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Abstract  
 

Visible light communications (VLC) technology has gained prominence in the development of 

high data rate transmission for the fifth generation (5G) networks. VLC technology can be used in 

conjunction with the existing Wi-Fi technology to improve access and data transmission. In optical 

wireless communications, LED transmitters are used in applications that desire mobility and the 

LED divergence enable larger coverage. 

VLC systems offer simultaneous data transmission and illumination. However, the LED’s limited 

modulation bandwidth and non-linear distortions pose difficulty in achieving high transmission 

data rates.  Wavelength division multiplexing in VLC (WDM-VLC) can be used improve the data 

rates to meet gigabit data standards.  

This thesis work focuses on VLC experiments using WDM, discrete multitone modulation (DMT), 

and multi-input multi-output (MIMO) techniques. The VLC system is demonstrated over 

commercial four-color red-green-blue-amber (RGBA) LED transmitters in three cases of interest: 

(a) a single LED transmitter, (b) repetition encoding, and (c) spatial multiplexing. Our proposed 

VLC system used bit-power allocation strategies to maximize the data transmission under bit error 

rate (BER) threshold of 2×10-3, which is the typical hard-decision forward error correction (FEC) 

threshold.  
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1. Introduction 

1.1. Literature Review 
 

The growth in the number of data users lead to the congestion in electromagnetic spectrum, thereby 

making it difficult to cater high quality data services. The visible light band is unlicensed and 

hence can be used for data transmission. The LED technology is driven towards energy efficiency. 

VLC is safe to the eye, and immune to electromagnetic interference (EMI). Therefore, VLC is 

used in applications like hospitals, and aviation that require EMI tolerance. With significant 

improvements in efficiency, LEDs have replaced the fluorescent lamps. However, the LED’s 

limited modulation bandwidth restrict the data transmission only to a few Mb/s. The bandwidth of 

commercial phosphor LEDs is limited by the slow phosphor time-response. A blue filter at the 

receiver reduces the phosphor component thereby improving the bandwidth [1]. Equalization 

techniques are reported to improve the modulation bandwidth. For example, a pre-emphasis is 

used to flatten the bandwidth over several MHz [2].  

A cascaded equalizer configuration proposed in [3] yielded a bandwidth improvement of up to 300 

MHz. This single LED link achieved a maximum of 1.6 Gbps over a 1 meter distance using 16-

QAM OFDM scheme. The Gallium nitride LED technology has improved over the years moving 

towards high efficiency [4] [5]. A VLC data transmission of 3 Gb/s VLC transmission was 

achieved using gallium nitride micro LED transmitter [6]. Techniques such as digital pre-distortion 

[7], Volterra equalization [8] are used to compensate for the non-linear distortions. The pre-

distortion is mathematical modelling that requires the knowledge of LED response.  An adaptive 

post-distortion scheme for nonlinearity compensation was proposed in [9]. 

Least-Mean-Square (LMS) algorithm is used for equalization in digital domain [10]. Multicarrier 

modulation (MCM) techniques like Orthogonal-Frequency-Division-Multiplexing (OFDM) has 

the inherent advantage of frequency domain equalization. However, these signals have higher 

Peak-to-Average-Power-Ratio (PAPR) [11], which leads to signal clipping over the limited 

dynamic range of LED. Besides clipping, the signal gets distorted due to nonlinearity. Despite 

these drawbacks, OFDM based VLC systems are reported to achieve giga-bit transmission in VLC. 

OFDM techniques perform equalization by dividing the channel bandwidth into multiple sub 

channels, making the sub channel bandwidth lower compared to the coherence bandwidth. Hence, 
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the fading effects are reduced. By optimally allocating the bit count and power over the orthogonal 

subcarriers, we can maximize the data transmission over the VLC channel.  

The visible light communications consortium was formed in 2000 to standardize the VLC 

technology [12]. Since then, VLC (also known as Li-Fi) has been widely investigated for wireless 

data services along with the existing Wi-Fi. Unlike RF waves, the light waves do not penetrate 

through walls, thereby offering security. For enhanced data services, VLC is tested in conjunction 

with Wi-Fi [13]. Besides the indoor communications, VLC has other applications like vehicular 

communications, underwater communications, and indoor positioning systems. Researchers at 

Nakagawa laboratories demonstrated an underwater VLC [14]. The voice signal from one diver is 

intensity modulated and sent to the other using the LED light. VLC is implemented for positioning 

system [15].  

 
 

1.2. Contributions 
 

We consider the VLC system design using the commercial four Red-Green-Blue-Amber (RGBA) 

color LEDs. The data modulation over the RGBA LED offer a four-fold increase in the data rates. 

Few works reported the WDM-VLC using the RGBA LED. The first contribution is the 

demonstration of a WDM OFDM VLC using the RGBA LED. In addition, we discussed the VLC 

system modelling, and design challenges. 

Transmitter diversity in MIMO enables long distance transmission due to higher illumination. 

MIMO with spatial multiplexing offers increased data transmission. Hence, we explored the 

MIMO VLC techniques over RGBA LEDs. Most MIMO VLC systems reported so far have used 

white LEDs. In our work, we implemented a 2×1 MISO VLC with repetition encoding, and 

analyzed the effect of inter-carrier interference.  

Finally, we contributed to the design of a spatial multiplexing MIMO VLC using a two-wavelength 

operation. The LED color chips are closely spaced, which makes the demultiplexing of the data 

streams difficult using a simple non-imaging receiver. Therefore, we designed a WDM MIMO 

analogous to the 2×2 white LED MIMO. 
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1.3. Thesis Outline 
 

This thesis is organized into four chapters. Wavelength division multiplexing, color shift keying, 

orthogonal frequency division multiplexing techniques for VLC are discussed in chapter 2. In 

Chapter 3, details of channel modelling are explained, with simulation results of the RGBA VLC. 

In addition, the RGBA WDM VLC model is demonstrated.  

In chapter 4, we included the MIMO-VLC experiments. At first, a 2×1 repetition encoded MISO 

is presented along with the demonstration of inter-carrier interference. Finally, we presented the 

proof of concept for the MIMO-VLC with spatial multiplexing over two wavelengths.  
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2. Multi-color VLC  

2.1. Color Shift Keying, and WDM-VLC 
 

The visible white light is composed of three primary colors red, green, and blue. Color mixing 

techniques using multi-color LEDs are used to create ambience. The concept of color mixing is 

applied in color shift keying (CSK), and wavelength division multiplexing (WDM).   

Color-Shift-Keying: The color shift keying technique was standardized in IEEE 802.15.7 [16]. 

The data is encoded as an intensity triplet/quartet while maintaining the same average 

chromaticity. CSK is highly tolerant to flickering issues. Moreover, the constant current drive is 

used to maintain the average luminosity, which means strong isolation from the power line [17]. 

The color composition of the constituent colors is adjusted to produce white light at different 

correlated color temperature (CCT) values. Thus, the encoding is performed by varying the 

illumination levels of the primary colors [18]. The international commission on illumination (CIE) 

standard color space plot gives us the chromaticity coordinates (𝑥𝑖, 𝑦𝑖) for the primary 

wavelengths. Consider the RGBA LED with four color chips. Using equations (1), (2), & (3) 

below, we calculate the required optical luminosity compositions (𝑃𝑅 , 𝑃𝐺 , 𝑃𝐵 , and 𝑃𝐴) to generate 

D65 white point (0.313, 0.329) on the CIE plot. For simplicity, we use index j to denote LED color 

indices (R, G, B and A). 

  𝑃𝑅 + 𝑃𝐺 + 𝑃𝐵 + 𝑃𝐴 = 1 (1) 

 𝑃𝑅𝑥𝑅 + 𝑃𝐺𝑥𝐺 + 𝑃𝐵𝑥𝐵 + 𝑃𝐴𝑥𝐴 = 0.313 (2) 

 𝑃𝑅𝑦𝑅 + 𝑃𝐺𝑦𝐺 + 𝑃𝐵𝑦𝐵 + 𝑃𝐴𝑦𝐴 = 0.329 (3) 

The above set of equations yield different set of luminosities. These quartet solutions are used for 

encoding in color shift keying technique.  

The four color RGBA LEDs are commercially available [19]. At room temperature, 700 mA 

nominal drive current over RGBA LED (LZ4-MA00) produces dominant wavelengths of colors: 

red (622 nm), green (525 nm), blue (461 nm), and amber (589 nm), respectively. The 

corresponding chromaticity co-ordinates are marked on the colors space as shown in Fig. 1(a) 

below. For example, a color composition of (Red: 25%, Green: 22%, Blue: 28%, and Amber: 28%) 

yields the white light illumination point (0.364, 0.383).  
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Figure 1: (a) CIE color space with R, G, B and A points, and (b) Luminous flux composition. 

The initial development of VLC witnessed the development of modulation formats like CSK using 

tri-color RGB LEDs [20] [21]. Following the standardization, higher order CSK formats are widely 

investigated for high data rate applications. Using four color LED with 4096-CSK data 

transmission of 288 Mb/s was demonstrated [22]. Multi-user CSK with the time domain 

multiplexing was proposed in [23]. Despite these developments, the data rates demonstrated over 

CSK are limited to the order of megabits per second. 

Table 1. Summary of CSK pros and cons. 

Pros Cons 

1. Standardized 

2. Non-flickering operation  

3. Flexible transmitter configuration 

1. More prone to interference effects 

2. High order CSK schemes can increase 

spectral efficiency, but highly affected 

by noise 

 

Wavelength Division Multiplexing VLC (WDM-VLC): Further improvements in data rates are 

possible with primary color multiplexing. This is analogous to wavelength-division multiplexing 

(WDM) used in fiber-optics communications. The advantage of WDM-VLC is that it could 

provide higher illumination levels, and offers multiple spatial dimensions for data transfer. Using 

red, and green laser point lasers, a 500 Mbps data transmission was reported in [24]. Pulse 

amplitude modulation (PAM) uses multiple amplitude level encoding to improve the spectral 

efficiency. The first Giga-bit VLC with PAM [25] used WDM to achieve a data transmission of 

3.375-Gb/s over a 1-m distance. A 3-Gb/s WDM-VLC was demonstrated using diversity scheme 
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in [26]. Another experiment using WDM over visible laser diodes, transmitted up to 10-Gb/s using 

on-off keying scheme [27].  

 

2.2. Orthogonal Frequency Division multiplexing 
 

Orthogonal frequency division multiplexing (OFDM) is a frequency domain equalization in which 

the channel is divided into multiple sub-channels or subcarriers. The synthesis of orthogonal 

signals and their use for data transmission was first described in [28]. Since then, OFDM 

technology has evolved and has become the standard for wireless local area network (WLAN). 

The advantage of OFDM is its tolerance to frequency selective fading. In the fiber-optics 

communications, OFDM is used to mitigate the effects of channel dispersion [29] [30].  

The mathematical representation of OFDM signal is 

 𝑥(𝑡) = ∑ 𝑐𝑘𝑒
𝑖2𝜋𝑓𝑘𝑡𝑁

𝑘=1 , (4) 

 𝑓𝑘 =
𝑘−1

𝑇𝑠
. (5) 

                         

At the OFDM transmitter, subcarriers or multiple frequency sub channels are generated using the 

inverse fast Fourier transform (IFFT) technique. At the receiver, the signals are synchronized, 

followed by a fast Fourier transform (FFT). The OFDM transmitter and receiver block diagrams 

are shown in Figure 2, and Figure 3 respectively. 

 

Figure 2: VLC OFDM transmitter (DAC: Digital-to-Analog Converter, CP: Cyclic Prefix, P/S: Parallel-to-serial 

converter, and S/P: Serial-to-Parallel converter). 
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Figure 3. OFDM Receiver (ADC: Analog-to-Digital Converter, CP: Cyclic Prefix, P/S: Parallel-to-serial converter, 

and S/P: Serial-to-Parallel converter). 

The OFDM transmitter shown in Figure 2, is applicable to the DC-biased OFDM scheme widely 

used for VLC systems. Details of this scheme are discussed in section 2.2.3. 

 

2.2.1. Peak to Average power ratio 
 

The peak to average power ratio (PAPR) of a multicarrier signal x(t), is defined as 

 
𝑃𝐴𝑃𝑅 =

max {|𝑥(𝑡)|2}

𝐸[|𝑥(𝑡)|2]
 (6) 

The PAPR of a multicarrier signal is directly related to the number of subcarriers. Hence, the 

multicarrier signals with large subcarrier count exhibit high PAPR leading to non-linear distortion 

[31]. A selective mapping technique (SLM) proposed in [32], uses multiple transit sequences and 

choses the one with least PAPR. Besides, compander based techniques like the non-linear 

companding technique [33], are implemented to reduce the PAPR, where the amplitude of signals 

is scaled, while keeping the average power constant.  

 

2.2.2. Bit-Power allocation 
 

Bit-power loading techniques: Bit-power loading or allocation techniques are used for 

performance improvement in multicarrier schemes. Each subcarrier is allocated with a definite 

amount of power, and bit count based on an optimal allocation algorithm. The water-filling (WF) 

algorithm one such allocation among the sub channels for the capacity maximization [34].  
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Water-filling algorithm: The total power (𝑃𝑡𝑜𝑡) allocated to the 𝑁 sub-channels is fixed, and the 

goal is to maximize the aggregate information based on bit-power allocation. The received OFDM 

symbol (𝑦𝑘) for a transmitted symbol (𝑥𝑘) over an additive white Gaussian channel (channel gain: 

ℎ𝑘, and noise: 𝑛𝑘) is given by 

 𝑦𝑘 = ℎ𝑘𝑥𝑘 + 𝑛𝑘 (7) 

The total capacity (𝐶) of the link is given by 

 𝐶 = ∑ log (1 +
𝑃𝑘|ℎ𝑘|

2

𝑁0
)

𝑁

𝑘=1

 (8) 

where 𝑃𝑘 is the power allocated to the 𝑘th subcarrier, and 𝑁0 is the noise power spectral density. 

The optimization problem is defined by 

                                               max𝐶;     subject to:  ∑ 𝑃𝑘 = 𝑃𝑡𝑜𝑡𝑎𝑙
𝑁
𝑘=1                                      (9) 

Using the Lagrange multiplier method, we obtain the power allocation for the subcarriers as 

 
 𝑃𝑘
∗ = max [ 0,   (

1

𝜆
−

𝑁0
|ℎ𝑘|2

)] (10) 

The Lagrange multiplier 𝜆 is obtained using  

 

𝑃𝑡𝑜𝑡𝑎𝑙 =∑𝑃𝑘
∗

𝑁

𝑘=0

 (11) 

The WF algorithm produces a continuous distribution of bit-power levels. In reality, the bits are 

allocated in a discrete manner. Chow proposed a practical bit-power loading scheme based on an 

iterative procedure to adjust bit allocation to achieve maximum capacity [35].  

Modulation gap-based bit-power loading: In this allocation scheme, SNR gap or the modulation 

gap (Γ) is used to allocate the bit number on subcarriers. This technique has been implemented for 

discrete multitone techniques (DMT), which showed performance improvement in terms of 

sensitivity [36].  The modulation gap is the difference between the signal to noise ratio (SNR) 

levels required by the actual system, and the ideal AWGN model. For example, the maximum 

number of bits (𝑏) loaded over an AWGN model for a given SNR (𝛾) is obtained from [37] 

Shannon’s theory as 
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𝑏 =

1

2
log2(1 + 𝛾) (12) 

However, for QAM encoding over each DMT subcarrier, the bit loading [38] is given by 

 
𝑏 =

1

2
log2 (1 +

𝛾

𝛤
) (13) 

The modulation gap is related to the 𝑄 factor required for the given BER as, 

 𝛤 =
2

3
(erfc−1𝑄)2 (14) 

 

Krongold algorithm: An efficient bit-power allocation scheme used for practical purposes was 

proposed by Krongold [39]. It follows a series of steps to allocate bit and power levels over the 

subcarriers.  First, each subcarrier is assigned with an arbitrary number of bits and the subcarrier 

SNR is measured. For example, the SNR for 𝑖th subcarrier (𝑆𝑁𝑅𝑖𝑜). Using a look up table, designed 

from bit error rate (𝐵𝐸𝑅) versus 𝑆𝑁𝑅 relation, we calculate for the required SNR (𝑆𝑁𝑅𝑟𝑒𝑞−𝑖) for 

desired bit error rate. Equation (15) gives the relationship between error rate and SNR for a M-

QAM constellation [40] is given as 

 𝐵𝐸𝑅 =
4

log2𝑀
(1 −

1

√𝑀
)𝑄(√

3 log2𝑀 × 𝑆𝑁𝑅

𝑀 − 1
) (15) 

Power distribution of the subcarriers is obtained from the ratio {𝛾𝑖} is given as follows: 

 𝛾𝑖 =
𝑆𝑁𝑅𝑟𝑒𝑞−𝑖

𝑆𝑁𝑅𝑖𝑜
 (16) 

 

At the transmitter, power loading is applied by scaling the power levels of the subcarriers with 

reference to the above ratio (𝛾𝑖). 

 

2.2.3. OFDM-VLC systems 
 

There are two types of OFDM schemes widely implemented in practical VLC systems: a) 

asymmetrically clipped optical OFDM (ACO-OFDM) and b) DC biased optical OFDM (DCO-

OFDM). The OFDM symbols generated by the IDFT/IFFT operation are complex, and hence the 
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Hermitian symmetry is applied to generate real valued symbols. The symmetry within the OFDM 

symbols in frequency domain generated using a 𝑁 point IFFT is given by 

 𝑋𝑖 = 𝑋𝑁−𝑖     0 < 𝑖 <
𝑁

2
 (17) 

ACO-OFDM: In ACO-OFDM, the unipolar OFDM signal is obtained by signal clipping above 

zero. The data is loaded only over the odd subcarriers thereby making the clipping noise fall on 

the even subcarriers [41]. The power is distributed among the even subcarriers ensures that the 

OFDM signal is positive. The ACO-OFDM symbol vector 𝑿𝑨𝑪 over N subcarriers in frequency 

domain are represented as 

 𝑿𝑨𝑪 = [0, 𝑋1, 0, 𝑋3, … , 𝑋𝑁
2
−1
, 0, 𝑋𝑁

2
−1

∗ , … . , 𝑋1
∗] (18) 

DCO-OFDM: The DC-biased optical OFDM technique uses a DC-bias to make the signal non-

negative [42]. The data symbols 𝑿𝑫𝑪 are loaded on both even and subcarriers unlike ACO-OFDM.  

                                      𝑿𝑫𝑪 = [0, 𝑋1, 𝑋2, … , 𝑋𝑁
2
−1
, 0, 𝑋𝑁

2
−1

∗ , … . , 𝑋2
∗, 𝑋1

∗]                                   (19) 

The clipping noise in ACO-OFDM does not affect the data transmitted over the odd subcarriers. 

At large DC-bias in DCO-OFDM, the requirement for received optical power is higher [43] 

making the DCO-OFDM inefficient.   

In VLC systems, the nonlinear distortions severely degrade the performance of signals with high 

peak to average power ratio (PAPR). OFDM is an example of linear transformation. Therefore, 

the non-linear effects are distributed evenly over the symbols  [44]. 

Discrete multitone (DMT) modulation is the baseband equivalent of OFDM. It is widely 

implemented in low-pass channel applications like digital subscriber loop (DSL) lines [45]. Both 

OFDM and DMT based VLC systems are widely reported to achieve high data transmission. These 

are implemented over different LED types with equalization and optimized bit-power loading. 

DMT is a powerful rate and power adaptive technique used for DSLs. For example, a DMT-VLC 

link achieved data transmission of 450 Mb/s over OSTAR white LED transmitter [46].  

An OFDM-VLC link using gallium nitride micro-LED, transmitted up to 3 Gb/s data over 5 cm 

distance [6]. VLC link designed using multicolor RGB LED transmitter enabled 3.4 Gb/s 

transmission in [47]. Authors in [48] demonstrated the 5 Gb/s transmission over distance of 1m, 
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using a special LED board designed with several red, green, blue, and amber chips. Chun, et al., 

demonstrated the first 10 Gb/s WDM VLC using resonant cavity red LED, green, and blue micro 

LEDs [49]. OFDM technique is effective in situations that require channel equalization, and 

capacity maximization. However, these signals are prone to non-linear distortion, and are sensitive 

to the carrier frequency offset.  
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3. Design of VLC  
 

VLC system employs direct-modulation at the transmitter, and direct detection at the receiver side. 

In this chapter, we discuss certain design aspects (Section 3.1), modeling (Section 3.2), 

simulations, and experiments (Section 3.3). The commercial LEDs are designed to serve 

illumination purposes. Hence, sophisticated transmitter designs are not readily available. The LED 

modulation bandwidth is limited by the factors like the LED active area, and current density [50] 

[51]. Table 2 below shows some examples of LED models commonly used for VLC systems. 

Table 2. Different LED types used for VLC 

LED Characteristics 

 

 

Bandwidth (3 dB) 1.28 - 2 MHz  

Widely used for illumination 

Model: Cree XM-L (Phosphor LED) 

 

 

Bandwidth approximately 10 MHz 

Color tuning, and Wavelength division 

multiplexing  

Model: Cree XP-E RGB (tri-color LED) 

 

 

Bandwidth around 20 MHz 

Model: Roithner RC-LED-650-02 

 

 

3-dB bandwidth: 160 MHz  

Model: (Academic Prototype)  
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3.1. VLC System Design 
 

The transmitter consists of the LED, amplifier, and bias tee. The peak-to-peak of the signal is 

increased to exploit the available dynamic range of LED. The signal is offset with a DC bias with 

a forward current required by LED. Moreover, the LED is a current driven device; therefore, we 

need a series resistor. The system layout of most VLC systems is shown in Figure 4 below. It is 

important to optimize several parameters of our experiment, to obtain a reliable performance. 

These parameters are listed in the Table 3 below. 

Table 3. Important design parameters. 

Parameter description 

Bias The bias voltage is required for forward bias of 

LED. The effect of bias and amplification 

together lead to signal clipping, which 

generates the clipping noise.  

 

Amplifier The bias consists of an inductor and at high 

amplifier gains, the problem of RF incursion 

occurs. Therefore, a tunable attenuator is used 

for gain adjustment. 

Reflection loss (Γ) The terminal impedance of the LED (ZLED) is 

quite low compared to the 50 Ω terminal 

impedance of SMA/BNC. The mismatch leads 

to back-reflections leading to signal loss. 

Therefore, the series resistor needs to be 

adjusted accordingly. 

LED-half angle The LED sources exhibit a highly divergent 

beam pattern. Therefore, we need to minimize 

the half-angle of the radiation pattern for 

transmission over longer distances. For this 
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purpose, reflector cups, or lenses can be used 

at the transmitter. 

Interference Inter-carrier interference at the receiver arises 

in WDM-VLC systems due to spectral overlap 

between the colors. Hence, the optical filters 

require high extinction ratio. 

Receiver bandwidth For the receiver, bandwidth should be large 

enough for high data transmission. The 

commercial APD module (Hamamatsu-

C12702) offers up to 100 MHz [52], and the 

PIN (S10784) offers up to 250 MHz [53]. 

 

 

 

Figure 4. VLC system layout. 
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3.2. VLC system model 
 

3.2.1. VLC Channel 
 

Based on the transmission path, the VLC channel model is classified as: (a) line of sight (LOS), 

and (b) diffused/non-LOS model.  In the LOS model, the transmission takes place over direct path 

between the transmitter and receiver. Channel gain (𝐻𝐿𝑂𝑆) is defined as the ratio of received optical 

power and transmitted power and, when the angle of incidence (𝜓) within the receiver angular 

field of view (𝜓𝐹𝑂𝑉); or (𝜓 ≤ 𝜓𝐹𝑂𝑉), the channel gain can be expressed as: 

 𝐻𝐿𝑂𝑆 =
(𝑚 + 1)𝐴

2𝜋𝐷2
𝑔(𝜓)cos (𝜓) (20) 

 Where 

 𝑚 = −
𝑙𝑛2

ln (𝑐𝑜𝑠𝜃1
2
)
 (21) 

With 𝜃1
2

 being the half angle of the source, and 𝑔(𝜓) being the concentrator gain given by 

 𝑔(𝜓) =
𝑛2

𝑠𝑖𝑛2(𝜓𝐹𝑂𝑉)
 (22) 

The corresponding channel impulse response is written as  

 𝐻(𝑡) =
(𝑚 + 1)𝐴

2𝜋𝐷2
𝑔(𝜓)cos (𝜓)𝛿(𝑡 −

𝐷

𝑐
) (23) 

The power distribution in a 5 × 5 × 4 m room with the four LED transmitters is shown below in 

Figure 5. 
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Figure 5. Gain distribution in a room with 4 LEDs (L1, L2, L3, and L4), modelled based on the LOS model. 

The diffuse VLC channel model considers multiple paths. For the non-LOS or diffused path, the 

channel gain is calculated in a recursive manner as described in [54]. The channel response is 

obtained by plotting the received power over different multipath components. A ray tracing 

approach based on Monte-Carlo was proposed in [55] to evaluate the channel response. However, 

this model does not account for the wavelength dependency of reflections. The use of Zemax based 

ray tracing for realizing the VLC channel was reported in [56]. This model accounts for the 

wavelength dependency of reflections for different materials. A multiband ray tracing (MRT) 

model was developed for implementing the WDM-VLC system [57]. 

The impulse response ℎ(𝑡) is used to calculate the delay spread of the channel, which gives an 

estimate of achievable data rates. The mean delay spread (𝜇) is calculated as 

 𝜇 = √
∫ 𝑡ℎ2(𝑡)𝑑𝑡

∫ ℎ2(𝑡)𝑑𝑡
 (24) 

and the RMS delay spread (𝛿𝑅𝑀𝑆) is given by 

 𝛿𝑅𝑀𝑆 = √
∫(𝑡 − 𝜇)2ℎ2(𝑡)𝑑𝑡

∫ ℎ2(𝑡)𝑑𝑡
 (25) 

The RMS delay gives an estimate of the data rates achievable at a given distance. In our work, we 

consider a simple LOS model for the simulations. 
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3.2.2. VLC components 
 

Transmitters: The LED is directly modulated with data signal after bias, and amplification. The 

frequency response of LED is low-pass. The electro-optical bandwidth varies with the LED model 

(refer to Table 2). A 50 MHz signal modulated over LED chip is shown in Figure 6 below. It was 

found that the misalignments in optical design at the receiver lead to signal loss. We can see the 

signal distortions and low bandwidth that results in loss of higher frequencies. 

For a white LED, the low modulation bandwidth can be attributed to phosphor response. A blue 

filter based approach can be used to improve the bandwidth [58]. However, the filter offers limited 

improvement as it might as well lead to signal loss [59]. Gallium nitride μLEDs exhibit higher 

luminous efficiency compared to conventional LEDs.   

 

Figure 6. The 50 MHz transmitted signal (green), and received signal (pink), captured on oscilloscope using a 

reciver with Plano-convex lens: (a) without defocus and (b) with defocus. 

Receivers: The VLC receiver bandwidth should be large enough to achieve high data rates. Most 

VLC systems use Hamamatsu PIN photodiode [53], and APD modules [52]. For a photodiode, 

the photosensitive area, and bandwidth are inversely related to each other. Therefore, large area 

photodetectors are not optimal for VLC applications. Hence, different receiver architectures are 

explored [60].  

The LED beam divergence also results in low optical signal power at the receiver. Hence, 

concentrators like the compound parabolic concentrators are used at the receiver. The receiver 

architectures are classified as imaging and non-imaging receivers. In non-imaging receivers, the 
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optical power is concentrated over the photosensitive area using the optical design. For example, 

the combination of a Plano-convex lens and a photodiode makes a simple non-imaging receiver. 

With an imaging receiver, the image of the transmitter is formed on the receiver surface. An 

example of imaging VLC receiver is using a hemispherical lens [61] with a photodiode. 

Optical filters: The receiver is equipped with an optical filter to minimize the background noise. 

In WDM VLC applications, color filters are used for demultiplexing the color components. 

Commercially available color filters have finite extinction, which means at each filter there is finite 

amount of interference from other wavelengths. The transmission spectra of the MidOpt color 

filters listed in Table 6 (dotted lines), and the LED spectra (solid) of the RGBA LED are shown 

Figure 7 below.  

 

Figure 7. The color spectra of the RGBA LED (solid lines), and  filter transmission functions (dotted lines). 

The channel model: The channel model for the IM/DD link is expressed as 

 𝑌(𝑡) = ℎ(𝑡) ∗ 𝑥(𝑡) + 𝑁(𝑡) (26) 

The transmitted signal is 𝑥(𝑡), channel gain ℎ(𝑡), noise 𝑁(𝑡), and received signal 𝑌(𝑡). The noise 

is contributed from several noise sources.  

For VLC systems, background noise is caused due to external light sources like sunlight, and 

artificial light sources like fluorescent lamps. Sunlight can be dominant light source in daytime 

which contributes to significant noise at the receiver. Moreover, it has a broad spectrum of 

wavelengths which makes it a constant noise source. Daylight filters are used to reduce the noise 

levels [62]. Unlike sunlight, the light from artificial light sources consists of a band of wavelengths. 

Examples of these sources are incandescent lamps, and fluorescent lamps. The fluorescent lamps 
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are driven by electronic ballasts and they generate significant interference for the VLC systems 

[63].  Some of the predominant sources of noise are listed in table 4 below. 

Table 4. Sources of noise in VLC systems. 

Noise Source 

Clipping noise Signals with high PAPR suffer clipping 

Shot noise The shot noise current (𝑖𝑠ℎ) has a mean square 

value given by 

 < 𝑖𝑠ℎ
2 > = 2𝑒𝐼𝛥𝑓 (27) 

𝐼: Photocurrent 

𝑒: electron charge 

∆𝑓: Receiver bandwidth 

Thermal noise Thermal noise current (𝑖𝑡ℎ) of the photodiode 

is dependent on temperature (𝑇), Boltzmann 

constant (𝑘𝐵), series resistance (𝑅), and 

bandwidth (∆𝑓), and is expressed as 

 < 𝑖𝑡ℎ
2 > =  

4𝑘𝐵𝑇∆𝑓

𝑅
 (28) 

 

Distortion Due to non-linear nature of LED 

Amplifier noise Noise from the amplifiers 

 

Another interference noise specific to WDM-VLC systems is inter-carrier interference between 

the colors used for multiplexing. At the receiver, the photodiode contributes to shot noise as a 

response of the incoming optical signal. At high levels of ambient light, the Poisson shot noise is 

approximated by a Gaussian distribution. Based on this assumption, the noise is considered as 

white Gaussian noise [42]. 

 

 



31 
 

 

3.3. RGBA VLC 
 

3.3.1. Simulations 
 

The VLC simulation model is summarized in Figure 8 below. 

 

Figure 8. (a) VLC system block diagram and (b) frequency response curves of individual chips. 

The simulation set up, shown in Figure 8 (a), consists of a DMT signal generator with four output 

data streams. Each DMT signal consists of 512 subcarriers within a bandwidth of 312.5 MHz. We 

design the LED block with reference to the LED output optical power versus drive current data (P 

vs. I) obtained from experiments. The modulated DMT signals are sent through different channel 

blocks each with a channel gain and measured frequency response. The frequency response is 

calibrated by modulating a small frequency signal over the LED and receiving it from the 

photodiode. The signal frequency is slowly increased, and different channel gains are recorded to 

obtain the frequency response. 

We consider commercially available RGBA LED (LED Engin LZ4MA00) [19] model for 

transmitter. Figure 9 summarizes the V-I curves and luminous flux at different bias voltages for 

different chips. The bias voltages chosen for individual LEDs are clearly marked on the respective 

curves. At room temperature, the maximum allowable forward current for LED is 1 A. In our 

simulations, we set the maximum drive current limit to 850 mA, and make sure the peak-to-peak 

signal stays with the LED’s dynamic range. In this way, the corresponding bias voltages are 

extracted for the individual chips. 
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Figure 9: I-V curves for the wavlengths: (a) R, (b) G, (c) B& (d) A. 

The LED bias voltage is carefully chosen to avoid clipping. Based on the peak-to-peak DMT signal 

levels and the bias voltages (Red: 2.2 V, Green: 3.3 V, Blue: 3.4 V, & Amber: 2.5 V), we obtained 

conservative estimates of clipping levels, measured in terms of signal standard deviation (σ). The 

corresponding clipping levels are approximately (Red: ±3.0 σ, Green: ±2.5 σ, Blue: ±2.7 σ, & 

Amber: ±3.3 σ). The luminous flux at different bias levels is indicated in the Figure 10 below. 

 

Figure 10: The flux output versus bias voltage for the wavelengths: (a) R, (b) G, (c) B, & (d) A. 

We consider the line of sight channel model and the channel gain is given by the ratio of received 

optical power (𝑃𝑗𝑟) and transmitted power (𝑃𝑗𝑡). The dimensions of the lens are chosen so that the 

angle of incidence (Ψ) falls within the receiver angular field of view (ΨFOV), in other words (Ψ ≤

ΨFOV). Therefore, channel gain (𝐻𝑗) under maximum irradiance condition for each color 

component (j  {R, G, B, A}) can be determined by: 

 𝐻𝑗 =
𝑃𝑗𝑟

𝑃𝑗𝑡
=
(𝑚 + 1)𝐴

2𝜋𝐷2
𝑇𝑗(𝛹)𝑔(𝛹)cos (𝛹) (29) 

The values of 𝑚 and 𝑔(𝛹) of concentrator are obtained using equations (21) and (22). The 

simulation parameters are summarized in Table 5. From the calculations, we obtain an aggregate 

luminous flux of 225 lm from the transmitter. Using a reflection cup (600 view angle), we could 

obtain illumination level (420 Lux) over a distance of 65 cm. With a source of flux (𝜙) lumen and 

view angle (𝛼), the luminous flux intensity (𝐸𝑣) lux, at distance D from the source is given by 
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 𝜙 = 2𝜋𝐷2𝐸𝑣(1 − 𝑐𝑜𝑠
𝛼

2
) 

 

(30) 

Reflection cups (GT-30-16) with smaller view angle (30 degree) can provide standard desktop 

illumination level (500 lx) over 1.4-meter distance considering all possible reflection losses. 

Table 5. Basic parameters for channel modelling 

Component Reference parameters 

Biconvex lens Focal length = 50 mm 

Diameter = 50 mm 

Angle of incidence (𝜓) 260 

Receiver FOV (𝜓𝐹𝑂𝑉) 500 

Half angle (θ1/2) 600 

Distance (D) 65 cm 

Refractive index (n) 1.5 

Photodetector area (A) 7 mm2 

 

For the color filtering the commercially available optical filters are used, with parameters 

summarized in Table 6.  

Table 6. Reference parameters for individual chips. 

Parameter Red Green Blue Amber 

Optical filter  BP 635 BN 532 BN 470 BN 595 

Filter 

transmissivity 

T(ψ) 

93 % 88 % 86 % 94 % 

Photodiode 

responsivity 

[A/W] 

0.45 0.33 0.28 0.38 

Aggregate bit 

rate 

870 Mb/s 487 Mb/s 582 Mb/s 780 Mb/s 
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Similar to the DCO-OFDM, we consider adding DC bias for the DMT signal, which contributes 

to clipping noise. At the transmitter, subcarrier bit-power optimization is adopted using the 

Krongold algorithm. The bit-power loading curves all the four colors are given in Figs. 11-12 

below. 

 

Figure 11: (a), (b), (c) & (d) – Bit loading for red, green, blue, and amber components respectively. 

 

 

Figure 12: (a), (b), (c) & (d) – Power loading for red, green, blue, and amber components, respectively. 

Our simulation results show an aggregate data rate of 2.4 Gb/s using bit-power loading, with error 

rates below BER limit (~2×10-3), which is threshold BER for enhanced FEC [64]. The bit and 

power loading per subcarriers is summarized in Figures 11 and 12, respectively. The effective bit 

rate (𝑅𝑒𝑓𝑓) is given by 

 𝑅𝑒𝑓𝑓 =
∑ 𝑏𝑖
𝑁𝑠𝑐
𝑖=1

𝑁𝑠𝑐(1+𝐶𝑃)
× 𝑅𝐵,   (30) 

where 𝑏𝑖  denotes the number of bits-loaded on 𝑖𝑡ℎ subcarrier, 𝑁𝑠𝑐 is the total number of subcarriers, 

𝐶𝑃 refers to the cyclic prefix, and 𝑅𝐵 is the total bandwidth occupied the transmitted signal. The 

clipping noise degrades the signal-to-noise ratio (SNR) of subcarriers depending on the bit loading. 

Hence, we restrict the maximum bit loading to 4 bits (16-QAM). The maximum achievable bit 

rates after loading at different clipping levels are summarized in Fig. 13 below. It is evident that 
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choosing optimum signal scaling and bias is essential to achieve maximum data transmission. 

 

Figure 13. Maximum bit rate achieved at different clipping levels for: (a) R, (b) G, (c) B, & (d) A. 

The simulations predict a peak achievable data rate for each curve at an optimum clipping level 

beyond which distortion effects dominate leading to decrease in the bit rate. In addition to clipping, 

the cross talk affects the red and amber components while signals over green and blue chips are 

set for higher clipping. The corresponding constellations for different modulations at BER of 

2103 are provided in Fig. 14. 

 

Figure 14. Constellations obtained for: (a) 16-QAM, (b) 8-QAM, (c) 4-QAM, and (d) BPSK at BER of 2×10-3. 
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3.3.2. Experimental setup and experimental results 
 

The experimental setup consists of a transmitter designed as per block diagram shown in Figure 

15. The DMT sequences at baud rate ~ 250 MBd are generated using the VPI software, and are 

fed to the waveform generator (AWG 70002A). After amplification (Minicircuits ZHL-6AS+), 

and DC bias (Minicircuits ZFBT-4R2GW+) with a current of 400 mA, the DMT signals are sent 

to LED chips for modulation. In order to increase the collected power at the receiver an optical 

concentrator design [65] is used. It consists of a color filter (see Table 6), plano-convex lens (of 

focal length of 50 mm, and diameter of 50 mm), and a compound parabolic concentrator (CPC) 

followed by the photodiode (Hamamatsu S10784). After photo-detection, the signals are amplified 

by a low noise amplifier (Minicircuits ZFL-500LN+), and fed to the real-time oscilloscope. 

 

Figure 15: Block diagram of VLC transmitter. 

 

Figure 16:  VLC experiment: (a) VLC transmitter and (b) receiver. 

Each DMT sequence is encoded over 256 subcarriers. The subcarrier bit loading curves of the 

experiment are shown below. The photodiode has a bandwidth of 250 MHz, and hence the DMT 



37 
 

 

baud rate is adjusted accordingly. With the bit-loading, the achievable bit-rates over different 

colors is given in the table below. 

 

Figure 17: (a), (b), (c) & (d) Experimental bit loadings for red, green, blue and amber components, respectively. 

Table 7. Gross data rates obtained from the experiment. 

Red 212.3 Mbps 

Green 203.1 Mbps 

Blue 268.7 Mbps 

Amber 248.7 Mbps 

 

The aggregate data rate obtained from the experiment is 932.8 Mb/s compared to the 2.4 Gb/s 

predicted by the simulation. We found that higher order constellation beyond 16-QAM shows the 

worse error performance. This is because the LED nonlinearity introduces significant distortion 

on higher order modulation schemes. Hence, the maximum bit loading achievable without any pre-

emphasis is 4 (16-QAM). 
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4. Multi-input multi-output VLC 

4.1. Diversity MIMO 

 

MIMO systems use multiple transmitters and receivers to increase the data transmission rates 

through multiplexing gain and improve the reliability by improving the signal-to-noise ratio 

(SNR).  

4.1.1. Transmit diversity MIMO 
 

MIMO diversity schemes offer significant gain in SNR thereby improving the link reliability. 

Signal fading in wireless communications is a result of destructive interference during the 

multipath propagation of the transmitted signal. The diversity scheme was first proposed in [66] 

to overcome the effects of fading in radio telegraphy.  

MIMO with transmitter diversity uses multiples transmitters. A simple example of transmitter 

diversity is repetition encoding, wherein the same copy of a signal is transmitted from multiple 

antennas. Since the same signal is transmitted over multiple antennas, there is no effective increase 

of the data rates. Using this multiple antenna configuration is that the probability of deep fades are 

reduced since the receiver falls under wide coverage due to multiple transmitters sending the same 

signal. The block diagram for a 2×1 MISO using repetition encoding is shown in Fig. 18 below. 

The corresponding MISO model is described by Eqns. (31)-(32). 

 

Figure 18. The 2×1 MISO with Repetition encoding. 
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 𝑦1 = ℎ1𝑥1 + ℎ2𝑥1 (31) 

 𝑦2 = ℎ1𝑥2 + ℎ2𝑥2 (32) 

The disadvantage of the repetition encoding technique is its sensitivity to the timing delays and 

synchronization. In VLC systems, electrical delays between the transmit copies may result in 

destructive interference between the channel gains [67].  

Alamouti code is an example of orthogonal space-time block codes can achieve full diversity with 

the knowledge of channel state information (CSI) [68]. The information is encoded both in the 

space (over the antennas), and time (over multiple time-slots). An example of a 2×1 MISO 

Alamouti encoding is shown in the Figure 19 below, while the corresponding scalar MISO model 

is described by Eqns. (33)-(34).  

 

Figure 19. The 2×1 Alamouti MISO. 

 𝑦1 = ℎ1𝑥1 + ℎ2𝑥2 (33) 

 𝑦2 = −ℎ1𝑥2
∗ + ℎ2𝑥1

∗ (34) 

In the matrix form, the received symbol vector is expressed as 

 
[
𝑦1
𝑦2
∗] = [

ℎ1 ℎ2
ℎ2
∗ −ℎ1

∗]⏟      
𝐻

[
𝑥1
𝑥2
] 

(35) 

For the decoding, we obtain the signal estimate vector by multiplying the received vector with HH 

(Hermitian conjugate). At the receiver, the streams are decoded as 

 𝑌1̃=ℎ1
∗𝑦1 + ℎ2𝑦2 (36) 

 𝑌2̃=ℎ2
∗𝑦1 − ℎ1𝑦2 (37) 
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In MIMO systems, multiple copies of the same signal are combined at the receiver, which yields 

increased SNR.  Unlike the RF modulation, LED modulation requires unipolar signals. Therefore, 

the encoded symbols have to be unipolar and the conventional Alamouti encoding, involves the 

negative copies of some previously sent symbols. A modified Alamouti encoding without the 

signal negative copy was proposed in [69]. Experimental demonstration of Alamouti VLC using 

an 8×8 LED array with an imaging receiver reported error free transmission over 48 m distance 

[70]. A performance comparison between Alamouti, and repetition codes discussed in [71], 

concluded that the Alamouti encodes are outperformed by the repetition codes.  However, in a 

practical indoor VLC environment, electrical delays may lead to destructive interference between 

the copies of the transmit signal, leading to performance degradation in repetition encoding [72]. 

 

4.1.2. Receiver diversity MIMO 
 

The signals can be combined at the receiver to maximize the signal-to-noise ratio gain, which 

increases the transmission reliability. Examples of such combining techniques are equal gain 

combining (EGC), selection combining (SC), and maximum ratio combining (MRC), whose 

properties are summarized in Table 8. The SNR gain offered by these combining techniques is 

used to increase the bit rate-distance product in VLC systems. A 4×4 MIMO VLC designed in 

[73], showed 3.2 dB SNR improvement over a single channel VLC. With a MRC receiver, a 400 

Mb/s white LED VLC, and a WDM VLC transmission of 1 Gb/s was demonstrated over 100 m 

distance [74]. 

Angular diversity receiver (ADR) uses an array of receiver to offer high gain, and large field-of-

view (FOV) [75]. Furthermore, the delay spread is reduced with the ADR [76], over longer 

transmission distance thereby improving the overall bandwidth of the system. A laser diode based 

VLC system with ADR transmitted 10 Gb/s over 1 m with BER below 10-9 [77]. 

Imaging receivers are reported to show better performance in MIMO systems compared to non-

imaging receivers [78]. The principal component of these receivers is an imaging lens that offers 

wide-FOV leading to spatial decorrelation of images [79] [80]. MIMO receivers designed using 

hemispherical lens [81], and fish eye lens [82] are proven to be viable for MIMO VLC systems. 
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Table 8. MIMO receiver combining techniques. 

Combining technique Description 

Selection combining (SC) The receiver branch with maximum SNR is chosen. Hence, the 

effective SNR (𝛾) is given by 

 𝛾 = 𝛾𝑚𝑎𝑥 (38) 
 

Maximal ratio combining 

(MRC)  

The signals (𝑟𝑖) from the branches are co-phased, weighted (𝑤𝑖), and 

added together. The combined SNR (𝛾) is given by 

 𝛾 =
(∑ 𝑤𝑖𝑟𝑖)

𝑀
𝑖=1

2

𝑁0∑ 𝑤𝑖
2𝑀

𝑖=1

 (39) 

𝑁0/2 is the noise power spectral density, and 𝑀 is the number of 

receiver branches/ antennas. 

Equal gain combining 

(EGC) 

The weights in MRC are determined from the channel state 

information. In contrast, EGC combines the signals with the same 

weight. Hence, the combined SNR is given as 

 𝛾 =
(∑ 𝑟𝑖)

𝑀
𝑖=1

2

𝑁0𝑀
 (40) 

 

 

The MRC is the optimum receiver diversity technique for most wireless channels [83]. However, 

in optical wireless communications, the signal independent noise level (due to ambient light) varies 

for different channels and hence MRC is not necessarily the optimum diversity technique [84]. 

 

4.1.3. Experimental demonstration of 2×1 MISO VLC 
 

The interference between the red and amber components contributes to a significant drop in SNR 

due to the spectral overlap. The experiment is carried out with the two green transmitters, and the 

amber color is used as the inference wavelength. 

2×1 MISO VLC system using repetition encoding: The MISO system consists of two RGBA 

LED transmitters sending the same copy of data signal, as illustrated in Fig. 20. A splitter at the 

transmitter divides the signal from AWG. Two identical co-axial cables are used to avoid any 
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electrical delays between the two data signals. At the receiver, the optical design consists of plano-

convex lens (PC), and compound parabolic concentrator (CPC). A color filter is placed before the 

photodiode to reduce the inter-carrier interference and a low-noise amplifier (LNA) is sued for 

amplification. In this case, the amber color is used as the inference wavelength between the two 

green carriers. 

 

Figure 20. Block diagram of 2×1 MISO VLC. 

The DMT signal is generated using 256-point IFFT (cyclic prefix~1.56%), has a baud rate of 50 

MBd and the transmission distance is set to 120 cm. The corresponding bit loading curves achieved 

are shown in Figure 21 below. 

 

Figure 21. Bit loading curves for the 2×1 green LED MISO with: (a) no interference and (b) amber interference. 

A gross data rate of 204.11 Mb/s is sent over a transmission distance of 120 cm. With the amber 

interference, these data rates dropped down to 167.4 Mb/s. This indicates how much the effect of 

interference between the color components is relevant. 
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4.2. Spatial Multiplexing MIMO 
 

Multi-input multi-Output (MIMO) with spatial multiplexing (SMUX) improves the effective data 

rate for VLC systems [85]. In the spatial multiplexing, a single data stream is separated into two 

streams (𝑥1, & 𝑥2) and sent from the transmitters while at the receiver, a demultiplexing procedure 

is used to recover these data streams. A 2×2 MIMO with spatial multiplexing configuration is 

presented in Fig. 22 below. 

 

Figure 22. Block diagram of a 2×2 MIMO with spatial multiplexing. 

For the 2×2 MIMO system shown in Figure 22, the received and transmitted symbols are 

represented in matrix form as 

 [
𝑦1
𝑦2
] = [

ℎ11 ℎ12
ℎ21 ℎ22

] [
𝑥1
𝑥2
] + [

𝑛1
𝑛2
] (41) 

 𝒚 = 𝑯𝒙 + 𝒏 (42) 

In MIMO systems, the rank of channel matrix is a measure of the spatial multiplexing gain [86]. 

Hence, it is desirable to have a non-singular channel matrix. 

Singular value decomposition VLC: Singular value decomposition (SVD) is a mathematical 

technique that decomposes the channel matrix into a set of parallel channels, thereby reducing the 

correlation between the MIMO channels [87]. The decomposition of channel matrix H is given by 

 𝐻 = 𝑈𝛴𝑉† (43) 

where matrices U and V are unitary matrices, while Ʃ is a diagonal matrix and 𝑉† is the Hermitian 

transpose of V matrix. SVD can be used for precoding, if the CSI is known at the transmitter. The 
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design of such SVD encoded VLC is shown in Figure 23 below. In the precoding step, we multiply 

the input signal of each subcarrier with elements of matrix 𝑉. In the decoding/detection step, we 

multiply the received signal with the matrix 𝑈†, followed by a zero forcing spatial interference 

cancellation algorithm.  With the SVD encoding, the relationship between transmit vector (𝑋), 

received vector (𝑌), and noise vector (𝑁) can be expressed as [88] 

 𝑌 = 𝛴𝑋 + 𝑈†𝑁 (44) 

The diagonal matrix Ʃ represents the decomposition of input channels into four independent 

parallel sub-channels under study. Finally, with a zero forcing (ZF) algorithm we perform the 

signal recovery by demultiplexing with matrix 𝑊 given by 

 𝑊 = (𝛴𝑇𝛴)−1𝛴𝑇 (45) 

 

 

Figure 23. The transmitter for SVD encoded MIMO-OFDM. 
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Figure 24. The receiver for SVD based MIMO-OFDM. 

The receiver block diagrams for SVD based MIMO-OFDM is shown in Figure 24. An 

experimental demonstration of the SVD pre-coded VLC MIMO was demonstrated in [89]. This 

2×2 MIMO achieved a 1.5 Gb/s data transmission over 1 meter distance. 

 

4.2.1. MIMO demultiplexing 
 

At the MIMO receiver, the demultiplexing of data streams removes the correlation between the 

channels. Most commonly used demultiplexing methods are: (i) zero-forcing (ZF) equalizer and 

(ii) linear minimum means square equalizer (LMMSE).  

Zero-forcing decorrelator: In the zero-forcing technique, the received signal vector (𝒚) is 

multiplied with the inverse channel matrix [90]. The data estimate vector (�̃�) is given as 

 �̃� = 𝑯−1𝒚 + 𝑵 (46) 

Since this technique uses an inverse of the channel matrix (𝑯−1) for decorrelation, the channel 

matrix 𝑯 must be non-singular. Another disadvantage of ZF method is the noise amplification. 

The elements of channel matrix (𝑯) are channel gains for different paths. In case these channel 

gains are extremely low, the noise term (𝑵) which is (𝑛𝑯−1) is very large leading to noise 

amplification. The inverse operation is trivial for square matrix. However, for rectangular matrix 

the decorrelator is pseudo-inverse matrix 𝑯∗, given by 



46 
 

 

 𝑯∗ = (𝑯𝐻𝑯)−1𝑯𝐻 (47) 

Where HH is Hermitian transpose of 𝑯. 

Linear minimum mean square error decorrelator: The LMMSE uses a linear transform matrix 

to obtain the estimates and performs minimization of mean square error [91]. The estimate vector 

(�̃�) under LMMSE is given by 

 𝒙 = (𝑯𝐻𝑯+
𝑰

𝛾
)−1𝑯𝐻𝑦 (48) 

The parameter 𝛾 is the SNR, and 𝑰 is identity matrix of order Nr (number of receivers). Unlike the 

ZF decorrelation, LMMSE works for rectangular channel matrices and avoids the noise 

amplification. This is because the noise variance (𝜎𝑛
2) acts like a regularization parameter. 

Capacity of MIMO SMUX: For computing the channel capacity, the MIMO channel is 

decomposed into a decorrelated parallel Gaussian channels. The total channel power (𝑃) is 

distributed among 𝑁 channels. The channel gains for these channels are given by the elements (𝜆𝑖) 

of the diagonal matrix. Therefore, the channel capacity (𝐶𝑖) for the channel 𝑖 is given as 

 𝐶𝑖 = log2 (1 +
𝜆𝑖
2𝑃𝑖
𝑁0
) (49) 

Therefore, the total MIMO capacity (𝐶𝑡𝑜𝑡) over the 𝑁 channels can be written as 

 𝐶𝑡𝑜𝑡 =∑log2 (1 +
𝜆𝑖
2𝑃𝑖
𝑁0
)

𝑁

𝑖=1

 (50) 

For calculating the channel capacity, an optimization problem is formulated with the power 

constraint, which states that the sum of transmit powers of the individual channels (𝑃𝑖) should be 

less than or equal to the total power (𝑃): 

 max𝐶𝑡𝑜𝑡 ;   subject to:  ∑𝑃𝑖

𝑁

𝑖=1

≤ 𝑃 (51) 
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4.2.2. MIMO VLC experimental demonstrations 
 

White LED MIMO: The first experimental demonstration of a gigabit white LED MIMO was 

reported [92] in a 4×9 MIMO system with an imaging receiver. It achieved a data transmission of 

1 Gb/s over 1 meter with an illumination of 1000 Lux. An integrated MIMO system using μLEDs, 

with a CMOS receiver transmitted data rate of 920 Mbps over 1 meter [93]. Using eight visible 

lasers, a 100 Gb/s VLC was demonstrated [94].  MIMO systems are also designed using non-

imaging receivers.  A 4×4 MIMO implemented using a non-imaging receiver, sent 50 Mb/s data 

over 2 m distance [95]. The high speed MIMO VLC using white LEDs transmitted 1 Gb/s data 

over 1 meter [96]. 

MIMO with multicolor LEDs: In past, MIMO VLC models are based mostly using white LED 

transmitters. Multi-color LEDs offer additional dimensions for multiplexing and diversity in 

MIMO systems. The first treatment of WDM MIMO was the color clustered MIMO (CC-MIMO) 

proposed in [97]. The transmitter design consisted of micro LED clusters of the primary colors. 

The simulations predicted a data transmission of 2 Gb/s between the transmitter and receiver 

located on the roof and floor of a 5×5×3 m. room with BER threshold of 4×10-5. However, this 

technique faces practical difficulty due to inter carrier interference [98].  

Polarization multiplexing (Pol-Mux) is a popular multiplexing method in fiber-optic 

communications. The multiplexing on orthogonal polarizations simplifies the demultiplexing 

process in MIMO systems.  Pol-Mux VLC over RGB LED was reported in [99] reported a data 

transmission over 6 Gb/s for 1 meter distance.  

 

 4.2.3. MIMO VLC using RGBA LED experiments 
 

Objective: The commercial multicolor LED has closely spaced color chips, which requires 

specialized transmitter and receiver designs. Moreover, the MIMO demultiplexing process 

requires a well-conditioned channel matrix [100]. In this section, we propose MIMO-VLC model 

using the commercial RGBA LED transmitters [19] instead of white LEDs. The main objective of 

this experiment is to propose a MIMO-WDM VLC scheme using commercial multicolor LEDs. 
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For the sake of simplicity, we consider a two-wavelength operation with data transmission over 

amber (589 nm), and green (522 nm) wavelengths. 

Proposed design: The block diagram of our simulation model for is shown in Figure 25 below. 

We use the VPI software for the simulation, and offline processing. In the software, two different 

pseudo-random sequences (d1, d2) are generated, and encoded as DMT symbols. The channel 

blocks labeled as (h11, h21, h12, h22) in the simulation model emulate the four Line-Of-Sight (LOS) 

path responses obtained from the experiments. An optical filter at the receiver allows only one 

color component to pass through, thereby making the proposed system similar to that of a 2×2 

MIMO as illustrated in Figure 24. 

 

Figure 25.  Block diagram of the proposed 2×2 MIMO system. 

 

The received symbol vector is given by 

 [
𝑦1
𝑦2
] = [

ℎ11 ℎ12
ℎ21 ℎ22

] [
𝑥1
𝑥2
] + [

𝑛1
𝑛2
] (52) 

Using the zero-forcing detector, the estimated vector is given by 

 [
�̃�1
�̃�2
] = 𝑯−1 [

𝑦1
∗

𝑦2
∗] (53) 

The MIMO demultiplexing is carried out based on the subcarrier index. In the first step, the 

symbols over the subcarriers of the same index (y1
*, y2

*) are extracted. Later the symbol estimates 

are obtained by the ZF operation. Due to low-pass channel response, the channel gain matrix is 

different for the subcarriers. Therefore, we need to calculate the H for all the subcarriers. The 
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channel matrix information for the subcarriers, and channel responses over a subcarrier index is 

obtained by experiment described in the next section.  

 

Figure 26. Proposed MIMO VLC system using amber, and green components. 

Experimental setup: The experiment uses two RGBA LEDs with data streams fed to amber and 

green chips. The DMT sequences (50 MBd each), are generated in the software using a Fast-

Fourier-Transform (FFT) of size 256 (Cyclic Prefix of size 4), and are fed to the waveform 

generator (Tektronix AWG 70002A). After amplification (Minicircuits ZHL-6AS+), and biasing 

(Minicircuits ZFBT-4R2GW+), the DMT signals are sent to LED chips for modulation. The 

receiver consists of a plano-convex lens (of focal length of 50 mm, and diameter of 50 mm), optical 

filter (MidOpt BN 532/595), and a photodiode (Hamamatsu S10784). After photo-detection, the 

signals are amplified by a low noise amplifier (Minicircuits ZFL-500LN+), and fed to the real-

time oscilloscope. In the first step, the channel responses are calibrated.  

For instance, to calculate the channel response given by h11, the DMT sequence (x1) is fed only to 

the amber LED with an amber filter at the photodiode. To measure the channel responses over the 

green wavelengths (h21, h22), we lower the photodiode position, and place the corresponding color 

filter in front of it. The receiver position is slightly misaligned towards the top LED transmitters, 

to facilitate matrix inversion. The channel responses for all the four paths are extracted from the 

received signal samples collected from the oscilloscope, see Figure 27. The setup of our 

experiment is summarized in Figure 28 below. 
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Figure 27. Channel response curves. 

The MIMO is evaluated by loading the channel responses to the simulation model. In the offline 

signal processing, the received signals are synchronized and the signal to noise ratio for a 

subcarrier of given index is collected on both streams. These values are averaged using a frequency 

domain averaging technique [101].  

 

Figure 28: (a) Transmitter, (b) Receiver, and (c) Overall MIMO system. 
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A bit-power loading is adopted based on the subcarrier SNR extracted from the offline signal 

processing. 

Experimental results: The bit loading curves for streams x1, and x2 are shown in Figure 29 below. 

These curves are estimated from subcarrier signal to noise ratio obtained from the experiment. In 

the offline signal processing, the symbol estimate is compared with the transmitted symbol, to 

evaluate the bit error rate. Within the hard decision FEC limit of 2×10-3, gross bit rates of 64.7 

Mb/s and 58.7 Mb/s were transmitted over streams x1 and x2. 

 

 

Figure 29. Bit loading over (a) stream 𝑥1 and (b) stream 𝑥2. 

The data rates are subjected to the separation between the transmitter and receiver. Figure 30 

illustrates the variation in achievable data rates with distance within the error threshold. 

 

Figure 30. Gross bit rate versus distance. 
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Conclusions: The proposed 2×2 MIMO-WDM VLC configuration is analogous to a 2×2 MIMO 

using a white LED. The concept can be extended to all the four wavelengths to achieve higher data 

transmission. These multicolor LEDs offer high illumination and hence can be used to increase 

the VLC transmission distance. In the four-wavelength operation, we require two RGBA 

transmitters, instead of four white LEDs. The proposed MIMO design sent an aggregate data 

transmission of 120 Mb/s over 80 cm distance using DMT technique. 
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4. Concluding Remarks 
 

The contribution of this work is the design of VLC systems using RGBA LEDs using WDM, 

OFDM, and MIMO techniques. The four color LEDs offer additional spatial dimension for 

multiplexing. OFDM offers equalization, and better tolerance to fading effects. First, we discussed 

the design of VLC systems with emphasis on practical implementation. The simulation results for 

the RGBA LED VLC using OFDM were discussed followed by a WDM-VLC practical 

demonstration. We experimentally demonstrated single RGBA LED based transmission with an 

aggregate 932.8 Mb/s data over 65 cm distance. 

In chapter 4, we presented a 2×1 MISO VLC system with repetition encoding. The MISO is 

implemented using two green LED chips transmitted at data rate of 204 Mb/s over 120 cm distance. 

The single green LED in the WDM-VLC sent the same amount data over 65 cm distance. 

Therefore, the MISO enhanced the transmission reach of the VLC. We analyzed the effect of 

interference due to finite extinction of color filters. The data rates of the MISO are dropped to 

167.4 Mb/s for the same transmission distance under the amber LED interference.  

Finally, we demonstrated a 2×2 MIMO VLC operation with RGBA LEDs using two-wavelength 

operation for the distance of 80 cm. These LED chips are modulated with discrete multi-tone 

streams of baud rate 50 MBd, resulting in data rate of 120 Mb/s. The proposed 2×2 MIMO VLC 

is analogous to a 2×2 white LED MIMO.  

The overall data rate can be doubled by employing all four colors. Further improvements in the 

data rates can be achieved using equalization techniques. Further, we can extend the proposal to 

all the four wavelengths doubling the data rate with high illumination. We require two RGBA 

transmitters in four-channel operation, instead of four white LEDs. [102] 
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