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Abstract 
 

In the field of visible light communication (VLC), light-emitting diodes (LEDs) are used 
for transmitting data via visible light. In this study, we analyze pulse dual slope modulation 
(PDSM) as a means of delivering information in VLC. PDSM involves the modulation of 
symmetrical slope pulses to encode binary 0s and 1s, and owing to the moderately increasing 
and decreasing pulse shapes that are created, this method enables more spectral efficiency than 
the variable pulse position modulation (VPPM) technique currently adopted in IEEE 802.15.7. 
In particular, PDSM allows for the avoidance of intra-frame flicker by providing idle pulses in 
a spectrum-efficient way. A simple detection scheme is proposed for PDSM signals, and its bit 
error rate (BER) is analyzed mathematically at varying slopes to validate the process through 
simulation. The BER performance of PDSM detection using dual sampling is compared to the 
performances of PDSM and VPPM using correlation detection. It is found that, when the 
probability of idle pulse transmission is less than 0.08 and higher than 0, the BER of dual 
sampling PDSM is lower than that of PDSM using correlation detection over the entire light 
intensity range. 
 
 

Keywords: Visible light communication, pulse dual slope modulation, PDSM, flicker 
mitigation, spectral efficiency 

 
 
http://dx.doi.org/10.3837/tiis.2014.04.007 



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 8, NO. 4, Apr. 2014                                                1277 

1. Introduction 

As the demand for wireless data transmission increases, the radio frequency spectrum is 
becoming increasingly congested. Consequently, attention has been drawn toward alternative 
technologies and frequency bands, and the abundance of unregulated bandwidth at optical 
frequencies may make optical wireless technologies attractive candidates for use in future 
local area networks [1]. Optical wireless communications using infrared light-emitting diodes 
(LEDs) was first proposed by Gfeller and Bapst [2], and optical LED wireless 
communications in the visible spectral range (380 to 780 nm), which is commonly referred to 
as visible light communication (VLC), has recently begun to receive increasing attention [3]. 
IEEE 802.15.7, which produced the first global VLC standard in September 2011, provides 
standards for dimming-adaptable mechanisms that can be used in flicker-free high-data-rate 
visible light communication [4-6]. 

VLC normally involves the transmission of data through modulations of LED light 
intensity that occur faster than the persistence of the human eye. Although most people cannot 
perceive flickering at a frequency greater than 100 Hz, the repeated use of a low rate clock may 
nevertheless generate infrequent flickering. A VLC flicker represents a periodic or 
non-periodic output power or light intensity fluctuation that can be perceived by human eyes; 
such flickering can cause eye fatigue or even sight deterioration if exposure is prolonged. To 
avoid flicker, light intensity changes over periods longer than the maximum flickering time 
period (MFTP), which is defined as the maximum time period over which a change in light 
intensity is not perceivable by the human eye [7], must be prevented. In the context of VLC, 
flicker can be classified alternatively as intra-frame or inter-frame flicker [6]; the former is 
caused by light intensity discrepancies between the bit patterns representing 1 and 0 within a 
data frame, whereas the latter is caused by discrepancies in average light intensity between the 
packet frame transmission and idle periods. 

Dimming is an essential functionality of modern LED lighting systems, and variable pulse 
position modulation (VPPM) seems to provide the most effective means of accurately 
controlling LED illumination without incurring color rendering in the emitted light [8-11]. In 
VPPM, light intensity is controlled by adjusting the duty cycle of a pulse train; however, if this 
is done at low data rates or with long idle periods, the resulting flicker may become more 
noticeable. 

The rest of this article proceeds as follows. Section 2 describes the proposed pulse dual 
slope modulation (PDSM) scheme and its spectral efficiency. In Section 3, a recovery process 
at the receiver is proposed, its bit error rate (BER) is calculated as a function of the slope of the 
rising or falling pulse edge, and the BERs for various settings are analyzed. In addition, the 
widely used correlation detection method is applied to PDSM and VPPM for comparison 
purposes. Finally, Section 4 concludes the paper. 

2. Pulse Dual Slope Modulation (PDSM) 

2.1 Properties of PDSM 
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PDSM is a modified version of pulse slope modulation (PSM) [12], a method used in analog 
signaling, and was first proposed by Anand M and P. Mishra [13]. Fig. 1 shows the three pulse 
types used in PDSM. A binary input of 0 changes the slope of the rising (or falling) edge of the 
pulse within the pulse duration while maintaining the slope of the falling (or rising) edge 
vertical. Similarly, a binary input of 1 changes only the slope of the falling (or rising) edge of 
the pulse while maintaining the slope of the rising (or falling) edge vertical. By allowing the 
PDSM to maintain its light source in a constant virtual on state, the use of gradually changing 
pulse shapes can alleviate intra-frame flicker. Here, we will assume that the light intensity of a 
pulse is proportional to the area it encloses on a time–amplitude graph. 
 

 
Fig. 1. Pulse dual slope modulation waveform 

 
In this study, the amplitude of a pulse is given by 𝐴, and we will assume that a pulse having 

a moderately rising hypotenuse with a constant absolute magnitude represents binary 0 or 1, 
depending on the sign of the slope of the hypotenuse. To reduce interframe flicker, we propose 
using a symmetric pulse to represent an idle pattern, as shown in Fig. 1. As the average light 
intensity of the idle bit pattern over bit duration 𝑇 is set equal to that of the data bit, 𝑇𝑖𝑟 =
𝑇𝑖𝑓 = 𝑇0𝑟

2
= 𝑇1𝑓

2
, where 𝑇𝑖𝑟 and 𝑇𝑖𝑓 are the rise and fall times, respectively, of an idle pulse, and 

𝑇0𝑟  and 𝑇1𝑓  are the rise time of a binary 0 pulse and the fall time of a binary 1 pulse, 
respectively, as shown in the figure. The slope, defined as 𝑠 = 𝐴

𝑇0𝑟
 for binary 0 and 𝑠 = − 𝐴

𝑇1𝑓
 

for binary 1, can be varied according to the required light intensity. By using gradually 
changing pulses for binary 0 and 1 and an idle pulse with constant intensity, it is possible to 
alleviate both the intra-frame and interframe flicker problems.  

Light dimming can be accomplished by changing the slope of the PDSM pulses, i.e., by 
controlling the 𝑇0𝑟 and 𝑇1𝑓 of the binary 0 and 1 pulses, respectively, and by controlling the 
𝑇𝑖𝑟 and 𝑇𝑖𝑓 of the idle pulses. The light intensity of a pulse can be reduced by moving 𝑇0𝑟 to 
the end of the pulse (for a binary 0 pulse) or by moving 𝑇1𝑓 to the beginning (binary 1). To 
provide even more control over the light intensity, the slope can be lowered further below 𝐴

𝑇0𝑟
, 

as shown in Fig. 2. Note that 𝑠 should not be set so small as to cause the 0 and 1 pulse shapes to 
become undifferentiable.  
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Fig. 2. Pulse dual slope modulation waveform for low-intensity light  

 
The PDSM pulse for binary 0 can be represented mathematically as  

 

 𝑣PDSM(𝑡) =

⎩
⎪
⎨

⎪
⎧ 𝑠𝑡, for 0 ≤ 𝑡 ≤ 𝑇 when 𝑠 ≤ 𝐴

𝑇

𝑠𝑡, for 0 ≤ 𝑡 ≤ 𝐴
𝑠

𝐴, for 𝐴
𝑠

< 𝑡 ≤ 𝑇
� when 𝑠 > 𝐴

𝑇
.
    (1) 

 

2.2 Spectral Efficiency Comparison 
We have chosen VPPM, one of the modulation schemes adopted in IEEE 802.15.7 [6], as a 
benchmark for comparison with various features of PDSM. The pulse shapes for VPPM are 
shown in Fig. 3, where 𝑇𝑒 denotes the VPPM pulse width, which varies according to the light 
intensity. 
 

 
Fig. 3. Pulse shapes for VPPM 

 
The spectral efficiency of pulses used by a modulation scheme is an important factor in 

conserving spectral resources. To compare the spectral efficiencies of PDSM and VPPM, the 
spectra of both pulse types can be represented as Fourier transforms. The transform of a PDSM 
pulse waveform for binary 0, as shown in Figs. 1 and 2, is given as follows:  
 

𝑉PDSM(𝑓) = �

𝑠
(2𝜋𝑓)2 �𝑒

−𝑗2𝜋𝑓𝑇 − 1� − 𝑠𝑇
𝑗2𝜋𝑓

𝑒−𝑗2𝜋𝑓𝑇, if 𝑠 ≤ 𝐴
𝑇

𝑠
(2𝜋𝑓)2 �𝑒

−𝑗2𝜋𝑓𝐴𝑠 − 1� − 𝐴
𝑗2𝜋𝑓

𝑒−𝑗2𝜋𝑓𝑇 , if 𝑠 > 𝐴
𝑇

.
   (2) 

 
The Fourier transform of the VPPM pulse waveform for binary 1 shown in Fig. 3 is  
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𝑉VPPM(𝑓) = 𝐴𝑇𝑒𝑒−𝑗𝜋sinc(𝑓𝑇𝑒),    (3) 

 
where sinc(𝑥) = sin(𝜋𝑥)

𝜋𝑥
.  

We can define the light intensity index 𝛽 as area of pulse
𝐴𝑇

, where 𝐴𝑇 is the maximum area 
of a pulse that is on during the entire symbol duration 𝑇 of a pulse. Thus, 𝛽 becomes a relative 
measure of signal to maximum intensity and has a value 0 < 𝛽 < 1. Fig. 4 compares the 
spectra of PDSM and VPPM pulse waveforms at light intensity indices of 0.25 and 0.75.  

 

 
Fig. 4. Power spectra of PDSM and VPPM pulse waveforms 

 
To better illustrate the spectral efficiency of these respective modulation types in terms of 

the minimum bandwidth needed to form one pulse shape, Fig. 5 depicts the frequency at which 
90% of the total cumulative energy below a specific frequency is covered. For example, when 
the light intensity index is 0.25, the PDSM pulse covers 90% of the pulse energy below 1334 
Hz, whereas the VPPM pulse covers 90% of the pulse energy below 2619 Hz, which means 
that PDSM uses approximately one half of the required frequency bandwidth required to 
deliver the VPPM pulse at the same light intensity. Fig. 5 clearly indicates that the required 
frequency bandwidth of PDSM stays low over the entire light range. 
 

 
Fig. 5. Frequencies at which the energy level reaches 90% 
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3. Detection Process 

3.1 Dual Sampling Detector 
The proposed detection process is very simple and intuitive [14]. At the receiver, a single pulse 
is sampled twice—during the first and second halves of a symbol duration—and then the two 
sample values are compared. If the first sample value is higher than the second by more than a 
marginal value 𝛿, the receiver assumes that a binary 1 was sent, and if the second sample value 
is higher than the first by more than 𝛿, it assumes that a binary 0 was sent. If the difference 
between two sampled values is less than 𝛿, the receiver assumes that an idle pulse has been 
sent. Fig. 6 shows a block diagram of the detection process and the waveforms used. 
 

 

 
 

Fig. 6. Dual sampling detection process for PDSM 
 

Within a pulse of duration 𝑇, sampling is performed at 𝑡𝑠1 and 𝑡𝑠2, where 𝑡𝑠2 = 𝑇 − 𝑡𝑠1. 
Owing to the band-limited channel characteristics, and because the low-pass receive filter at 
the receiver may smooth away an unrealistic abrupt—i.e., vertical—fall or rise at the end of a 
binary 0 pulse or the beginning end of a binary 1 pulse, respectively, sampling close to the 
edge may result in incorrect sample values. A low-pass filter (LPF) is used as a receive filter to 
suppress noise, and to show the effect of an LPF on a PDSM pulse, the LPF outputs of a pulse 
with light intensity index 𝛽 = 0.75, 𝐴 = 1, and 𝑇 = 1 ms are drawn in Fig. 7 for the cutoff 
frequencies 1, 3, and 10 kHz. It is seen that, when the cutoff frequency is 1 kHz, the second 
sample value will be significantly rounded, which could result in a detection error. By contrast, 
the highest cutoff frequency of the LPF (10 kHz) preserves the high-frequency components of 
the PDSM pulse and therefore allows detection to be performed properly. In this study, the 
smoothing effect in the received pulse is not considered; that is, we assume that the 
transmission channel adds only noise and is not band-limited. We also assume that the LPF at 
the receiver only passes noise components below the cutoff frequency and avoids rounding the 
pulse edges by always maintaining the cutoff frequency of the LPF at 𝐵 = 3 kHz. 
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Fig. 7. PDSM pulse output of a low-pass filter 

 

3.2 Error Rates 
We will now calculate the bit error rate analytically. The outputs of the samplers at 𝑡𝑠1 and 
𝑡𝑠2 —𝑚(𝑡𝑠1) and 𝑚(𝑡𝑠2), respectively—in Fig. 6 are given by  
 

𝑚(𝑡𝑠1) = 𝑣(𝑡𝑠1) +𝑤(𝑡𝑠1)
𝑚(𝑡𝑠2) = 𝑣(𝑡𝑠2) +𝑤(𝑡𝑠2),                                                 (4) 

 
where 𝑣(𝑡𝑠) is the sample value at 𝑡𝑠 of the transmitted signal and 𝑤(𝑡𝑠) is the sample value 
of noise at 𝑡𝑠. The signal 𝑣(𝑡𝑠2) at 𝑡𝑠2 is given as 
 

𝑣(𝑡𝑠2) = �
𝑠𝑡𝑠2, if 𝑠 ≤ 𝐴

𝑡𝑠2

𝐴, if 𝑠 > 𝐴
𝑡𝑠2

.
     (5) 

 
If the difference between two sample values is 𝑥, i.e., 𝑥 = 𝑚(𝑡𝑠2) −𝑚(𝑡𝑠1), then 𝑥 is 

given by 
 

𝑥 = �
𝑠𝑡𝑠2 − 𝑠𝑡𝑠1 + 𝑤(𝑡𝑠2) −𝑤(𝑡𝑠1), if 𝑠 ≤ 𝐴

𝑡𝑠2

𝐴 − 𝑠𝑡𝑠1 + 𝑤(𝑡𝑠2) −𝑤(𝑡𝑠1), if 𝑠 > 𝐴
𝑡𝑠2

.
   (6) 

 
This difference can be denoted as a Gaussian random variable 𝑋 with mean and variance 𝜇𝑋 

and 𝜎𝑋, respectively. In PDSM, the values of 𝑣(𝑡𝑠1) and 𝑣(𝑡𝑠2) can be determined from (1) 
once the light intensity is known. 

If it is assumed that the channel noise is an additive white Gaussian noise (AWGN) with 
power spectral density (PSD) 𝑆𝑊(𝑓) = 𝑁0

2
 and that the receive filter is an ideal low-pass filter 

with a cutoff frequency 𝐵, then the sample outputs 𝑤(𝑡𝑠1) and 𝑤(𝑡𝑠2) owing to noise are 
random variables that can be denoted as 𝑊 having identical distributions because the noise 
can be added to the original pulse at any instant. Thus, the mean of 𝑊 is zero. Because the 
autocorrelation 𝑅𝑊(𝜏) and the PSD of a random process constitutes a Fourier transform pair, 
the variance of 𝑊 is given by 
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𝜎𝑊2 = 𝑅𝑊(0) = ∫ 𝑆𝑊(𝑓)𝑑𝑓𝐵

−𝐵 = 𝑁0
2
⋅ 2𝐵 = 𝑁0𝐵.   (7) 

 
If 𝑤(𝑡𝑠1) and 𝑤(𝑡𝑠2) are denoted as 𝑊1 and 𝑊2, respectively, then, because they are 

independent and identically distributed (i.i.d.), the mean and variance of their difference are, 
respectively  
 

𝐸[𝑋] = 𝐸[𝑊2 −𝑊1] = 2𝜇𝑊 = 0
var[𝑋] = var[𝑊2 −𝑊1] = 2𝜎𝑊2 = 2𝑁0𝐵.                                     (8) 

 

 
(a) 0 has been sent (b) 1 has been sent 

 
(c) idle has been sent 

Fig. 8. PDFs of the sample value difference in PDSM 
 

Fig. 8 shows the probability density functions (PDFs) of the difference of the two sample 
values, with Figs. 8a, b, and c representing cases in which 0, 1, and idle, respectively, are sent. 
In Fig. 8a, the area to the left of 𝑥 = −𝛿 becomes the probability that channel noise induces 
the receiver to decide in favor of 1 even though 0 has been sent, whereas the area between 
𝑥 = −𝛿 and 𝑥 = 𝛿 indicates the probability that the receiver incorrectly decides in favor of 
idle owing to channel noise. The means of the difference of the sample values for 0, 1, and idle 
�𝜇𝑋0, 𝜇𝑋1, and 𝜇𝑋𝑖, respectively� are given by 
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𝜇𝑋0 = �
𝑠𝑡𝑠2 − 𝑠𝑡𝑠1, if s ≤ 𝐴

𝑡𝑠2

𝐴 − 𝑠𝑡𝑠1, if s > 𝐴
𝑡𝑠2

𝜇𝑋𝑖 = 0.

    (9) 

 
Note that 𝜇𝑋0 = −𝜇𝑋1  > 0 always holds. From (8), the variances of 𝑋 are identical in all 

three cases; i.e., 𝜎𝑋0 = 𝜎𝑋1 = 𝜎𝑋𝑖 = �2𝑁0𝐵. Thus, the total bit error probability in the 
system is 

 
𝑝𝑒 = 𝑝0𝑃𝑒0 + 𝑝1𝑃𝑒1 + 𝑝𝑖𝑃𝑒𝑖 ,    (10) 

 
where 𝑝0 + 𝑝1 + 𝑝𝑖 = 1. Under the assumption of equiprobable binary 0 and 1, i.e., 𝑝0 = 𝑝1, 
𝑝𝑒 = 𝑝0(𝑃𝑒0 + 𝑃𝑒1) + 𝑝𝑖𝑃𝑒𝑖, the probability of error when 0, 1, and idle are sent are given 

respectively using the 𝑄-function defined as 𝑄(𝑢) = 1
√2𝜋

∫ 𝑒−
𝑥2

2 𝑑𝑥∞
𝑢  as 

 

𝑝𝑒0 = 𝑃{𝑋0 < 𝛿 | 0 sent} = ∫ 𝑓𝑋0(𝑥|0)𝑑𝑥𝛿
−∞ = ∫ 1

�2𝜋𝜎𝑋0
𝑒
−
�𝑥−𝜇𝑋0�

2

2𝜎𝑋0
2

𝑑𝑥𝛿
−∞

= 𝑄 �𝜇𝑋0−𝛿
𝜎𝑋0

�

𝑝𝑒1 = 𝑃{𝑋1 > −𝛿 | 0 sent} = ∫ 𝑓𝑋1(𝑥|1)𝑑𝑥𝛿
−∞ = ∫ 1

�2𝜋𝜎𝑋1
𝑒
−
�𝑥−𝜇𝑋1�

2

2𝜎𝑋1
2

𝑑𝑥∞
−𝛿

= 𝑄 �− 𝛿+𝜇𝑋1
𝜎𝑋1

� = 𝑄 ��𝜇𝑋1�−𝛿
𝜎𝑋1

� = 𝑃𝑒0

𝑝𝑒𝑖 = 𝑃{|𝑋𝑖| > 𝛿 | 𝑖𝑑𝑙𝑒 sent} = 1 − ∫ 𝑓𝑋𝑖(𝑥|𝑖𝑑𝑙𝑒)𝑑𝑥𝛿
−𝛿 = 2∫ 1

�2𝜋𝜎𝑋𝑖
𝑒
−
�𝑥−𝜇𝑋𝑖�

2

2𝜎𝑋𝑖
2

𝑑𝑥∞
𝛿

= 2𝑄 �𝛿−𝜇𝑋𝑖
𝜎𝑋𝑖

� = 2𝑄 � 𝛿
𝜎𝑋𝑖
� .

 (11) 

 
The total bit error probability then becomes 

 
𝑝𝑒 = 𝑝0(𝑃𝑒0 + 𝑃𝑒1) + 𝑝𝑖𝑃𝑒𝑖 = 2𝑝0𝑃𝑒0 + 𝑝𝑖𝑃𝑒𝑖

= 2𝑝0𝑄 �
𝜇𝑋0−𝛿
𝜎𝑋0

�+ 2𝑝𝑖𝑄 �
𝛿
𝜎𝑋𝑖
� .    (12) 

 
Fig. 9 shows graphs of both the simulated and analytical BERs of a PDSM signal with 

𝐴 = 1, 𝑇 = 1 ms, 𝑝𝑖 = 0.1, 𝛿 = 0.1 V, 𝑁0 = 10−6 J, and 𝐵 = 3 × 103 Hz. 
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Fig. 9. BERs of PDSM detection from analysis and simulation 

 
Note that the light intensity 𝛽 can easily be substituted for the slope of the x-axis in Fig. 9 

using the following slope and light intensity relationship:  
 

𝑠 = �
2𝛽𝐴, if 𝑠 ≤ 𝐴

𝑇
𝐴

2(1−𝛽)𝑇
, if 𝑠 > 𝐴

𝑇

     (13) 

 
Fig. 10 shows the BER versus slope for various sets of measurement parameters for a pulse 

with amplitude 𝐴 = 1 and width 𝑇 = 1 ms. 
 

 
(a) 𝑡𝑠1

𝑇
= 0.1, 0.2, 0.3, 𝑝𝑖 = 0, 𝑁0 = 5 × 10−6 

W/Hz, 𝐵 = 3 × 103 Hz, 𝛿 = 0.2 
(b) 𝛿 = 0.05, 0.1, 0.15, 𝑡𝑠1

𝑇
= 0.2, 𝑝𝑖 = 0.2, 

𝑁0 = 3 × 10−7 W/Hz, 𝐵 = 3 × 103 Hz 
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(c) 𝑝𝑖 = 0,1, 0.2, 0.3, 𝛿 = 0.2, 𝑡𝑠1

𝑇
= 0.2, 𝑁0 =

1 × 10−6 W/Hz, 𝐵 = 3 × 103 Hz 

(d) 𝑁0𝐵 = 0.01, 0.005, 0.001, 𝑝𝑖 = 0.2, 𝛿 = 0.2, 
𝑡𝑠1
𝑇

= 0.2 
 

Fig. 10. BER vs. slope for various measurement parameters 
 

Fig. 10a shows the BER for 𝑝𝑖 = 0 as the second sampling instant 𝑡𝑠1
𝑇

 is varied from 0.1 to 

0.3 (or equivalently, as 𝑡𝑠2
𝑇

 is varied from 0.9 to 0.7). The lowest BER for a fixed sampling 
instant is always obtained when the second sampling is performed at the point where the 
hypotenuse and flat section of the binary 0 pulse meet. When the slope 𝑠 is small, the BER 
increases because the corresponding low light condition reduces the difference between two 
given sample values; as the light intensity increases, the second sample value in the binary 0 
case remains the same (𝑣(𝑡𝑠2) = 𝐴), but the first sample value increases, which reduces the 
difference between the two sample values. The figure also shows that lower BERs are 
obtained when the distance between two sampling instants increases, as this increases the 
sample value difference. Fig. 10b shows the change in the BER as the decision range 𝛿 in 
favor of idle varies, from which it can be seen that increasing 𝛿 reduces the BER. This is a 
result of the fact that, as 𝛿  increases in (12), 𝑃𝑒𝑖 = 2𝑄 �𝛿−0

𝜎𝑋𝑖
� decreases much faster than 

𝑃𝑒0 = 𝑄 �𝜇𝑋0−𝛿
𝜎𝑋0

� (or equivalently, 𝑃𝑒1) increases, which in turn reduces the BER. Note that 

changes in 𝑢 affect 𝑄(𝑢) to a greater degree when 𝑢 is small, as can be easily deduced from 
the shape of the Gaussian PDF. This means that the distance between 0 and 𝛿  in 𝑃𝑒𝑖 =
2𝑄 �𝛿−0

𝜎𝑋𝑖
� is large relative to the distance between 𝛿 and 𝜇𝑋0 in 𝑃𝑒0 = 𝑄 �𝜇𝑋0−𝛿

𝜎𝑋0
�, and thus 

𝑃𝑒0 ≪ 𝑃𝑒𝑖. Fig. 10c shows the change in the BER as the probability of idle (𝑝𝑖) varies, from 
which it is seen that lower values of 𝑝𝑖 correspond to a slightly lower BER. Although varying 
𝑝𝑖 changes neither 𝑃𝑒0 nor 𝑃𝑒𝑖 as in (12), 𝑃𝑒0 ≪ 𝑃𝑒𝑖—as is the case in Fig. 10b—and therefore 
𝑝𝑖 plays a greater role than 𝑝0 in determining the BER. Fig. 10d shows the change in the BER 
as the noise PSD and the cutoff bandwidth product 𝑁0𝐵 varies. Note that 𝑁0𝐵 affects only 𝜎𝑋 
in (12); when 𝑁0𝐵 increases tenfold, 𝜎𝑋 increases √10 = 3.162 times in (8), which reduces 
both 𝑃𝑒0 and 𝑃𝑒𝑖 by a significant amount, as shown in Fig. 10d. 
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3.2 Comparison using the Correlation Detector 
To develop a correlation detector for PDSM and VPPM, we start with a case in which there is 
no idle pulse, i.e., the source sends only binary 0 or 1, before expanding this analysis to 
investigate a case including binary 0, 1, and idle. 

 

 
Fig. 11. Correlation detector for PDSM and VPPM without idle  

 
Fig. 11 shows a correlation detector that can be used to detect binary 0 and 1. It is well 

known that the BER of a correlation receiver is 𝑃𝑒 = 𝑄 ��𝐸𝑏(1−𝜌)
𝑁0

� , where 𝐸𝑏 =
1
𝐸𝑏
∫ 𝑠02(𝑡)𝑑𝑡𝑇
0  and 𝜌 = 1

𝐸𝑏
∫ 𝑠0(𝑡)𝑠1(𝑡)𝑑𝑡𝑇
0  [15]. Then, for a VPPM signal, 

 

 𝜌 = �
0, 𝛽 < 0.5

2𝛽−1
𝛽

, 𝛽 ≥ 0.5,    (14) 

 
and the BER of the VPPM signal can be calculated using the correlation detection relation 
above as 
 

 𝑃𝑒 =

⎩
⎨

⎧ 𝑄 �𝐴�𝛽𝑇
𝑁0
� , 𝛽 < 0.5

𝑄 �𝐴�𝛽𝑇(1−𝜌)
𝑁0

� , 𝛽 ≥ 0.5,
     (15) 

 
where 𝛽 is the light intensity index. For a PDSM signal, 

 

𝜌 =

⎩
⎪
⎨

⎪
⎧ 0.5, 0 < 𝛽 < 0.5
3−12𝛽+24𝛽2−16𝛽3

8(1−𝛽)2(4𝛽−1) , 0.5 ≤ 𝛽 < 0.75
3(2𝛽−1)
4𝛽−1

, 0.75 ≤ 𝛽 < 1,
    (16) 

 
and, using the correlation detection relation, the BER of the PDSM signal becomes 
 

𝑃𝑒 =

⎩
⎨

⎧ 𝑄 �2𝛽𝐴�𝑇(1−𝜌)
3𝑁0

� , 𝛽 < 0.5

𝑄 �𝐴�𝑇(4𝛽−1)(1−𝜌)
3𝑁0

� , 𝛽 ≥ 0.5.
   (17) 



1288                                                                    M. Oh: Pulse Dual Slope Modulation for VLC 

To determine the BER of a PDSM signal using dual sampling, (12), with 𝑝𝑖 = 0, is used in 
conjunction with (13). Three BER graphs of PDSM and VPPM at various values of 𝛽 are 
shown in Fig. 12. Here, 𝐴 = 1, 𝑇 = 1 ms, 𝑡𝑠1

𝑇
= 0.2, 𝑁0 = 10−5 W/Hz, and 𝐵 = 3 × 103 Hz, 

with 𝑡𝑠1
𝑇

 and 𝐵 used only for the case where PDSM is detected using dual sampling. It is seen 
that the rectangular VPPM pulse provides a significantly better BER performance than do the 
slanted PDSM pulses over the entire light intensity range. For the PDSM signals, the 
correlation detection method performs better than the dual sampling detection method over the 
entire light intensity range as well as when no idle pulse transmission occurs; these results 
confirm the advantage of using a matched filter for various pulse shapes. 
 

 
Fig. 12. BER vs. light intensity when 𝑝𝑖 = 0 

 
We next consider the case in which idle transmission occurs, i.e., 𝑝𝑖 > 0. To model a 

VPPM signal with idle pulses, we create an idle pulse located in the center of a pulse with a 
duration corresponding to a constant area for binary 0 or 1, as shown in Fig. 13.  

 

 
Fig. 13. Idle pulse shape for VPPM 

 
When there is an idle transmission, the correlation detector is implemented as shown in Fig. 

14. At the decision stage, the receiver chooses the symbol that yields the highest integrator 
output. 
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Fig. 14. Correlation detector for PDSM and VPPM with an idle probability 

 
Because two given correlator output differences will not be independent when three pulse 

shapes overlap, it is not easy to formulate the BER mathematically in closed form when 
𝑝𝑖 > 0; therefore, we used a Monte Carlo simulation to determine the BER of correlation 
detection for PDSM and VPPM signals that include the idle state, and we used (12) to 
determine the BER of PDSM using dual sampling. The results are given in Fig. 15 for signals 
with 𝐴 = 1 , 𝑇 = 1  ms, 𝑁0 = 5 × 10−5  W/Hz,  𝑡𝑠1

𝑇
= 0.2 , 𝐵 = 3 × 103  Hz, and 𝛿 = 0.1  V, 

where 𝑡𝑠1
𝑇

, 𝐵, and 𝛿 are used only for PDSM dual sampling detection. For the simulation, 105 
bits were transmitted. The figure shows that the BER of PDSM using dual sampling detection 
is lower than that of PDSM using correlation detection over the entire light intensity range 
when 𝑝𝑖 < 0.08 , whereas for 𝑝𝑖 > 0.08 , the BER produced by dual sampling becomes 
increasingly higher at low light intensities. The figure also shows that the BER of VPPM 
changes sharply in value at 𝛽 = 1

3
 because the light intensities of the binary 0, 1, and idle 

rectangular pulses at this intensity index evenly cover the bit duration without overlapping, 
representing the point at which the three correlators produce maximum mutual differences and 
thus produce the lowest BER. However, as 𝛽 changes to either a higher or lower light intensity 
index than 1

3
, the values produced by the correlators begin to converge, which results in smaller 

differences and, in turn, a higher BER. 
 

 
(a) 𝑝𝑖 = 0.01 (b) 𝑝𝑖 = 0.05 
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(c) 𝑝𝑖 = 0.08 (d) 𝑝𝑖 = 0.2 

Fig. 15. BERs of PDSM for 𝑡𝑠1
𝑇

= 0.2, 𝑁0 = 5 × 10−5 W/Hz, 𝐵 = 3 × 103 Hz, and 𝛿 = 0.1 

4. Conclusion 
This paper introduced the use of pulse dual slope modulation (PDSM) as a way of improving 
spectral efficiency. A simple and intuitive PDSM detection method was then produced. We 
performed a comprehensive investigation that revealed the beneficial features of PDSM, and 
its pulse shape was proven to be spectrally more efficient than that of a variable pulse position 
modulation (VPPM) pulse over the entire light intensity range. We also proposed using a 
symmetrical dual slope pulse to denote the idle period to avoid intra-frame flicker. We derived 
a mathematical description for the bit error rate (BER) of PDSM signal detection using the 
proposed scheme and validated it through simulation. For comparison, we applied a 
correlation detection method to PDSM and VPPM signals, showing that, for 𝑝𝑖 < 0.08, the 
BERs of PDSM signals detected using dual sampling were lower than those of PDSM signals 
obtained using correction detection over the entire light intensity range, and both performed 
worse than VPPM using correlation detection. For 𝑝𝑖 > 0.08 , however, PDSM using 
correlation began to perform better at low light intensities. Overall, our investigation showed 
that detection of PDSM signals using dual sampling features constitutes a simple, well 
performing detection method in terms of reducing spectral usage and flicker and improving 
BER performance, even though this is achieved within a specific light intensity range and with 
a limited idle transmission probability. 
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