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Abstract

:

In order to increase transmission capacity, multiplexing schemes in different physical dimensions, including time, frequency, modulation quadrature, polarization, and space, can be employed. In this work, we propose and demonstrate a red color laser-diode (LD) based visible-light-communication (VLC) system using two kinds of digital domain multiplexing schemes, orthogonal-frequency-division-multiplexing (OFDM) and power-domain division-multiplexing (PowDM). The two digital domain multiplexed data can achieve data rates of 1.66 Gbit/s and 6.41 Gbit/s, respectively, providing a total data rate of 8.07 Gbit/s, fulfilling the pre-forward error correction (pre-FEC) bit-error-rate (BER) limit. The measured signal-to-noise ratios (SNRs) are 10.96 dB and 14.45 dB, respectively. Here, similar to OFDM, the PowDM can enhance the total system capacity by allowing acceptable signal spectra overlapping among different power division signals to maximize the bandwidth utilization. An experiment to verify and evaluate the proposed work is performed. The modulation and demodulation of OFDM and PowDM are discussed. The optimum power levels of the individual signals in the PowDM signal are also analyzed.
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1. Introduction


Visible light communication (VLC) is an attractive and promising technology for future wireless communication systems [1]. VLC is a kind of optical wireless communication (OWC) using visible light spectrum for communication. Due to the advances of light emitting diode (LED) development, VLC systems can be based on existing lighting infrastructure to provide illumination and communication at the same time [2]. Due to the highly directional feature of the optical light beam, VLC could provide highly directional and high privacy transmission, at the same time being immune to radio-frequency (RF) electromagnetic interference (EMI) [3]. Different VLC technologies have been studied in ref. [4]. Due to the many unique advantages offered by VLC, it has been considered as one of the potential candidates for beyond 5G or 6G mobile and wireless communication [5]. There are many potential applications of VLC systems, such as vehicle to vehicle communication [6], visible light positioning (VLP) [7], robot navigation in hospitals [8], underwater communication [9], optical camera communication (OCC) [10], display and sign board communication [11].



One popular VLC transmitter (Tx) is the LED [12]. A phosphor-based LED Tx for both lighting and VLC has been reported [13]. As the data rate of the LED based VLC system is limited by the relaxation time of the yellow phosphor, schemes include pre/post-equalization [14], multiple-input multiple-output (MIMO) [15], etc. Hsu et al. reported a 1.1 Gbit/s white-light VLC system based on 3 × 3 MIMO [15]. Cossu et al. reported a 3.4 Gbit/s VLC system based on wavelength division multiplexing of red green blue (RGB) LEDs [16]. Besides, Chi et al. also reported a 3.375 Gbit/s RGB LEDs based WDM VLC system using high level modulation (i.e., eight levels of pulse amplitude modulation, PAM 8) [17]. To further enhance the modulation bandwidth, micro-LEDs can also be employed [18]. Tsonev et al. reported a 3 Gbit/s VLC link using a blue gallium nitride (GaN) micro-LED and high spectral efficient orthogonal frequency division multiplexing (OFDM) format [19]. Recently, Lan et al. reported a 1 Gbit/s on-off-keying (OOK) VLC system using a violet micro-LED [20]. By growing the micro-LED in non-polar or semi-polar orientations, the quantum confined stark effect (QCSE) can be reduced and a higher modulation bandwidth can be achieved. Chang et al. reported a 4.343 Gbit/s VLC transmission based on a green semipolar micro-LED array [21]. To suppress the LED efficiency droop [22] and enhance the modulation bandwidth, the laser diode (LD) can also be a promising candidate for VLC. LD based VLC is one of the best choices for high-speed data transmission, such as simultaneous lighting and communication [23], machine to machine communication [24], underwater communication [25], and mobile back-haul transmission [26]. Wei et al. demonstrated a 6.915 Gbit/s white-light illumination and VLC system using blue LD with yellow phosphor [27] and these can be used for illumination and communication simultaneously. In order to further increase the transmission capacity, multiplexing schemes in different physical dimensions, including time, frequency, modulation quadrature, polarization, and space, can be employed. Wu et al. reported a VLC system using WDM RGB LDs operated at 8 Gbit/s [28] and Wei et al. illustrated a LD based VLC system combining WDM and polarization division multiplexing (PolDM) which operated at 40.665 Gbit/s [29]. Moreover, Gunawan et al. also illustrated an LD based VLC system for color-shift-keying (CSK) [30]. Besides the physical domain multiplexing schemes, digital domain multiplexing schemes such as OFDM [31] can also enhance the total system capacity by allowing a certain degree of signal spectral overlapping to maximize the bandwidth utilization. The OFDM system divides the data signal into several lower bit rate subcarriers, which are orthogonal to each other. By employing fast-Fourier transform (FFT) at the receiver (Rx) side, the data signal can be retrieved even if there is strong spectral overlapping among the OFDM subcarriers. Hence, a high spectral efficiency can be achieved.



In this work, we put forward and experimentally demonstrate an 8.07 Gbit/s red color LD based VLC system using two kinds of digital domain multiplexing schemes, OFDM and power domain division multiplexing (PowDM). The PowDM technique is inspired by the works [32,33], where [32] is related to power domain multiplexing for multiple users and [33] is applied for a fiber coherent transmission system. Here, similar to OFDM, the PowDM can also enhance the total system capacity by allowing acceptable signal spectra overlapping among different power division signals to maximize the bandwidth utilization. By employing the successive interference cancellation (SIC) at the Rx side, the data signal can be retrieved. The potential applications of the proposed method can be used in machine-to-machine communication (M2M) or in areas where the employment of RF based wireless communication is forbidden. An experiment to verify and evaluate the proposed work is performed, and the results show that the PowDM signal can achieve a higher capacity than the individual signal. The modulation and demodulation of the OFDM and PowDM are discussed. The optimum power levels of the individual signals in the PowDM signal are also analyzed.




2. Principle and Experiment


Here, the principle of the PowDM will be presented. Without loss of generality, we illustrate the principle of PowDM by assuming that the data are divided into two individual signals, xi, where i = 1 and 2. The corresponding transmission powers are Pi, where i = 1 and 2. In the system, there is a single LD at the Tx and a single photodiode (PD) at the Rx. The sum of total power Pi is equal to P. The transmitted signal is shown in Equation (1).


  x =    P 1     x 1  +    P 2     x 2   



(1)







The received signal can be illustrated in Equation (2),


   y i  =  h i  x +  n i   



(2)




where hi is the channel response between the Tx and Rx, and the ni represents the noises. According to Equation (1), different individual signals in the PowDM signal should maintain a certain power ratio for the successful decoding of individual signals, Data 1 and Data 2 at the Rx. At the Rx, the SIC process is performed and the decoding priority is based on the order of the increasing channel gain. With the example of 2 individual signals with P2 > P1, x2 signal will be recovered first without the need of SIC since it has a higher power than x1. Then, the decoded x2 will be used to retrieve x1 in the SIC process [32] by subtracting itself from the received signal.



Based on the Shannon–Hartley equation, the channel capacity C is related to the theoretical limit of the information data rate, which is equal to the channel bandwidth B times the logarithm of one pulse the signal-to-noise ratio (SNR). Hence, the total capacity of the PowDM signal can be written in Equation (3).


    C   =  C 2  +  C 1       = B  log 2   (  1 +   |  h 2   | 2   P 2    |  h 1   | 2   P 1  +  P N     )  + B  log 2   (  1 +   |  h 1   | 2   P 1     P N     )     



(3)







As shown in Equation (3), the total channel capacity C is equal to the capacities of the two individual signals C2 and C1. The channel responses of individual Data 2 and Data 1 are h2 and h1 respectively. Since there is only one Tx and one Rx, the Data 2 and Data 1 share the same bandwidth B and noise power PN. It is worth noting that for Data 2, the capacity C2 is affected by the transmission noise PN plus the interference from the Data 1 (P1) during the PowDM. For Data 1, the capacity C1 is affected by PN only. However, a certain ratio of P2 to P1 should be maintained in PowDM, and the power level of P1 is limited. This will also affect the capacity C1. In this proof-of-concept demonstration, only 2 power-division channels are used. More channels can be supported if the SNR of the transmitted signal is high enough [34].



Figure 1 shows the principle of encoding and decoding of the proposed PowDM VLC system. At the Tx side, two individual data signals (Data 1 and Data 2) are first mapped to quadrature phase shift keying (QPSK) formats. Then the signals are allocated to subcarriers according to channel conditions. After this, the two signals at different power levels are combined with superposition code (SC) [32], which realizes multiplexing in the power domain. Hence the constellation diagrams are shaped according to the power allocation. This can be implemented by multiplying the signals by specified power levels P1 or P2. Inverse fast Fourier transformation (IFFT) is used to convert the signal from the frequency domain into time domain. Hermitian symmetry is utilized to produce real-valued OFDM signal for driving the LD. After this, parallel-to-serial (P/S) conversion and the addition of a cyclic prefix (CP) are performed. After the PowDM OFDM signal is generated, it is applied to a LD via a digital-to-analog converter (DAC). The signal will then be received by a PD via an optical channel. The received PowDM OFDM signal will be converted into a digital signal via an analog-to-digital converter (ADC). Synchronization schemes are applied. After this, serial-to-parallel (S/P) conversion is performed to retrieve the information in subcarriers. Zero-forcing scheme is used to restore the signal after the channel, and fast Fourier transform (FFT) is used to convert it into the frequency domain. In the PowDM decoding, Data 2 can be decoded first while considering Data 1 as noise, so direct QPSK demodulation can be applied. Then, SIC is employed to subtract the retrieved Data 2 from the main signal before the QAM demodulation applied. After this, FFT and QPSK demodulation are executed to retrieve the Data 1.



Figure 2 illustrates the experiment of the proposed PowDM VLC system. A photo of the experimental setup is shown in inset of Figure 2. As discussed in pervious paragraphs, Data 1 and Data 2 with proper power ratio are combined in the digital domain using off-line program. Then, the PowDM data stored in an arbitrary waveform generator (AWG, Tektronix® AWG 70001) act as the DAC converting the PowDM digital data into real electrical waveform to drive a LD. The AWG has the sampling rate of 50 GSample/s and resolution of 8 bits. It has an analog frequency range of 18 GHz. Then, the PowDM electrical signal is used to drive a red LD via a bias-tee circuit. The red LD (Opnext® HL6544FM) used has a peak wavelength of 640 nm. It is based on AlGaInP with multi-quantum well (MQW) structure. After a free-space transmission distance of 1.5 m, the optical signal is detected by a PIN PD (EOT ET-2030A). After the optical signal has propagated 1.5 m transmission distance, the optical beam diameter at the Rx is 4 mm. It is silicon-based with a bandwidth of 1.2 GHz. The active area diameter and the acceptance full angle are 400 μm and 20°, respectively. The PD is attached to a real-time oscilloscope (RTO, Teledyne LeCroy® 816ZI-B) acting as the ADC converting the received waveform into digital data for signal processing. The RTO has the sampling rate of 80 GSample/s and analog bandwidth of 16 GHz. In the experiment, the FFT size 512, number of subcarriers is 125, and CP is 32. Table 1 summarizes all the system parameters.




3. Results and Discussion


In the experiment, a commercially available red LD is employed. It is based on AlGaInP with a multi-quantum well (MQW) structure. It has a maximum optical output power of about 130 mW. Figure 3 shows the measured characteristics of the red LD. The threshold currents is about 60 mA. The inset in Figure 3 shows the measured optical spectrum and the peak emission wavelength is 640 nm.



As the two individual data signals are superimposed in the power domain and the constellation diagrams are shaped according to the power allocation, it is important to obtain the optimum power ratio to maximize the system throughput and to minimize the bit error ratio (BER) of both data. To simple the DSP of Tx and Rx, the power ratio is applied to all the subcarriers. Figure 4 shows measured BER against power ratio of Data 2 to Data 1 of the PowDM VLC system. The power ratio has a significant effect on Data 1 since it will highly affect the shape of the constellation diagram of the main signal, introducing high error during the implementation of the SIC. We can also observe that the power ratio only has a small effect on the Data 2. This is because the demodulation of the 16-quadrature amplitude modulation (QAM) like signal is divided into four quadrants, and the constellation points in each quadrant will be mapped to the same Data 2 logic bit. The constellation diagrams of Data 1 and Data 2 are also illustrated in Figure 4. In the experiment, when the power ratios are larger than 5 dB, the BER performances of Data 1 and Data 2 are 2.41 × 10−3 and 3.94 × 10−3. Both data can satisfy the 7% pre-forward-error-correction (pre-FEC) BER of 3.8 × 10−3.



Figure 5 shows the measured BER curves of the two individual signals and the PowDM signal at different data rate. By considering the FEC limit, Data 1 can achieve a data rate of 1.66 Gbit/s at BER of 2.20 × 10−3 and Data 2 can achieve a data rate of 6.41 at BER of 1.21 × 10−3. Hence, the maximum data rate achieved by the PowDM signal fulfilling the pre-FEC BER limit is 8.07 Gbit/s at the BER of 1.7 × 10−3.



Finally, the SNRs of the Data 1 and Data 2 in the proposed PowDM signal are also evaluated. Figure 6 shows the measured SNRs of the two individual signals against all the OFDM subcarriers in the proposed PowDM VLC system. The average SNR for Data 1 is 10.96 dB and the average SNR for Data 2 is 14.45 dB. The corresponding achieved data rates for Data 1 and Data 2 are 1.66 Gbit/s and 6.41 Gbit/s, respectively.




4. Conclusions


In this work, we proposed and demonstrated an 8.07 Gbit/s red color LD based VLC system using two kinds of digital domain multiplexing schemes, OFDM and PowDM. Here, similar to OFDM, the PowDM can also enhance the total system capacity by allowing acceptable signal spectra overlapping among different power division signals to maximize the bandwidth utilization. By employing the SIC at the Rx side, the data signal can be retrieved. The modulation and demodulation of the OFDM and PowDM are discussed. In the experiment, when the power ratios are larger than 5 dB, the BER performances of Data 1 and Data 2 are 2.41 × 10−3 and 3.94 × 10−3. Both data can satisfy the 7% pre-forward-error-correction (pre-FEC) BER of 3.8 × 10−3. By considering the FEC limit, Data 1 can achieve a data rate of 1.66 Gbit/s at BER of 2.20 × 10−3 and Data 2 can achieve a data rate of 6.41 Gbit/s at BER of 1.21 × 10−3. Hence, the maximum data rate achieved by the PowDM signal fulfilling the pre-FEC BER limit is 8.07 Gbit/s at the BER of 1.7 × 10−3. We also measured the SNRs of Data 1 and Data 2 and their average SNRs were 10.96 dB and 14.45 dB, respectively.
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Figure 1. Principle of encoding and decoding of the proposed PowDM VLC system. QPSK: quadrature phase shift keying; IFFT: inverse fast Fourier transformation; P/S: parallel-to-serial; LD: laser diode; PD: photodiode; S/P: serial-to-parallel; SIC: successive Interference cancelation. 
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Figure 2. Experiment of the proposed PowDM VLC system. AWG: arbitrary waveform generator; RTO: real-time oscilloscope. Inset: a photo of the experimental setup. 
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Figure 3. Measured characteristics of the red LD used in the experiment. Inset: measured optical spectrum. 
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Figure 4. Measured BER against power ratio of Data 2 to Data 1 of the PowDM VLC system. Insets: constellation diagrams of Data 1 and Data 2. 






Figure 4. Measured BER against power ratio of Data 2 to Data 1 of the PowDM VLC system. Insets: constellation diagrams of Data 1 and Data 2.



[image: Photonics 08 00500 g004]







[image: Photonics 08 00500 g005 550] 





Figure 5. Measured BER curves of the two individual signals and the PowDM signal. 
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Figure 6. Measured SNRs of the two individual signals against all the OFDM subcarriers in the proposed PowDM VLC system. 
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Table 1. System Parameters.
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System Parameter






	
FFT Size

	
512




	
Subcarrier

	
125




	
Cyclic Prefix

	
32




	
LD Drive Current

	
70 mA




	
AWG Bandwidth

	
18 GHz




	
PD Bandwidth

	
1.2 GHz




	
RTO Bandwidth

	
16 GHz




	
Transmission Distance

	
1.5 m
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