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Abstract

The field of optical wireless communications (OWC) has recently attracted significant

attention as a complementary technology to radio frequency (RF). OWC systems offer

several advantages including higher bandwidth, an unregulated spectrum, resistance to

electromagnetic interference and a high order of reusability. The thesis focuses on the

deployment and analyses of end-user interconnections using the OWC systems. Intercon-

nection can be established by many wireless technologies, for instance, by a single OWC

technology, a combination of OWC technologies, or by hybrid OWC/RF links.

In order to establish last mile outdoor interconnection, a free-space optical (FSO) has

to be investigated. In this thesis, the performance of all-optical multi-hop scenarios is

analyzed under atmospheric conditions. However, nowadays, many end users spend much

time in indoor environments where visible light communication (VLC) technology can

provide better transmission parameters and, significantly, better coverage. An analytical

description of bit error rate for relaying VLC schemes is derived and experimentally

verified. Nonetheless, for the last mile, interconnection of a provider and end users

(joint outdoor and indoor connection) can be advantageous when combining multiple

technologies. Therefore, a hybrid FSO/VLC system is proposed and analyzed for the

interconnection of the last mile and last meter bottleneck.
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Abstrakt

V součastnosti bezdrátové optické komunikace (optical wireless communication, OWC)

získávají širokou pozornost jako vhodný doplněk ke komunikačním přenosům v rádiovém

pásmu. OWC nabízejí několik výhod včetně větší šířky přenosového pásma, neregulo-

vaného frekvenčního pásma či odolnosti vůči elektromagnetickému rušení. Tato práce se

zabývá návrhem OWC systémů pro připojení koncových uživatelů. Samotná realizace

spojení může být provedena za pomoci různých variant bezdrátových technologií, napřík-

lad pomocí OWC, kombinací různých OWC technologií nebo hybridním rádio-optickým

spojem.

Za účelem propojení tzv. poslední míle je analyzován optický bezvláknový spoj (free

space optics, FSO). Tato práce se dále zabývá analýzou přenosových vlastností celo-

optického více skokového spoje s důrazem na vliv atmosférických podmínek. V dnešní

době mnoho uživatelů tráví čas ve vnitřních prostorech kanceláří či doma, kde komu-

nikace ve viditelném spektru (visible light communication, VLC) poskytuje lepší přenosové

parametry pokrytí než úzce směrové FSO. V rámci této práce byla odvozena a experimen-

tálně ověřena závislost pro bitovou chybovost přesměrovaného (relaying) spoje ve VLC.

Pro propojení poskytovatele datavých služeb s koncovým uživatelem může být výhodné

zkombinovat více přenosových technologií. Proto je navržen a analyzovám systém pro

překonání tzv. problému poslední míle a posledního metru kombinující hybridní FSO a

VLC technologie.

Klíčová Slova

Optické bezvláknové komunikace, optika volným prostorem, komunikace ve viditelném

světle
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Introduction

In recent years, we have been living in a period of massive implementation of networking

technologies. Concepts such as the Internet of things (IoT), clouds, video streaming,

virtual reality (VR) or augmented reality (AV) have become an everyday part of our

lives. However, the tremendous expansion of applications, together with data traffic

relying on wireless communication, results in a massive increase of overall data rates.

According to a Cisco networking forecast, smartphone data traffic exceeded personal

computer (PC) traffic in 2018 and will grow sevenfold from 2018 to 2022, reaching 77.5 EB

per month in 2022 [1]. Moreover, the massive development and popularity of smart

devices are changing internet connections from “human→human” to “human→things”

or “things→things” called machine to machine (M2M) [2]. In 2022, M2M will be more

than half of all global connected devices reaching 1.8 times M2M connections for each

member of the global population [1]. These demands, along with many others, will

require a tremendous deployment of high-speed wireless communication. Due to the

limited radio frequency (RF) spectrum (physically, fees or licensed for non-communication

technology), research and private sectors need to focus on improving current technology or

on developing a new one capable of avoiding so-called “spectrum congestion” [3].

The fifth generation (5G) mobile network aims to address the limitations of the previous

generation of cellular standards: increase channel capacity and scalability, decrease

latency and power consumption, reduce costs and ensure massive device connectivity. To

meet these performance criteria, 5G will have to cover numerous technical challenges

arising from end-user requirements. Several improved technologies including massive

multiple input multiple output (MIMO) [4], spectrum sharing [5], device to device (D2D)

communication technology [6] and shift to higher frequencies [7] meet the criteria for

implementation in 5G.

Nonetheless, the massive deployment of mobile networks contradicts previous leg-

islative proposals presented by the European Commission, representing a reduction of

carbon dioxide (C02) by 40% by 2030 compared with 1990 [8]. For instance, the number of

public wireless fidelity (WIFI) hotspots exceeded 362 million devices in 2019, resulting

in estimated energy consumption of more than 18 billion kWh per year costing more

than 2 billion dollars [9]. As one possible solution to the reduction of CO2 values, the

European Commission has recommended banning the use of incandescent and fluorescent
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light. This recommendation and improvements in technology have brought a massive

deployment of solid state lighting (SSL) such as a light emitted diode (LED). It is expected

that LED power efficiency will have achieved 300 lumens per Watt around 2025 [10]. By

comparison, an incandescent light has a luminous efficiency determined in the manner

above 18 lumens per Watt, with 6% of the light in the 400-–700 nm band [11].

The deployment of LED has created an additional important capability, LED can

also be used for wireless communication by the direct and rapid modulation of a light

source that the human eye cannot perceive. This technology is known as visible light

communication (VLC) [3] and can provide high-speed-data rate communication, especially

for indoor applications [12, 13]. However, it is extremely challenging to reach satisfactory

results for an outdoor application due to ambient light causing increased shot noise and

limited transmission distances. Due to its relatively low complexity, the ever-decreasing

cost of LED sources and the availability of a vast bandwidth ∼10 000 wider than in the

case of RF, VLC technology is an ideal candidate for future indoor applications providing

both illumination and data communication at a global level [14]. VLC, together with

infrared (IR) and ultraviolet (UV), create a base of optical wireless communication (OWC)

[3, 15]. OWC, in most cases, operates in the 350–2000 nm wavelength band addressing a

solution for “last mile” and “last meter” issues in access networks.

In recent years, last mile access networks have undergone massive development and

mature technologies, such as microwave and optical fibers, are not always cost effective,

especially in dense urban areas. To overcome these challenges, free space optics (FSO)

communication links are becoming an attractive high-rate, cost-effective technology for

access networks [16, 17]. FSO communication mainly uses a laser diode (LD) as the source

of light in the near IR band for a wide-range communication span from inter-chip to inter-

satellite communication [18, 19]. A terrestrial point-to-point FSO communication system,

however, can operate at a wide frequency range including the UV, visible light (VL) bands

and IR, which offers the best transmission properties [14]. Despite the many advantages

of FSO, long-range systems, in particular, are susceptible to atmospheric conditions which

can render a system inoperable. FSO link impairments are caused predominantly by

scattering on fog droplets, absorption on water vapor, as well as by atmospheric turbulence

(causing a fluctuation in air density, leading to a change in the refractive index of air),

beam spreading, and by physical obstacles which can temporally block the signal [20].

OWC and next wireless communication technologies follow different standards, have

distinct properties, can use many modulation techniques and transmission media, and

can have different requirements for transmitters and receivers. Last but not least, the

level of security, attenuation characteristics and different operational principles play a key

role in the deployment of wireless communication technologies. However, OWC provides

several interesting advantages: (i) a highly achievable signal to noise ratio (SNR); (ii) no

interference with electronic instruments; (iii) a high level of security; (iv) vast unregulated
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INTRODUCTION

bandwidth; (v) a relatively low-cost solution and (vi) easy implementation into existing

lighting systems [21, 22]. On the other hand, high-data rate OWC systems have several

limitations: (i) OWC is widely used for line of sight (LOS) links where obstacles can

interrupt the signal; (ii) in the case of a near-IR source, high optical power represents

a danger to the human eye; (iv) ambient light interference negatively affects system

performance and (iii) alignment leads to operational constraints [23].

VLC FSO RF

Transmitter
LED

LD
LD Antenna

Receiver
photodetector (PD)

Camera
PD Antenna

Distance Indoor
Satellite

Terrestrial

Indoor, Satellite

Terrestrial

Interference level Low [24] Low [25] Very high

Noise

(most dominant)
Sun, ambient light sources Ambient light sources Electronic appliances

Data rate
11.28 Gbps using LED [26]

100 Gbps using LD [21]
100.8 Tbps [27] 6.93 Gbps [28]

Security High High Low

Mobility Limited Limited Good

Main purpose

Illumination

Communication

Localization

Communication
Communication

Localization

Main limitation

Short distance communication

Mobility connection

Outdoor communication

Atmospheric influence Interference

Table 1.1: Comparison of different wireless communication technologies.

Based on these properties, different OWC technologies can be used as key links

within 5G wireless communication systems. Table 1.1 summarizes and clearly shows the

differences in application scenarios among wireless technologies.

Implementation of OWC systems can be deployed easily. Consequently, a massive

expansion of FSO technology has been developed, including applications [20, 29, 30]

such as high-definition television (TV), medical video transmission, campus connectivity,

backhaul for cellular networks, chip interconnection, satellite connectivity, underwater

communications and many others. As is clear from the applications, FSO is predominantly

a long-range outdoor technology. On the other hand, RF-based communications are un-

desirable in places, such as hospitals or airports, where LEDs can be used as a suitable
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alternative for fulfilling the role of data transmission technology, and even for providing

illumination. Smart lighting, using a combination of illumination, communication and

control, can significantly reduce costs and energy consumption. Moreover, VLC is being de-

ployed in many other applications, including car to car (C2C), underwater communication,

M2M, location-based services, local area networks and many other [24, 31].

This thesis focuses on the FSO and VLC hybrid interconnection of end users. The

scenario for such a connection is depicted in Figure 1.1 and shows FSO technology acting

as a node for the outdoor interconnection of a network access provider to an access point.

On the other hand, VLC provides an indoor last meter access network connection.

In the first part of the doctoral thesis, state-of-the-art OWC is presented, containing

an overview and application of FSO and VLC technologies. The objectives of the thesis are

given in chapter 3. Then, the thesis core is demonstrated in chapter 4 by a collection of

journal papers presenting a description of their contributions and relevance to the thesis

topic. In the end, the achieved results and future research topics are summarized.

Outdoor

FSO system

VLC for 

car-to-infrastructure

VLC for car-to-carVLC for aviation

VLC for 

healtcare

VLC for 

localization

Indoor office 

VLC system

Figure 1.1: Selected VLC and FSO applications
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State-of-the-Art

Motivated by RF spectral congestion, OWC has been offered as a promising substitute

for conventional RF communication systems, especially for short and medium range

systems. OWC has undergone significant development, mainly in its transmission proper-

ties, over recent decades as OWC technologies have evolved from single-user to multi-user

or hybrid networking.

The following subsections describe the state-of-the-art as it relates to the goals of this

thesis.

2.1 Relay-Assisted Free Space Optical System

Due to tremendous data traffic growth of the network edge, FSO technology offers an

efficient solution for overcoming the gap between provider’s fiber infrastructures and the

end users [29, 32, 33]. In recent years, many private companies and research groups have

focused on significant data rate progress with the aim of reaching an order of Tb/s [34, 35].

FSO is generally used for LOS applications achieving similar properties as optical fibers.

Despite the many advantages of FSO, it is very challenging to reach the high level of

reliability required by users primarily due to tremendously varying atmospheric channel

conditions, such as absorption, scattering and turbulence, thus resulting in phase wan-

dering, waveform distortion and optical attenuation [36–38]. An outdoor FSO channel

can be significantly influenced by atmospheric turbulence caused by inhomogeneities in

temperature and the atmospheric pressure produced by wind and solar heating, leading to

variations of the air refractive index along the transmission path [39]. They cause random

fluctuations in the amplitude, as well as the phase of the received signal, resulting in

system performance degradation [40]. The intensity fluctuation of the received signal

is known as scintillation and is measured in terms of a scintillation index (normalized

variance of the intensity fluctuations) [39]. However, the scintillation index is a function

of the refractive index structure parameter C2
n (main measure of turbulence), which varies

at different times of day and is altitude dependent, increasing at lower altitudes due to

the heat transfer between the ground and air [41]. However, the power fluctuation of the

received optical signal is generally described by statistical models.

The development of the statistical models has evolved over several decades. A log-
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normal model was derived based on a first-order Rytov approximation and was accepted

for weak turbulence regimes [42, 43]. However, measurements over several kilometer-long

paths have proved the inaccuracy of the model for moderate and strong turbulence [44].

A number of statistical models has been derived to describe scintillation, for instance,

the K model in a regime of strong turbulence [45], or the Gamma-Gamma model, which

adopts all regimes [39]. Double Weibull distribution is another universal model that has

been proven to be more accurate than the Gamma-Gamma model, particularly for cases of

moderate and strong turbulence [46]. One of the latest models proposed in [47] is Double

Generalized Gamma distribution, which is suitable for all regimes of turbulence.

One possible solution to maintain high reliability and the required data rate is to design

a network topology, such as a ring or mesh structure. Nonetheless, recent optical networks

have been built to allow transmission between two static points, which is, generally, not

the case of end users. Moreover, wireless transmission aims to do the opposite: to transmit

as much data information as possible among the maximum number of end users under

certain constraints. In RF wireless communication networks, and especially in 5G, a user

is no longer the final point of the wireless network, but the user is expected to participate

in the storage, relaying, content delivery and computation within the network [48].

The idea of a relay-based system offers many advantages and results in a number

of challenges: (i) a trade-off between throughput and reliability; (ii) the question of

bandwidth versus power efficiency; (iii) compatibility and (iv) re-routing [15]. Recently

however, relay-assisted FSO systems have garnered attention as a tool for the mitigation

of channel fading [49]. Relay-assisted systems, though, can be designed to feature many

options, such as: (i) a relay channel; (ii) a user cooperation scheme; (iii) an ad-hoc network

or (iv) as a multi-relay channel. This thesis focuses mainly on the relay channel.

dN,N+1d2,3d1,2d0,1
S R1 DR2 R3 RN

(a)

dN,N+1

d3,N+1

d2,N+1

d1,N+1

d0,N

d0,3

d0,2

d0,1

S

R1

D

R2

R3

RN

(b)

Figure 2.1: FSO relaying techniques: a) serial, b) parallel [49]

6



2.1. RELAY-ASSISTED FREE SPACE OPTICAL SYSTEM

A relay-assisted link addresses the solution related to the shortcomings of conventional

point-to-point systems in terms of extending transmission length and mitigating channel

fading. The utilization of a relay-assisted link for an RF system was demonstrated as an

alternative solution for the implementation of spatial diversity without using antenna

arrays [50, 51]. This technique is highly effective for FSO technology because it offers a

low-cost and efficient solution when compared to a MIMO system and it does not require

additional transmitters and receivers [3].

Any network topology can be divided into a combination of serial or parallel links. The

communication link can, therefore, be separated into several access points known as relays

(Rn), or, in the case of FSO, as hops. Single or multiple Rn can be placed between the

source (S) and destination (D), as depicted in Figure 2.1. In general, the relay node does

not transmit any additional information, acting as it does as an intermediary between S

and D, and, therefore, can be classified as a case of a channel with general feedback [52].

A relay-assisted-based FSO system was first proposed for communication in [53], where

the authors investigated network capacity performance of a mesh FSO system. This idea

led to the evaluation of the outage probability for a multi-hop FSO system. Considering K

and Gamma-Gamma turbulence fading models, the relay-based model was demonstrated

to be an effective method for the extension of the coverage area [54, 55]. Unlike RF

technology, small-scale fading is distance-dependent for FSO systems, which provides the

opportunity to reduce path loss by shortening the distance of relay-based systems, which

cause the improvement of small-scale fading channel statistics [56]. Relay-based FSO

technology offers many additional advantages, including lower initial costs, higher capacity

and extended coverage while keeping sufficient reliability [57]. The outage probability

is minimized when consecutive nodes are placed equidistantly along the channel from

S to D [58]. In such a scheme, amplify and forward (AF), and decode and forward (DF)

transmission protocols are the most commonly used techniques for a relay-based system.
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Figure 2.2: Outage probability of a serial FSO system a) AF and b) DF schemes [49]. N is
the number of hops and PM denotes power margin.
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Traditional AF relaying FSO systems were built on the assumption that the relay used

optical to electrical (OE) conversion, amplification and electrical to optical (EO) conversion

[49, 59]. Whereas, for DF protocol, after conversion following decoding and re-encoding of

the signals to improve the SNR [60, 61]. DF systems offer better performance, but require

clock recovery and synchronization at each relay node which significantly increases the

complexity of the system [62]. A performance comparison of AF and DF systems can be

seen in Figure 2.2.

Current relay systems are built on OE/EO high-speed conversion modules which

increase the complexity, latency and cost of the system [62]. Nonetheless, currently

there is a strong desire for an all-optical network structure to emerge because of higher

bandwidth and improved security. This is possible by keeping a signal in the optical

domain by using optical amplifiers and low-speed electrical circuits for gain control.

The concept of all-optical FSO relaying was demonstrated for the first time in 2002

[63]. In this work, a 4-channel dense wavelength division multiplexing (DWDM) system

was tested over 250 m reaching a bit rate up to 10 Gb/s. An outage performance of dual

hop configuration using erbium doped fibre amplifier (EDFA) and considering the effect of

amplified spontaneous emission (ASE) was analyzed in [56]. Moreover, a comparison of

outage performance between conventional OE and EO conversion and all-optical relaying

with EDFA while taking into account the effect of the optical degree of freedom (DoF)

presents a favourable trade-off between complexity and performance and can be used

as a low-complexity solution [64]. In ideal cases the power performance gain can reach

14.7 dB in comparison to the direct transmission. Optical DoF quantifies the ratio of the

bandwidth of the optical filter to the electrical bandwidth. Due to noise accumulation at

each Rn, link performance significantly degrades. As a solution, the all-optical regenerate

and forward system (consisting of a highly nonlinear fiber and a Gaussian band pass

filter) was proposed to suppress the ASE and background noise at each Rn for the next

re-transmission [62]. It is shown that the all-optical regenerate and forward system

outperforms the AF system for dual hop configuration by about 73% at a bit error rate

Laser
Input Data PD Amp. PD Decisionα rd

Eb,r(t)

E r(t)

α sr

Es (t)

I th,r (t) I th,d (t)

Laser
Output Data

(a)

EDFALaserInput Data PD Decision

Es (t)

α sr

Eb,r (t)

E r(t)

EASE(t)

α rd

I th,d (t)

Output Data

(b)

Figure 2.3: Block diagram of FSO AF relay systems with (a) electrical amplification and
(b) optical amplification using an EDFA (PD: photodetector) [56].
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2.1. RELAY-ASSISTED FREE SPACE OPTICAL SYSTEM

(BER) of 10−5. However, work in [62] presents BER performance through a Monte Carlo

simulation with no taking into account the effect of ASE noise. On the other hand, a

cooperative diversity approach adopting parallel relaying schemes offers an effective way

to mitigate atmospheric turbulence-induced fading [65]. However, distance-dependent

turbulence fading is still the main concern for the assessment of system performance.

Many studies have investigated multihop all-optical FSO systems using EDFA [56, 64,

66–70]. Increasing the number of hops to infinity could not improve system performance.

For instance, the experimental setup for a 5 km link span and C2
n = 1.7×10−14 m−2/3,

the best system performance was reached with 8 relay nodes, but upon increasing to

more than 10 nodes, system performance actually degraded [56]. A dual-hop FSO system

working over a Gamma-Gamma turbulence channel was reported in [67], showing that

the required transmitted power is reduced proportionately to the amplifier gain. However,

it is necessary to take into account the influence of optical DoF that can significantly alter

the performance of EDFA [64].

The performance of all-optical FSO relaying can be significantly improved by a com-

bination of EDFA and an optical hard-limiter [69, 70], whereby the optical hard-limiter

is used to mitigate accumulated background noise. Nevertheless, the drawback of the

proposed solution is that system performance is dependent on the threshold level of the

optical hard-limiter. It is therefore essential to set an optimal threshold based on the

strength of the turbulence and background noise level. For instance, it is possible to reach

a distance of 6 km with 4 relays, while 8 relays are required for the same system including

EDFA. For even better BER performance, the idea based on the Mamyshev method with

an ultrashort pulse was experimentally demonstrated in [71]. The dual hop Mamyshev

all-optical system improved upon the performance by a factor of hundred when compared

to the non-regenerate AF scheme in terms of BER.
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2.2 Relay-Assisted Visible Light Communication
System

The VLC system consists of three building blocks (a transmitter, a channel and a receiver).

Although, illumination has made great strides from incandescent lamp to LED-based light,

light sources still represent the main limitation of current VLC technology. Nonetheless,

developments in the industry and the production of LEDs offer higher switching abilities,

higher transmission power and wider illumination angles.

In general, white light is the most available source for indoor and outdoor environments.

Two approaches are widely used to produce white light: (i) The combination of a blue

Indium Gallium Nitride (InGaN) chip and Yttrium Aluminum Garnet (YAG) coating. The

coating transforms the blue parts of light to lower frequencies to create a white color [72]

when the amount of the phosphor layer is essential, as it defines the color temperature of

the light source. (ii) White light is obtained as a combination of more chips of different

colors, typically red-green-blue (RGB) colors. The resulting color is defined based on the

intensity of the individual color components. Multi-color LEDs are attractive as they create

the possibility of a parallel transmission using wavelength division multiplexing (WDM)

which can significantly increase system throughput [73].

However, with the rapid emergence of display applications and an increase in their res-

olutions, the dimension of LED chips is becoming too large. It has led to the development

of micro-scale LED structure (µ-LED) with dimensions of less than 100 µm × 100 µm and

an organic light emitted diode (OLED). However, µ-LEDs have the potential to improve

luminescence efficiency for high-intensity lighting, together with better current spreading

and the lowering of the self-heating effect [74]. Recently, µ-LEDs, based on an AlGa

structure with diameters of 24 µm, can overcome the 800 MHz bandwidth [75]. Such a

bandwidth is possible due to the extremely low capacitance of LEDs.

An alternative approach is to use OLEDs which offer several benefits including me-

chanical flexibility, a long lifetime and low heat dissipation. Due to their organic structure,

OLED panels have a limitation in brightness and stability. The main limitation present

in OLED panels is a very narrow bandwidth reaching only hundreds of kHz which lim-

its the data rate compared with an LED-based system. To overcome these challenges

it will be necessary to move from large thin panels with high capacitance toward the

nano-fabrication of large matrices with small OLEDs featuring a large bandwidth [76].

Table 2.1 presents a comparison of parameters and applications of different types of LEDs.

Equalization, MIMO, implementation of WDM and multi-carrier modulations have

contributed to achieving the high data rate development of signal processing techniques.

These techniques have increased data rates from Mb/s to dozens of Gb/s [77] over the past

few years.
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2.2. RELAY-ASSISTED VISIBLE LIGHT COMMUNICATION SYSTEM

white LED RGB LED µ-LED OLED

Bandwidth few MHz dozens of MHz hundreds of MHz hundreds of kHz

Efficiency > 250 lm/W 90 lm/W [72] N/A 220 lm/W

Cost low high high very low

Application illumination illumination automotive, display display

Table 2.1: Comparison of different types of LEDs.

Unlike RF, VLC technology uses an intensity modulation and direct detection (IM/DD)

approach. In the case of the IM/DD system, the signal must be real and non-negative. In

most cases, baseband or multicarrier modulations are applied to VLC systems. However,

most early works on VLC used on off keying (OOK) modulation techniques because of their

simplicity. In [78], a non-return-to-zero (NRZ) OOK modulation was introduced for the

transmission of 10 Mb/s over the VLC link. To upgrade data rate, the slow yellow phosphor

effect has been mitigated by a blue filter resulting in an increase of the data rate to 40 Mb/s

[79]. Similarly, in [80] a combination of blue filtering with an equalization technique at

the receiver was proposed to achieve a data rate of 125 Mb/s. In [81] it was proven that

the avalanche photodiode offers almost 2× data performance improvement over a PIN

photodiode. The next improvement was attained by combining RGB frequencies to produce

white light. However, the RGB white LEDs need three independent driver circuits to

generate white light. A different approach was presented in [82] where the simplest NRZ

OOK system with a single RGB LED (only red to transmit) was demonstrated achieving

a bit rate of 477 Mb/s and a duo binary technique with bandwidth enhancement (using

transmitter and receiver equalization) was employed to achieve 614 Mb/s [83]. The

transmission setups for the configurations of RGB sources are shown in Figure 2.4.

Pulse width modulation (PWM) offers an efficient way to achieve modulation and

dimming control. In PWM, the width of the pulse is adjusted to the desired level of

dimming while the pulse carries the signal. The modulated signal is transmitted during

the pulse duration and the LED operates at full brightness during the pulse. One benefit
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Figure 2.4: Possible configurations for utilizing light sources in VLC [84]
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of PWM is that it accomplishes dimming without changing the intensity level of the pulses,

therefore a color shift does not occur as in the case of OOK. The drawback of PWM is its

limited data rate. To overcome the limited data rate, a combination of discrete multitone

modulation (DMT) and mapped quadrature amplitude modulation (QAM) symbols into

DMT carriers has been used in [85] to achieve a link rate of 513 Mb/s.

The main limitation of the previously discussed single carrier modulation schemes is

that they suffer from high inter symbol interference (ISI) due to the nonlinear frequency

response of the VLC channel. Multi-carrier modulation, nonetheless, can significantly

improve bandwidth efficiency at the expense of reduced power efficiency due to the DC

offset [15].

Multicarrier modulation formats as orthogonal frequency division multiplexing (OFDM)

have been widely adopted in RF communication due to their ability to effectively combat

the ISI and multipath fading. The authors in [86] first proposed the use of OFDM for VLC

whereby the data stream is divided into multiple orthogonal subcarriers and the data is

sent into parallel sub-streams modulated over the subcarriers. OFDM for VLC can reduce

ISI and does not require a complex equalizer. There are, however, multiple challenges

regarding its implementation [87]. First, the OFDM technique needs to be adapted for

IM/DD systems such as VLC because OFDM generates a complex signal which needs to

be converted to real-valued signals. This can be achieved by using a Hermitian symmetry

constraint on the subcarriers and then converting the time domain signals to unipolar

signals.

Since the inverse fast Fourier transform (IFFT) block independently sums modulated

subcarriers, these components in a DC biased orthogonal frequency division multiplexing

(DCO-OFDM) signal could sum constructively, increasing signal amplitude and the chance

of signal distortion, causing overheating at high peaks due to the nonlinear operation of

the LED chip [88]. The scheme of the DCO-OFDM VLC system is depicted in Figure 2.5.

Some of the subcarriers could reach below the threshold of the voltage limit of the LED.

This random variation results in a high peak-to-average power ratio (PAPR) which is a

significant issue of OFDM [88]. Several methods have been proposed to mitigate the effect,

such as the use of a linear amplifier or a power back-off. But the most common method to

overcome the problem is to clip the signal at peak levels [89]. An asymmetrically clipped
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Figure 2.5: Schematic diagram of DCO-OFDM system
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2.2. RELAY-ASSISTED VISIBLE LIGHT COMMUNICATION SYSTEM

optical orthogonal frequency division multiplexing (ACO-OFDM) [90] clips the OFDM

signal at zero level, while data is carried in odd subcarriers only. The method reduces

the amplitude of the transmitted OFDM signal and is far more power efficient than

DCO-OFDM for a given bandwidth, albeit at the expense of losing half of the available

bandwidth [91].

Despite these challenges, OFDM for VLC offers great potential in terms of achievable

link data rates, such as in [92] where a data speed of 1.6 Gb/s over a 1 m link employing

a combination of 16-QAM and OFDM was reported. For instance, a 3 Gb/s VLC system

was reported in [93] using a bit and power-loading technique applied to compensate for

performance degradation at frequencies outside the 3 dB modulation bandwidth. In 2019,

a system reaching 35 Gb/s for a 4 m link span with a four-color multiplexed high-speed

VLC system using a micro-electro-mechanical system was designed [77].

Recently, the research community has turned its attention to the carrierless amplitude

phase modulation (CAP) format as an alternative to OFDM [94, 95]. CAP is a similar

modulation technique to QAM with the main difference being that CAP uses finite impulse

response (FIR) filters to generate carrier frequencies unlike QAM, which utilizes a local

oscillator. This results in a simpler solution for CAP receivers since time-reversed matched

filters are deployed. The schematic diagram of the CAP VLC system is depicted in

Figure 2.6.

In previous research, it was experimentally shown that CAP outperforms OFDM in

VLC when using the same experimental setup. The improvement in achieved transmission

speed was 22% [95]. Nevertheless, CAP requires a flat channel frequency response, which

is rare in VLC networks, due to the LEDs acting as a low pass filter. To overcome this, a

new approach called multi carrierless amplitude phase modulation (m-CAP) was proposed

for short range optical fiber links [96]. The available bandwidth was split into 6 sub-

bands and a 6-CAP system outperformed the traditional single CAP system. Splitting

the bandwidth into m sub-bands has two key advantages over a single CAP: (i) relaxing

the flat frequency response requirement and (ii) allowing for the adjustment of a number

of bits-per-symbol for each sub-band. For instance, in [97] the authors showed that for
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a higher number of sub-bands, a higher transmission capacity can be supported. The

highest data rate ∼31.5 Mb/s was achieved in the 10-CAP system, using an LED with a

very low 4.5 MHz modulation bandwidth. Increasing the number of sub-bands results in

a lower bandwidth occupied by each subcarrier. Thus, they are less prone to frequency

dependent attenuation caused by the first order low pass filter behavior of an LED and,

hence, can support higher throughput. A highly band-limited VLC link was investigated

in [98]. The low pass filter cut-off frequency was set to 0.1 of the signal bandwidth and it

was shown that the 10-CAP system can support up to a 40% improvement in the bit rate

compared to the traditional CAP for the same BER target. By using a high order of CAP

modulation, together with four-color multiplexed and hybrid equalizer (see the depicted

scheme in Figure 2.7), a data rate of 8 Gb/s was experimentally achieved over a 1 m indoor

free-space transmission [99].

VLC technology offers many essential advantages, but also endures several drawbacks.

The disadvantages are caused predominantly by the properties of light [100]. Excluding

the relatively limited transmission bandwidth mentioned earlier, there are three funda-

mental limitations (i) the LOS condition, (ii) limited transmission range and (iii) ambient

light interference and receiver noise. In indoor environments, the LOS path cannot always

be guaranteed due to objects, the movement of people and room layout [101]. To address

this problem and to offer seamless communication, as well as to maintain uninterrupted

data access, even in temporarily shadowed regions, a number of solutions have been

proposed including visible light communication receivers utilizing angular and spatial

diversity to enable protection from signal blocking [26]. A combination of MIMO and

beamforming can also significantly improve performance under a random shadowing effect

[102]. One of the most promising techniques of how to cope with limitations (i) and (ii) is

the implementation of the advanced VLC network system.

VLC networks are still at an early stage of development. To date, there is no VLC-

Figure 2.7: Experimental setup of the WDM VLC system employing high-order CAP and a
hybrid post equalizer [99].
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2.2. RELAY-ASSISTED VISIBLE LIGHT COMMUNICATION SYSTEM

based networking cross-layer protocol. The vast majority of recent research focuses on

partial segments of individual layers [24, 84, 100]. Moreover, the current IEEE 802.15.7

standard [103] does not cover relay-based VLC systems and does not address the full-

duplex communication problem. However, IEEE standard 802.15.7 supports three network

topologies, namely peer-to-peer, star and broadcast, as shown in Figure 2.8.

In order to improve connectivity, a relay-based VLC employing an LED lighting trian-

gular system topology was analytically investigated in [104]. In the case of light from an

LED source mounted on the ceiling and not reaching the user directly, information can be

transmitted via a relay node. In [105], connectivity performance of mobile users, based

on mobile optical relays in a cooperative multi-hop VLC, was investigated. Improvement

doubled in mobile connectivity performance by using the multi-hop scenario due to the

user’s density, coverage range ratio between hop regions, relay probabilities, and velocity

of the mobile users.

The access methods are derived based on purely RF communication systems, without

consideration of VLC benefits or channel characteristics. Moreover, the current systems

are considered predominantly as a point-to-point link which results in a complicated

implementation as regards ad-hoc networking. The current IEEE standard 802.15.7

supports a wireless medium access control (MAC) protocol, such as carrier sense multiple

access with collision avoidance (CSMA/CA) access scheme. The idea of CSMA/CA is that a

node should be able to listen while transmitting data to detect a possible collision from

other nodes. Unfortunately for the VLC system, this access scheme suffers from delays and

energy inefficiency [106, 107]. Moreover, in the case of CSMA/CA, a hidden node problem

occurs when a node cannot see other nodes in the field of view (FOV). The influence of a

hidden node on system performance was investigated in [108].

However, current research adheres to the activities of cellular technology. Nonetheless,

the vast majority of conventional RF access schemes cannot be directly used without

modifications. One example of an access scheme is orthogonal frequency division multi-

plexing access (OFDMA) adopted in fourth generation (4G) systems. The OFDMA scheme

Peer-to-peer Star

Coordinator

Broadcast

Figure 2.8: IEEE 802.15.7 network MAC topologies
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serves multiple users by dividing bandwidth into allocated subcarriers and shares power

resources among users. In the case of the VLC system with IM/DD, the DCO-OFDM

and ACO-OFDM are the most common modulation formats for the multi-access scheme.

A comparison of BER performance, receiver complexities, as well as PAPR, for two ver-

sions of OFDMA was investigated in [109]. An interleave division multiple access OFDMA

with ACO-OFDM reaches higher power efficiency than the conventional OFDMA method,

especially for higher bit rates. To enhance the signal to interference plus noise ratio (SINR)

of edge users, joint multiple LEDs for transmission were proposed in [110] which can

achieve a 68% throughput system improvement compared to a single system. The next

method on how to improve the performance of an edge user is frequency reuse. A combi-

nation of DCO-OFDM and fractional frequency reuse significantly reduces interchannel

interference (ICI) and offers a good balance between average spectral efficiency and system

complexity [111].

However, the current 5G mobile standard supports non orthogonal multiplexing ac-

cess (NOMA), which is capable of significantly increasing system throughput and user

connectivity in VLC networks [112]. Generally, the NOMA system is separated into three

versions, namely power-domain, code-domain and spatial domain (beamforming) [113]. In

VLC systems, power-domain NOMA is mostly adopted, in which appropriate power levels

are allocated to end users due to corresponding channel conditions [114]. The adaptation

of the NOMA scheme for usability in VLC systems is motivated predominantly by: (i) it is

efficient and flexible in multiplexing only a small number of users, (ii) the VLC system of-

fering high SNR where NOMA outperforms orthogonal schemes and (iii) receivers relying

on channel state information (CSI), which can be estimated relatively accurately due to

the quasi-static mobility of end users. For power allocation NOMA, the majority of works

have investigated the optimization of the throughput in VLC networks. A single LED VLC

system, using the Karush-Kuhn-Tucker optimality conditions, outperforms a conventional
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2.2. RELAY-ASSISTED VISIBLE LIGHT COMMUNICATION SYSTEM

OFDMA scheme [116]. Extending the previous work by combining OFDM-power line

communication (PLC) and a NOMA system makes it capable of attaining an increase in

higher data rate of about 20% [117]. The system can be improved by an optimally and

computationally efficient optimization algorithm [118] outperforming the conventional

NOMA VLC system for both LOS and non line of sight (NLOS) systems [119].

A multi-LED system can outperform an OFDMA NOMA system for edge users and

highly interference users as is shown in Figure 2.9 [115]. On the other hand, when using

a gradient projection algorithm, the NOMA scheme achieves higher sum throughput than

the time division multiplexing access (TDMA) and OFDMA schemes [120]. Moreover,

NOMA can also be used for the MIMO VLC system. An experimental investigation of

a single carrier 2×2 MIMO VLC system using frequency interference cancellation has

been done in [121], however, the authors do not consider the power allocation issue.

A normalized gain difference power allocation algorithm has been proposed for reducing

the complexity and improving the efficiency of the NOMA-MIMO system with multiple

users [122].
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2.3 Hybrid Wireless Communication Systems

Hybrid wireless systems can integrate two or more technologies (e.g., FSO/RF, VLC/RF,

VLC/FSO, VLC/WIFI and many other combinations) into a hybrid network and exploit

their advantages. Hybrid systems can play a key role in link reliability, wireless con-

nectivity and interference reduction [14]. As was mentioned in previous chapters, the

performance of OWC technologies can be affected by many factors including turbulence,

dense fog, or a pointing error in the case of FSO. These factors can significantly influence

the reliability and performance of an FSO system. One possible solution to improve link

performance is a combination of RF and FSO technologies. By combining these tech-

nologies, seamless connections, boasting large range, reliability and bandwidth can be

established in current networks [123].

Analyses of the AF dual-hop RF/FSO system combining a Rayleigh distributed RF link

and the FSO part simulated as a Gamma-Gamma turbulence channel was introduced

for the first time in [124]. Extending the previous work considered the pointing error in

the FSO link [125]. The dual-hop system outage performance, where RF was modeled as

Rayleigh fading and FSO as M-distributed fading, was investigated in [126]. The effect

of turbulence and the pointing error on the channel capacity of the RF/FSO system with

a Nakagami-m distributed RF link was studied in [127]. However, similar work for a

DF-scheme was performed in [128]. Heterodyne detection with variable gain and a fixed

relay scheme was considered in [129] and achieved a higher capacity of about 1.5 b/s/Hz

compared to IM/DD.

For data rate improvement, the combination of the dual hop MIMO-RF/FSO system

with a Gamma-Gamma distributed link was presented in [123]. The multi-user hybrid DF-
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2.3. HYBRID WIRELESS COMMUNICATION SYSTEMS

based system was analyzed in [130] with the derivation of symbol error probability of each

user. The idea of extending the previous work about an optimal power allocation scheme

for a multi-user system was proposed in [131] to optimize overall system performance.

In the case of VLC technology, the constraints mentioned in previous chapters lead

to the use of predominantly RF hybrid technologies to mitigate LOS blockages, inter-cell

interference and handover issue, which results in finding a solution to distribute users

among the RF and VLC access points to improve system performance with acceptable

fairness of the system [132]. Access point assignment was first studied in [133] and found

an optimal load balance between one RF access point and one VLC access point. A method

where all traffic is at first assigned to a VLC network, followed by users receiving a lower

data rate than the defined RF threshold are re-allocated to the RF access point [134].

Dynamical user distribution, based on channel conditions for multiple VLC and RF access

points, was proposed in [135]. This implementation improved system performance by

about 40%, compared to a single VLC or RF network. The implementation of centralized

and distributed algorithms for resource allocation among both types of access points was

analyzed in [136].

To limit the number of handovers and their hard implementation in VLC, in [137],

a dynamic load balance algorithm which assigns quasi static users to VLC access points

and moving users to RF access points was proposed. Based on previous work, two types of

load balancing algorithms were proposed in [138]. A joint optimization algorithm achieves

more than a 1.5 times higher data rate than a separate optimization algorithm. However,

with significantly higher computation complexity, it reaches even more than a 1000 times

of the separate optimization algorithm. A different approach is proposed in [139] based

on users’ statistical information of channel blockage: the users which are influenced by

channel blockages should switch to RF access points. To decrease optimization complexity,

a load balance fuzzy logic-based system was proposed in [140]. A user scores an access

point based on several conditions (throughput, SNR and interference) and then, based on

score, decides whether to connect to RF or VLC access points.

Recently, the hybrid FSO/VLC communication system has gained wide popularity

due to its properties, such as high data rate, security and relatively low interference.

A cascaded FSO-VLC system consisting of multiple VLC access points using a DF relay-

ing scheme was proposed in [141]. The FSO link is characterized by path-loss, pointing

error and atmospheric conditions while the SNR for both links is statistically character-

ized, taking into account the randomness of end user positions for indoor and outdoor

environments. The achieved results provide a compelling solution for current broadcasting

systems. Following the extension of the previous work on parallel RF/FSO, an outdoor link

was proposed in [142]. The effect of the outdoor parallel link significantly improves system

performance, especially in very strong turbulence conditions where outage probability

can be improved approximately 58 times. The performance of the hybrid DF relaying
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VLC/FSO/VLC system is derived in terms of a closed-form expression for the outage prob-

ability [143] for the VLC modeled as the Lambertian emission model and the FSO link

as a Gamma-Gamma channel under the impact of turbulence, semi-angle and FOV of

a detector. The first experimental application of the hybrid FSO/VLC system was pre-

sented for space-air-ground-ocean-integrated communication in [144]. A simple network

mechanism for identification, user mobility control and network routing is designed for

the interconnection of VLC access points. The system was designed to transfer data rate

450 Mb/s over a 1 m long OFDM-based VLC interconnection and a 960 Mb/s OOK-based

FSO over 430 m without a turbulence condition.
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Objectives of the Thesis

Relaying techniques and OWC technology, in particular, have recently received increasing

attention amongst researchers. Nevertheless, there are still many challenges awaiting

theoretical, analytical and experimental verification. Therefore, the dissertation thesis

has the following main goals:

■ Proposal and experimental verification of an all-optical FSO relaying scheme for

a last mile outdoor link

■ Analytical description of relaying schemes for VLC technology and their development

■ The methodology of design and analysis of a hybrid OWC system for last mile and

last meter interconnection

In order to meet the main goals of the thesis, the following specific milestones have been

set:

■ To analyze the performance of the FSO system under atmospheric conditions.

■ To investigate the performance of non-relaying and relaying all-optical FSO schemes.

■ To develop a theoretical model of the VLC-based relaying system and to evaluate

link performance via analytical and numerical simulations.

■ To experimentally verify relaying VLC schemes based on the analytical and numeri-

cal simulations.

■ To propose a VLC multi-user data allocation system for an indoor environment.

■ To design and verify the performance of a hybrid OWC communication system

consisting of FSO and VLC links.
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Achieved Results

The core of this thesis is based on published papers in scientific journals with impact

factor and papers in international conference proceedings. The original papers with

bibliographic citations contributing to the thesis are provided in the following sections.

Section 4.1 presents analyses of long term evolution (LTE) signal transmission over

combined fiber and FSO systems. The proposed scenario offers an effective utilization

for hybrid FSO/RF architecture providing simple signal conversion for a base station.

Moreover, the impacts of atmospheric conditions are discussed providing an extended

description of noise conditions.

Section 4.2 provides the concept of an all-optical FSO relaying system under turbulence

conditions for scenarios combining a single FSO link and a dual-hop FSO link. The results

show that the dual-hop link produces improved BER performance in comparison to the

single link. Moreover, it is shown that such a system, with all optical switching for

intermediate transfer in ad-hoc networks, can considerably mitigate turbulence-induced

fading.

Section 4.3 focuses on the utilization of relaying schemes for VLC technology. The

behavior of a mobile user acting as a relay considering realistic locations of receivers and

transmitters on a standard mobile phone within an indoor environment is investigated. I

derived a new analytical description of BER performance on the azimuth and elevation

angles of the mobile relay device.

In section 4.4, the relaying scheme model was verified and extended as defined in

section 4.3. I experimentally investigated performance for AF and DF relaying techniques

for a range of indoor link spans. I showed that the relaying scheme can outperform a single

VLC link by more than 60% over a transmission distance of 7 m.

Section 4.5 focuses on the utilization of the CAP scheme for multi-user inter-connectivity.

I developed a modified version of m-CAP, called allocated multi-CAP (Am-CAP), which

provides significantly higher allocation flexibility for 4-users with the same or less compu-

tational complexity, compared to conventional counterpart.

Following previous research in separated VLC and FSO areas, section 4.6 focuses on

the performance of joint last mile hybrid interconnection of FSO and VLC technologies.

The system performance of the VLC part is influenced by the effect of the band-limited

system and caused by a real limitation of the LED frequency response. It is shown how the
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performance of the m-CAP modulation scheme is strongly dependent on the parameters of

the pulse shaping filters. On the other hand, the impact of atmospheric turbulence on the

FSO part is also discussed to propose the best performance of a joint FSO- and VLC-based

system.
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4.1 Experimental Verification of Long-Term
Evolution Radio Transmissions over
Dual-Polarization Combined Fiber and
Free-Space Optics Optical Infrastructures

This chapter is a version of the published manuscript:

J. Bohata, S. Zvanovec, P. Pesek, T. Korinek, M. M. Abadi, Z. Ghassemlooy, “Experi-

mental verification of long-term evolution radio transmissions over dual-polarization

combined fiber and free-space optics optical infrastructures,” Applied Optics, vol. 55(8),

pp. 2109–2116, 2016.

Connection to my Ph.D. thesis:

With the immense development of 5G technologies and gigabit services, the current

requirements on network infrastructure are growing rapidly. A radio over fiber (RoF) or

radio over free space optics (RoFSO) may offer a spare option to the challenges of future

high data rate fronthaul networks. Furthermore, by avoiding the digitization process,

the complexity and energy consumption of the base station hardware are significantly

reduced. For such a system, FSO involving a dual polarization (DP) multiplexed link has

been investigated, especially in terms of SNR performance under atmospheric conditions.

Moreover, the proposed technique can be adopted for other radio services such as WIFI

or worldwide interoperability for microwave access (WiMAX), thus leading to improved

network convergence.
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This paper describes the experimental verification of the utilization of long-term evolution radio over fiber (RoF)
and radio over free space optics (RoFSO) systems using dual-polarization signals for cloud radio access network
applications determining the specific utilization limits. A number of free space optics configurations are proposed
and investigated under different atmospheric turbulence regimes in order to recommend the best setup configu-
ration. We show that the performance of the proposed link, based on the combination of RoF and RoFSO for
64 QAM at 2.6 GHz, is more affected by the turbulence based on the measured difference error vector magnitude
value of 5.5%. It is further demonstrated the proposed systems can offer higher noise immunity under particular
scenarios with the signal-to-noise ratio reliability limit of 5 dB in the radio frequency domain for RoF and 19.3 dB
in the optical domain for a combination of RoF and RoFSO links. © 2016 Optical Society of America
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1. INTRODUCTION

The deployment of small cells and the use of higher radio
frequency (RF) bands (e.g., millimeter-wave) are two possible
options to fulfill the demand for higher data rates in next-
generation wireless access networks. The third-generation part-
nership project (3GPP) of long-term evolution (LTE) with low
latency, also known as the fourth-generation technology, sup-
porting high data rates of up to 300 and 75Mbps for the down-
links and uplinks, respectively, has been proposed and
developed [1,2]. LTE intended for urban areas and operating
at a carrier frequency of 2.6 GHz imposes higher loss in wireless
transmission, which limits the cell radius due to the degrada-
tion of the signal-to-noise ratio (SNR) [3]. In small-cell-based
systems, optical fibers are considered as an ideal backhaul
medium to provide sufficient bandwidth as well as a future-
proof capacity upgrade. More recently, cloud-based radio access
networks (C-RAN) technology has been proposed as a cost-
effective and power-efficient option for deploying small cells
to meet the capacity demand of future wireless access networks.
C-RAN decouples the digital baseband processing unit (BBU)
from the largely analog remote antenna unit (RAU) and

moves it to the BBU pool or BBU hotel, thus allowing for
the centralized operation of BBUs and a scalable deployment
of RAUs as small cells [4]. In such schemes, optical fiber (OF)
communications technology plays a significant role when de-
veloping network infrastructures, particularly for connections
between adjacent cells, RAUs, and a central unit pool. OF tech-
nology covers approximately 35% of the connections between
base stations (BSs), while the remaining 55% are based on RF
wireless technology [5]. This will rise to over 60% of fiber-
connected base stations making fourth and upper generations
of mobile communications, resulting in optical infrastructures
becoming the most suitable medium for transportation of
radio signals from/to RAUs. The functions of RAUs can be
further simplified by transmitting analog RF signals over OF
backhaul networks. Unlike the conventional digital baseband
transmission schemes supporting only one service at a time,
the radio-over-fiber (RoF) transmission network [6] enables
the coexistence of multiple services and multiple operators in
shared resources, thereby offering increased link capacity, ad-
vanced networking (i.e., dynamic resources and allocations),
and features such as wavelength division multiplexing (WDM)
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[7] without the need for frequency up- or down-conversion.
Transmission of the LTE signals over OFs was presented in
[8] and highlighted improvements of the OF backhaul in terms
of power and cost effectiveness. A field trial demonstration of
high-capacity optical super-channel transmission, based on op-
tical orthogonal frequency division multiplexing with hybrid
dual-polarization (DP) quadrature amplitude modulation
(QAM)/phase-shift-keying modulations, was reported in [9],
providing up to 21.7 Tb/s transmission capacity over long-haul
optical links. Polarization division multiplexing (PDM) of two
distinctive orthogonal frequency division multiplexing
(OFDM) signals, based on ultrawide band standards over
the RoF system in passive optical networks, was experimentally
demonstrated recently in [10] and effectively doubled the
capacity of the system. In [11], an experimental investigation
of the RoF system over 100 km of fiber was demonstrated using
PDM and the RF frequency bands of 2.6 GHz and 800 MHz,
with the highest polarization discrimination of ∼30 dB.

However, the application of RoF depends on the availability
of installed OFs between various network facilities to connect
BBU and RAU within the C-RAN architecture, and therefore it
is possible to considerably extend multiple services over one
fiber by using several frequency channels or the WDM tech-
nique as showed in [12]. Installation of OF cables can be chal-
lenging and costly, especially in urban areas with dense building
structures. Once OF cables are installed, rewiring then becomes
a difficult and time-consuming task when the distribution of
wireless users (WU) and the number of WUs are changed.
Therefore, a limited amount of installed OFs highlights the
usefulness of free space optics (FSO) [13] technology as it offers
the same features as OFs, but with considerably reduced de-
ployment cost and significantly higher capacity [14] compared
to conventional RF wireless approaches.

The concept of radio over FSO (RoFSO) has been exper-
imentally introduced by combining a full optical FSO system
(employing a 1 km FSO turbulent link at a wavelength of
1550 nm) with a digital TV RF signal without any signal con-
version in [15,16]. In [17], a Dense WDM system with RoFSO
technology was used to transmit a range of various radio ser-
vices over 1 km of FSO link under turbulence conditions offer-
ing a similar bandwidth to OF for both indoor and outdoor
(short-range) applications with 99.9% of link availability.
Therefore, it is desirable to extend the existing RoF concepts
to RoFSO so as to cover the entire optical transmission tech-
nology within future C-RAN. In such scenarios, it is essential
to determine system statistics under various channel configu-
rations (i.e., OF, FSO, or a hybrid OF–FSO). A typical sce-
nario employing combined RoF and RoFSO systems is
shown in Fig. 1. Among the number of challenges encountered
in FSO systems, the atmospheric-induced fading effects (both
amplitude and phase) of the received optical signal are the most
important [18]. RoFSO can transmit all types of RF signals
without interference, and therefore increasing the number of
independent channels and expanding the capacity in the
optical domain becomes highly desirable. WDM based on an
optical power allocation scheme, with consideration of the op-
tical modulation index under a total optical transmission power
limitation for an adaptive RoFSO link design, was proposed

in [19]. A novel wireless network architecture using RoFSO
for WLANs, together with an RF assignment mechanism based
on RoFSO, was proposed and investigated in [20] and offered
efficient frequency utilization in terms of both the throughput
and fairness index. A coherent multilevel polarization shift key-
ing transceiver using spatial diversity detection in the FSO
channel was theoretically investigated in [21] for different tur-
bulence regimes. The authors reported a predicted power pen-
alty of ∼25 dB at a symbol error probability of 10E-8 for the
strong turbulence regime (Rytov variance σ2R of 3.5). The first
concept of the dual-polarization-multiplexing RoFSO system
proposed for the LTE radio signal was investigated in [22].

In this paper, an optical dual-polarization LTE RoF and
RoFSO system for C-RAN networks using the PDM scheme
is proposed. Novel experimental results in terms of the mea-
sured and simulated error vector magnitude (EVM) statistics
are presented and evaluated. We consider four typical channel
configurations using combinations of RoF and RoFSO. The
performance of the RoFSO system is highly influenced by envi-
ronmental factors, and thus we focus on the FSO channel
under the turbulence regime. Based on the investigation of
the channel dynamic range and noise immunity tests, we have
extended the measurement results to include EVM character-
istics and have derived specific limits of utilizations of RoF and
RoFSO systems. We show that the performance of the pro-
posed link based on the combination of RoF and RoFSO
for 64 QAM at 2.6 GHz is more affected by the turbulence
based on the measured difference EVM value of 5.5%. We fur-
ther show that the proposed systems can offer higher noise im-
munity under particular scenarios with the SNR limit of 5 dB
in the RF domain for RoF and 19.3 dB in the optical domain
for the combination of RoF and RoFSO links.

The rest of the paper is structured as follows: Section 2 in-
troduces the properties of the proposed system with different
configurations and atmospheric turbulence. Results from the
measurements and simulations are discussed in Section 3,
and the conclusions are presented in Section 4.

2. EXPERIMENTAL SETUP

A. Main Setup Description
The experimental setup consists of transmitter (Tx), channel,
and receiver (Rx) parts as shown in Fig. 2. On the Tx side, both
branches are modulated by two independent RF signals prior to

Fig. 1. Example of RoF and RoFSO scenario adopting C-RAN
architecture.
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the application of a polarization-multiplexing technique for
transmitting over the optical channel (OF and FSO).

A distributed feedback (DFB) laser diode (ID-Photnonics
TL CoBrite Dx4) at a wavelength of 1550 nm was used as
the optical source (OS). The output of the OS, passing through
a power splitter (Opneti PBS 15-L-1-1-FA), is externally
modulated with two digital RF signals (vector signal generators
R&S SMBV 100 A and SMW 200 A) of the same carrier fre-
quency and equal bandwidth using Mach–Zehnder modulators
(MZMs) (Thorlabs LN81S). For a detailed description of the
influence of MZMs on RoF, please refer to [23]. The two
orthogonal polarization states of the modulated light beams
were controlled using two polarization controllers (PCs) and
combined via the polarization beam combiner prior to being
launched into standard SMFs. As shown, erbium-doped fiber
amplifiers (EDFAs) (Keopsys KPS-BT2-C-10-LN-SA) were
used to compensate for the channel loss. Four types of the
RoF/RoFSO-based channel configurations were investigated:

(i) Setup A: 5 km of SMF and EDFA
(ii) Setup B: EDFA and the FSO channel
(iii) Setup C: 5 km of SMF, EDFA, and the FSO channel
(iv) Setup D: EDFA, 5 km of SMF (representing the typical
transmission span for RoF links), and the FSO channel.

Since the focus in this work was only on the RoF and
RoFSO parts of the RAN system, we did not consider
retransmission or signal recovery between the OF and FSO
parts, which is typically done by the remote RoF units. At
the Rx, a PC was used to adjust the polarization states of
the incoming optical signal before being fed into a polarization
beam splitter (PBS) according to [10] and [11]. PDM optical
signals can be potentially demultiplexed by coherent detection
and digital signal processing. Polarization dependence of coher-
ent detection can then be managed by means of optical dy-
namic polarization control or a polarization diversity Rx
[24,25]. In a conventional polarization diversity Rx, two sets
of Rxs are used to independently detect signal components
in the two orthogonal polarization states and the original signal

is recovered after combining two components, which is rather
inefficient in terms of hardware. However, when two PDM
channels are simultaneously transmitted at orthogonal polari-
zation states, a polarization diversity Rx in principle can receive
both channels—for example, by using optical dynamic polari-
zation control at the Rx. An all-optic scheme for PDM systems
using a dynamic PC has been proposed in [26]. It has been
suggested that PDM optical signals can potentially be demul-
tiplexed by combining coherent detection and polarization/
phase diversity [27].

The Rx is composed of a pair of encapsulated balanced PIN
photodiodes (PDs) and a transimpedance amplifier (TIA,
Newport 1544-B50). The output of the TIA was captured
for further processing using a signal analyzer (R&S FSV).
We used LTE-evolved universal terrestrial radio access
(E-UTRA) test models with 16 and 64 QAM in polarization
state 1 (noted as Pol 1). An independent digital mobile radio
service with 16 QAM, having the same parameters (frequency,
bandwidth, and power) as the signal in Pol 1, was launched to
polarization state 2 (Pol 2).

The polarization orthogonality was continuously verified by
monitoring the parameters at the Tx for one polarization state
(i.e., Pol 1) while the signal in the second polarization state (i.e.,
Pol 2) was switched off and on with no influence observed on
either the original power magnitude, SNR, optical signal to
noise ratio (OSNR), or the corresponding EVMs. In the exper-
imental setup, we used two commonly adopted LTE frequency
bands of 800 MHz and 2.6 GHz with the bandwidth set to
10 MHz. We also set the peak envelope power below the limit
of 15 dBm to avoid harmonic distortions at the recovered RF
spectrum. All key adopted system parameters are listed in
Table 1. For the FSO links, graded-index lenses (Thorlabs
50-1550A-APC) with an aperture of 1.8 mm and convex lenses
with a diameter of 25.4 mm (SMPF_115-APC) were used to
launch and couple light from/into the SMF. FSO links were
subjected to atmospheric turbulence in order to assess the per-
formance of the proposed system.

Fig. 2. Schematic diagram of DP-LTE over optical communications for C-RAN architecture (upper part shows laboratory setup; the correspond-
ing network structure is illustrated below).
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B. Noise Conditions
In this section, we outline the noise sources associated with the
link, in particular the shot noise, thermal noise, and relative
intensity noise (RIN).

The power of the shot and thermal noise sources can be ex-
pressed as the fundamental noise [28],

N fund � �g rf � 1�kBT f � 1

2
qIDCf Rout; (1)

where g rf is the RF gain, kB is Boltzmann’s constant, T is the
temperature, q is the electronic charge constant, IDC is the aver-
age PD DC current, and Rout is the matching load resistance.

Additionally, there is the excess photon noise due to fluctu-
ations of the intensity of the light source as a result of the beat-
ing of various spectral components having random phases. For
a purely spontaneous source, it is given as [29]

Δi2ex �
��1� α2�I 2Δf

Δveff

�
; (2)

where α is the degree of polarization and Δveff is the effective
bandwidth. Though all three noise sources can be used to es-
timate the RIN, it should be noted that Δi2ex should only be
used for optical sources with a purely spontaneous emission
profile.

The RIN, associated with the optical devices, represents the
total amount of photon noise per unit bandwidth and is de-
fined as

RINtotal �
P2
f

P2 � Δi2th � Δi2sh
I 2Δf

� 4N total

I2dcRout

; (3)

where P2
f is the autocorrelated value of the optical power fluc-

tuation at frequency f , which can be measured using an elec-
trical spectrum analyzer to represent the total output noise
power spectral density N total delivered to Rout. P is continuous
wave optical power, which contributes to IDC.

Note that the shot noise is divided into two branches
(matching circuit and load). With the links employing optical

amplifications, there are additional noise contributions. The
primary noise source in optical amplifiers (e.g., EDFA) adopted
in optical communications is amplified spontaneous emission
(ASE), with a spectrum almost the same as the gain spectrum
of the amplifier. When detected, these spontaneously generated
photons result in signal-spontaneous (sig-sp) and spontaneous-
spontaneous (sp-sp) beat noise currents. The sp-sp beat noise
power density is inversely proportional to theOSNR2, whereas
the sig-sp beat noise power density is inversely proportional to
the OSNR. The sp-sp beat noise also depends on the baseband
frequency, with the noise density decreasing with increase of the
baseband frequency. In principle, the sp-sp beat noise intensity
spectrum could be as wide as the optical amplifier bandwidth in
the absence of optical filtering. From a practical point of view,
the excess noise regime is highly important, where the noise
level is higher than the level of shot noise due to the influence
of sig-sp beat noise, etc. Therefore, here we only consider the
sig-sp beat noise, which is given as [28]

RIN sig-sp �
4nsphν
goptPsig

; (4)

where nsp is the spontaneous emission factor, h is Planck’s con-
stant, ν is optical frequency, gopt represents the optical power
gain of the EDFA, F opt is the noise factor of the EDFA, and Psig

stands for average optical signal power input to the EDFA.
Assuming that gopt ≫ 1, Eq. (4) can be expressed as

RINsig-sp ≈
2F opthν
Psig

: (5)

F opt is related to the shot noise and the detection scheme.
For an ideal detector, F opt � 2nsp. The degradation of SNR in
RoF and RoFSO links is represented by the RF noise factor F rf

with respect to thermally limited input and is defined in terms
of the RoF link output noise power N out as [28]

F rf ≡
N out

g rf kBT
: (6)

Typically, F rf is enumerated under T � 290 K. We can re-
write the definition of the noise factor by using Eq. (3) and the
RF gain as

F rf ≡
V 2

πRINtotal

π2RinkBT
; (7)

where Rin is the input resistance of the MZM and V π is a con-
venient parameter to specify the efficiency of an electro-optic
intensity modulator, which is defined as the voltage required to
change the optical power transfer function from the minimum
to the maximum.

In the experimental test setup, the SNR was set in the RF
domain directly via the signal generator by including an addi-
tional noise source while the OSNR was controlled by adding a
variable optical attenuator placed directly behind the EDFA in
setups A and C to avoid the amplifier’s gain-induced OSNR
fluctuations as depicted in Fig. 2. In setup C, we positioned
the optical attenuator in front of the optical link to maintain
the desired OSNR level over the FSO channel. OSNR was
measured using an optical spectrum analyzer. Here, we have
adopted the intensity modulation with direct detection (IM/
DD) scheme and used single-drive MZMs which were biased

Table 1. Setup Parameters

Parameter Value

Carrier frequencies 800 MHz and 2.6 GHz
System bandwidth 10 MHz
OFDM subcarriers 667
OFDM symbols/subframe 7
RF output power −5 dBm
Modulation scheme 16 and 64 QAM
LTE test models E-TM2 and E-TM3.2
DFB
-laser output power 8 dBm
-wavelength 1550 nm
FSO channel length 2 m
FSO channel loss 15 dB
Fiber 5 km loss 1.7 dB
EDFA
-noise figure <5 dB
-return loss > − 40 dB
PIN responsivity 0.75 A/W
TIA bandwidth 10–12 GHz
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at their maximal transmission point. At the input of the MZM,
the field waveform (in time t) can be expressed as [28]

E IN�t� � κ
ffiffiffiffiffiffiffiffiffiffiffiffi
2P laser

p
ejω0t ; (8)

where P laser is average laser power at angular frequency ω0 and κ
is a constant relating field and average power. The input voltage
to the MZM is defined by

V IN�t� � V dc � V RF sin�ω0t�; (9)

where V dc stands for bias voltage and the expression
V RF sin�ω0t� defines the modulating RF signal V RF.
Among other factors, IM/DD introduces additive noise to
the hybrid radio and photonic system.

C. FSO Turbulence Effects
There are a number of methods for generating turbulence
within an indoor controlled environment, including near-index
matching, liquid-filled chambers, spatial light modulators, ion-
exchange phase screens, surface etching, and hot air chambers
[30]. For assessing the performance of the proposed scheme, we
have adopted the latter and used an artificial turbulence gen-
erator with known, realistic, and repeatable characteristics. Two
fans were used to blow hot air into the channel perpendicular to
the propagating optical beam. To measure the temperature pro-
file and determine the temperature gradient along the channel,
we placed 20 thermal sensors at an interval of 10 cm along the
FSO channel. We used Rytov variance and the refractive index
structure parameter to characterize strength of the turbulence
according to [22]. The variance of the log-intensity signal fluc-
tuation defined by Rytov variance σ2R is given by [31]

σ2R � 1.23k
7
6C2

nL
11
6 ; (10)

where k � 2π∕λ is the wavenumber and λ is the transmission
wavelength.

C2
n is the refractive index structure parameter (the main

measure of the turbulence scale), which is given as [18]

C2
n �

�
79 × 10−6

Pa

T 2

�
2

C2
T ; (11)

where Pa is the atmospheric pressure in millibars. C2
T is the

temperature structure constant, which is defined as [18]

C2
T � �T 1 − T 2�2∕L2∕3p : (12)

T 1 and T 2 are temperatures at two points separated by dis-
tance Lp. Knowing the thermal distribution along the FSO
propagation path, it is possible to determine C2

T and then C2
n.

3. EXPERIMENTAL AND SIMULATION RESULTS

The experimental section is divided into three parts. In part A,
the transmission properties of four selected scenarios (setups
A–D; see Fig. 2) were tested under the steady-state condition
with no turbulence. Part B describes the detailed investigation
of the dynamic range and noise conditions of the RoF system
compared to the hybrid RoF and RoFSO (setups A and C) sys-
tems. Finally, part C outlines the comparison of the links in-
cluding the FSO channel under turbulence regimes (setups
B–D).

A. System Properties
We have tested the suitability of proposed scenarios A–D using
the polarization multiplexed technique for RF signals. Two
standardized E-UTRA test models were selected for the inves-
tigation of the channel quality: Test models 2 and 3.2 [32].
Both test models are specified for testing E-UTRA systems with
an emphasis on either the dynamic range or the quality of the
transmitted signal using 64 and 16 QAM, respectively.

Scenarios A and B evinced EVM around 1%, while scenar-
ios C and D evinced EVM between 2% and 3%. It can be
observed that scenarios A and B offer roughly two or three
times better EVM performance when compared to the hybrid
RoF and RoFSO systems (C and D). Nevertheless, all scenarios
show EVM values dramatically below the maximal 3GPP LTE
EVM threshold of 8% recommended for high-data-rate sys-
tems [33]. Note that for setup A, with 5 km of SMF, the output
power of EDFA had to be decreased in order to ensure that the
PIN PD was not saturated or damaged. The gain of the EDFA
was preserved throughout the experimental work in order to
maintain similar conditions. Last but not least, we simulated
the conditions of a real system by employing an EDFA in order
to further increase the transmission span.

B. Noise Parameters
Next, we carried out several tests focusing on the quality of the
E-UTRA signals transmitted over the optical channels for a
range of OSNR and SNR values. These tests were focused
on the hazard noise effects described in Section 2B, which
can significantly reduce both OSNR and SNR, thus degrading
the performance of RoF and RoFSO systems. At first, we car-
ried out simulations for the EVMs for the proposed system fea-
turing SMF and FSO sections (setups A and C). Subsequent
measurements using a frequency of 2.6 GHz and 64 QAM
were also carried out to validate the simulated results. The con-
stellation diagrams of the 64 QAM and the evolution of the
EVM parameter were evaluated both experimentally and by
means of simulation, which was then correlated. Figures 3
and 4 depict the predicted and measured EVM as a function
of the OSNR for setups A and C, respectively. For setup A,
there is a mismatch between the measured and predicted
EVMs, with the maximum difference of <2% at an OSNR
of 28 dB. This is, in all probability, caused by the slightly differ-
ent properties of simulated and real behavior of EDFAs, which

Fig. 3. Simulated and measured EVM as a function of OSNR for
64 QAM at a frequency of 2.6 GHz for 5 km of SMF (setup A). Inset
shows the constellation diagrams.
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are due to the ASE being the main noise source in the optical
domain. For setup C, there is a good match between the mea-
sured and predicted plots. The measured (red) and simulated
(black) constellation diagrams are also shown in Figs. 3 and 4.
These plots show that the RoF with 5 km of fiber can operate
over a wide range of OSNR (i.e., from 36 to 21 dB) whereas,
for the hybrid RoF and RoFSO links, the OSNR range is only
10 dB (from 29 to 19.3 dB). In the case of the FSO channel,
this can be attributed to the power budget being significantly
lower and the noise floor belonging to a particular scenario. The
experimental and simulated EVM curves for setup C show the
same trend for OSNR values of 29 and 21 dB as in setup A,
with the only difference being the initial EVM values. In ad-
dition, as just described, the EDFA power had to be reduced
while using setup A, which resulted in a minimal OSNR value
of ∼21 dB. It can be observed that the proposed systems even
operate over the recommended 8% EVM limit when using
64 QAM, but at the cost of higher error probability.

Next we investigated the EVM as a function of the SNR,
which was measured on the Rx side, for setup C for
64 QAM at a frequency of 2.6 GHz with no turbulence, as
shown in Fig. 5. The insets illustrate the corresponding
constellation diagrams. The plots demonstrate a good agree-
ment between the measured and simulated results. The
SNR dynamic range shows a decrease of ∼5 dB compared

to setup A (while employing only 5 km of SMF). Both scenar-
ios meet dynamic range requirements for home, local, and
wide-area BSs specified by [32].

C. Turbulence
Finally, we compared the performance of both RoFSO (setup
B) and the hybrid RoF and RoFSO (setups C and D) systems
under the influence of atmospheric turbulence. The average
values of ΔEVM for these particular scenarios were captured
for a range of the refractive index structure parameter C2

n.
Since the initial magnitude of EVM was different for particular
scenarios, all EVM values were aligned by showing the ΔEVM.
We have adopted the frequency of 2.6 GHz for further detailed
investigations since the performance of the systems for
800 MHz and 2.6 GHz are almost the same. We compare
all optical-based systems including the FSO part (setups B,
C, and D from Fig. 2) at 2.6 GHz for 64 QAM for different
turbulence regimes in terms of changes in EVM, as illustrated
in Fig. 6.

The higher C2
n is, the larger the fluctuation of the power

magnitude and its corresponding EVM values, which can ex-
ceed the reliability limits of the RAN system. The proposed
LTE test model for 64 QAM fulfills the reliability and the high
data-rate limit of EVM (i.e., <8%). Results indicate that a
RoFSO scenario evinces the best properties comparable to
the hybrid RoF and RoFSO setups C and D, where tolerable
limits were exceeded approximately beyond the threshold C2

n of
∼7.0E − 11 m−2∕3, in particular because of high fluctuations
observed in EVM. In other words, the use of the RoF technol-
ogy, together with RoFSO under the turbulence condition, re-
sulted in slightly reduced performance compared with the
RoFSO link in terms of increased mean value of ΔEVM by
2.5% and 5.5% in setups C and D, respectively, at C2

n of
∼1E − 10 m−2∕3. This cannot be attributed only to added
SMF (with an average EVM of 1%), and therefore the overall
EVM system has to be determined. The hybrid setups (C and
D) offer a reliable, high data rate transmission for the C2

n value
up to ∼7E − 11 m−2∕3, which corresponds to C2

n of 5.37E −
14 m−2∕3 in the case of a 100 m long FSO link extrapolated
through the Rytov variance expression in Eq. (11). The pre-
dicted values largely fall into the moderate turbulence regime,
thus representing typical maximal turbulence strength accord-
ing to [18] and [34], where a 1 km long FSO link under a real
turbulence condition was investigated. By placing the EDFA
between the RoF and RoFSO systems so as to compensate

Fig. 4. Simulated and measured EVM as a function of OSNR for
64 QAM at a frequency of 2.6 GHz for 5 km of SMF + FSO channel
(setup C). Inset shows the constellation diagrams.

Fig. 5. Simulated and measured EVM as a function of SNR for
64 QAM at a frequency of 2.6 GHz for 5 km of SMF (setup C).
Insets show the constellation diagrams.

Fig. 6. ΔEVM as a function of the refractive index structure param-
eter C2

n for setups B, C, and D for 64 QAM at 2.6 GHz and OSNR
corresponding to maximal values for each particular scenario.
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for the loss in the RoF link and boost the incoming signal prior
to the RoFSO link, the EVM is improved by ∼3%, as shown
within the high fluctuation region in Fig. 6. Note that the op-
tical output power (OS and EDFA) levels were kept at a rel-
atively low level to avoid the more significant role of nonlinear
effects in OF.

4. CONCLUSION

Having proposed an optical dual-polarization LTE RoF and
RoFSO system for C-RAN networks and having evaluated
its performance in terms of the measured and simulated
EVM statistics, we showed the configuration of radio systems
for 64 QAM at 2.6 GHz, incorporating FSO under the turbu-
lence regimes, which lead to EVM values below 8% for C2

n of
up to 5.37E − 14 m−2∕3 when considering a 100 m long FSO
link. We also showed that the performance of the proposed link
based on the combination of RoF and RoFSO was more af-
fected by the turbulence, with the measured ΔEVM value in-
creased to 5.5%. However, the EVM was reduced by ∼3%
when placing an EDFA between the RoF and RoFSO links.
The proposed systems can offer higher noise immunity under
particular scenarios, with SNR reliability limits of 5 dB in the
RF domain for RoF and 19.3 dB in the optical domain for
RoFSO links. There were no significant changes in the polari-
zation of the radio PDM system while propagating through the
fiber and FSO channels, thus illustrating proposed system
attributes to a higher transmission capacity. The employment
of the dual-polarization solutions, as part of the C-RAN infra-
structures, creates a dense network between the RF base-end
parts and central cloud pools, thus making the infrastructure
simpler and more robust. Moreover, the proposed technique
can be adopted for other radio services such as WiFi or
Wimax, thus leading to improved network convergence.
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4.2 Experimental Verification of an All-Optical
Dual-Hop 10 Gbit/s Free-Space Optics Link under
Turbulence Regimes

This chapter is a version of the published manuscript:

J. Libich, M. Komanec, S. Zvanovec, P. Pesek, P. Popoola, Z. Ghassemlooy, “Experimental

verification of an all-optical dual-hop 10 Gbit/s free-space optics link under turbulence

regimes,” Optics Letters, vol. 40(3), pp. 391–394, 2015.

Connection to my Ph.D. thesis:

To achieve greater diversity and data rates, it was necessary to investigate an all-optical

FSO switching system for intermediate transfer in ad-hoc networks. Relaying systems

support optical interconnection between source and destination which cannot be reached

by a direct LOS link. Compared with an electrical relaying scheme, where the relays use

OE/EO converters, all-optical relaying avoids requiring high-speed electronics and EO

devices. We have proved that the proposed system can considerably mitigate turbulence-

induced fading. Moreover, a dual-hop FSO link can provide up to four orders of magnitude

improvement in BER under the presence of atmospheric turbulence against a single FSO

link.
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This Letter presents original measurement results from an all-optical 10 Gbit/s free-space optics (FSO) relay link
involving two FSO links and an all-optical switch. Considering the fact that reported analyses of relay links are
dominated by analytical findings, the experimental results represent a vital resource for evaluating the performance
of relay FSO links in the presence of atmospheric turbulence. Bit-error-rate (BER) performance of the relay system is
tested for single and dual-hop links under several turbulence regimes. Furthermore, results from this measurement
are used to ascertain real parameters of the outdoor links and to improve the accuracy of simulation results. Results
show that using a dual-hop FSO link against a single FSO link could result in up to four orders of magnitude
improvement in BER in the presence of atmospheric turbulence. © 2015 Optical Society of America
OCIS codes: (060.2605) Free-space optical communication; (010.1330) Atmospheric turbulence.
http://dx.doi.org/10.1364/OL.40.000391

Free-space optical (FSO) communications, as part of
optical wireless communications (OWC) systems, is an
emerging complementary technology for addressing
the last-mile bottle neck in future access networks.
FSO technologies are nowadays capable of transferring
up to 1.6 Tbit/s over a single link by employing dense
wavelength division multiplexing (DWDM) [1]. The huge
unlicensed bandwidth and its ability to deliver high data
rates make FSO very attractive for the backbone seg-
ments of 5G mobile infrastructures and ad hoc hybrid
networks.
Although recent Letters provide a strong analytical

background for multihop links within ad hoc and mesh
networks, experimental validations of such schemes
are yet to be reported. We aim to address this by studying
an all-optical two-hop FSO system in a laboratory envi-
ronment. This Letter considerably extends our previous
experiments devoted to routing techniques and ad hoc

network diversity segments [2] where only parallel
OWC links were characterized.
As in radio frequency-based systems, FSO link perfor-

mance is also affected by the atmospheric conditions
including turbulence [3]. In the turbulence channel, the
variation in the received optical signal power is typically
expressed by the Rytov variance, which depends on the
refractive index structure parameter C2

n. Several statisti-
cal models have been developed for intensity variation
due to turbulence. The most widely used of these models
are the log-normal distribution, which well describes the
weak turbulence regime and the gamma-gamma distribu-
tion that is most suitable for medium to strong turbulence
regimes [4].
The performance degradation of an outdoor FSO link

in terms of the optical signal fades due to the atmos-
pheric turbulence is very well reported both theoretically
and experimentally. To reduce the effect of atmospheric
turbulence on the FSO link, a number of techniques have
been proposed including aperture averaging [5] and

spatial diversity [6] at the receiver, and novel modulation
schemes [7].

In complex ad hoc networks with short link spans
between nodes, the path-routing approach could be
adopted to avoid paths that are severely affected by
turbulence or minimize the effect of turbulence as illus-
trated in Fig. 1. Outdoor experimental evaluation of a real
FSO mesh network communication system was per-
formed by Kaneko et al. in 2002 in the Tokyo metropoli-
tan area [8]. This was the first report on ascertaining the
effectiveness of routing in a FSO mesh network.

The mechanism of turbulence spread over several
internode links introduces quite a complex task especially
in terms of the evaluation of joint fading statistics.
Karagiannidis et al. have considered K -distribution
atmospheric-induced fading models for the multihop
FSO systemunder the strong turbulence regime in [9]. The
outage probability involving statistically independent, but
not necessarily identically distributed, Nakagami relay
channels was evaluated in [10]. The outage probability
of relay-assisted links was derived in [11,12].

Fig. 1. Multihop scheme within the ad hoc network.
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Both amplify-and-forward and decode-and-forward
methods were analytically tested for multihop configura-
tions showing power margin improvements of 12.2 and
18.5 dB, respectively, at a link-span of 5 km. The analysis
assumed channel-independent small turbulence-induced
fading characterized by the log-normal distribution. In
[12] further analyses and optimizations of serial and par-
allel nodes together with quantification of advantages re-
lating to the number of relays and channel parameters
were presented. Algorithms for optimal node locations
based on the outage statistics were proposed.
Transmission protocols without the need for synchro-

nization in relay-assisted FSO systems were proposed by
Chatzidiamantis et al. in [7]. Numerical tests for the out-
age probabilities and optimal power allocation were ac-
complished for all-active (worst tested case), select-max,
and distributed switch and stay relay (DSS) selection pro-
tocols while considering the gamma-gamma channel
model. The effect of employing erbium-doped fiber am-
plifier (EDFA) amplifiers within the FSO relay network
has been investigated by Bayaki et al. in [13].
In order to validate analytical approaches, we have

carried out an experimental measurement campaign us-
ing a real state-of-the-art dual-hop wireless optical sys-
tem setup [see Fig. 2(a)]. The link is composed of two
FSO channels connected in series with an all-optical
switching unit in between. A detail of the FSO link is de-
picted in Fig. 2(b).
The signal generator (and simultaneously a BER

tester–BERT) was formed by a VeEX VePAL TX300/e net-
work analyzer using a 1550 nm Finisar FTRX-3661-334
XFP transceiver, which was modulated by a 10 Gbit/s
on–off keying (OOK) pseudo-random binary sequence
(PRBS). The output of the signal generator was launched
into a conventional single-mode fiber (SMF) via a
gradient-index (GRIN) lens (GRIN2315-Thorlabs) to form
the first FSO transmitter (Tx1). An optical attenuator
(ATT) is used to control the level of transmitted optical

power. The GRIN lens enabled lower divergence of the
output field in contrast to bare SMF facet, with focal
length f � 1.94 mm and numerical aperture NA � 0.46.
A second plano–convex lens (N-BK7, Thorlabs) with f �
50 mm was placed in the transmitter segment to focus
the beam on the receiver segment. The receiver is com-
posed of a plano–convex lens (N-BK7) with a focal length
f of 150 mm, a GRIN lens, and a SMF. The output of the
SMF was then passed though an EDFA prior to detection.
The EDFA ensured a stable power level and was set
to 0 dBm.

The total length of the experimental FSO channel for
each link was 1.5 m. The turbulence within the channel
was created using a heater with an adjustable built-in fan.
Ten temperature sensors (TS) were equidistantly placed
along each FSO channel at a distance of 0.15 m to pre-
cisely capture temperature profiles along both channels.
Refractive index structure parameter C2

n was determined
to be associated with thermal fluctuations by Obukhov
[14] and Corrsin [15] from temperature T and pressure
P as

C2
n �

�
79 · 10−6

P

T2

�
2
C2

T ; (1)

where temperature structure parameter CT related to the
2∕3 power law of temperature variation along the path
can be obtained from temperature structure function
DT �R� by [3]

DT�R� � h�T1 − T2�2i � C2
TR

2∕3; l0 < R < L0: (2)

T1 and T2 stand for temperatures measured at two
points separated by distance R, and l0 and L0 represent
the inner and outer scales of turbulence, respectively.

The FSO1 link experienced correlated turbulence with
the FSO2 link. The insertion loss of the complete FSO1
was measured to be 5.5 dB, and the FSO2 link experi-
enced a similar loss (also having a length of 1.5 m).

The switching setup was based on our previous work
[16]. We have used a polarization controller (PC) to set
the polarization state of the preamplified input data sig-
nal from the FSO1 link. The polarized signal was com-
bined, using a 50∕50 coupler, with the pump signal at
1556 nm, generated by a tunable laser (TL), which also
passed through a PC. The TL covers the entire C- and
L-band, thus enabling signal switching within the C-band.
The signal was amplified using an EDFA to a total output
power level of 21 dBm. A small fraction of the amplified
signal was captured by an optical spectrum analyzer
(OSA) for monitoring purposes. The remaining part of
the signal passed through a highly nonlinear fiber
(HNLF), a 99∕1 power splitter, and an arrayed-waveguide
grating (AWG) to Tx2.

Figure 3 shows the measured four-wave mixing wave-
length conversion efficiency (CE), for better illustration
fitted by polynomial curves, as a function of the SNR at
the output of FSO1 for a range of C2

n. The best CE ob-
tained is −10.4 dB for the case of no turbulence and
no applied attenuation at an SNR of 37 dB.

By gradually decreasing the SNR and/or increasing the
turbulence strength, the CE value reduces (also caused

Fig. 2. (a) Block diagram of the laboratory experiment with
(b) a detail of the dual-hop FSO link.
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by higher added noise in the PREAMP/PB stage). For in-
stance, the two curves for C2

n � 5.5 · 10−14 m−2∕3 (marked
with circles) and C2

n � 5.7 · 10−14 m−2∕3 (marked with
crosses) in Fig. 3 imply that with stronger turbulence
level, the fluctuations of the data signal power levels
affect the CE significantly.
At first we carried out a test on the single 10 Gbit/s op-

tical wireless link and used it as a reference for further
tests with a dual-hop FSO link and in combination with
the all-optical switching method. Figure 4 depicts the
measured BER performance of a single FSO link with
and without the turbulence effect. This figure also in-
cludes the analytical BER plot without turbulence as
presented in [3]. As expected, the plots show degradation
of the link’s BER in the presence of turbulence. It can be
seen that for a particular SNR value, turbulence degrades
the BER performance by orders of magnitude. For in-
stance, at an SNR of 20 dB and with very weak turbu-
lence (C2

n � 6.3 · 10−16 m−2∕3), the BER is 5 · 10−7

increasing by three orders of magnitude to 8 · 10−4 in
the presence of turbulence (C2

n � 4.1 · 10−14 m−2∕3). For
smaller SNR, results of analytical analysis differ from
measured data owing to noise generated by the optical
amplifier, because amplification of a low signal to the
particular level decreases SNR.
Next, we carried out tests and measurements on the

dual-hop FSO configuration. As in the first measurement,
two FSO channels with 1.5 m lengths were used as a
common turbulent channel. Following amplification,
the output signal from the FSO1 link was optically
switched to the wavelength of 1547.6 nm (37th channel
of the DWDM 100 GHz ITU-grid) and propagated

backward via the FSO2 link to the BERT receiver. The
FSO2 link turbulence was highly correlated with that
of FSO1. The impact of this turbulence on the dual link
is depicted in the measured eye diagram of Fig. 5. The eye
SNR dropped from 8.3 to 7.3 dB owing to turbulence.

To further quantify the impact of turbulence on this
dual-hop system, we present the measured BER for
several turbulence regimes in Fig. 6. Comparing both
measurement configurations, it is important to note that
at a BER of around 10−3 and with the same turbulence
level the SNR requirements are 19 and 12 dB for the sin-
gle link and the dual-hop link, respectively. Also, if we
consider, say, an SNR of 20 dB, BER for the single
and dual-hop links are about 8 · 10−4 (for turbulence with
C2

n�4.1 ·10−14m−2∕3) and 9 ·10−9 �C2
n � 3.6 · 10−14 m−2∕3�,

respectively. These values represent a considerable
improvement in the dual-hop link performance over
the single hop.

We also carried out simulations of BER performance
(based on the work reported in [3] and [4]) using a setup
that models exactly the components used in the experi-
mental measurements. Simulation was optimized using
data from experimental measurements and then was
used for the simulation of the real FSO link. The simula-
tion software enabled both fiber optics (with precise
parameter settings for, e.g., the nonlinear fiber) and
the FSO link including atmospheric turbulence, beam di-
vergence, etc. We performed the simulation for both the
single and dual-hop FSO links with varying link lengths.
The parameters of both FSO transceivers were set iden-
tical with a beam diverge of 2.16 mrad, transmitter aper-
ture of 1 cm, receiver aperture of 10 cm, data rates of
10 Gbit/s using OOK with the nonreturn-to-zero pulse
pattern, and a link length of 500 m to correspond a real
FSO link [17].
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Fig. 5. Eye diagram for the dual-hop FSO link under (a) weak
turbulence C2

n � 10−16 m−2∕3 and (b) medium turbulence
C2

n � 10−14 m−2∕3. Here, x axis is time, 20 ps/div; y axis is volt-
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Figure 7 shows the simulation results for BER perfor-
mance of a single 500 m long FSO link and dual-hop FSO
link (the link was divided into two 250 m long links)
under turbulence with C2

n of 10−15 and 10−13 m−2∕3. It
can be seen that by separating the wireless optical link
into two shorter paths, the impact of the turbulence
on the BER performance can significantly be reduced
by up to four orders of magnitude.
To summarize this Letter, we have experimentally an-

alyzed the concept of a 10 Gbit/s dual-hop FSO link under
turbulence regimes. We have performed several paramet-
ric studies of the single FSO and dual-hop FSO links
under turbulence conditions for a link span of 100 to
500 m. The results show that the dual-hop link has a bet-
ter BER performance than the single link. Moreover, we
have successfully shown that such a system with all-
optical switching for intermediate transfer in ad hoc

networks can considerably mitigate turbulence-induced
fading. To the best of the authors’ knowledge, this repre-
sents the first ever demonstration of an all-optical dual-
hop FSO system at 10 GBit/s bit rates with optical
switching. This demonstration further strengthens the ar-
gument in favor of FSO as a very promising technology
for the emerging generation of adaptive heterogeneous
networks. Further tests are, however, needed to validate
the dual-hop/relaying features within large-scale

turbulence regimes and to incorporate other advanced
modulation formats.

The joint research was supported by EU COST ICT
Action IC1101 and by the MEYS CR grant LD12058. Re-
search of J. Libich is supported by the European social
fund within the framework of the project CZ.1.07/2.3.00/
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Connection to my Ph.D. thesis:

Cooperation techniques for an indoor VLC interconnection of end users are much more

challenging, due to the movement of people, objects and equipment within the room which

can block the LOS. Moreover, VLC systems for reliable communications are limited to

a range of only a few meters, due to regulated transmission power. In order to increase

a viable communication range, relay communications can be used. Therefore, it was

necessary to determine the dependency of BER performance on azimuth and elevation

angles of the mobile VLC relay device moving inside an office space. Moreover, it was

necessary to derive an analytic model for comparing relaying techniques. The results show

a significant improvement in the VLC link performance using cooperative schemes when

compared to a direct NLOS transmission.
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Abstract: In this paper, we investigate relay-assisted visible light communications (VLC) where a
mobile user acts as a relay and forwards data from a transmitter to the end mobile user. We analyse
the utilization of the amplify-and-forward (AF) and decode-and-forward (DF) relaying schemes.
The focus of the paper is on analysis of the behavior of the mobile user acting as a relay while
considering a realistic locations of the receivers and transmitters on a standard mobile phone, more
specifically with two photodetectors on both sides of a mobile phone and a transmitting LED
array located upright. We also investigate dependency of the bit error rate (BER) performance on
the azimuth and elevation angles of the mobile relay device within a typical office environment.
We provide a new analytical description of BER for AF and DF-based relays in VLC. In addition we
compare AF and DF-based systems and show that DF offers a marginal improvement in the coverage
area with a BER < 10–3 and a data rate of 100 Mb/s. Numerical results also illustrate that relay-based
systems offer a significant improvement in terms of the coverage compared to direct non-line of sight
VLC links.

Keywords: amplify-and-forward relaying; cooperative communication; decode-and-forward
relaying; visible light communications

1. Introduction

With the enormous growth of data traffic over wireless infrastructures due to increased demands
for video and audio streaming, file sharing, data and voice over Internet protocol (VoIP) [1], the lack
of available radio-frequency (RF) spectrum is becoming the limiting factor for high-speed data
transmission. One possible solution to address this problem, mostly in an indoor environment
at the moment, is the visible light communications (VLC) offering attractive capabilities such as vast
unregulated spectrum (∼380–780 nm), inherent security and high energy efficiency [2,3].

The rapid growth of VLC is due to the development in solid-state lighting (SSL) and highly
efficient white light-emitting diodes (LEDs) [4]. White LEDs offer a longer life span and much higher
power efficiency (∼60–80 %) than the conventional fluorescent and incandescent lamps, as well as
the possibility to be used in safe and secure applications (e.g., in hospitals, gas stations and airplanes)
where RF-based technologies cannot be used [5].

Indoor VLC can be categorized into the line-of-sight (LOS) and diffuse systems. Data rates in
the order of Gb/s over a very short transmission span can be achieved using LOS VLC links [6].
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For instance, in [7] a 4.5 Gb/s VLC system employing carrier-less amplitude and phase (CAP)
modulation and a recursive least square (RLS) based adaptive equalizer over a link span of 1.5 m was
experimentally demonstrated. In [8] a data speed of 1.6 Gb/s over a 1 m link employing a combination
of 16-quadrature amplitude modulation (QAM) and orthogonal frequency division multiplexing
(OFDM) was reported. On the other hand, diffuse VLC systems are robust to blocking and shadowing.
However, they suffer from higher losses and offer much lower data rates than LOS links due to
multipath induced dispersion [9,10].

In indoor environments, the LOS path cannot always be guaranteed due to objects, people’s
movement and the layout of the room [11]. To address this problem and offer seamless communications
as well as to maintain an uninterrupted data access even in temporarily shadowed regions a number of
solutions have been proposed [12,13]. One of the most promising techniques is the relay-assisted VLC
system. Note that, the current IEEE 802.15.7 standard does not cover the relay based VLC systems,
but the standard supports device discovery mechanisms in homogeneous networks [14]. In order to
improve the connectivity, a full-duplex relay based VLC employing an LED lighting triangular system
topology was analytically investigated in [15]. In the case of the light from an LED source mounted on
the ceiling not reaching the user directly, the information can be retransmitted via a relay node (RN).
In [16], the connectivity performance of mobile users based on the optical mobile relays in cooperative
multi-hop VLC was investigated. An improvement in the network performance was reported by using
the multi-hop scenario, which was dependent on the users’ density, coverage range ratio between hop
regions, relay probabilities, and velocity of the mobile users. A number of existing works also analyzed
the multi-hop VLC systems using a combination of RF and VLC links [17,18]. In order to improve the
quality of service, in [17] hybrid VLC and power line communications (PLC) with a backup parallel
RF link were proposed. In [18] the authors investigated the scenario, where data is transmitted from
the base station to the relay via the RF link and the signal is then amplified and re-transmitted to the
user over the VLC channel.

OFDM VLC over frequency-selective indoor channels was analyzed in [19] providing the first
analytical statistics for pure VLC relaying using amplify-and-forward (AF) or decode-and-forward (DF)
relaying schemes. In [20] a relay based DC-biased optical OFDM (DCO-OFDM) VLC was investigated
for two test cases using a desk lamp and a ceiling light lamp to provide optimal power allocation and
improved bit error rate (BER) performance when employing relays compared to the direct transmission.

However, none of the existing works reporting on the relay-assisted VLC systems have
investigated the use of a mobile phone (MP) as a relay. In this paper, for the first time, to the best
of authors’ knowledge, we provide results for performance evaluation of a relay-based VLC system
employing MP as an RN for miscellaneous configurations. We give distinctive statistics of AF and
DF-based relays for ceiling mounted light sources via MP, taking into account MP node orientation
and a range of channel parameters. It is very important in such cases to estimate the area where such a
node can be searched for, which is fully dependent on the elevation and the azimuth of MP and the
required BER or the allocated optical power level. All these aspects are studied in following sections.

The rest of the paper is organized as follows. Section 2 discusses the indoor VLC channel model
and the specific functionality of the MP for utilization in a relay-assisted system. Section 3 outlines a
channel model for the VLC relay system and describes the cooperation techniques for the relay-assisted
systems and provides analytical model for BER of AF and DF VLC. In Section 4 numerical results for
the BER performance of the relay-assisted network with AF and DF modes are summarized. Finally,
the summary and conclusions are given in Section 5.

2. Relay-VLC Deployment in the Indoor Environment

In this paper, we consider a typical office room with a dimensions of 5 m × 5 m × 3 m with no
furniture as depicted in Figure 1a. The system consists of a transmitter (Tx), which provides both
illumination and data transmission, located at the center of the ceiling at the height of 2.8 m pointing
downwards with an elevation angle of –90◦, and a MP is used as either a receiver (Rx) or an RN. The Tx
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is realized an LED array with Lambertian radiation pattern. The power of LEDs is adjusted to meet the
light illumination requirement of 200 to 1500 lx for an office environment as defined by International
Organization for Standardization (ISO) [21].

(a)

(b)

(c)

Figure 1. Room model: (a) Tx and Rx geometry model; (b) users’ situation in the room; and (c) the
coordinate system.

Furthermore, we assume that a relay-based user holding a MP at the height of 1.2 m above the
floor level is randomly moving around within the room. The walls, floor, and ceiling of the room are
modeled as general Lambertian reflectors as in vast majority of publications [22,23]. We investigate
an office environment including people where we consider shadowing between the Tx and the Rx,
see Figure 1b. The LOS path between the Tx and the Rx will be blocked due to shadowing, and
therefore the Tx will select a non-shadowed mobile user as an RN, which is located in the yellow area
(see Figure 1b) to re-establish the link between the Tx and the Rx via the relay user. Note that, in a
real environment the RN must be close to the the user, and such RN scheme would have very limiting
application for considerably longer VLC connections. Here we consider an arbitrary orientation of the
mobile-based RN.

The coordinates of the proposed system are depicted in Figure 1c. The unit vector n is specified in
terms of conventions followed by room coordinates. The Tx and the Rx directions (i.e., elevation and
azimuth angles) can be converted to unit vectors ns and nr, respectively (see Figure 1a). An elevation of
the Tx is an angle that ns makes with the xy plane, therefore if the Tx is directly pointing downwards,
the elevation angle will be –90◦. An azimuth angle of the Tx is defined with 0◦ oriented along the
negative y-axis in the projection of ns on the xy and it increases with the counter-clockwise orientation
(i.e., the positive x-axis has an azimuth of +90◦). All the key system parameters are summarized
in Table 1 [21,24]. According to [25], the majority of mobile data usage (close to 80%) is in indoor
environments, which are rather static, unlike the outdoor environments. Even though the location of
RNs or users may change before it is initiated to retransmit the data, without loss of generality we can
consider the device is stationary during the relaying process due to the slow movement of the users.
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Table 1. Key System Parameters.

Parameter Symbol Value

Room size - 5 × 5 × 3 m
No. of rays - 100,000

No. of reflection - 5
Time resolution ∆t 0.2 ns

Bit rate - 100 Mb/s
Reflectivity of walls ρwall 0.74

Reflectivity of ceiling ρceiling 0.38
Reflectivity of floor ρ f loor 0.61

Smoothness of the reflecting material u 1
Tx position - 2.5 × 2.5 × 2.8 m

Tx power per LED - 20 mW
Size of the LED array - 60 × 60

Semiangle at half power θ1/2 60◦

Tx elevation - –90◦

Tx azimuth - 0◦

3. System Model

3.1. VLC Channel

We consider the Tx to be a monochromatic point source with a Lambertian radiation pattern.
The LOS link gain is given by [21]:

H =

{
(m+1)Ar

2πd2 cosm(θ) cos(Ψ)g(Ψ)Ts(Ψ) , 0 ≤ Ψ ≤ ΨFOV

0 , Ψ > ΨFOV
(1)

where Ar is the effective area of the Rx photodiode, d represents the distance between the Tx and the
Rx, θ stands for the irradiance angle with respect to ns, and Ψ is the incident angle with respect to nr

(see Figure 1). Ts(Ψ) is the optical filter gain, g(Ψ) the optical concentrator gain, ΨFOV is the field of
view (FOV) of the Rx and m represents the Lambertian emission, which is given by:

m =
− ln(2)

ln(cos(θ1/2))
(2)

where θ1/2 is the half-power angle of the LED.
By adopting Lambert-Phong method [9], the diffuse paths are assumed to be represented by

scattered rays, re-radiated from the wall to the Rx, which are being attenuated (i.e., based on the
surface reflection coefficient). We define the reflection scattering using a generalized Lambert radiation
pattern as:

PrWall =
Pi(u + 1)

2π
ρ cosu(δ) (3)

where Pi is the incident normalized unit power at the wall, PrWall is the reflection power from the
reflected surface, u is the smoothness of the reflecting material, ρ is reflection coefficient, and δ is the
randomly uniformly distributed angle between reflected rays and the diffusely reflected ray. Note
that, in this paper, we study a practical scenario of VLC system with mobile users being used as RNs.
To be as much as illustrative, we have used the average reflectivity over the entire visible spectrum
defined by [22] and the nonlinearity of LED sources is not considered. However, model presented
in this work can be extended to include non-LOS configuration (NLOS) (i.e., reflections) as part of
the future studies, by considering spectral dependency of reflective surfaces [26] and non-Lambertian
reflections [27,28].
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3.2. Mobile User

Research work on direct VLC links using mobile devices as Rxs has been reported e.g., in [29].
In contrast to work reported in the literature, in this paper, we investigate the use of MP acting as the
Rx and an RN as a part a relay-based VLC system, see Figure 2a. Let’s assume that the MP has (i) two
photodetectors (PDs) on both sides, thus providing the MP with spatial diversity using a selection
of the strongest received signal; and (ii) the Tx LED array placed perpendicular to the Rx planes as
depicted in Figure 2b. Note that within the MP elevation plane, an azimuth angle remains the same as
in the case of the Rx. The MP parameters are summarized in Table 2.

(a) (b)

Figure 2. (a) Mobile user position in a room; and (b) the positions of the Rx and Tx on a mobile device.

Table 2. Mobile Device Parameters.

Parameter Symbol Value

Rx area Ar 1 cm2

Effective area of a photodiode ΨFOV 50◦

Photodetector responsivity γ 0.53 A/W
Optical filter concentrator Ts 1
Optical concentrator gain g 3

User position - 0.5 × 0.5 × 1.2 m
Rx elevation - 50◦

Rx azimuth - 90◦

TxRN power per LED - 200 mW
Size of LEDs - 1 × 10, 1 × 14

Semiangle at half power θ1/2 60◦

Background dark current Ibg 10 nA
Noise bandwidth factors I2, I3 0.562, 0.0868

Absolute temperature Tk 295 K
Open-loop voltage gain G 10

Capacitance η 112 × 10-8 F/m2

FET channel noise factor Γ 1.5
FET transconductance gm 0.03 S

In this work we investigate the orientation of the MP within the indoor environment. Based on
1300 observations of people using their MPs on the street, airports, on trains and buses, 49% of them
used their MPs with only one hand and up to 90% held it vertically facing upwards [30]. Based on our
tests, people were reading messages and surfing the Internet by holding the MP typically with the
elevation angle within the range of 5◦–65◦. Therefore, without any loss of generality, we have adopted
the same elevations in this study. Note that, the download traffic (mostly data) is significantly higher
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than the upload and other forms of traffic as reported in [31], therefore we have focused only on the
download case.

Let us have an example of a NLOS transmission when the Rx (i.e., the MP) is located near the
corner of a room (i.e., the position of 0.5 m × 0.5 m × 1.2 m), see Figures 1b and 2b. The upper edge of
the user’s MP is oriented in azimuth and elevation angles of 180◦ and 50◦, respectively. The impulse
responses of the link with no LOS path and using a MP-based Rx with front and rear cameras are
depicted in Figure 3a,b, respectively. The impulse responses are calculated using the first five reflection
components from walls. As can be seen from the figures, using the rear camera oriented to the Tx,
the received power is higher and the impulse response is slightly less dispersive compared to the
front photodiode.

(a) (b)

Figure 3. Impulse response of the link with MP acting as a Rx when using: (a) front camera; and (b)
rear camera.

3.3. Noise

At the Rx, there are three dominant noise sources: shot noise, thermal noise and intersymbol
interference caused by an optical paths difference. The total noise variance is calculated as:

σ2
total = σ2

shot + σ2
thermal + γ2P2

rISI (4)

where γ is the photodiode responsivity (A/W) and PrISI is the received power by intersymbol
interference (ISI) given by:

PrISI =
∫ ∞

T
(h(t)⊗ s(t))dt (5)

where h(t) is the impulse response, s(t) represents the transmitted optical pulse and the symbol ⊗
denotes convolution. The shot noise is defined in terms of its variance as [21]:

σ2
shot = 2qγ(Pr + PrISI)B + 2qIbg I2B (6)

where q is the electric charge, Pr is the received optical power, B is the equivalent noise bandwidth, Ibg
is the background dark current and I2 is the bandwidth noise factor. The thermal noise variance is
independent of the incident power and is given by [21]:

σ2
thermal =

8πkTk
G

ηAr I2B2 +
16π2kTkΓ

gm
η2 A2

r I3B3 (7)

where the two terms represent feedback-resistor noise and field effect transistor (FET) channel noise,
respectively. Here, k is the Boltzmann’s constant, TK is the absolute temperature, I3 is the noise

45



Sensors 2018, 18, 1125 7 of 16

bandwidth factor, G is the open-loop voltage gain, η is the fixed capacitance of a PD per unit area, Γ is
the FET channel noise factor and gm is the FET transconductance.

3.4. Modulation

Along with illumination, LEDs can be also used for data communications. Here, we have adopted
the most common data format of on-off keying (OOK) for intensity modulation of LEDs. However,
other modulation formats could also be used. The information bits of an LED are denoted by {bj}∞

j=−∞

where bj is a uniformly distributed sequence of {0,1}. The LED is ’on’ when bj = 1 and is ’off’ when
bj = 0. Let rect(t) be a unit amplitude rectangular pulse of duration T (i.e., data rate Rd = T−1).
The transmitted optical signal is given by:

s(t) = Pp

∞

∑
j=−∞

bjrect(t− jT) (8)

where Pp is the peak optical power of the emitted light wave. The received electrical signal at the
photodiode is given by:

y(t) = γh(t)⊗ s(t− τ) + n(t) (9)

where n(t) is the additive white Gaussian noise (AWGN) and τ denotes the transmission delay.
A standard matched filter is adopted at the Rx in order to recover the transmitted data.

The impulse response of the filter at the Rx is a rectangular pulse of a unity amplitude and duration T.
Let us assume τ = 0, i.e., the matched filter of the Rx is synchronized to the arrival signal transmitted
by an LED as in [24].

3.5. Relay Assisted Models

Among the various possible strategies available for user-based relay assisted cooperation [19,20],
in this paper we have adopted: the AF and DF schemes. In this case, the source transmits a packet
(or symbol) in one time slot and the RN re-transmits it in the next time slot, which are then combined
at the destination prior to decision making. The scheme like in [18] consists of two phases. At first,
the Tx sends data to both the relay and the Rx. In the relaying phase, the Tx remains silent and the
relay terminal forwards the data to the Rx.

3.5.1. Analytical Performance of AF Relaying

In the AF mode, the RN amplifies the received signal and forwards it to the Rx. Here we assume
that the power of the signal retransmitted by the RN is scaled uniformly with respect to all bits in the
packet with the average retransmission energy of ES. In the 1st time slot/phase the sampled signals
received at the RN (yR(t)) and at the Rx (destination) (yD(t)) are given by:

yR(t) =
√

EshSR(t)⊗ s(t) + nR(t) (10)

yD(t) =
√

EshSD(t)⊗ s(t) + nD(t) (11)

where hSR and hSD denote the VLC impulse responses for the Tx-RN and the Tx-Rx links, respectively,
and nR and nD are AWGN noises. During the 2nd time slot/phase the signals at the output of the RN
and received by the Rx are, respectively, given by [32]:

xAF
R (t) =

√
ES

ESh2
SR(t) + σ2

total
hSR(t)⊗ s(t) +

√
1

ESh2
SR(t) + σ2

total
nR(t) (12)

yAF
D (t) =

√
EshRD(t)⊗ xAF

R (t) + n
′
D(t) (13)

where n
′
D is the AWGN noise.
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Combining (12) and (13), the sampled signal (from sampled signal we mean that the time varying
signal is passed through a matched filter and it is sampled to maximize the signal-to-noise ratio,
therefore, we drop the time index t) can be written as:

yAF
D =

√
EshRD

√
ESh2

SR
ESh2

SR + σ2
total

s +
√

EshRD

√
1

ESh2
SR + σ2

total
nR + n

′
D (14)

From Equation (14) it is clear that yAF
D ∼ N

(
µ1, σ2

1
)

where

µ1 =
√

EshRD

√
ESh2

SR
ESh2

SR+σ2
total

s and σ2
1 =

(
Esh2

RD
ESh2

SR+σ2
total

+ 1
)

σ2
total

Log-Likelihood Detector

At destination, the receiver has two copies of the transmitted signal. Employing the equal gain
combining scheme at the Rx. The sampled signal is given as:

y
′
D = yD + yAF

D (15)

It can be seen from (11) and (14) that the probability density function (PDF) of the sampled signal
is given by:

f (y
′
D) = N (µ2, σ2

2 ) (16)

where µ2 = µ1 +
√

EshSDs and σ2
2 = σ2

1 + σ2
total .

The Rx will detect the transmitted bit from the received signal by using the log-likelihood ratio
(LLR) detector, which can be written as:

f (y
′
D|s = 1) ≷

1

0
f (y

′
D|s = 0) (17)

Hence, for the AF cooperative scheme the LLR detector test gives:

1√
2πσ2

2

e
− (y

′
D−µ

′
2)

2

2σ2
2 ≷

1

0

1√
2πσ2

2

e
− (y

′
D)2

2σ2
2 (18)

where µ
′
2 = µ2|s=1.

From (18), we get the following threshold-based detector, which indicates that if the value of
received sampled signal is greater than the threshold κAF

th , then the transmitted symbol is estimated
as 1, else it is 0:

y
′
D ≷

1

0
κAF

th (19)

where

κAF
th =

1
2

(
EShSRhRD√

ESh2
SR + σ2

total

+
√

EshSD

)
(20)

Bit Error Rate Calculation:
The overall bit error probability of the considered VLC system with OOK is given as:

PAF
e =

1
2
(Pe(y

′
D|s = 0) + Pe(y

′
D|s = 1)) (21)

Equation (21) can be rewritten as:

PAF
e =

1
2
(Pr(y

′
D > κAF

th |s = 0) + Pr(y
′
D < κAF

th |s = 1)) (22)
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where Pr(·) stands for the probability.
Employing (16) in (22), we get:

PAF
e =

1
2

( ∫ ∞

κAF
th

1√
2πσ2

2

e
− (y

′
D)2

2σ2
2 dy

′
D +

∫ κAF
th

−∞

1√
2πσ2

2

e
− (y

′
D−µ

′
2)

2

2σ2
2 dy

′
D

)
(23)

Substituting y
′
D

σ2
= t and y

′
D−µ

′
2

σ2
= u in (21) we can rewrite it as:

PAF
e =

1
2

( ∫ ∞

µ
′
2

2σ2

1√
2π

e−
t2
2 dt +

∫ − µ
′
2

2σ2

−∞

1√
2π

e−
u2
2 du

)
(24)

Again substituting u = −v in the second integral of (24), we have:

PAF
e =

1
2

( ∫ ∞

µ2
2σ2

1√
2π

e−
t2
2 dt +

∫ ∞

µ2
2σ2

1√
2π

e−
v2
2 dv

)
(25)

The integrals of (25) can be written in the form of Gaussian Q function as:

PAF
e = Q

(
µ
′
2

2σ2

)
= Q

(
EShSRhRD +

√
EshSD

√
ESh2

SR + σ2
total

2

√(
Esh2

RD + 2(ESh2
SR + σ2

total)

)
σ2

total

)
(26)

3.5.2. Analytical Performance of Selective DF Relaying

In the DF scheme the source will transmit the signal to the both relay and the destination within
the 1st time slot. Here, the relay will follow the selective DF cooperative scheme. If the relay decodes
the signal correctly then it will retransmit the signal to the destination during the 2nd time slot/phase,
otherwise it will stay idle. The received signal in the DF scheme is given by:

yDF
D (t) =

√
EshRD(t)⊗ s(t) + n

′
D(t) (27)

The equations for the signal transmitted by the source to the relay and from the source to the
destination are same as (10) and (11).

Due to selective relaying, the received sampled signal at the destination is given by:

y
′
D =

{
yDF

D + yD, when relay decodes correctly

yD, when relay does not decode correctly
(28)

It can be easily verified from (28) that when relay decodes correctly, then we have:

y
′
D ∼ N (0, 2σ2

total), f or s = 0 (29)

y
′
D ∼ N ((hSD + hRD)

√
Es, 2σ2

total), f or s = 1 (30)

From (29) and (30) the LLR detection rule can be written as:

1√
4πσ2

e−
(y
′
D)2

4σ2 ≷
0

1

1√
4πσ2

e−
(y
′
D−
√

Es(hSD+hRD))2

4σ2 (31)
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Solving (31) results in the following detection condition:

y
′
D ≷

1

0

√
Es(hSD + hRD)

2
= κDF,1

th (32)

Similarly, when the relay is in error and remains idle, we have the following detection condition:

y
′
D ≷

1

0

√
EshSD

2
= κDF,0

th (33)

Based on (32) and (33), the destination uses the following detection [33]:

yD + vyDF
D ≷

1

0
κDF,v

th (34)

where v = 1 when relay transmits and v = 0 when relay does not transmit.
The BER for the considered VLC system for the case when the relay is transmitting can be given as:

PDF,1
e =

1
2

( ∫ ∞

κDF,1
th

1√
4πσ2

total

e
− (y

′
D)2

4σ2
total dy

′
D +

∫ κDF,1
th

−∞

1√
4πσ2

total

e
− (y

′
D−
√

Es(hSD+hRD))2

4σ2
total dy

′
D

)
(35)

Solving (35) in a similar way as (23) the BER is given as:

PDF,1
e = Pr

(
yD + yDF

D < κDF,1
th |s = 1

)
= Q

(√
Es(hSD + hRD)

2
√

2σtotal

)
(36)

Similarly, the BER for the case when the relay is in error and remains idle in the 2nd phase can be
found as:

PDF,0
e = Pr

(
yD < κDF,0

th |s = 1
)
= Q

( √
EshSD

2
√

2σtotal

)
(37)

Further, the BER of the relay is given by:

PR
e = Q

( √
EshSR

2
√

2σtotal

)
(38)

Using (36)–(38), and results given in [33], the overall BER for the proposed VLC system using the
selective DF cooperative scheme is given as:

PDF
e = Q

( √
EshSR

2
√

2σtotal

)
Q
( √

EshSD

2
√

2σtotal

)
+

(
1−Q

( √
EshSR

2
√

2σtotal

))
Q
(√

Es(hSR + hRD)

2
√

2σtotal

)
(39)

Figure 4 provides a comparison of the average BER as a function of SNR for both AF and DF
schemes and for different irradiance angles of the relay and the source. The mobile parameters
were used from Table 2, a distance between the source and the end user was set to 3 m and the RN
was located in the middle of the link. We can clearly see how DF outperforms AF. As the value
of irradiance angle increases for a constant FOV, the performance of the considered VLC system
degrades. For example at a BER = 10−3 the power penalties are 0.8 dB and 0.75 dB for θ = 30◦

and 50◦, respectively.
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Figure 4. Comparison of average BER for different irradiance angle with constant FOV.

4. Simulation Results

In this section, we present the results for the performance analyses of the proposed VLC relay
cooperation system. In order to provide a more accurate comparison between AF and DF modes,
we have adopted a simulation model with 5 reflections based on the Monte Carlo ray tracing algorithm
using the assumption of a half-duplex OOK cooperation transmission link. For simulations, we have
used the key parameters shown in Table 2.

In order to evaluate the azimuthal and angular dependency of the RN, we assessed a scenario
where the relay user is located at the coordinates of 2 m × 2 m × 1.2 m with the transmit power of 2 W.
Figure 5a,b depict a comparison of the SNR as a function of the azimuth and elevation angles for AF
and DF relaying schemes. SNR > 9.8 dB corresponds to a BER of 10-3 for the relay user transmission.
Note that, the maximum SNR is achieved at the azimuth angle of –15◦.

(a) (b)

Figure 5. SNR dependency on azimuthal orientation of relay in: (a) AF; and (b) DF.
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To illustrate the position of the mobile relay user within the room, see Figure 1b. We calculated the
impulse response of the channel, considering that the mobile relay user can only move around within
a specific region in the room, see yellow marked area in Figure 1b. As an example for the relay-assisted
DF model, with the RN positioned at the coordinates of 2 m × 2 m × 1.2 m with azimuth and elevation
angles of –20◦ and 5◦, respectively, the impulse responses for source-to-RN and RN-to-Rx are depicted
in Figure 6a,b, respectively. The channel gains for the source-relay GSR and the relay-user GRD links
against the direct source-user link are determined to be 39.1 dB and 4.4 dB, respectively.

(a) (b)

Figure 6. Impulse response for VLC with RN for: (a) source to RN; and (b) RN to the Rx.

Next we considered the azimuthal orientation of the RN against its position within the yellow area
of the room, see Figure 1b. In the simulation, we have assumed that the Rx is (i) at the elevation angle
of 55◦; and (ii) an azimuth angle is –180◦. Figure 7 shows the borders of the room covered by the RN for
a range of azimuthal angles to ensure a BER of 10–3. Figure 7a is for the case when the RN is oriented
more to the opposite direction from the source (negative azimuth). It can be seen that the DF mode
offers improved results more specifically at positions further from the source (i.e., x = 0 to 0.8) and
close to the wall. For the azimuth of –20◦, with the DF the coverage area is only increased by ∼0.2 m2

compared to AF, therefore less complex AF would be the preferred option to adopt. A difference of
20◦ in the azimuthal plane results in changes in the coverage area by ∼30 cm and 40 cm in the x- and
y-axis, respectively. Note that, RN widens the coverage area by ∼1.9 m2 for the azimuth angle changed
from –80◦ (orientation to the wall) to –20◦. The insets in Figure 7a depict the overall impulse responses
of the VLC channel (i.e., from Tx to the Rx via the RN) for given positions and the azimuth of –20◦,
where SNR is mainly affected by the ISI.

The azimuthal orientation of the RN in the contra-clockwise direction (i.e., from the 0◦ to 80◦

towards the Tx) is illustrated in Figure 7b. In the case where the RN rotates in azimuth to the left,
the DF cooperative mode offers an improvement of more than 10 cm for all positions in the y-axis.
Note that, the relay MP azimuthal oriented in 80◦ can be used only in small fraction area. For a wider
angle of rotation, the difference in the coverage area between AF and DF modes increases from 0.2 m2

for 20◦ to 0.4 m2 for 60◦. Whereas, the azimuthal orientations of 0◦ and 80◦ result in widening of the
coverage area by 2.16 m2.

In the following, we show how the RN area changes based on the elevation of the MP for both AF
and DF-based links for a range of elevation angles θMP, an azimuth angle of –20◦, and a BER of < 10–3

as illustrated in Figure 8a. The maximum covered area is achieved for θMP of 5◦, therefore RN can
be placed up to 2 m from the Rx. Increasing θMP to 25◦ results in the reduced distance between the
RN and Rx by ∼10 cm. For θMP of 65◦ the maximal RN position in the y-axis is only 1.6 m. Note that,
for 25◦ < θMP < to 45◦ the coverage area is changed by 0.67 m2.
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(a)

(b)

Figure 7. Azimuthal dependency of the RN with an elevation angle of 5◦ with RN oriented toward the:
(a) right wall; and (b) left wall. Curves show the borders where the RN can be used and ensures a BER
of < 10–3 for the entire link. Insets in (a) illustrate impulse responses of the complete relay-assisted link.

(a) (b)

Figure 8. (a) Elevation angle dependence of RN for both AF and DF-based links for a range of irradiance
angle θMP, an azimuth angle of –20◦ and a BER of < 10–3; and (b) RN transmitted power and the BER
profiles for both DF and AF-based links.

The final result illustrates how the RN area can be extended either by increasing the transmit
power Pout (i.e., more LEDs on the MP) at the RN or by changing the target BER. In Figure 8b,
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we compare the transmit power from the relay MP for both DF and AF modes for the optimum
azimuth and elevation angles of –20◦ and 5◦, respectively. For example, for a BER of 10−3 using a
LED array of 1 × 14 with the Pout of ∼2.8 W the coverage area for relay-assisted communications is
increased by ∼1.43 m2 compared to the LED array of 1 × 10. Note that, in case of Pout of 2 W and
lower BER target 10−6 we can observe reduced coverage area as expected.

5. Conclusions

In this paper, we investigated an OOK half-duplex-based VLC link with a mobile unit-based
relay node used to improve the link availability and coverage area in a typical office environment.
For the first time, the real mobile was considered with two photodetectors on both sides of mobile
phone (utilising spatial diversity) and a perpendicular placed transmitting LED array. We considered
the case where the receiver was positioned close to the corner of the room and we investigated the
optimal position of the relay node based on its azimuthal and elevation orientation. The results
showed significant improvement in the link performance using cooperative schemes when compared
to direct NLOS transmission. In addition, we derived analytic model that compared DF and AF relay
techniques. The results showed that DF outperforms the AF relaying scheme for different irradiance
angles. The power penalties at a BER of 10−3 were 0.8 and 0.75 dB for θ = 30◦ and 50◦. Numerical
results also illustrated that the DF relay-based system offered a wider coverage area compared with
the AF scheme.
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Visible Light Communications for a Last-Meter
Access Network
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P. Pesek, S. Zvanovec, Z. Ghassemlooy, N. A. M. Nor, “Experimental validation of in-

door relay-assisted visible light communications for a last-meter access network,” Optics

Communications, vol. 451, pp. 319—322, 2019.

Connection to my Ph.D. thesis:

Based on our previous work reported in section 4.3, we experimentally evaluate the AF, DF

relaying schemes and NLOS link for interconnection of the last meter VLC access network.

The paper provides the first-ever experimental results and comparisons for relaying VLC

systems. I demonstrate that a relay-based VLC scheme improves system performance,

especially for link spans longer than 5 meters. The diffuse VLC system is resistant to

shadowing and blocking. Nonetheless, due to multipath induced dispersion, the NLOS

provides lower data rates and high losses. I also demonstrate that an m-CAP VLC link

relay scheme achieves about a 60% higher data rate when compared to a relay-based link

and a single VLC link over a transmission distance of 7 m.
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A B S T R A C T

This paper provides experimental results for a relay-assisted visible light communications (VLC) link using
a white light-emitting diode (LED) for a last-meter access network. We demonstrate that a relay-based VLC
scheme improves the system performance, especially for link spans longer than 5 meters, in the presence of
blocking and shadowing by redirecting the transmitted signal. We also demonstrate a multiband carrier-less
amplitude and phase modulation (m-CAP) VLC link where the decode-and-forward (DF) relay scheme offers
improvement in the data rate by 25% and 60% when compared to the amplify-and-forward (AF) relay-based
link and single VLC link over a 7 m transmission distance respectively.

1. Introduction

In recent years, end users have increasingly demanded wireless con-
nectivity with improved flexibility, reliability, scalability, data through-
put, as well as significantly reduced latency [1]. Although, radio
frequency-based wireless technologies (WTs) have addressed these de-
mands, in particular, improved both the spectral and power efficiencies,
end users still face spectrum congestion due to the exponential growth
in data being used and generated. To address spectral congestion and
allow the use of the radio frequency (RF) spectrum in applications
where it is most needed, the focus of this research has been on the
utilisation of an alternative complementary WT. Within this context,
visible light communications (VLC) have been considered as a pos-
sible solution for high-speed communications, especially in indoor
environments [2,3].

In VLC systems, white light emitting diode-based lights are used
to provide illumination, data communication and indoor localisation
within indoor scenarios. VLC links, with a range of data rates 𝑅𝑑
over short transmission spans, have been reported in the literature.
In [4], a 1 Gb/s real-time line-of-sight (LOS) VLC link based on non-
return-to-zero on–off keying (NRZ-OOK), with a bit error rate (BER)
of 7.36 × 10−4 using a commercial phosphorescent white light emitting
diode (LED) over a transmission distance of 1.5 m, was reported. A VLC
system employing a micro-LED with 𝑅𝑑 of 3.5 Gb/s and 5 Gb/s using
pulse-amplitude modulation (PAM) and DC-biased optical orthogonal
frequency division multiplexing (DCO-OFDM) respectively, over a link

∗ Corresponding author.
E-mail address: pesekpe3@fel.cvut.cz (P. Pesek).

span 0.5 m, was demonstrated in [5]. In [6], a combination of a DCO-
OFDM and a red–green–blue (RGB) LED-based wavelength division
multiplexing (WDM) VLC system was used to demonstrate 𝑅𝑑 of 11.28
Gb/s (and 10.4 Gb/s with forward error correction (FEC) overhead
reduction) over a link span of 1.5 m.

However, the performance of VLC links depends mostly on the trans-
mission distance between the transmitter (Tx) and the receiver (Rx),
and the received optical power via the LOS path (i.e., the dominant
path in high-speed VLC links). Thus, higher 𝑅𝑑 are associated with the
availability of an LOS transmission path, which is not always the case in
indoor environments due to mobility, shadowing and blocking effects
caused by people and objects within the room.

To address this problem and maintain an uninterrupted data trans-
mission with much reduced interference, even within temporarily shad-
owed regions in an indoor environment, an angular diversity Rx, to-
gether with different combining schemes, was proposed in [7,8]. An
alternative solution to shadowing is to use a hybrid RF/VLC system
to ensure link availability at all times. In [9], the authors investigated
an indoor data network composed of multiple VLC and RF access
points, whereas in [10], the expression for the outage probability of
relay-assisted hybrid RF/VLC link for an indoor application was given.
In [11], the effect of human induced shadowing on VLC link perfor-
mance was investigated, but with no effective solutions being proposed
to address the problem. To increase VLC link reliability and availability,
a full-duplex (FD) relay link using LED-based triangular topology was
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Fig. 1. Schematic diagram of a relay-assisted VLC link for an office.

investigated in [12] and showed improved BER performance compared
to LOS VLC. The performance of the cooperative multi-hop relay-
based VLC system has been reported in the literature by considering
(i) the user’s mobility and relay probabilities [13]; (ii) FD relay com-
pared with a half-duplex (HD) system [14]; (iii) OFDM VLC with
amplify-and-forward (AF) or decode-and-forward (DF) relay schemes
over frequency-selective indoor channels while considering different
pulse shaping filters [15]; and (iv) DCO-OFDM VLC for optimal power
allocation and improved BER performance [16]. In most relay-based
VLC links, the use of relay nodes has not been fully exploited since
they are treated as auxiliary nodes. In [17], an asymmetrically clipped
DCO-OFDM (ADO-OFDM) relay-based VLC system with two power
allocation factors was investigated and was shown to offer highly stable
communications. In [18], an optical bidirectional beacon, composed
of RGB LEDs, photodetectors and colour filters was proposed as an
effective scheme to address the performance degradation in a non-LOS
VLC system. In [19], we analytically investigated an OOK HD-based
VLC link which used a mobile unit-based relay node to improve link
availability and coverage area in a typical office environment. A new
analytical description of BER for the AF- and DF-based relay VLC links
has been provided.

Nonetheless, none of the existing works have reported an exper-
imental comparison single channel and relay-based VLC link perfor-
mance. In this paper, we experimentally investigate the performance
of multiband carrier-less amplitude and phase (m-CAP) modulation
scheme AF relay-assisted systems and DF relay-assisted VLC systems
for the last meter access network, as can be seen in a typical scheme
illustrated in Fig. 1. In an office environment, the link between the
end user (i.e., a laptop (Rx2)) and the Tx can experience shadowing
due to partitioning screens and other objects (fixed or mobile) within
a room. In this scenario, the link can be re-established via a relay node
(i.e., wall mounted lights) or via non-LOS (i.e., reflections), see Fig. 1.
The main contributions of this paper are (i) a demonstration of results
from an experimental testbed for a relay-based m-CAP VLC link, and
(ii) a performance comparison of LOS, non-LOS and relay-assisted VLC
links in terms of 𝑅𝑑 .

The rest of the paper is organised as follows: in Section 2, the
experimental setup and system parameters are outlined, whereas, in
Section 3, the results for the relay-assisted VLC system are presented.
Finally, the conclusions are given in Section 4.

2. System setup

The system setup for AF and DF relay-assisted VLC systems is
depicted in Fig. 2. A (215−1) long pseudorandom binary sequence

Table 1
VLC system parameters.

Parameter Value

Pseudorandom binary sequence 215 − 1
LED biased current 480 mA
m-CAP signal bandwidth 5 MHz
Biconvex lenses focal length at Rxs 35 mm
Biconvex lenses focal length at Txs 25 mm
VSG peak-to-peak voltage 300 mV
VSG sample frequency 20 MHz
Oscilloscope sample rate 1 GSa/s
BER limit 3.8 × 10−3
m-CAP order 10
m-CAP roll-off factor 0.2
m-CAP filter length 10 symbols

(PRBS) 𝑥𝑏(𝑡) is generated for each m-CAP subcarrier (SC) and mapped
into M -ary quadrature amplitude modulation (M -QAM) symbols, where
M is the order of modulation. The mapped data is up-sampled and
split into its real and imaginary parts prior to being applied to the
square root raised cosine pulse shaping (SRRC) filters. Note, the impulse
responses form a Hilbert pair, i.e., being orthogonal in the time domain
and shifted by 90◦ in phase; more details of m-CAP modulation scheme
can be found, e.g., in [20]. The generated signals are loaded to a vector
signal generator (VSG) (Rohde & Schwarz SMW200A) the output of
which is DC-biased prior to the intensity modulation of two commer-
cially available LEDs (OSRAM Golden Dragon) used for Tx1 and Tx2.
The white LED 3 dB modulation bandwidth, with no pre-equalisation, is
limited to 1.5 MHz. For the measurement, we set the transmitted signal
bandwidth to 5 MHz. Biconvex lenses, with focal lengths 𝑓1 and 𝑓2 of
25 mm and 35 mm respectively, are used at the Txs and the Rxs to
increase the received optical power level.

The complexity of m-CAP depends mainly on (i) filter length 𝐿𝑠;
(ii) roll-off factor 𝛽; and (iii) the number of SCs (i.e., m). Following
our previous works [21,22], we have set 𝐿𝑠 to 10 symbols (since for
𝐿𝑠 > 10 there is marginal performance improvement), 𝛽 to 0.2 and m
to 10, which offers the best trade-off between complexity and 𝑅𝑑 .

Following a transmission over the first channel, the relaying
schemes are applied. The relay node is composed of an optical Rx1
(an adjustable gain Si avalanche photodetector with a low noise tran-
simpedance amplifier (Thorlabs APD430A)), an LED driver and the
Tx2. For the AF-scheme, the received signal is amplified to its ini-
tial power level and retransmitted over the second channel. Whereas
for the DF-scheme, the received signal is captured using a real-time
digital oscilloscope (OSC, LeCroy WaveRunner Z640i) and processed
(i.e., demodulated) off-line in Matlab. The processed and regenerated
signal is loaded to VSG and retransmitted via the Tx2 over channel
2. At the Rx2 (Thorlabs PDA10A2), following optical detection, the
signal is resampled to the sampling frequency of the transmitted signal,
then demodulated to recover the estimated version of 𝑥𝑏(𝑡). All the
key parameters adopted in the proposed system are shown in Table 1.
An application improvement could be done using biconvex lenses with
shorter focal length or by lenses integration on a chip.

3. Experimental results

The primary objective is to analyse the performance of relay-assisted
m-CAP VLC systems for a range of link spans in terms of 𝑅𝑑 . Note, the
same conditions were adopted during the experimental measurements
to compare both AF and DF schemes (i.e., keeping the same transmit
power level and a BER threshold level of 3.8 × 10−3 (corresponding to
the 7% FEC limit)).
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Fig. 2. Experimental setup for the relay-assisted VLC link with: (a) AF, and (b) DF relay nodes.

Fig. 3. Measured m-CAP VLC link performance with reflections from a whiteboard for
a range of 𝐿1 and 𝐿2.

3.1. Reflected link performance

As illustrated in Fig. 1, the signal can reach end users via non-
LOS paths by means of reflections from walls or any other surfaces
within the room. To this end, an experimental measurement for 𝑅𝑑 with
reflections from whiteboard for a range of 𝐿1 and 𝐿2 was conducted.
Note that both the end user’s Rxs and the ceiling-based LEDs (Txs) were
pointing to a whiteboard at an angle of 45◦ as shown in the inset of
Fig. 3. For the sake of simplification, the Rx and the Tx were positioned
at the same height. The distortion and absorption of the light signal
by the whiteboard results in a significant reduction in 𝑅𝑑 with respect
to 𝐿2. To achieve a maximum 𝑅𝑑 , we used a pilot binary phase-shift
keying (BPSK) signal to load the appropriate number of bits/symbol to
each individual SC based on the measured signal-to-noise ratio (SNR)
level. For a 2 m long 𝐿1, increasing 𝐿2 by about 2 m results in 𝑅𝑑 being
reduced by ∼9.5 Mb/s. Nonetheless, in the worst-case scenario, only a
2 m transmission extension can lead to reduced 𝑅𝑑 0.5 Mb/s due to the
reflected beam distortion.

3.2. Dependences of relay links spans

Thus, in the next part, 𝑅𝑑 was measured as a function of the first
channel length 𝐿1 and a range of second channel spans 𝐿2 for both AF
and DF relay-based m-CAP VLC links.

As shown in Fig. 4, the maximum 𝑅𝑑 of 31 Mb/s is achieved for the
shortest link with DF and a BER below the 7% FEC threshold level of

Fig. 4. Measured data rates against 𝐿1 for AF and DF based m-CAP VLC for a range
of 𝐿2 link spans.

3.8×10−3. The extension of the transmission link span (either in channel
1 or channel 2) has resulted in a reduced received optical power
level, thus leading to the deterioration of the link’s SNR performance.
The difference in 𝑅𝑑 between the two schemes is from 4 to 6 Mb/s
depending on the link span. The performance difference is caused by
noise accumulation and amplification at the relay node in AF protocol,
while noise is eliminated during processing in the DF scheme. By
extending the channels and keeping the same BER value around the
FEC limit, the AF scheme is influenced more by the limited received
optical power level, i.e., a decrease in the data rates of 3.5 Mb/s and
4.92 Mb/s for DF and AF, respectively for 𝐿2 = 3 m and 𝐿1 increased
by 4 m (i.e., from 1 m to 5 m).

3.3. Performance of the entire relay-assisted link

Fig. 5 illustrates the comparison of aggregated m-CAP 𝑅𝑑 (i.e., max-
imum achieved performance) of the entire VLC link over link distance
for the following scenarios (i) with the relay scheme (i.e., AF and
DF); note in this case, we plot the best achieved 𝑅𝑑 from all com-
binations of 𝐿1 and 𝐿2; (ii) LOS without relay, i.e., a direct link —
maximally measured either within channel 1 or channel 2; and (iii)
NLOS VLC with a reflection. The maximum 𝑅𝑑 is reached in the case
of the DF-relay VLC link. An LOS link without the relaying scheme
can offer improved performance for up to a 5 m link compared to the
AF scheme. This is due to the limited 3 dB modulation bandwidth of
the OSRAM Golden Dragon LED. Note that with no regeneration, as in
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Fig. 5. Experimentally measured data rates of the VLC systems: DF (red), AF (blue),
link without relaying (green) and non-LOS with reflection (orange).

the case in AF, the received signal with low SNR is again degenerated
by an LED. However, for a transmission range of beyond 5 m, link
performance without relaying is marginally decreased due to lower
SNR. The measured data rates for the non-LOS link (i.e., reflected) are
approximately half that of the DF system for a link span of up to 3.5
m and decreases to less than 10 Mb/s for link spans longer than 4.5
m. For a data rate of 16 Mb/s, the AF scheme offers five times greater
transmission length compared to a non-LOS VLC link.

4. Conclusion

In this paper, an m-CAP-based relay-assisted VLC system was ex-
perimentally investigated. It was demonstrated that relay VLC links
can provide higher data rates compared to a direct VLC link. This is
particularly important for link distances longer than 5 m. For relay VLC
systems, it was shown that m-CAP-based DF VLC offered higher data
rates of ∼25% over a link span of 10 m when compared to AF VLC.
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4.5 An Experimental Multi-User VLC System using
Non-Orthogonal Multi-Band CAP Modulation

This chapter is a version of the published manuscript:

P. Pesek, P. A. Haigh, O. I. Younus, P. Chvojka, Z. Ghassemlooy, S. Zvanovec, “An Exper-

imental Multi-User VLC System using Non-Orthogonal Multi-Band CAP Modulation,”

Optics Express, vol. 28(12), pp. 18241–18250, 2020.

Connection to my Ph.D. thesis:

Majority of current OWC systems focus on maximization of point-to-point data rates, how-

ever, a multi-user interconnection represents the key parameter of last meter networks.

Therefore, I have developed a multi-user VLC system using the CAP-based modulation

scheme. Optimizing the system performance using pulse shaping filter parameters and

expanded non-orthogonal multi-band super-Nyquist CAP (m-ESCAP), system data rate

achieves ∼470 Mb/s for 4-users. Furthermore, for higher allocation flexibility and scal-

ability, I modified m-CAP modulation format by allocating different bandwidth of the

individual subcarriers to users, called Am-CAP attaining the same or lower computational

complexity compared to the conventional m-CAP.
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Abstract: This paper provides experimental results for a multi-user visible light communications
system using multi-band carrier-less amplitude and phase (m-CAP) modulation scheme. We
optimize the system performance by adapting pulse shaping filter parameters, subcarrier spacing
and allocating different baud rates to individual sub-bands called allocated m-CAP (Am-CAP).
We show that a maximal system data rate of ∼468 Mb/s for four users can be supported while
gaining higher flexibility for optimization and the same or lower computational complexity
compared with the conventional m-CAP scheme.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In recent years, visible light communication (VLC) has received a growing interest within both
industrial and academic communities as a complementary technology to the radio frequency
wireless systems in 5G and beyond networks [1]. In VLC systems, high-brightness light
emitted diode (LED)-based lights are used to provide illumination, indoor localization and
data communications in indoor environment at the moment – outdoor-based systems are also
being considered [2]. The vast majority of current research activities have focused on the
data rate Rb improvement i.e., from hundreds of Mb/s to a few Gb/s over the short line of
sight transmission ranges (from few centimeters to few meters) [3,4]. Two of the most popular
options, which have been widely adopted and reported in the literature to improve Rb, are
the spectrally efficient quadrature amplitude modulation (QAM) symbol-based multicarrier
modulation schemes including orthogonal frequency division multiplexing (OFDM) and carrier-
less amplitude and phase (CAP) modulation [5–8]. However, the OFDM-based VLC systems
with high peak-to-average power ratio (PAPR) are highly sensitive to the nonlinearity of the
amplifiers, LEDs (i.e., power-current characteristics), which leads to the system performance
deterioration [9].
An alternative to OFDM is the CAP modulation scheme, which has been investigated in

intensity modulation and direct detection (IM-DD) VLC systems offering relatively higher Rb
compared with OFDM using electrical components of limited bandwidth and lower complexity.
In [9], OFDM- and CAP-based VLC links using a single red, green and blue (RGB) LEDs were
experimentally investigated showing CAP offering 19% higher Rb compared with OFDM over the
same link span [10]. An experimental m-CAP VLC link over a 1 m distance with a high spectral
efficiency of 4.85 b/s/Hz for a single user scheme was demonstrated in [11]. Further modification
of subcarrier spacing below orthogonality can improve the spectral efficiency about 25% for a
direct LOS link without considering a multi-user scenario, which was demonstrated in [12]. In
[13], an additional 20% improvement in the data rate was achieved by increasing the baud rates of
individual non-orthogonal sub-bands while utilising the same signal bandwidth. This technique

#393813 https://doi.org/10.1364/OE.393813
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is known as an expanded non-orthogonal super-Nyquist m-CAP (m-ESCAP). Another alternative
approach is based on splitting the signal into unequally spaced subcarriers, which is known
as variable m-CAP (Vm-CAP) that offers a ∼30% improvement in Rb for a bandlimited VLC
link with 6 subcarriers compared with the conventional 6-CAP and also reduced computational
complexity [14]. However, increasing the number of bands will lead to a higher number of pulse
shaping finite impulse response (FIR) filters, i.e., 4 FIR filters per band, thus significantly higher
computational complexity. The higher sub-band orders of m-CAP are vulnerable to timing errors.
For instance, in [15] a detailed analysis of the timing jitter in 40 Gb/s fiber optics system was
given. high-order CAP VLC link with an aggregate data rate of 8 Gb/s over a link span of 1 m
using a hybrid post equalizer (i.e., a linear Volterra series and a decision-directed least mean
squares equalizer) over four wavelengths was reported in [16]. In [17], the scheme for 5G mobile
networks combining m-CAP and non-orthogonal multiple access (NOMA) was experimentally
evaluated over the W-band millimeter wave radio-over fiber system.
Current research, however, has mostly focused on point-to-point single-user scenarios. In an

effort to transform VLC into a multi-user, flexible technology, more experimental investigation of
the multi-user frequency division multiple access (FDMA) scheme has to be done. Orthogonal
FDMA (OFDMA) was adopted in the 4G wireless networks, where multiple access is achieved by
assigning subsets of sub-carriers to different users, thus allowing simultaneous data transmission
from several users [18]. In OFDMA, the transmit power is allocated to individual users based on
the signal-to-noise ratio (SNR). A comparison of the bit error rate (BER) performance, receiver
(Rx) complexity, and PAPR for two versions of OFDMA were reported in [19]. An interleave
division multiple access OFDMAwith asymmetrically clipped optical OFDM offers higher power
efficiency than conventional OFDMA, especially at higher Rb. In order to increase the system
throughput and improve the signal to interference plus noise ratio (SINR) of the users at the cell
boundaries a multi-point joint transmission VLC network was proposed in [20]. This scheme
achieved data throughput improvement of 68% compared with a static resource partitioning
system. Alternatively, such frequency reuse could be utilised to improve the performance of the
edge user. In [21], a combination of dc-biased optical OFDM and fractional frequency reuse in
optical cell networks was reported, which significantly reduced the inter-channel interference
(ICI) and offered a good balance between the average spectral efficiency and system complexity.
Time division multiple access (TDMA) can achieve a fair user experience compared with FDMA
as is discussed for example in [22], FDMA-based schemes (i.e., m-CAP, OFDM, etc.) offer
a number of advantages including no need for highly accurate two-level synchronisation and
compatibility with the radio frequency based wireless technology as in 4G and 5G [23,24].
The first experimental verification of the multi-user m-CAP with a wavelength division

multiplexed VLC system using a single RGB LED for serving up to 9 users was reported in [24].
A multi-user scheme of 20-CAP with a total Rb of 162.5 Mb/s for up to 20 users was reported in
[23], where optimization of transmit filters’ parameters was investigated.
Nevertheless, to the best of authors’ knowledge, no works, on the experimental investigation

of allocating different bandwidth of the individual subcarriers to users, called allocated m-CAP
(Am-CAP), for multi-user scenarios have been reported yet. The primary objective of this paper is
to investigate the performance of an optimized Am-CAP system with the same allocated data rate
per user. To validate this, we have developed an experimental test-bed for both the conventional
m-CAP and Am-CAP as a multi-user system by optimizing: (i) the subcarrier spacing, where the
subcarrier bandwidth is purposely compressed below orthogonality by means of squeezing carrier
frequencies; (ii) the roll-off factor, which can support higher spectral usage based on controlling
the excess bandwidth of individual subcarriers; and (iii) a combination of carrier spacing and the
roll-off factor to achieve the maximal spectrum efficiency and almost the same data throughputs
for the users in a multi-user system. We show that, Am-CAP offers improved allocation flexibility
(i.e., the same data throughput for all four users in this case) or lower computational complexity
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compared with conventional m-CAP. Furthermore, we show that, following optimization the
spectral efficiency can be improved by about 12% to 4.68 b/s/Hz.

2. System setup

The schematic block diagram of the proposed multi-user VLC system is depicted in Fig. 1. A
pseudorandom binary sequence of length 215-1 is generated for each subcarrier and mapped into
complex symbols of M-QAM, where M is the order of modulation. Note, the data stream per
user is allocated into one or more sub-bands depending on the number of users per cell and a
number of m-CAP bands. The mapped data is up-sampled by means of zero-padding (i.e., the
number of zeros/symbol is based on [11]):

ns = 2 · d2m(1 + β)e (1)

where β is roll-factor of the transmit/receiver filters and d·e is the ceiling function. Then data
is split into its real and imaginary components (i.e., in-phase (I) and quadrature (Q)) prior to
being applied to the square root raised cosine (SRRC) pulse shaping filter pairs f n

I (t) and f n
Q(t),

respectively. Note, filters impulse responses form a Hilbert pair, i.e., being orthogonal in the
time domain and shifted by 90◦ in phase. The impulse responses are given as the product of the
SRRC filter impulse response and the sine and cosine wave, as follow [25]:

f n
I (t) =

[
sin[γ(1 − β)] + 4β t

Ts
cos[γδ]

γ[1 − (4β t
Ts
)2]

]
cos(2πf n

c t) (2)

f n
Q(t) =

[
sin[γ(1 − β)] + 4β t

Ts
cos[γδ]

γ[1 − (4β t
Ts
)2]

]
sin(2πf n

c t) (3)

where Ts is the symbol duration, n denotes the index of a subcarrier, γ = πt/Ts and δ = 1 + β.
The frequencies of subcarriers, generated by the pulse shaping transmit filters, are given by [13]:

f n
c = Btot(1 + α)

(
1
2m
− (n − 1)(1 + αm − m)

m(m − 1)

)
(4)

where Btot is defined as total signal bandwidth and α is the bandwidth compression factor. In
m-CAP, α is set to 0 in order to maintain subcarrier orthogonality. However, in m-ESCAP, the
carrier frequencies are shifted to lower values. On the other hand, for Am-CAP, the frequencies
of subcarriers are given by:

f n
c =

Rb−Maxδ

2knn(1 + α) , for n = 1

f n
c =

Rb−Maxδ

n(1 + α)2kn
+

n−1∑
i=1

Rb−Maxδ

n(1 + α)ki
, otherwise

(5)

where Rb−Max is the maximal system data rate for n users and k is a number of bits/symbol for
QAM. The output of CAP-based transmitter (Tx) is given by [25]:

s(t) =
√
2

m∑
n=1

(
sn
I (t) ∗ f n

I (t) − sn
Q(t) ∗ f n

Q(t)
)

(6)

where sn
I (t) and sn

Q(t) are the I and Q M-QAM symbols, respectively for the nth subcarrier and ∗
represents time-domain convolution. With an increasing number of sub-bands, the allocation
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flexibility grows at the cost of significantly increased computational complexity. The complexity
of the m-CAP can be expressed as [26]:

Cm−CAP = Rs

(
2m + 2

m∑
n=1

nnLs

)
(7)

where nn is required sample count per symbol for the nth subband, Ls is filter symbol length and
Rs is baud rate. For example, the complexity of m-CAP almost halves for m when changed from
m = 8 to 4. This is mainly because m-CAP complexity is proportional to m2, i.e., O(m2) [26], as
indicated by Eq. (7), which significantly handicaps the higher orders of m-CAP.

Fig. 1. The schematic block diagram of the experimental m-CAP VLC system. “Up”,
“Down”, “Map” and “Amp” refer to up-sampling, down-sampling, mapper and amplifier,
respectively. The left inset depicts measured LED frequency response with the highlighted 3
dB bandwidth of ∼67 MHz. The right inset shows the measured I-V curve of the µ-LED.

The generated signal s(t) in the Matlab is loaded into a signal generator (Teledyne LeCroy
T3AWG3252), the output of which is amplified and dc-biased prior to IM of the LED. The
light source used is a blue µ-LED with a wavelength of 449 nm, a linewidth of 14.6 nm and a
measured 3 dB bandwidth of ∼67 MHz, see the inset in Fig. 1. The signal is transmitted over a
20 cm free space channel, which is limited by the transmit power of the µ-LED. However, the
transmission distance can be increased by using (i) high power µ-LEDs and (ii) array µ-LEDs
as in attocells configurations [27,28]. At the Rx side, we use a combination of an optical lens

Table 1. VLC system parameters

Parameters Value

Pseudorandom binary sequence 215-1

µ-LED bias current 185 mA

Total signal bandwidth 100 MHz

Rx biconvex lens focal length 25 mm

Signal generator peak-to-peak voltage 3.6 V

Amplification 2x

BER limit 3.8×10−3
Filter length 16 symbols

Roll-off factor (No-optimization) 0.2

Roll-off factor (Carrier-optimization) 0.2

Rx wavelength range 200–1000 nm

Rx maximum responsivity 50 A/W at 600 nm

Rx bandwidth 400 MHz
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with a focal length of 25 mm (not shown in Fig. 1) and optical Rx (APD430A2 Thorlabs with a
low noise avalanche photo-detector and a trans-impedance amplifier) to regenerate the electrical
CAP signal sr(t). Following capturing of sr(t) by a real-time oscilloscope (Keysight DSO9104A)
and filtering by a low-pass filter (LPF) with 200 MHz bandwidth, the signal is resampled to the
sampling frequency of the transmitted signal and applied to the time-reversed filter pairs at Rx,
which are matched to the Tx filters, thus allowing each user to recover their data.

Following down-sampling and demodulation, the recovered M-QAM symbols allocated to
the users are compared with the transmitted data for the BER estimation. In order to improve
the system throughput, we have used a pilot binary phase-shift keying (BPSK) signal to load an
appropriate k to individual subcarriers based on the measured SNR as in [29]. All the key system
parameters adopted are listed in Tab. 1.

3. Experimental results

This section presents the results for Rb of optimized conventional m-CAP scheme and Am-CAP
under the same transmission conditions. Here, we consider three optimization schemes: (i)
uniform optimization of β, i.e., 0 ≤ β ≤ 1, where higher values of β result in δ-times wider
bandwidth; (ii) optimization of α, i.e., 0 ≤ α ≤ 0.3, using m-ESCAP, where the spacing between
carriers is uniform and the total system bandwidth is limited to 100 MHz. Note, reducing the
carrier spacing leads to inter-carriers interference (ICI), thus resulting in higher BER [12]; (iii)
full-optimization, which is a combination of (i) and (ii). The BER target is set to the 7% forward
error correction (FEC) limit of 3.8×10−3. The optimization process is depicted in Fig. 2. A
full-optimization is realized in three steps. (i) Uniform optimization where the global values are
set for all the subcarriers (i.e., m, α, β, fc and M based on the loading algorithm). (ii) Splitting
the algorithm into two branches, where the first and second branches are used for optimizing β
and α with the step sizes of 0.05 and 0.01, respectively. Note, in full-optimisation we have used
the β values from the β optimization to reduce brute force methods in one loop.

Fig. 2. Optimization process for obtaining system parameters of CAP-based scheme.

The bandwidth optimization of Am-CAP was based on the assumption the frequency response
is flat. In that case, to achieve a maximum Rb, we used BPSK signal to load an appropriate
number of bits/symbol to individual sub-bands based on the measured SNR. For instance, in
4-CAP the constellation size of the individual subcarriers is M = {64, 32, 32, 16}, however the
same values can be expected even for A4-CAP due to flat frequency response. The carrier
frequencies are then given by Eq. (5). Due to optimisation techniques, the calculated bandwidths
are slightly changed, for example, calculated subcarriers bandwidth for A4-CAP are 20.8, 23, 23,
32.8 MHz, optimal subcarriers bandwidth are 20.4, 24.5, 24.5, 30.6 MHz. However, this first
estimate significantly simplifies the ideal bandwidth allocation.
The concept of the proposed schemes is best illustrated using the frequency spectrum, see

Fig. 3. The ideal spectra for conventional orthogonal m-CAP and Am-CAP are shown in Figs. 3(a)
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and (b), respectively, for m = 2 and for β = 0.1. With α-optimisation subcarriers of m-ESCAP and
Am-CAP overlap as depicted in Figs. 3(c) and (d), respectively. Note, m-ESCAP and conventional
m-CAP have the same Btot (i.e., 100 MHz), and with no changes in the subcarrier spacing (i.e., fc
remain the same). Note the followings: (i) to improve the data rate while maintaining the same
Btot, the individual sub-bands can be expanded by increasing Rs of the individual subcarriers;
and (ii) compressing the sub-bands beyond their orthogonality limit will result in electrical
power penalty due to sub-band overlapping and improved spectral efficiency with no additional
computational complexity at the receiver but at the cost of higher BER [12]. Finally, Figs. 3(e)
and (f) show the ideal spectra for non-orthogonal 4-CAP and A4-CAP for β = α = 0.1. Note,
A4-CAP offers one additional dimension for tuning of the system resources (i.e., allocation of
different bandwidth to subcarriers and therefore higher/lower data rate per user as and when
needed) with no increased computation complexity.

Fig. 3. Ideal spectra of (a) 2-CAP and (b) A2-CAP wtih β = 0.1, (c) 2-ESCAP and (d)
the proposed multi-user A2-CAP with α = 0.1 and β = 0.1. (e) and (f) show spectra of
individual sub-carriers for 4-ESCAP and A4-CAP with the allocated bandwidths for users.
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3.1. Conventional m-CAP

Figure 4(a) illustrates the maximum system data rate Rb−Max as a function of the m-CAP order
with and without optimization. Note, with no optimization, β is set to 0.2, and Rb−Max of 416
Mb/s is achieved for 3- and 4-CAP and further increment of m does not improve the system
performance in contrast to [11]. This is because of the µ-LED magnitude response decreases
only ∼6 dB over the 100 MHz frequency span, see the inset of Fig. 1, and the fact that higher
sub-bands are more sensitive to the timing jitter and therefore synchronisation instability [15,30].
Higher-order CAP (i.e., m > 4) offers higher flexibility between the end-users at the cost of
significantly increased system complexity and reduced Rb−Max (e.g., for 12-CAP Rb−Max is about
40 Mb/s lower compared with 4-CAP). For instance, in 10-CAP the constellation size of the
individual subcarriers is M = {64, 64, 64, 32, 32, 16, 16, 16, 8, 8}. For 4-CAP with the carrier (β
of 0.2 and α of 0.08), roll-off (β of 0.1) and full (β of 0.1 and α of 0.03), optimizations, Rb−Max
are increased by 4, 9 and 13%, respectively, with respect to the 4-CAP without optimization.
Note, for the highest data rate observed for 4-CAP with full-optimisation (i.e., β of 0.1 and α of
0.03) the maximum system spectral efficiency is 4.68 b/s/Hz.

Fig. 4. Experimentally measured maximum data rate with and without optimization of (a)
m-CAP and (b) Am-CAP

3.2. Am-CAP

Figure 4(b) shows the maximum system data rate Rb−Max as a function of m in Am-CAP shared
between 2–4 users with and without optimisation. Am-CAP offers improved flexibility of
multi-user allocation and M-ary assignment compared with the m-CAP scheme at the cost
of increased PAPR [31]. For 2 users (i.e., A2-CAP), the system achieves Rb−Max of 370.42
Mb/s with the bandwidth allocations of 44.5 and 55.5 MHz and 32-QAM and 16-QAM, which
increases to 400 and 404 Mb/s for the α- and β-optimisations, respectively. Note, Am-CAP with
full-optimization (β and α of 0.1 and 0.03, respectively) offers 11% improvement in Rb−Max.
The same patterns are observed for both A3- and A4-CAP. However, note, the α outperforms
the β-optimization. This is due to the optimal β values of 0.175 and 0.15 for A3- and A4-CAP,
respectively, which is close to the default value of 0.2 for no-optimisation. Note, Rb−Max of
447.21 Mb/s is achieved for A4-CAP with full-optimization.

3.3. Multi-user system

In a multi-user environment, the user’s reception angle will considerably influence the system’s
BER performance. Figure 5(a) depicts the BER performance as a function of the user’s orientation
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(i.e., angle) respect to the Tx for a range of Rb−Max (full-optimisation for 4-CAP, reduction about
15% and 30%). The results show that, at the FEC limit, a maximum tolerance angle of 25◦ is
accepted by the user with the highest Rb−Max of 468.18 Mb/s followed by Rb−Max of 401.81 and
327.73 Mb/s with the angles of 40◦ and 48◦, respectively. Note, for Rb−Max of 327.73 Mb/s (i.e.,
30% reduction) only ∼7.5◦ of improvement is observed.

Fig. 5. Experimentally measured: (a) BER as a function of the angle user’s with respect to
the Tx for range of maximum data rates and (b) maximal data rate per user for m-CAP and
Am-CAP schemes. The inset in (a) depicts the maximal acceptance angle.

Figure 5(b) shows the Rb−Max per users for the m-CAP and Am-CAP with full-optimization
and 2–4 users. In the case of conventional m-CAP, more subcarriers can be allocated to the
user, where subcarrier allocation is realized prior to transmission in the absence of uplink in
this scenario. The main goal of subcarrier allocation is to ensure the same Rb between the
users. In the case of 2 users, A2-CAP offers the same Rb of ∼208 Mb/s per user compared with
231.82 and 185.45 Mb/s for the 1st and 2nd user, respectively, for 2-CAP with the same filter
computational complexity. For higher m, the system elasticity significantly grows and slightly
higher Rb can be supported at the cost of much higher filter computational complexity [26]. For
3 users, 9-CAP (with β of 0.1 and α of 0.03) is the first order, which provides the same data
rate allocation. Note, the Rb−Max is only about 2 Mb/s per user higher than A3-CAP, but at the
cost of an additional 24 FIR filters. For A4-CAP, the subcarrier bandwidths are 20.4, 24.5, 24.5,
30.6 MHz with the corresponding M-QAM sizes of 64, 32, 32, and 16 for the 1st, 2nd, 3rd and
4th user, respectively. In higher orders m-CAP each sub-band will need additional 4 FIR filters,
which means increased computational complexity. However, A4-CAP offers roughly the same
system date rate, higher allocation flexibility and significantly lower computational complexity
compared with 8- and 12-CAP. For instance, in 12-CAP the constellation size of the individual
subcarriers is M = {64, 64, 64, 32, 32, 32, 16, 16, 16, 8, 8, 8}. For 4 users, the variable scheme
shows the best performance supporting similar allocated Rb.

4. Conclusion

In this paper, we demonstrated a maximum system data rate of 468.18 Mb/s by optimizing both
α and β parameters. Such a system fulfils the 7% FEC limit up to a reception angle of 25◦. By
decreasing the the system’s bit rate about ∼30%, the reception angle is improved up to almost 50◦
(i.e., 100◦ full-angle) which significantly enhances the coverage of the VLC system. We designed
and experimentally investigated an Am-CAP modulation technique for multiple users, which
offers a similar data rate as the conventional m-CAP modulation scheme but significantly lower
filter requirements. With the same computation complexity as conventional m-CAP, Am-CAP
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offers higher allocation flexibility for four users scenario and therefore it is the suitable candidate
for highly flexible data allocation scheme for indoor wireless communications.
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4.6 Demonstration of a Hybrid FSO/VLC Link for the
Last Mile and Last Meter Networks

This chapter is a version of the published manuscript:

P. Pesek, S. Zvanovec, P. Chvojka, Z. Ghassemlooy, P. A. Haigh, “Demonstration of a

Hybrid FSO/VLC Link for the Last Mile and Last Meter Networks,” IEEE Photonics

Journal, vol. 11(1), pp. 1–7, 2019.

Connection to my Ph.D. thesis:

Based on the previous sections, I finally propose a methodology for the design of a hybrid

system consisting of an FSO link acting as a back-haul interconnection and VLC access

point supporting end user connectivity. The mobile user in the building is directly con-

nected to a provider via an all-optical link. There is no additional network layer device nor

data recovery instruments. We evaluate the system performance of a m-CAP modulation

scheme for a range of FSO/VLC link lengths and m-CAP parameters in terms of data rate

and spectral efficiency. We show that for a configuration with a 1 m VLC link, the 10-CAP

offers more than a 40% improvement in the measured data rate compared to a 2-CAP for

the same BER target. To fully cover all aspects of the hybrid system, we also investigate

the atmospheric turbulence effects on a 500 m long FSO link.
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Abstract: In this paper, a hybrid free-space optical and visible light communication
(FSO/VLC) system was experimentally demonstrated as a solution to overcome the last
mile and last meter access networks bandwidth bottleneck. We evaluate the system per-
formance of a multiband carrier-less amplitude and phase (m-CAP) modulation scheme
for a range of FSO/VLC link lengths and m-CAP parameters (i.e., the roll-off factor of the
filters and a number of subcarriers) in terms of the data rate R b (i.e., spectral efficiency).
We show that for the configuration with a 1-m VLC link the 10-CAP offers more than a 40%
improvement in the measured R b compared to 2-CAP for the same bit error rate target. The
R b penalty due to the extension of a VLC-link span from 1 to 3 m reaches to 12.6 Mb/s
for the 10-CAP scheme (i.e., ∼39% degradation in R b). To fully cover all aspects of the hy-
brid FSO/VLC system, we also investigate the atmospheric turbulence effect on the 500-m
FSO link where R b is decreased by 30% for the refractive index structure parameter C2

n of
2.4 × 10−15 m−2/3 compared to a clear channel condition.

Index Terms: Visible light communication, free space optics, multiband carrier-less ampli-
tude and phase modulation.

1. Introduction
Due to an increasing number of mobile users, video streaming, the deployment of technologies
such as the Internet of Things (IoT) and the end-user’s demand for high-quality services requiring
enormous transmission capacity, is growing exponentially [1]. Although advances made in radio fre-
quency (RF) technologies have been able to address challenges posed by this unprecedented data
growth, the available RF spectrum is rapidly becoming congested to saturation. Therefore, both the
commercial sector and academia have actively begun investigating wireless technologies to com-
plement to RF systems. Optical wireless communication (OWC) technologies offer unregulated
bandwidth (in the order of THz) which is compatible with existing high-speed backbone optical fiber
communication networks. As a part of OWC, the mature free space optical (FSO) communications
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system, which mostly operates in the infrared band, is a promising solution to overcome the band-
width bottleneck in outdoor last mile access networks, particularly in extremely dense urban areas,
where the installation of optical fiber infrastructure is cost-ineffective [2]. FSO systems are, in
most cases, intended for line-of-sight (LOS) applications offering similar features as to single-mode
fibers (SMFs), including a comparable bandwidth, security, low installation cost and immunity to RF-
induced electromagnetic interference [3]. Nowadays, FSO systems with data rates R b up to 10 Gb/s
are commercially available [4] and up to Tb/s have been demonstrated for laboratory-based links
[5]. However, as with RF technologies, FSO link performance is influenced by atmospheric channel
conditions such as turbulence, fog, smog, etc. Under clear weather conditions, atmospheric tur-
bulence is the main source of random fluctuations in both the phase and intensity of the received
optical signal [6].

In the visible spectrum, OWC technology is best known as visible light communications (VLC),
which is, at present, is mostly intended for short range indoor applications, i.e., last meter access
networks. The main feature of VLC is that it uses light emitting diode (LED)-based light sources
for illumination, high-speed data communications and highly-accurate indoor localization [4], [7].
However, in VLC systems the main bottleneck is the LED bandwidth B L E D , which is around 3 MHz
for white phosphorus [8], and 20+ MHz for RGB (red, green and blue) LEDs [9], which is not
sufficient to achieve high R b over a typical link span of a few meters.

To address this issue, a number of options have been proposed and reported in the literature
including (i) equalization schemes [7]; (ii) multilevel modulations [10]; (iii) micro-LEDs with higher
B L E D [11]; and (iv) multi-carrier modulation schemes, such as orthogonal frequency division mul-
tiplexing (OFDM) and carrier-less amplitude and phase (CAP) modulation [12]–[17]. Note, OFDM
supports higher order modulation formats, such as quadrature amplitude modulation (QAM) as
well as other features including adaptive power and bit-loading algorithms while also overcoming
multipath induced intersymbol interference (ISI) [12]. However, the main drawback of OFDM is
the high peak-to-average power ratio (PAPR), which can result in signal clipping and, therefore,
distortion due to the nonlinear characteristics of LEDs and amplifiers [13]. The CAP scheme is
very similar to QAM in terms of transmitting two parallel streams of data using only two filters
with orthogonal waveforms (i.e., quadrature and in-phase), albeit that it does not rely on a local
oscillator to generate the carrier signals. CAP offers a number of advantages including: (i) reduced
computational complexity, which depends on the length of finite impulse response (FIR) filters used
at the transmitter (Tx) and the receiver (Rx); (ii) the same spectral efficiency ηs and performance
as QAM; and (iii) flexibility in design, since it is possible to use both analogue and digital filters to
generate the signal. CAP was experimentally demonstrated to outperform OFDM in terms of R b

(i.e., spectrum efficiency) by ∼20% over the same transmission link [14].
The first experimental FSO/VLC heterogeneous interconnection was presented in [18] where the

authors demonstrated OFDM with data aggregation. In this paper, we have focused on the proof
of concept of a hybrid FSO/VLC link with multiband CAP (m-CAP) for the last mile and last meter
access networks. The emphasis is on experimental evaluation of the system performance under
atmospheric conditions when considering parameters such as the roll-off factor β for the set of
m and their influence, on the measured R b for a range of transmission spans. Note, we have used
a moderate R b of 40 Mb/s and short transmission spans for both FSO and VLC links, which can
be readily increased for higher Rb and longer link distances. The results demonstrate the potential
of the hybrid FSO/VLC link as an alternative solution to overcome the bandwidth bottleneck in the
last mile and last meter access networks, see Figure 1. Note that, the inter-building connectivity is
realized by a high-speed FSO link, which can feed a number of access points in indoor environments.
The received FSO signal is then distributed via SMFs within rooms and the VLC technology is used
to provide the last meter connectivity for the end users.

The paper is organized as follows: in Section 2, the experimental setup and system parameters
are briefly outlined, whereas in Section 3, the results of hybrid FSO/VLC link are shown. Finally, the
conclusions are given in Section 4.
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Fig. 1. Scenario for last mile and last meter interconnections in urban area utilizing FSO and VLC links.

Fig. 2. Experimental setup for the hybrid FSO/VLC link. “Up”, “Down” refers to up-sampling and down-
sampling, respectively.

2. Experimental Setup
The performance of the proposed hybrid FSO/VLC link with m-CAP has been investigated utilizing
the setup illustrated in Figure 2. A 213−1 independent pseudorandom binary sequence generated
for each subcarrier (SC) is mapped into M -QAM symbols where M is the order of QAM. The
mapped signal is then up-sampled by zero padding, prior to being split into the in-phase I and the
quadrature Q components, which are then applied to I and Q pulse shaping square-root-raised
cosine (SRRC) filters, whose impulse responses form a Hilbert pair has been clearly documented
in the literature [15]. The generated output signal is combined and loaded to a Rohde & Schwarz
vector signal generator (SMW200A) for intensity modulation (IM) of a commercial laser diode (FITEL
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FRL15DCW) operating at a wavelength of 1550 nm with an output power of 5 dBm. The output of
the laser diode is launched into an SMF via a gradient-index (GRIN) lens (GRIN2315-Thorlabs). A
plano-convex lens (Thorlabs N-BK7), with a focal length fL of 100 mm, placed in front of the SMF,
is used for the beam collimation for propagation over the free space channel. At the Rx, a plano-
convex lens is employed to focus the optical beam via a SMF onto a photodetector whose output is
amplified and applied to the LED driver with DC biasing prior to the IM of the LED. Note, the SMF
is intended for signal distribution within a building. The insertion loss of the optical link (including
pigtails, FSO channel and SMFs) is 15 dB at 1550 nm. For the VLC link, we used a commercially
available LED (an OSRAM Golden Dragon with B L E D LED of 1 MHz) biased at ∼390 mA to ensure
operation within its linear region [17]. We also used two biconvex lenses with fL 1 = 25 mm and
fL 2 = 35 mm were used at the Tx and the Rx, respectively. An optical Rx (Thorlabs PDA10A)
was used for the regeneration of the transmitted signal. The regenerated signal is resampled to the
sampling frequency of the transmitted signal and passed through the time-reversed Rx filters, which
are matched to the Tx filters. Following down-sampling and demodulation, the recovered M -QAM
symbols are compared with the transmitted data for BER estimation. For this measurement, we
set the transmitted signal bandwidth to 5 MHz. To achieve a maximum R b, we used a pilot binary
phase shift keying (BPSK) signal to load an appropriate number of bits/symbol to individual SC
based on the measured signal to noise ratio (SNR). For the acquisition of received data, we used a
real-time digital oscilloscope (1 GSa/s LeCroy WaveRunner Z640i) to capture the signal for offline
processing (i.e., R b and ηs) in the MATLAB domain. More details on the m-CAP adaptation can be
found in [17].

3. Experimental Results
3.1 A Clear Atmosphere

In this section, the performance of the m-CAP based hybrid FSO/VLC link under a clear atmosphere,
is presented. The complexity of the m-CAP scheme depends mainly on (i) the length of filters Ls;
(ii) roll-factor β; and (iii) the number of SCs (i.e., m). Note, L s is set to 10 symbols based on the
results of our previous work on VLC [19] where we showed that for L s > 10 there was only marginal
performance improvement. Here, we therefore focus mainly on β and m. Note, for each increment
of m we require 4 additional filters (2 each at the TX and the Rx). Results are presented in terms of
R b and ηs for a range of m = {2 – 10} and β = {0.2, 0.4}.

In the first experiment, we measured R b for a range of a VLC link span, m and β, as shown in
Figure 3. The FSO transmission span was 2 m due to laboratory space, but the performance can
be recalculated to that of the outdoor schemes with longer distance. The BER threshold level was
set to 3.8 × 10−3 allowing the margin for the 7% forward error correction (FEC) overhead. Based
on a flat response, the FSO link itself offers R b of ∼40 Mb/s independent of the order of m-CAP.
For a 1 m FSO/VLC link with β = 0.2, increasing m improves the measured R b from 18.6 Mb/s to
32.4 Mb/s for 2 and 10-CAP, respectively, where the maximum R b corresponds to ηs of 6.48 b/s/Hz.
As it is clear from Figure 3, the link with β = 0.4 outperforms β = 0.2 for up to 3-CAP, due to the
improved bandwidth allocation of the individual SCs, which are not degraded much by the LED’s
frequency response. With the VLC link span extension, R b significantly decreases based on the
lower SNR. For example, a 4 m VLC link achieves the maximal R b of 20 Mb/s for 5-CAP and
β = 0.2 and increasing m does not result in further performance improvement because of SNR
degradation. Note, for VLC links of 2 m, 3 m and 4 m, R b is reduced by 4.6 Mb/s, 7.2 Mb/s and
12.5 Mb/s, respectively compared to a 1 m 10-CAP VLC link with β = 0.2.

3.2 Atmospheric Turbulence Influence

Here we investigate the system performance considering the effect of atmospheric turbulence on
the inter-building FSO link. We have used a dedicated indoor FSO testbed chamber and employed
heating fans to create turbulence along the optical propagation path [20]. The turbulence level is
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Fig. 3. (a) Experimentally measured data rates for several VLC link lengths and: β = 0.2 (solid) and
0.4 (dashed). Note, the constellation diagrams illustrate 3rd SCs for the 6-CAP scheme and β = 0.2 in
case of VLC link is (b) 1 m and (c) 4 m long.

measured in the terms of refractive index structure parameter C2
n using 20 temperature sensors

positioned at 0.1 m apart along the indoor FSO chamber. At higher levels of turbulence, the propa-
gating optical wave experiences a higher level of intensity and phase fluctuations, which eventually
leads to wider, scattered beam patterns at the Rx. This behavior is described by Kolmogrov’s tur-
bulence theory where the refractive index changes in the order of several parts per million for every
1 K atmospheric temperature variation [21]. Figure 4 shows the measured R b as a function of m for
the proposed hybrid FSO/VLC link (i.e., VLC and FSO channels of 2 m span each) for a range of
turbulence levels (C2

n ). We have investigated the turbulence level up to C2
n = 1.2 × 10−10 m−2/3 for

a 2 m FSO under a laboratory conditions. Note, for higher turbulence levels and a short FSO link
we can recalculate the C2

n value using Rytov variance [6] to obtain the turbulence levels for longer
outdoor FSO links. The scintillation index is dependent on the value of (C2

n ) and the temperature
gradient. Assuming a constant (C2

n ) over a short propagation span of �L i n and �L out for an indoor
and outdoor FSO links, respectively, the relation R i n/out between the two is given by:

R i n/out = C2
n−out

C2
n−i n

×
(

�L out

�L i n

)11/6

(1)

Hence, to calibrate the FSO link performance in order to make the same as the outdoor link, R i n/out

should be unity. Note that, (i) link segmentation is used to keep the temperature gradient constant;
and (ii) C2

n−out < C2
n−i n ; (iii) 10−16 < C2

n−out < 10−14 m−2/3 for the weak turbulence [22], [23]. Using
(1) and for C2

n−i n ∼ 1.2 × 10−10 m−2/3 as well as C2
n−out of 9.2 × 10−14 m−2/3, 4,8 × 10−15 m−2/3,

and 1.4 × 10−15 m−2/3 outdoor FSO link spans are 100, 500 and 1000 m, respectively, which
induces the same weak turbulence effect as the indoor link. However, by generating higher tem-
perature gradients more than 7 ◦K/m in the indoor experimental FSO link we can achieve the same
performance as the longer outdoor FSO link.

It can be seen that R b reduces significantly with increasing turbulence levels. For instance,
for 10-CAP and β = 0.2, the drops in R b are 8.9% and 30% for C2

n = 3.9 × 10−17 m−2/3 and
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Fig. 4. (a) Measured hybrid FSO/VLC link data rate performance corresponds to the extended 500 m
FSO link in the range of C2

n and β = 0.2. Note, the constellation diagrams: (b)–(f) illustrate 3rd SCs for
the 6-CAP scheme with the colors corresponding to C2

n .

C2
n = 2.4 × 10−15 m−2/3, respectively compared to the link with no turbulence. As observed from

the figure, for higher levels of turbulence (i.e., C2
n = 9.2 × 10−14 m−2/3) the waveform distortion for

a 500 m-long FSO link is considerably higher (see the constellation diagrams). Turbulence effect
can be mitigated by increasing m for lower turbulence levels, e.g. for C2

n = 3.9 × 10−17 m−2/3 an
improvement in R b of 25% was observed, while for higher turbulences (C2

n = 2.4 × 10−15 m−2/3)
increasing m does not lead to improvement in R b.

4. Conclusion
A hybrid FSO/VLC system with m-CAP, suitable for a last mile and last meter access networks
interconnected by a single mode fiber offering both security at the physical layer and a low installation
cost, was presented in this paper. We showed that, comparing 2-CAP and 10-CAP achieved an
approximately 43% improvement in the data rate under the clear atmosphere condition. Further,
for a 500 m-long 10-CAP hybrid FSO/VLC link under turbulence, the drops in R b were 8.9% and
30% for C2

n of 3.9 × 10−17 m−2/3 and 2.4 × 10−15 m−2/3, respectively, compared to the link with no
turbulence. It was also shown that, the effect of increasing m for higher turbulence levels did not
lead to improvement in the measured R b.
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Conclusion

This thesis provides theoretical, analytical and experimental analyses of hybrid OWC

systems. The state-of-the-art was presented with an emphasis on the advantages and

limitations of OWC technologies and their utilization for end user connectivity.

The thesis is divided into three main parts. The first part proposes original measure-

ment setups for an FSO outdoor link to achieve maximal performance under atmospheric

conditions. The results reported in [J1] show that the DP RoF and RoFSO system of-

fers high link availability and simple mobile network implementation for current optical

networks. Moreover, in [J2] we have proven the all-optical FSO multi-hop system can con-

siderably mitigate turbulence induced fading in ad-hoc networks providing significantly

increased data rate.

The second part of my thesis was focused on the analysis of the VLC link in an indoor

environment. Based on publication [J3], I have shown that shadowing is an extremely

challenging topic in VLC systems. For the suppression of this effect, VLC relaying schemes

and a derived analytical description of the link were proposed. The results show that relay-

based systems offer a significant improvement in terms of the coverage compared to the

direct NLOS link. Based on the results from [J3], we extended a measurement campaign

including the relaying part and shadowing of the receiver. In [J4], I experimentally

demonstrated that a relay-based VLC scheme significantly improves system performance,

especially for link spans longer than 5 meters. Furthermore, in [J5], I have proven the

CAP-based scheme can be a suitable candidate for multi-user VLC connection of end users.

Finally, based on previous publications [J1–J4], I proposed in [J6] a methodology for

the hybrid system consisting of an FSO link acting as a back-haul interconnection and

VLC access point supporting end users connectivity. I show that the hybrid OWC system

can be a good candidate as a complementary service to RF systems. For this system with

optimization of m-CAP parameters we achieved spectral efficiency of 6.5 b/s/Hz.

The results attained in this thesis have, as well, opened a number of directions for

future research as can be seen from the number of citations. Despite the fact that the

relaying schemes can offer significant improvement in system performance, there are still

many challenging this area as multi-user connections, network routing, hybrid RF and

OWC systems.
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