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Abstract

A light emitting diode (LED) acts as a transmitter in visible light communication (VLC) system.
However, the nonlinear characteristics of LED limits the performance of the VLC system by
degrading the quality of transmitted signal. In recent years, several forms of predistorters have
been proposed to mitigate the effects of LED nonlinearity, however none of them have been able
to approach the performance of a linear VLC system. In this paper, we propose an adaptive-
learning-architecture (ALA) based predistortion (PD) technique to estimate and compensate
for LED nonlinearities in a VLC system. A DC-biased optical orthogonal frequency division
multiplexing (DCO-OFDM) signal is considered. The performance with and without PD is
analysed assuming optical line-of-sight (LOS) channel. It is shown that degradation due to LED
nonlinearity can be compensated by using ALA-based PD, and the overall PD-LED system is
able to approach near-linear performance. Further, the proposed PD architecture is also able
to track the variations in LED nonlinearity and compensate them. Simulation results based
on error vector magnitude (EVM), symbol error rate (SER), amplitude distortion (AM/AM)
curves and constellation plots validate the performance of our proposed technique.

LED nonlinearity, Predistorter, Adaptive learning architecture, DCO-OFDM
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Chapter 1

Introduction

The ever-growing appetite for larger bandwidth and more data rate requires modern wireless

system to transform from the conventional radio-frequency (RF) based communication to some

other mode of communication. In such a scenario, VLC has emerged as a suitable candidate

for future wireless systems. VLC is a form of optical wireless communication that utilizes

LEDs for data transmission. LEDs are capable of rapidly switching between ‘on’ and ‘off’

states in such a manner that it is imperceptible to human eyes. This unique characteristic

of LEDs makes them capable of transmitting data at high speed while providing illumination

simultaneously. Modulating data on visible light is still at a nascent stage, compared to other

forms of optical wireless communications. VLC system using LEDs has unique features and very

high potential for transmission over shorter distances. Hence, VLC is expected to transform the

indoor communication in near future.

VLC is an attractive alternative to RF system as it provides enormous bandwidth (430 THz -

790 THz) in unlicensed band [1]. Moreover, there is no interference from RF or other man-made

devices because of their incapability of functioning at such high frequencies. Further, the simple

chip-based design for VLC system makes it practically feasible.

Orthogonal frequency division multiplexing (OFDM) has been widely used in various wireless

standards to provide high data rate communication. Its inherent robustness against inter symbol

interference (ISI) and multipath effects also makes it suitable for VLC [2, 3, 4]. However, in a

VLC system as the transmitted signal has to be modulated over the light intensity, it is required

to be real and unipolar in nature. In order to ensure that the time domain OFDM signal is

real-valued, it must satisfy hermitian symmetry condition in frequency domain. Generally, there

are two types of real-valued unipolar OFDM signals that are used in VLC, namely DC-biased

optical OFDM (DCO-OFDM): adding DC bias to the original signal [5, 6] and asymmetrically-

clipped optical OFDM (ACO-OFDM): mapping data only to the odd sub-carriers [3]. In this

paper, we analyse our proposed technique on a DCO-OFDM based VLC system, however the

same can be extended to ACO-OFDM as well. One of the major drawback of OFDM is its

high peak-to-average-power ratio (PAPR), which makes it susceptible to nonlinear distortion.

In VLC, LED is the major source of nonlinear distortion. When the high PAPR OFDM signal
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is passed through LED, the nonlinear distortion degrades the transmitted signal quality and

affects the overall performance of VLC system [7].

Several authors have studied the impact of nonlinearity due to OFDM in optical wireless com-

munication [8, 9, 10, 11]. Several predistortion and postdistortion based linearization techniques

have been proposed to mitigate the effects of nonlinear distortion caused by LED [12, 13, 14, 15].

Postdistortion and predistortion techniques are generally complementary [12], and both are used

to mitigate system’s nonlinearity. Lookup-table (LUT) based predistoter is the simplest tech-

nique to implement. In LUT based predistorter, the input-output pairs for the LED nonlinearity

are already stored in LUT. Based on the output of the LED, the transmitted signal is predis-

torted by assigning the nearest member in LUT. However, the LED characteristics are prone

to changes, due to temperature variation and aging [13]. Therefore, LUT based predistorter is

inadequate to track and linearize the dynamic changes of the LED. To alleviate this, an adaptive

normalised least mean squares (NLMS) based predistorter has been proposed in [13]. It monitors

the changes in LED characteristics and updates the predistorter accordingly. In [14], authors

proposed a Chebysev regression-based nonlinear predistorter by learning a polynomial expansion

of the input electrical signal to mitigate LED nonlinearity. An adaptive postdistortion technique

for nonlinear LED has also been proposed in [15]. To the best of our knowledge, although the

aforementioned schemes have shown considerable performance improvement, however, none of

them have compared the performance to a linear DCO-OFDM VLC system.

In this paper, we propose an ALA-based predistortion algorithm to mitigate the nonlinear effects

caused by LED in VLC system. It has a coefficient estimation block to estimate the coefficients

of PD which has an inverse nonlinear characteristics as that of LED. This block first identifies

a post-inverse of the LED and then uses it as a PD. The post-inverse is usually identified using

the input and output of LED by applying simple least squares (LS) method [16]. This algorithm

checks any variation in the linearisation of the transmitted signal in regular intervals. If there

is any change in the physical characteristics of LED or LED get replaced by another LED,

then ALA-based predistortion algorithm adapts to these changes in the transmitted signal and

re-estimates the coefficients of PD.

We have evaluated the performance of the DCO-OFDM based VLC system impaired by non-

linear LED in the presence of ALA-based PD. A quadratic polynomial is used to characterise

the nonlinear behavior of LED [17] and a nonlinear polynomial model is considered for the pre-

distorter. We compare the performance of overall PD-LED system with a linear VLC system

where the LED characteristics are assumed to be linear with unity gain for optical line-of-sight

(LOS) channel. The performance has been compared in terms of symbol error rate (SER), error

vector magnitude (EVM), amplitude-amplitude (AM/AM) distortion, and constellation plots.

The rest of the paper is organised as follows: Section-2 summarizes the DCO-OFDM based

VLC system with LOS channel and the nonlinear characteristics of LED. The ALA technique

for predistorter is explained in Section-3. The simulation results for the nonlinear VLC system

with predistorter are shown in Section-4. Section-5 concludes the paper.
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Chapter 2

System Model for Visible Light

Communication

2.1 Basic Transceiver Model of VLC System

LOS

Optical 
Channel

DCO-OFDM

Modulator

ALA based 
PD

LED

Photodiode

16QAM

Demodulation

d'

d Voltage to
Current

DCO-OFDM

Demodulator

xDCO xPD

rPD+LED

Figure 2.1: Block Diagram of DCO-OFDM VLC system

The complete system architecture of DCO-OFDM based VLC system with an optical channel is

shown in Fig. 2.1. The binary input data (d) is first modulated using DCO-OFDM modulator.

The resulting time domain signal (xDCO) is then subjected to PD which conditions the signal

for linear transmission. The PD signal (xPD) is encoded into a current signal using a voltage-

to-current transducer and then fed to LED for optical conversion. Here, PD is used to mitigate

the nonlinear effects of LED, which will be discussed in section-3. The optical LOS channel is

assumed between the transmitter (LED) and the receiver (photodiode). The photodiode at the

receiver senses the optical signal and converts it into a variation of current signal. A current-to-

voltage transducer is used to convert the signal into a voltage signal (rPD+LED). This signal is

passed through DCO-OFDM demodulator, where signal is equalized in frequency domain and

converted to data symbols at the output.
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2.2 Optical Wireless Channel

The impulse response of the optical channel can be expressed as [18]:

h(t;S,R) ≈ n+ 1

2π
cosn(φ)dΩrect(

θ

FOV
)δ(t− R

c
), (2.1)

where n is the mode number, dΩ is the solid angle subtended by the receivers differential area,

FOV is the field of view of the receiver, c is the speed of light, R is the separation distance

between transmitter and receiver, and rect(.) is the standard rectangular function. The mode

number n is associated with the directivity of the source and can be calculated from the source

half-angle, αH , which is defined as

αH = arccos(0.5)
1
n . (2.2)

dΩ can be expressed as

dΩ ≈ cos(θ)
AR

R2
, (2.3)

where AR is the receiver area. θ is the angle between n̂S and (rS − rR),

cos(θ) = n̂R
(rS − rR)

R
. (2.4)

Φ is the angle between n̂S and (rR − rS),

cos(Φ) = n̂S
(rR − rS)

R
, (2.5)

where n̂S and n̂R are the orientations of the source and receiver respectively. rS and rR are

the positions of source and receiver respectively. Considering the receiver position to be exactly

below the LED, θ and Φ will be zero.

Optical LOS channel is usually considered between transmitter and receiver of VLC system with

channel parameters as given in Table 2.1.

Table 2.1: Optical channel parameters

Channel Parameter Value

Mode Number (n) 45
Solid Angle (dΩ) 20 sr
Area of receiver (AR) 9.8mm2

Field of View (FOV) 60 ◦

Responsivity (r) 0.03 A
W
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Chapter 3

Optical OFDM

OFDM is extensively used in RF systems for its robustness towards frequency selective channel,

use of cost-effective Frequency Domain Equalizers (FDE) and its resistance towards Intersymbol

Interference (ISI). To make use of all these advantages and achieve high data rates, OFDM is

also incorporated in VLC systems. In conventional OFDM, the transmitted signal is complex

and bipolar but with VLC system which is based on intensity modulation, the input signal to

the LED must be positive and real. Therefore, to use OFDM in VLC systems, it is important

to modify the signal in order to make the OFDM output real and positive. OFDM with such a

property is often known as Optical OFDM. Two most common types of Optical OFDM schemes

which are used in Intensity Modulation/ Direct Detection systems (IM/DD) are: DCO-OFDM

and ACO-OFDM.

The transmitter structure of these schemes are explained in the following sections.

3.1 DCO-OFDM

Mapper

Serial to 
Parallel

Conversion

Hermitian

Symmetry

IFFT
:

:

Parallel

to Serial
Conversion

+

 Addition of 
CP

d
XN/2-1

:

X

*
:

X0

X1

XN/2

XN-1

x0

x1

x2

:

:

xN-1

x xDCO

Figure 3.1: Transmitter Block Diagram for DCO-OFDM

[19] The transmitter structure for DCO-OFDM is given in Figure 3.1. Hermitian symmetry

is applied to the complex data before feeding it to the Inverse Fast Fourier Transform (IFFT)

block. The input to IFFT block is given as: X = [X0, X1, .., XN/2−1, XN/2, .., XN−1] and the

hermitian symmetry can be represented as:
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Xm = X∗
N−m for 0 < m < N/2

Where m is the subcarrier index and N is the number of points for IFFT block. Also, the

components X0 and XN/2 are set to 0 to produce real data. So, meaningful data carrying

subcarriers in DCO-OFDM is equal to (N/2)− 1.

This resulting real signal is then converted from parallel to serial and a cyclic prefix is often

added. Next a suitable DC bias is added to make the signal positive for Intensity Modulation.

Due to the large PAPR in OFDM signals, a large DC bias is required to eliminate all the negative

peaks, however this large DC bias significantly increases the optical energy per-bit to single sided

noise power spectral density ratio (Eb(opt)/N0) which makes the scheme inefficient in terms of

the optical power required for transmission.

Instead of such a high DC bias, often a moderate value of dc bias is used and the remaining

negative peaks are clipped down to 0 value resulting in some clipping noise.

3.2 ACO-OFDM

Figure 3.2: Transmitter Block Diagram for ACO-OFDM

[19] The transmitter structure for ACO-OFDM is given in Figure 3.2. Here, only odd indexed

subcarriers carry data symbols while the even indexed subcarriers carry no signal component.

This ensures that the given signal after IFFT contains non-negative values. The block diagram

shows that the input signal to IFFT block is of the form: X = [0, X0, 0, X1, .., 0, XN−1] and to

further make the signal real, hermitian symmetry is introduced in the form given below:

Xm = −Xm+N/2 for 0 < m < N/2

Where m is the subcarrier index and N is the number of points for IFFT block. The total

number of subcarriers carrying meaningful data is equal to N/4.

The resulting real signal is then converted from parallel to serial and since no negative values can

be transmitted over Intensity Modulation schemes, therefore all the negative values are clipped

to 0 value signal. As a result of the anti-symmetry in x [20], clipping does not result in any loss
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of information. As explained by authors in [21], the ACO-OFDM clipping the signal on the odd

elements of Xm becomes Xm/2. While a new noise like interference signal appears on the even

subcarriers. And since the even subcarriers contain no information, data at the receiver is only

extracted from the odd subcarriers.

3.3 Performance Analysis of Optical OFDM schemes

Figure 3.3: Symbol Error Rate performance of Optical OFDM schemes with 16-QAM modula-
tion and 1024 subcarriers

Figure 3.3 shows the Symbol error rate performance in the presence of AWGN channel of the

two Optical OFDM schemes discussed before. ACO-OFDM tends to outperform DCO-OFDM

scheme at the same modulation scheme because of less clipping noise and less data transmitted

over the channel. The analysis is done using 16-QAM modulation with 1024 subcarriers for both

the schemes.

[22] However with better performance, ACO-OFDM has very poor spectral efficiency. For any

given type of modulation the, ACO-OFDM has a spectral efficiency of 0.25 symbols//s/Hz, while

DCO-OFDM has an efficiency of 0.5 symbols/s/Hz. For this reason, the ACO-OFDM using

16-QAM modulation has a performance equivalent to DCO-OFDM using 4-QAM modulation.

ACO-OFDM using 16-QAM modulation has a spectral efficiency of 1 bit/s/Hz and so does

DCO-OFDM with 4-QAM modulation.

Furthermore, Bit Error Rate (BER) performance of Optical schemes is severely degraded with

the increase in modulation order. However, we find that ACO-OFDM is more robust towards

signal clipping effects when compared to DCO-OFDM for same modulation scheme however

has a 50% reduction in spectral efficiency. But still, ACO-OFDM is more preferred in real life

applications because of lower radiated average optical power.
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Chapter 4

Nonlinearities in VLC System

Figure 4.1: Nonlinearities of LED: a) V-I curve; b) I-O curve; c) V-I curve: with temperature
dependence; d) I-O curve: with temperature dependence
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[23] LED is the major source of nonlinearity in VLC. Figure 6.1 [24] shows the nonlinear char-

acteristics of LEDs voltage-current (V-I) conversion and current-optical power (I-O) conversion.

The nonlinear behaviour is significant when VLC system is incorporated with OFDM scheme.

The amplitude of time-domain DCO-OFDM signal is significantly distorted by LED nonlinearity.

Moreover V-I conversion in LED also contributes in the nonlinear behaviour with lower peaks

being clipped below the turn on voltage and the higher peaks being clipped above the saturation

or maximum permissible voltage. The V-I characteristics ensure that the LED device functions

properly without overheating or breakdown.

Mitigating the nonlinear effects of LED is an important concern for many researchers. In order

to control the nonlinearity, it is important to operate LED in a quasi-linear segment of its char-

acteristics. LED with a larger dynamic range of operation and a lower V-I slope characteristic

are usually preferred for transmission of optical signal.

Many pulse shaping, predistortion and postdistortion based techniques are being proposed by

researchers. PAPR reduction based techniques are also proposed to reduce power backoff levels.
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Chapter 5

Mathematical Nonlinear Model for

LED

Pout = b0 + b1 (Iin(t)− IDC) + b2 (Iin(t)− IDC)2 (5.1)

where Iin(t) and IDC are the input current signal and normalised bias current to the LED,

respectively, and b0, b1 and b2 are the offset, the linear gain and the second-order nonlinearity

coefficient, respectively, which can expressed as:

b0 = ζ, b1 = 1 b2 = −4ζ + 2 (5.2)

where ζ controls the severity of nonlinearity. The experimental value of ζ varies in a range of

0.5 to 0.75 according to the LED type [25]. We set the normalised bias current IDC = 0.5 [17].

10



Chapter 6

ALA based Predistortion

Figure 6.1: Flow chart for ALA based Predistortion

In this section, we will discuss the proposed ALA-based predistortion technique for a nonlin-

ear VLC system. Fig. 6.1 illustrates the algorithm for adaptive learning architecture based

predistortion. The predistorter is characterized by a nonlinear polynomial model which can be
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expressed as:

v̂(n) =
P−1∑
p=0

cpx(n)|x(n)|p, (6.1)

where v̂(n) is the predistorted output of the input signal x(n), cp are the complex coefficients

and P is the nonlinearity order. Initially, the coefficient (c0) is set to unity and the remaining

coefficients (c1, c2, · · · , cP ) are set to zero. After the predistorter block, the predistorted signal

is passed through the LED block, which introduces the nonlinear distortion.

The coefficients of the predistorter block can be estimated using ALA-based algorithm. This

learning algorithm is a two step process. First is error measurement and decision making and

other is coefficient estimation which depends on the first step decision. In first step, we measure

the error between the input signal x(n) and LED output signal y(n) in terms of error vector

magnitude (EVM) which can be expressed as [26]:

EVM =

√
1
N

∑N−1
k=0

(
(I(yk)− I(xk))2 + (Q(yk)−Q(xk))2

)
√

1
N

∑N−1
k=0

(
(I(xk))2 + (Q(xk))2

) , (6.2)

where I(yk) andQ(yk) are the in-phase and quadrature phase components at the kth subcarrier of

the observed signal y(n), and I(xk) andQ(xk) are the in-phase and quadrature phase components

at the kth subcarrier of the input signal x(n).

This measured EVM is compared with threshold EVM (EVMT ) for decision making process.

The threshold EVM depends on the quality of service (QoS) requirement of a DCO-OFDM

based VLC system. If the EVM is below EVMT , no further coefficient estimation is required

and the output signal becomes nearly linear in nature. If the EVM is above EVMT (means

LED output signal is still nonlinear), then the coefficients of the predistorter are estimated again.

This process is repeated until we get the linearzied output signal.

The coefficient estimation block minimises the error between the output and the input signal.

The block is determined by the same polynomial model as that of the PD, which can be defined

as:

v(n) =

P−1∑
p=0

cpψp[y(n)] (6.3)

where ψp[y(n)] = y(n)|y(n)|p. For a total number of samples equal to N , we can rewrite (6.3)

as

v = Yc (6.4)

where v = [v(1), v(2), . . . , v(N)]T , Y = [Ψ0[y] · · · Ψp[y] · · · ΨP−1[y]], c = [c0 · · · cp · · · cP−1]
T ,

Ψp[y] = y(n)|y(n)|p, and y = [y(1), y(2), . . . , y(N)]T .

The coefficient vector c can be calculated by using LS method on (6.4) and can be expressed as:

ĉ = (YHY)−1YHv. (6.5)
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These estimated coefficients are used as the predistorter coefficients to predistort the input signal

and then get the linearised output signal from the LED. The key properties of the ALA-based

predistorter are summarized as follows:

i) It predistorts the input signal in accordance to the nonlinear behaviour of LED and provides

the linearzied signal at the output of the LED.

ii) To measure the linearization performance, we can use any kind of error measurement tool

like SER, EVM, constellation plot etc. We have selected EVM because it is a good measure

of modulation quality and error performance.

iii) At any instance of time, if LED is replaced or physical characteristics of the existing LED

changes then the nonlinear behaviour also changes. The adaptive nature of the algorithm

comes from the fact that it can adapt to the change in LED characteristics. As the LED

characteristics changes, the algorithm modifies the predistorter coefficients by estimating

them again. In the proposed work, we have modeled the dynamic nonlinear behavior changes

in LED by changing the value of nonlinearity parameter ζ. Hence, as the value of ζ changes,

ALA-based predistortion algorithm adapts itself and mitigate these changes by re-estimating

PD coefficients.

iv) Coefficient estimation process is completed as soon as the measured EVM value goes below

the threshold value, i.e., EVMT . After this, the EVM measurement for every transmission

is not necessary. It can be measured periodically after few transmissions.

v) There will be a trade-off between the threshold value and convergence time of the algorithm.

For highly sensitive applications with stringent EVM requirements, lower values of threshold

is required due to which algorithm would take longer time to linearize the output. However,

for low sensitive applications, higher values of threshold can be chosen which would take

less time to linearize the output.
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Chapter 7

Results

In this section, the impact of ALA-based PD on the nonlinear distortion caused by LED in

DCO-OFDM based VLC system are presented through simulation results. The IFFT length is

N = 512 and each DCO-OFDM symbol consist of 255 data-carrying subcarriers. Each subcarrier

is modulated using 16-QAM. The DC bias is set to 1.5 times of square-root of electrical power

[27], for which the clipping noise is negligible. Since ζ controls nonlinear effects, we simulate

the results for different LEDs with ζ1 = 0.541, ζ2 = 0.582, and ζ3 = 0.65. The PD is modeled

by a polynomial model with 7th order nonlinearity, i.e., P = 7. To validate our results, the

performance of overall ALA-based PD-LED system is compared with 1) linear VLC system and

2) nonlinear VLC system.

(a) LED with ζ1 = 0.541. (b) LED with ζ2 = 0.582. (c) LED with ζ3 = 0.650.

Figure 7.1: AM/AM plot for different nonlinear LEDs with and without predistorter.

Table 7.1: EVM at transmitter

Value of ζ EVM without PD (%) EVM with PD (%)

0.541 1.4851 0.0360
0.582 2.3718 0.0522
0.650 3.4064 0.0730

The amplitude variations due to nonlinear LED on DCO-OFDM signal with different ζ are shown

in Fig. 7.1. For higher values of ζ, nonlinear behaviour of LED becomes more severe. In the

presence of PD, the AM/AM curves approach the linear system which brings in a performance

14



(a) LED with ζ1 = 0.541. (b) LED with ζ2 = 0.582. (c) LED with ζ3 = 0.650.

Figure 7.2: Constellation plot for 16-QAM DCO-OFDM signal when pass through different
nonlinear LEDs with and without predistorter.

improvement. Table 7.1 shows EVM values before and after predistortion. Significant decrease

in EVM values is noted when ALA based PD is used. Fig. 7.2 shows the constellation diagram

of input symbols and output symbols of nonlinear LEDs with and without PD for 16-QAM

DCO-OFDM signal. It can easily be seen that the output symbols without PD are deviated

from their expected position due to the nonlinearity caused by LED and this deviation increases

with nonlinear parameter ζ. It means there is always an error present in the system without

PD and this error is a function of inherent LED nonlinearity. While in the presence of PD, the

output symbols are close enough to their corresponding positions.

Figure 7.3: SER performance of DCO-OFDM VLC system with and without predistorter for
different nonlinear LEDs

The impact of AWGN SNR, i.e., Es/No on the average SER for different nonlinear LEDs in 16-

QAM, DCO-OFDM based VLC system is shown in Fig. 7.3. The SER performance of nonlinear

VLC system is different for different LEDs and deteriorates with increase in the nonlinear pa-

rameter ζ. It can easily be observed from Fig. 7.3 that SER performance of DCO-OFDM VLC

system with different nonlinear LED in the presence of ALA-based PD approaches linear VLC

system. This concludes that the ALA-based predistorter performs better than other available
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linearization techniques in VLC system.

Based on above observations, we can conclude that the ALA-based predistortion algorithm

adapts itself for any change in the nonlinear behavior of LED. Moreover, the nonlinear VLC

system with ALA-based PD performs nearly equivalent to the linear VLC system.
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Chapter 8

Conclusion

LED is the major source of nonlinearity in a VLC system which degrades the performance

of the entire system. In order to compensate for this nonlinearity, we proposed an adaptive-

learning-architecture based predistortion technique. Compared to other existing predistortion

and postdistortion techniques, the proposed ALA based predistortion technique gives perfor-

mance equivalent to the linear VLC system. The performance of proposed technique was evalu-

ated by simulating a VLC system of DCO-OFDM signal for 16-QAM modulation over an optical

LOS channel. Near-linear performance is achieved which is verified by AM/AM, EVM, SER

and constellation plots for different LEDs having different values of ζ.
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