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Abstract

:

Conventional optical orthogonal frequency division multiplexing (OFDM) schemes, such as adaptively biased optical OFDM (ABO-OFDM) and hybrid asymmetrically clipped optical OFDM (HACO-OFDM), are unable to tap all the resources of the subcarriers and only achieve relatively high power efficiency. In this paper, a hybrid adaptive bias optical OFDM (HABO-OFDM) scheme for visible light communication (VLC) is proposed to improve spectral efficiency and power efficiency. In the proposed HABO-OFDM scheme, different optical OFDM components are combined for transmission at the same time, and the adaptive bias is designed to ensure the non-negativity, as well as obtaining significantly high power efficiency. Meanwhile, the implementation complexity of the HABO-OFDM receiver is notably lower than the conventional superimposed optical OFDM schemes. Simulation results show that the proposed HABO-OFDM scheme outperforms ABO-OFDM and HACO-OFDM in terms of both peak-to-average-power ratio (PAPR) and power efficiency. The PAPR performance of HABO-OFDM is about 3.2 dB lower than that of HACO-OFDM and 1.7 dB lower than that of ABO-OFDM. Moreover, we can see that the    E  b ( e l e c )   /  N 0    required for HABO-OFDM to reach the BER target is lower than the other two schemes at the Bit rate/Normalized bandwidth range of 3.5 to 8.75, which means that the power efficiency of HABO-OFDM is higher in this range.
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1. Introduction


With the rapid increase in wireless mobile devices, the continuous increase of wireless data traffic has brought challenges to the continuous reduction of radio frequency (RF) spectrum, which has also driven the demand for alternative technologies [1,2]. In order to solve the contradiction between the explosive growth of data and the consumption of spectrum resources, visible light communication (VLC) has become the development direction of the next generation communication network with its huge spectrum resources, high security, low cost, and so on [3,4,5]. The orthogonal frequency division multiplexing (OFDM) technology has the advantages of high spectrum utilization and strong ability of resisting inter-symbol interference (ISI) [6,7]. Hence, the OFDM technology is also an excellent choice for VLC.



Considerable research has applied OFDM technology to VLC. As we all know, the VLC requires non-negative and real OFDM signals, due to intensity modulated direct detection (IM/DD) is widely used in VLC systems [8,9,10]. In order to meet the requirement, several optical OFDM schemes have been proposed for IM/DD VLC systems. Asymmetrically clipped optical OFDM (ACO-OFDM), where only the odd subcarriers are modulated to transmit the information data, achieves high power efficiency [11]. Pulse amplitude modulated discrete multitone (PAM-DMT) is one of clipping-based schemes, where only the imaginary parts of the subcarriers are used, while the real parts are set to zero [12]. However, due to half of the subcarrier resources not being utilized, the ACO-OFDM and PAM-DMT schemes lead to a significant loss of spectral efficiency [13].



Hence, some advanced schemes superimposing various optical OFDM components have been proposed to improve spectral efficiency, including hybrid asymmetrically clipped optical OFDM (HACO-OFDM) [14] with pulse-amplitude-modulated based hybrid optical OFDM (PHO-OFDM) [15] and adaptively biased optical OFDM (ABO-OFDM) [16]. The ACO-OFDM signals and PAM-DMT signals are transmitted simultaneously in HACO-OFDM scheme, where high spectrum efficiency is achieved compared with the ACO-OFDM and PAM-DMT schemes. However, the interference of the clipping of the bipolar signal falls on the superimposed components. The operation of mitigating the interference at the receiver leads to a significantly high receiver complexity [17]. Similarly, the PAM signals and the QAM signals are transmitted on odd and even subcarriers in the PHO-OFDM scheme, respectively. Unfortunately, the clipping noise of the PAM signals affects the demodulation of the QAM signals that are modulated on the even subcarriers, which significantly increase the complexity of the receiver. Another advanced scheme, known as ABO-OFDM, uses the odd and a part of the even subcarriers to convey the information data, which enhances the spectral efficiency compared to ACO-OFDM scheme. Nevertheless, the reserved subcarriers are not utilized, which incurs a bandwidth penalty.



In this paper, a novel hybrid adaptive bias optical OFDM (HABO-OFDM) scheme is conceived to enhance spectral efficiency with power efficiency, and achieve low-complexity implementation of the receiver. Our main contributions are as follows:




	
A novel structure combining different optical OFDM components to transmit the signals simultaneously is proposed for VLC. This structure occupies all subcarriers to convey the signals, thus significantly enhancing the spectral efficiency in comparison with ABO-OFDM.



	
The adaptive bias is carefully designed to guarantee the non-negativity of the transmitted signal and improve power efficiency. Furthermore, since the interference caused by the adaptive bias does not disturb the estimation of the superimposed signals at the receiver, a relatively simple receiver can be employed in HABO-OFDM.



	
Different performances analysis of our proposed system is presented. We show its performance and perform analysis by comparing the proposed scheme with HACO-OFDM and ABO-OFDM in terms of bit error rate (BER), peak-to-average-power ratio (PAPR), and power efficiency performances. In addition, the BER performance under nonlinear conditions is also demonstrated.








This paper is organized as follows. Section 2 describes the transmitter and receiver in the HABO-OFDM scheme in detail. Additionally, it presents the design of the adaptive bias and the proof that the noise introduced by the adaptive bias does not affect the demodulation of the superimposed signals. Section 3 analyzes the complexity of HABO-OFDM and conventional superimposed schemes, including HACO-OFDM and PHO-OFDM. The results of the different schemes performance are shown in Section 4. We provide the BER performance of these schemes in the additive white Gaussian noise (AWGN) channel. We also provide a comparison of the performances of the PAPR and power efficiency for these schemes. In Section 5, we draw conclusions for the proposed scheme.




2. System Model


In this section, the transmitter and receiver of the proposed HABO-OFDM scheme are investigated concretely. In addition, the adaptive bias is also introduced specifically.



2.1. Transmitter


The block diagram structure of the transmitter of the proposed HABO-OFDM system is presented in Figure 1.



In the proposed scheme, for the (2m + 1)-th (  m = 0 , 1 , · · · , N / 8 − 1  ) subcarriers, the transmitted signal is mapped in line with the Hermitian symmetry [11]. Thus, the frequency-domain signal of this component is expressed as


   X 1  =  [ 0 ,  Q 1  , 0 ,  Q 2  , 0 , · · · ,  Q  N / 4   , 0 ,  Q  N / 4  *  , 0 , · · · ,  Q  2  *  , 0 ,  Q  1  *  ]  ,  



(1)




where N is the number of subcarriers, and   Q i   is the quadrature amplitude modulation (QAM) symbol. For the (4m + 2)-th (  m = 0 , 1 , · · · , N / 8 − 1  ) subcarriers, the modulation of the transmitted signal is QAM. Hence, the frequency-domain signal is given as follows:


   X 2  =  [ 0 , 0 ,  Q  N / 4 + 1   , 0 , · · · ,  Q  3 N / 8   , 0 , 0 , 0 ,  Q  3 N / 8  *  , · · · , 0 ,  Q  N / 4 + 1  *  , 0 ]  ,  



(2)




where   Q i   denotes the QAM symbol. Furthermore, the modulated transmission signals in   X 1   and   X 2   are allocated on different subcarriers. Then, the frequency-domain signal of the superimposition of two different component is given by


  X = [ 0 ,  Q 1  ,  Q  N / 4 + 1   ,  Q 2  , 0 , · · · ,  Q  3 N / 8   ,  Q  N / 4   , 0 ,  Q  N / 4  *  ,  Q  3 N / 8  *  , · · · , 0 ,  Q  N / 4 + 1  *  , 0 ] ,  



(3)




where   Q i   is the QAM symbol.



The remaining component in HABO-OFDM only modulates the imaginary parts of the 4m-th (  m = 0 , 1 , · · · , N / 8 − 1  ) subcarriers, which can be presented as


  Y = j [ 0 , 0 , 0 , 0 ,  P 1  , 0 , · · · ,  P  N / 8 − 1   , 0 , 0 , 0 , 0 , 0 , 0 , 0 ,  P  N / 8 − 1  *  , 0 , · · · , 0 ,  P  1  *  , 0 , 0 , 0 ] ,  



(4)




where    Y  4 k   = j  P k    and   P k   represents the real PAM symbol,   k = 1 , · · · , N / 2 − 1  . Additionally, the time-domain signal   y n   holds anti-symmetry and periodic property [18],


        y 0  =  y  N / 4   =  y  N / 2   =  y  3 N / 4   = 0 ,        y n  =  y  n + N / 2   = −  y  N / 2 − n   = −  y  N − n   ,     n = 1 , 2 , · · · , N / 4 − 1      .  



(5)







Therefore, the combined time-domain signal   w n   of the proposed scheme, is as follows:


   w n  =  x n  +  ⌊  y n  ⌋  ,  n = 0 , 1 , · · · , N − 1 ,  



(6)




where   x n   denotes the time-domain signal of  X , and     ⌊  y n  ⌋  c  = max  {  y n  , 0 }    presents the clipped value of   y n  . Thus,   x n   does not interfere with the 4m-th subcarriers of the PAM component due to   x n   is unclipped. Moreover, the interference generated by   ⌊  y n  ⌋   only falls on the real parts of the 4m-th subcarriers, which implies that the (2m + 1)-th and the (4m + 2)-th subcarriers with the imaginary parts of the 4m-th subcarriers are not interfered with the clipping operation of   y n  . The combination of QAM and PAM achieves the advantage of high spectral efficiency. However, the hybrid optical OFDM signal of   w n   is a bipolar signal, and it is necessary to ensure the non-negativity of the signal in the optical OFDM scheme [19]. In order to guarantee the non-negativity of   w n  , we design the adaptive bias according to the characteristics of the superimposed signal. Furthermore, the properties which are satisfied with the adaptive bias   s n   can be expressed as


         s n  =  s  n + N / 4   =  s  n + N / 2   =  s  n + 3 N / 4   = − min  {  w n  ,  w  n + N / 4   ,  w  n + N / 2   ,  w  n + 3 N / 4   }  ,          n = 0 , N / 8 ,     



(7)






          s n  =  s  N / 4 − n   =  s  N / 4 + n   =  s  N / 2 − n   =  s  N / 2 + n   =  s  3 N / 4 − n   =  s  3 N / 4 + n   =  s  N − n             = − min {  w n  ,  w  N / 4 − n   ,  w  N / 4 + n   ,  w  N / 2 − n   ,  w  N / 2 + n   ,  w  3 N / 4 − n   ,  w  3 N / 4 + n   ,  w  N − n   } ,          n = 1 , · · · , N / 8 − 1     .  



(8)







According to (7), it is obvious that, when at least one of the four signals,   w n  ,   w  n + N / 4   ,   w  n + N / 2   ,   w  n + 3 N / 4   , for   n = 0 , N / 8   is negative, the inverse polarity of the minimum of   {  w n  ,  w  n + N / 4   ,  w  n + N / 2   ,  w  n + 3 N / 4   }   can be selected to produce the adaptive bias. Additionally, if the four signals are all non-negative, no bias is required to ensure the non-negativity of the four signals.



From (8), if at least one signal in   {  w n  ,  w  N / 4 − n   ,  w  N / 4 + n   ,  w  N / 2 − n   ,  w  N / 2 + n   ,  w  3 N / 4 − n   ,   w  3 N / 4 + n   ,  w  N − n   }   for   n = 1 , · · · , N / 8 − 1   is negative, the adaptive bias can be generated with the inverse polarity of the minimum of   {  w n  ,  w  N / 4 − n   ,  w  N / 4 + n   ,  w  N / 2 − n   ,  w  N / 2 + n   ,  w  3 N / 4 − n   ,   w  3 N / 4 + n   ,  w  N − n   }  . In addition, if the eight signals are all non-negative, there is no need to produce the adaptive bias. Furthermore, it can also be observed that adaptive bias is selected according to the different amplitude of the signal, which can decrease the power consumption, and still ensure the non-negativity of the signal.



As a result, the superimposed time-domain signal of the proposed scheme is given by


   z n  =  w n  +  s n  ,  n = 0 , 1 , · · · , N − 1 .  



(9)







Through the introduction of the adaptive bias, the non-negativity of the transmission signal is dynamically adjusted to realize the simultaneous transmission of different optical OFDM signals, while maintaining high spectrum utilization.




2.2. Receiver


Now, we discuss the demodulation process of the proposed HABO-OFDM scheme. The block diagram structure of the receiver of the proposed HABO-OFDM system is shown in Figure 2.



It can be obtained that   x n   occupies the (2m + 1)-th and (4m + 2)-th subcarriers, and    ⌊  y n  ⌋  c   occupies the imaginary parts of the 4m subcarriers in HABO-OFDM scheme. The clipping noise of   y n   only falls on the real parts of the 4m subcarriers, and there is no interference to   x n  . Meanwhile, no clipping noise generated by   x n   is superimposed on the imaginary parts of the 4m subcarrier of    ⌊  y n  ⌋  c   owing to no clipping operation for   x n  . Therefore, the two sets of signals have no influence on each other during demodulation. Furthermore, the following will prove that the adaptive bias will not cause interference to the transmission signals   x n   and    ⌊  y n  ⌋  c  .



Specifically, the equation obtained by expanding the Fast Fourier transform (FFT) of   s n   can be expressed as


          S k  =  1  N    ∑  n = 0   N − 1    s n   e  − j   2 π n k  N    =  s 0   ( 1 +  e  − j   π k  2    +  e  − j π k   +  e  − j   3 π k  2    )             +  s  N 8    e  − j   π k  4     ( 1 +  e  − j   π k  2    +  e  − j π k   +  e  − j   3 π k  2    )             +  1  N    ∑  n = 0    N 8  − 1    s n   [   ( 1 +  e  − j   π k  2    +  e  − j π k   +  e  − j   3 π k  2    )   e  − j   2 π n k  N               +  ( 1 +  e  − j   π k  2    +  e  − j π k   +  e  − j   3 π k  2    )   e  j   2 π n k  N     ]           k = 0 , 1 , · · · , N − 1     .  



(10)







When k is odd, that is, when   k = 2 m + 1  , we can obtain    e  − j π k   = − 1  . Then,   S k   can be given by


          S k  =  s 0   e  − j   π k  2     ( 1 +  e  − j π k   )  +  s  N 8    e  − j   π k  4     e  − j   π k  2     ( 1 +  e  − j π k   )             +  1  N    ∑  n = 1    N 8  − 1    s n   [  ( 1 +  e  − j π k   )   e  − j   2 π n k  N     e  − j   π k  2    +  ( 1 +  e  − j π k   )   e  j   2 π n k  N     e  − j   π k  2    ]            = 0     .  



(11)







When k is even, we can obtain    e  − j π k   = 1  . Thus,   S k   can be expressed as the following two cases.



	case 1:

	
when   k = 4 m + 2  ,








          S k  =  s 0   ( 1 +  e  − j ( 2 m + 1 ) π   + 1 +  e  − j 3 ( 2 m + 1 ) π   )             +  s  N 8    e  − j  π 2   ( 2 m + 1 )     ( 1 +  e  − j ( 2 m + 1 ) π   + 1 +  e  − j 3 ( 2 m + 1 ) π   )             +  1  N    ∑  n = 1    N 8  − 1    s n   [   ( 1 +  e  − j ( 2 m + 1 ) π   + 1 +  e  − j 3 ( 2 m + 1 ) π   )   e  − j   4 ( 2 m + 1 ) n π  N               +  ( 1 +  e  − j ( 2 m + 1 ) π   + 1 +  e  − j 3 ( 2 m + 1 ) π   )   e  j   4 ( 2 m + 1 ) n π  N     ]            = 0 ,      



(12)





	case 2:

	
when   k = 4 m  ,








           S k  =  s 0   ( 1 +  e  − j 2 m π   +  e  − j 4 m π   +  e  − j 6 m π   )             +  s  N 8    e  − j m π    ( 1 +  e  − j 2 m π   +  e  − j 4 m π   +  e  − j 6 m π   )             +  1  N    ∑  n = 1    N 8  − 1    s n   ( 1 +  e  − j 2 m π   +  e  − j 4 m π   +  e  − j 6 m π   )   e  − j   8 m n π  N               +  1  N    ∑  n = 1    N 8  − 1    s n   ( 1 +  e  − j 2 m π   +  e  − j 4 m π   +  e  − j 6 m π   )   e  j   8 m n π  N              = 4  s 0  + 4  s  N 8    e  − j m π   +  4  N    ∑  n = 1    N 8  − 1    s n   (  e  − j   8 m n π  N    +  e  j   8 m n π  N    )            = 4  s 0  + 4  s  N 8   cos  ( m π )  +  8  N    ∑  n = 1    N 8  − 1    s n  cos  (   8 m n π  N  )      .   



(13)





Consequently,   S k   can be given by


   S k  =      0 ,     k = 2 m + 1 ,       0 ,     k = 4 m + 2 ,       4  s 0  + 4  s  N 8   cos  ( m π )  +  8  N    ∑  n = 1    N 8  − 1    s n  cos  (   8 m n π  N  )  ,     k = 4 m      ,  



(14)




where   m = 0 , 1 , · · · , N / 8 − 1  . It can be easily observed that   S k   only falls on the real parts of the 4m-th subcarriers, which explains that the adaptive bias   s n   does not disturb   x n   and    ⌊  y n  ⌋  c  . Therefore, a relatively simple OFDM receiver structure can be applied to HABO-OFDM scheme.





3. Complexity Analysis


We will compare the complexity of HABO-OFDM with HACO-OFDM and PHO-OFDM in this section. It is known that the complexity of the transmitter in the conventional optical OFDM scheme is determined by the number of Inverse Fast Fourier Transform (IFFT) operations [20]. In this way, we can evaluate the system complexity by using the number of the real multiplication operation in IFFT [21]. As for HABO-OFDM, the transmitter of it requires an N-point IFFT and another N-point IFFT used on the imaginary value, which yields   3 N  log 2  N − 3 N + 4   times of the real multiplication operation. Similarly,   3 N  log 2  N − 3 N + 4   times of the real multiplication operation are required for the HACO-OFDM transmitter, which is the same as PHO-OFDM.



As far as the complexity of the receiver, only one N-point FFT and one N-point real-valued FFT are included in HABO-OFDM. Thus, it results in   3 N  log 2  N − 3 N + 4   times of the real multiplication operation for the HABO-OFDM receiver. By contrast, the HACO-OFDM receiver needs an N-point FFT and two N-point real-valued FFT, which causes   4 N  log 2  N − 6 N + 8   times of the real multiplication operation. In addition, two N-point FFT and one N-point real-valued FFT are needed for the receiver of PHO-OFDM, which leads to   5 N  log 2  N − 3 N + 4   times of the real multiplication operation. The comparison of the complexity of the superimposed optical OFDM schemes is shown in Table 1. It can be clearly observed that the complexity of the receiver of the proposed HABO-OFDM scheme is relatively reduced compared with the other two superimposed schemes. Compared with HACO-OFDM and PHO-OFDM, the complexity of the receiver of the proposed scheme is reduced by   N  log 2  N − 3 N + 4   and   2 N  log 2  N  , respectively.




4. Simulation Results


In this section, we evaluate the performance of the proposed HABO-OFDM scheme through simulation results, and compare it with HACO-OFDM and ABO-OFDM. In the simulation, the number of subcarriers is 512 for these schemes, while the constellation sizes of QAM and PAM symbols are set to M and   M  , respectively. For HACO-OFDM, we choose 16QAM-4PAM, 64QAM-8PAM, 256QM-16QAM, 1024QAM-32PAM, and 4096QAM-64PAM as simulation conditions. In ABO-OFDM, 16QAM, 64QAM, 256QM, 1024QAM, and 4096QAM are selected as simulation conditions. For HABO-OFDM, we generate signals from M-QAM and   M  -PAM constellations, such as 16QAM-4PAM, 64QAM-8PAM, 256QM-16PAM, and 1024QAM-32PAM. Additionally, the total average electric power is normalized in different schemes. The system specifications is shown in Table 2. The bit error rate (BER) and peak-to-average-power ratio (PAPR) of the proposed HABO-OFDM scheme are calculated and compared with HACO-OFDM and ABO-OFDM. We also present the BER performance of the three schemes in the nonlinearity limit. Moreover, calculation results in the electric power efficiency of the proposed HABO-OFDM scheme with HACO-OFDM and ABO-OFDM are also shown.



Figure 3 shows the BER curves of QAM and PAM with different constellation sizes in HACO-OFDM, ABO-OFDM and the proposed HACO-OFDM scheme. It can be observed that HACO-OFDM and ABO-OFDM nearly present the same BER performance. Simultaneously, we also see that the BER performance of the proposed HABO-OFDM scheme is slightly degraded compared with the other two schemes. This is on account of the proposed HABO-OFDM scheme, where part of the power is allocated to the reserved subcarriers that are modulated at the same time, which in the ABO-OFDM scheme are not utilized. In addition, the proposed HABO-OFDM scheme can transmit more information data than HACO-OFDM under the same simulation conditions, which explains that the BER performance of HABO-OFDM is slightly worse than that of HACO-OFDM. In fact, for 256QAM-16PAM, the spectral efficiency of HABO-OFDM is improved to 7 bit/s/Hz, while the other two schemes are 6 bit/s/Hz. Specifically, this is about a 16.6% enhancement. Therefore, the spectral efficiency of the proposed HABO-OFDM scheme has been relatively improved compared with the other two systems.



The complementary cumulative distribution function (CCDF) curves of the PAPR for different schemes are shown in Figure 4. We can clearly observe that the PAPR of HABO-OFDM has a significant reduction compared with HACO-OFDM and ABO-OFDM, which means that the influence of nonlinear distortion is greatly alleviated [22]. Specifically, there is about a 3.2 dB reduction in the PAPR compared to HACO-OFDM, and it is reduced by about 1.7 dB in comparison to ABO-OFDM.



Figure 5 presents the BER performance of HACO-OFDM, ABO-OFDM, and HABO-OFDM under the nonlinear constraints, where the clipping ratio  τ  is set to 9 dB [23]. It is clear that the anti-nonlinearity ability of HABO-OFDM is noticeably improved compared with HACO-OFDM and ABO-OFDM. Thanks to the fact that PAPR of HABO-OFDM is superior to HACO-OFDM and ABO-OFDM, HABO-OFDM obtains significantly better BER performance.



The variation of    〈  E  b ( e l e c )   /  N 0  〉   B E R    when the proportion of electric energy allocated to subcarriers using QAM ranges from 0.1 to 0.9 is shown in Figure 6. We choose the size of QAM constellation and PAM constellation to be M and   M  . In this way, it is shown that the minimum    〈  E  b ( e l e c )   /  N 0  〉   B E R    is obtained when the proportion of electric power allocated to subcarriers using QAM is 0.6 for all cases.



In Figure 7, the    〈  E  b ( e l e c )   /  N 0  〉   B E R    versus the proportion of electric power allocated to subcarriers using QAM is presented. The size of QAM constellation and PAM constellation is defined as M and   M  . The minimum    〈  E  b ( e l e c )   /  N 0  〉   B E R    is achieved when the proportion of electric power on subcarriers using QAM is 0.7 in all cases. This is because, in HABO-OFDM, the subcarriers that use QAM to modulate the transmitted signal occupy the majority.



In Figure 8, the required    E  b ( e l e c )   /  N 0    for the BER target of   10  − 3    versus Bit rate/Normalized bandwidth [24] is presented. In order to make a fair comparison, the average electric power of each of the three schemes is set to be uniform. Since HACO-OFDM and HABO-OFDM are combined modulations of QAM and PAM, the distribution of electric power needs to be considered. The    〈  E  b ( e l e c )   /  N 0  〉   B E R    versus the proportion of electric power allocated to subcarriers using QAM for HACO-OFDM and HABO-OFDM is shown in Figure 6 and Figure 7, respectively. Therefore, the lowest values of    〈  E  b ( e l e c )   /  N 0  〉   B E R    for HACO-OFDM and HABO-OFDM can be selected.



From Figure 8, we see that the Bit rate/Normalized bandwidth of 3, 4.5, 6, 7.5, 9 for HACO-OFDM and ABO-OFDM and the Bit rate/Normalized bandwidth of 3.5, 5.25, 7, 8.75 for HABO-OFDM are shown. We can clearly obtain that when the Bit rate/Normalized bandwidth is in the range of 3 to 9, the    E  b ( e l e c )   /  N 0    required for HACO-OFDM and ABO-OFDM to achieve the BER target of   10  − 3    is almost the same, which means that their power efficiency is similar. Moreover, it is obvious that as the Bit rate/Normalized bandwidth increases, the    E  b ( e l e c )   /  N 0    required for HABO-OFDM to achieve the BER target of   10  − 3    will be significantly lower than the other two schemes, which shows that in a wide range of the Bit rate/Normalized bandwidth, HABO-OFDM exhibits higher power efficiency in comparison with HACO-OFDM and ABO-OFDM.




5. Conclusions


In this paper, a novel HABO-OFDM scheme was proposed for VLC to achieve the high spectrum efficiency and power efficiency. In terms of 256QAM-16PAM, we saw about a 16.6% enhancement in spectrum efficiency compared with the other two schemes. Compared with the conventional superimposed systems, the complexity of the HABO-OFDM receiver was significantly reduced due to the introduction of adaptive bias, which not only had no interference to the transmitted signal but also guaranteed the non-negativity of the signal. Specifically, the complexity of the HABO-OFDM receiver was reduced by   N  log 2  N − 3 N + 4   and   2 N  log 2  N   compared to HACO-OFDM and PHO-OFDM. Meanwhile, HABO-OFDM had a superior PAPR performance in comparison with HACO-OFDM and ABO-OFDM. There was about a 3.2 dB reduction and 1.7 dB reduction in PAPR compared with HACO-OFDM and ABO-OFDM. Additionally, HABO-OFDM also maintained a better power efficiency performance than HACO-OFDM and ABO-OFDM in a wide range of the Bit rate/Normalized bandwidth. However, in the proposed scheme, the real parts of some subcarriers were still not used. We will continue to exploit the reserved parts in future researches. Furthermore, the proposed HABO-OFDM scheme can be applied in high-speed VLC in future due to its high spectral efficiency, low receiver complexity, low PAPR, and high power efficiency.
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Figure 1. Block diagram structure of the transmitter of the proposed HABO-OFDM system. 
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Figure 2. Block diagram structure of the receiver of the proposed HABO-OFDM system. 






Figure 2. Block diagram structure of the receiver of the proposed HABO-OFDM system.
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Figure 3. Comparison of the BER performance for HACO-OFDM, ABO-OFDM, and HABO-OFDM. 
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Figure 4. CCDF curves of the PAPR for HACO-OFDM, ABO-OFDM, and HABO-OFDM. 
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Figure 5. BER of HACO-OFDM, ABO-OFDM, and HABO-OFDM versus    E  b ( e l e c )   /  N 0    when the clipping ratio is set to 9 dB. 
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Figure 6. Comparison of    〈  E  b ( e l e c )   /  N 0  〉   B E R    for HACO-OFDM for different proportions of electric power. 
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Figure 7. Comparison of    〈  E  b ( e l e c )   /  N 0  〉   B E R    for HABO-OFDM for different proportions of electric power. 
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Figure 8.    〈  E  b ( e l e c )   /  N 0  〉   B E R    required for the BER target of   10  − 3    versus Bit rate/Normalized bandwidth. 
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Table 1. Comparison of the complexity of the transmitter and receiver of different optical OFDM schemes.
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	Modulation
	Transmitter
	Receiver





	HABO-OFDM
	   3 N  log 2  N − 3 N + 4   
	   3 N  log 2  N − 3 N + 4   



	HACO-OFDM
	   3 N  log 2  N − 3 N + 4   
	   4 N  log 2  N − 6 N + 8   



	PHO-OFDM
	   3 N  log 2  N − 3 N + 4   
	   5 N  log 2  N − 3 N + 4   
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Table 2. System specifications.
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	Name of Parameters
	Values





	The number of subcarriers
	512



	The constellation sizes of QAM
	16, 64, 256, 1024, 4096



	The constellation sizes of PAM
	4, 8, 16, 32, 64



	The clipping ratio  τ 
	9 dB



	The BER target
	   10  − 3    
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