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Acceptedd8 Oct. 2020 key schemes of IEEE 802.15.7 standard, artulcarrier-pulseposition modulation as a

pulseposition modulation variant wittorthogonalfrequencydivision multiplexing. These

schemes are then compared with traditional merging schemes utifizilsgwidth
Keywords: modulation and multiple pulseposition modulation with m-ary quadratureamplitude
visible light communicatiorsub-carrier modulation OFDM. The proposed schemes are investigated in a typical witbhna
pulsepositionmodulation lightning different lighting layout (i.e. distinctive and uniform lighting layoutfollowed by an
topologiespit error rate . L. . L .

illumination investigation to evaluate the performance of the proposed sgtepecially
the enhanced achieved data rates,tartetermine their limitatios as reliablevisible light
communication systems that can satisfy both communication and illumina
requirements.

integration ability and power consumptions, they tend to
1. Introduction have a very complex system design comparetig¢®/LC
technology[4-6].

The number of wireless mobile devices increases Employing ight emitting diodes (LEDs) for VLC
rapidly, which leads to a noticeable expansion in thetechniques has become a worthy approachafooptical
wireless data traffic, which raises the needvisible light ~ wireless communication. LEDs offer several advantages
communication (VLC) technology. VLC technology compaed to conventional incandescent sources; like
witnessed a significant interest in developmemid extended lifetime, reduced power consumption, smaller
research at a worldwide scale as a reliable suppletaent size, highswitching ate, improved robustness, and higher
radiofrequency (RF) technolody,2]. durability and reliability. By taking their fast switching

VLC outperforms RF technology by many featuresrate as an advantage, white LEDs canused for VLC
such as absence of interference with nearby electronid,8].
devicesand RF circuits, avaable infrastructure, license VLC technology is used in several applications, such
free bandwidth, privacandsecurity[3]. as localization, high bitrate data broadcasting inside

Moreover, other albptical devices like photonic homesand offices, electromagneticinterference (EML)
crystals show a promising performance regardingsensitive environments kk aircraft, high speedideo

streaming, traffic control systemsnd underwater data
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Meanwhile, effectively achieving communication and sources with different frequencies (j.eolours), more
lighting requirements has become a compelling researobver, it utilizes a certain modulation format calleslour
area for indoor VLC d&a broadcastings]. shift keying (CSK).

However, designing an efficient/reliable VLC system |EEE802.15.7 standard modulation schemes grant a
tends to achieve additional objectives, such as powdradeoff between the supported data rates and dimming
consumption reduction, higher operating system ratesanges. For example, for dimming conditions, modulation
enhanced throughput, flickéree operation, draned using OOK provides a constant dimming range and
dimming control rangandlevels, and system complexity variable data rate by enhancing the compensation, time
reduction[7]. while modulation using the VPPM technique provides a

These objectives can be accomplished by usingonstant data rate and a variable dimming range by
modulation techniques specifically designexd ihtensity — adjusting the pulse width. Meanwhile, CSK provides
modulationglirect detection (IM/DD) - optical wireless faster data rates at lower optical frequendi#g-21].
communication (OWC) systems. Such straight forwardFinally, unique powesavng performance with
techniques are declared aingle-carrier modulation acceptable dimming performance and bandwidth
(SCM) techniques. However, some of these techniques arequirements are considered as the main characteristics of
not suitable fomeeting such goal PPM[22-23].

SCM techniques performance decreases due to the However, tothe best ofour knowledge IEEEB02.15.7
inter symbol interference (ISI) effect, especially at high modulation techniques had never beetilized in an
operating bitrates. Hence, different equalizationadaptive MQAM OFDM based VLC system. Especially
techniques are introduced as a reliable method fothe sub carrierpulseposition modulation (SGLPPM)
increasing the system ovéraperformance at high scheme that has the unique reduced power consumption
operating bitrategl2-14]. But sucha process comegtthe  performance, while maintaining efficient illumination and
expense of greatly increasing thsystem complexity; communication performance thi an extra advantage of
hence,multi-carrier modulation (MCM) techniques such desgn simplicity[24].

as orthogonal frequency division multiplagi (OFDM) Another substantial limitation for more practical
are introduced and compared with those equalizatioevaluation is utilizing the proposed dimming control
technigies. schemes for derent room topologies and lighting

Dimming control for VLC systems can be achieved bylayouts it is noteworthy to rantion that although uniform
utilizing pulsewidth modulation (PWM), but PWM lighting topology is utilized for several applications and
suffers from the reduction of the overall systemenvironments, a lack of investigation for systeusing
performance. The reduced systemrfpenance ofthe  the uniform lighting topology can be noticedue to its
PWM scheme can be explained by its operation which iglesign complexity. Hence, it can be concluded that this
based on varying the duty cycle of signal pulses an@nalysis will result in evaluating the capabilities and
transmitting the contr ol Il limtationsof theprapbsedimming schémes fatiffgrentt h e
period. lighting designs and different environmental parameters.

Hence, applying dimming control ton-off keying From thea u t h o r ’ofsview, eomhirting VPPM,
(OOK) signal sigricantly increases the system CSK and SE@.PPM with M-QAM OFDM canprovide a
complexity, because the required dati far achieving a comprehensive look to improve such dimming scheme
reliable communication link is inversely proportional to performance.
the duty cycle. Additionally, it will require a significant In this work, a proposed combination aedaluation
increase iratransmitter powefl5]. process for the IEEB02.15.7 standard modulation

In Ref.15, Z. Wang proposed pplying dimming techrques and S&PPM scheme with MQAM OFDM
control to a scheme combiningulti levelquadrature will be presented, at different hging topologies (i.e.
amplitude modulation (MQAM) and OFDM. A distinctive lighting layout and uniform lighting layout),
modification on the conventional PWM dimming schemefollowed by the evaluation of the proposed techniques at
is proposed inRef.16 to achieve an excess data the worst location for the proposed rodewout. Then, an
transmission by combing the multi pulseposition  optimization process for MDAM levels will be presented
modulation (MPPM) pulses witlthe M-QAM OFDM  to provide a realife illumination performance for various
signal The transmitted excess information will lead to thedimming ranges while maintaining a powsaving
reduction of the data rate required to achieve a sustainabperformance. That will result in identifying the
communication link which leads to the reduction of thecombination technique calpl@ of achieving the optimum
overal system complexity and power consumption. performance with MQAM OFDM, and most of the VC

Although excess data transmissiongsein achieving systems design aspects.
the previously mentioned VLC objectives as a dimmable The presentedhvestigation will be concluded with the
VLC system, the previously proposed systems suffer fronevaluation of the illumination performance for the
a major problemwhich ia variation of the operain data dimming range and operation system rate, theruating
rate required along the dimming range to achieve athe illumination across the presented room topologies.

acceptable BER penfmancethis problem will lead to the In the pesented work, the system environment for
fluctuation of the illumination levels as the data rateboth distinctive and uniform lighting layout, with a
changes in a nepractical way. detailed mathematical background for dimming control in

IEEE 802.15.7 standard offers three physicaH{®  VLC, excess data transmissiard the proposed merging
classes for VLC. PHY | and PHY Il support OOK and for IEEE802.15.7 modulation techniques with-QAM
variable PPM (VPPM). PHYII utilizes numerous optical OFDM is presented irsection 2 Meanwhile, section 3
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contains a detailed discussion for the required data rategpwer received by the photodiode can be expressed as
required receiver sengdivity (Rx), required transmitter follows [8]:
power, and illumination performance acsdbe presented
room topologies. Finally, a conclusion for the obtained P = ¥i_,(H(0) - P), (1)
resultswill be presented isection 4
_ whereP/" is thesumation of theeceived optical power

2. System model, design, parameters, and at workplacej from the all i"" sources, and H(0) is the

specifications channel response which can be obtained for a LOS

) channel througkB]:
2.1 System environment

Ap p(m+1)
2md3

H(0) = T(8) g(6)c o™ c oys, (2)

Two scenarios are considered for the evaluation
process (distinct and uniforighting systems), within a . _ _ .
(5mx5mx3m) room the Rx is assumed to be at awhere Aep is the photodiode effective area is the
height of 0.85m. For distinctive lighting topology, by Lambert coefficientd, is the distance between the LED
taking aquadrant of the room (since the room and lightingSource and the R¥, is the angle of irradiance, anglis
geometry are symmetrical), theam corners are defined the angle of incidencd((6) is the optical filter gain, and

as (0.2mx 0.2m) and the location under the light source 9(6) is the concentrator gain. Hemcthe optical power
is (1.25m x 1.25m). received from a directed channel can be writtef &4

The distinct lighting system useis identical LED
lamps which arg.emlly spaced on the ceiling of the room . {Pf Ap p(m+1) T(8) g(8)c o™0c oy, O <F OV
at acenter position of (1.25,.25,2.5), (1.25,3.75,2.5), B =
(3.75,1.25,2.5), (3.753.75,25), each LED lamp
contains 360@60x 60) LED chips arranged in a square
array pattern as shown fg. 1(a). whereFOV s the field of view.

A triangular lighting layout is used for the uniform At the receiver end, the DC component of the signal
lighting system|[25]. The tiangular array consists of detected by the photodetector is filtered out and by
500(20x 25) LED chips, distributed as an equilateral@Ssuming a Gaussianoise, the SNR of the output
triangle with a side length of 0.24 and spaced on the €lectrical signal is given b 6]:
ceiling of the room, as indicated fing. 1(b).

i 2md?
0, 6>FOoO)Y
)

F©Z2 (ReP]M; na sz

S NER : ) (4)

o

E“‘ﬂ“s’ g where R, is the responsivity of the P32 is the noise

i variance, M; , 4 .is the modulation indexf(t) is the
normalized signaland f(t)? is its average power. Under
the assumption that the noise variance consists of shot and
thermal noise added togetH&f]:

________________________

2 _ 2 2
0" = Osho t+ Othe r ma'l (5)

Odo c= 24 [R [P;r (1 +(M; o d@)z)] +1, 912] B (6)

24 cm
P,

I, 21T Ap pBl
Ofhe r maT 87 HynAp pB? (Ez + %)1 (7)

where [Pf (1 + (M ndﬁ—g))z)] is the total received

power, R is the transmitted symbol ratg,is the electron
charge, Tk reptesents the absolute temperatukes the
Boltzmann constant,, ,is the background current, and
I; constantsepresentshe nose bandwidth factoB is the
equivalent noise bandwidth, is the fixed capacitance;
is thefield-effect transistochannel noise factor; is the
open loop voltage gain, angy, is the field-effect

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

transconductance.
As previously discussed imsectionl, in a PWM
2.2 Dimming control in VLC system dimming scheme, the control signal is transmitted only

durin g t he ° on’, foptbheQOK éignal,Hhen c e
The transmitted power irradiated by the LED sourcesymbol rate required to achieve a reliable communication
deermines the optical communication channel signalink is inversely proportional to the duty cydl®c), which
strength. Hence, for a wireless optical channel, the opticalan be presented H<5,16]:
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Rre ’ 0<DCS1; (8)

q

c

whereR; is the initial data rate arf@eq. is the symbol rate

required after applying the dimming scheme. From

Eq. (8), it can be indicated that the data rateurezd to
sushin a reliable communication link will increase up to

10 times the original system data rate as the duty cycle

decreases to 0.1 (i,6.0%).
Adaptive MQAM OFDM method was introduced to

solve such problem by adjusting the number of points in

each signal a@nstellation (M), making sure that the
number of transmitted bits is constant, and the require

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

Hence

MyR,

re.q. M1D¢

R

, 0<D.<1, 9)
where My is the initial number of points in each signal
constellation andV; is the adaptive number of points in
each signal constellation.

BER of the M-QAM modulation scheme depends o

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

of the symbol ratehenceit can be presented §5]:

;21. (10)

Forward error correction codes (FEC) likeReed

r
PjMi nd

M-1) a2(P))

15 (02 (Rr
p

BERO02e x

206

Ref.16 using MPPM with M-QAM OFDM, the excess
data transnssion leads to the reduction of the increased
symbol rate. Hencef leads to the enhancemeof the
required receiver sensitivity.

The excess data rate contributed by VPRV, CSK
[20], MPPM[16], and SCLPPM[28] can be described as

bd, 0<d, <05

‘”’”F{b(l—dl) S o0s<d <1 19
Resi= bl 0,dcsk (14)
d p
1 0,4cP
Ryp p v ::QWM) (15)
_ 1l oflsecLprM
Rserppir LscLppidPwm (16)

Whereb is the optical clock rated, is the duration of
VPPM (i.e, the ratio between the average power and the
peak powe of the signal)T, 4 is the period of the
original PWM signal, L. 5 xrepresents the number of
oints on the CSK constellatior;, is the number o
Batterns in each MPPM symbual,is the total number of
slots of an MPPM symbob is the numbeof pulses in
each MPPM symbolbndLs ¢, » p ig the number of time
slots of the S&.PPM symbol interval.
The proposed dimming scheme is shownFin. 2.

First, the bipolar data stream is mapped through PWM,
VPPM, CSK, MPPM, orSGLPPM blocks, then the

Solomon code are usually implemented in VLC systemssignal is modulated through the-@AM OFDM block

hencea BER of 1& or less (i.e.preferably less than )

(i.,e, DC-Biased optical (DCE or asymmetrically

is usually required to achieve a reliable communicatior¢lipped optical (ACG) OFDM. The optical signal is

link. Therefore, the receiver sefigity P, . .required to
achieve the t@eted BERB E R . ) can be presented.as

Jl ooy a-my 027 o

15 £(6)2

By observingEgs. (4) — (6) and (10), it can be found
that by reducing the duty cycle (i.elimming control),
will increase the required symbol raRewhich leads to
increase in the noise variance; resultingirshing up the
receiver sensitivity requirement and rtsmitter power
requirements. Hence,
increasing the duty cycle or reducing the data rate wil
ensurea constant data transmission. The required LEC
lamp power P!, ,can be obtained frontq.(10) as

follows:

2.3 Combining VPPM, CSK and SELPPM with M-
QAM OFDM

1

Psre ~ RrMi nqge (11)

1 (f%nze'j (1-m) a2(P])

e _ 1
k 1.5 f(t)2

Ted R.HO)M; nge

12)

Dimming control results in an increasethe symbol
rate required to achieve a certain BER performanc
needed to sustain a reliable communication link. Hence
an excess data transmission technique was introduced

one can safely assume that

transmitted through the AWGN channel by the LED
source. After the optical sign& 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 ad the dimming scheme (i,e.
PWM, VPPM, CSK, MPPM, or SCPPM) signal
followed by the signal recover

The output signal (i.e.current) driving the LED
sources(t) can be defined as th@dinary product of the
OFDM signalx(t) and the dimming scheme sagny(t),
henceit can be written af29]:

s(t) = x(8) - y(®).

OFDM
Modulation
OFDM
Demaodulation

(17)
|

PWM, MPPM,
VPPM, CSM, SC-
LPPM Modulation

Bipolar data
stream

PWM, MPPM,
VPPM, CSM, SC-
LPPM Demodulation

Bipolar data
stream

Fig. 2. Block diagram for coventional and proposed dimming
schemes utilizing MQAM OFDM
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The OFDM signalx(t) is composedf N subcarriers Table 1
and can be represented as Lighting systems configuration, noise parameters, LED, and
photodiodecharacteristics.

x(t) = R e @QF=5 s, e /2met), (18) Value
wheref. is the frequency of each subcarrier apds the ~ C2%®9°Y Parameters i a;isr:'”f;“’gut Lﬁgﬁﬁﬁ'g
M-QAM signal modilated on the carrier frequenfy A gning fay layout
generalization of they(t) spectrum for all presented Lighting
schemes can be presented2as: configurtion

Number of LEDs 3600 500
1 (T : LED distribution 60 x 20 x
Y(f) =7 [y y(©e/2etd ¢t (19) LED spacing 009m  024m
(1.25, 1.25)
Due to the LED limitations, it is safto assume that a Center position (1.25,3.75), (55 55
high-frequency component of the signal carrying the ((%77% 22755)\
OFDM signal will be suppressed, resulting in the . T
distortion of the signalY(f). Hence, by using pre  parameters
distortion techniques, the effectof inter-carrier Background current) 5100 pA
interference (ICI) and’ (f) distortion can be eliminated. Noise bandwidth facr (1) 0.562
Moreover, orthogonality and guard intervals of the OFDNM Field-effect transistor (FET) 30 mS
signal between the transmitted subcarriers eliminate tr FET channel noise factoF 1.5
multipath effect. Fixed capacitancey) 112 pF/cm
However, the length of the OFDM symbol should be Openloop voltage gain®) 10

properly designed. As the increase in the lengftithe I 0.0868
OFDM symbol will result in a delay of the signal  Source

processingit will reduce the overall system speed. While LED transmitted power 20 mw

decreasing the OFDM symbdéength could result in

Semiangl e hai)f 60°

degrading the transmission efficiency due to the reductio Center luminos intensity 0.73 cd
of the guard interval. Power spectrum density 10%
Receiver
e Physical areafpp) 1cnt
2.4 m ification
System pecifications Field of view (FOV) 170
. . . L Responsivity R) 1 A/W
Considering the room data mentionedsiction 2.1 Filter gain [) 1
ex'Fra LE_D parameters are _Iistgd imblel to ensure Concentrator gaing 1
reliable lighting and communication performance. Elevation o

According to the IEEBO02.15.7 standard foWLC
systems each PHY modulation scheme has a differen
optical clock rate[19,20], these optial clock rates are Table 2

presented imable2. IEEE 802.15.7 PHY operation modes.

3 Performance exploration, evaluation and PHY layer Modulation scheme Optical clock rate
3.75 MHz
_ PHY II VPPM
3.1 Introduction 7.5 MHz
4-CSK
. 12 MHz
By taking the room data, topology and LED 8-CSK
parameters presented $ection 2.1land section 2.4into PHY Il
consideration, symbol rate performance, receive 4-CSK
sensitivity, and required Tx power can be congdeas a 8-CSK 24 MHz
key parameter required to design a dimmable VLC systel 16-CSK

that can maintain a reliable communication link. An
investigation and evaluation of treombination process
between MQAMOFDM with PWM, MPPM, VPPM, performance for the entire room at differenghling
CSK, and SE.PPM schemes will be carried fdifferent  topologies. This investigation is critical to determine the
dimming ranges isection 3.2 Followed by a comparison proposed system performance across the entire room.
between the combination process of different modulation It is noteworthy to mention thahis work is based on
techngues with MQAM OFDM are presented ithe the mathematical model presented@ttion 2 meanwhile
previous literature and the proposed merging procesthe previous literature investigated the performance of
presentedn this work. other types for modulationand dimming schemes

In section 3.4an illumination performance study will practically. In these studiethie authors concludethatthe
be carried for the usable range of operating system rategtactical system performance shows a fair agreement with
followed by an investigation of the overall illumination the theoretical analys|80-32].
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3.2 Performance evaluation for the proposed dimming Figure3(a)shows that the required symbol rate overall
schemes sing M-QAM OFDM performance is enhanced by increasing the duty cycle. For
a specific duty cycle, it is shown that PWM shows the

The BER required to maintain a reliable lowest performance regarding the nd#yol rate
communication linkis set to 16, and the original requirement. MPPM shows a moderate performance when
transmission data rate is set toMb/s[15]. To guarantee compared to CSK and VPPM, while the optimum
a flicker-free performancethe frequency of PWM is set performance of 37.Bsybmol/s at D=0.2 and
to 200kHz, while at the receiver a blue light filter can be 28 Msymbol/s atD =0.9 are achieved bythe SGLPPM
used to extend the moldtion bandwidth to 20AHz [33]. scheme.

As mentioned irsectbn 2.2 decreasing the duty cycle However, it is noticed that the symbol rate
will increase the required symbol rate to sustain a reliabldynamically changes alongith the dimming range, this
communication link. Hence, the required data raté08  change wil result in an undesirable fluctuation in the
dimming will be equal to 50Mb/s which results in a illumination levels within a tyen room. Hence, iffable4
more complex circuit design. Therefore, an adapfi¢+  we introduced new values fd which will guarantee a
QAM technique; whereM is adjusted for the minimum continuous change in the required symbol rate, resulting
LED power is introduced iRefs. 15and16leading to the in a continuous umination performance from the
optimization of the required data rate, the variaidlés lighting source.

given inTable3. Table 4

Introduced adaptivel-QAM levels M).

Table 3
Adaptive M-QAM levels N) [15,16]. DUtIy 0.2 0.3 o4|l05| 06| 07| 08|09 1
cycle
EYUC% 02[03[04]|05|06|07|08[09]| 1 M-QAM | 1024|128 | 64 | 32| 16 | 8 | 8 | 8 | 4

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

Figure3(b) shows the required symbol rate
erformance for the presented scheme. Fragn3(b), it
shown thatsymbol rate requirement performance
changes gradually when compared Fag. 3(a) while
maintaining the sameange betwee®0 Msymbol/s and
28 Msymbol/s. Moreover, PWM, CSK, VPPBMVUPPM,
and SCLPPM shows the same performance when
conpared to each other. Hence, it can be predicted that
the illumination will continuously change by changing the
data rate as it wilbbe discussed in the following section.

Figure4 shows the sensitivity requildor the receiver
to acieve aBER performance lower thahO®. Hence, it
can be indicated thahéreasing the duty cycle results in
enhancing the sensitty requirementsvhich shows a fair
agreement with the results extracted freimg. 3 due to the
enhanement (i.e.reduction) of the required symbol rate.
It can be indicated froriig. 4 that higher MQAM levels
will result in pushing up the receiver sensitivity
requirements. Hence, fdhe energy optimization lower
M-QAM levels shou be chosen.

Figure 4(a), shows the sensitivity requirement fibre
distinctive lighing topology. FromFig. 4(a) it is shown
that the sensitivity requirement of PWM enhances from
—19.83dBm to —31.13dBm at D=0.2 and D=0.9,
respectively. Moreover, it is shown thahe MPPM
scheme shows a better performance 8K atL =4 and
b=12MHz, b=24MHz, and L=8 and b=24 MHz,
while CSK atL =8 andan optical clock rate of 1®Hz
shows a slight enhancememeo MPPM scheme. Another
observation can be made that CSK laE16 and
b=24MHz shows an identical performance to CSK at
L=4andb=12MHz.

SG4 PPM shows the optimum performance of
—20.45dBm at D =0.2 and-31.76dBm at D =0.9 when
compared to VPM which shows a better sensitivity
requirement performance when compared to PWM, MPPM
Fig. 3. Required symbol rate for a reliable transmission for (a) and CSK-' By ObserVi-ng the received p_ovyer Qete_cteq by

conventional adapte/M-QAM levels, (b) proposed adaptive the PD, it can t_)e indicated that for a d|st|n_ct|ve lighting

M-QAM levels. system; a dimming range up to 30% can be implemented.

The required symbol rate for the schemes combinin
(PWM, MPPM, VPPM, CSK, and SCPPM) signal with
M-QAM OFDM is presented ifrig. 3. FromFig. 3 it can
be indicated that the required -QAM symbol rate
accordingto the values ofM presented inTable3 is
maintained betweeb0 Msymbol/s and 281symbol/s.
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The @ame behavior can be indicated for the uniform
lighting topology from Fig.4(b). The overall system
sensitivity requirement shows a lower performance whe
compared to the overall performance of distinctive lightinc
topology. The sasitivity requirement of PWM increases
from —35.4dBm atD = 0.9 to—24.1dBm atD =0.2.

Fig. 5. Transmitter power requirement for (a) distinctive lighting
layout, (b) uniform lighting layout.

LED power decreasdsom 4.011W atD =0.2 to 0.29W
atD =0.9. Finally, SG4 PPM shows an optimum gder-
mance regarding the required LED power of 3.WL3t a
duty cycle of 0.2 and 0.2749 at a duty cycle of 0.9.
Fig. 4. Receiver sensitivity requirements for (a) distinctive o For the uniform lighting t°p°'°9y {?md from__l.g' 5(b_)’
lighting layout, (b) unibrm lighting layout it is shown that the overall behavior is almost identical to
the distinctive lighting layout. Fronfig. 5(b) it can be
Once again, SG4PPM shows an optimum perfor indicated that the required LED power for PWM enhances
mance regarding th&x sensitivity requirements, as the from 0.0196/ to 0.00145V when the duty cycle
receiver sensitivity performance of24.74dBm and increasesrbm 0.2 to 0.9, respectively. MPPM and CSK
—36dBm atD =0.2, andD = 0.9, respectively is achieved, show almost the same performance a&im 5(a) as the
with an enhancement of 0.6Bm compared to PWM. required LED power increases from 0.00M2atD = 0.9
Also, it is observed that all presented modulation schemi@ 0.0194W at D=0.2, also it is shown that the
shows the same behavior when compared to PWM as iperformance enhancemestiot by far when compared to
Fig. 4(a). Meanwhile,Figure4(b) shows that a dimming PWM. VPPM atb =400 kHz shown a small enhancement
rangeof up to 40% can be implemented for the anifi  as the required LED power decreases from 0.047®
lighting topology. 0.0013W atD =0.2 andD =0.9, respetively. Once again
The required LED power to maintain a BER of310 SG4 PPM shows an optimum powsaving performance
[15,16] (i.e., reliable communication link)s shown in as therequired LED power enhances from 0.04/7at
Fig.5. From Fig.5(a), it is observed thathe required D=0.2 and 0.0012 & =0.9.
LED power increases as the duty cycle decreases for all of It is noteworthy to mention that for the uniform
the proposed combination schemes. The required LEMighting system the required LED power that is shown in
power for PWM increases from @3W to 4.288W, as  Fig.5(b) is calculated for a single LED. Hence, fdret
the duty cycle decreases from 0.9 to 0.2, respectivelypresented room layout which contains 500 LED sources
While for the MPPM scheme the required LED power the total required power for S€ PPM will be equal to
enhances by a small margin of 0.045at a duty cycle of 8.5W.
0.2.CSK scheme shows almost identical performance as Another observation can be made fréig. 5 that the
the MPPM scheme. Wk VPPM scheme shows an required LED power for all the proposed schemes shows
overall enhancement when compared to PWM, MPPMalmost he same performance atlarge duty cycle (i.e.
and CSK,moreover it is shown that the performance ofD =0.9) andthe more performance improvement can be
VPPM enhances as the optical clock rate decreases bolbserved ad smaller duty cycle (i.eD =0.2). Moreover,
with a small margin, VPPM wittb =400kHz required for the dimming control to achieve a BER of3lthe
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required LED power should be largvan 4.288V and  investigate the illumination levels at the room corners and
8.5W for distinctive and uniform ligling topologies, under the lighting source§his study gives a r@-life

respectively. presentation to the illumination performance of the- SC
LPPM scheme.

3.3 Comparison between merging techniques For SGLPPM, when the input waveform has a DC
presented irthe previous literature and the component with a maximum amplitude; the output
proposed combination with MQAM OFDM luminous flux generated by a LED lamp can be presented

as|[28,34]:

As mentioned before the previous literature
invedigated the performance of merging@AM OFDM ®i = Niyr * Oma x (20)
with different modulation techniques. Hence this
section, TableS presents a comparison between thewherei is the lamp indexl; r is the brightness factor per

previously invesltigaj[ed combination process and th%ymbol duration ane,,, ,is the maximum luminous flux
proposed combination process ween the PWM, generated by each LED.

MPPM, VPPM, CSK, and SCPPM regarding th Hence, the brighess factor can be described as
required symbol rate, required receiver sensitivity, and th?28,34]:
required transmitter power will be carried for the adaptive
M-QAM levels presented imable4.

It is shown in Table5, regarding the distinctive
lighting topology the MQAM levels resulted in the .
overall enhancement of the required symbol rate, receivé¥N€r€7aandz, areTsiyzand Jsio, respectively andsio
sensitivity and transmitter power for PWMs well as S the time slot duration.
MPPM. While the proposed combinatioattveen VPPM, Hence, theoutputluminous flux generated by a LED
CSK and SE@PPM with M-QAM OFDM shows a furter ~ 1@mP can be described:as
improvement for thesame parameters, especially -SC
LPPM shows the optimum performance for both o= (1@ +c) +12b) Pmax (22)
distinctive and uniform lighting topologies.

Nyr= (tq(a; +¢;) + 1 b), (21)

where €-a) is the optical signal amplitude, ahdis the
3.4 Investigatingthe illumination performance of amplitude of the direct current component. Since
SCLPPM illuminance is thebrightness level of the illuminated
surface and by adding all of the LED lamps generated

From section3.2 and section 3.3it can be indicated illuminance, the illuminance level #te workplacej can

that SGLPPM shows the optimum performance regardingbe obtained. Hence, the totaluithinance level can be
the required data rate, required receiver sensitivity angresented a8 34]:

required transmitter power. Hence, to adequately ;

investigate the performance of a dimming scheme, the Ej = 2i=1€iy (23)
illumination performace over the operating bitrate should

be investigated. Moreover, the illumination distribution wheree; jis the illuminance received aéihe workplace;j
across the proposed room topologies is evaluated twom theLED lampi.

Table 5
Comparison of modulation techniques merged witiQMM OFDM.

Room topology

Distinctive Uniform
Evaluated
Ref. techniques  No. of Ry c.q PSen Pleq R, o q Pl PL.,
LED [Msymbol/s] [dBm] [Watt] [Msymbol/s] [dBm] [mw/ LED]
lamps Min. Max. D G2 D = 1 Min Max. D = D = |
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
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
'\r,‘vgr‘l'(s VPPM 4 28 40 —20.31 3.83 28 40 246 17.61
CSK 4 34.5 49.17 —19.88 4.23 345 49.17 —24.17 19.44
SGLPPM 4 26.3 375 —20.45 3.71 26.3 375 —24.74 17.05
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Assuming that the source has a Lambert radiatio
characteristice; gan be expressed:as

=00 omeg ¢ gy, (24)

L™ 2ma

By using the proposed M)AM levels presented in
Table4, Egs. (22)-(24), Figure6 shows the received
illumination at theRx location presented isection 2.1it
can be observed that the illumination performanci
smoothly enhances as the operating bit rate decreases.
previously discussed irfrig. 3(b), the required symbol
rate enhancegi.e., decreases) from 37Msymbol/s to
26.3Msymbol/s as the duty cycle increases from 0.2 t
0.9, respectively; hence, the total received illuminatior
will enhance as the required operation symbol rat
deaeases.

Fig. 7. Received illumination for (ajistinctive lighting layout,
(b) uniform lighting layout.

the receiving surface is divided into 220 segments to
Fig. 6. lllumination performance under thiperating symbol rates form a grid that helps in the calculation of the illumination
for distinctive and uniformighting topologies. within the proposed room topologies. Moreover, to
acequately investigate the lighting performance of the
Figure6 shows tle illumination performance for SC proposed dimming scheme; the investigation is done at
LPPM of the proposed distinctive lighting and uniform the highest requéd operating symbol rate.
lighting topologies. Fothe distinctive lighting topology, It can be indicated frorig. 7(a) that the illumination
the illumination smoothly decreases from 98¥ to  performance for the disttive lighting topology
470lux as the required operation symbol rate increasedecreases from 1090x under the light sources to 384
from 37.5Msymbol/s to 26.3Msymbol/s. as theRx moves towards the room cornekfence, it is
Meanwhile, uniform lighting layout shows a better safe to assume that locating the receiver between
performance of 115Eix compared to the distinctive 1 mx1m will meet the targeted illumination standard of
lighting layout atthe lower operating symbol rade  400lux [8].
However, as the symbol rate increases the illumination  Figure7(b) shows the illumination performance of the
performance of the uniform lighting layout achieves anuniform lighting topology, it can be indicated that the
illumination level of 10Qux at a symbol rate of illumination decreases fron600lux at the receiver
37.5Msymbol/s which is lower than the distinctive location to 18Qux at the farthest point of the room.
lighting layout. Moreover, it can be indicated that tR& will receive the
Hence, it can be concluded frofig.6 that the illumination largest component from the LED sources
illumination perfornance of the uniform lighting layout placed on top of it, while the received illumination levels
camot achieve the required illumination standard ofdecreae as the LED sources get farther away from the
400lux required for a typical roorf8], at higher operat RX, hence it can be concluded that a constant illumination
ing symbol rates. level will be received alongvith the room if theRx is
FromFig. 6, theuniform lighting topolog achieves an reallocated.
illumination performance of 47lix at a symbol rate of
32.3Msymbol/s which corresponds to a duty cycle of 0.54. Conclusions
(i.e, 50% dimming). Such observation represents the
limitations of the proposed dimming scheme combined The presented work investigates VLC dimming
with M-QAM OFDM for the wiform lighting topology. schemes basl onmerging VPPM, CSK and S@€PPM
Figure7 represents the illumination distribution within with M-QAM OFDM, then compared with conventional
the proposed room topologie (i.e, distinctive and schemes combining PWM and MPPM with-QAM
uniform lighting layout). It is noteworthy to mention that OFDM. The investigation process is performed for
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different lighting layouts. S@ PPM achieves an
optimum performance for the symboteaequirement of
37.5Msymbol/s atb =0.2 and 28isymbol/s atD =0.9. 12]
Also, it shows an optimum performance for the requirea[
Rx sensitivity 0f~2.45dBm,—-36dBm atD =0.2 and [13]
—31.76dBm, —24.74dBm atD = 0.9 for a distinctive and
uniform lighting layout, respectively; while the required
transmitter power decreases from 3.¥¥3at D=0.2 to
0.2749W at D =0.9 for a distinctive lighting layout, and
from 0.017W at D=0.2 to 0.0012V at D=0.9 for the
uniform lighting layout.

An illumination study is perfoaned to determine the
capabilities and limitations of S&€ PPM with the M-
QAM OFDM scheme alongith the operation range @f
symbol rate. For distinctive lighting layout, although thel17]
proposed merging scheme showed a minimum
illumination of 470lux at themaximum operating symbol 18]
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 [19]
layout scheme showed a deceeas performance which
allows adimming range up to 50%. [20]

Finally, investigating the illumination performance
across the proposed room shows that the distinctive
lighting layout can providanillumination up to 1090ux
under the light sources and 3@ at the room corners
but with tre cost ofan increased number of LEDs
Meanwhile the uniform lighting layout shows lower
performance for the achieved illumination of @08
across the room.
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