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Abstract

:

This paper proposes a novel orthogonal frequency division multiplexing (OFDM) optical access scheme based on bit reconstruction. In this method, correlation is introduced into the data information of optical line terminals (OLT) through the logical coding circuits and partition mapping. Even after passing through the optical fibre channel, the strong correlation after bit reconstruction can still be used in the optical network unit (ONU) for reliable decoding. In the simulation experiments, a 60 Gbit/s bit reconstruction 64 quadrature amplitude modulation (QAM) OFDM signal was successfully transmitted over a 10/20 km single-mode fibre (SMF). The simulation results show that the proposed scheme can effectively achieve reliable transmission with gains of about 1.3 dB and 0.51 dB at a 20% soft decision-forward error correction (SD-FEC) threshold, respectively. The proposed scheme is a promising candidate for a next-generation passive optical network (NGPON) solution.
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1. Introduction


Recently, with the rapid development of cloud computing, Internet of Things (IoT), fifth generation mobile communication systems (5G) [1,2,3,4,5], and the recent rise in sixth generation mobile communications (6G) [6,7], the demand for high-speed and reliable data transmission is increasing. This also means that the optical access network is facing a huge challenge of capacity expansion [8] Facing the multiple demands of future communication systems, PON technology with low cost and high bandwidth is the most promising solution for future optical fibre access, termed the “last kilometre”. The evolutionary direction of NG-PON2 has also become a hot topic of discussion in international standards organizations such as ITU-T and FSAN [9,10]. PON has proven to be an efficient and future-proof network architecture with strong advantages [11,12]. Considering the high requirements of system cost, compatibility, and complexity of PON, researchers have turned their attention to OFDM-PON [13,14]. The introduction of OFDM technology in the field of optical communication technology is a divisive innovation. On the one hand, it can be used as a modulation technique to improve the spectrum utilization and channel capacity of the channel, and it can effectively counteract multipath and dispersion effects. On the other hand, it can be used as a subcarrier to achieve efficient OFDMA access, thus enabling flexible bandwidth allocation for multiple users and services. Different subcarriers can be assigned to different users as well as different service types, such as TDM, FTTH, FTTB, mobile base stations, etc. [15,16]. These characteristics of OFDM technology make it particularly suitable for application in access networks, with its service scheduling and flexibility. Recent internet access and traffic have greatly increased, and it is foreseeable that future communication system application scenarios will require higher data rates and a greater transmission capacity. For standard SMF optic transmission systems, multi-carrier modulation technology is an important means of system expansion [17]. At the same time, OFDM has a stronger dispersion robustness than the single-carrier modulation format, reasonably modulating the spectrum according to the characteristics of the subcarrier channel. It can achieve broadband optical access above 40 Gb/s with flexibility [18]. Because of its excellent digital signal processing characteristics and high spectrum utilization, OFDM optical access technology is widely used in access systems, so the advantages are even more obvious.



Typically, OFDM technology is preferred for optical access systems; however, it brings some unavoidable problems. There is a high peak factor in the OFDM modulation which increases the complexity of digital-to-analogue converters (DACs) and analogue-to-digital converters (ADCs). Nageswaran et al. proposed a comprehensive non-linear compression–expansion technique to improve the discrete chord transform, effectively reducing the peak to average power ratio (PAPR) of the system [19]. Concomitantly, the OFDM system is very sensitive to phase noise and carrier frequency offset, causing inter-symbol interference (ISI). Xin et al. innovatively proposed a robust decision feedback equalizer (DFE) for the OFDM system to overcome the serious ISI problem [20]. XuXing et al proposed a probabilistic shaping passive optical network technology based on symbol-level labelling and rhombus-shaped modulation, making deployment of the optical access networks flexible and robust [21]. This shows that some efforts have been put into the OFDM-PON to address the inherent effects of the system.



The traditional one-dimensional coded modulation technique has low bandwidth utilization filtration, while the orthogonal modulation technique uses two-dimensional coded modulation, where both the amplitude and phase can carry information bits to achieve efficient transmission. However, at a given transmission power, the Euclidean distance between the constellation points of high-order QAM modulation is smaller than that of the constellation points of low-order QAM modulation, and therefore the noise tolerance of the signal is reduced [22]. Compared to 4/16/32QAM, 64QAM has higher spectrum utilisation. The complexity of this implementation is simpler compared to systems with higher-order QAM modulation formats. Therefore, we chose the 64QAM-OFDM system as the approach to investigate.



In this paper, a novel 64QAM scheme suitable for an OFDM access network is proposed. Applying part of the response signal to the multi-amplitude modulation signal, the bit reconstruction part set in the OLT aims to generate a multi-level modulation signal and map the constellation according to the preset precept. The bit reconstruction portion realizes a strong correlation between the transmitter (TX) and the receiver (RX). According to the simulation results, compared with the general OFDM system, our project has a gain of about 1.3 dB and 0.51 dB at the threshold of SD-FEC (0.02) in a 10/20 km OFDM access system with 10 Gbaud transmission, respectively. Moreover, the system does not further deteriorate PAPR.




2. Theory and Principle


For the optical access system, the proposed 64QAM-OFDM optical transmission scheme is shown in Figure 1. In this scheme, channel multiplexing PON based on OFDM technology is adopted, and each ONU occupies a different orthogonal subcarrier. We form a strong correlation signal by reconstructing the information bit and use QAM modulation. On the OLT side, the transmission data are modulated by using OFDM technology. The modulated data is multiplexed to different subcarriers and then broadcast to different ONUs.



To enhance the reliability of the data transmission, this paper proposes a novel 64QAM-OFDM signal generation method through reconstruction in the time domain. The generation of bit reconstruction-based 64QAM-OFDM optical signals is shown in the “Bit Reconstruction” part of Figure 1.



In our proposed theory, the original data information at the transmitter side is serially transformed into a serial data stream of the same number as the modulation order. According to the modulation order M of the proposed scheme, the original information is divided into data(1,2), data(3,4), data5 and data6, as shown in Figure 1. The bit reconstruction unit consists of two parts, the logical code circuit and the partition mapping unit. The serial raw data stream needs to be grouped two by two before entering the logical code circuit, i.e., data(1,2), data(3,4), data5 and data6, where data(1,2) and data(3,4), are used as the input into the logical code circuit for the relevant coding. The output, which is a two-stage symmetric signal concerning the zero level, will be obtained by adding two unequal binary branches via an adder. This information is combined with the information of data 5 and 6 (not entered into the logical code circuit, but are directly added into the partition mapping unit) to achieve bit reconstruction after the filling bit.



We assume that the independent binary data are generated at the transmitter, whose symbol matrix P can be expressed as:


  P =      P  0 , 0     ⋯    P  0 , k − 1       ⋮   ⋱   ⋮      P  M − 1 , 0     ⋯    P  M − 1 , k − 1        



(1)




where     P  M , k     M = 0   M = n    denotes the signal generated over k time intervals. Then the bit reconstruction matrix G is defined as:


  G =      G  0 , 0     ⋯    G  0 , M − 1       ⋮   ⋱   ⋮      G  M − 1 , 0     ⋯    G  N − 1 , k − 1        



(2)




where     G  N − 1 , k − 1    , N ∈ M   represents the data processing of the corresponding element of the symbol matrix P by the bit reconstruction matrix G. The initialization matrix G is an all-in-one matrix. Noticed that the particularity of matrix G here, if the system modulation format is    2 M  − Q A M  , rows   M − 2   and   M − 1   of G are set to 0. Here G refers to the initialized bit reconstruction matrix   G 0  . In the bit reconstruction section, we can see that the last two groups of the input bit streams after grouping do not enter the logic code circuit for relevant coding but directly enter the partition mapping stage. The last two rows of the initialized bit reconstruction   G 0   are set to 0, as shown in Equation (3), which keeps the ungrouped data streams in the signal matrix P (i.e., the data streams that do not enter the logic code circuit) from being controlled by the bit reconstruction matrix operation when the relevant operation is performed with the signal matrix P.



For our proposed method, the bit reconstruction matrix   G 0   is initialized as follows:


   G 0  =     1   ⋯   1     ⋮   ⋱   ⋮     1   ⋯   1     0   ⋯   0     0   ⋯   0      



(3)







In particular, “0” is not an assignment element, but rather denoting not dealing with elements in the same position when compared to the symbol matrix P.



As is shown in the bit reconstruction part of Figure 1, the pre-encoder, electric displacement, attenuator and electric adder are amalgamated to form the logic code circuit. The pre-encoder contains a logical NOT gate, logical XOR gate, and a delay circuit. We consider setting reference bits that are   b ( k − 1 )   and   c ( k − 1 )   at   ( k − 1 )   instance in the logic code circuits because of the presence of the delay unit. The value chosen can be logic 0 or logic 1. Different reference bit selections will also affect the output of the logic code circuit.   C 0   represents the initial value of the delay stage in the logic code circuit. It belongs to the reference bit matrix, as does   B 0  . The reference level matrices   B 0   and   C 0   are all set to zero matrices. As the bit stream enters the pre-encoder module, the symbol matrix P refers to Equation (4):


  B  ( k )  =  P ¯  ⊕  B 0   



(4)




where P is the transmitted symbol matrix,   B ( k )   is the pre-coded matrix and ⊕ is the logic XOR gate.



On the basis of the logic code circuit, when the signal passes through the level shifter (LS), the bit reconstruction matrix   G 1   is updated:   B ( k )   is compared with the initialization bit reconstruction matrix   G 0  ; if    B  m , n   = 0  , then    G  m , n   = − 1  ; if    B  m , n   = 1  , then the elements in   G  m , n    do not change.



  G 1   is continually updated:


   G 2  =  G 1  +  G 0   



(5)







In the logical code circuit, there is a 6 dB electric attenuator component to divide the amplitude by half. Therefore, the elements in   M  2 n    rows of   G 2   are halved. After this, the row–column transformation of the bit reconstruction matrix is carried out, and every two rows are added as one channel to obtain a new matrix,   G 3  . Here multilevel symbols are generated with amplitudes that range from 0 to 3 which can be referred to Equation (6). In particular, the above operations do not apply to the last two rows of the matrix.



It should be noted that the number of bit streams output after the logic code circuit is reduced to half. In order to map the constellations, we fill some bits and update   G 3  . We then set the filling rule:   m ∈ 0 , 1  


      G  3  m , n    = 0 ,      G  4  m , n    = 0 ,      G  4  m + 1 , n    = 1 ,        G  3  m , n    = 1 ,      G  4  m , n    = 0 ,      G  4  m + 1 , n    = 0 ,        G  3  m , n    = 2 ,      G  4  m , n    = 1 ,      G  4  m + 1 , n    = 0 ,        G  3  m , n    = 3 ,      G  4  m , n    = 1 ,      G  4  m + 1 , n    = 1 ,     



(6)







The updated   G 4   is compared with the symbol matrix P, and the elements in the same position of the P matrix are processed according to the value of   G 4   to obtain the bit reconstruction matrix   P 1  :


   P 1  =      G  4  0 , 0      ⋯    G  4  0 , n − 1        ⋮   ⋱   ⋮      G  4  3 , 0      ⋯    G  4  3 , n − 1         P  4 , 0     ⋯    P  4 , n − 1        P  5 , 0     ⋯    P  5 , n − 1        



(7)







The partition mapping selects the constellation mapping of the reconstructed signal by the segmentation rule. As shown in the partition mapping part of Figure 1, in order to simplify the complexity of the mapping transformation, symmetry design is performed. The first four bits remain unchanged after a two-stage logic code circuit, i.e., each quadrant has a symmetrical position with the same four bits, while dividing the high- and low-power regions. It is well known that in the constellation diagram of a QAM signal, the constellation points at locations closer to the origin have lower power. As shown in the mapping rule in Figure 1, the yellow spheres represent the constellation points in the low-power region and the blue spheres represent the constellation points in the high-power region. The logic code circuit makes the bits values that enter into the partition mapping, i.e., the bit reconstruction matrix   G 3  , flow mostly to the low-level amplitude   0 , 1 , 2  . Filling bits are necessary to achieve the partition mapping. In this process, ‘00’, ’01’ and ‘10’ will be assigned to low-level amplitudes. At this point the signal has a slightly higher probability of being mapped to the yellow-sphere region, which is closer to the origin of the constellation diagram than to the blue-sphere region. This is the rationale for the division between the high- and low-power areas. The last two bits of each symbol are maintained to be specific (the signals mentioned above that do not enter the logic code circuit). For example, the last two bits of each symbol from the first to the fourth quadrant are 11, 01, 00, and 10, respectively. Then the bit reconstruction is complete.



In the OFDM module, an I/Q modulator with two MZMs is used to load real part and imaginary part information of the OFDM signal. According to the transmission function of MZM [18], the output optical signal is:


     E ( t )     = A c o s  (  π 2     ν I  +  ν  d c     ν π   )  e x p  ( j  ω  L D   t + j  φ  L D   )           = A c o s  (  π 2     ν Q  +  ν  d c     ν π   )  e x p  ( j  ω  L D   t + j +  π 2  )      



(8)




where A is a constant,   ν  d c    is the DC bias voltage of the MZM,   ν π   is the half-wave voltage of the MZM, and   ω  L D    and   φ  L D    are the frequency and phase of the transmitting laser, respectively. Suppose that only subcarriers with frequencies   ω 1   and   ω 2   exist in the signal, and the amplitude   μ  p 1    is a bit reconstruction signal which is mapped. The   ν I   and   ν Q   can be expressed as:


       ν I  = j  ω  L D   t + j  φ  L D    ( c o s  ω 1  t + c o s  ω 2  t )  ,        ν Q  =  μ  p 1    ( s i n  ω 1  t + s i n  ω 2  t )  .      



(9)







By defining   ν I   and   ν Q  , we can obtain:


     E ( t )     = A c o s [  M 2   ( c o s  ω 1  t + c o s  ω 2  t )  +  ϕ 2  ]          + j c o s  [  M 2   ( s i n  ω 1  t + s i n  ω 2  t )  +  ϕ 2  ]  e x p  ( j  ω  L D   t + j  φ  L D   )           = A e x p  ( j  ω  L D   t + j  φ  L D   )   E B   ( t )      



(10)




where   M =    μ  p 1   π   ν π     is the optical modulation index, and   ϕ =    ν  d c   π   ν π     is the phase offset point of the modulator.    E B   ( t )    can represent the baseband signal and can be expanded by the first-order Bessel function. When   ϕ = π  , the linear mapping of the system is optimal, so the output optical OFDM signal can be approximated as:


   E s   ( t )  = E  ( t )  =   A M  2   (  ν I  +  ν Q  )   e  j (  ω  L D   t +  φ  L D   )    



(11)







Typically, TX side preprocessing is performed in the OFDM module. The specific process is to map the modulation signal to multiple subcarriers, and convert the frequency domain signal on the parallel subcarriers to the time domain through the inverse fast Fourier transform. The cyclic prefix is inserted before each OFDM symbol.



Finally, the time domain signals of multiple subcarriers are superimposed through the parallel–serial conversion to form the 64QAM-OFDM transmission signal in the OLT.




3. Simulation Setup and Results


In this section, simulation experiments are designed to verify the performance of the proposed bit reconstruction scheme. The left half of Figure 2 represents the OLT data transmission process and the right half represents the ONU data reception process. Short-distance transmission of a 10 Gbaud 64QAM signal over SMF in a coherent optical OFDM access system is established. Firstly, the pseudo-random binary sequence (PRBS) with a length of 60,000 is converted into six channels of information flow at the TX. Then the proposed bit reconstruction process is performed. After encoding mapping, the symbol sequence enters OFDM modulation. The optical signal source uses a 1550 nm light wave and splits into two mutually orthogonal light waves. By interacting on the MZM to produce a modulated optical signal, the two light waves are combined. Before being passed through the optical fibre link, the output optical signal passes through the VOA to reduce the signal power before transmission. The transmission link is composed of SMF, whose dispersion is 16.75 ps/nm/km and attenuation is 0.2 dB/km. At the RX, the optical signals are converted to electrical signals by a coherent receiver. The length of the CP is 16. The signal is captured through the coherent receiver. We remove the CP and convert the data into a parallel signal. Removing bit reconstruction occurs after FFT and QAM demodulation. The detailed parameters of the simulation system are shown in Table 1.



Figure 3 and Figure 4 indicate that the signal amplitude changes during the bit reconstruction process. The horizontal coordinate represents the signal length and the vertical coordinate represents the signal amplitude. The red circles show the specific amplitude of the signal during each process. The signal enters the bit reconstruction section by first performing a series–parallel transformation and grouping two by two, where the signal amplitudes are 0 and 1. Figure 3a depicts the amplitude of the signal after the NOT-gate in the pre-encoder stage. The original signal has amplitudes of 0 and 1, which are flipped after the NOT-gates. Figure 3b shows the amplitude change in the signal after the heterodyne gate in the pre-encoder stage. The previously mentioned reference bits are shown here. Figure 3c shows the amplitude after going through the level shifter. At this point, the signal amplitude changes from the previous unipolarity to bipolarity. Similarly, the reference bits are shown here too. Figure 3d and Figure 4a show the change in amplitude after the delayers. The bipolar signal amplitudes   ( 1 , − 1 )   may produce amplitudes of   ( 0 , ± 1 , ± 2 )   with the delayers. After the attenuator, the signal amplitude becomes half of the original data as shown in Figure 4b. In Figure 4c, it can be seen that after the adder the original signal becomes a bipolar signal symmetrical about zero with a signal amplitude of   ( 0 , ± 1 , ± 2 , ± 3 )  . Figure 4d shows the final output signal of the logic coding circuit.



Depending on the structure of the logic coding circuit, the input raw signal varies with the structure of the circuit. Starting from an initial amplitude of   ( 0 , 1 )  , the amplitude is continuously varied. In particular, it can be seen in Figure 4b that the signal at this point is a two-level signal symmetrical about the origin. The reason for this is that the logic coding circuit consists of multiple levels of branches, where the signals of each two-level branch are combined into one signal, thus halving the signal source. Due to the presence of the partition mapping stage, the amplitude signal with positive and negative values needs to be converted to a positive signal at this point, as shown in Figure 4d.



Figure 5 shows the bit error rate (BER) performance of the 64QAM-OFDM and conventional OFDM methods at 10 GBaud for a 10 km/20 km transmission. It can be seen from Figure 5 that the proposed scheme (red line) and the general OFDM system (yellow line) start to diverge when the optical signal-to-noise ratio approaches 18 dB at a transmission distance of 10 km. The BER performance of the red line decreases rapidly and stays below the purple line. This indicates that the proposed scheme has a better performance. Setting a soft decision threshold at 0.02, we compare the performance of these two schemes. The gain of the proposed scheme is about 1.3 dB compared to the conventional OFDM system, while the performance of the proposed scheme (blue line) has a gain of 0.51 dB over the general OFDM scheme (green line) at the SD-FEC threshold for a transmission of 20 km. The reason for this is that information bits are introduced into the transmitter where we set bit reconstruction. Even after the OFDM and fibre channel, the signal still retains a large degree of correlation that we can easily obtain accurate information from. Figure 5a,b represents the proposed 64QAM signal at an OSNR of 19 dB and 30 dB, respectively.



Figure 6 shows the BER performance and algorithm complexity of the proposed scheme compared with other OFDM systems. To further evaluate the performance of the bit reconstruction-based 64QAM-OFDM scheme, we tested the BER performance of a 10 GBaud signal transmitted over 10 km on a coherent communication system. As can be seen from Figure 6a, both the proposed scheme (yellow line) and the adaptive algorithm-based OFDM (green line) reach the SD-FEC threshold first at a lower SNR than the conventional OFDM system. The adaptive algorithm-based OFDM scheme has a gain of about 0.92 dB compared to the conventional OFDM system. The bit reconstruction scheme still has a gain of about 0.38 dB compared to the adaptive algorithm-based OFDM scheme. This suggests a definite superiority of the proposed theory. To understand the computational complexity of the proposed theory, we calculated the CPU runtime required by the scheme and compared it with the other two systems, as shown in Figure 6b. The CPU runtime test was performed on a personal computer with a Core i5-9300H processor at 2.40 GHz. The proposed 64QAM-OFDM scheme had a better BER performance, but its complexity was slightly higher than that of the adaptive algorithm-based OFDM scheme.



Moreover, compared with the standard OFDM signal, our scheme does not deteriorate the PAPR performance, and the two curves are fitted well as shown in Figure 7.



At the same time, we collected and calculated the occurrence probability of each signal constellation at the receiver. It can be seen from Table 2 that the distribution of constellation mapping points in our scheme is not uniform and the probability of the preset high-power region is significantly lower than that of the low-power region.



The numerical study shows that the probability of the transmitter output signal in the high-power region fluctuates between 13.91 and 14.62%. The reason for this situation is that information is re-output to the level signal with four different amplitudes 0, 1, 2 and 3, and the setting of the reference bits constitutes most of the information flow tilt to the low-level amplitude signal. When filling bits in the partition mapping part, we still pay attention to the power range where the low-level signal corresponds to the bit. Therefore, the bits in the low-power region correspond to the low-level amplitude signal as much as possible. The illusion of probability shaping occurs in the constellations.




4. Conclusions


A novel 64QAM-OFDM optical access scheme based on bit reconstruction was proposed in this paper. The proposed method was achieved by using bit reconstruction, which brings the correlation between the original and coding data. It improves the transmission reliability of the OFDM-PON system and effectively reduces the BER. Practically, when the channel OSNR of the ONU changes, the related information from bit reconstruction is weakened, but the BER can still reach the SD-FEC threshold. The simulation results show that we can achieve the 64QAM-OFDM optical access scheme based on bit reconstruction. Compared with other systems, the proposed scheme presents positive results. With our work, the proposed scheme could be used as a promising solution for the PON.
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Figure 1. Principle of 64QAM-OFDM optical signal generation based on bit reconstruction. 
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Figure 2. Simulation of the 64QAM-OFDM scheme. 
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Figure 3. The change in the signal amplitude during bit reconstruction. (a) After the NOT-gate in the pre-encoder; (b) after the heterodyne gate in the pre-encoder; (c) after the LS; (d) after the delay. 
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Figure 4. The change in the signal amplitude during bit reconstruction. (a) After the delay; (b) after the attenuator; (c) after the adder; (d) the final output of the logic code circuit. 
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Figure 5. The BER performance of the OFDM–based and the proposed scheme. (a) The proposed 64QAM signal at 19dB; (b) the proposed 64QAM signal at 30 dB. 
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Figure 6. The BER performance and algorithm complexity of the proposed scheme compared with other OFDM systems. (a) BER performance of the three systems; (b) comparison of algorithm complexity. 
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Figure 7. PAPR performance of our system and the OFDM–based system. 
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Table 1. The detailed parameters of the simulation system.
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	Parameters
	Value





	Switching Bias Voltage
	4 V



	Switching RF Voltage
	4 V



	Bias Voltage 1
	2 V



	Bias Voltage 2
	−2 V



	Responsivity of PD
	1 A/W



	Dark Current of PD
	10 nA



	Fibre
	SMF



	OSNR
	0 dB–32 dB
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Table 2. The percent range of mapping values in the transmitter.
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	Mapping Value
	Mapping Value





	   ± 1 ± 1 i   
	3.22–3.48



	   ± 1 ± 3 i , ± 3 ± 1 i   
	2.16–2.52



	   ± 1 ± 5 i , ± 5 ± 1 i   
	2.02–2.52



	   ± 3 ± 5 i , ± 5 ± 3 i   
	1.46–1.63



	   ± 5 ± 5 i   
	1.21–1.35



	   ± 1 ± 7 i , ± 7 ± 1 i   
	1.38–1.64



	   ± 3 ± 7 i , ± 7 ± 3 i   
	0.68–0.93



	   ± 5 ± 7 i , ± 7 ± 5 i   
	0.64–1.01
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