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Abstract: Visible Light Communication (VLC) is a data communication technology that modulates
the intensity of the light to transmit the information mostly by means of Light Emitting Diodes (LEDs).
The data rate is mainly throttled by the limited bandwidth of the LEDs. To combat, Multi-carrier Code
Division Multiple Access (MC-CDMA) is a favorable technique for achieving higher data rates along
with reduced Inter-Symbol Interference (ISI) and easy access to multi-users at the cost of slightly
reduced compromised spectral efficiency and Multiple Access Interference (MAI). In this article,
a multi-user VLC system is designed using a Discrete Wavelet Transform (DWT) that eradicates
the use of cyclic prefix due to the good orthogonality and time-frequency localization properties
of wavelets. Moreover, the design also comprises suitable signature codes, which are generated by
employing double orthogonality depending upon Walsh codes and Wavelet Packets. The proposed
multi-user system is simulated in MATLAB software and its overall performance is assessed using
line-of-sight (LoS) and non-line-of-sight (NLoS) configurations. Furthermore, two sub-optimum
multi-users detection schemes such as zero forcing (ZF) and minimum-mean-square-error (MMSE)
are also used at the receiver. The simulated results illustrate that the doubly orthogonal signature
waveform-based DWT-MC-CDMA with MMSE detection scheme outperforms the Walsh code-based
multi-user system.

Keywords: visible light communication (VLC); LED; photo-diode (PD); line-of-sight (LoS);
non-line-of-sight (NLoS); multi-carrier code division multiple access (MC-CDMA); discrete wavelet
transform (DWT); doubly orthogonal wavelet packets (DOWP); multiple access interference (MAI);
minimum-mean-square-error (MMSE)

1. Introduction

With unprecedented demand for high-speed multi-media mobile services, optimization of wireless
communication systems has become critical. Due to the limited range of frequencies, radio-frequency
(RF) technology is unable to fulfill the needs for the current demands of mobile users [1]. As we are
advancing towards 5G, the necessity for the evolution in broadband communication technologies has
grown to its peak. The 5G communication networks have already defined performance requirements
in which high-speed data delivery (expected to be 10 Gbps) and low latency (less than 1 ms) are the
key performance parameters [2]. Visible Light Communication (VLC) is a completely new paradigm
that is going to revolutionize the next generation of wireless communication by making use of a visible
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light band for relieving the RF spectrum from congestion. For commercialization, IEEE standardizes
VLC as Wireless Personal Area Networks (WPAN) in IEEE 802.15.17 [3,4].

A VLC system is developed by the incorporation of a driver circuit and existing lighting
infrastructure based on incoherent Light Emitting Diodes (LEDs) that deliver both lightning as well
as high-speed data transmission [5]. At the receiver side, an avalanche silicon Photo-Diode (PD) is
used to detect the optical signals. Hence, the overall system design is of low-cost as compared to RF
systems. Besides, some salient features of VLC include unregulated and license-free bandwidth (which
is in order of tera-hertz), frequency reuse in adjacent rooms, security as light signals do not penetrate
through walls, no health problems, and feasibility to use in such environments where traditional RF
systems cannot be considered a good choice [6–10].

Despite the myriad benefits, the practical implementation of VLC countenances a major threat
of low modulation bandwidth of LED [11]. It appears to be a hardware limitation that refrains VLC
system in achieving high data rates. However, this issue can be efficiently dealt through the assistance
of advanced modulation techniques, frequency reuse, adaptive transmission schemes, multiple-input
multiple-output (MIMO) systems and Multiple Access (MA) techniques [12–23]. The existing work is
done to tackle the said issue and, in this connection, advanced modulation is used in conjunction with
MA schemes. As an advanced modulation, many research scientists have recommended Orthogonal
Frequency-Division Multiplexing (OFDM) because of its appealing effectiveness over dispersive
channel coupled with little implementation complexity [24,25]. However, the complex envelope of
OFDM cannot directly drive LEDs for data communication because it is rather difficult to extract the
information at the receiving terminal.

To employ OFDM, it is necessary to transmute the complex envelope into the unipolar and
real-valued signal so as to be acceptable for intensity modulation and direct detection (IM/DD).
For this purpose, two renowned modified varieties of optical OFDM i.e., DC biased optical
OFDM (DCO-OFDM) and asymmetrically clipped optical OFDM (ACO-OFDM) are presented
in [26,27]. Both techniques levied Hermitian symmetry to yield the real-valued modulating waveform.
DCO-OFDM includes a DC bias with the modulating waveform to produce the unipolar signal while
ACO-OFDM only modulates the odd sub-carriers, which brings the symmetry in the time domain.
Hence, the negative portion of the modulating waveform in ACO-OFDM is cut-off without the loss of
original information [28].

Generally, an LED transmitter is sufficient to support multi-user transmission. For this reason,
both academia and industry try to implement the MA techniques in indoor VLC environment. Like RF,
MA techniques for VLC system are also split up into orthogonal and non-orthogonal domain [29].
In the orthogonal domain, the information signal from one user is orthogonal to the other user
i.e., the cross-correlation between the users is zero. The most common orthogonal MA techniques are
Time-Division multiple access (TDMA), Frequency-Division multiple access (FDMA) and Orthogonal
Frequency-Division multiple access (OFDMA) [11,30,31], while for non-orthogonal techniques,
a non-zero cross-correlation between the users is allowed. The main types of non-orthogonal
techniques are Interleaved Frequency-Division multiple access (IFDMA), Trellis-coded multiple access
(TCMA) and Code-Division multiple access (CDMA) [11,32–34]. The key advantage of all these access
techniques is to support numerous services to multiple active users simultaneously.

It is pertinent to confer at this point that the aforesaid RF-based MA schemes could not be applied
directly to VLC without any alteration. As stated previously, a VLC system requires real-valued and
non-negative signals to transmit data via LEDs. Therefore, an intermediate processing block in the
form of Hermitian symmetry must be applied to these schemes which can transform the complex
signals into a real and positive form. Multiple research efforts have been devoted to implementing MA
techniques for VLC system. In this context, a multi-user VLC system depending on OFDMA technique
has been proposed and designed in [21]. In OFDMA, different users employ OFDM scheme to transmit
and receive data. The most important benefit of this system lies in low decoding complexity. On the
other hand, this system is afflicted with high peak to average power ratio (PAPR) which is the inherent
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weakness of OFDM. Another MA scheme, which is called OFDM-based Interleave-Division multiple
access (OFDM-IDMA), is proposed for the VLC system [35]. This technique limits high PAPR of OFDM
but at the expense of high decoding complexity. The decoding and PAPR issue of the VLC system is
targeted by Noshad et al. and suggested optical CDMA technique in [36]. In Optical CDMA, special
binary signature waveforms, called Optical Orthogonal codes (OOC), are accustomed to providing
access to distinct users. These waveforms have very good cross-correlation properties but the number
of users for this technique is limited due to the restricted number of OOC codewords.

In [37,38], Guerra et al. demonstrate the low-cost practical implementation of optical CDMA-based
VLC system that employs Random Optical Codes (ROC) as signature waveforms. The ROC codes
provide more codewords as compared to OOC but from cross-correlation perspective, ROC codes are
not optimal codes. Moreover, the transmission range for the system is surprisingly low which exhibits
serious concerns of the researchers on the applicability of the proposed system for realistic applications.
Meanwhile, Shoreh et al. in [39], uses Walsh Hadamard codes as signature waveforms and proposed
a hybrid MA technique that enjoys the benefits of both CDMA and OFDM. This hybrid technique is
called the multi-carrier CDMA (MC-CDMA). It carries the flexibility of CDMA (i.e., frequency reuse
and interference rejection) and advantages of OFDM to satisfy high data rate demands in multi-user
environment [40].

In designing of MC-CDMA system, the user data is modulated on different sub-carriers via Inverse
Discrete Fourier Transform (IDFT). These sub-carriers comprises sinusoidal waveforms which are not
well localized in time-domain and hence, produce high side lobes which cause severe inter-symbol
interference (ISI) [41]. To exterminate ISI issue, a cyclic prefix (CP) is introduced between the two
consecutive OFDM symbols but it also acts as an overhead and drops off both data rate and efficiency
of the system [42]. Conversely, spectrally proficient Discrete Wavelet Transform (DWT) is suggested for
OFDM-based VLC system [41,43,44] that modulates the sub-carrier by replacing DFT. Due to inherent
orthonormal characteristics, wavelet transform eliminates the use of the CP in system design that
enhances spectral efficiency. Moreover, wavelets demonstrate excellent time-frequency characteristics,
which help in removing the distortion in the reconstructed signal. Therefore, wavelet transforms
for MC-CDMA-based VLC system is proposed in this work that also helps in improving the error
performance of the system.

It is worth discussing that by increasing the number of users, multiple access interference (MAI)
also increases and unfortunately it becomes a major issue in the multi-user environment. The issue of
MAI occurs when the signature waveforms lose orthogonality due to the timing errors [45]. To rectify
the MAI problem, wavelet packets are used with the signature waveforms. The idea was first presented
by Hetling et al. [46,47] to get better cross-correlation characteristics of signature waveforms. In [48,49],
Learned investigated a wavelet packet-based CDMA system in which wavelets are used as non-binary
spreading codes. The current work makes use of wavelet packet and binary Walsh codes to generate
doubly orthogonal signature waveforms which are employed in the proposed DWT-MC-CDMA
system. These signature waveforms are called Doubly Orthogonal Wavelet Packets (DOWP) and have
excellent cross-correlation and auto-correlation properties. Furthermore, DOWP waveforms are also
less sensitive to timing errors than the conventional spreading codes.

For validation of the proposed system, simulation programs for DWT-MC-CDMA are designed
in MATLAB tool and the error performance will be compared with DFT-MC-CDMA. The key
performance metrics for the comparisons are active users, cross-correlation magnitude, bit energy
to noise power spectral density (Eb/No), bit-error ratio (BER), multi-user detection techniques,
and complementary-cumulative distribution function (CCDF). The core contributions of the complete
work are summarized as follows:

• Tackle the problem of low modulation bandwidth of LED with the aid of advanced modulation
and MA scheme
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• Design a VLC system depending upon DWT-MC-CDMA technique that will enjoy the benefits of
both OFDM and CDMA, and eliminates the ISI effects without employing CP, which is necessary
for DFT-MC-CDMA

• Provide a brief overview of the generation of DOWP signature waveforms
• Examine the cross-correlation attributes of DOWP signature waveforms and compared it with

traditional spreading waveforms
• Investigate the MAI eliminating capability of two sub-optimum linear detectors (ZF and MMSE)
• Evaluate the effectiveness of DOWP-based DWT-MC-CDMA system for multi-users while

considering the line-of-sight (LoS) and non-line-of-sight (NLoS) scenarios
• Study the PAPR reduction ability of DWT-MC-CDMA system using the CCDF graphs

The complete article is distributed into the following sections: Section 2 comprehensively discusses
the complete system model of the conventional and suggested VLC systems. This section also acquaints
with the wavelet packets and the generation of DOWP signature waveforms which proven to be an
excellent candidate in maintaining good cross-correlation properties. Section 3 draws attention towards
VLC channel modeling for a multi-user environment. While Section 4 covers the multi-user detection
techniques. Section 5 provides a thorough discussion on the computer-generated simulation results
followed by the last section that concludes the work.

2. Analytical System Modeling

This section covers the foundational blocks essential for the DFT and DWT-based hybrid
MC-CDMA technique for indoor VLC system. The block diagrams with an extensive description of
both conventional and suggested systems are also confronted. Later in this section, multi-users system
modeling is also outlined.

2.1. DFT Based Hybrid Multi-Carrier CDMA

The generic diagram of the DFT-MC-CDMA-based VLC system is exhibited in Figure 1. The binary
information from the user is first entering the CDMA block that uses Interim Standard 95 (IS-95).
The complete block-by-block discussion on IS-95 can be seen in [50]; however, a brief description
of CDMA is also delineated here. The nominal data rate for communication is set to 9.6 Kbps.
For error-free communication, convolutional coding with rate 1

2 is used after which channel bit-rate is
19.2 Kbps. The next step demands the interleaving of data and later, pseudo-noise (PN) and orthogonal
(Walsh) codes are used for privacy and channelization.

A PN code is a long code, created by 42-stage shift registers. This code is added to the interleaved
data by using a modulo-2 operation. At this stage, the channel bit-rate 19.2 Kbps is not the final
chip-rate. Next, the Walsh code is used for the purpose of channelization and spreading. It is
an orthogonal code that offers orthogonality between different active users and it is generated via
Hadamard matrix of dimension 2k × 2k, where k stands for a positive integer and its value are 6.
This means that there exists a set of 64 Walsh codes and from this set, only one code is used to spread
the user data. The spreading operation is done by modulo-2 addition of Walsh code with privacy
protected binary code. Each channel bit is changed into 64 Walsh chips, thus, yield a chip-rate of
1.2288 Mchips/s.

Next, the CDMA outcome leads to the DCO-OFDM modulator wherein the initial step is the
mapping of spread bits onto constellation points. For this purpose, the Quadrature phase-shift keying
(QPSK) scheme is used. Later, the QPSK modulated serial waveform is split into parallel waveforms to
form the sub-carriers. Hermitian symmetry is placed on the sub-carriers, which switches the complex
waveforms into real-valued ones. Afterward, 64 points IDFT block is employed that mutates the
frequency-domain signal into time-domain. In the next phase, the parallel waveforms are converted
back to the serial waveform and a CP is appended at the outset of the MC-CDMA symbol. The size of
the CP is ( 1

4 )
th of the original signal. The time-domain MC-CDMA waveform ought to be both real
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and positive. Accordingly, a DC signal is summed up with the MC-CDMA waveform that converts the
bipolar signals into unipolar ones. The final MC-CDMA output drives the LED transmitter so as to
transforms the power of the input electrical signal into light intensity.

Figure 1. Generic block diagram of DFT-based MC-CDMA system.

On the receiver side, PD translates the arriving optical power into the amplitude of an electrical
signal. The system also includes the two sub-optimum linear time-domain detectors in the receiver
design that tends to nullify the channel effects. These detectors are ZF and MMSE which will be
discussed in Section 4. The equalized signal is applied to DCO-OFDM demodulator where the CP is
wiped out and the serial data is separated into sub-carriers. Thereafter, the time-domain sub-carriers
are transmuted back to frequency-domain using DFT operation and the Hermitian symmetry is
also removed from the sub-carriers. These sub-carriers are then serially combined and after QPSK
demodulation the data is input to a despreading block. In the last step, a deinterleaver and Viterbi
decoder are used to decode the original data.

2.2. DWT Based Hybrid Multi-Carrier CDMA

The flaw of the DFT-MC-CDMA system is the overlapping of frequency responses of pulse shaping
filters. This problem results in significant power leakage and Inter-carrier interference (ICI) between
the sub-carriers. In [51], Sandberg et al. offered an impressive approach based on discrete wavelet
multi-tone that improves the separation between the sub-carriers. Instead of sinusoids, the sub-carriers
ensured the orthogonality by the aid of basis functions of the wavelet transform. These basis functions
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are built from the mother wavelet via operation of shifting and scaling. In wavelet studies, a signal
to be processed is first decomposed into shifted and scaled versions that help in the separation of
good and noisy part of the signal. This decomposed signal is then perfectly reconstructed with
the help of filter banks that removes the noise from an originally transmitted signal without any
performance degradation.

Before proceeding to the extensive insight on the decomposition and reconstruction phases of
DWT/IDWT, it is essential to exhibit that the conventional DFT/IDFT blocks in Figure 1 are replaced
with the DWT/IDWT blocks. Furthermore, the CP is also omitted in the wavelet-based MC-CDMA
system design. The complete system model is illustrated in Figure 2.

Figure 2. Modeling of wavelet-based MC-CDMA system.

In [52], Mallet introduces a suitable method of computing the DWT/IDWT by employing the
low pass (scaling) and high pass (wavelet) filters. These filters are also called Quadrature Mirror
Filters (QMFs). Croisier first designs the QMFs in 1976 [53] and due to perfect reconstruction
capability, they are widely used in multi-rate signal processing. The QMF filter bank comprises
two stages i.e., analysis/decomposition and synthesis/reconstruction which will be explained shortly.
The in-depth knowledge of QMF can be availed from [54–56]. However, here we quickly discuss the
two conditions that the filters need to gratify for the restoration of the original signal. These conditions
are formulated as [54]:

G0s(−Z)G1s(Z) + H0w(−Z)H1w(Z) = 0, (1)
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G0s(Z)G1s(Z) + H0w(Z)H1w(Z) = 1, (2)

where G0s(Z) and G1s(Z) are the low pass filters, while H0w(Z) and H1w(Z) are the high pass filters,
respectively. The first condition (Equation (1)) explains the criteria of aliasing free reconstruction while
Equation (2) shows that the amplitude distortion possesses a unit value.

Figure 3a exemplifies the step-by-step procedure of level-3 Mallet tree analysis/decomposition
in which the incoming signal X[n] carriers both high as well as low-frequency parts that range from
0 − π. These frequency parts are separated by passing the samples of the incoming signal via a scaling
G0s[n] and wavelet H0w[n] filter respectively. Hence, the resultant signal is the convolution sum
between incoming samples and the filter’s impulse response. The filtered, low band decomposed
signal contains the frequency parts which lie in the range from 0 − π

2 . Similarly, the filtered high band
decomposed signal contains a frequency part that ranges from π

2 − π. This means that the filtering
operation, reduce the resolution of the signal on half while keeping the scale constant [52].

Figure 3. Wavelet Transform using Mallet Tree: (a) Decomposition, (b) Reconstruction.

The filtered low band output is then downsampled by a factor 2. This is done because half of
the signal frequencies are taken away due to which half of the signal samples are also abandoned.
The output of the wavelet filter gives the detailed coefficients while the scaling filter gives approximate
coefficients. In the next level, only approximate coefficients are passed through filter banks, which
result in a further increase in frequency resolution. It is worth noting that the detailed coefficients have
less information and therefore, these coefficients are discarded during the operation leaving no effects
on the system [52]. At this level, scaling filter generates the output whose frequency components
ranges from 0 − π

4 and wavelet filter generates the output whose frequency components lie in between
π
4 − π

2 . Through this way, the decomposition progression proceeds at the next level. In the last phase,
the DWT of the original signal is acquired by concatenating all the coefficients, d[n] and a[n], beginning
with the last level of decomposition.

The procedure for inverse DWT is similar to the reconstruction of the original signal as shown in
Figure 3b. In synthesis/reconstruction, at every level, the detailed and approximate coefficients are
first upsampled by factor 2 and then passed to the low and high pass synthesis filter. The outcome of
synthesis filters is then simply summed up to acquire the original signal. It is very crucial to draw the
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attention of the reader that the synthesis procedure should be extended for a similar number of levels
for which the decomposition process was carried out [57].

2.3. DOWP Based Multi-Users Hybrid MC-CDMA System

The schematic diagram of multi-users hybrid MC-CDMA system is depicted in Figure 4;
wherein the binary data streams from K users are initially fed into the DOWP-based CDMA block.
The initial two stages (convolution coding and interleaving) in the CDMA block are just the same as
outlined in Section 2.1; however, the difference is the incorporation of QPSK modulation block and the
swapping of conventional Walsh code with the non-binary DOWP signature waveform. The binary
data is first passed on to convolution encoder and then to the interleaver. After that the output of the
interleaver will be mapped to complex symbols using QPSK modulation block. Next, with the help
of unique non-binary signature waveforms, the complex data will be spread. During the next phase,
the spread data from distinct users are incorporated to make a composite signal which is then fed into
the DCO-OFDM modulation block. The block-by-block information on DCO-OFDM has previously
been given in Section 2.1; however, it is essential to point out that here the sub-carriers of DCO-OFDM
are modulating with the aid of IDWT block instead of IDFT. In the end, the output of DCO-OFDM will
include data from all active users that will propagate through the free space optical channel.

Figure 4. DOWP Based Multi-users MC-CDMA System.

On the receiver side, the desired user will gather the optical signal by PD which will be the mixture
of data signals from all potential users. The PD will perform the reverse conversion of optical signals
to electrical signals. Following that the time-domain equalization along with the reverse MC-CDMA
process is carried out to haul out the desired user data. To present insight relating to the generation of
DOWP signature waveforms, it is instructive to begin the discussion with the basics of wavelet packets.
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The wavelet packets are developed using upsampling followed by filtration of the impulses from
the lower level nodes up to the root of a binary multi-level wavelet packet tree. The position and
level of the specific node give an indication of the count for which upsampling and filtering operation
has been carried out. On the other hand, the filter type used in the process also plays a vital role in
the long-run process. Generally, two filters, low pass or high pass QMFs are commonly used for the
operation. A binary level-3 wavelet packet tree, sufficient to produce 8 different wavelet packets is
illustrated in Figure 5. This means to accommodate 64 users, a level-6 binary wavelet packet tree will
be required. However, the wavelet packet tree generation complexity matures exponentially with an
increase in the number of levels. Therefore, we confine to a level-3 binary wavelet packet tree structure
and have to develop an algorithm that could adhere to the system’s demand i.e., 64 users. The length
of the wavelet packet is directly proportional to the length of the incoming impulse signal. In an event
where the incoming impulse has the length of 1, the binary tree generates the smallest wavelet packet
with length equal to 8. On the other hand, filtering operation could fold the wavelet packets numerous
times. The higher level filtration can cause more folding in the packets and therefore, a couple of
wavelet packets from the distinct nodes may have created that turn out to be simply shifted versions
of each other. Such wavelet packets are not an appropriate candidate for an asynchronous system.

Figure 5. Binary level-3 wavelet packet tree structure.

To design a system with 64 users, the total users are divided into 8 segments with 8 users each.
These 8 segments are labeled as A through H. Now each segment of 8 users is combined with one Walsh
code whose length is also 8 chips. Owing to the orthogonal property of Walsh codes, the 8 segments
of users now constitute signature waveforms, which are also orthogonal to one another. 8 wavelet
packets developed from a level-3 binary wavelet packet tree are also orthogonal to each other and
these packets are labeled as 1 to 8. The product of 8 distinct wavelet packets with a single 8 chips
Walsh code will produce doubly orthogonal signature waveforms. From this multiplication, 8 different
possibilities are now available that allow us to match 8 distinct users to a single Walsh code. Hence,
we are able to develop 64 distinct signature waveforms that are doubly orthogonal in nature.

Figure 6 represents the matrix for user segment A which depicts the mapping of 8 wavelet packets
with 8 Walsh code chips. In a 8 × 8 matrix, the digits 1 to 8 portray the indexes of wavelet packets.
Each column of the matrix shows the correspondence of one time-slot with a Walsh code chip. In the
same fashion, each row of the matrix gives a unique wavelet packet of 8 chips. The 8 rows of the matrix
give 8 distinct packet waveforms in one user segment. Consider an example in which user 4 of the
segment is designated by the 4th row. Therefore, the unique signature waveform for user 4 is developed
by combining the wavelet packets 4, 8, 7, 2, 6, 1, 3 and 5. In a similar fashion, signature waveforms
for different users are also created with a different order; hence, the cross-correlation between the
waveforms is reduced. In each time-slot, 8 distinct users are actually multiplied with 8 wavelet packets.
This technique promises that the 8 user waveforms in the same segment are orthogonal to one another.
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Figure 6. Wavelet Packet Indexes of segment A containing 8 users.

Considering the fact that distinct users hold different wavelet packet waveforms in any of the
given time-slots, it can be useful to signify the signal by means of permutation notations. With the
use of above example, the 8 columns and 8 rows in the aforementioned matrix (Figure 6) denotes the
different permutation as, W8 = 1, 2, 3, 4, 5, 6, 7, 8. To ensure orthogonality, it is essential that in each
column there are no repeated wavelet packet waveforms while this condition can be flexible for row
entries. The signature waveforms created from the mapping matrix for segment A users are expressed
as [45]:

CA,K(n) =
8

∑
i=1

P4,σi(K)(n − 8(i − 1)), (3)

where K = 1, · · · , 8, σi(K)(i = 1, · · · , 8) are 8 permutations of Kth user, and P(4, a)(a = 1, · · · , 8)
are the wavelet packets each of length 8. The mapping matrix for other segments remains similar
to Figure 6. However, the only change is that the Walsh code chips vary for different segments.
The generalized expression for doubly orthogonal signature waveforms for the Kth user in the jth
group is given as [45]:

Cj,K(n) =
8

∑
i=1

Oj(i)Pi,σi(K)(n − 8(i − 1)), (4)

where j = A, B, · · · , H and Oj(i) is the jth Walsh code. Using the above-generalized algorithm, it can be
depicted that the user 1 in segment A and segment B have same mapping order but the multiplication
with two different orthogonal Walsh codes results in two doubly orthogonal signature waveforms.

3. VLC Channel Model for Multi-Users Communication

The proposed technique operates in a simplex transmission mode where the VLC transmitter
broadcast the collective information of the users while silicon photo-diodes accept the optical signal.
The generic diagram for multi-users VLC system is demonstrated in Figure 7. The dimensions of
a typical room are 5 m × 5 m × 3 m and an LED transmitter is installed on the ceiling while the receiving
photo-diodes (users) are supposed to be mobile or uniformly spread in the room. Moreover, each user
equipment is located 1m above the floor. The number of LEDs within the transmitter is chosen in this
manner that LEDs provide satisfactory illumination along with the communication [58,59].

Like RF channel, an indoor VLC channel also consists of two links, which are called the directed
path or LoS, and the second link is diffused or NLoS [4]. Generally, only LoS link is evaluated as it
holds almost 95% of total optical power at the receiver. However, if the LoS link is hindered by any
object than NLoS link is used for the communication. The NLoS link provides the reflected optical
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power, which is of minute value. Both LoS and NLoS paths are given in Figure 7. The impulsive
response of LoS link is expressed as [60–63]:

hLoS(t) =
Apd(me + 1)

2πD2
d

∗ cosme(ϕ) ∗ cos(ϑ) ∗ Tf (ϑ) ∗ gpd(ϑ), (5)

where Apd shows the actual area of the PD, D2
d points out the vertical distance between LED and

PD, Tf (ϑ) represents the optical filter’s gain, gpd(ϑ) illustrate the gain of the concentrator positioned
on photo-diode, ϑ depicts the radiation incidence angle, and ϕ implies the angle with reference to
transmitter. The aforesaid equation (Equation (5)) holds true only when ϑ is less than ϑFOV , where
ϑFOV expresses the field of view (FOV) of the detector. The mathematical expression for NLoS link is
exhibited as [64–66]:

hNLoS(t) =
nr

∑
j=1

(me + 1)ρj∆Are f Apd

2πd2
txj

d2
rxj

∗ cosme(ϕtxj
) ∗ cos(ϑtxj

) ∗ cos(ϑrxj
) ∗ Tf (ϑ) ∗ gpd(ϑ), (6)

where nr gives the number of reflections, ∆Are f exhibits the smaller area of the wall from which light
signal reflects and points towards the detector, dtxj

denotes the distance between transmitter and wall,
drxj

shows the distance between wall and receiver, ϑtx highlights the incidence angle before reflection,
ϑtx exhibits an incidence angle after reflection. The impulsive response of VLC channel is the sum of
individual response of LoS and NLoS path which is indicated as [67]:

hVLC(t) = hLoS(t) + hNLoS(t). (7)

The output power of the optical signal Po(t) can be portrayed as [59]:

Po(t) = PLED(1 + µs(t)), (8)

where PLED express the power emitted by LEDs, µ is the index of modulation and s(t) shows the
transmitted signal. The optical power collected by the photo-diode is formulated as [68–70]:

Pr(t) = rpdPo(t)hVLC(t), (9)

where rpd indicates the responsitivity of the photo-diode, hVLC(t) is the transfer function of the
multi-user VLC channel. With the help of the aforesaid equation (Equation (9)), the received optical
power can be presented as a function of K users [59]:

Puser =
Pr(t)

K
=

rpdPo(t)hVLC

K
=

rpdPLED(1 + µs(t))hVLC

K
. (10)

The photo-diode received the optical power and generates a corresponding electrical signal whose
power Pe is computed as [59]:

Pe = se(t)2, (11)

where se(t) is an electrical signal which is derived from the photo-diode when DC components are
blocked and it is given as [59]:

se(t) = rpdµs(t)PLEDhVLC. (12)

The SNR equation for the detected electrical signal is given as [71]:

SNR =
s2

e (t)
Pn

=
(rpdµs(t)PLEDhVLC)

2

Pn
, (13)

where Pn is the noise power. The complete details of Pn can be seen in [71].
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Figure 7. VLC Channel for Multi-Users Environment.

4. Multi-User Detection Techniques

The ongoing section is composed of a succinct discussion of multi-user detection techniques for
an MC-CDMA system. The final modulated waveform of an MC-CDMA system is the composite
signal of all the active users. The key challenge of the detection technique is to estimate the exact data
of the specific user from the composite signal. In this connection, the early CDMA-based systems used
a traditional detector called a matched filter [72–74]. This detector provides the optimum results only
if the signature waveforms for the distinct users are orthogonal to the desired user code.

Meanwhile, a more optimal detector is suggested in [75] that attempt to take advantage of the
log-likelihood function. However, this detector has also the disadvantage of excessive computational
complexity that matures with the increasing number of active users, thereby, making the detector
impractical. In this continuum, two sub-optimum linear detectors, ZF and MMSE were proposed
in [76,77]. The linear detectors are accustomed in the receiver design to enjoy the most possible optimal
benefits with an acceptable implementation. It is worth noting that the computational complexity
associated with these detectors rises linearly with active users. The forthcoming subsections give the
details of each detection technique.

4.1. Zero Forcing (ZF) Based Multi-User Detection

The ZF detector is the advancement of the traditional decorrelating detector. During the absence
of noise, the ZF detector completely removes the negative effects of the channel. This is accomplished
by the multiplication of the obtained signal with the inverse of the channel. However, the performance
of the ZF detector is degraded due to noise addition. To develop the algorithm for ZF-based multi-user
detection, consider a downlink MC-CDMA transmission in which the VLC channel response is similar
for all active users. The mathematical modeling of the received signal is as follows [73,74]:

y = RHVLCd + z, (14)

where R refers to the normalized cross-correlation matrix whose columns are made up of signature
codes, HVLC exhibits a diagonal matrix containing the channel coefficients for each user, d shows
the transmitted data symbols vector and z denote the additive-white Gaussian noise (AWGN).
Generally, R is a not a diagonal matrix, therefore, it shows the MAI factor occurs due to non-zero
cross-correlation. The linear filter of the ZF detector is calculated by setting the AWGN equal to zero in
Equation (14). After that, by setting the required response to HVLCd, the ZF linear filter is given by
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R−1 [74]. The ZF detector then performs the R−1 operation on the received signal y. The decorrelated
vector signal, yd, at the output of the ZF detector is formulated as [73,74]:

yd = R−1y = HVLCd + R−1z. (15)

It is worthy to state that at low Eb/No the term R−1z becomes significant and the performance of
ZF detector is poor.

4.2. MMSE Based Multi-User Detection

At low and moderate Eb/No, the MMSE detector works well as compared to ZF since it lessens
the error from the noise coupled with MAI [78]. The detector estimates the received signal vector by
computing the mean square error between the original information and the soft output of a linear filter.
Now, consider that x is the faded signal received at the detector and it is defined as x = HVLCd, and W
is the linear filter through which y is processed. By definition, the MMSE filter FMMSE is calculated
as [79]:

FMMSE = arg min
W

E[(x − Wy)(x − Wy)∗], (16)

where (.)∗ denotes the complex conjugate. The linear filter of MMSE detector is formulated by
multiplying the cross-correlation Rxy and the inverse of auto-correlation Ryy matrices for the vectors x
and y. Mathematically,

FMMSE = RxyR−1
yy . (17)

The cross-correlation matrix of x and y is evaluated as [80]:

Rxy = E[xy∗] = E[HVLCd(d∗H∗
VLCR∗ + w∗)], (18)

Rxy = HVLC H∗
VLCR. (19)

The auto-correlation matrix of y is given as [80]:

Ryy = E[yy∗] = E[(RHVLCd + z)(d∗H∗
VLCR∗ + z∗)], (20)

Ryy = RHVLC H∗
VLCR + σ2R, (21)

where σ2 is the unit power spectral density. By using Equations (19) and (21) in Equation (17),
the MMSE filter is calculated as [73,79]:

FMMSE = HVLC H∗
VLCR(RHVLC H∗

VLCR + σ2R)−1, (22)

FMMSE = (R + σ2H−2
VLC)

−1. (23)

The term σ2H−2
VLC indicates the inverse Eb/No for a unit amplitude vector signal. Therefore, the MMSE

filter is given as [73]:
FMMSE = (R + 1/(Eb/No))

−1. (24)

5. Simulations Outcomes and Analysis

The effectiveness of the suggested indoor VLC system is assessing using computer-based
numerical simulations. For comparisons, the simulation programs are formulated in MATLAB tool.
The ongoing section is split up into four ensuing sections. The very first subsection delivers an
extensive discussion on simulation setup. While the second section exhibits the simulation results
of cross-correlation of different spreading waveforms. The third subsection reveals the outcomes
and analysis of single and multi-users MC-CDMA-based VLC system in which DOWP signature
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waveforms are used for spreading. In the last subsection, computer-generated CCDF plots with
detailed analysis of suggested and traditional MC-CDMA systems are also given.

5.1. Simulation Setup

The simulation setup of suggested indoor VLC system is demonstrated in Figure 7 where the
room is vacant and its dimensions are 5 m × 5 m × 3 m. The LED transmitter comprises an array of
100 (10 × 10) LEDs. To make the simulations realistic, Luxeon LXR7-SW57 cool white LEDs are used
that have the typical luminous flux of 1060 lm [81]. This luminous flux is completely competent to
convene the demand of the indoor illumination. The correlated color temperature (CCT) and forward
voltage of LXR7-SW57 LED is 5700 K and 11.2 V respectively, while the LED is available in a wider
viewing angle of 120◦. The operating case temperature of the LED is 120 ◦C. It is worthy to report
here that LXR7-SW57 LED is manufactured by using the phosphor component with a blue LED with
a wavelength range of 445–460 nm [81]. The PD selected for the simulations is commercially accessible
silicon pin diode Hamamatsu S6968 series. This PD is modeled into a clear plastic package with
a surface lens of size 14 mm. The other specifications of S6968 PD are listed in Table 1 [82].

Table 1. Parameters of Hamamatsu S6968 Si-PIN diode.

Parameters Value

Size with lens 14 mm
Effective photosensitive area 150 mm2

Cut-off frequency 50 MHz
Responsivity 0.63 A/W (λ = 850 nm)

FOV 35◦

Operating temperature 85 ◦C
Spectral response range 320–1060 nm

To make the system simple, it is presumed that the room is empty and an LED transmitter
is mounted on the ceiling pointed in the downward direction. The vertical separation between
LEDs and the user equipment is 2 m. All K users are uniformly spread in the vacant room and the
MC-CDMA system is designed keeping in view that the VLC emitter and receiver are completely
synchronized with each other. The transmission is conceded in the occurrence of both LoS and NLoS
links. Moreover, for simulations, it is also considered that the NLoS link comprises three distinct light
signals that are transmitted with irradiance angles 10◦, 30◦ and 80◦ respectively.

For multi-user communications, the LED transmitter is transmitting a mixture of MC-CDMA data
from all active users and each user at the receiver end employs time-domain detector and specific
signature waveform to recover its desired data. According to IS-95 standard, 184 bits are randomly
generated on which MC-CDMA modulation is performed. The BER curves are obtained with the
help of Monte Carlo simulations. The parameters compulsory for the simulations of proposed and
conventional MC-CDMA-based multi-users VLC system are summarized in Table 2.

Figure 8 exhibits the time-domain representation of the transmitted DWT-MC-CDMA signals
for both single-user and multi-user communications. The x-axis represents the time, and the y-axis
denotes the voltage level. It is noticeable from the single-user transmitted signal that the peak voltage
level varies from −0.23 to 0.2 volts. Hence, a DC bias of around 0.23 volts is required to make the signal
unipolar. The time-domain spectra for multi-users are also demonstrated in Figure 8; wherein the data
signals from 16 distinct users are combined to form a composite signal. It is apparent from the spectra
that at some points the signals are added constructively while at other points the signals may add
destructively. With the increase in active users, the voltage level increases and now it varies from −1
to +1. Hence, to make the signal unipolar more DC biasing is required in comparison to single-user,
which in turn increases the power of the system.
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Table 2. Simulation parameters for DFT and DWT-MC-CDMA systems.

Parameters DFT-MC-CDMA DWT-MC-CDMA

Number of active users 16 16
Number of Data Bits 184 184

Nominal data rate 9.6 Kbps 9.6 Kbps
Chip rate 1.2288 Mcps 1.2288 Mcps

Channel coding Convolution coding with rate 1
2 Convolution coding with rate 1

2
Spreading code 64-bit Walsh code 64-bit Walsh code

Modulation QPSK QPSK
Samples per sub-carrier 64 64

CP (1/4)thportion of signal Not required
Channel LoS + NLoS VLC Channel LoS + NLoS VLC Channel

Noise Shot Noise Modeled as AWGN Shot Noise Modeled as AWGN
Detection Technique ZF and MMSE ZF and MMSE

Channel Decoder Viterbi Decoder Viterbi Decoder

In Figure 9, the constellation diagrams for QPSK modem at different symbol-energy to noise
power ratio (Es/No) values are demonstrated in signal space. The black asterisks (*) symbolize the
transmitted QPSK symbols, and the red dots indicates the noise added received symbols. For the
efficient recovery of these symbols two linear multi-user detectors, ZF and MMSE are also used in the
receiver design. Figure 9a presents the constellation diagrams at Es/No = 0 dB. It is evident through
the constellation diagrams that due to noise all four regions of signal space are not separate from
each other and it is difficult for the detectors to recover the transmitted symbols. At Es/No = 16 dB,
the variations caused by the noise are smaller than the previous case and the four regions of signal
space are also separated. This enables the detectors in the efficient recovery of symbols. However, it is
worth noting that the performance of ZF detector is still inferior when compared to MMSE.

Figure 8. Transmitted signal of suggested DWT-MC-CDMA system.
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Figure 9. Constellations diagrams for QPSK modem: (a) Rx constellations of QPSK at Es/N0 = 0 dB,
(b) Rx constellations of QPSK at Es/N0 = 16 dB.

5.2. Cross-Correlation Results for DOWP

In this subsection, the cross-correlation results of DOWP are compared with the conventional
spreading codes (PN and Walsh codes). For correlation, simulation programs are generated in MATLAB
tool. The length of the spreading codes is selected to be 64 chips. The two PN waveforms are generated
through shift registers while Walsh waveforms are obtained by selecting any two rows from the
Hadamard matrix. The DOWP signature waveforms are generated by the multiplication of db4
wavelet with PN or Walsh code.

The correlation results between a pair of PN and Walsh sequences are shown in Figure 10, where
it can be deduced that both PN and Walsh sequences lose orthogonality due to timing errors and hence,
MAI occurs within the users. The correlation magnitude of Walsh codes is less than PN sequences;
however, this value still not approaches to zero. The correlation of DOWP signature waveforms is
also shown in Figure 10. The results of DOWP exhibits that the cross-correlation of PN sequences can
be improved by the use of wavelets (PN-based DOWP); however, the performance of Walsh-based
DOWP outperform all other spreading waveforms. Hence, the proposal of Walsh-based DOWP
signature waveforms become a viable solution to be used as a spreading code in the multi-users
MC-CDMA system.

5.3. BER Performance Analysis of Proposed VLC System

We first analyze the effectiveness of single user DFT and DWT-based MC-CDMA system.
The outcome for the single user communications is demonstrated in Figure 11. According to the
simulation results, the BER performance of DFT-MC-CDMA is worst then DWT-MC-CDMA in general.
When simulations are conducted with time-domain zero forcing equalizer then DWT-MC-CDMA
attains a coding gain of about 1.4 dB as compared to DFT-MC-CDMA. However, this coding gain
reduces to 1.3 dB for MMSE equalizer. We then analyze the performance between zero forcing and
MMSE equalizers for both systems. The careful analysis of the results leads to an important fact that



Photonics 2019, 6, 85 17 of 24

the MMSE equalizer outperforms zero forcing equalizer in both systems and achieves a coding gain of
approximately 1.9 dB. This performance improvement is due to the Wiener estimator that de-correlates
the desired symbols, ISI and noise terms. It is pertinent to state here that the computational complexity
of both equalizers is similar.

Figure 10. Cross-correlation Results of DOWP, Walsh, and PN codes.

Next, we analyze the comparative analysis of proposed multi-users indoor VLC system. As we
were well aware that DWT performs comparatively better than that of DFT, therefore, we only simulate
DWT-based multi-users MC-CDMA system. For simulations, we consider 16 simultaneous active users
and the spreading of user data is done by specific Walsh and DOWP signature waveforms. The user
data at the receiver is estimated with both zero forcing and MMSE equalizer. The BER curves for user
16 are portrayed in Figure 12. According to the analysis of these results, our proposed DOWP-based
DWT-MC-CDMA has best BER performance with respect to Walsh-based DWT-MC-CDMA technique.
On comparing these results with Figure 11, it can be deduced that by increasing the number of active
users MAI grows exponentially and the error performance of VLC system deteriorates. For both
ZF and MMSE detection cases, the DOWP-based user 16 performs exactly 1.2 dB better than that of
Walsh-based user 16. However, from both detection schemes, MMSE performs 1.8 dB superior to ZF.

Figure 11. Comparative analysis of DFT and DWT-based MC-CDMA system.
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Figure 12. BER Results of traditional and Proposed VLC Systems.

The next result (Figure 13) shows the graphs for number of users versus BER. The simulations are
conducted for DWT-MC-CDMA system in which user data is spread by Walsh and DOWP signature
waveforms. The Eb/N0 is fixed at 16 dB and active users varies from 1 to 16. It is evident from the result
that by increase the number of active users BER also increases. When active users reach the maximum
number, i.e., 16, the BER for Walsh-based DWT-MC-CDMA is 0.0521 while for DOWP the BER is 0.0291.
The result shows the significant decrease in error rate for DOWP-based DWT-MC-CDMA and hence
the proposal of non-binary DOWP signature waveforms becomes a viable solution for multi-users
communication system.

Figure 13. BER versus number of users.

5.4. CCDF Based Effectiveness of DWT-MC-CDMA System

The present section also includes the PAPR analysis results for the conventional and proposed
DWT-MC-CDMA-based indoor VLC system. Like OFDM, the transmitted waveform in the MC-CDMA
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system is the sum of parallel data streams, so its envelope also varies and causes PAPR. To quantify the
PAPR, CCDF is one of the most important metrics and it is used because the modulating waveform is
considered to be the random variable. The CCDF metric expresses the statistical characteristics of PAPR
and it is referred as the probability that the PAPR surpass a fixed value γ i.e., Pr [PAPR > γ], where γ is
PAPR fix value. Figure 14 exhibits the CCDF graphs of DFT-MC-CDMA and DWT-MC-CDMA systems.
At CCDF value of 10−2, the PAPR of DFT-MC-CDMA is 8.6 dB while for DWT-MC-CDMA system,
the PAPR value is 6.7 dB. By comparing the PAPR values, it has been noticed that the DWT-MC-CDMA
succeeds in achieving the PAPR reduction of about 1.9 dB.

Figure 14. CCDF-based performance comparison of DFT-MC-CDMA and DWT-MC-CDMA.

6. Conclusions

In this article, a novel indoor DWT-MC-CDMA-based VLC system for multiple users is designed
and simulated. The DWT, due to its intrinsic time-frequency localization attributes, limits the ISI from
the system and thus evades the usage of CP which is necessary for DFT-MC-CDMA. Meanwhile, it has
been demonstrated through the numerical results that conventional spreading codes that include PN
and Walsh codes are not perfectly orthogonal due to which MAI between active users arises which
ultimately limits the capacity of the VLC system. The work has also targeted the issue of MAI and
generates a non-binary DOWP signature waveform whose cross-correlation nearly approaches zero.
The effectiveness of the suggested DOWP-based DWT-MC-CDMA system has been investigated in
relation to the number of active users, detection techniques, required Eb/N0 and BER. With the MMSE
detection technique, the BER results of DOWP-based DWT-MC-CDMA system has shown a significant
coding gain over Walsh-based DWT-MC-CDMA system. The usage of DOWP signature waveforms in
CDMA-based VLC systems can certainly be the first step in the search of more suitable signature codes
that can inhibit MAI, boost the user capacity and allow a low complexity system. Future work involves
the physical deployment of the suggested system with the aid of cost-effective hardware tools.
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