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Abstract White light-emitting diodes (LEDs) are more economical than fluorescent lights, and provide high brightness,
a high lifetime expectancy, and greater durability. As LEDs are closely connected with people’s daily lives, dimming
control of LED is an important component in providing energy savings and improving quality of life. In visible light
communications systems using these LEDs, multiple input multiple output (MIMO) technology has attracted a lot of
attention, in that it can attain the channel capacity in proportion to the number of antennas. This paper analyzes the
power performance of three kinds of modulation in visible light communications (VLC) systems applied space-time
block code (STBC) techniques. The modulation schemes are return-to-zero on-off keying (RZ-OOK), variable pulse
position modulation (VPPM), and overlapping pulse position modulation (OPPM), and dimming control was applied. The
power requirements and power consumption were used as metrics to compare the power efficiency in 2 x2 STBC-VLC
environments under the three kinds of modulation. We confirm that dimming control affects the communications
performance of each modulation scheme. VPPM showed greater consumption among the three modulations, and OPPM
showed energy savings comparable to VPPM.
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| . Introduction

Over the last few years, light-emitting diode (LED)
lighting technology has developed rapidly. White LEDs
consume approximately 20 times less power than
conventional light sources and five times less power
than fluorescent bulbs!” ™. In addition LEDs offer high
brightness, a long lifetime expectancy and greater
durability. For this reason, white LEDs will soon
replace fluorescent and incandescent lighting over the
next couple of years. Visible light communications
(VLC) technology using these LEDs has attracted
considerable attention in wireless communications” .
VLC has a basic on/off principle, with LEDs switching
to light from electricity in a very short time. Because
LEDs can switch faster than the human eye can
perceive, they offer communications capabilities in
addition to illumination. Currently, the replacement of
LEDs is accelerating due to the government'’s policy of
exclusion of incandescent lamps and the policy to
promote LED lighting products. Because of this policy,
it is not necessary to re-install the LED only for visible
light communication, and the installation cost for the
communication is reduced because communication is
possible with the LED already installed for the
illumination. In addition, since it is possible to
communicate anywhere LED lighting is installed, it can
be used in hospitals, aircrafts, and the like, which are
not available in existing communication. Unlike the
existing wireless communication, it has security
function because it can communicate only in the
lighting area. Many LEDs used for necessary lighting
mtensity offer the opportunity to transmit different data
on each emitter. Multiple-input multiple-output
(MIMO) is a method for multiplying the capacity of a
radio link using multiple transmit and receive antennas
to exploit multipath propagation[g]. An important
component for effective use of MIMO-VLC systems
and energy savings is dimming control. To achieve
dimming control, one of the widely adopted solutions is
pulse width modulation (PWM). When using a PWM

scheme, the brightness of the LED lighting is related to
the duty cycle, which is the amount of time the pulse
is on™ Dimming schemes in VLC systems have
(OOK) and
pulse-position modulation (PPM) over Poisson and
Gaussian channels. According to the IEEE 802.15.7
VLC standard, OOK and variable pulse position
modulation (VPPM) are supported for seamless

compatibility with a constant current LED driver.

been studied using on-off keying

Overlapping pulse position modulation (OPPM) is a
promising modulation scheme that allows more than
one pulse per pulse width. The scheme has some useful
properties, such as equal energy signals and a low duty
cycle. The OPPM method can achieve a higher channel
capacity and communications rate!™®,

This paper proposes an STBC-VLC system to
increase the capacity and efficiency of a wireless.
Among the MIMO schemes, space-time block code
(STBC) technique is code that correlates signals
transmitted from various antennas in time and space in
order to improve performance security and reliability of
transmission data. It supports a full coding rate for
multiple transmissions with more than two transmit
antennas. This scheme increases link reliability and
system performance. In addition, it can be used to
increase the capacity of coherent optical wireless
communications, and to decrease the required optical
power at the transmitter ™",

We analyze the performance of modulation schemes
in terms of power efficiency in STBC-VLC systems.
For the performance comparison, three modulation
schemes (return-to-zero on - off-keying (RZ-OOK),
VPPM, and OPPM) were used. The remainder of this
paper is organized as follows. Section 2 describes the
system model, including the STBC transmitter, the
channel model, and the receiver. Performance from the
three kinds of modulation is compared in terms of
power requirements and power consumption. The
simulation results are presented in Section 3, and the

paper is concluded in Section 4.
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Il. System Model

This study considered a N, XN, STBC-VLC
system with intensity modulation and direct detection
(IM/DD), where N, is the number of transmitting
antennas and /V, is the number of receiving antennas.

Then the received signal vector is
r=RHr+n= RH(Fs+p)+n @)

where H denotes the NV, X NV, optical wireless MIMO
channel matrix and n is the additive white Gaussian
noise with zero mean where R is the photodiode
responsivity. Before the data vector is sent through the
optical channels, it will be firstly precoded by a
matrix F. We x=Fs,
transmitted

precoding have.

=[x, :EM]T is  the signal,

< . -th
z; = w;s = 21w, +p,; , where w, is the ¢ row of

h

F and w;; is the element in the i column and ;™

row of F, p; is the DC offset vector. s =[s; «+,s,]"

denote the real source data vector, and n; is the

additive white Gaussian noise; h,; is an element of the

i row and the j column in channel matrix H and

can be estimated by summing the power of all the i

transmitter to reach the j™ receiver. The line-of-sight
(LOS) channel h;;& H can be written as

A, ‘ ‘ ‘
b [ R0 )eos ) T o) 0= vy =0

ij ij
0, Yy >V,

where A, is the detector area, r is the distance
between the transmitter and receiver, ¢;; is the
emission angle, Ry(¢;;) is the Lambertian radiant

intensity, 1, is the angle of incidence, and ¥, is the

ij
field of view (FOV) of the photodiode. 77(1);;) is the

gain of an optical filter and v(¢;;) is the gain of an

19]-[21

optical concentrator™™ ! As show in Fig. 1, a bmX

5mX3m room, two transmitters, and two receivers

were assumed. As the STBC transmission scheme, a
modulated pulse via RZ-O0K, VPPM, or OPPM at the

transmitter is transmitted to the detector.

h
has 3m
hyy hy >
hz2
4
]
(- m
Rxl Rx2
S5m >|

Fig. 1. Model of the 2X2 STBC—VLC system
2 1, 2x2 STBC-VLC A|AH

lll. Analysis of Power Efficiency in
STBC—VLC Systems

1. Modulation Scheme for Dimming Control

To achieve dimming control, one of the widely
adopted solutions is PWM. When using a PWM
scheme, the brightness of LED lighting relates to the
duty cycle, which is the amount of time the pulse is
on"®. We can dim the light by reducing the pulse width
or brighten the light by increasing the pulse width.
Dimming control methods of RZ-OOK and VPPM
change the pulse width according to the duty cycle
(D) U7 The dimming ranges (d.) for RZ-O0K and

VPPM, respectively, are
D

c 1
0<d51?z—001(7 5 < 5

0<d =D, <

Cvrrir ¢

3

—_

“

For OPPM, the ratio of the number of pulses and the
number of chips is D, U The dimming ranges for

OPPM, respectively, are
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Fig. 2. Example of symbol structures with D, = 0.8 of

modulation schemes
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Fig. 2 is an example of when the duty cycle is 0.8.
It shows the differences in the modulation schemes as

well as a method of dimming control.

2. Analysis of Power Requirements
Mathematically, the dimming control of VLC

requires sl

N,
Ely;l = 2L w1 Els, ] +p, = Py (6)
where E[-] denotes the statistical expectation,

Pr = [Pry, PT,N[]T
the LEDs required for the target dimming level. w;x

is the average drive current of

denotes the element in the " row and the j column
of the precoder matrix F. Due to the nonlinear LED
the transmitted signal is
constrained to a limited linear dynamic range, i.e., we
have Pr; < x; < Py; where Pr; and Pp; denote the

minimum and maximum drive current permitted by the

transfer characteristic,

it™" LED, respectively [9]. The dimming level of the i
LED is defined as ¢ = (Pr; — Pr)/(Pu; — Ppr;). From
(6), we can observe that both w; and p; have to be
adjusted simultaneously to achieve the target dimming

level. Thus, dimming/brightness control can be well
supported in the proposed STBC-VLC system.

The receiver was assumed to perfectly know the
effective channel H and the maximum likelihood (ML)
detection was used. ML detection was used to find the
lowest value from the entire transmitted signal vector
in channel H. Therefore, it was optimal in the sense of
minimizing the error probability 2 This can be
written as

zyy =argmin || y— He |l * @)
reAM

Pairwise error probability (PEP) of ML detection is

the probability that the receiver mistakes transmitted

(v) , given the

signal vector 2™ for another vector x
information about channel matrix H ®. Conditioned on
channel H, the PEP of ML detection can be calculated

as follows:

SNR @) ” 2 ®)

PEP(I v

2
%) is the Q-function,

where Q(x) :‘/‘:th%exp(*
And denotes the

) ||i is the
pairwise Euclidean distance at the receiver’™. BER
applying the PEP can be determined from

A

4 2len ” H(I o (v ) i—'
)2

) | ;—(

is the minimum Euclidean distance and NO is the white

signal-to—noise ratio (SNR) is .

matrix Frobenius norm, || Z(z*

izm

n,=1ln,=

where || H(z™®

Gaussian noise power spectral density. To obtain the

power requirement of each modulation, first, the

minimum Euclidean distances of the modulations "
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are determined as follows:

[2d
dpy- oo =2Pr R: 0<d, <05 (10)
v Rb

(1d

0<d, <05

an

d VPPM

\V]

05<d. <1

2(n/w)logy(n—w—+1) 1 n—1
dopprs = PT\/ u’ZHb ;S d, < - (12)

where R, is the bit rate, d. is the dimming of RZ-OOK
and VPPM, and w/n is the dimming in OPPM. OPPM
modulation is divided into n chips for the symbol
period, and w light pulses are transmitted in a row.
Dimming control in OPPM was obtained by varying w
in the range 1 < w < n—1 and was fixed to n. The
BER for each of the modulations was obtained as
follows using (10), (11), and (12) as applied to (9).

2d,
BERR;  oox = NR A2
0% "t

N, ,.
Z ‘ n n,‘

n,=1n;=1
0<d, <05
BERVPP]II (]4)

E E ‘hn n,‘

n,=1ln,=

05<d, <1

(n/m)log2 (n—w+1)
BER o ppy = Q(PT\/ QwN. R N2
Vo Lty LY

Table 1. Power requirement of each modulation scheme
H 1.2 HX gAlo| M3 @73

Modulation Power requirement
N,RN?
0}% t ! Qil(BER)
RZ-00K 2dc( E E 129 )
n,=1ln,=
0<d, <05
2N, RN}
% Q71<BER)
(2 Zpr)
n, = 1n,
0<d, <0.5
2N, R, 7\]2
VPPM oftyd . 0 YBER)
a-ayf £ S
n, =1In,=
05<d,<1
2w N RN}
e Q \BER)
nlog,M -
ot | | B ]
i< d, < n—l1
n

Assuming that the three modulations have the same
BER, it is possible to compare the power requirement
of each modulation to achieve a given BER. At this
in (13)-(15). Table 1

summarizes the equations of the power requirements.

time, P, becomes P,

req

3. Analysis of Power Consumption
Power consumption can be determined in a
STBC-VLC environment. The power consumption
differs according to the modulation for each different
transmission power. The following equations can be
used to determine the power consumption.

2rd?
(m+1)Acos™ () T,(4) g (4 )cos (¢)

(16)

PyX R= E,R, X

P.=N_pXPp amn

where N, is the number of rows in an LED panel.

First, the required energy per bit 1_7,, was determined in
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order to obtain the transmission power. In (13)-(15),
regarding BER, energy per bit
E,=P/R, where P, is the received power. The

T

F,  represents

energy per bit of RZ-OOK is expressed as follows:

4d,P% [
R,N?

N 2
E E|hm ]O<drgo.5 (18)

n,=1ln,=

Ey, vz ook =

Equation (13) applying (18) can be re-written as

follows BER,, ,or= @4/ w ). The required
0

energy per bit is

By pz oo = 2N,(Q '(BER))* (19)

Like the RZ-OOK scheme, VPPM and OPPM can
obtain the required energy per bit and the energy per
bit using (14) and (15). The energy per bit for VPPM

is expressed as follows:

2
2} 0<d, <05

B, yvppar= (20)

2
2] 05<d <1

Applying (17) to (11), the required energy per bit
under VPPM can be expressed as

4AN,(Q MBER))* 0<d, <05

AN, (Q NBER))? 05 <d, <1 @V

E, vepyr =

The required energy per bit for OPPM can be
obtained using the same method:

(n/u)logz(n*erl PT(
2wR, N {

S S

n,=1ln,=

Eb, orPM =

(22)

B, opprr = N,(Q(BER))? (23)

Using (19), (21), and (23) obtained from above, the
transmitted power of (16) can be obtained as follows:

Prrz-oox = (24)
4N,(Q"(BER))’R, N
R 2d,
Pryvper= 1 [4N,(Q (BER)’R, N (25)
" 24, —
_ 1 Ny(Q~ (BER))*2wR,
Py ()IJ/)VIR/ (n/w)log, (n —w+1) ( (26)

By placing (24)-(26) as calculated into (17), the
power consumption can be represented as listed in
Table 2. In a STBC-VLC environment, SNR is the

received signal-to—noise ratio, defined as

2

2 P2 2 p2 N, ]
S 56 r Py :
SNR=— hi| (@7
No NB, NRN (21]21 | @
1 N, N,
where P.= —ZZh”PT is the average received

N,

ri=1j=
power. In the next section, the relationship among
power requirement and power consumption due to
dimming and between power consumption and SNR
was simulated in three modulation schemes (RZ-OOK,
VPPM, and OPPM). This was based on the

environment shown in Fig. 1 and Table 3 using STBC.

IV. Simulation Results and Analysis

Fig. 1 shows a general office space with two LED
lighting units on the ceiling. Suppose that the
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communications terminal is placed on the floor of the
room, the receiver is facing up, the transmitter is facing
down, and a channel exists between the lights and the
terminal. The channel consists of a number of
line-of-sight paths from the units to the terminal.
Table 3 lists the parameters used in the simulation
based on the parameters from other studies™ 7, Fig.
3 shows the results of applying the LOS channels in a
2x2 STBC-VLC system. This figure shows that the
maximum SNR is 36.21dB and the minimum SNR is
22.95dB.

Table 2, Power consumption of each modulation scheme

H 2 7t A W0 &3 Ay

Modulation Power consumption
N, |2N,RN(Q '(BER))
RZ-O0K f — 2 0< dc <0.5
2
4d(:( E E VLVL,VLJ )
n,=1n,=1
0<d, <05
VPPM N [ anENQ (BER)P
R N, N, 2
2(17d¢)[ ¥y ‘IL,M/‘2) 05=d <1
n,=1n,=1
N, 20N, R, N (Q "(BER)? 1 n—1
t — —<d, <
OPPM R nlog, M| [ n n
w

Fig. 4 shows the power requirement for each
modulation scheme according to dimming. First, in case
of RZ-O0K with dimming condition from 10% to 50%,
the amount of power required decreases as the
dimming value increases, and the minimum amount of
power is required when dimming is 50% in the entire
dimming range. The maximum power requirement is
when the dimming is 10% and the minimum power
requirement is when the dimming is 50%. The
difference between the two is about twice. Second, as
the dimming value increases from 109 to 509, the
power requirement of the VPPM decreases. And, the

power requirement of VPPM increase as the dimming

value increases from 50% to 90%. The minimum power
is required when dimming is 50% in the entire dimming
range, and the difference between the maximum power
requirement and the minimum power requirement is
approximately 2 times. Finally, as dimming increases,
the OPPM draws a large rising curve because it sends
successive pulses. As the dimming value increases
over the entire dimming range, the power requirement
of the OPPM increases and the difference between the
minimum power requirement and the maximum power
requirement is about 10. Comparing the three
modulations, the power demand at 40% or less is
OPPM < RZ-OOK < VPPM, and RZ-OOK < OPPM
< VPPM at 50%. At more than 509, OPPM requires
less power than VPPM. In the full range of dimming,
VPPM requires the greatest power, and OPPM requires
the least power.

Fig. 5 shows the power consumption of the three
modulations for SNR when dimming is 30% and 50%.
The range of SNR is derived from fig. 3. The power
consumption increases with increasing SNR. First,
when the dimming is 30%, the power consumption is in
the order of OPPM < RZ-OOK < VPPM. The
difference between the VPPM with the largest power
consumption and the OPPM with the lowest power

consumption is about three times.

Length of Room [m]

Length of Room [m]

Fig. 3. SNR performance of a 22 STBC—-VLC system
18l 3. 22 STBC-VLC AJAHIS| SNR d&
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Next, when dimming is 50%, power consumption is
in the order of RZ-OOK < OPPM < VPPV, unlike in
the case of 30%, and the VPPM with the highest power
consumption and the RZ-OOK with the lowest power
consumption differ about 1.8 times. Compared with the
modulation, VPPM consumes a large amount of power
when the dimming is 30%, which is about 1.3 times
greater than when the dimming is 50%. In the case of
RZ-0O0K, too, the power consumption is about 1.4
times larger when the dimming is 309 than when the
dimming is 50%. On the other hand, in the case of
OPPM, when the dimming is 509,
consumption is larger than the case where the dimming
is 30%, which is about twice the difference. On the

whole, VPPM has a large power consumption value

the power

and OPPM has a low power consumption value.
Table 4 lists the power consumption of each
modulation scheme in accordance with dimming. In the
case of RZ-OOK, the power consumption decreases as
the dimming increases from 10% to 50%. In this case,
the difference in power consumption between 10%

dimming with the highest power consumption and 509

dimming increases from 50% to 90%, the power
consumption increases. The difference between the
largest power consumption and the lowest power
consumption is about two times. For OPPM, the power
consumption increases as the dimming increases from
10% to 90%. The difference between the maximum
power consumption of 90% dimming and the minimum
power consumption of 10% dimming is about 15 times.
Among the three modulations, VPPM has high power
consumption at 23.13W when dimming is 10% and 90%.
When dimming is less than 40%, RZ-OOK has higher
power consumption than OPPM. On the other hand, the
power consumption of OPPM is higher than RZ-OOK
when dimming is more than 40%. For RZ-OO0K, the
dimming condition is limited to 50%. In this dimming
range, RZ-O0OK appears to have approximately 50%
lower power consumption than VPPM. A comparison of
power efficiency performance under the
conditions, when BER is 107%, showed that RZ-O0K
approximately 50% compared to VPPM.
Inaddition, based on VPPM, OPPM shows energy
savings of approximately 94.5%, 84.12%, 30.44%, and

same

saves

dimming with the lowest power consumption is about 099% at 10%, 20%, 50%, and 90% dimming,
twice. respectively.
Table 3. The STBC—-VLC environment of simulation
E 3. STBC-VLC A|lEd|0|M & : —®m RZOOK
48 —p— VPPM
Parameter Value p 4— OPPM
Room size 5m x 5m x 3m - 35
LEDI array location [ 04m 46m 3m ] ;% , ~ .
LED2 array location [ 46m 0.4m 3m ] g - \)\’ /)/.
Distance of each receiver S0cm % 2- ~—— *
FOV at the receiver 90 deg. :% 15 [ ) P *
Photodiode responsibility 04(A/W) , T
Gain of optical filter 1 0sl 4 i
Optical concentrator 5 c" . X ) ) ) )
Amplifier bandwidth (Ba) SOMHz I A
Noise bandwidth factor (I2) 0.562
Data rate (Rb) 100Mbps Fig. 4. Power requirement of each modulation

scheme in a 2x2 STBC—VLC system
8 4, 2x2 STBC-VLC A|AH L HE WAIH MY 2

For VPPV, as the dimming increases from 10% to

50%, the power consumption decreases, and as the
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22
—— 30%:RZ-00K
20 —P— 30%: VPPM
—4— 30%OPPM
£— 50%RZ-00K o
18] —— s0%.vPPM o
= >— 50%:OPPM P
Z 16 _y-""’—
E "
£ W__E_,_.-%—”E
§ 12 ’57____,{;#&’__ )
Z | S o -
e e
G :
L a8
¢ R g——58— =4
5 e +*—
PO e S .
22 24 26 28 30 32 34 36
SHR [dB)

Fig. 5. Power consumption vs, SNR when dimming is
30% and 50%
a2l 5, Z20| 30%, 50%Y o F2d AH[ZF Cf SNR

V. Conclusion

This paper analyzed an STBC system by simulating
the power requirement and the power consumption of
modulation methods under dimming control. In terms of
power requirement results, as dimming increases,
OPPM sends consecutive pulses, draws a large
ascending curve, but requires less power than the other

modulations.

Table 4. Power consumption of each modulation
scheme in accordance with dimming
B 4, ZZO| T2 2 HE WA0] M AHZ

Dimming RZ-OOK VPPM OPPM
10% 11.57 2313 1.269
20% 8178 16.36 2.598
30% 6.677 13.35 4.006
40% 5783 11.57 5522
50% 5172 10.34 7193
60% . 1157 9.108
0% . 13.35 1145
80% . 16.36 147
90% . 2313 20.82

VPPM requires double the highest power of the
other modulations. Comparing the three modulations,
the power demand at 40% or less is OPPM < RZ-OOK

< VPPV, and RZ-O0OK < OPPM < VPPM at 50%. In
the full range of dimming, VPPM requires the greatest
power, and OPPM requires the least power.

In a comparison of power consumption and SNR
when dimming is 30% and 50%, power consumption
increases with an increasing SNR. When the dimming
is 30%, the power consumption is in the order of OPPM
< RZ-O0K < VPPM. When dimming is 50%, power
consumption is in the order of RZ-OOK < OPPM <
VPPM, unlike in the case of 30%. When dimming is
30% and 50%, the power consumption by VPPM is the
highest. OPPM at 30% dimming and RZ-OOK at 50%
dimming consume the lowest power. On the whole,
VPPM has a large power consumption value and
OPPM has a low power consumption value.

Among the three modulations, VPPM has high
power consumption at 23.13W when dimming is 10%
and 90%. When dimming is less than 40%, RZ-OOK
has higher power consumption than OPPM. On the
other hand, the power consumption of OPPM is higher
than RZ-OOK when dimming is more than 40%. For
RZ-00K, the dimming condition is limited to 50%. A
comparison of power efficiency performance under the
same conditions, where BER is 107% showed that
RZ-O0K saves approximately 50%,
VPPM. In addition, based on VPPM, OPPM shows an
energy saving of approximately 9.99% and up to 94.5%,

compared to

depending on the dimming conditions. Through this
result, we confirmed that dimming control affects the
communications performance of each modulation
scheme. And among the three modulations, OPPM
modulation has good power efficiency better than
RZ-OOK and VPPM.
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