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Summary

With the increasingly crowded Radio Frequency (RF) spectrum due to the surging wire-
less data transmission, Optical Wireless Communication (OWC) becomes a promising
complementary technique for existing RF communications. Using the wavelengths in the
infrared, visible and ultraviolet regions of the spectrum, OWC is being extensively ex-
plored for short, medium and long range data transmissions. Thanks to the fast growing
Solid-State Lighting (SSL) technology in recent years, Light Emitting Diodes (LEDs)
have fueled the research on Visible Light Communications (VLC) and Light Fidelity
(LiFi). As a subcategory of OWC, VLC and LiFi can provide data transmission via the
illumination LEDs. Nevertheless, several challenges are raised in a Joint Illumination
and Communication (JIC) system using LED, including the throughput, power penalty
and interference. To be specific, when a lighting system is adopted for communication,
the driving current through the LED is modulated by a data signal along with a light-
ing control signal. This current modulation results in several consequences. Firstly, the
achievable speed of the data modulation is limited by the LED bandwidth which is only
several MHz in a commercial illumination LED. Secondly, the data modulation induces
extra power losses both in LEDs and drivers which are out of the power budget of the
lighting system. Thirdly, the current fluctuation, induced by the data signal and light-
ing control signal, introduces interference to the communication system as well as other
equipment that applies light as input signal. The challenges aforementioned have moti-
vated the investigation of the achievable date rate, the power penalty and the interference
effect in a JIC system, preferably, to elaborate a system design with high data rate, high
power efficiency and interference free.

To boost the data throughput, we deal with the transient response of the LED, based
on the physical mechanism in the quantum well. Through a dynamic differential equa-
tion, both the LED low-pass effect and nonlinearity that limit the data throughput are
investigated. On one hand, the low-pass effect can be reduced by Digital Signal Pro-
cessing (DSP) techniques such as a linear equalization in the receiver. On the other
hand, to overcome the LED nonlinearity, a novel nonlinear predistorter and parameter
estimation approach are proposed for practical implementation. The proposed predistor-
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viii Summary

tion and estimation are further validated within the On-Off Keying (OOK) and four-level
Pulse-Amplitude Modulation (PAM-4) systems. The results show that the data rate is
significantly enhanced when using a band-limited LED.

The extra power penalty induced by the data modulation in a JIC transmitter is
quantified. The key components that potentially induce extra power in the transmitter are
taken into account in the analysis, including the Switched Mode Power Supply (SMPS),
the signal modulator and the LEDs. We propose an effective metric in terms of Extra
Energy Per Symbol (EEPS) to evaluate the JIC system performance. For instance, the
EEPS of a JIC transmitter for Orthogonal Frequency-Division Multiplexing (OFDM)
system is much higher than that of a 2-PAM one, which means that although the OFDM
can achieve higher throughput but it needs more extra power. Besides, we also explore the
possibility to improve the energy efficiency of the JIC transmitter. For a low data rate,
we proposed an efficient transmitter by adapting the driver control loop. For high data
rate, we realized an efficient OFDM transmitter by using a SMPS and a serial modulator.
Particularly, in the LED, an empirical design rule was proposed to avoid substantial extra
power loss, according to the power budget for communication.

We classify the effect of the current fluctuation into two categories, namely the inter-
ference of VLC, e.g., ripple from the SMPS into VLC, and the cross-interference of other
equipment that applies light as input signal. In the first category, we present a new sys-
tem model with Binary Phase Modulation (BPM), by considering the current fluctuation
introduced by the SMPS as an important noise contribution. The fluctuation randomly
affects the distance between the signal and the decision threshold, so that the Bit Error
Rate (BER) of the received data is increased according to the strength of fluctuation.
We further propose approximations for the fluctuation interference, including a Gaussian
approximation and a Delta function approximation. Both the BER analysis and interfer-
ence approximations are verified by Monte-Carlo simulations. In the second category, we
address the reading failure of a barcode scanner that suffers from interferences of LED
lamps. In particular, the barcode scanner is treated as a special communication system
using light. The reading performance is modeled in terms of Timing Signal-to-Interference
Ratio (TSIR), in particular, as a function of modulation depth and frequency of the in-
terference in the LED lighting. The LED interference, generated in the SMPS, was found
neither additive nor Gaussian interference with frequency up to several MHz and it could
seriously affect the barcode reading performance. We also propose an empirical Flicker
Interference Metric (FIM) concerning the multi-frequencies interference, e.g. harmonics
of the SMPS control signal. Both the TSIR and FIM are validated through experiments.

In summary, this thesis focuses on addressing the challenges in VLC physical layer with
reusing the illumination systems. It shows that the data throughput can be extended
by novel DSP techniques; the power penalty for communication can be minimized by
dedicated circuits and system designs; and the interference could be quantified or reduced
once its effect was predicted.
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CHAPTER 1

General introduction

“Light not only gives us the vision, but also the enlightenment of our thoughts.”
— The author, Eindhoven, The Netherlands, 2017.
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2 Chapter 1. General introduction

1.1 Introduction

1.1.1 Optical Wireless Communications

Although communications via light is already an age-old concept, Optical Wireless Com-
munications (OWC) is a promising technology that enables the information exchanges in
an unguided channel using the carriers in the optical spectrum. The historical forms of
OWC include the beacon fires, smoke, ship flags and semaphore [74, 89]. The first formal
OWC was the well-known photophone for transmitting voice over a wireless light wave,
invented by Alexander Graham Bell in 1880 [52]. After that, the OWC fortune has been
changed since the early 1960s when the optical sources such as laser were discovered [54].
Most recently, thanks to the fast growing Solid-State Lighting (SSL) technology, there
has been a surge of interest in data transmission adopting the ubiquitous Light Emitting
Diode (LED) lighting. In general, OWC has emerged as a promising solution to the ”last
mile” bottleneck both for indoor and outdoor communications in the fifth generation (5G)
networks.

OWC uses optical wavelengths in the infrared, visible, and ultraviolet regions of the
spectrum, as shown in Figure 1.1. It has the potential to provide up to TeraHertz (THz)
of unlicensed bandwidth, although state of the art is mostly to modulate the intensity of
the full spectrum with relative low data rate. VLC offers a number of unique advantages
over its Radio Frequency (RF) counterpart, such as unregulated bandwidth for high
data rate, a high degree of spatial reuse, secure connectivity, absence of electromagnetic
interference and the potential combination with existing lighting [54, 81]. A general
comparison between OWC and RF is listed in Table 1.1 [54, 55].
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Figure 1.1: OWC in electromagnetic spectrum (Adapted from [1])

Due to the unique characteristics and the advantages over RF, there is a wide range of
OWC applications, including a very short range (mm range) optical interconnect within
integrated circuits, high-volume ubiquitous consumer electronic products, indoor naviga-
tion systems, indoor high-speed transmission, outdoor intra-building links (a few kilome-
ter range), inter-satellite links (several thousand kilometers range), under water commu-
nications and deep space communications, etc [54].
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Table 1.1: Comparison Between OWC and RF Communication Systems

Property OWC RF
Data rate Low-High Low
Distance Short-Long Short-Long
Coverage Narrow-Wide Narrow-Wide
Multipath fading No Yes
Path-loss High High
Mobility Limited High
Noise Background light All electrical devices
Frequency Regulation No Yes
Power consumption Low Medium
Security High Low
Electromagnetic Interference No Yes
Network Scalable Non-scalable
Device size Small Large

1.1.2 Visible Light Communications

Visible light communications (VLC) is a subcategory of OWC operating in the visible
region of the spectrum (380-780 nm of wavelength). The emerging VLC has attracted
much attention for indoor wireless communications due to the widely employment of
LEDs. The first VLC using LED was demonstrated in 1999, where an audio signal was
transmitted using visible light [143]. After more than a decade evolution of the VLC, in
2011, VLC protocols and PHY layer were proposed in the IEEE standard 802.15.7, where
the data communication and lighting application were merged [2]. Some shortcomings of
the standard, e.g., the data rate was limited to only 96 Mbps, have led to the development
of a revised version, i.e., IEEE 802.15.7r1 [163]. Moreover, the VLC has been considered
as a potential access option for 5G wireless communications [188]. It can be foreseen that
the VLC would become a complementary technology to RF techniques, in particular, for
the indoor wireless data transmission.

The main driver behind VLC is the increasing presence of LEDs in ubiquitous lighting
infrastructure [59]. It is widely expected that LEDs will dominate future illumination
market because they have several advantageous properties over traditional light sources,
for instance, high brightness, high energy efficiency, high reliability, long life time and
color rendering capability [3, 81, 94]. Several commonly used LEDs are listed in Table
1.2, along with their key features [86]. As we can see, the Micro LED (µ-LED) has the
highest bandwidth while at the cost of high price and the highest complexity, and the
Organic LED (OLED) is quite bandwidth limited with the lowest cost. In particular, the
Phosphor Converted LEDs (PC-LED) and multi-chip RGB-LEDs, where Red, Green and
Blue (RGB) are combined, are mostly used for illumination due to their high efficacy.

Besides the characteristics inherited from the OWC, VLC has the potential to provide
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Table 1.2: Comparison of Commonly Used LEDs

Property PC-LED RGB-LED µ-LED OLED
Bandwidth 3-5 MHz 10-20 MHz ≥300 MHz ≤1 MHz
Efficacy 130 lm/W 65 lm/W N/A 45 lm/W
Cost Low High High Lowest
Complexity Low Moderate Highest High

data transmission via the illumination LEDs. The primary illumination functionality of
LED will not be affected by modulation as long as the frequency of the data modula-
tion is above the flicker fusion threshold of human eye sensitivity [81, 162]. All these
unique characteristics made VLC of increasing interest and thus they are appealing for
a wide range of applications such as indoor broadband access [45], indoor positioning
[191], distributed lighting remote control [168], entertainment interaction [175], under-
water communications [181], vehicular-to-vehicular communications [190] and dense cell
networks [163]. Figure 1.2 shows the concept of a smart office lighting scenario using
VLC with Ethernet enabled in the future, where all the smart devices, office appliances
and household appliances with photodiodes will be connected to the network through the
light [145, 168].

Pad

Switch
Smart

phone

Thermometer

TV and 

Telegram

LED lamps

Copier

Telephone
Computer LaptopPrinter

Alarm

Ethernet gateway

e.g., PLC/others

Figure 1.2: VLC scenario in smart office lighting

In particular, VLC merged with the illumination functionality is also called the Joint
Illumination and Communication (JIC) system [177]. Instead of a point-to-point data
communication technique, VLC has evolved as LiFi when it enables the full user mobility
and complete wireless networking [64]. In this thesis, unless otherwise stated, the VLC,
JIC and LiFi are all referred to a communication system that adopts a lighting system.
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1.2 Challenges in VLC

Despite the effort and interest for VLC both in academic and industrial communities,
there are a number of challenges that need to be addressed for its widespread use. The
challenges include (1) increasing the data throughput, as white LED bandwidth is funda-
mentally limited to only a few MHz [19, 185] and the nonlinearity of the LED electro-optic
response further affects the data rate; (2) power penalty; (3) artificial light induced inter-
ference; (4) high path losses; (5) up-link limitations; (6) multipath induced Inter-Symbol
Interference (ISI); (7) mobility and blocking; (8) dimming of the light [55]; (9) potential
flicker perception by human eye; (10) effect of modulation-related junction temperature
swing on LED lifetime, etc. As a step towards a full integration of VLC into the current
wireless topologies, this dissertation addresses the first three very challenging issues which
also mostly hamper the commercialization of VLC in industry.

1.2.1 Throughput

The throughput of VLC is mainly limited by the bandwidth of the LED channel, as
indicated in Table 1.2. As mentioned before, white LEDs used for general lighting are
of two types, namely PC-LED and RGB-LED. To produce white light, the PC-LED
utilizes a blue emitter in combination with a yellowish phosphor while the RGB-LED
combines three LED chips which emit RGB light [98]. The PC-LED is the preferred
option for lighting because of its lower complexity and lower cost compared to the RGB-
LED. Nevertheless, the typical modulation bandwidth of these white LEDs is only a few
MHz [62, 99, 100]. It is observed that the bandwidth of the blue component of a white
LED is much larger than that of the white component, but the bandwidth is still relatively
low (only 15 - 20 MHz), depending on the LED type [62, 99, 101].

Several techniques were developed for high-speed VLC and they can be divided into
two categories, i.e., dedicated analog hardware and digital signal processing techniques.
Blue filtering in front of the receiver enhances the modulation bandwidth up to ∼20 MHz
[54, 55, 61, 62, 99, 101]. Analog circuits for the current shaping and carrier sweep-out in
the active region reduce the rise and fall time for high data rate [14, 100, 165]. Digital
approaches include digital waveform shaping [193], equalization [67, 101] and predistortion
[41, 46] to reduce Inter-Symbol Interference (ISI) in a band-limited channel. For instance,
a micro-LED (µ-LED) bandwidth of 60 MHz has been used to achieve a flat bandwidth
up to 500 MHz through pre- and post-equalization [179].

At system level, spectrally efficient modulation schemes, such as Orthogonal Frequency
Division Multiplexing (OFDM), can be employed to achieve high data rates [20]. Using
OFDM, 1.5 Gbps was achieved within a single channel and the data rate was further
increased to 3.4 Gbps by the Wavelength Division Multiplex (WDM) transmission through
RGB LEDs [29]. Moreover, multiple LED lamps used to provide uniform illumination have
the potential to increase data rate through Space Division Multiplex (SDM) [19, 185]. A 1
Gbps 4×9 VLC Multiple-Input-Multiple-Output (MIMO) system has been demonstrated



6 Chapter 1. General introduction

using an imaging optics, where pre- and post-equalizations have also been employed to
extend the system bandwidth [11].

Most of the techniques mentioned before for high-speed VLC did not take into consid-
eration the nonlinearity of the LED channel, which is a key challenge for further extending
the VLC throughput, in particular when using wideband signal such as OFDM, and thus
it will be addressed in this dissertation.

1.2.2 Power

As the next generation lighting source, LEDs is expected to eventually replace tradi-
tional incandescent and fluorescent light sources. Besides providing energy savings, the
LED-based lighting creates potential for the innovative VLC, which takes advantage of
the superior modulation capability of LEDs to transmit data through a wireless channel
[196]. It is long believed that the VLC comes for free if we adopt an LED-based lighting
infrastructure, since the power is consumed anyhow for illumination. However, general
current modulations have an adverse effect on power consumption since they lead to extra
power budget. This drives the necessity of formulating the extra power loss with commu-
nication and preferably creating a balance between the two most important functions of
VLC: illumination and communication.

In a lighting system, it is noticed that extra power losses were induced by AC driving
current and Pulse-Width Modulation (PWM) dimming [60, 107]. When the driving
current is also modulated by a signal for data transmission, it becomes impelling and
necessary to analyze the extra power associated with the current modulation in the LED.
Recently, it has been reported that the efficiency of LED driver would decrease for On-
Off Keying (OOK) and OFDM signals [33]. In general, although OFDM can increase
the system capacity, it would lead to significant extra energy loss compared with some
other modulations [112]. This is because OFDM has a large dynamic range, potentially
consuming substantial power in a linear modulator. For instance, a range of efficiency
deterioration around 34% has been demonstrated when OFDM was employed within
several illumination levels and modulation depths, while there was only 9% for OOK [33].

In conclusion, the attention of many reported works has been largely engaged in
demonstrating new functionalities or developing signal processing techniques to achieve a
competing data rate. However, the system design with consideration of energy efficiency,
from which the JIC system might benefit, has been less studied.

1.2.3 Interference

VLC transceivers operating in the visible light spectrum are subject to intense Ambient
Light Interference (ALI) from both natural and artificial sources. The main sources of
ALI are the sunlight, incandescent lamps, fluorescent lamps and LEDs lamps [54]. The
sunlight results in a large DC background photocurrent in the receiver and it significantly
increases the shot noise that can be modeled as additive white Gaussian noise (AWGN)
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[131]. Although artificial sources lead to a small average DC background, but their
output light with fluctuations has significant effect on the communication Bit Error Rate
(BER) performance [138, 174]. The artificial interference from incandescent lamps and
fluorescent lamps can be well modeled by low frequency components related to the mains
and high frequency components from the conventional ballast [132]. Nevertheless, the
interference from the currently used LED was less studied, in particular, when the LED
was driven by an efficient Switched-Mode Power Supply (SMPS) [186]. In such case, the
SMPS injects a cyclostationary intensity interference with a frequency up to several MHz.
Based on the statistical properties of the LED interference, it is not AWGN and its effect
on VLC BER performance should be further studied.

Besides the adverse effects of LED interference on VLC system, light intensity mod-
ulations could potentially impose risks on equipment that applies light as input signal.
Examples are bar code scanners, cameras and medical test equipment. Usually the op-
eration of such equipment can also be disturbed by LED light interferences, depending
on both the system operation frequency and the interference frequency. In addition, the
standard International Electrotechnical Commission (IEC) flicker metrics are still being
refined to be suitable for all types of lamps in lighting industry [116]. This also justifies a
study into the effect of the interference from LEDs on devices, including barcode scanners,
to quantify the system performance.

1.3 Motivation and Objective

Although the VLC has the potential to provide data transmission via the illumination
LEDs, several challenges are raised in this JIC system, which are the throughput, power
consumption and interference. To be specific, when a lighting system is adopted for com-
munication, the driving current through the LED is modulated by a data signal along
with a lighting control signal. This current modulation results in several consequences.
Firstly, the achievable throughput of the data modulation is limited by the LED band-
width which is only several MHz for a commercial illumination LED. Secondly, the data
modulation will induce extra power loss which is out of the power budget of the lighting
system. Thirdly, the current fluctuation, induced by the data signal and lighting control
signal, introduces interference to the communication system as well as other equipment
that applies light as input signal. The challenges and their relations addressed in this
thesis are depicted in Figure 1.3.

This thesis is focused on the challenges that hinder the widespread use of VLC. In
particular, three key aspects addressed in this thesis are:

(1) Throughput: The commercial LED for general lighting has a limited bandwidth of
only several MHz while the surging wireless data transmission both indoor and outdoor
needs much high data rate. In this thesis, DSP methods are explored to extend the
bandwidth of the LED based on the fundamental LED rate equation and the channel
capacity of the VLC system is analyzed (Chapter 2 ).
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Figure 1.3: Challenges and their relations addressed in this thesis

(2) Power : The VLC is claimed for free since the electrical power is dissipated any-
how for illumination. But this thesis investigates the extra power loss in the transmitter
(Chapter 3 ), when the LED driving current is modulated by a data signal. In VLC,
the extra power loss due to LED efficacy droop is further considered when modulation
is applied (Chapter 4 ). The energy penalty for communications is quantified but the
amount of the extra power loss is different among different modulation schemes.

(3) Interference: The Switching Mode Power Supplies (SMPS) are widely used in
lighting systems due to the high efficiency. However, the ripples generated in the SMPS
affect the system performance of VLC systems in terms of increased BER (Chapter
5 ). Moreover, the ripple becomes a cross-interference to other light-based system. For
instance, it causes reading failures in barcode scanners (Chapter 6 ).

1.4 Outline and Contributions of the thesis

1.4.1 Outline

The key challenges mentioned above are addressed in this thesis. With more details on
the topics, the outline of this work is shown in Table 1.3.

1.4.2 Contributions

This thesis provided the treatment of these challenges, including the physical mechanisms
to describe them, mathematical frameworks to formulate them and potential solutions to
tackle them. This research work carried out in this thesis has led to several contributions
in this field.

1.4.2.1 Throughput
Chapter 2 proposed a more practical LED model based on the dynamic rate equation in
the quantum well, which can accurately characterizes the nonlinear effect effect, for both
static and transient behaviors, of the LED. We investigate the effect of the nonlinear LED
model on the OOK, PAM-4 signal and the related BER/SER performance deterioration.
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Table 1.3: Thesis Outline
Topics Contents ChapterNo.

Introduction General information Chapter 1

Throughput Mitigate the LED nonlinearity Chapter 2

Power
Extra power and efficiency in the transmitter Chapter 3

Power consumption in the LED Chapter 4

Interference
Interference in VLC Chapter 5

Cross-interference in barcode scanners Chapter 6

Discussion Discussions and future work Chapter 7

We show that the traditional linear equalizer fails to recover the signal distorted by the
nonlinear LED response and the nonlinear Decision Feedback Equalizer (DFE) can only
effectively work when the signal is not severely distorted. A novel nonlinear predistorter is
proposed based on the nonlinear LED model with know parameters and it is validated by
simulation. For LEDs whose parameters are unknown, the nonlinear parameter estima-
tion method is proposed based on the lease-square criteria. The estimation performance
is investigated in terms of convergence speed and mean square error, which shown an at-
tractive realizability in practice. Finally, the proposed predistorter is implemented based
on the estimated parameters, which further validates the effectiveness of the nonlinear
estimator. We are now building the test bench for further measurement. It is expected
that the proposed method can be used to achieve high data rate using traditional LED
lamp with limited bandwidth.

Chapter 2 identified the nonlinear limiting factors in LED for high-speed VLC and
provided a new pathway to enhance the data rate. The proposed nonlinear predistorter
is not only effective in OOK and PAM systems, but also applicable to other, such as
OFDM, systems.

1.4.2.2 Power penalty
Chapter 3 showed that extra power was inevitably consumed for data transmission in a
JIC transmitter. In the LED, the extra power is dissipated due to the varying current
and it is modulation-dependent. The extra power loss for OFDM is more than that for
2-PAM signal. Moreover, the extra power occurs in additional components for the data
modulation. For instance, a serial FET modulator dissipates substantial extra power.
The extra power in the FET is also modulation-dependent since it operates in different
regions for different modulation methods. However, we still showed that the transmitter
power efficiency can be improved. For instance, to improve the transmitter efficiency
for OFDM signal, one can reduce the PAPR by clipping or increase the LED number
in the LED string. Besides, theoretical efficiency indicates that the 2-PAM can reuse
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parts of the illumination power for communication. However the modulation method
with a continuous waveform such as OFDM cannot reuse the illumination power for
communication, in contrast to the understanding of VLC as green communication.

Chapter 4 further addressed the power penalty in an illumination LED when it was
used for data transmission with a constant illumination level. The extra power loss
appeared to come from two different mechanisms, namely the output luminous flux non-
linearity (ΦINL) and power consumption nonlinearity (PINL) in the LED. We studied
that LED luminous flux was nonlinear with respect to the current due to the decrease of
external quantum efficiency and heating effect. The heating effect can be modelled in a
quasi-stationary way for high-speed data transmission due to the slow thermal time con-
stant. We found the extra power due to PINL was modulation-dependent, for instance,
OFDM consumes more extra power than 2-PAM, which is consistent with the discussion
in Chapter 3. The fluctuation of light intensity due to ΦINL is relatively small (a few per-
cent), but it can lead to visible flicker in burst mode transmission and lead to perceivable
light output differences when only a fraction of the lamps in a ceiling are used for VLC.
The extra power for light compensation and PINL are dissipated as extra heating (up
to several degrees), which have an impact on LED life time. Thus, LED thermal design
should be optimized by taking into account the modulation in emerging JIC systems.

1.4.2.3 Interference
Chapter 5 analyzed Binary Phase Modulation (BPM) in VLC for an arbitrary modulation
depth and duty cycle of the symbols, taking into account signal-dependent shot noise,
power efficiency and imperfections (ripple) of typical LED drivers. Ripple interference
deteriorates the BER performance significantly for small modulation depths, e.g., below
10%. Our model and our simulations show that at deeper modulation depths the effects
is modest, even for ripple percentage larger than the modulation depth. Thus, from a
power consumption perspective, one even prefers to tolerate higher ripple levels. However,
this may in practice pose some challenges to synchronization and setting the decision
thresholds in the receiver, particularly, for direct sampling systems. Two Buck-based LED
drivers for BPM are analyzed and simulated for a practical implementation. In general,
our proposed control-loop adapting driver outperforms the reported binary shunting one
in terms of higher power efficiency, lower Extra Energy Per Symbol (EEPS) and better
achievable BER performance given a power budget. Usually, for many indoor applications
where the required data rate is relatively low, the control-loop adapting is attractive for
Joint Illumination and Communication (JIC) systems.

Chapter 6 analyzed the reading performance of barcode scanners under the LED in-
terference in terms of Timing Signal-to-Interference Ratio (TSIR) instead of Signal-to-
Interference Ratio (SIR), since the SIR does not take into account the scanning rate. To
this end, this chapter initially investigated the different propagation channels for the signal
and interference in barcode scanners separately. Then based on the decoding algorithm,
we derived the TSIR, which approximately is inversely proportional to the 6th power of
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the reading distance. Moreover, for a given illumination level in lightning, the amount of
light interference falling into the scanner was constant and there was an optimal distance
around 20 cm for barcode scanner reading. Besides, as expected, the reading performance
highly depended on the modulation depth and frequency of the LED interference. For
multi-frequency interference, we proposed a new metric FIM with 1 ≤ p ≤ 1.5 in light-
ing design to enable scanner reading. The provided results can be also used to improve
the algorithms for reading barcodes. This work lays a solid foundation to quantify the
interference from the ubiquitous LEDs for light-based systems even the human eyes with
flicker perception.

This research work carried out in this thesis has resulted in several publications, listed
in the Appendix of the author’s publications. The main contributions and the corre-
sponding publications are summarized in Table 1.4.
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Part I: Throughput in Visible Light
Communication using LED





CHAPTER 2

Mitigating LED Nonlinearity to Enhance Visible Light
Communications

This chapter is adapted from: Xiong Deng, Shokoufeh Mardanikorani, Yan Wu, Bin Chen, A.
M. Khalid and Jean-Paul M. G. Linnartz, ”Mitigating LED Nonlinearity to Enhance Visible
Light Communications,” major revision, IEEE Transactions on Communications 2018. c©IEEE

Abstract – This chapter addresses the nonlinear transient and static response of Light
Emitting Diodes (LEDs), in order to increase the data rate in Visible Light Communi-
cation (VLC) systems that employ typical LED luminaires. The illumination LEDs have
a limited bandwidth of only several MHz. To reflect the physical mechanisms in the
Quantum Well (QW), we describe the LED transient response by a dynamic differential
equation. Three different mechanisms of the nonlinearity in the Double Hetero-structure
(DH) LEDs are identified. Firstly, the transient nonlinear relation between the input
current and injection electron concentration is governed by the dynamic rate equation.
Secondly, the static nonlinear relation between the injection electron concentration and
output optical power is described by a square operator. Thirdly, the static nonlinear re-
lation between the injection current and output optical power is caused by the efficiency
droop in the QW. We theoretically show that the first two nonlinearities combined do
not affect the optical power in static state but they mainly result in different time of the
rise and fall ramp, which is confirmed by experiment. We investigate traditional digital
equalizers, which fail to reduce the Inter-Symbol Interference (ISI) induced by those non-
linear properties. A novel predistorter and a parameter estimation approach are proposed
to overcome LED nonlinearity for high-speed VLC. Exploring the amplitude-based sin-
gle carrier modulations, including On-Off Keying (OOK) and Pulse Amplitude Modula-
tion (PAM)-4 systems, and the multi-carrier Orthogonal Frequency Division Multiplexing
(OFDM), the proposed predistortion and estimation are validated. The simulation results
show that the data rate is significantly enhanced, with a Symbol Error Rate (SER) that

17
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approaches the theoretical value.

2.1 Introduction

High-speed Visible Light Communication (VLC) is expected to play an important role in
the emerging indoor data interaction and in the coming 5G communication. Nevertheless,
VLC using LED-based lighting has a limited bandwidth. Illumination LEDs are of two
types, namely the Phosphor Converted LED (PC-LED) and the Red-Green-Blue LED
(RGB-LED). To produce white light, the PC-LED utilizes a blue emitter in combination
with a yellowish phosphor while the RGB-LED combines three LED chips that emits
RGB lights [98]. The typical modulation bandwidth of these white LEDs is however only
a few MHz [62, 99, 100]. Thus, high-speed communication over such a limited bandwidth
is still challenging.

The aforementioned techniques in Chapter 1 for high-speed VLC seldomly take into
consideration the nonlinearity of the LED channel. Thus, usually the Electrical-Optical-
Electrical (EOE) VLC channels are modeled as a Linear Time Invariant (LTI) system
with a linear low-pass filtering characteristic [26]. Similarly, the LED response is often
modeled by a low-pass filter with the time constant equal to the radiative recombination
time [165]. To increase the LED speed, techniques were developed to decrease the time
constant and thus to increase the bandwidth [96]. However, LED nonlinearity is the key
challenge for further increasing the VLC throughput. Although the nonlinearity in LED
has been addressed in [46, 139], they only compensated the static memoryless nonlinearity.
Some solutions to the static and transient nonlinearity in VLC are summarized in [193].
In general, to address these nonlinearities, the reported work were mainly based on the
nonlinear Volterra series model [85, 171, 193, 197]. As a special case of the Volterra
model with reduced complexity, the memory polynomial model was initially proposed
to design the signal pre-distortion before the Power Amplifier (PA) [42, 90] and it was
recently considered to pre(post)-distort in VLC [153, 200]. There are two limitations on
these methods. Firstly, these are highly complex and demanding in computational effort,
e.g., a memory with a length of N leads to Np coefficients for the pth kernel function
in Volterra series model [146, 193]. Secondly, truncated Volterra series and memory
polynomial models for nonlinear system theoretically result in a mismatch with the real
system.

In this study, we start from the physical mechanisms in the LED to identify and over-
come restrictions caused by nonlinearities, considering complexity versus model accuracy.
We firstly investigate the fundamental nonlinear transient model of the LED where dif-
ferent nonlinear mechanisms occur. Secondly, novel structures in the predistorter are
proposed to eliminate the nonlinearities. Thirdly, adaptive nonlinear LED parameter es-
timation is applied. Finally, all related theorical models are validated by simulations. To
be specific, in LED Quantum Wells (QW), the static and transient responses are governed
by a nonlinear differential rate equation with parameters such as the input carrier rate
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and the carrier recombination rate. That is, LEDs deviate from behaving as a linear
time-invariant filter on which the system theory of convolutions with impulse responses
relies and it challenges the notion of a frequency response. Nonetheless, mitigation cir-
cuits can be designed particularly if we exploit knowledge on the LED behaviour. The
varying time constant of the carriers travelling in the semiconductor leads to nonlinear
distortion for communication signals. Moreover, in illumination LEDs, the large input
current results in efficiency droop in QW and it leads to a high injection electron con-
centration that is comparable to the doping concentration. In such case, the nonlinear
effect becomes more serious and affects communication performance. As a special case in
Double Hetero-structure (DH) LEDs, the linear assumption is only valid when the doping
concentration sufficiently exceeds the injection electron concentration.

The rest of this Chapter is organized as follows. Section 2.2 describes the LED re-
sponse model based the physical mechanism. The linear approximation for LED channel
is discussed in Section 2.3. In Section 2.4, we investigate the effectiveness of traditional
equalizer and proposed novel nonlinear predistorter. The channel capacity of the lin-
earized LED channel is analyzed in Section 2.5. Nonlinear parameter estimation in prac-
tical systems is investigated in Section 2.6. Numerical and simulation results are depicted
and discussed in Section 2.7. Conclusions are drawn in Section 2.8.

2.2 LED response model

There are several models for LED, including Linear Time-Invariant (LTI) low-pass model,
static memory-less polynomial model, Volterra model, memory polynomial model, Wiener
model and Hammerstein model [193]. As mentioned in the introduction, the Volterra
model and memory polynomial model have the limitation of high complexity. The Wiener
model is constructed by a LTI system followed by a memory-less nonlinearity, while Ham-
merstein model is with a memory-less nonlinearity followed by an LTI system. Both of
them reduce the complexity compared to the Volterra model and memory polynomial
model, but they cannot capture the memory effect of LED [85]. To be specific, in the
Hammerstein model, the initial non-linear operation would just be a re-mapping of the
signal amplitude levels, and the transitions would, because of the linearity property have
occur with exactly the same time constants. Reverting the sequence in the Wiener model
also leads the same time constants during the rise and fall ramp. Thus these two meth-
ods along with the LTI and memory-less polynomial model are incapable of modelling the
LED with memory nonlinearity. To show the different effect of LED models on communi-
cation, Figure 2.1 show the eye diagrams of PAM-4 signal using several mentioned models
compared with a measured eye, where the proposed model is a more practical model from
the physical mechanisms in the LED with high accuracy and very low complexity. In
particular, a typical LUXEON Rebel blue LED is used for the measurement at a symbol
rate of 15 Msym/s. To avoid the carrier sweep-out effect and see the right-skew eye dia-
gram, we should use a bias voltage for the low level of the PAM-4 signal or modulate the



20 Chapter 2. Mitigating LED Nonlinearity to Enhance Visible Light Communications

(f) Measurement

Figure 2.1: Eye diagrams of PAM-4 signal using different LED models with square-root raised
cosine waveform shaping, compared with the measured one. (a) LTI low-pass model; (b) static
memory-less polynomial nonlinear model; (c) Wiener and Hammerstein nonlinear model; (d)
Proposed model without efficiency droop (static nonlinearity); (e) Proposed model with effi-
ciency droop (static nonlinearity); (f) Measured eye with right-skew, static nonlinearity and
noise at a symbol rate of 15 Msym/s, the rise time is 130 ns and fall time is 220 ns using
LUXEON Rebel blue LED, Lumileds.

LED current such as using a Serial-FET driver.
In general, there are there different types of LED effect on the eye diagrams, i.e., LTI

low-pass (Figure 2.1 (a)), static memoryless nonlinearity (Figure 2.1 (b)) and transient
memory nonlinearity (Figure 2.1 (d)). The LTI low-pass model is widely used due to
its simplicity without any nonlinearity. The static memoryless nonlinearity was mostly
addressed in the reported works, for instance, in [38, 46, 139], which can be described
by using a high-order polynomial function without the time as the variable. The Wiener
and Hammerstein model still only includes the first two effect (Figure 2.1 (c)). It is well
known that linear equalizers can repair ISI caused by a linear channel, that is, a channel
that gives the response y(t) = ay1(t) + by2(t) to a signal ax1(t) + bx2(t) where yi(t) is the
response to xi(t). Multipath channels or low-pass filters are examples of channels that
satisfy this definition. Yet, it has been observed repeatedly that in PAM communication
with LEDs, the eye diagram closes for the lower PAM levels already at moderate SNRs
while the upper PAM levels still experience an open eye. Moreover, there is an eye
diagram skew produced during transmission of PAM-4 signals as in Figure 2.1 (d-f), both
theoretically and experimentally. The transient memory nonlinearity with different rise
and fall time for different current amplitudes is responsible for these effects. Yet all the
LED effect including the nonlinearities can be captured by LED hole and electron flows.
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2.2.1 Rate equation for carrier recombination in LED

For a constant current flow through the junction of LED, an equilibrium condition will
occur. In this case, the excess carrier concentrations of electrons nc(t) and holes pc(t)
are equal since the injected carriers are created and recombined in pairs such that charge
neutrality is maintained within the LED [87, 167]. The total rate in the QW, at which
carriers are generated, equals the externally supplied rate Rin(t) minus the carrier recom-
bination rate R(t). In particular, the carrier recombination can occur either as radiative
recombination with rate Rr(t), during which light is generated or as the non-radiative
recombination of Rnr(t), without output light [38]. Thus a rate equation for carrier re-
combination in the LED can be expressed as

dnc(t)
dt

= Rin(t)−R(t)

= I(t)
qtwAw

−Rr(t)−Rnr(t)
, (2.1)

where I(t), q, tW , AW are the injected current, electron charge, active layer thickness and
area, respectively.

2.2.2 Radiative recombination Rr(t)

In an LED, the generation for one photon involves the recombination of an electron and
a hole. This process is described by a bimolecular recombination rate equation.

2.2.2.1 Bimolecular recombination rate equation
Any undoped or doped semiconductor has two types of free carriers, namely electrons and
holes [165]. Under equilibrium conditions and without external stimuli such as light or
injection current, the product of the electron and hole concentrations is a constant based
on the law of mass action. Thus, we have

n0p0 = n2
i , (2.2)

where n0, p0 are the equilibrium electron and hole concentrations, and ni is the intrinsic
carrier concentration. Excess carriers in semiconductors can be generated either by ab-
sorption of light or by an injection current. The total carrier concentration is then given
by the sum of equilibrium and excess carrier concentrations, i.e. n(t) = n0 + nc(t) and
p(t) = p0 + pc(t).

According to the band theory, the free electrons locate in the conduction band while
the holes are in the valence band. The probability R that the electron recombines with a
hole is proportional to the hole concentration, i.e., R ∝ p(t). The number of recombina-
tion events is also proportional to the concentration of electrons. Thus the bimolecular
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recombination rate per unit time per unit volume is proportional to the product of electron
and hole concentrations, that is, Rb ∝ np and it can be written as

Rb(t) = Brn(t)p(t), in No./s/cm3 (2.3)

where Br is the bimolecular recombination constant and it depends on the carrier con-
centration and the temperature. Eq. (2.3) is called the bimolecular recombination rate
equation.

2.2.2.2 Radiative recombination in DH-LEDs
To achieve high efficiency and radiance, both the carrier and the optical field can be
confined in a central recombination region through a Double Hetero-structure (DH) [87].
In this chapter, we consider a DH-LED with a p-type semiconductor in the recombination
region. The radiative recombination rate Rr(t), which is the amount that the bimolecular
recombination of electrons exceeds the thermal generation rate, can be expressed as [68,
75, 187]

Rr (t) = Br (n0 + nc (t))(p0 + nc (t))−Brn0p0

≈ Brp0nc(t) +Brn
2
c(t),

(2.4)

where p0 equals the doping concentration in the active layer. Rr(t) sometimes is called
the net recombination rate [68, 75]. Note that Eq. (2.4) is valid for p-doped active layer,
where p0 � n0 and nc(t) � n0. A similar relation can be derived for n-doped active
layer.

LEDs for VLC are intensity-modulated devices and the speed of the LED step response
depends on the time duration of the charge carriers in the active region. The time duration
is further determined by the life time of the carriers including both the radiative and non-
radiative components [54, 158]. For the output light, the radiative recombination lifetime
is relevant to the LED bandwidth [165] and it can be expressed as

τr(t) = nc(t)
Rr(t)

= 1
Br [p0 + nc(t)]

, in s. (2.5)

As we can see, τr(t) depends on the radiative recombination constant Br, the doping
concentration p0, and the injection electron concentration nc (t). Since nc (t) is controlled
by the injected current I(t), τr(t) varies along with the modulated I(t). Thus, a linear low-
pass approximation with a constant time response for the LED channel is not accurate.
Only when the doping concentration sufficiently exceeds the injection electron concentra-
tion, we can assume τr(t) ≈ 1/Brp0. In this case, a linear low-pass approximation can be
used to characterize the LED bandwidth.

If one would have the liberty to configure the LEDs, there would be ways to reduce τr(t)
and so as to increase the modulation bandwidth. For instance, a broadband LED can be
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achieved by increasing the doping level in the recombination region, increasing the carrier
density, or decreasing the thickness of the active layer. Note that LED optimization for
large bandwidth is not the focus of this chapter, but we try to overcome the nonlinearity
of a given LED for high-speed VLC.

2.2.2.3 Output optical power from DH-LEDs
The luminescence intensity is proportional to the radiative recombination rate Rr(t) in
Eq. (2.4). Thus, the optical output power is calculated by [187]

Popt(t) = 〈Ep〉AwtwBr[p0nc(t) + n2
c(t)], (2.6)

where 〈Ep〉 is the average photon energy. The relation between nc(t) and I(t) is captured
in Eq. (2.1). From Eq. (2.1) and (2.6), the LED output power Popt(t) is implicitly
nonlinear with the input current I(t).

2.2.3 Non-radiative recombination Rnr(t)

Based on a generally accepted ABC model, the non-radiative recombination mechanisms
include the defect-related Shockley-Read-Hall (SRH) recombination and Auger recombi-
nation [30, 111, 150, 199]. Thus Rnr is written as

Rnr(t) = Anrn(t) + Cnrn
3(t)

≈ Anrnc(t) + Cnrn
3
c(t)

, (2.7)

where Anr and Cnr represent the SRH recombination and Auger recombination coefficient,
respectively. The approximation is derived with nc(t) = pc(t)� n0 in the p-doped active
layer. Due to the high order of nc(t), the Auger recombination plays an very important
role in the efficiency droop in high power LEDs. About other mechanisms for the efficiency
droop such as carrier leakage in some LEDs, we refer to [150, 199] for which the ABC
model can be extended with additional terms.

2.2.4 Numerical LED nonlinear model

Inserting Eq. (2.4) and (2.7) into (2.1), the time-domain transient (dynamic) memory
behavior of LED is governed by the full LED rate equation, expressed as

dnc(t)
dt

= I(t)
qtwAw

− (Brp0 + Anr)nc(t)−Brn
2
c(t)− Cnrn3

c(t). (2.8)

In particular, when Cnr = 0, Eq. (2.8) is well represented by a Riccati equation [7],
which has a closed-form solution of nc(t) for a stepwise input I(t). However, the analytical
approach becomes intractable when Cnr 6= 0 and the input current I(t) is time-varying in
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an arbitrary way. For instance, only the switch on and off transients, i.e., OOK signals,
were analyzed by neglecting the non-radiative recombination process (Anr = Cnr = 0)
in [187]. Alternatively, if we apply a nonlinear Volterra series representation for the
differential equation in Eq. (2.8), the kernels of Volterra series can be analytically solved
[49] and a corresponding Volterra DFE can be applied [5, 171].

Both the analytical approach and Volterra series representation for Eq. (2.8) have
limitations for further investigating the nonlinear effect on communication system perfor-
mance. Thus, we propose a numerical LED nonlinear model which can be applied to any
modulation methods. Based on the Euler’s method for differential equations [72], nc(t)
can be adaptively described by previous states, as

nc(t+ Ts) ≈ nc(t) + Ts
dnc(t)
dt

≈ TsI(t)
qtwAw

+ [1− (Brp0 + Anr)Ts]nc(t)

−BrTsn
2
c(t)− CnrTsn3

c(t)

, (2.9)

where Ts is the sampling period. Note that this numerical approach can well approximate
the LED rate equation in Eq. (2.8) when Ts is sufficiently small.

The LED nonlinearity between current and output power can be numerically repre-
sented by the memoryless response in Eq. (2.6) and the memory response in Eq. (2.9).
It is shown in Figure 2.2, where the parameters a0 − a5 can be derived from Eq. (2.6)
and (9), i.e., a0 = Ts/(qtwAw), a1 = 1 − Brp0Ts − AnrTs, a2 = −BrTs, a3 = −CnrTs,
a4 = 〈Ep〉AwtwBrp0 and a5 = 〈Ep〉AwtwBr.

2.3 LED response with linear approximation

In this section, we explicitly show the static and memoryless nonlinearity based on the
aforementioned LED response model. We further discuss that the transient memory
nonlinearity can be characterized by a linear approximation for two special cases.
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2.3.1 Static memoryless nonlinearity due to efficiency droop

For a DC current I (t) = IDC , the rate equation for carriers recombination, under steady
state, is given by

IDC
qtwAw

= Rr0 +Rnr0, (2.10)

where Rr0 and Rnr0 are the constant radiative and non-radiative recombination rate for a
DC input, respectively. Since the output power is only proportional to Rr0, the constant
optical output power is

Popt0 = 〈Ep〉
q

IDCηEQE, (2.11)

where ηEQE is the External Quantum Efficiency (EQE) defined as the ratio of the number
of photons emitted into free space per second over the number of electrons injected into
LED per second, i.e., ηEQE = Rr0/(Rr0 +Rnr0).

Due to the non-radiative recombination Rnr0, there is an efficiency droop in LEDs [38].
In GaInN/GaN LEDs, the efficiency droop is known as the gradual decrease of efficiency
when the injection current density exceeds a certain value. Considering the nonlinearity
caused by the efficiency droop, the optical output power is approximated by

Popt0 ≈ c0 + c1IDC + c2I
2
DC , (2.12)

where cn is the nth coefficient of the transfer function. For more information on the static
nonlinearity approximation, we refer to elsewhere [38, 139, 198].

Without considering the efficiency droop (Rnr0 = 0), the optical output power is

Popt0 ≈
〈Ep〉
q

IDC , (2.13)

where the optical power is linear to the input current under steady state. Since the static
response has no indication on the LED bandwidth, in this chapter, we focus on the LED
transient response and, unless otherwise stated, we assume a linear relation for the static
response as in Eq. (2.13).

2.3.2 Transient memory nonlinearity with linear approximation

From Eq. (2.6) and (2.8), the LED transient response is nonlinear with the current. As
two special cases in VLC, a linear approximation can be applied.
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2.3.2.1 Case 1: Small light output or high doping
For small light output or high doping concentration, we may approximate p0 � nc(t),
which means the doping concentration is much higher than the injection electron con-
centration. Then, the second and third order of nc(t) are neglected (a2 = a3 = 0). This
leads to a LED model with a first-order differential equation expressed as

nc(t+ Ts) ≈ a0I(t) + a1nc(t), (2.14)

whose impulse response is an exponential function and it, in essence, is a low-pass filter
with a time constant

τ1 = 1
Brp0

, (2.15)

which indicates the bandwidth of the LED. Eq. (2.15) is confirmed by Eq. (2.5) using
p0 � nc(t). Most of the reported low-pass model for the LED channel can be classified
as this special case. Similarly, the output power becomes

Popt(t) ≈ a4nc(t), (2.16)

which is linear to the injection carrier concentration. Note that this linear approximation
does not consider the thermal effects [85].

2.3.2.2 Case 2: Small modulation depth
In Joint Illumination and Communication (JIC) systems, the current through LED is
modulated by the data, and expressed as

I(t) = IDC [1 + α(t)], (2.17)

where α(t) is the normalized modulation signal with −1 ≤ α(t) ≤ 1. We define the
average modulation index αrms

∆=
√
E[α2(t)] (0 ≤ αrms ≤ 1) as the ratio of average

current difference over IDC . The corresponding injection electron concentration is also
modulated by the data, and it is expressed as

nc(t) = nDC [1 + β(t)], (2.18)

where nDC is the solution of b0IDC + b1nDC + b2n
2
DC + b3n

3
DC = 0. Similarly, we have

βrms
∆=
√
E[β2(t)]. The deviation between αrms and βrms depends on the nonlinearity of

the LED response.
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Inserting Eq. (2.17) and (2.18) into (2.8), we have

dnc(t)
dt

= b0I(t) + b1nc(t) + b2n
2
c(t) + b3n

3
c(t)⇔

nDC
dβ(t)
dt

= b0IDC [1 + α(t)] + b1nDC [1 + β(t)] + b2n
2
DC [1 + β(t)]2 + b3n

3
DC [1 + β(t)]3

= b0IDCα(t) + (b1nDC + 2b2n
2
DC + 3b2

3n
3
DC)β(t) + (b2n

2
DC + 3b3n

3
DC)β2(t) + b3n

3
DCβ

3(t)
,

(2.19)

where b0 = 1/(qtwAw), b1 = −Brp0−Anr, b2 = −Br and b3 = −Cnr. Eq. (2.19) indicates
that the LED transient response model becomes a dynamic third-order differential equa-
tion varying with the average illumination level (nDC). For a small modulation depth,
the terms with the second and third order of β(t) are neglected. Thus, Eq. (2.19) is
simplified as

dβ(t)
dt
−
(
b1 + 2b2nDC + 3b2

3n
2
DC

)
β (t) + b0IDC

nDC
α(t) = 0, (2.20)

which is a first-order linear differential equation of modulation signal β(t). Thus, Eq.
(2.20) can be also interpreted as a low-pass filter with a time constant given by

τ2 = 1
−b1 − 2b2nDC − 3b2

3n
2
DC

= 1
Brp0 + Anr + 2BrnDC + 3C2

nrn
2
DC

, (2.21)

which indicates similar conclusions drawn from Eq. (2.5), i.e., both a high carrier con-
centration nDC and a high doping concentration p0 can lead to a small time constant in
transient response. Besides, we have τ1 > τ2 from Eq. (2.15) and (2.21). This means
that a larger bandwidth can be achieved with a small modulation depth, compared to
the bandwidth for a small light output with the same doping level. Similarly, the output
power is expressed as

Popt(t) = b4
[
p0nDC [1 + β(t)] + n2

DC(1 + β(t))2
]

≈ b4
[
p0nDC + n2

DC + (p0nDC + 2n2
DC)β(t)

], (2.22)

where b4 = 〈Ep〉AwtwBr. As we can see, Popt(t) is biased by two constant components
and it is linear to a small modulation signal β(t).

2.4 Overcome the LED nonlinearity

To combat the effect of LED nonlinearity on communication performance, either an equal-
izer is applied in the receiver or a predistorter is used in the transmitter, as shown in
Figure 2.3. In this section, we firstly explore the possibility of applying the traditional
equalization techniques to the signal distorted by LED transient response in the receiver.
Then a novel non-linear predistortion method is proposed.
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Figure 2.3: Solutions to nonlinear LED response.

2.4.1 Decision feedback equalization

When the channel is band-limited, the signal transmission at a symbol rate equal to or
exceeding the channel bandwidth introduces Inter Symbol Interference (ISI) among adja-
cent symbols. Traditional techniques to reduce the ISI include the Maximum-Likelihood
Sequence Estimation (MLSE), the adaptive linear equalizer and the adaptive Decision-
Feedback Equalizer (DFE) [152]. For a linear channel, although the MLSE has the best
performance, it needs the estimation of the channel statistical characteristics in advance
and sometimes it is impossible. Hence, we mainly explore the widely used adaptive linear
equalizer and adaptive DFE.

For the Case 1 in Section 2.3 (B), based on Eq. (2.14) and (2.16), the output power
is rewritten as

Popt(t) = a0a4I(t− Ts) + a1Popt(t− Ts). (2.23)

The transfer function H(Z) from current to optical power expressed as a Z transform
is

H(Z) = a0a4Z
−1

1− a1Z−1 , (2.24)

where H(Z) is stable as it has only one pole, which is less than 1. The linear equaliza-
tions such as the Zero-Forcing (ZF) equalizer and Minimum Mean Square Error (MMSE)
equalizer, are theoretically the inverse of H(Z) with a Finite Impulse Response (FIR)
structure. However, due to the delay in the numerator of Eq. (2.24), the inverse of H(Z)
is non-causal and thus linear equalizations without an additional delay are incapable of
compensating for the signal distortion. In particular, the linear equalization is not valid
for the LED model with nonlinearity.

In this chapter, an adaptive DFE is considered and it is essentially based on the Infinite
Impulse Response (IIR) structure as shown in Figure 2.4, where wn are the tap coefficients
of the equalizer, L is the tap number in its feedforward section and (N − L) is the tap
number in its feedback section. We can apply IIR approximation for the DFE when
the DFE works at the direct decision mode and the decision is correct [120]. During the
equalization process, wn is adaptively updated for Eq. (2.24) such that the ISI is reduced.
In general, the DFE can equalize the distorted signal without as much noise enhancement
as that in the linear equalizer, but it may have the error propagation problem when there
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are error bursts. However, the error bursts are unlikely in most of the communication
system, in particular, by using techniques such as interleaving and coding [120].

For our practical implementation of the adaptive DFE, the whole equalization process
is depicted in Figure 2.5. Firstly, the Recursive Least Squares (RLS) algorithm is used
to acquire initial converged coefficients wn using the training sequence, although it has a
slow convergence speed and needs many computational resource. Then, the Least Mean
Square (LMS) algorithm is used to speed up the data processing.

The adaptive DFE can be also applied to the Case 2. However, for the general case
with nonlinear components, our simulation shows that the DFE cannot effectively improve
the BER performance. An alternative is to use nonlinear Volterra DFE [171]. However,
in Volterra DFE, the computational complexity is increased significantly for the nonlin-
ear kernel coefficients and thus it results in slow convergence speed. Therefore, a novel
predistorter is proposed in next section.

2.4.2 Non-linear predistortion

Due to the limitations of traditional equalizers for the LED nonlinearity, a more effective
predistorter is considered in the transmitter to avoid noise enhancement in the receiver.
In Figure 2.2, the nonlinearity of LED comes from the quadratic and cubic parts. To
overcome these nonlinearities, a nonlinear predistorter is constructed to predistort the
signal. Eq. (2.8) is rewritten as

nc(t+ Ts) = a0I(t) + a1nc(t) + a2n
2
c(t) + a3n

3
c(t). (2.25)

Then, the first predistorter1 can be constructed based on

Ĩ(t) = 1
a0
I(t)− a1

a0
I(t− Ts)−

a2

a0
I2(t− Ts)−

a3

a0
I3(t− Ts). (2.26)
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Figure 2.6: Proposed non-linear predistorter for non-linear LED channel

Similarly, Eq. (2.6) is rewritten as

Popt(t) = a4n(t) + a5n
2(t). (2.27)

Thus, the second predistorter2 is constructed using

ñ(t) =

√√√√n(t)
a5

+ a2
4

4a2
5
− a4

2a5
. (2.28)

Both the linear low-pass effect and the nonlinearity of LED are compensated by the
predistorter. Theoretically, the predistorter can precisely shape the signal waveform to
ensure the output of the LED is identical to the ideal signal. Such predistorter exhibits
a predominant pre-emphasis effect to invert the low-pass nature of the LED. This has
practical disadvantages, for instance in the dynamic range of the amplifier and in con-
trolling the LED modulation depth. A suitable approach can be to let the transmitter
preserve the band-limited character in the LED channel, while the system can rely on
known techniques to combat the ISI, e.g., linear or DFE for PAM, or OFDM, possibly
including adaptive bit loading per subcarrier. Figure 2.6 illustrates how a low-pass filter
can be placed in front of the predistorter to preserve the LED high frequency fall-off.
Commonly used equalizers can be then be applied across this LED communication chan-
nel, in which non-linearities have been removed by the predistorer. Specifically in Figure
2.6, c0 · · · c3 and d0 · · · d2 can be derived from Eq. (2.26) and (2.28).

In particular, compared to LED nonlinear model in Figure 2.2, the first time delay
is omitted in Figure 2.6. This is because this delay is already implicitly included in the
predistorter and it is used for signal compensation. Moreover, there is no time delay
in the main path of the signal through the predistorter and LED model in Figure 2.6,
which indicates that the overall response of the predistorter and LED model becomes
memoryless.
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2.5 Channel capacity of a linear low-pass channel

With the novel nonlinear predistorter, the bandwidth of the LED channel is limited by
the low-pass filter. Based on the 3-dB bandwidth of the low-pass filter, it is of interest to
estimate the achievable data throughput in VLC, along with the key system parameters
such as the received SNR. For high data rate, the low-pass filter should be adopted
according to the bandwidth of other components such as the Digital-to-Analog Converter
(DAC) where the sampling rate could be several Giga symbols per second (Gsym/s).

We apply a first-order RC low-pass filter in front of the predistorter to represent the
whole optical IM/DD channel, as in Figure 2.6, and its the time response is expressed as

h(t) = 1
RC

e−
t
RC u(t), (2.29)

where u(t), R and C are the step function, resistance and capacitance, respectively. Then,
its Fourier transform function is

H(jω) = 1
1 + jωRC

. (2.30)

The gain of the low-pass filter is described by

|H(f)| = 1√
1 +

(
f

f3 dB

)2
, (2.31)

where f3 dB = 1/ (2πRC) is the 3-dB bandwidth of the lower-pass filter. Theoretical
investigations on the Shannon capacity of a linear channel are usually based on the well-
known water-filling method [28, 102, 104, 152]. For a first-order low-pass optical IM/DD
channel with Gaussian noise, a closed-form expression for the channel capacity is given
by [102]

Cchannel = f3 dB
2

ln 2

 3

√
3
2SNR− arctan 3

√
3
2SNR

 , (2.32)

where SNR represents the received signal-to-noise ratio after the photodiode (PD).
The channel capacity versus received SNR is shown in Figure 2.7. As we can see, the

channel capacity is a monotonically increasing function with the SNR. The achievable
data throughput can be approximately calculated based on the received SNR and the
3-dB bandwidth of the lower-pass filter [102]. For instance, when the SNR is 20 dB,
the capacity is around of 11.4f3 dB bps. In practice, other interferences such as the
quantization noise in the DAC should be considered, which lead to a decreased SNR
and thus a decreased channel capacity. Note that the channel capacity is also related to
the structure of the low-pass channel. A Gaussian low-pass channel has a lower channel
capacity than the first-order low-pass channel [102]. This also gives us the insight to build
the low-pass filter.
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2.6 Non-linear parameters estimation

In most applications, the LED parameters such as the doping level are unknown or depend
on the DC bias current and temperature. In this case, these parameters can be estimated
by conducting dedicated experiments in advance or by using a training sequence during
data transmission. In this chapter, we consider the second option and the parameter
estimation is achieved by applying a training sequence at the start of one data frame.

The general structure of the nonlinear parameter estimator is shown in Figure 2.8,
where the current is used for comparison. To avoid any channel and receiver introduced
nonlinearity, we normally measure the current or voltage from the Photodiode (PD) to
capture the nonlinear behaviour in LED, for instance, the voltage is measured in [85].
Compared to the traditional linear adaptive filter where a FIR structure is applied, the
nonlinear estimator with a0 − a5 in Figure 2.7 is based on the proposed LED nonlinear
model. Although we can apply the same structure to estimate both c0 − c3 and d0 − d2

directly, the updating algorithm would become more complex and lead slow convergence
rate. Hence, in this chapter, we estimate a0− a5 first and then apply them to the predis-
torter. Based on the least square criteria, the nonlinear estimator adaptively minimizes
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the cost function c(n) such that

a = arg
a

min
[
c(n)2

]
= arg

a
min

[
N∑
n=0
|I0(n)− Î(n)|2

]
, (2.33)

where a is the vector of a0 − a5. In our case, the minimization results in a nonlinear
parameter estimation problem with known system structure, which can be solved by
Nelder-Mead simplex direct search. The Nelder-Mead simplex direct search is derivative
free and it was implemented numerically in Matlab [122].

2.7 Simulations and Validation

This section presents simulation results based on the proposed nonlinear LED model and
nonlinear predistorter. Firstly, the convergence of the Euler’s method is simulated with
different sampling rates. Then, we show the effect of the LED nonlinearity on the signal
waveforms and BER performance in OOK and PAM-4 systems. Based on these two
systems, we investigate the effectiveness of the traditional adaptive DFE, the proposed
predistorter and the parameter estimation by simulations. In particular, the related
parameters of LED used in the simulation are list in Table 2.1.

2.7.1 Convergence of Euler’s method

To investigate the effect of LED nonlinearity on communication performance numerically,
we use the model from Section 2.2 as a realistic representation for the LED in simulations.
The accuracy of the Euler’s method for the LED equation depends on the sampling
interval Ts in Eq. (2.9). Based on the parameters listed in Table 2.1, we compare the
simulation results with different sampling rates as shown in Figure 2.9.

As can be seen, when we apply 100 samples per symbol, the step response of the LED
model is converged and the further increase of the samples makes not any difference. In

Table 2.1: Parameters for the LED model

Parameter Interpretation Value
q Charge of Electron 1.6× 10−19

Anr SRH recombination coefficient 0
Br Radiative recombination coefficient 1.6× 10−10No./s/cm3

Cnr Auger recombination coefficient 0
tw Active layer thickness 30× 10−7cm
Aw Active layer area 0.0139cm2

p0 Doping concentration 2× 1017 No./cm3

Ep Energy of photon (650nm) 3.06× 10−19J
Ts Sampling period in simulation 1ns
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Figure 2.9: Comparison for the simulated LED nonlinear response using different sampling
rates, for OOK signal with symbol rate 10Msym/s.

our case, since the symbol rate is 10Msym/s in the simulation, the sampling rate (1/Ts)
is 1 Gigabit Samples Per Second (GSPS). Unless otherwise stated, we use Ts = 1 ns in
this chapter. In particular, the accuracy of approximation using Euler’s method can be
analytically evaluated by using Taylor series [72], which is not performed in this chapter.

2.7.2 LED nonlinear effect on OOK system

An LED is usually driven by a DC current IDC for illumination. With an average current
equal to IDC , data transmission is achieved by modulating the current in a JIC system. In
such case, the injection electron concentration changes with the input current, governed by
the rate equation in Eq. (2.1). Figure 2.10 shows the injection electron concentration for
different IDC compared with the doping concentration, where we use an OOK signal with
αrms = 1 and a data rate of 10 Mbps. As we can see, the injection electron concentration
for the high-level part of OOK signal with IDC = 0.5 A is much higher than the doping
concentration. In such case, a strong nonlinearity in the LED leads to a different rise and
fall time. For a small light output with IDC = 1 mA, the injection electron concentration
is much lower than the doping concentration which can be approximated by a linear filter
as our special Case 1. In particular, the injection electron concentration does not fall to
zero for OOK signal in both of the two cases.

The corresponding output optical signals of the LED are shown in Figure 2.11. A high
input current level results in a short radiative recombination lifetime and vice versa, as
indicated by Eq. (2.5). This phenomenon was also reported in [171]. Although a short
lifetime can support higher data rate for a high input current, it has different rise and fall
times due to the nonlinearity which is hardly eliminated by traditional linear techniques.
In particular, our linear approximation for small light output (IDC = 1 mA) agrees well
with our simulation.
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Figure 2.11: LED output optical power under different input current levels for OOK signal
with a symbol rate 10Msym/s.

As we expected, the BER performance of the OOK system with a high input current
is better than that of a low input one, as shown in Figure 2.12, where the receiver is
implemented with a matched filter but without equalization. Note that, this result does
not imply that the system with the nonlinearity can achieve better BER, because the
linear response that leads the same rise and fall time, which can be compensated by a
linear equalizer. Here we highlight that the different rise and down ramp of the OOK
signal affects the communication performance. To further increase data rate, the BER
performance is limited by the LED nonlinearity and the linear equalization fails to improve
the BER performance.
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Figure 2.12: BER performance under different input current levels for OOK signal with symbol
rate 10Msym/s.

2.7.3 LED nonlinear effect on PAM-4 system

Due to the non-radiative recombination Rnr0, there is an efficiency droop for high input
current levels in LEDs. Thus, the LED optical power waveform are distorted by this
memoryless nonlinearity for multi-level modulation, such as PAM-4. Without considering
the efficiency droop (Rnr0 = 0), one may also wonder the nonlinearity of the square
operator both in Eq. (2.6) and in the dynamic rate equation of Eq. (2.8) would lead
amplitude distortion of a PAM-4 signal. However, as our stationary solution in Eq.
(2.13) indicated, the steady level is linear with the input current when those two square
operators combined, i.e., Popt (t) = 〈Ep〉

q
IDC with 〈Ep〉/q ≈ 1.91 in visible light spectrum.

This is confirmed by simulation using a multi-level PAM-4 signal through the LED, as
shown in Figure 2.13, where the symbol rate is 50Msym/s. As expected, the four optical
power levels are equally separated, although rise and fall times differ. Moreover, the fall
time is longer than the rise time which is similar to the OOK signal. To enhance the data
rate, either more levels are specified in a PAM system or a waveform shaping is applied
to prevent signal distortion.

To investigate the Symbol Error Rate (SER) performance of the PAM-4 system, we
use direct sampling at the end of each symbol instead of the matched filter. We found
that the matched filter based receiver takes integration of each received symbol and thus
the nonlinear effect is accumulated, which results in a worse SER performance. The
constellation of the PAM-4 signal after direct sampling is shown in Figure 2.14. Due
to the LED transient nonlinearity, lower amplitudes have more distortion than higher
amplitudes have. This is quite different from the static nonlinear signal distortion induced
by the decreased efficiency of the LED, where the high amplitude trends to have more
distortion due to the efficiency droop.

The SER performance is illustrated in Figure 2.15 for a symbol rate of 10 Msym/s
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Figure 2.13: LED output optical power with nonlinear distortion for PAM-4 signal with symbol
rate 50Msym/s.
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Figure 2.14: Constellation of the PAM-4 signal with nonlinear distortion and symbol rate
50Msym/s.

and 50 Msym/s. In the simulation, an adaptive DFE is implemented in the receiver. For
the training sequence in the DFE, we use the RLS algorithm with the forgetting factor of
0.999 and the LMS with updating step of 0.0001. The number of feedforward and feedback
weights is specified with 40 and 20, respectively. Since the nonlinearity has significant
effect on the SER performance when the symbol rate is 50Msym/s, the DFE fails to
equalize the severely distorted signal. In particular, due to the direct sampling when
symbol rate is 10 Msym/s, the nonlinearity has negligible effect on the SER performance
while it still induces deterioration for OOK system that employs a matched filter.
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Figure 2.16: LED response with predistortion for OOK signal with symbol rate 50Msym/s.

2.7.4 Non-linear predistortion

Based the proposed predistorter in Eq. (2.26) and (2.28), the transmit signal is predis-
torted before it is fed into the LED. The input signal is compared with the LED output
as shown in Figure 2.16, which shows that we can almost get undistorted signal output
by using the predistorter. These results indicate the effectiveness of the predistorter.

In particular, in Figure 2.16, the output of the predistorter for the OOK signal has
very sharp peaks in both of the rise and fall edges, which are hardly achieved by the
circuit. Hence, as discussed in previous section, a low-pass filter is necessary before the
predistorter and thus it preserves the linear low-pass property in practical channel. In
particular, the predistorter is effective for the PAM-4 signal and any other modulation
signals.

Moreover, due to predistorted waveform with necessary peaks, there is a power penalty
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compared to that without predistortion. Figure 2.17 shows the power penalty of the
nonlinear predistorter for the same LED optical output. We see that the LED input
power with predistorter is more than that without predistorter, and it increases with the
symbol rate. It means the predistorter overcomes the LED nonlinearity at the cost of
power penalty, in particular at high data rate.

2.7.5 Parameter estimation

The performance of the estimation is shown in Figure 2.18, where we estimate a LED
model with Rnr0 = 0 and a linearized LED mode with less parameters (a2 = a3 = 0).
As we can see, based on the least square criteria in Eq. (2.33), the cost function can
be minimized to be the order of 10−13 and the parameters converge to a certain value
as in Figure 2.19, which means the estimation method has a decent accuracy. Moreover,
the nonlinear parameter estimation takes longer times to get the converged values if
we increase the number of the parameters to be estimated. To be specific, it takes
less than 200 iterations for the linear approximation LED model while it needs around
1000 iterations for the full LED model. Note that, due to the reduced coefficients (only
a0 · · · a5), the convergence speed is much faster compared to that for Volterra DFE [171].
Moreover, the convergence speed can be further improved if we develop a direct update
algorithm instead of the Nelder-Mead simplex direct search. Moreover, the convergence
speed can be further improved if we develop a direct updating algorithm instead of the
Nelder-Mead simplex direct search, which may convergence to a local optimum and need
substantial iterations for parameters with different weights.

Since the convergence is sensitive to the initial values, the speed of convergence can
be improved by proper initial values. Without proper initial values, i.e., a0−5 = 0 at the
start of the estimation, the estimation method is still valid but it takes longer time to
converge. As an example with zero initial values, Figure 2.19 shows the convergence of
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the three parameters (a0, a1 and a4) in the approximated linear LED. In this case, the
estimation takes more than 200 iterations before it reaches the optimal values.

The final estimated parameter values for the linear approximation LED and full non-
linear LED are listed in the Table 2.2. In the estimation process, we applied normalization
to the parameters such that the dynamic range is significantly reduced. For instance, to
estimate a0, we normalize a0 by 1017. This is because we already know several constants in
advance, including Ts = 10−9, q = 1.6× 10−19 and the LED technology (tw) in nanoscale
with 10−7 cm, thus we have Ts/(qtw) = 1017/1.6, which is a part of a0. From Table 2.2,
we notice some mismatches between the objective values and the estimated values in both
of the two cases. This is because the global optimum is never reached within a limited
number of iterations. Noticeably, the parameter a1 is identical to its real value, which is
expected to act as an important weight in our proposed LED model. In particular, the
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Table 2.2: Estimated parameters for the LED model (Normalized)

Parameter Objective values Estimated values
for linearized LED

Estimated values
for nonlinear LED

a0 × 1017 1.5 1.7653 1.888
a1 0.98 0.98 0.98
a2 × 10−19 −1 0 −0.7942
a3 0 0 0
a4 × 10−19 2.5485 2.1655 2.0239
a5 × 10−36 1.2742 0 0.8037

Figure 2.20: Eye diagrams of PAM-4 signal with square-root raised cosine waveform shaping,
symbol rate of 50 Msym/s and 30 dB SNR. (a) without predistortion; (b) with predistortion.

parameter discrepancy can be caused by other physical processes in practice which are
not considered in this chapter, e.g., the carrier leakage from active region to the barriers.
Thus, our model is robust enough to cover the effect of those physical processes since it
can adaptively adjust a0 − a5.

To validate the proposed estimation approach and predistorter, we take following steps.
Initially, based on the estimated parameters listed in the Table 2.2, the estimated LED
outputs are compared with the objective outputs based the LED model. As we expected,
the estimated output overlaps with the objective outputs, which means a great match
in between and it validates the proposed estimation approach. Secondly, based on these
estimated values, the predistorter is updated according to the proposed structure. The
LED output with predistortion correctly represents the input signal without noticeable
distortion. Thirdly, we apply the predistortion using estimated parameters in the PAM-4
system, and simulation results shows that the eye diagram is significantly improved by
the proposed predistorter, as shown in Figure 2.20, where the symbol rate is 50 Msym/s
and SNR is 30 dB. Note that this improvement cannot be achieved by using traditional
equalizers and predistorters based the LED models in Figure 2.1 (a-c). Finally, we apply
this estimated predistorter for other SNRs and symbol rates, we see a dramatically im-
proved SER performance even when the symbol rate increased to 500 Msym/s, as shown
in Figure 2.21. We believe that the symbol rate can be further increased by the proposed
approaches.
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Figure 2.21: SER of the PAM-4 system with predistortion and estimation.

2.7.6 LED nonlinearity and non-linear predistortion in OFDM system

This section further investigates the LED nonlinearity and the non-linear predistorter va-
lidity on the DC-biased optical OFDM (DCO-OFDM) system with continuous waveforms.
Since the OFDM is not included in the standard IEEE 802.15.7 for VLC, the simulation
configuration of OFDM is adapted from the IEEE 802.15.3a/802.11g, where QPSK and
QAM are used. In the simulation, the frame period of the DCO-OFDM OFDM signal
meets Tframe = (2N +NCP )/fs, where N is the number of subcarrier, NCP is the number
of cyclic prefix points, and fs is also the DAC sampling rate for an IFFT size of 2N .
Note that, to achieve a real-valued OFDM signal, a 2N -point IFFT is necessary following
the Hermitian symmetry property [102]. Thus, Tframe increases with the the number of
subcarrier N for a fixed sample rate Ts.

We present the OFDM spectrum with and without the predistorter, as shown in Figure
2.22, where we see a significant out-of-band reduction by using the proposed nonlinear
predistorter. The out-of-band frequency leakage is mainly caused by the LED nonlin-
earity. Moreover, due to the LED low-pass property, the high-frequency components of
OFDM signal are severely attenuated.

Since the spectrum has no phase information, Figure 2.23 further shows the constel-
lation diagrams of 64-QAM OFDM signal with 30 dB SNR, where we reduce fs to 200
Msym/s for a clear distortion pattern. Without the predistortion, the constellation dia-
gram is largely distorted by the LED. Moreover, compared to the reported constellation
diagram with Wiener model in [153], we shows a different distorted constellation while
the eye diagrams are also different by using Wiener model (see Figure 1(c) and (e)). After
using the predistorter, we see an improved constellation, which means the predistorter can
reduce the out-of-band spectrum as well as minimize the in-band distortion for wideband
OFDM signal. This is further confirmed by investigating the BER performance.

To this point, we verified that we can numerically estimate the LED parameters and
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Figure 2.23: Constellation diagrams of 64-QAM OFDM signal with 30 dB SNR. (a) without
predistortion; (b) with predistortion. N = 256, NCP = 64 and fs = 200 Msym/s.

predistort the signal to get an undistorted wide-band signal output for illumination LEDs.
To a certain degree, the proposed approach can theoretically achieve high-speed data
transmission even using band limited LEDs, such as the commercial LED lamps whose
main purpose is for illumination.

2.8 Conclusions

This study identified the nonlinear limiting factors in LED for high-speed VLC and pro-
vided a new pathway to enhance the data rate. It proposed a more practical LED model
based on the dynamic rate equation in the quantum well, which can accurately char-
acterize the nonlinear effect of the static and transient behavior. It is known that the
LED transient behavior limits the speed of the data transmission in VLC, for instance,
when a LED lamps is used in a Joint Illumination and Communication (JIC) system. We
investigate the effect of LED nonlinearity on OOK, PAM-4 and OFDM signal, and their
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related BER/SER and constellation performance deterioration. We show that the tradi-
tional linear equalizer fails to recover the signal distorted by the nonlinear LED response
and the nonlinear Decision Feedback Equalizer (DFE) can only effectively work when the
signal is not severely distorted. A novel nonlinear predistorter is proposed based on the
nonlinear LED model and it is validated by simulation. For any other LEDs where the
parameters are unknown, the nonlinear parameter estimation method is proposed based
on the lease-square criteria. The estimation performance is investigated in terms of re-
quired number of iterations and the achieved value of cost function, which indicates that
the predistorter is attractive for implementation. Finally, the proposed predistorter has
been tested including the parameter estimation, which further validates the effectiveness
of the nonlinear estimator. It is expected that the proposed methods can be used for
high-speed VLC using traditional LED lamp where the bandwidth is limited.
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Abstract –This chapter addresses the power penalty in a Visible Light Communica-
tion (VLC) emitter that re-uses illumination Light Emitting Diodes (LEDs) for high-
speed communications. We quantify the effect of modulation depth for two widely ex-
plored modulation schemes in VLC, namely Orthogonal Frequency Division Multiplexing
(OFDM) and Pulse Amplitude Modulation (PAM). Extra power is dissipated in the LED
and in the modulator due to such modulation. Two popular high-speed VLC transmitter
topologies, namely a Bias Tee (Bias-T) and a Serial FET (Serial-F), are compared in
terms of efficiency, Extra Energy Per Symbol/Bit (EEPS/B) and complexity. This work
presents a theoretical model and compares it to simulation results. We show that 2-PAM
outperforms OFDM in terms of better Bit Error Rate (BER), larger dynamic range for
modulation depth, less extra power loss, thus higher power efficiency for communication.

3.1 Introduction

Emerging Visible Light Communication (VLC) has gained much interest for indoor wire-
less communications due to the extensive employment of Light Emitting Diodes (LEDs)
for illumination. VLC offers a number of unique advantages over Radio Frequency (RF)

47
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Table 3.1: Summary of JIC transmitter performance in literatures

Ref. Year Core Technology Efficiency Data rate Modulation
[129][128]2017 Buck Discrete components 40-88.6% 2Mbps VPPM
[23]2016 Boost 0.35µm CMOS 85-92% 266Kbps OOK
[57]2016 Buck Discrete components 80.8% 1Mbps VPPM
[77]2015 Class AB 0.18µm CMOS 67% 500Mbps OFDM
[126]2014 Buck 0.18µm CMOS 89% 2.5-7Mbps OOK/VPPM

communication, such as unregulated bandwidth for high data rate, a high degree of spatial
reuse [178], secure connectivity, absence of electromagnetic interference and the potential
combination with existing lighting [54, 81]. In Joint Illumination and Communication
(JIC) systems, the transmitter is preferably uses a standard LED DC power driver with
additional components for modulation, for instance by separately injecting an AC modu-
lating current [29, 88] or by regulating the entire DC and AC LED current [33, 35, 108].
Several modulation schemes have been proposed for JIC systems. For high data rates, sig-
nificantly above the flat pass-through band of the LEDs, multi-carrier approaches such as
Orthogonal Frequency Division Multiplexing (OFDM) have been investigated extensively,
e.g. in [45, 133]. At lower rates, sequential transmission of symbols at baseband is more
popular such as On-Off Keying (OOK), Variable Pulse Position Modulation (VPPM) and
Color-Shift Keying (CSK), which are recommended in the IEEE standard 802.15.7 [2]. To
accommodate dimming, a Pulse-Width Modulation (PWM) was proposed in [113, 114]
with a variable duty cycle.

VLC is considered to be a green technology since it modulates the current through
existing illumination LEDs and reuses the illumination power for communication [81, 94].
Yet, there is a power penalty associated with operating LEDs at rapidly varying power
levels for data modulations. For instance, a Field Effect Transistor (FET) modulator in
series with the LED consumes extra power [33, 35]. The loss in the LED itself was ana-
lyzed in [38, 112, 177]. The power penalty further depends on the modulation method, in
particular on the probability density of the data signal amplitude. For instance, although
OFDM can increase the ability to exploit a higher LED bandwidth, its large dynamic
range introduces significant extra energy loss compared with some other modulation
methods [112]. A power consumption factor, i.e., the maximum number of transmit-
ted bits per Joule, is used to analyze the performance in VLC systems [177], which was
originally used for comparing the power efficiency of conventional communication systems
and networks [135]. The power penalty in different VLC emitters for the Binary Phase
Modulation (BPM) was reported in [34]. This chapter further quantifies the extra power
consumption and Bit Error Rate (BER) associated with 2-level Pulse Amplitude Mod-
ulation (2-PAM or DC-biased OOK) and with OFDM modulation, considering suitable
high-speed electronic circuit topologies.

Several topologies are used for LED DC drivers, including current mirrors, linear
regulators, and Switched Mode Power Supplies (SMPSs) [186]. Due to the high power
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Figure 3.1: Transmitter with serial modulator for VLC.

efficiency and ease of digital control, SMPSs are dominantly used in the lighting industry
and efficiencies of around 90% are common [119]. Popular examples of SMPSs are the
basic buck, boost, Cuk and fly-back converter, depending on the application [186]. Based
on these LED drivers, the JIC transmitters add data transmission. Table 3.1 summarizes
the performance of published JIC transmitters using conventional drivers, including the
effect of different dimming levels required by the illumination function. It appears that
many reported JIC transmitters are optimized for a specific modulation type, e.g., either
hard VPPM or OOK switching but or for contunuous waveforms as in OFDM. Moreover,
the creation of a high-speed and efficient transmitters that accommodate the high Peak-
to-Average Power Ratio (PAPR) of OFDM, has been acknowledged as a key challenge for
JIC OFDM systems [112].

If the symbol rate is at least an order of magnitude below the switching frequency inside
the SMPS driver, one can directly modulate the current through the control-loop(s) of
the LED driver for switched modulations [37] and the Quadrature Amplitude Modulation
(QAM) [160], with high power efficiency. However, the data rate is restricted by the
optimized control signal [34], by considering the speed and switching losses.

To support high data rates without restrictions on the SMPS, an additional modulator
can be used either in parallel with LED (as a shunt) [65, 127, 129] or in series with the
LED [33, 35, 108]. In particular, a parallel switch is only suitable for on-off modulation
such as OOK but is not power efficient [37]. Towards high speed and high efficiency, this
chapter focusses on a serial modulator. As shown in Figure 3.1, the power supply can be
an SMPS and the modulator can be implemented as a Bias Tee (Bias-T) or a Serial FET
(Serial-F). Moreover, the circuit in Figure 3.1 can support discrete and continuous types
of modulation.

The contributions of the chapter are outlined as follows. Section 3.2 quantifies the
extra power dissipated in the LED due to modulation. Section 3.3 compares the Bias-T
and Serial-F topologies in terms of energy efficiency, proposed Extra Energy Per Symbol
(EEPS), their suitability for discrete (binary or multilevel) and continuous modulation
methods, the complexity and cost of realization. The transmit power efficiency is ad-
dressed in Section 3.4 for a typical SMPS. Section 3.5 presents the communication perfor-
mance in terms of received energy per symbol, channel capacity and BER, as a function
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of the power consumption in the LED, in the FET modulator and in the SMPS, for
2-PAM and OFDM signals, separately. We quantify the internal extra power loss when
the FET operates in the saturation region and in the linear region, using the concept
of the circuit bias point (Q-point). For the power in the SMPS, we consider a realistic
approximation. Finally, our analysis for Serial-F transmitter shows that 2-PAM outper-
forms OFDM energywise. In fact, we found several explanations for this observation.
The lower Peak-to-Average Ratio of PAM allows more efficient modulators, as a discrete
signal constellation allows the modulating transistor(s) to operate at lower losses, and
less drain-to-source voltage VDS margins. Numerical and simulation results are depicted
and discussed in Section 3.6. We verified our analytical models for the circuit using Spice
simulations. Conclusions are drawn in Section 3.7.

3.2 Power consumption in LED

This section quantifies losses in the LED, which serves as a starting point for losses in
the modulators. In the Bias-T topology, the power delivered by the power amplifier is
proportional to the losses in the LED. For the Serial-F topology, the total losses, thus in
the LED and FET jointly, appears easier to compute. We then calculate the losses in the
FET by subtracting losses in the LED from the total power injected by the DC driver.

3.2.1 Power consumption in LED without modulation

The current through the LED I1(t) consists of a DC-bias Ib and a zero-mean modulation
current i1(t). Thus, we have I1(t) = Ib + i1(t). Similarly, the voltage across the LED
V1(t) = Vb + v1(t) and it is a function of I1(t), described by

V1(t) = nkT

q
ln
[
I1 (t)
Is

+ 1
]

+RLI1(t), (3.1)

where n is the ideality factor (n = 1 to 2), k is the Boltzmann constant, T is the tem-
perature in Kelvin, q is the electron charge. At room temperature, kT/q = 26mV.
The saturation current Is highly depends on the LED type, where a typical example is
Is = 4.1× 10−24 with n = 1.4 [141]. Above a few milliamps, the DC resistance RL in the
LED needs to be considered.

The bias voltage Vb follows Eq. (3.1) with I1(t) = Ib, thus with i1(t) = 0. So,

Vb = nkT

q
ln
[
Ib
Is

+ 1
]

+RLIb. (3.2)

We will compute the power for JIC with the power PLED b = VbIb consumed purly for
illuminatiion.
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3.2.2 Extra power consumption in LED for modulation

If the LED is modulated by a stationary and ergodic random signal, its power consumption
PLED can be calculated by the expectation

PLED = E [V1(t)I1(t)]

=
∫ ∞

0

{
nkT

q
I1 ln

[
I1

Is
+ 1

]
+RLI

2
1

}
f(I1)dI1

, (3.3)

where f(I1) is the probability density function of the modulated current I1(t).
The modulated current is also expressed as I1(t) = [1 + α(t)] Ib, where the modulation

α(t) is normalized to the LED DC current Ib with −1 ≤ α(t) ≤ 1 and E [α(t)] = 0.
Thus, we have i1(t) = α(t)Ib. We define the root-mean-square modulation index αrms ∆=√
E[α2(t)] (0 ≤ αrms ≤ 1) which equals the square root of the ratio of the AC power

over the DC power. For OFDM with a sufficiently large number of sub-carriers, α(t) can
be well approximated as a Gaussian random signal [9], i.e., α(t) ∼ N (0, α2

rms), where
usually αrms < 0.3 to avoid significant clipping distortions. Thus, after DC-biased optical
OFDM (DCO-OFDM) modulation, we have I1(t) ∼ N (Ib, α2

rmsI
2
b ). For a 2-PAM signal,

α(t) ∈ {−αrms, αrms} thus with two discrete values. As a special case, for unbiased
OOK, αrms = 1.

Inserting I1(t) = [1 + α(t)] Ib into Eq. (3.3) and subtracting the DC power in Eq.
(3.2), the extra power consumed by the LED is

∆PLED = nkT

q
IbE

[
[1 + α(t)] ln

[
1 + α(t)Ib

Ib + Is

]]
+RLI

2
bE
[
a2(t)

]
≈ nkT

q
IbE [[1 + α(t)] ln [1 + α(t)]] +RLI

2
b a

2
rms

, (3.4)

since the saturation current Is � Ib. With −1 ≤ α(t) ≤ 1, the Taylor series expansion of
ln [1 + α(t)] follows

ln [1 + α(t)] =
∞∑
m=0

(−1)mαm+1(t)
m+ 1

= α(t)− α2(t)
2 + α3(t)

3 − α4(t)
4 · · ·

. (3.5)

Inserting Eq. (3.5) into (3.4), extra power in the LED is

∆PLED ≈
nkTIb
q

E
[ ∞∑
m=0

(−1)m
[
αm+1(t) + αm+2(t)

]
m+ 1

]
+RLI

2
b a

2
rms

≈ nkTIb
q

E
[
α(t) + α2(t)

2 − α3(t)
6 + α4(t)

12 · · ·
]

+RLI
2
b a

2
rms

. (3.6)
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Figure 3.2: A typical LED V-I curve

From Eq. (3.6), we conclude that ∆PLED depends on the statistical properties of the
modulation α(t), in particular, on the moments E [αm(t)]. The extra power loss in the
linear resistance RL only depends on the second moment while the extra power loss in
the nonlinear component depends also on higher-order moments. For a small modulation
index, we use ln [1 + α(t)] ≈ α(t), so Eq. (3.4) is well approximated by

∆PLED ≈ a2
rms

(
nkT

q
Ib +RLI

2
b

)
. (3.7)

In essence, this approximation is equal to modelling the LED junction as the dynamic
resistance with, for Is � Ib,

RDyn(Ib) = dV (I1)
dI1

∣∣∣∣∣
I1=Ib

= nkT

qIb
+RL. (3.8)

To express the power consumption, the diode equation in Eq. (3.1) can be linearized
as [38]

V1(t) ≈ nkT

q
ln
[
Ib
Is

+ 1
]

+RLIb +RDyn(Ib)Ibα(t). (3.9)

Figure 3.2 confirms that for a small modulation in current, the linearization is rea-
sionable.

When the LED is modulated by a DCO-OFDM signal, the extra power in the LED
is calculated by inserting a Gaussian distribution I1(t) ∼ N (Ib, α2

rmsI
2
b ) into Eq. (3.3)

and it is approximated by Eq. (3.7) for a small αrms. For binary modulation with
[1− αrms, 1 + αrms]Ib, not necessarily with small depth, and equal probability, the extra
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power in the LED is [112]

∆PLED D = 1
2
nkT

q
Ib(1 + αrms) ln

[
Ib(1 + αrms)

Is
+ 1

]
+ 1

2
nkT

q
Ib(1− αrms) ln

[
Ib(1− αrms)

Is
+ 1

]
+ 1

2RL(1 + αrms)2I2
b + 1

2RL(1− αrms)2I2
b − PLED b

= nkT

q
Ib ·B +RLI

2
bα

2
rms

, (3.10)

where we introduce the constant

B = 1− αrms
2 ln (1− αrms) + 1 + αrms

2 ln (1 + αrms) . (3.11)

For small αrms, B → 1. Yet, for OOK (αrms = 1), using lim x ln x = 0 for x→ 0, the
factor B → ln 2.

3.3 Power consumption in modulator

The two popular topologies in Figure 3.3 mainly differ in whether the data modulator also
carries the LED DC bias. The Bias-T, shown in Figure 3.3 (a), blocks the data signal
from entering into the DC power source, but the Power Amplifier (PA) needs its own
supply. In the Serial-F topology of Figure 3.3 (b), the FET needs a voltage margin to
accommodate the signal modulation, which extracts fully from the main DC LED supply
Vbus [112]. Evidently, the power consumption in the LED itself does not depend on the
driver topology. The main difference of the power consumption in these two topologies is
the power loss in the PA of Figure 3.3 (a) and in the serial FET of Figure 3.3 (b).

The losses in the modulator depend on the square root of PAPR z, that is, z is the ratio
of the peak modulation depth αpeak over the rms modulation depth αrms (z = αpeak/αrms).
Typically, z = 3 for the DCO-OFDM signal with 3-sigma clipping, z =

√
2 for a DCO-

BPSK modulated sinusoidal carrier and z = 1 for OOK or two-level Amplitude Shift
Keying (ASK).

3.3.1 Extra supply power in Bias-T transmitter

Through the Bias-T, the data source delivers extra power ∆PLED into the LED, via a
PA [106]. Both the additional PA and the Bias-T introduce a power loss. We define the
efficiency of the Bias-T solution, including the PA, as

ηPA−BT = ∆PLED
PBT

, (3.12)

where we take ∆PLED from (7) and where the extra supply power in Bias-T topology,
PBT , mainly depends on its operating class [105], as shown in Figure 3.4.
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3.3.1.1 Efficiency in Bias-T with Class A amplifier
We consider a Class A amplifier with a bias current IA to modulate the signal on the LED
current. In Class A, IA equals the maximum deviation of the current though the LED
load. Thus IA = αpeakIb. The amplifier needs to drive this current into a load composed
of the LED resistance plus the Equivalent Series Resistance (ESR) RBTC of the capacitor
in Bias-T, so it sees a resistance

RBTC +RLED = RBTC +RDyn = RBTC + nkT/qIB +RL. (3.13)

The biasing inductor LA acts as a fixed current source, provided that for all rele-
vant modulating frequencies jωLA >> RBTC + RLED. The required supply voltage is
VA = αpeakIb [RBTC + nkT/(qIb) +RL +RA] +Vmin, where RA is the ESR of the PA bias
inductor and Vmin is an additional minimum voltage to prevent distortion. That is, it
consumes

PA = α2
peakI

2
b [RBTC + nkT/(qIb) +RL +RA] + αpeakIbVmin. (3.14)

In the ESR RBTL of the inductance of the Bias-T, we see further losses

PBTL = RBTLI
2
b . (3.15)
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The efficiency of the modulation in Bias-T with Class A is thus calculated by

ηA = ∆PLED
PA + PBTL

= α2
rms(nkTIb/q +RLI

2
b )

α2
peakI

2
b [RBTC + nkT/(qIb) +RL +RPA] + αpeakIbVmin +RBTLI2

b

. (3.16)

For an ideal PA bias inductor, an ideal Bias-T and FET, thus with RA = 0, RBTC = 0,
RBTL = 0 and Vmin = 0, Eq. (3.16) is reduced to

ηA = α2
rms

α2
peak

= 1
z2 . (3.17)

Alternatively, in a purely resistor bias, (LA = 0, RA >> jωLA), the efficiency ηA in
(17) is reduced by a factor of about 2, since the required supply voltage is doubled.

3.3.1.2 Efficiency in Bias-T with Class B amplifier
A dual-ended (two-transistor) Class B amplifier can achieve higher power efficiency than
a Class A amplifier. The bias current is nearly zero if modulation is absent (if α(t) = 0).
Each transistor in a dual-ended Class B amplifier needs a similar supply voltage as the
Class A amplifier

VB = αpeakIb [RBTC + nkT/(qIb) +RL] + Vmin. (3.18)

Because of symmetry, the average current through the upper transistor in the active
period of the signal is calculated as Iavg = E[|α(t)Ib|]. Each supply delivers the same
current magnitude [58], so each transistor consumes PB = VBIavg/2 as it is only active
50% of the time. We use this to express the efficiency of a Class B amplifier, as

ηB = ∆PLED
2PB + PBTL

= α2
rms(nkTIb/q +RLI

2
b )

αpeakI2
bE [|α(t)|] [RBTC + nkT/(qIb) +RL] + VminIbE [|α(t)|] +RBTLI2

b

. (3.19)

For a purely resistive load and an ideal Bias-T and FET, Eq. (3.19) becomes

ηB = α2
rms

αpeakE [|α(t)|] = αrms
zE [|α(t)|] , (3.20)

where E [|α(t)|] = 1 for OOK, E [|α(t)|] = 2αpeak/π for DCO-BPSK and E [|α(t)|] =
αrms

√
2/π for DCO-OFDM, respectively.



56 Chapter 3. Modelling and Analysis for Transmitter Performance in Visible Light...

3.3.2 Power consumption in Serial-F transmitter

The power consumption PM in the modulator is calculated by using the instantaneous
current I2(t) (which equals the LED current I1(t)) and the voltage V2(t) across the mod-
ulator, thus

PM = E [V2(t)I2(t)] = E [V2(t)I1(t)] . (3.21)

Yet, it appears easier (see [112]) to calculate the extra power PSF = ∆PLED+PM that
the main DC driver needs to deliver, with

PSF = E [V1(t)I1(t)] + E [V2(t)I1(t)]− VbIb. (3.22)

If the LED is biased by an ideal voltage source Vbus, V1(t) + V2(t) = Vbus is constant.
Hence, PSF = VbusE [I1(t)]− VbIb = (Vbus− Vb)Ib. That is, in contrast to the situation for
a Bias-T that creates a separate AC power equal to ∆PLED from a separate supply VA
for its PA, the Serial-F draws extra power from the LED DC supply Vbus.

The FET voltage V2(t) must be strictly positive. A proper design of the modu-
lator needs to ensure that the FET controls its drain source voltage to achieve the
desired modulation, avoiding any FET specific distortion. So, conceptually we split
V2(t) into a FET-dependent part Vmin and an LED and modulation-dependent part
V2(t) − Vmin = max [v1(t)] − v1(t) to accommodate the required variations v1(t) in
the LED voltage. So, during α(t) = αpeak, the FET voltage reaches its minimum
min[V2(t)] = Vmin. By reducing it conductivity, the FET can control any (non-negative)
lower current. During instances of α(t) = 0, a margin of V2(t) = Vmin + Vswing must be
maintained such that pulling down the FET can adequately support modulation of αpeak,
so Vswing = αpeak (RLIb + nkT/q).

Since Vbus = Vmin + Vswing + Vb , the extra supply power can be calculated from

PSF = (Vswing + Vmin) Ib. (3.23)

This explains why the power (defined strictly as an average over the multiplication of a
voltage and a current) can be calculated as a multiplication of averages, thereby inverting
the sequencce of mathematical operations.

The load line in Figure 3.5 shows the relation between drain-source voltage VDS, thus
V2(t), versus the FET/LED current I1(t) = I2(t), as dictated by the diode equation (1).

3.3.2.1 Power loss in serial FET for continuous signal
To determine Vmin1 for a continuous signal, we elaborate on the FET characteristics. To
operate in a desired mode, the FET needs a DC bias, which is known as Quiescent point
(Q-point) [58]. At the Q-point, the FET is fed by a DC voltage and current where the
signal is superimposed, as shown in Figure 3.5. In fact, for the linear modulation of
continuous signals I2(t) = [1 + α(t)]Ib around the Q-point (where α(t) = 0), such that
the FET stays in the saturation region for any α(t).
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That is, the transition point should not be crossed by I2(t) = (1+αpeak)Ib, as depicted
by the red modulation signal in Figure 3.5. The FET acts as a nonlinear voltage-controlled
resistor. At the transition between the regions,

I2(t) = 1
2k
′

n

W

L
V 2
DS(t), (3.24)

where W , L are the gate width and gate length, respectively. A typical value of k′n is
200µA/V2 for an n-channel FET [58]. At the transition, we also see that VDS = VGS−Vt.
So we require that

Ib(1 + αpeak) <
1
2k
′

n

W

L
V 2
DS(t), (3.25)

where we optimistically assume that we can operate the FET exactly towards this bound-
ary, although in practice it may be hard to set this point due to unknown parameters so
a safety margin is preserved.

These expressions show that a minimum VDS needs to be maintained of

VDS(t) > Vmin1 =
√

(1 + αpeak)Ib
A

, (3.26)

where we collapsed all FET properties into a constant A, with

A = 1
2k
′

n

W

L
. (3.27)

For comparison, we are also interested in the power dissipated in the FET. Due to the
additional voltage Vswing1 and Vmin1 for continuous signal, the constant voltage is lifted
to Vbus = Vb + Vswing1 + Vmin1. Thus, the power dissipated in the FET is calculated by

∆PFET C = E [VD(t)I1(t)]
= E [{Vb + Vswing1 + Vmin1 − V1(t)} I1(t)]

. (3.28)
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Inserting Eq. (3.2), (3.22) and (3.23) into (3.28), we have

∆PFET C = (Vswing1 + Vmin1) Ib −∆PLED C

≈

αpeak (nkT
q

+RLIb

)
+

√
(1 + αpeak)Ib

A

 Ib −∆PLED
. (3.29)

In other words, modulation requires extra power into the LED as well as extra power
for the operation of the FET. Yet the expression for the sum of these two powers, simply is
(Vswing1 + Vmin1) Ib. The power lost in the FET alone, can be determined by subtracting
∆PLED from (Vswing1 + Vmin1) Ib, as in Eq. (3.29).

3.3.2.2 Power loss in serial FET for discrete signal
In switched mode, the extra power in the FET includes the conduction loss and switching
loss. Since a positive 2-PAM signal has I1(t) ∈ {(1 − αrms)Ib, (1 + αrms)Ib} with equal
probability, the conduction loss is

Pcon = 1
2VD highIb(1 + αm) + 1

2VD lowIb(1− αm), (3.30)

where VD high, VD low are the drain voltage for high and low current, respectively. For
alternating ones and zeros, the switching loss is

Pswitch = αmVDropIbRs(tcr1 + tvf1 + tvr1 + tcf1), (3.31)

where VDrop is the drain voltage drop between two current levels calculated by VDrop =
VD high − VD low. Rs is the data symbol rate. tcr1, tvf1, tcf1 and tvr1 are the current
rising time, the voltage falling time, the current falling time, and the voltage rising time,
respectively. For a random, independent sequence of binary data symbols, the probability
that two consecutive bits are equal is 1/2 and switching only occurs if bit values differ.
Hence, statistical switching power losses one half of (31).

For a symbol duration Ts (in the order of µs) much longer than the rise or fall time
constant (in in the order of ns), our simulation confirms that the extra power loss in FET
is mainly determined by the conduction loss in Eq. (3.30).

For a 2-PAM signal, one can reduce the power consumption by not placing both
constellation points in the saturation region, but to allow (at least) one point in the
linear region. Yet, placing both points in the linear region would dramatically reduce
the speed of the FET. As a reasonable compromise, we bias the FET at the boundary
between linear and saturation region with current Ib. Based on the load line in Figure
3.5, the FET works in the linear region for high current level (1 + αrms)Ib while it works
in the saturation region for low current level (1 − αrms)Ib. At this Q point for switched
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mode, we have

Vswing2 + Vmin2 =
√
Ib
A
, (3.32)

where Vswing2 and Vmin2 are the corresponding upswing and minimum voltage for 2-PAM
signal. Thus, the conduction loss becomes

Pcon = 1
2Ib(1 + αm) {Vb + Vswing2 + Vmin2 −max [V1(t)]}

+ 1
2Ib(1− αm) {Vb + Vswing2 + Vmin2 −min [V1(t)]}

= Ib

√
Ib
A
−∆PLED D

, (3.33)

where max [V1(t)] and min [V1(t)] are calculated by using the (1 + αrms)Ib and (1− αrms)Ib
in the diode equation of Eq. (3.1), respectively. As we can see, the DC bias in the serial
FET provides the LED with extra power but it also dissipates power.

3.3.3 Proposed metric of Extra Energy Per Symbol (EEPS)

Similar to a radio system, the signal power used in Signal-to-Noise Ratios (SNR) in most
previous papers refers to the total signal power, which predominantly is a function of the
illumination intensity. Yet, VLC modulates the light already used for illumination but
does not introduce more light [10]. So, the additional power lost in electronic components,
on top of the illumination power is a more appropriate measure [34]. Thus, we propose
a new metric, called Extra Energy Per Symbol (EEPS), to describe the power penalty in
the JIC transmitter when a lighting system is adopted for communication. The EEPS
can be derived from previous equations along with the symbol rate Rs, as

∆E = Pextra
Rs

, (3.34)

where the extra power Pextra equals PBT for Bias-T transmitter or equals PSF for Serial-F
transmitter.

3.3.4 Comparison between Bias-T and Serial-F transmitter

We compare these two transmitter topologies for the same ∆PLED into the LED. The
supply power PBT and PSF are directly used for comparison. For an ideal Bias-T and FET,
Table 3.2 lists the supply power for several widely used modulation methods, including
OOK, BPSK and OFDM.

From Table 3.2, the Bias-T transmitter needs the same extra supply power as the
Serial-F one (PBT = PSF ) for OOK signal. However, we always have PBT < PSF both
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Table 3.2: Comparison between Bias-T and Serial-F transmitter (Vmin = 0)

Cases
Normalized extra supply power for signal†

Power consumptionBias-T (PBT )
Serial-F (PSF )

Class A Class B
General expression α2

peak αpeakE [|α(t)|] αpeak N/A
αrms = αpeak = 1

1 1 1 PBT = PSF(OOK?)
αpeak =

√
2αrms ≤ 1

α2
peak 2α2

peak/π αpeak PBT < PSF(DCO-BPSK)
αpeak = 3αrms ≤ 1

α2
peak αpeakαrms

√
2/π αpeak PBT < PSF(DCO-OFDM)

†Based on Eq. (3.12) and (3.22), the supply power for signal is normalized by (nkTIb/q+RLI
2
b ).

?We assume OOK signal went through the Bias-T without distortion.

for BPSK and OFDM signal. Moreover, the Class A amplifier needs more supply power
than the Class B amplifier due to its lower power efficiency.

An advantage of the FET modulator is that it works as a linear amplifier and thus no
additional PA is needed. However, the series FET modulator requires a proper biasing
and a controlled supply voltage to minimize power losses. While, the Bias-T transmitter
has the advantage of easy implementation in the lab and thus it is usually employed to
quickly investigate VLC system performance. Many reported researches on high-speed
OFDM JIC systems demonstrated transmitters with a Bias-T [27, 29, 88, 125]. However,
there are some limitations for Bias-T transmitters:

(1) Due to the low input signal power from the Digital Analog Converter (DAC), one
or more additional PAs are required. This will lead to high cost, large size, and low
efficiency of the whole transmitter, restricting the use of JIC in practice [57, 106].

(2) The impedance of the Bias-T topology is usually higher than that of the dynamic
resistance of the LED loads which has a penalty of the efficiency.

(3) The Bias-T transmitter, where an inductor is necessary, is hardly used in Integrated
Circuits (IC). Moreover, due to the additional amplifier in this topology, it becomes
complex in the IC design.

(4) The Bias-T transmitter is hardly used for very fast switching mode modulation
methods while the Serial-F based transmitter can be efficiently applied for those modu-
lations. This is mainly due to the fact that the Serial-F transmitter can achieve short
transient time in LED [22].

Compared with Bias-T transmitter, the Serial-F transmitter, which is suitable for VLC
transmitter integration, can provide compatibility with most of the modulation methods.
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Figure 3.6: Proposed Serial-FET transmitter for VLC.

3.4 Losses in the SMPS for DC

In a Bias-T approach the power for the PA presumably needs to be delivered via a
dedicated SMPS, whereas in a Serial-F set-up, the main DC LED driver needs to output
a slightly higher voltage as described in Eq. (3.23) but can deliver the same current Ib as
in illumination only. Hence the efficiency at which the power for the modulation can be
extracted from the main power is different as well.

To quantify this, Figure 3.6 shows a circuit diagram of a popular and power-efficient
Buck SMPS with synchronous rectification and a simplified Serial-F transmitter. The
dissipated electrical power E [PBuck(t)] contains two types of losses, namely switching
losses and conduction losses [37]. Simulations confirm that the power loss in the driver
PBuck, as a function of an average current Ib, can be approximated by [112]

PBuck ≈ c1I
2
b , (3.35)

where, in good approximation, the loss coefficient c1 = Rind +Ron1D+Ron3(1−D). D is
the duty cycle in the internal Pulse-Width Modulation (PWM) of the Buck driver. Rind,
Ron1 and Ron3 are the DC resistance of inductor, switch M1 and switch M3, respectively.

This expression reveals that the average current is the key parameter in the SMPS
losses, while the output voltage, subject to Eq. (3.23) does not have a dominant effect.
Hence the power used for modulation does not yield extra losses in the SMPS for a
Serial-F design, but has a penalty for Bias-T case.

3.4.1 Transmitter power efficiency

For a JIC transmitter, we define the energy efficiency as the ratio of the power dissipated
by the LED to the total dissipated power. Thus, the transmitter power efficiency is
calculated by

η = E [PLED(t)]
E [PLED(t)] + E [PM(t)] + PBuck

, (3.36)
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where E[.] are the expectation of the power dissipated in the LED, modulator and Buck
driver, respectively.

For the Serial-F topology, mains-to-LED-illumination-power efficiency η = E [PLED(t)]
/ [PLED b + PSF + c1I

2
b ], where PSF is given by Eq. (3.22).

Yet, for the Bias-T, an extra loss term of PBuck PA ≈ c1α
2
peakI

2
b occurs to power the

PA, which needs to be added to the denominator of Eq. (3.36). So η = E [PLED(t)]/[
PLED b + PBT + c1(1 + α2

peak)I2
b

]
.

3.4.2 Summary for Serial-F transmitter

For comparison, Table 3.3 lists the key formulas for calculating the received energy per
symbol, the (extra) power, efficiencies in 2-PAM and OFDM systems. Different definitions
of efficiency are presented to evaluate the effect of modulation methods through different
aspects. For instance, the JIC transmitter efficiency η3 is based on the definition in
Eq. (3.36). Illumination efficiency η1 is the ratio of the effective illumination power
over the total dissipated power. Communication efficiency η2 is the ratio of the effective
communication electrical power to the extra power loss. SMPS efficiency η4 is the ratio
of the SMPS output power to its input power.

Theoretical bound for the efficiency in a 2-PAM or OFDM system can be derived if
we assume the SMPS has an efficiency of η4 = 100% (P2 = 0) and the modulator is
lossless (∆P3 = 0). In this case, with αrms = 1, n = 1.4, RL = 5.5 Ohm and Ib = 0.35
A in a typical mid-power LED, the efficiency of the transmitter becomes η1 = 66.3%,
η2 = 100.6%, η3 = 100% for 2-PAM, and η1 = 66.2%, η2 = η3 = 100% for OFDM. Similar
bounds can be derived for other modulation depths. As we can see, the theoretical
efficiency is modulation-dependent. The power loss in the SMPS and modulator further
reduce the efficiency. Moreover, the communication efficiency η2 is more than 100%,
which means that 2-PAM can reuse a part of energy that is used for illumination. This
is also indicated by that the communication power can be larger than the extra power in
LED (P4 > ∆P1) for 2-PAM. However, for a continuous waveform such as in OFDM, the
communication power never exceeds the extra power in a LED (P4 ≤ ∆P1) which leads
to a theoretical communication efficiency η2 ≤ 100%. In practice, OFDM usually needs
more power in a linear FET modulator. As a consequence, it has a lower communication
efficiency compared to the 2-PAM.
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3.5 Communication performance

Energy per symbol (Es) is a well-used metric to evaluate the communication performance.
In JIC systems, only a part of the transmitted optical power is effective for communica-
tion. Therefore, we use the received Es after the propagation channel to investigate the
effective communication power for different modulation methods and it is determined by
the modulation index. The received Es along with the noise level forms ES/N0 which will
be used to calculate the capacity and BER in the receiver.

3.5.1 VLC Channel Model

Intensity Modulation and Direct Detection (IM/DD) over a wireless optical channel can
be modeled as a baseband linear system with an transmitted optical signal X(t) over a
channel equivalent impulse response h(t), which leads to an received current r(t) with an
additive Gaussian noise n(t) [82, 83]. The received signal is expressed as

r(t) = εX(t)⊗ h(t) + n(t), (3.37)

where ε is the responsivity (A/W) of the PD. In particular, the low-pass responses in
LED and in the phosphor are not addressed explicitly in the scope of this chapter.

The path from an LED to a photodetector (PD) is usually modeled as a flat fading
channel with a fixed propagation delay and DC gain. Since the delay spread is about
several nanoseconds (ns) within an indoor scenario [103], we only consider the DC gain
in this work. Assuming a Lambertian radiation for LEDs, the DC gain is expressed as
[51, 82]

h(t) = h0δ(t) = A(m+ 1)cosm(φ) cos θ
2πd2 δ(t), (3.38)

where h0 denotes the optical channel DC gain and δ(t) is the impulse function. To
calculate h0, A, φ, θ, d are the surface area of the PD, off-axis angle relating to the
transmission direction of the main band, off-axis angle relating to direction of PD, and
the distance between the lamp and detector, respectively. The order m is related to the
semi-angle via m = − ln 2

/
ln(cos Φ1/2), where Φ1/2 is the semi-angle at half power of the

LEDs.
The Gaussian noise n(t) includes the shot noise and thermal noise [161]. Since the

shot noise is signal-dependent, n(t) becomes signal-dependent and its Power Spectrum
Density (PSD) is given by

N0(t) = Nshot(t) +Nthermal = 2qεPn(t) + 4kT
RF

, (3.39)

where q, Pn(t), k, T , RF are the electrical charge of an electron, the received optical
power at the PD, Boltzmann’s constant, absolute temperature and feedback resister of
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the Trans-Impedance Amplifier (TIA) in the receiver, respectively. The variance of the
shot noise is proportional to all light power Pn(t) seen by the PD, not only ambient light,
but also the modulated VLC signal itself. If the VLC system delivers all illumination,
thus in the absence of other ambient light, the light intensity that leads to shot noise is

Pn(t) = h0X(t). (3.40)

Hence, as we will address later, the variance of the shot noise varies within different
symbols for 2-PAM signal.

3.5.2 Received energy per symbol

The optical power emitted from LED is largely determined by the driving current [165],
such that

X(t) = µI1(t) = µ [1 + α(t)] Ib, (3.41)

where µ is the responsivity of LED in W/A. In particular, due to the efficiency droop in
an LED, the transmitted optical power is nonlinear with driving current, i.e., µ usually is
not a constant and it decreases with an increasing current. For more details on the LED
nonlinearity, we refer to [38]. In particular, digital techniques, such as pre-distortion
[41, 46], can be used to compensate this static nonlinearity. To validate the proposed
EEPS in this study, µ is assumed to be a constant.

For any DC-offset signal, only the zero-mean modulation contributes to the energy per
symbol that is effective for communication. The effective received electrical power is the
expected value of the AC electrical power, this excluding the common DC signal among
the symbols,

Pr = E[εh0µX(t)]2 − E2[εh0µX(t)]
= E[εh0µIbα(t)]2 = α2

rms

(
H2I2

b

), (3.42)

where H = εh0µ for the sake of brevity. Thus, the received electrical power is proportional
to the square of the αrms. In particular, the received Es is the product of the received
power and symbol (sample) period Ts, i.e., Es = PrTs. The received energy per bit and
Extra Energy Per Bit (EEPB) can be further derived by Eb = Es/Mb and ∆Eb = ∆E /Mb,
where Mb is the data bit(s) per symbol. Exploring the formulas in Table 3.3, the upper
bound on the maximum mutual information per dimension (bits/Hz/s) of the JIC system
is

C = 1
2log2

(
1 + Es

N0

)
=1

2log2

(
1 + ∆E

N0

η2H
2

RDyn

)
, (3.43)
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where N0 = 2qHIb+4kT/RF is the noise PSD by using the average power of Pn(t) = ρµIb.
Usually, Es/N0 = PrTs/N0 is called the ”signal to noise ratio”. Eq. (3.43) indicates that
the capacity can be improved by optimizing the driver (high η2) and LED (low RDyn),
given a budget for communication ∆E . More information about this upper bound in
JIC can be found elsewhere [177, 178]. This chapter considerers two practical modulation
methods, i.e., 2-PAM and OFDM, for which the BER performance is further investigated.

3.5.3 Receiver BER Performance

The BER for a signal then is a function of the received Es, the distances that the con-
stellation can create to accommodate the signal alphabet within Es, and the noise power.
Thus, different modulation methods give different BER.

3.5.3.1 BER of 2-PAM
For a 2-PAM signal I1(t) ∈ {(1−αrms)Ib, (1+αrms)Ib} with equal probability, a Matched
Filter (MF) receiver multiplies the signal with a synchronized template ϕ(t) = 1/

√
Ts and

then integrates over the whole symbol duration Ts. ϕ(t) has a normalized power such
that

∫ Ts
0 ϕ2(t)dt = 1. For each current level which indicates data 0 or 1, the two decision

variables are recovered at the sampling times as


r0 =

∫ Ts

0
[H(1− αrms)Ib] dt+ n0 = H(1− αrms)Ib

√
Ts + n0

r1 =
∫ Ts

0
[H(1 + αrms)Ib] dt+ n1 = H(1 + αrms)Ib

√
Ts + n1

. (3.44)

The two Gaussian noise terms n0 and n1 are zero mean and have variance of σ2
n0 and

σ2
n1. The variance of such noise terms is

σ2
n = E


[∫ Ts

0
n(t)ϕ(t)dt

]2
− E2

[∫ Ts

0
n(t)ϕ(t)dt

]

=
∫ Ts

0

∫ Ts

0
E[n(t)n(s)]ϕ(t)ϕ(s)dtds

, (3.45)

where E[n(t)n(s)] = N0(t)δ(t − s), derived from the relation between the noise autocor-
relation and its PSD. Using Eq. (3.39), (3.40) and (3.41), we have


σ2
n0 = 2qH(1 + αrms)Ib + 4kT

RF

σ2
n1 = 2qH(1− αrms)Ib + 4kT

RF

. (3.46)

The receiver decides on a zero or a one by comparing the two decision variables, based
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on the decision parameter z = r1 − r0 which has expectation and variance

E [z] = 2αrmsHIb
√
Ts = 2

√
Es

Var [z] = σ2
n0 + σ2

n1

. (3.47)

If z = r1 − r0 > 0, the receiver decides b̂ = 1, otherwise b̂ = 0. For equally likely bits,
the error probability of 2-PAM can be expressed as

Pe = 1
2erfc

(√
2Es

σ2
n0 + σ2

n1

)
= 1

2erfc
(√

Es
N0

)
. (3.48)

For the special case with αrms = 0, we have Pe = 0.5 and thus no data transmission
occurs.

3.5.3.2 BER of OFDM
For OFDM with a sufficiently large number of sub-carriers, its distribution can be approx-
imated as Gaussian random process with zero mean and variance equal to the total OFDM
electrical signal power [124, 133, 166], by using the Central Limit Theorem (CLT). Thus,
the signal to noise ratio of an OFDM signal is also calculated by Es/N0 = PrTs/N0. In
particular, the clipping noise is not considered here for a 3-sigma clipping OFDM signal.

For a flat channel frequency response with uniform bit-allocation, the analytical BER
expression for the square M-QAM OFDM can be denoted as [124, 133]

Peo =
2
(√

M − 1
)

√
M log2M

erfc

√√√√ 3Es/N0

2(M − 1)

 , (3.49)

where M is the constellation size. The data bit(s) per sample of an OFDM signal is
further expressed as

Mb = 1
2log2M, (3.50)

where the factor 1/2 is due to the information redundancy for a real-valued optical OFDM
signal following the Hermitian symmetry property [102].

3.6 Numerical and Simulation Results

Based on the theoretical models, this section first shows that extra power is inevitably
consumed in an illumination LED when it was used for data transmission. We further
compare the supply power in Bias-T and Serial-F transmitters by using the full diode
equation. In the proposed Serial-F transmitter, the extra power loss in LED and FET
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modulator are presented separately. The efficiency of the JIC transmitter is analyzed
for different current levels and different modulation index. The efficiency of the SMPS is
investigated for different illumination levels. All the theoretical models for power loss and
efficiency are verified by simulations in LTspice. In addition, we discuss the main causes of
the extra loss and provide possible solutions to improve the transmitter efficiency. Finally,
the proposed EEPS versus revised Es is used to compare the OFDM system with 2-PAM.

We simulate HB-LEDs from Lumileds, which have a typical current around 350 mA,
a responsivity of µ = 0.3 and Semi-angle of Φ1/2 = 70◦. We simulate a typical silicon
photo-detector with a surface area of Ar = 100 mm2 and a responsivity of ε = 0.5. We
assume a preamplifier in the receiver with a feedback resister of RF = 10 kΩ. As a result,
the Power Spectrum Density (PSD) of the thermal noise is 1.6 × 10−24 A2/Hz. Other
components and parameters used in the Serial-F transmitter can be found in the LTspice
diagram.

3.6.1 Extra power loss in LED

We investigate the extra power in the LED for different modulation methods. For an
OFDM signal with small αrms, 3-sigma clipping is allowed in the PA. The simulated
results agree well with the calculated results in Eq. (3.4) for OFDM and Eq. (3.10) for
2-PAM, as shown in Figure 3.7, where the x-axis is the modulation index αrms and the
y-axis is the extra power loss.

We also verified that the approximation for extra power in LED using Eq. (3.7) agrees
well with the simulation when αrms is relatively small or when RL is several Ohms. In
particular, for a large linear resistance, e.g., RL = 5.5 Ohm, the extra power loss due to
data modulation is dominated by RL. However, when RL is less than one Ohm, the linear
LED model becomes less accurate, particularly for OFDM with a large modulation index.
From Figure 3.7, OFDM consumes more extra power in LED than 2-PAM particularly
for large modulation index.

3.6.2 Supply power in Bias-T and Serial-F transmitter

In Table 3.2, the power consumption for a Bias-T and a Serial-F transmitter are compared.
The approximation of a dynamic resistance RDyn(Ib) is valid for small αrms and large RL.
In this section, we further provide numerical results for the extra power in a Bias-T and
a Serial-F transmitter by using the full diode equation with RL = 0.14 Ohm.

The supply power versus modulation index is shown in Figure 3.8. In the Bias-T
solution, the Class-A PA needs more supply power than Class-B PA for OFDM signal
while these two PAs need the same supply power for 2-PAM. In the Serial-F solution,
OFDM consumes more supply power than 2-PAM, similar to the Bias-T solution. For
an OFDM signal with αrms ≤ 1/3, the Bias-T solution outperforms the Serial-F solution
by less supply power. It is not the case for large modulation index (αrms > 1/3), where
however much clipping distortion is induced in OFDM signal. For OOK signal with
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αrms = 1, the Bias-T transmitter needs the same supply power as the Serial-F transmitter.
Taking the Serial-F transmitter as an example, we further compare the extra power

dissipated both in the LED and the FET in detail as shown in Figure 3.9, where the extra
power losses in linear and nonlinear resistance of the LED are addressed separately. As we
can see, the extra power loss in FET dominates the extra power consumption, followed by
the extra loss of LED differential resistance and LED DC resistance. We see that the DC
bias of FET consumes substantial power both for OFDM and 2-PAM. Moreover, except
for the extra loss of the LED DC resistance, other losses introduced by OFDM always
exceed those caused by 2-PAM. In other words, the extra power loss in FET and in LED
depends on the modulation scheme. Since the summation of the extra power in LED and
FET equals the power loss seen by the supply, we confirm that OFDM needs more extra
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Figure 3.9: Detailed extra power loss in Serial-F transmitter with RL = 0.14.

power than 2-PAM in a JIC system.

3.6.3 Efficiency of Serial-F transmitter using SMPS

The transmitter efficiency η3 in the Serial-F transmitter with a single LED (l = 1) for an
OFDM signal is presented in Figure 3.10, where the FET constant A = 0.55. For a 2-PAM
signal, the transmitter efficiency is better than for an OFDM signal. In Figure 3.10, the
modulation index αrms in x-axis indicates the amount of light used for communication
while the average current Ib through LED in y-axis represents the illumination level. For
communication purposes, a larger modulation index is desired, which however leads to
substantial extra power losses and thus reduces the power efficiency. For lighting purposes,
a high efficiency is preferred and the current fluctuation generating potential flickering
should be avoided. This means that there is a tradeoff between the communication and
lighting.

We notice the efficiency is relatively low but can be improved significantly by using
multiple (l = 1, 2...) LED in series. Moreover, the efficiency varies with the illumination
level and modulation index. As the OFDM modulation for high-speed VLC deteriorates
the efficiency, the communication is ’not for free’. However, as the current source in the
transmitter, the SMPS still has a high efficiency (η4 > 88% for Ib = 350mA) almost
irrespective of the signal modulation depth, as shown in Figure 3.11. This shows the
validity of our proposed transmitter configuration. We also see a slight increase with
αrms of the efficiency at which the SMPS delivers the power. In fact, the SMPS needs to
deliver a slightly higher power but with the same Ib. Eq. (3.35) explains that this yields
a better η4.

To verify the accuracy of the model approximation, we simulate the proposed circuits
in LTspice, as shown in Figure 3.12 (a). We simulate a Lumiled LXHL-BW02 LED and a
Power MOSFET Mgsf1n03lt1g. The output capacitor is optimized such that it smooths
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Figure 3.11: SMPS efficiency η4 of the SMPS (OFDM) with l = 1.

the output voltage of the power supply and it forms the AC path for the modulation
signal. The two switches in the Buck driver are realized by using voltage-controlled
switches (SW) in series with the resistors. The SW is controlled by setting a LTspice
directive, e.g., CSW (Ron = 0.01 Ohm, Roff = 2 MOhm, Vt = 0.5 V and Vh = 0.1
V). Ron/Roff is the resistance of the switch in open/closed state. Vt and Vh are the
trip and hysteresis voltages. The control signal (Control 0 in Figure 3.12 (a)) is from a
dedicated feedback control loop. Figure 3.12 (b) confirms that the Serial-F transmitter
works in a linear fashion and thus there is no noticeable distortion in the OFDM signal.
The simulated efficiencies when αrms = 0.3 for Serial-F transmitter are η3 = 68% and
η4 = 87%, which confirms the accuracy of our approximation model as shown in Figure
3.10 and Figure 3.11.
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(a) (b)

Figure 3.12: Circuit simulation for Serial-F transmitter with OFDM signal in LTspice: (a)
Circuit diagram and (b) Modulation signal (Vgs) and LED driving current (I(D4)).

Compared to the high efficiency of SMPS η4 in Figure 3.11, the JIC efficiency η3

of Serial-F transmitter is, particularly, impacted by the FET modulator. Since both
Vswing and Vmin in FET depends on the peak modulation index αpeak, as in Eq. (3.23)
and (3.26), a possible method to improve the transmitter efficiency is to clip the OFDM
signal. Another possible method is to increase the number of LEDs l in the string. This is
because the extra loss of FET can be shared by l LEDs. With different l and clipping, the
efficiencies of the JIC transmitter are shown in Figure 3.13, where x-axis is the current
level and y-axis is the efficiency. From Figure 3.13, when the number of LEDs is 3,
the transmitter can achieve high efficiency, i.e., around 87% for Ib = 350 mA. Further
increasing l will improve the efficiency further but it becomes ineffective gradually. This is
because the extra loss in LED dominates the loss instead of the extra loss in FET, which
linearly increases with l. Similarly, the efficiency of the SMPS will be also improved by
the increase of l. However, increasing the number of LEDs is not always possible due to
the limited size of transmitter. An alternative is to use an LED with large bandgap and
thus it has a high luminous efficacy.

3.6.4 Communication performance with power penalty

This section further investigates the communication performance with power penalty by
taking the Serial-F transmitter as an example. The EEPS ∆E is proposed to investigate
the power penalty of a JIC system in Section 3.3.3, while the received Es is used to
calculate the BER performance in Section 3.5. For a fair comparison thus with the same
illumination level (Ib = 350mA), symbol rate of 200 Msym/s and distance of 2 m, the
relation between these two metrics in OFDM and 2-PAM system is shown in Figure 3.14,
where x-axis is the EEPS ∆E while the y-axis is the received Es.

The 2-PAM outperforms the OFDM in terms of less EEPS ∆E for the same Es. To
be specific, the EEPS of OFDM increases faster than that of the 2-PAM with increasing
modulation depth, although OFDM and 2-PAM signal benefit from the increased signal
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strength with the same pace as in Eq. (3.42). In Figure 3.14, the EEPS does not start
from zero due to the additional loss by Vmin in FET. Vmin for OFDM and 2-PAM are
comparable for small αrms. Thus OFDM and 2-PAM have similar initial EEPS. It is
suggested in previous section that increasing the number of LEDs l can improve the
efficiency. It also increases the received Es. This is because the received delay from the
adjacent LED is negligible and thus the total received power is the summation of signal
power from all LEDs.

Using the received Es, it is very straightforward to calculate BER performance ac-
cording to the modulation scheme as in Eq. (3.48) and (3.49). With the same Es/N0,
it is expected that the OFDM has a worse BER than 2-PAM due to the smaller Eu-
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.

clidean distance in a larger constellation size. Taking into account the extra energy for
each symbol ∆E , whose relation to Es is similar in Eq. (3.43), Figure 3.15 shows the
BER performance versus the EEPS ∆E , where EEPS is proportional to f(αrms)Ts while
Es/N0 is proportional to α2

rmsTs. This makes the trade off between the sample rate and
the modulation depth of a different nature that we experience in typical radio RF systems.

In Fig 15, we plot the BER with a fixed symbol rate of 10 Msym/s for various con-
stellation sizes and thus bit rates, i.e., 10, 10, 20, 30 and 40 Mbps for 2-PAM, 4-QAM
OFDM, 16-QAM OFDM, 64-QAM OFDM and 256-QAM OFDM, respectively. The 4-
QAM OFDM has a data rate of 10 Mbps other than 20 Mbps, due to the information
redundancy for a real-valued optical signal to satisfy the Hermitian symmetry property.
We vary the modulation depth αrms, and calculate the EEPS from Eq. (3.23) and (3.34),
and the BER from Eq. (3.48) and (3.49). In particular, to calculate PSF in Eq. (3.23), we
used Eq. (3.29) and (3.33) for OFDM and 2-PAM, respectively. With the same data rate
and αrms, 2-PAM is more attractive than 4-QAM OFDM due to its better performance
both for ∆E and BER. Even more efficient PAM system is expected by increasing its
step number.

Although the data rate of OFDM can benefit from a larger constellation size M ,
it is not feasible due to the worse BER performance for large M . The reduced BER
performance is mainly caused by the decreased Euclidian distance in the constellation.
Usually a Forward Error Correction (FEC) code needs a raw BER in the order of 10−3. In
particular, there is a best Es/N0 and thus BER when αrms = 0.3 and αrms = 1 for OFDM
and 2-PAM, respectively. However, in 2-PAM and small M -QAM OFDM, the BER can
be significantly below the PreBER bar for error correction and thus some energy for such
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Serial-F configuration, with a pre-BER ≤ 10−3 and distance 2 m. (a) 2-PAM; (b) 4-QAM
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BER is wasted from the energy prospective. To avoid the waste of the energy for BER
� 10−3 in these modulation methods, we should increase the symbol rate.

With the consideration of the number of information bits per symbol in different
modulation methods as in Eq. (3.50), Figure 3.16 shows the EEPB ∆Eb versus the data
rate with the best Es/N0, where all the modulation methods have a pre-BER lower than
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10−3 for a typical FEC code. Note that there is a EEPB difference between 2-PAM
and OFDM in the order of 10−10 which is also indicated by the EEPS in Figure 3.14.
It is expected that ∆Eb is inversely reduced with the data rate. Moreover even different
modulation schemes have a similar ∆Eb under the same data rate that meets the pre-BER
requirement, which is however in contrast to the RF system where a high constellation
size usually has low energy efficiency. Without the waste of the energy for BER � 10−3,
we prefer 2-PAM since it can achieve a compelling extra energy per bit of 30 pJ/bit at
the data rate of 20 Gbps.

Since αrms also affects ∆Eb, Figure 3.17 shows the EEPB ∆Eb under different αrms and
data rate. We see that 2-PAM system also has a large dynamic range for the choice of
αrms and data rate. To meet the pre-BER requirement, αrms should be larger than 0.08,
0.03, 0.06 and 0.14 for 2-PAM, 4-QAM OFDM, 16-QAM OFDM and 64-QAM OFDM,
respectively. We also notice the dynamic range of 256-QAM OFDM is only around
αrms = 0.3 and data rate of 40 Mbps, which is consistent with Figure 3.15.

3.7 Conclusion

This work studied the power penalty of a high-speed JIC transmitter by analyzing both
the extra power consumption and data rate capability. It showed that extra power is
inevitably consumed for data transmission in a JIC transmitter. In the LED, the extra
power is dissipated due to the varying current and it is modulation-dependent. The extra
power loss for OFDM is more than that for 2-PAM signal. In a Bias-T configuration, the
extra power is determined by the power efficiency of the additional amplifier while, in the
Serial-F topology, the extra power is determined by the necessary voltage upswing. In
particular, the Serial-F transmitter is compatible with most of modulation methods and it
is easy for integration. Thus, we propose a Serial-F transmitter for high-speed OFDM and
2-PAM systems using an efficient SMPS as the voltage source and a FET as the modulator.
The extra power in FET is modulation-dependent since it operates in different regions for
different modulation methods. To improve the transmitter power efficiency for OFDM
signal, one can reduce the PAPR by clipping or increase the number of LEDs in the string.
For instance, a Serial-F OFDM transmitter can achieve an efficiency of 87% by a string
with 3 LEDs and 2-sigma clipping. Moreover, theoretical efficiency indicates that the 2-
PAM can reuse parts of the illumination power for communication for a large modulation
index, e.g., η2 > 1 when αrms = 1. However the modulation method with a continuous
waveform such as OFDM cannot reuse the illumination power for communication, in
contrast to the understanding of VLC as a green communication. We further show that
2-PAM is more attractive than OFDM due to both the better BER, larger dynamic range
for modulation depth, and the higher energy efficiency with a compelling minimum extra
energy per bit around 30 pJ/bit to achieve error-free communications.



CHAPTER 4

LED Power Consumption in Joint Illumination and
Communication System

This chapter is adapted from: X. Deng, Yan Wu, A. M. Khalid, Xi Long and J. P. M. G.
Linnartz, ”LED Power Consumption in Joint Illumination and Communication System,” Opt.
Express, vol. 25, no. 16, pp. 18 990–19 003, Aug 2017. c©OSA

Abstract – In Chapter 3, the extra power modelling for the JIC transmitter is based on
the assumption that the LED output optical power was proportional to its input current.
However, the LED has a nonlinear relationship between the input current and output
optical power due to the nonconstant quantum efficiency for different input current. This
chapter therefore further addresses the power penalty in an illumination LED caused by
Visible Light Communication (VLC). This study models the extra power consumption
of the LED by taking into account the convex relation between the dissipated electrical
power versus the LED current on one hand and the concave relation between the output
luminous flux versus the current on the other hand. The ratio of the output luminous flux
to input electrical power, which is known the LED luminous efficacy, is analyzed consid-
ering various recombination mechanisms and their dependency on current and tempera-
ture. As examples, the rapid light fluctuations induced by Pulse Amplitude Modulation
(PAM) and Orthogonal Frequency Division Multiplexing (OFDM) are analyzed for Joint
Illumination and Communication (JIC) systems. Due to the signal modulation, there is
a decrease in the output light of LED. Nevertheless, the total power offered to LED is
larger than without modulation and thus extra heating occurs. Moreover, particularly
when burst transmission is used in communication networks, visible flicker may occur.
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4.1 Introduction

Light Emitting Diodes (LEDs) are now commonly used for both specialized and general
illumination applications. Because the LEDs have many advantages over traditional light
sources, such as high luminous efficiency, small size and long lifetime, they are believed
to eventually replace conventional incandescent and fluorescent lamps for general lighting
in future. At the same time, there has been a growing interest to apply Visible Light
Communication (VLC) to LED-based lighting systems. The primary purpose of a Joint
Illumination and Communication (JIC) system, e.g. [73, 133, 177], is to provide illumina-
tion with data communication through VLC as a secondary function. Several challenges
occur in designing a JIC system such as to overcome data rate limitations and to minimize
power consumption. Many reported works demonstrated new functionalities or developed
signal processing techniques to increase data rate [4, 69, 156].

VLC is suggested to be a green technology since it modulates the current through
existing illumination LEDs and reuses the illumination power for communication [10, 81,
156]. Yet, there is a power penalty associated with operating LEDs at rapidly varying
power levels. For instance, a Field Effect Transistor (FET) modulator in series with the
LED consumes the extra power [33, 112]. Also in the LED itself, extra power loss occurs,
due to the convexity of the diode equation[35, 112, 177]. Although the mentioned works
addressed the power consumption issue, they mainly focused on the electrical performance
of LEDs or drivers.

As the first approximation, the output luminous flux is proportional to the average
current (DC-bias) through LED with modulation [33, 134, 177]. However, because of
a modest degree of concavity between the luminous flux and the current, even DC-free
modulation also reduces the average light output [133]. The effect of a decreased luminous
flux induced by Alternating Current (AC) modulation and pulse driving current, com-
pared to a constant driving current was reported in [60, 63, 107]. Hence, in a JIC system,
one must anticipate that data modulation decreases output luminous flux to some extent
[151]. The reduction in light flux can be compensated by an increased current. Other-
wise, the low-speed modulation effect in a burst data transmission, where the waiting (no
modulation) time is randomly distributed, can lead to perceivable flicker. This chapter
quantifies the extra power consumption associated with the luminous flux compensation
in the LED.

The output luminous flux of LED is determined not only by the current through the
LED but also the temperature of the LED device, in particular the junction tempera-
ture [97, 165]. These two factors also have effect on the spectrum of the LED and the
effectiveness of the phosphor, thereby affecting the colorimetric performance, including
the Correlated Color Temperature (CCT), Color Rendering Index (CRI), and Luminous
Efficacy of Radiation (LER) [44, 63, 115, 142]. In this chapter, we further refine the
model of LED light output into a system where multiple physical (e.g. electrical, thermal
and photonic) mechanisms interact with each other, as shown in Figure 4.1. In the quasi-
stationary mode, an increasing current will increase the LED output light, but it also
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Figure 4.1: Factors affecting the light output of the LED.

increases the forward voltage and thus it leads to increased power dissipation. The power
dissipation in the LED will increase the temperature, which in return decreases the light
output in terms of decreased efficacy. In the transient mode, the fast data modulation
with both up and down current also introduces increased power consumption but with
reduced light output.

This chapter quantifies the LED power consumption, including the extra power loss
induced by data transmission. Figure 4.1 illustrates the interdependencies and refers to
the expressions that model the effects which are combined in this chapter to express the
overall efficacy decrease. In particular, we classify two nonlinear effects with respect to
the LED driving current I in this chapter. Firstly, for the luminous flux Φ−I nonlinearity,
we refer to as ΦINL. Secondly, for the power consumption P − I nonlinearity which was
introduced in[112], we refer to as PINL.

4.2 LED luminous flux versus current nonlinearity (ΦINL)

The perceived output of commercial lighting LEDs is usually described in photometric
units, such as the luminous flux in lumen (lm). To evaluate the link budget for commu-
nication, the LED output also needs to be expressed in radiometric units such as radiant
flux in Watts (W) [164]. Table 4.1 lists the photometric and radiometric units, where the
most relevant units for our purpose are in bold.

In the following sections, we express LED luminous flux in terms of the driving current
and temperature.
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Table 4.1: Photometry and Radiometry
Photometric Units Radiometric Units

Luminous flux lm Radiant flux W
Luminous intensity cd† = lm/sr? Radiant intensity W/sr
Illuminance lux = lm/m2 Irradiance W/m2

Luminance cd/m2 = lm/sr/m2 Radiance W/sr/m2

† cd refers to candelas; ? sr refers to steradian.

4.2.1 Luminous flux of LED versus current

The luminous efficacy of the LED source ηl, expressed in lm/W, is defined as the ratio of
the luminous flux output ΦV in lm over the electrical power. Thus

ΦV = ηlPLED, (4.1)

where PLED = IV is the input electrical power at current I and voltage V . In fact ηl
is mostly determined by two factors, namely the Luminous Efficacy of Radiation (LER),
denoted as ηLER and Wall-Plug efficiency (WPE), denoted as ηWPE. So,

ηl = ηLERηWPE. (4.2)

4.2.1.1 Luminous Efficacy of Radiation (LER)

The LER, defined as the ratio of luminous flux to radiant flux [165], is given by

ηLER = Km

∫
λ SLED(λ)V (λ)dλ∫
λ SLED(λ)dλ , (4.3)

where Km is a constant with value of 683 and the integrals are taken over the wavelength
λ of the perceivable light. As we can see, ηLER is obtained by the relative Spectral Power
Density (SPD) SLED (λ), weighted by the efficiency function V (λ) to take into account
the relative sensitivity of eyes. For a given LED with a known and stable (e.g. current
independent) spectrum, ηLER becomes a constant. In practice, perceivable chromaticity
shift can occur [151], but be avoided by using an active feedback loop [44] and appropriate
thermal design [115]. In this chapter, the relative SPD of LED is assumed to be fixed. In
fact, Guoxing et al. [70] tested the effect of the driving current on the relative SPD and
found its effect to be negligible.
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4.2.1.2 Wall-Plug Efficiency (WPE)
The Wall-Plug efficiency (or radiant efficiency) of the source is defined as the ratio of
emitted optical power Pop, over the input electrical power [165], thus

ηWPE = Pop
PLED

= 〈Ep〉
qV

Np

I/q
= 〈Ep〉

qV
ηEQE, (4.4)

where 〈Ep〉 is the average energy of a photon, q is the electrical charge and Np is the
number of photons per unit time. The External Quantum Efficiency (EQE) ηEQE is
defined as the ratio of the number of photons emitted into free space per second over the
number of electrons injected into LED per second, so ηEQE = Np/(I/q). The EQE can
be seen as the combined effect of the Internal Quantum Efficiency (IQE) and the light
extraction efficiency, so it is expressed as

ηEQE = ηIQEηExt, (4.5)

where ηIQE is the ratio of photons generated by electron-hole recombination to the total
number of electrons injected into the LED, and ηExt is defined as the ratio of the photons
extracted out into the free space to the photon generated in the Quantum Well (QW). It
appeared reasonable to assume that ηExt remains constant for a varying injection current
level [199], so we only consider the efficiency droop in IQE. In GaInN/GaN LEDs, the
efficiency droop is known as the gradual decrease of efficiency when the injection current
density surpasses a certain value [31].

To calculate the IQE, a generally accepted ABC model was used [30, 111, 150, 199].
The carrier recombination can occur either as radiative recombination, during which
light is generated or as the non-radiative recombination, without output light. The non-
radiative recombination mechanisms include the defect-related Shockley-Read-Hall (SRH)
recombination and Auger recombination[150]. For GaInN/GaN LEDs, the recombination
rate R is a polynomial function of the carrier concentration m, and it is written as

R = Am+Bm2 + Cm3, (4.6)

where A, B, and C represent the SRH recombination, radiative recombination, and Auger
recombination coefficient, respectively [150]. Since only the radiative recombination (ac-
cording to the B-term) leads to light emission, we get

ηIQE = Bm2

R
= B

A/m+B + Cm
. (4.7)

Based on Eq. (4.7), an optimum IQE is reached when dηIQE(m)/dm = 0, thus at a
carrier concentration of mp =

√
A/C. The corresponding current for the optimum IQE
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Figure 4.2: Internal quantum efficiency versus current

can be calculated through the relation between the current and recombination rate, i.e.,
Ip = qVactiveRp, where Vactive is the effective active region volume and Rp is calculated
from Eq. (4.6) using mp. Usually, the optimum IQE is achieved when Ip is below a
few mA while beyond this point, the IQE decreases with rising current [25, 30, 31]. In
lighting systems where a power LED is used, the operation forward current is up to several
hundreds of mA. Thus, within the operation current range of the LED, we assume that
ηIQE is a monotonically decreasing polynomial function of current I, viz.,

ηIQE =
N∑
n=0

dnI
n. (4.8)

For a typical GaInN/GaN LED [30], the coefficients dn for a fifth order (N=5) fitting
are compared in Figure 4.2 with the calculated IQE. The optimum IQE occurs around
1mA and the fitting agrees well with the calculated IQE. The concavity of the LED output
light versus current with ABC model is further calculated in Appendix A.

Inserting Eq. (4.2)-(4.5) and (4.8) into (4.1), we get

ΦV = 〈Ep〉
q

ηLERηExt
N∑
n=0

dnI
n+1, (4.9)

which is a nonlinear polynomial function of current I.

4.2.2 Thermal effect on LED luminous flux

The input power of the LED, PLED, is partially transmitted optically and partly dissipated
as heating, thereby decreasing the quantum efficiency and degrading the light output. To
mitigate temperature rises due to heating, a large heat sink can be used, but this would
increase cost, weight and size [147]. A typical thermal resistance from the junction to
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the thermal pad is around RT = 10◦C/W, which causes a temperature increment of
∆T = RTPLED (1− ηWPE)◦C. Figure 4.1 suggests that the thermal effect decreases the
forward voltage of LED, typically in the order of ∆V = −0.003V/◦C and reduces the
output luminous flux in the order of ∆lm = −2.1lm/◦C [107]. To calculate the output
light by taking heating into account, an empirical exponential approximation has been
proposed in [12]

ΦV T ≈ ΦV exp [−kRTPLED (1− ηWPE)] , (4.10)

where k is a positive thermal coefficient. However, the time constant associated with the
LED heating is relative slow and in the order of one millisecond [12]. In such case, it is
reasonable to make a quasi-static approximation and assume that the LED temperature
is determined by the rms average current, which simplifies the analysis in the JIC system.
Thus in this chapter, the thermal effect is only considered in the calculation of the extra
power loss when the LED is driven at different illumination levels.

4.3 Extra power loss due to ΦINL and modulation

Equation (9) and (10) show that the output luminous flux increases non-linearly with
the current through the LED. Hence modulation across this concave function leads to
a reduced output, but that can be compensated by increasing the input power. In this
section we will evaluate the associated extra power loss and illustrate it for a typical
commercial LED.

4.3.1 Luminous flux of a commercial white LED

For a Luxeon Rebel power LED [117], the output luminous flux is shown in Figure 4.3
versus the input current. Since higher order terms are negligible, we approximate Eq.
(4.9) by a concave quadratic function

ΦV ≈ aI2 + bI + c, (4.11)

where I is in mA. For the Luxeon Rebel, a = -0.000102, b = 0.309 and c = 3.65, with a
thermal pad temperature of 25◦C maintained.

Figure 4.3 shows a pronounced difference between a thermal pad that maintains a
temperature of 25◦C versus without a heat sink. Equation (10) with k = 0.01 is also
shown in Figure 4.3. Practical heat sinks will perform in the gray area of Figure 4.3.

4.3.2 Extra power for luminous flux compensation

In this section we compensate for the flux loss that we described in the introduction.
When a modulation signal s(t) is superimposed upon an average current I, the time-
varying current through the LED is expressed as I(t) = [1 + s(t)]I. Within the 3-dB
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Figure 4.3: Luminous flux output of a typical commercial white LED

bandwidth of the LED, we can assume the luminous flux instantaneously follows the
modulated current I(t). In such case and for a maintained thermal pad temperature
of 25◦C, the relation between the mean value of luminous flux level E [ΦV ] and average
forward current I follows

E [ΦV ] =
∫
I
P (I)

{
a[1 + s(t)]2I2 + b [1 + s(t)] I + c

}
dI

= ΦV (I) + (2aI2 + bI)E [s(t)] + aI2E
[
s2(t)

] , (4.12)

where P (I) is the distribution of the modulated current and ΦV (I) is calculated from
Eq. (4.11) using I. Since we assumed elsewhere the temperature does not depend on
the fluctuation of modulated current, here the temperature is not depend on the current
Root-Mean-Square (RMS) value. We have E [s2(t)] = α2

rms, where αrms is the aver-
age modulation index which equals the RMS value of s(t), and for DC-balanced signal
E [s(t)] = 0. When a binary modulation such as two-level Pulse Amplitude Modula-
tion (2-PAM) is adapted with two current levels [1− αm, 1 + αm]I and equal probability,
E [s2(t)] becomes equal to α2

m.
Due to the nonlinear coefficient a in Eq. (4.12), any DC-balanced modulation signal

such as OFDM signal will lead to decreased luminous flux, which can be only compensated
by increasing the (DC) input current. Otherwise, the low-speed modulation effect in the
data frame can lead to perceivable flicker. To avoid potential flicker perception and
achieve an expected illumination level, the current should be increased from I to some
value ID, as illustrated in Figure 4.4. The current increment ∆I = ID − I reflects the
increased power consumption. We can find the desired average current ID that delivers
the expected illumination level, by drawing a horizontal line through the static operation
level, i.e., ΦV (I), and find the crossing with the (timesharing) straight line between the
two modulation levels ΦV [(1− αrms)I] and ΦV [(1 + αrms)I]. Mathematically, we find ID
by solving a re-written version of Eq. (4.12) with ID and Eq. (4.11) with the current I
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for unmodulated signals, as

E [ΦV ] = aI2 + bI + c

= aI2
D + bID + c+ (2aI2

D + bID)E [s(t)] + aI2
DE

[
s2(t)

]. (4.13)

The current increment ∆I for the flux compensation is shown in Figure 4.5 for various
modulation indexes and flux levels. As we can see, a substantial current increment is
needed for communication to maintain the same illumination level. In particular, the
extra current could be more than 120mA when the modulation index is around 1 and
the expected flux is around 120 lm. Many reported works mainly consider that the
same average current would result into the same illumination level, which however is not
accurate, since we need to compensate for luminous efficacy nonlinearity. As a rule of
thumb, to avoid substantial extra power loss (∆I < 2mA), the product of the illumination
level and modulation index should be less than 15.
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Then, the extra power used for flux compensation in LED is calculated by

∆PLED flux = PLED(ID)− PLED(I), (4.14)

where PLED(.) is a monotonically increasing function with the input current, which will
be discussed next section.

4.4 Extra power loss due to PINL and modulation

The current through a LED follows the diode equation

I(t) = Is

[
exp

(
qV (t)
nkT

)
− 1

]
, (4.15)

where Is is the saturation current of the LED, q is the charge of an electron, V (t) is the
voltage across the junction, n is the ideality factor (n = 1 to 2), k is Boltzmann constant
and T is the temperature in Kelvin. At room temperature kT/q = 26mV. The current Is
highly depends on the LED type, where a typical example is Is = 4.1×10−24 with n = 1.4
[141]. Above a few milliamps, the resistance RL in the LED needs to be considered, and
it is typically a few ohms. The total voltage across LED becomes

V (t) = nkT

q
ln
[
I(t)
Is

+ 1
]

+RLI(t). (4.16)

In particular, for a constant current level, thus if I(t) = ID, the power into the junction
of LED plus its series resistance becomes

PLED(ID) = nkT

q
ID ln

[
ID
Is

+ 1
]

+RLI
2
D. (4.17)

Clearly, this is a convex function of ID. Based on Jensen’s inequality, the convex
relationship, between the dissipated electrical power and current, leads to the extra power
loss when the LED is modulated for data transmission, as shown in Figure 4.6, where the
extra power for ΦINL is also illustrated.

In particular, ∆I covers the luminous flux compensation, corresponding to Eq. (4.14).
In this section, the extra power loss due to PINL is quantified, comparing binary modu-
lation (2-PAM) and continuous modulation (OFDM).

4.4.1 Binary modulation

Based on Eq. (3.10) and (3.11), when binary modulation is adapted with two current
levels [1− αm, 1 + αm]ID and with equal probability, the extra power in the LED is

∆PLED PAM = nkT

q
ID ·B +RLI

2
Dα

2
m. (4.18)
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4.4.2 Continuous modulation

Similarly, based on Eq. (3.7) for an OFDM transmitter, the extra power loss in the LED
becomes

∆PLED OFDM = a2
rms

(
nkT

q
Ib +RLI

2
b

)
, (4.19)

which also expresses the signal power.

4.5 Numerical Results

This section presents numerical results for the extra power loss in the LED. We first
compare the losses caused by two mechanisms, namely the ΦINL and PINL in the LED.
We compare the total extra power loss for different illumination levels and modulation
indexes, and we further validate our rule of thumb to avoid substantial extra power loss.
At last, the efficacy is discussed.

4.5.1 Extra power loss of the LED

Due to the ΦINL and data modulation, extra power is lost for luminous flux compensation.
It is quantified from Eq. (4.11)-(4.14) and (4.17), as shown in Figure 4.7. The numerical
results for the loss due to the PINL are also shown in Figure 4.7, calculated by Eq.
(4.18) and (4.19) for 2-PAM and OFDM, respectively. Figure 4.7 shows that the extra
power loss owing to the ΦINL dominates the extra power consumption. As expected, a
higher modulation index results in more extra power loss. Moreover, the extra loss due to
PINL depends on the modulation waveform, in particular the OFDM needs more extra
power than 2-PAM. The waveform-dependent power loss in LED along with that in the
modulator results into different overall energy efficiencies for different modulations, as
presented in [33].
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For OFDM signal, the extra power loss for different illumination levels and modulation
indexes is shown in Figure 4.8. Results for 2-PAM are slightly better than OFDM. Figure
4.8 shows that the power loss varies from 2 to 640 mW. A system designer should make
a tradeoff between the illumination level and the amount of energy for communication
(αrms), according to the extra power budget for data transmission through VLC. In other
words, we believe that rather than expressing the Bit Error Rate (BER) for VLC versus
the Signal to Noise Ratio (SNR), we preferably benchmark solution for their ”extra”
power loss, discounting the illumination power that is already available [112].

Higher illumination level tends to consume more extra energy if αrms keep constant.
This is due to the fact that the high illumination level needs high current which leads to
the decrease of the efficacy.

In particular, the extra power directly dissipated as heating and thus the LED junction
temperature also fluctuates in a burst data transmission. Our proposed design rule with
extra ∆I < 2mA would enable the extra power loss to be less than 10 mW for an illu-
mination system that consumes several Watts. This rule is effective to avoid substantial
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Figure 4.9: Efficacy with different illumination and modulation index

thermal fluctuation that has side effect on the LED lifetime.

4.5.2 LED efficacy for joint illumination and communication

Since the efficacy is a key performance indicator for the LED systems, we plot in Figure 4.9
the efficacy when the data transmission is applied. For low (dimmed) illumination levels
at 10 to 120 lumen, the efficacy decreases substantially even without current modulation.
This is mainly due to the decrease of the internal quantum efficiency and the heating
effect. Moreover, it is interesting to notice that for very low illumination levels, data
modulation would have no substantial effect on the efficacy.

4.6 Conclusion

This work showed that extra power was inevitably consumed in an illumination LED
when it was used for data transmission. The extra power loss appeared to come from two
different mechanisms, namely the output luminous flux nonlinearity (ΦINL) and power
consumption nonlinearity (PINL) in the LED. We studied that LED luminous flux was
nonlinear with respect to the current due to the decrease of external quantum efficiency
and heating effect. The heating effect can be modelled in a quasi-stationary way for
high-speed data transmission due to the slow thermal time constant. We found the extra
power due to PINL was modulation-dependent, for instance, OFDM consumes more extra
power than 2-PAM. The fluctuation of light intensity due to ΦINL is relatively small (a
few percent), but it can lead to visible flicker in burst mode transmission and lead to
perceivable light output differences when only a fraction of the lamps in a ceiling are
used for VLC. The extra power for light compensation and PINL are dissipated as extra
heating (up to several degrees), which have an impact on LED life time. Thus, LED
thermal design should be optimized by taking into account the modulation in emerging
JIC systems.
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CHAPTER 5

Performance Analysis for Joint Illumination and Visible
Light Communication using Buck Driver

This chapter is adapted from: X. Deng, Y. Wu, K. Arulandu, G. Zhou and J. P. M. G. Linnartz,
”Performance comparison for illumination and visible light communication system using buck
converters,” 2014 IEEE Globecom, Austin, TX, 2014, pp. 547-552. c©IEEE
And from: X. Deng, J. P. M. G. Linnartz, K. Arulandu, G. Zhou and Y. Wu, ”Effect of buck
driver ripple on BER performance in visible light communication using LED,” 2015 IEEE In-
ternational Conference on Communication (ICC), London, 2015, pp. 1368-1373. c©IEEE
And from: X. Deng, K. Arulandu, Y. Wu, G. Zhou and J. P. M. G. Linnartz, ”System modeling
and analysis for LED-based Visible Light Communication using Buck Driver,” IEEE Transac-
tions on Communications, vol. PP, no. 99, pp. 1–1, 2018. c©IEEE

Abstract – The Visible Light Communication (VLC) can provide data transmission
via the illumination Light Emitting Diodes (LED). This chapter introduces a new model
to analyze the Bit Error Rate (BER) of Binary Phase Modulation (BPM) in VLC for
an arbitrary modulation depth and data duty cycle while taking into account both the
Gaussian and signal-dependent shot noise. The impact of the driver design on the BER
and its impact on ripple, have not been considered in detail before. We compare two dif-
ferent LED driver schemes, namely directly adapting the driver control loop and binary
shunting. We address data rate, BER and power efficiency, for which we propose to use
the Extra Energy Per Symbol (EEPS) above unmodulated light. We further introduce
an analysis of the effect that (truncated) ripple interference has in the (matched or other)
filter of the receiver. Ripple causes a harmful interference in VLC and thus a BER ex-
pression is derived to include its effect. Two approximations are proposed to model the
ripple interference and their accuracies are compared by simulations. A low-pass filtering
is proposed to alleviate the impact of ripple interference in VLC system.
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5.1 Introduction

Visible Light Communication (VLC), sometimes called Joint Illumination and Communi-
cation (JIC), refers to a communication system that uses a lighting system to communicate
data [10]. VLC is appealing for a wide range of applications such as indoor broadband ac-
cess [45], indoor positioning [191], distributed lighting remote control [168], entertainment
interaction [110], intelligent sensing and ambient atmosphere rending [113, 114]. Yet, the
communication performance can be affected by illumination constraints [50, 56, 189] and
modulation typically leads to a power penalty [35, 38, 112, 177]. This chapter studies the
communication performance in indoor applications where increasing the data rate is not
the highest priority, such as in intelligent sensing or in indoor positioning.

Several modulation schemes have been proposed for JIC systems. For high modu-
lation speeds, significantly above the flat pass-through band of the LEDs, multi-carrier
approaches such as Orthogonal Frequency Division Multiplexing (OFDM) have been in-
vestigated extensively, e.g. in [45, 133]. However, at lower rates, sequential transmission
of symbols at baseband is more popular: On-Off Keying (OOK), Variable Pulse Position
Modulation (VPPM) and Color-Shift Keying (CSK) are recommended in the IEEE stan-
dard 802.15.7 [2]. To accommodate dimming, a Pulse-Width Modulation (PWM) was
proposed in [113, 114] with a variable duty cycle.

In this chapter, we focus on modulation methods with sequential symbols at baseband.
In particular, we consider a class of Binary Phase Modulation (BPM), i.e., data symbols
that consist of two parts with different amplitudes. By taking appropriate parameter
choices, our BPM model covers 2-PPM, OOK and Manchester-encoded OOK. VPPM
[23, 140] is another widely studied form of BPM. Its Bit Error Rate (BER) performance
was analyzed in [144] and in [194] for full depth modulation. Although this gives the best
communication performance, less deep modulation is often preferred to mitigate visible
flicker [149, 159, 183], as the modulation index (depth) corresponds to ”percent flicker”
[15].

One of the contributions of this chapter is that we will show that low modulation
depths are relatively more power efficient, e.g., the power loss per symbol increases faster
with increasing modulation depth than that the SNR can benefit from the increased sig-
nal strength. To this end, we express not only the energy per bit, as seen from an SNR
communication perspective, but also the extra energy required to generate the bits.
The signal power used in Signal-to-Noise Ratios (SNR) in most previous papers refers to
the total signal power, which predominantly is a function of the illumination intensity.
Yet, VLC modulates the light already used for illumination but does not introduce more
light [10]. So, the additional power lost in electronic components, on top of the illumina-
tion power is a more appropriate measure. Such power penalty associated with rapidly
modulating the LED current was studied for a Field Effect Transistor (FET) modulator
in series with the LED [33]. The losses in the LED itself was addressed in [38, 112].
Switched Mode Power Supplies (SMPS), such as a Boost-converter LED driver [23] and a
Buck-converter LED driver [127], have been proposed to drive the LED and to modulate



Part III. Interference Considerations in Visible Light Communication 95

r(t)

LED Driver

Binary 

data
BPM 

Maping

b x(t)
X(t)

LED

h(t)
PD

Y(t)

Transmitter 

F
ree sp

a
ce

SNR
0

sT

dt

D
ec

is
io

n

b

Receiver 

0( )t


1( )t


r0

r1





Illumination Control

n(t)

nr(t)

Hf (f)

C
h

a
n

n
el

0

sT

dt

Figure 5.1: Communication chain for VLC.

by means of switching on and off the current. Modulation by binary shunting [127, 129]
can be attractive but may lead to a severe efficiency penalty [33, 37]. In this chapter,
we further extend this analysis by including power losses in drivers. We verify our new
analytical models via a Spice simulation for the circuit and a Monte-Carlo simulation for
its BER.

Reliable communication requires a clean DC-bias current through the LEDs with only
limited flicker at frequencies where the human eye would be insensitive. Nonetheless,
we show that a well designed receive filter can handle substantial ripple amplitudes. We
quantify to what extent required reduction of ripple affects the efficiency of the SMPS.

The rest of the chapter is organized as follows. Section 5.2 describes the JIC system.
The theoretical BER performance of BPM is analyzed in Section 5.3, considering arbitrary
modulation depth and duty cycle. We also model signal-dependent shot noise, as it varies
over the two phases of the symbol duration. Section 5.4 presents two LED drivers that
can support BPM. We propose a control-loop adapting scheme that directly modulates
via the SMPS and we show that this is highly efficient. Section 5.5 analyzes of the effect
of ripple interference on the BER. Numerical and simulation results are depicted and
discussed in Section 5.6. Here a low-pass filtering is proposed in our system to further
eliminate the ripple interference. Conclusions are drawn in Section 5.7.

5.2 System Description

As shown in Figure 5.1, a typical VLC system consists of a transmitter, a receiver and
an optical channel.

The transmitter is composed of a data modulator, an illumination controller, a driver
and LEDs. In a SMPS driver, a transistor switches on the current through the inductor
and LEDs until a maximum current is reached. Then the current supplied by a DC
source is interrupted, yet a diode allows the current flowing through the inductor and
LEDs, resulting in a reduced intensity of the current. Below a certain threshold, the DC
supply is connected again to increase the current. Hence, the current passing through
the LEDs exhibits a high-frequency fluctuation (typically a few hundreds of kHz [127]),
determined by the difference of the two thresholds, thus with an hysteresis that determines
the ripple amplitude. For BPM signals, we consider two different driver methods [182].
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Firstly, for adapting the control loop, the data can be embedded, typically at a rate
significantly lower than the self-oscillation, by intentionally modulating the thresholds to
ensure that the average light level shifts according to a desired bit pattern. Secondly,
for binary shunting, the data can be modulated by using an additional shunting switch
across the LEDs. In both cases, the self-oscillation ripple in the LED driver may cause
self-interference. The ripple is seen by a matched filter in the receiver as a disturbance of
the desired data waveform, which deteriorates BER performance.

The receiver includes a Photo Detector (PD) to receive the signal and a signal processor
to decode the message. In the system, the signal disturbances introduced into the system
mainly originate from the thermal noise [82], shot noise [82] and ripple interference [36].
In particular, the ripple generated in the driver becomes a random signal (interference)
after the integration in a Matched Filter (MF). This ripple interference is usually non-
Gaussian in nature and it scales in amplitude with communication path loss in the same
way as the wanted signal.

5.3 BER Analysis for BPM in VLC

5.3.1 Description of the transmission signal

An example of BPM waveform is illustrated in Figure 5.2. For BPM, the current x(t)
driving the LED is described by the sequence of bits

x(t) =
∞∑

n=−∞
sb(t− nTs), (5.1)

where Ts is the symbol duration. Ideally, if the driver is free of ripple or other artefacts,
the modulated binary BPM signal sb(t) can be expressed as

sb(t) =
√
Es · ϕb(t), (5.2)

where Es is the communication energy of each symbol and b is in {0, 1}. The basis-
functions ϕb(t) are



Part III. Interference Considerations in Visible Light Communication 97

ϕ0(t) =
{

(1 + κ)/ϕ∆, 0 ≤ t < DTs
(1− κ)/ϕ∆, DTs ≤ t ≤ Ts

, (5.3)

ϕ1(t) =
{

(1− κ)/ϕ∆, 0 ≤ t < (1−D)Ts
(1 + κ)/ϕ∆, (1−D)Ts ≤ t ≤ Ts

. (5.4)

where ϕ∆ = {[D(1 + κ)2 + (1−D)(1− κ)2]Ts}1/2 normalizes the signal power and such
that

∫ Ts
0 ϕ2

b(t)dt = 1. The modulation index κ (0 < κ < 1) is defined as the ratio of the
current difference over the sum of the currents, so κ = (I0 − I1)/(I0 + I1), where I0 and
I1 are the currents in the higher and lower state, respectively. As special cases of BPM,
we have D = 1 and κ = 1 for OOK, and D = 0.5 and κ = 1 for 2-PPM and full-depth
Manchester-encoded OOK. In particular, practical systems prefer a smaller modulation
index to mitigate potential visible artefacts.

5.3.2 VLC channel model

Intensity Modulation and Direct Detection (IM/DD) over a wireless optical channel can
be modeled as a baseband linear system with an optical input signal X(t), an output
current r(t), a channel equivalent impulse response h(t) and additive Gaussian noise n(t)
[82, 83]. The received signal is expressed as

r(t) = εX(t)⊗ h(t) + n(t), (5.5)

where ε is the responsivity (A/W) of the PD. For data rates below one megabit per
second, the multipath propagation dispersion may typically be neglected. Moreover, the
low-pass responses in LED and in the phosphor are not addressed explicitly in the scope
of this chapter. Assuming Lambertian radiation for LEDs [51, 82], we have

h(t) = µρδ(t) = µA(m+ 1)cosm(φ) cos θ
2πd2 δ(t), (5.6)

where µ is the responsivity (W/A) of LED, ρ denotes the optical channel DC gain and δ(t)
is the impulse function. To calculate ρ, A, φ, θ, d are the surface area of the PD, off-axis
angle relating to the transmission direction of the main band, off-axis angle relating to
direction of PD, and the distance between the lamp and detector, respectively. The order
m is related to the semi-angle via m = − ln 2

/
ln(cos Φ1/2), where Φ1/2 is the semi-angle

at half power of the LEDs. Thus we receive

r(t) = H
√
Esϕb(t) + n(t), (5.7)
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where H = εµρ. The signal-dependent noise n(t) in the optical channel has zero mean
and its variance is the sum of shot noise σ2

shot and thermal noise σ2
thermal [161]. The

variance is calculated by

σ2
n(t) = σ2

shot + σ2
thermal = 2qεPn(t)Bn + 4kT

RF

Bn, (5.8)

where q, Pn(t), Bn, k, T , RF are the electrical charge of an electron, the received power
at the PD, effective bandwidth, Boltzmann’s constant, absolute temperature and feed-
back resister of the Trans-Impedance Amplifier (TIA) in the receiver, respectively. The
variance of the shot noise is proportional to all light power Pn(t) seen by the PD, not
only ambient light, but also the modulated VLC signal itself. If the VLC system delivers
all illumination, thus in the absence of other ambient light, the light intensity that leads
to shot noise is

Pn(t) = µρ
√
Esϕb(t). (5.9)

Hence, as we will address later, the variance of the shot noise varies within one symbol.

5.3.3 Received BER performance

A Matched Filter (MF) receiver multiplies the signal with a synchronized template ϕb(t)
of each possible symbol in the alphabet b ∈ {0, 1} , described by ∧

ϕb(t) = 1
µρ
ϕb(t)⊗h(t) =

ϕb(t), and then integrates over the whole symbol duration Ts. For b = 0, the two decision
variables are recovered by the MF as


r0(b = 0) = ερµ

√
Es + n0

r1(b = 0) = ερµ
√
Es.α0 + n1

, (5.10)

where the correlation coefficient α0 is defined as α0 =
∫ Ts
0
∧
ϕ0(t) ∧ϕ1(t)dt, which depends on

D and κ based on Eq. (5.3) and (5.4).
The two Gaussian noise terms n0 and n1 are zero mean and have variance of σ2

n0 and
σ2
n1. The variance of such noise terms is

σ2
n0 = E


[∫ Ts

0
n(t) ∧ϕ0(t)dt

]2
− E2

[∫ Ts

0
n(t) ∧ϕ0(t)dt

]

=
∫ DTs

0

∫ DTs

0
E[n(t)n(s)] ∧ϕ0(t) ∧ϕ0(s)dtds}+

∫ Ts

DTs

∫ Ts

DTs
E[n(t)n(s)] ∧ϕ0(t) ∧ϕ0(s)dtds

,

(5.11)
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where E[n(t)n(s)] = σ2
n(t)δ(t−s)/Bn. After splitting the integral into periods of constant

noise variance using Eq. (5.8) and defining L = 2qερµ
√
Es, we get

σ2
n0 = L

[∫ DTs

0
ϕ3

0(t)dt+
∫ Ts

DTs
ϕ3

0(t)dt
]

+ 4kT
RF

= L(1 + κ)3DTs
ϕ3

∆
+ L(1− κ)3(1−D)Ts

ϕ3
∆

+ 4kT
RF

, (5.12)

which is signal-dependent due to the shot noise. Similarly, in the second branch, we have

σ2
n1 = L(1 + κ)α1

ϕ∆
+ L(1− κ)(1− α1)

ϕ∆
+ 4kT

RF

, (5.13)

where coefficient α1 is defined as α1 =
∫DTs

0 ϕ2
1(t)dt.

The receiver decides on a zero or a one by comparing the signals in the two branches,
based on the decision parameter z = r0 − r1 which has expectation and variance

E [z|b = 0] = ερµ
√
Es.(1− α0),

Var [z|b = 0] = σ2
n0 + σ2

n1 − 2ρκ,
(5.14)

where we define the common noise power

ρκ = L(1 + κ)
ϕ∆

α2 + L(1− κ)
ϕ∆

(α0 − α2) + 4kT
RF

α0, (5.15)

and the coefficient α2 is α2 =
∫DTs

0
∧
ϕ0(t) ∧ϕ1(t)dt.

If z = r0 − r1 > 0, the receiver decides b̂ = 0, otherwise b̂ = 1. For equally likely bits
with P {b = 0} = P {b = 1} = 1/2, the error probability of BPM can be expressed as

Pe = 1
2erfc

 ερµ
√
Es.(1− α0)√

2(σ2
n0 + σ2

n1 − 2ρκ)

. (5.16)

Two limiting cases can be verified: (1) No modulation: If κ = 0 (regardless of D)
or if D = 1 (regardless of κ), the correlation coefficient α0 = 1. Thus, Pe = 0.5, so no
data transmission occurs. Moreover, the LED driver is then not affected by the data, it
maintains high power efficiency, so we use this as a reference. (2) Binary shunting (κ = 1):
The BER expression confirms that, the best BER performance occurs for α0 = 0 but, as
we will see later, the power efficiency is limited.

5.4 LED Driver Model for BPM

The BPM waveform depicted in Figure 5.2 can be generated by a widely used buck
converter, as shown in Figure 5.3. With full modulation depth (κ = 1), can easily be
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obtained by a binary shunt Switch2, parallel to the LED. For arbitrary modulation depth
(0 ≤ κ < 1) one preferably adapts the control loop.

The buck converter is popular in power systems as it is efficient, simple, stable and
cost effective. It actually is a step-down DC to DC converter with a SMPS that uses
two switches (in fact, a MOSFET and a diode), an inductor and a capacitor [47]. It can
operate either in Continuous Conduction Mode (CCM) or in Discontinuous Conduction
Mode (DCM). In this chapter, we consider CCM, such that the current flowing through
the inductor never fully falls to zero within the switching cycle of the converter and the
average output voltage V0 can be expressed as V0 = D1Vdc, where D1 is the PWM duty
cycle of MOSFET Switch1 and Vdc is the supply voltage of the driver.

5.4.1 Energy efficiency of control-loop adapting

To create an arbitrary modulation depth, we propose to adapt the threshold voltage of
the control-loop inside the buck self-oscillating feedback circuit, as depicted in Figure 5.3
(a). The efficiency of the LED driver in the electrical domain is defined as

η = E [Pout(t)]
E [Pout(t)] + E [Pbuck(t)]

, (5.17)

where E[.] are the expectation of the output power and power dissipated in Buck driver. In
good approximation, E[Pout(t)] is dominated by the switching loss Psw plus the conduction
losses Pcon. For a Buck converter that operates at frequency f1 with duty cycle D1 in
CCM,

Psw = VdcI0f1 (tcr + tvr + tcf + tvf )/2, (5.18)

and

Pcon = I2
0RL + I2

0Ron1D1 + I0Von (1−D1) + (Il − I0)2Rc, (5.19)

where RL, RC are the Equivalent Series Resistance (ESR) of the inductor L and of the
capacitor, respectively. Il, I0 are the current in the inductor and the current driving
the LEDs, respectively. We calculate Psw using typical values for the current rising time
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tcr, the voltage falling time tvf , the current falling time tcf , the voltage rising time tvr.
Conduction losses dominate (Pcon � Psw) and occur mainly in the transistor and the
inductor L. Since Switch1 only conducts I0 during duty cycle D1, the losses in Ron1

are I2
0Ron1D1, where I0 is fairly constant for the conversion mode that we consider here.

Substantial losses occur in DC resistance RL of the inductor, namely I2
0RL. Also the on-

voltage Von across the diode contributes significantly with ILVon (1−D1). The current
through the capacitor is very small and thus the power loss in capacitor is negligible.

Simulations confirm that, for an average (DC) current I0, the power loss of the driver
Pbuck0 can be approximated by [112]

Pbuck0 ≈ c1I0 + c2I
2
0 , (5.20)

where the loss coefficients are calculated by c1 = Von(1−D1) and c2 = RL + Ron1D1. In
our example, using a (Shottkey) Diode, c1 is 0.2 to 0.7 V and c2 is typically 1.2 Ohm.

Since the power loss is a convex function of the output current, some extra power loss
is then dissipated in the Buck converter due to modulation [37]. For a BPM signal in
Eq. (5.1), the modulated signal is proportional to x(t) with middle (but not necessarily
the average) current I = (I0 + I1)/2. Then, the extra power in the Buck converter is the
expectation of Pbuck(t) minus the loss Pbuck0 without modulation. Hence,

∆Pbuck = E [Pbuck(t)]− Pbuck0 = c1I [2Dκ− κ] + c2I
2
[
κ2 − 2κ+ 4Dκ

]
, (5.21)

where, similar to Eq. (5.20), Pbuck(t) ∼= c1i(t) + c2i
2(t). The modulated signal can be

expressed as i(t) = {1 + s(t)}I, where s(t) is a modulation signal and s(t) ∈ {−κ, κ}. In
particular, for D = 0.5, we have ∆Pbuck = c2I

2κ2.
One can adjust the duty cycle D1 of the SMPS for data modulations, either explicitly

in a feed forward modulator, or implicitly by interacting with the threshold settlings in
the SMPS control loop. Either solution makes the driver suitable only for data rates
sufficiently below the SMPS cycle frequency. To increase the data rate, a high-speed
Switch1 can be used to support the high frequencies of PWM signal. For instance a 10
MHz GaN switch was used to achieve 1 Mbps with VPPM [57]. The output power into
the LED is calculated by

Pout = V0ID(1 + κ) + V
′

0 I(1−D)(1− κ), (5.22)

where D is the overall duty cycle of transmitted data and V0
′ is the corresponding voltage

based on the diode equation [35].
In contrast to case in a radio system, in a JIC system the transmitted power is less

suitable to quantify power consumption, because a large part of the illumination power
can be re-used for communication. Therefore, we distinguish between useful transmitted
energy per symbol from a communication perspective, on one hand and extra energy



102 Chapter 5. Performance Analysis for Joint Illumination and Visible Light Communication...

consumed per symbol, on the other hand. Expressed in time units Ts of each symbol for
a driver that adapts the control-loop, the former becomes

Es1 =
[
V0ID(1 + κ)− V ′0 I(1−D)(1− κ)

]
Ts, (5.23)

where Ts = MT1 and M is the number of SMPS oscillation period T1 in one symbol.
Regarding the latter, we propose the Extra Energy Per Symbol (EEPS), denoted as
∆E , to describe the extra energy needed for each symbol in the JIC transmitter. This
EEPS is used to investigate the power penalty when a lighting system is adopted for
communication. The EEPS can be already derived from previous equations along with
the symbol duration, expressed as

∆Es1 = ∆PbuckTs. (5.24)

5.4.2 Energy efficiency of binary shunting

To implement full modulation depth, an additional modulator (Switch2) can be in par-
allel with LED [65, 127, 129]. Alternatively it can be in series with the LED [33], but
that requires special precautions as the SMPS acts a constant current source and is not
discussed here. The extra power dissipated by shunting contains two terms. Firstly, the
loss in the modulator Switch2 is

∆PM = Ron2I
2
0 (1−D), (5.25)

where Ron2 is the ESR of Switch2 and D is the duty cycle of transmitted data. Secondly,
the capacitor C is discharged to the on-voltage Vshunt = I0Ron2 during shunting. This
loss term equals

∆Pcap = 1
2C

(
V 2

0 − V 2
shunt

)
fs. (5.26)

The EEPS for binary shunting is the combination

∆Es2 = Ron2I
2
0 (1−D)Ts + 1

2C
(
V 2

0 − I2
0R

2
on2

)
. (5.27)

For C in the order of 10 µF and modulation above, say, fs = 10 kHz the capacitive
losses start to dominate. To ensure that the second term is small even at high data rate,
one preferably uses a Vdc that is stable (thus without 50 or 60 Hz harmonics, [8]) such
that only a very small capacitance C is needed across the LEDs.

To calculate the power efficiency, we insert Eq. (5.25) and (5.26) into the denominator
of Eq. (5.17). Depending on the component choice of the duty cycle, modulation depth



Part III. Interference Considerations in Visible Light Communication 103

and bit rate used, binary shunting may give significantly worse efficiency than adaptation
of the control loop.

In binary shunting, considering the correlation between the transmitted templates, the
effective energy per symbol is

Es2 = PoutTs = V0I0TsD(1− α0). (5.28)

5.5 Effect of Ripple Interference on BER

The BER performance of OOK and PPM under the Artificial Light Interference (ALI),
such as Fluorescent Light Interference (FLI) with spectra extending to several megahertz
has been studied [53, 130, 137]. The ALI was modeled as sinusoidal waveform and its
harmonics [130]. In this chapter, we extend this by expressing the non-Gaussian proba-
bility density of the resulting interference after a Matched Filter. In fact, we do this not
only for (single, dominant) sinusoids but also for triangular waveforms. We show that
a triangular ripple is preferably not modelled as a randomly phased (large) collection of
sinusoids (which would justify a Gaussian approximation), but that the specific relative
phases of harmonics demand another interference model.

5.5.1 Ripple interference

As illustrated in Figure 5.4 (a), the current contains not only the desired constant value
but also ripple interference ws(t). So, the modulated BPM signal sb(t) in Eq. (5.2) is in
fact

s̃b(t) =
√
Esϕb(t) + ws(t). (5.29)

The ripple waveform and its amplitude A can be obtained by analyzing the switching
behavior as described in [47]. The coil L causes diL(t)/dt = (Vdc − V0)/L. In a small
ripple approximation, we take V0 here as a constant, and use the SPMS property that
V0 = D1Vdc. So A = (1 − D1)V0T1/(2L). We will focus on this model for triangular
ripple in the next section. It is reasonable for a relatively small smoothing capacitor C.
A can be reduced by large inductor which however usually has high impendence and thus
decreases driver efficiency [37]. For a large C, the ripple is better approximated as a
sinusoid, and by extending the analysis in [47], we get

A ≈ (1−D1)V0

2f1L

1
8f1CRLED

, (5.30)

that is, not only the inductor value L, but (as reflected in the second factor) also the
capacitor value C and the dynamic resistanceRLED of LED influence the ripple amplitude.
Yet, a large capacitor is not compatible with modulation by shunting and causes a large
power loss, as in Eq. (5.26).
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Figure 5.4: Ripple interference: (a) Signal waveforms with ripple interference and (b) Ripple
waveform in one period.

5.5.2 Ripple interference after matched filtering

Any integration over an integer number of repetitive cycles of the buck converter elim-
inates the effect of ripple, but fractional integration leads to interference with the data
modulation. Inserting Eq. (5.29) into Eq. (5.8) and after the MF, we get


r̃0(b = 0) = ερµ

√
Es + n0 + w0

r̃1(b = 0) = ερµ
√
Es.α + n1 + w1

, (5.31)

where w0 and w1 quantify the current ripple integrated over the signal reference waveform
ϕb(t).

For a sinusoidal ripple, i.e., ws = Acos(2πt/T1), MF integration yields

w0 = AT1

2πϕ∆

[
(1 + κ)sin(2πDTs/T1 + χ1)+
(1− κ)sin(2π(1−D)Ts/T1 + χ2)

]
, (5.32)

where χ1,2 are two independent and random phases of the integration over MF high and
low level. Thus, w0 is a function of random variables χ1,2 with uniform distribution in
[0 2π]. The probability density function of the first sinusoidal residuum has a closed
form of f (l1sin(χ1)) = 1/

(
πl1
√

1− sin2(χ1)
)

for −1 < sin(χ1) < 1 [40], where l1 =
AT1(1 + κ)/(2πϕ∆). Thus, it is a U-shape density function.

The remainder of this section investigates the triangular ripple. As shown in Figure 5.4
(a), we can split the symbol time Ts into six segments, Ts = (ξ1 +N1 +ξ2 +ξ3 +N2 +ξ4)T1,
where T1 is the period of PWM self oscillation. We distinguish an integer number of
N1 and N2 full PWM cycles in the first and second phase for any Manchester signal,
respectively. Due to the random timing skew in a practical system, there are the remaining
fractions ξ1(0 < ξ1 < 1) and ξ2(0 < ξ2 < 1) in the first phase, and ξ3(0 < ξ3 < 1) and
ξ4(0 < ξ4 < 1) in the second phase. Thus, ws(t) = ∑

i
wri(t), where the four ripple

contributions ∑
i
wri(t) with i = 1, 2, 3, 4 affect the signal detection.
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To model the statistical behavior of ripple contributions, we take the example of the
integration over ξ2 within the second ripple, as shown in Figure 5.4 (b). The waveform
of the second ripple wr2(t) can be expressed as

wr2(t) =


2A
D1T1

t− A, for 0 ≤ t < D1T1

− 2A
(1−D1)T1

t+ A(1+D1)
1−D1

, for D1T1 ≤ t < T1
, (5.33)

where the ripple cycle duration T1 equals the period of PWM self-oscillation. D1 is the
PWM duty cycle in the first phase of the Manchester signal.

We can treat ξ2 as a uniform random variable with the probability density p(ξ2) = 1
for 0 < ξ2 < 1. Actually, both the start point and end point of the integration of the
ripple can be arbitrarily distributed in the period of ripple. In our model, we specify the
start point at 0 and compensate the difference with several occurrences, i.e., the fractional
integrations of ξ1, ξ2, ξ3 and ξ4 are used. In Figure 5.4 (a), although the end points of
the integration for ξ1 and ξ3 are at an integer multiple of T1, we can easily treat these
two integrations with a specified start point by using the property that an integral over
a full period equals zero. Thus, we have

∫ T1

(1−ξ1)T1
wr1(t) ∧ϕ0(t)dt = −

∫ (1−ξ1)T1

0
wr1(t) ∧ϕ0(t)dt, (5.34)

and the same for ξ3. Hence, the ripple contribution w0 can be quantified as

w0 = −v1(1− ξ1) + v2(ξ2)− v3(1− ξ3) + v4(ξ4), (5.35)

where vi(ξ) is defined as vi(ξ) =
∫ ξT1
0 wri(t)

∧
ϕ0(t)dt.

The decision scheme decides b̂ = 0 if z = r̃0 − r̃1 > 0, and b̂ = 1 otherwise. The ripple
contribution for detection of bit b = 0 is w0−w1 = −v′1(1−ξ1)+v′2(ξ2)−v′3(1−ξ3)+v′4(ξ4)
and v′i(ξ) for i = [1, 2, 3, 4] is defined as

v′i(ξ) = H
∫ ξT1

0 wri(t)
( ∧
ϕ0(t)− ∧

ϕ1(t)
)
dt

=


κiHAT1
ϕ∆

(
ξ2

Dii
− ξ

)
, for 0 ≤ ξ < Dii

κiHAT1
ϕ∆

(
−ξ2+(1+Dii)ξ−Dii

1−Dii

)
, for Dii ≤ ξ < 1

, (5.36)

where κi = [2κ, 2κ, −2κ, −2κ] and Dii = [D1, (D1 +D2)/2, (D1 +D2)/2, D2]. D1 and
D2 are controlled to achieve I0 and I1, respectively.

In general, the buck driver would operate at a different duty cycle for the two phases of
the Manchester signal. We distinguish between two extreme cases. For a large modulation
depth the PWM cycling is very different and it is reasonable to assume that the truncated
segments are taken from independent parts of the PWM cycle. On the other hand, for
a small modulation depth, the PWM cycle will continue almost undisturbed after the
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Figure 5.5: One ripple contribution v′i(ξ).

transition between bits and between the first and second phase within the Manchester-
encoded bit. In the latter case, the net effect of this difference is limited and we can
use D1 = D2 to simplify the calculation. Since ξ2 and ξ3 are strongly correlated, the
contribution of ripple ξ3 is −v3(1 − ξ3) = −v3(ξ2). Also we notice that κ2 = 2κ and
κ3 = −2κ, which means the matched filter operation swaps the polarity of the integration
for −v′3(1 − ξ3), so that w0 − w1 = −v′1(1 − ξ1) + 2v′2(ξ2) + v′4(ξ4). From Figure 5.5, the
ripple contribution v′i(ξ) to the decision value is asymmetric.

The random variables ξ are uniformly distributed between 0 and 1, so that the mean
of v′i(ξ) can be expressed as

E{v′i(ξ)} =
∫ 1

0 v
′
i(ξ)p(ξ)dξ =

∫D1
0

κiHAT1
ϕ∆

(
ξ2

D1
− ξ

)
p(ξ)dξ

+
∫ 1
D1

κiHAT1
ϕ∆

(
− ξ2

1−D1
+ 1+D1

1−D1
ξ − D1

1−D1

)
p(ξ)dξ

= κiHAT1(1−2D1)
6ϕ∆

, (5.37)

and the variance of v′i(ξ) can be expressed as

V ar{v′i(ξ)} = E{v′i(ξ)2} − E2{v′i(ξ)}
=
∫D1

0

[
κiHAT1
ϕ∆

( ξ2

D1
− ξ)

]2
p(ξ)dξ − E2{v′(ξ)}

+
∫ 1
D1

[
κiHAT1
ϕ∆

(
− ξ2

1−D1
+ 1+D1

1−D1
ξ − D1

1−D1

)]2
p(ξ)dξ

=
(
κiHAT1
ϕ∆

)2−2D12+2D1+1
180

. (5.38)

Thus, although the ripple itself is DC free, the truncated residue at the output of a
matched filter does not have a zero expectation. However, when the four ripple interfer-
ence contributions are combined, the expectation is zero. Thus, the statistic properties
of the four ripple contribution are expressed as


E{w0 − w1} =

4∑
i=1

E{v′i} = 0,

Var{w0 − w1} =
4∑
i=1

(
κiHAT1

ϕ∆

)2−2D1
2 + 2D1 + 1
180 ,

(5.39)

where the v′i is the i-th ripple contribution for detection. When b = 1, we get the same
statistic property for w1 − w0.
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Figure 5.6: Density of ripple contribution v′2(ξ2) with HAT1 = 1.

Taking v′2(ξ2) as an example, the distribution of v′2(ξ2) can be calculated as a trans-
formation of the random variable ξ2. The probability density function of v′2(ξ2) is further
expressed as

fv′2(ξ2)(x) =



0, for x < −2κHAT1D1
4ϕ∆

2ϕ∆

2κHAT1

√
1+ 4x

2κHAD1T1/ϕ∆

, for− 2κHAT1D1
4ϕ∆

≤ x < 0

2(1−D1)ϕ∆

2κHAT1

√
(1−D1)2− 4(1−D1)x

2κHAT1/ϕ∆

, for 0 ≤ x < 2κHAT1(1−D1)
4ϕ∆

0, for x ≥ 2κHAT1(1−D1)
4ϕ∆

. (5.40)

The probability density function and the numerical result for D1 = 0.12 are shown in
Figure 5.6. We apply kernel density estimators [169] to obtain the numerical curve that
represents the two extreme peaks and a valley of low density for the values in between.
The Eq. (5.40) and the simulation confirm that the ripple noise density has a U shaped
distribution.

5.5.3 BER performance with ripple interference

For equally-likely bits (P {b = 0} = P {b = 1} = 1/2), the error probability can be ex-
pressed as

Pe = P{b = 0}Pe|b=0 + P{b = 1}Pe|b=1, (5.41)

where Pe|b=0,1 are the conditional bit error probabilities for b = 0 and b = 1. Due to the
symmetry between BPM symbols, we have Pe|b=0 = Pe|b=1. The BER follows from the
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Table 5.1: Ripple parameters for b = 0

Parameter v′1 v′2 v′4
v′i,min −b1 −a2 b4

v′i,max a1 b2 -a4

Dii D1 D1 D1

κi 2κ 2κ −2κ
P (v′i,min) 1−D1 D1 1−D1

P (v′i,max) D1 1−D1 D1

averaging

Pe = 1
2

v′1,max∫
v′1,min

v′2,max∫
v′2,min

v′4,max∫
v′4,min

fv′1v′2v′4(x1, x2, x4)erfc

H√Es.(1− α0) + x1 + 2x2 + x4√
2
(
σ2
n0 + σ2

n1 − 2ρκ
)

 dx1dx2dx4,

(5.42)

where fv′1v′2v′4(x1, x2, x4) is the joint probability distribution of the LED interference. The
ith ripple segment varies between v′i,min and v′i,max. For the ease of notation, we denote
the extreme ripple values at the MF output as ai = κiHAT1D1

4ϕ∆
and bi = κiHAT1(1−D1)

4ϕ∆
. All

values in Eq. (5.42) are listed in Table 5.1.

5.5.4 Approximation of ripple interference

In this section, we compare two approximations for the ripple interference, i.e., a Gaussian
approximation and a Delta approximation.

5.5.4.1 Gaussian Approximation
It is attractive to approximate ripple as an extra Gaussian term in addition to the thermal
and shot noise. According to the proposed system, the receiver decides on a zero or one by
comparing the signals in the two branches, that is, it uses decision parameter z = r̃0− r̃1.
Thus, with an extra ripple, z has the statistical properties

E [z|b = 0] = ερµ
√
Es · (1− α0),

Var [z|b = 0] = σ2
n0 + σ2

n1 − 2ρκ + Var{w0 − w1},
(5.43)

where the extra term Var{w0 − w1} is added in Eq. (5.14). In general, the conditional
bit error probabilities are not identical, yet for BPM with D = 0.5 both equal

Pe = P{b = 0}Pe|b=0 + P{b = 1}Pe|b=1

= 1
2erfc

 H
√
Es.(1− α0)√

2 [σ2
n0 + σ2

n1 − 2ρκ + V ar{w0 − w1}]

. (5.44)
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5.5.4.2 Delta Approximation
Another approach is to treat the ripple noise as a few binomial random variables, by
lumping a probability mass for every truncation into two extreme values. In such model
we approximate the U-shape by each truncation into two delta functions that reflect a
worst case. For truncation i, we approximate Eq. (5.40) as

fv′i(x) = P (v′i,min)δ
(
x− v′i,min

)
+ P (v′i,max)δ

(
x− v′i,max

)
. (5.45)

The conditional BER is identical for b = 0 and for 1. If we insert Eq. (5.45) into (5.42),
the (worst case) BER is expressed in Eq. (5.46), where P (v′i) = P (v′i,min) if v′i = v′i,min
and P (v′i) = P (v′i,max) if v′i = v′i,max as listed in Tables 5.1. Also for sinusoidal ripples, we
can make Delta approximation, similar to [40].

Pe =1
2

∑
v′1∈{v

′
1,min,v

′
1,max}

∑
v′2∈{v

′
2,min,v

′
2,max}

∑
v′4∈{v

′
4,min,v

′
4,max}

P (v′1)P (v′2)P (v′4)

· erfc
H√Es.(1− α) + v′1 + 2v′2 + v′4√

2 (σ2
n0 + σ2

n1 − 2ρκ)

 . (5.46)

5.5.5 Improved symbol filtering

Thus far, we considered a filter that is matched to the Manchester symbol waveform.
Yet, for non-Gaussian noise, such as ripple, this is not optimum. Several solutions were
reported for ALI reduction, including the electrical High-Pass Filtering (HPF) [53, 130,
137], angle diversity receiver [84] and discrete wavelet transform based denoising [155]. In
VLC, a HPF can be applied to combat low frequency interference, such as (usually even)
harmonics of the mains 50 or 60 Hz frequency. Removal of low frequency components
may cause baseline wander, particularly for waveforms that are not-DC free [53].

On the other hand, to mitigate SMPS switching ripple at frequencies significantly
above the bit rate (as considered here), a low-pass filter can be effective. In particular, it
can remove frequency components of the ripple where the MF is still sensitive. In fact,
the MF will have the same (multiple sinc-based) frequency characteristic as the spectrum
of the Manchester signal itself.

An extra low-pass filter can mitigate ripple interference, but should neither introduce
excessive Inter Symbol Interference (ISI) nor attenuate the wanted signal to much. This
can in particular be achieved if Ts � 2T1. As a practical worst case, we take Ts = 2T1.

Our simulations in Figure 5.7 (b) show that an appropriately chosen filter effectively
removes the effect of ripple. In fact, the ripple-free and filtered curves overlap.

5.6 Numerical and Simulation Results

Firstly, we verify our system modeling of BPM by simulations. Secondly, we compare two
LED driver topologies in terms of power efficiency, extra power per symbol ∆E considering
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Figure 5.7: BER versus distance in the main beam. (a) With data rate 10 kbps for ideal
waveform using Monte-Carlo simulations (discrete markers) and theory (solid lines) from Eq.
(5.16); (b) With data rate 50 kbps and D = 0.5. Comparion of an ideal waveform with a
waveform distorted by ripple (A/I = 30%).

a practical implementation. Lastly, we quantify the tradeoff between communication and
illumination performance, for various data rates, BER and acceptable EEPS.

We simulate HB-LEDs from Lumileds, which have a typical current around 350 mA,
a responsivity of µ = 0.3 and Semi-angle of Φ1/2 = 70◦. We simulate a typical silicon
photo-detector with a surface area of Ar = 100 mm2 and a responsivity of ε = 0.5. We
assume a preamplifier in the receiver with a feedback resister of RF = 10 kΩ. As a result,
the Power Spectrum Density (PSD) of the thermal noise is 1.6 × 10−24 A2/Hz. Other
parameters used in the drivers can be found in the LTspice diagram.

5.6.1 BER performance of BPM

We investigate the effect of the modulation index κ and duty cycles of data D on the BER
performance, since these two parameters are mostly controllable in the system design. In
this section, we analyze a BPM system with a data rate of 10 kbps (Ts = 100 µs) that
is inspired by the speed specified in IEEE 802.15.7 standard for low-speed applications.
The transmitted signal power is 1 W, i.e., Es/Ts = 1 W. For different κ and D, Figure
5.7 (a) shows the analytical and simulated BER versus distance d at the center of the
beam (θ = 0, φ = 0).

As predicted by our BER analysis, a larger correlation coefficient α deteriorates BER.
In fact, smaller modulation index κ and longer symbol duration D implies a larger α0.
For instance, the BER for D = 0.7 is worse compared to D = 0.3.

Our results confirm that in a typical indoor scenario, e.g., in office lighting, a com-
mercial illumination LED with a wide opening angle (say, 70 degrees) can achieve a
communication range more than 4 m with a good raw BER, even less than 10−10. The
communication range is further extended by channel coding which requires the raw BER
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only in the order of 10−3.
Figure 5.7 (b) investigates the BER, considering ripple interference. The data rate

is changed to 50 kbps (Ts = 20 µs), which corresponds to one half of f1. Since Es/N0

is inversely proportional to bit rate, 10 kbps can cover longer ranges than 50 kbps in
general, from Figure 5.7 (a) and (b).

Figure 5.7 (b) compares κ = 0.5 and κ = 0.1. Since LED lighting manufacturers
typically prefer the percent current fluctuation to be less than 30%, the ripple strength
with A = 30% of 350 mA is plotted. Figure 5. 7 (b) indicates that a high modulation
index (κ = 0.5) can support long distance communication. However, the ripple affects
the BER at smaller modulation indexes, for instrance at κ < 0.1 which is used to achieve
high energy efficiency and to avoid potential effect of flickering.

For our system running at a SMPS clock of f1 = 100 kHz, at data rates below 10 kbps,
the high-frequency ripple appears to have negligible impact on BER since the matched
filter, which acts as a low-pass filter, effectively filters it out. When the data rate is
marginally below half of the ripple frequency f1/2, a further low-pass filter is effective.
We also see that that for data rates above several Mbps, binary shunting above the SMPS
frequency, ripple has negligible impact, this is because a quasi-constant current can be
assumed within each symbol. Yet at these frequencies, the use of an output capacitor at
the SMPS leads to substantial power losses, as predicted by Eq. (5.26).

Regarding the accuracy of our proposed approximation models, we see that particularly
at high SNR, the Delta approximation is more accurate than the Gaussian approximation,
since it can better approximate the U-shape distribution of LED interference.

5.6.2 Power consumption and efficiency of LED drivers

The extra power (21) due to modulation via the control loop is depicted in Figure 5.8
(a), where the middle current I = (I0 + I1)/2 equals 350 mA. The extra power loss due to
modulation appears to be less than 0.3 W. If D = 0.5, the extra power ∆Pbuck is below
0.1 W, which results in a SMPS efficiency of 86%-87%. For D = 0.5, an average current
of 350 mA is maintained to keep the same illumination level. Interestingly, if D < 0.35, a
VLC system consumes less power (∆Pbuck < 0) than an illumination system with constant
light output (κ = 0). In this case, the light is dimmed to a low light level.

For Pout = 1 W, we compare the efficiency of the two drivers in Figure 5.8 (b). As we
can see, the buck driver has an efficiency around 87% without data modulation (D = 1).
Compared to the reported work in [37], the improved efficiency is achieved by using a
Shottkey Diode with low forward voltage of 0.2 V. When the modulation applied to
the driver (0 < D < 1), there is a negligible impact of modulation on the efficiency of
the control-loop adapting driver. However, the efficiency of binary shunting gradually
improves with D.

For a high data rate (10 Mbps), binary shunting becomes quite inefficient due to the
frequency-dependent power loss in the capacitor C as in Eq. (5.26) and due to switching
losses in Switch2. Figure 5.9 shows that decreasing the capacitor improves efficiency.
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For D = 0.5, binary shunting achieves 70% efficiency at low data rates. With properly
chosen C, this can be extended to several Mbps. In practice, one can further enhance
the efficiency by increasing the number of LEDs in the string and by lowering the input
voltage to reach state of art LED lamp illumination efficiencies [65].

To verify the accuracy of model approximation, we simulated the proposed circuits
in LTspice, as shown in Figure 5. 10 (a). We simulated a Lumiled LXHL-BW02 LED
and a Schottkey diode 1N5818. The output capacitor is minimized in binary shunting
since it decreases the power efficiency and causes positive current spikes when it is too
large. Electro-Magnetic Interference (EMI) protection requires at least some (100 pF)
capacitance. The ripple is controlled by setting a directive, e.g., CSW (Ron = 10 Meg Roff
= 0.01 It = 0.326 Ih = 0.15). Ron/Roff is the resistance of the switch in open/closed state.
It is the threshold current which indicates the average current and Ih is the hysteresis
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(b)

Control loop 

adaptation
Binary 

shunting

Figure 5.10: Circuit simulation with BPM waveform in LTspice, using Pout = 1 W both
for control-loop adaptation and binary shunting: (a) Circuit diagram and (b) LED driving
current. To illustrate the effect of hysteresis control visibly, we use different ripple intensities
and frequencies.

current which controls the ripple strength. More details on the realization of hysteresis
control is outside the scope of this chapter. Figure 5.10 (b) confirms that the current is
triangular. The simulated efficiencies when D = 0.5 for these two cases are 84% and 66%,
resp., which confirms the accuracy of our approximation model, as shown in Figure 5.8
(b) for the two driver designs. To illustrate the effect of hysteresis control visibly, we use
different ripple intensities and frequencies. For control-loop adapting, f1 = 100 kHz for
A = 150mA. In binary shunting, f1 is adaptively increased to 330 kHz to ensure small
ripple of A = 50mA.

5.6.3 Communication performance versus power consumption

In this section, we further illustrate the communication performance in terms of acceptable
EEPS (∆E ) and BER, by taking into account the driver efficiency and a total power of
Pout = 1 W to deliver a certain required illumination level. For the two drivers, we
compare ∆E versus energy per symbol Es in Figure 5.11. We use D = 0.5 for the best
BER performance for control-loop adapting.

Figure 5.11 confirms that ∆E increases with Es in both drivers. For control-loop
adapting, increasing κ increases both Es1 and ∆Es1. In the binary shunting, κ = 1 by
definition, but we show how both Es2 and ∆Es2 increase with decreasing D until D = 0.5.
When D decreases below 0.5, one consumes more power ∆Es2 without improving Es2. In
fact, small D implies high peak current level, which lead to excessive power loss. Our
results quantify the tradeoff between ∆Es2 and Es2. D < 0.5 is not attractive for the
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bit (ES) for 1 watt of illumination light (Pout = 1 W) and data rate 10 kbps. 0 κ→ 1 means that
κ is swept from 0 to 1. Similarly, 1 D→ 0 means that D is swept from 1 to 0.

binary shunting. At higher duty cycles, EEPS is nearly proportional to Energy per bit.
Further, we see that larger capacitor consume more extra ∆Es2, but only to a limited
extent.

Figure 5.11 shows that for a fixed Es, a driver with an adaptive control loop needs
much less ∆E than a binary shunting modulator. To study an adaptive control loop,
we approximate V0 = V

′
0 , that is, we assume that the junction voltage does not change

substantially due to the higher current. Then, Eq. (5.23) becomes

Es1 = V0TsI [κ− (1− 2D)] . (5.47)

Using Eq. (5.21), (5.24) and (5.47), we eliminate κ, to express

∆Es1 = c2[Es1 + V0TsI(1− 2D)]2

V 2
0 Ts

+ (c1 + 2c2I)(2D − 1) [Es1 + V0TsI(1− 2D)]
V0

. (5.48)

For D = 0.5, this simplifies into ∆Es1 = c2E2
s1

V 2
0 Ts

. Although this expression seemingly
does not depend on κ, the effect of the modulation amplitude is inherently present via the
quadratic relation between specified communication energy per bit and the energy needed
to achieve that. Moreover, the behavior differs from well-known common intuition in radio
communication, where one can increase the communication energy per bit either by scaling
the root of the amplitude or the symbol duration, while the consumed energy per bit scales
in the same way as the communication energy per bit. For JIC this is not the case. In
fact it is much more energy-efficient to emit longer symbols with (correspondingly) low
amplitude. The resistive losses in the SMPS, in particular the ESR in the magnetics
causes this effect. In general, smaller modulation index and larger symbol duration Ts
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Figure 5.12: BER versus distance given a power budget of E [Pout(t)] + E [Pbuck(t)] = 2 Watts.

results into a larger ratio of Es1 to ∆Es1. In the limit, for κ→ 0, we have ∆Es1/Es1 → 0,
i.e., communication is for free, thus without extra power loss on top of the illumination-
only benchmark.

Figure 5.12 allow for system optimization, for a total power budget of 2 W. For D =
0.5, the power for illumination is Pout = 2W×85% and Pout = 2W×67% for control-loop
adapting and binary shunting, respectively. The efficiency is 85% at 2 Watt, which is
slightly lower than the results in Figure 5.8 (b) for 1 W. Control-loop adapting can give
a bit stronger illumination than binary shunting, within the same total power budget.

For a fixed power budget (E [Pout(t)] + E [Pbuck(t)] = 2 W), the BER performance
is also compared in Figure 5.12. When D = 0.5 and κ = 1, control-loop adapting
outperforms binary shunting in terms of a much better BER performance. These two
topologies can have similar BER performance for the specific choice of κ = 0.69 for
control-loop adapting.

5.6.4 BER performance with power and ripple consideration

Based on Eq. (5.30), we can avoid a high ripple (i.e, get a small A) by using a large
inductor, a large capacitor and a high PWM frequency f1. In this chapter, ripple is
mitigated by setting small threshold gap of the hysteresis control and f1 is increased
adaptively through A = (1 − D)V0/(2Lf1). However, an increased f1 leads to higher
switching losses so it results into a lower power efficiency. Based on the simulation in
LTspice, when A = 150 mA, f1 = 100 kHz and when A = 10 mA, f1 = 1.55 MHz. Figure
5.13 shows the BER performance for binary shunting with a communication distance of
1.5 m, where x-axis is the proposed EEPS and y-axis is the BER. The data rate is 267
kbps which is the highest speed for PHY layer I in IEEE 802.15.7 standard.

It is interesting to notice that, the system must tolerate substantial flicker, at the same
time, with a decent BER performance. In another words, decent BER can be achieved
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at lower energy cost by allowing larger ripple. Similar effect is noticed for control-loop
adapting drivers. In Figure 5.13, it is expected that the system has the best BER when
D = 0.5. After that, although Es stays constant as shown in Figure 5.11, the BER
deteriorates due to increased shot noise.

5.7 Conclusion

This chapter analyzed Binary Phase Modulation (BPM) in VLC for an arbitrary mod-
ulation depth and duty cycle of the symbols, taking into account signal-dependent shot
noise, power efficiency and imperfections (ripple) of typical LED drivers. In particular,
our proposed Delta approximation for the non-Gaussian triangular ripple can well pre-
dict the effect of ripple on BER. Ripple interference particularly deteriorates the BER
performance for small modulation depths, significantly, below 10%. Our model and our
simulations show that at deeper modulation depths the effects is modest even for ripple
percentage larger than the modulation depth. Thus, from a power consumption per-
spective, one even prefers to tolerate higher ripple levels. However, this may in practice
pose some challenges to synchronization and setting the decision thresholds in the re-
ceiver, particularly, for direct sampling systems. The ripple interference can be alleviated
further by low-pass filtering in the receiver. Two Buck-based LED drivers for BPM are
analyzed and simulated for a practical implementation. Firstly, our proposed control-loop
adapting driver can realize high power efficiency. In this case, data rate is constrained
by the frequency of buck self-oscillation PWM frequency but one can increase the PWM
frequency by using a small inductor or adapting the hysteresis levels. Secondly, binary
shunting supports high data rate but that is at the cost of high extra power consump-
tion (EEPS). Due to the output capacitor, high data rate can significantly decrease
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the efficiency of LED drivers. To minimize the effect of capacitor on power efficiency,
a small capacitor should be used only for EMI protection in binary shunting. If the
modulation frequency increases, in both cases, the switching loss becomes relevant and
it also depends on the switch property. In general, our proposed control-loop adapting
driver outperforms the reported binary shunting one in terms of higher power efficiency,
lower EEPS and better achievable BER performance given a power budget. Usually, for
many indoor applications where the required data rate is relatively low, the control-loop
adapting is attractive for Joint Illumination and Communication (JIC) systems.
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CHAPTER 6

Reading Analysis for Barcode Scanner with Interference
from LED-based Lighting
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M. G. Linnartz, ”Performance of barcode scanner using peak detection with interference from
LED lamps,” Communications and Vehicular Technology in the Benelux (SCVT), 2015 IEEE
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And from: J.P.M.G. Linnartz, Xiong Deng, and Stepahn Nijssen, ”Impact of LED Temporal
Light Artefacts on Bar Code Scanners,” Technical Note PR-TN 2016/00117, PHILIPS, 2016.
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And from: X. Deng, J. P. M. G. Linnartz, K. Arulandu, G. Zhou and Y. Wu, ”Reading Analysis
for Barcode Scanner with Interference from LED-based Lighting,” in submission, IEEE Trans-
actions on Industrial Electronics 2018. c©IEEE

Abstract – This chapter addresses the reading failure of a barcode scanner that suf-
fers from interferences of Light Emitting Diode (LED) lamps. Barcode scanners can be
treated as special communication systems that use light as input. This chapter quanti-
fies the reading performance in terms of Timing Signal-to-Interference Ratio (TSIR), in
particular, as a function of modulation depth and frequency of the interference in LED
lighting. The LED interference, generated in the LED driver such as Switched Mode
Power Supply (SMPS), is neither additive nor Gaussian as discussed in Chapter 5. This
interference has a frequency up to several MHz and it seriously affects the barcode reading
performance. To calculate the signal and interference power for TISR, the laser scanner
physical channels are analyzed, including the laser beam path and the LED interference
path. Since barcode scanners usually use peak or edge detection, the reading reliability
is subject to the first and second derivative of the LED inference, respectively. We vali-
date the proposed TSIR for predicting scanner reading performance by experiments. For
instance, we found that typical scanners reach a specified sensitivity at a TISR value of
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around 50. We further investigate the reading performance under multi-frequency inter-
ference, e.g. interference from the harmonics of the SMPS control signal. In general, this
work presents a simple, yet realistic model to quantify the reading performance in terms
of TSIR for barcode scanner under sigle-frequency LED interference, and it proposes an
empirically verified Flicker Interference Metric (FIM) for multi-frequency interference.

6.1 Introduction

Barcode scanners play an essential role in the electronic data interchange and thus they are
extensively used, for instance,in the super market, hospital, express parcel tracking and
industrial production statistics [80]. Meanwhile, as an emerging light source, the Light
Emitting Diode (LED) has shown the promise for specialized and general lighting due to
its high luminous efficiency, small size, easy control and long lifetime [107]. Nevertheless,
this study has found that the rapid fluctuations in LED light output seriously interfere
with the barcode scanner, thereby degrading the reading performance. This motivates
us to predict the effect of LED interference on a barcode scanner and, in particular, to
understand its dependency on modulation intensity (depth) and the repetition frequency
of the LED light output. Since both the modulation depth and frequency are controllable
in lighting, they can be potentially optimized to ease risks on equipment that applies light
as input signal such as the barcode scanner.

The barcode scanner evolves from one-Dimensional (1D) to Quick Response (QR) bar-
codes preferably with simple and low-cost signal processing techniques. It decodes the
information from an acquired barcode signal with an accurate estimation of features such
as the edges and peaks of the barcode patterns [91]. For instance, the reported works have
dealt with barcode signal for those features using signal filtering [80, 170], waveform anal-
ysis [78], deblurring [79], feature extraction [95] and other signal processing techniques
such as Expectation-Maximization algorithm [43, 180] and Gauss-Newton algorithm [91].
However, most of these techniques have not been specifically analyzed under LED inter-
ference, since they were initially developed based on the assumption that the noise was
Additive White Gaussian Noise (AWGN), including the thermal noise, shot noise and
speckle noise [195]. In the scanner, any noise and interference cause a time shift to the
zero crossings of a signal intersecting a threshold, namely the timing jitter. Under AWGN
noise, it was proposed that the timing signal-to-noise ratio could determine the reading
performance [16]. Nevertheless, the LED interference is neither additive nor Gaussian
and thus its effect on the scanner reading performance needs to be further investigated.
To the best of our knowledge, this work presents the first model of a barcode scanner
system that subjects to multiple interferences from the LED lighting.

In particular, most of the reported works analyzed the performance of the barcode
scanner based on a convolution of a laser beam over the barcode by considering the
optical channel as constant gain [16, 79, 80]. However, this simplified channel model
is inadequate to analyze the scanner reading performance in practical applications. For
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instance, the reading distance, which results in a certain channel gain, significantly affects
the reading performance. Moreover, we found the signal propagation channel is different
from the high-frequency LED interference channel. Thus, new channel models are desired
both for the signal and interference in barcode scanners.

In LED lighting, it is known that the fluctuating LED light potentially imposes risks
on human flicker perception [148] and light-based electronic systems such as cameras
[93] and barcode scanners [91]. The non-uniform illumination on the target could be
perceived by the barcode scanner and thus a joint illumination estimation and deblurring
algorithm was proposed [91]. In contrast to the non-uniform illumination which changes
very slowly compared with the barcode signal, the rapid fluctuations in LED light output
was further investigated for the barcode scanner [39]. However, practical lighting systems
with multiple interferences were not considered in [39] and no experiment was conducted
for verification. In lighting industry, an International Electrotechnical Commission (IEC)
standard with new flicker metrics are still being refined to cover all types of light sources
[116], including the emerging LEDs. This also justifies a study into the effect of the LED
interference on light-based systems such as barcode scanners.

In this chapter, we address the reading failure of a barcode scanner that suffers from
LED interferences. This work has resulted into several contributions. Firstly, we pro-
posed new propagation channels for the barcode signal and LED interference separately.
We found the received LED interference power by scanner is constant under a required
illumination level. Secondly, the Timing Signal-to-Interference Ratio (TSIR) was pro-
posed and verified for predicting the scanner reading performance under single frequency
LED interference. Thirdly, under a multi-frequency LED interference, a verified Flicker
Interference Metric (FIM) was further proposed in the form of P-norm with a weighted
frequency-averaging such that the acceptable barcode reading was enabled. To be specific,
we found the TSIR for single frequency interference was not applicable to evaluate the
scanner reading performance under multi-frequency LED interference. This is because
multiple non-AWGN LED interferences results in a combined interference with a compli-
cated distribution, in contrast to the AWGN that suggests the same Gaussion distribution
for the combined noise.

To this end, crucial approaches are included in the following sections. A system
description of barcode scanner is provided in Section 6.2. The scanner is modeled in
detail in Section 6.3. In Section 6.4, barcode signal and the impact of LED interference
with an arbitrary waveform on barcode reading are analyzed. In Section 6.5, we verify
our model with measurements under single and multi-frequency LED interference.

6.2 System description of barcode scanners

Two classes of scanning technique are widely used in hand-held barcode scanners, in-
cluding the light reflection and image capturing. The light reflection scanner is further
divided into two subclasses, i.e., LED-pen scanners with manual scanning and 1D laser
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Figure 6.1: Proposed system model for laser scanners.

scanners with automatical sweeping of a laser spot across the barcode. The image cap-
turing scanner either uses a camera with an predefined reading line in the image or read
the barcode by using an array detector such as a Charge-Coupled Device (CCD).

This chapter attempts to build a generic model for light reflection scanners such as
1D laser scanner. We model it as a communication system that consists of three parts
as described in Figure 6.1: 1) a transmitter, which is composed of a laser, lens and a
rotary prism, 2) an optical path, which includes the reflection against the barcode that
modulates the spatial code as amplitude time-variations of the beam, 3) and a receiver
which includes an optical filter, a Photo Diode (PD), an edge detector or a peak detector
and a signal processing module.

The signal disturbances mainly originate from four sources: 1) interference from arti-
ficial light such as LED light fluctuation, 2) the thermal noise generated in the receiver
circuitry such as the Low-Noise Amplifier (LNA), which is signal-independent, 3) the
shot noise, caused by the instantaneous quantum efficiency in the PD, which is signal-
dependent, and 4) the speckle noise generated randomly by the rough print of the barcode,
which is also signal-dependent [195]. It has been well elaborated in previous works that
the thermal noise, shot noise and speckle noise were considered as Gaussian noise [195],
[18]. However, as non-Gaussian interference, the time-varying (flickering) light output
of LED lamps can severely affect the scanner reading performance, especially when the
frequency of interference is comparable to the scanning rate. Based on our measurement,
the LED interference becomes dominant under LED lighting. Thus this chapter is focused
on the LED interference. On the generation of the LED interference in drivers, we refer
to [36].

In particular, for a laser scanner to operate under ambient light as bright as sunlight,
a narrow-band optical filter matching the laser wavelength is often desired [71]. Nonethe-
less, due to the wide spectrum of white light, some parts of the light still reach the
photodetector as shown in Figure 6.2. Moreover, the cool light has more power entering
into the scanner than warm light due to the higher spectrum at the the laser wavelength.
Note that, the high performance optical filter is hardly used in the barcode scanner due
to its high cost. In genaral, different from the constant sunlight which can be simply
filtered out as DC in the receiver, the fluctuating LED output light becomes a serious
interference to barcode scanner and thus affects the scanner reading performance.
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Figure 6.2: Typical spectral power distribution of white LED and red laser filter with center
wavelength at 633nm and bandwidth of 10nm .

In general, a barcode scanner with fast scan velocity and large depth of field of the
view is desired. Nevertheless, the scan velocity is constrained by the transmitted power
which is limited by the eye safety. The scan depth is mainly affected by the blurring
that is caused by the convolution process of the laser spot over the barcode symbol. This
work proposes a performance metric, i.e., TSIR, by taking into account all the related
parameters such as the laser power, scan velocity and reading depth.

6.3 System model for laser scanners

In this section, the transmitter, channel and receiver of the laser scanner shown in Figure
6.1 are discussed in detail. In particular, new channel models are proposed to calculate
the received signal and interference power.

6.3.1 Transmitter

As shown in Figure 6.1, the laser is the signal source in the transmitter. The output
laser beam is concentrated by an optical lens, then reflected by a rotary mirror, and at
last it scans across the barcode. In particular, using the microelectromechanical systems
(MEMS), the laser beam can be steered without a mechanical motor in the transmitter
[66], which leads to a compact and low-cost barcode reader. In such case, the traditional
channel model for mechanical scanners is not applicable and thus new channel models are
necessary.

6.3.2 Channel

Unlike most of communication systems using the Light-of-Sight (LOS), the scanner de-
tects information that is embedded in the barcode through the reflected path between
the transmitter and the receiver.
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6.3.2.1 General channel model
The scanner uses a laser to illuminate a small area within the printed barcode. The
detector collects the reflected light and sees a temporal waveform when the spot is scanned
across the barcode. The propagation path is illustrated in Figure 6.3. The effective area
Ae that the receiver can observe is usually designed to be larger than the laser spot size
Al and also larger than the barcode, but preferably not too large, to avoid the collection
of unwanted noise or interference.

From Figure 6.3, the received optical power Ps from the laser at the detector is ex-
pressed as

Ps =
∫
λ
Plaser(λ)LL−PR(λ)LP−DF (λ)dλ, (6.1)

where Plaser(λ), LL−P and LP−D are the output power spectrum of laser over the wave-
length λ, the loss from laser to paper and the propagation loss from paper to the detector,
respectively. Sine all laser power falls in the spot area, we have LL−P = 1 and thus the
optical power in the spot is independent of the distance d between the laser source and
the barcode. The laser signal is reflected by the barcode with a reflection coefficient R(λ).
Then it passes through the optical filter F (λ) and finally it is picked up by the PD. Here,
the path loss LP−D between the paper and the detector depends on d.

6.3.2.2 Propagation channel of the laser beam
The simplified channel model for laser signal is proposed in Figure 6.4 (a). The laser beam
is rotated by the MEMS micromirror that utilizes a magnetic actuation. Specifically, an
electric current flowing through the mirror to generate an equivalent mechanical scans
across the barcode. The scattered light is received and then focused by a compound lens
onto the PD. The laser signal is attenuated by the optical path from paper to detector.

The optical configuration using a MEMS micromirror in the scanner typically has a
large detection area and thus it is sensitive to the noise and interference. The reflection
from a paper surface is well approximated by a Lambertian radiation [195]. We write
the Lambertian reflection as R (φ) = [(m+ 1) /2π] cosm (φ), where φ is the angle between
the outgoing laser beam and the main lobe direction of the refection pattern [51]. The
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Figure 6.4: Optical configuration of a barcode reader with MEMS.

order m can be calculated by m = −ln2/ln
(
cosΦ1/2

)
, where Φ1/2 is the semi-angle at

half power of the pattern. For instance, the measured semi-angle of the pattern for a
cardboard is around 30◦ [195]. Thus the propagation loss from paper to the detector is

LP−D = Ad cos θR(φ)
d2 = Ad cos θ(m+ 1)cosm(φ)

2πd2 , (6.2)

where Ad is effective aperture of the PD considering the effect of compound lens. The
angle θ is the off-axis angle in the normal direction of the lens and in such case, φ = 2θ.
The lens is located in a distance d from the laser spot. After the lens, the received optical
power by PD is converted into current IPD, expressed as

IPD = εPs = εPlaserR(λ)Ad(m+ 1)cosm(φ) cos θ
2πd2 , (6.3)

where ε is the PD responsivity (A/W) and Plaser =
∫
λ Plaser (λ)F (λ) dλ is the received

power after the integration over wavelength λ, with assumption that reflection coefficient
R(λ) is independent of λ. Since the electric power takes square of the current, the signal
power declines according to the fourth power of distance d. Except for the signal power
loss, in Section 6.4.1, we further investigate the signal dispersion that depends on the
spot size and the scan distance (depth).

6.3.2.3 Propagation path of the LED interference
The LED interference was considered as a self-influence in a VLC system [36]. In this
chapter, the fluctuation of the LED output light becomes a cross-interference into other
light-based systems, for instance, barcode scanners. In scanner systems, the propagation
path of LED interference is quite different from that of the laser beam.

The barcode and its surrounding environment are simultaneously illuminated by the
LED lighting. Specular reflection is less likely for the LED interference because the light-
ing is typically designed to avoid glare. Thus the illumination is realistically modeled to
be uniform. Hence, we model the reflected light interference from the paper as Lamber-
tian radiation with a main lobe perpendicular to the paper surface, as shown in Figure 6.4
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(b). In particular, since the far field effect for the Lambertian radiation, the interference
is represented by the accumulation of a large number of small radiation elements.

As illustrated in Figure 6.4 (b), the interference power received from the LED light
can be expressed as an integral over the effective area Ae and the wavelengths. So, we
have

nLED =
∫∫

Ae

∫
λ
PLED(λ)PP−D(a, b)F (λ)rdrdβdλ, (6.4)

where PLED(λ) is the Power Spectral Density (PSD) of LED output light. The power
loss PP−D(a, b) is caused by the Lambertian re-radiation at (a = r cos β, b = r sin β) for
each small spot in the view area, thus

PP−D(r cos β, r sin β) = Ad cos θ′(m+ 1)cosm′(φ′)
2π(d2

0 + r2) , (6.5)

where d0 is the vertical distance from paper to the detector. Because the main lobe is
perpendicular to the paper surface, we have φ′ = θ′. If assume that all patterns have m′
= 1, integrating over the whole area, the total received interference power nLED becomes

nLED = PLED

∫ d0 tan θ0

0

Add
2
0

π(d2
0 + r2)2 rdr

∫ 2π

0
dβ

= PLEDAdtan2θ0
/

(1 + tan2θ0)
, (6.6)

where θ0 is the view angle of the barcode scanner. PLED =
∫
λ PLED(λ)F (λ)dλ is the light

density on the scanned area, expressed as W/m2. From Eq. (6.6), it can be concluded that
the interference from LED nLED is always constant given the view angle and illumination
level.

We define electrical SIR = (εPs/εnLED)2 as the signal to interference ratio. Based on
Eq. (6.3) and (6.6), provided that LED flicker interference was solely present, the SIR
also declines according to a fourth power of distance d and it is expressed as

SIR =
(
PlaserR(m+ 1)cosm(φ) cos θ(1 + tan2θ0)

2PLEDπd2tan2θ0

)2

. (6.7)

It is necessary to note that, the scanner reading performance is not determined by the
SIR since it does not take into account the scan rate. Thus a new metric in terms of
TSIR is provided in Section 6.4.

6.3.3 Receiver

As mentioned before, there are two widely used barcode detection algorithms for barcode
scanner, i.e., the edge and peak detection [80]. These two algorithms are also widely used
in other applications such as image processing [21], [176].
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6.3.3.1 Peak detection
Figure 6.5 shows a peak detection implementation for barcode reading, using the 1st
derivative [80]. The zero crossing of the 1st derivative of signal is used to find the peak or
valley of the received signal, which corresponds to the midpoint of the modules (stripes
and gaps) of the barcode. Note that, the 1st derivative is calculated after the low-pass
filtering to suppress the wide-band noise. For deburring the signal, a further scaled second
derivate is needed based on the inverse filter design. This method is mainly used for high
density barcode, i.e., σl < Tb < 4σl, where σl is a quarter of the spot size of the laser
beam in time and Tb is the module duration of the smallest bar or space.

6.3.3.2 Edge detection
The zero crossing of the 2nd derivative of the received signal can indicate the edge of
the barcode. The implementation of edge detection using the 2nd derivative is shown
in Figure 6.6. In this scheme, after the signal and noise passing through a enhancement
filter, the second derivative is computed for edge locations while other signals are also
involved to avoid false edges. The edge detection is usually used for a low density barcode,
i.e., 4σl < Tb. More details can be found elsewhere [18].

6.4 Signal and performance analysis for laser scanners

6.4.1 Signal description

The scanning with velocity v transfers the barcode from space domain to time domain
[118]. Normally, the scanning process is modeled as a one-dimensional along the x direc-
tion, although the laser spot is 2D [13], [173], [170]. Thus we model the scanning process
as the convolution of the laser spot over the barcode with additive noise n(t), so the
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received signal r(t) is

r(t) = εLP−DX(t)⊗ h(t) + n(t), (6.8)

where X(t) is the reflectivity function of the barcode in time and h(t) indicates the
laser Point Spread Function (PSF) of the optical system. h(t) is generally modeled by a
Gaussian function to produce the edge response [8] [195], expressed as

h(t) = Ap
1√

2πσl
exp(−t

2

2σ2
l

), (6.9)

where Ap is the power of the laser beam. σl is the temporal spread expressed as σl =
w/ (4v), where w is the diameter of the laser spot. As elaborated in studies [80], [121], the
laser beam converges to a non-zero minimum waist diameter w0 and then spreads with
a divergence angle α = 4λ/πw0 to the far-field region, typically α < π/180 (1 degree).
Since w0 is very small, the beam diameter can be described as w = 2dtanα. So the laser
point spread and the corresponding parameter σl grows when the barcode is moved away
from the scanner. To ensure proper decoding, the spot size preferably is smaller than the
width of the barcode module to decrease the convolution distortion while it also should
be reasonably large to avoid amplification of print imperfections.

Due to the scanning velocity v, X(t) is described as

X(t) = C

2

n−1∑
i=0

(−1)iU(t− ti) + Rw +Rb

2 , (6.10)

where ti = xi/v and xi is the edge location in space. The Rw and Rb are the reflectance
of the spaces and bars respectively. C = Rw − Rb is the print contrast ratio or, more
precisely, the reflectance difference between the bar and space. U(t− ti) is the unit step
function at the transition point ti.

6.4.2 Signal enhancement

During scanning, the Gaussian PSF acts as a Low-Pass Filter (LPF) to ”smear” the
signal. A high-pass inverse filter is usually used for deblurring the convolution distortion,
which enhances the signal [80]. The inverse filter will also enhance the high frequency
noise and thus another low pass filter is applied but with a cut off frequency above the
signal spectrum [16], [170]. To combine these filters, we firstly model the inverse filter as
a series expansion

HI(ω) = exp(ω2σ2
I/2) = 1 + ω2σ2

I/2 + ω4σ4
I/8 + · · · , (6.11)

where σI = ησl and usually the scaler η is 1. Since σI is quite small, we can use second
or fourth-order polynomial to approximate the series in the relevant ω range.
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6.4.2.1 Peak detection
As shown in Figure 6.5, the second-order polynomial H̃I(ω) = 1 + ω2σ2

I/2 is used to
approximate the high-pass inverse filter in Eq. (6.11) and then σI is optimized to avoid
excessive noise enhancement above certain frequency. For the LPF HG (f) in Figure 6.5,
we further use a Gaussian LPF which has the same form as the laser spot [154], [17].
Thus, the transient response of HG (f) is expressed as

hG(t) = 1√
2πσf

exp(−t
2

2σ2
f

), (6.12)

with Fourier transform HG(ω) = exp(−ω2σ2
f/2) and σf indicating its bandwidth which is

optimally selected for a typical scan distance.

6.4.2.2 Edge detection
For edge detection, an edge-enhancement filter is proposed [170], which combines the
noise limiting and deblurring in one filter design. This filter can be described by the ratio
of two polynomials as

Hf2(s) = B(s)/A(s), (6.13)

where the numerator of B(s) = 1− s2σ2
I/2 + s4σ4

I/8 is used to approximate the prototype
of the inverse filter in Eq. (6.11) using s parameter. The sixth-order Bessel filter was used
for the denominator since it has a low-pass property with a linear phase but no overshoot
[170]. However the drawback of the Bessel filter is that its response is not as steep as the
Gaussian low-pass filter. Thus for better comparison, the same low-pass Gaussian filter
in Eq. (6.12) is applied for edge detection.

6.4.3 Signal for peak and edge detection

This chapter focuses on the analysis for peak detection using the first derivative. After
the low-pass filter in Figure 6.5, the barcode reader calculates the first derivative s(t) to
digitalize the received signal r(t) [18, 24, 80] such that

s(t) = GS

2

[
n−1∑
i=0

(−1)i 1√
2πσo

exp(−(t− ti)2

2σ2
o

)
]
, (6.14)

where GS = εLP−DApC indicates the signal channel gain. And σ2
o = σ2

l + σ2
f is the total

blurring. Considering the effect of the inverse filter, the signal used for peak detection is

sf (t) = s(t)− σ2
Is
′′(t)

/
2. (6.15)
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In edge detection, the edge is mathematically determined by the second derivative of
the received signal r(t). The detailed analysis for edge detection is omitted to avoid rep-
etition since similar approach can be applied, but its results are depicted for comparison
in Section 6.5.

6.4.4 Received interference from LED

The interference of AC-driven LED often has a strong 100 Hz (or, in USA, 120 Hz)
component, but it is less harmful to barcode scanner. However, LEDs are usually powered
by SMPS in efficient lighting [186]. In such case, the SMPS injects a cyclostationary
intensity modulation with a frequency of at least several kHz, but often above 20 kHz to
avoid any risk of audible noise coming from inductors in the lamp. More seriously, the
frequency can be several MHz by taking into account the harmonics.

6.4.4.1 Interference in SMPS
In this work, the SMPS is considered due to its high power efficiency and easy digital
control. Depending on the application, the topology of SMPS could be based on basic
buck, boost and Cuk converter [182]. For instance, the buck-based SMPS works as a DC
to DC converter for high to low voltage conversion. However, it incurs a triangular ripple
whose frequency depends on the Pulse-Width Modulation (PWM) control signal [36]. It
is necessary to note that there is a tradeoff between efficiency and the ripple suppressing,
in other words, a high efficiency SMPS has substantial current ripples.

Usually, an output capacitor is necessary for ripple suppression in SMPS. However, the
capacitor still leaves the fundamental frequency and its harmonics. In barcode scanner
system, low-frequency harmonics of LED interference affect the reading performance.
Therefore we initially model the LED light output pl(t) with a sinusoid waveform and
write for a single-frequency interference as

PLED(t) = pl(t) = plDC [1 + κ sin(ωt)] , (6.16)

where p is the scale factor that indicates the transformation from irradiance to optical
power [136], lDC is the light level at the reading pane, typically with 500 lux, and ω is
the frequency of the interference.

The modulation depth κ (0 < κ < 1) in LED lamp is defined as the output light
difference divided by the sum of the two light levels,

κ = (lmax − lmin)/(lmax + lmin), (6.17)

where lmax, lmin are the highest and lowest illumination levels in Lux. Although in
some cases the interference waveform does not exactly resemble a sinusoid, the following
approach still applies after the Fourier transformation.
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For peak detection, we detect the zero crossing of the first derivative. Based on
Eq. (6.6) and (6.16), the interference n1(t) seen at the detector can be interpreted as a
randomly phased periodic signal

n1(t) = d

dt

[
εnLED(t+ ξ)⊗ hG(t)⊗ h̃I(t)

]
= GIH0(ω)κω cos(ωt+ ξ)

, (6.18)

where GI = εAdplDCtan2θ0/(1 + tan2θ0) is the interference channel gain, ξ describes the
random phase offset of the LED flicker and h̃I(t) is the impulse response of the inverse
filter. H0(ω) = HG(ω)H̃I(ω) indicates the overall filter response.

6.4.4.2 Statistical model for sinusoidal interference
The mean of n1(t) can be expressed as

µLED = E{n1(t)} =
∫ T

0
n1(t)p(ξ)dt = 0, (6.19)

where p(ξ) = 1/T indicates the uniform distribution of the phase in one period. The
variance of n1(t) can be expressed as

σ2
LED = E{n1(t)2} − E2{n1(t)} = [GIH0(ω)κω]2

/
2. (6.20)

For the sinusoidal interference, the probability density function of n1(t) can be ex-
pressed as [36]

fLED(n1) =


1

π
√
ρ2
LED−n

2
1
, for |n1| < ρLED

0, elsewhere
, (6.21)

where the electrical signal amplitude ρLED = GIH0(ω)κω linearly depends on the power
loss of the interference. Exact calculation of the error probability (per peak detection)
becomes complicated, but a binomial approximation will be considered, with

fLED(n1) = a1δ (n1 − ρ1) + a2δ (n1 + ρ2) , (6.22)

where ρ1 = ρ2 = ρLED and a1 = a2 = 1/2.
In particular, most of SMPSs produce a triangular interference waveform. In such

case, a1 and a2 become the fractions of time in the rising and falling ramp, respectively.
In addition, ρ1 and ρ2 are the slope of the rising and falling ramps, respectively.
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Figure 6.7: First derivative with zero crossing time and sinusoid interference.

6.4.5 Error models

This chapter analyzes the effect of the LED interference for peak detection using the
first derivative. The zero-crossing time of the first derivative becomes uncertain due to
sinusoidal interference. In Figure 6.7, without interference, the ith zero-crossing point at
time tii = (i + 0.5)Tb indicates the barcode midpoint. The time module is expressed as
Tb = SM/v, where SM is the size of barcode module. However the interference shifts the
zero-crossing point to time tii + ∆, where ∆ is the amount of timing shift, namely timing
jitter [16]. As illustrated in Figure 6.7, the time shift ∆ can be expressed as

∆ = n1(tii)/sf ′(tii), (6.23)

where n1(tii) is the LED interference and s′f (tii) is the slope of the signal sf (t) at the
same ith zero-crossing point tii.

For a single zero-crossing point, the error probability that the interference plus noise
exceed a certain threshold εTb (ε = 0.5) equals the (two-sided) probability that point is
shifted into an erroneous quantization zone. Hence the error probability is expressed as
the sum of two equal error probabilities

Perr 1 (|∆| ≥ εTb) = Perr 1
(
|n1(tii)| ≥ εTbs

′
f (tii)

)
= 2

∫ ∞
εTbs

′
f

(tii)
fLED(n1)dn1

. (6.24)

6.4.5.1 Binomial approximation
If we use the binomial approximation for fLED(n1) in Eq. (6.22), we get

Perr 1 =
{

1, if |ρ1| ≥ εTbs
′
f (tii)

0, if |ρ1| < εTbs
′
f (tii)

, (6.25)

which means that, once the timing jitter exceeds the threshold, the scanner fails to read
the barcode information. Thus when multi-frequency interference are present, the reading
performance is mainly determined by the strongest component.
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6.4.5.2 Gaussian approximation
If we make additive and Gaussian approximation for the LED interference, Eq. (6.24)
becomes,

Perr 1 = 2√
2πσLED

∫ ∞
εTbs

′
f

(tii)
exp( −n

2
1

2σ2
LED

)dn1

= erfc
(√

TSIR
/

(2
√

2)
) , (6.26)

where erfc(.) is the complementary error function and we define TSIR as

TSIR =
[
Tbs
′
f (tii)

]2/
σ2
LED. (6.27)

In particular, the additive and Gaussion approximation indicates that the effect of
multi-frequency interference on reading performance is determined by the summation of
the power in each frequency component .

6.4.5.3 Error bound and TSIR
More generally, for any probability density function of n1(t), Chebyshev’s inequality gives
us the upper bound

Perr 1 (|∆− µ∆| ≥ εTb) ≤
σ2

∆

(εTb)2 = 1
ε2TSIR

, (6.28)

where the mean of timing jitter µ∆ = 0 and its variance σ2
∆ can be calculated from Eq.

(6.20) and (6.23). Eq. (6.28) suggests that the upper bound only depends on the value of
TSIR. For single-frequency interference, it is expected that the probability of a barcode
scanner error depends on the TSIR. Thus, we use TSIR as a reading performance metric
for scanner under single-frequency interference.

Based on Eq. (6.14), (6.15), (6.20) and (6.27), we calculate the TSIR at tii = (ti +
ti+1)/2. For simplifying the calculation, we start with the first midpoint at t00 = (t0 +
t1)/2. From Eq. (6.15), the first part of s′f (t00)

s′(t00) = GS

2

[
n−1∑
i=0

(−1)i−(t00 − ti)√
2πσ3

o

exp(−(t00 − ti)2

2σ2
o

)
]

≈ −GSTb

2
√

2πσ3
o

exp(−(Tb)2

8σ2
o

)
, (6.29)

where we assume σo < Tb < 4σo for the high density barcode and thus the effect of ti≥2

on s′(t00) is negligible. Similarly, we get the second part of s′f (t00). At last, a general
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expression for sf (t) at tii = (ti + ti+1)/2 is achieved as

s′f (tii) = s′(tii)−
σ2
I

2 s
′′′(tii)

≈ GS

2 exp(−(Tb)2

8σ2
o

)
{
− Tb√

2πσ3
o

− σ2
I

2

[
3Tb√
2πσ5

o

− (Tb)3

4
√

2πσ7
o

]}

≈ GSTb

2
√

2πσ3
o

exp(−(Tb)2

8σ2
o

)
(
−1− 3σ2

I

2σ2
o

) , (6.30)

where the approximation is reasonable since the third order of Tb is very small. So the
TSIR becomes

TSIR ≈

 GSS
3
M

(
−1− 3σ2

I

2σ2
o

)
16
√
πGIR3

stan3(θ0)σ3
o


2 exp(−D

d2
0
)

d3
0κωH0(ω)

2

, (6.31)

where D = (2ηSMcosθ/tanα)2/8. From Eq. (6.31), the TSIR decreases with the fre-
quency ω and modulation depth κ of interference from the LEDs. Especially, the total
blurring σ2

o is independent with distance d0. Compared to the SIR in Eq. (6.7), we can
easily find that the TSIR declines approaching to a sixth power of distance d0, which is
different from communication channels.

6.5 Experimental validation

In this section, we present numerical results of the proposed TSIR with different dis-
tance, frequencies and modulation index of the LED light interference. Moreover, for a
required detection error probability with a given TSIR value, the tolerable modulation
depth (sensitivity) under single-frequency LED interference is calculated and validated
by experiments. Finally, since the LED interference is non-addictive and non-Gaussian,
a new metric in terms of Flicker Interference Metric (FIM) is proposed and verified to
estimate the effect of the multi-frequency LED interference.

In this chapter, the sensitivity of the barcode scanner is measured in a room that is
illuminated only by LED lighting. The experimental setup includes LED lamps, a barcode
laser scanner, a signal generator, an amplifier, a lux meter and a photo detector connected
to an oscilloscope, as shown in Figure 6.8. A sinusoidal signal is initially generated and
amplified. Along with a DC power, the DC-biased sinusoid signal feeds the LED lamps.
The lux meter measures the LED light level that reaches the barcode, and the oscilloscope
with the photo detector measures the light waveform and modulation depth of the LED
interference. In particular, to improve the reliability of the experiment, eight Universal
Product Code (UPC) barcodes are placed on a turntable which has a constant speed.
Using this turntable, the scanner reads the barcodes with the same scan time for each
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Figure 6.8: Measurement scheme and setup.
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Figure 6.9: TSIR versus distance.

barcode. When the turntable rotates for a round and two of the eight barcodes fail to
be recognized, the scan error probability is 25% and the corresponding modulation depth
is considered as the sensitivity. Unless otherwise stated, the related parameters used for
the calculation and setup are listed in Table 6.1.

6.5.1 TSIR

Figure 6.9 shows the numerical results of TSIR versus distance and we compare the TSIR
with its approximation using the 4th and 6th power of d0 in the denominator of Eq. (6.31).
As we can see, during a short scan distance, the TSIR is quite small due to the dominant
effect of the exponential term in Eq. (6.31). When increasing the scan distance, there is
an optimal distance around 20cm with the largest TSIR and many barcode scanners are
designed for this distance. After that, the TSIR declines approaching to the inverse of
the sixth power of distance other than the fourth power.

Based on Eq. (6.31), we can express TSIR in terms of other parameters that we
are interested in, e.g., the frequency and modulation index of the LED interference. As
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Table 6.1: Parameters for barcode scanner and setup

Parameter Interpretation Value
ε Responsivity of the PD 0.5 A/W
C Print contrast of the barcode 0.8
Plaser Laser power complied with IEC standards 1 mW
Ad Effect aperture of PD 100 mm2

SM UPC-A module size with 100% manifest 0.3 mm
θ0 View angle of the barcode scanner 30 degree
θ Off axis angle of the laser spot 3 degree
Φ1/2 Semi-angle at half power of laser pattern 30 degree
φ Off axis angle of PD 2θ
α Spread angle of the laser beam 0.04 degree
d0 Distance between reader and distance 20 cm
η Scaler for inverse filter 1
Rs Scan rate of the reader 100 c/s
lDC Typical illumination level 500 lux
p Scale factor of irradiance to optical power 10−3

expected, the scanner system has a larger TSIR value with a smaller modulation depth
κ [39]. For TSIR versus frequency, we notice there is a valley around 150 kHz caused by
the electronic low-pass filter. To be specific, below 150 KHz, the TSIR decreases with
increasing the interference frequency. This is because the low frequency interference can
pass through the electronic filter and affects the system. But after that, the low-pass
filter attenuates the high-frequency component gradually and thus the system becomes
immune to high-frequency interference.

6.5.2 Sensitivity versus frequency

Given a required detection error probability, the tolerable modulation depth (sensitiv-
ity) under single-frequency LED interference is measured by gradually increasing the
frequency and changing the modulation index of the interference. For error probability
of 25%, the measured tolerable modulation depth is shown in Figure 6.10, where x-axis
is the interference frequency and y-axis is the tolerable modulation depth. Since the
scan error probability is determined by the TSIR, the predicted sensitivities for different
TSIR values are also depicted in Figure 6.10. As we can see, the predicted sensitivity
for peak detection with TSIR = 50 agrees well with the measurement.

For TSIR = 50, the frequency, where the scanner with peak detection starts to be
affected by the LED interference, is around 1 kHz. Further increasing the interference
frequency until to 150 kHz, the tolerable modulation depth decreases and this means the
scanner becomes more sensitive to the interference. After the most sensitive point around
150 kHz, the scanner gradually becomes immune to the high frequency interference due
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Figure 6.10: Tolerable modulation depth versus frequency.

to the low-pass filter. Similar effects are found for different TSIR values. In particular,
a larger TSIR value indicates a lower scan error probability. However, for larger TSIR,
the scanner is more sensitive to the modulation depth or light fluctuation. Thus there is
a tradeoff between the light fluctuation tolerance and the probability of correct reading.

For edge-detection scanner using the same system parameters, the predicted tolerable
modulation depth with TSIR = 50 is depicted for comparison. The predicted sensitivity
indicates that the edge-detection scanner starts to fail around 15 kHz which is higher
than that of peak detection. This confirms that the edge detection is more tolerable than
peak detection in low-frequency band. Since the TSIR of edge detection declines with
the second power of frequency, the tolerable modulation depth drops very fast and gets a
valley around 210 kHz. At this most sensitive frequency, a very small fluctuation in LED
lighting causes failure in reading the barcode.

The threshold TSIR for the measured results is further shown in Figure 6.11. The
threshold TSIR is expected to be a constant but it fluctuates between 27.5 and 146.5 in
the measurement, which is caused by the limited resolution of test. For the worst case,
the threshold TSIR should be at least 146.5 for a required scan error probability. Based
on this value, the required modulation depth in lighting design is then determined.

6.5.3 Sensitivity under multi-frequency

It is important to verify the sensitivity under multi-frequency LED interference because
the light fluctuation due to SMPS typically contains multiple harmonics. Moreover, the
lighting system usually has different types of LED lamps and thus the LED interference
can have different frequency components.

The expression in Eq. (6.24) for error probability suggests that we need to investigate
the probability density function of the multi-frequency LED interference, which however
usually becomes intractable. On one hand, the Gaussian approximation proposed in Eq.
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Figure 6.11: Threshold TSIR versus frequency.

(6.26) suggests that we may sum up the powers of the individual components. Neverthe-
less, such assumption is unrealistic for the LED interference which is non-additive and
non-Gaussian. On the other hand, our binomial approximation for a sinusoidal or trian-
gular interference, which contains multiple harmonics of a fundamental frequency, would
suggest that the biggest power of the individual components may matters.

Experimentally, the sensitivity under multi-frequency interference is investigated by
using two frequencies of 2 kHz and 10 kHz. These two frequencies with odd-multiple
relation are inspired by the harmonics in typical SMPS, which belongs to the Fourier
series expansion of a triangular waveform. In the measurement, the signals at these two
frequencies are synchronized at the beginning, which results into the worst case with
potential peak modulation depth. Thus, it provides the bound limit for other random
phases. With a predefined modulation depth of the 2 kHz light, the modulation depth
of the 10 kHz light is gradually changed until the mixed light reaches the sensitivity
point for the scanner. Then the modulation depth is recorded. The measured results and
numerical results for a mixture of the two frequencies are shown in Figure 6.12, where
the x and y axes are normalized by their single-frequency sensitivity, respectively.

From this figure, the ratios of the two lights approximately fulfil nf1 + nf2 = 1, where
the ratio nf1, nf2 are defined as the ratio of actual modulation depth κf1,2 over the
tolerable modulation depth for each frequency κf1,2 th (see Figure 6.10), e.g., n2kHz =
κ2kHz/κ2kHz th. In particular, we found that it is a generic relation since it holds for other
given TSIR valves. Thus when different types of LED lamps have the same illumination
level (white light) or equally one lamp has multi-frequency flicker components, the effect
of multiple-frequency interference is captured in a generic formula and thus a new Flicker
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Figure 6.12: Sensitivity under multi-frequency interference.

Interference Metric (FIM) is proposed as

FIM = p

√√√√∑∞
m=1

(
κfm
κfm th

)p
< 1 not influential
= 1 just influential
> 1 influential

, (6.32)

where p is the norm factor and m indicates the mth frequency component. The sensitivity
for FIM = 1 with different p are shown in Figure 6.12. As we can see, if the LED
interference is best described by the AWGN approximation which related to the peak-to-
peak power of the interference, an appropriate choice would be p = 1 (45 degree line);
if the rms value of the ripple is mostly relevant, p = 2 (circle); and if only the largest
ripple component is relevant based on the binomial approximation, x approaches infinity
(enclosing box). We conclude that linear weighing factor (p = 1) underestimates the
distance by LED interference and the rms weighted amplitude overestimates it. However
based on the measured results, the p = 1.5 would be a reasonable and empirical weighting
factor. In particular, interferences with any random phases should locate in the range
between p = 1 to p = 1.5.

6.6 Conclusion

This work analyzed the reading performance of barcode scanners under the LED in-
terference in terms of Timing Signal-to-Interference Ratio (TSIR) instead of Signal-to-
Interference Ratio (SIR), since the SIR does not take into account the scanning rate.
To this end, this chapter initially investigated the different propagation channels for the
signal and interference in barcode scanners separately. Then based on the decoding algo-
rithm, we derived the TSIR, which declined approaching to the inverse of the 6th power of
the reading distance. Moreover, for a given illumination level in lightning, the amount of
light interference falling into the scanner was constant and there was an optimal distance
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around 20 cm for barcode scanner reading. Besides, as expected, the reading performance
highly depended on the modulation depth and frequency of the LED interference. For
multi-frequency interference, we proposed a new metric FIM with 1 ≤ p ≤ 1.5 in lighting
design to enable scanner reading. We expect that our work can be extended to predict the
effect of LED inferences on other types of barcode readers such as 2D and QR scanners.
The provided results can be also used to improve the algorithms for reading barcodes.
This work lays a solid foundation to quantify the interference from the ubiquitous LEDs
for light-based systems even the human eyes with flicker perception.
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7.1 General discussions

Visible Light Communication (VLC) becomes a booming information technology that
meets the increasing demand for data interaction, in particular, by using LEDs. In this
dissertation, we addressed three very challenging issues in VLC physical layer that adopt-
ing ubiquitous illumination LEDs, including throughput, power penalty and interference.
Although these challenges belong to the system level in VLC, they are limited by the
components and modules, as shown in Figure 7.1. To be specific, the system throughput
depends on the LED (component) and transmitter (module) speed; VLC power penalty
is introduced by the module, where potential components that induce extra power are
considered; and the interference may come from the module and thus affects the system
performance.

Components

Modules

Systems

Figure 7.1: Three levels in VLC addressed in this thesis

Based on the detailed discussions and contributions presented in this dissertation, we
highlight a few general conclusions:

1) Although the data rate of VLC is limited by the small bandwidth and nonlinearity
of LED, the data throughput can be significantly improved by DSP techniques with low
complexity. This is achieved by developing a sophisticated LED model from the physical
mechanisms in LEDs and thus a novel predistorter can be constructed to overcome the
LED’s limitation with high accuracy.

2) In contrast to the understanding of VLC as green communication, we theoretically
show that a power penalty is associated with operating LEDs and drivers at rapidly
varying power levels for communications. Nevertheless, the power penalty can be reduced
to some extend by dedicated circuits and system considerations.

3) As an emerging communication, VLC is affected by several interferences such as
the imperfection of LED drivers and it also imposes risks on equipment that applies light
as input signal. The interferences to VLC and other systems could be quantified and
reduced although they mostly have a non-Gaussian distribution.

7.2 Recommendations for future research

This thesis is focused on three major challenges that hinder the widespread use of VLC,
namely throughput, power penalty and interference. Based on the insights we have gained
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in the thesis, here we sketch several potential research directions which may lead to
interesting results in these three fields. In particular, for other important research topics
that were not covered in this dissertation, such as the uplink and Ethernet connectivity
in VLC, we recommend a dedicated investigation [172].

7.2.1 High-speed VLC

Several techniques were reported for high-speed VLC systems, including analog dedicated
hardwares, digital signal processing techniques and spectrum-efficient modulations, as
discussed in Chapter 1. From the work in this thesis, here we highlight several other
research topics which are attractive for high-speed VLC.

7.2.1.1 Nonlinear predistortion in high-speed VLC
In Chapter 2, we elaborated on the theoretical model for the illumination LED, through
which the nonlinear effect on OOK and PAM-4 system was analyzed. The possible meth-
ods to extend LED bandwidth were discussed and a novel nonlinear predistortion was
proposed.

Based on the discussion presented in Chapter 2, there are at least three aspects that
can be further studied. Firstly, the LED nonlinear effect on multi-carrier modulations
such as OFDM is different from that on OOK and PAM-4. Thus an OFDM system with
LED static and transient nonlinearity should be further analyzed. Similarly, the nonlin-
ear predistorter for the OFDM signal should be verified by simulations or experiments.
Secondly, the proposed model did not consider the depletion or parasitic capacitance in
the LED junction and carrier sweep-out effect. These two factors may result into a left-
skew eye diagram for large modulation depth. Thus, a more precise model is necessary
by taking into account these effects. Thirdly, the Nelder-Mead simplex direct search al-
gorithm used for the parameter estimation in Chapter 2 is however not the optimal for
convergence speed. The convergence speed can be further improved if we develop a direct
update algorithm for the nonlinear parameter estimation.

7.2.1.2 Broad-band LED
The LED itself can be improved to achieve both high efficacy and large bandwidth, which
is not discussed in this dissertation.

To fabricate a high-speed GaN-based LED for JIC systems, there are several potential
methods such as the reduction of the size in active region, increase doping concentration,
or enhanced spontaneous recombination rate. For instance, a micro-LED with reduction
of the LED size within several micrometers can provide a modulation bandwidth more
than 400 MHz [123]. Recently, a GaN-based LED employing Photonic Crystal (PhC)
nanostructure is demonstrated with a 3-dB bandwidth of 234 MHz [192]. Through a
special process with Gallium-doped Zinc Oxide (GZO) film and a small bonding pad,
a GaN-based LED exhibits a 3-dB frequency bandwidth of 463 MHz [109]. A further
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improved bandwidth of GaN-based LED were reported, e.g. 655 MHz in the violet wave-
length band [76] and 800 MHz in the blue light band [48]. Towards fully replacing the
existing lighting with broad-band LEDs for JIC, all potential techniques of enhancing the
LED speed should be further explored.

7.2.1.3 Capacity of nonlinear LED channel

For a linear AWGN channel, the most celebrated Shannon limit is used to calculate the
channel capacity. It has became the benchmark for comparing the efficiency of different
modulation formats and coding techniques. To approach the Shannon limit, efforts in
communication community have produced several modulation and coding schemes over
the past few decades, for instance, OFDM and polar codes. In contrast to the linear
AWGN channel, the channel capacity of a nonlinear channel is still an open question.
In practice, most of the communication channels are intrinsically nonlinear, for instance,
the LED channel which is governed by a nonlinear rate equation and fiber-optic channel
which is inherently nonlinear due to the Kerr effect based on the Schrödinger equation.
Intuitively, the capacity of a nonlinear channel increases with power to a certain maximum
value and then it may decrease when the high power causes much distortion. However,
the analytical solutions for nonlinear channel capacity are still missing and most investi-
gations for the channel capacity of non-AWGN channels rely on bounding techniques and
asymptotic analysis [6].

Compared to the nonlinear Schrödinger equation in fiber communications, the nonlin-
ear rate equation of LED channel in VLC is simply described by a nonlinear differential
equation in Eq. (2.1). Thus, it is expected that a closed form of the channel capacity for
the nonlinear LED channel can be derived starting from the basic mutual information.

7.2.1.4 Advanced digital techniques

As elaborated in Chapter 2, the proposed nonlinear predistorter in transmitter can miti-
gate the LED nonlinearity at the advantage of high accuracy and no noise enhancement.
However, to measure the output light for the parameter estimation, an additional PD
should be placed beside the LED transmitter, which leads to much complexity and extra
cost [193]. Hence, an adaptive nonlinear postdistortion without the additional PD in the
transmitter but reusing the PD in the receiver can be considered. However, the effective-
ness of the postdistortion should be further investigated. For instance, a hybrid channel
model is expected by talking into account of both the LED model and the wireless space
model.

Moreover, general measures to compensate for LED nonlinearity should be further
explored without any knowledge about the LED dynamic equation. There are several
techniques reported for nonlinearity, including the Volterra DFE receivers [171] and Ar-
tificial neural network (ANN) based receiver [157].
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7.2.2 VLC transceivers design with high speed and efficiency

In Chapter 3, we discussed most of the topologies used for driving LEDs and two widely
used structures in high-speed VLC transmitter, i.e., Bias Tee and Serial FET solutions, are
compared in detail. The data modulation leads to extra power loss and thus decreases the
power efficiency. To support high efficiency and high-speed VLC, a Serial FET transmitter
based SMPS was proposed. Without consideration for the effect of the predistortion in
Chapter 2, the operating speed of the transmitter is limited by the LED bandwidth of
only several MHz. As we discussed in Chapter 2, the modulation speed of LED can
be extended through heavy carrier concentration in the active regions, e.g., high current
level. However, as elaborated in Chapter 4, the efficiency decreases with the input current.
Thus, there is a tradeoff between the efficiency and the speed of the VLC transmitter.
To this end, the system optimization with new metric needs to be future explored.

The modulation speed of LEDs is essentially restricted by the depletion capacitance
since the remaining carriers in the active region have a large discharge time constant
[165]. Hence, for high-speed VLC transmitters, it is desired that a LED driver not only
supports high-speed data transmission itself but also can sweep out the remaining carriers
in the active region of LED to speed up the LED. A CMOS inverter configuration was
reported for reducing the power dissipation of the driver while maintaining its carrier
sweep-out function [92]. Moreover, a LED driver in series with a resonant RC circuit
[100] and Schottky diodes-capacitance circuit [14] can be also considered to improve the
carrier sweep-out speed.

Besides the transceiver topology design, to commercialize the VLC and to boost po-
tential applications, it is also desired to miniaturize the VLC transceiver by integrated
circuit techniques.

7.2.3 Effect of current modulation on LED lifetime and human perception

There are several unclear consequences of the data modulation in JIC system, which
should be investigated in future work.

7.2.3.1 LED lifetime under VLC
In Chapter 4, we showed that the temperature and current will increase when the LED
device is employed for communications. However, there are clear evidences that a high
temperature and driving current will decrease the LED lifetime. Thus, the understanding
of the aging mechanisms that lead to the short LED lifetime needs to be enhanced,
considering the current modulations. Moreover, developing an LED aging model will
provide a qualitative picture to predict the LED lifetime. Besides, a new model can
further provide the opportunity to enhance the design and fabrication of LED devices for
JIC system.

There was already an Weibull aging model to predict LED lifetime under a constant
current. It may provide us a clue on how we can predict the effect of modulation on the
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LED lifetime.

7.2.3.2 Human perception model under VLC
Chapter 5 and 6 analyzed the effect of light fluctuation on VLC and barcode scanners.
Besides, the rapid fluctuations in output light intensity of LED may disturb human be-
ings. In general, undesired effects in the visual perception of a human observer induced by
light intensity fluctuations are called Temporal Light Artefacts (TLAs). Two well-known
examples of such unwanted effects are flicker and stroboscopic effect. The term ’flicker’
refers to unacceptable light variation that is directly perceived by an average observer.
Further understanding of flicker perception is becoming more important because it has
negative impact on health such as headache, malaise or epileptic seizures [184]. ’Stro-
boscopic effect’ is an effect which may become visible to an average observer when he is
moving with his head or when a moving or rotating object is observed that is illuminated
by the lighting equipment. These effects have received and continue to receive substantial
interest.

There are several causes that potentially lead to flicker perception. Firstly, LED
light sources often produce mains-frequency-related light variation at 100 (or 120) Hz, or
harmonics thereof. Secondly, the switched mode power supplies can generate additional
frequencies beyond 100 Hz or 120 Hz which may give rise to stroboscopic effects. Thirdly,
in VLC systems, the LED driving current is modulated by a data signal and thus the
current modulation may also cause perceivable TLAs. Fourthly, the slow modulation in a
data frame is known to cause flicker. To be specific, in the lighting positioning, rendering
or sensing networks, each lamp has the burst data transmission with the waiting or idle
time being randomly distributed. Hence the slow modulation may cause flicker that falls
into the low frequency band.

There is a common argument that the data transmission cannot be perceived by human
eyes as long as the data rate is higher than the Critical Flicker Frequency (CFF) [32].
However, the random data with a special waveform such as rectangular waveform has
continuous low-frequency spectrum. Hence traditional metrics, which is based on single
periodic waveform with discrete frequency components, may be inadequate to set the safe
frequency band for communication. New metrics with consideration of the wide-band data
is still under investigation. Moreover, instead of this binary description using CFF, we
might prefer a new metric in terms of probability for the flicker perception caused by a
continuous spectrum.
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APPENDIX A

Concavity of LED output light versus current with ABC
model

Within the operation current range, the calculated output light of the LED can be proven
to be an increasing and concave function of input current I.

Inserting Eq. (4.2), (4.3), (4.4), (4.5), (4.6) and (4.7) into (4.1), we get

ΦV (I) = 〈Ep〉ηLERηExtB[m(I)]2, (A.1)

where m(I) is a function of current that meets

I = qVactive(Am+Bm2 + Cm3), (A.2)

which is a cubic equation follows

Cm3 +Bm2 + Am− I/(qVactive) = 0. (A.3)

The first derivative of the Eq. (A.1) is

Φ′V (I) = 2〈Ep〉ηLERηExtBm(I)m′(I), (A.4)

and the second derivative of the Eq. (A.1) is

Φ′′V (I) = 2〈Ep〉ηLERηExtB
{

[m′(I)]2 +m(I)m′′(I)
}
. (A.5)

The values of Eq. (A.4) and Eq. (A.5) determine the monotonicity and convexity of
Eq. (A.1).
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Theorem Given a cubic equation, ax3 + bx2 + cx+ d = 0 with a 6= 0, we define

D = b2 − 3ac, χ = 9abc− 2b3 − 27a2d

2(
√
D)3 , κ = 3

√
χ+

√
χ2 − 1. (A.6)

When D 6= 0, we have three roots as


x1 =

−b+
√
D(κ+ 1

κ
)

3a

x2,3 =
−b+

√
D(κ+ 1

κ
) cos 2π

3
3a ± i

√
D(κ− 1

κ
) sin 2π

3
3a

. (A.7)

For a typical GaInN/GaN LEDs, we have a = C = 5 × 10−29cm6s−1, b = B =
10−10cm3s−1, c = A = 107s−1 and d = −I/(q × 3nm × 300µm × 300µm). Based on Eq.
(A.6) and with I ∈ [1 1000]mA, we have D > 0 and χ > 1. Thus, the real value of
carrier concentration m can be only expressed by

m(I) =
−b+

√
D
(
κ(I) + 1

κ(I)

)
3a . (A.8)

Thus, the first derivative of the Eq. (A.8) is

m′(I) =
√
D

3a κ
′(I)

(
1− κ−2(I)

)
, (A.9)

and the second derivative of the Eq. (A.8) is

m′′(I) =
√
D

3a
{
κ′′(I)

(
1− κ−2(I)

)
+ 2κ−3(I)[κ′(I)]2

}
. (A.10)

Since κ(I) = 3

√
χ(I) +

√
χ2(I)− 1, the first derivative of κ(I) is

κ′(I) = 1
3

(
χ(I) +

√
χ2(I)− 1

)− 2
3
{
χ′(I) + χ(I)χ′(I)

[
χ2(I)− 1

]− 1
2
}
,

(A.11)

and the second derivative of κ(I) is

κ′′(I) = −2
9

(
χ(I) +

√
χ2(I)− 1

)− 5
3
{
χ′(I) + χ(I)χ′(I)[χ2(I)− 1]−

1
2

}2

+1
3

(
χ(I) +

√
χ2(I)− 1

)− 2
3 ·{

χ′′(I) + [χ2(I)− 1]−
1
2
[
[χ′(I)]2 + χ(I)χ′′(I)

]
− [χ(I)χ′(I)]2[χ2(I)− 1]−

3
2

} ,
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(A.12)

where χ′′(I) = 0 and

χ′(I) = 27a2

2(
√
D)3

1
qVactive

. (A.13)

Inserting Eq. (A.8)-(A.13) into Eq. (A.4)-(A.5), we have following figures with respect
to the current
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Figure A.1: The first derivative of LED light output versus current
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Figure A.2: The second derivative of LED light output versus current

Thus, the LED output light is an increasing and concave function of input current I.
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APPENDIX B

Small signal performance of Class A and Class B amplifier

To validate the Bias-T topology with a power amplifier, we simulate the Class A and
Class B amplifier using the TSMC CMOS 0.13um technology as an example. The small
signal performance using Scattering (S) parameters is simulated in the Advanced Design
System (ADS) Environment from Keysight.

B.1 FET I-V curve

The simulation test bench used for the I-V curve of a MOSFET (Length = 0.13 µm,
Width = 100 µm) is shown in Figure B.1, where the VGS is swept from 0.4 to 2 V with
a step of 0.2 V while the VDS is swept from 0 to 3 V with a step of 0.1 V.

Figure B.1: Test bench for FET I-V curve.

The simulated I-V curve of the used N-channel MOSFET is shown in Figure B.2,
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where the marker point (VDS = 2 V, VGS = 1.2 V and IDS = 57 mA) is to be used for
the Class A amplifier to operate in a linear fashion.
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Figure B.2: I-V curve of used N-channel MOSFET.

B.2 Class A amplifier

The simulation diagram used for the S parameter of the Class A amplifier is shown
in Figure B.3, where the frequency is swept from 1 kHz to 200 MHz which covers the
frequency band we are interested in for baseband VLC, i.e., 100 kHz - 100 MHz.

Figure B.3: S parameter simulation diagram for Class A amplifier.
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One may wonder the inductor-loaded bias for high power efficiency can only be applied
for narrow-band signal and a resistor is usually used in the bias. In our simulation, a bias
inductor is thus tuned from 1 nH to 100 mH without and with a resistor (R2 in Figure
B.3) and the simulated gain (S21) is shown in Figure B.4 and B.5.

1
E

4

1
E

5

1
E

6

1
E

7

1
E

8

1
E

3

2
E

8

-100

-50

0

-150

50

freq, Hz

d
B

(S
(2

,1
))

Readout

m1

Readout

m2

Readout

m3

Class A amplifier gain without reisitor

m1
freq=
dB(S(2,1))=14.257
LA=0.000100

100.1kHz
m2
freq=
dB(S(2,1))=5.266
LA=0.000010

199.7kHz
m3
freq=
dB(S(2,1))=15.727
LA=0.000001

100.2MHz

Figure B.4: Gain of Class A amplifier without resistor.
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Figure B.5: Gain of Class A amplifier with resistor.

Thus, we can have following conclusions:
1) Once the bias inductor has a value more than 100 µH, the amplifier can support

100 kHz - 100 MHz within the 3-dB bandwidth.
2) As we expected, the inductor only affects the low frequency part.
3) A bias resistor can extend the 3-dB bandwidth, but at the cost of gain loss.
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B.3 Class B amplifier

In the main text, a dual-ended (two-transistor) Class B amplifier is considered. Similar
to the N-channel MOSFET, the simulated I-V curve of the P-channel MOSFET is shown
in Figure B.6. The marker point (VDS = −2 V, VGS = −0.8 V and IDS = 10 mA) is
to be used for the P-channel MOSFET in the Class B amplifier, while the N-channel
MOSFET has a bias of VDS = 2 V, VGS = 0.8 V and IDS = 10 mA. Note that, the DC
bias current of the Class B amplifier is not zero with considering the crossover distortion
compensation, but it is much smaller compared to the Class A amplifier, to achieve high
efficiency.
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Figure B.6: I-V curve of used P-channel MOSFET.

The simulation diagram used for the S parameter of a Class B amplifier is shown in
Figure B.7, where the frequency is swept from 1 kHz to 200 MHz. The simulated S21 and
stability factor (StabFact1) is shown in Figure B.8, where the interested frequency band
locates in the 3-db bandwidth of the Class B amplifier and it is stable, i.e., StabFact1 > 1.
In particular, the gain of Class B amplifier is smaller than a Class A amplifier since we
bias the N/P-channel MOSFETs in the region where the transconductance is small. Note
that for Class-B amplifier, the small-signal S parameters are not only the metric for power
amplifier design, but here we mainly show the bandwidth and stability using S parameters.
Other performance aspects of power amplifier should be further considered in practical
design, such as the output power at 1dB compression point (P1dB) and 3rd-order intercept
point (IP3).

Thus, the Bias-T topology with the Class A and Class B amplifier can be realized in
particular with broad bandwidth.
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Figure B.7: S parameter simulation diagram for Class B amplifier.
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