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In this paper, we introduce the idea of using adaptive hybrid modulation techniques to overcome channel fad-
ing effects on visible light communication (VLC) systems. A hybrid M-ary quadrature-amplitude modulation
(MQAM) and multipulse pulse-position modulation (MPPM) technique is considered due to its ability to make
gradual changes in spectral efficiency to cope with channel effects. First, the Zemax optics studio simulator is used
to simulate dynamic VLC channels. The results of Zemax show that Nakagami and log-normal distributions give
the best fitting for simulation results. The performance of MQAM–MPPM is analytically investigated for both
Nakagami and log-normal channels, where we obtain closed-form expressions for the average bit-error rate (BER).
The optimization problem of evaluating the hybrid modulation technique settings that lead to the highest spectral
efficiency under a specific channel status and constraint of outage probability is formulated and solved using an
exhaustive search. Our results reveal that the adaptive hybrid scheme improves system spectral efficiency compared
to ordinary QAM and MPPM schemes. Our results reveal that the adaptive hybrid scheme improves system spec-
tral efficiency compared to ordinary QAM and MPPM schemes. Specifically, at low average transmitted power,
−32 dBm, the adaptive hybrid scheme shows 280% improvement in spectral efficiency compared to adaptive ver-
sions of ordinary schemes. At higher power, −20 dBm, 6.5% and 725% improvement are obtained compared to
ordinary QAM and ordinary MPPM, respectively. Also, the adaptive hybrid scheme shows great improvement in
average BER and outage probability compared to ordinary schemes. The hybrid scheme shows 28%, 34%, and 38%
improvement, respectively, for m= 1, 2, 3 for Nakagami channels at BER= 10−3. Also, the outage probability
of hybrid schemes of BER= 10−3 shows 30% and 14% better performance than ordinary MQAM and MPPM
schemes, respectively. ©2020Optical Society of America

https://doi.org/10.1364/AO.379893

1. INTRODUCTION

Over the last years, the demand for wireless communication
has increased dramatically, and concern for spectral efficiency
is growing due to the scarcity of the radio frequency (RF) spec-
trum [1]. Unlicensed wide frequency spectrum is becoming very
prevalent in the modern architecture of mobile communications

networks, car-to-car communication, and communication
inside nuclear facilities, in order to exploit its unlimited features,
e.g., wide-free frequency spectrum, low transmitted power, low
cost, easy installation, and security of communication [2,3].
However, there are some challenges that need to be addressed
in order to mitigate their effects. One of the major challenges in
VLC systems is the narrow bandwidth of conventional LEDs,
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which leads to a limitation of maximum achievable data rates
that can be transmitted using VLC systems. Furthermore, as a
wireless communication system, VLC is highly affected by fad-
ing and shadowing, which results in variation in the amplitude
and phase of the received signal and causes degradation of sys-
tem performance. These two challenges motivate researchers to
work on increasing spectral efficiency and to obtain an accurate
model for fading VLC channels.

The choice of a suitable modulation technique is one of
the important factors that affects communication system per-
formance and can be considered a solution to overcome the
bandwidth limitation of LEDs in VLC systems. This point has
been investigated in many papers. In Ref. [4], the performance
of optical wireless communications adopting different pulse
time modulation techniques has been investigated and com-
pared to on–off keying (OOK), pulse-position modulation
(PPM), differential pulse interval modulation (D-PIM), and
double-header PIM (DH-PIM) techniques. The performances
of differential binary phase shift (DBPSK) and differential
quadrature phase shift key (DQPSK) were investigated in
optical communication systems for wavelength-division
multiplexing schemes by Morsy et al. [5].

In Ref. [6], the implementation of carrier-less amplitude
and phase modulation in VLC systems was introduced and its
bit-error rate (BER) and average throughput performance evalu-
ated. The performance of a multiple-input–multiple-output
orthogonal frequency-division multiplexing (MIMO-OFDM)
VLC system was demonstrated experimentally in Ref. [7]. The
idea of superimposing different modulation techniques, to
enhance both power and spectral efficiencies simultaneously,
has been shown in many recent studies [8–12].

A good description and modeling for VLC channels are
major factors that can help in the design optimization and
performance evaluation of VLC systems. Usually, Lambertian
distribution is used to model the static/quasi-static chan-
nel, where the large-scale effect (path loss) is the dominant
challenge[1].

In Ref. [13], the effect of atmospheric scattering, attenuation,
turbulence, and scintillation is examined for free-space optics
systems at 850 and 1550 nm. However, in the dynamic environ-
ment, due to people’s mobility inside a VLC cell, the wireless
links are subject to severe multipath and random shadowing
(blockage) fading, as illustrated in Ref. [14]. Modeling of a static
VLC channel has been investigated many times in literature
[15,16]. However, a static channel does not represent the real
case, because usually people are using mobile equipment or the
surrounding people are in motion states.

This is why the recent modeling of dynamic VLC channels
has attracted many researchers. In Ref. [14], the user mobility
effect on VLC channel gain is experimentally evaluated by repre-
senting the human body as a box shape and moving these boxes
manually between transmitter and receiver. The authors show
that Rayleigh distribution achieves good fitting with their mea-
surements. The dynamic channel modeling in underwater VLC
channel modeling is investigated in Ref. [17]. The obtained
results show that Weibul, log-normal, and Nakagami exhibit
accepted goodness of fit results for single input single output
(SISO) and single input multiple output (SIMO) models in
good channel conditions. The authors show that exponential

distribution is the best distribution for the specific scenarios that
show worse channel conditions.

In Refs. [18,19], a study is carried out using different reflec-
tion coefficients for objects. One moving human body is
configured that is carrying the receiver, and 961 receiver
positions are assumed for a practical human model without
considering any random motion algorithm. Furthermore, the
study is performed using reflection coefficients for all objects
that are independent of transmitter wavelength. Different con-
figurations for device orientation are examined assuming static
mobile users by Miramirkhani et al. [20]. Moreover, they assume
the coating materials for walls are wavelength independent, and
the obtained expressions for outage probability and BER are
applied on the OOK modulation technique.

In Ref. [21], Eroglu et al. configure a mobile user moving in a
trajectory path and obtain the channel impulse response (CIR)
for each movement point. However, they do not obtain distri-
butions that provide the maximum likelihood for the acquired
data, and they do not apply the modulation techniques for BER
measurements and outage probability calculations.

The results in Ref. [20] motivated us to use a practical setup
Monte Carlo ray tracing (MCRT) simulator and add mobile
users in a random motion manner and evaluate the obtained
distributions, which exhibit a goodness of fit of the dynamic
channel gain variations.

The main contribution of our paper is introducing the idea
of optimizing the performance of VLC systems through using
an adaptive hybrid MQAM–MPPM scheme to overcome
fading effects. An accurate model for a dynamic VLC chan-
nel for mobile users is introduced based on the Zemax optics
studio simulator, where accurate CADs for the human body
are used, users with random motions are considered, and real
coating materials are considered for both human bodies and
surrounding objects.

The problem of optimizing the average spectral efficiency of
the hybrid modulation technique over the VLC channel is for-
mulated and solved to get the best hybrid scheme settings based
on channel state.

Finally, expressions for both BER and outage probability of
the proposed hybrid scheme are derived and used to evaluate
system performance over different levels of fading and different
people densities inside the considered standard room.

The rest of this paper is organized as follows. In Section 2, the
proposed hybrid MQAM–MPPM system model is illustrated.
In Section 3, the Zemax optics studio simulator is used to sim-
ulate a dynamic VLC channel, and the probability distribution
functions (PDFs) of the received electrical signal-to-noise ratio
(SNR) are determined. Expressions for average BER of the
hybrid schemes is derived in Section 4. In Section 5, the problem
of optimizing the average spectral efficiency of VLC systems
using adaptive hybrid schemes is formulated. In Section 6, the
performance of both hybrid and ordinary schemes is evaluated
in terms of BER and outage probabilities over both Nakagami
and log-normal VLC channels. Moreover, the performance of
adaptive schemes is investigated in terms of spectral efficiency.
Finally, the main conclusions are given in Section 7.

2. HYBRID MQAM–MPPM SYSTEM MODEL
The hybrid MQAM–MPPM scheme was introduced in
Ref. [12], and its performance under different free-space optical
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Fig. 1. Basic block diagram of a hybrid MQAM–MPPM transmit-
ter in a VLC system.

communication channels was introduced in Ref. [22]. In this
section, the main idea of the hybrid MQAM–MPPM scheme
and its block diagrams for both transmitter and receiver are
discussed.

In hybrid MQAM–MPPM scheme techniques, the symbol
duration T is divided into N time slots, each with duration
Ts = T/N. The optical power appears in w signal time slots
only, where w ∈ {1, 2, . . . , N}. Each of the optical signal slots
is coded with a QAM symbol. The total number of bits per
hybrid scheme symbol is blog2 Nwc +w log2(Mq ), where
Mq is the level of QAM modulation. Figures 1 and 2 illustrate
the transmitter and receiver simplified block diagrams for the
hybrid scheme in a VLC system.

The output optical power of the OOK modulator is propor-
tional to the modulating QAM signals as follows [23]:

P (t)=
N pt

w

N−1∑
i=0

[1+MDi (t)] Bi (t)rect

(
t −

iT
N

)
, (1)

where pt is the average transmitted optical power, M is the
modulation index, Di (t) is the QAM symbol, Bi (t) ∈ {1, 0} is
the value of the MPPM slot, and the rect function is defined as

rect(t)=
{

1; 0≤ t < T
N ,

0; otherwise.
(2)

At the receiver side, the optical signal is converted to the
electrical domain through a photo-diode (PD) (Fig. 2). The
instantaneous generated current Y (t) from the PD is defined by
Ref. [22]:

Y (t)= Iph

N−1∑
i=0

[1+MDi (t)]Bi (t)rect

(
t −

iT
N

)
+ n(t),

(3)
where Iph is the instantaneous photo-current:

Iph =R
N pt

w
h(t), (4)

whereR is the responsivity of the PD, h(t) is the CIR, and n(t)
is Gaussian noise with varianceσ 2

n .
In our analysis, we consider perfect synchronization, where

the effect of timing error is not considered. However, it is worth
noting the expected effect of timing error on the proposed sys-
tem performance. There are two types of timing errors: frame
and time slot based. The frame-based timing error is a result of
timing offsets, which are a multiple of the time slot duration.
This type of the error has no effect on the performance of the
MQAM–MPPM branch in the proposed scheme, since the rela-
tive phase differences between successive slots are not affected by
multiple time slot offsets. The second type of timing error, time
slot, is a result of time offset value1, where1≤ 0.5. The effect
of this timing error in DPSK BER performance was discussed
and investigated in Refs. [24,25]. In addition, the effects of both
types of timing errors on the MPPM detection process were
discussed in Refs. [26,27].

3. VISIBLE LIGHT COMMUNICATIONS
CHANNEL MODEL

In this section, the Zemax optics studio [28], which is based on
MCRT simulation, is used to figure out the most suitable dis-
tribution to describe the dynamic VLC channel gain. As shown
in Fig. 3, we consider seven mobile users moving in random
motions inside a 5× 5× 3 m3 room.

Each one of these mobile users is equipped with a mobile
device that is able to communicate using VLC. The users are
moving with speeds between 0.56 and 1.39 m/s. We assume that
he/she holds a mobile phone in-hand, and the detector is located
on the mobile phone with practical dimensions. The orientation
of the mobile users changes between 0◦ and 360◦, while the ori-
entation of the mobile device is assumed to be fixed. The choice
of user speed and direction is based on uniform distribution.

In our simulation, we use advanced human CADs [29], and
the dimensions of the mobile users for height, width, and depth
are 1.8, 0.4, and 0.2 m, respectively. The seven mobile users
in the simulation are chosen according to the people density
criteria > 0.16 people/m2 to ensure the worst-case scenario
conditions for fading as given in Ref. [14]. We define the posi-
tions for each human body for 1000 s according to a random
motion algorithm. Each second has different positions and ori-
entations for the seven users, and consequentially, new channel
gain calculations are required for each second.

Every movement has a correlation with past movements.
Furthermore, the random mobility algorithm is established

Fig. 2. Basic block diagram of a hybrid MQAM–MPPM receiver in a VLC system.
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Fig. 3. Random motion for mobile users in an indoor dynamic
VLC scenario for standard room dimensions.

0.4 0.45 0.5 0.55 0.6 0.65 0.7

Wavelength in m

0

0.2

0.4

0.6

0.8

1

R
ef

le
ct

io
n 

co
ef

fic
ie

nt
s

Plaster
Pinewood
Human coating

Fig. 4. Reflection coefficient at different wavelengths for material
used in simulation.

using Zemax programming language (ZPL) [30], which enables
us to apply 1000 iterations rather than using one specific
scenario like the static configuration. In addition, different
materials are considered for different objects inside the simula-
tion area. Figure 4 shows the reflection coefficients for different
materials used in our simulation.

The materials used for the ceiling, floor, and walls have vari-
able reflection coefficients based on the transmitter wavelength.
It is mandatory to use such coating configurations for the VLC
channel due to the use of practical broadband white LEDs
[31]. These are commercially available LEDs Cree with 120◦

viewing angles. We configure the mobile users’ coatings to have
the smallest value 0.1 that indicates maximum absorption of
rays. Specifically, the coatings for heads and hands are modeled
as absorbing clothes and dark skin as assumed in Ref. [18]. In
addition, we consider the Lambertian model and purely diffuse
material, which is considered to be the worst-case scenario in the
case of specular reflections. All the simulation parameters used
in the MCRT solver are illustrated in Table 1.

The CIR used in the MCRT solver is defined by Ref. [16]:

h(t)=
Nr∑

i=1

piδ(t − τi ), (5)

Table 1. VLC Simulation Parameters [16,18,19]

Link Parameter Value

Size of room 5× 5× 3 m3

Number of lightings of commercial
Cree LED

4

Number of chips per each lighting 100
Number of transmitted rays per
chip

500,000

Transmitter viewing angle 120◦

Area of rectangular PD 1 cm2

Materials Purely diffuse material
FOV of PD 85◦

Power of each chip 0.45 W
Lighting positions (1.5,1.5,2.85), (1.5,3.5,2.85),

(3.5,1.5,2.85), (3.5,3.5,2.85)
Human reflection coefficient 0.1
Number of reflections for objects 7

where pi and τi are the power and delay for the i th ray, respec-
tively, and Nr is the total number of rays emitted by the LEDs.
Accordingly, the channel DC gain H0 is defined by Ref. [16]:

H0 =

∫
∞

−∞

h(t)dt . (6)

The channel DC gain is considered one of the most impor-
tant parameters needed in VLC channel modeling. The total
received power at the receiver is defined by Ref. [14]:

Pr = Pt Hd (0)+
∫

Pt Href(0), (7)

where Hd (0) and Hd (0) are the DC channel gain of the direct
and reflected paths, respectively, and Pt is the total optical
transmitted power by LEDs. The better the channel gain, the
better the received power. Accurate channel characterization is
an important prerequisite to set the system parameters appro-
priately in order to establish a high-quality link, since it permits
better exploitation of the available energy and spectral resources
in view of optimizing the system design.

In Fig. 5, the histogram for the gain values that result from
simulation is plotted, and several fitting distributions are also
shown.

The degree of distribution fitting is evaluated using the log
likelihood parameter, which indicates the degree of correlation
of the distribution and channel gain data. The higher the log
likelihood number, the better the accuracy of the distribu-
tion. The results obtained from the distribution fit toolbox in
MATLAB reveal that the Nakagami channel for m > 1 shows a
maximum log likelihood number of 1228.23, while log-normal
distribution is placed second with a log likelihood number of
1226.45. The distribution fit toolbox in MATLAB [32] is used
to represent the data using maximum likelihood estimation,
and the resulted log likelihood parameter enables to identify the
rank of the distributions that can fit the data. The greater the log
likelihood number, the more distributions that can fit the data.

The results reveal that the Nakagami channel for m > 1
shows a maximum log likelihood number of 1228.23, while
log-normal distribution is placed second with a log likelihood
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Fig. 5. Probability density function of the channel DC gain (H0) of
the VLC dynamic channel.

number of 1226.45. Both Rayleigh distribution and expo-
nential distributions exhibit extremely poor fitting with log
likelihood numbers of 1122.79 and 1049.92, respectively.
Although Nakagami shows the best fitting with Zemax sim-
ulation results, we consider both Nakagami and log-normal
distributions in our analysis because log-normal is commonly
used with the analysis of RF systems [33,34]. The log-normal
in our analysis can help authors that are interested in studying
collaboration or comparison between RF and VLC systems.

Moreover, we consider the Nakagami distribution in this sub-
section and relate its parameters to include the effect of user den-
sity, as given in Ref. [14]. The PDF of Nakagami distribution is
defined by Ref. [35]:

pm(hm)=
(m
�

)m 2

0(m)
hm

2m−1 exp

(
−mh2

m

�

)
, (8)

where hm ≥ 0 is the VLC channel gain,

�= h2
m =

∫
∞

0
h2

m × pm(hm)dhm (9)

is the mean of gain square, and m = �2

(h2
m−�)

2
≥

1
2 .

Applying a random variable transformation in (8), the PDF
of the electrical SNRγm can be written as

pm(γm)=
(m
�

)m 1

0(m)

(
1

ξ
√
γ̂

)2m(√
γm
)2m−2

× exp

(
−mγm

�γ̂ ξ 2

)
, (10)

where the instantaneous electrical SNR is related to channel
instantaneous gain as follows [23]:

γm = γ̂ ξ
2h2

m =

(
Rpt

σn

)2

ξ 2h2
m . (11)

Here, σ 2
n is the variance of Gaussian noise, γ̂ is the average

optical SNR, and ξ is the modulation gain.

Fig. 6. Constellation of symbols in a hybrid MQAM–MPPM
scheme.

The distribution parameters are the output of the distribution
fit toolbox in our specific dynamic scenarios for Nakagami chan-
nel and are m = 15.3 and�= 5.914× 10−10, where the values
of m and � depend on user speed and people density/meter in
the room. Increasing m indicates worse channel conditions for
the distribution expected to appear in this dynamic scenario
due to severe multipath and shadowing fading. In Section 6, we
consider different channel parameters for numerical analysis
to indicate several channel scenarios, in order to validate the
performance of hybrid and adaptive hybrid schemes at different
channel conditions.

The study of dynamic VLC systems can be described by
the log-normal distribution as it fits our DC gain data of the
dynamic channel. The PDF of log-normal distribution is given
by Ref. [36]:

pl (h l )=
8.7

h l

√(
2πσ 2

hl

) exp

(
−

(
20 log10 h l −µhl

)2

2σ 2
hl

)
, (12)

where h l ≥ 0 is the instantaneous VLC channel gain,
µhl = 20 log10 h l is the mean of h l in dB, h l is the mean of

h l , andσ 2
hl
= (20 log10 h l −µhl )

2 is the variance of h l in dB.
By applying the transformation of random variables in (12),

the results reveal that the PDF of the SNR in the case of the log-
normal channel can be written as

pl (γl )=
4.35

γl

√(
2πσ 2

γl

) exp

(
−

(
10 log10 γl −µγl

)2

2σ 2
γl

)
, (13)

where µγl = 10 log10 γl , and σ 2
γl
= (10 log10 γl −µγl )

2 is the
variance ofγl in dB. Here,γl is the mean ofγl in dB.

The distribution parameters resulted from our specific sce-
narios for the log-normal channel are given asµγl =−10.6407
andσγl = 0.1319.

4. BER PERFORMANCE ANALYSIS

In the hybrid MQAM–MPPM technique, optical
power is transmitted during w signal slots only, where
w ∈ {1, 2, . . . , N}. Each of the w signal slots is modulated
by one symbol of available Mq symbols of MQAM, as shown in
Fig. 6.

In this section, we derive mathematical expressions for
the average BER of the proposed hybrid modulation scheme
over Nakagami and log-normal channels. Generally, the per-
formance of the hybrid MQAM–MPPM technique is upper
bounded based on averaging the effect of the two ordinary



Research Article Vol. 59, No. 7 / 1March 2020 / Applied Optics 1901

schemes MQAM and MPPM as follows [37]:

BERh(γx )≤

log2

(
N
w

)
+

2L−2w log2 Mq

2L−1

log2

(
N
w

)
+w log2 Mq

BERMPPM(γx )

+
w log2 Mq

log2

(
N
w

)
+w log2 Mq

BERMQAM(γx ), (14)

where L =
⌊

log2(
N
w
)

⌋
is the number of bits coded by MPPM

symbol, and γx ∈ {γm, γl } is the instantaneous value of the
SNR. Here, BERMPPM and BERMQAM are the instantaneous
BER of the ordinary MPPM and MQAM, respectively, and
upper bounded as in Ref. [22]:

BERMPPM(γx )≤

((
N

w

)
− 1

)
2L−1

2(2L
− 1)

erfc



√√√√√√N log2

(
N

w

)
γx

4w2


and

BERMQAM(γx )≤


2
(√

Mq−1
)

√
Mq k

erfc
(√

3M2γx
4(Mq−1)

)
; k even,

2
k erfc

(√
3M2γx

4(Mq−1)

)
; k odd,

(15)

where k = log2 Mq , and Mq is the number of bits per MQAM
symbol.

BERh(γm)≤

log2

(
N
w

)
+

2L−2w log2 Mq

2L−1

log2

(
N
w

)
+w log2 Mq

1
√
π0(m)

(m
�

)m
2L−1

[(
N
w

)
− 1

]
2L+1 − 2

(
1

ξ
√
γ̂

)2m(
L

4N

)−m

× G1,2
2,2

(
4N�

mξ 2γ̂ L
|
1−m,0.5−m
0,−m

)
+

w log2 Mq

log2

(
N
w

)
+w log2 Mq



√
Mq−1

√
πMq0(m)

·
2( m

� )
m

k

(
1

ξ
√
γ̂

)2m(
3M2

4(Mq−1)

)−m

×G1,2
2,2

(
4(Mq−1)�
mξ2 γ̂ 3M2 |

1−m,0.5−m
0,−m

)
; k even,

1
√
π0(m)

2( m
� )

m

k

(
1

ξ
√
γ̂

)2m(
3M2

4(Mq−1)

)−m

×G1,2
2,2

(
4(Mq−1)�
mξ2 γ̂ 3M2 |

1−m,0.5−m
0,−m

)
; k odd.

(19)

The two ordinary schemes are independent, so the average
BER of the hybrid scheme is obtained by obtaining the average
of the ordinary schemes then substituting into Eq. (14).

The average BER the ordinary scheme over the VLC fading
channel is given as

BER=
∫
∞

0
BER(γx ) · p (γx ) dγx . (16)

Substituting Eqs. (15) and (10) into Eq. (16) and carrying out
the integration [38], the BER of both of ordinary techniques for
the Nakagami fading channel can be obtained as

BERMPPM(γ̂ )≤
1

√
π0(m)

(m
�

)m
2L−1

[(
N

w

)
− 1

]
2L+1 − 2

×

(
1

ξ
√
γ̂

)2m(
L

4N

)−m

G1,2
2,2

(
4N�

mξ 2γ̂ L
|
1−m,0.5−m
0,−m

)
,

(17)

where Ga ,b
p,q (·|·) is the Meijer G function, defined in Ref. [38].

Similarly, the average BER performance of the MQAM
scheme over the Nakagami channel can be obtained as

BERMQAM(γ̂ )

≤



√
Mq−1

√
πMq0(m)

·
2(m
� )

m

k

(
1

ξ
√
γ̂

)2m(
3M2

4(Mq−1)

)−m

×G1,2
2,2

(
4(Mq−1)�
mξ2γ̂ 3M2 |

1−m,0.5−m
0,−m

)
; keven,

1
√
π0(m)

2(m
� )

m

k

(
1

ξ
√
γ̂

)2m(
3M2

4(Mq−1)

)−m

×G1,2
2,2

(
4(Mq−1)�
mξ2γ̂ 3M2 |

1−m,0.5−m
0,−m

)
; k odd.

(18)

The overall BER of the hybrid scheme using the Nakagami
channel is obtained by substituting Eqs. (17) and (18) into
Eq. (14):

The BER of ordinary schemes under log-nomral fading
channels can be obtained by substituting Eqs. (15) and (13) into
Eq. (16) to get

BERMPPM(µγl )≤

2L
√
π

[(
N
w

)
− 1

]
2L+1 − 2

n∑
i=1

ϕi · Q


√

L10(X i
√

2σγl+µγl )/10

2N

 ,
(20)
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and

BERMQAM(µγl )≤
√

Mq−1
√

Mq
k
4

n∑
i=1
ϕi Q

(√
1.510(Xi

√
2σγl +µγl )/10

M−2(Mq−1)

)
; k even,

4
k

n∑
i=1
ϕi Q

(√
3M210(Xi

√
2σγl +µγl )/10

2(Mq−1)

)
; k odd,

(21)

where X i and ϕi are the ith root and weight factors of the nth-
order Hermite polynomial for i = {1, 2, . . . , n}, respectively
[36].

The overall BER of the hybrid scheme using log-normal dis-
tribution can be obtained by substituting Eqs. (20) and (21) into
Eq. (14):

BERh(γl )≤

log2

(
N
w

)
+

2L−2w log2 Mq

2L−1

log2

(
N
w

)
+w log2 Mq

2L
√
π

[(
N
w

)
− 1

]
2L+1 − 2

n∑
i=1

ϕi · Q


√

L10(X i
√

2σγl+µγl )/10

2N



+
w log2 Mq

log2

(
N
w

)
+w log2 Mq


√

Mq−1
√

Mq
k
4

n∑
i=1
ϕi Q

(√
1.510(Xi

√
2σγl +µγl )/10

M−2(Mq−1)

)
; k even,

4
k

n∑
i=1
ϕi Q

(√
3M210(Xi

√
2σγl +µγl )/10

2(Mq−1)

)
; kodd,

(22)

5. ADAPTIVE HYBRID MQAM–MPPM
PERFORMANCE

The idea behind adaptive modulation techniques is to adapt
the spectral efficiency based on channel status in order to avoid
system outage and increase average spectral efficiency over time-
varying channels. Moreover, the proposed adaptive process aims
to transmit the top priority data rate at low data rates under
worse channel conditions, while maintaining the maximum
data rate at stable channel conditions. The proposed hybrid
MQAM–MPPM technique has two degrees of freedom to
change transmission spectral efficiency by changing settings
of both MPPM and MQAM independently. This makes the
hybrid scheme able to make gradual changes in spectral effi-
ciency compared to the step changes in the ordinary MQAM
technique. The adaptation process proceeds as follows: the
transmitter and receiver measure the channel status through
a sequence of training bits or any other advanced estimation
scheme. Based on the channel status, both transmitters and
receivers choose the modulation settings {N, w, Mq } to keep
the system BER performance at a specific level γ ≥ γth and
BER≤ BERth. The spectral efficiencies for MPPM, MQAM,
and the hybrid schemes are given by Ref. [22]:

η=


ηm =

log2

(
N
w

)
N ; for MPPM scheme,

ηq = log2 Mq ; for MQAM scheme,

ηh =

log2

(
N
w

)
+w log2 Mq

N ; for hybrid scheme.

(23)

A. Optimization Problem of Adaptive Constellation
Scheme

In the adaptive hybrid modulation scheme, the constellation
setting {N, w, Mq } is adapted according to channel conditions.
These parameters are key to hybrid adaptive modulation tech-
niques, where N ∈ {2, 3, . . . , Nmax}, w ∈ {1, 2, . . . , N}, and
Mq ∈ {4, 8, . . . , Mqmax}.

The total number of available settings Jmax is

Jmax =
log2

(
Mqmax

)
Nmax (Nmax + 1)

2
. (24)

Each j ∈ {1, 2, . . . , Jmax} setting has a specific spectral
efficiency, given by Eq. (23), which helps in improving the
SNR as in Eq. (11). The proposed adaptive scheme works for

optimizing the average spectral efficiency, under the constraint
of a given BER threshold (BERth) and a range of received
electrical SNR as

γmax j > γ (h)≥ γmin j , j ∈ {1, 2, . . . , Jmax} , (25)

where γmin j indicates the minimum SNR at which the setting
j achieves the BER threshold constraint (BERth), which can
be determined from Eqs. (14) and (15) for both hybrid and
classic techniques, respectively. Here, γmax j = γmin j+1 and
γminJmax+1 =+∞.

We choose setting j , which achieves the highest spectral
efficiency in the range of SNR. The optimization problem is
well formulated as follows:

arg max
j∈{1,2,...,Jmax}

{
ηh j

}
Subject to :

N ∈ {1, 2, . . . , NMax}, w ∈ {1, 2, . . . , N},
Mq ∈ {1, 2, . . . , Mqmax},

γmax j > γ (h)≥ γmin j ,

BER j ≤ BERth,

{pt , BW, σn} ∈ {constant},
(26)

where BW is the bandwidth of the VLC channel, about
5–10 MHz for white LEDs.

The optimization in Eq. (26) is a discrete constrained opti-
mization problem. Clearly, as the value of Jmax becomes larger,
the VLC transceivers become flexible to adapt their constella-
tions and increase the channel throughput. However, increasing
Jmax would raise the physical complexity of the system as
determined from (24).
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B. Average Throughput

The average throughput (bit rate) of the total Jmax constellation
forms can be calculated by

R̄b = BW
Jmax∑
j=1

ηh j · Pr
(
γmax j > γ ≥ γmin j

)
. (27)

The probability of selecting j th setting is calculated from

Pr
(
γmax j > γ ≥ γmin j

)
=

∫ γmax j

γmin j

p(γ )dγ . (28)

1. NakagamiDistribution

As for the Nakagami channel, the probability of selecting
J th setting is obtained as substituting (10) into (28). Using
integration tables in Ref. [38], the probability is obtained as

Pr
(
γmax j > γ ≥ γmin j

)
=

(m
�

)m 1

0(m)

(
1

ξ j

√
γ̂

)2m

×

[
−γ m

(
mγ

�γ̂ ξ 2
j

)−m

0

(
m,

mγ

�γ̂ ξ 2
j

)]
|
γmax j
γmin j

. (29)

2. Log-Normal Distribution

As for log-normal distribution, the probability of selecting jth
setting is given by substituting (13) into (28). Using the integra-
tion table of log-normal distribution, the probability is obtained
as

Pr
(
γmax j > γ ≥ γmin j

)
=

×
1

2

[
1− erfc

(
γ −µγl
√

2σγl

)] ∣∣∣∣10 log10 γmax j
10 log10 γmin j

. (30)

We choose the minimum threshold according to certain crite-
ria. If the actual SNR is below this threshold, outage will occur.
So, we adjust the threshold to be the minimum of all configured
settings.

C. Outage Probability

The outage probability for the system can be obtained from

pout = Pr(γ < γth)=

∫ γth

0
p(γ )dγ, (31)

where the value of SNR thresholdγth can be obtained by

γth = min
j∈{1,2,...,Jmax}

{
γminj

}
. (32)

Clearly, γth is joined with BERth, where each BER threshold
value has its corresponding SNR threshold value. At a given
BER threshold, the corresponding SNR threshold can be
obtained directly from (15), and for classic schemes, it can be
obtained directly from (17) to (21). For the hybrid scheme,

it can be obtained from (15) of the classic schemes and then
substituting into the following equation [37]:

phybrid
out ≤ 1−

(
1− pMPPM

out

) (
1− pMQAM

out

)
, (33)

where pMPPM
out and pMQAM

out are the outage probabilities of classic
MPPM and MQAM, respectively. Clearly, from (31) to (33),
the system can reduce the signal quality in order to avoid link
outage.

6. NUMERICAL RESULTS

In this section, we illustrate numerically the performances of
hybrid schemes and compare them to those of ordinary schemes
over both Nakagami and log-normal distributions. As men-
tioned in Section 5, we apply an optimization algorithm for the
adaptation process. Consequentially, we are able to compare
the adaptive hybrid schemes’ performances with those of adap-
tive ordinary schemes from a spectral efficiency perspective in
time-varying channels. Our simulation parameters are listed in
Table 2, where the BER threshold is set to 10−3, and the LED
bandwidth is 10 MHz.

Furthermore, the maximum settings for MQAM and MPPM
are restricted to Mq ≤ 16 and N ≤ 60, respectively. Also, the
channel parameters (m, σγl ) are selected to be in practical ranges
[14] in order to validate the new adaptive hybrid technique
under various channel conditions.

First, in Fig. 7, we compare the spectral efficiency of the adap-
tive hybrid scheme to that of both adaptive ordinary schemes
over the time-varying Nakagami channel. We draw this figure by
running an MC simulation, where the channel gain is generated
based on a Nakagami distribution. Moreover, the optimiza-
tion problem is solved for both hybrid and ordinary schemes
to get the optimum modulation settings for all of them under
generated channel gain.

As shown in Fig. 7, the spectral efficiency of the adaptive
hybrid scheme outperforms that of both adaptive MQAM and
MPPM classical schemes. Specifically, at low transmitted optical
power of ≤−30 dBm, the adaptive hybrid scheme achieves
about three times higher bit rate than that of both MQAM
and MPPM schemes. However, the increase in transmitted
optical power leads to a reduced difference between achieved
speeds of adaptive hybrid and adaptive MQAM schemes. This
is because at high power, the hybrid scheme sends more data
over the MQAM symbol by increasing both modulation level
of used MQAM symbols and increasing the number of signal

Table 2. VLC Simulation Parameters [14]

Link Parameter Value

Responsivity (R) 0.5 A/W
Noise spectral density (No ) 10−21

Modulation index (M) 1
Bit-error rate threshold (BERth ) 10−3

Modulation bandwidth (BW) 10 MHz
MQAM (Mq ,max) 16
MPPM (Nmax) 60
Nakagami channel parameter (m) {1,2,3}
Log-normal channel standard deviation (σγl ) {3,4} dB
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Fig. 7. Spectral efficiencies of adaptive hybrid scheme and both
MQAM and MPPM adaptive ordinary schemes over Nakagami fading
channel.
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Fig. 8. Average BER of both hybrid (N = 4, w= 2, M = 1, Mq =

8) and MQAM (M = 1, Mq = 4) scheme over a log-normal channel.

slots reflected on increasing the number of MQAM symbols.
When the optical power increases above a specific high value, the
hybrid scheme will switch to sending signals all the time, which
means it is converted to an ordinary MQAM mode.

Now, the BER and outage probability of both hybrid schemes
and ordinary MQAM are compared under conditions of
comparable spectral efficiencies, same bandwidth, and same
energy per bit. The performance of ordinary MPPM is not
considered in our comparison because its spectral efficiency is
not comparable with both ordinary MQAM and the hybrid
scheme.

In Fig. 8, the BERs of both hybrid and ordinary MQAM
modulation schemes are plotted using log-normal distributions
for two channel conditions (σγl ∈ {3, 4} dB). Increasing the
value of σγl indicates that the channel becomes worse, and this
leads to worse BER performance for both schemes. In practice,
changing channel conditions may indicate different people
density or people movement. Generally, BER performance
of the hybrid scheme with setting {N = 4, w= 2, Mq = 8}
outperforms that of the ordinary MQAM scheme with setting
{Mq = 4}.

As shown in Fig. 9, the BER performance of the above modu-
lation schemes under the Nakagami fading channel for three
channel conditions is m = {1, 2, 3}.
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Fig. 9. Average BER of both hybrid (N = 4, w= 2, M = 1, Mq =

8) and MQAM (M = 1, Mq = 4) schemes over a Nakagami channel.

5 7 9 11 13 15 17 19 21 23 25 27 29 31 33

Average SNR in dB

10-4

10-2

100

A
ve

ra
ge

 o
ut

ag
e 

pr
ob

ab
ili

ty

QAM,    
l
 = 3 dB

Hybrid, 
l
 = 3 dB

QAM,        m = 2
Hybrid,      m = 2

Lognormal
Nakagami

Fig. 10. Average outage probabilities for both hybrid (M =
1, Mq = 8, N = 4, w= 2) and MQAM (M = 1, Mq = 4) schemes
over both Nakagami and log-normal channels at BERth= 10−3.

Clearly, decreasing m indicates worse channel conditions,
which leads to worse BER performance for all modulation
schemes. In Fig. 9, it is noted that the hybrid scheme out-
performs ordinary MQAM under the same channel state,
and the difference in performance between them decreases as
channel state improves. As shown in Fig. 9, the hybrid scheme
shows 28%, 34%, and 38% improvement, respectively, for
m = 1, 2, 3 for Nakagami channels at BER= 10−3.

Figure 10 illustrates the performance of outage probability for
hybrid {N = 4, w= 2, Mq = 8} and ordinary MQAM {Mq =

4} schemes over dynamic channels.
Moreover, Fig. 10 shows the outage probability of hybrid

schemes of BER= 10−3, exhibiting 30% and 14% better
performance than ordinary schemes is obtained. As shown
in Figs. 8–10, clearly Nakagami has better performance than
the log-normal channel, as it provides the best fitting for the
dynamic channel gain obtained from previous results.

7. CONCLUSION

The performance of the adaptive hybrid MQAM–MPPM
modulation technique under dynamic VLC channels has
been investigated. The dynamic VLC channel is modeled by
Nakagami and log-normal distributions based on the results of
simulation using the Zemax solver. Each mobile user is carrying
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a rectangular detector of fixed orientation. In our simulation, we
have considered the effects of random people motions and prac-
tical human CADs, as well as the effects of coating materials for
walls, ceiling, and floor. Expressions for average BER and outage
probability of the hybrid scheme over VLC fading channels
have been derived and compared numerically to that of ordinary
schemes. Our results show that the hybrid scheme outperforms
the ordinary ones for different channel states. Specifically, the
hybrid scheme outperforms the ordinary MQAM in terms
of SNR, as it can achieve 10−3 BER with SNR≤ 7 dB for
Nakagami with m = 1, 2, 3. As for the log-normal channel
with σγl = 3, 4, the hybrid scheme can achieve 10−3 BER at
average SNR≤ 20 dB, while for the same SNR for the ordinary
MQAM, the achieved BER is on the order of 10−1. In addition,
at an outage probability of 10−2, the hybrid scheme shows
an improvement of ≥ 8 dB for the Nakagami channel with
m = 2, as well as an improvement of 3 dB for the log-normal
channel with σγl = 3. Moreover, the adaptive hybrid scheme
achieves three times higher bit rate than that of both ordinary
schemes in terms of spectral efficiency assuming a fixed average
power for the hybrid and ordinary schemes. The performance
of the indoor VLC system is investigated under the influence
of users’ terminal mobility, including the impact of the high
order of reflections for walls and objects. The obtained PDF
due to dynamic channel gain variations and the novel expres-
sions for BER and outage probability enable system designers
to quantify the effects of user mobility. This is beneficial in
designing handover, channel assignment algorithms and high-
speed communications using adaptive modulation techniques
and increasing spectral efficiencies by using new modulation
techniques.
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