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Abstract
Recently, to increase the data capacity of visible light communication (VLC) systems naturally, an ideal combination of

orthogonal frequency division multiplexing (OFDM) and multiple-input multiple-output (MIMO-OFDM) technique has

proven to be an efficient way. However, to ensure real-valued output for the VLC system, a Hermitian symmetry (HS) is

usually levied in the OFDM technique, which reduces the data rate while increasing the computational complexity (CC) of

the system. In this paper, a wavelet transform (WT) based non-HS OFDM technique (NHS-OFDM) for the MIMO-VLC

system has been presented using non-imaging and imaging receivers to study the performance numerically. The state-of-

the-art NHS-OFDM technique was realized by isolating real and imaginary parts of traditional RF-based OFDM signal and

then transmitted by a pair of white LED luminaries. By incorporating WT with the OFDM technique, the error performance

and data rate of the system are greatly improved, as WT eliminates standard usage of the cyclic prefix. Link-level

performance of the recommended MIMO-VLC system was tested, considering BER, CC, and PAPR. Also, closed-form

analytical BER expressions were derived and compared with the simulated results in the presence of line-of-sight links.

Analytical and simulated results are analogous to each other and confirm that the proposed WT-based NHS-OFDM

technique with imaging receiver achieves better BER results, with very low CC. Moreover, the WT-based NHS-OFDM

technique also reduces the PAPR without employing any reduction technique.

Keywords Bit-Error-Rate (BER) � Computational complexity (CC) � Non-Hermitian symmetry (NHS) � Multiple-input

multiple-output (MIMO) � Peak-to-average power-ratio (PAPR) � Wavelet Transform (WT)

1 Introduction

Owing to a mighty surge in internet-connected, and intel-

ligent multimedia-capable wireless devices, the telecom-

munication industry had merely witnessed an incredible

escalation in connectivity demands. In this modern era of

smart computing, people are typically practicing to asso-

ciate their daily usage of physical devices with reliable

internet, and this vogue will be flourishing shortly. Mostly,

the data usage over physical devices is high-definition

(HD) virtual and augmented (VR/AR) video streaming and

other cloud-based amenities. It is also foreseeable that by

the end of 2021, specific claims for high data rate services

by active users will increase dramatically; therefore, the

current 4G fourth-generation mobile standard cannot sus-

tain the breakneck pace of this upsurge [1].

To amply satisfy excessive physical device connectivity

demands from active users, fifth-generation 5G, and

beyond are paving their effective way to promptly

becoming the potential communication technologies in

upcoming mobile telecommunication standards. 5G com-

munications offer massive device connectivity with extre-

mely high capacity, adequate security, and excellent

quality of service (QoS), trivial end-to-end delays, and

seamless user mobility [2–4]. These amenities typically

demand a broad radio-frequency spectrum, which in turn is

exhausted and curbs the network in providing the concur-

rent delivery of numerous services to multiple users.
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In place of radio frequency-based wireless technology,

principal investigators and leading practitioners are eagerly

seeking newer technologies, and Visible Light Communi-

cations (VLC) miraculously appears as a key catalyst to

accelerate this successful revolution for short-range com-

munications. Over the preceding decade, innovative VLC

technology has evolved rapidly and is now very mature.

A VLC transmitter exploits driver circuitry and

monochromatic Light Emitting Diodes (LEDs) for both

direct illumination and simultaneous conveyance of high-

speed data communications [5]. While receiver typically

includes photodiodes and an amplifier circuit for direct

detection of an information signal. Therefore, the net cost

of the system is very low when compared with radio-fre-

quency-based systems. The additional benefits of VLC in

general are: (1) unregulated, license-free spectral range,

typically 10,000 times larger than radio-frequency range;

(2) inherent privacy since the light signal is confined in a

room; (3) intriguing possibility of successful integration

with existing lighting infrastructure; (4) negligible inter-

ference with other communication technologies, and sen-

sitive electronic components; (5) high directionality, and

containment that results in excellent signal-to-noise ratio

(SNR), and (6) human-friendly [5–8].

1.1 Related papers

In spite of the many inherent benefits of VLC technology,

there are still many technical glitches that prevent the

usage of VLC physically. Notable among these is the

restricted modulation bandwidth of LED, which curbs the

capacity of the VLC system. Up to now, many schemes

have been disclosed to address this issue, including pre and

post-equalization [9], spectral-efficient OFDM [10, 11],

adaptive modulation [12], and multiple-input multiple-

output (MIMO) [13, 14]. By combining some of these

techniques, such as OFDM-based MIMO, the data rate of

the VLC system can be further increased. Recently, for the

VLC systems, OFDM and its variant have been adopted

widely because of their high spectral efficiency and

robustness against multipath fading. Unlike radio-fre-

quency-based systems, the VLC system mainly works with

intensity modulation/direct detection (IM/DD). In IM/DD,

data bits modulate the luminous intensity or active power

of the light beam from a light source, therefore, phase

details are not mandatory.

For compatibility with LED, modulated OFDM wave-

form needs to be positive and real-valued, which is targeted

by enacting the Hermitian symmetry (HS) into the system

design before proper execution of inverse fast Fourier

transform (IFFT) [15]. Conversely, it is identified that

arbitrary imposition of HS can increase the standard IFFT

and FFT sizes by two times, which in turn increases the

computational complexity (CC) and necessary power of the

transceiver. Moreover, the possible capacity of the VLC

system is also reduced. A dire necessity for an alternative

technique can conveniently provide the real-valued and

positive modulating waveform without strictly compro-

mising CC and capacity of the system. In this connection,

Moreolo et al., in [16], acquaints with a discrete Hartley

transform (DHT) based OFDM system. Authors success-

fully replace the Fourier processing with real Hartley

processing that circumvents HS constraint and thus provi-

sions twofold input symbols. Nevertheless, twofold input

symbols are attained only for real constellations.

Later, a novel FFT/IFFT size efficient based optical

OFDM system is numerically testified in [17] and experi-

mentally demonstrated in [18] that exploits the multiplex-

ing of real and imaginary parts of the traditional OFDM

waveform in the time domain. By doing this, size of FFT/

IFFT is reduced by half, but at the same time, two con-

secutive symbols are required to transmit a single OFDM

frame, which also limits the achievable data rate. In [19], a

similar non-HS-based OFDM (NHS-OFDM) system is

proposed and implemented using wavelet transforms (WT)

instead of Fourier transform. By using WT, the author

succeeds in improving the BER, CC, and PAPR results.

However, the problem of transmitting two successive

symbols within a single OFDM frame is not solved.

The fundamental idea of separately communicating the

real and imaginary parts of the complex-valued OFDM

signal using two RGB LED chips was wisely given by

Afgani et al. [10]. Even though cited authors succeeded in

eliminating the practical use of HS in transceiver design,

the cost of the developed system is ultimately much higher

since RGB LEDs are expensive compared to phosphor

LEDs. To fully illuminate a standard room, several white

LEDs are usually placed in the plastered ceiling, making

the basic idea of MIMO systems realizable for the VLC

systems. Standard MIMO schemes like repetition coding

(RC) [20], spatial multiplexing (SMP) [21], and modified

space-time block coding (STBC) [14] are repeatedly

exploited to typically enhance the reliability and capacity

of the VLC systems.

Observing the significant merits of aforesaid practical

MIMO schemes, Chen et. al, brought into light the NHS-

OFDM technique for the MIMO-VLC system [22]. The

state-of-the-art NHS-OFDM technique is implemented as a

result of transferring the real and imaginary parts of

modulated OFDM waveform from two separate antennas.

Even with NHS-OFDM, the system still uses the cyclic

prefix (CP) or guard intervals to allay ISI, which

undoubtedly appears as overhead, and confines from

reaching the achievable data rates. Although the work gives

convincing coverage results, depending on the algorithm

used for IFFT/FFT, the authors obtained a reduced or
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almost the same CC compared to the HS-OFDM-based

MIMO-VLC system. Also, desired PAPR results, which

are of utmost concern in OFDM-based systems, were not

included. The poor FFT/IFFT response of filter-banks in

the OFDM system causes spectral leakage [23], and 13 dB

low sidelobes [24], create it extra susceptible to

interference.

1.2 Contribution

Motivated by prior mentioned discussions, core contribu-

tion and possible outcomes of current work are tallied as,

1 Proposal of Wavelet Transform-based NHS-OFDM

technique for MIMO-VLC system: Current work

addresses the shortcomings mentioned in [22] and

presents the WT-based NHS-OFDM technique for the

MIMO-VLC system, which swaps traditional FFT/

IFFT blocks in the OFDM transceiver design. By

introducing wavelet functions in the VLC system, an

overall capacity can be enhanced, thanks to the two-

dimensional processing capability of multiresolution

analysis (MRA); thus, the main issue of CP is

accurately managed. Moreover, because WT is inher-

ently orthogonal, spectrally confined sidelobes, and

wavelet decomposition symbols, that overlap both in

time and frequency domain helps in restraining the

inter-symbol interference, inter-carrier interference,

and PAPR [25].

2 Development of MIMO-VLC system using NImR and

ImR: Typically, MIMO techniques are used to attain

higher data rates and spectral efficiencies, yet, the

MIMO-VLC systems suffer from the issue of high

spatial correlation in MIMO-VLC channels [26]. To

efficiently dealt with this issue, the use of imaging

receivers (ImR) in MIMO-VLC system design is

inevitable. ImR can easily reduce the correlation in

the channel gain matrix by exploiting an imaging lens

that can demultiplex the signals coming from other

light sources. Hence, ImR is incorporated with the

MIMO-VLC system, and the effect of utilizing NImR

and ImR receivers for the MIMO-VLC system is

investigated in this study. A zero-forcing scheme is

implemented for both receivers, while performance

comparison is accomplished considering BER curves.

3 Analytical contributions: Precision of the proposed

WT-based NHS-OFDM technique for the MIMO-VLC

system is confirmed by deriving analytical closed-form

BER expressions over the line-of-sight link (LOS).

Analytical BER expressions are derived for both NImR

and ImR. To perform a valid comparison, current work

additionally provides analytical closed-form BER

expression for conventional FT-based NHS-OFDM

technique and then correlates it with analytical BER of

the proposed technique.

4 Performance indicators: Proposed WT-based NHS-

OFDM technique for the MIMO-VLC system has

compared with the conventional MIMO-VLC systems

by considering BER, CC, and PAPR as key perfor-

mance indicators. Computerized programs for simula-

tions of conventional and proposed techniques are

formulated in the MATLAB tool.

5 Key findings: Considering LOS link configuration, the

performance of conventional and proposed techniques

for the MIMO-VLC system using NImR and ImR are

examined by Monte-Carlo simulations. Analytical and

simulated outcomes overlapped with each other illus-

trating the validity of theoretical calculations. Addi-

tionally, both analytical and simulated results also

demonstrate that the proposed WT-based NHS-OFDM

technique achieves better BER results in comparison

with conventional techniques. Work also acquaints

with mathematical expressions that help to determine

the CC of the MIMO-VLC system. CC for the

proposed WT-based NHS-OFDM technique is lower

than the conventional techniques. Low PAPR results

are also observed in the proposed system without

exploitation of any reduction technique.

1.3 Paper organization

The complete paper is assembled from the following sec-

tions: Sect. 2 gives a comprehensive explanation of the

proposed WT-based NHS-OFDM technique for the

MIMO-VLC system. This section also highlights the

indoor MIMO-VLC system model with ImR and presents

the optical channel matrix. Discussions on wavelet analysis

are also part of this section. Section 3 renders analytical

closed-form BER expressions for the techniques that are

under consideration for the MIMO-VLC system. Section 4

confers simulation setup and MATLAB-based numerical

results for conventional and proposed techniques used to

develop MIMO-VLC systems. Finally, Sect. 5 places out

the conclusion of this paper.

2 NHS-OFDM based MIMO-VLC system

This section sufficiently familiarizes with the standard

MIMO-VLC system developed using traditional FT and

proposed WT-based NHS-OFDM techniques. For the sake

of simplicity, a 2� 2 MIMO-VLC system has been con-

ceived by engaging both NImR and ImR.
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2.1 Modeling of MIMO-VLC system

For the MIMO-VLC system, typically, two different types

of receivers imaging (ImR) and non-imaging (NImR) can

be used. The graphical demonstration of the MIMO-VLC

system engaging both ImR and NImR is exemplified in

Fig. 1. Channel matrix obtained with NImR can be

expressed by,

HNImR ¼
h11 h12

h21 h22

� �
ð1Þ

where hplðl; p ¼ 1; 2Þ denotes optical channel gain among

l�th LED and p�th photodiode. Transmitting real and

imaginary parts of OFDM modulated signal through dif-

ferent VLC transmitters will become similar to SMP,

which leads to the formation of two parallel serial-input

serial-output (SISO) data transmission schemes. In such

transmission schemes, to eradicate ICI, transmitter-receiver

pair alignment turns into a big challenge [27]. Therefore,

NImR is replaced by ImR. The optical channel matrix with

ImR is transformed to a diagonal matrix, which is specified

as follows,

HImR ¼
0 h12

h21 0

� �
ð2Þ

A typical room environment is fitted out with multiple

luminaires that are fixed on the plastered ceiling, and

photodiodes are connected to portable devices, capable of

detecting both directional/line-of-sight (LOS) and non-

LOS (NLOS) links. The optical intensity received through

the LOS link is substantially higher than the NLOS link; as

a result, it is appropriate to focus entirely on the LOS link

[28]. In addition, the typical wavelength of optical spec-

trum ranges between 380 nm to 740 nm, which is

considerably smaller when compared to the operative range

of photodiode, so multipath fading is also overlooked due

to very high spatial diversity. LOS channel gain by making

use of generic radiation pattern for a LED can be formu-

lated as follows [26, 28],

hpl ¼
mr þ 1ð ÞAeff

2pd2pl
cosmr upl

� �
cos /pl

� �
f g ð3Þ

where Aeff signifies the operative area of the lens, dpl
denotes LOS separation amongst centroid of l�th luminary

and centroid of the aperture of p�th lens, mr ¼
�ln 2ð Þ=ln cos W1=2

� �� �
indicates the mode number of

Lambart’s radiating lobe, W1=2 connotes LED’s half-power

at semi-angle, f, and g express the optical filter and lens

gains, whereas upl

� �
and /pl

� �
characterizes the irradiance

and incidence angles, respectively. If the incidence angle

from LED is greater than the field of view angle of the

photodiode, then in that situation, optical channel gain is

zero.

2.2 Analytical model of WT-based NHS-OFDM
technique for MIMO-VLC system

The proposed 2� 2 indoor MIMO-VLC system is devel-

oped using the NHS-OFDM technique and displayed in

Fig. 2. Incoming high-rate digital data has first input to

serial to parallel (S/P) block, where digital data is frag-

mented across several narrowband parallel sub-carriers that

are orthogonal to each other. These sub-carriers are then

encoded using a conventional digital modulation scheme,

i.e., quadrature-amplitude modulation (QAM). After map-

ping to complex QAM symbols, an inverse discrete WT

(IDWT) is executed on frequency-domain sub-carriers to

yield the OFDM symbol in the time domain. Full details of

Fig. 1 MIMO-VLC Model

Using (a) NImR and (b) ImR.
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IDWT/DWT operation will be available within the next

section. Next, a parallel to serial (P/S) block is exploited to

alter the OFDM modulated symbols into a single complex

modulating waveform.

To make the modulating waveform compatible with

LED communication, a real-and-imaginary separator (RIS)

is employed in system design that segregates real and

imaginary parts of a complex-valued OFDM signal. Hence,

two bipolar real-valued analog signals sRðtÞ and sIðtÞ are

formed. In these signals, training sequences (TS) are added,

and later, the digital signal is converted to an analog signal

using the D/A block. Next, to modulate the intensities of

two LEDs, a fixed DC value is added individually with

bipolar signals that result in unipolar signals. After trans-

mitting the signals sRðtÞ and sIðtÞ, over a free-space optical
channel, non-imaging (NImR) or ImR receivers collect the

optical signals. Subsequently, receivers yield two signals

yRðtÞ and yIðtÞ.
Before passing these signals to the channel estimator,

the signals are first transformed back from analog to digital

domain using the D/A block. Then time synchronization is

achieved by exploiting TS, such that perfect synchroniza-

tion of sampling clock and OFDM-symbol period is

obtained in the receiver(s). In the next step, zero-forcing-

based channel equalization is performed to recover the real

and imaginary parts of the OFDM signal. Both parts are

transformed back to the complex-valued OFDM signal by

the use of a real-and-imaginary combiner (RIC). Received

complex-valued OFDM waveform is input to S/P block and

sub-carriers are transmuted to the frequency domain using

DWT operation. Finally, QAM demodulation is executed

and the output is produced by combining parallel sub-

carriers.

2.3 Wavelet analysis

Analysis of non-stationary signals can be done by identi-

fying transitions and discontinuities. As an example, con-

sider a standard FT that isolated the distinct frequency

components of a continuous-time domain signal s(t). For

breakdown, FT practices multifaceted sinusoidal basis

functions e�jxt that are infinite and periodic. Consequently,

any small interval signal spreads over the entire basis.

Contrariwise, the MRA procedure breaks incoming signals

over a finite-length basis function, whose essential com-

ponents are confined in both frequency and time domains.

In that way, the MRA technique straightaway edifies the

main frequency components, and their presence in time, on

which unpredicted changes take place [29].

In general, the continuous WT (CWT) is determined by

carrying out the correlation procedure amongst continuous

signal s(t) and scaled form of mother wavelet wðtÞ.
Mathematically [30],

CWT a; sð Þ ¼ 1

aj j

Z
sðtÞw� t � s

a

� �
dt ð4Þ

where operator � symbolises complex conjugate, a signifies

a real non-zero scale parameter, while s is translation

factor. It is noteworthy that the mother wavelet wðtÞ must

satisfy the admissibility condition, which can be charac-

terized by following mathematical expression [31].

cw ¼
Z ewðf Þ��� ���2

fj j df\1 ð5Þ

where ewðf Þ indicates frequency-domain exemplification of

wðtÞ. Original signal s(t), can be reconstructed using an

inverse wavelet transform, for which the mathematical

expression is as follows [30],

Fig. 2 Block diagram of 2� 2 indoor MIMO-VLC system using WT-based NHS-OFDM
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s tð Þ ¼ 1

cw

Z Z
CWT a; sð Þ 1ffiffiffiffiffiffi

aj j
p w

t � s
a

� � da dt

a2
ð6Þ

By utilizing the Fourier Parseval theorem, Eq. 4, can be

amended as,

CWT a; sð Þ ¼
ffiffiffiffiffiffi
aj j

p Z
esðf Þew�

ð�af Þe�j2pf sdf ð7Þ

where esðf Þ represents FT of the original signal. From Eq. 7,

it can be concluded that CWT is the output of filter banks

obtained by dilations/compressions of the mother wavelet.

It is remarkable to note that filters acquired by dilating the

mother wavelet contribute to low-frequency content of s(t),

whereas filters associated with compacted forms of mother

wavelet offer high-frequency statistics.

The by-hand CWT analysis of signals is a very tedious

task, so a discretized form of CWT is used, which is usu-

ally designated as discrete wavelet transform (DWT).

DWT is a multi-resolution technique whose practical

enactment is completed using a dyadic filter bank infras-

tructure, where an incoming data signal is decomposed into

different frequency components using analysis filter banks,

and then each frequency component is individually ana-

lyzed at specific resolutions according to their scales using

synthesis filter banks [32]. Dyadic filter bank structure for

digital communication systems is put on display in Fig. 3,

where a synthesis-filter bank is engaged at the transmitter

side and an analysis-filter bank at the receiver side,

respectively.

In DWT, a signal to be analyzed is fed to successive

corresponding low-pass g[n] and high-pass h[n] filters,

which decompose a signal into its approximation/scaling

c1½n� and detail d1½n� coefficients. High-pass filter contents
have no noteworthy information and for this reason, are not

further decomposed. Nevertheless, the low-frequency

contents are further decomposed into two bands. In this

manner, the process of decomposition lasts until a rea-

sonable level of information is acquired. The process of

splitting spectrum using a filter band is exhibited in

Fig. 4(a), while Mallat’s pyramidal decomposition struc-

ture with approximate and detail coefficients is displayed in

Figure 4(b). Following relations determine the first level of

approximate c1½n� and detail d1½n� coefficients [33, 34],
c1 n½ � ¼

P
k c0 k½ �h 2n� k½ �

d1 n½ � ¼
P

k c0 k½ �g 2n� k½ �
ð8Þ

where c0½n� are expansion coefficients of signal s(t). For all

frequencies, high-pass and low-pass filters must satisfy the

quadrature mirror filter (QMF) condition, i.e., the cumu-

lative sum of individual filter responses is equivalent to

unity. Decomposing the signal with QMF filters halves the

time-resolution while increasing the frequency resolution

by twice. Owing to this, the output signal’s frequency band

spans only half the original signal band; hence, one-half of

samples are thrown away by a down-sampling operation,

deprived of any information loss. The process of decom-

position can be continued, and at every level l, filtering and

down-sampling operation halve both samples and fre-

quency band. Therefore, the generic equations for each

decomposition level l of approximate and detail coeffi-

cients are formulated as follows [33, 34];

cl n½ � ¼
P

k cl�1 k½ �h 2n� k½ �
dl n½ � ¼

P
k cl�1 k½ �g 2n� k½ �

ð9Þ

Here, cl½k� and dl½k� are the approximate and detail coef-

ficients at each decomposition level with a resolution 2l. In

comparison to standard FT, WT has less computational

complexity because, at each level, a lesser number of

samples are handled that amends both time and frequency

resolution. Reverse filtering and up-sampling operations

reconstruct expansion coefficients c0½n� of the input signal

[30]:

c0 n½ � ¼
X
k

c1 k½ �h 2k � n½ � þ d1 k½ �g 2k � n½ � ð10Þ

Fig. 3 Filter bank structure
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3 Closed-form BER expressions for MIMO-
VLC system

This section comprehensively gives mathematical calcu-

lations for deriving closed-form analytical BER expres-

sions for the proposed MIMO-VLC system using NImR

and ImR. It is noteworthy that analytical BER expressions

of the traditional FT-based NHS-OFDM system are nec-

essary for the comparative perspective. Therefore, we first

derive closed-form BER expressions of it in the presence of

LOS link and then associate these expressions with our

proposed WT-based NHS-OFDM system (explained in

Sect. 2.2).

3.1 Analytical BER derivation of FT-based NHS-
OFDM technique for MIMO-VLC system

For analytical BER analysis, ponder that two transmitting

LEDs emits data at the same optical power PT , while two

photodiodes that detect the optical signal also have iden-

tical responsivity RO. Photodiode responsivity is well-de-

fined as the ratio of produced photo-current to incident

optical power, determined in the linear region of response.

Notably, responsivity is typically high in a wavelength

region, where the photon energy is slightly above the

bandgap energy and decreases abruptly in the bandgap

region, where the absorption decreases. It is computed

using the relation, RO ¼ g e
hv, where hv signifies photon

energy, g indicates quantum efficiency, and e is the ele-

mentary charge. The signal vector communicated in the

case of the NHS-OFDM-based MIMO-VLC system is

specified by sNHS ¼ sR sI½ �T , analogous to complex-valued

NHS-OFDM signal, sNHSðtÞ ¼ sRðtÞ þ j� sIðtÞ. Detected/
received time-domain optical signal vector rNHS ¼ rR rI½ �T
is expressed as:

rNHS ¼ ROPTHLOSsNHS þ wNHS ð11Þ

where HLOS is optical channel matrix and wNHS ¼ wR wI½ �T
indicates real-valued white noise vector. If NImR is

employed as a MIMO receiver than HLOS, turn into Eq. 1,

while with ImR, HLOS becomes Eq. 2. White noise vector is

modeled as Gaussian noise with a mean equal to zero, and

variance r2FFT . Meaningful data from the received signal is

recovered by making use of MIMO demultiplexing. To

date, myriad MIMO demultiplexing schemes have been

reported in the literature, among them ZF scheme is the

most popular one. Thanks to the low complexity feature of

ZF, current work adopted it for MIMO demultiplexing. ZF

is the modified form of the conventional decorrelating

equalizer. If the noise term within the received signal is

zero, then it completely confiscates the channel effects.

However, this could not be an ideal case because noise

always exists in the received signal. After carrying out

MIMO demultiplexing, the recovered signal can be for-

mulated as,

Fig. 4 Discrete wavelet

transform procedure: (a) signal
decomposition and (b) Mallat’s

pyramidal structure for

decomposition
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esNHS ¼ 1

ROPT
H�1

LOS rNHS ð12Þ

By replacing rNHS from Eq. 11, into Eq. 12, and later, by

simplification, the recovered signal vector becomes,

esNHS ¼ 1

ROPT
H�1

LOS ROPTHLOSsNHS þ wNHSð Þ

esNHS ¼ sNHS þ
1

ROPT
H�1

LOSwNHS

ð13Þ

Executing multiplication operation between Gaussian

variables through any signal does not alter statistics of

Gaussian noise, and hence, it remains the same. However,

due to 1
ROPT

H�1
LOS factor, noise power varies, which can be

handle by the use of SNR. At low SNR values, the noise

term becomes substantial, and the performance of the ZF

equalizer is tainted. On the other hand, at high SNR values,

ZF can straightforwardly eliminate the noise term. Because

of a given fact, the simplified form of the recovered signal

is exhibited as,

esNHS ¼ sNHS þ wNHS ð14Þ

After estimating the signal, the complex-valued NHS-

OFDM signal is reconstructed using the following relation.

esNHS tð Þ ¼ esR tð Þ þ j� esIðtÞ ð15Þ

The estimated signals are then transformed by employing

FFT. Mathematically,

eSNHS ¼ SNHS þWNHS ð16Þ

where SNHS ¼ FFT sNHSf g and WNHS ¼ FFT wNHSf g ¼
1ffiffiffi
N

p
PN

k¼0 wNHSe
�j2pk
N , where k entitles the k�th sub-carrier.

From Eq. 16, it is clear as broad daylight that SNHS can be

efficiently recovered after baseband demodulation,

although there is still exists chances of error due to noise

term. For this reason, it is necessary to investigate the

impact of AWGN on the recovered signal after it has been

sent over FT-based filter banks. As mentioned in previous

texts, noise is modeled as Gaussian noise, therefore mean

E WNHSf g is equal to zero, which makes its power equal to

its variance. Noise variance r2FFT after FFT operation is

formulated as;

r2FFT ¼ E
1ffiffiffiffi
N

p
XN
k¼0

wNHSe
�j2pkN

 !2
0
@

1
A ð17Þ

Next, by making use of results given in Eq. 13, the SNR

with a NImR is indicated by,

SNRNImR
NHS ¼ ðROPTÞ2

2ðh11h22 � h12h21Þ2

h221 þ h222
� �

r2FFTR
þ ðh211 þ h212Þr2FFTI

ð18Þ

where r2FFTR and r2FFTI are variances of the white noise

vector wNHS ¼ wR wI½ �T . When ImR is used for

MIMO signal reception, the channel gains h11 and h22 turn

out to be zero, and SNR for the NHS-OFDM signal is

specified by,

SNRImR
NHS ¼ ðROPTÞ2

2ðh12h21Þ2

h221r
2
FFTR

þ h212r
2
FFTI

ð19Þ

Analytical BER expression for M-ary rectangular QAM

over an AWGN channel can be derived using a standard

relation [35]:

BERM�QAM ¼
2

ffiffiffiffiffi
M

p
� 1

� �
ffiffiffiffiffi
M

p
log2 Mð Þ

Q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 SNRNHS

2ðM � 1Þ

s !
ð20Þ

where Q(.) in the above relation represents Q-function. By

substituting SNRs of NHS-OFDM obtained in Eq. 18, and

19, to Eq. 20, yields the BER expressions.

BERNImR
NHS ¼

2
ffiffiffiffiffi
M

p
� 1

� �
ffiffiffiffiffi
M

p
log2 Mð Þ

Q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 ðROPTÞ2

2ðh11h22 � h12h21Þ2

h221 þ h222
� �

r2FFTRe
þ ðh211 þ h212Þr2FFTImg

2ðM � 1Þ

vuuuut
0
BBBBB@

1
CCCCCA

BERImR
NHS ¼

2
ffiffiffiffiffi
M

p
� 1

� �
ffiffiffiffiffi
M

p
log2 Mð Þ

Q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 ðROPTÞ2

2ðh12h21Þ2

h221r
2
FFTRe

þ h212r
2
FFTImg

2ðM � 1Þ

vuuuut
0
BBBBB@

1
CCCCCA

ð21Þ

3.2 Analytical BER derivation of WT-based NHS-
OFDM technique for MIMO-VLC system

From discussions in Sect. 2.3, complex sinusoids of FFT

are substituted with QMF filter pair. Consequently, the

noise term occurring on each sub-carrier of the NHS-

OFDM is changed. For this reason, we first determine noise

variances that help us in deriving BER expressions for the

WT-based NHS-OFDM technique for the MIMO-VLC

system. Estimated complex-valued NHS-OFDM signal

(Eq. 15) is applied to wavelet filter bank using low-pass

and high-pass filters at their respective decomposition

levels. In the first level, detailed coefficients at the output

of the high-pass filter are obtained, and these coefficients

are not decomposed further. Similarly, approximate coef-

ficients are available at the output of the low-pass filter, and

at the second level, they are further broken up into fun-

damental approximate and detailed coefficients. It is

imperative to note that this process is repeated for all
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successive levels in DWT. More detailed discussions can

be reviewed from [36]. While the following relationship

indicates the output produced by the wavelet filter bank

before QAM demodulation,

eSNHS ¼ SNHS þWNHS ð22Þ

where SNHS and WNHS depicts DWT of the complex-valued

NHS-OFDM signal and noise term, respectively. The

output signal is obtained by applying a circular convolution

operation between the received signal and the impulse

response of wavelet filters. Initially, the received signal is

down-sampled via a factor of 2 and later, at the first level,

filtered utilizing g[n] and h[n]. After first level decompo-

sition, the approximate and detailed coefficients are

approximated in terms of channel noise as follows [36],

c1n n½ � ¼ ðwNHS � h½n�Þ # 2

d1n n½ � ¼ ðwNHS � g½n�Þ # 2
ð23Þ

where wNHS indicates the n
th noise component, which is an

independent and identically distributed Gaussian variable

with a mean of zero. Therefore, the received DWT pro-

cessed signal is handled in the context of noise variance.

Noise variance r2DWT , for the first level of decomposition, is

formulated as [36],

r2DWTc1
¼ d2DWT

P
a ðhNa Þ

2

r2DWTd1
¼ d2DWT

P
a ðgNa Þ

2
ð24Þ

where d2DWT corresponds to channel noise at the first level

of decomposition while hNa and gNa are downsampled and

convolved forms of g[n] and h[n] filters, respectively.

Similarly, noise variances at the second level of decom-

position for high-pass r2DWTc2
and low-pass r2DWTd2

filters

are written in the convolved form as [36],

r2DWTc2
¼ d2DWT

P
a ðhðaðm;NÞÞ

J
h

N
2

kÞ
2

r2DWTd2
¼ d2DWT

P
a ðgðaðm;NÞÞ

J
g

N
2

kÞ
2

ð25Þ

Accordingly, noise variance is the sum of individual vari-

ances resulted from each DWT branch. Mathematically

[36],

r2DWT ¼ r2DWTdMn
þ
XM
k¼1

r2DWTckn
ð26Þ

From the abovementioned Eq. 26, it is obvious as broad

daylight that noise variance of the channel at the output of

the DWT filter bank is a combination of noise variance of

the low-pass filter of M�th branch and the summed values

of noise variance of all the high-pass filter outputs of

M branches.

4 Simulation setup and discussions
on numerical results

This section addresses the simulation setup for the con-

sidered 2� 2 MIMO-VLC system model and later presents

the numerical investigation of conventional and proposed

techniques used to develop the MIMO-VLC systems.

MATLAB simulator is employed for the empirical inves-

tigation, where simulation packages for both conventional

and proposed techniques are developed, using MATLAB

script (m-files) and MATLAB built-in functions (such as

ifft, fft, idwt, and dwt, etc.). As analytical BER expressions

using NImR and ImR for the FT-based HS-OFDM tech-

nique have already been derived in [22], we borrow these

mathematical expressions and use them as a benchmark.

Furthermore, the analytical BER of NHS-OFDM-based

MIMO-VLC systems is compared with the BER of the HS-

OFDM-based MIMO-VLC system.

Monte-Carlo simulations have been utilized to validate

analytical BER curves using the mathematical formulas

obtained in Sect. 3. To ensure reasonable comparisons,

optical power emanating by the luminaries in each MIMO-

VLC system is precisely fixed, and error rates are carefully

estimated at the receiver side, keeping in view SNR. The

transmitter of each MIMO-VLC technique generates 105

OFDM (HS-OFDM and NHS-OFDM) modulated symbols.

Rendering to the simulation parameters recorded in

Table 1, both HS-OFDM and NHS-OFDM techniques

produce equiprobable binary information, on which 16-ary

square QAM complex mapping is applied, while the IFFT/

FFT and IDWT/DWT sizes are fixed at 64. Additionally,

the number of data sub-carriers in both HS-OFDM and

NHS-OFDM techniques is set to 63. Both VLC transmitters

and receivers are synchronized with each other while the

perfect knowledge of the channel is available at the

receiver. Wavelet analysis is performed using the Haar

wavelet.

The crucial simulation parameters for the indoor

MIMO-VLC system setup are enumerated in Table 2. A

vacant room with dimensions 3m� 3m� 2:5m is taken

into consideration where two luminaries are oriented on the

rooftop, while they typically emit optical intensity in the

downward direction. These two luminaries are capable of

delivering data and illumination simultaneously. Each

luminary is made up of 16 LEDs arranged in an array of

4� 4 patterns, while the luminaries remain positioned at

ð�0:5; 0; 2:5Þ and ð0:5; 0; 2:5Þ on the plastered ceiling,

respectively. The LEDs within the luminary emanates

monochromatic white light having a Lambertian radiation

pattern and transforms the electrical signal into the optical

signal. Based on the modulated signal, each luminary is

either OFF for zero-intensity level or radiate light by a
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certain intensity level. Within a luminary, the LEDs are

placed 1.5 cm apart, resulting in an overall increase in

optical intensity.

Keeping in view the specific placement of luminaries,

the VLC receivers are oriented on a workbench at the

height of 0.5 m above the floor. The receivers are placed on

the receiving plane such that they are vertically focused on

the rooftop and creates a LOS link. On top of that, it is

worth noticing, VLC receivers are also fortified with the

NImR and ImR. NImR is developed using a normal optical

lens and photodiode, while an ImR contains a convex

imaging lens and photodiode. The location of the photo-

diode beneath the convex imaging lens is set in such a way

that it receives the optical signal from the centroid of the

aperture of the lens, and the lens focused the optical signals

onto the photodiode such that the image of the optical

signal appears as a spot. The active area of each photodiode

is assumed to be 1 cm2, while the spacing between the two

receivers is fixed to 0.3 m. By making use of European

Union Project OMEGA as the standard for the LOS link,

the semi-angle at half-power of LED and field of view of

the photodiode are each chosen as 150 respectively. The

modulation index is selected to be 0.3, while the respon-

sivity of the photodiode is equal to 1 A/W. Likewise, the

gain of optical filter and lens are each deliberated as 1.

Table 1 Key simulation parameters for OFDM techniques based indoor MIMO-VLC systems

Key parameters FT-HS-OFDM WT-HS-OFDM FT-NHS-OFDM WT-NHS-OFDM

Number of luminaries 2 2 2 2

Number of VLC receivers 2 2 2 2

Number of OFDM symbols 105 105 105 105

Complex modulation 16-ary square QAM 16-ary square QAM 16-ary square QAM 16-ary square QAM

Data sub-carriers 63 63 63 63

Total sub-carriers 64 64 64 64

Size of cyclic prefix 1=4th Not required 1=4th Not required

OFDM symbol size 80 samples 64 samples 80 samples 64 samples

Wavelet family Not required Haar Not required Haar

Channel VLC-LOS VLC-LOS VLC-LOS VLC-LOS

Noise type AWGN AWGN AWGN AWGN

SNR range 0–26 dB 0–26 dB 0–26 dB 0–26 dB

Equalizer Zero-forcing Zero-forcing Zero-forcing Zero-forcing

Table 2 Parameters for the

indoor MIMO-VLC system

setup

Set up parameters Value(s)

Dimensions of room (length � width � height) 3m � 3m � 2.5m

Luminaries placement (-0.5, 0, 2.5) (0.5, 0, 2.5)

Number of LEDs in a luminary 16 (4�4)

Distance between LEDs within a luminary 1.5cm

Workbench height 0.5m

LED’s Semi-angle athalf-power 150

Modulation index 0.3

Optical filter gain 1

Lens type NImR, ImR (convex imaging lens)

Responsivity ofphotodiode 1 A/W

Operative area of the photodiode 1 cm2

Gain of optical lens 1

Field of view angle of a photodiode 150

Spacing between two VLC receivers 0.3 m
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4.1 BER performance assessment

Primarily, the BER performance of conventional and pro-

posed modulation techniques for MIMO-VLC systems

with NImR is investigated for targeted BER of 10�4. The

detailed analytical and simulated BER results are exhibited

in Fig. 5, where markers indicate the analytical results

while solid lines imply the simulated results. By inspecting

the presented results, it can be pointed out that the simu-

lated results are in agreement with the analytical results,

validating the theoretical calculations performed in Sect. 3.

Over and above, it is also deduced that the proposed WT-

based NHS-OFDM modulation technique for the MIMO-

VLC system outperforms all other conventional modula-

tion techniques. Unlike the conventional FT-based HS-

OFDM technique, the FT-based NHS-OFDM technique

realizes an SNR gain of almost 4.4 dB. However, the error

performance of HS-OFDM can be amended by substituting

FT with the WT. From outcomes, this performance

improvement is about 1.1 dB. Likewise, the error perfor-

mance of FT-based NHS-OFDM is further boosted by

engaging wavelets. It is found that the overall error per-

formance of the WT-based NHS-OFDM technique in

common is 1.4 dB superior to the FT-based NHS-OFDM

technique.

Next, simulations are also carried out in MATLAB for

conventional and proposed modulation techniques with

ImR, and the practical outcomes are strikingly illustrated in

Fig. 6. Analogous to Fig. 5, specific markers typically

provide the analytical results, whereas solid lines promi-

nently display simulated results. For ImR-based BER

results, it is clear that simulated results closely overlap with

the analytical results. Significantly, the error performance

of proposed NHS-OFDM-based modulating schemes for

the MIMO-VLC system is also assessed for targeted BER

of 10�4 and compared with the HS-OFDM-based MIMO-

VLC system. In this place, in Fig. 6, it is apparent that

again the performance of the FT-based NHS-OFDM

technique outperforms the FT-based HS-OFDM technique

by getting the gain of approximately 4.2 dB. Despite the

use of WT with the HS-OFDM technique, the error per-

formance is improved to some extent, but this performance

still deteriorates when compared with the FT-based NHS-

OFDM technique. It can be recognized from the results that

the error performance of the WT-based HS-OFDM tech-

nique is 2.3 dB better than its counterpart technique. As

BER results for the HS-OFDM technique achieve signifi-

cant improvement by realizing the wavelets, therefore,

wavelets are also incorporated with the novel NHS-OFDM

technique. From comparative analysis, it could be con-

firmed that the WT-based NHS-OFDM technique accom-

plishes 2 dB enhanced results than the FT-based NHS-

OFDM technique.

A comparative analysis of BER curves is also performed

for both conventional and proposed modulating techniques

with and without ImR, which are presented in Figs. 5 and 6.

By comparing BER curves for targeted BER of 10�4, the

FT-based HS-OFDM technique with ImR performs

Fig. 5 Analytical versus

simulated BER performance

comparison of conventional and

proposed techniques for the 2�
2 MIMO-VLC system using

NImR
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approximately 1.5 dB better than the NImR-based tech-

nique. When WT is used instead of FT, the error perfor-

mance of the HS-OFDM technique with ImR is much

better and accomplishes a coding gain of approximately 2.3

dB. A similar BER profile is also witnessed for the WT-

based NHS-OFDM technique using ImR. From the analysis

of Figs. 5 and 6, it is concluded that for a 2� 2 MIMO

indoor VLC system, the WT-based NHS-OFDM

scheme with ImR is the best choice. This is because the

BER profile of the WT-based NHS-OFDM technique is

exceptional to BER profiles of other techniques. Further, it

is imperative to state here that the overall performance of

the MIMO systems can be improved just by extending the

system for more transmitter(s)/receiver(s) pairs, which is

contradictory to the proposed WT-based NHS-OFDM

technique for indoor MIMO-VLC system. This is because

the transmission of real and imaginary parts can only

require two separate antennas, i.e., one transmit antenna for

the real part of the NHS-OFDM signal and the second for

the imaginary part.

4.2 Computational complexity of MIMO-VLC
transceiver

Computational complexity (CC) is a very crucial metric

that performs a pivotal role in designing an OFDM-based

MIMO system. From [22], a closer look at the schematic

diagram for 2� 2 MIMO-VLC system using FT-based HS-

OFDM technique reveals that two pairs of transmitters/

receivers are needed to properly implement the MIMO

transceiver. In each transmitter, the HS-OFDM modulating

technique is implemented individually. As a result, two

N-point IFFT/FFT modules are required to efficiently

convert subcarriers from frequency-domain to time-domain

and vice versa. However, for the FT-based NHS-OFDM

technique, we modulate binary data exploiting the RF-

based OFDM technique and then segregate real and

imaginary parts to transmit them from a pair of transmit-

ters. For this reason, a single IFFT/FFT module is enforced

for the NHS-OFDM technique, which reduces both the cost

and CC of the MIMO-VLC system.

It is necessary to mention here that to obtained the real-

valued OFDM modulating waveform, HS is carrying out,

which increases IFFT/FFT size by two times. CC regarding

the number of additions and multiplications resulted from

the HS-based OFDM system for a single transmitter/re-

ceiver pair is represented by O 2N log 2Nð Þð Þ [17], where N
shows the length of the sub-carrier. However, CC of the

proposed FT-based NHS-OFDM technique for two trans-

mitter/receiver pairs is formulated as O Nlog Nð Þð Þ [17].

The formula for computing the percentage change in

complexity is expressed by the following relationship,

Fig. 6 Analytical versus

simulated BER performance

comparison of conventional and

proposed techniques for the 2�
2 MIMO-VLC system using

ImR
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% change in complexity ¼
complexity of conventional scheme� complexity of proposed schemej j

complexity of conventional scheme
� 100%

ð27Þ

To ensure fair comparisons, the size of subcarriers is 64.

Using Eq. 27, CC of the FT-based NHS-OFDM technique

requires about 57% less than the FT-based HS-OFDM

technique, which could also be verified from [17]. Con-

trariwise, the CC for a discrete WT-based OFDM system is

characterized as O Nð Þ related to the number of additions

and multiplications [19, 37]. Moreover, consider that

length of the low-pass and high-pass filters associated with

N is negligible. Using Eq. 27, CC of the WT-based NHS-

OFDM technique for the MIMO-VLC system is 44% less

than the corresponding FT-based NHS-OFDM technique.

While this CC is 76% lower than the conventional FT-

based HS-OFDM technique. Hence, the proposal of

incorporating wavelets in the OFDM-based MIMO-VLC

system has proven to be a very good solution.

4.3 PAPR profile

Having discussed BER profiles and CC of conventional and

proposed techniques for the MIMO-VLC system, let us

now turn to the PAPR profile. In OFDM-based communi-

cation systems, PAPR remains the utmost concern that

needs to be reduced significantly. At each antenna of the

standard MIMO OFDM system, PAPR embodies the ratio

of maximum power to the average power of an OFDM

signal, which is associated with the following mathematical

expression,

PAPR ¼
max sðnÞj j2

h i

E sðnÞj j2
h i for 0� n�NL� 1

ð28Þ

where E :f g indicates expected value of the signal while L

signifies the oversampling factor. Note that the PAPR of

discretized signal s(n) is not comparable to PAPR of a

continuous signal s(t), since s(n) may not have contained

all the peaks of s(t). Generally, to address this issue,

oversampling factor is utilized. It has been publicized in

[38] that an oversampling factor of L ¼ 4 is appropriate

to relate PAPR results of discrete-time signals with the

continuous-time signals.

The CCDF is the parameter that gives statistics about

the percentage of OFDM signals that have a PAPR value

above a certain threshold. Primarily, it is a probability that

typically indicates the PAPR of an OFDM symbol exceeds

the given specific value c. Mathematically, CCDF is rep-

resented as,

CCDF N; cð Þ ¼ Pr PAPR[ cf g ¼ 1� ð1� e�cÞN ð29Þ

where N epitomizes the sub-carriers of the OFDM wave-

form. In MIMO systems, PAPR is determined by calcu-

lating the maximum PAPR from PAPR of all parallel

transmitting antennas. PAPR for the MIMO system is

formulated as,

Fig. 7 CCDF comparison of

conventional and proposed

techniques for the 2� 2 MIMO-

VLC system
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PAPRMIMO ¼ max PAPRlf g ð30Þ

where l ¼ 1; 2; . . .; NT and NT are the number of transmit

antennas. Figure 7 displays PAPR profiles for conventional

and proposed techniques for targeted CCDF of 10�3. PAPR

of conventional FT-based HS-OFDM and NHS-OFDM

techniques are 13.7 and 11.1 dB, correspondingly. Com-

parative analysis of both techniques shows that the NHS-

OFDM achieves a reduction gain of 2.6 dB. While PAPR

performance of WT-based HS-OFDM is also computed

and compared with the PAPR of WT-based NHS-OFDM.

With the fixed CCDF of 10�3, PAPR of the WT-based

NHS-OFDM method is about 2.8 dB better than that of the

WT-based HS-OFDM technique. However, when the

PAPR of WT-based HS-OFDM is compared with its

counterpart FT-based HS-OFDM, a PAPR reduction of 4.7

dB is observed. A similar trend of PAPR improvement

(about 4.9 dB) is also sighted when comparing WT-based

NHS-OFDM with FT-based NHS-OFDM. This PAPR

improvement is resulted because of pulse shaping inher-

ently offered by the wavelets.

5 Concluding remarks

This research article has proposed and analytically verified

a novel WT-based NHS-OFDM technique for 2� 2

MIMO-VLC system using ImR that has appeared to be a

strong candidate in Future Wireless Networks (FWNs).

Work presents closed-form analytical BER expressions for

MIMO-VLC systems developed using conventional and

proposed techniques with NImR and ImR. Analytical

results have exhibited that the proposed technique with

ImR has very low CC while performance-wise, it also

performs better when compared to conventional tech-

niques. The CC of the suggested scheme is approximately

44% less than the conventional one. Additionally, the

simulated results agreed with the analytical results, which

shows the validity of the theoretical analysis. Wavelet

transforms are widely used for pulse-shaping because they

reduce both ISI and ICI in the system. Hence, usage of

cyclic prefix is also omitted in classical OFDM system

design that somewhat enhances the spectral efficiency.

Moreover, without incorporating any reduction technique,

wavelets also exhibit reduced PAPR results. In the future,

the proposed WT-based NHS-OFDM technique for the

MIMO-VLC system will be implemented by making use of

cost-effective hardware components and tested at least for

multi-media communication.
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