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Single Edge Position Modulation as a Dimming
Technique for Visible Light Communications

Nobby Stevens, Member, IEEE, and Lieven De Strycker, Member, IEEE

Abstract—1In this paper, a power switched, baseband modulation
technique for visible light communications (VLC) is proposed and
a theoretical model is constructed. It is shown that this technique,
called single edge position modulation (SEPM), offers the unique
performance characteristic that the communication properties re-
liability and power and spectral efficiency are invariable over a
wide range of dimming levels. It is demonstrated that dimming
robustness is obtained by increasing the number of bits per sym-
bol. SEPM is compared with contemporary used baseband power
switched modulation techniques for VLC that support dimming.
The number of bits per symbol can be chosen to make a compro-
mise between the dimming range over which reliability robustness
is obtained on one hand, and the level of power and spectral effi-
ciency on the other hand.

Index Terms—Modulation, Monte Carlo simulation, reliability,
synchronization, visible light communications.

I. INTRODUCTION

UE to the ubiquity of light emitting diodes (LEDs) for illu-

mination and information panel lighting purposes, visible
light communications (VLC) is a promising technology to meet
the increasing demand for communication bandwidth and the
surge of personal wireless area networks. VLC has a wide range
of applications in the short- and medium-range communication,
as well in- as outdoors [1], [2]. Compared with radio frequency
(RF)-technology, VLC has distinct properties such as a large
unlicensed communication band, immunity for Electromagnetic
Interference (EMI) and extra security due to its local character
(31, [4].

VLC sends information by intensity modulating artificial
light. For the development of a physical (PHY) layer for VLC,
two important conditions must be taken into account in the de-
sign of modulation techniques [5]. These are the avoidance of
flicker and the integration of the illumination dimming function-
ality. Flicker is the unwanted and human observable time vari-
ation in the light intensity. For static environments, flickering is
negligible at frequencies above 200 Hz [6], but recent studies
demonstrate that adverse effects can be observed at higher fre-
quencies [7]. In this work, flickering is not studied in detail, but
the method does allow flicker suppression. Dimming control is
mandatory with LED lighting because it can provide moods and
saves energy.

LEDs are current driven devices, where the light output is
proportional to the forward current. There are two ways to
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control the brightness, namely by modifying the forward current
(known as analogous dimming) or by modulating the width of
a pulse in the time domain (known as pulse width modulation
(PWM) or power switched dimming [8]). With analogous dim-
ming, a change in current can lead to an unwanted wavelength
shift of the emitted light (known as chromaticity shift [9]). With
PWM, the nominal current is supplied but the dimming is ac-
complished by modifying the pulse width. Due to the potential
wavelength shift in the current dimming method and the re-
duced hardware implementation cost, most LEDs use PWM as
a means for dimming.

Several modulation schemes have been proposed for high-
and low- data rate applications. Significant advances have been
made in the IEEE 802.15.7 standard [5], [10]. This standard
defines a PHY and medium access control (MAC) layer for
different types of applications. PHY I and PHY II describe
a single source link, making use of on-off keying (OOK) or
variable pulse position modulation (VPPM). In the related task
group (IEEE P802.15 Working Group for Wireless Personal
Area Networks (WPANS5)), variable on-off keying (VOOK) was
proposed as a variant on OOK to achieve a wide range of dim-
ming levels by introducing filler bits [11]. VOOK and VPPM are
both power switched, dedicated baseband modulation forms to
support simultaneously dimming and data communication. For
these PHY layers, data rates from 11.67 kbps until 96 Mbps are
possible when there is an optical bandwidth at the transmitter
side from 200 kHz to 120 MHz. PHY III concerns the usage of
multiple color sources [12]-[15]. Data rates from 12 Mbps to
96 Mbps can be established when red-green-blue (RGB) LEDs
are used with an optical bandwidth of 12 MHz or 24 MHz.

Apart from VOOK and VPPM, no other dedicated, power
switched, baseband modulation techniques for VLC that support
simultaneously dimming and communication are published [8].
Multiple other baseband VLC modulation schemes were studied
though, but they are not oriented towards dimming as VOOK
or VPPM are, or apply analogues dimming in contrast to power
switched dimming [16]-[27].

Besides previous baseband modulation forms, the use of dis-
crete multitone modulation (DMT) schemes has been consid-
ered for high data rate applications [28]-[30]. Here, an analog
front end at the LED driver is required, where in most cases a dc
bias current is imposed. Scaling the bias current and more ad-
vanced techniques can be used to provide dimming support [31].

In this paper, the SEPM technique is elaborated. As al-
ready demonstrated by other authors for infrared communi-
cation [32], the presence or absence of an edge instead of a
pulse in a power switched modulation scheme can be used
to transmit information. In this work, it is demonstrated that
this concept leads to an invariance of the communication
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Fig. 1. Definition of fa ().

properties with regard to a well-defined range of dimming
levels.

In Section II, the modulating wave form is explored and a the-
oretical expression for the error probability is obtained. Other
communication performance parameters such as the power re-
quirement, spectral efficiency and synchronization sensitivity
are also considered. In Section I1I, SEPM is compared to the two
other power switched, dimming supporting modulation forms
(VOOK and VPPM). In the concluding Section IV, the main
results of this work are summarized.

II. COMMUNICATION PROPERTIES

A. Definition of the Modulating Waveform

Let us consider a waveform fa (t), being defined during the
symbol time Ty (see Fig. 1). 6 €]0,1[ is the duty cycle and
determines the dimming level, while the delay A € [0, 1] is the
relative position (within 7) of the rising edge that will be used
to transmit information. fa (¢) is defined as in (1) and (2). If
A< (1-9):

0 t/T, € [0,A]

aA@®)=<1 t/T; € [AA+ 6] (D)
0 t/T, € [A+61]
IfA > (1-9):
1 t/Ts €[0,0 + A —1]
fat)=< 0 t/Tye[6+A—-1,A] )
1 t/Ts € [A1]

This can be interpreted as follows. In (1) and (2), the rising edge
is positioned at t = AT,. From that point in time, the level of
the modulating wave form is set to 1 during §7%. If § is larger
than 1 — A, the remaining part where fa (t) equals 1 is shifted
to the beginning of the symbol time frame (see (2)). It is clear
that if A equals 1, that this is identical with A = 0. Therefore,
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Fig. 2. Representative plot of the symbol time scaled correlation for § < 0.5
(in this graph, as an example 6 = 0.3).
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Fig. 3. Representative plot of the symbol time scaled correlation for § > 0.5
(in this graph, as an example 6 = 0.6).

we have limited the possible value range for A between 0 and
1, including 0 and excluding 1. The energy content & of fa (t)
is 07 and thus independent of A. The symbol time scaled
correlator p; . of two functions fa, () and fa,, (¢) evaluated at
the symbol time (3) is shown on Figs. 2 and 3.

1 (T
bon = 70 /0 Fan(0)fa, (£)dt @)

A distinction has to be made between the cases where ¢ is
larger or smaller than 0.5. The maximal difference in values for
me is 0 (for 6 < 0.5) or (1 —4) (for 6 > 0.5). An important
observation that will be exploited later in this work, is that the
slope of the piece wise linear dependencies of pj , , equals £1,
and is not depending on the duty cycle 4. '

For digital communications, the number of possible messages
is finite. Suppose that we have M possible values of A, where
these values are uniformly distributed between 0 and 1 with 0
as the first value (4). This leads to the definition of a finite set
of waveforms f, (t) = fa, (t), withm € {0,1,..., M —1}.

A, = %, with m € {0,1,2,..., M — 1} @

B. Reliability Characterization

On Fig. 4, an LED, traditionally used for illumination pur-
poses with dimming functionality, receives a number m (with
m € {0,1,--- ;M — 1}) to be transmitted during symbol time
T,. The number m is associated with the waveform f,,, (¢). The
transmitted power Pr, (t) by the LED is modulated by f,, (¢).
Pr,(t) is, within each symbol time, described by (5), where P,
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Fig. 4. Configuration under study.

is the power at the nominal current level.
PTz(t):Pn fm(t) )]

At the receiver, the impeding power is transformed into a signal
r(t) by an intensity based detector (photo diode). The signal
7(t) has the form of (6), with R the responsivity of the receiver,
H(0) the channel reponse, /3 the dc contribution from ambi-
ent light and n(t) is a noise component that can be considered
as a sample function of an additive white gaussian noise pro-
cess [33]. The channel is represented as a flat function of the
frequency and equals the dc channel response for the signals un-
der consideration [34]. Remark that we suppose perfect symbol
synchronization between the transmitter and receiver.

r(t) = RH(0) P, fin (t) + B+ n(t) ©)

The goal is to determine which m was transmitted, based on
the signal r(¢). This estimated value is noted as i, as shown
on Fig. 4. We call P = H(0) P, the amount of power origi-
nated from the transmitter being switched on, that is captured
by the detector. It is known that for a white gaussian noise
process, the receiver that minimizes the error probability is im-
plemented as an amplitude detection of the output of a signal
correlator [35]. The output 7 of the k' correlator sampled at
Ts (k €{0,1,2,...,M — 1}) can be written as in (7), with n;
the noise component contribution at the output of correlator k.

/0 ") fu()dt

= RPTS p;gm + 6 6T-S + ng (7)

Ty =

The maximal value of p) . equals ¢, and is valid for k = m
(see Figs. 2 and 3). Thus the detector must select the highest ry,
which leads to the maximal likelihood estimation of the original
sent number m. The error rate is determined by the probability
that there is an output value of at least one correlator that is
higher than r,, . Let us consider the term ny.

Ts
0 — / n(6) £ (t)dt ®)

We have that the expectation value E[n;] =0 and variance
E[n}] = § Ty Ny with N, the unilateral power spectral density
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of the additive white gaussian process. Remark that the ambient
light is taken into account in the time-invariant contribution (3,
making that the expectation value of the noise equals 0. In order
to focus the attention and without loss of generality, we suppose
that m = 0 was transmitted. The probability P that the output
of correlator k(7 0) is higher than 7 is described by (9).

P [(RPT; pio+ni + B8 T)
> (RPT; 6+ ng + 6 Ty)]

P [(nk — nop)

> (RPT (6 = pio))] ©)

P(T’k >7"0) =

Since n; and ny are both correlator outputs from an additive
white gaussian process with zero mean and identical variance,
ni — ng is also a gaussian variable with zero mean. The vari-
ance of n; — ny is derived in (10). Due to the, in general, non-
orthogonality of the waveforms fy(t) and f;(t), E [nrno] is
different from zero and equals 7 p%vo Ny.

E[(ny, — n0)2] = E[n;] + E [n§] — 2E [nyny)]

= 2T, Ny (6= plo) (10)
This leads to expression (11) for P (r, > rg).
T.(0 — o)
= RP\| ———= 11
Pry >10)=Q 5 N, (11)

Q(x) is known as the g-function, and is a scaled version of the
complementary error function (Q(x) = 0.5erfc(x//2)). For
the upper limit of the symbol error rate (S ERWY)), the union
bound axiom [36] can be used, leading to expression (12).

M—1
SER< > P(rp >r) =SERY)
k=1

12)

Depending on the dimming level range and the number of
symbols M, two possibilities occur. First, suppose that we
choose the number of possible symbols M high enough, so
that the nearest symbols are in the sloping part of ,02,70 over
the entire dimming range. If M = 8 for instance, the nearest
symbols for m = 0 are the symbols represented by f;(¢) and
f7(t), implying that § — p ; = 6 — p; , = 8~'. This is illus-
trated on Fig. 5, where the discrete levels are shown for this
example with 6 = 0.6. If the number M of possible symbols is
high enough in order to have the nearest symbols in the sloping
part of the symbol-averaged correlation, expression (13) for the
symbol error rate SE R is valid in the high signal to noise ratio
scenario since § — p} o = 0 — py;_; o = 1/M .Remark that we
have neglected the term —P (11 > 1) - P (ras—1 > 7p).

SER = P (7’1 > 7“()) + P (7”M,1 > ’1"0)
T

2 Ny M

When we consider the argument of the Q-function, we see that

the error rate is independent on the dimming level. The necessary
condition for reliability independence on the dimming, is that M

= 2Q <RP (13)
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Fig. 6. me ford = 0.1 and M = 8.

must be chosen sufficiently high or the dimming range must be
chosen sufficiently low so that the two nearest symbols are in the
sloping part of the symbol time averaged correlation curve. As
an example, suppose that the system allows dimming between
0.1 and 0.9. It is clear that M = 8 is not sufficient, since 1/8 >
0.1.If M = 16 is chosen for ¢ to vary between 0.1 and 0.9, the
reliability will be independent on the dimming level since the
nearest symbols will be in the sloping part of pj , . Applying
Gray coding for the subsequent symbols, this leads to (14) for
the bit error rate (BE R) since every symbol time Ty, log, (M)
bits are transmitted.

BER — 2 Q log, (M)

RP{| ———+— 14
log, (M) 2M Ny Ry 14
Here, R, is the bit rate defined as in (15).
logy (M
szi%%l (15)

A second possibility that occurs is that the dimming level with
regard to the numbers of bits per symbol is such that all the
symbols are located in the flat part of the time averaged cor-
relation curve. This is illustrated on Fig. 6, where a dimming
level 6 of 0.1 is applied with log, (M) = 3 bits. Remark that this
condition this does not necessarily imply that the dimming level
is low, as one can see on Fig. 7 where the dimming equals 0.9
for the same number of bits per symbol as in Fig. 6. As can be
seen on Fig. 2 and Fig. 3, the distance to all the other symbols is
equal and is § in case § < 0.5 and (1 — 0) for § > 0.5, leading
to the definition of ~ in (16).

N
T=Y11-9¢

Based on (11) and (12), one can write that the symbol error rate
is upper bound as in (17), when all other symbols are located in

for § <0.5

for 6 >0.5 (16)
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the flat part of the correlation curve.
SERY) = (M-1)P (r, > ry)
T~y
= (M-1 RPy| = 17
(M-1)Q ( N ) (17)

Applying Gray coding, relationship (18) is valid. We have found
that the sum of the difference bits over all possible symbols using
Gray coding, divided by the number of bits log, (M) equals
M/2.

) M logy (M) v

BERysam =5 QB SR,

(18)

C. Power Requirement and Spectral Efficiency

Regarding the power requirement, a distinction is needed be-
tween the situation where the nearest symbols are in the sloping
part of the correlation or where all other symbols are found in
the flat part of that curve. Using (14), we obtain relationship
(19).

1 2 M N() Rb 1 10g2 (M)
P=— BE
7\ Tog(01) ( o PP

If all the other symbols are in the flat part of the correlation
curve, (20) is valid.

1 [ 2NgRy, (2
P=—, |20t ~ BER
7\ Tog, () 7 (M )

The spectral efficiency v is defined as the amount of bits that
is transmitted per Hertz required bandwidth. The symbol time
T, contains log, (M) bits. The smallest possible pulse width
according the definition of f,, (¢) is Ts /M, which leads to the
spectral efficiency v (21).

- IOgQ(M)
YT TTM

19)

(20)

2

D. Synchronization Sensitivity

Several authors have addressed the impact of synchroniza-
tion errors on the reliability for baseband optical communica-
tions [37], [38]. A rigorous treatment of the subject is beyond
the scope of this work, but by means of Monte Carlo simulations
avoiding extensive theoretical elaborations, a number of inter-
esting conclusions can be drawn. Here, we consider the impact
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Fig. 8. Illustration of the synchronization error impact on the matched filter
outputs . for § = 0.33, te = 0.17 and the transmitted wave forms f3 and
f1. The hatched area shows the overlap of the matched filters with the received
signal r(t').

on the BER of a symbol synchronization offset between the
receiver and transmitter.

In order to illustrate the phenomenon, we have chosen a dim-
ming § of 33 % with 2 bits per symbol, where the wave forms
f3 and f; are transmitted subsequently as shown on Fig. 8. In
order to focus the attention, we did not include the dc and noise
contribution. A synchronization offset ts, = t' — ¢ of 10 % of
the symbol time T} is introduced. Relationship (22) can be ap-
plied to determine the occurrence of a symbol error caused by a
synchronization offset. Remark that (22) equals (7) if t5. = 0.

Ty —tge T,
m=/ r@u@nmﬁ+/
0

Ts —tse

T(t + tse)fk' (t)dt

(22)
The value of the different matched filters is determined by two
consecutive transmitted wave forms, where the second term of
(22) is the contribution of the subsequent symbol. Considering
the example, it is clear that when ¢, = 0, r3 will correctly have
the highest probability of being the largest filter output. With
tse = 0.1 T} though, ro will have the highest value, resulting in
a BER of nearly 1 under low noise conditions. Remark that a
situation where the matched filtering occurs too early instead of
too late (as in our example) leads to an analogous reasoning, with
identical conclusions. In order to gain insight in the influence of
the subsequent wave form, let us suppose that instead of f;, fy
would have been submitted. In that case, r3 would be the largest
value since there would be an additional contribution from the
next symbol frame.

Based on previous reasoning, it is clear that the number of
bits per symbol log, (M) and the dimming § strongly influences
the impact of ;. on the BER. In order to quantify this more
accurately, we have performed a Monte Carlo simulation where
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Fig. 10.  Deterioration of the B E R as a function of the relative synchroniza-
tion error for 2 bits per symbol with varying .

alarge number of randomly chosen symbols are transmitted with
tse as the independent variable, where the additive gaussian
noise contribution n(t) (see (6)) had a fixed Ny and leading
to a BER of 2 10~ for 2 bits per symbol SEPM without
synchronization error. The result can be found on Figs. 9 and
10. It can indeed be concluded that the higher the number of bits
per symbol and the lower + (as defined in (16)), the more critical
the synchronization. Remark that it is rather « that determines
the sensitivity, a 6 of 0.4 leads to the same result as a § of 0.6.

III. ComMPARISON WITH VOOK AND VPPM

The power requirement and spectral efficiency for VOOK and
VPPM have been described previously [39]. In order to compare
the required power at the receiver side, the ratio of the required
power with SEPM (Pscp,1 ) on the required power with VPPM
Pyppm (= Pyook) is plotted for a BER of 1075 on Fig. 11 in
dB for log, (M) equal to 2, 3 and 4 bits per symbol. It is clear
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Fig. 12.  Comparison of the spectral efficiency, where vgepm = 1/2 when

log, (M) = 2 bits.

that regarding the power efficiency, the usage of 2 bits per sym-
bol leads to a more power efficient modulation scheme over the
entire dimming range, while an increasing number of bits per
symbol has a degrading influence on the power efficiency. The
range over which the reliability is independent on the dimming
is limited to 0 € [0.25,0.75] using 2 bits per symbol. A higher
number of bits per symbol increases this range, but clearly de-
teriorates the power efficiency. Remark that if only one bit per
symbol is considered for SEPM, the reliability is identical to
VPPM and VOOK.

In contrast to VPPM and VOOK, the spectral efficiency of
SEPM is independent on the dimming §. Based on (21), one
can readily observe that the modulation scheme becomes less
spectral efficient as the number of bits per symbol increases.
For log, (M) = 2 bits, we have that vep,,, = 1/2. On Fig. 12,
a comparison of the spectral efficiency is shown. SEPM using
2 bits per symbol has a better spectral efficiency than VPPM
over the entire range, while VOOK is more spectral efficient for
dimming levels between 0.25 and 0.75.

When comparing different power switched modulation
schemes for VLC that support dimming, a number of criteria
must be considered:
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1) The power efficiency: The SEPM power efficiency de-
pends on the number of symbols M, where the most opti-
mal value is obtained as only 2 bits per symbol are used.
SEPM is more power efficient than VPPM and VOOK
over the entire dimming range.

2) The spectral efficiency: Here also, the most favorable
number of bits per symbol using SEPM is 2. SEPM is
more spectral efficient than VPPM over the entire range
and better than VOOK for v < 0.25.

3) The robustness of the reliability with regard to dimming:
SEPM has the property to have a BE'R that is indepen-
dent on the dimming value within a certain range deter-
mined by the number of bits per symbol. Using VOOK
and VPPM, the reliability modifies significantly as the
dimming changes. Unfortunately, when an extended reli-
ability robust dimming range is required, a high number
of bits per symbol is needed. This implies a decrease in
power and spectral efficiency.

4) The hardware implementation complexity: A higher num-
ber of possible symbols leads to an increase of correlators
at the receiver. Here also, the usage of 2 bits per symbol
SEPM is advantageous.

5) Symbol synchronization: More bits per symbol will lead
to the need of a more accurate symbol synchronization at
the receiver.

Taking into account previous items, it is clear that a 2 bits
per symbol SEPM modulation scheme is more favorable than
VPPM and VOOK. It has higher power efficiency, a dimming
independent and fair spectral efficiency and it has the unique
property to have a reliability that is independent of the dim-
ming for ¢ € [0.25,0.75]. When the designer wants to enlarge
the dimming range over which the reliability is constant, the
number of bits per symbol needs to be increased. This is at
the cost of a lower power and spectral efficiency, a more critical
synchronization and an increase of the receiver complexity.

IV. CONCLUSION

In this work, the SEPM technique is presented. It is demon-
strated that SEPM has the unique property that dimming over
a specific range does not influence the reliability of the trans-
mission in the high signal to noise ratio scenario. This dimming
range is determined by the number of bits per symbol. The larger
the number of bits per symbol, the larger this reliability invariant
dimming range. The disadvantage of an increased number of bits
per symbol is that the power efficiency and spectral efficiency
both decrease, while the synchronization becomes more critical
and the complexity of the receiver increases. SEPM is com-
pared to the two other power switched modulation forms VOOK
and VPPM. The communication properties for these techniques
depend strongly on the amount of dimming, while with SEPM,
a high degree of dimming robustness is obtained. SEPM using
2 bits per symbol delivers an improved power efficiency com-
pared to VOOK and VPPM, and this over the entire dimming
range. At low or high dimming levels, there is a higher spec-
tral efficiency of 2 bits per symbol SEPM compared to VOOK,
while with regard to VPPM, the spectral efficiency is always
higher disregard the dimming level.
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