard to the extreme densification of access points envisaged
in the future.

m Spectral-efficient sub-THz physical layers: To avoid any bottleneck in the backhaul, high-speed
wireless links are considered in future wireless networks as a complement to optical fiber. One of the
envisaged applications for sub-THz communication systems is high-capacity backhauling. For this
application, the unique objective is to maximize the spectral efficiency, with no strong constraints
on the transceiver complexity or power consumption. Our research, particularly in Part II, has been
conducted in the light of this scenario. Our findings and analyses contribute to the development of
spectral-efficient physical layers for sub-THz communications. We have notably focused on allevi-
ating the impact of strong PN on coherent transceivers, one of the main limiting factors for sub-THz
systems. We have proposed optimized transmission schemes for PN channels that enable to double
the information rate in comparison to conventional techniques. Thereby, we have provided valuable
solutions to increase the communication throughput of future sub-THz communication systems.

m Low-complexity sub-THz physical layers: Sub-THz communication systems are also contem-
plated to deploy short-range and high-rate wireless links. We can mention as examples applications
in device-to-device communications or enhanced hot-spots. These use cases involve embedded ter-
minals and hence constraints in terms of transceiver complexity. In this case, the main objective
is to achieve high-rate communications with limited transceiver complexity. Our findings, specif-
ically those of Part III, describe efficient transmission techniques for low-complexity physical lay-
ers targeting high-rate communications in sub-THz frequencies. In particular, we have considered
non-coherent receivers for their simple implementation in sub-THz frequencies and robustness to
phase impairments. Two challenges related to high-rate and non-coherent transceivers have been
addressed: increasing the communication throughput with spatial multiplexing; and relaxing the
constraints on analog-to-digital conversion. In brief, we have proposed dedicated architectures to
achieve high-rate communications in sub-THz bands with limited transceiver complexity.

m Other applications: As mentioned multiple times, some design problematics of sub-THz systems
are shared with other communication systems. For this reason, our research could demonstrate
applications beyond sub-THz communications. We now outline a few applications in which our
contributions could be used. Contributions of Part II are relevant to any PN limited communication
system, e.g. mm-Wave communications, optical systems or satellite communications. The findings
of Chapter 5, the proposed detectors and performance analyses, could be useful to any case of non-
coherent spatial multiplexing. For instance, non-coherent spatial multiplexing using Visible Light
Communications (VLC) is envisaged to deploy low-complexity and high-rate wireless links in smart
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offices. Furthermore, the communication throughput in wideband systems can be limited by the cur-
rent converter technology. Accordingly, the proposed transceiver architectures outlined in Chapter 6
are particularly relevant to any application involving high-rate communication systems based on en-
velope modulation and detection, e.g. optical systems.

7.3 Discussions

It should be reminded that the presented findings are subject to some limitations. These limitations
are discussed in details at the end of each chapter. In this section, we briefly summarize the main lim-
itations. They can be categorized in two groups: simplistic system modeling and ideal assumptions.
First, let us discuss the limitations induced by the considered simplistic system model. The impact of
phase noise has been described with a discrete-time symbol model, an efficient yet simplistic model.
We have also considered a single-dominant path channel model, neglecting other paths with weak en-
ergy contributions and the potential resulting minor interference. The power-amplifier nonlinearities
and other RF impairments, e.g. I/Q imbalance, quantization, can affect the system performance which
could be assessed in further studies. Second, to simplify our developments, some ideal assumptions
have been considered. We have assumed perfect channel knowledge and perfect channel compen-
sation, still some performance deteriorations can be expected in practical systems with implemented
estimation schemes. In addition to that, high Signal-to-Noise Ratio (SNR) and strong PN conditions
have been considered to ease analytical derivations. Implications of the related approximation errors
have been characterized and lead either to none or to minor performance losses at low SNR and low PN.

In this work, we have studied non-Gaussian channels. In particular, we have focused on the GPN
channel and on non-coherent channels for single- and multiple-antenna systems. With regard to these
channels, our work certainly lacks the introduction and examination of theoretical bounds on achiev-
able information rates. It is not necessary to recall the great value of theoretical bounds providing pre-
cious tools for channel characterizations and specifications of future systems. Regarding the considered
channels, some information theory studies exist. For phase noise channels, we refer interested readers
to [64] and [65], for single-antenna and non-coherent systems to [64], and for multiple-antenna and
non-coherent systems to [81]. The analysis of these theoretical bounds could significantly contribute
to the research on sub-THz communication systems. Nevertheless, to provide accurate and reliable re-
sults, it requires a rigorous approach with extensive well-reasoned developments and hence significant
time to be devoted. The analysis of theoretical bounds has not been an objective of this thesis work
since our focus has been set on system optimizations for sub-THz communications.

The future of sub-THz communication systems is strongly related to the level of maturity of wireless
technologies, from the RF components to the signal processing and the resource management. Proposed
architectures dedicated to sub-THz applications, such as non-coherent MIMO systems or the RAFAE ar-
chitecture, still require significant development before practical products can be deployed. Conversely,
coherent transceivers with optimized transmission techniques rely on mature wireless concept and
know-how. For these reasons, we are to expect in the short-term that the forthcoming communication
systems in sub-THz frequencies will be based on coherent I/Q transceivers, e.g. [19]. Nevertheless, in
the long-term, the development of dedicated wireless systems is to be envisaged and could provide
valuable performance gains on specific sub-THz applications.

Last, we discuss the on-going standardization of sub-THz wireless systems. Despite the challenges

highlighted in this manuscript, the IEEE 802.15.3d interest group has proposed a simplistic wireless
technology, This technology is not fully optimized for envisaged applications and is based on conser-
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vative assumptions, still technological choices are pertinent. We currently witness a trend to apply
well-known communication techniques to new problematics. In the context of mm-Wave communica-
tions, numerous efforts are deployed to use an Orthogonal Frequency Division Multiplexing (OFDM)
structure for the waveform. Then, the waveform parameters are adapted to fulfill the specific require-
ments of mm-Wave: inter-carrier-spacing, precoding for Peak-to-Average Power Ratio (PAPR) or for
phase noise robustness, etc. see for instance [21]. Overall, two approaches can be discerned: start from
a clean-sheet and design dedicated systems; or optimize settings of OFDM-based solutions. Eventually,
it is worth pointing out that interoperability, intellectual property and commercial issues do have an
influence on the selection of wireless technologies for future sub-THz communications.

7.4 Perspectives

Immediate perspectives

We first outline a few potential perspectives that are directly related to our contributions. Further
research should be conducted in order to get closer to practical implementation. Such research topics
may sometimes be perceived as less valuable since they represent incremental rather than original
approaches. Nevertheless, addressing these topics is essential for practical implementations of future
communication systems.

m Channel estimation and synchronization algorithms: We have often assumed in our work per-
fect channel knowledge or synchronized receivers. These assumptions are mathematically conve-
nient, still efficient algorithms remain to be designed. This topic is of important practical interest and
should be investigated. Though basic estimation and synchronization schemes are straightforward
to design, we highlight the large room for improvement. By means of example, the synchroniza-
tion between the transmitter and the receiver in the presence of strong PN is challenging. Time
and frequency synchronization errors need to be compensated in order to limit the resulting perfor-
mance degradation. Similarly, efficient channel estimation schemes need to be designed. Either in
the presence of PN or with non-coherent receivers, estimates of the propagation channel gain and
phase shift are required to implement the demodulation algorithms. In particular, we highlight that
a channel estimation scheme for MIMO systems with energy detection receivers should be a prime
investigation, see Chapter 5.

m Experimental validations: We have dedicated a significant part of our research to the design of
communications algorithms and transceiver architectures. Developing proof of concepts and demon-
strators would enable to test the proposed solutions and confront them to practical issues. By means
of example, it could show the impact or not of other RF impairments such as power-amplifier non-
linearities, or I/Q imbalance. Experimental validation is one of the most relevant next steps for the
development of future sub-THz communication systems. Fortunately, several research projects are
envisaged on this topic such that experimental validations should be conducted in the near future.
Still, it should be mentioned that developing demonstrators in sub-THz frequencies represents im-
portant costs and hence requires large investments.

® Joint coding and modulation design: It has been noticed in Chapters 4 and 5 that joint coding and
modulation design could be beneficial. In Chapter 4, considering the Polar-QAM, we have remarked
that information bits sent on the amplitude and on the phase of symbols experience different levels
of protection. In Chapter 5, studying non-coherent spatial multiplexing, we have observed that the
protection of information bits depends on the transmit and receive antennas. Subsequently, tech-
niques similar to multi-level coding can be implemented to achieve additional performance gains. In
our research, we have been dealing with non-Gaussian channels. Though channel decoders do not
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require any assumption on the channel, the construction of coding schemes commonly consider a
Gaussian channel. For instance, the construction of Low-Density Parity Check (LDPC) or polar codes
through density evolution usually assumes a Gaussian channel. In addition to the optimization of
the probabilistic demapper as in Chapters 3 and 5, it could be interesting to construct channel coding
schemes dedicated to the studied non-Gaussian channels.

Novel perspectives

Let us now present some alternative research topics. Conversely to the previous paragraph, the fol-
lowing research directions are not oriented towards practical implementation. Rather, the perspectives
outlined below present some new research subjects that could be relevant to future sub-THz commu-
nication systems.

m Polar transceiver RF architectures: In Part II, we have shown that efficient signal processing
techniques for PN channels rely on polar coordinates. Conversely to I/Q transceivers, transmitting
real and imaginary parts of symbols, polar transceivers communicate the amplitude and phase of
signals as independent streams. For these reasons, it is interesting to envisage the use of a polar
RF transceiver architecture, combining a polar transmitter [77] and a polar receiver [78]. Future
research on sub-THz communications could evaluate polar transceiver architectures. It requires first
to investigate again the system modeling, and next to address the design of communication schemes
and carry out performance analyses.

m One-bit communication systems: One of the main objective for future wireless networks is to
achieve larger communication throughput. With regard to this objective, we have remarked through-
out this manuscript that the analog-to-digital conversion at the receiver can be a limiting factor
in state-of-the-art sub-THz communication systems. High-speed converters with high-resolution
(e.g. 8-12 bits) have significant cost and also present large power consumption. Therefore, they are
not suited to envisaged sub-THz applications with embedded receivers — enhanced hot-spot, device-
to-device communications. It follows that transceivers using low-resolution ADC are relevant can-
didates for sub-THz communications. In particular, one-bit converters have valuable characteris-
tics in terms of cost and power efficiency. For these reasons, it is worth investigating the use of
one-bit quantization systems for sub-THz communications. Regarding one-bit communication sys-
tems, there already exists some literature, see [102] [103]. Capitalizing on the existing literature,
transceiver design and performance analysis in the context of sub-THz frequencies remain to be
addressed.

m Beamforming and beam alignment in the presence phase impairments: To cope with the
severe propagation losses, sub-THz systems have to use high-gain antennas. Strong requirements
on antenna directivity and beam alignment directly follow. In addition to the development of antenna
technology, achieving these requirements on beamforming and beam alignment is a current research
problematic. Sub-THz and mm-Wave communication systems share these problematics which are
directly related to the use of higher carrier frequencies. Moreover, the strong phase impairments
make difficult the use of conventional beamforming techniques, e.g. digital beamforming. The design
of adapted beamforming and beam-alignment techniques could be highly valuable for future sub-
THz systems. It is also worth investigating joint communication and beam-alignment strategies for
user-tracking in sub-THz frequencies.
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Appendix A

Distribution of Received Symbols
over the Non-Linear MIMO Channel

E derive in this appendix the probability distribution of received symbols for MIMO systems
with energy detection receivers. This appendix complements the system model described in
Chapter 5. Let us first recall the following result from Chapter 5. The received symbols are expressed

by

Ny N;

Z Z e nSn[T) - B mSm [T) cOS(@rn — Piom)

n=1m=

TT5+Ts
+2/T Wy o (t thnsn cos (@xn + ¢(t)) dt
Tls

TTs+Ts
w2 7 gl zhknsn sin (@i, + ¢ (1)) dt
Tls
TTs+Ts 5 5
+/T Wi (1)” + wys(t)"dt. (A1)
Tls

where wy . (f) and wy ¢(f) are band-limited continuous Gaussian process with spectral density Ny /2.
The energy of received signals is denoted as follows

Nt N:
Z Z hy, nsn hk mSm [T] Cos(q)k,n - (Pk,m)- (A2)

n=1m=

This appendix intends to evaluate the distributions of the three integrals in Eq. (A.1). In Chapter 5,
these integrals are modeled in Eq. (5.8), the studied nonlinear MIMO channel, by the terms wy[7] and
zx| ] defined by

TTs+Ts

2Ei[t] - wi[T] =2 . Wi () Sk c(t) + wi s (1) S s(t)dt,
TTs:!‘Ts
Zk[T] = /T wk,c(t)z + wk,s(t>2dt. (A.3)
Tls

It should be mentioned that in Eq. (5.8) wi[T] and zi[T] respectively denote the mixed signal-noise
contribution and the squared noise contribution in the channel.

116



APPENDIX A. DISTRIBUTION OF RECEIVED SYMBOLS OVER THE NON-LINEAR MIMO CHANNEL

Let us now proceed to the analytical developments and derive the distributions of received symbols
in Eq. (A.1). We use the following notations

Skc thnsn cos ( (/’kn+¢< ))

Sks Z hk nsﬂ Sln (Pkn + (P( )) (A4)

Under a strong oscillator phase noise assumption, we obtain

TTs+Ts TTs+Ts
/ Sic(t)?dt = / Sie(t)?dt = E"Z[T] (A.5)

T, T

The strong oscillator phase noise assumption corresponds to fTs cos (p(t))*dt = L 4+ 0(1). This
assumption is verified for a fast varying phase noise (strong phase impairments). Nevertheless, if not
the case, nothing but the variance of the mixed signal-noise term wy [ 7] is different, which has no further
impact on the design of the detection algorithm. For this reason, this assumption results in no loss of
generality. Signals Sy o(t), Sgs(t), Wk (t) and wy5(t) are real band-limited and finite energy signals.
With an observation of duration T; and a bandwidth B, these signals lie in a signal space of dimension
2M = |2BTs] + 1, see [104]. The latter property is also referred to as the dimensionality theorem [1].
Hence these signals can be decomposed onto an orthonormal basis 9 = {¢; }1<;<oum as follows

Skc Zskc 1,[’1 Sks Zsks le

Wi (t) = Zw;(,c -i(t), wis(t) = Zw;(,s “i(t). (A.6)
i=1 i=1

This decomposition enables us to derive the probability distribution of received symbols. It is easily
shown that the scalar coefficients of the decomposition verify

B B -
= =

2M
Bt ] =[5 k] = 42 .

i=1 i=1

where E[-] is the expectation operator. Coefficients w!. . and wi . are thus zero-mean Gaussian variables
with variance 07 /2. Let us recall that 02, = NoB/2M. By definition of basis 1, [} ;(£)i;(t)dt = ;.
We are now in a position to express the distributions of the integrals in Eq. (A.1). First, for the mixed
signal-noise contribution, the decomposition of the signals on basis 1) leads us to

TTs+Ts 2M 2M j TTs+Ts
L weOskenar =13 wlesl, [ wuar

Ts i= 1]
o E 2
- Zw;c,cs;(,c ~N <01 kZ[T] 0;) . (A.8)
i=1
Using similar derivations to evaluate [ wys(t)Sks(t)dt, we obtain
TTS+TS E T
L 08000 + 0.0t ~ A (0,257 02) (A9
Tls
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Second, for the squared noise contribution, we can express the integral as follows

T+ T, , MM T,
/ Wi (H)*dt = ZZwk,cwk,c/ Wi(t)y;(t)dt
TTS 1:1]:1 TTS
2M R
=) (wp.)* ~ 710 “Xam- (A.10)
i=1

With an identical reasoning on fT Wy ¢ (t)%dt, it finally appears that

AT 2 2 0% 2
/T Wy (t)" 4 wy s () dt ~ > Xim (A.11)
Tls

In summary, the received symbols can be expressed by

re[t] = Ex[t] + \/2Ek[t] - wi[t] + z¢[7], (A.12)

where wy[t] ~ N(0,02) and z;[1] ~ % Xau-
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Appendix B

Channel Model for the RAFAE Architecture

His appendix comes in complement to Chapter 6. Namely, it provides detailed derivations of the
channel model when considering transceivers using the proposed RAFAE architecture. The acronyme
RAFAE stands for Receiver based on the Analog Fourier Analysis of the Envelope. In this appendix,
we derive the closed-form expression and probability distributions of received symbols. Expressing
the distribution of received symbols is a necessary step to design the detection algorithm. We remind
readers that the received observation on branch k is given by

A =H-AY +2VH - A5, + AR (B.1)

where H is the propagation gain. The projection A¥, represents the projection of the transmitted symbol
m on branch k. In addition, the noise components AX, and AK, , respectively denote the mixed signal-
noise contribution and the squared noise contribution of the channel. These three projections are
defined by

T;

A’;n:/o X (£)? - e (t)*dt, (B.2)
T;

Moo = [ xn(Blt) -ect) dt, (83)
T;

Ak~ /0 w(£)? - e (1) dt. (B.4)

The rest of the appendix is organized as follows. We derive the expressions of first A¥,, then A and
finally AX_ . The appendix is concluded by the expression of the channel model.

Expression of the squared signal projection A%,: We represent signals x,,(t) and s, (t) using finite
Fourier series to derive AX,. With a Fourier series decomposition, the projection of these signals onto a
particular frequency is straightforward to evaluate. As shown by the work of Gabor in [105], any band-
limited signal of finite duration can be represented by a finite superposition of elementary functions.
Let s(t) be a complex finite-energy signal with bandwidth B and T; be the duration of observation. We
consider in this appendix complex signals — conversely to Appendix A — with regard to the projection
on the in-phase and quadrature components. It follows from [104] and the dimensionality theorem
[1] that the signal s(t) can be represented exactly by a Fourier series of 2N = 2| BT;| + 1 complex
terms, We refer to 2N as the time-bandwidth concentration and write the Fourier orthonormal basis
e= {en(t) = exp (]'27'(%1‘) ,n€[-N,N],t e (0, Ti)}. Hence, we have

N 1
Sm(t) = Z Sh-ey(t), with SIl = ?Sm <;> , (B.5)
n=—N ! !
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where S}, is the n-th Fourier coefficient and S, (f) is the Fourier transform of signal s, (¢).
The expression of X, (t) = s, (t) - /2 cos(27f, + ¢(t)) with Fourier series follows directly as

Xm(t) = iyem(ﬁﬂ(ﬂ )f+14>()> S\;jeXP<]27T<fc l>t+1¢())*

n=—N

(B.6)
We are now able to express X, (t)? as
N N n’ / ] gn *Sn’* *
xm(t)? =Y Z MM exp (]27-[ <2fc ';” ) t+]2¢(t)> 4 om - " exp (]27'[ <2fc + %) t+]2<p(t)>
n=—Nn'=—N ! !
N N n’* —n st *Sn '\
+n;N ;1’;N P (JZT[ T t) * 2 P (JZTI Tl t) '

(B.7)

It should be remarked that the first line in the latter equation represents the image of signal s, (t)?
at frequency 2f. and the second line denotes the signal of interest s,,(#)? in baseband. The down-
conversion from passband to baseband is realized without impact of the phase impairments from the
oscillator. It can be easily shown that the two terms of the second line sum up to same amount. There-
upon, to express the coordinate A it suffices to evaluate the projection of signal x,,(t)? onto e (t). It
is clear that the projection of the image at 2f. onto the frequency % is null. By definition of basis e, we

have fOTi ei(t) - ej(t)*dt = 6;; - T;. Finally, the observation A%, is expressed by
k i 2
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This closed-form expression of the squared signal projection achieves the objective of the paragraph.
This expression can be used to evaluate the possible noiseless observations AX, of the different code-
words and hence to determine the constellation C.

Expression and distribution of squared noise projection AX_: We proceed with a similar reason-
ing to evaluate AX, fo «(t)*dt. The Fourier transform of the noise signal w(t) is denoted
W(f) and the Fourier coeﬂ‘luents Wn = W(fe+ %) - 1. We express w(t) as a sum of Fourier series,

w( Z W, exp (]27'( (fc ) t) + W, exp (j27'( (fc + ;) t> . (B.9)
n=—N T i
The expression of w(t)? follows easily. Evaluating the projection of w(t)? onto ey (t), we have
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We now intend to characterize the probability distribution of the squared noise projection in Eq. (B.10).
First, it should be remarked that if k # 0 then W), and W,;_, are uncorrelated and circularly-symmetric
complex Gaussian variables with Variance N, i.e. Wy, ~ CN (0, Np). To express the distribution of the
products, we use XY = (X + Y) 1(X —Y)2 Let X and Y be complex normally distributed, we

obtain XY ~ % X5+ + 3 )(2 Xz )(2 It follows that

k 2 X No, o, ia 2 o
Aww ™~ f 2 Z (X5 +ixa—x5—jx3) .
Nt

N0 2 2 2

(X2(2N+1 K TIX20eN+1-k) — X202N+1-k) _]X2(2N+1—k)> . (B.11)
It is rather difficult to express the distribution of the difference of two X%(ZN 1K) distributions. Still,
these distributions can be efficiently approximated as Gaussian ones if the degree of freedom is large
enough, ie. k < 2N. To design an implementable detection algorithm, we use this approximation
which yields

Mow™ 57 (CN( (2N +1-K),42N +1-k)) —CN(2(2N+1—k),4(2N+1—k))>,

N 2
22N +1—k)-CN <o, <T°> ) . (B.12)

Eventually, the squared noise projection is approximately complex circularly-symmetric Gaussian dis-
tributed. Its variance is the product of Ng/ TZ-Z, the square of the energy of the integrated noise, and
2(2N + 1 — k), related to the time-bandwidth concentration of noise. Nevertheless, this expression
does not holds for the projection on the 0 th branch since signal eg(#) = 1 is purely real. For k = 0,
W, and W*_, are correlated and W,, - W*_, = |W,,|>. We evaluate the distribution of A2, as follows

2 XN n\ |2
0 _ i
-2 % W@H m)|
~ TiX4N+2/
4(4N +2)- N (0, (I;(’) ) +2(4N+2)- ? (B.13)
i i

As previously, we use a Gaussian approximation to describe the x? distribution in order to obtain an
implementable detection algorithm The distribution of the squared noise projection on the 0-th branch
cannot be associated to the distributions on other branches as it belongs to the real line and not the
complex plane.

Expression and distribution of mixed signal-noise projection A% : In this paragraph, we express

and evaluate the distribution of AK,, = fOTi Xm(t)w(t) - ex(t)*dt. Combining the decompositions of
Xm(t) and w(t) into Fourier series, we have

N N / *
X (t) - 2 Y SIiWyexp <]2n <2fc ) E+ j2¢(t )) + S1IW exp <j271 <2fc +z ;” ) t+j2¢(t)>
—Nn'=—N ¢
L o * (B.14)
£ LY s (2nt e ) + 55 W exp (2T o))
—Nn'=—N !
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This leads us to

T

—ido N . * _ *
S B (et s () ()

—N+k

where ¢g ~ U[—71, 1) denotes the oscillator phase noise. To obtain this expression, we have con-
sidered that the phase noise process has small variations over T, i.e. $(t) ~ ¢o ~ U[—7, 7). This
assumption represents a worst case scenario. If the phase noise is fast varying over Tj, it can be easily
shown that nothing but the variance of the mixed signal-noise projection is different - it is lowered.
The impact of fast varying phase noise does not modify the distribution of the mixed signal-noise pro-
jection. Subsequently, the detection algorithm remains the same and this assumption results in no loss
of generality.

Regarding Eq. (B.15), we proceed to express the probability distribution of the mixed signal-noise term.
It follows from W, ~ CN (0, Np) that

1 N n n—k\"* n—k\" n
ko _ - s s
/\xw - \/ETZ n:;\]+ksm <Tz> 144 (fC+ Ti > +S < Ti ) Wm (fC + Tl> ’

Ek .CN (0,N0>, (B.16)

T;
where N )
n 1
E= Y [Su <> S (B.17)
" n=—N-+k Ti Ti

The intended result is achieved as the probability distribution of the mixed signal-noise projection
is described. The variance of AX,, may be decomposed as the product of Ny/T;, the energy of the
integrated noise, and EX , homologous to a fraction of the energy of the sent signal s(t) - cf. Parseval’s
theorem. In an intuitive way, the mixed signal-noise projections are complex circularly-symmetric
Gaussian variables with a variance equal to the product of the energies of the information and noise
signals. Nevertheless, the probability distribution of mixed signal-noise projection on the 0-th branch
is purely real and expressed differently,

1 N n n\”* n\"* n
0 _ i - s -
Axw_ﬁTin;NSm<Ti>W<ff+Ti> +5’”<Tz~> W(“Ti)’

~0J2-E0 N <OI\T’°> . (B.18)

Distribution of received vectors: It has been shown in Chapter 6 that the channel of the considered
transceiver can be expressed as

A =H- A+ 2VH A2, 1A, (B.19)

In this appendix, we have derived the expressions and the probability distributions of the three projec-
tion terms in this equation. We synthesize these derivations in this paragraph to express the model of
the communication channel. Finally for k # 0, the projections can be described by

A =H A +2/H-Ek -wp + /22N +1—k) -z, (B.20)
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where wy and z are circular-symmetric complex Gaussian variables, wy ~ CN (0, No/T;) and zy ~ CN (0, N§/T?).
For k = 0, the received projection is expressed by

N
AV = H-AY +24/H-2Ek -wy+ /4(4N +2) -z0+2(4N+2)T9, (B.21)
1

where wg and zg are real Gaussian variables, wy ~ N (0, No/T;) and zg ~ N (0, Ng / le) Altogether,
the communication channel of vector A, = (A9, A}, - -, AK) follows a (K + 1)-dimensional complex
circularly-symmetric Gaussian channel, except for projection on the 0-th branch which is real. To illus-
trate this channel, Figure 6.8 depicts the simulated and modeled distributions of received coordinates
for different values of k in Chapter 6. We notice that the approximation of a Gaussian distribution is
an efficient modeling close to the observations.
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Appendix C

Résumé Etendu

Es travaux de thése présentés dans ce manuscrit portent sur la conception de la couche physique
L pour les futurs systémes de communication sub-TeraHertz. En d’autres termes, nous nous sommes
intéressés a la définition des techniques de transmission et de réception des signaux radio pour les
communications sans-fil dans les fréquences entre 90 et 300 GHz. Nous résumons ici brievement les
travaux de recherche menés ainsi que les résultats obtenus.

1 Introduction aux Communications Sub-TeraHertz

L’unique objectif de cette section est de répondre a la question suivante : pourquoi et comment
les communications dans les fréquences sub-THz sont-elles envisagées pour les futures applications
sans-fil? Actuellement, les instituts de recherche et les entreprises industrielles consacrent d’impor-
tants efforts au développement des communications sans-fil dans les fréquence sub-TeraHertz. En effet,
le spectre sub-THz, de 90 a 300 GHz, offre de larges bandes de fréquences disponibles qui pourraient
étre utilisées pour mettre en ceuvre des services sans-fil haut-débit. Le spectre sub-THz représente ainsi
une réelle opportunité de développer des communications haut-débit pour répondre aux exigences des
futurs réseaux de communication. Les applications envisagées sont nombreuses et ambitieuses. Nous
avons identifié trois scénarios principaux, représentatifs des différentes applications envisagées. Ces
scénarios sont : les liaisons backhaul haute-capacité, les hot-spots haut-débit, et les communications
inter-équipements. Ces trois scénarios tirent parti des grandes bandes de fréquences sub-THz pour dé-
ployer des services sans-fil haut-débit et sont décrits en Figure 1. Cependant, I'utilisation d’un nouveau
spectre implique de nouveaux défis technologiques, notamment : des conditions de propagation diffi-
ciles, du bruit de phase important, des contraintes sur les convertisseurs a bande limitée, etc. Du fait
de ces contraintes spécifiques, les technologies sans-fil classiques ne peuvent pas étre transposées di-
rectement aux fréquences sub-THz. Des recherches supplémentaires sont donc menées pour concevoir
des techniques de transmission performantes. L’optimisation de la couche physique pour les carac-
téristiques spécifiques des systémes sub-THz est une tiche complexe. Le développement d’émetteurs-
récepteurs sub-THz s’inscrit dans un paradigme de conception peu commun, proche de celui de la « dirty
RF ». Dans le cadre de ce paradigme, notre approche peut étre résumée comme suit : une conception
conjointe des domaines analogique et numérique. Un des fondements de notre travail est de considé-
rer les problémes analogiques dans le cadre de la conception du traitement numérique des signaux.
Cela permet de rendre les communications robustes aux fortes imperfections radiofréquences et ainsi
d’améliorer significativement les performances. En d’autres termes, nous proposons une optimisation
conjointe de 'architecture de I'émetteur-récepteur et des algorithmes de traitement du signal au regard
des caractéristiques propres aux communications sub-THz — imperfections radiofréquences, conditions
de propagation, etc.
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Liaison Backhaul
m Accés fixe haut-débit
m Point-a-point
m Lien symétrique
m Couverture de 100+ metres
m Extérieur
m Pas de contraintes

m 1+ Thit/s

Hot-Spot Haut-Débit
Liaison descendante haut-débit
De la station de base aux terminaux
Point-a-multipoint
Lien asymétrique
Couverture 104 meétres
Intérieur ou extérieur
Complexité du Rx contrainte

100+ Gbit/s

Comm. Inter-Equipements
Connecteurs sans-fil
Communications inter/intra-circuits
Point-a-point
Lien symétrique ou asymétrique
Couverture < 5 meétres
Intérieur
Complexité et conso. contraintes

10+ Gbit/s

FIGURE 1 — Principaux éléments descriptifs et indicateurs de performance des applications envisagées

2 Optimisations des Emetteurs-Récepteurs Cohérents

Durant la premiére partie de cette thése, nous avons étudié ’adaptation des technologies sans-fil
existantes, les émetteurs-récepteurs cohérents, au spectre sub-THz. Ceci peut notamment étre réalisé
par I'optimisation du traitement du signal, c’est-a-dire des algorithmes de communication, afin d’amé-
liorer les performances du systéme. Dans cette partie, nous nous sommes concentrés en particulier sur
la réalisation de communications haut-débit en présence de fortes imperfections de phase. Les oscilla-
teurs haute-fréquences sont peu stables et donc causent du bruit de phase important, ce qui dégrade
fortement les performances de communication et limite le débit d’information. Le bruit de phase des
oscillateurs est un des principaux défis technologiques amenés par la montée en fréquence et 1'utili-
sation de bandes larges. Nous avons donc cherché a lever ce verrou technologique en concevant des
algorithmes de traitements du signal adaptés et performants en présence de fort bruit de phase. Une
application représentative des contributions de cette partie est le scénario de liaison backhaul haute-
capacité. Les solutions proposées, concues pour augmenter le débit de communication, peuvent égale-
ment étre utilisées pour assouplir les contraintes sur les composants radiofréquences.

2.1 Modélisation

Tout d’abord, nous avons étudié la modélisation des systémes de communication sub-THz. Une
modélisation efficace des imperfections radiofréquences est essentielle pour optimiser les algorithmes
de la couche physique et améliorer les performances du systéeme. Le canal de propagation a été décrit
par un modele en visibilité directe selon les résultats des campagnes de mesures récentes, ce qui est un
modeéle commun dans la recherche actuelle sur les systémes de communication sub-THz. En particulier,
nous nous sommes concentrés sur la sélection du modéle de bruit de phase pour les systémes large bande
et ainsi les communications sub-THz. Nous avons comparé deux modeles de bruit de phase : un modéle
corrélé, précis mais complexe, et un autre non corrélé, analytiquement plus simple. Des simulations
numeériques ont été réalisées en considérant un bruit de phase réaliste correspondant a un oscillateur
de I’état de ’art a 200 GHz. Nos résultats ont démontré qu'un processus gaussien non corrélé est un
modele de bruit de phase approprié pour les systemes de communication sub-THz.

2.2 Algorithmes de communications optimisés

Sur la base du modéle de systeme proposé, nous avons ensuite étudié la démodulation optimale en
présence de bruit de phase. Nous avons donc proposé un détecteur adapté, dérivé du critére de détection
de maximum de vraisemblance. Il a été montré que I'utilisation d’un algorithme de démodulation opti-
misé, basé sur un détecteur conjoint amplitude-phase, conduit a des gains de performance significatifs
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en présence de bruit de phase. Contrairement aux détecteurs de I’état de I’art, le démodulateur pro-
babiliste proposé permet une mise en ceuvre pratique simple avec des performances de démodulation
optimales.

Par la suite, nous avons étendu 'optimisation des algorithmes de communication pour les canaux a
fort bruit de phase aux niveaux du récepteur et de ’émetteur. Nous avons notamment décrit un schéma
de modulation robuste au bruit de phase : la Polar-QAM. La modulation proposée est basée sur une
analyse théorique des constellations optimales pour les canaux a bruit de phase et sur des considérations
pratiques de mise en ceuvre. La Polar-QAM est concue pour améliorer le débit de données du systeme
tout en conservant une mise en ceuvre simple. Nous avons présenté ’analyse des performances de la
modulation proposée en utilisant des outils analytiques et des simulations numériques, ce qui a permis
de mettre en évidence les gains de performances par rapport aux modulations classiques et de ’état de
l'art. Finalement, des stratégies d’adaptation de lien ont été présentées pour choisir le meilleur schéma
de modulation et les meilleurs paramétres de la couche physique en fonction des conditions du canal.

2.3 Analyse des performances dans un scénario sub-THz

Nous avons aussi évalué les gains de performance des schémas de modulation et de démodulation
proposés en utilisant des prédictions déterministes du canal, par tracé de rayons, dans un scénario
backhaul. Ces simulations numériques modélisent un environnement de centre-ville (d’apres le mo-
déle 3D de San José, Etat-Unis d’Amérique). Les performances du systéme sont caractérisées pour une
application de liaison backhaul haute-capacité en extérieur, qui pourrait étre exploitée pour alimenter
un réseau d’accés mobile treés haut-débit. Les résultats des simulations numériques sont présentés par
la Figure 2. Il a notamment été souligné que le débit de communication lors de I'utilisation de tech-
niques de transmission conventionnelles est fortement limité par le bruit de phase. Au contraire, les
solutions techniques que nous proposons permettent d’atteindre des débits d’information élevés méme
en présence d’un bruit de phase fort.

3 Proposition d’Architectures Dédiées

Dans la premiére partie de la these, nous avons développé une approche conventionnelle et incré-
mentale du développement des systémes de communication sub-THz. Dans la deuxiéme partie de la
these, nous développons une approche plus novatrice. Notre objectif est de proposer de nouvelles ar-
chitectures d’émetteurs-récepteurs dédiées aux communications dans les fréquences sub-THz. En par-
ticulier, nous nous sommes concentrés sur la conception d’émetteurs-récepteurs de faible complexité
basés sur la modulation et la détection d’enveloppe. Ce faisant, les émetteurs-récepteurs présentent une
robustesse inhérente au bruit de phase et les architectures radiofréquences sont facilement réalisables
méme a trés haute fréquence. Contrairement a la partie précédente, nous avons considéré plus que les
optimisations logicielles pour atténuer les imperfections radiofréquences; nous avons aussi évalué les
considérations matérielles deés la conception du systeme. Les contributions de ces recherches ont des
applications potentielles dans les scénarios sub-THz suivants : les hot-spots haut-débit et les commu-
nications inter-équipements.

3.1 Systémes multi-antennaire avec récepteurs a détection d’énergie

Lorsque l'on considére 'utilisation d’émetteurs-récepteurs non-cohérents, le débit d’information
est assez limité en raison des schémas de modulation impulsionnels. C’est pourquoi nous avons envi-
sagé |'utilisation du multiplexage spatial non-cohérent dans les fréquences sub-THz afin de réaliser des
communications haut-débit. Plus précisément, nous avons étudié la conception et I’analyse des perfor-
mances des systemes multi-antennaire utilisant des récepteurs a détection d’énergie pour les futures
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démodulation classiques

Bruit de phase moyen Sans bruit de phase

Bruit de phase fort

FIGURE 2 — Cartes de débit pour un centre ville en présence de bruit de phase

Modulation et

Modulation classique et
démodulation optimisée

Modulation et

démodulation optimisées

applications sub-THz. Dans le cas présent, 'interférence entre les canaux est forte et non-linéaire, ce qui
représente un défi majeur pour mettre en ceuvre le multiplexage spatial avec des émetteurs-récepteurs
sub-THz non-cohérents. Comme le canal de communication est non-linéaire, les techniques conven-
tionnelles ne peuvent pas étre utilisées. Deux algorithmes de détection dédiés ont été proposés : un
premier détecteur analytique et un second basé sur les réseaux de neurones. Nous avons également
présenté les résultats d’une analyse des performances basé sur des simulations numériques modélisant
un lien sans-fil dans les bandes sub-THz. Les principaux résultats des simulations sont présentés en
Table C.1. Nos résultats ont démontré que les débits des systémes sub-THz non-cohérents peuvent étre
efficacement augmentés en utilisant des architectures multi-antennaire et des récepteurs a détection

d’énergie.

TaBLE C.1 — Résultats des simulations pour une application dans la bande D (145 GHz)

Fréquence porteuse
Débit des symboles
Largeur de bande
Distance Tx-Rx
Gain d’antenne
Nombre d’antennes

Débit de données

Puissance par antenne

fe
1/Ts

do
8o

-09
PATx

~lz

0.9 Gbps
—31.8 dBm

145 GHz

4
3.6 Gbps
—31.2 dBm

1 GHz
2 GHz
10 m
32 dBi
6
5.4 Gbps
—30.4 dBm

8
7.2 Gbps
—32.3 dBm
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FIGURE 3 - Schéma d’un émetteur-récepteur utilisant architecture de réception proposée RAFAE

3.2 Parallélisation des récepteurs a détection d’enveloppe

L’utilisation de larges bandes de fréquences permet de réaliser des débits de communication élevés
mais implique de fortes contraintes au niveau des convertisseurs analogiques-numériques, en parti-
culier pour les systémes embarqués ayant des couches physiques de faible complexité. Nous avons
donc consacré une partie de nos recherches a la parallélisation de ’architecture des récepteurs sub-
THz utilisant la détection d’enveloppe. Ce faisant, notre objectif a été d’assouplir les contraintes liées
aux convertisseurs et leur fréquence d’échantillonnage. Nous avons présenté une nouvelle architec-
ture de récepteur pour les communications sub-THz non-cohérentes, intitulée RAFAE (pour Receiver
based on Analog Fourier Analysis of the Envelope). L’architecture du récepteur proposé est décrite
par la Figure 3. Ce récepteur est congu pour les communications haut-débit impulsionnelles avec des
contraintes assouplies sur les convertisseurs. L’architecture proposée, contrairement aux récepteurs
classiques, partitionne le traitement du signal lié 4 la démodulation entre les domaines analogique et
numeérique. L’utilisation d’une détection non-cohérente permet une robustesse inhérente au bruit de
phase. De plus, la combinaison d’une projection analogique avec une détection multi-symbole permet
de réduire la fréquence d’échantillonnage des convertisseurs. Les résultats des simulations numériques
ont montré que des performances quasi optimales peuvent étre obtenues avec des fréquences d’échan-
tillonnage largement réduites.

Conclusion

Les recherches menées dans le cadre de cette thése ont été orientées vers le développement de
couches physiques performantes pour les futurs systémes de communication sub-THz. Nous avons
voulu répondre a la question de recherche suivante : comment concevoir des architectures et des algo-
rithmes de communications pour faire face aux contraintes spécifiques des fréquences sub-THz? Notre
approche a consisté a concevoir conjointement les domaines analogique et numérique. En d’autres
termes, nous avons étudié des optimisations conjointes de I'architecture radiofréquence et du traite-
ment numérique du signal. Nos résultats ont montré que 'utilisation de techniques de transmission
spécifiquement congues pour les fréquences sub-THz permet a la fois d’augmenter le débit de commu-
nication et d’assouplir les contraintes sur les composants radiofréquences. En particulier, nous avons
proposé dans en premier lieu des optimisations du traitement du signal pour les émetteurs-récepteurs
cohérents dont la couche physique cible des efficacités spectrales élevées. Nous avons également concu
en second lieu des systémes de communication dédiés utilisant des architectures non-cohérentes et
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haut-débit. Ces architectures dédiées permettent de mettre en ceuvre des couches physiques de faible
complexité dans les fréquences sub-THz. Il est important de mentionner que le développement des
systémes sub-THz comble le fossé entre les systémes de communication radiofréquence et optiques.
Nous avons notamment observé que les systemes sub-THz partagent des problématiques de concep-
tion communes aux systémes radiofréquences et optiques. Pour conclure, nos contributions, des outils
théoriques a la conception d’algorithmes et aux propositions d’architectures, ont pu étre valorisées a
travers différents types de publications : papiers de conférences, dépot de brevet, et articles de journal.
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