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 The presented work proposes a new dimming control schemes for indoor visible light 

communication which combines variable pulse-position modulation, colour shift keying as 

key schemes of IEEE 802.15.7 standard, and sub carrier-pulse-position modulation as a 

pulse-position modulation variant with orthogonal frequency division multiplexing. These 

schemes are then compared with traditional merging schemes utilizing pulse-width 

modulation and multiple pulse-position modulation with m-ary quadrature amplitude 

modulation OFDM. The proposed schemes are investigated in a typical room with a 

different lighting layout (i.e., distinctive and uniform lighting layout), followed by an 

illumination investigation to evaluate the performance of the proposed schemes, especially 

the enhanced achieved data rates, and to determine their limitations as reliable visible light 

communication systems that can satisfy both communication and illumination 

requirements. 
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1. Introduction 

The number of wireless mobile devices increases 

rapidly, which leads to a noticeable expansion in the 

wireless data traffic, which raises the need for visible light 

communication (VLC) technology. VLC technology 

witnessed a significant interest in development and 

research at a worldwide scale as a reliable supplement to 

radio frequency (RF) technology [1,2].  

VLC outperforms RF technology by many features 

such as absence of interference with nearby electronic 

devices and RF circuits, available infrastructure, license-

free bandwidth, privacy and security [3].  

Moreover, other all-optical devices like photonic 

crystals show a promising performance regarding 

integration ability and power consumptions, they tend to 

have a very complex system design compared to the VLC 

technology [4-6]. 

Employing ight emitting diodes (LEDs) for VLC 

techniques has become a worthy approach for an optical 

wireless communication. LEDs offer several advantages 

compared to conventional incandescent sources; like 

extended lifetime, reduced power consumption, smaller 

size, high-switching rate, improved robustness, and higher 

durability and reliability. By taking their fast switching 

rate as an advantage, white LEDs can be used for VLC 

[7,8]. 

VLC technology is used in several applications, such 

as localization, high bitrate data broadcasting inside 

homes and offices, electro-magnetic interference (EMI), 

sensitive environments like aircraft, high speed-video 

streaming, traffic control systems, and underwater data 

transmission [9-11]. *Corresponding author at: nazzazzz@gmail.com 
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Meanwhile, effectively achieving communication and 

lighting requirements has become a compelling research 

area for indoor VLC data broadcasting [8]. 

However, designing an efficient/reliable VLC system 

tends to achieve additional objectives, such as power 

consumption reduction, higher operating system rates, 

enhanced throughput, flicker-free operation, enhanced 

dimming control range and levels, and system complexity 

reduction [7]. 

These objectives can be accomplished by using 

modulation techniques specifically designed for intensity 

modulation/direct detection (IM/DD) - optical wireless 

communication (OWC) systems. Such straight forward 

techniques are declared as single-carrier modulation 

(SCM) techniques. However, some of these techniques are 

not suitable for meeting such goals.  

SCM techniques performance decreases due to the 

inter symbol interference (ISI) effect, especially at high 

operating bitrates. Hence, different equalization 

techniques are introduced as a reliable method for 

increasing the system overall performance at high 

operating bitrates [12-14]. But such a process comes at the 

expense of greatly increasing the system complexity; 

hence, multi-carrier modulation (MCM) techniques such 

as orthogonal frequency division multiplexing (OFDM) 

are introduced and compared with those equalization 

techniques. 

Dimming control for VLC systems can be achieved by 

utilizing pulse-width modulation (PWM), but PWM 

suffers from the reduction of the overall system 

performance. The reduced system performance of the 

PWM scheme can be explained by its operation which is 

based on varying the duty cycle of signal pulses and 

transmitting the controlling signal only during the “on” 

period. 

Hence, applying dimming control to on-off keying 

(OOK) signal significantly increases the system 

complexity, because the required data rate for achieving a 

reliable communication link is inversely proportional to 

the duty cycle. Additionally, it will require a significant 

increase in a transmitter power [15].  

In Ref. 15, Z. Wang proposed applying dimming 

control to a scheme combining multi level-quadrature 

amplitude modulation (M-QAM) and OFDM. A 

modification on the conventional PWM dimming scheme 

is proposed in Ref. 16 to achieve an excess data 

transmission by combining the multi pulse-position 

modulation (MPPM) pulses with the M-QAM OFDM 

signal. The transmitted excess information will lead to the 

reduction of the data rate required to achieve a sustainable 

communication link which leads to the reduction of the 

overall system complexity and power consumption. 

Although excess data transmission helps in achieving 

the previously mentioned VLC objectives as a dimmable 

VLC system, the previously proposed systems suffer from 

a major problemwhich is a variation of the operation data 

rate required along the dimming range to achieve an 

acceptable BER performance. this problem will lead to the 

fluctuation of the illumination levels as the data rate 

changes in a non-practical way.    

IEEE 802.15.7 standard offers three physical (PHY) 

classes for VLC. PHY I and PHY II support OOK and 

variable PPM (VPPM). PHY III utilizes numerous optical 

sources with different frequencies (i.e., colours), more-

over, it utilizes a certain modulation format called colour 

shift keying (CSK). 

IEEE 802.15.7 standard modulation schemes grant a 

tradeoff between the supported data rates and dimming 

ranges. For example, for dimming conditions, modulation 

using OOK provides a constant dimming range and 

variable data rate by enhancing the compensation time, 

while modulation using the VPPM technique provides a 

constant data rate and a variable dimming range by 

adjusting the pulse width. Meanwhile, CSK provides 

faster data rates at lower optical frequencies [17-21]. 

Finally, unique power-saving performance with 

acceptable dimming performance and bandwidth 

requirements are considered as the main characteristics of 

PPM [22-23].  

However, to the best of our knowledge IEEE 802.15.7 

modulation techniques had never been utilized in an 

adaptive M-QAM OFDM based VLC system. Especially, 

the sub carrier-pulse-position modulation (SC-LPPM) 

scheme that has the unique reduced power consumption 

performance, while maintaining efficient illumination and 

communication performance with an extra advantage of 

design simplicity [24]. 

Another substantial limitation for more practical 

evaluation is utilizing the proposed dimming control 

schemes for different room topologies and lighting 

layouts, it is noteworthy to mention that although uniform 

lighting topology is utilized for several applications and 

environments, a lack of investigation for systems using 

the uniform lighting topology can be noticed due to its 

design complexity. Hence, it can be concluded that this 

analysis will result in evaluating the capabilities and 

limitations of the proposed dimming schemes for different 

lighting designs and different environmental parameters. 

From the author’s point of view, combining VPPM, 

CSK and SC-LPPM with M-QAM OFDM can provide a 

comprehensive look to improve such dimming scheme 

performance. 

In this work, a proposed combination and evaluation 

process for the IEEE 802.15.7 standard modulation 

techniques and SC-LPPM scheme with M-QAM OFDM 

will be presented, at different lighting topologies (i.e., 

distinctive lighting layout and uniform lighting layout), 

followed by the evaluation of the proposed techniques at 

the worst location for the proposed room layout. Then, an 

optimization process for M-QAM levels will be presented 

to provide a real-life illumination performance for various 

dimming ranges while maintaining a power-saving 

performance. That will result in identifying the 

combination technique capable of achieving the optimum 

performance with M-QAM OFDM, and most of the VLC 

systems design aspects.  

The presented investigation will be concluded with the 

evaluation of the illumination performance for the 

dimming range and operation system rate, then evaluating 

the illumination across the presented room topologies.   

In the presented work, the system environment for 

both distinctive and uniform lighting layout, with a 

detailed mathematical background for dimming control in 

VLC, excess data transmission, and the proposed merging 

for IEEE 802.15.7 modulation techniques with M-QAM 

OFDM is presented in section 2. Meanwhile, section 3 
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contains a detailed discussion for the required data rates, 

required receiver sensitivity (Rx), required transmitter 

power, and illumination performance across the presented 

room topologies. Finally, a conclusion for the obtained 

results will be presented in section 4. 

2. System model, design, parameters, and 

specifications 

2.1 System environment  

Two scenarios are considered for the evaluation 

process (distinct and uniform lighting systems), within a 

(5 m  5 m  3 m) room the Rx is assumed to be at a 

height of 0.85 m. For distinctive lighting topology, by 

taking a quadrant of the room (since the room and lighting 

geometry are symmetrical), the room corners are defined 

as (0.2 m × 0.2 m) and the location under the light source 

is (1.25 m × 1.25 m).  

The distinct lighting system uses i identical LED 

lamps which are equally spaced on the ceiling of the room 

at a center position of (1.25, 1.25, 2.5), (1.25, 3.75, 2.5), 

(3.75, 1.25, 2.5), (3.75, 3.75, 2.5), each LED lamp 

contains 3600 (60 × 60) LED chips arranged in a square 

array pattern as shown in Fig. 1(a).  

A triangular lighting layout is used for the uniform 

lighting system [25]. The triangular array consists of 

500 (20 × 25) LED chips, distributed as an equilateral 

triangle with a side length of 0.24 m and spaced on the 

ceiling of the room, as indicated in Fig. 1(b).  

2.2 Dimming control in VLC system 

The transmitted power irradiated by the LED source 

determines the optical communication channel signal 

strength. Hence, for a wireless optical channel, the optical 

power received by the photodiode can be expressed as 

follows [8]: 

 𝑃𝑗
𝑟 = ∑ (𝐻(0) · 𝑃𝑖

𝑡)𝐼
𝑖=1 , (1) 

where 𝑃𝑗
𝑟  is the sumation of the received optical power 

at workplace j from the all ith sources, and H(0) is the 

channel response which can be obtained for a LOS 

channel through [8]: 

 𝐻(0) =  
𝐴𝑃𝐷 (𝑚+1)

2𝜋𝑑𝑜
2  𝑇(𝜃) 𝑔(𝜃) 𝑐𝑜𝑠𝑚 𝜃  𝑐𝑜𝑠 𝜓, (2) 

where APD is the photodiode effective area, m is the 

Lambert coefficient, do is the distance between the LED 

source and the Rx, 𝜃 is the angle of irradiance, and 𝜓 is 

the angle of incidence, 𝑇(𝜃) is the optical filter gain, and 

𝑔(𝜃) is the concentrator gain. Hence, the optical power 

received from a directed channel can be written as [7,8]: 

𝑃𝑗
𝑟 = {

𝑃𝑖
𝑡 ·

𝐴𝑃𝐷  (𝑚 + 1)

2𝜋𝑑𝑜
2

 𝑇(𝜃) 𝑔(𝜃) 𝑐𝑜𝑠𝑚 𝜃 𝑐𝑜𝑠 𝜓 ,   𝜃 ≤ 𝐹𝑂𝑉

0, 𝜃 > 𝐹𝑂𝑉,

 

where FOV is the field of view. 

At the receiver end, the DC component of the signal 

detected by the photodetector is filtered out and by 

assuming a Gaussian noise, the SNR of the output 

electrical signal is given by [16]:  

 𝑆𝑁𝑅 =  
𝑓(𝑡)2̅̅ ̅̅ ̅̅ ̅̅  (𝑅𝑟𝑃𝑗

𝑟𝑀𝑖𝑛𝑑𝑒𝑥)
2

𝜎2  , (4) 

where Rr is the responsivity of the PD, 𝜎2 is the noise 

variance, 𝑀𝑖𝑛𝑑𝑒𝑥  is the modulation index, f(t) is the 

normalized signal, and 𝑓(𝑡)2̅̅ ̅̅ ̅̅ ̅ is its average power. Under 

the assumption that the noise variance consists of shot and 

thermal noise added together [26]:  

 𝜎2 = 𝜎𝑠ℎ𝑜𝑡
2 + 𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙

2   (5) 

   𝜎𝑠ℎ𝑜𝑡
2 = 2𝑞 [𝑅 [𝑃𝑗

𝑟 (1 + (𝑀𝑖𝑛𝑑𝑒𝑥𝑓(𝑡)̅̅ ̅̅ ̅̅ )
2

)] + 𝐼𝑏𝑔𝐼2] 𝐵 (6) 

 𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙
2 = 8𝜋𝑘𝑇𝑘𝜂𝐴𝑃𝐷𝐵2 (

𝐼2

𝐺
+

2𝜋𝛤𝜂𝐴𝑃𝐷𝐵𝐼3

𝑔𝑚
), (7) 

where [𝑃𝑗
𝑟 (1 + (𝑀𝑖𝑛𝑑𝑒𝑥𝑓(𝑡)̅̅ ̅̅ ̅̅ )

2
)] is the total received 

power, R is the transmitted symbol rate, q is the electron 

charge, Tk represents the absolute temperature, k is the 

Boltzmann constant, 𝐼𝑏𝑔 is the background current, 𝐼2 and 

𝐼3 constants represents the noise bandwidth factor, B is the 

equivalent noise bandwidth, 𝜂 is the fixed capacitance, 𝛤 

is the field-effect transistor channel noise factor, 𝐺 is the 

open loop voltage gain, and 𝑔𝑚 is the field-effect 

transconductance.  

As previously discussed in section 1, in a PWM 

dimming scheme, the control signal is transmitted only 

during the ‘on’ period. Hence, for the OOK signal, the 

symbol rate required to achieve a reliable communication 

link is inversely proportional to the duty cycle (Dc), which 

can be presented as [15,16]: 

(3) 

 
 

 

Fig. 1. Room configuration for (a) distinctive lighting layout, (b) 

uniform lighting layout 
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  𝑅𝑟𝑒𝑞. =  
𝑅𝑜

𝐷𝑐
 ,         0 < 𝐷𝑐 ≤ 1,  (8) 

where Ro is the initial data rate and Rreq. is the symbol rate 

required after applying the dimming scheme. From 

Eq. (8), it can be indicated that the data rate required to 

sustain a reliable communication link will increase up to 

10 times the original system data rate as the duty cycle 

decreases to 0.1 (i.e., 10%).  

Adaptive M-QAM OFDM method was introduced to 

solve such problem by adjusting the number of points in 

each signal constellation (M), making sure that the 

number of transmitted bits is constant, and the required 

data rate. is not larger than the original symbol rate. 

Hence: 

 𝑅𝑟𝑒𝑞. =  
𝑀𝑜𝑅𝑜

𝑀1𝐷𝑐
 ,          0 < 𝐷𝑐 ≤ 1, (9) 

where M0 is the initial number of points in each signal 

constellation and M1 is the adaptive number of points in 

each signal constellation. 

BER of the M-QAM modulation scheme depends on 

M, total received power, and noise variance as a function 

of the symbol rate; hence, it can be presented as [15]: 

 𝐵𝐸𝑅 ≤ 0.2 𝑒𝑥𝑝 [
−1.5 𝑓(𝑡)2̅̅ ̅̅ ̅̅ ̅̅  (𝑅𝑟𝑃𝑗

𝑟𝑀𝑖𝑛𝑑𝑒𝑥)
2

(𝑀−1) 𝜎2(𝑃𝑗
𝑟)

]. (10) 

Forward error correction codes (FEC) like Reed-

Solomon code are usually implemented in VLC systems, 

hence, a BER of 10-3 or less (i.e., preferably less than 10-3) 

is usually required to achieve a reliable communication 

link. Therefore, the receiver sensitivity 𝑃𝑠𝑒𝑛
𝑟  required to 

achieve the targeted BER (𝐵𝐸𝑅|𝑟𝑒𝑞.) can be presented as:  

 𝑃𝑠𝑒𝑛
𝑟 =  

1

𝑅𝑟 𝑀𝑖𝑛𝑑𝑒𝑥
 √

𝑙𝑛(
𝐵𝐸𝑅|𝑟𝑒𝑞.

0.2
) (1−𝑀) 𝜎2(𝑃𝑠𝑒𝑛

𝑟 ) 

1.5 𝑓(𝑡)2̅̅ ̅̅ ̅̅ ̅̅ .  (11) 

By observing Eqs. (4) – (6) and (10), it can be found 

that by reducing the duty cycle (i.e., dimming control), 

will increase the required symbol rate R which leads to 

increase in the noise variance; resulting in pushing up the 

receiver sensitivity requirement and transmitter power 

requirements. Hence, one can safely assume that 

increasing the duty cycle or reducing the data rate will 

ensure a constant data transmission. The required LED 

lamp power 𝑃𝑟𝑒𝑞.
𝑡  can be obtained from Eq. (10) as 

follows:  

 𝑃𝑟𝑒𝑞.
𝑡 =  

1

𝑅𝑟 𝐻(0) 𝑀𝑖𝑛𝑑𝑒𝑥
 √

ln(
𝐵𝐸𝑅|𝑟𝑒𝑞.

0.2
) (1−𝑀) 𝜎2(𝑃𝑗

𝑟) 

1.5 𝑓(𝑡)2̅̅ ̅̅ ̅̅ ̅̅  . (12) 

2.3 Combining VPPM, CSK and SC- LPPM with M-

QAM OFDM 

Dimming control results in an increase in the symbol 

rate required to achieve a certain BER performance 

needed to sustain a reliable communication link. Hence, 

an excess data transmission technique was introduced in

Ref. 16 using MPPM with M-QAM OFDM, the excess 

data transmission leads to the reduction of the increased 

symbol rate. Hence, it leads to the enhancement of the 

required receiver sensitivity. 

The excess data rate contributed by VPPM [27], CSK 

[20], MPPM [16], and SC-LPPM [28] can be described as: 

 𝑅𝑉𝑃𝑃𝑀 =  {
𝑏 𝑑1                      ,    0 <  𝑑1  < 0.5

𝑏 (1 − 𝑑1)         ,    0.5 ≤  𝑑1  < 1
 (13) 

 𝑅𝐶𝑆𝐾 =   𝑏 𝑙𝑜𝑔2(𝐿𝐶𝑆𝐾) (14) 

 𝑅𝑀𝑃𝑃𝑀 =  
𝑙𝑜𝑔2(𝐶𝑤

𝑝
)

𝑇𝑃𝑊𝑀
  (15) 

 𝑅𝑆𝐶−𝐿𝑃𝑃𝑀 =  
log2(𝐿𝑆𝐶−𝐿𝑃𝑃𝑀)

𝐿𝑆𝐶−𝐿𝑃𝑃𝑀·𝑇𝑃𝑊𝑀
 . (16) 

Where b is the optical clock rate, 𝑑1 is the duration of 

VPPM (i.e., the ratio between the average power and the 

peak power of the signal), 𝑇𝑃𝑊𝑀 is the period of the 

original PWM signal, 𝐿𝐶𝑆𝐾  represents the number of 

points on the CSK constellation, 𝐶𝑤
𝑝

 is the number of 

patterns in each MPPM symbol, n is the total number of 

slots of an MPPM symbol, p is the number of pulses in 

each MPPM symbol, and 𝐿𝑆𝐶−𝐿𝑃𝑃𝑀 is the number of time 

slots of the SC-LPPM symbol interval. 

The proposed dimming scheme is shown in Fig. 2. 

First, the bipolar data stream is mapped through PWM, 

VPPM, CSK, MPPM, or SC-LPPM blocks, then the 

signal is modulated through the M-QAM OFDM block 

(i.e., DC-Biased optical (DCO-) or asymmetrically 

clipped optical (ACO-) OFDM. The optical signal is 

transmitted through the AWGN channel by the LED 

source. After the optical signal is received by the PD, a 

reverse process is performed to demodulate the signal 

resulting in decomposing it into two main components: 

The M-QAM OFDM signal and the dimming scheme (i.e., 

PWM, VPPM, CSK, MPPM, or SC-LPPM) signal 

followed by the signal recovery.  

The output signal (i.e., current) driving the LED 

source s(t) can be defined as the ordinary product of the 

OFDM signal x(t) and the dimming scheme signal y(t), 

hence, it can be written as [29]:  

 𝑠(𝑡) = 𝑥(𝑡) · 𝑦(𝑡). (17)  

 

Fig. 2. Block diagram for conventional and proposed dimming 

schemes utilizing M-QAM OFDM 
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The OFDM signal x(t) is composed of N subcarriers 

and can be represented as: 

 𝑥(𝑡) = 𝑅𝑒𝑎𝑙(∑ 𝑠𝑐  𝑒−𝑗2𝜋𝑓𝑐𝑡𝑁−1
𝑐=0 ), (18) 

where 𝑓𝑐 is the frequency of each subcarrier and 𝑠𝑐  is the 

M-QAM signal modulated on the carrier frequency 𝑓𝑐. A 

generalization of the y(t) spectrum for all presented 

schemes can be presented as [29]:  

 𝑌(𝑓) =
1

𝑇
 ∫ 𝑦(𝑡)𝑒−𝑗2𝜋𝑓𝑐𝑡𝑇

0
𝑑𝑡. (19) 

Due to the LED limitations, it is safe to assume that a 

high-frequency component of the signal carrying the 

OFDM signal will be suppressed, resulting in the 

distortion of the signal 𝑌(𝑓). Hence, by using pre-

distortion techniques, the effect of inter-carrier 

interference (ICI) and 𝑌(𝑓) distortion can be eliminated. 

Moreover, orthogonality and guard intervals of the OFDM 

signal between the transmitted subcarriers eliminate the 

multipath effect. 

However, the length of the OFDM symbol should be 

properly designed. As the increase in the length of the 

OFDM symbol will result in a delay of the signal 

processing, it will reduce the overall system speed. While 

decreasing the OFDM symbol length could result in 

degrading the transmission efficiency due to the reduction 

of the guard interval. 

2.4 System specifications 

Considering the room data mentioned in section 2.1, 

extra LED parameters are listed in Table 1 to ensure 

reliable lighting and communication performance. 

According to the IEEE 802.15.7 standard for VLC 

systems, each PHY modulation scheme has a different 

optical clock rate [19,20], these optical clock rates are 

presented in Table 2. 

3. Performance exploration, evaluation and 

discussion 

3.1 Introduction 

By taking the room data, topology and LED 

parameters presented in section 2.1 and section 2.4 into 

consideration, symbol rate performance, receiver 

sensitivity, and required Tx power can be considered as a 

key parameter required to design a dimmable VLC system 

that can maintain a reliable communication link. An 

investigation and evaluation of the combination process 

between MQAM-OFDM with PWM, MPPM, VPPM, 

CSK, and SC-LPPM schemes will be carried for different 

dimming ranges in section 3.2. Followed by a comparison 

between the combination process of different modulation 

techniques with M-QAM OFDM are presented in the 

previous literature and the proposed merging process 

presented in this work. 

In section 3.4, an illumination performance study will 

be carried for the usable range of operating system rates, 

followed by an investigation of the overall illumination 

performance for the entire room at different lighting 

topologies. This investigation is critical to determine the 

proposed system performance across the entire room. 

It is noteworthy to mention that this work is based on 

the mathematical model presented in section 2, meanwhile 

the previous literature investigated the performance of 

other types for modulation and dimming schemes 

practically. In these studies, the authors concluded that the 

practical system performance shows a fair agreement with 

the theoretical analysis [30-32]. 

Table 1 

Lighting systems configuration, noise parameters, LED, and 

photodiode characteristics. 

Category Parameters 

Value 

Distinctive 

lighting layout 

Uniform 

lighting 

layout 

Lighting 

configuration 
 

 Number of LEDs 3600 500 

 LED distribution 60 × 60 20 × 25 

 LED spacing 0.09 m 0.24 m 

 Center position 

(1.25, 1.25), 

(1.25, 3.75), 

(3.75, 1.25), 

(3.75, 3.75) 

(2.5, 2.5) 

Noise 

parameters 
 

 

Background current (Ibg) 5100 μA 

Noise bandwidth factor (I2) 0.562 

Field-effect transistor (FET) 30 mS 

FET channel noise factor (Г) 1.5 

Fixed capacitance (η) 112 pF/cm2 

Open-loop voltage gain (G) 10 

I3 0.0868 

Source  

 

LED transmitted power 20 mW 

Semi-angle half power (θ1/2) 60o 

Center luminous intensity 0.73 cd 

Power spectrum density 10-21 

Receiver  

 

Physical area (APD) 1 cm2 

Field of view (FOV) 170o 

Responsivity (R) 1 A/W 

Filter gain (Ts) 1 

Concentrator gain (g) 1 

Elevation 90o 

Table 2 

IEEE 802.15.7 PHY operation modes. 

PHY layer Modulation scheme Optical clock rate 

PHY I VPPM 400 kHz 

PHY II VPPM 
3.75 MHz 

7.5 MHz 

PHY III 

4-CSK 
12 MHz 

8-CSK 

  

4-CSK 

24 MHz 8-CSK 

16-CSK 
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3.2 Performance evaluation for the proposed dimming 

schemes using M-QAM OFDM 

The BER required to maintain a reliable 

communication link is set to 10-3, and the original 

transmission data rate is set to 50 Mb/s [15]. To guarantee 

a flicker-free performance, the frequency of PWM is set 

to 200 kHz, while at the receiver a blue light filter can be 

used to extend the modulation bandwidth to 20 MHz [33]. 

As mentioned in section 2.2, decreasing the duty cycle 

will increase the required symbol rate to sustain a reliable 

communication link. Hence, the required data rate at 10% 

dimming will be equal to 500 Mb/s which results in a 

more complex circuit design. Therefore, an adaptive M-

QAM technique; where, M is adjusted for the minimum 

LED power is introduced in Refs. 15 and 16 leading to the 

optimization of the required data rate, the variable M is 

given in Table 3. 

Table 3 

Adaptive M-QAM levels (M) [15,16]. 

Duty 

cycle 
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

M-QAM 1024 128 32 16 16 8 8 8 4 

 

The required symbol rate for the schemes combining 

(PWM, MPPM, VPPM, CSK, and SC-LPPM) signal with 

M-QAM OFDM is presented in Fig. 3. From Fig. 3 it can 

be indicated that the required M-QAM symbol rate 

according to the values of M presented in Table 3 is 

maintained between 50 Msymbol/s and 28 Msymbol/s. 

Figure 3(a) shows that the required symbol rate overall 

performance is enhanced by increasing the duty cycle. For 

a specific duty cycle, it is shown that PWM shows the 

lowest performance regarding the symbol rate 

requirement. MPPM shows a moderate performance when 

compared to CSK and VPPM, while the optimum 

performance of 37.5 Msybmol/s at D = 0.2 and 

28 Msymbol/s at D = 0.9 are achieved by the SC-LPPM 

scheme. 

However, it is noticed that the symbol rate 

dynamically changes along with the dimming range, this 

change will result in an undesirable fluctuation in the 

illumination levels within a given room. Hence, in Table 4 

we introduced new values for M which will guarantee a 

continuous change in the required symbol rate, resulting 

in a continuous illumination performance from the 

lighting source. 

Table 4 

Introduced adaptive M-QAM levels (M). 

Duty 

cycle 
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

M-QAM 1024 128 64 32 16 8 8 8 4 

 

Figure 3(b) shows the required symbol rate 

performance for the presented scheme. From Fig. 3(b), it 

is shown that symbol rate requirement performance 

changes gradually when compared to Fig. 3(a) while 

maintaining the same range between 50 Msymbol/s  and 

28 Msymbol/s. Moreover, PWM, CSK, VPPM, MPPM, 

and SC-LPPM shows the same performance when 

compared to each other. Hence, it can be predicted that 

the illumination will continuously change by changing the 

data rate as it will be discussed in the following section.  

Figure 4 shows the sensitivity required for the receiver 

to achieve a BER performance lower than 10-3. Hence, it 

can be indicated that increasing the duty cycle results in 

enhancing the sensitivity requirements which shows a fair 

agreement with the results extracted from Fig. 3 due to the 

enhancement (i.e., reduction) of the required symbol rate. 

It can be indicated from Fig. 4 that higher M-QAM levels 

will result in pushing up the receiver sensitivity 

requirements. Hence, for the energy optimization lower 

M-QAM levels should be chosen. 

Figure 4(a), shows the sensitivity requirement for the 

distinctive lighting topology. From Fig. 4(a) it is shown 

that the sensitivity requirement of PWM enhances from 

−19.83 dBm to −31.13 dBm at D = 0.2 and D = 0.9, 

respectively. Moreover, it is shown that the MPPM 

scheme shows a better performance than CSK at L = 4 and 

b = 12 MHz, b = 24 MHz, and L = 8 and b = 24 MHz, 

while CSK at L = 8 and an optical clock rate of 12 MHz 

shows a slight enhancement over MPPM scheme. Another 

observation can be made that CSK at L = 16 and 

b = 24 MHz shows an identical performance to CSK at 

L = 4 and b = 12 MHz. 

SC-4 PPM shows the optimum performance of 

−20.45 dBm at D = 0.2 and −31.76 dBm at D = 0.9 when 

compared to VPPM which shows a better sensitivity 

requirement performance when compared to PWM, MPPM 

and CSK. By observing the received power detected by 

the PD, it can be indicated that for a distinctive lighting 

system; a dimming range up to 30% can be implemented. 

 
 

 

Fig. 3.  Required symbol rate for a reliable transmission for (a) 

conventional adaptive M-QAM levels, (b) proposed adaptive 

M-QAM levels. 
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The same behavior can be indicated for the uniform 

lighting topology from Fig. 4(b). The overall system 

sensitivity requirement shows a lower performance when 

compared to the overall performance of distinctive lighting 

topology. The sensitivity requirement of PWM increases 

from −35.4 dBm at D = 0.9 to −24.1 dBm at D = 0.2. 

Once again, SC-4PPM shows an optimum perfor-

mance regarding the Rx sensitivity requirements, as the 

receiver sensitivity performance of −24.74 dBm and 

−36 dBm at D = 0.2, and D = 0.9, respectively is achieved, 

with an enhancement of 0.63 dBm compared to PWM. 

Also, it is observed that all presented modulation scheme 

shows the same behavior when compared to PWM as in 

Fig. 4(a). Meanwhile, Figure 4(b) shows that a dimming 

range of up to 40% can be implemented for the uniform 

lighting topology. 

The required LED power to maintain a BER of 10-3 

[15,16] (i.e., reliable communication link) is shown in 

Fig. 5. From Fig. 5(a), it is observed that the required 

LED power increases as the duty cycle decreases for all of 

the proposed combination schemes. The required LED 

power for PWM increases from 0.317 W to 4.288 W, as 

the duty cycle decreases from 0.9 to 0.2, respectively. 

While for the MPPM scheme the required LED power 

enhances by a small margin of 0.045 W at a duty cycle of 

0.2. CSK scheme shows almost identical performance as 

the MPPM scheme. While VPPM scheme shows an 

overall enhancement when compared to PWM, MPPM 

and CSK, moreover it is shown that the performance of 

VPPM enhances as the optical clock rate decreases but 

with a small margin, VPPM with b = 400 kHz required 

LED power decreases from 4.011 W at D = 0.2 to 0.297 W 

at D = 0.9. Finally, SC-4 PPM shows an optimum perfor-

mance regarding the required LED power of 3.713 W at a 

duty cycle of 0.2 and 0.2749 at a duty cycle of 0.9.  

For the uniform lighting topology and from Fig. 5(b), 

it is shown that the overall behavior is almost identical to 

the distinctive lighting layout. From Fig. 5(b) it can be 

indicated that the required LED power for PWM enhances 

from 0.0196 W to 0.00145 W when the duty cycle 

increases from 0.2 to 0.9, respectively. MPPM and CSK 

show almost the same performance as in Fig. 5(a) as the 

required LED power increases from 0.00142 W at D =  0.9 

to 0.0194 W at D = 0.2, also it is shown that the 

performance enhancement is not by far when compared to 

PWM. VPPM at b = 400 kHz shown a small enhancement 

as the required LED power decreases from 0.0176 W to 

0.0013 W at D = 0.2 and D = 0.9, respectively. Once again 

SC-4 PPM shows an optimum power-saving performance 

as the required LED power enhances from 0.017 W at 

D = 0.2 and 0.0012 at D = 0.9. 

It is noteworthy to mention that for the uniform 

lighting system the required LED power that is shown in 

Fig. 5(b) is calculated for a single LED. Hence, for the 

presented room layout which contains 500 LED sources 

the total required power for SC-4 PPM will be equal to 

8.5 W.  

Another observation can be made from Fig. 5 that the 

required LED power for all the proposed schemes shows 

almost the same performance at a large duty cycle (i.e., 

D = 0.9) and the more performance improvement can be 

observed at a smaller duty cycle (i.e., D = 0.2). Moreover, 

for the dimming control to achieve a BER of 10-3 the 

 
 

 

Fig. 4. Receiver sensitivity requirements for (a) distinctive 

lighting layout, (b) uniform lighting layout 

 
 

 

Fig. 5. Transmitter power requirement for (a) distinctive lighting 

layout, (b) uniform lighting layout. 
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required LED power should be larger than 4.288 W and 

8.5 W for distinctive and uniform lighting topologies, 

respectively. 

3.3 Comparison between merging techniques 

presented in the previous literature and the 

proposed combination with M-QAM OFDM 

As mentioned before, the previous literature 

investigated the performance of merging M-QAM OFDM 

with different modulation techniques. Hence, in this 

section, Table 5 presents a comparison between the 

previously investigated combination process and the 

proposed combination process between the PWM, 

MPPM, VPPM, CSK, and SC-LPPM regarding the 

required symbol rate, required receiver sensitivity, and the 

required transmitter power will be carried for the adaptive 

M-QAM levels presented in Table 4.  

It is shown in Table 5, regarding the distinctive 

lighting topology the M-QAM levels resulted in the 

overall enhancement of the required symbol rate, receiver 

sensitivity and transmitter power for PWM, as well as 

MPPM. While the proposed combination between VPPM, 

CSK and SC-LPPM with M-QAM OFDM shows a further 

improvement for the same parameters, especially SC-

LPPM shows the optimum performance for both 

distinctive and uniform lighting topologies.  

3.4 Investigating the illumination performance of 

SC-LPPM 

From section 3.2 and section 3.3, it can be indicated 

that SC-LPPM shows the optimum performance regarding 

the required data rate, required receiver sensitivity and 

required transmitter power. Hence, to adequately 

investigate the performance of a dimming scheme, the 

illumination performance over the operating bitrate should 

be investigated. Moreover, the illumination distribution 

across the proposed room topologies is evaluated to 

investigate the illumination levels at the room corners and 

under the lighting sources. This study gives a real-life 

presentation to the illumination performance of the SC-

LPPM scheme. 

For SC-LPPM, when the input waveform has a DC 

component with a maximum amplitude; the output 

luminous flux generated by a LED lamp can be presented 

as [28,34]: 

 𝜑𝑖 = 𝑁𝑖/𝑇  · 𝜑𝑚𝑎𝑥 , (20) 

where i is the lamp index, 𝑁𝑖/𝑇 is the brightness factor per 

symbol duration and 𝜑𝑚𝑎𝑥  is the maximum luminous flux 

generated by each LED.  

Hence, the brightness factor can be described as 

[28,34]: 

 𝑁 𝑖/𝑇 =  (𝜏𝑎 (𝑎𝑖 + 𝑐𝑖  ) + 𝜏𝑏 𝑏), (21) 

where 𝜏𝑎and 𝜏𝑏 are TSlot/2 and 3TSlot, respectively and TSlot 

is the time slot duration.  

Hence, the output luminous flux generated by a LED 

lamp can be described as:  

 𝜑𝑖 = ( 𝜏1(𝑎𝑖 + 𝑐𝑖) + 𝜏2 𝑏) φmax, (22) 

where (c - a) is the optical signal amplitude, and b is the 

amplitude of the direct current component. Since 

illuminance is the brightness level of the illuminated 

surface and by adding all of the LED lamps generated 

illuminance, the illuminance level at the workplace j can 

be obtained. Hence, the total illuminance level can be 

presented as [28,34]:  

 𝐸𝑗 =  ∑ 𝑒𝑖𝑗
𝐼
𝑖=1 , (23) 

where 𝑒𝑖𝑗  is the illuminance received at the workplace j 

from the LED lamp i.  

Table 5 

Comparison of modulation techniques merged with M-QAM OFDM.  

Ref. 
Evaluated 

techniques 

Room topology 

Distinctive Uniform 

No. of 

LED 

lamps 

𝑹𝒓𝒆𝒒. 

[Msymbol/s] 

𝑷𝒔𝒆𝒏
𝒓  

[dBm] 

𝑷𝒓𝒆𝒒.
𝒕  

[Watt] 

𝑹𝒓𝒆𝒒. 

[Msymbol/s] 

𝑷𝒔𝒆𝒏
𝒓  

[dBm] 

𝑷𝒓𝒆𝒒.
𝒕  

[mw/ LED] 

Min. Max. D = 0.2 D = 0.2 Min. Max. D = 0.2 D = 0.2 

15 PWM 1 26.5 50 NA 4.1 NA NA NA NA 

           

16 
PWM 1 42 50 −11.6 16.9 NA NA NA NA 

MPPM 1 37 49 −13.23 11.7 NA NA NA NA 

           

In this 

work 

PWM 4 35 50 −19.83 4.28 35 50 −24.10 19.68 

MPPM 4 34.3 49 −19.87 4.24 34.3 49 −24.16 19.48 

VPPM 4 28 40 −20.31 3.83 28 40 −24.6 17.61 

CSK 4 34.5 49.17 −19.88 4.23 34.5 49.17 −24.17 19.44 

SC-LPPM 4 26.3 37.5 −20.45 3.71 26.3 37.5 −24.74 17.05 
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Assuming that the source has a Lambert radiation 

characteristic, 𝑒𝑖𝑗can be expressed as: 

 𝑒𝑖𝑗 =
(𝑚+1)𝜑𝑖

2𝜋𝑑𝑜
2  𝑐𝑜𝑠𝑚 𝜃  𝑐𝑜𝑠 𝜓. (24) 

By using the proposed M-QAM levels presented in 

Table 4, Eqs. (22) – (24), Figure 6 shows the received 

illumination at the Rx location presented in section 2.1, it 

can be observed that the illumination performance 

smoothly enhances as the operating bit rate decreases. As 

previously discussed in Fig. 3(b), the required symbol  

rate enhances (i.e., decreases) from 37.5 Msymbol/s to 

26.3 Msymbol/s as the duty cycle increases from 0.2 to 

0.9, respectively; hence, the total received illumination 

will enhance as the required operation symbol rate 

decreases. 

Figure 6 shows the illumination performance for SC-

LPPM of the proposed distinctive lighting and uniform 

lighting topologies. For the distinctive lighting topology, 

the illumination smoothly decreases from 957 lux to 

470 lux as the required operation symbol rate increases 

from 37.5 Msymbol/s to 26.3 Msymbol/s. 

Meanwhile, uniform lighting layout shows a better 

performance of 1155 lux compared to the distinctive 

lighting layout at the lower operating symbol rates. 

However, as the symbol rate increases the illumination 

performance of the uniform lighting layout achieves an 

illumination level of 100 lux at a symbol rate of 

37.5 Msymbol/s which is lower than the distinctive 

lighting layout. 

Hence, it can be concluded from Fig. 6 that the 

illumination performance of the uniform lighting layout 

cannot achieve the required illumination standard of 

400 lux required for a typical room [8], at higher operat-

ing symbol rates. 

From Fig. 6, the uniform lighting topology achieves an 

illumination performance of 477 lux at a symbol rate of 

32.3 Msymbol/s which corresponds to a duty cycle of 0.5 

(i.e., 50% dimming). Such observation represents the 

limitations of the proposed dimming scheme combined 

with M-QAM OFDM for the uniform lighting topology. 

Figure 7 represents the illumination distribution within 

the proposed room topologies (i.e., distinctive and 

uniform lighting layout). It is noteworthy to mention that 

the receiving surface is divided into 20 × 20 segments to 

form a grid that helps in the calculation of the illumination 

within the proposed room topologies. Moreover, to 

adequately investigate the lighting performance of the 

proposed dimming scheme; the investigation is done at 

the highest required operating symbol rate. 

It can be indicated from Fig. 7(a) that the illumination 

performance for the distinctive lighting topology 

decreases from 1090 lux under the light sources to 394 lux 

as the Rx moves towards the room corners. Hence, it is 

safe to assume that locating the receiver between 

1 m × 1 m will meet the targeted illumination standard of 

400 lux [8]. 

Figure 7(b) shows the illumination performance of the 

uniform lighting topology, it can be indicated that the 

illumination decreases from 600 lux at the receiver 

location to 180 lux at the farthest point of the room. 

Moreover, it can be indicated that the Rx will receive the 

illumination largest component from the LED sources 

placed on top of it, while the received illumination levels 

decrease as the LED sources get farther away from the 

Rx, hence it can be concluded that a constant illumination 

level will be received along with the room if the Rx is 

reallocated. 

4. Conclusions 

The presented work investigates VLC dimming 

schemes based on merging VPPM, CSK and SC-LPPM 

with M-QAM OFDM, then compared with conventional 

schemes combining PWM and MPPM with M-QAM 

OFDM. The investigation process is performed for 

 

Fig. 6. Illumination performance under the operating symbol rates 

for distinctive and uniform lighting topologies. 

 
 

 

 

Fig. 7. Received illumination for (a) distinctive lighting layout, 

(b) uniform lighting layout. 
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different lighting layouts. SC-4 PPM achieves an 

optimum performance for the symbol rate requirement of 

37.5 Msymbol/s at D = 0.2 and 28 Msymbol/s at D = 0.9. 

Also, it shows an optimum performance for the required 

Rx sensitivity of −2.45 dBm, −36dBm at D = 0.2 and  

−31.76 dBm, −24.74 dBm at D = 0.9 for a distinctive and 

uniform lighting layout, respectively; while the required 

transmitter power decreases from 3.713 W at D = 0.2 to 

0.2749 W at D = 0.9 for a distinctive lighting layout, and 

from 0.017 W at D = 0.2 to 0.0012 W at D = 0.9 for the 

uniform lighting layout. 

An illumination study is performed to determine the 

capabilities and limitations of SC-4 PPM with the M-

QAM OFDM scheme along with the operation range of a 

symbol rate. For distinctive lighting layout, although the 

proposed merging scheme showed a minimum 

illumination of 470 lux at the maximum operating symbol 

rate, the dimming capability of the scheme is up to 30% 

can be implemented due to the sensitivity requirements, 

while the generated illumination for the uniform lighting 

layout scheme showed a decrease in performance which 

allows a dimming range up to 50%. 

Finally, investigating the illumination performance 

across the proposed room shows that the distinctive 

lighting layout can provide an illumination up to 1090 lux 

under the light sources and 394 lux at the room corners 

but with the cost of an increased number of LEDs. 

Meanwhile the uniform lighting layout shows lower 

performance for the achieved illumination of 600 lux 

across the room. 
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