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Abstract

Light-emitting diodes (LEDs) are modulated using a square wave pulse sequence for flicker prevention and dimming control in

visible light communication (VLC). In a VLC transmitter, the high and low bits of the non-return-to-zero (NRZ) data are

converted to two square waves of different frequencies, which continue for a finite time defined by the fill ratio in an NRZ bit

time. As the average optical power was kept constant and independent of data transmission, the LED was flicker-free. Dimming

control is carried out by changing the fill ratio of the square wave in the NRZ bit time. In the experiments, the illumination of the

LED light was controlled in the range of approximately 19.2% to 96.2% of the continuous square wave modulated LED light. In

the VLC receiver, a high-pass filter combined with a latch circuit was used to recover the transmitted signal while preventing

noise interference from adjacent lighting lamps.

Index Terms: Dimming control, Fill ratio, Flicker prevention, Light emitting diode, Visible light communication

I. INTRODUCTION

Visible light communication (VLC) is a new technology in

which light sources are used simultaneously for lighting and

communication [1-4]. High-power visible light-emitting

diodes (LEDs) have been used widely as light sources in

various VLC systems. Compared to conventional fluorescent

lamps and incandescent lamps, LEDs have high power con-

version efficiency, fast response speed, and mechanical

safety. VLC systems have several advantages. Specifically,

visible light does not interfere with radio frequencies and

does not affect other systems outside the illuminated area,

and VLC prevents external eavesdropping because the signal

is detected within the LED beam. The VLC system should

be designed in such a way that lighting and communication

do not affect each other because LED lights are used for illu-

mination as well as data transmission [5-7].

The optical power change of an LED light during data

transmission can cause flickering, and the flickering phe-

nomenon should be avoided for comfortable illumination and

eye safety. Amplitude-shift keying and frequency-shift key-

ing have been used for flicker prevention [1, 2]. In VLC sys-

tems, dimming control is also required to allow the user to

change the illumination easily without affecting the commu-

nication link. Variable pulse-position modulation and color

shift keying approaches have been considered as effective

methods for dimming control [1].

In this study, we introduce a simple modulation method

that is effective for the flicker prevention and dimming con-

trol of LED lights in VLC systems. When the input NRZ

data are applied to the transmitter, the high and low bits of

the NRZ data are converted to two square waves of different

frequencies, and the square waves continue for a finite time,

which is defined by the fill ratio in an NRZ bit time. The

proposed scheme is called pulse-frequency modulation (PFM). 

In PFM, the average optical power of the LED light is
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independent of the number of high and low bits in the NRZ

data, and it remains constant regardless of whether the data

is transmitted, and the illumination maintains a flicker-free

state. When it is necessary to change the LED illumination, a

different fill ratio is selected by changing the duration of the

square wave in the bit time. This configuration is useful in

constructing indoor VLC systems using LED lamps, particu-

larly in exhibition halls or department stores, where the

product information is transmitted wirelessly to guest smart-

phones via the LED light within a booth without affecting

the neighboring store.

II. PULSE FREQUENCY MODULATION

In the VLC transmitter using PFM transmission, NRZ

input data bits are converted to square waves of two differ-

ent frequencies, and the square wave continues for a finite

time, which is defined by the fill ratio. Fig. 1 shows the con-

version from the NRZ data to the PFM signal. 

Fig. 1(a) is an arbitrary NRZ waveform with a bit time of TB.

Fig. 1(b) shows the PFM waveform in which the high and low

NRZ bits are converted to square waves with repetition fre-

quencies f1 and f2, respectively. τ1 represents the on-time for

which the PFM waveform continues; τ2 denotes the off-time in

which the PFM signal does not exist, and ∆t indicates the inter-

val between adjacent bits. In these waveforms, the one-bit time

of the NRZ waveform can be expressed as follows:

.  (1)

In the PFM waveform in Fig. 1(b), the fill ratio can be

defined as:

.  (2)

If m high bits and n low bits in the NRZ waveform are

transmitted during an observation time of T, the average

optical power of the LED light in the PFM waveform can be

obtained as follows:

(3)

where Pavg represents the average optical power; P(t) denotes

the instantaneous optical power of the LED light, and PH(t)

and PL(t) are square wave functions with frequencies f1 and f2,

respectively. P0 corresponds to the optical amplitude of the

LED light modulated by the PFM waveform; τ1 is the on-time

of the PFM waveform, and m and n are the numbers of the

NRZ high and low bits in the observation time T. The

observation time T is equal to (m + n) TB, where TB is one

NRZ bit time, and Equation (3) becomes: 

(4)

where Pm is the maximum average optical power when the

LED light is modulated by a square wave. Specifically, it is,

Pm = P0/2, and D corresponds to the fill ratio of the PFM

waveform defined in equation (2). As shown in equation (4),

the average optical power of the LED light is independent of

the bit numbers m and n; therefore, it is independent of the

NRZ bit state and remains constant. As a result, the LED

light remains flicker-free while the fill ratio is fixed at a

specific value. During the experiment, the average optical

power changed linearly with the fill ratio, and the

illumination was controlled by changing the fill ratio. The

relationship between the average optical power and the fill

ratio is shown in Fig. 2. 

In Fig. 2, the solid line was calculated using equation (4),

and the symbol (■) represent the measured data in the exper-

iments. For the measurements, we used a square wave with a

frequency f1 = 100 kHz for the NRZ high bit, in which the

pulse width was 5 μs and the pulse period was 10 μs. For the

NRZ low bit, a square wave with frequency f2 = 50 kHz was

used, in which the pulse width was 10 μs and the pulse

period was 20 μs. The NRZ data rate was 9.6 kbps, where

the one-bit time (TB) was 104 μs. The interval time between

adjacent bits (∆t) was 4 μs. 

 

 

 

 

Fig. 1. Illustration of pulse-frequency modulation. (a) Non-return-to zero

input waveform and (b) optical power of a light emitting diode in pulse-

frequency modulation.
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We increased the on-time τ1 of the PFM waveform by 20

μs stepwise from 20 μs to 100 μs to measure the average

optical power change with the fill ratio. Under these condi-

tions, the lowest fill factor was Dmin = τ1,(min)/TB = 20/104

=19.2%, and the highest fill factor was Dmax = τ1,(max)/TB =

100/104 = 96.2%. As shown in Fig. 2, the average optical

power of the LED light exhibited an approximately linear

relationship with the fill ratio. In the measurements, the opti-

cal power density was measured as the fill ratio was changed,

and the measured data were normalized to the maximum

value of the square wave light Pm = P0/2, where P0 is the

optical amplitude of the LED. The maximum power density

Pm was measured to be approximately 0.4 W/m2 at a dis-

tance of approximately 2 m from the LED array, and the illu-

mination was approximately 300 lx. The optical power

density and illumination were measured using an optical mul-

timeter (OMM-6810B) and an illuminance meter (UT382).

III. SYSTEM CONFIGURATION

A. VLC Transmitter

Fig. 3 is the illustration of the VLC transmitter configura-

tion. 

The VLC transmitter comprised a PFM modulator, a cur-

rent driver, and an LED array. A microcontroller, Atme-

ga328, was used as the PFM modulator and a DW8501

integrated circuit was used for the current driver. The LED

array was in a 3×4 planar array form, which was composed

of twelve 1 W white LEDs. When the NRZ data was applied

to the input of the transmitter, the PFM modulator converted

each bit of the NRZ data into square waves of frequencies 10

kHz and 5 kHz, and these were used for the high and low

NRZ bits, respectively.

The PFM signal continued for a finite time (τ1), which

was defined by the fill ratio within an NRZ bit time. The fill

ratio was selected by transmitting interrupt pulses to Atme-

ga328, in which the on-time τ1 of the PFM waveform

increased by 20 μs stepwise for each interrupt pulse from τ1

= 20 μs to τ1 = 100 μs in an NRZ bit time of TB = 104 μs.

The NRZ bit time corresponds to a 9.6 kbps data rate. The

PFM signal was applied to the input of the current driver,

and the output current was supplied to the LED array, whose

output light radiates to the VLC receiver through free space.

We repeatedly sent the character “K” to confirm the opera-

tion of the transmitter and observed the voltage waveforms

using an oscilloscope, as shown in Fig. 4.

Fig. 4(a) shows the NRZ data waveform for the character

“K”. The ASCII code for the character “K” is 01001011. In

UART transmission, the least significant bit is transmitted

first, and the bit sequence is reversed to 11010010. A start

bit (0) was added in front of the character and a stop bit (1)

was added at the end; thus, a ten-bit NRZ bit sequence

0110100101 was transmitted for character “K”. When high

(H) and a low (L) voltages were assigned to “1” and “0”

bits, respectively, the voltage signal became LHHLHLL-

HLH, as shown in Fig. 4(a).

Fig. 4(b) to (d) illustrate the PFM waveforms. An NRZ

high bit was converted to a square wave of frequency f1 =

100 kHz, in which the rectangular pulses with a pulse-width

of 5 µs are repeated with a period of 10 µs during the on-

time τ1. An NRZ low bit was converted to a square wave of

frequency f2 = 50 kHz, in which the rectangular pulses with a

pulse-width of 10 µs repeated with a period of 20 µs during

the on-time τ1. The NRZ bit time (TB) was 104 µs, and the

interval time between adjacent bits (∆t) was set to 4 µs. 

Fig. 4. Waveforms observed in the transmitter. (a) Non-return-to zero data

waveform and pulse-frequency modulation waveforms with fill ratio of (b) D =

19.2%, (c) D = 57.6%, and (d) D = 96.2%.

Fig. 2. Average optical power change with fill ratio.

Fig. 3. Configuration of the transmitter.
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In Fig. 4(b), the on-time of the PFM waveform is τ1 = 20

µs and the fill ratio is D = τ1/TB = 20/104 = 19.2%; thus, two

pulses appear in the NRZ high bit and one pulse appears in

the NRZ low bit. In Fig. 4(c), the on-time of the PFM wave-

form is τ1 = 60 µs, the fill ratio is D = τ1/TB = 60/104 =

57.6%. Accordingly, six pulses appear in the NRZ high bit

and three pulses appear in the NRZ low bit. In Fig. 4(d), the

on-time of the PFM waveform is τ1 = 100 µs and the fill

ratio is D = τ1/TB = 100/104 = 96.2%; thus, ten pulses appear

in the NRZ high bit and five pulses appear in the NRZ low

bit.

B. VLC Receiver

A VLC receiver that was installed at a distance of approx-

imately 2 m from the LED array was used to detect the light

emitted from the LED, which was modulated by the PFM

signal. Fig. 5 shows the circuit diagram of the VLC receiver. 

The VLC receiver comprised a photodiode (PD), three

amplifiers, an RC high-pass filter (RC-HPF), two diodes, an

SR-latch circuit, and a microcontroller. In the experiments,

we used an S6968 PIN PD, three OPA228 op-amps, two

1N4148 diodes, an Atmega328 microcontroller, and an SR-

latch circuit consisting of two NAND gates.

When the VLC light from the transmitter arrived at the

receiver, an amplified PD voltage passed through the RC-

HPF to cut off the 120 Hz noise arising from adjacent light

lamps. Owing to the differential operation of the RC-HPF,

positive and negative spikes appeared at the rising and fall-

ing edges of the rectangular pulses of the PFM waveform,

respectively. The spike voltage at the output of the RC-HPF

was simultaneously applied to the input ports of amp-1 and

amp-2. Moreover, amp-1 and amp-2 are non-inverting and

inverting amplifiers, respectively. 

The output of the non-inverting amplifier (amp-1) passed

through diode D1; the positive spike passed through it while

the negative spike was cut off. Thus, only the positive spike

from the RC-HPF was applied to the S input of the SR-latch

circuit. Similarly, the output voltage of the inverting ampli-

fier (amp-2) passed through diode D2; the inverted negative

spike passed through it while the inverted positive spike was

cut off. As a result, only the inverted negative spike from the

RC-HPF was applied to the R input of the SR latch circuit. 

A positive spike transits the SR-latch output to a high

voltage state while a negative spike transits it to a low

voltage state. As a result, the PFM signal sent from the

transmitter was regenerated at the output of the SR-latch

while the 120 Hz noise was cut off by the RC-HPF. We

observed the voltage waveforms in the VLC receiver to

confirm the regeneration of the PFM signal. Fig. 6 illustrates

the voltage waveforms observed using an oscilloscope. 

Fig. 6(a) shows the PD voltage when the LED light was

modulated by the PFM waveform with a fill ratio of 57.6%

in the transmitter. Fig. 6(b) shows the output voltage of the

HPF, Fig. 6(c) shows the positive spikes appearing at the

output of diode D1; Fig. 6(d) depicts the inverted negative

spikes at the output of diode D2, and Fig. 6(e) shows the

PFM waveform regenerated by the SR-latch circuit. 

The regenerated PFM signal was applied to the interrupt

port of the microcontroller. Afterward, the NRZ data was

recovered. The recovery process of the NRZ data from the

PFM signal is schematically illustrated in Fig. 7.

As shown in Fig. 7(a), at each rising edge of the rectangu-

lar pulses in the PFM signal, the microcontroller reads the

voltage level two times sequentially from the rising edge

with an interval of 5 µs, which is the same as the pulse

width of the PFM signal for the NRZ high bit. If the two

readings are equal to (1, 0), the microcontroller transitions to

a high voltage state and continues until a new data (1, 1)

reading is made. When the read data is equal to (1, 1), the

microcontroller transitions to a low voltage state and contin-

ues until a new data (1, 0) reading is made. In this manner,

the microcontroller recovered the NRZ data waveform from

Fig. 6. Waveforms observed in the receiver with a fill ratio of D = 57.6%. (a)

Photodiode voltage, (b) high-pass filter output, (c) positive spikes, (d) inverted

negative spikes, and (e) regenerated pulse-frequency modulation waveform.Fig. 5. Configuration of the receiver.
https://doi.org/10.6109/jicce.2021.19.4.269 272
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the PFM signal, as illustrated in Fig. 7(b). 

We observed the regenerated PFM and NRZ data wave-

forms as the fill ratio of the PFM waveform changed in the

transmitter. Fig. 8 illustrates the PFM signal and regenerated

NRZ waveforms observed using an oscilloscope. 

Fig. 8(a), (b), and (c) correspond to the PFM waveforms

recovered by the SR-latch circuit in the VLC receiver when

the fill ratio was D = 19.2%, 57.6%, and 96.2%, respec-

tively. Fig. 8(d) shows the recovered NRZ waveform for the

character “K”. The recovered NRZ waveform is the same

while the fill ratio changes, and it is equal to the NRZ wave-

form transmitted by the transmitter, as shown in Fig. 4(a).

Thus far, we experimentally confirmed the PFM wave gener-

ation process in the transmitter, the recovering process of the

PFM waveforms, and the conversion from PFM to NRZ data

bits in the receiver.

IV. TRANSMISSION EXPERIMENTS

The PFM method was applied to data transmission from

an LED array to a smartphone. The configuration can be

used for indoor wireless data transmission to provide product

information to guests in an exhibition hall or department

store using an LED lamplight. Each booth had a lighting

lamp. As the data can be received within the area where the

LED light reaches, the data was transmitted within the booth

without interfering with the neighbor. The experimental

setup is illustrated in Fig. 9. 

The LED array in the VLC transmitter was installed near

the ceiling, beside other lighting lamps in the laboratory. The

signal light of the LED array was modulated by the PFM

signal of the transmitted data. Other lighting lamps that were

not concerned with data transmission were also installed on

the ceiling near the VLC transmitter, and the light from these

lighting lamps contained 120 Hz noise. 

The VLC receiver was installed on a table at a distance of

approximately 2 m from the VLC transmitter. The light from

the VLC transmitter and those from other lighting lamps

were mixed at the position of the VLC receiver. A character

string “VLC-TX-test\r\n” was transmitted repeatedly at a 9.6

kbps data rate, and the voltage waveforms in the transmitter

and the receiver were observed using an oscilloscope, as

shown in Fig. 10.

Fig. 10(a) shows the NRZ waveform in the transmitter.

Fig. 10(b) depicts the PFM waveform with a fill ratio of

19.2% in the transmitter. Fig. 10(c) shows the photodiode

voltage, in which the PFM waveform is mixed with the 120

Hz noise from adjacent lighting lamps. This signal cannot be

directly received owing to noise interference, and an RC-

HPF was used to cut off the 120 Hz noise. Fig. 10(d) shows

Fig. 7. Recovery process of the non-return-to-zero waveform from the

pulse-frequency modulation signal.

Fig. 8. Waveforms observed in the receiver. Pulse-frequency modulation

waveforms with fill ratio of (a) D = 19.2 %, (b) D = 57.6 %, and (c) D = 96.2%.

(d) Non-return-to-zero waveform recovered by the microcontroller.

Fig. 9. Experimental setup.

Fig. 10. Waveforms observed in the transmitter and receiver. (a) Non-return-

to-zero signal and (b) pulse-frequency modulation signal in the transmitter. (c)

Photo-diode voltage, (d) regenerated pulse-frequency modulation signal, and

(e) recovered non-return-to-zero signal in the receiver.
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the regenerated PFM waveform without the noise using an

RC-HPF and an SR-latch circuit in the VLC receiver. Fig.

10(e) shows the regenerated NRZ data waveform in the

receiver. 

We simulated the filter waveforms using the PSpice pro-

gram to find the optimum capacitance in the RC-HPF. Fig.

11 shows the simulation results. 

Fig. 11(a) shows the square wave input voltage in the PFM

signal with frequencies of 10 kHz and 5 kHz. Fig. 11(b)

illustrates the spike voltages at RC-HPF output with the

capacitances C1 = 1 nF and 0.3 nF when the resistance was

fixed at R1 = 1 kΩ. Fig. 11(c) depicts the amplitude changes

of spikes and 120 Hz noise with capacitance C1. The positive

and negative spike amplitudes are almost equal and maxi-

mum while the 120 Hz noise disappeared when the capaci-

tance was approximately 1 to 2 nF. Thus, we used C1 = 1 nF

and R = 1 kΩ in RC-HPF. 

The recovered NRZ waveform in Fig. 10(e) was applied to

the USB input port of a smartphone through a serial-to-USB

converter. Fig. 12 shows the LED array used as the light

source in VLC transmitter and the receiver circuit including

a photodiode and a smartphone.

Fig. 12(a) shows the LED array installed near the ceiling

of the laboratory, and it was used as a light source in the

VLC transmitter. Fig. 12(b) illustrates the VLC receiver cir-

cuit, including a photodiode and a smartphone. Moreover,

the characters sent by the transmitter are displayed on the

screen of a smartphone. The two characters “\r” and “\n” in

the transmitted data are special characters for position con-

trol and are not shown. The remnant characters “VLC-TX-

test” are displayed on the screen of a smartphone, as shown

in Fig. 12(b).

V. DISCUSSION AND CONCLUSIONS

In this study, we developed a new PFM transmission

method for the flicker-prevention and dimming control of an

LED light source in visible light communication. The high

and low bits in the NRZ data are converted to square waves

of two different frequencies, and the duration of the square

wave in a bit time is selected by the user to control the illu-

mination of the LED light. It was confirmed that when the

fill ratio is fixed at a specific value, the average optical

power of the LED light remained constant and flicker-free.

When the user wants to change the illumination of the LED,

a different fill ratio is selected by pressing a push-button

switch to apply interrupt signals to the transmitter. In the

experiments, the illumination was controlled in the range of

19.2% to 96.2% of the square wave modulated LED light. 

An RC-HPF was used in the VLC receiver to eliminate the

interference of the 120 Hz noise from the adjacent light

lamps. The RC-HPF cuts off the noise interference; however,

the differential operation in the RC-HPF distorts the square

wave in the PFM signal. If signal distortion is severe, the

output of the RC-HPF cannot be directly used for data recov-

ery. In this state, the spike voltages at the HPF output were

utilized to recover the square waves in the PFM signal. In

the experiments, when the 120 Hz noise amplitude was

approximately twice that of the PFM signal, the square wave

was effectively recovered while cutting off the noise using

an RC-HPF and an SR-latch circuit. 

Fig. 11. Simulation results of a high pass filter. (a) Input voltage, (b) output

spike voltage, and (c) peak amplitude change with capacitance.

Fig. 12. Devices used in experiments. (a) Light emitting diode array in

transmitter and (b) receiver circuits, including a photodiode and smartphone.
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The configuration introduced in this study can be used

widely in constructing indoor wireless communication links

in an exhibition hall or department store to provide product

information to guest smartphones using LED lamps as the

VLC transmitter. It was confirmed that the VLC system in

each booth operates safely without interfering with the

neighbor because the VLC signal is detected only within the

LED light beam and does not pass through the booth wall.
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