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Abstract: In this work, we experimentally demonstrate a bi-directional
transmission link using light emitting diode (LED) visible light
communication (VLC) for both downlink and uplink paths. Time-division-
duplex (TDD) is proposed and demonstrated to significantly eliminate the
reflection interference in VLC. A free space bi-directional transmission of 2
m using simple on-off keying (OOK) modulation with bit error rate (BER)
of < 107 in both directions are achieved. Moreover, the influence of
reflection interference is analyzed, showing the proposed scheme can
significantly eliminate the reflection interference.
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1. Introduction

Due to the increase in popularity of using light emitting diode (LED) as the lighting source, it
is convenient and easy to provide in-home and in-building visible light communication (VLC)
using the already existing LED lamps. The LED-based VLC system offers short-range,
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license-free and secure communication link. There is no electromagnetic interference (EMI).
Several VLC schemes have been proposed and demonstrated [1-8].

Although the LED VLC can provide many transmission advantages, there are several
challenges for the implementation of LED VLC system. In the LED VLC link, the optical
path difference (OPD) of the multiple LEDs transmitter (Tx) and the field of view (FOV) of
the receiver (Rx) would introduce an inter-symbol interference (ISI) of the received data [1].
Besides, the modulation bandwidth of the phosphor-based white LED is limited by the slow
response of the phosphor. This also introduces ISI in the received signal [6]. There are
different techniques to solve this issue by increasing the available bandwidth of the LED, such
as using multiple-resonant equalization [1], pre-distortion [5], post-equalization [6], optical
blue filter [8] etc. Moreover, to achieve higher data rate within the limited bandwidth and
signal to noise ratio, the orthogonal division multiplexing (OFDM) and discrete multi-tone
(DMT) could be used [7, 8].

Another challenging issue left for the in-home and in-building VLC deployment is the
provision of an uplink path. Since VLC is basically a broadcast transmission, providing an
uplink path is challenging. Modulated retro-reflecting link has been proposed [9], however the
available modulators are generally low speed and costly. Besides, the location of the Rx needs
further study. Using radio-frequency (RF) to provide the uplink path has been proposed [10],
however it cannot be used in some RF restricted areas, such as hospital and airplane. Using
LED VLC for both uplink and downlink has been demonstrated [11], in which black
adhesive-tape was used to block the downlink signals from entering the uplink Rx. However,
the signal quality was degraded when the power ratio of reflection interference increased.

In this work, we experimentally demonstrate a bi-directional transmission link using LED
VLC in both downlink and uplink paths. Time-division-duplex (TDD) is proposed and
demonstrated to significantly eliminate the reflection interference in VLC. Although TDD
will reduce the effective data rates, higher level modulations, such as multi-level amplitude
shift keying (ASK) [6] or OFDM [7, 8] can be used to increase the system capacities. Apart
from mitigating the reflection interference, the TDD scheme also provides the advantage of
dynamic system capacity allocation by adjusting different time-slot size for the uplink and
downlink signals. Besides, the TDD also provides high flexibility in time-domain
arrangement for different users.

Here, a free space bi-directional transmission of 2 m using simple on-off keying (OOK)
modulation with bit error rate (BER) of < 107> in both directions is achieved. Moreover, the
influence of reflection interference is analyzed, showing the proposed scheme can
significantly eliminate the reflection interference.

2. Experiment

Figure 1 shows the experimental setup of our proposed TDD VLC system. The downlink
message and uplink message were generated by function generator 1 (FG,, Agilent 33220A)
and function generator 2 (FG,, Agilent 33120A), respectively. A clock generator produced a
12 kHz square wave with duty cycle close to 50%, which was used for triggering both
function generators in burst mode. Here, FG, and FG, were triggered by falling edge and
rising edge of the square wave, respectively. The bandwidth and the resolution of the FG;, are
20 MHz and 14-bit respectively. Its sampling rate is 50 MSa/s. The bandwidth and the
resolution of the FG, are 15 MHz and 12-bit respectively. Its sampling rate is 40 MSa/s.

The uplink signal from FG, was applied on a single LED with a focusing lens, and the
downlink signal from FG, was applied on a 5 x 8 LED array with a DC bias of 10 V (the 40-
LED array was designed to be driven at maximum voltage of 12 V). All the 40 LEDs carried
the same downlink signal. The single LED and the LED array are commercially available and
phosphor-based LEDs. Since in this demonstration we would like to analyze the TDD VLC
link and the effect of reflection mitigation, digital signal processing schemes, such as pre- or
post-equalization is not applied. Both the downlink and uplink signals were modulated using
OOK format with a symbol rate of 2.5 Mb/s (limited by the direct modulation bandwidth of
the LED).
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The PIN Rxs (ThorLabs PDA36A) were employed to measure the uplink and downlink
signals. The PIN Rx has the detection wavelength range of 350 — 1100 nm with responsivity
of 0.65 A/W and active area of 13 mm’. Its bandwidth is 17 MHz and the root mean square
(rms) noise is 530 pV. They were connected to a real-time oscilloscope (Tektronix,
TDS2022B). The bandwidth of the oscilloscope is 100 MHz, with vertical resolution of 9-bit
and sample rate of 1.25 GSa/s. To analyze and measure the reflection interference in the
experiment, two glass mirrors with an area of 64 cm” were placed at M, or M, respectively,
as illustrated in Fig. 1. They are placed at about 25 cm away from the LED Tx. By tuning the
mirror angles, the interference power could be adjusted accordingly.

Clock Generator

58 LED

Downlink

Uplink]
1

FG,

Oscilloscope

Fig. 1. Experimental Setup for the TDD VLC system: M: mirror; FG: function generator; Rx:
receiver; BT: bias-tee.

2. Measurement results

Figure 2 shows the time slot assigned for the uplink (UL) and downlink (DL) signals. Each
signal contains 95 symbols and the corresponding time-interval is 380 ns. The guard time
between uplink and downlink is approximately 73 ns. The measured time domain waveforms
for both uplink and downlink are included. The experiment results verified that this interval
was long enough to prevent crosstalk in the proposed system.

The reflection interference analysis of the uplink signal quality was performed by putting
the glass mirror at position M; as shown in Fig. 1. Figure 2 shows the measured time domain
waveform of the upstream Rx. Both uplink and downlink signals can be received. The uplink
signal was the target signal to be received, and the downlink signal (the unwanted and
interference signal) can be identified in time-domain when TDD was used. The uplink and
downlink bursts were properly separated in time domain with sufficient guard time. The
received waveform showed that the reflected interference signal (downlink) from the mirror
generated a significant interference signal power. By turning off the time slot of the received
interference signal, the performance of the uplink signal can be significantly improved.
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Fig. 2. The received time domain waveform by upstream Rx with assigned time slot for uplink,
downlink and guard time.

Fig. 3. Eye-diagram with TDD system used (a) Downlink (b) Uplink.

The eye-diagram in TDD mode without placing mirror for downlink and uplink are shown
in Fig. 3(a) and 3(b) respectively. The estimated BERs from Q-factor are both below 10~ for
both cases with the average bit rate calculation as follows:

B, =8xD @)
where S is the symbol rate (S = 2.5 Mb/s), D is the duty cycle of the UL and DL shown in Fig.
2 (D =41.94%). Hence, the calculated average bit rate is 1Mb/s in both of the directions.

The frequency response curves of the downlink and uplink channels are provided in Fig.
4(a) and 4(b) respectively. The 3-dB bandwidth of the LED-array downlink channel is 3
MHz, while the 3-dB bandwidth of the single-LED uplink channel is 1 MHz. For driving the
LED-array, a home-made bias-tee circuit was used to provide the relatively high DC-bias (10
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V). Hence we observe a low frequency cut-off in Fig. 4(a). For driving the single-LED, the
DC-bias was provided from the FG. The frequency response curves also explain the eye-
shapes of the downlink and uplink signals as shown in Fig. 3(a) and 3(b) respectively. We can
observe that the rise-time and fall-time of the downlink signal are faster due to the higher
modulation bandwidth of the downlink channel.
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Fig. 4. Frequency response curves of the (a) Downlink (b) Uplink

Then, we analyzed the influence of reflection interference. The uplink path was selected in
this analysis, and it is worth to note that uplink and downlink channels behaved similarly.
Figure 5 shows the measured signal-to-noise ratio (SNR) of the uplink signal under different
interference power ratios with and without the TDD mode. The SNR was estimated by
calculating the mean and variance of the received uplink signal voltage. The interference
power ratio was defined as the power ratio of the interference signal to the uplink signal. We
can observe that the SNR deteriorates with the increase in the interference power without
using the TDD mode. At the interference power ratio of —2.5 dB, the SNR of the uplink signal
dropped to 8 dB. By using the TDD mode, the uplink signal was not affected by the reflected
interference signal even at a very high interference power ratio of —2.5 dB. The SNR of the
uplink signal was maintained at about 19 dB, which corresponded to the BER of < 107, We
can also observe from Fig. 5 that the change of the uplink signal SNR was negligible under
different interference power ratios, showing the proposed scheme can significantly eliminate
the reflection interference even at high reflection power.
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Fig. 5. SNR over different interference power ratio with and without using TDD.

4. Conclusion

One of the most challenging issues for the in-home and in-building LED VLC deployment is
the provision of an uplink path. Previous works using modulated retro-reflector, RF and using
black adhesive-tape to block the downlink signals from entering the uplink Rx have been
proposed, but have different limitations.

In this work, we experimentally demonstrated a bi-directional transmission link using
LED VLC in both downlink and uplink paths. TDD was proposed and demonstrated to
significantly eliminate the reflection interference in VLC. A free space bi-directional
transmission of 2 m using simple OOK modulation with BER of < 10~ in both directions was
achieved. Moreover, the influence of reflection interference is analyzed. By using the TDD
mode, the uplink signal was not affected by the reflected interference signal even at very high
interference power ratio of —2.5 dB. The SNR of the uplink signal was maintained at about 19
dB, and the change of the uplink signal SNR was negligible under different interference
power ratios. If the TDD mode was not used, the SNR degraded with the increase in the
interference power. Thus, at the interference power ratio of —2.5 dB, the SNR of the uplink
signal dropped to 8 dB.
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