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Abstract
This work is aimed at providing a novel design of the Visible Light Communication (VLC) 
system that uses the Multi-Carrier Code-Division Multiple Access (MC-CDMA) technique 
to send and receive data through intensity-modulated/direct detected (IM/DD) VLC chan-
nel. The state-of-the-art framework of Enhanced Sub-Carrier Index Modulation (ESIM) 
is utilized to reduce the inherent peak-to-average power ratio (PAPR) in Orthogonal Fre-
quency Division Multiplexing. Additionally, the use of cyclic prefix is omitted through the 
Discrete Wavelet Transform in the current system. Hence, the performance of the system 
is optimized in terms of PAPR, Bit Error Rate (BER), and data rate. The work presents the 
closed-form BER expressions for both conventional and proposed techniques in line-of-
sight VLC channel. Correspondingly, the simulation programs are also executed to com-
pared the proposed ESIM based WT-MC-CDMA system with both existing systems fol-
lowed by an analysis of the results. Simulation results show the superior performance of 
the proposed system compared to existing systems.

Keywords BER · CCDF · DFT · DWT · LED · MC-CDMA · PAPR

 * Arslan Khalid 
 engr.arslan08@gmail.com

1 School of Information, Computer, and Communication Technology, Sirindhorn International 
Institute of Technology, Bangkadi, Mueang, Pathum Thani 12000, Thailand

2 Department of Electrical Engineering, The University of Lahore, Defence Road, Lahore 54000, 
Pakistan

3 Department of Electrical and Computer Engineering, Sultan Qaboos University, Muscat, Oman
4 Artificial Intelligence Engineering Department, Research Center for AI and IoT, Near East 

University, Nicosia, Mersin 10, Turkey

/ Published online: 13 February 2021

Wireless Personal Communications (2022) 127:187–215

http://orcid.org/0000-0001-6167-7865
http://orcid.org/0000-0002-2560-6047
http://orcid.org/0000-0003-3120-1043
http://orcid.org/0000-0002-8838-9457
http://orcid.org/0000-0001-5418-873X
http://crossmark.crossref.org/dialog/?doi=10.1007/s11277-021-08121-y&domain=pdf


1 3

1 Introduction

The continually growing demands of higher data-rates, device connectivity, and smaller 
latency have compelled telecom service providers to switch their wireless communication 
systems from fourth-generation 4G to the new one, commonly termed as fifth-generation 
5G. The long-term goals and visions of 5G communication systems lie in offering a com-
plete solution that enables both voice and high-speed data traffic to users at any point, any-
time, and anywhere [1, 2]. Nonetheless, the scarcity of traditional radio frequency (RF) 
spectrum set limits in achieving these goals for wireless communications. With current 
technology modernizations in the computing era i.e., the Internet of Things (IoT) where 
every device is capable of providing connectivity and processing will necessitate more 
updated technology [3, 4]. In such circumstances, there is a dire need to emphasize on 
emerging wireless technologies; Visible Light Communication (VLC) is one of them that 
can mitigate the scarcity of RF spectra. The VLC system uses prevailing lighting infra-
structure with the addition of a communication chip to understand the functionality of 
lighting and high-speed data communications concurrently. VLC transmitters are realized 
via LEDs or laser-diodes that can transfer the information by the fast flickering of light (on 
and off) while the receiver uses photo-diodes to detect the changing intensity of light [5–7].

In comparison with the RF-based wireless communication system, VLC provides inter-
ference-free bandwidth of approximately 300 THz, which is significantly broader than RF. 
Moreover, the process of license permission is not mandatory [8]. The other key merits 
include inherent secure communication as the light signals do not penetrate through non-
transparent objects, high-quality service, and inexpensive optoelectronic components, 
harmless to human bodies, and no electromagnetic interference (EMI) [9]. From this per-
spective, it is commonly used in airplanes, hospitals, intelligent transportation systems, 
undersea communications, and indoor positioning, etc. that have been vulnerable to EMI or 
safety concerns [10, 11].

A VLC system uses pulse modulation schemes like on–off keying (OOK), pulse-posi-
tion modulation (PPM), and pulse-amplitude modulation (PAM) as an obvious choice. 
However, as data-rates of VLC system approaches to hundreds of megabits per second or 
even more, these modulation techniques put limits on spectral and power efficiency due 
to inter-symbol interference (ISI) [12]. To overcome the aforesaid issues, the MC-CDMA 
technique draws the attention of various researchers, since it makes maximum use of avail-
able restricted bandwidth and takes good care of severe ISI that occurs mainly because 
of high data-rates [13–17]. MC-CDMA is a combination of a multi-carrier scheme called 
Orthogonal Frequency Division Multiplexing (OFDM) and CDMA. The central idea of 
utilizing OFDM transmission within a CDMA technique is to maximize the symbol period 
to ensure that a frequency selective fading channel is split up into several narrowband flat 
fading channels [17].

A typical MC-CDMA modem is developed by applying Inverse Discrete Fourier Trans-
form (IDFT) block at the transmitter and Discrete Fourier Transform (DFT) block at the 
receiver respectively. With these blocks, sinusoidal waveforms are used as sub-carriers that 
are not well-localized in the time domain. Thereby, a cyclic prefix (CP) is positioned in 
between the successive OFDM symbols that will not only exclude the ISI but also provides 
a solution for Inter-Channel Interference (ICI) [17]. In practice, the length of the CP is 1/4th 
of the modulating waveform and it acts as an overhead that alleviates the data-rate, energy, 
and bandwidth efficiency. Further, another negative aspect of OFDM is high PAPR which 
also degrades the effectiveness of optical MC-CDMA transmission [18].
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To address the aforementioned intrinsic issues of OFDM, numerous techniques are 
suggested in the literature that confines the PAPR and exterminates the utilization of 
CP in the traditional OFDM based communication system. In this connection, the work 
done in [19] expresses that a transmitted signal can be changed from stationary char-
acteristics to cyclo-stationary with the help of an overlapped pulse shaping filter. The 
key concept of this technique is to attain time localization. Nevertheless, this technique 
needs to optimize filter parameters for pulse shaping which is a tedious task to do. While 
in [20], a blind channel estimation technique is engaged in OFDM design that eradicates 
the CP by exploiting the Toeplitz channel matrix. The benefit of this technique lies in 
the higher data-rate and bandwidth efficiency. Conversely, this technique increases the 
computational complexity of the receiver.

The subspace methods for the detection of the MC-CDMA signal without CP are 
employed in [21], however, the computational complexity is the main concern in such 
methods. A time-domain equalizer was offered in [22] that reduces the delay spread of 
the channel. Likewise, an MMSE algorithm was also proposed for channel shortening 
[23]. In [24], a block coding based multi-carrier scheme is proposed for the reduction of 
PAPR that parades higher performance but at lower bit rates. Later, clipping and filter-
ing based multi-carrier technique [25] is also proposed that delivers acceptable results 
but at the outlay of quantifiable distortion. Meanwhile, Muller et. al [26] and Bauml et. 
al [27] have suggested probabilistic methods that curb the PAPR within an OFDM sys-
tem. These reduction techniques portray efficient distortionless PAPR results, yet, these 
techniques face a serious disadvantage, i.e., the computational complexity of the system 
surges due to the rise in the number of DFT points. It is also pertinent to state here that 
all previously mentioned proposed techniques have a common demerit of maximizing 
the computational complexity of the receiver that is divergent to the basic design of 
MC-CDMA.

To generate the MC-CDMA symbol, the current work cascaded the enhanced form 
of OFDM, which is characterized as enhanced sub-carrier index-modulation OFDM 
(ESIM) with the CDMA scheme. Moreover, to improve the performance of the pro-
posed system the traditional Fourier transforms are swap with the wavelet transforms 
(WT). The proposed system appears to be a good remedy for both CP and PAPR con-
cerns of OFDM. ESIM with its state-of-the-art framework wrestles the problem of high 
PAPR while wavelet techniques carry excellent orthogonal properties due to which CP 
is no more necessary between the two consecutive symbols. Hence, the spectral effi-
ciency of the system is amended to some extent. With WT, the system also turns out to 
be more robust to ISI as the side-lobes of the wavelet-based OFDM system are much 
lower when compared with the Fourier transform-based system. Therefore, the overall 
energy of the system is also conserved [28].

This work presents the comparative analysis for OFDM based MC-CDMA, ESIM 
based FT-MC-CDMA and ESIM based WT-MC-CDMA in the existence of a line-of-
sight (LoS) environment. OFDM based MC-CDMA technique is used as a benchmark 
while the proposed techniques are compared with it. For the qualitative and quantitative 
performance assessment of any system, an analytical expression is used to obtain more 
accurate results. Therefore, exact closed-form mathematical expressions for BER of IM/
DD optical systems based on the proposed techniques are also derived and provided 
in the work. The computer programs are developed in MATLAB tool while the main 
performance metrics for the aforementioned systems are BER and PAPR. The simu-
lation results are produced exclusively to validate the derived analytical expressions. 
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Additionally, the work also offers a series of simulation results with a detailed descrip-
tion of the visible light characteristics.

The entire research article is planned in the succeeding sections. Section 2 contrib-
utes a comprehensive description of the systems modeling. This section also illustrates 
the mathematical equations to compute an impulsive response of the VLC channel. 
Later, in Sect. 3 the analytical BER expressions for the conventional and proposed sys-
tems are derived that will help in performance assessment. While Sect.  4 shows the 
simulation results with significant discussions. The last section will conclude the com-
plete work.

2  Analytical System Modeling

This section presents a thorough discussion of the VLC system design for both Fourier 
and Wavelet-based MC-CDMA techniques. Further, a brief description of the VLC chan-
nel employed for the computer simulations is also delineated.

Fig. 1  VLC system design for DFT based MC-CDMA
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2.1  Discrete Fourier Transform Based MC‑CDMA Technique

The VLC system for ESIM based FT-MC-CDMA technique is demonstrated in Fig.  1. 
Binary data from the user are first multiplied by the Optical Orthogonal Code (OOC) code. 
OOC codes are the family of unipolar (0,1) codes that exhibit brilliant cross-correlation 
and autocorrelation properties. These codes are closely linked to constant weight error-
correcting codes and therefore, they can also introduce link reliability in the proposed sys-
tem. The code length of the OOC is selected to be 7 while the code weight is 3. After the 
spreading/encoding of binary data, the resultant sequence is divided into parallel sub-carri-
ers and then input to the ESIM-OFDM modulator.

In the ESIM-OFDM modulator, initially, the sub-carriers are split into two subse-
quences namely  SOOK and  SQAM. Subsequence  SOOK is employed to represent the capac-
ity of two sub-carriers (active and inactive) while  SQAM shows constellation points 
transmitted within the sub-carriers [29]. In the subsequent step, the mapper traverses 
the complete OOK subsequence and if the mapper found that the OOK bit is 1 then a 
pair of sub-carriers is selected. The first sub-carrier is an active one and it transmits the 
QAM symbol while the other sub-carrier is inactive. The inactive sub-carrier conveys 
no information and ideally, it is assumed that it has no energy. Moreover, if the OOK 
bit is found to be 0, then the first sub-carrier of the pair is inactive while the other has a 
QAM symbol. In this manner, the complete operation is done on every OOK bit of sub-
sequence, and sub-carriers are formed.

To ensure a real-valued and non-negative modulating waveform necessary for the 
IM/DD, Hermitian symmetry is levied on the incoming signals before applying the 
IDFT operation [30]. The sub-carriers are then supplied to the IDFT block that shifts 
them from the frequency domain to the time domain and later CP or guard intervals are 
added between two consecutive ESIM symbols. After CP insertion, the data within the 
sub-carriers are serially combined and it is noticeable that the modulating waveform is 
still bipolar. Therefore, proper convergence into a unipolar signal is necessary and for 
this, DC offset is added in the MC-CDMA waveform. At this point, it is worth telling 
here that due to the inherent PAPR issue of MC-CDMA a higher DC offset is obligatory 
to completely exclude the negative peaks which in turn increases the optical energy-per-
bit to single-sided noise power-spectral density, Eb(opt)

/
N0

 , hence, the optical energy is 
not conserved [31]. So, a suitable DC offset is added and the leftover negative peaks are 
clipped to zero. In the last step, the DFT based MC-CDMA waveform is provided to the 
ideal optical modulator wherein the optical intensity is produced with the input electri-
cal signal. The optical signal is then moved through the free-space medium.

The photo-diode positioned at the receiver side gathers the optical signal which is 
degraded by the free-space VLC channel. After optical to electrical convergence, a shot 
noise which is modeled as additive white Gaussian noise (AWGN) is included in the 
electrical domain. The noise added electrical signal is applied to the sub-optimal zero 
forcing equalizer that diminishes the channel effects. Subsequently, the serial data is 
transformed back to the parallel sub-carriers and the CP is removed. Moreover, the time 
domain signals are also transmuted back to the frequency domain using DFT block and 
the signals are making free of Hermitian symmetry. The recovered signals are applied 
to the demapper that separates the two sequences  SOOK and  SQAM. This can be done by 
applying the comparator approach on a pair of consecutive sub-carriers. The magnitude 
of both sub-carriers is computed and compared with each other [32].
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Let’s consider a case in which the magnitude of the first sub-carrier is greater than 
the second sub-carrier. The comparator decides that the first sub-carrier is an active one 
and it contains a QAM symbol. While the corresponding OOK bit is detected as 1. In 
the meantime, the second sub-carrier of the pair is detected as an inactive. Similarly, if 
the magnitude of the first sub-carrier is less than the second, then, in that case, the com-
parator decides that the first sub-carrier is inactive while the second has a QAM sym-
bol. The corresponding OOK bit with this sub-carrier is detected as zero. Likewise, all 
sub-carrier pairs are traversed by the demapper, and subsequences  (SOOK and  SQAM) are 
separated and then combined to form a single bitstream. This stream is then multiplied 
with the spreading waveform to get the original bitstream.

2.2  Discrete Wavelet Transform Based MC‑CDMA Technique

The existing section enlightens the framework for the proposed discrete wavelet transforms 
(DWT) based VLC system. In the suggested scheme, the IDFT/DFT blocks utilized in the 
traditional system (Fig. 1) are substituted by the IDWT/DWT blocks which in turn elimi-
nate the usage of the CP. To explain the working of IDWT/DWT blocks a brief introduc-
tion of wavelets is necessary.

A wavelet is referred to as a wave of small duration that has finite energy focused 
around a point in time and thus provides a means for the investigation of non-stationary, 
transient, and time-varying phenomena [33, 34]. It offers the characteristics that are similar 
to an oscillating wave and has the potential to permit concurrent analysis both in time and 
frequency-domain. Due to this fact, wavelets become a strong contender that can replace 
Fourier analysis. A wavelet is represented by a window function that splits the user infor-
mation into completely different frequency bands and thereafter, analyses the selected band 
of interest [35].

The fundamentals of DWT started in 1976 when Crosier, Esteban, and Galand con-
ceived a method of decomposing a discrete-time signal [36]. The DWT of the given dis-
crete signals is computed by decomposing the signal into distinct frequency bands by suc-
ceeding high and low pass filter banks. These two filters are also known as the Quadrature 
Mirror Filter (QMF) pair and the process of decomposition is termed as sub-band coding 

Fig. 2  Three level signal decomposition
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[37]. On passing through low pass filter, high frequencies components are blocked and it 
contains only slowly changing information of the signal also termed as approximation coef-
ficients (AC). While high pass filter stops low frequencies components and yields detailed 
coefficients (DC) that are rapidly changing components of the signal. Figure 2 shows the 
three-level decomposition of the input signal. However, the decomposition procedure can 
be elongated based upon at what level of precision and accuracy in the results are required.

An information signal X[n] is input to filter banks that comprise high G[n] and lowpass 
H[n] filters respectively [37]. For analysis at the first level, X[n] is split into a pair of equal 
high and low-frequency components. The higher frequency components due to less infor-
mation can be discarded while lower frequency has a lot of information and thus it can be 
further processed. It is pertinent to discuss here that due to the removal of high-frequency 
components samples within the signal are reduced which results in the reduction of sam-
pling rate and therefore, the time resolution becomes half while the spectral resolution is 
doubled [38].

At the next level, the output of H[n] is sampled by factor 2 to satisfy the Nyquist cri-
terion and again decomposed in high and low-frequency components. In the same man-
ner, the decomposition process continues at the third level. Mathematically, the process of 
decomposition is given as [39, 40]:

The operation of inverse DWT is converse to DWT. In IDWT, the operation of down-
sampling is replaced by upsampling.

2.3  VLC Channel Model

In VLC systems, an air interface is used as a communication medium. Owing to the natu-
ral randomness in our surroundings, it is difficult to receive the exact message which was 
originally transmitted. Therefore, it is of great importance that the channel characteristics 
need to be identified to maximize the error performance of the VLC system. An indoor 
VLC channel model is categorizing into directed/LoS and non-directed/NLoS paths [41, 
42]. The overall impulsive response of the VLC channel is computed by summing up the 
individual responses of both configurations. Mathematically, the cumulative VLC channel 
response is expressed as:

where HLoS�
(
t − �LoS

)
 is the impulsive response due to the LoS signal while 

HNLoS�
(
t − �NLoS

)
 is the response due to the reflections. Also, the parameters �LoS and 

�NLoS represents the delay for the first incoming LoS and NLoS signal, moving from LED 
towards the photo-diode. The LoS path is realized as a point-to-point link in which a VLC 
transmitter can communicate with the receiver through narrow beams. This would mean 
that there exist no obstacles in the LoS link and for this reason, it is free from the reflec-
tions. In the LoS scenario, the signal attenuation is depending upon the path-loss that can 

(1)Whigh[k] =
∑
n

D[n]G[2k − n]

(2)Vlow[k] =
∑
n

D[n]H[2k − n]

(3)h(t) = HLoS�
(
t − �LoS

)
+ HNLoS�

(
t − �NLoS

)
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be evaluated by utilizing the knowledge of distance and beam divergence between trans-
mitter and receiver. The LoS link is demonstrated in Fig. 3 in which an LED transmitter is 
considered as a monochromatic source having a Lambertian radiation pattern. Mathemati-
cally, the channel DC gain HLoS for LoS link is given as [43, 44]:

where Ad denotes the area of photo-diode, d shows the separation between the emitter and 
detector, Ψ and � express the incidence and irradiance angle respectively, g(Ψ) denotes the 
gain of a concentrator, T(Ψ) illustrates optical filter gain. The aforesaid Eq. 4 is valid only 
when the incidence angle is less than Field of View ( ΨFOV ) i.e., Ψ < ΨFOV . The parameter 
me recognizes the Lambertian emission and it is expressed as [43]:

where �1∕2 shows the half-power angle of the LED. The current work only deals with the 
LoS link as it carries nearly 95% of the entire optical power. As we are dealing only with 
the LoS link, the Eq. 3 can be rewritten in the simplified form as:

(4)HLoS =
(me + 1) ∗ Ad

2�d2
∗ cosme (�) ∗ cos (Ψ) ∗ g(Ψ) ∗ T(Ψ)

(5)me =
− ln (2)

ln
(
cos

(
�1∕2

))

(6)h(t) = HLoS�
(
t − �LoS

)

(7)h(t) =
(me + 1) ∗ Ad

2�d2
∗ cosme (�) ∗ cos (Ψ) ∗ g(Ψ) ∗ T(Ψ)

(
t − �LoS

)

Fig. 3  VLC channel model
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3  Performance Evaluation for MC‑CDMA Systems

This section is aimed to provide the complete analytical derivations of BER for MC-
CDMA systems discussed in Sect. 2. We first analytically evaluate the performance of 
the traditional MC-CDMA system in the presence of the LoS channel and then corre-
late it for the proposed systems.

3.1  Analytical Derivation of BER for Traditional MC‑CDMA System

In a typical MC-CDMA modem, the data is transmitted in N narrowband sub-carriers. None-
theless, due to the Hermitian symmetry constraint, only N∕2 sub-carriers are transmitting 
the data while other N∕2 sub-carriers transmit complex conjugation of first N∕2 sub-carriers. 
Hence, the transmitted MC-CDMA signal Sm(t) can be articulated as:

where N designates the number of sub-carriers (equals to the size of FFT transform), P 
signifies the power of the data bit, bk[n] denotes the uniformly distributed incoming data bit 
where bk ∈ (0, 1) with E

[
bk[n]

]
= 0 and E

[||bk[n]||2
]
= 1 , ck[n] epitomizes the spreading 

sequence, �n is the angular frequency of the nth sub-carrier and, PT (t) represents the rec-
tangular pulse which is non-zero in the interval [0, T].

For IM/DD based optical wireless link, the received signal r(t) before the channel equaliza-
tion can be summarized as:

where Sm(t) is the transmitted MC-CDMA signal, h(t) is the impulse response of the VLC 
channel, R represents the responsitivity of the photo-diode, the symbol ⊗ signifies the con-
volution operator and �(t) is the shot noise modeled as Gaussian noise with zero mean and 
variance [43].

where q is the electron charge, Pr designates the received optical power, B denotes the 
equivalent noise bandwidth, N0 signifies the noise density, and I2 epitomizes the noise 
bandwidth factor. By replacing the Sm(t) in Eq. 9 with its actual value (Eq. 8), the received 
signal can be given as:

where � indicates the time delay facing by the optical signal in moving from the trans-
mitter LED to the receiver photo-diode. In our case, we assume � = 0 because of perfect 
synchronization between the VLC transmitter and receiver. To derive the analytical BER 
for the MC-CDMA system, a random variable must be obligatory that is not accessible for 
the LoS link because of all the parameters given in Eq. 7 are known and fixed. So, in this 

(8)Sm(t) =

√
2P

N

N

2∑
k=0

bk[n]ck[n] cos
(
�nt

)
PT (t)

(9)r(t) = RSm(t)⊗ h(t) + 𝜂(t)

(10)�2

shot
= 2qRPrB + N0I2B

(11)r(t) = R

√
2P

N

N

2∑
k=0

bk[n]ck[n] cos
(
𝜔nt

)
PT (t − 𝜏)⊗ h(t) + 𝜂(t)
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scenario, the only random variable available for BER derivations is �(t) . For zero-forcing 
equalizer, the channel equalization coefficients c(t) must satisfy,

where � symbolizes the Dirac delta function. The received signal after the equalization is 
specified as:

Using some results given in [12], the decision variable used to estimate the k th bit is given 
as,

It is imperative to mention here that multiplying the Gaussian variable with any signal does 
not change the statistics of the Gaussian noise and thus it remains the same. Therefore, the 
simplified form of the decision variable given in [12] can be written as,

where I is the multiple access interference which is not considered in this work as the sys-
tem is designed just for the single user, � is the corresponding noise term and D indicates 
the desired signal which is computed when the variable k = i,

The energy of the desired bit, Eb , can be calculated as,

(12)h(t)⊗ c(t) = 𝛿

(13)re(t) = c(t)⊗ r(t) = RSm(t)c(t)⊗ h(t) + c(t)⊗ 𝜂(t)

(14)re(t) = RSm(t) + �(t)

(15)re(t) = R

√
2P

N

N

2∑
k=0

bk[n]ck[n] cos
(
�nt

)
PT (t) + �(t)

(16)V0 =
1

T

T

∫
0

re(t)

N

2∑
i=1

c[i] cos
(
�it

)
dt

(17)V0 =
1

T

T

∫
0

⎛⎜⎜⎝
R

�
2P

N

N

2�
k=1

bk[n]ck[n]cos
�
�nt

�
PT (t) + �(t)

⎞⎟⎟⎠

N

2�
i=1

c[i] cos
�
�it

�
dt

(18)

V0 =

N

2∑
k=1

N

2∑
i=1

R

T

√
2P

N
bk[n]ck[n]c[i]

T

∫
0

cos
(
�nt

)
cos

(
�it

)
+

N

2∑
i=1

T

∫
0

�(t)cos
(
�it

)
dt

(19)V0 = D + I + �

(20)D = R

√
2P

N

N

2∑
k=1

(c[k])2bk[n] = R

√
2P

N
bk[n]

(21)Eb = E
{|D|2} =

(
R

√
2P

N

)2

=
2PR2

N
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By employing the Eqs. 10 and 21 the signal-to-noise ratio (SNR) is defined as,

For M− ary rectangular QAM modulation with an even number of bits per symbol, the 
analytical BER can be obtained by the renowned relation [45],

In the above relation, Q(x) is given by,

3.2  Analytical Derivation of BER for Proposed ESIM Based FT‑MC‑CDMA System

The existing subsection acquaints with the analytical BER for ESIM based FT-MC-CDMA 
system. For generalization, a single sub-carrier pair is transmitted and received through an 
LoS-VLC channel. As fading is not considered in this work, therefore, the data is corrupted 

(22)SNR =

2PR2

N

�2

shot

(23)BERM−QAM =
2

�√
M − 1

�
√
Mlog2(M)

Q

��
3SNR

2(M − 1)

�

(24)Q(x) =
1

2�

∞

∫
x

e
−y2

2 dy

Fig. 4  Contour lines of distribution for received sub-carrier pair
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by the AWGN channel as discussed in the previous subsection. The BER equations derived 
in this section are similar for all other sub-carrier pairs. Now consider that a QAM symbol 
‘1 + j’ is transmitted with inactive sub-carrier of the pair. The contour lines of distribution 
of received sub-carriers are displayed in Fig. 4 in which an active sub-carrier is indicated 
by a mark ‘ × ’ and mathematically, it is denoted as D̂[k] that takes a value of p + jq . The 
decision for an inactive sub-carrier is considered as correct only when all possible values 
lie inside the shaded circle. Therefore, the integration of the shaded region of the circle 
provides the probability for accurately identifying active and inactive sub-carrier within a 
pair. The results of integration can be understood from [46] and are expressed as:

By converting the Cartesian coordinates to polar coordinates, the aforesaid equation 
(Eq. 25) can be simplified as [47]:

For accurately identifying the active sub-carrier bk = 1. It is important to discuss here that 
when AWGN is not added to the signal, then there is an equal probability that a sub-carrier 
is correctly identified from M constellation points. Therefore, the probability density of the 
received sub-carrier is the weighted sum of M distinct probability densities originating from 
Gaussian functions. The probability density of received sub-carrier is given as [47]:

where � signifies the constellation point, i refers to the number of constellation points and 
it varies from 1 to M , Re

(
�i

)
 denotes the real part of the constellation point and, Img

(
�i

)
 

gives an imaginary part.
By using Eqs. 27 and 28, the probability for correctly identifying active and passive sub-

carrier is formulated as [47]:
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The simplification of Eq. 30 yields:

While the probability of incorrect identification of active and inactive sub-carrier is given 
as [47]:

The overall error performance of the ESIM-OFDM system is assessed through probability 
density equations which are already computed in Eqs. 31 and 34. If the state of the sub-carrier 
is not correctly identified then the corresponding OOK bit that encodes the sub-carrier state 
also detected as wrong. The BER which is contributed by this erroneous OOK bit is formu-
lated as [47]:

The BER analysis of QAM symbol is similar to the analysis already done in [47] which 
is mathematically expressed as:

Next, by employing the Eqs. 23, 31, and 34, The aforesaid Eq. 37 can be written in the 
simplified form as,

The final expression that yields the complete BER of ESIM-OFDM is formulated as 
[47]:
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3.3  Analytical Derivation of BER for Proposed ESIM Based WT‑MC‑CDMA System

From Sect.  2.2 it is apparent that in wavelet analysis the input signal is linearly con-
volved with the QMF filter bank. Nonetheless, the linear convolution yields an output 
signal with excessive length. To circumvent this, circular convolution is more preferable 
for wavelet analysis. Consider a QMF filter with length L in which the last L

2
 components 

resulted because of linear convolution are added to first L
2
 components. To ensure the 

perfect reconstruction of the signal, L
2
 the left circular shift is essential to carry out for 

the input of each DWT procedure [48]. As in the proposed WT based MC-CDMA sys-
tem, the complex sinusoids of FFT are replaced with the QMF filter pair, therefore, the 
noise acting on each sub-carrier must be different. To derive the exact BER equation, 
we first determine the noise variance. Also, to make the model simple we only demon-
strated the derivations using the QMF filter for AC components. The DC components 
are derived by a similar process.

The circular shift can be represented by a specific permutation and for this reason, 
the DWT operation is defined as � (j, S) ≅

(
j +

L

2

)
 mod S . By taking the circular shift of 

the noise term in Eq. 13, each element in the input signal can be signified as [48],

For the analysis of the AC part, a low pass filter G[n] is used and the circular convo-
lution of two series a and b with period N is defined as an ⊗ bn =

∑
m

amb
N
n−m

 . The down-

sampling operation is indicated by the operator ↓ . The DWT for the first level is given as 
[48],

As the noise term is Gaussian distribution with zero mean, therefore, the mean value 
of al1m is also zero. However, the variance can be found as,
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Similarly, the variance of multi-level DWT can be computed. Using the tree structure 
of DWT and some useful results obtained through [48] the noise variance for N = 64 
and 3-level DWT can be computed as,

The SNR equation is derived in Eq. 22 remains the same, however, the only change is 
the change in noise variance. Further, the exact BER equation for ESIM based WT-MC-
CDMA is also similar to the Eq. 38.

4  Simulation Results and Discussions

The current section is distributed into three sub-sections wherein the initial section elab-
orates on the simulation setup. This section also gives the channel parameters essential 
for the characterization of the LoS link. The second sub-section offers a statistical analy-
sis of visible light characteristics from LED lightings. The characteristics of visible light 
within a room are the distribution of transmitter illuminance (lm), received power dis-
tribution (dBm), coverage area (m), and variations of received power concerning LED’s 
semi angle at half power (degrees) and receivers FOV. While the third section conveys the 
simulation results and discussions on traditional OFDM based MC-CDMA, ESIM based 
DFT-MC-CDMA, and ESIM based proposed DWT-MC-CDMA based on numerous per-
formance metrics. Although, it is shown in [29, 32] that ESIM performs better than tradi-
tional OFDM. However, the author believes that this is the first work on ESIM based MC-
CDMA. So, to assess its performance, simulations of the traditional MC-CDMA system 
are also conducted.
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4.1  Simulation Setup

For performance assessments, the computer-based programs for traditional and proposed 
systems are formulated in MATLAB tool with the LoS VLC channel. The parameters 
required for the simulations of all systems are recorded in Table  1 whereas the simula-
tion setup is exhibited in Fig. 3. For the LoS link, a vacant room with measurements of 
5 m × 5 m × 3 m is considered. A VLC transmitter is affixed on the ceiling at an elevation 
of 2.75 m above the floor emitting light in the downward direction whereas a user terminal 
equipped with photo-diode is positioned on the desk at the height of 0.5 m from the floor. 
Thus, the total communication distance of the directed path is 2.25 m.

To make the channel simulation realistic, OSW4XME3C1S cool white star-shaped off-
the-shelf LEDs are selected for the transmitter while silicon pin photo-diodes S6775 are 
used to gather the optical signals. In a transmitter, the LEDs are arranged in an array of 
10 × 10. Each LED provides the luminous flux of 200 lm which is sufficient to illumine the 
room [49]. OSW4XME3C1S LED is easily accessible in a market with a broader viewing 
angle of 120° and emits an optical power of 3 W. The S6775 photo-diode is manufactured 
by the Hamamatsu in a clear plastic package with an effective area of 26.4  mm2 [50]. The 
spectral response range and peak sensitivity wavelength of S6775 are 320 nm to 1100 nm 

Table 1  Simulation parameters for conventional and proposed MC-CDMA systems

Simulation param-
eters

OFDM based FT-MC-CDMA ESIM based FT-
MC-CDMA

ESIM based WT-
MC-CDMA

Number of MC-
CDMA symbols

104 104 104

Spreading code 7-bit OOC 7-bit OOC 7-bit OOC
Modulation 16-ary and 64-ary QAM 16-ary and 

64-ary QAM
16-ary and 64-ary 

QAM
Sub-carriers 64 64 64
CP length 1/4th 1/4th Not required
MC-CDMA symbol 

length
80 samples 80 samples 64 samples

Wavelet type Haar, Daubechies (db2), Symlet (sym2), Coiflet (coif2), Biorthogonal (bior1.1, 
bior3.3), Reverse Biorthogonal (rbio1.1, rbio3.3), Discrete Meyer (dmey)

VLC channel LoS
Room Size 5 m × 5 m × 3 m
LED placement (2.5, 2.5, 2.75)
The separation 

between Tx and 
Rx

2.15 m

Receiver above the 
floor

0.5 m

Number of LEDs 10 × 10 (100)
Transmitted power 300 W
Optical lens gain 10
Noise type AWGN
SNR (dB) 0–20
Equalizer Zero forcing
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and 960  nm respectively. While the photosensitivity of the photo-diode is 0.7A/W. The 
other specifications of the used LEDs and photo-diodes are also listed in Table 2.

The transmitter of each system communicates  104 MC-CDMA symbols. Under the sim-
ulation parameters mentioned in Table 1, the OFDM and ESIM based MC-CDMA trans-
mitter generates binary random bits that are moved within one symbol. On these data bits, 
the procedure of MC-CDMA discussed in Sect. 2 is executed. The modulated waveform is 
then conveyed through the free-space LoS VLC channel. In the receiver design, a sub-opti-
mal time-domain zero forcing equalizer is employed that nullifies the adverse effects of the 
channel. For all simulations, it is also considered that the emitter and receiver are well syn-
chronized with each other. The BER results are acquired using Monte-Carlo simulations.

4.2  Statistical Analysis of Visible Light Characteristics

This section presents the results and discussions about visible light characteristics. For the 
given setup, computer-based simulations for the illuminance distribution within a room are 
carried out in MATLAB and a 3D based numerical result is plotted in Fig. 5. From this 
result, it is perceptible that the VLC transmitter offers sufficient illuminance at the bounda-
ries of the room, thereby, making the communication possible. The maximum illuminance 
of about 86.52 lm is realized in the middle of the room. However, on heading towards the 
boundaries, illuminance is decreasing having a value of 13.39 lm.

Figure 6 exhibits the 3D plot of the received power distribution with and without a lens. 
In both cases, the power received is concentrated in the center of the room where the trans-
mitter is installed. Nevertheless, power reduces when moving away from the center. It can 
be grasped from the result that with 100 LEDs the maximum power received without a 
lens at the center of the room is 0.1884 dBm and it is around − 9.66 dBm at the boundaries 
of the room. Figure 6 also displays the received power graph when a lens is considered at 
the receiver. For this situation, the power received at the center of the room is 10.19 dBm 
while at the boundaries it is 0.34 dBm. From both results, it is evident that to realize effi-
cient communication the receiver should be fitted out with a lens that focusses the optical 
signals on the photo-diodes.

Table 2  Specifications of LED and photo-diode

Specifications Values

OSW4XME3C1S LED Semi angle 70°
Emitted power by each LED 3 W
Luminous flux 200 lm
Forward voltage 3.3 V
Operating current 800 mA
Temperature sensitivity  − 40 °C to 85 °C

S6775 Photo-diode Field of view 70°
Active area 26.4  mm2

Spectral response 320 nm to 1100 nm
Photosensitivity 0.7 A/W
Reverse voltage 35 V
Operating temperature  − 25 °C to 85 °C
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Fig. 5  Distribution of illuminance within a room

Fig. 6  Received power distribution within a room
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The subsequent result Fig.  7, illustrates the coverage area of the room with rever-
ence to the received power. It is worth mentioning from the contour lines-based result 
that the proposed setup of the LED transmitter provides the complete coverage of opti-
cal power to the users. Although, the optical power at the boundaries is lesser than the 
power at the center, however, it is still enough to achieve successful communication.

Figure  8 exhibits the result of the received power with and without optical lens at 
various semi angles at half power. For simulations, the FOV of the receiver and chan-
nel distance is fixed at 70° and 2.25 m respectively. Further, the VLC transmitter power 
is also fixed at 300 W, however, the semi angle of the LED varies from 5° to 70° with 
the range difference of 5°. The result shows that for both cases (with and without opti-
cal lens) the maximum power is received at a semi angle of 5°. By increasing the semi 
angle, the received power in the LoS link will become lesser. This is because by deviat-
ing the semi angle from 0° the optical radiation within the room becomes more diffu-
sive and thus some of the optical transmitter power is captivated by the non-reflective 
objects.

The next result Fig. 9 demonstrates the received power with and without optical lens 
at numerous FOV angles. As it is observed in the previous result (Fig. 8) that the maxi-
mum power is received at lower semi angles so for simulations the LED semi angle is 

Fig. 7  Coverage area distribution concerning received power
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fixed at 10°. Moreover, the distance and transmitted power are also fixed as discussed 
previously. It has been depicted from the simulation result that the characteristics of the 
FOV on the photo-diode are slowly affecting the received power.

4.3  Results for Performance Comparison

The proposed ESIM based MC-CDMA system is assessed based on BER and PAPR met-
rics. Depending on the results shown in Figs. 8 and 9 the LED semi angle and FOV are 
fixed at 10° and 30° respectively. A series of simulations are run on MATLAB where 
the transmitter and receiver separation are 2.25  m. For DWT analysis, ‘Haar’ and other 
orthogonal wavelet families with different vanishing moments are selected. Figure 10 dis-
plays the plot for one MC-CDMA symbol generated by ESIM based MC-CDMA tech-
niques. The QAM modulation order is fixed to 16 and the sub-carrier length is 64. Further, 
the x-axis of the graph shows the time axis while the y-axis epitomizes the voltage level. 
It can be evident from the time-domain spectra that after adding the DC bias there still 
exits some negative peaks which are clipped at zero. Also, the analysis of the spectra con-
firms that for ESIM based FT-MC-CDMA, the peak voltage level is 1.788  V while for 

Fig. 8  Effects on received power by varying LED semi angle
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WT-MC-CDMA, the voltage is 1.117 V. Hence, the PAPR of FT-MC-CDMA is high as 
compare to WT-MC-CDMA.

The simulations are also conducted to verify the BER expressions (Eqs. 23, 39, and 43) 
that are derived in Sect. 3. For the simulations, the applied QAM sizes are 16-QAM and 
64-QAM while the sub-carrier size is 64. Moreover, the wavelet analysis is conducted by 
considering the Haar wavelet with level 2. The analytical and Monte-Carlo based simulated 
BER outcomes of the simulations are exhibited in Fig. 11. By comparing the analytical and 
simulated results, it can be noticed that analytical BER curves fit well with the simulated 
curves.

Next, the simulated results are also inspected for the targeted BER of  10–4 and it should 
be perceived that for the same QAM modulation order i.e., 16-QAM, the ESIM based FT-
MC-CDMA needs less energy and performs approximately 2 dB superior to its counterpart 
OFDM based FT-MC-CDMA system. The error performance of the ESIM based FT-MC-
CDMA system is further enhanced by replacing the Fourier transform with the wavelet 
transforms. The results illustrate that the proposed ESIM based WT-MC-CDMA system 
outperforms the ESIM based FT-MC-CDMA system and accomplishes a coding gain of 
approximately 4.4 dB. However, in comparison with OFDM based FT-MC-CDMA, this 
coding gain is 6.5 dB. It is noteworthy here that this performance improvement is due to 
the inherent orthogonal ability of wavelet transform which, unfortunately, could not be por-
trayed by Fourier transform. The similar improvements in the BER results could also be 
seen for high orders of M i.e., 64-QAM.

Fig. 9  Effects on received power by varying FOV of the receiver
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Keeping in view the superior performance of wavelet-based multi-carrier systems, 
ESIM based WT-MC-CDMA is also simulated with the different wavelet families listed 
in Table 1. The effectiveness of the ESIM based WT-MC-CDMA system with different 
wavelet families are exhibited in Fig. 12. A very interesting fact can be deduced from 
the results as for all listed wavelet families the performance of the system is exactly 
similar except for the biorthogonal and reverse orthogonal wavelets with vanishing 
moments 3.3. Though the error performance of bior3.3 and rbio3.3 are similar to each 
other while this performance is about 2 dB poor than other wavelet families.

The MATLAB codes for the calculation of PAPR of the discussed systems are also 
developed and simulated. As observed from Fig. 10 that the high peaks in multi-carrier 
systems occur randomly, therefore, complementary cumulative distribution function 
(CCDF) is one of the best options to describe the PAPR. It is defined as the probability 
that illustrates the obtained PAPR exceeds a specific value  PAPR0. Mathematically [51],

Figure 13 shows the graphs for CCDF versus PAPR of traditional and suggested sys-
tems. These graphs are attained by considering the QAM modulation order of 16 and 
sub-carrier size M = 1024 . The graphs illustrate that the PAPR of proposed ESIM based 
FT-MC-CDMA is reduced than traditional OFDM based MC-CDMA. On the other 

(44)CCDF = Pr(PAPR > PAPR0)

Fig. 10  Transmitted waveforms for a single sub-carrier of ESIM based MC-CDMA systems
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hand, the PAPR performance of the system is enriched by using wavelets. The PAPR 
of ESIM based DWT-MC-CDMA is 4.5  dB reduced than traditional MC-CDMA and 
achieves CCDF of  10–4 at 11 dB.

5  Conclusions

Owing to the inherent merits, VLC is deemed as a success key in the implementation of 
attocells used within the upcoming 5G standards. In VLC systems, the placement of LEDs 
and photo-diodes within a room (attocell) plays a pivotal role in the reception of power at 
the boundaries of the room. Moreover, the use of an optical lens in the designing of the 

Fig. 11  Analytical and theoretical comparisons between proposed ESIM based MC-CDMA and conven-
tional OFDM based MC-CDMA systems
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VLC receiver also helps in focusing the optical power at photo-diodes. With the given set-
tings, the simulation results display that the received power at the boundaries of the room 
is 0.34 dBm and coverage is satisfactory.

With the help of DWT and an improved version of OFDM (ESIM), a novel VLC 
system is designed and simulated. The work also includes the BER derivations for the 
ESIM based WT-MC-CDMA system which are validated by a comparison between 
simulations and analytical computations. The simulations are accomplished via MAT-
LAB tool and it is examined through the comparison results that analytical BER curves 
fit well to the simulated curves. Moreover, the effectiveness of the suggested system 
is estimated concerning PAPR and BER. The simulated outcomes for proposed and 
conventional systems are also compared. The results also confirm that the ESIM based 
WT-MC-CDMA system outperforms other MC-CDMA systems. It is also concluded 
that inherent time–frequency localization properties of DWT reduce noise from the sys-
tem, which ultimately eliminates the need for cyclic prefix and conserve the energy and 
bandwidth. Moreover, the CCDF graphs also demonstrate that PAPR of ESIM based 
MC-CDMA system reduces than OFDM based MC-CDMA system. Hence, the pro-
posal of both ESIM and DWT schemes in the MC-CDMA structure is acceptable and 
the improvement in results demonstrates that the wavelet transform has a bright future 
in the field of VLC. Due to the noise suppression capability of wavelets, they are best 

Fig. 12  Effectiveness of ESIM based WT-MC-CDMA with different wavelet families

210 A. Khalid et al.



1 3

suited in VLC based indoor localization system. The future work includes a low cost 
and efficient hardware implementation that strengthen the proposed technique.
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