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TITRE: Tchniques de Transmission Multi-utilisateurs pour les Réseaux Corporels Médicaux Util-
isant la Technologie d'Optique Sans-fil

RESUME:

Le secteur de la santé est en train de passer des services médicaux conventionnels a des solutions de
e-santé centrées sur le patient, telles que la télésurveillance en temps réel des patients. Cette tendance
contribuera a améliorer les résultats cliniques des maladies chroniques tout en réduisant les cofits liés a la
santé et en augmentant la qualité de vie. De plus, dans le sillage de la pandémie mondiale de COVID-19,
le suivi a distance des patients a domicile pendant la quarantaine ou dans les hopitaux peut permettre de
détecter efficacement toute détérioration soudaine de I'état de la santé et sauver des vies.

Une telle télésurveillance des patients peut étre réalisée, en particulier, grace a 'utilisation de réseaux
corporels sans-fil (WBAN pour Wireless Body Area Network) en transmettant des données collectées a par-
tir d'un certain nombre de capteurs médicaux sur le corps ou implantés. La majorité des solutions WBAN
existantes reposent sur les transmissions radiofréquences fonctionnant dans la bande de fréquences libre,
qui est de plus en plus soumise aux interférences électromagnétiques et vulnérable a I'interception et au pi-
ratage de données. Une alternative intéressante est alors d’utiliser la communication optique sans-fil basée
dans la bande visible ou infrarouge (IR). Dans ce contexte, un enjeu important consiste en la transmission
simultanée des données de plusieurs patients dans une chambre d’hopital, par exemple, ce qui nécessite le
développement de techniques d’accés multiple (MA pour Multiple Access) appropriées.

Par conséquent, I'objectif principal de cette these a été d’étudier et de proposer des techniques de MA
appropriées pour les liaisons WBAN optiques. Le travail présenté se concentre sur la liaison montante
(extra-WBAN) basée sur la transmission IR, ol1 les données médicales collectées de plusieurs patients sont
transmises aun ou plusieurs points d’acces (AP pour Access Point). Premierement, nous étudions les perfor-
mances de la CDMA optique (O-CDMA pour Optical Code-Division MA) dans des scénarios avec un nombre
relativement faible d’utilisateurs, tout en prenant en compte 1'effet des orientations aléatoires des émet-
teurs. A cette fin et pour envisager des scénarios réalistes, nous mettons en ceuvre un modele de mobilité
aléatoire pour prendre en compte la mobilité des patients a I'intérieur d'une chambre d’hopital. De plus,
nous démontrons 'amélioration des performances obtenue en utilisant plusieurs points d’acces. Nous étu-
dions également la mise en ceuvre pratique du schéma O-CDMA a travers une série d’expériences. Deux-
iemement, pour répondre a I'exigence de MA dans des scénarios avec un nombre relativement important
d’utilisateurs, nous proposons une nouvelle solution basée sur la O-OFDMA (pour Optical Orthogonal Fre-
quency Division MA), ou seule la partie réelle du signal OFDMA est transmise. Nous montrons que les
performances du schéma proposé, appelé O-ROFDMA, sont tres proches de celles de I’O-OFDMA, tout en
offrant une complexité de calcul réduite d'un facteur de 2.

MOTS-CLES : E-Santé; Réseaux corporels sans-fil; Communications optiques sans-fil; Acces multiples; Ac-
cés multiples par répartition de code; Accés multiple par répartition de fréquence.

TITLE: Multi-user Data Transmission in Optical Wireless Body-Area Networks for Medical Applications

ABSTRACT:

The healthcare industry is leading towards a transition from conventional medical services to patient-
centric e-Health solutions, e.g., real-time remote monitoring of patients. This trend will help improve clin-
ical outcomes of chronic diseases while reducing health-related costs and increasing the quality of life.
Moreover, in the wake of the global COVID-19 pandemic, remote monitoring of patients at home dur-
ing quarantine or in hospitals can effectively detect any sudden health deterioration and save lives. Such
tele-monitoring of patients can be realized, in particular, through the use of wireless body-area networks
(WBANSs) by sending timely data from a number of on-body or implanted medical sensors. The majority
of existing WBAN solutions rely on radio-frequency transmission operating in the unlicensed frequency
band, which is increasingly subject to electromagnetic interference and vulnerable to data interception
and hacking. An interesting alternative against these impairments is the use of license-free optical wire-
less communication based on visible light or infrared (IR). Within this context, an important issue consists



of simultaneous data transmission from multiple patients in a room, which requires the development of
appropriate multiple access (MA) techniques. Therefore, the main objective of this thesis has been to in-
vestigate and propose suitable modulation and MA techniques for the optical WBAN links. The presented
work focuses on the extra-WBAN uplink based on IR transmission, where the collected medical data of sev-
eral patients is transmitted to one or several access points (APs). Firstly, we investigate the performance of
optical code-division MA (O-CDMA) in scenarios with relatively small number of users, while taking into ac-
count the effect of random transmitter orientations. For this purpose and to consider realistic scenarios, we
implement an orientation-based random waypoint mobility model to consider the mobility of patients in-
side a hospital ward. Meanwhile, we demonstrate the performance improvement achieved by using several
APs. We also investigate the practical implementation of the O-CDMA scheme through a set of experiments.
Secondly, to address the MA requirement in scenarios with a relatively large number of users, we propose a
new solution based on orthogonal-frequency division MA (OFDMA), where only the real part of the OFDMA
signal is transmitted. We show that the performance of the proposed scheme, called optical-ROFDMA, is
almost the same as optical-OFDMA, while offering a reduced computational complexity of factor 2.

KEYWORDS : E-Health; Wireless body area networks; Optical wireless communications; Multiple access;
Optical code-division multiple access; Optical-orthogonal frequency division multiple access.

Adresse:

Institut Fresnel, UMR CNRS 7249, Ecole Centrale Marseille,
D.U. de Saint Jérome, 13397 Marseille - France.
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1.1 General Context

1.1.1 Remote Patient Monitoring

The increasing rate of chronic health conditions, particularly the rapid growth of such patients
with multiple health issues, has created a serious challenge to the healthcare systems. While the
majority of chronic diseases are associated with the aging population, an increasing number of
children and young adults are also affected, accounting for about 71% of global mortality in 2016,
as reported by the World Health Organization [1]. Moreover, postoperative patients are at high risk
of clinical deterioration. In such situations, monitoring of patients in hospital wards or intensive
care units (ICUs) plays a crucial role in order to minimize major deterioration of health conditions
and preventing sudden death.

Traditionally, ICUs are the only facility in hospitals where patients are continuously monitored
by attending nursing staff. Unfortunately, no continuous monitoring system is in place when pa-

tients are moved outside the ICU, either in a private room or a standard ward. The typical patient



10 CHAPTER 1. INTRODUCTION

monitoring approach in hospital wards, where nurses assess physiological parameters, e.g., body
temperature, blood pressure, and heart rate, manually at an extended interval, poses significant
difficulties. Moreover, one major cause of increasing patient mortality in hospitals is the delays in
proper treatment or hospitalization due to long wait times in an emergency waiting room [2]. In-
deed, timely detection of rapidly changing abnormalities in a patient’s health is crucial in order to
intervene effectively. This can be achieved by continuous remote monitoring of patients at home,
hospital wards or emergency waiting rooms. Additionally, such a telemonitoring system at home
will reduce the load on hospitals and health economic burden, while improving the quality of life.

Recently, Coronavirus disease-2019 (COVID-19) has emerged as a global pandemic, affecting
millions of lives worldwide. The level of severity of COVID-19 is classified as asymptomatic, mild,
moderate, severe, and critical [3]. However, a sudden clinical deterioration might occur, usually
within the second week of sickness, resulting in serious health problems, ICU hospitalization, and
death. Therefore, continuous monitoring of such patients is crucial in order to detect any abnor-
malities in health. Moreover, given the severity and rapid spread of the COVID-19, healthcare sys-
tems are under severe stress, limiting their ability to provide efficient services to patients. In such
cases, the burden on hospitals can be reduced by remote monitoring at home while maintaining

a safe distance from COVID-19 patients.

Indeed, the delay in timely detection and intervention of medical conditions could be a matter
of life and death for a patient. This is the gap that a continuous remote monitoring system can

bridge.

1.1.2 Key Enabling Technologies for Remote Monitoring

The recent advances in electronic devices, sensing technology and the internet have already en-
abled electronic health (e-Health) solutions, and played a key role for remote monitoring to be-
come a reality [4,5]. The introduction of mobile devices and sophisticated communication tech-
nologies have created a new subfield under e-Health known as mobile health (m-Health). Mobile
patient monitoring is a type of m-Health service where physiological parameters, i.e., vital signs, of
remote patients are monitored continuously [6]. In a remote patient monitoring system, wearable
health sensors collect patients’ vital signs from the body and transmit them to a remote location,
e.g., medical and emergency centers, which simplifies the practice of telemedicine [7]. Recently,
due to the COVID-19 crisis, the term telehealth has become a buzzword, and often used inter-
changeably with telemedicine [8]. However, telehealth represents a broader concept and involves
both clinical and non-clinical remote services [9]. The relationship between e-Health, telehealth
and remote patient monitoring is illustrated in Fig. 1.1. Note that, in this thesis, we focus on re-

mote patient monitoring, with a particular emphasis on mobile patients.

The remarkable progress in micro-electro-mechanical systems technology has led to the cre-
ation of low-powered and tiny sensor nodes. With the help of modern communication and net-
working technologies, these sensor nodes are used to form a wireless sensor network (WSN) that

might work collectively for remote monitoring purposes, e.g., environment, healthcare, smart
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Figure 1.1: The e-Health paradigm (reproduced from [6]).

Table 1.1: Frequency bands and their bandwidths of IEEE 802.15.6 PHY layers [15].

PHY layers Frequency Bandwidth
HBC 16 MHz, 27 MHz 4MHz
402-405MHz, 420-450 MHz 300KHz
NB 863-870 MHz, 956 MHz 400 KHz
902-928 MHz 500 KHz
2360-2400 MHz, 2400-2438.5 MHz 1 Mhz
UWB 3.2-4.7 GHz, 6.2-10.3 GHz 499 MHz

grids, etc. [10]. A wireless body area network (WBAN) is a subfield of WSNs that employs body
sensors for monitoring medical and non-medical (e.g., sport, body posture, location, sleeping)
applications wirelessly [11]. The classification of WBANSs based on different application scenarios
is given in Fig. 1.2 [12]. Compared to the classical WSNs, WBANs have unique requirements, in
terms of communication architecture, number of sensors, periodic or non-periodic monitoring,
reliability, and patient mobility [13].

The first idea of WBAN dates all the way back to 1996, when Zimmerman introduced the con-
cept of personal area network (PAN), which demonstrated how electronic devices on and around
the human body may transfer digital information [14]. The IEEE 802.15.6 communication stan-
dard for WBANs was released in 2012 [15], and defined three distinct physical (PHY) layer tech-
nologies based on radio-frequency (RF) transmission: narrowband (NB) PHY, ultra wideband
(UWB) PHY, and human body communications (HBC) PHY. NB PHY operates on seven different
frequency bands, where, in most countries, the MICS (Medical Implant Communication Service)
uses the first licensed band of NB PHY within a range of 402-405 MHz for implanted medical de-
vice communication. However, the license-free industrial scientific and medical (ISM) band, i.e.,
the seventh band of NB PHY within a range of 2400-2438.5 MHz, is the most popular choice for
wearable devices. Table 1.1 presents the frequency bands and their corresponding bandwidths
utilized by different PHY layers of IEEE 802.15.6 WBAN standard.

The majority of works on WBAN found in the literature are based on rather well-known IEEE
802.15.4 (ZigBee) [16-18] and IEEE 802.15.1 (Bluetooth) [19-21] standards. These communica-
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Figure 1.2: Different WBAN application scenarios.

tion standards also rely on RF operating in the 2.4 GHz ISM frequency band. Besides, with the
concept of internet of things (IoT), the number of connected devices to the internet is growing
rapidly [22] and WSN is becoming an integral part of it for wireless connectivity [23]. Using loT
for medical applications, e.g., for remote patient monitoring, is referred to as the internet of med-
ical things (IoMT), including the use of WBANs [24, 25]. To address the issue of IoT and IoMT
devices using several communication technologies, European Telecommunication Standards In-
stitute (ETSI) has developed a new WBAN standard in 2018 called smart body area network (Smart-
BAN), which enables multi-radio wireless connectivity, e.g., Bluetooth, ZigBee, and IEEE 802.15.6,
at the same time (26, 27].

1.1.3 Medical WBANs

As explained, in a remote patient monitoring system, sensors implanted, placed on or around
the patient body communicate through the use of WBANSs for real-time continuous monitoring
of vital signs from a remote location [28-31]. The WBAN communication architecture and its re-
quirements are defined in the IEEE 802.15.6 standard. ETSI adopted the same architecture for
SmartBAN, with an additional option of smart relay coordination control [26]. In what follows, we

present the communication architecture, requirements, and challenges of medical WBANSs.

1.1.3.1 Communication Architecture of Medical WBANs

Figure 1.3 illustrates the communication architecture of a typical WBAN, where sensor nodes (SNs)
placed on a patient’s body transmit their data to a coordinator node (CN) (also called hub, here

placed on the shoulder of the patient’s body), and then the collected medical data from the CN
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Figure 1.3: Communication architecture of a typical WBAN composed of intra-WBAN, extra-WBAN, and
beyond-WBAN.

are sent to an access point (AP). Finally, the AP transfers those data to an external network. In a
WBAN, from a data transmission point of view, the communication architecture can be divided
into intra-WBAN, extra-WBAN, and beyond-WBAN.

* Intra-WBAN concerns the communication between the SNs and the CN [32]. The SNs with
their associated CN have a typical transmission range of 1 m in and around the human body
[30].

* Extra-WBAN refers to the communication between the CN and an external network or an
AP [29,30,33]. This AP could be integrated into the infrastructure or strategically deployed in
a dynamic environment. Furthermore, several APs may be used to create a mesh network to

increase network coverage and enable patient mobility.

* Beyond-WBAN considers the transfer of health monitoring data from the AP to hospitals, doc-
tors or emergency centers, in particular, through the use of the internet [29, 30]. In fact, med-
ical servers may record patients’ health information history, which could be accessed and
utilized for medical treatment when needed.

1.1.3.2 Requirements for Medical WBANs

WBANs employ a variety of heterogeneous sensors, resulting in data-rate variations depending

on the application, which can impose significant complexity to the PHY and media access con-
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Table 1.2: Data-rate and QoS requirements for some popular medical WBAN sensors, reproduced

from [33].
SNs H Target data rate H Target BER
Temperature, Glucose 20bps <10710
Oxygen saturation (SPO2) 32bps <10710
Blood pressure < 10Kbps <10710
ECG 72 Kbps <10710
EEG 86.4 Kbps <1070
Cochlear implant ~ 200 Kbps <10710
Endoscope capsule 1 Mbps <1070
EMG 1.536 Mbps <10710
Deep brain stimulation 128 — 320 Kbps <1073

trol (MAC) layers. Mobility also puts constraints on energy consumption and transmission link
reliability, i.e., quality-of-service (QoS). Moreover, security and privacy requirements for medical

applications are among the major concerns.

1. DataRateand QoS: A medical WBAN can use several sensors for monitoring a range of phys-
iological parameters, e.g., electroencephalogram (EEG), electrocardiogram (ECG), electromyog-
raphy (EMG), blood pressure, temperature, and oxygen saturation (SPO2), resulting in data-rate
heterogeneity. The data-rates of those sensors for medical applications range from a few bit per
second (bps) up to a few Mbps. Moreover, a high degree of QoS must be assured, which is directly
associated with the data transmission reliability. Link reliability usually refers to the guaranteed
delivery of a data, i.e., ratio of successfully received and transmitted packets, realized in terms of
bit-error-rate (BER). The IEEE 802.15.6 and SmartBAN standards define, in addition, packet delay
requirements of up to 250 and 10 milliseconds, respectively, between data packet generation at
the MAC layer and successful reception at the CN [15, 26, 34]. Table 1.2 presents several popular
medical WBAN sensors along with their typical data-rate and BER requirements. Note that, in any
digital communication system, nearly error-free performance (in the sense of very low BER) can
be achieved by employing a forward error correction (FEC) coding when the pre-FEC BER is lower
than 1073 [35].

2. Power Consumption: Considering the battery-powered sensing devices, low power con-
sumption is a critical requirement in medical WBANSs. In particular, implantable medical devices,
e.g., pacemakers and cardiac defibrillators, may require a battery lifetime of at least five years,
while some other devices may require battery lifetimes of tens of hours to a few years depending
on the application [15, 36]. Therefore, special attention should be devoted to the design of energy-
efficient signal processing techniques, e.g., the PHY and MAC layers. A popular approach for the
latter is the implementation of a duty-cycled MAC, allowing devices to be in sleep mode most of
the time (37, 38]. In addition, energy harvesting for WBANSs is a growing area of research that con-

siders harnessing energy by using body temperature, vibrations, and the human gait cycle [39,40].
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Note that, another serious concern on energy consumption is that, due to the semi-conductive
nature of the body, the energy absorbed by the tissue surrounding the sensors may lead to severe
thermal damages. This energy absorption is quantified by the so-called specific absorption rate
(SAR), which must comply to both national and international requirements.

3. Security and Privacy: The security issue is extremely important when it comes to medical
applications since they involve private and confidential health information. Given the limited
computational power, size, and energy constraints, an appropriate encryption mechanism must
be employed to prevent hacking and to ensure data integrity. Although IEEE 802.15.6 specifies
three layers of security, recent research indicates that such authentication and encryption ap-
proaches are still vulnerable to different types of attacks [41, 42]. Moreover, RF-based commu-
nication technology causes serious security risks for medical WBANS, since it lacks the needed

battle-hardening to identify and mitigate RF-borne threats.

1.1.4 Challenges of Existing WBAN Technology

As mentioned before, most already proposed RF-based IoT and IoMT networks operate in the
shared ISM frequency band, resulting in increased spectrum congestion and electromagnetic in-
terference (EMI), which has been attributed to crucial medical equipment malfunctions in hos-
pitals [43, 44]. Interference in WBANs may occur due to the coexistence of other RF-enabled de-
vices, e.g., Wi-Fi, microwave ovens, WSNs etc., and the coexistence of multiple WBANs, where
the former refers to cross-interference and the latter to inter-WBAN interference [45]. In partic-
ular, given the very low transmit power in WBANSs, interference may severely degrade the system
performance [46]. Moreover, in an intra-WBAN network, sensors operating on the same frequency
may cause intra-WBAN interference, resulting in increased complexity of the MAC layer to manage
it. Also, a recent study shows that, for a given sensor, with the increasing number of neighboring
nodes on the body, the SAR increases [47].

Figure 1.4 illustrates the types of interference that may occur in WBANs. Furthermore, as men-
tioned earlier, such RF-based systems are vulnerable to security breaches and can also be easily
jammed [41].

1.1.5 Interestin Optical WBANs

Given the above mentioned constraints on RF-based medical WBANS, an interesting alternative
is the use of optical wireless communication (OWC) wireless connectivity in these networks [48].
OWCs have recently gained increasing attention and being considered as one of the most promis-
ing technologies in 6G for medical use cases and the massive IoT connectivity. In OWC systems,
signals can be transmitted using unguided visible light (VL), infrared (IR), or ultraviolet (UV). In
fact, the well known visible light communications (VLC) technology is a subset of OWC operating

in the VL band, offering communication and illumination simultaneously [49]. Over the last few
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decades, VLC and IR communications (IRC) have gained popularity, in particular, in indoor appli-
cation scenarios. Thanks to their ability to deliver high-speed wireless access, usually referred to
as light fidelity (LiFi) [50,51]. As a matter of fact, IRC has been used for short and medium range
data transmission dating back to the 80s, even years before the IR data association (IrDA) released
the first standard in 1993.

More generally, OWC offers a wide range of applications, including short- and medium-range
indoor and outdoor communications [49,52,53], as well as long-range free space optical (FSO) [54]
and underwater wireless optical (UWO) [55,56] communications. Typical examples of OWC appli-
cations are illustrated in Fig. 1.5. In contrast to RF technologies, OWC systems provide several ad-
vantages. They operate in the unregulated and license-free electromagnetic spectrum, resulting in
cost free use of optical bands. Furthermore, their immunity against EMI enables interference-free
parallel transmission with other communication technologies. OWC systems also provide inher-
ent security features against interception and hacking, since the optical links are usually confined
within a room and can not pass through the opaque walls. One significant advantage of OWC is
the wide availability of low cost opto-electronic front-ends, which allows relatively straightforward
implementation in practice.

Therefore, the use of OWCs in medical WBANS is considered to be an promising approach.
The significant operational and technical advantages of light communication led to the creation
of first dedicated training program on OWC called “Vision” (2017-2022) [57]. The research work
we will present here is a part of the “Vision” project, thanks to the Marie Sklodowska-Curie grant

funded by European Union’s Horizon 2020 research and innovation program.

1.2 Thesis Objectives

In this thesis, we consider the use of OWC based on VL and IR for remote patient monitoring. In

particular, we focus on extra-WBAN links, i.e., communication between a CN placed on the pa-
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Figure 1.5: Examples of OWC applications in indoor and outdoor scenarios.

tient’s body and an AP. Concerning intra-WBAN communication, given the constraints discussed
in Section 1.1.4 and in order to limit the power consumption, some research proposed wired con-
nectivity in place of wireless in between the on body sensors and the CN [58]. Obviously, this will
not restrict patient mobility, as the communication between the CN and the external networks
considers wireless connectivity. Additionally, the use of flexible electronic textiles capable of sens-
ing body temperature, heart rate, and respiration rate avoids the need for intra-WBAN wireless
connectivity [4, 59, 60]. However, the use of OWC for intra-WBAN wireless connectivity has been

also shown a feasible solution recently [32,61].

We consider the use of IR links for the uplink extra-WBANs, where a CN placed on the patient’s
body transmits the medical data to an AP. The use of IR rather than VL is to avoid user discomfort
and visual annoyance. VL can be used in downlink, i.e., from the AP to the CN probably by us-
ing the light-emitting diode (LED) luminaires; this way, the interference between the uplink and

downlink can also be avoided [62].

Concerning the IR uplink, one major concern is the eye-safety, which will impose a limitation
on the transmit optical power according to the International Electrotechnical Commission (IEC)
standard [63]. Then, considering the WBAN requirements, special attention should be devoted to
link reliability and power consumption. In particular, mobility of the patients, random transmitter
(Tx) orientations, link blockage, and shadowing may impair the link quality significantly.

As a matter of fact, in typical situations, several patients may share a hospital ward, and sim-
ilarly, few elderly people may need to be monitored at a senior’s residence room. Then, simulta-
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neous data transmission from multiple patients is unavoidable, which requires the use of appro-
priate multiple access (MA) techniques. In this context, code-division MA (CDMA), i.e., optical-
CDMA (0O-CDMA), is a potential MA solution of relatively low implementation complexity that
allows asynchronous data transfer [64]. However, it may suffer from multiple access interference
(MAI) due to the so-called “near-far” problem, which may lead to a decrease in link reliability.
Moreover, due to the required long signature codes (SCs) in O-CDMA, this technique may not be
suitable for a large number of patients in a typical emergency waiting room scenario. In such a
scenario, an interesting alternative could be the use of the popular optical-orthogonal frequency-
division MA (O-OFDMA) [65]. However, O-OFDMA usually comes with relatively high computa-
tional complexity, resulting in increased power consumption of the nodes.

The main objective of this thesis is to investigate, design, and develop appropriate modulation
and MA schemes for optical transmission in medical extra-WBANs. Considering the low power
consumption requirement, here the critical question is how to achieve the needed data transmis-
sion reliability while taking into account patient mobility and random Tx orientations in different
scenarios. We focus, in particular, on two relevant application scenarios of a hospital ward and an
emergency waiting room. To study the reliability of the signaling schemes for an extra-WBAN link,
we consider two criteria of BER and outage probability (Py,¢). We mostly focus on the latter as a
more appropriate metric for a randomly changing channel. It is defined as the probability that the
BER for a given channel realization exceeds a target value, BER:

Pout = P(BER = BERy,). (1.1)

Note that given the BERy, of 1073, the required QoS for the considered WBAN applications is
achieved when Py, is limited to about 1072 [66]. In order to achieve these objectives, by focus-
ing on the uplink, we proceed with the following steps:

* Assess the fundamentals of optical wireless transmission in the context of medical WBANSs,
and study how user mobility may affect the QoS of the optical links.

* Investigate the state-of-the-art MA solutions for medical WBANSs, and propose suitable mod-
ulation and MA schemes considering WBAN requirements (i.e., reliability, energy efficiency)
for different medical scenarios.

* Propose solutions to improve the reliability and power consumption of the transmission

schemes.

* Analyze the performance of the proposed solutions taking into account the mobility of pa-

tients for hospital ward and emergency waiting room scenarios.

* Design and implement the signaling schemes on the programmable logic and experimentally

demonstrate the proof-of-concept (PoC).



1.2. THESIS OBJECTIVES 19

1.2.1 Thesis Outline

This thesis dissertation is divided into seven chapters, the first one being is this introduction-

Chapter 1. The remaining chapters are structured as follows:

In Chapter 2, we present the fundamentals of optical wireless transmission technology, the
employed system components and channel modeling approach for medical WBANs. We provide
an overview of the literature on optical WBANs and discuss their practical limitations. We specify
the system setup for an extra-WBAN optical link and propose a user mobility model taking into

account random Tx orientations.

In Chapter 3, we investigate appropriate MA techniques for OWC-based medical WBANs. For
this purpose, first we provide a literature review on traditional and cutting-edge MA techniques.
Meanwhile, we highlight their implementation challenges for the considered optical WBAN sce-
narios. Then, we present the detail structures of the potential MA solutions to be employed for
optical transmission in medical WBAN applications.

In Chapter4 , we analyze the performance of O-CDMA scheme for uplink transmission in
extra-WBANs considering a hospital ward scenario. Meanwhile, we investigate and highlight the
interest of employing multiple APs. First, we describe the considered hospital ward scenario, O-
CDMA signaling scheme model, and the mathematical formulations in order to evaluate the per-
formance. Then, we present the performance analysis results and show the improvement achieved

by using multiple APs.

In Chapter 5, we propose a new O-OFDMA based scheme that does not need any Hermitian
symmetry (HS) constraint to meet the intensity modulation and direct detection optical trans-
mission requirement. We investigate the performance of the proposed scheme compared to the
conventional orthogonal schemes in terms of peak-to-average-power ratio and BER. Finally, we
show the suitability of the scheme for an emergency waiting room scenario managing relatively a

large number of users.

In Chapter 6, we develop a PoC of the proposed O-CDMA based extra-WBAN system and ex-
perimentally investigate its performance. First, we provide the implementation details of the ana-
log front-ends and field-programmable gate array prototypes. Then, we experimentally investi-
gate the performance of the implemented system in terms of BER and frame-error-rate managing
MAL

Finally, Chapter 7 concludes the thesis and provides some perspectives for future extension of

this work.

1.2.2 Thesis Contributions

The main contributions of this thesis are summarized as follows:

 Studying the O-CDMA performance using accurate and realistic channel modeling for a hos-

pital ward scenario; Elucidating the limitation of its performance in mobility conditions due
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to the near-far problem.

- Quantifying the O-CDMA link performance degradation due to line-of-sight (LOS) link
blockage with the presence or absence of MAI; Showing the contribution of the diffuse
link.

— Demonstrating the substantial improvement in the link performance and data trans-

mission reliability by using multiple APs.

* Proposing a HS-free O-OFDMA signaling scheme called optical real-valued OFDMA (O-
ROFDMA) for the extra-WBAN uplink by transmitting only the real part of the time-domain
(TD) signal.

- Performance comparison of the proposed scheme with alternative MA schemes consid-

ering realistic characteristics of the opto-electronic components.

- Demonstrating the suitability of the proposed O-ROFDMA scheme for the emergency

waiting room scenario, and its relatively low computational complexity.

- Elucidating the MAI effect in the O-ROFDMA scheme due to clipping noise; Studying its
performance taking into account LOS link blockages due to random Tx orientations in

the absence and presence of MAI.

¢ Investigating the implementation of an O-CDMA system for extra-WBAN in medical applica-

tion.

- Designing and Implementing the system on a field-programmable gate array (FPGA)
and proposing an analog front-end (AFE) for the transmission and reception of the op-
tical signal; Evaluating the performance of the implemented system in managing the
MAL
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2.1 Introduction

The objective of this chapter is to review the fundamentals of OWC in order to realize optical trans-
mission for medical WBANSs. Therefore, we present an overview of OWC system components, their
possible configurations, and challenges. Meanwhile, we identify the most suitable optical sources
and photo-detectors, and their arrangements, i.e., the placement of the CN and AP for the uplink

extra-WBANs. We also describe the modeling of patients’ mobility and random Tx orientations.
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For this, in Section 2.2, we describe a typical OWC system and review the optical sources, re-
ceivers, optical link configurations, and modulation schemes. We explain that the IR LEDs are best
suited for uplink WBANSs, as compared to other types of optical sources, i.e., laser diodes (LDs).
Moreover, we compare the characteristics of different photo-detectors and highlight the interest
of using a PIN photo-diode in our application. Then, we present different arrangements of the
CN and AP, and discuss the potential channel limiting factors, such as user mobility and back-
ground noise. We also briefly review the typical modulation schemes, including pulse-based and
multi-carrier modulations. Obviously, channel modeling is a prerequisite to the design of a wire-
less communication system. Hence, in Section 2.3, we review the channel modeling approaches of
OWLC. To consider the effect of random Tx orientations due to mobility of patients, based on ran-
dom waypoint (RWP) mobility, we present a generalized orientation-based RWP (ORWP) mobility
model. Lastly, Section 2.4 concludes the chapter, outlining the considered optical WBAN system

parameters and description.

2.2 Optical Wireless Signal Transmission

Figure 2.1 presents the generalized block diagram of a typical OWC system. As with any conven-
tional wireless communication system, it is composed of three parts: the Tx, the propagation
channel, and the receiver (Rx). At the Tx, the information bits to be transmitted are probably en-
coded and then modulated, and then converted to an electrical signal by passing through a digital-
to-analog converter (DAC). Then, the signal passes through a driver circuit before being fed into
an optical source, where the latter converts the electrical signal into an optical signal. Note that,
in the context of indoor OWC, non-coherent optical sources are often the preferred choice. There-
fore, only intensity modulation and direct detection (IM/DD) is possible, i.e., the electrical signal
must be strictly positive, which is usually achieved by adding a DC component before driving the
source. Also, optional optics may be placed after the optical source to control its field of emission.
Then, the generated optical signal propagates through the wireless indoor channel. At the Rx, the
optical signal is collected by a photo-detector (PD), that may also be equipped with photon col-
lecting optics. Then the resulting photo-current is converted to a voltage by a trans-impedance
amplifier (TIA) circuit before being sampled by an analog-to-digital converter (ADC). Finally, the
original transmitted bits are recovered by signal demodulation and decoding.

In this section, we briefly explain the different components of the OWC system presented
above and review the existing optical sources and PDs. We also discuss optical link configurations

and the modulation schemes that are widely used for indoor optical transmission.

2.2.1 Transmitter

The key advantages of OWC in our application are its relatively low cost optical front-ends, its
suitability for short-range links, and resilience to EMI and interference from adjacent rooms. Nev-

ertheless, special attention should be devoted to eye and skin safety, which limits the transmit
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Figure 2.1: General representation of a typical OWC system.

power as well as the types of optical sources that can be employed.

Semiconductor optical sources, such as LEDs and LDs, are the most popular choices in OWC.
These optical sources may be manufactured to emit light across a wide range of electromagnetic
spectrum from VL to IR. In order to determine the suitability of LEDs or LDs for use in optical

WBAN:Ss, hereafter, we review their characteristics, merits, and limitations.

2.2.1.1 LEDs

An LED is a two-terminal semiconductor device that emits light when its p-n junction is acti-
vated by applying a forward bias voltage. The recombination of electrons and holes produces
non-coherent light typically by spontaneous emission of photons. In terms of illumination, in
contrast to the conventional incandescent light sources, LEDs offer a number of benefits such as,
lower power consumption, compact size, longer operational life, better thermal management, and
a better physical resilience [67]. Also, LEDs are environmentally beneficial since they contain no

mercury and have a minimal health effect due to their low UV radiation.

Typically, LEDs used for illumination are classified as white and RGB, where the former may
use yellow phosphors in combination with a blue LED to emit white light. For the latter, based on
their colors, different types of epitaxial layers are grown on a bare wafer made of materials such
as sapphire, gallium nitride (GaN), silicon (Si), or gallium arsenide (GaAs). For instance, the epi
wafers made of AlGaAs and InGaN may produce IR and blue light, respectively [67].

When used for data communication, due to the slow response time of the yellow phosphorous,
white LEDs have modulation bandwidths smaller than 10 MHz [68], whereas IR LEDs can have

INote that, Al and In stand for the aluminium and indium, respectively.
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Figure 2.2: Spectral responses of a white LED, IR LEDs with center wavelengths of 830 nm, 870 nm, and
950 nm, and a typical PIN PD, reproduced from [70].

bandwidths of up to 35 MHz [69]. Additionally, IR LEDs outperform VL LEDs in terms of photo-

detection sensitivity, as shown in Fig. 2.2.

The use of IR LEDs for wireless data communication goes back to the 1980s, when IBM re-
searchers developed the first IR LED-based wireless connected network between distributed com-
puters [71]. In [72], Barry et al. pioneered the theoretical foundations for indoor OWC based on IR
LEDs. Meanwhile, in 1962, Holonyak etal. invented the first LED (low-intensity red) in the VL
spectrum [73]. However, it was not until 1990 that Nakamura efal. demonstrated the first blue
LED, which laid the groundwork for modern white LEDs [74], replacing the energy-hungry incan-
descent light sources. In 2000, Nakagawa etal. employed white LEDs for data communication,
referred to as VLC, offering communication and illumination simultaneously [75, 76]. Since then,
significant research has been conducted demonstrating the feasibility of establishing bidirectional
indoor VLC [77-80].

Employing white LEDs in the both uplink and downlink imposes number of difficulties, e.g.,
the problem of interference between optical links. Proposed solutions include time division du-
plexing and the use of distinct color LEDs for bidirectional links [79, 81]. Nevertheless, in the
claimed LiFi application scenarios, where LED-based luminaires are used as APs, the use of VL
in the uplink, i.e., from a device to the AP on the ceiling, could be unpleasant for the users. One
possible solution is to use an IR link for uplink [82, 83]. For the same reason, we chose IR uplink

transmission in our application of medical WBAN.

Considering here IR LEDs as Tx, one major concern is the eye-safety limitation. In fact, such
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emitters are safe from any health hazard as long as they satisfy the photobiological safety require-
ments imposed by IEC. For example, according to the IEC-62471 standard, for pulsed IR, a cornea
exposure irradiance limit of 100 W/m2 and a retina exposure radiance limit of 545.5 mW/mm2/sr
have likely no eye hazard at a distance of 200 mm [63].

Compared to LDs, one major advantage of LEDs is their relatively wider beam width, which
allows the use of relatively higher optical powers, enabling the link ranges of a few meters and user
mobility. Moreover, LEDs show less temperature dependency as compared to LDs [70].

2.2.1.2 Laser Diodes

Similar to an LED, an LD is a semiconductor device formed by a p-n junction, which can be
pumped directly to convert an electrical signal into an optical signal. However, unlike an LED,
an LD produces coherent light by stimulated emission of photons, which means they have a con-

stant relative phase.

LDs are the most common sources employed in UWO and FSO communications for many
years [52, 54, 56, 84, 85]. However, growing interest in high-speed applications has motivated the
consideration of LDs as promising optical sources for indoor OWCs because of their high mod-
ulation bandwidth and better electrical-to-optical power efficiency [86]. For instance, in [87],
Tsonevetal. studied the feasibility of LDs for high-rate applications at standard indoor illumi-
nation levels. In [88], Watson et al. reported the use of 422 nm Gallium-nitride LDs for indoor VLC
and demonstrated 2.5 Gbps data-rate with a sensitivity of 11.5dBm. In [89], Lee etal. achieved
4 Gbps data-rate employing RGB LDs in indoor VLC system. In [90], Hussein efal. employed LDs
with an imaging receiver in a realistic indoor mobile scenario and reported minimum 5 Gbps data-
rate. Recently, in [91], Wei etal. built a full-duplex indoor OWC system where an IR vertical cavity
surface emitting laser is used for uplink. They experimentally achieved 2.125 Gbps data-rate from

a distance of 2.2 m.

The major concern while employing LDs in WBAN applications is eye- and skin-safety. For
point source lasers, the IEC-60825 classified safety standard based on transmit power, where Class
1, limited to only 0.2 mW, is intended for indoor applications and considered safe under all condi-
tions [92]. LEDs, on the contrary, may transmit at much higher power, typically ranging from 250
to 750 mW tailored to the operational wavelength [86], due to their reasonably large area and wide

emission angle.

However, an LD can be used for WBAN applications demanding higher data-rates. In such
a case, an optical diffuser should be inserted in front of the LD to break its spatial coherence,
allowing relatively high transmit power (~ 100 mW) while satisfying the eye-safety requirement.
Nevertheless, such diffusers may attain efficiencies maximum of 70 %, and the resulting Tx would
be more expensive and bulkier, compared to the case of using an LED. As a matter of fact, LDs are

nearly 10 times more expensive compared to their LED counterparts [93].
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Table 2.1: Typical characteristics of the different PD technologies, reproduced from [97,98].

Characteristic | PINPD APD SiPM
Spectral range (nm) 320-1100 | 200—-1150 | 320-900
Gain 1 <100 | <10°-10°
Response time Fast Slow Fast
Operating voltage 5V 100-200V <50V
Form factor Small Small Small
Temperature sensitivity Low High Low
Noise Low Medium Low
Cost Low High Low

2.2.2 Receiver

Given the mobility of patients in a typical medical WBAN scenario, OWC Rxs are expected to have
a relatively large field-of-view (FOV) to capture as much optical signal as possible. Nevertheless,
a larger Rx FOV will also result in collecting more ambient light, i.e., background noise. Moreover,
given the IR transmission in the uplink, due to the limited transmit power imposed by the eye-
safety concerns, photo-detection sensitivity is crucial in the considered application. Generally,
two types of optical Rxs can be employed to receive the transmitted signal by the LED luminaires:
a PD or a camera sensor [94]. However, camera sensors can only accommodate a very limited
data throughput due to their low sampling frequency. For PDs, their spectral range, low noise,
faster response time, low cost, and high internal gain influence their choices. The most common
PDs in OWC systems are the PIN PD and the avalanche PD (APD). Recently, the use of silicon
photomultipliers (SiPMs) has gained attention as an interesting and highly sensitive alternative
[95]. A SiPM is a multi-pixel photon counter, where each pixel is an APD biased in Geiger mode
[96]. A comparison of the main characteristics of PIN PD, APD, and SiPM are provided in Table 2.1.

Here, we focus on the PIN PD and APD options in order to determine their suitability for our

considered application, as discussed in the following.

2.2.2.1 PIN Photo-diode

A PIN PD consists of a lightly doped intrinsic layer sandwiched between two layers of heavily
doped p-type and n-type semiconductor materials. Based on operating wavelength, different
semiconductor materials may be used to fabricate PIN PDs. For instance, Si is used for the spec-
tral range of 320 to 1100 nm, GaAs for the range of 650 to 870 nm, and InGaAs for the range of 900
to 1700 nm [48, 98]. Given the requirement of operating spectral wavelength in the VL and IR re-
gions, Si PIN PDs are the most appropriate choice in this context. Moreover, due to their relatively
low operating bias voltage, low temperature sensitivity, high photosensitivity, and low capacitance

(i.e., fast response time), they are widely adopted for OWC applications.

Compared with an APD, the use of a PIN PD allows a less expensive and a less bulky Tx with

simpler electronics, and furthermore less sensitivity to background illuminations. For instance,
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in [99], Haddad etal. analyzed the performances of optical intra-WBAN links using PIN PDs and
showed better performance for relatively high background noise level compared to their APD
counterparts.

2.2.2.2 APDs

APDs are structurally quite similar to PIN PDs, with the exception that they improve sensitivity
through the process called impact ionization, resulting in increased internal gain. APDs have sev-
eral advantages, including high gain and relatively high photon conversion efficiency.

In the context of OWC, APDs have been considered in several works, particularly for long-
distance communications and low-level signaling [100-102]. However, a high bias voltage is re-
quired for the ionization process. Moreover, the gain of the APD is highly sensitive to the temper-
ature and bias voltage variations, and thus requires complex circuitry to ensure temperature and
voltage stability. Additionally, in the presence of non-negligible background radiations, APDs are
shot noise limited [103].

2.2.3 Indoor Optical Channel

The quality of the communication channel significantly affects the performance of optical trans-
mission systems. Many factors influence the indoor OWC channel, such as room dimension, Tx

angle of emission, link range, Rx FOV, link configurations, and background noise.

2.2.3.1 Link Configurations

Kahn and Barry defined indoor OWC links based on the presence of a LOS link between the Tx
and the Rx, as well as the degree of directionality [52]. The most typical link configurations are:
directed LOS, non-LOS or diffuse, and hybrid.

In the context of optical WBANS for uplink, given the mobility of patients and battery powered
Tx (i.e., the CN), the placement of the CN and link configurations are crucial. We consider that
the CN is placed on the shoulder of each patient, which has been shown in [104] to be an appro-
priate choice due to the patient comfort and also the relatively high probability of having a LOS
connection with the AP (i.e., Rx), typically placed on the ceiling.

In what follows, considering uplink transmission in medical WBANs, we describe different

possible link configurations, as illustrated in Fig 2.3, as well as their advantages and limitations.

1. Directed LOS: Figure2.3a illustrates a directed LOS link, where the CN and AP are pointing
towards each other. Typically, this setup is equipped with a narrow-beam LED at the Tx and a Rx
with a relatively small FOV, which is ideal for point-to-point communication, particularly for high
data-rate applications. Due to narrow FOV at the Rx, directed LOS links are robust to multi-path

distortion and less affected by ambient noise sources. However, in order to address user mobility,
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(a) (c)

Figure 2.3: Link configurations for indoor optical extra-WBANSs: (a) directed LOS, (b) non-LOS, (c) hybrid
link. The Tx is placed on the shoulder of the patient.

this configuration may require a complex tracking mechanism to maintain an uninterrupted LOS
link between the Tx and Rx.

In the context of optical WBANSs, the effect of patients’ mobility inside a hospital room was
studied in [105], while assuming a half-tracked LOS link between a medical sensor and an AP.
Such a half-tracked link is, however, still complex to implement as it requires a fine knowledge of

the user and AP positions to align the Tx with the Rx.

2. Non-LOS: For a non-LOS link, also known as diffuse link, no optical direct link exists be-
tween the Tx and Rx. Typically, both Tx and Rx are oriented towards the ceiling, and the Rx with
a wide FOV collects diffusely reflected optical signal from the ceiling, as shown in Fig.2.3b. The
advantages of this configuration include resistance to link blockage and good support of mobility.
However, diffuse links suffer from significant path loss, which is further exacerbated in a situation
called shadowing, where the strongest link paths are blocked by any means, e.g., a person or furni-
ture in the room. Moreover, channel multipath dispersion may result in inter-symbol interference
(ISI), which will require channel equalization at the Rx. Additionally, transmission in a relatively
large room needs the use of relatively high transmit power.

Therefore, considering the eye-safety concerns for uplink IR in medical WBANs, we do not
recommend diffuse configuration for medical WBANS, particularly, for the room dimensions pro-
vided in the health-building guidelines for hospitals [106]. Note that, in [107], nevertheless diffuse
link configuration was considered for medical WBANSs for a relatively small hospital room of di-

mension 3 x 4 x 2.5 m53.

3. Hybrid: The hybrid link configuration includes contributions from both the LOS and diffuse
components, as shown in Fig. 2.3c. This is probably the most widely used configuration due to its
high energy efficiency and low implementation complexity. It requires a wide-angle LED at the Tx
and a Rx with a relatively large FOV, where reliable communication can be achieved in mobility
condition by using diffusely reflected links when the LOS link is not available due to blockage.

Several studies have considered hybrid link configuration in optical WBANS to transmit med-
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ical data from the patient’s body. For example, in [108], the authors achieved the required QoS
by employing the hybrid link setup for IR-based uplink extra-WBAN transmission. In [109], Had-
dad eral. analyzed hybrid link channels under mobility conditions for extra-WBANs. In [110],
Kaba et al. studied the performance of a optical body sensor taking into account both the LOS and

diffuse contributions, and also analyzed the effect of user mobility in [111].

In this thesis, taking into account the requirement of implementation simplicity and commu-
nication reliability, we consider the hybrid link configuration for the medical data transmission in
extra-WBAN uplink.

2.2.3.2 Signal Transmission Formulation

Regardless of the link configurations described in the previous subsection, the IM/DD base-
band signal at the Rx (without any optical concentrator), i.e., the generated instantaneous photo-
current y(t) at the Rx PD, can be written as [52]:

y(t) = Zr(t) ® h(t) + n(t), (2.1)

where Z is the PD responsivity, r(¢) is the optical transmitted power, h(f) represents the channel
impulse response, ® denotes convolution, and n(t) refers to the Rx noise.

Considering a PIN PD, the main sources of noise are dark current noise, thermal noise, and
shot noise. Dark current noise is the random variations of the leakage current induced by the
bias voltage applied to the PIN PD. The shot noise is caused by random variations in the gener-
ated photo-current at the PD, due to both received signal and ambient radiations [103]. Thermal
noise is mainly generated by the load resistance of the Rx TIA. Neglecting the signal-generated
shot noise, remaining noise sources are modeled as signal-independent zero-mean white Gaus-
sian with the one sided noise power spectral density (PSD) Ny [49, 52]. Therefore, denoting the
total Rx noise variance by Ufl, we have O'%Z = BNy, where B refers to the Rx bandwidth. Note that

the dominant noise sources are background and thermal noises [103].

2.2.4 Modulation Technologies

For medical WBANSs, a low-complex and energy-efficient modulation scheme should be used,
achieving the required QoS. Note that the choice of a modulation technique may also be influ-
enced by the MA solutions used to serve multiple users in a communication network. In contrast
to RF systems, IM/DD based OWC systems do not suffer from multipath fading due to the large size
of PDs (typically in cm) compared to the nm range wavelength [112]. The most straightforward ap-
proach is the use of pulse-based modulation schemes, e.g., on-off-keying (OOK). However, more

advanced multi-carrier modulation techniques have gained increasing attention.

In the sequel, we provide a brief description of the most popular modulation technologies used
in OWC. We will later discuss the architecture and performance analysis based on considered MA

and modulation schemes in Chapters 3, 4, and 5.
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Figure 2.4: Example of bit-symbol mapping in OOK and 8-PPM signaling scheme.

2.2.4.1 Pulse-Based Modulations

Pulse-based modulation schemes include OOK, pulse position modulation (PPM), pulse width
modulation (PWM), and multi-level pulse amplitude modulation (PAM). OOK can be regarded as
PAM with two intensity levels. Compared to the binary modulation schemes, multi-level modula-
tions are more sensitive to noise [48]. Moreover, PWM has a relatively low energy efficiency [113].
Therefore, considering the low power requirements of WBANSs, we focus on the OOK and PPM sig-
naling schemes. An example of bit-symbol mapping is presented in Fig. 2.4, where ON and OFF

slots are represented by bits ‘1’ and ‘0’, respectively.

A. O0OKSignaling: OOKis the most widely used modulation scheme due to its simple hardware
requirement. The OOK signals can be transmitted in two modes: non-return-to-zero and return-
to-zero, where the former represents the bit ‘1’ with an ON pulse that equals the bit duration, and
for the latter, the pulse occupies only a part of the bit duration. Here, we consider the non-return-
to-zero OOK signaling, as illustrated in Fig. 2.4. Now, denoting the average optical transmit power
by P(opy), the transmit optical power per ON slot is 2Py (opy . Also, the required bandwidth is equal
to the data-rate Ry, R, = 1/ Toox; Toox refers to the OOK symbol duration.

OOK signaling scheme has been considered in many commercial OWC systems, e.g., IrDA
[114]. It has been widely used in optical WBANSs as a basic modulation scheme. For instance,
in [115], authors achieved data-rate of 500 Kbps using OOK modulation.

B. PPM Signaling: The interest of PPM as compared to OOK is its better power efficiency and
the fact that it does not require any adaptive thresholding for signal detection at the Rx [116].
However, it has a lower bandwidth efficiency. An example of 8-PPM signaling compared to OOK is
illustrated in Fig. 2.4. Here, denoting the PPM symbol and slot duration by Tppym and Ty, respec-
tively, we have Tt = Tppm/8 for 8-PPM signaling. Also, the average optical transmit power per ON
slot corresponds to 8Py(opy)-

Given the low data-rate transmission of medical WBANSs, an alternative approach is the use
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of binary PPM (BPPM) due to its relatively small bandwidth penalty, and no need for adaptive
thresholding as in OOK. We will later provide detailed structure of BPPM signaling along with MA
technique in Chapter 4.

2.2.4.2 Multi-Carrier Modulations

Multi-carrier modulation techniques have recently gain growing interest for high data-rate OWC
applications mainly to deal with the limited bandwidth of opto-electronic components. The
optical-orthogonal frequency-division multiplexing (O-OFDM) is one of the efficient modulation
schemes addressing channel frequency selectivity [117-119], while outperforming simple modu-
lation techniques such as OOK in terms of energy efficiency [120]. O-OFDM is also adjustable to
manage multi-user access through frequency multiplexing, i.e., O-OFDMA, by allocating distinct

subcarriers to each user. We will later describe in more detail the O-OFDMA scheme in Chapter 3.

2.3 Channel Modeling for Optical WBANs

Accurate channel modeling is crucial for the design of an OWC system. Several simulation-based
approaches have been developed so far to characterize and model the OWC channel mainly for
static scenarios [121]. For instance, the works in [112, 122-124] calculated the optical channel
impulse response based on ray-tracing methods. However, they suffer from high computational
complexity with increased number of reflections. A more popular method is to employ relatively
faster Monte Carlo ray tracing [125-128]. Most of these methods have been verified using IR LEDs
by experimental measurements, e.g., in [129-131]. Channel modeling for optical WBANs using

Monte Carlo ray tracing approach was considered in [109, 132].

An important point here is to consider the effect of user mobility. For instance, it was shown
in [133] that the quality of an RF-based extra-WBAN link is significantly affected by mobility. More-
over, the effect of random Tx orientations due to mobility may further impair the link performance.
A considerable effort has been made on the channel characterization of optical extra-WBAN links,
considering the mobility of patients. In [62, 66, 134], the mobility was considered assuming uni-
formly distributed random positions of the patient, where the patient body was modeled as vol-
ume of rectangular surfaces. Recently, In [32], a more realistic three-dimensional animation of the
patient’s walk cycle was modeled and characterize the optical intra-WBAN links using the non-
sequential ray-tracing function of Zemax. However, the body has a rather little impact on the link
performance for relatively low data-rate applications, provided that the Py requirement is lim-
ited to about 1072 [66]. Therefore, for the sake of simulation simplicity, the detailed modeling of

the patient body can be avoided.

In this section, we describe the mathematical model of the channel propagation for the con-
sidered hybrid OWC link configuration. Moreover, we present the user mobility model taking into

account random Tx orientations.
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Figure 2.5: Illustration of a typical LOS link configuration between a CN and the AP. x and y represent the
coordinates of the CN with respect to the room center, i.e., the AP position.

2.3.1 Channel Propagation Model

Considering a Lambertian radiation pattern for the LED at the Tx (i.e., the CN), and denoting the
channel DC gain for the LOS link by H;ps, we have [52]:

App(m+1)

e me ;0<sy <
Hips = 2apr €08 () costy) v=ve (2.2)

0 ’ uj > wc:
where ¥ denotes the beam incident angle at the Rx, App is the PD’s area, ¥, denotes the FOV of
the Rx (i.e., the AP), and D is the LOS link distance between the CN and the AP, as shown in Fig. 2.5.
We have D = v/d? + (hap — hen)?, where hey and hap stand for the heights of the CN and the AP,
respectively. Also, d is the distance between the CN and the AP, and 8 is the radiance angle of

the Tx that depends on the elevation angle 0, as shown in Fig.2.6. Moreover, m in (2.2) is the
Lambertian order, related to the LED semi-angle at half power ¢,/ [48]:
—In2
m=——. (2.3)
In(cos /)

Concerning the diffuse link, we denote by H,.f the channel DC gain component corresponding
to the signals collected from the beam reflections at the Rx. To avoid too timely simulations, here
only 1%-order reflections are taken into account. Note that this choice is practically rational as
most non-LOS contributions correspond to the first-order reflections [135]. To calculate Hef, we
consider a set of small Lambertian reflecting surface elements, each one with area Ag and reflec-
tivity coefficient p, as shown in Fig. 2.6. For each element E,, the corresponding channel DC gain
is given by [52,136]:

e s ¢os™ (9) cos(9) cos(8) cos(y) ;0<y’ <,

Href,t = 272 DiD; (2.4)
0 v >y,
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Figure 2.6: LOS and diffuse link with randomly oriented Tx. Here, 0;, denotes the elevation angle, w; is
the azimuth angle, and nap and n%x stand for the normal vectors corresponding to the AP and Tx, respec-
tively.

where D; denotes the distance between the Tx and the reflecting surface element E,, D, is the
distance between E, and the Rx, 0 is the radiance angle of the Tx, J expresses the incident angle
on E,, § is the radiance angle of the reflected rays from E,, and ¥’ denotes the incident angle at the

Rx, as shown in Fig. 2.6.

Given the average transmit optical power Py (opy), the total received power P, on the PD taking
into account both LOS and the diffuse links is given by [48]:

P, = (HLOS +) Href,t)P t(opt)- (2.5)
L

2.3.2 Modeling User Mobility

A variety of mobility models have been proposed so far in the context of cellular mobile networks
such as random walk model [137], RWP [138, 139], random group model [140-142], and random
trip model [143]. In the context of RF extra-WBANSs, a modified RWP, called random room mobility
model, was proposed in [133] for the case of mobility within a hospital building. Moreover, [144]
showed that the human walk nature in outdoor follows the levy-walk model. In indoor environ-
ments, RWP is the most widely used mobility model because of being more realistic and its imple-

mentation simplicity [145]. In the case of OWC, in addition to user mobility, the effect of Tx orien-



36 CHAPTER 2. OPTICAL TRANSMISSION FOR MEDICAL WBANS

(b) Pitch rotation

Z
o !
Ny {u z
, X
y o
x !
Y
(c) Roll rotation (d) Yaw rotation

Figure 2.7: Orientations of a Tx: (a) reference orientation, when the reference coordinate system XY Z and
the actual Tx coordinate system x’y’z’ are aligned, (b) Pitch rotation, the Tx rotation around the X axis with
angle B, (c) Roll rotation, the Tx rotation around the Y axis with angle y, (d) Yaw rotation, the Tx rotation
around the Z axis with angle a.

tations on the link performance can be quite significant. Recently, an ORWP mobility model was
proposed for the LiFi use cases, where mobile devices were considered to be oriented randomly
with a Gaussian distribution [146]. Although in our case of extra-WBAN link, the Tx (placed on the
patient’s shoulder) would have smaller orientation variations, compared to the case of handheld
devices in LiFi applications, here for the sake of modeling simplicity, we also consider the Gaussian
distribution and use it in our ORWP mobility model.

2.3.2.1 TxOrientation

The orientation of a Tx placed on a patient’s shoulder can be described by the Euler’s rotation
theorem [147]. We denote the yaw, pitch, and roll angles by a, 8, and y, respectively. Let’s define
the reference coordinate system XY Z, corresponding to when the Tx is pointing straight towards
the ceiling, in contrast to the actual coordinate system x'y'z/, see Fig.2.7. Any spatial orientation

can be represented by a 3 x 3 rotation matrix R given by [148]:
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cosa -sina Of |1 0 0 cosy 0 siny
R = Ry, (a) Rpicen (B) Rion(y) = | sine cosa  0f |0 cosf —sinf 0 1 0o |,
0 0 1110 sinf cosB | |—-siny 0 cosy
(2.6)

where Ryaw, Rpicch and Ry are the rotation matrices about the Z, X and Y axes with rota-
tion angles a, B, and y, respectively. Let us define the normal vectors ntx = [nxnynZ]T and
ni = [n;n’yn’Z]T corresponding to before and after Tx rotation, respectively, where (-)7 denotes
transposition. According to the Euler’s theorem,

nt, = Rnx. 2.7

We assume that the reference and the actual Tx coordinate systems are initially aligned so that
nrx = [001] T see Fig.2.7a. Then, substituting R from (2.6) in (2.7), we have:

sina sin § cosy + cosa siny
n}, = |sina siny - cosa cosy sinf | . (2.8)
cos 3 cosy
Now, we convert the rectangular coordinates to spherical coordinates as shown in Fig. 2.6 to obtain

the elevation 6;, and the azimuth w;, angles as follows:

0;x = arccos (cos 5 cosy) 2.9

sina siny — cosa cosy sin

Wy = arctan (2.10)

sina sin cosy + cosa siny )’
Note that the radiance angle 0 in Fig. 2.6 depends on the elevation 6, and the azimuth w, angles,
and can be calculated by employing the trigonometry of the rectangular triangles (see in Appendix
A).

2.3.2.2 ORWP Model

According to the RWP mobility model, within a rectangular room of area W’'xL’, the distance
between two random points is assumed to be distributed uniformly with the probability den-
sity function (PDF) ﬁ [149]. For the transition between two successive points, the trajectory
is a straight path with a constant speed, as illustrated in Fig.2.8. The PDF of the distance or the
transition length between two points, denoted by . can be found in [149]. For the case of an
L’ x L' square room that we will consider later, the expected transition length is E{#} = 0.5214L’
[149,150], where E{-} refers to the expected value. The two dimensional PDF of the node location

(x,y) is then [150]:
36

L/G
Here, we assume that the speed of the node (i.e., the user) is uniformly distributed between Viin

Fxy(x,y) = = (x* = L"?14) (y* - L*?14). 2.11)

and Vipax, which is considered to be unchanged during each transition. Then, the expected value
of the transition time J is [150]:
In(Vinax/ Vi
E{g}= M};{y}. (2.12)

Vmax - Vmin
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Figure 2.8: Illustration of RWP mobility model for a node within a confined area.

We consider the user movements with a certain amount of pause time 9, with the probability
of pause, Py = E{Tp}/(E{Tp}+E{T}) [150]. The random location of the paused nodes is as-
sumed to be uniformly distributed with the PDF f*(x,y) = ﬁ The global PDF of the node
location taking into account the pause feature will be then:

Global Pause

XY = PPause XY (x) y) + (1 - PPause) fXY(x» J/); (2-13)

where fxy(x,y) corresponds to (2.11).

Now, to simulate the general ORWP mobility for a given user, for each waypoint, we consider

an independently generated random Tx orientation to the user’s location using (2.13).

2.4 Chapter Summary

In this chapter, we presented a typical indoor optical transmission system and detailed its basic
parts and the optical propagation channel. Taking into account the medical WBAN context, we
reviewed the issues related to the Tx and Rx components and their arrangements. Based on the
considered link setup, we also presented channel modeling approach and mobility model for pa-
tient’s movements. Meanwhile, we specified the general assumptions for later use, as summarized

in the following:

e Atthe Tx (i.e., the CN):

- IRLED

- Intensity modulation
e Optical channel:

— No body model; neglecting link blockage by obstacles
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— User mobility with ORWP model and random Tx orientations
o Atthe Rx (i.e., the AP):

- Si PIN PD; no optical concentrator

- Direct detection
* Configurations:

— CN placed on the shoulder
— AP placed on the ceiling

- Hybrid link configuration, i.e., LOS and non-LOS components.
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3.1 Introduction

As outlined in Chapter 1, we consider the two cases where several patients in a typical hospital

ward or a large number of patients in a typical emergency waiting room need to be monitored
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simultaneously. Signal transmission in these cases should use an efficient MA solution that allows
several patients to share the same communication channel for the transfer of their medical data. In
this chapter we review the state-of-the art MA techniques, taking into account the aforementioned

medical scenarios.

In Section 3.2, we provide an overview of conventional MA solutions, and their pros and cons
for the considered application scenarios. Considering asynchronous data transmission and hard-
ware simplicity requirements of medical WBANs, we show the suitability of the O-CDMA tech-
nique compared to the time-division MA (TDMA) and frequency-division MA (FDMA) counter-
parts. We further show that in a typical emergency waiting room scenario with potentially a large
number of patients, orthogonal FDMA (OFDMA)-based solutions are preferable. On the other
hand, non-orthogonal MA (NOMA) schemes based on power- and code-domain multiplexing
have recently gained significant attention in cellular networks for massive IoT connectivity. Thus,
we briefly review the state-of-the-art NOMA techniques and investigate their advantages and lim-
itations in our context. We show that power-domain NOMA is not suitable for medical WBANS,
due to its dependency on the channel gains, given the possibility of closely placed patients and
the random nature of channels. Moreover, we compare several code-domain NOMA techniques
and highlight their advantages and drawbacks. Next, in Section 3.3, we describe in detail the po-
tential MA candidates for medical WBANSs, considering the two scenarios of the hospital ward and

emergency waiting room. Lastly, the chapter is summarized in Section 3.4.

3.2 Conventional MA Solutions

MA techniques can be divided into orthogonal MA (OMA) and NOMA, where the former allo-
cates users with different frequency or time resources or attributes to them orthogonal signatures
(codes) [151]. On the other hand, NOMA allows multiple users to simultaneously use all the time-
frequency resources via power- or code-domain multiplexing, where signal detection at the Rx
side is typically done based on successive interference cancellation (SIC) [152, 153]. Note that, the

majority of existing works on MA schemes for OWC are derived from RF.

In this section, we present a brief overview of OMA and NOMA schemes, and discuss their

advantages and drawbacks for the considered WBAN application scenarios.

3.2.1 Orthogonal MA Solutions

An OMA scheme uses orthogonal resources for each user signal to minimize the multi-user inter-
ference. Typical widely used OMA schemes are FDMA, TDMA, CDMA, and OFDMA.
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Figure 3.1: Resource allocation by FDMA considering three users in the uplink where each user is assigned
a unique frequency band.

3.2.1.1 FDMA

In FDMA, each user is assigned a non-overlapping unique frequency band to transmit its data, as
depicted in Fig. 3.1. FDMA was, for instance, used in the first generation of cellular networks.

The primary drawback of FDMA is its inefficiency in utilizing entirely the available spectrum
bandwidth, as guard bands are used to prevent inter-channel interference. Moreover, in its ba-
sic form, it requires bandpass filters in order to avoid adjacent channel interference, resulting in

increased system cost.

3.2.1.2 TDMA

By allocating distinct time slots for different users, TDMA enables multi-user access. In TDMA,
the users transmit sequentially, i.e., one after another, each in its own time slot, as illustrated in
Fig. 3.2. The main advantage of TDMA is its relatively low implementation complexity.

In the context of OWC-based WBANS, different variants of TDMA techniques including time-
hopping, and periodic- and priority-based data transmission were proposed for multiple-patient
monitoring [154-156]. However, these solutions do not support asynchronous data transmission
from different patients. Moreover, their complexity increases with increased number of users, due

to the synchronization requirement of TDMA.
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Figure 3.2: Resource allocation by TDMA in the uplink. Here, three users transmit data at their assigned
time slots.

3.2.1.3 CDMA

In CDMA, each user is assigned a unique SC, allowing users to communicate at the same time and
use the whole bandwidth, as shown in Fig. 3.3. Here, signals can be recovered in two ways of single-
user or multi-user detection, where the former recovers the desired user signal by considering
other interfering users as noise. The latter employs optimal maximum likelihood or linear zero-
forcing or minimum mean square error (MMSE) algorithms in order to jointly recover the signals
of multiples users [157].

The performance of CDMA is significantly influenced by the type of SCs employed. Conven-
tional RF-based CDMA uses pseudo-random or pseudo-noise binary sequences that are random
in nature but can be replicated deterministically. They have good correlation properties, make
it efficient to distinguish received signals from different users and mitigate MAI [158]. However,
due to the IM/DD nature of signal transmission in OWC systems, bipolar SCs cannot be applied
directly. One solution is to modify SCs to meet the OWC requirement, i.e., conversion of bipolar
codes to unipolar by replacing “-1” into “0”. Alternatively, specific unipolar SCs are designed for
use in optical CDMA (i.e., O-CDMA). Later, in Section 3.3, we will briefly review most popular SCs
and the O-CDMA signaling scheme.

In comparison to TDMA, one major advantage of O-CDMA is that it allows asynchronous data
transfer simultaneously from multiple users. Moreover, since O-CDMA requires a simple Tx hard-

ware, it is a good MA candidate for uplink WBANSs.
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Figure 3.3: Resource allocation by CDMA considering three users in the uplink. Each user is assigned a
unique SC.

The performance of O-CDMA was experimentally investigated for indoor optical wireless
local-area networks in [159], [160]. The authors in [161] and [162] considered the impact of am-
bient noise on the diffuse IR O-CDMA channel. Also, the near-far problem and MAI effect on a
diffuse IR uplink were studied in [163, 164]. In [105], O-CDMA was proposed for uplink trans-
mission in medical extra-WBAN applications for a few number of patients, where the effect of
patients’ mobility inside a hospital room was studied as well, while assuming a half-tracked LOS
link between a medical sensor and an AP. However, as mentioned before, such a half-tracked link
is impractical and rather complex to implement. On the other hand, for intra-WBAN medical ap-
plications, the analytical study of a diffuse O-CDMA link was presented in [107, 132] based on a
so-called hard-limiter (HL) Rx structure.

3.2.1.4 OFDMA

OFDMA is a multi-user version of the widely used OFDM modulation that is, for instance, adopted
in the fourth generation cellular networks in the downlink. In OFDMA, each user is assigned a
subset of subcarriers before transmission. To reduce ISI, a cyclic prefix (CP) is further inserted in

between time symbols, as illustrated in Fig. 3.4.

In the context of OWC, considering IM/DD, to obtain a real-valued TD signal by O-OFDM,
HS is imposed on the transmitted frequency-domain (FD) signal frame. Given that the transmit
signal must be strictly positive before modulating the optical source, i.e., the LED, a DC-bias is
further added to the signal before lower clipping; what is usually called DCO-OFDM. Alternatively,
asymmetrically clipped (AC)O-OFDM can be used, which consists in modulating only the odd
subcarriers and zero-clipping the negative TD signal [165], resulting in a spectral efficiency loss of
factor 2, compared to DCO-OFDM [166]. Since O-OFDMA is a natural extension of O-OFDM, it
retains all of the advantages of O-OFDM discussed in Chapter 2.

One of the main issues with O-OFDM signaling is the relatively high peak-to-average-power
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Figure 3.4: Resource allocation by OFDMA considering two users in the uplink. Here, S; and S, refer to
the symbol 1 and symbol 2, respectively.

ratio (PAPR) of the modulated signal given the limited dynamic range of the optical front-ends
[167-169]. In fact, in order to avoid the LED from over-heating due to the high signal peaks, the
transmit signal is further upper clipped [170]. The resulting signal distortion due to lower and up-
per clipping is usually modeled by considering the so-called clipping noise. Several solutions have
been proposed so far to reduce the PAPR of an O-OFDM signal, based on techniques such as block
coding, selective mapping, and pilot assisted transmission, usually at the cost of increased system
complexity [171,172]. As concerns the MA solution, an alternative approach to O-OFDMA is the
so-called optical single-carrier FDMA (O-SCFDMA) [173]. In fact, SCFDMA has been adopted in
the LTE standard as the uplink MA scheme due to its low PAPR [174, 175]. Note that, compared
to OFDMA, additional precoding is required at the Tx side when using SCFDMA, which results in
a relatively high computational complexity. The conceptual diagram of SCFDMA is illustrated in
Fig. 3.5, where a single carrier is used to transmit users’ signals. Detailed description of O-OFDMA
and O-SCFDMA signaling will be later presented in Section 3.3

As mentioned before, in a typical emergency waiting room scenario, a large number of patients
may need to be monitored simultaneously. The already proposed O-CDMA for few number of
patients suffers from high implementation complexity with the increased number of patients due
to the required long SCs. Also, using long SCs in O-CDMA results in reduced data-rate due to the
limited LED modulation bandwidth.

Last but not least, considering battery-powered CNs, power consumption is a crucial aspect
in our application, which depends on the computational complexity and the transmit power. It is
therefore of practical interest to design an energy-efficient MA technique for uplink extra-WBAN

links.
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Figure 3.5: Resource allocation by SCFDMA considering two users in the uplink. Here, S; and S, refer to
the symbol 1 and symbol 2, respectively.

3.2.2 Non-orthogonal MA Solutions

Recently, NOMA has attracted extensive attention for massive IoT connectivity with the require-
ment of low latency and long battery life and for future generation of cellular networks [153].
Massive connectivity is achieved in NOMA by permitting signal to overlap over the same time-
frequency bands via power-domain or code-domain multiplexing. NOMA could be an interesting
MA option in the context of WBANSs, particularly for the case of emergency waiting room scenario.
Therefore, in the following, we briefly describe NOMA techniques and their pros and cons to be
used in optical WBANS.

3.2.2.1 Power-domain NOMA

In power-domain NOMA, signals from different users are transmitted by allocating different power
levels. The channel gain difference between the received signals from multiple users is exploited
at the Rx to recover the desired user signal. Figure 3.6 presents a conceptual diagram of a power-
domain NOMA for the uplink, where transmitted signals from user 1 and user 2 are decoded by
performing multi-user detection, e.g., SIC. Note that the strongest received signal (e.g., user 2 sig-
nal in Fig. 3.6) is decoded first, which is then subtracted from the received signal of user 1 before
decoding its signal [176].
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Figure 3.6: Resource allocation by a typical power-domain NOMA considering two users in the uplink. At
the Rx, SIC is performed to distinguish desired user signal based on the difference in received channel gains.

In addition to the high computational complexity of SIC detection in the case of large number
of users, the performance of power-domain NOMA is highly affected by the correlation between
the users’ channel gains [177]. This latter is usually the case in our 2" considered application

scenario due to users’ mobility and closely placed patients inside the emergency waiting room.

3.2.2.2 Code-domain NOMA

In a code-domain NOMA, each user’s data is spread over available time and frequency resources
using SCs. Unlike conventional CDMA, this scheme allows overloading, i.e., the number of orthog-
onal resources can be less than the total number of users, in order to address massive connectiv-
ity. At the Rx, advanced multiuser detection (MUD) algorithms, e.g., message passing algorithm
(MPA), expectation propagation algorithm (EPA), MMSE-SIC, and matched filter (MF)-SIC [178],
can be employed in order to decode each user’s signal. One major concern in code-domain NOMA

is to optimize the trade-off between overloading factor and Rx complexity.

Several code-domain NOMA techniques have been proposed so far, the most popular in-
clude sparse-code MA (SCMA) [179], multi-user shared access (MUSA) [180], pattern division MA
(PDMA) [181], and resource spread MA (RSMA) [182]. Table 3.1 presents the main features of these
techniques, where RSMA appears to be the most interesting one for our application due to its
low decoding complexity. However, scrambling codes with good correlation properties for optical

communications are yet to be identified, which is an interesting direction for future research.

Note that, in the context of optical WBANS, a bandwidth-efficient SCMA technique was pro-
posed in [183] for health information monitoring with relatively high decoding complexity, as

compared to the TDMA and O-CDMA schemes. Bitstream mapping by SCMA technique is illus-
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Table 3.1: Main features of different code-domain NOMA schemes, reproduced from [178].

Attributes SCMA MUSA PDMA RSMA
Signature Codebooks | Spreading Sequence | Codebooks | Scrambler
Sparse signature Yes No Yes No
MPA (SIC) MMSE-SIC MPA MMSE-SIC
MUD Rx EPA(SIC) MPA-SIC ME-SIC
. High/ Low High/ Low
Rx 1
Complexity Moderate Moderate Low
Device overload Moderate High Moderate High
Codebook 1 Codebook 2 Codebook 3 Codebook 4 Codebook 5 Codebook 6
EOIQE @glﬂg éﬁlw 11 00@@11 00 01 10 11 00 01@@
User 1 User 2 User 3 User 4 User 5 User 6
10 11 00 11 01
Mapped
bitsreams

*Transmit

MUD algorithms to
recover bitstreams of
each user

—

Figure 3.7: Bitstream mapping by SCMA considering six users for the uplink. Each user’s bitstreams are
mapped to four orthogonal sparse codes from the assigned codebook.

trated in Fig. 3.7, where six users data are transmitted using four sparse code, i.e., with an over-
loading factor of 150%.

3.3 MA Candidates for Optical WBANs

In this section, we describe in more detail suitable MA candidates, i.e., O-OCDMA, O-OFDMA, and
O-SCFDMA, for uplink extra-WBAN transmission.

3.3.1 0O-CDMA

The structure of O-CDMA signaling depends on the type of SCs, i.e., bipolar or unipolar codes,
used to map the data of different users [184].
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Figure 3.8: Typical block diagram of O-CDMA for two users in the uplink. Blocks Mod and DeMod stand
for modulator and demodulator, respectively.

3.3.1.1 0O-CDMA Based on Unipolar Codes

Figure 3.8 presents the typical structure of O-CDMA signaling based on unipolar codes. At the Tx,
each user is at first assigned a SC, then each bit from the user data stream is multiplied by this
SC and transmitted through the optical channel. At the Rx, to recover the data of a specific user,
the received signals are at first correlated with the corresponding assigned SC. The output of each
correlator is then processed based on the modulation technique employed. The resulting signal is

then demodulated to extract the transmitted bits of each user.

O-CDMA can be implemented using unipolar codes, e.g., optical orthogonal code (OOC) [185],
prime code (PC) [186], or random optical code (ROC) [187]. O-CDMA based on PCs has the ad-
vantages of a relatively simple implementation and straightforward code generation techniques.
However, it is not suitable for asynchronous data transmission. A variety of ROCs has been pro-
posed for O-CDMA in [187,188], but they do not have ideal correlation properties. The OOCs are
the most mature binary SCs, first employed for optical fiber communications. Due to their good
correlation properties, OOCs have been widely adopted in O-CDMA systems, as compared to the
PCs and ROCs [184]. The use of OOC-based O-CDMA for WBANs was first considered in [105].
In order to increase the robustness against MAI, we also consider in this thesis O-CDMA based
on OOC that will be described in detail in Chapter 4, where we will also analyze its performance

considering a realistic medical WBAN scenario.

3.3.1.2 0-CDMA Based on Bipolar Codes

Bipolar codes, which are commonly employed in RF CDMA systems, can also be adapted for use in
O-CDMA. The Walsh-Hadamard (WH) sequences are the most popular bipolar codes used in most
O-CDMA systems. For instance, in [189], O-CDMA was used for VL downlink transmission, where
WH codes are employed along with pseudo-noise (PN) sequences to mitigate inter- and intra-cell
interference. Figure 3.9 presents an O-CDMA signaling scheme based on bipolar sequences, in

which modulated data from each user are multiplied by the assigned WH and PN sequences before
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Figure 3.9: Typical block diagram of O-CDMA signaling based on WH and PN sequences for two users.

being transmitted by the LED. At the Rx side, the received signals at the PD are multiplied by the
desired user’s PN and WH sequences to recover its transmitted data. However, when used in asyn-
chronous systems, the ideal autocorrelation and cross-correlation properties of WH sequences are
lost. To address this, Gold sequences [190] or m-sequences [191] can be used for asynchronous
O-CDMA systems. However, their drawback is that, unlike unipolar OOC codes, they lack good
correlation properties. Moreover, bipolar O-CDMA systems require DC biasing prior to drive the

LED (see Fig. 3.9), resulting in higher power consumption at the Tx.

3.3.2 0O-OFDMA

3.3.2.1 DCO-OFDMA

Figure 3.10 shows the block diagram of DCO-OFDMA signaling. First, the collected data bits from
sensors are grouped together by the serial to parallel (S/P) converter and mapped into M-QAM
complex symbols X 2 k= 0,1...,.4 — 1. Here, ./ refers to the number of data-carrying symbols
(i.e., subcarriers) per user!. Then, these .# symbols are mapped into a subset of subcarriers X,
k=0,1...,N—1, where N is the total number of subcarriers before the HS block. Considering a
maximum % number of patients, the total number of subcarriers is N=.# %. We will later explain
in detail the subcarrier mapping techniques. To obtain a real TD OFDMA signal, HS constraint is
then imposed on X toget X;, k=0,1...,.# —1; /= 2N+2, such that,

Xfc: O,Xo,Xl,...,XN_l,O,XX[_l...,Xg .

Then, an A -point inverse-fast-Fourier transform (IFFT) is performed, that generates the real-

valued TD signal x,:

1 A=l 2nnk
= — P j ;n=0,1,..., 4/ —1. 3.1
Xn —~ I%Z:‘E) kexp(] % ) n (3.1)

After parallel to serial (P/S) and adding a CP of length .A¢p at the end of each frame, the resulting
signal is passed through a DAC and an amplifier (AMP) before the addition of a DC bias %8pc to

n the sequel, we use the two terms subcarriers and symbols interchangeably.
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Figure 3.10: Block diagram of the DCO-OFDMA signaling scheme.

obtain X,

Xn =X, +%pc, (3.2)

where X,, denotes the amplified signal (see Fig.3.10). Note that, to fix the DC bias, the dynamic
range (DR) of the LED should be taken into account, as explained later in Section5.3.3. Lastly,

after lower and upper clipping %, the resulting signal X,, will drive the LED.

At the Rx, after photo-detection and removing the DC, the obtained electrical signal is ampli-
fied by a TIA and passed to an ADC to generate a discrete-time signal r;. Then, after removing the

CP and S/P conversion, A -point fast-Fourier transform (FFT) is done on the signal, resulting in:

ck=0,1,..., /1. (3.3)

- | 2nnk
Y, =—— rnexp|—j
k N4 ’;0 n ( N )

Afterwards, after removing HS from Y i» @ single-tap equalization is performed on the resulting
signal Y. Then, the signal is passed through a subcarrier demapping block to obtain symbols Y i

corresponding to the desired user data before P/S conversion and QAM demodulation.

A. Subcarrier Mapping: Subcarrier mapping techniques are typically classified into localized
subcarrier mapping and distributed subcarrier mapping, where the former allocates the subcarri-
ers consecutively and the latter distributes subcarriers throughout the entire bandwidth while the
zeros occupying the unused subcarriers. In fact, the distributed subcarrier mapping with equidis-
tant subcarriers is referred to as interleaved subcarrier mapping. The interleaved and localized
subcarrier mappings are presented in Fig. 3.11 for the case of three users. Not that the interleaved
subcarrier mapping leads to a better PAPR performance for the case of SCFDMA [192], and allows

mitigating burst errors.
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Figure 3.11: An example of interleaved subcarrier mapping and localized subcarrier mapping for the case
of three users, each having three symbols denoted by Sy, S;, and S».

3.3.2.2 ACO-OFDMA

In ACO-OFDMA, only odd subcarriers are used for signal transmission. After applying the HS

constraint, the input symbol frame X i before the IFFT has the following structure,
Xfc = 0,)(0,0,)(1,...,0,X]\]_l,(),)(;\}_l,...,0,Xék .

After the IFFT, the negative samples can be clipped without loss of information due to the anti-
symmetry property of x, [193]. The subsequent steps for ACO-OFDMA are similar to those of
DCO-OFDMA, described in the previous subsection. Note that ACO-OFDMA also requires a DC
bias to be added to X, to adapt to the actual LED I-V characteristics [120], as will be explained later
in Chapter 4.

3.3.3 O-SCFDMA

3.3.3.1 DCO-SCFDMA

The block diagram of the DCO-SCFDMA scheme is shown in Fig. 3.12. The QAM mapped symbols
from each user are precoded by an additional .4 -point FFT before subcarrier mapping and ap-
plying HS, and .4 -point IFFT. This allows to reduce the signal PAPR at the cost of increased com-
plexity. The other steps of signal transmission are similar to the case of DCO-OFMDA, explained

above.

At the Rx side, after A4 -point FFT, equalization and subcarrier demapping, an .# -point IFFT

is applied to the resulting signal to remove the precoding done at the Tx, see Fig. 3.12.

3.3.3.2 ACO-SCFDMA

Similar to the case of O-OFDMA, described in Subsection 3.3.2.1 and 3.3.2.2, by ACO-SCFMDA,
the transmit signal frame follows the same steps as for DCO-SCFDMA except that only the odd

subcarriers are used for data transmission.
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Figure 3.12: Block diagram of the DCO-SCFDMA signaling scheme.

3.4 Chapter Summary

In this chapter, we provided a literature survey of conventional and state-of-the-art MA solutions
and investigated their suitability for use in optical WBANSs. Taking into account two use cases, i.e.,
a small number of patients in a hospital ward scenario and a relatively large number of patients in
an emergency waiting room scenario, we proposed two different MA solutions. Moreover, we pre-
sented the detailed structures of O-CDMA schemes based on bipolar and unipolar codes. Mean-
while, we showed that bipolar codes are not suitable for asynchronous data transfer and further a
DCbias needs to be added to the transmitted signal (prior to LED intensity modulation). Consider-
ing the good correlation properties in asynchronous mode and the requirement of managing MAI
efficiently, we have concluded that the most appropriate approach here is to use O-CDMA based
on unipolar SCs. Finally, we provided the descriptions of O-FDMA and O-SCFDMA schemes for
the cases of ACO and DCO signaling, and explained their subcarrier mapping techniques. The
retained MA techniques based on the application scenarios are summarized as follows:

¢ MA solutions:

— O-CDMA for a hospital ward scenario (small number of patients)

- 0O-OFDMA for an emergency waiting room scenario (relatively large number of patients)

¢ SC for O-CDMA:

- Optical orthogonal code (OOC)

* Subcarrier mapping technique for O-OFDMA based schemes:

— Interleaved subcarrier mapping
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In the next chapter, we analyze the performance of O-CDMA based on OOC codes for uplink
transmission considering the hospital ward scenario. We will take into account random Tx orien-
tations by employing the ORWP mobility model as described in Chapter 2. Afterwards, considering
the computational complexity of the O-OFDMA scheme, a new energy-efficient technique will be
proposed in Chapter 5, based on the transmission of the real-part of the OFDMA signal.
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4.1 Introduction

In this chapter, we study the performance of O-CDMA when used for extra-WBAN links. In con-
trast to the work presented in [105], we take into account the Tx power constraint due to eye-safety
considerations, the different noise sources at the Rx, as well as randomly changing Tx orientations.
Based on the RWP model, we further consider the user mobility in our study by using the gener-
alized model of ORWP model presented in Chapter 2, in order to include the effect of random
Tx orientations. Moreover, we investigate the improvement of the link quality through the use of

multiple APs in the room. Performance evaluation is mainly done in terms of the link outage prob-

ability Pyy;, which is studied for the first time within this context, to the best of our knowledge.
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In Section 4.2, we present the hospital ward scenario and the underlying assumptions, e.g.,
room dimensions, number of patients. In Section 4.3, we describe the BPPM O-CDMA signaling
based on OOC codes as signature sequences. In Section 4.4, we provide the mathematical for-
mulations for studying the link performance. Numerical results are then presented in Section 4.5
to investigate the BER and P, performances of the system for changing users’ locations in the
room and different AP arrangements. At first, we study the effect of Tx orientations on the LOS
link outage, i.e., LOS blockage. We show that the random orientation of the CN has a detrimental
impact on the link performance when the distance between the CN and the AP increases. Then,
we analyze the MAI effect on the O-CDMA link performance by changing users’ positions while
accounting for LOS and LOS+1% order reflections. Meanwhile, we evaluate the impact of random
Tx orientations and user movements based on realistic ORWP mobility model on the MAI per-
formance. We conclude that the performance degrades mostly due to the LOS link blockage and
the received weak signals from the reflections. Finally, we demonstrate the performance improve-
ments through the use of multiple AP arrangements. The main conclusions and some discussions
of this chapter are provided in Section 4.6.

4.2 Assumptions and Considered Hospital Ward Scenario

Figure 4.1 illustrates a typical hospital ward with potentially up to four patients inside, where IR
links are used for extra-WBAN uplink transmission. Note that, most hospital guidelines recom-

mend a maximum of four patients in a ward [106].

As mentioned in Chapter 2, we consider the use of IR LEDs because of their relatively low cost
and more tolerable eye-safety features (due to the typically much wider beams), compared to LDs.
In practice, each CN could be equipped with an IR LED, like [194], with a wavelength of 940 nm, a
transmitting area of 1 mm? and a radiant intensity of 300 mW/sr corresponding to a typical trans-
mit power of 1150 mW. Then, according to [63], up to 10 LEDs can be used simultaneously in this

configuration and with a 50% duty cycle while still meeting the IEC “no risk group” requirements.

We consider a hospital ward with room dimensions 8 x 8 x 3m?, which satisfies the general
health-care guidelines [106]. Unless otherwise specified, only one single AP, placed at the center
of the room ceiling, is assumed in the sequel. The AP is connected through a wire backbone to a
local network switch as shown in Fig.4.1. Patients are considered to be equipped with different
medical sensors to monitor their temperature, blood-saturation, blood pressure, etc. (not shown
in the figure). The CN collects the data from all sensors before sending them to the AP(s). As men-
tioned in Chapter 1, IR OWC links can be used for intra-WBAN data transmission, where a different
wavelength can be used in order to avoid any interference between intra- and extra-WBAN links
(using optical filters at the Rxs). Therefore, reasonably, we do not consider any potential MAI cor-
responding to intra-WBAN connections in this thesis. The requirement in terms of data-rate for
most sensors is less than 100 Kbps, as presented in Table 1.2. Consequently, here we consider a
data-rate of up to 100 Kbps for the extra-WBAN link.
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Network switch

AP

Figure 4.1: Illustration of a typical hospital ward scenario using an IR based extra-WBAN with multiple
patients, each one having a CN (the red bullet on the shoulder). Here, 4 APs are considered, placed on the
ceiling.

As mentioned in Chapter 2, considering hybrid link configuration, we assume a relatively large
FOV at the AP (with no concentrator) and the use of a simple PIN PD. Given the relatively low
data-rate transmission, the OOK modulation would be a suitable choice due to its simplicity. Here,
instead, we consider the BPPM modulation, which has almost the same performance as OOK but
with the advantage that no adaptive thresholding is needed for optimal signal detection at the
Rx [116,195]. Note that, although non-binary PPM would be more advantageous in terms of energy
efficiency [196], we suggest using BPPM which has the advantages of a lower required bandwidth,

less constraints in terms of eye-safety, and lower implementation complexity.

4.3 BPPM O-CDMA Signaling

An illustrative example of a BPPM O-CDMA transmitted signal is shown in Fig.4.2. Each user is
assigned a SC, also called spread sequence, which is multiplied by the corresponding signal. At
the Rx (i.e., the AP), signals of all users are received on the PD, see Fig.4.3. In order to extract
and detect the data of a specific user, each BPPM slot of the received signal is correlated with
the corresponding SC (block “Correlator”) over the slot duration. Afterwards, the demodulator

extracts the transmitted bits by comparing the correlator outputs corresponding to the BPPM slots.
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Figure 4.2: Example of frame structure of BPPM O-CDMA signaling.
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Figure 4.3: Block diagram of the proposed O-CDMA based extra-WBAN system; Blocks Mod and DeMod
stand for modulator and demodulator. Signal sampling at the trans-impedance amplifier output is done at
sampling period of T, the chip duration.

As explained in Chapter3, an OOC is usually used as SC. This binary sequence, is denoted
by OOC (F, K, A4, Ac), where F is the SC length (i.e., the number of chips), K is its weight (i.e.,
the number of ones in the sequence), and 1, and A, stand for the auto-correlation and cross-

correlation constraints, respectively [197]. For given OOCs u and v, the following conditions hold
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[185]:
=K ;x=0

F-1
Fyu) = Z UnUn+x (4.1)
n=0 <A; ;1<xk<F-1

F-1
Tuo®) =) UpVnix<Ac; 0sk<F-1. 4.2)
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Here, I';, ,, and I, , denote the auto-correlation of u, and the cross-correlation of u and v, respec-
tively. As a matter of fact, since IM/DD signal transmission is used, here we cannot have strict
orthogonality between two SCs. For OOCs, we have 1,=A.= 1 which results in minimum MAI. For
OOC (F, K, 1, 1) codes, the maximum number of users £ that can be handled is upper bounded

by [185]:
F-1

S—.
K(K-1)
For such codes, error-free data recovery for an “ideal” link (i.e., without noise effect and only from

4.3)

a MAI point of view) is possible provided that K satisfies the following condition [185,197]:
K>%2-1. (4.4)

Note that, the effect of MAI can be reduced when using M-ary PPM, M > 2 [198]. This, however,
results in relatively poor bandwidth efficiency and increases the complexity of signal transmission
at both Tx and Rx and the required speed of electronics, as mentioned in Chapter 2. Therefore, we
consider the BPPM modulation in this work, as mentioned previously. Note that, here, each BPPM
slot duration equals F T.

4.4 Performance Evaluation of BPPM O-CDMA Signaling

As mentioned previously, from a system design point of view, we consider asynchronous transmis-
sion from different users, which results in reduced implementation complexity. That is, each CN
sends its data asynchronously to the AP. We are hence concerned by the near-far problem, which
has been the subject of extensive research for CDMA-based RF systems [199,200], e.g., in the con-
text of the 3" generation of cellular mobile networks. Here, in order to simplify the system per-
formance analysis, we make the assumption of chip synchronous transmission. This corresponds

the worst case, regarding MAI, and provides an upper bound on the system performance [201].

4.4.1 BER Analysis

As shown in Fig. 4.2, BPPM symbols are composed of two ON and OFF slots. Here, without loss
of generality, we assume that ‘0’ and ‘1’ information bits are mapped to (OFF, ON) and (ON, OFF)
BPPM symbols, respectively. With BPPM O-CDMA, each slot of a given user is multiplied by its SC
code, as illustrated in Fig. 4.2. For the synchronous transmission case, the ON chips of two OOCs
(satisfying 1,=A.= 1) cannot overlap on more than one chip position. For two different users,

there are K2 possible ways of overlapping between K ON chips of the two corresponding OOCs.
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Then, given the OOC length F, the probability that an interfering user’s ON chips of a BPPM slot

overlap with those of a desired user is given by [164, 185]:!

=—, 4.5
q 2F (4-5)
where the factor 1/2 is the probability that the interfering user sends a one in the first BPPM slot
and a zero in the second BPPM slot. For a total number of £ users, the probability P;(¢) that ¢
users interfere with a desired user’s signal follows a binomial distribution that can be expressed

as [185,201]:

£ -1
Pi(f)Z( / )q[(l—q)"%_l_[ ; 0sl=<=%L-1. (4.6)
The overall probability of interference occurrence P; is then:

pPi(0) ;¢=0
Pi = 4.7)
YZIPiO) ;1021

The first step of the decoding process is to correlate the received signal with the corresponding
OOC code over the BPPM slot duration. Let us denote by y; and y» the correlator outputs corre-
sponding to the first and the second BPPM slots, respectively. For demodulation, these outputs are
compared to make a decision on the transmitted bit (the DeMod block in Fig. 4.3). A detection er-
ror occurs if y2 > y1, when the transmitted data bitis ‘1’, or if y; > y2, otherwise. Assuming equally
likely transmitted bits, the bit error probability Pg, or in other words the BER, is given by [202]:

Pr =%Pi[PE(errorI’O’)+PE(error|’1’)]
(4.8)
= %Pi [Prob(xl > y2/'0") + Prob(y2 = Xll’l’)],

where 1/2 is the probability of the transmitted bit ‘1’ or ‘0’ and, for instance, Pg(error|'0’) denotes
the error probability conditioned to the transmission of a bit ‘0’. Logically, we have Pg(error|'0) =
Pg(error|'1).

To analyze the worst MAI case, in addition to the assumption of synchronous chip transmis-
sion, we consider the case where the desired user transmits a bit ‘0’, represented by the (OFF, ON)
BPPM symbol, and all the £ -1 interferers transmit bit ‘1, i.e., the (ON, OFF) BPPM symbol. This
allows to evaluate the upper bound on the conditional probability. Concerning the Rx noise, the
corresponding generated photoelectrons at the PD output over an O-CDMA chip time T, has a
Poisson distribution [203]. Concerning the correlator output at each BPPM slot, the resulting Pois-
son distribution with a relatively large mean can be well approximated by a Gaussian distribution.

Let us denote by I; and I, and U% and 0%, the means and variances of the correlator outputs cor-

INote that the probability of interference between two OOCs with either OOK or BPPM modulations is the same
[164].
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responding to the first and second BPPM slots, respectively. We have:

ZL-1
L =KIg+KI+ Y Ijj,
j=1

L=KI;+KI,+KI,,
4.9)

Z£-1
2 _ pra2 2 2 2
o1 =Koy, +Koj + ) o7, +Kop,
j=1
2 _ g2 2 2 2
03 =Ko}, + Ko} +Koj +Ko.

Here, I; and I, denote the dark current noise and the ambient current noise, I, is the photo-
current corresponding to the desired user’s chip, and I;; is the photo-current corresponding to
the j interfering user’s ON chips. The factor K in I; and I is due to the correlation with the OOC,
which has weight K. We have:

_GenPra _denPy

_ 4.10
v hv ' (.10

I

where v is the light frequency, 1 is the PD quantum efficiency, and £ is the Plank’s constant. Also,
P, 4 is the received power from the desired user and P;,; is the received power from the j™ inter-

ferer. The corresponding variances are [204]:

0} =2q.14B,
0} =2q.14B,

) (4.11)
0§ =2q.1,B,

Uij =2quIjB.

Remember that, B denotes the transmission bandwidth (i.e., minimum required bandwidth of Rx
low-pass filter) and ¢, is the electron charge. Also, 02T in (4.9) stands for the Rx thermal noise
variance, defined as [204]:
, 4KpT,B
oh=—"T" (4.12)
Rp
where T; is the equivalent noise temperature, Kg denotes Boltzman’s constant and R; is the load

resistance of the Rx TIA.

Note that, given that the correlation with the OOC consist of the summation of signals cor-
responding to non-zero weights, the noise at the correlator output can be assumed to follow a
Gaussian distribution. Consequently, we can write [202]:

o0
1 —(x-1)? /207

Prob(y; = x21'0) :f exp
>\ /[27m02

(4.13)

X 1 2 2
xf exp V271292 gy ax,
—,/2n03

The BER for the case of the absence of MAI can be calculated by setting £ = 0 in (4.6) and P, ;
=01in (4.10).
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Table 4.1: Parameters used for numerical simulations.

Parameter Symbol Value
Max. number of users £ 4
Transmission bandwidth B 10 MHz
Target BER BERy, 1073
Room dimension — 8 x 8 x 3m3
CN height hen 14m

Tx orientation angle Oty -90°-90°
Walls reflection coefficient [205] p 0.8

No. of reflecting surface elements — 100 /m?
Patient minimum speed Vinin 0.2m/s
Patient maximum speed Vinax 0.6 m/s
Pause time Tp 1 sec
LED wavelength A 880 nm
LED semiangle at half power [52] ¢1/2 60°

0O0C code — (49,4,1,1)
00C length F 49

00OC weight K 4

PD quantum efficiency [206] n 0.66

PD active area App 1 cm?
TIA load resistance Ry 10kQ

Rx dark current [207] 1, 10 nA

Rx noise temperature T, 300K

Rx FOV Ve 75°
Ambient current noise [208] 1, 490 pA

4.5 Performance Analysis

We present here a set of numerical results to study the performance of an extra-WBAN link using
BPPM O-CDMA signaling. Simulation parameters are summarized in Table 4.1. In particular, to
reduce the probability of LOS blockage, we consider a relatively wide beam at the Tx, i.e., ¢1/2
= 60° corresponding to m = 1, and a relatively large Rx FOV, i.e., v, = 75°. Also, by default and
unless otherwise mentioned, one single AP is considered, placed at the center of the ceiling. As
mentioned before, the body has a rather little impact on the link performance for relatively low
data-rate applications, provided that the P, requirement is limited to about 102 [66]. Therefore,
to simplify channel modeling and to reduce the simulation time, the impact of the patient’s body
is not taken into account in our study, assuming that a Pgy¢ of 1072 would be adequate to achieve
the required QoS for the considered WBAN applications.
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Figure 4.4: Impact of Tx orientation on the LOS outage for distances d from the room center, Pypy=
100 mW. Only the LOS path is taken into consideration.

4.5.1 Effect of Tx Orientation on the Received Power

Let us first consider a single Tx in the room, i.e., the case of no MAI, and see the effect of random
orientations of the Tx. As a link outage can most possibly occur due to LOS blockage, we study the
effect of Tx random orientations on the received power by neglecting the diffuse link. Figure 4.4
shows the received optical power at the AP versus —90° < 8, < 90° for different Tx distances d
from the room center assuming a 100 mW transmit power. As seen from the figure, for too large
0¢x, the LOS between the Tx and the AP is lost, resulting in zero received power (remember that
we neglect the diffuse link). For d = 0, the received power falls to zero for |0 larger than the
Rx FOV. Logically, random orientation of the CN can have a more detrimental impact on the link
performance as the Tx moves from the center of the room to the corner. For instance, for d = 3.5m,
the LOS is lost for 6;, > 8° only.

Let us now consider the effect of Tx random orientation —90° < 0, < 90° on the detected
received optical power at the AP. We have presented in Fig. 4.5 the minimum and maximum de-
tectable received power versus d, considering the cases of LOS and LOS+1%t-order reflections and
for different transmit power levels Py(opy). As expected, the minimum and maximum received pow-
ers decrease with increasing d when taking only the LOS into account. However, when taking the
1%t-order reflections into account, the maximum received power increases slightly as the distance

d increases due to the decreasing path length of the first-order reflections from the walls.
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Figure 4.5: Impact of Tx orientation on the minimum (min) and maximum (MAX) detectable received
power for distances d from the room center. LOS and LOS+1%-order reflections are taken into considera-
tion.

4.5.2 MAI Effect on Link Performance

To focus on the MAI effect, we again consider only the LOS link by neglecting the diffuse link. We
start by considering some special scenarios for a desired user and three interfering users. First,
we consider the scenario where all the three interferers are at the same position at the room cen-
ter, and change the desired user’s position from d = 0 to 5.7 m, i.e., from the center of the room
to the corner, as shown in Fig.4.6. These two positions correspond to the least and most MAI,

respectively.

4.5.2.1 Fixed Tx Orientation

At first, we assume that all Txs are oriented towards the ceiling i.e., 8;, = 0, regardless of their
position. For a given d, the BER is calculated from (4.8). The BER plots of the desired user are
presented in Fig. 4.7 for different transmit power levels Py(opy, which is set equal for all users. As
expected, the BER increases as the desired user moves towards the room corner, where it under-
goes the worst MAI due to the so-called near-far problem. At the most favorable position, i.e., at
the room center d = 0, the link performance is practically limited by the least MAI (with no near-

far problem) and noise. As expected, a better performance is obtained by increasing the transmit
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Figure 4.6: Trajectory of the displacement of the desired user from d = 0 (room center) to d = 5.7 m (room

corner).
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Figure 4.7: BER versus the horizontal distance d of the desired user from the AP for different transmit
powers. MAI represents the case where the three other users are located at the same position at the room
center. NMAI stands for no-MAI Only the LOS path is taken into consideration.
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power. As benchmark, and in order to elucidate the MAI effect, we have also shown in Fig. 4.7 the
BER plots for the no-MAI case, denoted by NMAI. Note that, for NMAI case, the increase in BER
with d is due to decrease in the received signal-to-noise-ratio (SNR), as it can be seen in Fig. 4.4
for8;, =0.

4.5.2.2 Random Tx Orientation

Now we consider the effect of random Tx orientation for the same scenario as in the previous
subsection. For this, we generate for every user 10° Gaussian-distributed random values for yaw
a, pitch B, and roll y angles in the intervals of (-180°, 180°), (-60°, 60°) and (-60°, 60°), respec-
tively. Given the random channel, we consider as performance metric the outage probability Py,
calculated considering BERy, = 1073, The Py plots are presented in Fig. 4.8 for different transmit
powers Py(opy . As expected, Py(opy increases as the desired user moves from the center of the room
to the corner since there is a higher probability of losing the LOS, see Fig. 4.4. In fact, at the center,
the performance is mainly affected by decreased SNR due to random orientations of the Tx, as
shown in Fig. 4.5. Again, with increased Py(opt), a lower Poy; is achieved for both MAI and no-MAI
(NMAI) scenarios. However, almost the same results are obtained for Pyopy = 200 mW (results are
not shown for the sake of presentation clarity), which means that the limiting factor resulting in
link outage is LOS blockage (rather than decreased SNR).

4.5.2.3 Accounting for Non-LOS Contribution

So far, to show the impact of Tx orientation, we only considered LOS contribution to signal prop-
agation. We now take into account non-LOS propagation by considering 1%-order reflections,
which correspond to the major contribution from diffuse propagation. Higher-order reflections
are neglected to avoid considerably increased simulation time. We consider that each wall is com-
posed of a set of Lambertian reflecting surface elements, with 100 elements per square meter,

which is sufficient for accurate channel estimation [123,209].

We have shown the resulting Py plots in Fig. 4.9 for the same scenarios as in Fig. 4.8. We can
notice the significant difference between the results of these two figures which signifies the sub-
stantial role of the diffuse link in the case of LOS blockage due to random Tx orientations. For
instance, for Pypy = 50 mW at d = 1 m and MAI case, Poy; is around 0.6 from Fig. 4.8, whereas it
is lower than 0.05 from Fig. 4.9. We also notice a leveling effect in Py as d increases, irrespective
of P;opy. This is due to the fact that the power received from the first-order reflections increases
with increasing d, as the corresponding path length (reflections from walls) decreases, whereas
the probability of LOS blockage increases (as shown in Figs. 4.4 and 4.5). Note that, at the extreme
room corner, the calculated Pg, from the simulations steeply increases to one, which is due to
considering only 1%-order reflections in our simulations. To obtain more accurate simulations,
higher-order reflections need to be taken into account, which will considerably increase the sim-

ulation time. Nevertheless, such user positions are very unlikely to occur in practice, due to the
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Figure 4.8: Outage probability versus the horizontal distance of the desired user from the AP for different
transmit powers. MAI represents the case where the three other users are located at the same position at
the room center. The three interferers and the desired user are oriented randomly at their positions. Only
the LOS path is taken into consideration.

user’s body volume. For this reason, we have excluded these values (d 2 5.5m) in Fig. 4.9 and the
subsequent figures.

In order to better see the impact of MAI, we have shown in Fig.4.10 P, plots versus d for
different numbers of users £, for P;py = 50 mW and the MAI configuration as in Figs. 4.8 and
4.9, taking into account both LOS and LOS+1%-order reflections. Note that, £ = 1 corresponds to

NMAI case. As expected, Py, degrades with increased number of interferers.

4.5.2.4 Accounting for Random User Movements

Up to now, we considered fixed interferers’ positions (in the center of the room, i.e., the worst
MAI case) to better see the impact of MAI and random Tx orientations. In order to investigate the
actual effect of MAI in a more practical scenario, we consider now randomly moving interferers
according to the ORWP model (see in Chapter2, Section 2.3.2) for a given position of a desired
user. The speed variation interval and the pause time for the ORWP model are specified in Table
4.1. As before, we change the position of the desired user from the center of the room to the cor-

ner. Results are presented in the Fig.4.11, where we have generated 10° random positions of the
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Figure 4.9: Outage probability versus the horizontal distance of the desired user from the AP, taking into
account LOS and 1%-order reflections. MAI represents the case where the three other users are located at
the same position at the room center. The three interferers and the desired user are oriented randomly at
their positions.

interferers, as well as 10® random orientations for the main user and the interferers. Compared
with the case in Fig. 4.9, here we observe a slightly less destructive MAI effect on the desired user’s
link performance. This could be expected as in the present case, we consider randomly moving
interferers where the MAI effect will be less significant overall, in particular, for relatively small d.
Also, the worst MAI case in Fig. 4.9 (where the interferers and the desired user are all located at the
room center) does not happen here since the interferers are considered to move randomly in the

room.

4.5.3 Interest of Using Multiple APs

So far we showed how significantly the existence of a LOS between the Tx and the AP can improve
the link performance. Indeed, we concluded that link outages mostly occur due to Tx random
orientations, where the LOS is lost and the received signal (from reflections) is too weak. One
efficient technique to reduce this “fading” effect is to employ spatial diversity by using multiple
APs. To evaluate the obtained performance improvement, we consider the case of two and four

APs placed symmetrically on the ceiling, as shown in Fig. 4.12. We perform equal gain combining
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Figure 4.10: Outage probability versus the horizontal distance of the desired user from the AP for different
numbers of users £. Interferers are located at the same position at the room center. Pypy = 50 mW. The
three interferers and the desired user are oriented randomly at their positions.

(EGC) on the signals received on the APs, assuming their perfect synchronization. Note that EGC
provides performance close to the optimal maximal-ratio combining, while having a lower imple-
mentation complexity [199]. The assumption of perfect time synchronization is quite logical in
this context: considering a maximum data-rate of 100 Kbps and the OOC code length of 49, the
slot duration of the BPPM O-CDMA signal is about 100ns. So, even a path length difference of
5m between the Tx and the two APs in Fig. 4.12(a) would result in a maximum delay difference of
about 15 ns, which can be effectively neglected.

We have presented the P,y plots in Figs. 4.13 and 4.14 for the cases of 2 and 4 APs with and
without MAI, respectively. By comparing these results with Fig. 4.11, we notice firstly that for rela-
tively large d where the Py, degrades due to low received signal power, here spatial diversity helps
improve the signal quality and the link Pg,. Here, as illustrated in Fig. 4.12, the shortest distance
between the desired Tx and an AP is d = 1.4 and 2.8 m for the cases of 2 and 4 APs, respectively, at
which we notice the lowest Py for a given Py(opy. Therefore, as the desired user moves from the
center of the room to the corner, Py decreases at first, due to the decreasing distance between the
Tx and an AP. Then, as the distance between the Tx and the AP increases, P, increases. This ex-

plains the non-monotonic trend of Py plots in Figs. 4.13 and 4.14 with d. Note that as explained



72 CHAPTER 4. PERFORMANCE OF O-CDMA FOR MEDICAL WBANS

10°
10'1 C B S i S AN AN
T 0600007
= R AR ANd b
T el
Al “ e ]
e ~ .l A ptDT
& Jowe- ]
@ # P
= % U
= {{ X
3 , /A
~ ' &
2 / [
10 i ]
1
A
—+— Py =20 MW (MA)  —— P, =200 mW (MA) —-o-—P, =100 mW (NMAI)
o Py =50 MW (MA)  —a— P, =280 MW (MAI) —-6-— P, =150 mW (NMAI)
0 Popy = 100 MW (MAI) — 5. Py =20 mW (NMAI) —-5-— P, =200 mW (NMAI)
——Popy = 150 MW (MAI) —-e-—P, =50 mW (NMAI) —-a-—P, =280 mW (NMAI)
1 1 1 1 1 1 1 1 1 1
0 0.5 1 15 2 2.5 3 3.5 4 45 5 5.5
d (m)

Figure 4.11: Outage probability versus the horizontal distance of the desired user from the AP, taking into
account LOS and 1%t-order reflections. The three interferers are randomly moving and oriented based on
the ORWP mobility model inside the room; the desired user is randomly oriented at each position.
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Figure 4.12: Arrangements of APs on the ceiling for the room size (8 x 8 x 3) m?3: (a) case of 2 APs, (b) 4 APs.
Here, dotted blue line represents the horizontal distance d from the center of the room.
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Figure 4.13: Outage probability versus the horizontal distance of the desired user from the center of the
room for the 2 and 4 AP configurations, considering LOS+1%-order reflections. Three randomly moving and
oriented interferers based on the ORWP mobility model; randomly oriented desired user at each position.

previously in Subsection 4.5.2.3, the results at the extreme corner are excluded from these figures.

Lastly, we consider a realistic scenario where all users move randomly according to the ORWP
model (with random speed and pause time) inside the room and random Tx orientations. Py
plots are presented in Fig. 4.15 for different P(opy) and for the cases of 1, 2, and 4 APs when only LOS
or LOS and 1%'-order reflections are considered for signal propagation. The interesting result is that
the contribution of the diffuse link (i.e., non-LOS) becomes much more significant by increasing
the number of APs. It is quite marginal for the case of a single AP, which is consistent with the
results of Fig. 4.11. This substantial improvement for the case of multiple APs can be explained by
a globally shorter path length to at least one AP from the 1%'-order reflection when the LOS is lost.

4.6 Chapter Summary and Discussions

In this chapter, we investigated the performance of BPPM O-CDMA based uplink extra-WBAN
signal transmission for multi-user medical applications. We studied the impact of Tx orientation
and changing positions of the users (both the desired user and the interferers) with respect to the

AP, according to a realistic ORWP mobility model, and evaluated the effect of MAI on a desired
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Figure 4.14: Outage probability versus the horizontal distance of the desired user from the center of the
room for the 2 and 4 AP configurations for the case of NMAI. The desired user is oriented randomly at each
position. LOS+1%t-order reflections are considered.

user performance. For this, we considered two cases where only the LOS or the LOS plus 1%¢-
order reflections were taken into account. In our analysis, for the sake of simplicity of analytical
derivations, we considered the case of chip synchronous transmission, which corresponds the
worst MAI conditions.

We showed that random Tx orientations have a more detrimental effect on the link perfor-
mance (i.e., link outage due to LOS blockage) as the distance between the AP and the CN increases.
We showed the substantial improvement in the link performance by using several APs in the room,
albeit the increased system implementation complexity. In the meanwhile, we elucidated the im-

portant contribution of the 15t-order reflections in the link performance.

Considering a relatively large number of users, as mentioned earlier, in O-CDMA, the required
code length increases with the increased number of users, resulting in implementation complex-
ity. For instance, assuming the number of users Z= 10, the minimum required OOC code length
should be 901 (calculated using (4.3) and (4.4)), which will result in a significant increase in the
required transmission bandwidth. Thus, in this context, we propose the use of OFDMA-based
schemes. However, as we have shown in Chapter 3, O-OFDMA requires the use of HS in order to
obtain a real TD signal, resulting in increased hardware complexity. In the next chapter, we will

present the proposed new technique, i.e., O-ROFDMA, where no HS is imposed. Moreover, we
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will investigate the performance and computational complexity of the scheme, as compared to its
O-OFDMA and O-SCFDMA counterparts for an emergency waiting room scenario.
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5.1 Introduction

In this chapter, we propose a MA scheme for extra-WBAN uplink, which does not need to apply
the HS constraint to the FD signal, which is an extension of the scheme introduced in [210]. Note

that other already proposed HS-free O-OFDM solutions typically transmit data by juxtaposing real
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and imaginary parts in the TD [211, 212]. With our new scheme, called O-ROFDMA, only the real
part of the TD signal is transmitted. We show the advantage of this scheme compared with O-
OFDMA and O-SCFDMA in terms of PAPR, BER, power efficiency, and computational complexity.
For this, we take into account the limited DR of the LED and evaluate the performance of these
schemes for both DCO and ACO signaling, in particular, due to MAI. The superior performance of
ACO-ROFDMA is demonstrated by studying its outage probability taking into account random Tx

orientations for an emergency waiting room scenario.

In Section 5.2, we present the system description in the context of the emergency waiting room
scenario. Next, Section 5.3 describes in detail the proposed O-ROFDMA scheme. Afterwards, Sec-
tions 5.4 presents the performance analysis results of O-ROFDMA in order to study PAPR, BER,
electrical power efficiency, and MAI effect. At first, we investigate the performance of the scheme
compared to its O-OFMDA and O-SCFDMA counterparts. We show that O-ROFDMA has nearly
the same performance as the O-OFDMA scheme. Meanwhile, we investigate the electrical power
efficiency of ACO and DCO signaling in terms of electrical transmit power, showing the superi-
ority of ACO signaling. The effect of MAI on the ACO-ROFDMA scheme is then evaluated in the
presence and absence of random Tx orientations. Next, Section 5.6 discusses the computational

complexity of the schemes. Lastly, Section 5.7 concludes the chapter.

5.2 System Description

5.2.1 General Assumptions

An illustration of a typical emergency waiting room scenario in hospital with potentially up to
sixteen patients inside is shown in Fig.5.1. IR extra-WBAN links send medical information from

the patients to an AP placed on the ceiling.

For the sake of simplicity and to focus on the performance of MA schemes, we consider only
a single AP, i.e., a single-cell with radius of r.e;. For larger spaces, multiple APs can be used in a
multi-cell [213, 214] or a single-cell [215] architecture. CNs are assumed to transmit the medical
data at a rate of 500 Kbps for the extra-WBAN link, which satisfies the requirement of most health
monitoring sensors, e.g., temperature, blood pressure, ECG, and SPO2, presented in Chpater 1.

At the Tx (i.e., CN) side, we consider the use of low-power IR LEDs (having a relatively wide
beam), due to eye-safety issues given the relatively large number of patients in the emergency
waiting room. We consider a commercial IR LED as in [216], with a wavelength of 850 nm and max-
imum radiant intensity of 6.4 mW/sr. Considering the simultaneous transfer of data from sixteen
patients, the CNs equipped with such LEDs meet the IEC eye-safety requirement, see Chapter 2.

We assume that each CN is perfectly time synchronized with the AP. Note that RF OFDMA
requires multi-user time and frequency synchronization (with all users) in order to avoid MAI and
near-far problems, this is usually referred to as initial ranging [217]. However, the inherent absence

of a carrier in O-OFDMA removes the need for frequency synchronization [218]. On the other
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Figure 5.1: Illustration of a health monitoring system in an emergency waiting room scenario by using IR
extra-WBAN uplink for multiple patients, each one with a CN on the shoulder (the red bullet). A single AP
is considered, placed on the ceiling. Here, d is the distance between the patient (i.e., the CN) and the cell
center.

hand, a number of timing synchronization methods are reported in the literature [218-221], which
are mainly based on the transmission of training sequences, also used to acquire the channel state
information (CSI)!. We assume that the AP has a perfect knowledge of the CSI of all CNs.

We consider only the LOS link and neglect the non-LOS components for the sake of simula-
tions simplicity. Indeed, given the relatively large dimensions of the emergency waiting room that
we consider here, the contribution of non-LOS propagation to the received signal is rather negli-
gible.

Given the transmit optical power Py (opt) and the PIN PD responsivity #, for the considered LOS

link, the received photo-current is [49]:
iv = ZHLos Pt(opy)- (5.1)
Given the load resistance of the Rx TIA by R;, the received electrical power P;:

P, =i’Ry. (5.2)

Considering a PIN PD at the AP, the background and thermal noises are the dominant noise
sources, which can be modeled as zero-mean additive white Gaussian [103] with the one sided
noise PSD Nj as follows [49]:

No~4Kg Ty IRy +2Gela, (5.3)

Training sequences from each CN can be sent to the AP in the uplink, based on which the estimated CSI at the AP
is sent to the CNs via the downlink (which typically benefits from a higher SNR). Different wavelengths can be used for
the uplink and downlink to avoid interference, e.g., VL can be used in the downlink.



80 CHAPTER 5. ENERGY-EFFICIENT O-OFDMA SCHEME FOR MEDICAL EXTRA-WBANS

* 1
X XNk 3 [Xie + Xy—]

k k k

(a) Real-valued FD signal (b) Complex conjugate & reversed  (c) Aliasing in recovered signal

Figure 5.2: FD aliasing in a recovered signal from the real part of its IFFT output: (a) Real-valued sub-
carriers in a FD signal, where the total number of subcarriers N= 4, (b) The complex conjugate and time-
reveresed version of the FD signal, (c) The FFT output signal taking into account only the real part, showing
FD aliasing.

5.3 Description of the Proposed MA Scheme

As mentioned previously, in our proposed ROFDMA scheme, only the real part of the TD signal (af-
ter IFFT) is transmitted, hence removing the need for HS. Let us first explain the theoretical foun-
dation of recovering a FD signal from the real part of its IFFT. Consider the FD symbols X after
subcarrier mapping without imposing HS, and the corresponding TD signal x,/, ' =0,1...,N—1.
We have [222]:

%[Xk+X;,_k] L Rix)

1 IFFT (5.4)
5 | X=Xy = 3t

Here, X}, , refers to the complex conjugate and time-reversed version of X. Also, R{-} and J{}
stand for the real and imaginary parts, respectively. Given (5.4), it is obvious that recovering Xj
from the real part of x,y alone is not possible without the imaginary part. This is due to the
complex-conjugate term Xy,_, that overlaps with the subcarriers Xy and causes FD aliasing, as

illustrated in Fig. 5.2.

The effect of aliasing can be avoided by padding a zero at the begining of the symbol frame
X and an adequate number of zeros (at least N) at the end [223]2. This increases the number of
subcarriers for IFFT to A4 = 2N + 1. Based on this, Fig. 5.3 illustrates the reconstruction of the FD
signal from the real part of the TD signal. Given the real-valued FD symbols X} in Fig.5.3a, the
symbols X i of the extended frame (with zero padding, in Fig. 5.3b) are given by:

0 k=0,
Xi=1X;_, ;k=12...,N, (5.5)
0 s k=N+1,...,./ -1

2Note that, it is essential to pad a zero at the beginning of the frame if the signal is complex-valued [223].



5.3. DESCRIPTION OF THE PROPOSED MA SCHEME 81

(a) The original FD signal (b) Zero padded FD signal
-, S
Xyt ch=§[Xk + X5z
: ) TITH‘JL,}
(c) Complex conjugate & reversed (d) FFT output

Figure 5.3: Recovering a FD signal from the real part of its zero-padded IFFT output: (a) Real-valued sub-
carriers in a FD signal, where the total number of subcarriers N = 4, (b) The FD signal is extended to 2N + 1
by adding zero-padded subcarriers, (c) The complex conjugate subcarriers of the zero-padded FD signal are
mapped in reverse-order, (d) The FFT output of the signal taking into account only the real part, showing
no FD aliasing. The shaded region shows the recovered signal Xj.

Due to zero padding, there will be no FD aliasing between the complex conjugate and time-
reversed version of the signal X i (see Fig.5.3¢), allowing the correct recovery of the original signal
X, as it can be seen in Fig. 5.3d.

5.3.1 DCO-ROFDMA

Figure 5.4 shows the block diagram of DCO-ROFDMA signaling. The mapped subcarriers X in
the FD signal are zero-padded (before the IFFT block) instead of imposing HS3 as in (5.5). Then,
only the real part of the TD signal, i.e., 93{x,} block in Fig. 5.4, is prepared for the transmission and
follows the same steps described for DCO-OFDMA in Chapter 3.

At the Rx side, the signal processing steps are similar to those of DCO-OFDMA up to the FFT
block. The FD signal Y i isrecovered by performing FFT only on R{x,}, as shown in Fig. 5.3d, given
by:

A

Xfc—l i k=1,2,...,N,
Yl::: X* N ;]}:N+1,...,JV—1, (5.6)
N -1-k
0 ; elsewhere.

3Note that, in order to keep the same spectral efficiency as for the conventional MA schemes which employs HS, we
add one extra zero at the end of the frame X i such that /' =2N+2.
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Figure 5.4: Block diagram of the DCO-ROFDMA signaling scheme.

After the FFT block in Fig. 5.4, the transmitted symbols from Y are recovered such that:
Y=Yy k=1,2,...,N. (5.7)

Then, channel equalization, subcarrier- and QAM-demapping are performed in order to recover

the transmit bits.

5.3.2 ACO-ROFDMA

In ACO-ROFDMA, after zero padding, the transmit symbols X}% before the IFFT block have the
same frame structure as explained for ACO-OFDMA except that only even subcarriers are used to
transmit data:
X;=10,0,X0,0,X1,0,..., Xn-1,0, 0,...,0
——
(2N+2) times
The rest of the processing steps are the same as described for DCO-ROFDMA. Note that, in contrast
to the scheme presented in [210], it is essential to transmit information in the even subcarriers to

ensure orthogonal cardinal sine (sinc) shape.

5.3.3 Setting DC Bias and Clipping

In practice, a DC bias is added to the TD signal in order to adapt the signal to the LED DR [120]. We
consider a commercial LED model HDN1102W-TR, with the I-V characteristics shown in Fig. 5.5
[216]. Note that the LED operates almost linearly within the voltage range of 1.38 to 1.62 V. For
the sake of simplicity, we consider the approximate linearized characteristics in our analysis, (the
red plot in the figure). Considering these lower and upper clipping levels, we set ZBpc= 1.38V
for ACO schemes. For DCO schemes, we set %pc to the mid point between the upper and lower

4Note that a digital predistorter can be employed at the Tx to reduce the effect of LED non-linearity [224].
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Figure 5.5: I-V characteristics of the LED, HDN1102W-TR [216].

clipping bounds, i.e., 1.5V, to affect the TD signal equally. The part of electrical transmit power
corresponding to the DC bias equals 7mW and 46.2 mW for ACO and DCO schemes, respectively.

5.4 Performance Analysis

5.4.1 Parameter Specification and Performance Metrics

We present here a set of numerical results to study the performance of the proposed O-ROFDMA
scheme for extra-WBANs in the emergency waiting room scenario. We consider the number of pa-
tients £ = 16 and bit rate Rj, = 500 Kbps per user. Also, .# = 4 subcarriers per user are considered
with the total number of subcarriers N = 64. The other simulation parameters are summarized
in Table 5.1, where the LED parameters correspond to the I-V characteristics in Fig. 5.5. Note that
we consider 8-bit ADC and DAC and the presented numerical results take into account the corre-
sponding quantization noise. Also, unless otherwise specified, for the sake of simulation simplic-
ity, the CNs are considered to point straight upward (towards the ceiling), i.e., 8= 0 in Fig. 2.6.
Remember that, interleaved subcarrier mapping is applied to each user symbols, as described in
Chapter 3.
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5.4.1.1 PAPR

The signal PAPR is considered here as the ratio between the peak electrical power of the TD signal
(before clipping) to its average power defined as E{x2}. The PAPR performance is typically studied
by considering its complementary cumulative distribution function (CCDF) [225], defined as the
probability that the PAPR exceeds a target value, PAPRy.

5.4.1.2 Transmit Power and Electrical Energy

The link performance is evaluated in terms of the average BER as a function of the electrical trans-
mit power Pyelec) = E{fcfl} or the electrical SNR per bit, Epelec)/ No, where Epelec) = Prelec)! Rb-
Note, Pyelec) = Propy / # With p being the electrical-to-optical power conversion efficiency of the
LED. As mentioned earlier, for random link scenarios (e.g., the case of randomly-oriented Txs, pre-

sented later), the outage probability, i.e., Pyyt, is considered.

5.4.1.3 Spectral Efficiency

Due to the limited modulation bandwidth (BW) of the LED, an important parameter is the required
BW per user, which depends on the signaling scheme. Considering M-QAM constellation, the
spectral efficiencies of DCO and ACO schemes are [119]:

_log,(M)N r log, (M)N

- 08 T = 25207 (s /Hy). 5.8
N+ A RO oy, PSS (5-8)

I'bco

Remember that A" = 2N +2 with N the number of mapped subcarriers. As ACO schemes use only
half of the subcarriers, the corresponding spectral efficiency will be half of the corresponding DCO
scheme, keeping the same constellation size and number of subcarriers. To make a fair compari-
son between DCO and ACO-based schemes, we fix the spectral efficiency by setting M accordingly.
The spectral efficiencies per user are then given by I'pco/Z and I'yco/ £, with the corresponding
required BWs per user as:

Ry Ry & Ry &

= ,  Baco= . (5.9)
I'pco/Z  Tbco I'aco

Bpco =

5.4.2 PAPR Analysis

Let us first compare the PAPR of the proposed O-ROFDMA scheme with O-OFDMA and O-
SCFDMA. Results are shown in Fig.5.6 for 16-QAM modulation for the case of DCO signaling
and different numbers .4 of data carrying symbols. We notice that the PAPR performances of
DCO-ROFDMA and DCO-OFDMA are almost the same, while being largely outperformed by DCO-
SCFDMA, as expected. Also, as expected, PAPR increases with increased .#. Given the typically
small number of symbols .# for low data-rate medical applications, we can conclude that the
signal PAPR remains relatively low. Note that for low CCDF values, the PAPR is almost the same

regardless of the constellation size, in particular, for small .4 (results not shown).
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Table 5.1: Parameters used for numerical simulations.

Parameter Symbol Value
Max. number of users < 16
Data-rate per user Ry 500 Kbps
Cell radius Teell 3m

CN height hen 1m

AP height hap 3m
LED wavelength [216] A 850 nm
LED semi-angle at half power P12 60°

LED BW [216] — 20 MHz
Power conversion efficiency [216] © 0.8

Tx orientation angle intervals Oy -60°-60°
PD responsivity 74 0.6 A/W
PD active area Ay 1 cm?
Rx FOV Ve 70°

TIA resistor value R; 500
Background noise current [226] 1, 200 pA
Rx noise temperature T 300K
No. of mapped subcarriers N 64
Subcarriers allocated per user M 4

CP length Nep 2
DAC/ADC — 8bits
DC-bias, DCO PBpcmoco) 1.50V
DC-bias, ACO %DC(ACO) 1.38V
Upper clipping — 1.62V
Lower clipping — 1.38V
Target BER BER 1078

5.4.3 BER Performance

To study the BER performance, we consider the most limiting case of maximum channel attenu-
ation, i.e., when all users are placed at the cell edge, corresponding to d = 3 m from the center of
the cell (see Fig.5.1).

5.4.3.1 DCO Signaling

In this case, given £= 16 and .4 = 4, A& = 130 after imposing the HS. Then, considering the data-
rate per user R, = 500 Kbps, we analyze the BER performance for 4-QAM, 16-QAM and 64-QAM
constellations, corresponding to the spectral efficiencies I'nco = 1,2 and 3 bps/Hz, and the re-
quired transmission BW Bpco = 8,4 and 2.67 MHz, respectively. Figure 5.7 shows the BER perfor-
mance versus Eplec)/ No for different QAM orders, where we have fixed Pylec) to 48 mW, which
ensures a low BER for DCO schemes, as we will later show in Subsection5.4.4. We notice that
the BER performances of DCO-OFDMA and DCO-ROFDMA are almost the same, while being out-
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Figure 5.6: CCDF plots of PAPR for DCO-OFDMA, DCO-SCFDMA and DCO-ROFDMA schemes, consider-
ing different numbers of data-carrying symbols .4 per user and the 16-QAM constellation.

performed by DCO-SCFDMA, particularly, for 64-QAM. This is due to the relatively low PAPR in
SCFDMA, resulting in low clipping noise.

5.4.3.2 ACO Signaling

In this case, considering the same R;, and QAM constellation size as for DCO schemes, the re-
quired transmission BWs are Baco = 16,8 and 5.33 MHz, corresponding to the spectral efficien-
cies I'aco = 0.5,1 and 1.5bps/Hz, respectively. Note that Byco values are still below the consid-
ered LED BW of 20 MHz. Here, A = 258 and Py(elec) is set to 23 mW. In comparison to the DCO
schemes, the required value of Pylec) decreases in ACO schemes due to the relatively low DC
biasing, as explained in Subsection5.4.4. Note that a BER comparison between ACO and DCO
schemes does not make sense here, given the different P;jec) considered. Figure5.8 shows the
corresponding BER performances where we notice nearly the same performance for ACO-OFDMA
and ACO-ROFDMA, while ACO-SCFDMA outperforms both for 64-QAM, as expected. For reduced
I'aco = 0.5bps/Hz, lower SNRs are reasonably required to attain a target BER.
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Figure 5.7: BER performance comparison of different DCO schemes, considering the spectral efficiency of
=~ 1bps/Hz (4-QAM), 2 bps/Hz (16-QAM) and 3 bps/Hz (64-QAM) for the average electrical transmit power
Py(elec) = 48 mW. The patients are considered to be placed at a distance of d = 3 m from the AP (at the cell
edge).
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Figure 5.8: BER performance comparison of different ACO schemes, considering the spectral efficiency
of = 0.5bps/Hz (4-QAM), 1bps/Hz (16-QAM) and 1.5 bps/Hz (64-QAM) for the average electrical transmit
power Pylec) = 23 mW. The patients are considered to be placed at a distance d = 3 m from the AP,
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5.4.4 Electrical Power Efficiency

Let us define the electrical power efficiency as the required Pylec) to achieve a target BER. We
consider the same scenario as the previous subsection, where the users are placed at the same po-
sition at a distance d = 3 m. BER plots of the different considered schemes are compared in Fig. 5.9
for the spectral efficiency of = 1 bps/Hz, where 16-QAM and 4-QAM constellations are considered
for ACO and DCO schemes, respectively. Here, Pylec) is changed by varying the amplitude of x,,
(see Fig.5.4) taking into account %pc. To focus on the effect of signal clipping, we set relatively
high Ejelec)/ No = 15 dB, which should potentially result in a low BER, as seen in Fig. 5.8.

One can notice the BER degradation at relatively large P;le¢) due to the clipping noise.® Also,
the ACO schemes require approximately 35 mW less Py ec) to obtain a target BER, compared to
DCO schemes. The performance of SCFDMA is close to those of OFDMA and ROFDMA for both
DCO and ACO signaling. Meanwhile, as expected, due to the low PAPR, SCFDMA is less impacted
by clipping noise for relatively large P;(elec)-

Remember from Subsection 5.3.3 that, due to the added DC bias, the minimum required Py glec)
for ACO and DCO schemes is 7 and 46.2 mW, respectively. The slope of the BER at relatively low
Pyelec) that is noticed for ACO schemes is due to the effect of the quantization noise due to the
ADC at very low effective signal powers (i.e., excluding the part of the power related to 98pc). This
effect is rather negligible for a small constellation size, i.e., the case of DCO-schemes with 4-QAM.

At the aforementioned Pyec) Where the effective signal power equals zero, BER = 0.5.

Let us now compare the performance of ACO schemes for spectral efficiencies of = 1 and =
0.5bps/Hz, as shown in Fig. 5.10. As expected, alower Py () is required to attain a target BER for a
lower spectral efficiency, which is due to using a smaller constellation size at the cost of increased
signal BW. Moreover, for 4-QAM constellation (I'yco= 0.5 bps/Hz) clipping noise affects the link
performance for relatively large Pylec), While ACO-SCFDMA showing its superior performance
due to the lower PAPR.

5.5 Elucidating MAI effect

To elucidate the effect of MAI, lets focus on ACO-ROFDMA as an appropriate transmission scheme
due to its lower transmit power requirement (as shown in the results of Fig.5.9). Figures5.11a
and 5.11b show the BER performances of a desired user with different distances d from the cell
center for I'yco = 0.5 and 1 bps/Hz, respectively. The other 15 users are placed at the cell center
(hence, potentially causing the maximum MAI), and the same Py¢() is set to all users. We have
also presented as benchmark the BER plots for the case where there is only the desired user in

the cell, indicated by NMAI. Obviously, the BER degrades by increasing d due to the decrease in

5To go more into detail, the BER leveling effect around 0.3 that we observe at relatively high transmit powers for
ACO schemes is due to signal clipping of “outer points” in the 16-QAM constellation. When Pyl is increased too
much (not shown in the figure), the BER jumps to 0.5 as all 16-QAM constellations points get clipped. Also, note that
increasing too much the amplitude of x; does not necessarily result in an increase in Py gje(), as this latter relies on the
symbols after clipping.
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Figure 5.9: BER performance comparison between ACO and DCO schemes with respect to different aver-
age electrical transmit power Py glec) for a fixed Ep(elec)/ No = 15 dB and the spectral efficiency of = 1 bps/Hz.
Here, 16-QAM and 4-QAM constellation is considered with .# = 4 for ACO and DCO schemes, respectively.
The patients are placed at the same position at a distance d = 3 m from the AP,
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Figure 5.10: BER performance comparison of ACO schemes for the spectral efficiency of = 0.5 bps/Hz (4-
QAM, # =4) and = 1 bps/Hz (16-QAM, .« = 4) with respect to different average electrical transmit power
Py (ele), for a fixed Epelecy/ No = 15 dB. The patients are placed at a distance d = 3 m, where the CN is pointed
straight towards the ceiling.
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the Rx SNR. The important observation is the difference between MAI and NMAI cases as one
would expect no performance degradation when considering multiple users. This is, in fact, due
to signal clipping, which affects the orthogonality between users’ signals. The degradation is more
noticeable for increased d due to the well-known near-far problem.

To clarify this, consider the case of two users with 4-QAM modulation with rectangular pulse
shaping on the TD signal at the Tx. After applying ACO-ROFDMA, the spectra of the two users’ sig-
nals should normally be in the form of two orthogonal sincs, as illustrated in Fig. 5.12a. However,
when signal clipping is applied at the Tx, this orthogonality is lost due to the spectral regrowth in
the adjacent subcarriers, see Fig. 5.12b. As a result, signal reception is effectively affected by MAI,
which is more pronounced at relatively high transmit powers, for larger constellation sizes, and
with increasing d, as can be seen from Fig. 5.11.

For the sake of completeness, consider now the more realistic case of random Tx orientations.
(So far, we have considered that all Txs are pointing toward the ceiling in order to avoid costly
simulations and to focus on the performance study of the MA schemes.) For this, the 6, of the
CNs in Fig. 2.6 are generated randomly according to a zero-mean Gaussian distribution, while be-
ing limited to the interval (—60°,60°). Nevertheless, still only the LOS contribution is taken into
account, which is justified by the considered large room dimensions, and hence, the rather neg-
ligible contribution of non-LOS links. Based on 10° random orientations for all users, Py results
as a function of d are shown in Fig. 5.13 for the cases of MAI and NMAI, considering BERg, = 1073,
Py(elec) is set to 23 mW, corresponding to a low BER, based on the results of Fig. 5.11. For the case
of 4-QAM with NMAI, P, is less than 103 and the corresponding plot is not shown. As expected,
P, increases as the user moves from the center of the cell to the edge due to the higher probability
of losing the LOS link. Given that the required P, for WBAN application is about 1072 [215], this
is achieved for d < 1.5m and d < 1.4 m for 4-QAM and 16-QAM cases, respectively. In practice,
given the large dimensions of the emergency waiting room, multiple APs should be employed in
order to increase the link robustness [215].

5.6 Complexity Analysis

To evaluate the computational complexity of the considered signaling schemes, we focus on the
complexity of realizing the A" -point IFFT/FFT for a number 4" of mapped subcarriers, as well as
the extra .4 -point FFT/IFFT used in O-SCFDMA.

The computational complexity of IFFT/FFT is determined by arithmetic operations, i.e., real
additions and multiplications, called floating-point operations (FLOPs) [227]. Considering .4/ -
point FFT/IFFT (A4 is the power of a radix), the use of Cooley-Tukey method in developing a
higher-order radix FFT/IFFT algorithm is rather efficient in terms of the number of FLOPs [228].
Further, the development of split-radix algorithms, e.g., the radix-2/4 and radix-2/8, achieves a
lower FLOP count [227, 229]. Without loss of generality, we consider a radix-2 algorithm, for the
sake of simplicity, where an A4 -point FFT/IFFT requires approximately 5.4 log, (.#") arithmetic
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Figure 5.11: BER versus the average electrical transmit power Pyelec) for different distance d of the desired
user from the center of the cell: (a) considering I'xco = 0.5bps/Hz, (4-QAM, 4 = 4) (b) I'aco = 1 bps/Hz
(16-QAM, .« = 4). MAI is the case where the fifteen other patients are positioned at the cell center. NMAI

refers to the no-MAI.
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Table 5.2: Computational complexity of different MA schemes.

MA Scheme Tx Rx
DCO-OFDMA 5.4 log, (AN) 5.4 log, (A)

5.41og,(M)+ 5N 1og,(AN)+
5.4 1og, (N) 5.(10g, (M)

DCO-ROFDMA 54 log,(%4) 5.4 log,(A)

DCO-SCFDMA

operations [228].

At the Tx, however, for the O-ROFDMA scheme, the FLOP count is reduced by a factor of 2 due
to applying padded zeros in the last A subcarriers. Figure 5.14 illustrates an example of radix-2
IFFT algorithm for the DCO-ROFDMA, considering .4/ = 8. At Stage-1, given a zero in one of the
symbols in a butterfly of length 2, no arithmetic operation is required, and the outputs follow the
input symbols. Therefore, the first half of symbols are in fact identical copies of the second-half
symbols, see Stage-2 in Fig.5.14. As a result, no arithmetic operation is required for half of the
symbols (shown in red color), thus, reducing the computational complexity by a factor of 2. The
computational complexity of the considered DCO schemes at the Tx and Rx is given in Table 5.2.

Remember that ACO schemes require twice more subcarriers compared to DCO schemes.

Figure 5.15 shows the complexity analysis in terms of number of arithmetic operations re-
quired in different ACO and DCO schemes. In order to make a fair comparison between the
schemes, we consider the same data-rate R;. As expected, the required number of arithmetic
operations increases with increased number of data-carrying symbols .#. O-ROFDMA and O-
SCFDMA have, respectively, the lowest and highest complexity. Moreover, note that the number
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Figure 5.15: Complexity analysis of different schemes in terms of required number of arithmetic opera-
tions at the Tx versus the number of data-carrying symbols 4; A = 4 £ with £ = 16.

of arithmetic operations required by ACO-ROFDMA is equal to that for DCO-OFDMA. In fact, the
computational complexity of O-ROFDMA is half of that for O-OFDMA.

5.7 Chapter Summary

We proposed a HS-free O-ROFDMA scheme which transmits only the real part of the time-domain
signal for the uplink extra-WBANSs in an emergency waiting room scenario. We investigated the
proposed scheme in terms of energy efficiency and computational complexity. More specifically,
taking into account the parameters of realistic opto-electronic components, we studied the BER
performance of DCO-ROFDMA and ACO-ROFDMA, compared with O-OFDMA and O-SCFDMA
counterparts. In particular, we demonstrated the effect of induced MAI due to signal clipping,
resulting in a loss of orthogonality between the signals of different users. Focusing then on ACO-
ROFDMA as a more appropriate scheme due to its better energy efficiency (despite the require-
ment of a larger BW), we investigated the impact of MAI under fixed and randomly oriented Txs.
We further showed that, thanks to the reduced computational complexity of O-ROFDMA, com-
pared with O-OFDMA, a significant reduction in the Tx (CN) energy consumption can be achieved
for medical WBANSs.
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6.1 Introduction

In Chapters 4 and 5, we proposed O-CDMA and O-ROFDMA schemes for the hospital ward and
emergency waiting room scenarios, respectively, and evaluated their performances for medical
extra-WBANSs. In this chapter, we take into account the proposed O-CDMA scheme for hospi-
tal ward scenario and develop a PoC for the uplink. We investigate the implementation of an O-
CDMA system for medical extra-WBANs based on IR signals. First, we compare different possible

O-CDMA Rx architecture to select the most suitable one in our application, given the requirements
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of low implementation complexity, and the constraints imposed by near-far problem and the MAI
effect. Then, we implement the selected O-CDMA Rx structure on an FPGA and propose an AFE
for the transmission and reception of the optical signals. Finally, we evaluate the performance of
the implemented system in managing the MAI in terms of BER and frame-error-rate (FER).

The remainder of the chapter is organized as follows. In Section6.2 we describe O-CDMA
based systems, including system architecture, different O-CDMA Rx structure, and digital design
concepts. Meanwhile, we demonstrate the advantages of the correlator with a hard-limiter (CHL)
Rx structure in terms of implementation complexity and MAl resistance. Next, Section 6.3 presents
the implementation details of the AFEs and FPGA prototypes. We also present the computational
complexity of the digital hardwares (HWs) in terms of number of logic resources required to im-
plement. Experimental verification and results are presented in Section 6.4. At first, we validate
our digital prototypes by transferring signals over wired links, and then analyze the system’s per-
formance through the use of optical wireless links in terms of BER and FER. Lastly, the main con-
clusions of this chapter are drawn in Section 6.5.

6.2 System Description

In this section, we define the configurations, e.g., number of users, data-rate, and describe the
principle of considered O-CDMA system and its design concepts for the experimental implemen-

tation.

6.2.1 General Assumptions

We consider the case of four patients in a hospital ward scenario as in chapter4, sending their
health monitoring data via their respective CN to a single AP placed in the center of the ceiling.
Each CN, placed on the patient’s shoulder to minimize the probability of LOS blocking, transmits
its OOC-coded data asynchronously to the AP. In other words, transmission takes place without

any synchronization between different CNs.

We assume that the data-rate requirement of each CN is less than 100 Kbps. Given this rela-
tively low data-rate and for the sake of implementation simplicity, we use the simple OOK mod-
ulation. Also, we assume that there is always a LOS link between the Tx and the Rx, and hence,

neglect the effect of multiple reflections.

6.2.2 General Principles of OOK O-CDMA

As we have described in Chapter 3, in O-CDMA signaling scheme, at the Tx side, each bit of an
user is at first multiplied by an assigned OOC and then transmitted through the optical channel.
To recover the received data of a specific user, the received signals at the PD are at first correlated
with the corresponding assigned OOC. Unlike BPPM O-CDMA, the output of each correlator is
then compared with a predefined threshold Cry, as illustrated in Fig6.1. The resulting signal is
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Figure 6.1: Block diagram of the OOK O-CDMA based extra-WBAN system; Blocks Mod and DeMod stand
for modulator and demodulator. Signal sampling at the TIA output is done at sampling period of .

then demodulated to recover the transmitted bits of each user.

In an OOK O-CDMA system with OOC codes, error-free data recovery is possible despite MAI,
if Cyyp, satisfies the following condition [185,197]:

Crh>%-1. (6.1)

6.2.3 OOK O-CDMA Rx Structure

O-CDMA'’s performance highly depends on the type of Rx structure used to detect and retrieve
data. The three most viable Rx structures for OWCs are correlator, chip-level detector (CLD), and
CHL [159].

A correlator or correlation Rx is the simplest Rx structure, see Fig.6.2a. It consists of a low
pass filter and an ADC with a sampling rate at least equal to the chip time. The sampled chips
are correlated with the desired user’s OOC code, and the output is then compared with an optimal
threshold Cry, to detect a bit ‘0’ or ‘1. Correlation Rx suffers from the MAI and the near-far problem
[159].

The CLD is based on the power of each chip collected by the PD, which is compared to an
optimal threshold [230]. It also consists of a filter and an ADC as shown in Fig.6.2b. Each arm
in the figure is used to detect one pulsed (i.e., ON ) chip. Finally, all the values from each arm are
added and compared with the weight K to detect the transmit bits. The performance of the CLD

is better than that of the correlation Rx [230]. However, it also suffers from near-far problem [230].

In a CHL Rx, a HL is added before the correlator [159], which clips the received signals at a
defined level of threshold voltage, and hence converts the signals into binary sequences. Sampling

takes place right after the HL with a locally generated clock with frequency at least equal to the
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Figure 6.2: Different types of Rx structures (a) Correlation Rx: Based on a simple correlator, (b) CLD: The
correlation is done based on the received power of each chip, (c) CHL: An HL is added before a simple
correlator.

chip rate, see Fig.6.2c. Therefore, the sampler of a CHL Rx does not require an ADC and can
be directly implemented on an FPGA, which significantly reduces its implementation complexity.
The main interest of CHL is that it minimizes the MAI effect by restricting the voltage at the same
level for all users [201, 231]. Furthermore, the near-far problem is reduced because the defined
threshold voltage ensures reception of balanced signals from near and far users. Here, due to its
lower implementation complexity and its resilience to MAI and the near-far problem, we consider
to use CHL.

6.2.4 Digital Design Concept on Tx/Rx Synchronization

As stated in Section 6.2, CNs transmit their OOC-coded data to the AP without any synchronization
between them. However, at the AP side, it is crucial to have bit-level synchronization between
the corresponding Tx-Rx pairs in order to recover the data of each user properly. This bit-level
synchronization relies on mechanisms implemented on both the Tx and the Rx sides as explained

in the following.
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Figure 6.3: Overall architectures of (a) a CN (Tx) and (b) the AP (Rx) with a focus on the main AFE blocks.

6.2.4.1 Tx

On the Tx side, training patterns are added before transmitting OOC-coded information bits, en-
abling the Rx to synchronize its code with the corresponding Tx, provided that the Rx has full
knowledge of the training pattern sent. The length of the training pattern depends on the type of
synchronization algorithm used by the Rx [159].

6.2.4.2 Rx

The synchronization process in an O-CDMA Rx is realized by an acquisition and tracking (AT) cir-
cuit, as in RF-based CDMA Rxs [199,232]. Initial phase synchronization is done at the acquisition
stage with a precision better than half of the chip duration T,. Three kinds of acquisition algo-
rithms are proposed for use in OWC, namely simple serial search, multiple shift, and matched
filter [159]. The tracking circuit is the second step of the synchronization process. It is used for
fine tuning, based on the generation of half-chip early and late replicas of the data. Correlation is
then done with each replica and compared with a threshold Cyy, to ensure synchronization.

In practice, it is shown that the matched filter algorithm is preferable to the other approaches
as it requires a smaller number of training patterns and a shorter mean acquisition time [159].

Thus, we consider this solution in our design.

6.3 Implemetation

6.3.1 Overall Architecture of O-CDMA System

As explained in Section 6.2.1, our O-CDMA based extra-WBAN system consists of four patients,
each with a CN attached on the shoulder, and an AP at the center of the room ceiling. The ar-
chitectures of a CN and the AP are shown in Figs. 6.3(a) and 6.3(b), respectively. Both the CN and
AP are composed of two main parts: the digital HW for generation or recovery of the O-CDMA
data stream, and the AFE for transmission or reception of the optical signals. In the subsequent

subsections, we discuss the implementation details of the AFE and the digital HWs.
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Figure 6.4: The off-the-shelf AFE board for IR optical transmission and reception.

6.3.2 AFE Design

On the CN side, the role of the AFE is to transmit the OOC-coded data stream generated by the
digital HW circuitry through the use of a LED. Since this data stream is a binary sequence, we use
a simple LED driver based on a MOSFET switch, see Fig. 6.3(a).

On the AP side, as represented in Fig.6.3(b), the AFE consists of a PD followed by a TIA to
convert the received photo-current into a voltage. The resulting signal is then passed through a
first band-pass filter to filter out noises generated by the ambient light and the TIA (i.e., the thermal
noise), followed by a voltage amplifier and a second band-pass filter to center the signal around
0 V. Finally, we employ a comparator as a zero-crossing detector, rather than a conventional HL,
in order to boost the positive part of the signal to a fixed level (here, to 3.2V) while setting the
negative part of the signal to 0 V. This way, the AFE output signal meets the input/output standard
LVCMOS 3.2V of our FPGA board.

In practice, both the transmission and reception AFEs are implemented on a single board, as
represented on Fig.6.4. The LED operates at 940 nm with a semi-angle at half power of 60°. The
Tx 3dB modulation BW is 9 MHz. On the Rx side, the 3dB BW is 15 MHz and the overall Rx gain
considering TIA and amplifier is 62 dB. The PD has a 26.4 mm? active surface, a 0.6 A/W sensitivity
at 940 nm and a full angle at half-sensitivity of 120°.

6.3.3 CN Digital HW Design

In the CN digital HW, the serial data stream is encoded with the corresponding OOC code. Here,
without loss of generality, we consider L = 8 data bits per transmitted packet in addition to L, =3
training bits (which are set to one) as preamble for synchronization purpose. The corresponding
block diagram is shown in Fig. 6.5.

First, the serial data stream is passed through a serial-to-parallel shift register (“SIPO” block
in Fig. 6.5) in order to form the payload of the O-CDMA data frame. The SIPO block is followed
by a dual clock first-input first-output (FIFO) memory block. Note that in digital system design,
FIFOs are used to transfer data between two different clock domains [233]. Here, the FIFO is used

to transfer data from the local clock domain (i.e., clock for sensors data) to the chip clock domain.
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Figure 6.5: Conceptual block diagram of CN digital HW based on O-CDMA for extra-WBAN links. SIPO,
PISO, and MUX stand for serial-in parallel-out, parallel-in serial-out shift register, and multiplexer, respec-
tively.

Each data bit then has to be multiplied by the OOC. By considering a maximum of four users,
we deduce from Equations (4.3) and (4.4) that the OOC length has to be at least F = 49. Since the
input data rate is assumed to be 100 Kbps, see Section 6.2.1, the chip clock rate at which the OOC-
coded data have to be sent is set to 5 MHz. In practice, the multiplication with the SC is done by
an AND logic gate. Therefore, each bit of the payload is first duplicated F times by the “Reshape”
block and then passed through an AND gate to apply the OOC. Note that the training bits are also
OO0C-coded to avoid MAI from other users (see Fig.6.5). These L, sequences are added to the
beginning of the frame by the aid of a multiplexer (the “MUX” block), controlled by the “Control
Sequence” block. Finally, a parallel-to-serial shift register (“PISO” block in Fig.6.5) converts the
OOC-coded data frames to serial spread data, which are then transferred to the Tx AFE.

6.3.4 AP Digital HW Design

The architecture of the AP digital HW for detecting the data of a given user is represented in Fig. 6.6.
The same architecture is used for every user. As it can be seen, the data are first sampled (“Sam-
pler” block in Fig. 6.6). The sampling process is done in the digital domain with a locally gener-
ated sampling clock CK(¢) of frequency 5 MHz. From a digital design point of view, synchroniza-
tion failure is very common when sampling an asynchronous input with respect to a clock, that is
when the asynchronous input (i.e., spread data) changes during the set up time of the clock [234].

To deal with this problem, we used three cascaded flip-flops (FFs) inside the sampler.

After sampling, at first, acquisition is performed in the “AV” block. This latter searches the
training patterns by matched filter algorithm, as described in [159], and obtains initial time refer-
ence of the received spread data with a precision better than half of the chip duration T;. Then the
received spread data is sent to the verification stage in the “AV” block to detect false alarms (due to
MAI and/or noise) by comparing with a predefined threshold. If a false alarm is detected, then the

“AV” block starts performing acquisition again. Otherwise, the Acquisition Performed flag is set to
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Figure 6.6: Conceptual block diagram of AP digital HW based on O-CDMA corresponding to one user.
Here, AV stands for acquisition and verification. The “ST” block generates early and late replicas of the
spread data.

high (see Fig. 6.6). This latter, in fact, activates acquisition or tracking process of the de-multiplexer
(“DEMUX” block).

Afterwards, the tracking circuit starts more precise synchronization using the so-called early-
late technique. To do this, the “ST” block generates early and late versions of the data, sampled by
the shifted clocks CK(t—T,/2) and CK(t+ T./2), respectively. These replicas of the data are corre-
lated with the OOC code, and the outputs of the correlators are then compared with the main data
(i.e., the data that is sampled with the clock CK(t)) to obtain tracked spreading data. Meanwhile,
if the outputs of the correlators are less than the threshold Cry, a synchronization error signal is

sent to the “AV” block to start a new acquisition.

6.4 Experimental Results

To implement our O-CDMA digital HW, we consider the case of two CNs (Txs), transmitting their
data simultaneously to a single AP (Rx). We have assigned the codewords {0, 1,4, 14} and {0, 2, 7, 26}
to the CNs, where each number represents the position of ‘1’ in the sequence of the OOC (49,4,1,1)
code. We then implemented the full digital HWs described in Section 6.3, on Xilinx® Zynq series
72020 FPGAs. We have summarized the design synthesis results from the Xilinx® Vivado design
suite in Table 6.1. As expected, the Tx remains quite simple to implement, with an estimated
on-chip power consumption of 0.752 W. Note that when implemented on an ASIC (Application-

Specific Integrated Circuit), the power consumption can be considerably reduced [235].

We have carried out the experimental validation of the proposed O-CDMA system in two steps.
First, we verified that the digital HW algorithms were functional, which is described in Subsection
IV-A. Then, we experimentally analyzed the performance of the whole system, as explained in
Subsection IV-B.



6.4. EXPERIMENTAL RESULTS 103

Table 6.1: Logic resources required at CN. LUT and BUFGCTRL stand for look-up table and global clock

buffer.
Logic H Number of Resources
LUTs 95
LUTs as Memory 22
LUTs as Logic 73
FFs 255
BUFGCTRL 2

6.4.1 Validation of Digital Design

A design implemented on an FPGA is usually validated functionally by performing a post-
implementation simulation on the EDA (Electronic Design Automation) simulator. This, however,
does not guarantee the behavior of the design in the real HW. Therefore, a built-in IP (intellectual
property) core called integrated logic analyzer (ILA) is used to analyze and debug the system in
real time after HW implementation.

Here, both Tx digital HWs are implemented on the same FPGA board, and the Rx digital HW
is implemented on another FPGA board. In order to transmit OOC-coded data streams from both
Txs with a single FPGA, we simply generated the two streams independently and then added them
with an OR gate. This way, on the CN side, the FPGA had a single data output containing the signals
from both users. This output was connected with a wire to the input of the second FPGA embed-
ding the AP digital HW. Consequently, the transmission channel between the CN and the AP could
be considered as very low noise and thus not being the source of performance degradation. This

allowed us to evaluate the performance of the digital HW algorithms.

The real-time timing diagrams in Fig. 6.7 are captured from FPGA'’s ILA through a JTAG ca-
ble. We transferred known pattern of frames from Tx1 (i.e., 3315 and ccig) and Tx2 (i.e., 0fig
and 3c;6) repeatedly to compare the recovered data after correlation. In Fig.6.7(a), the transmit-
ted data sequences from Tx1 and Tx2 are denoted by sp_out_tx1 and sp_out_tx2, respectively.
These spread data generated from Txs are passed through the OR gate and transferred by the port
sp_out_comb.

The data received by the AP, denoted by spc_in, are sampled by a locally generated clock,
as seen in Fig.6.7(b). The frames recovered by the Rx are defined as dout_recl and dout_rec2,
where frames are valid if and only if dout_valid_1 and dout_valid_2 are set to high level for Tx1
and Tx2, respectively. We observed that under the considered “ideal” conditions (i.e., without any

noise) the transmitted data bits were recovered from both users without any MAI error.

6.4.2 Validation of O-CDMA System

In order to validate the whole O-CDMA system, we replaced the OR gate and wired channel by the

AFEs. Figure 6.8 shows the experimental setup, where the main parameters are given in Table 6.2.
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Figure 6.7: Txs and Rx timing diagrams captured through ILA for the case of wired transmission link: (a)
Txs send spread data through an OR logic by the port sp_out_comb, (b) transmitted data of both Txs are
recovered by the Rx.

i,

Figure 6.8: Experimental setup. Here, Txs are placed at a distance of 1 m from the Rx.

Both Tx AFEs are placed at a distance of 20 cm from each other and driven by the same FPGA. The
measured average transmit power of the IR LED is about 16 mW, that is well bellow the eye-safety
requirement [52]. Note that, we have K =4 ON pulse for the SC length L = 49.
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Table 6.2: Parameters used in the experiment.

Parameter Value
OOC code (49,4,1,1)
Number of users 2
Threshold 4
CN1 OOC code {0,1,4,14}
CN2 OOC code {0,2,7,26}
Tx 3 dB modulation BW 9MHz,
Rx 3 dB reception BW 15MHz,
O-CDMA required BW 5MHz
Rx maximum gain 62dB
PD active area 26.4 mm?
PD responsivity 0.6 A/W
Rx full angle at half-sensitivity 120°
LED wavelength 940 nm
LED average transmit power 16 mW
LED semiangle at half power 60°
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Figure 6.9: Recovered data from the two Txs which are positioned at a distance of 20 cm from the Rx. The
data were read through the built-in ILA of FPGA via a JTAG port.

First, we verified the behavior of the O-CDMA system at short distance. Figure 6.9 shows the
frames recovered at the Rx when it is placed at a distance of 20 cm from the Txs. As in Fig. 6.7(a), we
can see that the data being sent by both Txs are recovered completely. Then, we varied the distance
Z between the Txs and the Rx from 20 cm to 1 m and processed the data captured from the ILA with
MATLAB® in order to extract the BER and FER with respect to the distance, as shown in Fig. 6.10.
We notice that, logically, as the distance Z increases, the BER increases due to decreased received
power. Remember from Fig.6.3(b) that the comparator acts as a zero-crossing detector, which
outputs a 3.2V level if the signal is positive, and 0V otherwise. Therefore, when the signal is weak
and noisy, there might be unexpected zero-crossings leading to an unstable output signal and,

eventually, to bit errors.

Moreover, we see from Fig. 6.10 that the performances of the two Txs are not exactly the same.



CHAPTER 6. EXPERIMENTAL IMPLEMENTATION OF O-CDMA FOR MEDICAL
106 EXTRA-WBANS

(0]
o
c
©
E
o
[
o
X
c
5

0%~ —%— Tx1 FER []

K —>=—Tx2 FER |}

— % —Tx1BER |1

— % —Tx2 BER |]

10-4 1 1 1 1 1 1 1
20 30 40 50 60 70 80 90 100
Z (cm)

Figure 6.10: Measured BER and FER from experiments, where distance Z between the Txs and the Rx was
varied from 20cm to 1 m.

This is because in our set-up Txs were not exactly at the same distance from the Rx and did not
have exactly the same angle of emission with respect to the Rx. This could be considered as a slight
form of the near-far problem, which is not mitigated here, as expected for a CHL Rx since we use a
comparator instead of a true HL. Indeed, the comparator output is sensitive to the received power
level.

6.5 Chapter Summary

In this chapter, we proposed digital HW architectures for the CN and the AP for the case of extra-
WBAN uplinks. The O-CDMA technique was considered to address the multi-user feature of such
applications. We also considered AFE design mainly based on CHL while accounting for ease of
integration of the AFE part with the digital HW circuitry. Moreover, we implemented the low-
complexity digital HW part on the programmable logic. For the case of two users (i.e., two Txs),
firstly, we verified the error-free signal reception on a high SNR system (i.e., using a wired link),
and then studied the performance of the system with wireless links in terms of BER and FER for
different SNR values (i.e., varied link distance). However, the performance of the system can be

improved using error-correcting codes.
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7.1 Conclusions

Real-time health monitoring of patients is crucial to detect any deterioration in the patients’ health
conditions and to prevent inappropriate treatments. Such e-Health solutions can be enabled by
employing wearable health monitoring sensors on the patient body to collect and transmit med-
ical data through the use of WBANSs. For data transmission in medical WBANs, OWC is a license-
free promising technology that offers features of inherent security and immunity against EMI,
compared to the RF counterpart. Within this context, managing multiple users transmitting their
medical data simultaneously requires the use of appropriate MA techniques, with the constraints
of low power consumption and high link reliability. In particular, mobility of patients and random
Tx orientations can impair the optical link performance significantly. In this thesis, we developed
and proposed suitable MA techniques for different medical WBAN scenarios and investigated their

performance taking into account realistic system parameters.

For this purpose, we first defined the optical link configurations based on IR transmission for
medical WBAN scenarios and presented their channel modeling approach in Chapter2. Then,
in order to consider link impairments resulting from mobility, we developed a realistic mobility
model that included random Tx orientations during patient movements. Next, in Chapter 3, we
proposed an O-CDMA scheme for a typical hospital ward scenario with a relatively small number
of patients, due to its advantages of relaxed synchronization requirements and implementation
simplicity. On the other hand, to manage a relatively large number of users, we investigated the
use of O-OFDMA based schemes.

In Chapter 4, we investigated the performance of the proposed O-CDMA scheme using the de-
veloped ORWP mobility model in Chapter 2. We focused on analyzing BER and P,,; performances
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by changing users’ positions in a typical hospital ward scenario, while showing the detrimental
impact of random Tx orientations. We showed the MAI effect on the O-CDMA link performance
taking into account contributions from both LOS and non-LOS reflections. Lastly, to address
the resulting performance degradation, we proposed the use of multiple AP arrangements and

demonstrated the performance improvement through simulation results.

In Chapter 5, taking into account the requirement of relatively large number of patients in
an emergency waiting room scenario, we proposed a new O-OFDMA based solution called O-
ROFDMA. Unlike the conventional O-OFDMA, we did not apply HS constraints to the FD sig-
nal, and only real part of the OFDMA TD signal is transmitted. First, we investigated the per-
formance of the scheme taking into account limited DR of the LED compared to the O-OFDMA
and O-SCFDMA schemes for both ACO and DCO signaling cases. We showed that O-ROFDMA has
nearly the same performance as O-OFDMA in terms of PAPR and BER, although outperformed
by O-SCFDMA at the cost of increased computational complexity, in particular, for larger signal
constellation size. Then, we studied the performance of the ACO-ROFDMA scheme taking into ac-
count random Tx orientations for an emergency waiting room scenario, where we demonstrated
the effect of MAI due to clipping noise. Furthermore, we showed that O-ROFDMA offers a reduced
computational complexity of factor 2 compared to O-OFDMA.

Lastly, in Chapter 6, we developed FPGA prototypes of the proposed O-CDMA system in Chap-
ter 4 for medical extra-WBANSs and tested the performance of the implemented system. This was
made possible, thanks to the support from Oledcomm Co. for providing experimental equipment
and analog front-ends under the framework of the H2020 ITN Vision project. We first validated
the prototypes design by considering an ideal link, and then measured the performances in terms
of BER and FER by changing the Txs distance.

7.2 Perspectives for Future Work

This thesis was devoted to proposing and developing suitable MA solutions for optical medical
WBANSs by focusing on the performance investigation of the proposed schemes considering lim-
itations arising from patients’ mobility and random Tx orientations. The work presented in this
thesis addressed the majority of the goals outlined in Chapter 1. However, several aspects remain
to be investigated for future work as described in the following.

We demonstrated the effect of MAI due to the near-far problem in O-CDMA scheme but did
not consider any MAI mitigation technique. As a future research direction, it would be interesting
to investigate the efficiency of using a HL device prior to the correlator, as suggested in [132], to
reduce the MAI effect by limiting the interference level. Studying the practical interest of power
control at the Tx to reduce the near-far problem is another interesting direction for future work.
Note that, this issue is widely considered in the context of RF CDMA [236] .

As concerns the investigation of the proposed O-ROFDMA scheme in Chapter 5, we considered

only the LOS link and did not consider user mobility. Studying the effect of multipath reflections in
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more realistic scenarios while taking into account mobility is another interesting direction. On the
other hand, uplink synchronization is a critical requirement for OFDMA-based schemes, which is
usually done by estimating CSI using training sequences. Further investigation should be carried
out by taking into account synchronization errors due to mobility and random Tx orientations,
which might affect the system’s performance. Moreover, future work can investigate the effec-
tiveness of diversity combining techniques for multiple AP arrangements to increase the network
coverage for large indoor spaces, such as an emergency waiting room. Another future research
direction would be investigating the low-complexity code-domain NOMA techniques for optical
WBANSs.

As for experimental studies in Chapter 6, due to limitation of the available optical front-ends,
we were not able to test the MAI in depth for the O-CDMA case considering a larger number of
users. Moreover, we did not implement the proposed O-ROFDMA scheme in real HWs and inves-
tigate the performance in a real-time OWC transmission set-up. Further work should be carried

out to test the performance of the MA schemes in real hospital settings.

Concerning extra-WBAN downlink communication, which we did not consider in the thesis,
the battery-powered Rx requires a low-complexity MA solution. Recently, a low-complexity Rx
based on analog multi-band carrierless amplitude and phase modulation has been proposed for
VLC-based IoT connectivity in the downlink in [237]. This work can be further extended as an MA
solution for the downlink extra-WBAN network. Moreover, proposing efficient MAC layer solu-

tions addressing the case of optical intra- and extra-WBANS is an interesting research direction.






Appendix A

Incident angle on the Reflecting Surface

The incident angle v on the reflecting surface can be calculated by employing the trigonometry
of the rectangular triangles, which depends on the elevation angle 8, and azimuth angle w,. For

this, we define a point C intesecting the normal vector n/., as shown in the Fig. A.1.

Denoting the coordinates of the Tx by T(xr,yr,zr) and reflecting surface element by
E,(xg, ¥E, 2E), we have:

1A
nry
4
(e, YE, ZE)

T(xr, Y1, 21)

Figure A.1: LOS and diffuse link with randomly oriented Tx. The incident angle v is determined by
applying trigonometry of the rectangular coordinates.
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Appendix B

0-CDMA Acquasition and Verfication

Block

As described in Chapter 6, we used a matched filter algorithm in order to perform acquisition
of the sampled spread data for O-CDMA. The digital design concept of the acquisition and verifi-
cation, i.e., the “AV” block is presented in Fig. B.1. The serial spread data is fed into a shift-register
containing F FFs. Provided that the sampling rate is equal to the chip rate, the FFs outputs corre-
sponding to the position of ON chips are fetched into an adder. The resulting output is compared

with the predefined threshold. Finally, if the comparator output is greater than the threshold, an

acquisition performed signal is generated after passing through the “verification” block.

5 MHz

Chip
’—I—H ClOCk
| | | | | [ I
—» FF —» FF FF FF |- —» FF FF - » FF
Spread
Data F 1
Cont.rol
Adder Unit
False Acqusition
¢ Performed
0 Alarm
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Figure B.1: Digital design concept of the “AV” block employing matched-filter algorithm. Here, Th refers

to the threshold.
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