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Abstract: We demonstrate a Gb/s real-time visible light communication (VLC) system
based on NRZ-OOK by a phosphorescent white light-emitting diode (LED). We propose
an equalizer employed by an RC series-parallel connection cascade circuit based on the
T-bridge structure. With the proposed circuit, the 3-dB bandwidth of the VLC system can be
extended from 1 to 520 MHz. The Bit Error Ratio (BER) of the system was 7.36 × 10−4, and
the data rate was 1 Gb/s at a distance of 1.5 m. To the best of our knowledge, this is the
highest real-time data rate and 3-dB bandwidth achieved based on a white LED.

Index Terms: Visible light communication, T-bridge structure, cascaded pre-equalization
circuit.

1. Introduction
A visible light communication (VLC) system based on a phosphorescent white LED has been a
promising and emerging communication technology owing to its low power consumption and high
security [1]. Compared with an RGB LED, a phosphorescent white LED has many advantages, such
as low cost, high market penetration, and lower complexity. Because the response of the phosphor
is very slow, the bandwidth of a white LED is only a few megahertz, thus limiting its applications
in high-speed communications [2]. To improve the data rate of a VLC system, researchers have
proposed many methods, such as adding a blue filter to eliminate the slow response of the phos-
phorescent component [3], using different modulation techniques such as Wavelength Division Mul-
tiplexing(WDM) [4], Orthogonal Frequency Division Multiplexing [5], and Discrete Multi-Tone(DMT)
[6] or employing equalization technology [7].

In [8], Le-Minh proposed a pre-equalization circuit and realized 100-Mb/s, Non-Return to Zero
On-Off Keying (NRZ-OOK) data transmission with a 3-dB bandwidth of 50 MHz. In [9], Chow
improved the bandwidth of a VLC system using an RLC equalizer and achieved a data rate of
84.44 Mb/s-190 Mb/s without a blue filter. In [10], Li achieved 550 Mb/s real-time data transmission
based on a white LED at the short distance of 0.6 m. The highest data rate ever achieved was
750 Mb/s (red LED) and the VLC link was accomplished by an RGB LED with a distance of 1.7 m
[11]. In [12], Chi achieved a data rate of 1.6 Gb/s using a cascaded pre-equalization circuit based
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Fig. 1. Schematic of cascaded T-bridge equalization circuit.

on a white LED; the system was off-line, and the modulation format was 16 Quadrature Amplitude
Modulation Orthogonal Frequency Division Multiplexing (16QAM-OFDM ). Equalization technology
is widely used in all of the above-mentioned works, but the data rate of real-time VLC system is
less than 1 Gb/s.

Ordinary RC parallel or cascaded RC parallel circuits could effectively extend the 3-dB bandwidth
below 100 MHz. An RC equalization circuit based on a transistor exhibits good performance in the
signal-noise-ratio (SNR) since the power of the signal is amplified by the transistor, but it is seriously
impacted by the frequency of the input signal. The stability of the transistor will decrease and even
introduce noise as the frequency increases. Compared with common RC equalization circuits
and active equalizers, an RC-based T-bridge passive equalizer exhibits constant characteristic
impedance and stable high frequency response, especially when the signal is several hundred or
several thousand megahertz.

In this paper, we first propose a novel pre-equalizer comprised of an RC series-parallel cascade
circuit based on T-bridge structure. With the proposed pre-equalizer, we experimentally demonstrate
a real-time VLC system with a 1-Gb/s data rate based on NRZ-OOK modulation at a distance of
1.5 m. The BER of the system is 7.36 × 10−4 below the forward error correction (FEC) limit of
3.8 × 10−3, and the 3-dB bandwidth is extended from 1 MHz to 520 MHz with a commercially
available phosphorescent white LED. To the best of our knowledge, this is the highest data rate
and 3-dB bandwidth ever achieved using a commercially available phosphorescent white LED in
real-time VLC systems.

2. Proposed Cascaded T-Bridge Pre-Equalization Circuit
Fig. 1 shows the proposed cascaded T-bridge pre-equalization circuit. Ri is the input resistance,
which we consider the resistance of the amplifier (50 �). R0 is the load resistance, which is the
internal impedance of the BERT, also 50 �. Z1 is the equivalent impedance of R1, C1, R2, and C2.
Z2, Z3, and Z4 are the respective circuits corresponding to the equivalent impedance. In order to
ensure impedance matching with the input and the load of the output, we set R3 = R4 = R7 = R8
= R0 = 50 �. In the T-bridge circuit, the product Z 1 × Z 3 must be equal to the R02 [13]. Z1 and Z3
can be expressed, respectively, by

1
R 2
R 0

+ 1
jωC1R 0

+ R 1
jωC3R 0R 1+R 0

(1)

and

R 11 × jωL 1 × (R 12 + jωL 3)
R 11 + jωL 1 + R 12 + jωL 3

(2)
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Fig. 2. (a) The block diagram of our VLC system and (b) the VLC experimental link.

where ω is the angular frequency. To maintain the impedance stability of the cascade circuit, we set
R1 = R2 = R5 = R6, C1 = C2 = C3 = C4, R11 = R12 = R13 = R14, and L1 = L2 = L3 = L4.
The frequency response of Equalizer 1 is

H 1 = 1
R 2
R 0

+ 1
jωC1R 0

+ R 1
jωC3R 0R 1+R 0

(3)

Similarly, the frequency response of Equalizer 2 is

H 2 = 1
R 5
R 0

+ 1
jωC2R 0

+ R 6
jωC4R 0R 6+R 0

(4)

The frequency response of the cascade equalizer is

H = H 1 × H 2 (5)

3. Experimental System and Results
Fig. 2 shows the experimental VLC system. The signal is first produced by BERT(MP2100A, Anritsu,
Japan) and then processed by the proposed equalizer and amplified by Amplifier 1 (1–1300 MHz,
25 dB). The signal is then modulated to the LED (720-LUWCQARNPNRHPJR1, OSRAM Licht AG,
Germany) by the Bias-T . We use a lens at both the transmitter and receiver to increase the receiving
power for the Photodiode (818-BB-21A, Newport Corp., USA) with a small diameter of 0.40 mm.
The blue filter removes the slow-responding phosphor component. After photoelectric conversion,
the weak signal is amplified by the low-input, high-gain amplifier, Amplifier 2 (1–2000 MHz, 64 dB).
The experiments to measure 3-dB bandwidth and BER were both completed at a distance of 1.5 m.

In order to select the appropriate value for the equalizer, we performed many simulations to
explore the impact of resistance and capacitance on the bridge-T cascade circuit. In Fig. 3(a), we
first set R1 = R2 = R3 = R4 = 5 � and change the values of C1, C2, C3, and C4, and R11 =
R12 = R13 = R14 = 500 � according to [12]. In Fig. 3(b), we change the value of the resistance
and hold the capacitance value to 5 pF, and also change R11, R12, R13, and R14 based on the
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Fig. 3. Response of bridge-T cascade circuit with (a) different capacitances (R1 = R2 = R3 = R4 =
5 �) and (b) different resistances (C1 = C2 = C3 = C4 = 5 pF).

Fig. 4. (a) Cascade circuit without a T-bridge and (b) measurement result with and without a T-bridge
with the frequency below 30 MHz.

equation in [13]. We found that the frequency range of the equalizer was determined by the values
of the capacitance and resistance, and that we can determine the slope of the response curve of
the equalizer by comparing Fig. 3(a) and (b). Note, further, that the amplitude of the output is almost
the same below a certain frequency according to Fig. 3.

The T-bridge circuit will strongly attenuate the low-frequency signals, so it necessary to confirm
the attenuation range for the 3-dB bandwidth measurement. To expand the 3-dB bandwidth as
much as possible, we set 1 MHz as the start frequency and completed the experiment to explore
the influence caused by the T-bridge circuit structure on the 3-dB bandwidth measurement.

Fig. 4(b) shows the frequency response of the cascade equalizer with and without a T-bridge.
In this experiment, we set R1 = R2 = R3 = R4 = 5 � and C1 = C2 = C3 = C4 = 5 pF. The
low-frequency signal below 15 MHz was very weak with the T-bridge, so we can consider the signal
to be completely filtered by the circuit for the inherent noise of the oscilloscope. However, in another
experiment, the signal amplitude in the same frequency range is beyond 100 mV for the cascade
circuit without a T-bridge. In order to maximize the 3-dB bandwidth, we used the circuit shown in
Fig. 4(a) to expand the 3-dB bandwidth of the VLC link.

We then measured the 3-dB bandwidth of the LED for the white and blue components of the light.
In this experiment, we set the start frequency as 1 MHz. Fig. 5(a) shows that the 3-dB bandwidth of
white light is 4 MHz and the blue component of the light is 14 MHz. In order to ensure the accuracy
of the results, we took several measurements of the 3-dB bandwidth. The proposed equalizer is
based on the response of the blue component of the white LED. Z1 and Z3 have a significant
influence on the equalizer, and determine the high-frequency response characteristics, while Z2
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Fig. 5. 3-dB bandwidth (a) of white LED with and without blue filter and (b) of VLC link for different
capacitances.

Fig. 6. (a) Noise of VLC link, (b) characteristics of different circuit structures, (c) VLC system response
with the cascade circuit without a T-bridge, and (d) VLC system response with the cascade circuit with
a T-bridge.

and Z4 enhanced the stability of the equalizer. We must first confirm the parameters Z1 and Z3.
Considering the ease of design and impedance mutation, we set C1 = C2 = C3 = C4 and R1 =
R2 = R5 = R6. We performed many experiments in choosing the values of C1 and R1. The value
of C1 has a significant influence on the VLC system frequency range; the smaller the value of C1,
the higher the frequency range that we can choose, but the amplitude of the output signal will be
smaller. The value of R1 determines the equilibrium of the equalizer and the slope of the response
curve of the VLC system.
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Fig. 7. BER of the VLC link with different frequencies (a) 3.92 × 10−7 at 700 MHz, (b) 2.38 × 10−6 at
800 MHz, (c) 6.59 × 10−5 at 900 MHz, (d) 7.36 × 10−4 at 1 GHz.

We first set R1 = R2 = R3 = R4 = 5 � based on Fig. 3(b) and then choose appropriate
capacitance values according to the frequency range of the input signal. According to Fig. 3(a),
the capacitance value should be set below 25 pF, so we select values of 5, 8, 10, and 22 pF, and
compare the results. Considering the input range of the amplifier, we did not select a value of C1
less than 5 pF. Fig. 5(b) shows the response of the cascade circuits under different conditions. The
results show that the bandwidth of the VLC system is 520 MHz when C1 = 5 pF.

We measured the frequency range of the noise from the system to choose a suitable equalizer.
Fig. 6(a) shows the measurement results. In order to compare the high-frequency characteristics
of different circuit structures, we set the input range from 750 to 1250 MHz and measured the
amplitude using an oscilloscope (DPO7254, Tektronix, USA). In the experiment, we set R1 = R2 =
R3 = R4 = 5 � and C1 = C2 = C3 = C4=5 pF. The results are shown in Fig. 6(b). Compared with
the circuit without a T-bridge, the proposed equalizer has a stable high-frequency characteristic in
that the absolute value of the red curve’s slope is far less than that of the blue’s slope. We used the
sinusoidal signal as the input of the VLC system a frequency of 1000 MHz. Fig. 6(c) and (d) are the
oscilloscope results. We found that the signal in the transmitting end processed by the equalizer
without a T-bridge cannot be distinguished. In contrast, the signal processed by the equalizer with
a T-bridge can be clearly received. Therefore, we used the equalizer with the T-bridge in the BER
measurements even though the amplitude of the signal is far below the amplitude in Fig. 6(c).

In the experimental measurements of the BER, we used the pseudo-random binary sequence
(PRBS)-7 (27-1) NRZ-OOK data as the input signal, with a peak-to-peak voltage swing of 100 mV.
In the 3-dB measurement experiment, we confirmed that the VLC system 3-dB bandwidth can be
extended from 1 to 520 MHz with a blue filter when C1 = 5 pF and R1 = 5 �. We set R11 = R12 =
R13 = R14 = 500 � for the equation Z 1 × Z 3 = Z 2 × Z 4 = R02. We obtained different bit error
rates with the input signal frequency from 700 MHz to 1 GHz. The results of the BER measurements
are shown in Fig. 7. The BER is 7.36 × 10−4 with an input signal of 1 GHz when C1 = C2 = C3 =
C4 = 5 pF. Generally, BER is improved by smaller capacitance values owing to its high-frequency
characteristics.
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The limiting factor in our experiment is the PD response and the noise from the transmission
channel and amplifier in the receiver. The PD response is very weak at a frequency of 1 GHz, which
caused difficulty in receiving the high-frequency signal. Multiple focusings were performed in the
experiment to maximize the receiving power, since the active area of the PD is too small. Another
factor is the noise from the VLC link. The signal power received is very small and easy covered
by low-frequency noise, even in natural light, and the experiment conducted in the dark. The PCB
design and layout of the equalizer can be optimized to be close to the response curve shown in
Fig. 3. In the future, we plan to continue to optimize circuit performance and reduce the system
noise, apply the other modulation format such as OFDM [14], and try to design a wider-bandwidth
PD to enhance the 3-dB bandwidth and data rate of real-time VLC systems.

4. Conclusions
In this paper, we proposed a cascaded T-bridge pre-equalization circuit for use in indoor real-time
and high-speed VLC links based on OOK-NRZ modulation. We used a blue filter in the experiment,
and the 3-dB bandwidth of a VLC system was extended from 14 MHz to 520 MHz with a single
commercially available phosphorescent white LED. The data rate achieved was 1 Gb/s with a BER
of 7.36 × 10−4 at a distance of 1.5 m. The proposed pre-emphasis equalizer significantly improved
the 3-dB bandwidth and achieved high-speed data transmission in a real-time VLC link. To the best
of our knowledge, 1 Gb/s is the highest data rate ever achieved in a real-time VLC system based
on a single commercially available phosphorescent white LED.
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