
Osmaniye Korkut Ata University, Department of Electrical and Electronics Engineering, Osmaniye, Türkiye

Visible light communication (VLC) technology has 
arisen as a promising candidate to solve the cri-

tical challenges of wireless communication networks. 
In particular, the evolving explosion in the use of in-
ternet services requiring high bandwidth will soon 
become a great potential problem among service 
providers. In the context of sharing huge data, visible 
light communication (VLC) has been conjectured to 
be a leading potential solution to meet the demands 
of the sixth-generation (6G) and beyond networks by 
researchers from both academia and industry (1-3). 
To ensure data transmission in the physical layer of 
wireless networks, however, there are some critical 
challenges (4, 5). In particular, there are research is-
sues carried out by various researchers to investigate 
and improve the data transmission techniques (6-9). 

To meet the high-speed data rate demands of up-
coming 6G mobile wireless networks, VLC has been in-
vestigated from several aspects for integration into the-
se mobile technologies (10, 11). In the literature, some 

Article History: 
Received: 2022/04/27
Accepted: 2023/05/12

Research Article

Hittite Journal of Science and Engineering, 2023, 10 (2) 91–97

ISSN NUMBER: 2149–2123

DOI: : 10.17350/HJSE19030000306

The Performance Comparison of SC-PPM 
Receiver Models 

Mehmet Sönmez

authors have focused on the hybrid and heterogeneous 
mobile networks to assure the demands of users and 
service providers (12-17). In addition to providing high 
data rate, energy-efficient schemes have been attracted 
the very attention from researchers (18-19). Specifically, 
IoT (Internet of Things) technology which is one of the 
backbones of industrial systems has been recently com-
bined to VLC systems to provide energy efficiency [19]. 
Moreover, channel modelling and indoor positioning 
are very attractive issues for VLC systems such as RF 
systems (20-23).    

In the VLC systems, energy efficiency can also be 
ensured by using dimming control techniques such as 
modulation-based methods (24). The VPPM (Variable 
Pulse Position Modulation) and VOOK (Variable On-
Off Keying) transmission schemes are leading techni-
ques to control LED (Light Emitting Diode) brightness 
(25). In addition to these schemes, the SC-PPM scheme 
ensures dimming control of LED by mostly using a DC 
(Direct Current) signal for empty slots. Moreover, this 
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This paper describes a physical layer solution to provide data transmission in the VLC net-
works. In the paper, it is aimed to examine the performance comparison of SC-PPM (Sub-

carrier Pulse Position Modulation) demodulator schemes. Three receiver techniques have 
been considered to assemble demodulator techniques to the SC-PPM receiver system. Firstly, 
the traditional PPM (T-PPM) demodulator has been applied to the SC-4PPM receiver system 
to estimate the slot that includes high-frequency signal that is referred to as subcarrier signal. 
To successfully detect the data signal using a traditional PPM receiver, it must be known the 
dimming level of the received SC-4PPM signal. In another receiver model that is referred to 
as PD (Peak Detector), it is aimed to detect peak values of slot filled by high frequency signal. 
The disadvantage of this system is that BER (Bit Error Rate) performance depends on the dif-
ference between the peak and bottom values of the subcarrier-filled slot. Hence, the second 
method is improved to achieve a similar BER performance at all dimming levels between 
12.5% and 87.5%. This receiver model is called IPD in the paper. In brief, it is reported for 
the first time, it has been employed the PD and the IPD algorithms for the SC-PPM receiver 
schemes. In addition to this, it is given a theoretical framework for both the traditional PPM 
and the improved receiver schemes in VLC-SC-PPM schemes. Moreover, it has been investi-
gated how the SC-PPM receiver schemes are affected by brightness level.
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values of the subcarrier signal to detect the data bits. The 
BER performance is decreasing when increased the dim-
ming level of the SC-PPM signal since the difference betwe-
en the peak value of the subcarrier signal and the peak value 
of the DC signal is decreased. Therefore, the PD method is 
improved to eliminate this problem. The improved scheme 
is referred to as the IPD model which gives similar BER per-
formance at the dimming levels between 12.5% and 87.5%.  

MATERIAL AND METHODS
It is briefly recapped the SC-PPM transmission scheme 
with the illustration in Fig. 1. The SC-PPM scheme con-
sists of both DC level and subcarrier signal to encode data 
bits. According to the waveform given in Fig. 1, the dim-
ming level between 12.5% and 87.5% can be adjusted by 
the b parameter which acts as a DC component. The c va-
lue changes the dimming level between 0% to 12.5% just 
as the a value controls the dimming level between 87.5% 
and 100%. To observe the parameters' effect on the dim-
ming level, a theoretical expression can be given by (32),

( )d a c x0.125 bx0.75= + + (1) 

where, d is defined as the dimming level of the SC-PPM sig-
nal. The a, b, and c can change from 0 to 1 (32).   

Fig. 2 illustrates a block diagram for the SC-PPM sche-
me that consists of two different signal conditions that are 
Subcarrier signal and the DC component. As given in the 
figure, dimming level control can be achieved to ensure the 

transmission technique adjusts the dimming level by emp-
loying the difference between the peak and bottom values of 
the subcarrier signal slot (26, 27). Just as the dimming level 
can be controlled by adjusting the duty cycle of the modu-
lated signal, it can be regulated by attaching a sequential '1' 
or '0' bit array to the main modulated signal. This attached 
array is referred to as Compensation Time (CT) (28). Addi-
tion to CT method, dimming compensator schemes have 
been also proposed to achieve dimmable VLC systems that 
are including forward error correction (FEC) techniques 
(29). As mentioned above, many researchers have focused 
on improving dimming methods to provide both energy ef-
ficiency and data transmission in VLC technology. Therefo-
re, it can be remarked that it is very important to investigate 
modulation-based dimming techniques such as SC-PPM to 
observe their BER performances.

Compared with the PPM transmission scheme, the 
SC-PPM method has better performance in terms of energy 
consuming (30). To maintain the energy efficiency of the 
SC-PPM system, the adjusting dimming level of the SC-PPM 
scheme was asserted as an optimization problem by authors 
of (31). In the paper, the BER performance was investigated 
by taking into account the required power consumption 
that was achieved by optimizing the modulation index of 
the signal. Another optimization problem was described by 
the authors of (32). In order to increase the signal-to-noise 
ratio (SNR), the paper suggested a linear dimming control 
model to apply the SC-4PPM transmission scheme. In other 
words, it was aimed to achieve optimal SNR performance 
at the provided dimming level. These authors asserted that 
energy saving can be ensured by employing an optimized 
SC-PPM scheme for dimmable VLC systems in another 
paper. According to simulation results, it was demonstra-
ted that the optimized SC-PPM scheme could save more 
than 40% of energy by investigating the tradeoff between 
energy efficiency and SNR (33). In addition to these papers, 
an experimental study which is based on FPGA (Field Prog-
rammable Gate Arrays) board was presented in the litera-
ture (34). The paper reported practicable both a modulator 
structure and a demodulator architecture.

This paper has investigated the performance analy-
sis of SC-PPM receiver models to determine the optimum 
demodulator scheme that detects data bits from received 
SC-PPM signals. Firstly, a traditional PPM receiver model is 
applied to the SC-PPM receiver scheme to observe the BER 
performance. However, it can be stated that this receiver 
doesn’t suitable to demodulate SC-PPM signals for real-time 
systems since it needs the dimming level knowledge of the 
received SC-PPM signal. Hence, it is necessary either a dim-
ming estimation method or a knowledge of the dimming 
level of the received SC-PPM signal at the receiver side. In 
order the cope with these challenges, the PD method is app-
lied to the SC-PPM receiver scheme. This scheme uses peak 

Figure 1. SC-4PPM signal waveform in terms of the time

Figure 2. A block diagram to generate SC-4PPM signal 
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target brightness level by adjusting a, b, and c parameters. 
The subcarrier signal adjusts the dimming control by emp-
loying levels of a and b while the DC component determines 
the target dimming level using the c parameter. The para-
meters of c and b can get up to A level, if the peak value of 
SC-PPM signal is A level under full brightness. The mini-
mum value of these parameters is zero level. The parameter 
a can be adjusted from zero level up to A level. However, the 
transmission cannot be performed at these limit values due 
to full brightness and darkness. To determine the position 
of the SC Signal, it must be used position selecting process 
that is pointed out by the SC slot / DC slot selecting block in 
the figure. The position of the subcarrier signal is determi-
ned by taking into account the data bit condition.

DEMODULATOR SCHEMES FOR SC-PPM 
TECHNIQUE

Traditional PPM Demodulator
In this section, we have investigated the theoretical fra-
mework of demodulator schemes for the SC-PPM met-
hod. The section includes three demodulator techniques. 
The first technique is referred to as the traditional PPM 
demodulator scheme. The difficulty of this demodulator 
requires knowing the dimming level of the received SC-
PPM signal. Additionally, it can be stated that traditional 
PPM cannot be implemented to SC-PPM demodulator at 
the 50% dimming level since the mean value of all slots 
is equal to each other at this dimming level. Hence, it is 
considered two dimming conditions: above 50% of the 
dimming level and below 50% of the dimming level. The 
slot time can be expressed by (35),

= symTs T M (2)

where, Ts and Tsym present slot time and symbol peri-
od, respectively. The M value can be expressed as modula-
tion order. If the k is presented as bit number including one 
symbol, the M is equal to 2k.

{ }
( 1 )

( ) ; 0,1,2,....., 1
+

− = = −∫
n Ts

n
T PPM

nTs

I S t dt n M             (3)

where, S(t),  can be defined as the received SC-PPM sig-
nal and the integral value of the SC-PPM signal from nTs to 
(n+1)Ts. According to Fig. 1, the a, b, and c can be defined 
as the peak value of the subcarrier signal and DC level, res-
pectively. The integral values of the subcarrier signal can be 
assumed as follows:

( )= +n
SC

Ts MI x a c
Tsc

(4)

=n
DC

Ts MI xb
Tsc

(5)

where,   and  are defined as integral values of the sub-
carrier signal and DC component, respectively. If the dim-
ming level of the received SC-PPM signal is above 50%, the 

b value must be bigger than a plus c. Otherwise, the big ele-
ment must be a plus c. Therefore, the condition of  <   is pro-
vided under above 50% of the dimming level. Under below 
50% of the dimming level, it must be valid for the condition 
of   >  . For two conditions as mentioned above, the symbol 
can be determined following the decision criterion:

Case-1: Let us consider that the dimming level of the re-
ceived SC-PPM signal is below 50%. 

In this case, the integral value given in Eq. (3) is the big-
gest for the subcarrier signal. Hence, the maximal in-
tegral value can determine the position of the filled slot 
that is including the subcarrier signal. If argmax(.) can 
be considered as a function that returns the index of the 
maximum element in the set, a decision criterion can be 
written by,

{ }1 1arg max , ,....., ; 0+ −
− − −= =n n M

T PPM T PPM T PPMi I I I n         (6)

where, the i value gives the number of the filled slot 
with the subcarrier signal if the first slot is defined as zeroth.

Case-2: Let us consider that the dimming level of the re-
ceived SC-PPM signal is above 50%.  

This case aims to find the minimum element among 
the integral values of slots since the integral value of the DC 
component is bigger than that of the subcarrier signal. 

{ }1 1arg min , ,....., ; 0+ −
− − −= =n n M

T PPM T PPM T PPMi I I I n        (7)

where, argmin(.) is used to indicate a function that re-
turns the index of minimum element in the set. The BER 
performance of the SC-PPM is affected from both dimming 
cases since the integral results are determined by taking 
account a, b, and c parameters that aid to adjust dimming 
level of the SC-PPM. If the difference between b and (a+c) 
is increasing, it has been achieved better BER performance.

Peak Detector Based Demodulator
The Peak Detector-based demodulator provides to take 
the integration process through c values. In other words, 
this demodulator aims to detect the maximum value ob-
tained among integrators that have taken into account 
c value. Consequently, an explanation for peak detector 
can be given by,

{ }
( 1 )

( ) ( ) ; 0,1,2,....., 1
+

= = −∫
n Ts

n
Pd SC

nTs

I S t S t dt n M    (8)

where, SSC(t) can be defined as a subcarrier signal in 
which the a value is equal to zero. This signal is given to 
present the masking process in Eq. (8). In the simulation or 
the experimental processes, it is adequate to take the partial 
integral through slots of which value is determined by the 
width of the peak signal of the SC-PPM. 
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This demodulator architecture cannot efficiency BER 
performance under 87.5% and more of the dimming level 
since the peak value will be equal to the DC component that 
is filled the empty slots. This is one of the most challenges 
for the receiver scheme. It must be defined as two slot cases 
such as DC component and subcarrier filled to express the 
problem. For the DC component filled slot, an integral exp-
ression can be written as follows:

{ }; 0,1,2,....., 1= = −n
DCI bcTs n M (9)

where, the c must be equal to b at a dimming level of 
87.5% and more. Hence, both Eq. (9) and the integral of the 
SC-PPM signal indicated by Eq. (8) can be defined as,

{ }2 ; 0,1,2,....., 1= = −n
SCI c Ts n M (10)

where, it must be   at a dimming level of 87.5% and more. 
As mentioned above, it is re-noted that the a value is equal 
to zero in the product process of the integral. Therefore, the 
demodulator scheme cannot efficiently operate at specified 
dimming levels. Eq. (4) can be also used to decide the condi-
tion of data bits for this demodulator model.

Improved Peak Detector based demodulator
This scheme has taken into account not only the peak 
value but also the bottom value of the a for the demo-
dulation stage of the received SC-PPM signal to obstruct 
the challenges that emerged in the previous section. The 
difference between integrals taken in the period of a and 
c peak values determines the BER performance for this 
scheme. On the contrary to the previous section, this 
section assigns a non-zero value to the a parameter inclu-
ded by the subcarrier signal (SSC) used at the integration 
stage as shown in Eq. (8). To occur a difference between 
a and c parameters, the a value must be equal to the c in 
subcarrier signal that is used for demodulation process. 
The subcarrier signal acts as a DC component. Therefore, 
the integral result of Eq. (8) can be re-arranged by,

{ }
( ){ }

* ; 0,1,2,....., 1

0,1,2,....., / *

= + = −

=

j
cT nTs j Tsc n M

and j Ts M Tsc
            (11)

0,5 ( 2 1)*
2

+ +
= +j

c
j TscT nTs (12)

where,   and   are presented as starting and finish times. 
The j indicates the sequence of the filled slot of the subcar-
rier signal. A waveform is given to observe the starting time 
and finish time of the subcarrier signal in Fig. 3. By using 
Eqs.(11) and (12), the integral value of the slot can be given 
as follows:

0 ,5

( ) ( )
+

= ∫
jTc

j
IPd SC

jTc

I S t S t dt (13)

1

0 ,5

0 ,5

( ) ( )
+

+

+

= ∫
jTc

j
IPd SC

jTc

I S t S t dt (14)

( )
/

0 ,5

1

+

=

= −∑
Ts Tsc

n j j
IPd IPd IPd

n
I I I (15)

where, it is achieved a difference between filled and 
empty slots of the subcarrier signal. For the DC component, 
the result of Eq. (15) must be equal to zero. Yet, the slot by 
filled the subcarrier signal will get maximum value among 
the slots. Therefore, it can be used Eq. (6) to decide data bits 
from received the SC-PPM signal. Eq. (6) can be re-arranged 
as follows:

{ }1 1arg max , ,....., ; 0+ −= =n n M
IPd IPd IPdi I I I n (16                           

RESULTS AND DISCUSSION
This section gives the simulation results of the methods 
lengthy mentioned in the previous section. Three met-
hods have been considered to apply to the SC-PPM rece-
iver scheme to demodulate the received signal. We can 
briefly state the simulation results for these schemes ac-
cording to their challenges. 

In Fig. 4, it is given the simulation results that are obtai-
ned by taking into account the dimming level of the received 
SC-PPM signal. The dimming levels are including levels of 
12.5%, 27.5%, 35%, 50%, 65%, 72.5%, and 87.5%. Fig. 4 (a) il-
lustrates the simulation results under the dimming level of 
12.5%. According to these results, the PD (Peak Detector) 
model has better BER performance than that of T-PPM (Tra-
ditional PPM) and IPD (Improved Peak Detector) schemes. 
It is shown from the results that the transmission distance 
can be increased from 2.52m to 2.75m at BER of about 10-
5. A similar BER performance that is indicated in Fig. 4 (b)
is obtained at the dimming level of 27.5%. Compared with
Traditional PPM receiver, the PD can improve the transmis-
sion distance while the dimming level of the received signal 
is increased by up to 50%. At the dimming level of 27.5%,
the transmission distance can be increased from 2.23m to
2.63m under the BER of 10-4. Another observation can be
given related to the PD receiver model. When compared PD 
performances between dimming levels of 12.5% and 27.5%,
it is shown that the PD model gives better BER performance 
at the dimming level of 12.5%.

Figure 3. SC-4PPM signal waveform during one symbol period.
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The performance comparison given in Fig. 4 (c) shows 
that PD and IPD give similar BER performance. However, 
they have better performance compared with T-PPM. As 
shown in Fig. 4 (d), the T-PPM gives a meaningless BER per-
formance since the integral values of the DC and the Sub-
carrier signal are equal to each other at the dimming level 
of 50%. This situation has been expressed in the previously 
mentioned section that clarifies the theoretical analysis of 
the receiver model. The simulation results for the dimming 
level of 65% are given in Fig. 4 (e) where the performance of 
IPD is the most efficient among the simulation results. Ac-
cording to performance analysis, PD and T-PPM give BER 
of approximately 10-3 at a distance of 2.23m while IPD has 
a similar BER performance at a distance of 2.75m. As shown 
in Fig. 4 (f), the BER performance of T-PPM is increasing 
for dimming levels that are above the dimming level of 50%. 
However, its BER performance can decrease at dimming 
levels above 87.5% since the gap between c and a has been 
converged. According to the last simulation result that is 
given in Fig. 4 (g), the peak detector (PD) has meaningless 
BER performance since the c value which is the peak value 
of the subcarrier signal is equal to b which is the peak value 

of the DC component. In addition to this, traditional PPM 
gives a similar BER performance to the IPD receiver. In bri-
ef, the IPD model cannot be affected by the dimming level 
of the received signal. It is a very useful characteristic under 
unknown dimming level cases. The BER performance of 
the T-PPM model is decreasing while the dimming level is 
changing from 12.5% to 50%. However, its performance can 
increase at dimming levels between 50% and 87.5% when the 
fullness of the received signal is raised.  

In brief, the performance of the traditional PPM de-
modulator is increasing at the dimming levels between 50% 
and 87.5% since the difference between integral values of 
slot that is filled with subcarrier signal and the slot that is 
filled with DC signal is extending. The difference between 
DC value and c value is closing while the target brightness is 
rising. Hence, the performance of PD is gradually decreasing 
when the target dimming is approaching to dimming level 
of 87.5%. The difference between a and c steadies at the dim-
ming levels between 12.5% and 87.5%. Therefore, the perfor-
mance of IPD gives similar BER performance at brightness 
between these levels.             

CONCLUSION
The paper has investigated the performance compari-

son of SC-PPM demodulator schemes that are PD, IPD, and 
T-PPM. The disadvantage of the T-PPM receiver is that it 
must be known the dimming level of the received SC-4PPM 
signal to successfully detect the bits. It is considered that this 
is a serious problem for real-time VLC systems. By using the 
PD scheme, the peak value of the subcarrier signal is detec-
ted. However, the performance of this receiver is decreasing 
while the dimming level of the received signal is increasing. 
The reason is that BER performance depends on the diffe-
rence between the peak and bottom values of the subcarri-
er-filled slot. Hence, the IPD scheme is proposed to obtain 
a similar BER performance at all dimming levels between 
12.5% and 87.5%. In the future, it can be improved a real-time 
system including these receiver models.  
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