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A Comparative Study on Bandwidth and Noise for Pre-Emphasis
and Post-Equalization in Visible Light Communication

Dong YAN', Member, Xurui MAO'™, Sheng XIE!", Jia CONG', Dongqun HANT,

SUMMARY  This paper presents an analysis of the relationship be-
tween noise and bandwidth in visible light communication (VLC) sys-
tems. In the past few years, pre-emphasis and post-equalization tech-
niques were proposed to extend the bandwidth of VLC systems. How-
ever, these bandwidth extension techniques also influence noise and sen-
sitivity of the VLC systems. In this paper, first, we build a system
model of VLC transceivers and circuit models of pre-emphasis and post-
equalization. Next, we theoretically compare the bandwidth and noise of
three different transceiver structures comprising a single pre-emphasis cir-
cuit, a single post-equalization circuit and a combination of pre-emphasis
and post-equalization circuits. Finally, we validate the presented theoretical
analysis using experimental results. The result shows that for the same res-
onant frequency, and for high signal-to-noise ratio (S/N), VLC systems em-
ploying post-equalization or pre-emphasis have the same bandwidth exten-
sion ability. Therefore, a transceiver employing both the pre-emphasis and
post-equalization techniques has a bandwidth V2 times the bandwidth of
the systems employing only the pre-emphasis or post-equalization. Based
on the theoretical analysis of noise, the VLC system with only active pre-
emphasis shows the lowest noise, which is a good choice for low-noise
systems. The result of this paper may provide a new perspective of noise
and sensitivity of the bandwidth extension techniques in VLC systems.
key words:  visible light communication (VLC), pre-emphasis, post-
equalization, noise, bandwidth

1. Introduction

VLC technology using light emitting diodes (LED) trans-
mits information via LED lighting equipment, such as traffic
lights, car lights, street lights and LED screens. These de-
vices can emit high-speed flashing light and dark signal that
cannot be perceived by human eyes [1], [2]. Compared with
the wireless local area network (WLAN), which has domi-
nant position in the field of wireless communications, VLC
is a novel optical wireless communication (OWC) based on
LED technology. VLC technology is expected to release the
RF spectrum and reduce the WLAN overloading in some
applications [3]. It can achieve transmission data rates of
up to hundreds of megabytes per second without using a
radio frequency base station. Using computers and mo-
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bile terminals with integrated transceiver module, we can
download and upload data including high-definition images
and movies at any time as long as suitable light sources are
available. Herald Haas and his research team at the Uni-
versity of Edinburgh proposed the concept of “light fidelity
(Li-Fi)”, defined as “the subset of VLC that exhibits high-
speed, bidirectional, and fully networked communication”.
Li-Fi is considered as a “bright spot” for VLC applications,
and it is expected to complement wireless fidelity (Wi-Fi)
[4]-[6].

Due to a low cut-off frequency of the phosphor-based
LED, implementing high data rate transmission is a chal-
lenge. The time constant of LED is so large that their band-
width is typically in the range of few MHz [7]. The band-
width of the white-light LED is below 3 MHz, while the
bandwidth of the blue light LED is roughly 14 MHz. To en-
hance the bandwidth of the VLC systems, several solutions
have been proposed in the literature. The authors in [8] pro-
posed inserting a blue-filter before the photo-detector to im-
prove the photocurrent of the receiver by eliminating other
components in the light. Remaining-carriers sweep-out cir-
cuits [9], infrared uplink [10], gallium nitride (GaN) based
ULEDs [11] and micro-LEDs [12], [13] have been proposed
to solve the challenge in indoor VLC system design. The
main approach to improve bandwidth and data rate of a VLC
system is by using the pre-emphasis technique [7], [14]-[21]
and post-equalization technique [22], [23]. Implementing a
VLC system to meet the higher data rate requirements and to
accommodate more application scenarios typically employs
pre-emphasis and post-equalization circuits at the same time
[24], [25]. High-speed data transmission can be realized by
VLC systems based on RGB LEDs [26], [27] Spectrally-
efficient modulation-techniques were also proposed to in-
crease the data rate, such as carrier-less amplitude and phase
(CAP) modulation [28], [29], orthogonal frequency division
multiplexing (OFDM) modulation [30], discrete multi-tone
(DMT) modulation [31].

Most of the studies up to now aimed at improving the
bandwidth and data rate of VLC systems and enhancing the
BER of indoor VLC systems. Except for improving the
data-rate of VLC systems, the research of [7], [22]-[24] also
include the frequency response analysis and 3-dB point cal-
culations of pre-emphasis circuit and post-equalization cir-
cuits. However, a theoretical analysis showing the relation-
ship between noise and bandwidth of a VLC system is still
unavailable. This paper provides a theoretical analysis of the

Copyright © 2020 The Institute of Electronics, Information and Communication Engineers



YAN et al.: A COMPARATIVE STUDY ON BANDWIDTH AND NOISE FOR PRE-EMPHASIS AND POST-EQUALIZATION IN VISIBLE LIGHT COMMUNICATION

relationship between noise and bandwidth in VLC systems
in this paper.

In Sect.?2, we provide the system modeling and band-
width analysis of three VLC systems employing different
equalization schemes. In Sect. 3, we derive the S/N expres-
sions for three different VLC systems employing only pre-
emphasis, post-equalization, or both pre-emphasis and post-
equalization, respectively. We theoretically analyse the per-
formance of the three systems in Sect. 4, and provide exper-
imental results validating our theoretical analysis, in Sect. 5.

2. Transceiver System Model and Bandwidth Analysis

In order to characterize noise and bandwidth, we established
transceiver system models of VLC using the three equaliza-
tion techniques.

As shown in Fig. 1, the system models have been built
using the essential blocks containing LED, free-space chan-
nel, photo-detector, trans-impedance preamplifier (TIA),
post-equalizer (PEQ) and pre-emphasis (PEM). As shown
in Fig. 1(a), the first VLC system employs only PEQ and the
second VLC system shown in Fig. 1(b) employs only PEM.
The third VLC system considered in this paper is shown in
Fig. 1(c), and employs both PEM and PEQ.

In order to highlight the key elements and simplify
the theoretical analysis, the signal path of LED, free-space
channel, detector and TIA is considered as a whole or a
black box. Np represents the equivalent input noise of the
signal path. Hp(w) represents the transfer function of the
signal path. Similarly, Npgy and Npgp represent the equiv-
alent input noise of PEM and PEQ, respectively. Hpgy(w)
and Hpgg(w) represent the transfer functions of PEM and
PEQ, respectively.

Next, the analysis of the bandwidth performance is pre-
sented as follow.

In practical situation, the cut-off frequency of the de-
tector and TIA are much greater than the 3-dB bandwidth of
LED and the compensation frequency of equalizers. Hence,
the detector and TIA can be regarded as all-pass filter.
Therefore, the transfer function of Hp(w) is mainly decided
by LED and free-space channel.

The limited bandwidth of LED and free-space chan-

LED + channel + Detector + TIA PEQ

NPEQ HPEQ((G)

2]
=
B
B

S PEM LED + channel + Detector + TIA
[ JY BN it
NPE,U HPEJ[ ((D NP HP ((0)
()
S PEM LED + channel + Detector + TIA PEQ
PN S R ER i .
NPE.\!HPE.II((D) NP HP((O) NPEQ HPEQ((U)

©

Fig.1 Block diagram of three transceiver systems with different equal-
ization schemes. (a) Post-equalization system, (b) pre-emphasis system,
and (c) pre-emphasis + post-equalization system.
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nel can equivalently be modeled using a low-pass filter. An
equivalent low-pass circuit is shown in Fig. 2(a), and the cor-
responding frequency response can be expressed as

1
jwC 1 1
H = = = 1
Pw) I " I+jwRC T, @ W
JjwC wp

Where wp presents the cut-off frequency of the signal
path. The cut-off frequency is given by

1

= 2
s (2)
The pre-emphasis circuit and post-equalization circuit

can be considered as high-pass filters. Their equivalent cir-
cuit is shown in Fig. 2(b). The transfer function of the high-

pass filter can be expressed as

JwL 1 1
— = = 3
R+ jwL R 1+ WHP

1+ _— .
JjwL Jw

Hyp(w) =

Where wyp presents the cut-off frequency of the equal-
izers. The cut-off frequency is given by

R

wHp = L (4)

First, we consider the compensation bandwidth of a
VLC system with a single post-equalizer, whose equiva-
lent circuit model is depicted in Fig. 3. The principle of the
equalization is such that the equivalent circuit of the post-
equalizer and the signal-path resonate at the compensation
frequency, which is equal to the 3-dB bandwidth of the cir-
cuit.

Because the value of R is usually much smaller than

R R

C=— L

(a) (b)

Fig.2  Equivalent circuits of (a) signal path of LED, free-space channel,
detector and TIA; (b) pre-emphasis and post-equalization.
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Fig.3  Equivalent circuit for the compensation of single equalizer.
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Fig.4  The equivalent circuit model of using both pre-emphasis and post-
equalization compensation.

the values of C and L, the resonant frequency of the post-
equalizer can be expressed as

w) = —— (&)

Next, we consider the compensation bandwidth of a
VLC system with a single pre-emphasis. For this case also,
the equivalent circuit of the VLC system is similar to the
one shown in Fig.3. Hence, the compensation principle is
the same as for the VLC system with a single post-equalizer,
and its resonant frequency is given by

W = —— (6)

Finally, for the VLC system with both pre-emphasis
and post-equalizer, the equivalent circuit model is shown in
Fig.4. The maximum frequency of the equalization com-
pensation for the circuit in Fig. 4 is ws3. Since the value of R
is usually much smaller than the values of C and L, w3 can
be derived as

2
w3 = \/E @)

As we can observe, the resonant frequency of the sys-
tem, using both the pre-emphasis and post-equalization cir-
cuits is V2 times higher than that of the systems with a
single pre-emphasis or post-equalization circuit. The con-
clusion is based on the same value of L for three different
systems.

However, the value of L of the pre-emphasis circuit and
the post-equalization circuit does not need to be the same.
If the value of L of the pre-emphasis circuit can decrease
to one half of L, only the pre-emphasis circuit is sufficient
to improve the bandwidth and the post-equalization circuit
is unnecessary. Otherwise, if the value of L of the post-
emphasis circuit can decrease to one half of L, only the post-
emphasis circuit is sufficient to improve the bandwidth and
the pre-equalization circuit is unnecessary. The value of L of
the pre-emphasis, post-equalization, and both pre-emphasis
and post-equalization circuits can be selected independently.

The optimal value of L is related to the frequency re-
sponse of signal-path. In the practical situations, the fre-
quency response of signal-path is always non-linear. It’s
difficult to get the optimal value of L by theoretical anal-
ysis. The optimal value of L can be achieved by software
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simulation and experimental tuning.
3. S/N Analysis

The power spectral density of the output signal through a
linear network is the product of the input signal power spec-
tral density and the square of the transfer function [32],
which can be expressed as

S, =i [ [ IHiw)P. @®)
i=1

Similarly, the power spectral density of the noise
through a linear network is the sum of the product of the
input signal power spectral density and the square of the
transfer function [33], which can be expressed as

n

Si= ]_[ SilH) ©

i=1 j=i

The noise analysis of communication systems is cus-
tomarily based on white noise, the power spectral density of
which is independent of the operating frequency [32]. Since
the analysis in this paper is the transfer characteristics and
accumulation of noise, the conclusion is also available for
shot noise and thermal noise.

3.1 Post-Equalization Receiver (System A)

For the post-equalization receiver shown in the Fig. 1(a), the
power of signal and noise entering the system are denoted
by S and N, respectively. When entering the equalizer, both
signal and noise components get equalized.

The power spectral density of the output signal and
noise are expressed as S 4 and Ny':

2
Sa =S [Hp() |Hppo(w)| (10)
’ 2
Ni" = (N + Np) IHp(@)P + Nego| [Hpeo(w)|” (1)
The SNR after the equalization is given by

S [Hp(w)P |Hpso()|

SNR, = 2
[V + Np) IHp(@) + Npro| | Hpro(@)

(12)

In order to compare the noise characteristics of three
different systems, we normalized the numerator of SNR ex-
pression.

SNy = N+NP+L2'NPEQ (13)
[Hp(w)l
Therefore, the normalized output noise is:
NA=N+NP+;2'NPEQ (14)
|Hp(w)|

Comparison of three systems is presented in Sect. 4.



YAN et al.: A COMPARATIVE STUDY ON BANDWIDTH AND NOISE FOR PRE-EMPHASIS AND POST-EQUALIZATION IN VISIBLE LIGHT COMMUNICATION

3.2 Pre-Emphasis Receiver (System B)

For the pre-emphasis receiver shown in the Fig. 1(b), signal
and noise components are both equalized in the first stage
by the pre-emphasis circuit. The equivalent input noise of
the pre-emphasis is denoted by Npgy, as the same as post-
equalization receiver. The power spectral density of the out-
put signal is given by

Sp =S |Hppy(w) |Hp(w)* (15)

The power spectral density of output noise can be ex-
pressed as

Ng' = [(N + Npgw) IHpew(w) + Np| IHp(@)?  (16)
The SNR of system B can be expressed as

S |Hpem(w)* 1Hp(w)?

SNRp = 5 >
[(N + Npem) [Hpep(w)|” + NP] |Hp(w)|

17)

In order to compare the noise characteristics of three
different systems, we normalized the numerator of SNR ex-
pression.

S
SNRp = - (18)
N + Nppy + ——— - Np
|Hpem (W)l

Therefore, the normalized output noise is:

Ng =N+ Npgy + Np (19)

|Hpgp(w)

Comparison of three systems is presented in Sect. 4.

3.3 Pre-Emphasis and Post-Equalization Receiver (Sys-
tem C)

The VLC system with both pre-emphasis and post-
equalization is the same as pre-emphasis receiver except that
a post-equalizer added to the system. The power spectral
density of the output signal can be expressed as

2
Sc =S |Hpen () |Hp(w) |Hpgo(w)| (20)
The power spectral density of output noise is given by
, 2
N¢" = (Np + Npgo) |HPEQ(CU)| (21)
The SNR of system C can be expressed as

S [ Hpen(@) [Hp(w) |Hpso(@)]

SNRc = a
(N + Nprg) |HPEQ(w)|

(22)

In order to compare the noise characteristics of three
different systems, we normalized the numerator of SNR ex-
pression.
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SNR¢ = S I
N+ Npgy + -Np + 'NPEQ
|Hpem(w)* |Hpem(w) [Hp(w)
(23)
Therefore, the normalized output noise is:
N N+Npgy+ Np+ ! N,
c= PEM ‘Np ‘INpEQ
Hpen(@)P " [Hpeu(w)l |Hp(w)
(24

Comparison of three systems is presented in Sect. 4.

4. Analysis of Noise and Bandwidth of Pre-Equilibrium
and Post-Equilibrium

The VLC system with only pre-emphasis or post-
equalization has the same bandwidth as shown in Eq. (4)
and Eq. (5). Furthermore, the bandwidth of the VLC sys-
tem employing both pre-emphasis and post-equalization is
V2 times bandwidth of the single equalization systems.

For a clearer and more intuitive comparison, we listed
the coeflicient of noise elements in Table 1.

The content of this section is arranged as follows: at
first, we compare Ny and N¢; then, we compare N4 and Np;
then, we compare N4 and N¢; at last, the comparison results
are summarized into a table.

4.1 The Comparison of Only PEM System (Np) and
PEM+PEQ System (N¢)

According to Eq.(19) and Eq.(24), N¢ include the noise
1 i . .
component of T PR Npgg, which does not exist

in Ng. Obviously, N> CNp.

4.2 The Comparison of Only PEQ System (N4) and Only
PEM System (Np)

Except for the same noise component of N, the critical prob-
lem is to compare Np+ m-NpEQ and m -Np+Npgy.
The comparison result is decided by Np, Npgy, Npeg, Hp(w)
and HPEM(OJ).

If the signal path performance is bad, which means
Np is much larger than Npgy and Npgg. The compari-

son is focused on Np and —L— - Np. For the passive
P Heew@P VP p

Table1  Comparison of normalized noise.
Weight Of N NPEM Np NPEQ
1
PEQ 1 0 1 ‘ i, ({u)‘z
1 . 0
PEM 1
‘HPEM (w)‘z
| 1 1
PEQ+PEM 1
Q L (“’)‘z |H e (“’)‘z |H, (“’)‘Z
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PEM, the transfer function |HpEM(a))|2 < 1, which leads to
Np < —L— . Np, the comparison result is Ny < Np.
|Hpey (W)

For the active PEM, the transfer function |HpEM(a))|2 > 1,
which leads to Np > m - Np, the comparison result is
NA > NB.

If the signal path performance is good, which means
Np, Npem, Npeg are on the same order of magnitude. The
comparison is focused on Hp(w) and Hpgy(w). In practical
situation, the transfer function of signal path IHP(a))I2 < 1.
For the passive PEM, both of Hp(w) and Hpgy(w) are less
than 1, which leads to N4 = Np. For the active PEM, the
transfer function IHPEM(a))|2 > 1, which leads to N4y > Np.

4.3 The Comparison of Only PEQ System (N4) and
PEM+PEQ System (N¢)

Except for the same noise component of N, the problem is

comparing Np + - Npgg and % - Np + Npgy +
1

1
IHp(w) Hppoy (@)
PR Npgg. The comparison result is decided by
Np, Npgm, Npeg, Hp(w) and Hppy(w).
If the signal path performance is bad, which means

Np is much larger than Npgy and Npgg. The compari-

son is focused on Np and —— - Np. For the passive
|Hpem (w)|

PEM, the transfer function [Hpgy(w)|> < 1, which leads to
Np < m - Np, the comparison result is Ny < Ng.
For the active PEM, the transfer function |Hpgy(w)P* > 1,
which leads to Np > m - Np, the comparison result is
NA > Nc.

If the signal path performance is good, which means
Np, Npgm, Npgo are on the same order of magnitude. The
comparison is focused on Hp(w) and Hpgy(w). In practical
situation, the transfer function of signal path |Hp(w)* < 1.
For the passive PEM, both of Hp(w) and Hpgy(w) are less
than 1, which leads to Ny < N¢. For the active PEM, the
transfer function IHPEM(a))I2 > 1, which leads to N4y > Nc.

4.4 Comparison Results

Based on the analysis above, we can draw the conclusion in
Table 2.

In most of the practical situations, the noise perfor-
mance of signal path is bad. The VLC system with only
active pre-emphasis (system B) is the first choice. If the first
plan is unavailable, we prefer the VLC system with only
post-equalization (system A) than the VLC system of only
passive pre-emphasis.

If the noise performance of signal path is good, the
VLC system with only active pre-emphasis (system B) still

Table2  Summarized comparison results.
Bad signal path  Good signal path
Passive PEM N,<Np<Nc N4~Np<Nc¢
Active PEM Np<Nc< N,4 Np<Nc< N,4
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is the safe choice. If this plan is unavailable, both the VLC
system with only post-equalization (system A) and the VLC
system of only passive pre-emphasis (system B) is OK.

The pre-emphasis compensates frequency before the
LED, and hence the noise of Np is not affected significantly.
This results in a smaller value of total noise at the output. By
contrast, the post-equalization compensates frequency after
the TIA, resulting in amplifying the noise of Np. However,
the influence of the equalizer noise is reduced.

From the view of noise analysis, the transfer func-
tion of post-equalization Hpgp(w) does not affect the output
noise. Because post-equalization is the last stage of the sys-
tem. However, the transfer function of post-equalization has
an effect on the 3-dB bandwidth of the system.

The noise of the system using both pre-emphasis and
post-equalization (system C) is significantly higher. How-
ever, the bandwidth of the system employing both pre-
emphasis and post-equalization is larger than the other two
systems. Moreover, compensation bandwidth of the system
is V2 times larger than single equalization systems.

When we decide the structure of VLC systems, we
should consider the bandwidth and noise at the same time.
Only wide bandwidth is not sufficient for high-speed data
transmission. The VLC system of wide bandwidth (like
system C), however, the noise performance is poor, which
results in low data-rate. The VLC system with relatively
narrow bandwidth (like system B), however, the noise per-
formance is good, which results in high data-rate.

The analysis described here provides a theoretical ba-
sis for designing the pre-emphasis and the post-equalization
optical receivers.

5. Experimental Results

According to the previously described VLC system, we set
up the experimental system to test the performance of dif-
ferent methods. For this purpose, we use the pre-emphasis
and post-equalization circuits shown in Fig. 5.

In Fig.5(a), R{~Rs, C; and Q; (NXP BFU520) con-
stitute the pre-emphasis circuit. The transistor Q, (NXP
BFU520) and resistances R¢~Rg compose the amplifier and
amplify the equalized signal. The capacitors C;, C; and
C,4 act as the DC-block capacitors with large capacitance
(10 uF). The values of components in the pre-emphasis cir-
cuit are given as follow: R; = 90kQ, R, = 10kQ, R3 =
100Q, Ry = 90Q, Rs = 2Q, C; = 150pF, Rg = 90kQ,

A
o—ﬂ' 0, }—l 0 % O,

(¢
Ry R.
N oot Fo
™ ADA4Y37-1 R  OUT
R R Fo
Rs 1 Ry; Oy
R R

T( 2 Gy J_

sV

@) (hy

Fig.5  Circuits of (a) pre-emphasis and (b) post-equalization.
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Fig.6  The PCB used in the experiment (a) the board with pre-emphasis
(b) the LED board (c) the photodetector board with TIA (d) the board with
post-equalization.

R; = 10kQ, Rg = 72Q. The current consumption of this
circuit is 5 mA.

In Fig. 5(b), the post-equalizer consists of a differential
amplifier (ADA4937-1) and two R-C equalization networks.
Ry, Ci, Ry and C; act as the R-C equalization networks. Rj3
and Ry are the feedback resistors of the differential ampli-
fier. The capacitors C3 and C4 act as the DC-block capac-
itors with large capacitance (10 uF). Rs is the load resistor
of amplifier. The values of components in the pre-emphasis
circuit are given as follow: R; = R, = 100Q, C; = C; =
85pF, R3 =R4 =200Q, Rs = 1kQ.

The overall system illustrated in Fig. 6 consists of the
transmitter and the receiver circuits. The transmitter circuit
includes the pre-emphasis amplifier circuit and LED shown
in Fig.6(a) and (b), respectively. The pre-emphasis cir-
cuit is implemented according to Fig. 5(a), while the board
in Fig.6(b) contains only a single LED (OSRAM LCW
WS5AM). The receiver circuit comprises the PIN photoelec-
tric detector (Hamamatsu S10784) with a trans-impedance
amplifier (MAX3665CUB) and a post-equalizer. The detec-
tor with TIA is shown in Fig.6(c) and the post-equalizer
corresponding to the circuit in Fig.5(b) is illustrated in
Fig. 6(d). The experimental system contains only download
link without return path.

The main instruments used for testing include opti-
cal fixed platform, DC power supply and network analyzer
(Agilent E5062A). The VLC experiment link is depicted in
Fig.7. The experiment is done indoor. We used the Thorlabs
PM100D optical power and energy meter to measure the
ambient light power. The measured optical power of ambi-
ent light is 80.2 uW at 450 nm, 69.3 uW at 520 nm, 57.4 uW
at 630 nm. The transmission distance is 1.5 m. The network
analyzer, which can scan from 300kHz to 3 GHz, sends a
sine wave to the transmitter. The input power of signal is
0 dBm with 50 Q output resistance. According to the defini-
tion of S-parameter, S»; = Poyr/Piv. The S21 curve is the
power gain as a function of frequency, which presents the
frequency response performance.
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Fig.7  VLC experiment link.
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Fig.8 Frequency response (a) only LED and photodetector (b) with

post-equalization (c) with pre-emphasis (d) with both pre-emphasis and
post-equalization (e) pre-emphasis circuit (f) post-equalization circuit.

At first, we measured the frequency response of each
system denoted using S21. The results of the experiments
are illustrated in Fig. 8. In all the experiments, a blue-filter
is used. From Fig. 8(a), we can note that the 3-dB band-
width of LED is merely 4 MHz. As depicted in Fig. 8(b)
and (c), the post-equalization and pre-emphasis circuits en-
hance the 3-dB bandwidth to 50 MHz and 56 MHz, respec-
tively. This validates our theoretical analysis provided in
Sect. 4 that the bandwidth of the pre-emphasis system can
be larger than that of the post-equalization system due to the
transmission loss and noise of the front-stage circuit in the
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Fig.9  Noise performance of three VLC systems.

latter system. Figure 8(d) shows the result of the system
with both pre-emphasis and post-equalization circuits. We
can observe from the figure that the bandwidth of this sys-
tem can reach up to 80 MHz. This implies that exploiting
the two circuits together can result in a remarkable perfor-
mance improvement. In order to verify the analysis results,
the value of |Hpgy (w)[* and |HPEQ(w)|2 is shown in Fig. 8(e)
and Fig. 8(f). Since the output power of network analyzer is
0dBm, the value of S21 in Fig. 8(a) equals to the value of
|Hp(w)[?, the value of S21 in Fig. 8(e) equals to the value of
|Hpem(w))?, the value of S21 in Fig. 8(f) equals to the value
of |HPEQ(U))|2.

Next, the noise performance of three different VLC
systems is measured. We still used the network analyzer
in the noise measurement. However, the visible light signal
is blocked in this experiment, only the noise is measured.
The experimental result is shown in Fig. 9. Since the output
power of network analyzer is 0 dBm, the value of S21 equals
to the value of noise power. The experimental result is the
sum of white noise, shot noise and thermal noise.

Based on the Eq. (11), Eq. (16), Eq.(21), and the ex-
perimental results, the value of Np, Npgy and Npgp can be
estimated. The estimated order of magnitude of Np is from
107! mW to 1073 mW. The estimated order of magnitude of
Npey and Npgg is from 1075 mW to 107 mW. Therefore,
Np is much larger than Npgy and Npgp, which means the
signal path performance is bad.

As shown in Fig. 9, the power of noise is very weak.
For example, —60 dBm equals to 107®*mW. On this con-
dition, the experimental result is very sensitive to ambient
electromagnetic interference. Even the curvature of the ca-
ble would affect the experimental result. Take the fluctuation
of the curve into consideration, we should focus on the trend
of the curve.

The power of noise reaches the maximum value around
the resonant frequency of each system. For the low fre-
quency region (0-30 MHz), the noise performance of sys-
tem A and system C is similar. The noise of the only ac-
tive pre-emphasis VLC system is the lowest. The noise of
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the VLC system with only post-equalization is the highest.
We can draw the conclusion that Ng < N¢ < Ny (the pre-
emphasis in this experiment is active). The experimental
result is the same as our theoretical analysis, which is sum-
marized above in Table 2.

6. Conclusion

In this paper, we discussed the relationship between the
noise and bandwidth of VLC transceivers with pre-emphasis
and post-equalization circuits. We constructed a theoretical
model and derived expressions for the bandwidth and S/N
of three different VLC systems. Furthermore, using theo-
retical analysis and experimental results, we proved that the
bandwidth of the system employing both pre-emphasis and
equalization is V2 times that of the system using a single
pre-emphasis or post-equalization circuit. Based on the the-
oretical analysis and experimental verification, we can draw
the conclusion that the VLC system with only active pre-
emphasis shows the lowest noise, which is a good choice
for low noise system. In the VLC system with pre-emphasis,
signal strength is improved at the beginning, thereby avoid-
ing the impact of noise in subsequent stages. The analysis
provided in this paper facilitates a better design method for
VLC systems.
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