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ABSTRACT

Visible light communication (VLC) is a progressing green communication expertise for indoor
wireless communication networks. Visible light communication (VLC) uses light emitting
diodes (LEDs) for together lighting and communication. On non-orthogonal multiple access
(NOMA) increases the system throughput by improving spectral efficiency. In indoor VLC
networks, the gain ratio power allocation(GRPA) of NOMA assigns superior signal power to
consumers of poor channels to succeed both fairness and high data rate. However, current GRPA
approaches settled for radio frequency channels are not essentially active in all VLC channel and
illumination circumstances. In this thesis, we start the resource allocation (RA) problematic on
behalf of the downlink orthogonal frequency division multiplexing centered non-orthogonal
multiple access (OFDM-NOMA) scheme to decrease the interfering amongst multi-users by
applying cluster formation in the parameter of BER, sum rate maximization. After this thesis has

done, the outcomes have to make low BER and high sum rate.

Key words: Visible light communication (VLC), Non-orthogonal multiple access (NOMA), gain
ratio power allocation (GRPA), orthogonal frequency division multiplexing (OFDM).
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CHAPTER ONE

1. INTRODUCTION
1.1. BACKGROUND

The explosive growing of linked devices, due to the emergence of Internet of Things (loT) and
the growing number of broadband mobile subscribers, lead to an unprecedented growth in traffic
demand. In this respect, the next generation wireless networks are intended to come across this
growth and offer new technical challenges to address the requirement for low latency and high
spectrum efficiency. The continuing research struggles have mostly concentrated on two core
directions. The first one is improving the spectral efficiency(SE) of the existing RF spectrum by
embracing advanced modulation schemes, new multiple access techniques and efficient
bandwidth use again; and the second one is discovering the abilities of the unlicensed spectrum,
i.e., Infrared(IR) (300 GHz - 430 THz) and visible light communication spectrum (430 THz -
790 THz). In those context, VLC has come out as a promising smaller cell technology that can
be linked to the existing super-fast fiber networks and composes an integral part of the 5G
communication systems [1].

A VLC system utilizes off-the-shelf standard LEDs to enable high-speed data transmission and,
simultaneously, to offer indoor/outdoor illumination. It can be recognized by modifying and
demodulating the light intensity of the light emitting diodes (LEDs) in a procedure known as
intensity modulation/direct detection (IM/DD). The greatest nice-looking types of VLC are the
typical communication security, the high grades of spatial recycle, and its invulnerability to RF
interfering, which concentrates safe for action in environments through high electromagnetic
interference (EMI), such as hospitals and industrial plants. Because the commercial LEDs are
designed only for lighting systems, we need an effort to enhance the modulation characteristic of
LEDs. When the area of LED is greater in amount, integral junction capacitance of LEDs is also
become bigger depending on the area of LEDs and then resistance- capacitance (RC) delay time
of LEDs is increased. As a result, the modulation bandwidth is limited by large resistance-
capacitance (RC) delay time. Furthermore, visible light cannot enter through furthermost objects

and walls, creating it well matched for small cell design and capable of provided that high
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quality service area without inter-cell interference. This constitutes visible light communication
(VLC) a viable gorgeous technology and an operative complement to current radio frequency

(RF) communications[2].

In spite of its great benefits, VLC systems have definite shortcomings which want to be fully
addressed so as to exploit the full capacities of this emerging technology. A key drawback of
VLC systems is that the attainable data rates are limited to the restricted modulation bandwidth
of the LEDs, which periods few MHz Therefore, in order to recognize the envisioned VLC
systems with full abilities, there has been enlarged interest in the efficient development of

advanced optical modulation techniques, optical MIMO and multiple access schemes][3].

As a technology enabler for 5G networks and elsewhere, VLC is intended to offer ubiquitous
connectivity and high spectral efficiency. To this termination, numerous optical (orthogonal and
non-orthogonal) multiple access schemes have been planned in the open literature, addressing
these challenges. In OMA, dissimilar users are allotted to orthogonal resources in either the
frequency or time domain. For instance, OFDMA allocates unlike frequency sub-carriers to
diverse users, whereas TDMA permits users to share the identical frequency by accessing the
network in a quick succession during their allotted time slots[4]. On the contrary, NOMA
permits multiple users to concurrently utilize the entire existing frequency and time resources,
leading to greater enhancements in spectral efficiency associated to OMA schemes. NOMA can
be realized through two dissimilar attitudes, namely, PD NOMA and CD NOMA.. In PD NOMA,
customers are multiplexed in the power domain by allocating distinctive power levels to
dissimilar users, while CD NOMA make use of user-specific spreading sequences in order to
multiplex the users in the code domain similarly to the well-known CDMA technique[5].

It is worth noting which PD NOMA has been seen to be predominantly appropriate for VLC
downlink (DL) systems for numerous reasons. First, PD NOMA is frequently used to multiplex a
small number of numbers of customers, which is in-line with the desires of VLC systems that
address LEDs as small cells to serve a small number of users. Second, power allocation in PD
NOMA is fully dependent on the channel gain obtainable at or channel state information the
transmitter, and channel approximation in VLC is noticeably less error-prone, compared to RF,
due to the time-invariant channel gain those remainders continuous till the location of the
receiving station variations. Because VLC does not interfere with electronic devises as RF waves

do. Therefore, VLC more suitable for applications where sensitive electronics devises are used,
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such as hospitals, chemical plant and airplane. Third, PD NOMA achieves better in high SNR
scenarios, which is the situation in VLC systems due to the strong LOS channel gain and the
short separation between the communication front ends. Lastly, the performance of PD NOMA
systems can be developed by enhancing the channel gain dissimilarities between users, which
can be attained by tuning the transmission angles of the LEDs and the field-of-views (FOVSs) of
the PDs, proposing two degrees of freedom to optimize the system performance. Hence, the
thesis focus to PD NOMA in VLCI6].



1.2. STATEMENT OF THE PROBLEM

Optical wireless communication, particularly visible light communication (VLC), is becoming a
promising candidate to tackle the problem of spectrum looming in the conventional RF based
wireless communication. There is a huge interest towards VLC due to the possibility of using the
lighting infrastructure for both illumination and high speed connectivity at the same time. The
main goal of this thesis is to find the optimal user center vector transfer (UC-VT) cluster
formation for maximizing the sum rate by making different groups, while scheduling UEs in a
proportional fairness (PF) manner, which is ultimately a joint cluster formation and multi user
scheduling (MUS) problem. When the number of users increases the NOMA interference
problem is appeared. The interference of the power- domain NOMA can be reduced by
successive interference cancellation when power- domain NOMA and OFDM schemes are
combined. In order to diminish the performance deprivation forced by the Interference, a User-
Centric (UC) cluster establishment procedure is scheduled for the VLC down-link system, where
multiple customers are concurrently held by multiple Access Points (APs). In this thesis there is
multi user interference and computational problems among multi users in visible light
communications. These problems can be solved by clustering users in to separate groups based

on their respective channel gains and implementing OFDM-NOMA on those separate groups.



1.3. OBJECTIVES OF THIS THESIS

1.3.1. General Objective

The main objective of this thesis is to analyze and evaluat the performance of OFDM- NOMA in
multi user visible light communication problems by clustering users in to separate groups based

on their own channel gains and realizing NOMA on those separate groups.
1.3.2.Specific Objectives

» To model the mathematical or analytical framework of user clustered OFDM-NOMA
multiple accesses for visible light communication based on channel state information

(channel gain) based user clustering.

» To analyze the performance OFDM-NOMA based multiple accesses schemes.

» To evaluate the performance of OFDM-NOMA in visible light communication



1.5. LITERATURE REVIEW

In [1], the authors have studied the optimal beam steering parameters for VLC when there are
more users than the steerable components. They have found the optimal steering angles and LED
directivity for a single LED and multiple users. The outcomes display that steering VLC beams
and altering the directivity can recover the user rates significantly. This research did not concern

the interference among multi-users. It only considers the directivity of the beam steering.

In [2] the complicated mathematical forms in the NOMA-VLC throughput, this paper presented
an alternative bound to facilitate the comparison of GRPA strategies. The compactness between
the alternate bound and actual capability was studied using both analytic and numerical
outcomes. For the ceiling-illumination case, they are demonstrated that their IFS approach is
better than PLS with respect to AUDR. For the workbench-illumination case, the paper gives the

necessary conditions that are needed for their IFS approach to remain better.

In [3], the authors have demonstrated the trade-off between capacity and reliability, from their
task the performance of a two-user scenario for both O-NOMA and OFDMA. They have shown
the normalized system throughput and the error rate performance, respectively. Both multiple
access systems are based on DCO-OFDM transmission with a lesser channel state information.
Here O-NOMA provides a significant upgrading in the overall method throughput compared to
OFDMA. However, the detected throughput improvements provided by O-NOMA come at the
payment of performance loss in link dependability.

In [4], the authors have proposed a simple user grouping and pairing scheme for non- orthogonal
multiple accesses in a downlink visible light communication system. The proposed scheme is a
mix of both conventional non-orthogonal multiple access and the conventional orthogonal
multiple access schemes. In the proposed system, every two handlers are paired using NOMA
and all pairs are assigned with conventional OMA. The performance of the planned scheme is
equated to the conventional OMA in terms of the maximum sum rate. The Simulation result has
shown that the proposed scheme increases the capacity gain of the system compared to the OMA
scheme. Furthermore, coupling users with a high dissimilarity in their horizontal distances would
be increased the sum rate of the system. The gap of this paper is considering a simple user
grouping and pairing scheme is proposed for NOMA and is applied for the downlink visible light

communication (VLC) system. It did not consider multi users, which has interference.
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In [5], the authors have investigated the sum-rate maximization problem in a downlink NOMA-
based VLC system using optimal and computationally efficient sum-rate optimization
techniques, while considering the user fairness and unique intensity constraints. The simulation
results show that optimized NOMA-based VLC system outperforms the conventional NOMA-

based VLC system in BER and sum rate in both cases.

In many literatures different variants of multiple access (MAC) schemes such as O-FDMA,
OOFDM-IDMA, SC-FDMA, O-CDMA, and NOMA have been proposed for VLC. Among
those schemes, NOMA is state-of-the-art (advanced) multiple access schemes, which have
shown relatively good performance. However, NOMA experiences the following major
challenges. These challenges of NOMA are: a) significant latency and intensive computational
requirement for the case of large number of users b) If the channel gains of two or more users are
nearly equal, NOMA will introduce high BER due to significant amount of interference from the

signal intended to the neighbor users.

In [6] the combination of OFDM and NOMA were applied to VLC over offline demos, and
displayed larger scheme throughput than that of the conventional OFDM. Nevertheless, the
system is less appropriate for real-world applications under dynamic and various channel
conditions, as static parameter loading is expected. Furthermore, subcarrier allocation is essential
for system performance optimization, particularly when seeing different power fading conditions
over every subcarrier/user in the bandwidth-limited VLC scheme.so, it is greatly required that
the software-reconfiguration can be maintained in real-time to dynamically handle parameters
such as power ratio and subcarrier number, in order to recognize elastic system capacity and
manage resource allocation to user demand in OFDM-NOMA based VLC systems.

The customer with a poorer channel condition, represented as UEL, needs a larger power. A
small power is assigned to the consumer with a good channel condition ,represented as UE2.Note
that three different cases might arise due to the probability that the number of the assigned
subcarrier of UE1 may be larger/smaller than or equal to that of UE2. When the similar numbers
of subcarriers are chosen to UE1 and UEZ2, the resultant NOMA constellation, which is the
overlapped signal of UE1 and UE2, would be a 16-QAM-like constellation. The added two cases
will outcome in a 20-QAM-like constellation. In order to mend the users’ information, the SIC
technique is used to solve multi-user interference (MUI). Namely, at the receiver of UEL, the

recovered signal is directly de-modulated, while the interference from UE2 is treated as noise.
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Nevertheless, at the receiver of UE2, the signal constituent of UE1 is initially decoded.
Consequently, the wanted signal of UE2 can be decoded by subtracting the signal component of
UEL. In the cases that some subcarriers are assigned to one user only, there is no MUI over these
subcarriers. Therefore, the proposed real-time dynamic power-and-subcarrier allocation order is
a flexible solution for practical OFDM-NOMA system to fulfill the QoS requirements among
users, as well as to ensure better user fairness. The authors proposed scheme, provides a flexible
solution for multi-user VLC system to ensure better user fairness and fulfill different capacity

demands.

In[7] the conventional multiple access, dissimilar users are allotted orthogonal resources in terms
of time, code or frequency domains. The performances of VLC in these orthogonal schemes have
been valued. Nevertheless, these orthogonal procedures cannot make optimal use of the
resources. Since the data traffic is assumed to increase enormously from year to year, there is an
occurrence to find out more efficient multiple access technologies become very important. Non-
orthogonal multiple access (NOMA) has lately fascinated major consideration, which offers a
higher spectral efficiency by allowing multiple consumers to share the similar time and

frequency resource.

In practical VLC systems, compared to the receiver amplifier noise and background noise of the
electrical circuit, the signal-dependent shot noise is negligible. Therefore, in this work, the
authors assume the noise in the VLC system is Gaussian and signal-independent, and the
Shannon formula, which has been widely applied in VLC is used to characterize the capacity of a
VLC link with both LOS and non-LOS components taken into account. This research studies the
power control problem for an OFDM-NOMA VLC system with arbitrary number of multiplexed
users. The goal is to maximize system’s sum rate with any given required SINR of each user.
Based on theoretical derivations of the closed form of the optimal power ratio for the
multiplexed users, an efficient EPA algorithm is proposed to realize both user- and subcarrier-
level power allocation, and so maximizing the attainable sum rate of OFDM-NOMA VLC.
Numerical results show that, in terms of sum rate and subcarrier loss rate, the proposed EPA
algorithm exhibits significant performance improvement compared to the optimized FPA

strategy and the conventional GRPA scheme.

In [9] due to the limitation of LED’s bandwidth, OFDM is used to enhance the transmission
capacity of VLC system. NOMA can support multiple customers in VLC scheme by sharing

8



time and spectrum assets. Being an improvement of OMA technique, NOMA can be combined
with OFDM to further increase the spectral efficiency. The OFDM-NOMA scheme has been
studied intensively, which can improve significantly the overall transmission capacity of VLC
system. In such a system, the intensity of modulated light has a large PTP value. At the receiver,
the overall intensity of received signal is with an increased PTP value for multiuser VLC system,
compared with the single-user VLC system. For the procedure of photo-detection, when the
incident optical power is too high, some of the received signal with high power will be clipped,
which leads to severe signal distortion and performance deterioration. Therefore, the adverse
effect of peak clipping cannot be neglected when studying the OFDM-NOMA VLC system
performance. In this paper, they propose a novel method to decode the multiple users’ signals
from the superposed signal, where high order M-QAM signals are used. This decoding method is
called EAC. Different from SIC method; the EAC method can recover the signals for multiple
users simultaneously, instead of decoding them one by one. Based on this, the authors study the
BER performance improvement of OFDM-NOMA VLC system. Three modulation formats are
considered, including 4-QAM, 16-QAM, and 64-QAM. The simulation results illustrate that the
OFDM-NOMA VLC system performance is improved significantly by using the EAC method.

At the transmitter, Hermitian symmetry is used to guarantee the real output of OFDM signal.
Therefore, only half of the spectrum is used to transmit the information. At the receiver, if the
PTP value of optical signal is large, peak clipping occurs due to the nonlinear transfer
characteristic of PD. In this paper, the author investigates the performance of two-user OFDM-
NOMA VLC system. The traditional SIC decoding method does not work well for the signals
with high order modulation formats. To improve the performance of OFDM-NOMA VLC
system, the researcher proposed a novel decoding method, which is called EAC. The simulation
outcomes indicate which the proposed EAC method can provide better BER performance than

the SIC method, when high order M-QAM (M > 4) signals are applied to the two users.

In [10] there are multiple access techniques, which are closely related to NOMA, including
pattern division multiple access (PDMA) and spatial division multiple access (SDMA).PDMA
can be realized in various domains. At the transmitter sideways, PDMA first maximizes the
diversity and minimizes the overlays among multiple customers in order to plan non-orthogonal
patterns. The multiplexing is formerly accomplished in either the code domain or spatial domain,
or a combination of them. For SDMA, the working principle is stimulated by basic CODMA
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systems. Instead of using user-specific scattering orders, SDMA differentiates altered users by
using user-specific channel impulse responses (CIRs). In this paper, the Categories of NOMA

schemes are expressed in the following diagram.

NOMA Schemes
: e L ' _| Closely-Related Multiple
Major Categories > SDR-MA = e
Y Y Y Y

Power Domain Code Domain POMA SDMA

Central * J *
Content of this LDS-CDMA LDS-OFDM SCMA

Paper

Figure 1.1 A simple classification of NOMA techniques

10



1.6. SCOPE OF THE THESIS

This thesis is confined to reduced bit error rate among multiple users based on OFDM-NOMA,
which introduces a performance evaluation of multi user visible light communication for the case
of N number of users, when N=1-12. If the channel gains of two or more users are nearly equal,
NOMA will introduce high BER due to significant amount of interference from the signal
intended to the neighbor users. The interference is reduced by clustering users in to separate
groups based on their respective channel gains and implementing NOMA on those separate

groups.

11



1.7. METHODOLOGY

The following activities are expected for the execution of this thesis.

Literature review (study):-In the literature review we have revised, many journals related to the
thesis that we implement to solve the problems of interference among multi-users. Some of the

revised works are mentioned in this thesis with their outcomes.
System design: Design to detail the block diagram and described each OFDM-NOMA in VLC

Using MATLAB:-The mathematical equations we write the mat lab program to show the BER,
interference and latency based on the multi-users clustered on OFDM-NOMA using mat lab

numerical simulations.

Result and Discussion:-Based on the mat lab simulation, we discuss the result what looks like.

Based on these results on the BER and sum rate and interference values would be discussed.

Final report:-Finally, the whole works what we have done, would be reported to the concerning

person who evaluate it.
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CHAPTER TWO

2. OPTICAL WIRELESS COMMUNICATION (OWC)

In the past years, the wireless technology had spread broadly. One of the greatest essential
reasons lies in the necessity of persons to stay always linked at high speed to the network.
Whether for work or for enjoyable more and more people have the constraint to be connected in
any position at high speed. Besides, with the growth of web technology the amount of
transmitted data increased extremely[11].

Humankind has been using light as a communication medium for numerous years, and light
continues to be of excessive advantage in the area of communication. Fire had been used to made
smoke signals on clouds; which is a kind of visual communication. After the discovery of the
electric light bulb by Thomas Alva Edison in the 19th century, new ways were established to use
light to communicate. The origination of the electric bulb LED to the origination of the Signal
Lamp, a visual signaling method used for optical communication developed by Arthur C. W.
Aldis. Stereotypically, the Signal Lamp uses Morse code to provide information to the viewer by
making shutters mounted on the front of the lamp open and close [6].

The impression of using light as a communication medium was realized by Alexander Graham
Bell in 1880 with his discovery of the photo phone, a device that transmitted a voice signal on a
beam of light. Bell concentrated sunlight with a mirror and then spoke into a mechanism that
shook the mirror. The detector at the receiving termination picked up the vibrant beam and
decoded back into the voice signal, the similar process as the phone did with electrical signals.
Nevertheless, Bell could not generate a beneficial carrier frequency, nor was he able to transfer
the light beam from point to point. Obstacles in nature such as fog and rain that could interfere
with the photo phone made Bell stop any future[12]

Until today, a radio frequency-based technology has been able to see these requirements, but in
the next future, there will be a problem: the volume of transmitted data increases exponentially
but the radiofrequency band is limited. A possible result to this problematic is the optical
wireless technology. Optical wireless technologies are fresh communication technologies where
the info is transported through modified beams of visible light or infrared light. OWC has
different properties with respect to radiofrequency transmission[13].
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Table 1 Radio — OWC comparison [7].

No property Radio Optical wireless
1 Bandwidth regulated Yes No

2 Pass through opaque object Yes No

3 Multipath fading Yes No

4 Multipath propagation Yes Yes

5 Path loss High High

6 Input X(t)represents Amplitude Power

As one can see from table 1 the main benefit of OWC with respect to radio communications is
that the OWC is not regulated, the entire OWC bandwidth is free and not licensed. That is a

prominent benefit for anybody that would plan and commercialize OWC methods.

Table 2. Radio-VLC comparison.

Radio bandwidth VLC bandwidth(table 2.2.1) Ratio: VLC
" Radio
Band ~300GHz Band=869THz-400THz 490THz 490*10°GHz 1600
~ 470THz 300GHz  300GHz

From table2, the VLC bandwidth is approximately 1600 times wider than the radio Bandwidth.
OWGC, in a different way from radio, does not pass through opaque things. This is an advantage
in terms of security for the reason that the signal can be limited to a confined area. Another
benefit is that OWC does not hurt from multipath fading that is the attenuation of the signal due
to reflections and refractions. The latter difference from radio is which the communication in
OWC is based on the wave power and not on the amplitude of the electromagnetic field.
Therefore, in OWC, the estimated signal can be only positive in the meantime; in radio signal,
the signal can be positive or negative. The remaining properties in table 1 are in communal: both
radio and optical waves hurt from multipath distortion due to reflection of the signal;
furthermore, the path loss in which for OWC is proportional to distance square as in radio

communications deals.
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2.1.  VISIBLE LIGHT COMMUNICATION

Visible light communications (VLC) is a subdivision of optical wireless communication (OWC)
that contains electromagnetic waves in the visible spectrum. Many VLC communication
applications that are defined in the following are valid for OWC methods and vice versa. As
stated above VLC is a subset of OWC that uses visible light spectrum to communicate. With
regard to OWC, VLC applications through only the visible spectrum and not the infrared or
ultraviolet spectrum. In general, VLC use commercial LEDs to communicate. LEDs have a wide
white wavelength emission spectrum, which encompasses all the visible light. This may seem as
a very limiting simplification however in practice, it is not, because, thanks to the receiver
photodiode and lenses filter, one can study the transmitter light as a sum of many single

monochromatic waves.

OWC usages light waves to transmit and receive information, and the benefits of OWC will be
fast communication speediness and the circumstance that users do not have to pay to use the

light spectrum.

traviolet . shortwave
gamma X-rays rays | infrared radar vV AM
rays rays
- T~
0™ 10 10Y —10°* 107 o' — 107 1 10? 10
. ~ __ Wavelength (meters)
o Visible Light R

— _ —

400 500 600 700

Wavelength (nanometers)

Figure 2.1 Visible Light Spectrums [9]

OWC covers the entire light spectrum, and VLC belongs to OWC using the Visible Light
spectrum. The Smart Bulb is a successful example of VLC. Using the smart bulbs, people can
easily manage all bulbs in a room. However, most VLC systems require installing new
equipment. In the case of the Smart Bulb, if we want to construct the VLC system in a room, it is
required to replace all bulbs to smart bulbs designed for VLC[14].

2.1.1. Involved frequencies

All transmission systems use waves to communicate. In particular, radio and optical

communication use electromagnetic waves to transport information. The electromagnetic
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spectrum is very wide and is classified by wavelength or by frequency. These measures are

closely linked by the formula:

o e s s 2.1

Where c is the speediness of light A is the wavelength and f is the frequency.
The VLC electromagnetic spectrum is in general classified in wavelength intervals that match
approximately to colors perceived by the human eye as shown in table 3.

Table 3 OWC waves’ classification and value

Color Frequency(THz) Wavelength(nm) Type
Ultraviolet(near UV) | 789-869 300-380 owcC
Violet 668-789 380-450 VLC
Blue 631-668 450-475 VLC
Cyan 606-631 476-495 VLC
Green 526-606 495-570 VLC
Yellow 508-526 570-590 VLC
Orange 484-508 590-620 VLC
Red 400-484 620-750 VLC
Infrared (Near IR) 400-214 750-1400 owcC

2.1.2. Flickering

Flickering is a fast variation of the intensity of the source. This phenomenon always exists in
visible light communication (VLC) light sources because the transmission technique uses
intensity variants to transmit the signal. However flickering represents a light flashing which is
perceivable from human eyes and causes distress. The flickering is perceptible from humans
when the light source does not meet definite situations. Flickering is characterized by
manageable factors like the light bulb blink frequency or the illumination intensity variant and

uncontrollable factors like the people gradation of light/dark adaptation, the age and fatigue[15].

2.1.3. Intensity Modulation — Direct Detection (IM-DD)

In general, two methods of VLC transmission/detection are possible: intensity modulation direct

detection IM-DC and coherent transmission/detection.
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The coherent transmission/detection is often related with laser diodes (LD). The IM-DD instead
is related through light emitting diodes (LED). This scheme is used because the LED, unless one
uses complex and costly methods, cannot create coherent waves. IM-DD is a transmission
system in that the intensity of the optical source is modified by the signal, and the demodulation
is attained through direct detection of the optical carrier and change using a photo-detector. This
work gives the IM-DD and does not study the coherent transmission/detection. The IM-DD VLC
schemes are low-priced and easiest to implement and the lasers on the other sideways are risky
for human eyes. This is the reason that leads to consider LED IM-DD for commercial daily

applications[16].

Similar to other wireless optical communication systems, VLC relies on intensity modulation

and direct detection (IM/DD) for data transmission.

Electrical Optical Intensity EISectriclal
Signal Signal igna
z(t) y(t)
Transmitter e A L Receiver
I(t)
electro-optical opto-electrical
conversion conversion

Figure 2.2 A block diagram of an intensity modulated direct detection channel [10]

Figure 2.2 displays a block diagram of an intensity modulated direct detection system. The
instantaneous optical intensity I(t)is modulated proportional to the input electrical
currentx(t).This method of modulation is termed as intensity modulation and can be done by a
laser diode (LD) or a light emitting diode (LED). Usually, LEDs have higher reliability, lower
cost and are considered more eye safe compared to laser diodes is their higher speed of

operation.

After data modulation, the intensity signal is transmitted through the channel .At the receiver, a
photo diode is used to detect the received intensity .This method of detection is termed as direct

detection.
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2.1.4. Photodiodes

Photodiodes are solid-state device that are used to perform that optical to electrical conversion.
They create the output electrical current y(t), proportional to the expected intensity signal. The
received current is then processed to extract the transmitted information. The key parameter in
photodiode is the responsivity defined as,

R = et et et s s et ettt et serntnee srees 2.2
P

p

Where, I, is the average photo current generated and P, is incident optical power .The photodiode
responsivity depends on the physical structure of the photodiode and has the units of ampere per
watt. Two shared photodiodes, which are currently used in practice, are p-i-n photodiodes and
avalanche photodiodes. The first kind has lesser cost but lower modulation bandwidth. The
received power of the photodiode B, is proportional to its effective light collection area.
Therefore, the photodiode effective area must be huge sufficient to gather the transmitted signal.
In general, photodiodes must be selected such that the cost, performance and safety requirements
are satisfied[17].

2.1.5. LED Characterization

In this study, the work is concentrated on the semiconductors formed by P-type and N-type
materials. LED is a PN junction semiconductor, which radiates light when frontward biased
releases the energy in the form of photons. This effect is called as electroluminescence. What
makes LED different from other diodes? It is the band gap of the LED that is designed for
radiative recombination.

When linking the N-type and P-type resources, the Fermi levels (Ws) will be allied and will yield
an energy barrier even when there is no exterior voltage applied. There are two energy bands,
namely the conduction band and valence band that are detached by a forbidden region through
the width of Wg. In the conduction band, electrons not bound to singular atoms are free to travel.
In the valence band, boundless holes are mobile that have positive charge. The free electrons in
the N region cannot go up the barrier without the external energy; that is the same for the holes
that cannot surmount the barrier. By applying a adequate energy (eV), a free electron crosses the
barrier, drops into the inferior energy level and recombines with the hole, releasing the energy in
the form of photons[12].
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A light-emitting diode (LED) is a semiconductor that have light source. Two useful lighting
aspects of LEDs are color rendering index and luminous efficacy. The color-rendering index is a
degree of the ability of the LED to harvest color in contrast with an ideal light source. The
luminous efficacy on the other hand, is the degree of the effectiveness with that the source yields
visible light from electricity. It is equal to the ratio of luminous flux, defined in the total electric

power consumed by the source[17].

R
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Figure 2.3 An indoor application of visible light communications [10]
Consequently, it has the units of lumen per watt (%”).

2.2.  White Light Emitting Diodes

Although every single color can be created by LEDs within the visible expanse, white light is the
most required color for general illumination. The visible radiation measurable to the human eye
is between 480nm to 750nm. White light emission from an LED is by combination of multi-
color LEDs or by the combination of phosphors with blue/UV LED emission. There are different

kinds of white LEDs. Some of the essential ones are[12]:

2.2.1. Phosphor based White LEDs

The InGaN blue LED is coated with phosphor. The wavelength changing phosphors is joined
with a blue LED to emit white light. The chip inside the LED emits blue light while exterior
voltage is applied. The emitted blue light permits through the yellow phosphor, yielding white

light emission.

19



Morm. 1W/sr LED Power Spectrum

& 028

=

[=]

0 oz20

™

= 015

-a 15

o

= 0 —

o 0,10

M

T 005

E

=

[=]

400 450 500 550 500 650 TO0
Wavelength (nm)

Figure 2.4 Normalized optical spectrum of a white LED [7]
2.2.2. Ultraviolet (UV) based White LEDs

Ultraviolet LEDs were made-up with pre-coating blue/green/red phosphors onto ultraviolet (UV)
LED to produce white light.

2.2.3. RGB (Red-Green-Blue) LEDs
An RGB (red, green, blue) 3-chip LED is a mix combination of three colors to yield white light

with tiny variance in the Kelvin color temperature. What we get coming from the sun is white
light. We see that the visible spectrum of radiation which the sun releases is truly a wide range of
wavelengths, extending from red to orange, yellow, green, and blue, indigo to violet
(ROYGBIV). While this wide range of colors impinges on our retina, our brain interprets it as
“white”. A tri-color LED attempts to mimic this result by outputting a wide range of wavelengths
(red, green and blue). Note that the three dominant wavelengths of the tri-color LED are at the
ends and the middle of the visible spectrum, therefore attempting to reproduce the coverage of
the range and receiving close to (ROYGBIV) as possible (with minimal hardware). Therefore, it
is less of a mixing and more of an attempt to create a continuous function by using a few

sampled points.
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2.3.  Working principle of VLC technology

All the data from internet is streamed in to the lamp driver. VLC is implemented using LED light
bulbs at downlink transmitter. By fast variation of current, optical output can be made to differ at
enormously high speed. An overhead lamp fitted with LED with signal processing technology
streams data embedded in its beams at ultra-high speeds to the photodiodes. A receiver dongle
then changes the small channels in amplitude in to electrical signals, which is then converted

back in to a data stream and transmitted to a computer and mobile device.

SERVER STREAMING
CONTENT
POWER -
LAMP

| RECEIVER DONGLE .
PHOTO
DETECTOR

l RECEIVED APP AMPLIFICATION &
& DATA PROCESSING

Figure 2.5 Working principles of general VLC system

A server is a system (software or suitable computer hardware) that responds to request across a
computer network to provide a network service. Internet and server run in parallel. When we
type a site for example —google.com, it sends request to various servers and finally sending
request to the servers of Google in USA. Finally, after analyzing the request Google server sends
as the required information in various packets .All this happens in a few seconds. From the figure
the lamp driver contains the following components of light driver. These are baseband

modulator, digital-to-analog converter (DAC), transistor arc control (TAC) and adder.
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CHAPTER THREE

3. SYSTEM MODEL

The system model considered in this thesis consists of a VLC AP and K multiple users, where K
is the number of triples. The users are classified into three sets, set Us of K users, defined as
strong users, which are the users with strong VLC channels, set U; of K users, which are the
users with intermediate VLC channel gain users and set Uw of K weak users, which are the users
with the weak VLC channels. In this research, a VLC cell with single LED (transmitter) serving
K users (photo detectors or receivers) can be considered. In VLC system, there are two types of
channels as RF did. These are line of sight (LOS) and non-line of sight (NLOS) downlink
channel model is observed. It can be also assumed that a perfect SIC at the receiver.

3.1. Line of sight (LOS) VLC indoor channel model

In [18],derives the first and simplest case that one should consider is LOS (line of sight)
channel, without the reflecting contribute, with a point Lambertian light source and continual
received irradiance. This can be achieved by imposing the condition that the transmitter receiver

square distance (d) is larger than receiver surface ((A,):d* >> A..

Transmitter Receiver
¢ v
v ¥ ,

4

d

Figure 3.1 Transmitters to receiver LOS path from [12]

The approximation used before brings to constancy of the luminous flux on:
d2>>A,—>IArPr*rA1dA,=P,*Ar ......................................................... 3.1

Where Pr is received power
This equation describes the constancy of the luminous flux implies simplification of the area
integral. The angular distribution of the optical radiation might be well-defined by Lambertian

radiant intensity:
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(m, +1)

Ro (¢) = o7

cos™ (¢), forg e {%%} ....................................................... 3.2

T
0, forg > —
¢ 2

Where m; is the Lambert’s mode number a way to describe the directionality and ¢ is the angle between
the LED normal and d (vector that connect transmitter and receiver).

The Lambertian mode is related to LED semi angle; this parameter can be found on the LED
datasheet:

_ —In2
- In(cosg, )

2

| ettt et e e et tea et thea SeatheEeb nehehebebs ebebebees ebebebees febeteeas 3.3

This equation calculates the order of Lambertian emission.

The effective area of receiver photodiode is centered on the receiver surface inclination. One
must project the surface on the axis d that links transmitter and receiver.

A cos(y)0<y < %

N (70 T TSSO 3.4

v
0, > E
This equetion expreses the receiver surface projection,where A is the area of the receiver
photodiode, i is the angle between the photodiode normal and d.
To evaluate the LOS channel one should multiply all the factors found until now to obtain:

(m, +1)
27d 2

Where H s (0)is DC LOS gain, m,is the Lambert’s mode number,y is the angle between the

H os 0)= A

COS™ () Ts (1) COS(I ) rvrvrer sererreres crriririns retrereies sereerees eeseeees seneens 35

photodiode normal and d,¢ is the angle between the LED normal and d. T,(y is the gain of

optical filter, which permits the transmission of specific wavelength. In addition, the d square
expresses the relation in equation equ.3.1. This is the channel gain, now one can just multiply the
line of sight (LOS) channel gain by the input optical power to obtain the power on the receiver:

P = H s (0) Pt et e e e s s s e e 3.6

Where P.is the received power, H . (0) is the DC channel gain, P, is the transmitted power.
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To define the impulsive optical gain it is essential multiply DC LOS gain with a Dirac’s delta:

(|)

hs () = A, ~———cos™ (¢)T; (v) cos(yx)é[t—%) ................................................... 3.7

This equation expresses the impulsive optical power gain and it is derived from numerical

algorithm.

3.2.  Non line of sight indoor model

In indoor VLC systems, the LOS path is not the only path signal through which arrives at the
receiver: there is alternative path that is produced from the light rays that bounce on the wall
and furniture of the room. A more complex model can embrace NLOS to increase the arrival
power or to overcome the absence of LOS channel. The NLOS channel is more complicated to
model. In particular, it requires significantly more computing resources. The first attention
which, has to be done for the NLOS channel regards the arrival time of the impulse. The
impulses do not arrive all at the same time because the beam path is not the same for all the rays.
The received power on the photodiode can then be expressed with the sum of the LOS and

NLOS channel gain multiplied with the power transmitted[19]:

P =(H_os(0)+H, s (0P = {H Los () + D Hig (O)]Pt ............................................ 3.8

refl

This expression is the total power received from line of sight (LOS) and non-line of sight(NLOS)
path. One of the most used algorithms to model the NLOS path of VLC (OWC) system is
presented in [20]. The condition of use of this algorithm encompasses a closed void room with
Lambertian reflective walls. For an estimate, this situation is not so constrictive. Now the key is
to consider the light as a summation of different endless rays that bounce through the room, the
totality of these rays is the LOS plus the NLOS gain path. One ray is generated from the source
element and hits a receiver element, the source and receiver element can be not only a LED and a
photo receiver, but also the wall. For example if one takings one ray which is reflected from the
wall,: in a first time the wall is well-thought-out as receiver and in a second time the wall
receiver component can be considered as a transmitter with power proportional to received
power multiply the wall reflection coefficient. This can be applied at each ray for each reflection.
To represent one ray, one needs the path, that this ray runs from the LED to the photo receiver,
after that the path can be viewed as a sum of “sub-rays” (for instance, From LED to wall ray plus
from wall to photodiode ray), every of these rays can be symbolized with a source, a receiver, a
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path and a pulse. Therefore the impulse response can be modeled as the totality of all the sub-

rays above mentioned[21]:

h(t,S,R,) = D N (6, S, Ry e o s v e s s e 39
k=0

This equation expresses one ray path with infinite multiple bounces, k is the bounce numbers, t is
the time, and S is the source point.

3.3. General expression of indoor VLC modulations
The IM-DD technique is the utmost used method to converse with VLC for its small cost
and for its easiness. Typical VLC use LEDs to communicate with photodiodes: the modulating

signal is the current signal m(t) that passes through the LED that generates the optical power
output x(t). In modest words, the modulation is based on the light power created from LED. The

receiver is a photo detector that produces a photocurrent y(t). The photocurrent (square law

detector) is directly proportional to the optical power that impinges the photo detection surface.

3.4. VLC System Modeling

First, the parameters are booked and now we want to model the system. We are defining the
mathematical equations, which, are used to scheme the method. The first parameter we want to think
through is the lighting inside a room. To determine this parameter we want to calculate the luminous
intensity, which determines the brightness of an LED. Luminous intensity is the luminous flux per solid

angle and is given as[22]:

1 =0 e e e e e 3.10

Wherever @ is the luminous flux and Q is the spatial angle. Now we must to calculate the
optical power P transmitted by all the LED arrays. It is used to calculate the radiation intensity
generated by these LEDs. The transmitted optical power is given as[22]:

Arax 27
P=K [ Ao o e 3.11
Avin 0

In here, P is the total optical power generated, K is the maximum visibility (or) safety measures
required for eyes, which are taken as 683Im/W, and the bandwidth is limited from LED to LED.

For our consideration, we take it as 555 nm wavelength. Where A_, and A, are determined
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from the photo diode sensitivity curve. LED lighting is emitted in the form of a Lambertian

pattern (assumed), is the order of the m;or m Lambertian emission and its equation is[23]

m, = e 3.12

"~ In(cosg,)

@y, is defined as a half power semi-angle of an LED. In is determined as the natural logarithm its

values changes from that of a logarithm values Centre luminous intensity which is given by[24]
1(0) = (M, +2)/ 2720 % oot et et ertesis s esssesss srssseses sesessnes srses 3.13

The radiation intensity at a desk surface is given by[22]:

L() = 1(0).COS™ (). rrrrr verrreeses cocceeeseereesssss coereeesseeesssse eeeseeeeseeeessss vereeeen 3.14

Where ¢, is the angle of irradiance in terms of the axis normal to the transmitter surface, m is
Lambertian pattern and 1(0) is the Centre luminous intensity .the parameter that are, discussed is

the effective area of a receiver (photo detector) the optical signal falls on the detector at the angle

v ,the effective collecting area of the detector is given by[24]:
A = Acos(y) 0 < <90% s oot e o 3.15

Not at all signals are taken into attention if the angle is greater than 90.

3.4.1. Lambertian (diffuse ideal) emission law

The Lambertian emission law states that the luminous intensity radiated from an ideal diffusely
source identified from a viewer is directly proportional to the cosine of the angle between the
surface normal and the direction of the spectator. This means which the light does not have the

chosen path of reflection[25].
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3.5. Geometric Channel Model of VLC

Figure 3.2 Downlink geometry of a VLC link

As shown in Fig3.2, this thesis consider a point-to-multipoint downlink transmission scenario,
where an LED is located on the ceiling to simultaneously serve K random users that are
uniformly distributed within a circular area. This geometrical model is an extension of the point-
to-point VLC scheme to accommodate many users. In the following study, we assume which the
users to be served are fixed or quasi-static hence that their channel gain is not outdated until the
next channel estimation. A quasi-static process is a thermodynamic procedure that, occurs slowly

adequate for the method to persist in internal equilibrium. The maximum cell radius is denoted
byr,, and L represents the vertical distance from the LED to the receiving plane. In a polar
coordinate scheme, the position of an arbitrary user k, k = 1, 2... 12 Can be symbolized by
(r.,6,), where r, represents its horizontal separation from the LED and 6, represents its polar
angle from the reference axis. Although the whole VLC channel comprises of not only the LOS
link but also the NLOS constituents affected by light reflections from interior surfaces, earlier

work has described which in a typical indoor environment the strongest diffuse component is at

least 7 dB (electrical) lesser than the weakest LOS constituent [26]. For this motive, only the line
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of sight (LOS) link is considered in the theoretical study. The LED is assumed to follow a
Lambertian radiation pattern whose order is given by[27]:
1

Tl o o s s e iR s e e e 3.16
log, (cos(#,/,))

Where@,,, denotes the semi-angle of the LED. The PD at each user assumed to be facing
vertically upwards and its field of view (FOV) is denoted byy ., . In the line of sight (LOS)
link, the Euclidean distance among the LED and user k is represented byd, . The angle of

irradiance and the angle of incidence are denoted by ¢, andy,, respectively. Without loss of

generality, we assume which all of the users are ordered based on their channel abilities:
N <, S Sy S SN e e 3.17

Where h, represents the direct current channel gain of the line of sight (LOS) link among the

LED and the k™ user, given by[28]:

_(M+D) AR,

h
“ 270}

COS™ ()G (1, )T (1, ) COSM, ) v e e s e 3.18

Where A symbolizes the detection area of the PD; R, represents the responsively of the PD;
g, (w,) represents the gain of the optical filter used at the receiver; and g.(w,) represents the

gain of the optical concentrator, given by [28]:

I,]2

9.(w )= SINZ(W oy ) 10 S Wy S W poy ceveeeeens sommsreees sevssssnns seessssses s seseeees 3.19
0. >Weoy

Where n, is the reflective index of the optical concentrator used at the receiver front end, and it
is defined as the ratio of the speed of light in free space and the phase speed of light in the optical

material. For visible light, the typical values for n_ are between 1 and 2.

3.6. Downlink OFDM-NOMA schemes in VLC

In this thesis, a general k-user downlink NOMA system, where all users experience distinct
channel gains can be considered. In k-user downlink NOMA, a particular transmitter (BS) non-

orthogonally transfers k different signals over the similar VLC resources, where all k receivers
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(UEs) receive their wanted signals alongside with the interferences produced by the
communications of additional UEs. To obtain the desired signal, each SIC receiver first decodes
the dominant interferences after that subtracts them from the superposed signal. Therefore, the
established signal powers of the interference signals need to be adequately higher in contrast to
the wanted signal in order to terminate them by SIC processing at the receiver end. Ever since
each UE gets entirely signals (wanted and interfering signals) over the identical VLC spectrum
(channel), multiplexing of different signals with different power levels is crucial to diversify
each signal and to achieve SIC at a known UE receiver. In downlink NOMA, the messages of
high channel gain customers are transferred with low power levels whereas the messages of low
channel gain users are transmitted with high power levels. As such, at a specified receiver, the
strong interfering signals are mostly due to the information of low channel gain customers. The
weakest channel handler (who receives low interferences due to relatively low powers of the
messages of high channel gain customers) cannot suppress any interference. Nevertheless, the
maximum channel gain customer (who gets strong interferences owing to relatively high powers

of the messages of small channel gain customers) can suppress altogether interfering signals[29].

3.6.1. Distribution function of the channel gain

By substituting,d, = /1? + L? ,cos(¢y) = —L and cos(y;) = —— in t0(3.18) ,the LOS
rZ+L? ,r,f +12

channel gain can be expressed as

C(m + 1)Lm+? o 1
hy = pr—— ,Where C is given by:C = %ARPDgf(lpk)gC(gbk)
(rZ +L?)
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power domain superposition

Tx bits OFDM frame | X1(1) — w1(t) P/8, '
—— modulator > IFFT > D/A

mapping

Tx bits OFDM frame | Xx (1) zx (1| p/s,
—>x = modulator u . ,1 L IFFT ¥ / }
mapping D/A
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Figure 3.3 A general block diagram of NOMA principle for VLC[28]

In this thesis, the system discusses the use of DCO-OFDM in combination with NOMA for
multiuser VLC[30]. A simplified block diagram illustrating the transmission/reception principle
is shown in Fig3.3. First, K parallel information streams are produced, and every information

stream is conducted to a modulator. According to the principle of OFDM, the information bits
for each user are framed and mapped to complex symbols, Xk(l) wherek =1,2,..., K, based on
the selected modulation scheme. Here, | denotes the index of the subcarrier. Within every OFDM
frame, the numeral of subcarriers, which carry information, is equal to N, /2—1 , where N -,

the size of the inverse fast Fourier transform (IFFT) is and the size of the fast Fourier transform

(FFT). This spectral efficiency (SE) damage is because of the Hermitian symmetry limitation:

X, (0)=X, (Neer /12)=0,X, (1)=X;(Nger —=1) for 1=12,..., N, —1).In order to make the

time domain signal real, In general, a cyclic prefix (CP) is included in the OFDM subcarriers to
combat inter-symbol interference (IS1). However, in VLC the CP is shown to have a negligible
impact on the power and bandwidth efficiencies[31]. Therefore, CP is omitted here for

simplicity. The time-domain signal that carries information for user k is denoted by X, (t) , and it

is obtained by performing the IFFT operation on X, (1)
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X (0 =——— 3 X, (expd 22!

FFT 10 Neer

R 3.20

After parallel-to-serial (P/S) conversion and digital-to-analog (D/A) conversion, the time-domain

signals for all K users are superposed in the power domain: Signal X, (t) is multiplied by factor

3~/ Paec / ,and then summed up. With the addition of a positive DC bias |, the overall

combined signal, which consists of all the information for K users and the DC bias, can be

written as[32]:

K JP
R T (3 OO 3.21

k=1 Gx
Where P, , equal to the variance of x(t) , represents the total available electrical power of all the

message signals, anda, represents the power allocation coefficient for user k. Because of the

overall power restraint, the power allocation coefficients essential to fulfill:

According to the standard of NOMA, users with inferior channel conditions are allotted more

signal power. This implies thata, >...>a, >...>a.

3.6.2. Clipping Distortion of VLC

The nonlinear characteristic of typical LEDs[33] requires the transmitted optical signal to be

clipped at both the bottom and top levels, yielding the clipped signal ;<(t) This double-sided
signal cutting is expressed by the following transfer function[34]:
Imin’x(t)+ IDC < Imin

X(E) = 1 XO)+ 1ogs 1 < KE) T ge < 1o e eseeses seseess s e o 3.23
X+l 21

max ! DC — "max

Where 1. and I, are the minimum and maximum current levels for a typical LED to operate

in the linear region, respectively. According to the Bussgang theorem, the clipped signal can be
modeled as[31]:

A

X() = @ (X(E) 4 1o )+ Zgip ceereerens woveveeees st cevevesees oo e soseeesnns s 3.24
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Where a =Q(p, )—Q(p,) is an attenuation factor, with Q(.) being the well-known Q-function;
Pr=loa = loc) oy Py =i —Ipc)/oyand Z,, is the time-domain clipping noise. The

cutting of a time-domain OFDM signal adjusts its mean and subsequently its average optical
power. Because the unclipped signal is Gaussian distributed, the clipped signal follows a

truncated Gaussian distribution, whose mean is given by:

E[X&)] =0, (2 QL) = PPy ) = o (P )+ o (0 )+ Ninersvvvrs v o 3.25

Where fG(p)=1/\/ZeXp(—p2/2) is the probability density function (PDF) of the standard

Gaussian distribution. After the received signal being passed through the FFT circuit, Z,, is

transformed into Gaussian noise with zero mean and variance o %aip, given by[31]:

: _ {a—az+p§(1—Q(pb>>+p5Q(pt>+pbfe(pb)—ptfe(pt)j ....... 296
T (s () = 16 (p) + £ - Qo)+ AQ(A))

The alteration of the clipping noise on the info signal can be measured by the signal-to-clipping-

noise ratio (SCR), well defined as:

2 __2
e et et e e e s e e 3.27

clip

SCR =
o

It can be seen from (3.26) that smaller values of p, and p, give a lower clipping noise, that can

be attained by reducing the variance of the transmit signal. To facilitate quantifying the effect of

clipping noise, in this thesis the variables define as follows.

g:min{'f’c_'m‘”,'max_'m} ........................................................................ 3.28
O-X O-X

3.7. Receiver Noise of VLC

After propagating though the VLC channel, the transmitted VLC signal is subject to random
noise processes before the PD at each receiver detects it. observe that inside the receiver circuit,

the main noise sources are the thermal noise and shot noise, and together noise processes can be

demonstrated as additive white Gaussian noise [35] with a total variance 52, , given by:

2 2

_ 2
O oise = Oapot T Othermal ++++sesess seesesssss sesssssses teresssns sisssstess stsbessns sessssstes satsbssns ssssssans soes 3.29
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Where o2

2. and o . are the variance of shot noise and thermal noise, respectively. Although
the shot noise creates from both info signals and ambient light, the contribution of signal-induced
shot noise is relatively lesser and hence can be omitted. The variance of the ambient induced shot
noise is [35]:

Tlhot = 20 Loy 1B e s s e s s s e s s 3.30

Where q,is the elementary charge; 1, is the background current; 1,= 0.562 is the noise

bandwidth factor; and B is the desired modulation bandwidth. The pre-amplifier circuits at the
receiver, on the other hand, mainly cause the thermal noise. Among preamplifier designs, the
Trans impedance type is generally used because of its large dynamic range and wide bandwidth.
Here it can be assumed the use of a p-intrinsic-n (p-i-n) field-effect transistor (FET) as the Trans

impedance amplifier. The variance of the thermal noise is given by[35]:

2
Cormal :SﬂkTBTKc:PDA|ZB2 +%C§DA2I3B3 ........................................ 3.31

g FET

Wherever kg is the Boltzmann continual; T, is the absolute temperature; G is the open loop
voltage gain; C., is the stationary capacitance of PD per unit area; | .., is the FET channel-

noise factor; g is the trans conductance of the FET; and |, = 0.0868 is another noise-

bandwidth factor.
From equ.3.30 and 3.31 we can get the electrical SNR expressed in terms of the photo detector

responsivity R, received optical power and noise variance as

(RP)?

SNR =

..3.32

0“shott0“thermal

3.8. Non-Orthogonal Multiple Access (NOMA)

NOMA is an essential helping technology for the 5G wireless networks that come to the
heterogeneous demands on lesser latency, extraordinary steadfastness, massive connectivity,
better fairness, and extraordinary throughput. It is basically dissimilar than these multiple access
systems that offer orthogonal access to the users either in time, frequency, code or space.
In NOMA, every user functions in the same band and at the similar time where they are

distinguished by their power levels[36][37].
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Figure 3.4 Block diagram of basic NOMA scheme with K users

In figure 3.4, the users are multiplexed in the power domain by assigning distinctive power
levels to dissimilar users depending upon their channel conditions. The decoding method uses
superposition coding (SC) at the transmitter side and successive interference cancellation at the
receiver side. In this NOMA scheme all users can use the whole available bandwidth of the

system which achieves superior spectral efficiencies[38].

3.8.1. Superposition Coding (SC)

The SC that was first suggested in [16] is a method of operating at the same time communicating
info to dissimilar receivers by a distinct source. In other words, it permits the transmitter to
transfer multiple users’ information at the similar time. Instances of communications in a
superposed fashion embrace broadcasting a television signal to multiple receivers and offering a

speech to a group of people with different backgrounds and aptitudes, such as a lecture in a

Classroom. Suppose a Doctor giving students information through a lecture in the classroom.

Since there are dissimilarities among the abilities and backgrounds of the students, some of them
obtain most of the information, and others obtain only a little. The lecture might be organized
which it proceeds at the speed of the student with the weakest background. Nevertheless, in the
ideal situation, the lecture can be planned in such a way which the students with the best suitable
background obtain more information and the poor students catch at least the minimum amount of
information. This situation is an instance of a broadcast channel where the speaker is delivering a
superposed lecture. To make SC practical, the transmitter has to encode information relevant to
each user. For instance, for a two-user scenario, the transmitter will must comprise two point-to-
point encoders that draw their relevant inputs to complex-valued sequences of the two-user

signal. Generally, SC is a multiuser transmission pattern, which intentionally presents
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interference amongst user signals at the transmitter, using a library of off-the-shelf point-to-point

channel codes[39].

3.8.2.Successive Interference Cancellation (SIC)
% —,| Decode the strongest /\/
signal first .

Subtract Decode |— /\/

Qe

Figure 3.5  Successive interference cancelation (SIC) algorithms

To decode the superposed info at each receiver, cover first suggested the SIC method [16]. SIC is
feasible by misusing terms on the dissimilarities in signal strength among the signals of need.
The basic idea of SIC is which user signals are successively decoded. Afterward one user’s
signal is decoded, it is subtracted from the collective signal beforehand the next user’s signal is
decoded. When SIC is applied, one of the consumer signals is decoded, considering the other
user signal as an interferer, however the latter is then decoded with the advantage of the signal of
the previous having already been detached. Nevertheless, prior to SIC, users are well ordered
according to their signal strengths, therefore that the receiver can decode the stronger signal first,
subtract it from the collective signal, and separate the weaker one from the residue. Note that
each user is decoded considering the other interfering users as noise in signal reception. In
overall, SIC is a procedure that used through a receiver in a wireless data transmission , which
licenses decoding of two or more packets, which reached simultaneously (in a fixed system,
more packets reaching at the similar time cause a collision). SIC is attained through the receiver
decoding the tougher signal first, subtracting it from the collective signal and then decoding the
dissimilarity as the weaker signal. Generally, the procedures of successive interference

cancelation is as follows[40]

1. The BS wants to recognize the perfect channel gain to organize the SIC decoding order

that increases the CSI feedback overhead.
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2. The SIC process familiarizes a higher computational complexity and delay at the receiver

side, particularly for multicarrier and multiuser systems.

3. The strong users have to recognize the power allocation of the weaker users in order to
perform SIC, which also raises the system signaling overhead.

4. Assigning high power towards the weak users, that are generally in the cell-edge, it tells

more inter-cell interferences into the entire system

3.8.3. Decoding Complexity

Signal decoding by using SIC requires additional implementation complexity compared to
orthogonal schemes, since the receiver has to decode other users’ information prior to decoding
its own information [41]. In addition, this complexity increases as the number of users in the cell
of interest increases. However, users can be clustered into a number of groups, where each
cluster contains a small number of users with bad channels.SC/SIC can then be executed within
each group. This group wise SC and SIC operation provides a tradeoff between performance gain
and implementation complexity[42].

3.9. Orthogonal frequency division multiplexing (OFDM)

OFDM is a very popular multiplexing method used for numerous of the modern wireless and
telecommunication standards for example Wi-Fi 802.11ac, 4G cellular phone technologies, Wi
MAX, satellite and lots of others. In OFDM, the channel is split in to a number of sub channels
.The important property here is any two-sub channels are orthogonal to each other .Now each
sub channel transmits a part of the original information .Every channel gives some bandwidth
.So this available band width is divided in to N sub bandwidth, representing N sub-carriers.

The word “orthogonal” —means that two or multiple objects independently; in this case, any
neighbor signals in OFDM operate without dependence on, or interference with one another.
When the signal reaches its peak the highest point, its two neighbors are at their o point or at
null. There for orthogonal means signals are multiplexed in a way that the peak of one signal

occurs at null of the other neighbor signals[43].

3.10. User clustering

The proposed system exploits the channel gain differences amongst users and goals at enhancing
the sum throughput of the well-thought-out cell. Prior to user grouping, this scheme relies on

selecting a feasible number of clusters, i.e., decides on the number of clusters and in turn the
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number of users for each cluster. Once the number of users in a cluster is decided, user grouping

is implemented. Let us consider an N-user downlink NOMA cluster to which @ units of resource

blocks are allocated. The achievable throughput forUE;, V;=1, 2... N, in an N-user downlink

NOMA cluster can be expressed as[43]

Ri = @B10G, (14— )N 2120 Nooooo oo oo 3.33

i+1

ZPjyi +w

i=N

Where y, = N_IB is the normalized channel gain with N being the noise power spectral density,

0
o is the number of VLC channels assigned for the cluster, B is the transmission bandwidth of each channel i
=1; 2,... k, provides necessary insights to group users into a cluster. After SIC, the throughput
of the maximum channel gain user in a cluster is not matter to the intra-cluster interference;
instead, its throughput depends on its individual channel gain and power. Though the allotted
transfer power for the highest channel gain user is small, its effect on the throughput is least.
Consequently, if the gain of the highest channel is adequately high, then the attainable data rate
negligibly depends on the transmission power; otherwise, the power is very low. Therefore, it is
useful to dispense the high channel gain users in a cell into dissimilar NOMA clusters, as they
can expressively give to the sum-throughput of a cluster. To raise the throughput of the
customers with small channel gains, it is useful to pair them with higher channel gain users. The
reason is that the higher channel gain users can achieve a higher rate even with low power levels
while making a large fraction of power available for weak channel users. Here, the chief point of
our task user clustering in downlink NOMA, is to make triple the highest channel gain user, the
medium channel gain user and the lowest channel gain user into the same NOMA cluster, when
the second highest channel gain user, the medium channel gain user and the second lowest
channel gain user into another NOMA cluster, and so on. The throughput of the remaining users
in a NOMA cluster follows the identical layout. That is, the manifestation for SINR comprises
the similar channel in both the denominator and numerator, whereas the transmit power in the
numerator is greater than the sum power in the denominator (this is specified by the SIC
constraint). Here also we manipulate that, the throughput of the N users that mean N=1-12 in the

NOMA cluster depends mostly on the spreading of the transmit power levels[44].
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3.11. Sum rate analysis

In this research a single light emitting diode of downlink system with N users are considered.
These N users are group in to clusters to maximize the sum rate of the system. The system uses a
hybrid OFDM-NOMA approach, which means that the clusters are assigned the orthogonal
resources so that there is no interference between them. However, users in the same cluster
access the same resources. Thus, each cluster applies the NOMA technique and OFDM is
applied among different clusters[45].

In NOMA systems, the signal-to-noise ratio (SNR) of the nth user is affected by the interference
from the signals of users with higher channel gains, the signal to interference and noise ratio
(SINR) for the nth user can be calculated by[46]:

a,P,(Rh,n)?

SINR, = —— o e 3.34

N
I:)t(Rhn77)2 Zai + BNo

i=n+l
Where B is the bandwidth and No is the noise power density. 7 is the photo diode efficiency are
the responsibility photo diode.

The maximum sum rate in NOMA system is given by:

a,P,(Rh,7)?

N
RIS =3 Blog, L+ !
= P.(Rh,7)* > a; + BN,

i=n+1

Yereeeeses coeeeees eeeeeesees e 3.35

3.11.1. NOMA Groups with 2 users

For two users only the NOMA sum rate based on DCO-OFDM in the system can be expressed in

the following relationship[47]. For user, having SINR =y, .
R, = %* Blog,(1+y,) Here the unitis (bps)
For user; having SINR =y,
1 *
R, = *Blog; (1+7;) (bps)
Rr = R4 Ry i e e 3.36
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In the above equations, the coefficient indicates that half of the bandwidth is used for Hermitian
symmetry[48].In Hermitian symmetry ,each expression is the sum of two exponentials; one
containing a positive frequency and the other containing a negative frequency . In other words,
when sine and cosine waves are written as complex numbers, the negative portion of the
frequency spectrum is automatically included. The negative and positive frequencies are treated

with an equal status; it requires one-half of each to form complete waveform.

3.11.2. NOMA Groups with 6 users

Now, let we have six users in the system .If we pair (2users) in single NOMA group we will
have three NOMA groups.

NOMA group;= (U111U12)
NOMA group,=(U,,,U,,)
NOMA groups=(U,,,U,,)

Now rate for NOMA group; can be given as follows:

*Blog, (1+74,)

Here, the half number is due to Hermitian symmetry and the number one-third (1/3) is due to the
bandwidth is divided in to three NOMA groups. Similarly, we can do rate for NOMA group, and

NOMA groups respectively.
1 1

Ry = > 5 *Blog, 1+ 7,,)
1.1

Ry, =E §*B|092(1+722)

R,y =R, + Ry, and
1.1

Ry = E §B|092(1+731)
1.1

Rs, :E §B|092(1+732)

R3T = R31 + R32

Finally, the total sum rate of NOMA groups becomes:

39



Rr = R 4 Rop A Ry e e e e et s s e« 3.37

Now let us put three users in the NOMA group so for six users we will have two NOMA groups:
NOMA group:=(U,,;,U,,,U,;)

NOMA group,-(U,,,U,,,U ;)

The rate for NOMA groupl and NOMA group2 can be given as follows respectively.

R, = ; ;*Blog2(1+ 711)
&2=% %*Bmgxr+hg
R5 :% %*B|ng(l+]/13)
R; =Ry, + R, + Rz, and

R,, = % %*Blogz(lﬂfﬂ)
RH=% %*Bm%a+%g
R, = % %*Blogz(1+y23)

RZT - R21 + F\)22 + R23
Then the total sum rate of the two NOMA groups of six users in b/s/Hz can be written as follows.

R OO 3.38

3.11.3. NOMA Groups with 12 users

Now, let we have 12 users in the system (3 users) in a single NOMA group and (4 users) in a
single NOMA group. Here we can get 4 NOMA groups with 3 users each and 3 NOMA groups
with 4 users each respectively.

3.11.4. Four NOMA Groups with three users each
NOMA Group-1=U,,,U,,,U,;)

NOMA Group-2=(U,,,U,,,U,,)
NOMA Group-3=(U,,,U,,,U,,)
NOMA Group-4=U,,,U,,,U,,)
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For NOMA Group one

R11=% * i*BIogZ (1+y11) [b/s]
Ry,= % x i « Blog2(1 + v1,) [0/s]
ngzg x i x« Blog2(1 + v43) [b/s]

Rir=Rq11 + Ri2 + Ry3
For NOMA Group two

1 1

Ry, = E Z Blog2(1 + v31) [bps]
1 1

Ry, = E Z Blog2(1 +v33) [bps]
1 1

Ry3 = =+ == Blog2(1 + y,3) [bps]

[\J
..p

Ryr = Ry1 + Ry, + Ry3
For NOMA Group three

1 1
R3; = S*a* Blog2(1 + v31) [bps]

1 1

Rs; = E Z Blog2(1 + y33) [bps]
1 1

R33 = 5 * n * Blog2(1 + v33) [bps]

R3r = R3y + R3; + Rs3
For NOMA Group four
1 1
Ry = E*Z*Blogz(l + V41) [bps]
Ry, = * Blog2(1 + v42) [bps]

Ry3 = * Blog2(1 + y43) [bps]

NIH l\JIr—\
-[>|r—x -[>|r—x



Ryr = Ry1 + R4z + Ry3
Finally the all total sum rate of NOMA groups with 12 users become as follows

3.12. User clustering methods

In this thesis, users can be dividing as (high channel gain users, intermediate channel gain users,
and low channel gain users) and it can be peak one users from subdivision to form the cluster.
Here let us consider 12 total users with the following channel gain:

h <h,<..<h <..<hg

If we decide to divide the users in to 3 subdivisions, we will have:

Subdivision A: {hl’ h,., hs, h4}

Subdivision B: {h;,h,,h,,hy }
Subdivision C: {hy,hys,hy,,hy, |
Since two users from the same sub-division cannot be assigned for the same cluster (because

their channel gain difference is small), the clusters become:

Cluster 1: {hl’hS’h9}

Cluster 2: hz’hﬁ’hlo}

{
Cluster 3: {h?” hy, hll}
{

Cluster 4: h4’h8’h12}

Therefore, those users in the same cluster can utilize PD-NOMA to share the same time-
frequency resources at the same instant. In addition to this, for fixed number of users, when the
number of users in a single cluster increases, the number of clusters in the system will decrease.
Therefore, the objective is evaluating the performance of the system (based on sum-rate and
BER) for fixed number of users by varying the power allocation coefficient based on channel

gain for users in a cluster and without making the cluster in the system.

3.13. Exact bit error rate (BER) expression of NOMA

Bit error rate (BER) is an essential conception to understand in any digital transmission system

since it is a main indicator of the health of the system. As data is transferred some of the bits may
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not be received appropriately .The more bits which are incorrect, the more the signal will be
affected. It is important to know what portion of the bits is in error so we can determine how
much margin the system has before failure. The performance of digital receiver is measured by a
parameter called the bit error rate (BER).Bit error rate (BER) is expressed as the ratio of the
number of incorrect bits over the number of all bits. That is, BER=number of bits in error/total
bits transmitted or wrong bits per second/data rate in bits per second. The derivation of BER is as
follows[49][50]:

BER = [Q(va’SNR)2ae ™ da
0
Let the SNR= u

BER:jQ(W/aZu)Zae‘azda but the Q function can be given by the following formula.
0

© -t2
Q(v)zj%ez dt
BER:J I Le’tz’zdt.Zae’azda
0\/@'\/272’

Here, the inner integral is with respect to‘t” and the outer integral is with respect to ‘a’.

Using substitution method,

L:u ,dtza\/;du
a\ u

In this derivation, the inner integral is with respect to ‘a’ and the outer integral is with respect to *

M’ by inter changing it.
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From the above equation of the inner integral with respect to a;

3
1 2
24 i

3
o1
BER:@I(Z
1

2
2] du,u:\/ztaneanddu:\/zseczéde
+ u u

BER = I (;Zj Eseczédez I ELseczédﬁz1 jcoséd@
2+2tan“ 0 y7, ; 2
tan*l(g) tan™( %) 2 tanL( %)
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2 tan 2
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_1 1—sintan1\/z ,but sin@ = /M

2 2 1+tan? 6

tanztan‘l\/; 7
: a [Hy 2 4 | H
sin(tan 2)_ = =3
+

1+tan2tan‘1\/§ 1+% #

Therefore, the average bit error rate (BER) formula of non-orthogonal multiple accesses in

BPSK Rayleigh fading is as follows;

BER = 1 1- L 3.40
2 2+ SNR
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CHAPTER FOUR

4. RESULT AND DISCUSSION

As we have seen from thesis simulation result to achievable sum rates of power domain non-
orthogonal multiple access (PD- NOMA) based on direct current optical orthogonal frequency
division multiplexing (DCO-OFDM) in visible light communication channel system of
simulation results N- number of users scenario. From this scenario by using a single user, two
users, six users, and twelve users evaluate the performance of OFDM-NOMA in visible light
communication. The following simulations are different parameters DCO-OFDM based NOMA-
VLC system. Here a table has the parameters and specific value of the thesis.

Table 4 simulation parameters and its specific value[38][28][51]

No | Parameter name and notation Parameter values
1 Separation between LED and PD, L 3m

2 Cell radius re 6m

3 Total number of users, K 12

4 LED semi-angle, ¢, 60°

5 Total signal power, Pejec 10watts

6 PD FOV, v, 60°

7 PD responsivity, Rp 0.4A/w

8 | PD detection area, A lcm®

9 Reflective index, n 1.5

10 | Optical filter gain , T 0.9

11 | Signal band width B 20MHz

12 | Noise PSD, No 102 A%/ Hz
13 | Modulation index 0.5

14 | OFDM frame size, Nggr 512
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4.1. Simulation results of two users in the system
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Figure 4.1 Sum rate versus SINR of two user and single user

As we have seen from the simulation result, figure 4.1 when we the symbol rate increase it also
the SNR increase. The symbol rate was directly proportional to the signal to noise ratio. When
we compare from the graph of single-user shows slowly change when SNR and symbol rate
increase, because the effect can be observed in the sum of two or more users. In the above-
simulated result figure 4.1, the signal to noise ratio increase the sum rate also increases. Since
,the bandwidth is a limited resource when the bandwidth decreases the efficiency of the system

increase.
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4.2. Simulation results of six users in the system
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Figure 4.2 Sum rates versus SINR of six user, two user and single user

From this simulation figure 4.2, when the NOMA group increases the performance of the system
increases and when the NOMA group decreases the sum rate decreases. Because when we observe the six
users in the system, if we pair two users in single NOMA group we have three NOMA groups. Here half
of the Hermitian symmetry and the number of groups divide the bandwidth. Moreover, we can put three
users in single NOMA groups; so for six users we will have two NOMA groups. Here also half of the
Hermitian symmetry and the number of groups divide the bandwidth. Generally from the simulation
graph, when the number of NOMA groups increase the sum rate of the system increase. And also when

the SINR increases the sum rate increase as we have observed from the simulation figure of 4.2.
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4.3. Simulation results of twelve users in the system
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Figure 4.3 Sum rates versus SINR of twelve users, six user, two user and single user

From this graph having 12 users in the system and 3 users in a single NOMA group .Here we can
get four NOMA groups with three users each and when the number of users increases the
NOMA group increase. From this observation, as the NOMA group increase the sum rate
increase and also, when the signal to noise ratio increase the performance of the system increase.
Therefore, in this graph 12 users having 4 groups in each group 3 users have the best
performance. Generally ,when the number of groups increase the sum rate increase as we have
seen from the simulation result of black line in figure 4.3 and when the SINR increases the sum

rate increase from this graph.
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4.4. Clustering of 12 users based on channel gain difference

In this thesis, the simulation results are obtained for the designated OFDM-NOMA system in
visible light communication (VLC) channel, which has the access point of light emitting diode
(LED) communicating with twelve (12) users like that of photo diodes (PD) .In this simulation
we assume that UE1, UE2, UE3, UE4 are far users and UE5, UE6, UE7, UE8 are medium users
and UE9, UE10, UE11, UE12 are near users based on CSI of Euclidean distance.

4.4.1. Simulation results of cluster one

BER graph for OFDM-NOMA in VLC channel for clusters1
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Figure 4.4 Simulation results of cluster 1

From the graph of simulation result in cluster 1 having users, users and uesrg each user has the
power allocation coefficients of a;=0.2125, as=0.0925, ag=0.04 and the distance between the
access point and the user d1=6.71, d5=5, d9=3.61.based on this parameter, when the signal to
noise ratio increases the bit error rate of each user in the cluster decreases and the non- cluster or

the theory of OFDM-NOMA in VLC channel system also, a little bit decrease. we conclude that
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the clustered user has better bit error rate compared to non-clustered one or theory. In the theory
of simulation we assume all users what we have taken for our thesis the channel gain difference
is so small. They are near to each other in the visible light communication .Because of this, the
interference among users created and so, the bit error (BER) is increased compared to the users,
which make the cluster. The clustered users have less amount of bit error rate. This effect exists
by their channel state information or channel gain difference becoming higher than non-clustered
one that considers the power allocation coefficients arranging the users by the Euclidean

distance. The same is true for cluster2, cluster3 and cluster4.

4.4.2. Simulation results of cluster two

BER graph for OFDM-NOMA in VLC channel for clusters2
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Figure 4.5 Simulation results of cluster 2

From the graph of simulation result in cluster 2 having user,, users and uesrio each user has the
power allocation coefficients of a,=0.1625, a=0.0825, a;0=0.03 and the distance between the
access point and the user d2=6.27, d6=4.61, d10=3.35.based on this parameter, when the signal

to noise ratio increases the bit error rate of each user in the cluster decreases and the non-cluster
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or the theory of OFDM-NOMA in VLC channel system also, a little bit decrease. We conclude
that the clustered user has better bit error rate for each user compared to non-clustered one or
theory. Because the cluster users have high channel state information than non-cluster one based
on power allocation coefficients and Euclidean distance

4.4.3. Simulation results of cluster three

; BER graph for OFDM-NOMA. in VLC channel for clusters3
10° T T T T T T T

107=

Theo. User 3'noncluster
+ Theo. User ¥/noncluster
+ Theo. User 11/noncluster

[
% +Sim. User 11/cluster3
Sim. User 7icluster3
Sim. User 3/cluster3
103 F
_1D..q 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
SNR in dBm

Figure 4.6 Simulation results for cluster 3

From the graph of simulation result in cluster 3 having users, user; and uesry; each user has the
power allocation coefficients of a;=0.1125, a;=0.0725, a;;=0.02 and the distance between the
access point and the user d3=5.83, d7=4.24, d11=3.16.based on this parameter, when the signal
to noise ratio increases the bit error rate of each user in the cluster decreases and the non- cluster

or the theory of OFDM-NOMA in VLC channel system also, decrease a few amount.

We conclude that the clustered user has better bit error rate for each user compared to non-
clustered one or theory. Because the cluster users have high channel gain difference than the

theory one based on the power allocation coefficient and Euclidean distance.
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4.4.4. Simulation results of cluster four

BER graph for OFDM-NOMA in VLC channel for clusters4
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Figure 4.7 Simulation results of cluster 4

From the figure 4.7 of the simulation result in cluster 4 having user,, users and uesr;, each user
has the power allocation coefficients of a,=0.1025, ag=0.0625, a;,=0.01 and the distance between
the access point and the user d4=5.41, d8=3.91, d12=3.04.based on this parameter, when the
signal to noise ratio increases the bit error rate of each user in the cluster decreases and the non-
cluster or the theory of OFDM-NOMA in VLC channel system also, a small amount decreases.

We conclude that the clustered user has better bit error rate for each user compared to non-
clustered one or theory. Because the cluster users have high channel gain difference than non-

cluster one based on the power allocation coefficient and Euclidean distance.
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CHAPTER FIVE

5. CONCLUSIONS AND RECOMMENDATION

5.1. CLUSIONSCON

In this thesis, the performance of OFDM-NOMA system in visible light communication (VLC)
channel has been observed .the analysis is based on the study of bit error rate (BER) reduction by
clustering multi-users and sum rate maximization with grouping the users in different grouping
schemes. Also it has been explained the design and different terms of OFDM-NOMA system in
visible light communication channel.

From the simulation results, the sum rate maximization with different groups by making variable
the bandwidth in terms of Hermitian symmetry and number of groups and the bit error rate
(BER) of multi-users making a cluster the users based on channel gain or channel state
information (CSI) in an indoor visible light communication is an important figure of merits
which used to quantify the integrity of data transmitted through the communication system. By
implementing the four different clusters, which have three users in each type, the criterion is
comparison of the variation in bit error rate for different channel gains of the transmitted power
in each cluster. Here it is observed that the bit error rate (BER) is less in clustered users than
non-clustered users or the theory in the visible light communication channel of OFDM-NOMA
system. Here also the performance of sum rate maximization has been observed in the simulation
by varying the number of groups and dividing the bandwidth. Because in bandwidth efficiency
or spectral efficiency, if the system uses less number of the bandwidth the system is efficient and
the sum rate increases since the bandwidth is scares resource in electronic communication and if
the system uses more amount of bandwidth the system is not spectrally efficient .The reason
what the efficient system of the capacity is given by the transmitted bit rate divided by the band
width in every communication system. That is when the bandwidth in the given group, increase
the sum rate decrease and vice versa.

Generally, as we conclude from the performance of multi-user OFDM-NOMA in visible light
communication channel, the clustered user has a better bit error rate (BER) which means; having
less amount of bit error rate than what the theory or non-cluster says. And also we conclude that,
having less amount of bandwidth has a better performance than having more amount of band

width. In addition to this, when the SNR increases the sum rate increases and vice versa.
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5.2. RECOMMENDATION

Furthermore, this work can be extended to increase the performance by using dynamic power
allocation coefficients rather than fixed power allocation coefficients. That is, we have fixed the
value of power allocation coefficients of the channel conditions .But there are enhanced ways to
optimize power allocation coefficients dynamically based on the value of channel state
information (CSI).

In this thesis also we recommend a novel method to decode the multiple users’ signals from the
super imposed signal ,where high order M-QAM signals are used .This decoding method is
called ergodicity and comparison (EAC) .1t is different from SIC method ;the EAC can recover

the signals for multiple users simultaneously ,instead of decoding them one by one.
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