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Abstract 

Illuminating light-emitting diodes (LEDs) enabled visible light communication (VLC) has 

attracted ever-increasing attention in recent years, due to the rapid development of solid-

state lighting technology. The LEDs in general VLC systems play a dual role of providing 

simultaneous illumination and high-speed wireless data communication in typical indoor 

environments. Compared with traditional radio-frequency (RF) systems, VLC has many 

inherent advantages including license-free spectrum, high data rate, cost-effective front-

ends, high security, electro-magnetic interference (EMI)-free operation, etc. By exploiting 

high-speed, bidirectional and fully networked VLC in indoor environments, light-fidelity 

(Li-Fi) can be realized which is envisioned as a promising complementary technology to 

the widely used wireless-fidelity (Wi-Fi). Nevertheless, the development and deployment 

of high-speed and large-coverage indoor VLC systems face many critical issues, such as 

the small 3-dB modulation bandwidth of commercially available off-the-shelf white LEDs, 

the limited coverage of each LED access point (i.e., optical attocell) due to the constraints 

of both illumination and communication, the inter-cell interference (ICI) in indoor multi-

cell VLC systems, and the seamless integration of VLC with the last-mile optical access 

networks for hybrid wired and wireless indoor optical access. The main objectives of this 

thesis are to address the above issues, and propose and develop advanced transmission, 

modulation and detection techniques to improve the performance of VLC systems. 

Multiple-input multiple-output (MIMO) transmission and orthogonal frequency division 

multiplexing (OFDM) are two effective technologies to improve the capacity of indoor 

VLC systems. Due to the intensity modulation and direct detection (IM/DD) nature of 

LEDs based VLC systems, Hermitian symmetry (HS) is usually imposed before 

performing the inverse fast Fourier transform (IFFT), so as to obtain LED-compatible real-

valued OFDM signals. However, imposing HS doubles the size of IFFT/FFT and hence 

the complexity of OFDM transmitters/receivers. To address this problem, firstly, this 

thesis proposes a non-HS OFDM (NHS-OFDM) scheme for indoor MIMO-VLC systems. 

By transmitting the real and imaginary parts of a complex-valued OFDM signal via a pair 

of white LEDs, NHS-OFDM circumvents the HS constraint. Analytical and experimental 

results show that an indoor MIMO-VLC system using NHS-OFDM achieves superior bit 

error rate (BER) performance than the same system using conventional HS based OFDM 

(HS-OFDM), resulting in improved communication coverage. Moreover, the impact of 

LED pairing on the performance of NHS-OFDM based indoor MIMO-VLC systems is 

also analyzed. 
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In indoor MIMO-VLC systems, line-of-sight (LOS) transmission is usually dominant and 

the optical channel gains between one LED and two closely placed photo-detectors (PDs) 

could be very similar, leading to high spatial correlation that might severely degrade the 

performance of MIMO-VLC systems. In order to reduce channel correlation and improve 

multiplexing gain, imaging receivers (ImRs) have been applied in MIMO-VLC systems to 

replace widely used non-imaging receivers (NImRs). However, the field-of-view (FOV) of 

conventional ImRs is relatively small which limits the coverage of an indoor MIMO-VLC 

system. Therefore, an imaging angle diversity receiver (ImADR) is further proposed and 

investigated for indoor MIMO-VLC systems. By using angle diversity PDs instead of 

vertically oriented PDs, the proposed ImADR has a much wider FOV and achieves higher 

optical channel gain than the conventional ImR. Analytical and simulation results reveal 

that an indoor MIMO-VLC system using the proposed ImADR can achieve significantly 

improved communication coverage than the same system employing a conventional ImR. 

In practical scenarios, an indoor VLC system usually consists of multiple cells, i.e., optical 

attocells, so as to achieve full coverage of a typical indoor environment. However, ICI is a 

major issue that could greatly degrade the performance of indoor multi-cell VLC systems. 

So far, many frequency division based ICI mitigation techniques have been proposed such 

as the RF subcarrier allocation technique, OFDM or discrete multi-tone (DMT) enabled 

dynamic subcarrier allocation technique, etc. Although ICI can be mitigated by using these 

schemes, spectrum partitioning is required which could substantially reduce the achievable 

capacity of each cell. In order to efficiently mitigate ICI without losing the achievable cell 

capacity, this thesis also proposes an angle diversity multi-element receiver (ADMER) 

based ICI mitigation technique for indoor multi-cell VLC systems. Compared with the 

conventional frequency division based ICI mitigation techniques, the proposed ADMER 

enabled ICI mitigation technique enjoys three main advantages including improved signal-

to-interference-and-noise ratio (SINR), reduced SINR fluctuation and higher cell capacity.  

Next generation access networks are expected to provide high-speed hybrid wired and 

wireless services for end users. OFDM based passive optical network (OFDM-PON) has 

been considered as a promising candidate for high-speed wired access due to its low cost, 

high spectral efficiency, robustness to chromatic dispersion, and flexibility of bandwidth 

allocation. As an alternative and complementary technology to RF based indoor wireless 

communication, VLC can provide high-speed and EMI-free indoor optical wireless access. 

Therefore, in order to integrate VLC with OFDM-PON systems for indoor hybrid wired 

and wireless optical access, an integrated VLC and OFDM-PON system is proposed and 

investigated, by using an adaptive envelope modulation technique.   
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Chapter 1    Introduction 

1.1   Background and motivations 

1.1.1   Background 

In the last two decades, we have witnessed an exponential growth of mobile data traffic in 

both indoor and outdoor environments, due to the ever-increasing demand for broadband 

wireless services such as high-definition television (HDTV), computer network applications, 

mobile videophones, video conferencing, high-speed Internet access, and so on [1]. From 

Shannon’s initial work in information theory, it is well known that the capacity of a wireless 

communication system or network is directly proportional to the available bandwidth. Due to 

the fast growth of data traffic, the current radio-frequency (RF) spectrum is proving to be 

scarce to meet the ever-increasing demand for bandwidth [2]. 

Recently, the rapid development of solid-state lighting technology, especially high-brightness 

light-emitting diodes (LEDs), has attracted tremendous attention [3]. According to the energy 

savings forecast from United States Department of Energy, the average luminous efficacy of 

best-in-class commercial off-the-shelf LEDs is as high as 113 lumens/watt in 2015 and it will 

reach 200 lumens/watt by the year 2020 [4]. Compared with conventional incandescent and 

fluorescent lamps which respectively provide an average luminous efficacy of about 15 and 

60 lumens/watt, it is a many-fold increase in average luminous efficacy by employing high-

brightness LEDs. Moreover, the life-span of LEDs ranges from 25 000 to 50 000 hours which 

is significantly higher than compact fluorescent lamps which is only about 10 000 hours [4]. 

Owing to the many advantages of LEDs, such as high radiative efficiency, long lifetime, high 

tolerance to humidity, limited heat generation and cost-effectiveness, visible light LEDs are 

anticipated to gradually replace conventional incandescent and fluorescent lamps for indoor 

illumination in the near future [5, 6]. 

Besides energy-efficient illumination, the intensity levels of LEDs can also be switched at a 

very fast speed, which is fast enough that human eyes cannot perceive. Therefore, visible light 

LEDs can serve a dual-function of simultaneous illumination and communication. Compared 

with the limited RF spectrum, visible light spectrum includes hundreds of terahertz of license-

free bandwidth, which can be exploited for high-speed wireless data communications [7]. As 

a promising complementary technology to traditional RF-based communication systems, 

visible light communication (VLC) employing existing illuminating LEDs has been triggering 

ever-increasing interest in recent years [8–10]. The first work on VLC was reported by 
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Japanese researchers from Keio University in year 2000, where white LEDs were used to 

build wireless home links [11]. A fundamental analysis on VLC was further reported in year 

2004, where the basic system model of an indoor VLC system using white LEDs was 

described [12]. After that, worldwide attention has been attracted on the development of high-

speed VLC systems using white LEDs. In 2003, Visible Light Communications Consortium 

(VLCC) was formed in Japan, which proposed two standards, i.e., Visible Light 

Communication System Standard and Visible Light ID System Standard, by 2007 [13]. In 

2011, the first IEEE standard (IEEE 802.15.7) for visible light communication was proposed, 

which included the link layer and physical layer design specifications [14]. 

  

Figure 1.1. Data rate versus distance for short-range wireless technologies and standards [15]. 

Fig. 1.1 shows the relationship between data rate and transmission distance for various short-

range wireless technologies and standards [15]. It can be seen that VLC is suitable for indoor 

applications where the transmission distance is about a few meters and the data rate is around 

or above 100 Mbit/s. Although the transmission distance of VLC is shorter than the widely 

used wireless-fidelity (Wi-Fi), VLC can achieve much higher data rate (up to a few Gbit/s) 

than the latest Wi-Fi (about 300 Mbit/s for IEEE 802.11n) [8]. Compared with traditional RF 

based indoor wireless communication systems, white LEDs enabled VLC systems have many 

inherent advantages such as unlimited license-free bandwidth (400–700 nm), potentially high 

data rate, no RF interference (RFI)/electromagnetic interference (EMI) radiation, low-cost 

front ends, high security, and relatively low power consumption [7].  
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Despite the above-mentioned advantages, the development and deployment of high-speed and 

large-coverage VLC systems face several challenges, which are summarized as follows 

 Small modulation bandwidth of white LEDs. Due to long photoluminescence lifetime 

of the phosphor, the 3-dB modulation bandwidth of commercially off-the-shelf white 

LEDs is only about a few MHz [16]. Since the capacity of a wireless communication 

system is directly proportional to the available modulation bandwidth, the capacity of 

indoor VLC systems is greatly limited by the small 3-dB modulation bandwidth of 

the white LEDs. 

 Limited communication coverage. Because of the strong multipath effects, RF based 

communication systems can easily achieve full coverage of an indoor environment 

with only a few signal transmitters. However, it is a big challenge for a VLC system 

to achieve full coverage of an indoor environment considering that line-of-sight (LOS) 

transmission is dominant in general white LEDs based VLC systems [17]. 

 Significant inter-cell-interference (ICI). Since the coverage area of one VLC cell, i.e., 

an optical attocell, is relatively small, a VLC system or network usually consists of 

multiple optical attocells in a relatively large indoor environment, so as to meet the 

requirements of both indoor illumination and communication [18]. In order to fully 

cover an indoor environment, the coverage areas of adjacent cells inevitably overlap 

and users located in the overlapping areas receive strong ICI, which could severely 

degrade the communication quality [18]. 

 System integration. Next-generation access networks should provide simultaneous 

high-speed wired and wireless services for indoor users [19]. Passive optical network 

(PON) is a promising candidate for last-mile high-speed wired access, due to its cost-

effectiveness, high capacity and easy upgradability [20]. As a potential high-speed 

indoor wireless access technology, VLC needs to be seamlessly integrated with PON 

systems. Due to different quality-of-service (QoS) requirements of different indoor 

users, variable-rate VLC wireless access should be supported [21]. 

So far, extensive research has been done to address the above challenges of VLC and a sketch 

of the big VLC picture is presented in Fig. 1.2. 

In recent years, great attention has been drawn on capacity improvement of white LEDs based 

VLC systems. A lot of techniques have been proposed in literature, which can be mainly 

divided into four categories: (1) the application of AlInGaN, InGaN or GaN based micro LED 

(μLED) which naturally has a large 3-dB modulation bandwidth of more than 100 MHz [22–

25]; (2) frequency domain equalization (FDE) techniques to increase the 3-dB modulation 

bandwidth of commercially off-the-shelf white LEDs, which can be performed either at the 
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transmitter side (i.e., pre-FDE) or at the receiver side (i.e., post-FDE), either by software 

through digital signal processing (DSP) or by hardware circuits [26–29]; (3) spectral-efficient 

modulation schemes such as orthogonal frequency division multiplexing (OFDM) and single-

carrier frequency domain equalization (SC-FDE), employing high-order quadrature amplitude 

modulation (QAM) constellations [30, 31]; (4) various multiple-input multiple-output (MIMO) 

transmission schemes by exploiting the existing LEDs, including spatial multiplexing, spatial 

modulation, etc. [32, 33]. 

 z 

 

Figure 1.2. The big picture of VLC research and our contributions. 

As can be seen, a lot of work has been carried out on the development of indoor white LEDs 

based VLC systems. However, most of the work mainly focused on the improvement of data 

rate and/or the extension of transmission distance, while the communication coverage of an 

indoor VLC system has not been fully investigated in literature. Since the communication 

coverage area of one cell is very limited, the easiest way to achieve a large communication 

coverage area is to deploy multiple cells in an indoor environment [18]. Besides multi-cell 

deployment, increasing the coverage area per cell is another way to substantially increase the 
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overall communication coverage of an indoor multi-cell VLC system. Two techniques have 

been reported to for coverage improvement per cell, including LED arrangement which aims 

to maximize the achievable area spectral efficiency (ASE) [34] or to reduce the signal-to-

noise ratio (SNR) fluctuation with in the cell [35], and MIMO transmission which exploits 

multiple spatially separated LEDs to increase the coverage per cell [32]. 

The overall performance of an indoor multi-cell VLC system could be significantly degraded 

by ICI. A few techniques have been proposed for ICI mitigation in indoor multi-cell VLC 

systems, including frequency division techniques based on frequency division multiplexing 

(FDM), OFDM, or filter bank multicarrier (FBMC) [36–38], differential optical detection 

based on polarization division [39], and user-centric cell formation approach [40]. 

How to integrate VLC with PON systems is a critical issue for the practical implementation of 

VLC in indoor environments. Several integration schemes have been proposed in literature, 

including subband multiplexing using OFDM or SC-FDE [41–44], and envelope modulation 

using on-off keying (OOK) overlaid OFDM [45]. 

1.1.2   Motivations 

Although many potential solutions have been reported to address the challenges of VLC, as 

can be seen from Fig. 1.2, there still exist many problems in developing high-speed and large-

coverage indoor VLC systems with enhanced tolerance against ICI and easy integration with 

last-mile optical access networks. Due to the rapid development of DSP technologies, this 

thesis is motivated to solve the existing problems of VLC by using advanced modulation and 

detection techniques. More specifically, the main motivations are listed as follows 

 MIMO is a very natural and effective way to increase the capacity of white LEDs 

based bandwidth-limited VLC systems [32]. Moreover, by utilizing multiple spatially 

separated LEDs, MIMO-VLC systems also have increased communication coverage 

than single-input single-output (SISO) based VLC systems. However, due to the LOS 

transmission characteristic and small spatial separation of detectors in MIMO-VLC 

receivers, conventional MIMO-VLC systems suffer from high channel correlation, 

which not only reduces the achievable capacity, but also limits the communication 

coverage [7]. Therefore, it is of great significance to develop advanced modulation 

and detection techniques for performance improvement of MIMO-VLC systems. 

 

 Conventional frequency division based ICI mitigation techniques can eliminate the 

interference efficiently, but the achievable capacity within each cell of the multi-cell 

VLC system would be substantially reduced due to spectrum partitioning and the use 
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of a large guard band [36]. Although the guard band becomes negligible when FBMC 

is used which greatly suppressed spectrum sidelobes [37], the capacity improvement 

achieved by reducing the guard band is very limited since spectrum partitioning is 

still performed. Hence, it would be particularly interesting if the ICI can be mitigated 

without spectrum partitioning. By adopting in-band ICI mitigation based on advanced 

detection techniques, the achievable capacity within each cell of the indoor multi-cell 

VLC system could be significantly increased. 

 

 Subband multiplexing is the most straightforward way to integrate VLC with PON 

based last-mile optical access networks. Nevertheless, electrical filtering is always 

used in each optical network unit (ONU) to filter out the subband for VLC wireless 

access [41–44]. In order to support different QoS requirements of indoor users [21], 

the data rate of VLC wireless access should be adjustable. Hence, tunable electrical 

filters should be used to guarantee the reconfigurability of each ONU, which are cost-

sensitive and adaptive control is also required. By encoding a low-speed OOK signal 

(for VLC wireless access) on the envelope of a high-speed OFDM signal (for fiber 

based wired access), the electrical filters are no longer required [45]. However, the 

envelope of a conventional OFDM signal fluctuates significantly, which results in 

inherent distortion that would degrade the performance of the overlaid OOK signal. 

As a result, it is of practical meaning to explore advanced modulation techniques for 

seamless integration of variable-rate VLC with PON systems. 

1.2   Major contributions 

In order to solve the above-mentioned problems, novel advanced modulation and detection 

techniques are explored and developed in this thesis. The main contributions of this thesis, as 

highlighted in Fig. 1.2, are summarized as follows: 

 Due to high channel correlation caused by the LOS transmission characteristic and 

the small spatial separation of detectors in MIMO-VLC receivers, the performance of 

an indoor MIMO-VLC system is limited, resulting in relatively small communication 

coverage. This thesis first proposes a non-Hermitian symmetry OFDM (NHS-OFDM) 

modulation technique to improve the performance of indoor MIMO-VLC systems. 

The proposed NHS-OFDM modulation technique removes the Hermitian symmetry 

constraint, by transmitting the real and imaginary parts of a complex-valued OFDM 

signal via a pair of LEDs. Analytical and experimental results show that an MIMO-

VLC system employing NHS-OFDM exhibits lower or comparable computational 
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complexity as the system utilizing conventional Hermitian symmetry based OFDM 

(HS-OFDM), but achieves much better bit error rate (BER) performance, leading to 

improved communication coverage. (Chapter 3) 

 Imaging based receivers (ImRs) have been widely applied in MIMO-VLC systems to 

replace the widely used non-imaging receivers (NImRs), due to their ability to reduce 

channel correlation and improve multiplexing gain [32]. Nevertheless, the field-of-

view (FOV) of conventional ImRs is relatively small which limits the communication 

coverage of indoor MIMO-VLC systems [46]. In this thesis, a novel imaging angle 

diversity receiver (ImADR) is proposed for indoor MIMO-VLC systems. In the 

proposed ImADR, angle diversity detectors are utilized instead of vertically oriented 

detectors. As a result, ImADR has a much wider FOV and achieves higher optical 

channel gains than the conventional ImR. Analytical and simulation results verify that 

an indoor MIMO-VLC system using the proposed ImADR can achieve significantly 

improved communication coverage than the system using an ImR. (Chapter 4) 

 The ICI in multi-cell VLC systems can be mitigated by using conventional frequency 

division based techniques, but the achievable capacity of each cell in the multi-cell 

VLC system is inevitably sacrificed. Differential optical detection using polarization 

division [39] and user-centric cell formation techniques [40] have been reported for 

in-band ICI mitigation without sacrificing cell capacity. However, complicated cell 

planning and accurate system control are usually required, which greatly increases the 

implementation complexity of indoor multi-cell VLC systems. In order to efficiently 

mitigate ICI without losing cell capacity and increasing implementation complexity, 

an angle diversity multi-element receiver (ADMER) based ICI mitigation technique 

is proposed and examined for indoor multi-cell VLC systems. Experimental and 

analytical results demonstrate that the proposed ADMER can effectively mitigate ICI 

and significantly reduce signal-to-interference-and-noise ratio (SINR) fluctuation in 

indoor multi-cell VLC systems, while achieving a high cell capacity and relatively 

low implementation complexity. (Chapter 5) 

 Variable-rate VLC wireless access should be integrated with last-mile PON systems 

to support high-speed hybrid wired and wireless services for users in typical indoor 

environments [21]. OFDM based passive optical network (OFDM-PON) is promising 

for high-speed wired access [47]. In this thesis, an integrated VLC and OFDM-PON 

system based on adaptive envelope modulation is proposed and analyzed for indoor 

hybrid wired and wireless optical access. The data for wired access is carried by a 

conventional OFDM signal and the data for VLC wireless access is carried by an M-
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ary pulse amplitude modulation (M-PAM) signal modulated onto the envelope of the 

OFDM signal. In order to achieve a constant envelope and thus eliminate the inherent 

amplitude distortions, discrete phase modulation after OFDM encoding is performed 

to obtain a constant envelope OFDM (CE-OFDM) [48]. By using adaptive envelope 

modulation in the optical line terminal (OLT), variable-rate VLC wireless access can 

be achieved in the integrated VLC and OFDM-PON system. (Chapter 6) 

1.3   Thesis organization  

This thesis consists of seven chapters, which is organized as follows 

Chapter 1 briefly introduces the background and the motivations of indoor VLC systems, and 

summarizes the major contributions of the work in this thesis. 

Chapter 2 presents a comprehensive literature review on the system model and the state-of-

the-art modulation and detection techniques of VLC. Moreover, a review on MIMO-VLC is 

particularly conducted, including both non-imaging and imaging MIMO-VLC systems. After 

that, various potential applications of VLC are also introduced. 

Chapter 3 proposes a NHS-OFDM modulation technique for indoor MIMO-VLC systems, 

which can enhance the BER performance and hence improve the communication coverage of 

the system. The principle of NHS-OFDM is first introduced and then the analytical BER 

expression of an MIMO-VLC system using NHS-OFDM is derived. The performance of a 

2×2 MIMO-VLC system using conventional HS-OFDM and the proposed NHS-OFDM is 

investigated and compared by both experiments and numerical analysis. Furthermore, the 

impact of LED pairing in a general MIMO-VLC system using NHS-OFDM is also analyzed. 

In Chapter 4, an ImADR is proposed for communication coverage improvement of indoor 

MIMO-VLC systems. The principle of ImADR is first presented and a detailed comparison 

between conventional ImR and the proposed ImADR is then conducted in terms of FOV, area 

of detector array and optical channel gain. After that, the BER performance of an indoor four-

channel MIMO-VLC system employing the proposed ImADR is investigated.  

Chapter 5 analyzes an ADMER for ICI mitigation and SINR fluctuation reduction in indoor 

multi-cell VLC systems. The principle of ADMER is discussed. After that, a two-cell VLC 

system using an ADMER with three detectors is first experimentally demonstrated. Then, a 

four-cell VLC system using an ADMER with five, six, seven or nine detectors is numerically 

evaluated, with the consideration of receiver random rotation.  
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Chapter 6 investigates an integrated variable-rate VLC and OFDM-PON system for hybrid 

indoor wired and wireless optical access, by using an adaptive envelope modulation technique. 

The system architecture is first presented and then two key techniques (i.e., constant envelope 

OFDM and adaptive envelope modulation) for system integration are discussed. The BER 

performances of both fiber-based wired access and VLC wireless access are analyzed. 

Chapter 7 gives the conclusions of the work and some recommendations on the future work 

are also provided. 
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Chapter 2    Literature Review 

2.1   Introduction of VLC  

VLC is the name given to an optical wireless communication system where the information is 

carried by visible light in the spectrum from about 400 to 700 nm [7]. Owing to the rapid 

development of LED technology, LEDs have been widely used as optical transmitters in VLC 

systems [8]. In white LEDs based indoor VLC systems, LEDs are employed for simultaneous 

illumination and communication [9]. Since the light emitted by LEDs is naturally incoherent, 

only intensity modulation/direct detection (IM/DD) can be used in VLC systems and hence 

only real-valued and non-negative signals can be transmitted by LEDs [10]. In this section, 

the fundamental of white LEDs based VLC systems is briefly reviewed. The system model is 

first introduced and then two key techniques of VLC systems, i.e., modulation and detection, 

are further discussed. 

2.1.1   System model 

Fig. 2.1 illustrates the block diagram of a general VLC system. The binary input data are first 

modulated to obtain a real-valued signal and then a DC bias is added to the modulated signal 

such that the generated signal is both real-valued and non-negative. After that, the resultant 

electrical signal is used to drive the LED that emits light into the free-space channel. At the 

receiver side, an optical concentrator or lens can be employed to concentrate the radiated light 

onto the photodetector (PD) and an optical filter can also be utilized to attenuate the unwanted 

ambient light [11, 12]. Subsequently, the received electrical signal is amplified and further 

demodulated to generate the output data. 

 

Figure 2.1. Block diagram of a general VLC system. 
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Considering that white LEDs are used for a dual function of simultaneous illumination and 

communication, LED lights have two basic properties, i.e., luminous intensity and transmitted 

optical power. The luminous intensity is used for expressing the brightness of an LED, while 

the transmitted optical power indicates the total energy radiated from an LED, which is a 

parameter from the point of view of optical communication [12]. 

Luminous intensity is the unit that indicates the energy flux per solid angle and it is related to 

the illuminance at an illuminated surface, where the energy flux is normalized with visibility. 

The luminous intensity is defined as  

I = 

dΦ

dΩ
,                                                              (2.1) 

where Φ is the luminous flux and Ω is the spatial angle. The luminous flux Φ can be obtained 

from the energy flux Φe as 

Φ = Km∫ V(λ)
780

380

Φe(λ)dλ,                                               (2.2) 

where Km is the maximum visibility which is about 683 lm/W at the wavelength λ = 555 nm 

and V(λ) is the standard luminosity curve. 

The transmitted optical power Pt is the integral of the energy flux Φe in all directions, which is 

given by 

Pt  = Km∫ ∫ Φedθdλ
2π

0

Λmax

Λmin

,                                              (2.3) 

where Λmin and Λmax are determined by the sensitivity curve of the PD [7]. 

Fig. 2.2 illustrates the geometric setup of a VLC system. Without loss of generality, the LED 

can be assumed to have a Lambertian radiation pattern and hence the radiation intensity at a 

receiver surface is given by [12] 

I(ϕ) = I(0)cosm(ϕ),                                                      (2.4) 

where ϕ is the angle of irradiance with respect to the axis normal to the transmitter surface, 

I(0) is the central luminous intensity of the LED and m is the order of Lambertian emission 

which is defined by 
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Figure 2.2. Illustration of the geometric setup of a VLC system. 

 

m = 

ln(2)

ln(cosΦ1/2)
,                                                       (2.5) 

where Φ1/2 is the semi-angle at half illuminance of the LED. 

The horizontal illuminance at the receiver surface is expressed by 

Eh  = 

I(0)cosm(ϕ)cos(𝜃)

d
 2

,                                                 (2.6) 

where θ is the angle of incidence with respect to the axis normal to the receiver surface and d 

is the distance between the LED and the receiver surface [7]. 

In typical indoor VLC systems, due to the LOS transmission and reflections from the surfaces 

within the room, a receiver can usually detect both LOS and diffuse components of the light 

emitted by the LED. The LOS optical channel DC gain h is calculated by [12] 

h = 

(m +1)Ad

2πd
 2

cosm(ϕ)Ts(𝜃)g(𝜃)cos(𝜃),    0 ≤ 𝜃 ≤ Θ1/2,                           (2.7) 

where Ad is the active area of the PD, Ts(θ) is the gain of the optical filter, g(θ) is the gain of 

the optical concentrator or lens, and Θ1/2 is half-angle FOV of the receiver. It should be noted 

that the LOS optical channel DC gain h becomes zero when the incident angle θ is outside the 

FOV of the receiver.  
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The optical concentrator gain g(θ) is given by 

 g(𝜃) = 

n2

sin
2
Θ1/2

,    0 ≤ 𝜃 ≤ Θ1/2,                                           (2.8) 

where n is the refractive index of the optical concentrator. 

Moreover, as illustrated in Fig. 2.2, the optical channel DC gain of the first reflection is 

calculated by [12, 49] 

dhref = 

(m +1)Ad

2π2d1
 2
d2

 2
𝜌dAwallcosm(ϕ

r
)cos(α)cos(β)Ts(𝜃r)g(𝜃r)cos(𝜃r),    0 ≤ 𝜃r ≤ Θ1/2,     (2.9) 

where d1 is the distance between the LED and the reflective point (RP), d2 is the distance 

between the RP and the receiver, ρ is the reflectance factor, dAwall is the reflective area of a 

small region, ϕr is the angle of irradiance from the LED, α and β are the angle of incidence to 

the RP and the angle of irradiance from the RP, respectively, and θr is the angle of incidence 

to the receiving plane. 

Therefore, the total received optical power of the receiver from the LED is given by 

Pr = Pth +∫ Pt  dhref

  

walls

.                                               (2.10) 

It has been verified in [32] that the weakest LOS component is at least 7-dB higher in 

electrical power than the strongest diffuse component in typical indoor environments. For this 

reason, we can assume that the diffuse components are negligible and only consider the LOS 

component in the analysis of an indoor VLC system. Note that this assumption has been 

widely adopted in the literature [17, 23, 32, 34, 35].  

Moreover, the wavelength used in VLC systems is around 400 to 700 nm, which is much 

smaller than the typical active area of a PD. As a result, multipath fading can be generally 

neglected in indoor VLC systems because of high spatial diversity [12, 52]. Nevertheless, 

performance degradation is still possible in the presence of multipath-induced inter-symbol 

interference (ISI) in certain scenarios and ISI mitigation techniques can be applied to improve 

the system performance [7]. 

Assuming that the LED has an average transmitted optical power P0 and a modulation index ξ, 

the optical signal s(t) at the output of the LED can be represented by [50] 

s(t) = P0[1 + ξx(t)].                                                         (2.11) 
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In Eq. (2.11), x(t) is the normalized electrical modulating signal with σx
 2

 = 1. The modulation 

index is defined as the ratio of the LED’s maximum current variation caused by the 

modulating signal to the LED bias current [51]. Assuming only LOS transmission, after 

removing the DC term, the received electrical signal y(t) is expressed by 

y(t) = RhP0ξx(t) + n(t),                                                         (2.12) 

where R is the responsivity of the PD, and n(t) is the additive noise including both shot and 

thermal noises. The additive noise can be modeled as a real-valued additive white Gaussian 

noise (AWGN) with zero mean and variance σ 2
 = σshot

 2
 + σthermal

 2  [12]. The variances of shot 

and thermal noises are given as follows 

{

σshot
 2  = 2q(RPrx + IbgI2)Bn                              

σthermal
 2  = 8πkTKηAdBn

2 (
I2

G
 + 

2πΓ

g
m

ηAdI3Bn)
,                               (2.13) 

where q is the electronic charge, Prx = hP0 is the received optical power from the LED, Ibg is 

the background current due to ambient light, I2 = 0.562 is the noise bandwidth factor, Bn is the 

equivalent noise bandwidth, k is the Boltzmann’s constant, TK is absolute temperature, η is the 

fixed capacitance of PD per unit area, G is the open-loop voltage gain, Γ is the FET channel 

noise factor, gm is the FET transconductance, and the noise bandwidth factor I3 = 0.0868 [7]. 

Based on Eq. (2.12), the SNR of the received electrical signal y(t) can be obtained by 

SNR = 
(RhP0ξ)

2

σshot
 2  + σthermal

 2
.                                                 (2.14) 

It can be seen that the SNR of the received signal is determined by many factors, including 

the responsivity of the PD, the optical channel DC gain, the average transmitted optical power, 

the modulation index of the LED, and the variances of the additive shot and thermal noises. 

2.1.2   Modulation techniques 

In VLC systems, as shown in Fig. 2.1, the input data are modulated into real-valued and non-

negative signals before they are used to drive the LED. So far, many modulation techniques 

have been proposed for white LEDs based VLC systems. In this subsection, a brief overview 

of different modulation techniques that have been considered in VLC systems is provided. A 

comparison of the widely used modulation techniques is given in Table 2.1. 
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Table 2.1. Comparison of different modulation techniques in VLC 

Modulation technique Spectral efficiency System complexity 

OOK Low Low 

CSK Moderate High 

OFDM High High 

SC-FDE High High 

 

On-off keying (OOK): OOK is one of the simplest modulation schemes that have been used in 

VLC systems [26, 27, 32, 53–57]. In OOK-VLC, the LED is switched “on” and “off” when 

the data bit is “1” or “0”, respectively. In the “off” state, the LED is not completely turned off; 

instead, the intensity of the light is simply reduced as long as the receiver could distinguish 

clearly between the “on” and “off” states [53]. Moreover, non-return-to-zero (NRZ) OOK is 

usually adopted in OOK-VLC systems, where the data bits “1” and “0” are represented by 

positive and negative currents [54]. In [55], S. Park et al. demonstrated a 10 Mb/s white LED 

based VLC system using NRZ-OOK. In [56], NRZ-OOK with blue filtering was employed 

the VLC system achieving a data rate of 40 Mb/s. In order to further increase the data rate of 

VLC systems, H. Minh et al. proposed to combine blue filtering with analogue equalization at 

the transmitter or receiver side using NRZ-OOK, achieving data rates of more than 100 Mb/s 

[26, 27]. In [57], a 614 Mb/s NRZ-OOK based VLC system was demonstrated where the 

duobinary technique with hybrid transmitter and receiver equalization was adopted. Although 

the implementation complexity of OOK modulation in VLC systems is very low, the spectral 

efficiency of OOK modulation is also low. 

Color shift keying (CSK): CSK is a modulation scheme especially designed for VLC systems 

where multi-chip LEDs, such as red, green, and blue (RGB) LEDs, are used, which has been 

introduced in the new IEEE 802.15.7 standards [58]. In CSK, the transmitted bit corresponds 

to a specific color in the color space chromaticity diagram, which is defined by the CIE 1931 

coordinates [59]. The chromaticity diagram maps all colors perceivable by human eyes to two 

chromaticity parameters, i.e., x and y [2]. The design and implementation of CSK in VLC 

systems have been extensively studied in literature [60–62]. Compared with OOK, CSK has a 

relatively higher spectral efficiency. However, CSK is not applicable to VLC systems where 

phosphor-based LEDs are used and moreover, the implementation of CSK requires a very 

complex circuit structure, which will significantly increase the system complexity [2]. 
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Figure 2.3. Block diagrams of (a) OFDM and (b) SC-FDE [71]. 

Orthogonal frequency division multiplexing (OFDM): In OFDM, multiple orthogonal sub- 

carriers are utilized to simultaneously transmit parallel data streams and hence inter-symbol- 

interference (ISI) can be reduced. Moreover, OFDM can achieve high spectral efficiency by 

adopting high-order QAM constellation mappings [63]. Due to its high spectral efficiency and 

robustness against ISI and multipath fading, OFDM has been widely applied in white LEDs 

based VLC systems [24, 29, 30, 64]. Since only real-valued signals can be transmitted in VLC 

systems, Hermitian symmetry is usually imposed before performing the inverse fast Fourier 

transform (IFFT) in OFDM based VLC systems [30]. As a special case of OFDM, DMT with 

adaptive bit and/or power loading has also been considered to increase the capacity of VLC 

systems [65–67]. Another key advantage of OFDM is that it can provide flexible subcarrier 

allocation and hence OFDM can also be considered as an effective multiple access technique, 

i.e., orthogonal frequency-division multiple access (OFDMA) [52, 68]. Nevertheless, OFDM 

surfers from high peak-to-average power ratio (PAPR) which could degrade the system 

performance of and several schemes have been proposed for the PAPR reduction in OFDM 

based VLC systems [69, 70]. 

Single carrier frequency domain equalization (SC-FDE): SC-FDE is a single-carrier (SC) 

modulation technique combined with frequency domain equalization (FDE). Compared with 

OFDM, SC-FDE has lower PAPR and hence achieves better BER performance than OFDM 
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[71]. Due to its improved performance, SC-FDE has also been considered in white LEDs 

based VLC systems utilizing various modulation formats such as OOK [72], pulse amplitude 

modulation (PAM) [73], and QAM [31, 74]. Although SC-FDE outperforms OFDM in terms 

of PAPR and meanwhile has a comparable implementation complexity as OFDM, SC-FDE 

cannot support flexible resource allocation in comparison to OFDM. Fig. 2.3 compares the 

principles of OFDM and SC-FDE.  

2.1.3   Detection techniques 

After free-space propagation, the light emitted by LEDs is detected to obtain the transmitted 

information. In white LEDs based VLC systems, several detection techniques can be utilized 

to convert the radiated light to electrical signals, which are listed as follows. 

Photodiode (PD): PD is the most widely used optical-to-electrical converters in white LEDs 

based VLC systems [12]. More specifically, there are two types of PDs that can be employed 

in VLC systems: one is a positive-intrinsic-negative (PIN) diode and the other is an avalanche 

photodiode (APD) [16]. In comparison to a PIN diode, an APD has a much higher sensitivity 

in detecting optical signals, which is commonly used in high-speed VLC systems [65, 66, 75].  

Single-photon avalanche diode (SPAD): Recently, SPAD based receivers have attracted great 

attention in white LEDs based VLC systems [76–78]. In PIN or APD based VLC systems, 

transimpedance amplifiers (TIAs) are generally used, which could significantly reduce the 

sensitivity of the receiver and degrade the system performance for low-power and long- 

distance transmissions. However, the SPAD detector does not require a TIA and thus the 

output signal is not distorted by thermal noise, resulting in improved system performance [79]. 

Solar cell: Due to the increased efficiency, solar cells have been widely applied in our daily 

life, such as solar-powered calculators, solar phone chargers, solar power arrays on space 

satellites, and solar-powered street lights [80]. Besides energy harvesting, solar cells have also 

been applied in white LEDs based VLC systems for simultaneous reception of solar power 

and VLC signals [81]. A solar panel based VLC receiver was demonstrated in [82], without 

the need of a power supply, and achieving a data rate of 11.84 Mb/s. In [83], a self-reverse-

biased solar panel optical receiver was proposed to improve the communication and energy 

harvesting performance. In [84], a nano-plasmonic thin-film solar cell (TFSC) based receiver 

was designed for VLC systems. Although simultaneous energy harvesting and VLC can be 

obtained by using a solar cell based receiver, the achievable data rate is very limited. 

Image sensor/camera: CMOS image sensors have gained popularity in recent years because 

of advances in multi-functionalization, low manufacturing costs, and low power consumption. 
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A high-speed image sensor consists of a PD array typically organized in an orthogonal grid 

[85], which has been widely applied in various automotive applications [86–88]. Moreover, 

low-speed image sensors embedded in cameras have also been adopted as receivers in VLC 

systems [89]. In camera based VLC, also named optical camera communication (OCC), two 

main methods have been proposed for signal detection: one is based on the rolling shutter 

effect of the CMOS sensor of the camera [90] and the other is based on the undersampling 

technique [91]. Nevertheless, the achievable data rate of OCC systems is quite low which 

limits its practical applications. 

2.2   MIMO-VLC 

In an indoor environment, multiple LEDs are commonly mounted in the ceiling for sufficient 

indoor illumination. By exploiting the existing multiple LEDs, MIMO transmission is a very 

natural and effective way to increase the capacity of VLC systems [32]. 

2.2.1   Transmission schemes 

In typical indoor MIMO-VLC systems, there are mainly three transmission schemes including 

repetition coding (RC), spatial multiplexing (SMP) and spatial modulation (SM). 

Repetition coding (RC): RC is the simplest MIMO transmission scheme where all the LEDs 

in the VLC system simultaneously transmit the same signal [92]. It has been shown that RC 

can achieve good performance in free-space optical (FSO) communication systems due to 

transmit diversity [93]. However, the multiplexing gain of RC based MIMO-VLC systems is 

quite limited.  

Spatial multiplexing (SMP): In SMP, different signals are transmitted by different LEDs and 

hence multiple parallel channels can be created in SMP based MIMO-VLC systems [32]. The 

performance of SMP is greatly limited by the inter-channel-interference, since each receiver 

in the corresponding channel not only receives the desired signal but also the interference 

signals from the other channels [94]. So far, many techniques have been proposed to mitigate 

the inter-channel-interference in SMP based MIMO-VLC systems, such as precoding [95–97], 

power imbalance between the LEDs or link blockage [92], improved receiver design [98, 99], 

and so on. Compared with RC, SMP can achieve much high multiplexing gain in white LEDs 

based MIMO-VLC systems. 
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Figure 2.4. Illustration of three MIMO transmission schemes (a) RC, (b) SMP and (c) SM in a 

2×2 MIMO-VLC system [33]. 

Spatial modulation (SM): SM is a technique that combines MIMO and digital modulation, 

where only one transmitter is active and transmits signal at any point of time [100]. In SM, 

the conventional signal constellation diagram is extended to an additional dimension, namely 

the spatial dimension, which can be utilized to transmit additional bits [101]. Since the data is 

encoded in both spatial and signal domains, SM achieves a relatively high multiplexing gain. 

Moreover, since only one LED is activated at any symbol duration, SM completely avoids 

inter-channel interference and hence has lower complexity compared with SMP [102]. 

Fig. 2.4 illustrates the principles of RC, SMP and SM in a 2×2 MIMO-VLC system [33]. A 

performance comparison of the above MIMO transmission schemes can be found in [92]. 

2.2.2   MIMO receivers 

Generally, there are two types of optical receivers that can be used in white LEDs based VLC 

systems, i.e., non-imaging receiver (NImR) and imaging receiver (ImR) [32].   

Non-imaging receiver (NImR): NImR consists of an array of independent PDs, each of which 

has an individual optical concentrator [103]. MIMO-VLC systems using NImR usually suffer 
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from high channel correlation, leading to very significant inter-channel interference, which is 

mainly caused by the LOS transmission characteristic of VLC and the small spatial separation 

of PDs in typical NImRs [94, 96]. In order to reduce channel correlation and improve the 

performance of MIMO-VLC systems, non-imaging angle diversity receivers (NImADRs) 

have been proposed where tilted PDs instead of vertically oriented PDs are utilized to achieve 

angle diversity [104–106]. Nevertheless, NImADRs can only reduce the channel correlation 

of MIMO-VLC systems to a certain extent and the capacity improvement is still limited. 

Imaging receiver (ImR): ImR is composed of an imaging lens, an optical filter and a detector 

array, where the imaging lens is employed to project the incident light from the LEDs onto 

the detector array while the optical filter is used to attenuate the unwanted ambient light [46]. 

Since ImRs can effectively decorrelate the multiplexed channels in MIMO-VLC systems and 

hence eliminate inter-channel interference, the capacity of MIMO-VLC systems using ImR 

can be fully exploited [107–109]. Nevertheless, the FOV of an ImR is relatively small which 

limits the mobility of the receiver.  

2.3   Applications of VLC 

Nowadays, LEDs have been widely deployed for illumination in indoor environments due to 

its high energy efficiency and cost-effectiveness [5]. It is predicted that LEDs will gradually 

replace conventional incandescent and fluorescent lamps for illumination and dominate the 

illumination market by 2020 [110]. Considering that the LEDs are always turned on in many 

indoor environments, the most promising application of LEDs is indoor high-speed wireless 

communication [16]. It has been reported that the achievable data rate of indoor VLC systems 

can reach up to multiple Gb/s, which is much higher than conventional RF based systems 

such as Wi-Fi [24, 31, 67, 75]. Besides high-speed wireless communication, white LEDs 

based VLC also has many other emerging applications, which are discussed as follows. 

Vehicular communication: Vehicular communication using VLC has attracted great attention 

in recent years. The applications of VLC for vehicular communication can be divided into 

two categories: one is vehicle-to-infrastructure (V2I) communication and the other is vehicle-

to-vehicle (V2V) communication [2]. In V2I systems, the vehicle is connected with traffic 

related infrastructure such as traffic light and streetlight [111–113]. In V2V systems, the 

headlights and taillights of a vehicle are used as transmitters and PD or image sensor are used 

as receivers to connect different vehicles [86–88, 114, 115]. Fig. 2.5 illustrates the application 

of VLC in V2I and V2V systems. 
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Figure 2.5. Illustration of VLC based V2I and V2V systems [86]. 

Underwater communication: Due to the growing need for underwater observation and subsea 

monitoring, underwater communication has stimulated considerable interest recently [116]. In 

underwater environments, conventional RF signals cannot be used for communication due to 

high attenuation [117]. Acoustic (sonar) waves have relatively low attenuation in seawater, 

but the data rate is quite limited [118]. Optical wireless communication, including VLC, has 

revealed great potential for high-speed underwater communication [116–120]. For VLC based 

underwater communication systems, visual confirmation becomes possible in relatively clear 

underwater environments [117]. Fig. 2.6 illustrates the concept of VLC based underwater 

communication. 

 

Figure 2.6. Illustration of VLC based underwater communication [116]. 



22 

 

EMI-sensitive communication: Since visible light is used as the media for signal transmission 

in white LEDs based VLC systems, there is no RFI/EMI and hence VLC can be a promising 

technique for high-speed wireless communication in many EMI-sensitive environments such 

as aircraft cabins, hospitals, underground mines, spaceships, etc. [54, 121]. Fig. 2.7 shows a 

reading lamp based VLC system deployed in an in-flight environment. 

 

Figure 2.7. Illustration of VLC based in-flight communication [121]. 

Indoor positioning: Positioning, also known as localization, is the process of determining the 

spatial position of an object or person. Global positioning system (GPS) is most widely used 

positioning technique in our daily life, but it is not suitable in indoor environments [122]. Due 

to the wide deployment of white LEDs for illumination, it is a unique opportunity to develop 

a flexible, accurate and ubiquitous indoor positioning system by exploiting the existing white 

LEDs [122–124]. It is expected that the market for mobile indoor positioning in the retail 

sector will reach $5 billion by 2018 [8, 125]. In practical implementations, communication 

and positioning can be simultaneously supported in an integrated visible light communication 

and positioning (VLCP) system. Fig. 2.8 shows the concept of VLC based indoor positioning. 
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Figure 2.8. Illustration of VLC based indoor positioning [8]. 

 

Figure 2.9. Illustration of VLC based human sensing [130]. 

Ranging, detection, and sensing: Besides conventional applications such as communication 

and positioning, VLC can also be applied in many other scenarios such as ranging, detection 

and sensing [85]. In [126, 127], white LEDs based VLC has been considered for range 
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estimation by exploiting the phase information. In [128], VLC is used for efficient road 

surface detection based on the diffuse and specular reflections from the road surface. Motion 

detection using VLC was further demonstrated in [129], where motion was detected by 

observing the pattern created by intentional obstruction of a VLC link. In [130, 131], VLC 

based human and occupancy sensing were demonstrated by using shadows created by the 

human body and variances in diffuse reflection, respectively. Fig. 2.9 illustrates the principle 

of human sensing based on VLC. 

2.4   Summary 

In this chapter, a brief review of white LEDs based VLC systems has been presented. Since 

the light emitted by LEDs is naturally incoherent, IM/DD is generally adopted in white LEDs 

based VLC systems. Several modulation and detection techniques, which have been widely 

applied in VLC systems, have been briefly reviewed and compared. Moreover, MIMO-VLC 

technique has been discussed in terms of transmission schemes and receivers. Finally, a brief 

introduction on the various emerging practical applications of VLC in our daily life has also 

been provided. 
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Chapter 3    Non-Hermitian Symmetry OFDM for 

MIMO-VLC 

3.1   Introduction 

It has been discussed in Chapter 2 that OFDM using high-order QAM modulation is widely 

used capacity-enhancement technique in indoor VLC systems. Due to the IM/DD nature of 

white LEDs based VLC systems, Hermitian symmetry (HS) is usually imposed before 

performing IFFT so as to generate LED-compatible real-valued OFDM signals. HS-based 

OFDM (HS-OFDM) with a DC bias is also known as DCO-OFDM [132]. Many modified 

HS-OFDM schemes have been reported in the literature for spectral efficiency improvement 

and/or peak-to-average power ratio (PAPR) reduction, such as ACO-OFDM [133], unipolar 

OFDM [134], enhanced unipolar OFDM [135], spectral and energy efficient OFDM (SEE-

OFDM) [136], asymmetrically and symmetrically clipped optical OFDM (ASCO-OFDM) 

[137], and so on. However, imposing HS doubles the sizes of IFFT and FFT. In recent years, 

a few approaches have been proposed to circumvent the HS constraint of OFDM for IM/DD 

optical systems. A real-valued OFDM scheme based on the fast Hartley transform (FHT) was 

reported in [138] where Fourier processing was replaced by the real processing of Hartley 

transform, but only real-valued constellations can be used. Based on a polar representation of 

complex symbols, polar OFDM was proposed, which can offer a doubled spectral efficiency 

as ACO-OFDM [139]. Moreover, the idea of first extracting the real and imaginary parts of a 

complex-valued OFDM signal and then separately transmitting them via multiple consecutive 

symbols was reported in [140, 141]. However, using multiple symbols to transmit one OFDM 

frame greatly reduces the capacity. In [30], it was mentioned that the real and imaginary parts 

can be separately transmitted via two chips, i.e. two different wavelengths, of a RGB-LED via 

the same optical link. Since RGB-LEDs are relatively more expensive than phosphor-based 

LEDs, the use of RGB-LEDs would increase the cost of VLC systems. 

In practical indoor environments, multiple LEDs are commonly mounted in the ceiling to 

provide sufficient illumination. Hence, MIMO is a natural and effective way to increase the 

capacity of indoor VLC systems [32]. The above-mentioned OFDM schemes can be directly 

used in indoor MIMO-VLC systems. In this chapter, a novel non-HS OFDM (NHS-OFDM) 

modulation scheme is proposed for communication coverage improvement of indoor MIMO-

VLC systems [142]. By transmitting the real and imaginary parts of a complex-valued OFDM 

signal through a pair of white LEDs, NHS-OFDM can circumvent the constraint of HS. The 

performance of an indoor 2×2 MIMO-VLC system using conventional HS-OFDM and the 
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proposed NHS-OFDM is evaluated, where NImR and ImR are both considered. Analytical 

results show that the system using NHS-OFDM achieves superior bit error rate (BER) 

performance than that using HS-OFDM, with lower or nearly the same computational 

complexity. Furthermore, the superior BER performance of NHS-OFDM based MIMO-VLC 

is verified by proof-of-concept experiments and the experimental results demonstrate that, in 

an indoor 400 Mb/s 2×2 MIMO-VLC system using an ImR, NHS-OFDM improves the 

communication coverage area of the system by about 30% compared with conventional HS-

OFDM for a target BER of 3.8×10–3. Finally, the impact of LED pairing on the performance 

of general NHS-OFDM based MIMO-VLC systems is also analyzed 

The rest of the chapter is organized as follows. In Section 3.2, the principle of the proposed 

NHS-OFDM based MIMO-VLC system is first introduced. In Section 3.3, the analytical BER 

expressions of a 2×2 MIMO-VLC system using conventional HS-OFDM and the proposed 

NHS-OFDM are then derived. Numerical and experimental results are presented in Section 

3.4, and the impact of LED pairing on the performance of NHS-OFDM based MIMO-VLC 

systems is analyzed in Section 3.5. Finally, the conclusion is given in Section 3.6. The content 

of this chapter is related to the author’s work shown in [142–145]. 

3.2   Principle of NHS-OFDM based MIMO-VLC 

This section introduces the principle of NHS-OFDM based MIMO-VLC and compares it with 

that employing conventional HS-OFDM [142]. For simplicity and without loss of generality, 

an indoor 2×2 MIMO-VLC system is considered. 

Figs. 3.1(a) and (b) illustrate the block diagrams of an indoor 2×2 MIMO-VLC system using 

conventional HS-OFDM and the proposed NHS-OFDM, respectively. As shown in Fig. 3.1(a), 

two pairs of HS-OFDM transmitters and receivers are needed. The serial input data are first 

split into two parallel data streams and each stream is fed into a HS-OFDM transmitter. After 

serial-to-parallel (S/P) conversion, the parallel data are mapped to QAM symbols.  

In order to generate a real-valued OFDM signal, HS is imposed before the N-point IFFT. A 

cyclic prefix (CP) is added and the resultant parallel signal is parallel-to-serial (P/S) converted. 

Then, a training sequence (TS) is added. After digital-to-analog (D/A) conversion and adding 

a DC bias, two unipolar analog signals x1(t) and x2(t) can be obtained at the outputs of two 

HS-OFDM transmitters, which are then separately modulated onto the intensities of two white 

LEDs. 
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Figure 3.1. Block diagrams of a 2×2 MIMO-VLC system using (a) conventional HS-OFDM 

and (b) the proposed NHS-OFDM. 
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After being transmitted over the indoor free-space channel, the light is detected by a receiver, 

which can be a NImR or an ImR. Two output signals y1(t) and y2(t) are obtained and 

separately demodulated in two HS-OFDM receivers. In each HS-OFDM receiver, the 

received analog signal is analog-to-digital (A/D) converted. By exploiting the TS, time 

synchronization is performed. Based on the pre-estimated channel information, MIMO de-

multiplexing (De-MUX) is executed. After performing S/P conversion, CP removal, N-point 

FFT, frequency domain equalization (FDE), QAM demapping and P/S conversion, an output 

data stream is generated. The final output data is obtained by combining the two parallel 

output data streams together. The QAM constellation can be obtained by using the received 

frequency domain QAM signal. 

As shown in Fig. 3.1(b), only one pair of NHS-OFDM transmitter and receiver is needed in 

the 2×2 MIMO-VLC system using the newly proposed NHS-OFDM. In the NHS-OFDM 

transmitter, no HS is imposed before performing IFFT, instead a real-and-imaginary separator 

(RIS) is utilized to separate the real and imaginary parts of the complex-valued OFDM signal. 

The intensities of two LEDs are then modulated by the real and imaginary signals xRe(t) and 

xIm(t), respectively.  

Since transmission distances of the real and imaginary signals might be different, the received 

real and imaginary signals yRe(t) and yIm(t) might have different phases and different electrical 

powers. In order to eliminate the phase imbalance between the received real and imaginary 

signals, the real and imaginary signals are separately synchronized by using the corresponding 

TSs after A/D conversion. Moreover, the electrical powers of the received real and imaginary 

signals are also balanced and the power balancing can be easily achieved via usual MIMO 

De-MUX. The phase and power balanced real and imaginary signals are then combined 

together in a real-and-imaginary combiner (RIC) to reconstruct the complex-valued signal.  

It should be noted that the same time synchronization and MIMO De-MUX procedures are 

required in conventional HS-OFDM based MIMO-VLC systems. Therefore, the operations 

for balancing phase and power do not add any additional requirements in NHS-OFDM based 

MIMO-VLC systems. 

It is also noteworthy that the proposed NHS-OFDM scheme can only be used in MIMO-VLC 

systems with one or more pairs of LEDs, whereas HS-OFDM can be used in both SISO-VLC 

and MIMO-VLC systems. It can be seen that HS-OFDM, which is also known as DCO-

OFDM [132], exploits HS to generate a real-valued signal and the DC bias is added. Since 

DC bias are also required in NHS-OFDM, NHS-OFDM can be considered as a modified 

DCO-OFDM scheme for MIMO-VLC, which removes the constraint of HS. 
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Figure 3.2. Schematic diagrams of a NHS-OFDM based 2×2 MIMO-VLC system using (a) a 

NImR and (b) an ImR. 

Generally, two different types of receivers can be used in MIMO-VLC systems. Figs. 3.2(a) 

and (b) show the schematic diagrams of a 2×2 MIMO-VLC system using a NImR and an ImR, 

respectively. For the 2×2 MIMO-VLC system using a NImR, the channel matrix is given by 

HNImR  = [
h11 h12

h21 h22
] ,                                                   (3.1) 

where hrt (t, r = 1, 2) is the optical channel DC gain between the t-th LED and the r-th PD. The 

definition of hrt can be found in Eq. (2.7). However, when an ImR is employed, the ICI can be 

substantially eliminated [109] and hence the channel matrix becomes a diagonal matrix 

HImR  = [
0 h12

h21 0
] .                                                           (3.2) 

3.3   BER analysis 

Analytical BER expressions of the 2×2 MIMO-VLC system using conventional HS-OFDM 

and the proposed NHS-OFDM are derived and presented in this section. 

3.3.1   BER of MIMO-VLC using HS-OFDM 

Assuming that the two LEDs have the same average transmitted optical power P0 and the 

same modulation index ξ, and the two PDs have the same responsivity R, the received signal 

vector y = [y1 y2]
T in the indoor 2×2 MIMO-VLC system using conventional HS-OFDM is 

represented by [144] 

y = RP0ξHx + n,                                                              (3.3) 
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where x = [x1 x2]
T is the transmitted signal vector, H is the channel matrix and n = [n1 n2]

T is 

the additive noise vector. H is given by Eq. (3.1) when a NImR is used and H becomes Eq. 

(3.2) when an ImR is used. Both n1(t) and n2(t) can be modeled as real-valued AWGNs, each 

consisting of shot and thermal noises [146]. 

In order to recover data from the received electrical signal, MIMO De-MUX is required. So 

far, many techniques have been proposed, of which zero-forcing (ZF) using basic channel 

inversion is adopted here due to its low complexity [94]. After ZF based MIMO De-MUX 

and normalization, the estimate of x is obtained by: 

x̃ = 

1

RP0ξ
H –1y = x + 

1

RP0ξ
H –1n.                                          (3.4) 

Based on Eq. (3.4), the SNRs of two received HS-OFDM signals using a NImR can be 

respectively given by 

{
 
 

 
 SNRHS1

NImR
 = (RP0ξ )

2 (h11h22 – h12h21)
2

h22
2
σn1

 2
 + h12

2
σn2

 2

SNRHS2
NImR

 = (RP0ξ )
2 (h11h22 – h12h21)

2

h21
2
σn1

 2
 + h11

2
σn2

 2

 ,                                    (3.5) 

where σn1
 2  and σn2

 2  are the variances of n1(t) and n2(t), respectively. However, when an ImR is 

employed, h11 and h22 become zero and hence the SNRs are given by 

{
 
 

 
 SNRHS1

ImR
 = (RP0ξ )

2 h21
2

σn2
 2

SNRHS2
ImR

 = (RP0ξ )
2 h12

2

σn1
 2

 .                                                (3.6) 

The BER of an OFDM signal using I × J rectangular QAM mapping over an AWGN channel 

is approximated by [147] 

BER = 

2

log
2

(IJ)
(
I – 1

I
 + 

J – 1

J
)Q(√

6SNR

I 2
 + J 2

 – 2
) ,                           (3.7) 

where Q(·) is the Q-function. Therefore, the BERs of the two HS-OFDM signals, BERHS1 and 

BERHS2, employing a NImR and an ImR can be obtained by substituting Eq. (3.5) and Eq. 

(3.6) into Eq. (3.7), respectively. The average BER of the 2×2 MIMO-VLC system using HS-

OFDM is given by Eq. (3.8) on the top of the next page. 
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BERHS  = 

BERHS1  + BERHS2

2
.                                            (3.8) 

 

3.3.2   BER of MIMO-VLC using NHS-OFDM 

When NHS-OFDM is used in the 2×2 MIMO-VLC system, the transmitted signal vector is 

given by x' = [xRe xIm]T, which corresponds to a complex-valued NHS-OFDM signal expressed 

by xNHS(t) = xRe(t) + jxIm(t). After being transmitted over the free-space channel, the received 

signal vector y' = [yRe yIm]T is represented by 

y' = RP0ξHx' + n',                                                      (3.9) 

where n' = [nRe nIm]T is the additive noise vector. Similarly, ZF based MIMO De-MUX is 

performed and hence the estimated signal �̃�′ = [�̃�Re �̃�Im]
T is obtained by 

x̃' = 

1

RP0ξ
H –1y' = x' + 

1

RP0ξ
H –1n'.                                       (3.10) 

The powers of the real and imaginary parts are automatically balanced by performing MIMO 

De-MUX, and the complex-valued NHS-OFDM signal can be reconstructed by combining 

x̃Re and x̃Im together 

x̃NHS(t) = x̃Re(t) + j x̃Im(t)                                                                                     

= xNHS(t) + 

(h22 – jh21) nRe(t) + (jh11 – h12) nIm(t)

RP0ξ(h11h22 – h12h21)
.              (3.11) 

Based on Eq. (3.11), the SNR of the received NHS-OFDM signal using a NImR is given by 

SNRNHS
NImR

 = (RP0ξ )
2 2(h11h22 – h12h21)

2

(h21
2

 + h22
2

)σnRe
 2

 + (h11
2

 + h12
2

)σnIm
 2

,                       (3.12) 

where σnRe
 2  and σnIm

 2  are the variances of nRe(t) and nIm(t), respectively. When an ImR is used, 

the SNR becomes 

SNRNHS
ImR

 = (RP0ξ )
2 2(h12h21)

2

h21
2
σnRe

 2
 + h12

2
σnIm

 2
.                                    (3.13) 

Substituting Eq. (3.12) and Eq. (3.13) into Eq. (3.7) yields the BER of the NHS-OFDM based 

indoor 2×2 MIMO-VLC system employing a NImR and an ImR, respectively. 
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3.4   Performance evaluation 

In this section, the performance of a 2×2 MIMO-VLC system using conventional HS-OFDM 

and NHS-OFDM is numerically evaluated, based on the formulas derived in Section 3.3. It 

should be pointed out that the obtained analytical results are applicable to general MIMO-

VLC systems using multiple pairs of LEDs.  

Table 3.1. Key parameters of the 2×2 MIMO-VLC system 

Parameter Value 

Room dimension 2m×2m×2.5m 

Locations of two LEDs (–0.5, 0, 2.5), (0.5, 0, 2.5) 

Height of receiving plane 0.5 m 

Transmitter semi-angle at half power 60° 

Modulation index 0.3 

Gain of optical filter 1 

Gain of optical lens 1 

Responsivity of PD 1 A/W 

 

Table 3.1 lists the key parameters of the system setup. In this analysis, a 2×2 MIMO-VLC 

system in a 2m×2m×2.5m room is considered where two LEDs are mounted in the ceiling and 

the height of the receiving plane is 0.5 m. The semi-angle at half power of the LED is 60° and 

the modulation index is 0.3. The gains of the optical filter and the optical lens are both 1. The 

responsivity of the PD is 1 A/W. 

3.4.1   BER performance 

The SNR performance along the X direction with Y = 0 m is shown in Fig. 3.3(a), where an 

ImR is used. The average transmitted optical power of LED P0 is 10 W, the modulation 

bandwidth of LED BW is 50 MHz and the active area of a PD, APD, is 10–5 m2. As can be seen, 

the SNR values are the same for HS-OFDM and NHS-OFDM if and only if X = 0 m (i.e., the 

ImR is located at the center of the receiving plane). When the ImR is moved away from the 

center of the receiving plane, the SNRs of two HS-OFDM signals become different. For 

example, the SNRs of two HS-OFDM signals are 15.84 dB and 19.75 dB at X = 0.5 m, 

respectively, whereas the SNR of the NHS-OFDM signal is 17.37 dB. It can also be observed 
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that the SNR of the NHS-OFDM signal is always in between the SNRs of the two HS-OFDM 

signals.  

  

Figure 3.3. (a) SNR along the X direction with Y = 0 m employing an ImR, and (b) BER 

versus SNR for 16QAM-OFDM over an AWGN channel. 

Fig. 3.3(b) shows the relationship between the BER and the SNR for a 4×4 rectangular QAM 

(16QAM) based OFDM signal over an AWGN channel. The BERs of two HS-OFDM signals 

are 2.1×10–3 and 5.2×10–6 at X = 0.5 m, respectively, and the average BER of the 2×2 MIMO-

VLC system using HS-OFDM is 1.1×10–3. In contrast, the BER of the system using NHS-

OFDM at X = 0.5 m is 3.6×10–4, which is a significant BER reduction. Figs. 3.3(a) and (b) 

explain why the 2×2 MIMO-VLC system using NHS-OFDM has better BER performance 
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than the system using HS-OFDM. It can be generally concluded that NHS-OFDM can always 

achieve BER improvements over HS-OFDM as long as the two HS-OFDM signals have 

different SNRs. Fig. 3.3 shows the insight into the mechanism that makes the proposed NHS-

OFDM advantageous in MIMO-VLC systems.  

 

Figure 3.4. BER versus receiver position offset along the X direction with Y = 0 m for the 

2×2 MIMO-VLC system employing (a) a NImR and (b) an ImR. 

Figs. 3.4(a) and (b) show the BER versus the receiver position offset along the X direction 

with Y = 0 m for the 2×2 MIMO-VLC system employing a NImR and an ImR, respectively. 

When a NImR is employed, as shown in Fig. 3.4(a), the modulation bandwidth of LED BW is 
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set at 10 MHz and the active area of PD APD is assumed to be 10–4 m2. Due to the high ICI, 

two lower order constellations are considered. For a target BER of 3.8×10–3, compared with 

the system using HS-OFDM, a relative larger receiver position offset can be achieved when 

using NHS-OFDM, for both binary phase shift keying (BPSK) with an average transmitted 

optical power of LED P0 = 10 W and 4QAM with P0 = 13 W. The same conclusion can also be 

drawn for the system employs an ImR, as shown in Fig. 3.4(b). 

 

Figure 3.5. Communication coverage area of the 2×2 MIMO-VLC system for a target BER of 

3.8×10–3 employing (a) NImR and (b) ImR. 

Figs. 3.5(a) and (b) give the corresponding communication coverage areas of the 2×2 MIMO-

VLC system employing a NImR and an ImR, respectively, for a target BER of 3.8×10–3. The 
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coverage contours can be approximated as ellipses and the coverage areas can be estimated by 

the areas of ellipses. The area of an ellipse is calculated by πab/4 where a and b are the major 

and minor axes, respectively. As can be seen in Fig. 3.5(a), for BPSK with P0 = 10 W, two 

ellipses have the same major axis of 1.7 m; while the minor axes associated with HS-OFDM 

and NHS-OFDM are 1.04 m and 1.2 m, respectively, indicating a coverage improvement of 

15.4%. For 4QAM with P0 = 13 W, a coverage area improvement of 13.6% is also achieved. 

Moreover, when an ImR is employed, as shown in Fig. 3.5(b), the coverage improvements for 

16QAM with P0 = 10 W and 32QAM with P0 = 13 W are 21.4% and 20.8%, respectively. The 

above results show that the coverage improvement is only slightly reduced when the order of 

constellation is increased. 

3.4.2   Transceiver complexity 

In an indoor 2×2 MIMO-VLC system using HS-OFDM, as shown in Fig. 3.1(a), two pairs of 

HS-OFDM transmitters and receivers are required. However, only one pair of NHS-OFDM 

transmitter and receiver is required in the system using NHS-OFDM, as shown in Fig. 3.1(b). 

Since each HS-OFDM/NHS-OFDM transmitter (receiver) requires one N-point IFFT (FFT) 

module, the number of the required IFFT and FFT modules in the 2×2 MIMO-VLC system 

using NHS-OFDM is reduced by half, as compared with the system using HS-OFDM. Note 

that this conclusion holds for general indoor MIMO-VLC systems with one or multiple pairs 

of white LEDs. 

Since the output (input) of the IFFT (FFT) module in HS-OFDM is of real value, Hermitian 

symmetric IFFT and real-valued FFT are used. In contrast, complex-valued IFFT and FFT are 

used in NHS-OFDM. As discussed in [148], the computational complexity of real-valued FFT 

is largely dependent on the algorithms utilized. For the algorithm that treats the real-valued 

input as a complex-valued input with an imaginary part of zero and then applies the complex-

valued FFT, the computational complexity of one N-point real-valued FFT is exactly the 

same as that of one N-point complex-valued FFT [148]. For the algorithm which exploits the 

symmetries of real-valued FFT, i.e., the real part of the output is even symmetric and the 

imaginary part is odd symmetric, the computational complexity can be reduced by about a 

factor of 2 [148]. Likewise, Hermitian symmetric IFFT can be computed by reversing the 

computation of real-valued FFT [149].  

Therefore, depending on the algorithms applied for the computation of Hermitian symmetric 

IFFT and real-valued FFT, the MIMO-VLC system using NHS-OFDM has lower or nearly 

the same computational complexity as the system using conventional HS-OFDM. 
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3.4.3   Experimental demonstration 

In order to verify the performance of NHS-OFDM in indoor MIMO-VLC systems, a proof-

of-concept experimental demonstration utilizing an ImR is performed. The setup of an indoor 

2×2 MIMO-VLC system is illustrated in Fig. 3.6, where the transmission distance is 100 cm. 

Two off-the-shelf white LEDs (Luxeon Star) are used as optical transmitters, which have a 3-

dB modulation bandwidth of about 2.5 MHz and the spacing between them is 20 cm. An ImR 

is configured as the optical receiver, which consists of an imaging lens, two blue filters (BFs) 

and two PDs (Thorlabs, PDA10A, 0.8 mm2 active area and 180 MHz 3-dB bandwidth). The 

imaging lens is placed in front of the two PDs such that each of the two LEDs is precisely 

imaged onto a corresponding PD. Therefore, the separation between two PDs is not fixed 

which is dynamically adjusted with different receiver position offsets. 

 

Figure 3.6. Experimental setup of the 2×2 MIMO-VLC system using ImR. 

As illustrated in Fig. 3.6, O and C are the center points of the two LEDs and the two PDs, 

respectively, and O' is the foot of the perpendicular from O to the detector plane. Here, the 

receiver position offset is defined as the distance between O' and C, and the transmission 

distance as the distance between O and O'. 

The digital NHS-OFDM signal is generated offline by MATLAB with an IFFT size of 256. In 

order to spectrally separate the baseband signal from the high frequency aliasing products 

generated by digital-to-analogue converters (DACs), subcarriers in the high frequency part 

are left unmodulated for oversampling, which is also referred to as zero padding [150]. As a 

result, 128 subcarriers in total are used for data transmission and no HS is imposed.  
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For fair performance comparison, two independent HS-OFDM signals are also generated with 

256-point IFFT. Both oversampling and HS are performed and 64 subcarriers in total are used 

for data transmission in each HS-OFDM signal.  

For both NHS-OFDM and HS-OFDM signals, 16QAM mapping is applied and the CP length 

is set to 8 which is 1/32 of the IFFT size. Moreover, a pseudo random binary sequence (PRBS) 

with the length of 20 is used as the TS for both time synchronization and channel matrix 

estimation, and a total of 200 OFDM payload symbols are followed for BER measurement. In 

order to extend the 3-dB modulation bandwidth of the LEDs, digital pre-FDE is performed 

and the detailed procedure can be found in [151]. The real and imaginary parts of the 

complex-valued NHS-OFDM signal are separately loaded to a multi-channel arbitrary 

waveform generator (AWG, Tabor WW2074) with a sampling rate of 200 MSa/s. Therefore, 

the bandwidth of the real and imaginary signals is 50 MHz and the raw data rate is 400 Mb/s.  

The analog real and imaginary signals are separately superimposed onto 500-mA DC bias 

currents via two bias-Tees (Mini-Circuits, ZFBT-6GW+). The resultant signals are used to 

modulate the intensities of two LEDs. The luminous flux of each LED is about 63 lm. The 

light is detected by the ImR and the received signals are sampled by a digital storage 

oscilloscope (DSO, Agilent infiniium 54832B) with a sampling rate of 4 GSa/s. Subsequently, 

the output digital real and imaginary signals are processed offline. For comparison, two HS-

OFDM signals achieving a total data rate of 400 Mb/s with the bandwidth of 50 MHz are 

transmitted through the same system. 
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Figure 3.7. Measured electrical spectra of the received real (Re) and imaginary (Im) parts of 

the NHS-OFDM signal (a) without pre-FDE and (b) with pre-FDE. 

 

Fig. 3.7 compares the measured electrical spectra of the received real and imaginary parts of 

the NHS-OFDM signal. Without performing pre-FDE, as shown in Fig. 3.7(a), the electrical 

power of high frequency components is greatly attenuated and a power attenuation of ~ 20 dB 

is found for both the real and imaginary parts. However, the electrical spectra are significantly 

flattened with a power fluctuation less than 3 dB after performing pre-FDE, as shown in Fig. 

3.7(b). 
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Figure 3.8. Measured BER versus receiver position offset with a distance of 100 cm. 

Fig. 3.8 shows the measured BER performance as a function of the receiver position offset for 

a transmission distance of 100 cm. As can be seen, the BER is always greater than the 7% 

forward error correction (FEC) threshold of 3.8×10–3 when digital pre-FDE is not performed. 

However, the BER is substantially reduced after performing pre-FDE. It also can be seen that 

HS-OFDM and NHS-OFDM have nearly the same BER performance when the receiver 

position offset is 0 cm, while NHS-OFDM outperforms HS-OFDM as the receiver position 

offset increases. To reach a target BER of 3.8×10–3, the maximum receiver position offsets by 

using HS-OFDM and NHS-OFDM are 17.4 cm and 22.6 cm, respectively. Therefore, NHS-

OFDM achieves a 5.2 cm increased receiver position offset than HS-OFDM. 

Since the communication coverage area of the 2×2 MIMO-VLC system can be approximated 

as an ellipse and the coverage areas can be estimated by the areas of ellipses. Two ellipses, 

associated with HS-OFDM and NHS-OFDM, have the same major axis but different minor 

axis. Moreover, the semi-minor axes (half of the minor axes) are given by the corresponding 

maximum receiver position offsets. As a result, NHS-OFDM improves the communication 

coverage area of the 2×2 MIMO-VLC system by about 30% for BER = 3.8×10–3, compared 

with conventional HS-OFDM. 
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3.5   Impact of LED pairing 

In the above analytical and experimental investigations, a simple two-channel MIMO-VLC 

system using NHS-OFDM with one pair of LEDs is considered. However, a general NHS-

OFDM based MIMO-VLC system might have multiple pairs of LEDs and different LED 

pairing schemes can be adopted when applying NHS-OFDM. In this section, the impact of 

LED pairing on the performance of NHS-OFDM based MIMO-VLC systems with multiple 

pairs of LEDs is analyzed [145]. 

3.5.1   NHS-OFDM with LED pairing 

It can be clearly seen from Fig. 3.1 that the signals are transmitted in pairs in NHS-OFDM 

based MIMO-VLC systems. Hence, it is necessary to divide the individual LEDs into pairs 

when there are multiple LEDs in the ceiling. The way that the LEDs are paired is associated 

with the layout of the LEDs in the ceiling. Several LED layouts have been studied, where 

square and hexagon are the mostly used LED layouts in indoor VLC systems [6]. Therefore, 

square and hexagonal LED layouts are considered in the following analysis. 

 

Figure 3.9. Cluster formation in (a) square and (b) hexagonal LED layout where red “×” 

indicates an LED. 

Fig. 3.9 depicts the cluster formation in square and hexagonal LED layouts. It can be seen 

from Fig. 3.9(a) that the square layout can be divided into multiple square clusters and each 

cluster consists of four LEDs placed in a square.  

Similarly, as shown in Fig. 3.9(b), the hexagonal layout can be divided into multiple rhombic 

clusters, each also consisting of four LEDs placed in a rhombus. It can be found that both the 

square and rhombic clusters consist of two pairs of LEDs.  
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Without loss of generality, an indoor four-channel MIMO-VLC system with four LEDs (two 

pairs of LEDs) can be adopted to investigate and analyze the impact of LED pairing on the 

performance of NHS-OFDM based MIMO-VLC systems 

 

Figure 3.10. LED pairing: (a) parallel pairing in a square cluster, (b) cross pairing in a square 

cluster, (c) parallel pairing in a rhombic cluster, and (d) cross pairing in a rhombic cluster. 

Fig. 3.10 shows the LED pairing schemes in square and rhombic clusters, which corresponds 

to an indoor four-channel MIMO-VLC system with totally two pairs of LEDs. Considering 

the geometric symmetry, the four LEDs in a square cluster can be paired in two ways: one is 

parallel pairing and the other is cross pairing. For parallel pairing, as shown in Fig. 3.10(a), 

two adjacent LEDs are paired together and two pairs of LEDs are parallel with each other in 

the square cluster. However, for cross pairing, two LEDs in the opposite corners are paired 

together and two pairs of LEDs cross with each other, as shown in Fig. 3.10(b). Similarly, it 

can be observed from Figs. 3.10(c) and (d) that four LEDs in a rhombic cluster can also be 

parallelly or crosswise paired. 

3.5.2   BER analysis 

The schematic diagram of a 2N-channel imaging MIMO-VLC system with N pairs of LEDs 

using NHS-OFDM is shown in Fig. 3.11. The serial input data of the system are first split into 

N parallel data streams and each data stream is then fed into a NHS-OFDM modulator where 

two outputs are generated. As can be seen, 2N LEDs are divided into N pairs and each pair of 

LEDs is driven by the two outputs of a NHS-OFDM modulator. After free-space propagation, 
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an ImR is employed to detect the optical signal. The received N pairs of signals are fed into 

the respective NHS-OFDM demodulators. The output data can be obtained by combining 

together the N outputs of the NHS-OFDM demodulators. Although an even number of 

channels are considered in the imaging MIMO-VLC system due to the pairwise transmission 

nature of NHS-OFDM, the obtained results in the following can be easily generalized to an 

imaging MIMO-VLC system with an arbitrary number of channels. More specifically, when 

the system has an odd number of channels, a hybrid HS-OFDM/NHS-OFDM approach can be 

adopted, i.e., the paired LEDs transmit the NHS-OFDM signals while the remaining one LED 

which is not included in any LED pairs transmits the HS-OFDM signal. 

 

Figure 3.11. Schematic diagram of a 2N-channel imaging MIMO-VLC system with N pairs of 

LEDs using NHS-OFDM. 

It is assumed that the 2N LEDs have the same average transmitted optical power P0 and the 

same modulation index ξ, and meanwhile all the detectors in the detector array of the ImR 

have the same responsivity R. By dividing the total 2N individual LEDs into N pairs, the 

transmitted optical signal vector of the i-th pair of LEDs (LED 2i–1 and LED 2i) can be 

represented by 

si = P0(1 + ξxi),                                                    (3.14) 

where xi = [xRe,i xIm,i]
T is the modulating signal vector. xRe,i(t) and xIm,i(t) are respectively the 

normalized real and imaginary parts of the complex-valued signal, i.e., xi(t) = xRe,i(t) + jxIm,i(t), 

which is generated from the i-th NHS-OFDM modulator. It is assumed that LED 2i–1 and 

LED 2i transmit the Re part and the Im part of the complex-valued signal, respectively. After 

indoor free-space propagation, the light is detected by an ImR. The DC component is 

removed from the received signal and the resultant electrical signal vector is expressed by 

y
i
 = RP0ξ Hxi + ni,                                                   (3.15) 
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where H is the channel matrix and ni is the additive noise vector. The channel matrix H has a 

dimension of (k1 + k2) × 2, where k1 and k2 are the numbers of detectors that are covered by the 

two light spots corresponding to LED 2i–1 and LED 2i, respectively. For an indoor imaging 

MIMO-VLC system using an ImR, the ICI becomes negligible. Hence, the channel matrix H 

can be represented by a diagonal matrix, which is given by 

H = diag( h1,2i–1,···, hk1,2i–1⏟          
Re part

, hk1+1,2i,···, hk1+k2,2i⏟          
Im part

).                          (3.16) 

Substituting Eq. (3.16) into Eq. (3.15) yields the received electrical signal vectors of the 2N-

channel imaging MIMO-VLC system using an ImR. Moreover, the noise vector ni is given by 

ni = [nRe,i nIm,i]
T, where nRe,i(t) and nIm,i(t) can both be modeled as real-valued AWGNs, each 

consisting of shot noise and thermal noise. 

In order to recover the transmitted data from the received signals, ZF based MIMO De-MUX 

is performed and the estimate of the transmitted signal vector is given by 

x̃i = 
1

RPoptξ
H–1y

i
 = xi + 

1

RPoptξ
H–1ni.                                    (3.17) 

It is known that each light spot may cover multiple detectors in the detector array of the ImR 

and multiple output signals carrying the same signal are obtained. Thus, diversity combining 

can be performed to generate a final output signal. In this analysis, select-best combining 

(SBC) is adopted for simplicity [34]. When using SBC, the detector that has the highest SNR 

is selected. After diversity combining, the real and imaginary signals from two light spots can 

be obtained by 

{

�̃�Re,i = arg max
�̃�ij

{SNR(�̃�ij)} ,  1 ≤ j ≤ k1             

�̃�Im,i = arg max
�̃�ij

{SNR(�̃�ij)} ,  k1+1 ≤ j ≤ k1+k2
,                           (3.18) 

where SNR(�̃�ij) is the estimated SNR of �̃�ij(t) which is the j-th element of x̃i. Following Eq. 

(3.18), the corresponding optical channel gains can also be attained by 

{

ℎRe,i = arg max
ℎij

{SNR(�̃�ij)} ,  1 ≤ j ≤ k1             

ℎIm,i = arg max
ℎij

{SNR(�̃�ij)} ,  k1+1 ≤ j ≤ k1+k2
,                          (3.19) 

where hij is the j-th diagonal element of H. Therefore, the complex-valued signal at the input 

of the i-th NHS-OFDM demodulator can be reconstructed by 
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�̃�i = �̃�Re,i + j�̃�Im,i.                                                     (3.20) 

Based on Eq. (3.20), the SNR of the received complex-valued signal can be obtained by 

SNRi = 
2(RPoptξhRe,ihIm,i)

2

hIm,i
2

σRe,i
2  + hRe,i

2
σIm,i

2  
,                                         (3.21) 

where σRe,i
2  and σIm,i

2  are the variances of nRe,i(t) and nIm,i(t), respectively. Substituting Eq. 

(3.21) into Eq. (3.7) yields the BER, i.e. BERi, obtained at the output of the i-th NHS-OFDM 

demodulator. Finally, the average BER of the 2N-channel imaging MIMO-VLC system using 

NHS- OFDM is given by 

BERav = 
1

N
∑ BERi

N

i=1
.                                               (3.22) 

 

3.5.3   Comparison of different LED pairing schemes 

Based on the analytical expressions derived above, the performance of different LED pairing 

schemes in an indoor four-channel imaging MIMO-VLC system is compared [145]. The key 

parameters of the system are listed in Table 3.2. A typical room with a dimension (length × 

width × height) of 5 m × 5 m × 3 m is considered and the height of the receiving plane is 0.85 

m. All the four LEDs have the same semi-angle at half power of 60° and each LED consists 

of four chips. The modulation index is 0.3 and the modulation bandwidth is 50 MHz. 

Although the 3-dB modulation bandwidth of a phosphor-coated white LED is only several 

MHz, the modulation bandwidth can be increased by using pre-FDE techniques [26,163]. 

16QAM (I = 4, J = 4) mapping is adopted in NHS-OFDM modulation and demodulation. Thus, 

the raw data rate achieved in this four-channel MIMO-VLC system is 4 × log216 × 50 = 800 

Mb/s. The gains of the optical filter and lens are both assumed to be 1. The active area and 

responsivity of the detector used are 19.6 mm2 and 0.53 A/W, respectively. For simplicity of 

analysis and without loss of generality, it is assumed that each light spot covers four detectors. 

Moreover, the background current due to ambient light is 190 μA. For the purpose of 

comparison, the performance of an indoor four-channel imaging MIMO-VLC system using 

HS-OFDM with exactly the same parameters is also investigated. 
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Table 3.2. Key parameters of the four-channel MIMO-VLC system 

Parameter Value 

Room dimension 5m×5m×3m 

Height of receiving plane 0.85 m 

Transmitter semi-angle at half power 60° 

Modulation index 0.3 

Modulation bandwidth 50 MHz 

Gain of optical filter 1 

Gain of optical lens 1 

Responsivity of PD 0.53 A/W 

 

 

Figure 3.12. Two LED placements (a) square and (b) rhombus. 

Figs. 3.12(a) and (b) depict the square and rhombic LED placements, respectively. The 

coordinates of the lower left corner of the floor are set to (0, 0, 0) and the units of all the 

coordinates are meters.  In the square placement, the coordinates of the four LEDs are (1.5, 

1.5, 3), (1.5, 3.5, 3), (3.5, 3.5, 3) and (3.5, 1.5, 3), as in Fig. 3.12(a). However, the coordinates 

in the rhombic placement are (2.5 – √3, 2.5, 3), (2.5, 3.5, 3), (2.5 + √3, 2.5, 3) and (2.5, 1.5, 3), 

as can be seen from Fig. 3.12(b). 
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Figure 3.13. (a) BER versus X with Y = 2.5 m for a square LED placement, (b) BER versus Y 

with X = 2.5 m for a square LED placement, (c) BER versus X with Y = 2.5 m for a rhombic 

LED placement, and (d) BER versus Y with X = 2.5 m for a rhombic LED placement. 
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The BER performance of the four-channel imaging MIMO-VLC system is first analyzed, in 

which two modulation techniques (HS-OFDM and NHS-OFDM) and two LED placements 

(square and rhombus) are considered for comparison. Besides analytical results, Monte Carlo 

simulations are further conducted where totally 2000 HS-OFDM/NHS-OFDM symbols are 

transmitted for BER measurement. The average transmitted optical power of each LED in the 

indoor four-channel imaging MIMO-VLC system is set to 8 W.  

Fig. 3.13 shows the BER performance of the four-channel imaging MIMO-VLC system, 

where the simulation results and the analytical results are represented by markers and lines, 

respectively. It can be clearly observed that the analytical results agree very well with the 

simulation results. 

Fig. 3.13(a) plots the BER versus receiver position offset along the X direction with Y = 2.5 m 

for a square LED placement. It can be seen that the same BER performance is obtained for 

HS-OFDM and parallel pairing based NHS-OFDM, while the best BER performance is 

achieved by NHS-OFDM with cross pairing. As a general conclusion obtained in [144], NHS-

OFDM can outperform HS-OFDM only when two HS-OFDM signals have different SNRs. 

For Y = 2.5 m, the HS-OFDM signals from LED 1 and LED 2 (LED 3 and LED 4) have the 

same SNRs, and hence HS-OFDM and NHS-OFDM have the same BER performance when 

LED 1 and LED 2 (LED 3 and LED 4) are paired together. However, when cross pairing is 

adopted, the HS-OFDM signals from LED 1 and LED 2 (LED 3 and LED 4) always have 

different SNRs along the X direction for Y = 2.5 m, except X = 2.5 m. As a result, NHS-

OFDM with cross pairing can achieve much better BER performance than HS-OFDM and 

NHS-OFDM with parallel pairing. However, for X = 2.5 m as shown in Fig. 3.13(b), NHS-

OFDM outperforms HS-OFDM along the Y direction with either parallel or cross pairing. It 

is revealed that NHS-OFDM can achieve the same BER performance with parallel pairing or 

cross pairing, due to the geometric symmetry.  

In contrast, when the four LEDs are placed in a rhombus, the geometric symmetry no longer 

exists. As can be seen from Figs. 3.13(c) and (d), NHS-OFDM with cross pairing outperforms 

NHS-OFDM with parallel pairing, while HS-OFDM attains the worst BER performance. As 

shown in Figs. 3.13(a) to (d), the BER performance of an MIMO-VLC system using NHS-

OFDM largely depends on the way that the LEDs are paired. Considering the impact of LED 

pairing, it can be generally concluded that NHS-OFDM with cross pairing is the best option 

for the MIMO-VLC system, with either a square or a rhombic LED placement. 
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Figure 3.14. Communication coverage of the four-channel imaging MIMO-VLC system at a 

target BER of 3.8×10–3 for (a) a square LED placement and (b) a rhombic LED placement. 

The average transmitted optical power per LED is 8 W. 
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The communication coverage of the four-channel imaging MIMO-VLC system at a target 

BER of 3.8×10–3 is shown in Fig. 3.14, where the average transmitted optical power of each 

LED is 8 W. For a square LED placement, the coverages using HS-OFDM are covered by the 

green dotted lines, as shown in Fig. 3.14(a), while the coverages using NHS-OFDM with 

parallel and cross pairing are covered by the blue dashed lines and the red solid lines, 

respectively. As can be seen, the coverage contours using both HS-OFDM and NHS-OFDM 

with cross pairing can be approximated as circles, while the coverage contours using NHS-

OFDM with parallel pairing can be approximated as ellipses. The area of a circle is calculated 

by Ac = πrc
2 where rc is the radius of the circle, and the area of an ellipse is given by Ae = πab 

where a and b are the major and minor axes of the ellipse, respectively. The coverage circle 

using HS-OFDM has a radius of 1.5 m and hence the area is 7.1 m2.  

By replacing HS-OFDM with NHS-OFDM, the covered area can be improved. Specifically, 

the coverage contour becomes an ellipse when utilizing NHS-OFDM with parallel pairing, 

indicating that the coverage is only increased along the Y direction while the coverage along 

the X direction remains the same. The major and minor axes of the coverage ellipse are 1.8 

and 1.5 m, and hence the area is 8.5 m2, suggesting a communication coverage improvement 

of about 19.7%. Moreover, the coverage circle using NHS-OFDM with cross pairing has a 

radius of 1.8 m and the area is 10.2 m2. As a result, a further 20% coverage improvement is 

obtained by using cross pairing. 

For a rhombic LED placement, as can be seen from Fig. 3.14(b), the coverage contours using 

HS-OFDM and NHS-OFDM can all be approximated as ellipses. Similarly, the smallest 

coverage is attained by HS-OFDM, while NHS-OFDM with cross pairing outperforms NHS-

OFDM with parallel pairing in terms of covered area. As can be seen from Figs. 3.14(a) and 

(b), LED pairing is a key factor that determines the communication coverage of NHS-OFDM 

based MIMO-VLC systems. By selecting a proper LED pairing scheme, the communication 

coverage area of NHS-OFDM based indoor MIMO-VLC systems can be maximized. 

Besides LED pairing, the average transmitted optical power of each LED is another key factor 

that needs to be examined. Fig. 3.15 shows the relationship between the covered area and the 

average transmitted optical power per LED in the indoor four-channel imaging MIMO-VLC 

system using HS-OFDM and cross pairing based NHS-OFDM at a target BER of 3.8×10–3. 

For a square LED placement, as shown in Fig. 3.15(a), the covered area is continuously 

increased with the increase of the average transmitted optical power of each LED. For a 

rhombic LED placement, as shown in Fig. 3.15(b), the covered area also continuously 

increases with the increase of the average transmitted optical power of each LED.  
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Figure 3.15. Communication coverage area versus average transmitted optical power per LED 

at a target BER of 3.8×10–3 for (a) a square LED placement and (b) a rhombic LED placement. 

 

 



53 

 

In conclusion, an indoor four-channel imaging MIMO-VLC system, with either a square or a 

rhombic LED placement, achieves the largest communication coverage by using NHS-OFDM 

with cross pairing. 

3.6   Conclusion 

In this chapter, a novel NHS-OFDM modulation scheme has been proposed for MIMO-VLC 

systems. The HS constraint imposed in conventional HS-OFDM is removed by transmitting 

the real and imaginary parts of a complex-valued OFDM signal through a pair of white LEDs 

in the MIMO-VLC system. The performance of an indoor MIMO-VLC system employing the 

proposed NHS-OFDM modulation scheme has been investigated and demonstrated by both 

numerical analysis and proof-of-concept experiments. The performance of conventional HS-

OFDM has also been investigated in such a system for comparison. The analytical BER 

expressions of a general MIMO-VLC system using both HS-OFDM and NHS-OFDM have 

been derived, which have also been successfully verified by Monte Carlo simulations. The 

analytical results have shown that the 2×2 MIMO-VLC system using NHS-OFDM exhibits 

lower or comparable computational complexity as the system using HS-OFDM, but achieves 

superior BER performance. As a general conclusion, it has been shown that NHS-OFDM can 

always achieve BER improvements over HS-OFDM as long as the two HS-OFDM signals 

have different SNRs. More specifically, a non-imaging 2×2 MIMO-VLC system using NHS-

OFDM achieves communication coverage improvements of 15.4% and 13.6% when the 

constellations are BPSK and 4QAM, respectively, compared with the same system utilizing 

conventional HS-OFDM. Moreover, the coverage improvement is increased when an ImR is 

adopted in the 2×2 MIMO-VLC system. The analytical results have also revealed that the 

coverage improvement is only slightly reduced when the order of constellation is increased. 

The experimental results have further verified that, for a target BER of 3.8×10–3, NHS-OFDM 

improves the communication coverage area of a 400 Mb/s imaging 2×2 MIMO-VLC system 

by about 30% compared with HS-OFDM. Furthermore, the impact of LED pairing on the 

performance of NHS-OFDM based MIMO-VLC systems has also been analyzed. It has been 

shown that an indoor four-channel imaging MIMO-VLC system, with either a square or a 

rhombic LED placement, achieves the largest communication coverage by using NHS-OFDM 

with cross pairing. In conclusion, NHS-OFDM can be a promising technique for MIMO-VLC 

based high-speed indoor wireless access. 



54 

 

Chapter 4    Imaging Receiver Using Angle Diversity 

Detectors for MIMO-VLC 

4.1   Introduction 

As discussed in Chapter 3, MIMO is a very natural and effective way to increase the capacity 

of indoor VLC systems and MIMO-VLC based high-speed indoor wireless communication 

has attracted tremendous attention in recent years [103, 105–109]. In indoor MIMO-VLC 

systems, LOS transmission is usually considered and the optical channel gains between one 

LED and two closely placed PDs could be very similar, resulting in high spatial correlation 

that might severely degrade the performance of MIMO-VLC systems [32]. So far, many 

techniques have been proposed to reduce the high channel correlation of MIMO-VLC 

systems. In [92, 152], power imbalance was applied among multiple LED transmitters so as to 

reduce channel correlation. A prism-array receiver was proposed in [153], where a prism is 

placed on the surface of a PD array so that a full-rank MIMO channel matrix can be achieved. 

In [154], a photonic crystal based narrow-window angular filter was applied in front of the 

PD array, enabling interference-free parallel transmission.  

Besides, non-imaging angle diversity receivers (NImADRs) have been proposed to reduce the 

channel correlation of MIMO-VLC systems, including an angular-segmented receiver [104], 

a receiver using inclined photodetectors (PDs) [105] and a pyramid or hemispheric shaped 

receiver [106]. Nevertheless, NImADRs can only reduce the channel correlation to a certain 

extent and the capacity improvement is limited, which largely depends on the performance of 

the NImADR applied. As reported in [32, 46, 107, 143], imaging receivers (ImRs) reveal the 

potential to fully exploit the capacity of MIMO-VLC systems, because they can effectively 

decorrelate the multiplexed channels and hence reduce the channel correlation. Due to the 

negligible inter-channel interference, ImRs based MIMO is also referred to as space division 

multiplexing (SDM) [109]. A Gigabit/s MIMO-VLC system using a convex lens based ImR 

was demonstrated in [107]. However, the coverage of such a system is limited due to the 

small field-of-view (FOV) of the ImR. The FOV of a conventional ImR is mainly determined 

by the imaging lens and the size of the planar PD array [46]. In order to improve the FOV of 

an ImR, two advanced imaging lenses have been adopted to replace the common convex lens, 

including a fisheye lens [109] and a hemispherical lens [155], [156].  

In this chapter, an imaging angle diversity receiver (ImADR) is proposed and analyzed for the 

reduction of channel correlation and hence communication coverage improvement in indoor 
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MIMO-VLC systems [157]. By using angle diversity PDs instead of vertically oriented PDs, 

the proposed ImADR has a wider FOV and achieves higher optical channel gain than the 

conventional ImR. The performance of the proposed ImADR in an indoor four-channel 

MIMO-VLC system is evaluated. It is revealed that, for a target bit error rate (BER) of 10–3, 

the system using the proposed ImADR achieves 44% reduction in the average transmitted 

optical power and 130% improvement in the communication coverage area in comparison to 

the system using a conventional ImR. 

The rest of the chapter is organized as follows. In Section 4.2, the principle of the proposed 

ImADR is first introduced. Performance comparison between ImR and ImADR is presented 

in Section 4.3, in terms of FOV, area of detector array and optical channel gain. In Section 4.4, 

the BER performance of indoor MIMO-VLC systems employing different types of receivers 

is analyzed. Finally, Section 4.5 concludes this chapter. The content of this chapter is related 

to the author’s work shown in [157, 158]. 

4.2   Principle of ImADR 

The schematic diagram of the proposed ImADR is shown in Fig. 4.1. The ImADR consists of 

an imaging lens, an optical filter and an array of angle diversity PDs. The imaging lens is used 

to project the incident light from the LED arrays onto the PD array. The optical filter is used 

to attenuate the unwanted ambient light.  

Differing from the conventional ImR which has a two-dimensional (2-D) circular PD array 

consisting of vertically oriented PDs, as shown in Fig. 4.2, the proposed ImADR has a three-

dimensional (3-D) spherical-cap-shaped PD array consisting of angle diversity PDs. Note that 

either a common convex lens or an advanced imaging lens such as a fisheye lens can be 

adopted in the proposed ImADR. Here, a convex lens based ImADR is considered for the 

simplicity of analysis. 

As can be seen from Fig. 4.1, each of the signal spots might cover multiple adjacent PDs. To 

generate a final output signal from one signal spot, the optical channel gain between an LED 

chip in the LED array and a PD in the PD array can be individually calculated. Those PDs 

that are not illuminated by the signal light can be excluded by setting an adequate threshold 

level [32]. The resultant signals from the PDs that are illuminated by the signal light can be 

further processed to obtain a final output signal via diversity combining [159]. 
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Figure 4.1. Schematic diagram of the proposed ImADR. 

 

 

Figure 4.2. Side views of (a) a conventional ImR using vertically oriented PDs and (b) the 

proposed ImADR using angle diversity PDs, both with the same horizontal size. 

 

 

 



57 

 

4.3   Performance comparison between ImR and ImADR 

Detailed performance comparison between a conventional ImR and the proposed ImADR is 

presented in terms of FOV, area of detector array and optical channel gain.  

4.3.1   Field of view  

Figs. 4.2(a) and (b) illustrate the side views of a conventional ImR with vertically oriented 

PDs and the proposed ImADR with angle diversity PDs, respectively. In the conventional 

ImR, f is the focal length of the convex lens, a is the radius of the 2-D circular PD array, and 

Φ is the half-angle FOV of the ImR. Using the right triangle OAB, Φ is given by 

 Φ = tan–1(AB/OB) = tan–1(a/f  ).                                            (4.1) 

As can be seen from Fig. 4.2(a), the horizontal size of an ImR is determined by the diameter 

of the 2-D circular PD array. For an ImADR with the same horizontal size, as shown in Fig. 

4.2(b), the radius of the base of the 3-D spherical-cap-shaped PD array in the ImADR is equal 

to the radius a of the circular PD array in the ImR. It is assumed that the spherical-cap-shaped 

PD array is centered at O and the radius of the spherical cap is r = f. Using the right triangle 

OEF, the half-angle FOV of the ImADR is obtained by 

Φ' = sin
–1

(EF/OE) = sin
–1

(a/f  ).                                                  (4.2) 

 

 

Figure 4.3. Half-angle FOV versus a/f for ImR and ImADR. 
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Fig. 4.3 shows the relationship between the half-angle FOV and the ratio a/f for both ImR and 

ImADR, with the latter achieving a much larger FOV than the former. For example, at a/f = 1, 

the half-angle FOVs are 45° and 90° for the ImR and the ImADR, respectively. Moreover, to 

achieve the same FOV of 60°, the required values for a/f are 1.73 and 0.87 for the ImR and 

ImADR, respectively. Hence, about 75% reduction in the horizontal area of the receiver is 

achieved by using ImADR in comparison to ImR. 

4.3.2   Area of detector array 

As shown in Fig. 4.2(a), the area of the 2-D circular PD array of the conventional ImR which 

has a radius of a is given by AImR = πa2. Since a = f tanΦ, AImR is calculated by 

AImR  = π f 
2
tan2Φ.                                                             (4.3) 

For an ImADR with the same half-angle FOV Φ, as shown in Fig. 4.2(b), the area of the 3-D 

spherical-cap-shaped PD array is given by AImADR = 2πfe, where e is the height of the spherical 

cap.  

Using similarity between triangles OAB and OCD, the equation a'f = a(f – e) can be obtained. 

Moreover, using the right triangle OCD, the equation CD2
 = OC2

 – (OB – BD)2 can also be 

attained. After some geometrical calculations, the height of the spherical cap is obtained by 

 e = f – 

 f 
2

√ f 
2

 + a2

.                                                                (4.4) 

Using a = f tanΦ, e is given by 

 e = f (1 – 1/√1 + tan2Φ ) .                                                (4.5) 

Using the relationship 1 + tan2Φ = 1/cos2Φ, e is obtained by 

 e = f (1 – cosΦ).                                                         (4.6) 

Moreover, using the relationship 1 – cosΦ = 2sin2(Φ/2), e is finally defined as 

 e = 2f sin
2
(Φ/2).                                                          (4.7) 

Hence, the area of the spherical-cap-shaped PD array of ImADR is obtained by 

 AImADR  = 4π f 
2
sin

2
(Φ/2).                                                  (4.8) 
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Figure 4.4. Area of detector array versus half-angle FOV. 

 

Fig. 4.4 displays the relationship between the area of detector array and the half-angle FOV, 

where the focal length of the imaging lens is assumed to be 1.2 cm. It can be observed that 

ImADR has a smaller area of detector array than ImR, especially for a large half-angle FOV. 

For example, for the half-angle FOV of 45°, the detector array areas are 3.8 cm2 and 2.2 cm2 

for the ImR and ImADR, respectively. Hence, a detector array area reduction of about 42% is 

achieved by using the ImADR. Since the number of detectors is mainly determined by the 

area of the detector array, it can be concluded that ImADR requires fewer detectors than the 

conventional ImR for achieving the same FOV. 

4.3.3   Optical channel gain 

In typical indoor environments with LEDs lighting fixtures, the receiver can detect both the 

line-of-sight (LOS) and diffuse components. Here only the LOS component is considered in 

the analysis, since the light intensity of the LOS path is much higher than that of the diffuse 

paths [32].  

The LOS irradiance of an LED can be modeled by a generalized Lambertian radiation pattern 

and the optical channel gain between the t-th LED array and the r-th PD in the PD array can 

be calculated by [32] 

hrt  = ∑
(m +1)APD

2πdrti
 2

μη cosm ϕ
rti

cosθrti

n

i =1
,                                    (4.9) 
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where n is the number of LED chips in each LED array, m = –ln2/ln(cos(Ψ1/2)) is the order of 

Lambertian emission, Ψ1/2 is the transmitter semi-angle at half power, APD is the active area of 

the PD, drti is the distance between the i-th LED chip in the t-th LED array and the r-th PD, μ 

and η are the gains of the optical filter and the imaging lens, respectively, ϕrti is the emission 

angle, and θrti is the incident angle. If θrti is outside the FOV of the receiver, the optical 

channel gain hrt becomes zero.  

For both the conventional ImR and the proposed ImADR, all the parameters in Eq. (4.9) are 

the same except for drti and θrti. As shown in Fig. 4.2(b), the difference in the distance is 

denoted by CG, which is negligible in comparison to the distance between the LED array and 

the imaging lens. Thus, the difference in the optical channel gains between the ImR and the 

ImADR is primarily caused by different incident angles.  

Assuming that both the ImR and the ImADR are vertically oriented, see Fig. 4.2(a), the 

incident angle θ of the ImR is equal to the emission angle ϕ, which is given by using the right 

triangle OBC 

 θ = tan–1(BC/OB) = tan–1(b/f  ),                                          (4.10) 

where b (0 ≤ b ≤ a) is the distance between the center of the focal plane and the image of the 

LED chip on the focal plane.  

In the ImADR, as in Fig. 4.2(b), the incident angle θ' = 0° since the spherical-cap-shaped PD 

array is centered at O. Substituting θ and θ' into Eq. (4.9) yields the optical channel gain of 

the ImR hImR and that of the ImADR hImADR, respectively. The ratio between hImADR and hImR 

(i.e., the optical channel gain improvement) is given by 

hImADR

hImR

 = 

cosθ'

cosθ
 = 

1

cos(tan–1(b/f  ))
.                                    (4.11) 

From the practical point of view, Eq. (4.11) indicates the improvement in the received optical 

and electrical power levels. 

Fig. 4.5 shows the relationship between the optical channel gain improvement and a/f. It can 

be seen that the optical channel gain improvement increases continuously with the increase of 

a/f. For b = a/2, an improvement of 3 dB is achieved when a/f is 1.8. Moreover, the optical 

channel gain improvement also increases with b. An optical channel gain improvement of 8 

dB is achieved for a/f = 2 when b = a. 
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Figure 4.5. Optical channel gain improvement in dB versus a/f for a range of b. 

 

4.4   BER performance 

4.4.1   BER analysis 

The analytical BER expression for an indoor imaging MIMO-VLC system using the proposed 

ImADR and OFDM modulation is derived. It is assumed that N independent OFDM signals 

are modulated onto N LED arrays, respectively, which are transmitted in the free space and 

received by a PD array, and there are total N signal spots on the PD array, corresponding to N 

LED arrays [46]. Moreover, the j-th (1 ≤ j ≤ N) spot covers k adjacent PDs. Following [159], 

the signal-to-noise ratio (SNR) at the output of the i-th PD in the j-th spot can be calculated 

by 

SNRij  = 

(RγPr,ij)
2

σtot,ij
 2

,  1 ≤ i ≤ k,                                       (4.12) 

where R is the responsivity of the PD and γ is the modulation index. Pr,ij = hijP0 is the average 

received optical power, where hij is the optical channel gain between the i-th PD and the j-th 

LED array, and P0 is the average transmitted optical power of the j-th LED array. Moreover, 

σtot,ij
 2  is the total AWGN including both shot and thermal noises, i.e., σtot,ij

 2
 = σshot,ij

 2
 + σthermal,ij

 2  

[32]. 
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Since k output signals can be obtained from the k adjacent PDs in the j-th signal spot, 

diversity combining techniques can be adopted to re-generate the final output signal. Here 

two diversity combining techniques are considered, which are the select-best combining (SBC) 

and the maximal-ratio combining (MRC) [159]. In SBC, a PD in the PD array with the 

highest SNR is selected with the SNR given by 

SNRSBC, j  = max
i
{
(RγPrx,ij)

2

σtot,ij
2

}  = max
i
{SNRij} .                              (4.13) 

In contrast, in MRC, all the k output signals are used instead of only one by setting the weight 

wij  = R2γ2Prx,ij
2 σtot,ij

2⁄  [159], thereby maximizing the SNR, which is obtained by 

SNRMRC, j = 

(∑ wijRγPrx,ij
k
i =1 )

2

∑ wij
2σtot,ij

2k
i =1

 = ∑
(RγPrx,ij)

2

σtot,ij
2

k

i =1
 = ∑ SNRij

k

i =1
.        (4.14) 

The BER expression for the j-th channel OFDM signal using I × J rectangular QAM mapping 

can be approximated by [147] 

BERj  = 

2

log
2

(IJ )
(
I  – 1

I
 + 

J  – 1

J
)Q(√

6SNRj

I 2
 + J 

2
 – 2
) ,                       (4.15) 

where Q(·) is the Q-function. Substituting Eq. (4.13) and Eq. (4.14) into Eq. (4.15) yields the 

BER of the j-th channel OFDM signal using SBC and MRC, respectively. Therefore, for the 

N-channel imaging MIMO-VLC system, the average BER is given by 

BERav = 

1

N
∑ BERj

N

j =1
.                                                (4.16) 

4.4.2   System setup and results  

Monte Carlo simulations are performed to verify the above analytical results. A four-channel 

imaging MIMO-VLC system is considered in an indoor room environment with a dimension 

of 5m×3m×3m, where totally four LED arrays, each with two LED chips, are mounted in the 

ceiling. The geometric setup of the four-channel imaging MIMO-VLC system is illustrated in 

Fig. 4.6. It is assumed that each signal spot covers two PDs and each PD has an active area of 

1 cm2. The other parameters of the simulated system are given in Table 4.1. Four independent 

16QAM (I = J = 4) OFDM signals each with a 50 MHz bandwidth are transmitted and the total 

data rate of the system is 800 Mb/s. 
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Figure 4.6. Geometric setup of the four-channel imaging MIMO-VLC system. 

 

Table 4.1. Simulation parameters 

Parameter Value 

Room dimension 5m×5m×3m 

Locations of four LED arrays 
(1.5, 1.5, 3), (1.5, 3.5, 3) 

(3.5, 1.5, 3), (3.5, 3.5, 3) 

Height of receiving plane 0.85 m 

Transmitter semi-angle at half power 60° 

Modulation index 0.2 

Focal length of the imaging lens 1.2 cm 

Responsivity of PD 0.53 A/W 

Active area of PD 1 cm2 

IFFT/FFT size 128 

QAM constellation order 16 

Modulation bandwidth 50 MHz 

Overall data rate 800 Mb/s 
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Fig. 4.7 depicts the relationship between the BER and the average transmitted optical power, 

showing a good agreement between predicted and simulated results. For a receiver location 

(2.5, 2.5), i.e., the center of the receiving plane, the MRC based system requires lower optical 

power than the SBC based system.  

With the receiver moved to the location (4.5, 2.5), the required average transmitted optical 

powers for MRC based ImR and ImADR are 11.8 and 6.6 W, respectively. Hence, a power 

reduction of about 44% is achieved by using the ImADR. 

 

  

Figure 4.7. BER versus average transmitted optical power. Markers and lines 

show the simulation and analytical results, respectively. 

 

Fig. 4.8 compares the communication coverage (contours) over the receiving plane for a 

target BER of 10–3 with an average transmitted optical power of 8 W. The coverage contours 

can be approximated as circles and the coverages are estimated by the areas of the circles.  

It can be seen that MRC outperforms SBC, and ImADR with MRC achieves the largest 

coverage. ImR with MRC attains a coverage diameter of 3.1 m whereas ImADR with MRC 

attains a coverage diameter of 4.7 m, thus resulting in a coverage improvement of about 130%. 
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Figure 4.8. Communication coverage comparison for a target BER of 10–3 with an average 

transmitted optical power of 8 W. 

4.5   Conclusion 

In this chapter, a novel wide-FOV and high-gain ImADR has been proposed and investigated 

for indoor MIMO-VLC systems. Compared with a conventional ImR using a 2-D circular PD 

array consisting of vertically oriented PDs, the proposed ImADR utilizes a 3-D spherical-cap-

shaped PD array consisting of angle diversity PDs. Moreover, either a common convex lens 

or an advanced imaging lens such as a fisheye lens can be adopted in the proposed ImADR. 

Detailed performance comparison between a conventional ImR and an ImADR has been 

carried out in terms of receiver FOV, area of detector array, optical channel gain and BER. 

When both ImR and ImADR have the same horizontal size, the ImADR can achieve a much 

larger FOV than the ImR. To achieve the same FOV of 45°, the ImADR can obtain a 42% 

reduction in detector array area in comparison to the conventional ImR. Moreover, due to the 

use of a 3-D spherical-cap-shaped PD array, an optical channel gain improvement of up to 8 

dB can be achieved by an ImADR compared with an ImR. Analytical and simulation results 

have also shown that for a target BER of 10–3, an indoor four-channel MIMO-VLC system 

using the proposed ImADR achieves 44% reduction in the average transmitted optical power 

and 130% improvement in the communication coverage area than the same system using a 

conventional ImR. Therefore, the proposed ImADR is a promising candidate for high-speed 

indoor MIMO-VLC systems. 
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Chapter 5    Angle Diversity Multi-Element Receiver 

for ICI Mitigation in Multi-Cell VLC 

5.1   Introduction 

In Chapters 3 and 4, advanced modulation and detection techniques have been proposed for 

indoor MIMO-VLC systems. However, the focus of these techniques is only for performance 

improvement of single-cell VLC systems. In practical indoor environments, a VLC/MIMO-

VLC system usually consists of multiple optical attocells such that the full coverage of an 

indoor environment can be achieved [18]. It has been shown that inter-cell interference (ICI) 

is a major issue that severely degrades the overall performance of indoor multi-cell VLC 

systems [2, 18]. When the users are located at the overlapping area of two or more adjacent 

cells, the signal-to-interference-and-noise ratio (SINR) of these users would be considerably 

low due to the existence of strong interference components. In order to efficiently mitigate the 

ICI and hence improve the overall performance of multi-cell VLC systems, several 

approaches have been reported in recent years. Kim et al. demonstrated a frequency division 

based carrier allocation approach in [36], where different RF subcarriers are allocated to 

different cells and electrical filtering is used to extract the desired RF subcarriers for a 

specific user without being affected by the interference. Although the ICI can be mitigated, 

the achievable spectral efficiency within each cell is substantially reduced due to spectrum 

partitioning, as well as the use of a large guard band. An improved carrier allocation approach 

by using filter bank multicarrier (FBMC) was proposed in [37], where the guard band is 

greatly reduced because FBMC has considerably suppressed spectrum sidelobes. 

Nevertheless, the spectral efficiency improvement achieved by reducing the guard band is 

limited since spectrum partitioning is still required. In [38], Bykhovsky and Arnon proposed 

an interference-constrained subcarrier reuse algorithm based on discrete multi-tone (DMT) in 

a heuristic manner, leading to an improvement in the average bit-rate as compared with the 

conventional DMT method, but with a relatively high implementation complexity. In [39], 

Ryoo et al. demonstrated a differential optical detection approach by employing polarization 

division, which can reduce the in-band interference and hence avoid the need of spectrum 

partitioning. However, accurate polarization control and cell planning are required in order to 

successfully implement this scheme. 

In recent years, the use of angle diversity enhanced receivers for performance improvements 

of VLC systems, especially MIMO-VLC systems, has attracted great attention [104–106]. In 

this chapter, a novel angle diversity multi-element receiver (ADMER) based ICI mitigation 
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technique is proposed for SINR fluctuation reduction in indoor multi-cell VLC systems [160, 

161]. The proposed ADMER consists of Nr detectors (elements), including one top detector 

and Nr – 1 inclined side detectors. A two-cell VLC system using an ADMER with Nr = 3 is 

first experimentally demonstrated and then a four-cell VLC system utilizing four ADMERs 

with Nr = 5, 6, 7 and 9 is analyzed and examined. In the analysis, the impact of receiver 

random rotation is considered and the performances of four ADMERs are optimized by 

maximizing the achievable average SINR. The experimental and analytical results both show 

that the proposed ADMER can effectively mitigate ICI and significantly reduce the SINR 

fluctuation in indoor multi-cell VLC systems.  

The rest of the chapter is organized as follows. In Section 5.2, the principle of the proposed 

ADMER is first introduced. An experimental demonstration of a two-cell VLC system using 

an ADMER with Nr = 3 is presented in Sections 5.3. A detailed numerical analysis of a four-

cell VLC system using four different ADMERs is further conducted in Sections 5.4. Finally, 

Section 5.5 concludes this chapter. The content of this chapter is related to the author’s work 

reported in [160, 161]. 

5.2   Principle of ADMER 

The proposed ADMER consists of Nr circular-shaped detectors (elements), including one top 

detector and Nr – 1 side detectors. It is assumed that all the detectors have the same radius r, 

the same half-angle FOV Ψ and the same optical/electrical performance.  

  

Figure 5.1. (a) Top view and (b) side view of the proposed ADMER. Only the top detector 

and the n-th side detector are shown for illustration. 

The top view and side view of the ADMER are illustrated in Figs. 5.1(a) and (b), respectively. 

As shown in Fig. 5.1(a), the top detector is located at the central position C0, while all the side 
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detectors are located at the circumference of a circle that is centered at C0 with a radius of R. 

The gap between the top detector and the side detector is ε. The azimuth angle of the n-th side 

detector is Θn. For the ADMER with total Nr detectors, it is assumed that the azimuth angle of 

the 1-st side detector is fixed at Θ1 = 0° and the azimuth angle of the n-th side detector is 

represented by 

Θn  = 360° × 

n –1

Nr –1
,  n = 2,⋯, Nr –1.                                           (5.1) 

For example, the azimuth angles of all four side detectors are 0°, 90°, 180° and 270°, 

respectively, when Nr = 5. Fig. 5.1(b) shows the side view of the top detector and the n-th side 

detector. As can be seen, the top detector (n = 0) is not inclined while the side detector is 

inclined. In the proposed ADMER, all the side detectors have the same inclination angle ϕ. 

Assuming that the receiver plane is vertically oriented, the inclination angle of the n-th 

detector is expressed by 

ϕ
n
 = {

0°,    if n = 0                

ϕ,      if n = 1,⋯, Nr –1
.                                            (5.2) 

By rotating the side detector around the point O, the inclination angle ϕ of the side detectors 

can be adjusted. When ϕ = 0°, the side detectors are not inclined and hence the receiver 

becomes a multi-element receiver without angle diversity.  

It is assumed that the position of the receiver is represented by the central position C0 of the 

top detector. Based on the receiver geometry illustrated in Figs. 5.1(a) and (b), the 

relationship between the position of the top detector and the positions of the side detectors are 

derived as follows.  

The radius R, i.e. the horizontal distance between C0 and Cn, is given by R = ε + r + r' and r' = 

rcosφ. Hence, the radius is calculated by R = ε + r(1 + cos ϕ). Let (x0, y0, z0) and (xn, yn, zn) be 

the coordinates of positions C0 and Cn, respectively. After some geometric calculations, the 

relationship between (x0, y0, z0) and (xn, yn, zn) is given by 

{

xn = x0 + [ε + r(1 + cosϕ)]cosΘn

y
n
 = y

0
 + [ε + r(1 + cosϕ)]sinΘn

zn = z0 – rsinϕ                           

.                                        (5.3) 

In an indoor multi-cell VLC system, the receiver located at the non-overlapping area of a cell 

is served by the corresponding cell and not affected by ICI. If the receiver is located at the 

overlapping area of multiple adjacent cells, usually the specific cell from which the receiver 

gets the highest SINR is selected [162]. When an ADMER is employed in an indoor multi-
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cell VLC system, the specific cell that serves the receiver is selected based on the highest 

SINR obtained by the top detector. Moreover, since the FOVs of two or more detectors in an 

ADMER could overlap, multiple detectors could simultaneously receive the desired signal for 

the serving cell.  

In order to achieve a final output signal from multiple received signals, diversity combining 

techniques can be utilized such as equal-gain combining (EGC), select-best combining (SBC), 

maximal-ratio combining (MRC) and optimum combining (OPC) [162]. Although EGC is the 

simplest way to combine together the received signals, the SINR performance could be very 

poor since the interference cannot be suppressed. For SBC, the detector that achieves the 

highest SINR is selected and hence the interference can be substantially suppressed and the 

ADMER can achieve a high overall SINR. Due to the existence of interference, MRC is not 

optimal and the highest SINR can be achieved by OPC that is optimal. However, the 

implementation complexity of MRC and OPC is relatively high. As a trade-off between the 

SINR performance and implementation complexity, SBC is adopted for the proposed 

ADMER. 
5.3   Experimental demonstration of a two-cell VLC system 

In this section, an indoor two-cell VLC system using the proposed ADMER is experimentally 

demonstrated, where an ADMER with Nr = 3 is considered for ICI mitigation [160].   

5.3.1   Experimental setup 

Fig. 5.2 illustrates the experimental setup of a two-cell OFDM-VLC system. Two off-the-

shelf phosphor-coated white LEDs (Luxeon SP-02) are used as the optical transmitters and 

the spacing between them is 35 cm. In order to concentrate the light emitted by the LEDs, two 

lampshades are adopted with the same half-angle FOV of 26°.  

Two digital OFDM signals are generated offline by MATLAB with an IFFT size of 256 and 

16QAM mapping. Total 64 subcarriers (2nd to 65th) are modulated with data and the other 

subcarriers are left unmodulated. The CP length is set to 8, which is 1/32 of the IFFT size. A 

PRBS with 20 bits is utilized for time synchronization and a total of 200 OFDM payload 

symbols are followed for SINR estimation. The SINR value is estimated from the error vector 

magnitude (EVM) [37].  

Since the 3-dB modulation bandwidth of the LEDs is only about 2 MHz, digital pre-FDE is 

executed to increase the modulation bandwidth [163].  
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  Figure 5.2. Experimental setup of a two-cell OFDM-VLC system. 

Two real-valued digital OFDM signals are separately loaded to a multi-channel arbitrary 

waveform generator (AWG, Tabor WW2074) with a sampling rate of 40 MSa/s and a peak-

to-peak voltage of 3 V. Hence, the bandwidth of the OFDM signals is 10 MHz and the raw 

data rate of each cell is 40 Mb/s.  

The analog OFDM signals are amplified and separately superimposed onto 13-V DC bias 

voltages via two self-designed bias-Tees. The resultant two signals are used to modulate the 

intensities of two LEDs, respectively. Two adjacent cells corresponding to two LEDs use the 

same RF spectrum and therefore no spectrum partitioning is performed. The transmission 

distance is set to 100 cm and the radiated light is captured by a receiver. The received signal 

is sampled by a digital storage oscilloscope (DSO, Agilent infiniium 54832B) at 1 GSa/s.  

Subsequently, the output electrical signal is demodulated offline. The OFDM modulation and 

demodulation procedures can be found in [163]. The experimental testbed is shown in the 

photo in Fig. 5.2. 

 

Figure 5.3. Top view of an ADMER with Nr = 3. 
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In this proof-of-concept experiment, an ADMER with Nr = 3 is used. Fig. 5.3 depicts the top 

view of the ADMER with Nr = 3. As can be seen, the ADMER consists of one top detector 

and two side detectors, where the azimuth angles of the two side detector are 0° and 180°.  

For the purpose of performance comparison, a single-element receiver (SER) with Nr = 1 and 

a non-angle diversity multi-element receiver (NADMER) with Nr = 3 are also considered. The 

SER is made up of a single uninclined detector consisting of a lens (Thorlabs LA1951-A-ML) 

with a half-angle FOV of 30°, a blue filter (Thorlabs FD1B) and a PD (Thorlabs PDA36A). 

The PD has an active area of 13 mm2 and a 3dB bandwidth of 10 MHz.  

Compared with SER, the NADMER comprises multiple uninclined detectors. Due to the lack 

of an integrated detector array, the NADMER is emulated by adjusting the position of one 

detector and separately receiving different signals at different positions.  

Similarly, the ADMER consists of the same number of detectors as the NADMER. In order to 

achieve angle diversity, the ADMER is emulated by adjusting both the position and the 

inclination angle of the detector at different positions. For both NADMER and ADMER, the 

pitch length is set to 1 cm.  

Although the data rate in this demonstration is relatively low, the focus here is to verify the 

feasibility and effectiveness of ICI mitigation employing ADMER in multi-cell VLC systems. 

Higher data rate can be achieved by using high-power LEDs and large-bandwidth PDs. 

5.3.2   Experimental results 

The SINR distribution of the two-cell OFDM-VLC system using an SER is first investigated. 

The positions of two LED transmitters, i.e., Tx1 and Tx2, are set to –17.5 cm and 17.5 cm, 

respectively. The receiver position offset is assumed to be zero when the receiver is facing the 

central position of Tx1 and Tx2. Due to the geometric symmetry of the system setup, the 

receiver position offset is set in the range of –17.5 cm to 17.5 cm.  

The measured SINR versus receiver position offset is shown in Fig. 5.4. When Tx1 is on and 

Tx2 is off, the highest SINR is 15.8 dB achieved at a receiver position offset of –17.5 cm, i.e., 

the receiver is directly facing Tx1. Moreover, the SINR decreases with the receiver moving 

away from Tx1, and the SINRs are 15.3 and 3.4 dB when the receiver position offsets are 0 

and 7.5 cm, respectively. Due to geometric symmetry, a symmetrical distribution is found 

when Tx1 is off and Tx2 is on.  

 

https://www.thorlabs.hk/thorproduct.cfm?partnumber=FD1B
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Figure 5.4. Measured SINR versus receiver position offset using an SER. 

However, when both Tx1 and Tx2 are on, an SINR degradation of 18.4 dB is observed at the 

receiver position offset of 0 cm and the SINR fluctuation is very high due to ICI. Therefore, it 

is of great importance to perform efficient ICI mitigation in indoor multi-cell VLC systems. 

 

Figure 5.5. Measured SINR versus inclination angle of side detectors in the ADMER. 

Since the severest ICI occurs at the receiver position offset of 0 cm, the relationship between 

the SINR and the inclination angle of side detectors in the ADMER is next examined at the 

receiver position offset of 0 cm. The side detectors are inclined with an angle in the range of 4° 

to 18° with a step of 2°.  
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Fig. 5.5 shows the measured SINR in dB versus the inclination angle of the side detectors in 

the ADMER with Nr = 3. It can be found that the SINR increases with the increase of 

inclination angle and the maximum SINR is achieved with an inclination angle of 12°. As can 

be seen, the incident angle is given by arctan (17.5/100) ≈ 10° when an SER is used. Therefore, 

the LOS optical channel gain corresponding to the signal component is the highest when the 

inclination angle is 10°, indicating an incident angle of 0°.  

However, the best SINR performance is achieved with an inclination angle of 12° instead of 

10°. This is because the half-angle FOV of the optical lens is 30° and hence the interference 

component is un-negligible although the signal component is strongest when the inclination is 

10°. In contrast, as the inclination angle is increased to 12°, the received signal power is 

slightly reduced, but the interference component becomes negligible, resulting in a further 

SINR improvement. The inset in Fig. 5.5 illustrates the corresponding received 16QAM 

constellation diagram. 

 

 

Figure 5.6. Measured SINR versus receiver position offset using NADMER and ADMER. 

 

The SINR performance of the two-cell OFDM-VLC system using a NADMER and an 

ADMER is further compared. As shown in Fig. 5.6, when using a NADMER, significant 

SINR degradations are observed within the overlapping area of the two cells due to ICI. 

Particularly, the achieved SINRs are only –2.63 dB at the receiver position offset of 0 cm.  
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However, when an ADMER is employed, the SINR performance in the overlapping area is 

substantially improved. As can be seen, by replacing the NADMER with an ADMER, SINR 

improvements of 18.3 dB are attained. Moreover, the NADMER and the ADMER can 

achieve nearly the same SINR performance in the non-overlapping area. 

Table 5.1. Experimental SINR performance comparison 

SINR (dB) SER with Nr = 1 NADR with Nr = 3  ADR with Nr = 3 

Minimum value – 3.04 – 2.63 14.69 

Maximum value 15.74 15.67 15.67 

Fluctuation 18.78 18.30 0.98 

 

The SINR fluctuation utilizing SER, NADMER and ADMER is also compared. As listed in 

Table 5.1, the maximum and minimum SINR values using an SER are –3.04 and 15.74 dB, 

respectively, indicating an SINR fluctuation of 18.78 dB. Moreover, an SINR fluctuation of 

18.30 dB is attained when using a NADMER.  

However, when an ADMER is used, the SINR fluctuations are reduced to 0.98 dB. Therefore, 

the SINR distribution of the two-cell OFDM-VLC system can be flattened within only 1 dB 

of fluctuation by employing an ADMER with Nr = 3. 

5.4   Numerical analysis of a four-cell VLC system 

Here, the SINR performance of an indoor four-cell VLC system using the proposed ADMER 

is numerically analyzed. Four ADMER structures with Nr = 5, 6, 7 and 9 are considered in the 

analysis, and their respective performances are investigated and compared [161]. 

5.4.1   System setup 

The top view of the proposed ADMER with different number of detectors is shown in Fig. 5.7. 

The azimuth angle of a side detector is determined by the total number of side detectors in the 

receiver. The azimuth angle gap between two adjacent side detectors is ∆Θ = 360°/(Nr – 1).  

It can be found from Fig. 5.7 that the azimuth angle gaps of the receiver with total 5, 6, 7 and 

9 detectors are 90°, 72°, 60° and 45°, respectively. As can be seen, the azimuth angle gap is 

reduced with the increase of the number of side detectors. 
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Figure 5.7. Top view of the ADMER with (a) Nr = 5, (b) Nr = 6, (c) Nr = 7 and (d) Nr = 9. 

 

 

Figure 5.8. (a) Geometry for optical channel gain calculation of the side detectors and (b) 

LED projection on the detector plane. 

In an ADMER, one top detector and multiple inclined side detectors are used. The optical 

channel gain of the top detector can be obtained by Eq. (2.7). However, the optical channel 

gain of a side detector cannot be directly obtained by using Eq. (2.7), since all side detectors 

are inclined with a common inclination angle and each side detector is also rotated with its 

own azimuth angle. As shown in Fig. 5.8(a), the emission angle φ is determined only by the 

positions of the LED and the side detector. Assuming that the LED and the side detector are 

located at (x, y, z) and (x', y', z') respectively, cosφ can be obtained by 
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cosφ = 
z – z'

[(x – x' )
2
 + (y – y' )

2
 + (z – z' )

2]
1/2

.                                  (5.4) 

However, the incident angle θ is determined not only by the positions of the LED and the side 

detector, but also the inclination angle ϕ and the azimuth angle α.  

The azimuth angle is given by 

α = Θ + ω,                                                              (5.5) 

where Θ is the initial azimuth angle of the side detector without rotation and ω is the random 

rotation angle which is the same for all the side detectors and uniformly distributed between 0° 

and 360° [164].  

Let vr and vrt be the normal vector of the plane of the side detector and the vector from the 

side detector to the LED, respectively, cos θ is given by 

cos θ  = 
(vr,vrt)

‖vr‖∙‖vrt‖
,                                                   (5.6) 

where (·,·) denotes the inner product of two vectors and ‖·‖ is the vector norm. For a detector 

with an inclination angle ϕ and an azimuth angle α, the normal vector of the detector plane is 

given by [165] 

vr = [sinϕ cosα , sinϕ sinα , cos ϕ].                                         (5.7) 

The azimuth angle α of the side detector is determined by the positions of the LED projection 

and the side detector, as shown in Fig. 5.8(b), which is calculated by [146] 

 α = {

α0,                 if x ≥ x', y ≥ y' 
π – α0,           if x < x', y ≥ y' 
π + α0,          if x < x', y < y'

2π – α0,         if x ≥ x', y < y'

,                                       (5.8) 

where α0 = arctan(|y – y'|/|x – x'|). Moreover, the vector from the side detector to the LED is 

expressed by 

vrt = [x, y, z] – [x', y', z' ] = [x – x', y – y', z – z' ].                            (5.9) 

Therefore, Eq. (5.6) can be rewritten as 
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cos θ  =  
[(x – x' ) cosα  + (y – y' ) sinα ] sin ϕ  + (z – z' )cosϕ

√(x – x' )
2
 + (y – y' )

2
 + (z – z' )

2

.                 (5.10) 

By substituting Eq. (5.4) and Eq. (5.10) into Eq. (2.7), the optical channel gain for the side 

detector is obtained by 

 h (ϕ,Ψ ) = 
(m +1)AdT(θ)g(θ){[(x – x' ) cos α  + (y – y' ) sin α] sinϕ  + (z – z' ) cos ϕ }(z – z' )

m

2πd
 2[(x – x' )

2
 + (y – y' )

2
 + (z – z' )

2]
(1+ m ) / 2

. 

(5.11) 

It should be noted that h(ϕ,Ψ) becomes zero when the emission angle of larger than the semi-

angle at half power of the LED or the incident angle is outside the FOV of the detector. As 

can be seen, h(ϕ,Ψ) is a function of the inclination angle ϕ and the half-angle FOV Ψ of the 

side detector. 

In indoor VLC systems, the primary function of the LEDs is illumination and communication 

is its secondary function [10]. The illumination performance at a position of the room can be 

described by the horizontal illuminance, which is defined as 

Eh  = ∑
I0 cosl φ

i
cosθi

di
 2

N0

i =1
,                                              (5.12) 

where N0 is the number of LEDs that illuminate this position, I0 is the maximum luminous 

intensity of each LED, φi and θi are the emission and incident angles between the i-th LED 

and this position, respectively, and di is the transmission distance. 

After free-space propagation, the light emitted by the i-th LED is detected by the ADMER 

and the received electrical signal at the output of the j-th detector in the ADMER is 

represented by 

y
j
(i) = ∑ γξhijP0xi(t)

Nt

i =1
 + nj(t),                                        (5.13) 

where γ is the responsivity of the detector, ξ is the modulation index of the LED, hij is the 

optical channel gain, P0 is the average transmitted optical power of the LED, xi(t) is the 

transmitted electrical signal with unit power from the i-th LED, and nj(t) is the additive noise 

which includes shot and thermal noises. Both shot and thermal noises can be modeled as real-

valued additive white Gaussian noises (AWGNs) and the corresponding variances are given 

by 
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{

σshot
 2  = 2q(γPj + IbgI2)Bn                                

σthermal
 2  = 8πkTKηABn

2 (
I2

G
 + 

2πΓ

g
m

ηAdI3Bn)
,                               (5.14) 

where Pj  = P0∑ hij
Nt

i =1  is the average received optical signal power at the j-th detector, Ibg is the 

background current due to ambient light, and Bn is the equivalent noise bandwidth. The other 

parameters shown in Eq. (5.14) can be found in [12]. 

Assuming that the j-th detector is served by the i-th LED, the SINR at the output of the j-th 

detector is expressed by 

SINRij = 
(γξhijP0)

2

∑ (γξhi'jP0)
2Nt

i' =1,i' ≠ i
 + σshot

 2  + σthermal
 2

,                             (5.15) 

where ∑ (γξhi'jP0)
2Nt

i' =1,i' ≠ i  represents the electrical power of the interference signal from all 

the interfering LEDs and σshot
 2  and σthermal

 2  are the noise variances as defined in Eq. (5.14). 

5.4.2   Results and discussions 

In this section, the SINR performance of an indoor multi-cell VLC system using the proposed 

ADMER is analyzed.  

 

Figure 5.9. Geometric setup of the four-cell VLC system in a 5m×5m×3m room. 

The geometric setup of an indoor four-cell VLC system is illustrated in Fig. 5.9. The system 

is considered in a typical room with a dimension of 5m×5m×3m and and the key parameters 

of the system setup are listed in Table 5.2.  
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Four LEDs are mounted in the ceiling and the semi-angle at half power of the LED is 40°. 

The average transmitted optical power and the modulation index of each LED are 5 W and 

0.3, respectively. Each LED has a maximum luminous intensity of 3000 cd. The receiving 

plane is 0.85 m above the floor. The gains of the optical filter and the optical concentrator are 

both 1. The receiver plane is assumed to be vertically oriented pointing to the ceiling. The 

radius of all the circular-shaped detectors is 2.5 mm, corresponding to an active area of 19.6 

mm2. The gap between the top detector and the side detectors is set to 3 mm. The responsivity 

of all the detectors is 0.53 A/W. A modulation bandwidth of 10 MHz is used and the 

background current is 5100 µA due to the ambient light.  

Table 5.2. Key parameters of system setup 

Parameter Value 

Room dimension 5m×5m×3m 

Locations of four LED arrays 
(1.25, 1.25, 3), (1.25, 3.75, 3) 

(3.75, 3.75, 3), (3.75, 1.25, 3) 

Height of receiving plane 0.85 m 

Semi-angle at half power of LED 40° 

Average transmitted optical  

power of LED 
5 W 

Maximum luminous intensity of LED 3000 cd 

Modulation index 0.3 

Radius of detector 2.5 mm 

Gap between top and side detectors 3 mm 

Responsivity of detector 0.53 A/W 

Modulation bandwidth 10 MHz 

Background current 5100 µA 

 

In order to achieve full illumination coverage of the room, as can be seen from Fig. 5.9, the 

minimum half-angle FOV of the detector is Ψmin = 39.4°. 

The illumination performance of the indoor four-cell VLC system is first evaluated by using 

Eq. (5.12). Fig. 5.10 shows the horizontal illumination distribution around the receiving plane. 
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As can be seen, the illumination at the positions right below the four LEDs is the highest (~ 

650 lx) and it becomes lower when moving towards the corners. Overall, the illumination is 

above 400 lx for more than 50% of the room area and the illumination for the rest of the room 

is above 150 lx, which is in accordance with indoor illumination requirements stated in the 

European lighting standard [166]. 

 

Figure 5.10. Horizontal illumination distribution around the receiving plane. 

Under such an illumination environment, the SINR performance of the system is further 

analyzed by using a single-element receiver (SER) consisting of a single un-inclined detector 

with a half-angle FOV of 40°.  

The SINR distribution around the receiving plane is shown in Fig. 5.11. It is observed that the 

highest SINR is 26.1 dB that is achieved at the positions right below the four LEDs. 

Furthermore, the SINR performance in the overlapping area is significantly reduced and the 

SINR at the center of the receiving plane is the lowest that is –4.8 dB.   

Due to the existence of severe ICI, an SINR fluctuation of as high as 30.9 dB is obtained. 

Hence, substantial performance degradations will occur when the receivers are located at the 

overlapping area of the indoor four-cell VLC system, which greatly limits the overall SINR 

performance of the system. 
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Figure 5.11. SINR distribution around the receiving plane using an SER. 

By replacing the SER with the proposed ADMER, the ICI can be mitigated and hence the 

overall system performance can be improved. As derived in Eq. (5.11), the optical channel 

gain is a function of the inclination angle ϕ and the half-angle FOV Ψ of the side detectors. 

Since the SINR is largely dependent on the optical channel gain as given in Eq. (5.15), the 

ADMER can be optimized by selecting optimal inclination angle ϕ and detector half-angle 

FOV Ψ that maximize the achievable SINR. Since the center of the receiving plane suffers 

from the severest ICI, the optimization is then performed at the central position of the 

receiving plane to find the optimal ϕ and Ψ.  

In practical indoor VLC systems, the receiver could have different rotation angles which are 

assumed to be uniformly distributed between 0° and 360° [164]. In order to optimize the 

proposed ADMER in a fair and practical way, average SINR is used as the metric of interest 

in the following optimization. Assuming the ADMER is randomly rotated for total Nω times 

and the random rotation angle ωi (i = 1, 2,···, Nω) is uniformly distributed between 0° and 360° 

with a corresponding output SINR of SINRi, the average SINR is given by.  

SINRav = 
1

Nω

∑ SINRi

Nω

i =1
.                                                 (5.16) 

As shown in Fig. 5.1(b), the inclination angle ϕ of an ADMER can be adjusted by rotating the 

side detector around point O and ϕ is in the range between 0° and 90°. Moreover, the half-

angle FOV Ψ of all the detectors is another adjustable parameter and the minimum value of Ψ 
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is 39.4°. Therefore, here it is assumed that the inclination angle ϕ ∈ [10°, 90°] and half-angle 

FOV Ψ ∈ [40°, 80°] during the optimization. Based on derivations above, contour plots are 

used to evaluate the average SINR performance in terms the inclination angle ϕ and the half-

angle FOV Ψ of the side detectors in the ADMER.  

 

Figure 5.12. Contour plots of average SINR (dB) at the central position of the receiving plane 

for (a) Nr = 5, (b) Nr = 6, (c) Nr = 7 and (d) Nr = 9. 

Figs. 5.12(a) to (d) show the contour plots for Nr = 5, 6, 7 and 9, respectively. As can be seen, 

the average SINR is gradually decreased with the increase of the detector half-angle FOV Ψ 

for all four cases, indicating that the SINR performance is dominated by the ICI when a larger 

Ψ is used. Moreover, it is noticed that the optimal inclination angle is getting smaller with 

more detectors in the ADMER.  

The cross markers shown in Fig. 5.12 denote the selected optimal values of ϕ and Ψ for Nr = 5, 

6, 7 and 9. The optimal half-angle FOVs of all the detectors for Nr = 5, 6, 7 and 9 are all set to 

Ψ = 40°, while the optimal inclination angles of the side detectors for Nr = 5, 6, 7 and 9 are 

60°, 55°, 50° and 45°, respectively. 
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Figure 5.13. SINR versus rotation angle of the ADMER for (a) Nr = 5, (b) Nr = 6,                       

(c) Nr = 7 and (d) Nr = 9. 

Based on the obtained optimal parameters, the relationship between the achievable SINR and 

the rotation angle of the ADMER is next analyzed. Figs. 5.13(a) to (d) show the SINR versus 

the rotation angle for Nr = 5, 6, 7 and 9, respectively. It can be clearly seen that the SINR 

fluctuates significantly for Nr = 5 and the minimum SINR is about 0 dB which is achieved 

when the rotation angles are 0°, 90°, 180° and 270°. The substantial decrease of SINR is due 

to the geometric symmetry of the ADMER with Nr = 5. When the rotation angles are 0°, 90°, 

180° or 270°, the four side detectors of the ADMER with Nr = 5 are all located at the 

symmetric positions between two adjacent LEDs and thus all the side detectors suffer from 

severe ICI. However, when Nr is increased to 6, 7 or 9, the symmetry is eliminated and the 

SINR fluctuation is significantly reduced. 

Table 5.3. SINR fluctuation comparison 

SINR (dB) Nr = 5 Nr = 6  Nr = 7 Nr = 9 

Minimum value –0.2 14.5 15.1 15.5 

Maximum value 15.2 15.5 15.7 15.8 

Fluctuation 15.4 1.0 0.6 0.3 
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The SINR performance for different Nr values is summarized in Table 5.3. As can be seen, 

the SINR fluctuation for Nr = 5 reaches 15.4 dB, while the SINR fluctuation for Nr = 6 is only 

1 dB, resulting an SINR fluctuation reduction of up to 14.4 dB. In addition, the SINR 

fluctuation can be further slightly reduced to 0.6 and 0.3 dB for Nr = 7 and 9, respectively.  

Since the receiver could be randomly rotated with any rotation angles in practical scenarios, 

the SINR fluctuation needs to be as low as possible. Thus, the option Nr = 5 can be excluded. 

Due to the increased complexity, the options Nr = 7 and 9 can also be excluded since nearly 

the same SINR performance can be achieved with Nr = 6. Hence, an ADMER with Nr = 6 is 

the best option for achieving excellent robustness against random rotations in such a four-cell 

VLC system. 

The performance of the four-cell VLC system using different receivers is further compared. 

The SINR distribution using an SER is shown in Fig. 5.11, where significant SINR 

fluctuations can be observed. Figs. 5.14 and 5.15 show the average SINR distributions using 

an ADMER with Nr = 5 and 6, respectively. It can be seen that, compared with Nr = 5, a 

relatively smooth and flat average SINR distribution is achieved with Nr = 6. As summarized 

in Table 5.4, the average SINR fluctuation using an SER is up to 30.9 dB. The fluctuation can 

be reduced to 16.7 and 10.9 dB when an ADMER with Nr = 5 and 6 is used, which 

corresponds to an average SINR fluctuation reduction of 14.2 and 20 dB, respectively. 

 

Figure 5.14. Average SINR distribution using an ADMER with Nr = 5. 
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Figure 5.15. Average SINR distribution using an ADMER with Nr = 6. 

The average SINR distributions using an ADMER with Nr = 7 and 9 are not shown since they 

are nearly the same as Nr = 6. In conclusion, an ADMER with Nr = 6, i.e., including one top 

detector and five side detectors, is also the best option for ICI mitigation and average SINR 

fluctuation reduction. 

Table 5.4. Average SINR fluctuation comparison 

Average SINR (dB) Nr = 1 Nr = 5  Nr = 6 

Minimum value –4.8 9.4 15.2 

Maximum value 26.1 26.1 26.1 

Fluctuation 30.9 16.7 10.9 

 

5.5   Conclusion 

In this chapter, an ADMER has been proposed and investigated for efficient ICI mitigation 

and SINR fluctuation reduction in indoor multi-cell VLC systems. The performance of indoor 

multi-cell VLC systems using the proposed ADMER has been evaluated by both proof-of-

concept experiment and numerical analysis. Since no spectrum partitioning is required, an 

indoor multi-cell VLC system using the proposed ADMER enabled ICI mitigation technique 
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can achieve a much higher spectral efficiency than that utilizing the conventional frequency 

division based techniques. In the analysis, totally four ADMER structures have been studied 

and further optimized by maximizing the achievable average SINR with the consideration of 

receiver random rotation. It has been shown by the analytical results that an indoor four-cell 

VLC system employing an ADMER with six detectors (each detector has a half-angle FOV of 

40° and all side detectors have an inclination angle of 55°) achieves an SINR fluctuation no 

more than 1 dB for different receiver rotation angles at the central position of the receiving 

plane and reduces the average SINR fluctuation from 30.9 to 10.9 dB around the receiving 

plane, compared with the system utilizing an SER. In conclusion, the proposed ICI mitigation 

technique with the use of ADMER has high potential for future high data rate indoor multi-

cell VLC systems. 
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Chapter 6    Integration of VLC and OFDM-PON 

Based on Adaptive Envelope Modulation 

6.1   Introduction 

Several modulation and detection techniques have already been proposed for performance 

improvement of VLC systems in the previous chapters. However, as a high-speed indoor 

wireless communication technology, VLC becomes an important part in future indoor access 

networks. Next generation access networks are expected to provide high-speed hybrid wired 

and wireless services for end users [19, 167]. Due to its cost-effectiveness, high capacity and 

easy upgradability, passive optical network (PON) has been considered as a promising 

candidate for high-speed wired access [20, 168, 169]. In recent years, OFDM based PON 

(OFDM-PON) has attracted tremendous attention, since OFDM has high spectral efficiency, 

excellent robustness to chromatic dispersion and flexibility of dynamic bandwidth allocation 

[47, 170, 171]. Moreover, RF based technologies have been widely investigated for wireless 

access, including WiFi [172], WiMax [173] and radio-over-fiber (RoF) [174–176]. However, 

the capacity of widely used WiFi and WiMax is very limited and the RoF systems only have a 

license-free bandwidth of about 7 GHz in the 60 GHz frequency region. Furthermore, RF 

radiation inevitably produces severe EMI which is strictly prohibited in many indoor areas 

such as hospitals and aircraft cabins [7]. 

As a promising alternative and complementary technology to RF based indoor wireless 

communication, white LEDs enabled VLC has revealed great potential for providing high-

speed and EMI-free wireless access in indoor environments [21, 27]. Therefore, it is of great 

significance to integrate VLC with PON systems to achieve high-speed hybrid wired and 

wireless indoor optical access for end users. So far, only several integration schemes have 

been reported in literature. In [41, 42], an integrated PON and VLC system was demonstrated 

based on a multiband single-carrier frequency domain equalization (SC-FDE) modulation 

technique. The signals for wired and wireless access are carried by different subbands and an 

electrical low-pass filter (LPF) is used to separate the wired signal and wireless signal in each 

optical network unit (ONU). In [43], a high-speed VLC based local area network (LAN) was 

demonstrated where multiband OFDM and electrical filtering are used for supporting multiple 

VLC access points. Moreover, a bidirectional network combining VLC and the time-wave-

length-division-multiplexed PON (TWDM-PON) was proposed in [44] where VLC encoding 

and decoding are digitally performed in the gateway based on multiband OFDM. Moreover, a 

service-integrated OFDM-PON system was proposed based on an on-off keying (OOK) 
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overlaid OFDM modulation [45], where the low-speed OOK signal for wireless access is 

overlaid on the envelope of the high-speed OFDM signal for wired access and no electrical 

filtering is required. Nevertheless, the envelope of the OFDM signal fluctuates significantly 

due to the high peak-to-average power ratio (PAPR) which introduces inherent amplitude 

distortion to the overlaid OOK signal. In addition, since each OOK symbol is encoded to the 

envelope of one OFDM symbol, the OOK signal has the same symbol rate as the OFDM 

signal which might not be compatible with practical indoor VLC links. 

In this chapter, an adaptive envelope modulation technique is proposed for the integration of 

variable-rate VLC and OFDM-PON for hybrid wired and wireless indoor optical access [179]. 

The data for wired access is carried by a conventional OFDM signal and the data for VLC 

wireless access is carried by an M-ary pulse amplitude modulation (M-PAM) signal which is 

modulated onto the envelope of the OFDM signal. In order to achieve a constant envelope 

and eliminate the inherent amplitude distortions of the conventional OFDM signal [45], a 

constant envelope OFDM (CE-OFDM) signal is generated by performing discrete phase 

modulation after conventional OFDM encoding [48, 177, 178]. By adaptively modulating the 

wireless M-PAM signal onto the flat envelope of the wired CE-OFDM signal, signals for 

hybrid wired and wireless indoor optical access can be seamlessly integrated. Furthermore, 

variable-rate VLC wireless access can be successfully achieved by employing the adaptive 

envelope modulation technique in the optical line terminal (OLT). 

The rest of the chapter is organized as follows. In Section 6.2, the principle of the proposed 

integrated VLC and OFDM-PON system is first introduced. Performance analysis of wired 

access and VLC wireless access are presented in Sections 6.3 and 6.4, respectively. Finally, 

Section 6.5 concludes this chapter. The content of this chapter is related to the author’s work 

shown in [179, 180]. 

6.2   System integration 

In this Section, the principle of the integrated VLC and OFDM-PON system is introduced. 

The system architecture is first presented and then two key techniques, i.e., CE-OFDM and 

adaptive envelope modulation, are discussed. 

6.2.1   System architecture  

Fig. 6.1 illustrates the conceptual diagram of the integrated VLC and OFDM-PON system for 

hybrid wired and wireless indoor optical access. The signal coming from the OLT passes 

through an optical fiber and a residential gateway is used to distribute the signal to the ONUs. 



89 

 

In each ONU, wired services can be accessed by connecting optical fibers, and wireless 

services can be accessed through indoor VLC by using white illumination LEDs in the ceiling. 

 

Figure 6.1. Conceptual diagram of the integrated VLC and OFDM-PON system. 

The architecture of the integrated VLC and OFDM-PON system is shown in Fig. 6.2. In the 

OLT, the wired input data are encoded into a CE-OFDM signal. After adding a DC bias, a 

unipolar CE-OFDM signal is obtained. The wireless input data are modulated onto the 

envelope of the unipolar CE-OFDM signal through adaptive envelope modulation, where the 

wireless input data are first encoded into an M-PAM signal before envelope modulation. As a 

result, the wired input data and the wireless input data are simultaneously carried by the 

envelope-modulated CE-OFDM signal. The digital signal is further converted to an analog 

signal via digital-to-analog conversion (D/A) and the resultant signal is used to drive a laser 

diode (LD).  

After being transmitted over a single mode fiber (SMF), the optical signal is broadcasted to 

all the ONUs through an optical splitter (OS). As shown in ONU1, the optical signal for wired 

access is received by a fast/high-bandwidth photodiode (PD) in which the envelope-

modulated CE-OFDM signal is fully detected. After analog-to-digital conversion (A/D), the 

digital signal is fed into a CE-OFDM demodulator to generate the wired output data. As 

shown in ONU2, the optical signal for indoor VLC wireless access is received by a slow/low-

bandwidth PD in which envelope detection is performed and only the overlaid M-PAM signal 

is detected. A DC bias is added to the M-PAM signal and the obtained unipolar M-PAM 

signal is used to drive an LED lamp. After indoor free-space transmission, the light is 

concentrated by a lens and then detected by a PD. The wireless output data are generated via 

A/D conversion and PAM demodulation. It should be noted that no optical or electrical filters 

are used in the ONUs and the signals for wired access and wireless access are separated by 
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using two PDs with different bandwidths. Moreover, the detailed characteristics of the LD, 

fast PD, slow PD, etc., are not specified, because our focus here is to verify the feasibility of 

the proposed integrated VLC and OFDM-PON based on adaptive envelope modulation. 

  

Figure 6.2. Architecture of the integrated VLC and OFDM-PON system. 

6.2.2   Constant envelope OFDM 

Instead of conventional OFDM which usually has a relatively large PAPR, the CE-OFDM 

scheme is adopted in the integrated VLC and OFDM-PON system thanks to its constant 

envelope characteristic.  

In the CE-OFDM modulator, as shown in Fig. 6.2, the wired input data are first fed into a 

conventional OFDM modulator and thus a real-valued bipolar OFDM signal is generated. 

Then, the resultant OFDM signal is used to modulate the phase of a local oscillator (LO) in a 

phase modulator, resulting in a bipolar CE-OFDM signal which can be represented by [48] 

Sbi(t) = R{Ae 
jφ(t)e j2πf

c
t} = Acos[2πf

c
t + φ(t)],                                   (6.1) 
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where A is the signal amplitude, fc is the carrier frequency of the LO and φ(t) is the phase 

signal. During the i-th symbol, φ(t) is given by 

 φ(t) = μ
e
CNmi(t) + θi,                                                   (6.2) 

where μe = 2πh is the electrical modulation index, CN is a normalizing constant, mi(t) is the 

OFDM signal in the i-th symbol and θi is a memory term which is set to make the modulation 

phase-continuous [48, 177, 178].  

In the CE-OFDM demodulator, as shown in Fig. 6.2, the received CE-OFDM signal is first 

phase-demodulated to recover the conventional OFDM signal which is then demodulated in a 

conventional OFDM modulator to obtain the wired output data. 

6.2.3   Adaptive envelope modulation 

The principle of adaptive envelope modulation is shown in the inset in Fig. 6.3. In order to 

perform adaptive envelope modulation, a non-negative or unipolar CE-OFDM signal is first 

generated by adding a DC bias to the bipolar CE-OFDM signal which is given by 

Suni(t) = Sbi(t) + DC = Acos[2πf
c
t + φ(t)] + DC.                                 (6.3) 

 

Figure 6.3. Principle of adaptive envelope modulation. 

In the adaptive envelope modulation, as shown in Fig. 6.3, multiple consecutive unipolar CE-

OFDM symbols are grouped together via symbols grouping and the power of each CE-OFDM 

symbol group is determined by the M-PAM encoded wireless input data via power allocation.  

After performing adaptive envelope modulation, an M-PAM overlaid CE-OFDM signal is 

obtained which simultaneously carries the OFDM signal for wired access and the M-PAM 

signal for VLC wireless access. 
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Figure 6.4. Time traces of (a) M-PAM overlaid CE-OFDM signal after adaptive envelope 

modulation and (b) the obtained M-PAM signal after envelope detection in a slow PD. 
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Fig. 6.4(a) illustrates the time trace of the M-PAM overlaid CE-OFDM signal. As can be seen, 

n consecutive CE-OFDM symbols form one CE-OFDM symbol group and each CE-OFDM 

symbol group represents one M-PAM symbol, i.e., one M-PAM symbol occupies n complete 

CE-OFDM symbols. For the M-ary PAM modulation, the peak amplitude Ai of each CE-

OFDM symbol group takes values from the discrete set {A1, A2,···, AM} with M ≥ 2, which can 

be represented by 

Ai  = A1 + 

i – 1

M – 1
(AM  – A1),                                               (6.4) 

where A1 and AM are the lowest and highest peak amplitudes of all the CE-OFDM symbol 

groups, respectively. Assuming that DC = A, as can be seen from Eq. (6.3), the highest peak 

amplitude is given by AM = 2A. Here, the peak amplitude ratio between the lowest peak A1 and 

the highest peak AM is defined as 

α = 

A1

AM

.                                                               (6.5) 

Since 0 ≤ A1 ≤ AM, the peak amplitude ratio is then 0 ≤ α ≤ 1. Based on Eq. (6.4) and Eq. (6.5), 

Ai can be rewritten by 

Ai  = 

Ki

M – 1
AM,                                                                 (6.6) 

Where Ki = αM –1 + (1 – α)i. The time trace of the obtained M-PAM signal after envelope 

detection in a slow/low-bandwidth PD is shown in Fig. 6.4(b). Since one M-PAM symbol 

occupies n consecutive CE-OFDM symbols, the relationship between the symbol rate of the 

M-PAM signal, RM-PAM
s , and the symbol rate of the CE-OFDM signal, RCE-OFDM

s , is given by 

RM-PAM
s

 = 

RCE-OFDM
s

n
.                                                    (6.7) 

For a fixed RCE-OFDM
s , RM-PAM

s  can be adjusted by varying the value of n. 

6.3   Performance analysis of wired access 

In this section, the performance of wired access in the integrated VLC and OFDM-PON 

system is analyzed and evaluated. Generalized BER expressions of both the CE-OFDM signal 

with M-PAM overlay and the overlaid unipolar M-PAM signal are first derived.  
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In the integrated system, the received CE-OFDM signal is directly demodulated to obtain the 

wired output data, while the received M-PAM signal is further processed before VLC wireless 

transmission.  

Generally, there are two ways to process the received M-PAM signal: one is to amplify the 

signal [42] and the other is to decode and regenerate the signal [44]. Although the former is 

simpler than the later, much better performance can be achieved by the latter since the errors 

caused by optical fiber transmission can be corrected by utilizing forward error correction 

(FEC) coding and hence error propagation from optical fiber transmission to VLC wireless 

transmission can be eliminated [44]. Due to its enhanced error performance, the latter is 

adopted in the following analysis.  

The BER of the CE-OFDM signal with M-PAM overlay for wired access is first analyzed in 

subsection 6.3.1. To optimize the overall performance of the integrated system, the BER of 

the overlaid M-PAM signal without VLC wireless transmission is then analyzed in subsection 

6.3.2. Performance trade-off between the CE-OFDM signal with M-PAM overlay and the 

overlaid M-PAM signal without VLC wireless transmission is further investigated in 

subsection 6.3.3. 

6.3.1   BER of CE-OFDM signal with M-PAM overlay  

Making use of a high carrier-to-noise ratio (CNR) approximation, i.e., CNR ≥ 10 dB as 

discussed in [48], the BER of M0-ary QAM based bipolar CE-OFDM signal over an AWGN 

channel can be approximated by 

BERCE-OFDM
bi

 ≈ 

2(√M0  – 1)

√M0log
2√M0

Q(μ
e
√

6SNRbi

M0  – 1
) ,                              (6.8) 

where Q(·) is the Q-function and SNRbi is the electrical SNR per symbol of the bipolar CE-

OFDM signal. Since real-valued and oversampled OFDM signals are generally transmitted in 

IM/DD based optical systems, the input to the IFFT is a conjugate-symmetric and zero-

padded data vector. The power of the bipolar carrier is calculated by 
1

T
∫ Sbi

2 (t)dt
T

0
=
A

2

2
 and the 

CNR of a bipolar CE-OFDM signal without M-PAM overlay is given by [48] 

CNRbi  = 

A2 2⁄

BnN0

,                                                          (6.9) 



95 

 

where Bn is the noise bandwidth and N0 is the noise power spectrum density. Given an 

oversampling factor J, the electrical SNR of the bipolar CE-OFDM signal can be calculated 

by [178, p. 67] 

SNRbi  = JCNRbi  = 
JA2

2BnN0

.                                                (6.10) 

After adding a DC bias A, a unipolar CE-OFDM signal Suni(t) is obtained with AM = 2A and the 

power of the unipolar carrier is calculated by 
1

T
∫ Suni

2 (t)dt
T

0
=

3A
2

2
. Hence, the SNR of the 

unipolar CE-OFDM signal SNRuni(t) can be similarly calculated by 

SNRuni  = JCNRuni  = J
3A2

2BnN0

 = 

3JAM
2

8BnN0

 = 3SNRbi.                           (6.11) 

As can be seen from Eq. (6.11), the electrical SNR of the unipolar CE-OFDM signal is thrice 

as high as that of the bipolar CE-OFDM signal, which is proportional to the square of AM for a 

given oversampling factor J and a fixed noise power Bn N0.  

In the following analysis, the electrical SNR of the unipolar CE-OFDM signal SNRuni is 

adopted as a common metric to evaluate and compare the BER performance of the received 

CE-OFDM signal and the overlaid M-PAM signal.  

Replacing SNRbi in Eq. (6.8) with SNRuni, the BER of the M0-QAM based unipolar CE-OFDM 

signal is approximately given by 

BERCE-OFDM
uni

 ≈ 
2(√M0  – 1)

√M0log
2√M0

Q(μ
e
√

2SNRuni

M0 – 1
) .                           (6.12) 

After adaptive envelope modulation, the unipolar CE-OFDM signal is overlaid with a low-

speed M-PAM signal and the peak amplitude of each CE-OFDM symbol group is given by Eq. 

(6.6). Hence, the electrical SNR of CE-OFDM symbols with the peak amplitude of Ai can be 

expressed by 

SNRCE-OFDM
i

 = 

3JAi
2

8BnN0

 = (
Ki

M – 1
)

2 3JAM
2

8BnN0

.                                   (6.13) 

Based on Eq. (6.11), SNRCE-OFDM
i  can be rewritten as 

SNRCE-OFDM
i

 = (
Ki

M – 1
)

2

SNRuni.                                            (6.14) 



96 

 

Substituting Eq. (6.14) into Eq. (6.12) yields the corresponding BER 

BERCE-OFDM
i

 ≈ 
2(√M0  – 1)

√M0log
2√M0

Q(
μ

e
Ki

M – 1
√

2SNRuni

M0 – 1
) .                        (6.15) 

Assuming that all the constellation points of M-PAM encoding are equiprobable, the overall 

BER of the M0-QAM based CE-OFDM signal with M-PAM overlay can be expressed by 

BERCE-OFDM  = 

1

M
∑BERCE-OFDM

i

M

i =1

.                                      (6.16) 

Monte Carlo simulations are performed to verify the validity of the theoretical derivations 

over an AWGN channel. In the simulations, it is assumed that a 4PAM signal is overlaid on 

the envelope of a 64QAM based CE-OFDM signal. The FFT size is 256 and the oversampling 

factor is 2. The symbol rate of the CE-OFDM signal is assumed to be 10 GS/s and the 

electrical modulation index of the CE-OFDM signal is set to 0.8. Totally, 4000 symbols are 

transmitted over the AWGN channel and collected for BER calculation. 

 

Figure 6.5. BER versus electrical SNR of the unipolar CE-OFDM signal for 64QAM based 

CE-OFDM signal with 4PAM overlay. Markers and lines show the simulation and theoretical 

results, respectively. 

Fig. 6.5 shows the BER performance of the 64QAM based CE-OFDM signal with 4PAM 

overlay for different peak amplitude ratios. The solid lines show the theoretical results based 

on Eq. (6.16), while the markers give the simulation results. It is observed that the simulation 



97 

 

results agree well with the theoretical ones when the electrical SNR is relatively large. 

However, for a small electrical SNR which also indicates a smaller CNR, the theoretical 

expression becomes less accurate due to its precondition of high CNR. 

It is also found out that the best BER performance is attained when the peak amplitude ratio is 

1 (i.e., no M-PAM overlay). With the decrease of the peak amplitude ratio, the BER 

performance gets worse and an error floor around BER = 10–1 exhibits when the peak 

amplitude ratio is 0. Hence, in order to achieve a good performance of the M-PAM overlaid 

CE-OFDM signal, a high peak amplitude ratio should be considered. 

6.3.2   BER of overlaid M-PAM signal without VLC wireless transmission 

Following the steps given in [181, p. 163-164], the BER expression of the overlaid M-PAM 

signal without VLC wireless transmission is further derived.  

The amplitude of the unipolar M-PAM signal is obtained in Eq. (6.6) and therefore the 

constellation of the overlaid unipolar M-PAM signal can be designed as  

Ci  = (i – 1)l,  i = 1, 2,···, M,                                              (6.17) 

where l is the distance between two nearest constellation points and it is given by 

l = 

AM  – A1

M – 1
 = 

1 – α

M – 1
AM.                                                (6.18) 

Then, the BER of the M-PAM signal over an AWGN channel is computed by [181, p. 163] 

BERM-PAM  = 

2(M – 1)

Mlog
2
M

Q(√
l
2

2N0

) .                                      (6.19) 

Since all M-PAM constellation points have an identical probability, the average symbol 

energy for the M-PAM signal is given by 

ES = 

1

M
∑Ci

2

M

i =1

 = 

l
2

M
∑ (i – 1)

2

M

i =1

.                                         (6.20) 

Thus, replacing l in Eq. (6.19) with ES, the BER can be written as 

BERM-PAM  = 

2(M – 1)

Mlog
2
M

Q(√
MSNRav

2∑ (i – 1)
2M

i =1

)                                                  
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= 

2(M – 1)

Mlog
2
M

Q(√
3SNRav

(M – 1)(2M – 1)
) ,                               (6.21) 

where SNRav = ES/N0 is the average electrical SNR of the overlaid M-PAM signal. Note that 

Eq. (6.21) is equivalent to the BER expression of the unipolar M-PAM signal obtained in 

[182].  

Following Eq. (6.13), the electrical SNR of the overlaid M-PAM signal for the constellation 

point Ci can be defined by 

SNRM-PAM
i

 = 

JCi
2

BnN0

 = (
1– α

M – 1
)

2

(i – 1)
2 JAM

2

BnN0

.                               (6.22) 

According to Eq. (6.11), SNRM-PAM
i  can be rewritten as 

SNRM-PAM
i

 = 

8

3
(

1– α

M – 1
)

2

(i – 1)
2
SNRuni.                                    (6.23) 

Thus, the average electrical SNR of the overlaid unipolar M-PAM signal is obtained as 

SNRM-PAM
av

 = 

1

M
∑ SNRM-PAM

i

M

i =1

                                                                  

=
4(1– α)

2
(2M – 1)

9(M – 1)
SNRuni.                                       (6.24) 

Substituting Eq. (6.24) into Eq. (6.21) yields the overall BER of the overlaid unipolar M-

PAM signal 

BERM-PAM  = 

2(M – 1)

Mlog
2
M

Q(
1– α

M – 1
√

4

3
SNRuni) .                           (6.25) 

The BER performance of the overlaid 4PAM signal is shown in Fig. 6.6. Based on Eq. (6.25), 

it can be seen that the theoretical results (shown as solid lines) closely match the simulation 

results (shown as the markers).  

In contrast to the 4PAM overlaid CE-OFDM signal, the lowest BER is achieved for a given 

electrical SNR when the peak amplitude ratio is 0. The BER gets higher when the peak 

amplitude ratio is increased and the BER will reach 0.5 when the peak amplitude ratio is 1. 
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Therefore, a relatively low peak amplitude ratio should be used to guarantee a good 

performance of the overlaid M-PAM signal. 

 

 

Figure 6.6. BER versus electrical SNR of the unipolar CE-OFDM signal for the overlaid 

4PAM signal without VLC wireless transmission. Markers and lines show the simulation and 

theoretical results, respectively. 

 

6.3.3   Performance trade-off 

Based on the analysis above, it can be concluded that there is a BER performance trade-off 

between the M-PAM overlaid CE-OFDM signal and the overlaid M-PAM signal without 

VLC wireless transmission.  

In order to optimize the overall performance of the integrated VLC and OFDM-PON system, 

the peak amplitude ratio should be optimized and a reasonable optimization condition is to 

achieve equal BER for both the M0-QAM based CE-OFDM signal with M-PAM overlay and 

the overlaid M-PAM signal without VLC wireless transmission.  

Based on Eq. (6.16) and Eq. (6.25), it can be seen that the BER of the M0-QAM based CE-

OFDM signal with M-PAM overlay is a function of multiple variables including M0, M, μe, 

SNRuni and α, while the BER of the overlaid M-PAM signal is determined by the variables 

including M, SNRuni and α. 
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Figure 6.7. Optimal peak amplitude ratio versus electrical SNR of the unipolar CE-OFDM 

signal for 64QAM based CE-OFDM signal with M-PAM overlay. 

The optimized peak amplitude ratio, αopt, is next examined by using the following parameters:  

M0 = 64, M = 2 or 4, and μe = 0.8 or 1.2. Fig. 6.7 shows the relationship between the optimal 

peak amplitude ratio and the electrical SNR. As can be seen in Fig. 6.7, the optimal peak 

amplitude ratio increases with the electrical SNR, and the optimal peak amplitude ratio for the 

case of 4PAM overlay is relatively lower than that for the case of 2PAM overlay. 

Furthermore, a smaller μe results in a higher optimal peak amplitude ratio.  

Based on the results shown in Fig. 6.7, the optimal peak amplitude ratio to reach the BER 

benchmark for the integrated OWC and OFDM-PON system can be obtained. Assuming that 

a BER of 10–3 is set as the benchmark, the required SNR for the 64QAM based CE-OFDM 

signal with 4PAM overlay and μe = 0.8 is about 27.4 dB, and thus the corresponding optimal 

peak amplitude ratio is found to be 0.69.  

Therefore, the performance of the integrated system can be optimized by selecting an optimal 

peak amplitude ratio. In addition, the peak amplitude ratio can be set to the optimal value 

when VLC wireless transmission is activated (awake). However, when VLC wireless 

transmission is deactivated (sleep), the peak amplitude ratio can be set to 1 so as to reduce the 

required electrical SNR for wired access. By adaptively switching the value of peak 

amplitude ratio between its optimal value and 1, the energy efficiency of the integrated 

system can be substantially improved. 
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6.4   Performance analysis of VLC wireless access 

Since the errors caused by optical fiber transmission are corrected before VLC wireless 

transmission, an error-free M-PAM signal is superimposed onto a DC bias, as shown in ONU2 

in Fig. 6.2, and the combined signal is used to drive a white LED. After propagating through 

an indoor optical wireless channel, the light is concentrated by an optical lens which is further 

detected by a PD. The resultant electrical M-PAM signal is demodulated to obtain the 

wireless output data. 

 

Figure 6.8. BER versus average received SNR for M-PAM based indoor VLC wireless access. 

The BER performance of M-PAM based indoor VLC wireless access is evaluated via Monte 

Carlo simulations with M = 2 and 4. The distance is set to be 3 m. The LED and the PD are 

located at the center of the ceiling and the floor, respectively. The other simulation parameters 

can be found in Table I of [145]. Fig. 6.8 shows the BER versus received SNR for M-PAM 

based VLC wireless access. As can be seen, 2PAM requires a received SNR of about 6.7 dB 

to reach the BER benchmark of 10-3, while a received SNR of about 13.5 dB is required for 

4PAM. 

In practical indoor environments, the data rate of VLC wireless access might not be constant 

all the time. For example, the data rate of VLC wireless access is affected by many factors 

such as user mobility and dimming control [21]. Since the achievable data rate of VLC 

wireless access is variable in real implementation of VLC systems, the proposed adaptive 

envelope modulation technique which can support variable-rate VLC wireless access is highly 

desirable to fully exploit the capacity of indoor VLC systems. 
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As shown in Fig. 6.4(b), the symbol rate of the overlaid M-PAM signal after adaptive 

envelope modulation is determined by Eq. (6.7) and the achievable bit rate of the overlaid M-

PAM signal, RM-PAM
b , is expressed by 

RM-PAM
b

 = RM-PAM
s log

2
M = 

RCE-OFDM
s log

2
M

n
.                               (6.26) 

It can be seen that the achievable bit rate of the overlaid M-PAM signal is linearly 

proportional to RCE-OFDM
s  and log2M, which is also inversely proportional to the value of n. In 

practical scenarios, RCE-OFDM
s  can be assumed as a fixed value, thus M and n are the two 

parameters that can be adaptively adjusted to achieve variable-rate VLC wireless access. 

Since RCE-OFDM
s  is assumed to be 10 GS/s, according to Eq. (6.26), the achievable bit rate in 

the unit of Mb/s is then given by 104 log2M /n. 

Fig. 6.9 depicts the relationship between the achievable bit rate and the value of n for 

different PAM orders. Taking 8PAM for example, the achievable bit rate varies from 200 to 

1000 Mb/s when the value of n is changed from 150 to 30. Therefore, by changing M or n, 

variable bit rate indoor VLC wireless access can be achieved. 

 

 

Figure 6.9. Achievable bit rate of indoor VLC wireless access versus the number of CE-

OFDM symbols in one PAM symbol. 
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6.5   Conclusion 

In this chapter, an integrated variable-rate VLC and OFDM-PON system has been proposed 

and investigated where signals for both wired and wireless access are converged in the OLT 

and simultaneously delivered to each ONU over an optical fiber, by employing an adaptive 

envelope modulation technique. Electrical or optical filtering is not required in the ONUs and 

two PDs with different bandwidths are employed to separate the different signals. The data 

for wired access is carried by a conventional OFDM signal and discrete phase modulation is 

performed to convert the conventional OFDM signal into a CE-OFDM signal, while the M-

PAM encoded data for wireless VLC access is modulated onto the envelope of the CE-OFDM 

signal. Generalized BER expressions of the CE-OFDM signal with M-PAM overlay and the 

overlaid M-PAM signal have been derived and further verified by Monte Carlo simulations. 

Analytical and simulation results have shown that there is a performance trade-off between 

the M-PAM overlaid CE-OFDM signal for wired access and the overlaid M-PAM signal for 

wireless VLC access. By selecting an optimal peak amplitude ratio, the overall performance 

of the integrated VLC and OFDM-PON system can be optimized. Moreover, by employing 

the adaptive envelope modulation technique, variable-rate VLC wireless access has also been 

achieved in the integrated VLC and OFDM-PON system. Therefore, the proposed integrated 

variable-rate VLC and OFDM-PON system can be a potential candidate for future high-speed 

indoor optical access networks 
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Chapter 7    Conclusions and Future Work 

7.1   Conclusions 

This thesis includes the investigations of four aspects of advanced modulation and detection 

techniques for indoor VLC systems, which are very promising to provide high-speed wireless 

access to indoor users.  

In chapter 3, a NHS-OFDM modulation scheme is proposed for indoor MIMO-VLC systems. 

By transmitting the real and imaginary parts of a complex-valued OFDM signal via a pair of 

LEDs, the Hermitian symmetry constraint is circumvented in the proposed NHS-OFDM. The 

performance of an indoor MIMO-VLC system employing NHS-OFDM is evaluated by both 

numerical analysis and proof-of-concept experiments. The performance of conventional HS-

OFDM is also investigated for the purpose of comparison. The analytical results have shown 

that a 2×2 MIMO-VLC system using NHS-OFDM exhibits lower or comparable 

computational complexity as the 2×2 MIMO-VLC system using conventional HS-OFDM, but 

achieves superior BER performance. The experimental results have further verified that, for a 

target BER of 3.8×10–3, NHS-OFDM improves the communication coverage area of a 400 

Mb/s imaging 2×2 MIMO-VLC system by about 30% compared with HS-OFDM. 

In chapter 4, a wide-FOV and high-gain ImADR is proposed and investigated for indoor 

MIMO-VLC systems. Either a common convex lens or an advanced imaging lens such as a 

fisheye lens can be adopted in the ImADR. Analytical and simulation results have revealed 

that for a target BER of 10–3, a four-channel MIMO-VLC system using the proposed ImADR 

achieved 44% reduction in the average transmitted optical power and 130% improvement in 

the communication coverage than the system using a conventional ImR. 

In chapter 5, an ADMER is proposed and evaluated for efficient ICI mitigation and SINR 

fluctuation reduction in indoor multi-cell VLC systems. The performance of indoor multi-cell 

VLC systems using the proposed ADMER has been evaluated by both experiment and 

numerical analysis. Since no spectrum partitioning is required, an indoor multi-cell VLC 

system using the proposed ADMER enabled ICI mitigation technique can achieve a much 

higher spectral efficiency than the multi-cell VLC system using conventional frequency 

division based techniques. Both experimental and analytical results have shown that the 

proposed ADMER can efficiently mitigate ICI and significantly reduce SINR fluctuation 

reduction in either an indoor two-cell or four-cell VLC system. 
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In chapter 6, an integrated variable-rate VLC and OFDM-PON system is proposed and 

investigated by using adaptive envelope modulation. Electrical or optical filtering is not 

required in the ONUs and two PDs with different bandwidths can be employed to separate the 

different signals. Generalized BER expressions of the CE-OFDM signal with M-PAM overlay 

and the overlaid M-PAM signal have been derived, which have been further verified by 

Monte Carlo simulations. The BER performances of wired access and indoor VLC wireless 

access have been analyzed, and variable-rate indoor VLC wireless access has also been 

successfully achieved to support different QoS requirements of indoor users. 

7.2   Future work 

In this thesis, four aspects of advanced modulation and detection techniques for performance 

improvement of indoor VLC systems have been proposed and investigated. In the analytical 

and simulation investigations in this thesis, the systems are configured with idea conditions. 

For example, only the LOS components are considered and the LEDs are assumed to have 

linear power-current (P-I) curves. In the future work, practical considerations in the directions 

where the research lead to will be the main focus. Besides the techniques introduced in this 

thesis, the following topics are worth to be studied and explored in the future work. 

In Chapter 4, an ImADR was proposed for communication coverage improvement of indoor 

MIMO-VLC systems, and the system performance was evaluated by numerical analysis and 

Monte Carlo simulations. In Chapter 5, an ADMER was proposed for ICI mitigation in multi-

cell VLC systems and the system performance was evaluated by proof-of-concept experiment 

and numerical analysis. For both ImADR and ADMER, the receiver performance is largely 

dependent on the corresponding detector array. As a result, it is of great importance to design 

and develop integrated detector arrays for the implementation of the proposed ImADR and 

ADMER in practical VLC systems. 

In Chapter 6, an integrated VLC and OFDM-PON system was proposed based on adaptive 

envelope modulation and its performance was evaluated by numerical analysis and Monte 

Carlo simulations. However, the practical feasibility of such an integrated system has not 

been verified experimentally. Hence, it is necessary to conduct a verification experiment to 

demonstrate the feasibility of the integrated VLC and OFDM-PON system. Moreover, novel 

schemes using advanced modulation and detection techniques need to be further developed 

and demonstrated for seamless integration of VLC with last-mile optical access networks. 

A practical VLC system should be able to simultaneously support multiple users at the same 

time in typical indoor environments. Therefore, it is necessary to develop efficient multiple 
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access techniques for indoor multi-user VLC systems. Recently, several advanced multiple 

access techniques such as non-orthogonal multiple access (NOMA) in power domain or code 

domain have attracted great attention. However, the application of NOMA is VLC systems 

has not been adequately studied in the literature. Potential topics such as power application 

methods for NOMA based MIMO-VLC systems or NOMA based multi-cell VLC systems 

will be considered and investigated. It would be a very interesting topic to mitigate inter-user-

interference (IUI) and inter-cell-interference (ICI) in a joint manner for indoor multi-user 

multi-cell VLC systems. 

Besides illumination and high-speed wireless data communication, LEDs also have many 

other emerging applications in both indoor and outdoor environments such as positioning, 

networking, sensing, ranging and detecting. Specifically, indoor visible light positioning 

(VLP) using existing illuminating LEDs in the ceiling has attracted great attention in recent 

years. So far, many algorithms have been introduced for VLP systems such as received signal 

strength (RSS), time of arrival (ToA), time difference of arrival (TDoA), phase difference of 

arrival (PDoA), angle of arrival (AoA), etc. To further improve the positioning accuracy and 

the system coverage, more advanced algorithms will be proposed for indoor VLP systems and 

proof-of-concept experiments will also be carried out. Moreover, the integration of VLC and 

VLP systems will be further considered and an integrated visible light communication and 

positioning (VLCP) system will be developed in the future. 
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