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Abstract: Four-level pulse amplitude modulation (PAM4) can transmit more information in the
same symbol interval, effectively improving the information transmission rate and frequency band
utilization of visible light communication (VLC). This paper proposes a method for encoding and
decoding the PAM4 signal based on FPGA. The PAM4 signal is studied and analyzed under different
channel noise models. The research results show that the bit error rate (BER) performance of the
PAM4 signal is the best under the additive noise model. The influence of the multiplicative noise on
the BER of the PAM4 signal is much greater than that of the additive noise. The BER performance
of the PAM4 signal depends on the variance of the noise data. The greater the variance, the worse
the BER performance. At the same time, an indoor VLC system based on PAM4 is designed. The
simulation results verify that the system scheme is feasible and provides a way to further realize
high-speed signal transmission.
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1. Introduction

Visible light communication (VLC) is a new type of wireless communication tech-
nology that has emerged in recent years [1,2]. It uses light emitting diode (LED) light
sources for high-speed modulation, uses light as a carrier to transmit signals, and takes
into account communication and lighting functions. It has the advantages of energy saving
and environmental protection, no electromagnetic radiation, and low cost [3,4], which has
attracted people’s attention. In addition to meeting the basic communication, the VLC
system must also consider the communication rate and frequency band utilization. With
the improvement of the technical level, the demand for high-speed and high-bandwidth
transmission systems is gradually increasing, so it is necessary to improve the communica-
tion rate while meeting the performance requirements. At present, the indoor VLC system
mostly uses on-off keying (OOK), pulse position modulation (PPM), and pulse interval
modulation (PIM) [5,6]; the transmission efficiency of OOK is too low, and it is not suitable
for a high-speed transmission system. PPM modulation has good anti-noise ability and has
been used in optical communication systems for a long time. The Ke research group at the
Xi’an University of Technology systematically analyzed PPM.

In recent years, high speed has been the main requirement of the current communica-
tion system, and the upper limit of communication rate can be increased by increasing the
modulation order. Compared with the above three modulation methods, four-level pulse
amplitude modulation (PAM4) can transmit more bit information in the same symbol; its
information transmission rate per unit band is high and has higher spectral efficiency [7].
Under the same communication rate conditions, PAM4 can also reduce inter-symbol in-
terference, thereby reducing the bit error rate (BER) [8] and making full use of frequency
band resources. Research in the field of communication has achieved results. In 2016, Zuo
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used equalization technology implementation of PAM4 signal transmission in 100 m fiber
at a transmission rate of 155 Gb/s [9]. In 2017, Laverencik realized the transmission of
laser light in optical fiber at high speed and used PAM4 as the modulation method, and
the BER was less than 10712 [10]. In 2019, Yu used PAM4 as the main modulation method
for the communication system and combined it with equalization technology. Through
experimental verification, a high-speed transmission system based on PAM4 was finally
realized [11]. In 2020, Guo designed a dual-mode 32 Gb/s receiver that can simultaneously
operate in NRZ and PAM4 modes [12]. In 2021, Wei used the DSP development board to
design a VLC system based on PAM4 through the combination of software and hardware.
The author successfully completed the communication verification experiment, and the
BER met the communication system requirements [13]. The research on PAM4 at home and
abroad is mainly developing rapidly in the direction of high speed and high bandwidth,
and most of them are used in the field of optical fiber communication. There are relatively
few studies on the use of PAM4 technology in indoor VLC. Therefore, the study of the
encoding and decoding of the PAM4 signal in indoor VLC systems has certain significance
and application value.

This paper focuses on the design scheme of the key parts of the system and studies
and analyzes the BER performance of the PAM4 signal under different channel noise
models. The results show that the BER performance of the PAM4 signal depends on the
variance of the noise data. The greater the variance, the worse the BER performance. The
BER performance in the case of the multiplicative noise is much larger than the BER in
the case of the additive noise. The main reason is that the multiplicative noise is caused
by the time-varying and nonlinearity of the system, reflecting the fading of the channel,
while the additive noise generally refers to the background noise of the system. The field
programmable gate array (FPGA) development board with EPACE10 FPGA chip as the core
is used to verify the communication system, which verifies the feasibility of the system
scheme. In addition, the system has high programmability and is easy to debug and
develop with subsequent system upgrades.

2. Theoretical Basis

Most VLC systems are designed as intensity modulation/direct detection (IM/DD)
systems. OOK is the easiest modulation method to implement in an IM/DD system, but
the transmission efficiency of OOK is too low [14], while PAM4 can transmit 2 bits of
information per waveform, effectively improving the communication rate and modulation
efficiency, which can meet the requirements of high transmission efficiency. Under the same
transmission rate, the bandwidth utilization of PAM4 is higher than that of OOK, PPM,
and DPPM. Table 1 shows the bandwidth requirements of four modulation methods [15],
where R}, refers to the transmission rate, and M refers to the modulation order. As can
be seen from Table 1, in the case of the same transmission rate, PPM requires the largest
bandwidth, followed by DPPM, and PAM requires the smallest bandwidth. Therefore, the
bandwidth utilization rate of PAM is higher than that of the other three methods, with
higher spectral efficiency, and the data transmission rate is the highest under the same band-
width requirements. As the order M of PAM increases, the bandwidth utilization rate and
data transmission rate will also increase, but the anti-noise performance of the system will
gradually deteriorate, and the required hardware will also increase its complexity [16-18].

Table 1. The bandwidth requirements for different modulation methods [19].

Modulation Bandwidth Requirements
OOK Ry
PAM Ry /log2(M)
PPM M Ry, /log2(M)

DPPM (M+1) Ry, /2l0g2(M)
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PAM4 uses periodic pulses as the carrier, and the symbol information of the source
controls the amplitude of the pulse. The waveform diagram of the PAM4 signal is shown
in Figure 1, and four different amplitudes control different symbol information.
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Figure 1. The waveform diagram of the PAM4 signal.
For the PAM4 signal, its waveform is expressed as [19]:
sm(f) = Amp(t), 0<t<T, m=1,2,3,4 (1)

where T is the pulse duration, which is called the symbol interval, ¢ is the time, p(t) is the
rectangular pulse with duration T, and A, is the amplitude of the m-th waveform, which is
expressed as:

Ay = 2m—-5)d, m=1,2,3,4 )

where d is half the Euclidean distance between adjacent levels. p(t) is defined as:
p(t) =V1/T 3)

Therefore, the energy of the pulse p(t) is normalized to 1. From Equation (1), it can be
seen that the energy of the PAM4 signal is [14]:

—+o00
Em = /_oo AZp(Hdt = AZe, (4)

where ¢, is the energy of the rectangular pulse p(t). From this, the average energy of the
PAM4 signal can be obtained as:

e, & 2¢
foug = 7 1 A = P17+ 37 = 5%, = 5d° ©)
m=

Since the PAM4 signal only modulates the amplitude, the constellation map of the
PAM4 signal only has values on the in-phase component, and the signal points are all lo-
cated on the in-phase component. Therefore, the PAM4 map belongs to the one-dimensional
real constellation map, and the Euclidean distance d i, of any pair of adjacent signal points

is [14]:
1
Amin = \/ || $m —sn |2 = [Am — Au]\/Ep = 2/Ep =2 seag = 2d (6)

where ¢, is the average energy of the PAM4 signal. S, and S;, represent the energy values
of any two adjacent signal points. It can be seen from Equation (6) that the Euclidean
distance obtained is exactly the same as the expression of Equation (2). Since the amplitude
of the PAM4 signal cannot be negative in VLC, and the amplitude of the PAM4 signal has
no fixed value, it can be adjusted appropriately to meet the demand, so the amplitude after
PAM4 encoding is set to 0, 1, 2, and 3.
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Assuming that the transmission channel is equivalent to the AWGN channel. From
the above analysis, it can be seen that the average BER P, is [19]:

4 . 242 . 3 Zsavg
X:: [error|m] = ~ {6Q( 0) = EQ( 5N ) = Q(\/ fSNR) 7)

where P|error|m] is the probability of error at each level, Ny is the noise power, SNR is the
signal-to-noise ratio (SNR), and the expression of the Q function is:

.NH

Q(x) = \/;n/fe—’fdt ®)

Assuming that the channel noise model is a Gaussian mixture model (GMM), its
conditional probability density function (PDF) is [20]:

P<r|sz->—:21( ;fwij)exp{—(r—{m,-—(—l)"\/?}/ﬁanj)z} ©)

where s; is the transmitted symbol, ¢; is the average bit energy, i,,j is the mean, 0;; is the
variance, ¢; is the weight value of the GMM, then the BER is [20]:

P cwm = ié i Q[(/2 + /o] +o[ (2 —mpren] b a0

SNR is given by Equation (11) [20]:

SNR = 1010g{€b/ [(1 —e)o? + ea,%z] } (11)

Assuming that the channel noise model is a lognormal model, if the transmitted signal
energy is Ey, the received signal energy is h?Ey,. At this time, the SNR at the receiving end
becomes (h*E;)/Ny. The BER can be obtained by Equation (7) [19]:

Pein = Q(\/ éffz h?) (12)

where h reflects the channel state and conforms to the lognormal distribution. Since & is a
random variable, there is:

2E
PN = 2/ SNZhZ f(h)dh (13)

where f (h) refers to the PDF of the lognormal distribution.

In the VLC system, the transmitting end must maintain synchronization with the
receiving end [21]. The data must be sent in the format of a frame after being encoded
by PAM4. The system inserts a Barker code sequence as a frame synchronization signal
at the head of the PAM4 data, thereby forming a PAM4 data frame and then sending the
data out. The format of the PAM4 data frame is shown in Figure 2. The data segment of
PAM4 contains multiple sets of PAM4 data. The function of the protection segment is to
provide the system with enough time to calculate the relevant parameters. In this paper,
gray coding and 8b/10b coding are added before the PAM4 coding. The purpose is to
minimize the error rate of symbols during transmission according to the coding rules of
gray coding and 8b/10b coding. 8b/10b coding encodes 8 bits data into 10 bits data. By
increasing the redundancy of information, the coding is more reliable, and the security of
information transmission is improved.



Appl. Sci. 2024, 14, 1663

50f18

Protection segment

Frame header Data segment

Figure 2. The format of the PAM4 data frame [19].

When there is data input at the receiving end, the data is first stored in the buffer, and
then the data is judged. When the data is equal to the frame synchronization data, it is
considered that the frame header is detected, and the data can be received. This process
is called frame synchronization. Frame synchronization is realized by designing a Barker
code correlator. In order to successfully decode the original data source, the clock data
must be restored, which requires extracting the clock signal from the PAM4 signal to make
a correct judgment on the data at the sampling time. This process of recovering the clock
signal is called bit synchronization. After bit synchronization recovery using the lead-lag
bit synchronization method, PAM4 decoding is performed according to the clock signal to
recover the source data.

3. Key Component Design
3.1. PAM4 Encoding and Decoding

In order to generate the PAM4 signal, the coding scheme of the PAM4 signal designed
in this paper is shown in Figure 3. The scheme uses two non-return-to-zero (NRZ) codes to
generate the PAM4 signal. There are generally two kinds of binary code stream information
for sending data, namely logic “0” and logic “1”. For logic “0”, choose a lower amplitude
level to act as the least significant bit (LSB); for logic “1”, choose a higher amplitude level to
act as the most significant bit (MSB) and superimpose the two channels of NRZ signals to
obtain the PAM4 signal. Note that before superimposing, the two NRZ codes must be clock
synchronized; otherwise, the signal waveform will be mutated due to different delays.

0, a, and b represent the three different amplitudes of the signal, o
and the green line represents the waveform of the PAM4 signal LSB

a

NRZI

NRZ2

a+b

PAM4

0

Figure 3. The coding scheme of the PAM4 signal.

The decoding scheme is shown in Figure 4. Three deciders are designed according
to the amplitude of the PAM4 signal at the receiving end. By comparing the set threshold
values, the corresponding symbol information is determined. The rules of the decider are:
when the amplitude of PAM4 is greater than the threshold value of the decider, the output
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logic “1”; when the amplitude of PAM4 is smaller than the threshold value of the decider,
the output logic “0”. The output of the decider?2 is taken as the outputl, the deciderl and
the decider2 perform an “exclusive OR” operation, and the output obtained is then “OR”
with the output of the decider3 to obtain the output2, and then complete the decoding and
recovery of the two NRZ signals. In Figure 4, the threshold value of the deciderl1 is the
smallest, and the threshold value of the decider3 is the largest.

! Deciderl
XOR  |—
Input P Decider2 Outputl —Jp» OR P Output2
Ly Decider3

Figure 4. The decoding scheme of the PAM4 signal.

In order to verify the accuracy of the decoding scheme, we assume that the four
amplitudes of the PAM4 signal are 0, 1, 2, and 3, then the three decision threshold values
are set to 0.5, 1.5, and 2.5, respectively, NRZ1is “01010101”,and NRZ2is“01 00101
0”. The output PAM4 signal is “00 11 01 10 00 11 01 10”. This PAM4 signal is brought into
Figure 4 as input, and the symbol output values of each part are shown in Table 2. It can be
seen from the table that the output of the decider2 is exactly NRZ1, and the result of the
output2is “0110110”, which is NRZ2, so two NRZ codes can be recovered.

Table 2. Symbol output values for each part.

Part Symbol Value Part Symbol Value
NRZ1 01010101 Decider2(Outputl) 01010101
NRZ2 01100110 Decider3 01000100
PAM4 001101100011 0110 XOR 00100010

Deciderl 01110111 OR(Output2) 01100110

3.2. Bit Synchronization

In order to recover the source data and ensure the reliable transmission of information,
the receiving end must know the start and end time of the symbol and make a decision
at the best decision clock, that is, the intermediate moment of the received symbol. The
process of extracting the decision clock is bit synchronization, also known as symbol
synchronization. This paper uses a lead-lag phase detector to recover the bit-synchronous
clock signal. The principle of the lead-lag synchronization method is shown in Figure 5.
This is a closed-loop feedback system composed of four parts, namely a phase detector, a
controller, a crystal oscillator, and a frequency divider. First, the phase of the input signal
and the phase of the clock signal output by the local crystal oscillator are compared through
the phase detector to determine whether the phase relationship between the two is ahead
or behind. The controller will generate a corresponding control signal and output it to the
frequency divider according to the judgment result of the phase relationship. The frequency
divider adjusts the phase of the input in real-time. Finally, the phase of the output signal is
compared with the phase of the input signal. If the same, the output of the phase signal. If
not the same, then repeat the above process again so that the phase tracking and adjustment
of the input signal can be achieved, and finally, the phase of the input signal is consistent
with the bit synchronization clock signal.
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Figure 5. The principle of the lead-lag synchronization method.

3.3. Frame Synchronization

Frame synchronization is obtained by processing the frame synchronization header,
which will directly affect the correctness of the subsequent PAM4 decoding results. Barker
codes have good autocorrelation and cross-correlation characteristics, which can provide
better synchronization performance and anti-noise ability. In order to decode the data
correctly, we must determine the start time of each frame, which requires detecting the
synchronization header. The detection of the frame synchronization header needs to use
the “correlation method,” the principle of which is shown in Figure 6.

Input >
Data Frame header Data

—p»  Correlation operation  «—
Barker code

Figure 6. The principle of detecting frame header by correlation method.

First, the input needs to be moved to the shift register, and then, by sliding the
input and bit-by-bit detection, determine whether the output value of the shift register is
consistent with the standard Barker code. If it is consistent, the correlation value is increased
by 1; otherwise, it is decreased by 1. Then, the Barker code frame header is determined
by judging whether the final correlation value is greater than the set threshold. When the
correlation value of the input signal to be detected satisfies the threshold condition, the
output signal is 1; otherwise, it is 0. Finally, the frame synchronization signal is obtained,
and the position value of the frame synchronization header is 1. The correlation operation
in Figure 6 refers to the multiplication and addition operation. When the Barker code is
related to the frame data, the output value is small, and when it is related to the frame
synchronization header, the output value is large.

3.4. FPGA Owerall Design

The encoded PAM4 frame data needs to be converted into an analog signal by a
digital-to-analog conversion (DAC) circuit, and then the PAM4 signal carrying the original
data is processed by the LED driver circuit and sent out in the form of an optical signal
through the LED lamp. After the optical signal sent by the LED is transmitted to the
receiving end through the channel, the photoelectric receiving circuit first receives the
optical signal and converts it into a voltage signal. At the same time, the signal is amplified
and filtered. The processed signal is adjusted to the appropriate range by the automatic
gain control (AGC) circuit to facilitate subsequent decoding. Then, the analog signal is
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converted into a digital signal by the analog-to-digital conversion (ADC) circuit, and then
the FPGA development board performs synchronization and decoding operations to restore
the source data. The design block diagram is shown in Figure 7, in which the data interface
includes an asynchronous serial interface, a universal serial bus (USB) interface, and an
audio interface. The FPGA development board integrates functions such as coding and
modulation, demodulation and decoding, synchronization, DAC, and ADC.

—> LED —> LED
Data | driver
interface € FPGA T REIITE
¢ ¢ otoelectric
AGC receiver

Figure 7. The design block diagram.

The software structure diagram of the sending end is shown in Figure 8. The local
crystal oscillator generates the clock signal, sending the data through the data-sending
module. After that, the serial data stream is converted to parallel data. The FIFO buffers
the data first-in, first-out, and then encodes and modulates the data. At the same time, a
control signal is the output to control the buffer for the next operation, and then a frame
synchronization header is added to the encoded data, and finally, the data is sent out.

Crystal

oscillator
Clk Clk Clk

Data sending ) Serial-parallel ) ) Coding modulation ;
module conversion Buffer module

. v

Control

Figure 8. The software structure diagram of the sending end.

The software structure diagram of the receiving end is shown in Figure 9. The received
PAM4 signal needs to be restored by the synchronization module for bit synchronization
clock signal and frame synchronization determination, and then the data is decoded. At the
same time, it is converted into serial data through parallel serial conversion and received
by the receiving module.

Decoding
Buffer —»{ demodulation |—P»

module

Clk_

Parallel-serial } Data receiving
conversion module

Synchronization Clk_

module

>

Figure 9. The software structure diagram of the receiving end.

The whole software design mainly includes four modules: the data sending and re-
ceiving module, encoding module, decoding module, and synchronization module. Each
module is composed of a series of algorithm functions. The encoding module completes
gray coding, 8b/10b coding, and PAM4 coding. The decoding module completes the corre-
sponding decoding operation. The synchronization module includes a bit synchronization
module and a frame synchronization module. The bit synchronization module extracts the
clock synchronization signal from the received PAM4 signal through a phase-locked loop.
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The frame synchronization module uses a Barker code correlator to determine the starting
position of the frame header of the PAM4 data frame.

4. Modulation Characteristic Analysis

The noise sources of an intensity modulation/direct detection (IM/DD) optical com-
munication system mainly include background optical noise, receiver noise, and light-
intensity flicker noise caused by turbulence [22]. The noise after the background light
passes through the receiver can be equivalent to Gaussian noise. The dark current and
thermal noise of the receiver can be regarded as a Gaussian random process, obeying the
Gaussian distribution [23]. The background optical noise and receiver noise can be regarded
as additive noise. The light-intensity flicker noise caused by turbulence is much lower than
the signal frequency and belongs to low-frequency multiplicative noise. Therefore, the
mathematical model of the equivalent noise of the communication channel and the receiver
can be expressed as [24]:

y(t) = h(D)x(t) +n(t) (14)

where x(t) is the transmitted signal, n(t) is the additive white Gaussian noise, y(t) is the
receiver output signal, the multiplicative noise h(f) is the channel state information, and h(f)
obeys the lognormal distribution in the case of weak turbulence, and its PDF is [25]:

_ 11 | Onh—2)
fl(ht) - \/Mzkt exp[ 80’% (15)

where /; is the channel fading coefficient, the state information of the reaction channel, and
Ux, Oy is its mean and variance. According to the literature [26], (7% can be expressed as [26]:

1.23C27/6]11/6
op= (16)
4
where C2 is the atmospheric refractive index structure constant, k = 271/ A represents the
wavenumber, A is the wavelength of light, and ] is the transmission distance. For a random
noise process N with a K-component Gaussian mixed distribution, the PDF is defined
as [27]:

K K . 2

fN-cm(n) Z eifj = ZS (Hnjs Onj) = ZEJ@XP[—{(”—W]')/\[ZU”]‘} ] (17)
j=1 j=1 2o 3 i
where ¢; is the weight coefficient of the j-th component, and f; = N ( Hnjs O'n]') is the PDF
of the Gaussian distribution. It can be seen that the Gaussian mixture model (GMM) is
actually the weighted sum of K Gaussian noise, so the GMM is still an additive noise. Since
the average value of the detection output signal of the squared law of the optical field
must be greater than 0, the Gaussian white noise with a mean value of 0 cannot accurately
characterize the additive noise characteristics of the optical channel. Ke proposed a noise
model fitted with a double Gaussian function, which we call Ke’s model [28], whose PDF is
defined as:

(x-pp)? (x-1p)?
1 (= ) (=27
X X e % 18
V2o (18)

where g1, €; are the weight coefficients, ranging from 0 to 1, and y1, yp, 01, and o are the
mean and variance of the noise model.

In this section, we study and analyze the BER performance of the PAM4 encoded signal
in the case of the additive noise, the multiplicative noise, and the additive multiplicative
mixed noise and compare the performance.

f(x) =¢1 x
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4.1. Additive Noise

We study and analyze the additive noise data measured in Xi’an, Beijing, Kaifeng,
Guangzhou, Harbin, and Changchun and obtain the additive noise parameters using the
data fitting method. The parameters are shown in Tables 3-8, where ¢; refers to the weight
value of the GMM, u refers to the mean value, and o refers to the variance.

Table 3. The parameters of the Gaussian mixture noise model (Xi’an).

Noise Data €1 1 M2 HGMM 1 o OGMM
Set 1 0.352 0.21 1.02 0.7349 0.92 1.62 1.466
Set 2 0.316 0.25 1.21 0.9066 0.87 2.77 2.385

Table 4. The parameters of the Gaussian mixture noise model (Beijing).

Noise Data €1 1 H2 HGMM o1 02 OGMM
Set 3 0.312 0.32 1.30 0.9971 0.93 0.79 0.953
Set 4 0.369 0.35 1.41 1.0122 0.82 1.57 1.437

Table 5. The parameters of the Gaussian mixture noise model (Kaifeng).

Noise Data €1 ]41 "112 FGMM (%] (%] OGMM
Set 5 0.342 0.33 1.32 0.9851 0.82 0.88 0.982
Set 6 0.371 0.27 1.44 1.0042 0.80 1.13 1.165

Table 6. The parameters of the Gaussian mixture noise model (Guangzhou).

Noise Data €1 1 1253 UGMM 1 () OGMM
Set 7 0.317 0.36 1.13 0.8853 0.97 0.88 1.248
Set 8 0.326 0.21 1.54 1.1076 0.78 1.89 1.734

Table 7. The parameters of the Gaussian mixture noise model (Harbin).

Noise Data € 251 M2 HGMM 01 02 OGMM
Set 9 0.335 0.31 1.51 0.7895 0.86 1.71 1.583
Set 10 0.389 0.30 1.17 0.8325 0.89 2.63 2174

Table 8. The parameters of the Gaussian mixture noise model (Changchun).

Noise Data €1 ]/ll VZ yGMM (%] (%) OGMM
Set 11 0.348 0.25 1.32 0.9478 0.93 0.58 0.886
Set 12 0.322 0.28 1.04 0.7984 0.85 1.46 1.345

We first analyze the noise data Set 1 and Set 2 in Xi’an. Through numerical calculation
and the BER and SNR formulas of Equations (10) and (11), the BER performance results
of PAM4 are obtained, as shown in Figure 10a. The yellow line in Figure 10 is the BER
performance in the case of AWGN. As can be seen from Figure 10a, for the BER of 1079,
using the noise data Set 1 and the noise data Set 2, PAM4 requires a SNR of 16.6 dB and
18.9 dB, respectively, while using the white Gaussian noise only needs a SNR of 13.8 dB to
achieve the same BER performance. Therefore, the impact of GMM noise on the BER of
PAM4 is greater than that of white Gaussian noise. For different GMM noise parameters,
the performance decreases by 2.8 dB and 5.1 dB, respectively. At the same time, it can be
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seen from the setting of the parameters of the noise data Set 1 and the noise data Set 2. With
the increase in parameters gy, the BER performance deteriorated.

Performance(GMM) Performance(GMM)

107 N &\\ 3 107

107 b E 107

107 E| 107

|

| |
10 1 1 Il Il 1 1 Il 1 1 10 1 1 1 1 L L 1 l\ N
0 2 4 6 8 012 14 16 18 20 0 2 4 6 8 012 14 16 18 20
SNR(dB) SNR(dB)

(a) (b)
Figure 10. The relationship between BER and SNR (a) Set 1 and Set 2 (b) Set 3 and Set 4.

The BER performance of the noise data Set 3 and Set 4 in Beijing is shown in Figure 10b,
as can be seen from Figure 10b, for the BER of 1079, using the noise data Set 3 and noise
data Set 4, the PAM4 requires a SNR of 15.1 dB and 17.2 dB respectively, The white Gaussian
noise only needs a SNR of 13.8 dB, for different GMM noise parameters, the performance
decreased by 1.3 dB and 3.4 Db, respectively, comparing the noise data Set 1, Set 2 and noise
data Set 3, Set 4 can be seen, the higher the value of ogy, the worse the BER performance,
because as the value of oGy increases, the greater the variance of the noise data, the higher
the dispersion of the noise, the greater the fluctuation, the greater the impact on the original
data source, and the BER will increase under the same SNR.

The BER performances of the noise data Set 5 and Set 6 in Kaifeng are shown in
Figure 11a. It can be seen from Figure 11a that for the BER of 107, using the noise data Set
5 and the noise data Set 6, the PAM4 requires a SNR of 15.8 dB and 16.6 dB, respectively.
The white Gaussian noise only needs a SNR of 13.8 dB. For different GMM parameters,
the performance decreases by 2.0 dB and 2.8 dB, respectively. The BER performance of
the noise data Set 7 and Set 8 in Guangzhou is shown in Figure 11b. It can be seen from
Figure 11b that for the BER of 1075, the noise data Set 7 and the noise data Set 8, the PAM4
requires a SNR of 17.2 dB and 18.1 dB, respectively. Compared with the performance of
Gaussian noise, it is reduced by 3.4 dB and 4.3 dB, respectively. From the four sets of
noise data in Tables 5 and 6, it can be seen that the larger the value of ogmm, the worse the
BER performance.

Performance(GMM) Performance(GMM)
10° T T T T T T T T 10 T T T T T T T T T

107

BER

107

107 + 107 \ L e

10 I 1 I I 1 L I 104 I | 1 1 I 1 (.
0 2 4 6 8 02 416 18 20 0 2 4 6 8 012 416 18 20
SNR(dB) SNR(dB)

(a) (b)
Figure 11. The relationship between BER and SNR (a) Set 5 and Set 6 (b) Set 7 and Set 8.

The BER performance of Harbin’s noise data Set 9 and Set 10 is shown in Figure 12a.
It can be seen from Figure 12a that for the BER of 10>, the PAM4 requires a SNR of 17.5 dB
and 19.2 dB, respectively. Compared with Gaussian noise, the performance decreases by
3.7 dB and 5.4 dB. The BER performance of Changchun’s noise data Set 11 and Set 12 is
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shown in Figure 12b. It can be seen that for the BER of 10~°, using the noise data Set 11 and
the noise data Set 12, PAM4 requires a SNR of 15.2 dB and 16.3 dB, respectively. Compared
with the Gaussian noise, the performance decreases by 1.4 dB and 2.5 dB, respectively. It
can be seen from the four sets of noise data in Tables 7 and 8 that the value of Harbin’s
ocMM is large, so the BER performance is worse.

Performance(GMM) Performance(GMM)

| L
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
SNR(dB) SNR(dB)

(a) (b)
Figure 12. The relationship between BER and SNR (a) Set 9 and Set 10 (b) Set 11 and Set 12.

4.2. Multiplicative Noise

We use the low-frequency multiplicative noise data tested in the outdoor actual
environment to research and analyze the lognormal noise model and test the noise data in
light rain, moderate rain, heavy rain, wet snow, dry snow, mist, and thick fog weather. The
noise mean has been normalized, and the variance after noise fitting is 0.092, 0.053, 0.057,
0.114, 0.156, 0.133, and 0.215, respectively. Through numerical calculation and the BER
formula of Equation (13), the BER performance results are obtained, as shown in Figure 13a.
As can be seen from Figure 13a, for the BER of 1075, light rain, moderate rain, and heavy
rain, respectively, need 39.2 dB, 35.1 dB, and 37.3 dB. The SNR difference is 4.1 dB and
2.2 dB in the case of the same SNR, and the BER of light rain is greater than the BER of
heavy rain and moderate rain because the backscattering of rain particles is large in light
rain weather. At this time, the signal attenuation is more serious, with the increase in
rain, the radius of rain particles increases, but the number remains almost unchanged, the
forward scattering will increase with the increase in rain particles; at this time, the signal
attenuation is small, resulting in the variance in the case of light rain is greater than the
variance in the case of moderate rain and heavy rain, so the BER in the case of light rain
is large.

©-- PAM4(Dry snow) | 1
—6— PAM4(Wet snow) | |

20
SNR(dB)

(a)

36 40 0 4 8 12 1620 24 28 32 36 10 0 4 8 12 620 24 28 32 36 40
SNR(dB) SNR(dB)

(b) (c)
Figure 13. The relationship between BER and SNR: (a) rainy days, (b) snowy days, and (c) foggy days.

Comparing Figure 10 can be seen to achieve the BER of 10>, white Gaussian noise
requires a SNR of 13.8 dB, the GMM noise model requires a SNR of 16.6 dB and 18.9 dB, and
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in such a SNR, light rain, moderate rain, and heavy rain are greater than 10~!. Even in the
case of 20 dB SNR, the BER is also very large; therefore, the influence of the lognormal noise
model on the BER of PAM4 is much greater than that of the GMM noise model. The reason
for this huge difference is that the influence of the lognormal noise belongs to multiplicative
noise, the reaction channel state information, and CMM noise belongs to additive noise,
the fluctuation of the multiplicative noise is more violent, has low uniformity, and a greater
impact on BER performance.

The BER performance results in the case of snowy days are shown in Figure 13b. As
can be seen from Figure 13b, under the same SNR, the BER of dry snow is greater than
that of wet snow. For the BER of 10—, the SNR difference in the two weather conditions is
2.9 dB. Comparing Figure 13a,b, the BER performance on snowy days is generally greater
than on rainy days. This can be seen from the variance after fitting the noise data. The noise
variance on snowy days is greater than on rainy days, and the attenuation of the signal is
greater than on rainy days, resulting in the BER performance being worse overall than on
rainy days.

The BER performance results in the case of foggy days are shown in Figure 13c. As
shown in Figure 13c, under the same SNR, the BER of thick fog is greater than that of
mist. For the BER of 102, the mist needs a SNR of 38.5 dB, while when the thick fog is
40 dB SNR, the BER is of the order of 10~%, so the BER performance in thick fog weather is
worse, which can be seen from the variance after fitting the noise data. Compared with
Figure 13a,c, the BER performance on foggy days is greater than that on rainy days, the
noise variance on foggy days is greater than that on rainy days, and the attenuation of the
signal is greater than that on rainy days, resulting in the BER performance being worse
than that on rainy days.

4.3. Mixed Noise

There will be both additive and multiplicative noise in the optical communication
system, so we use the measured low-frequency multiplicative noise and the additive noise
data of Xi’an, Beijing, and Changchun for research and analysis. The obtained rainy days,
snowy days, and foggy days relationship of BER with SNR is shown in Figure 14a—c,
Figures 15a—c and 16a—c. It can be seen from Figure 14 that for the BER of 10, light rain,
moderate rain, and heavy rain need 39.4 dB, 35.3 dB, and 37.5 dB, respectively. Dry snow
and wet snow need 37.2 dB and 39.8 dB, respectively; mist needs 38.6 dB, and thick fog
is greater than 40 dB, comparing Figure 14 with Figure 13. It can be seen that there is
almost no difference between the BER under the condition that the multiplicative noise
and the additive noise exist at the same time and the BER where only the multiplicative
noise exists. The reason is that the influence of the multiplicative noise is much greater than
the influence of the additive noise. The additive noise generally refers to the background
noise of the system, mainly thermal noise and shot noise. The multiplicative noise refers
to the physical characteristics of the signal through some medium during propagation so
that the amplitude of the signal itself changes randomly, and the information contained in
the signal is lost. The multiplicative noise appears with the appearance of useful signals.
When the signal disappears, the multiplicative noise will also disappear. The randomness
of the multiplicative noise is caused by the time-varying and nonlinearity of the system,
reflecting the fading of the channel, so the influence of the multiplicative noise is greater
than that of the additive noise. When considering the multiplicative noise, the influence of
the additive noise is generally negligible.
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Figure 14. The relationship of BER with SNR in Xi‘an: (a) rainy days, (b) snowy days, and
(c) foggy days.
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Figure 15. The relationship of BER with SNR in Beijing: (a) rainy days, (b) snowy days, and
(c) foggy days.
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Figure 16. The relationship of BER with SNR in Changchun: (a) rainy days, (b) snowy days, and
(c) foggy days.

Comparing the BER curves in Xi’an, Beijing, and Changchun under the same weather,
it can be seen that whether it is rainy days, snowy days, or foggy days, the BER performance
is almost indistinguishable, which proves that the additive noise in different cities has a very
small impact on the BER performance, and also verifies that the effect of the multiplicative
noise on the BER performance is much greater than that of the additive noise.
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5. Results and Analysis
5.1. Simulation

After completing the overall design of the FPGA, the software simulation of the system
is carried out, and the code is written in Verilog language. After the compilation is passed
smoothly, the testbench test script is written, and then the simulation result is shown in
Figure 17, which is converted into a waveform, as shown in Figure 18. The clk is the system
clock signal, nrz_data_1 and nrz_data_2 are the original two NRZ signals, pam4_level is
the encoded PAM4 signal, and the output signal is delayed compared with the input signal,
which is a normal phenomenon. According to the principle of the PAM4 signal, different
input signals output four different amplitude information, corresponding to four symbols.
It can be seen from Figure 17 that the output four amplitudes “0”, “1”, “3”, “2” correspond
to symbols “00”7, “01”, “11”, “10” respectively, which conforms to the criterion of gray
coding, that is, only one adjacent symbol is different.

1

W niz_data_2

pam4_signal

1 pam4_level[1:0]

Figure 18. The PAM4 waveform display result.

The receiver is simulated and verified. First, the clock signal is recovered from the
PAM4 signal, and then the frame synchronization and decoding are performed based on
the clock signal. Since a PAM4 data frame designed in this paper contains a frame header
and multiple sets of PAM4 data, after detecting the frame header, when the output frame
synchronization signal is at a low level (the frame synchronization signal is valid at a
high level), the data segment of the PAM4 data frame is PAM4 decoded. The decoding
simulation result is shown in Figure 19. The clk is the recovered bit synchronization signal,
which acts as the clock signal of the receiving end. The pam4_level is the PAM4 signal to be
decoded; the output signal is also delayed compared to the input signal. The recovered two
NRZ signals and the original nrz_data_1, nrz_data_2 comparison can be seen by calculating
the algorithm in the case where the bit synchronization clock as a reference clock can
successfully recover two NRZ signals, verifying that the decoding scheme is feasible.

Figure 19. The PAM4 decoding simulation result.

5.2. System Experiment

The BER is one of the most important parameters in the communication system, which
reflects the performance of the communication system. The communication rate is set
to 10.0 MB bit/s, and the communication distance is 0.5 m, 1 m, 1.5 m, 2 m, and 2.5 m,
respectively. The performance of the BER of the indoor visible light communication system
based on PAM4 is tested.

The experimental system diagram is shown in Figure 20. The experimental results
are shown in Figure 21. During the experiment, 221,720 symbols were sent. As can be
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seen from Figure 21, the BER is very large when the communication distance is very
close. This is because the light intensity is too large, and the photodetector is saturated,
resulting in the photodetector being unable to receive the signal. As the distance slowly
increases, this situation will disappear; the BER can basically be maintained at 10~ within
the communication distance of 1.5 m, but as the distance increases, the BER becomes larger
and larger, and even after the distance exceeds 1.5 ms, the BER increases sharply, mainly
because the intensity of the optical signal received by the photodetector decreases with
the increase in distance. The optical signal will attenuate and diverge through the channel.
A condenser lens can be added in front of the photodetector, or the luminous power of
the LED can be increased. The BER obtained in this way will decrease under the same
experimental conditions. This can be seen from Figure 21. After the distance exceeds 1.5 m,
the BER obtained by the condenser lens is significantly reduced by combining hardware
pre-equalization technology in the LED driver circuit to expand the modulation bandwidth
of the LED, using pulse shaping to enhance the decoding performance of the receiver,
optimizing the performance of the photovoltaic receiving circuit, adding a blue light filter
in front of the photodetector to filter out the yellow light element with slower response,
and reducing the response time of the photodetector. The BER will be further reduced by
improving and optimizing the above aspects.

4
>

f—
B

Figure 20. The experimental system diagram.

BER performance

no lens
— lens

Distance(m)
Figure 21. The BER test results at different communication distances.

6. Conclusions

This paper completes the FPGA design and simulation implementation of PAM4
encoding and decoding based on the analysis of theoretical knowledge. At the same time,
the lead-lag bit synchronization method and Barker code correlator are designed for bit
synchronization signal recovery and frame header detection. Gray coding and 8b/10b
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coding are added before PAM4 coding to reduce the error rate of symbols. The FPGA serial
port communication based on PAM4 encoding and decoding is realized through simulation,
thereby verifying the feasibility of the PAM4 encoding and decoding scheme. The specific
conclusions are as follows:

(1) According to the analysis and research of the three-channel noise models, the BER
performance of the PAM4 signal under the additive noise model is the best. The BER
under the multiplicative noise model is much larger than that under the additive
noise model, and the BER performance under the mixed noise model is almost the
same as that under the multiplicative noise model, indicating that in the actual
communication system, the influence of the multiplicative noise on the signal is the
main factor determining the communication performance.

(2) The BER performance of PAM4 in the additive noise model mainly depends on the
noise variance. The analysis result shows that the noise variance of Set 2 and Set 10 is
large, resulting in worse BER performance. Under the multiplicative noise model, the
BER of foggy days and snowy days is higher than that of rainy days, the BER of thick
fog is higher than that of mist, the BER of dry snow is higher than that of wet snow,
and the BER of light rain is higher than that of moderate rain and heavy rain.

(38) The software simulation of the PAM4 encoding and decoding scheme shows that
the designed scheme can successfully encode and decode. Two NRZ codes output
PAM4 encoded signals, which is the most commonly used method, and the decoding
is judged by designing three deciders.
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