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Abstract

:

The multiple-input and multiple-output (MIMO) technology is a promising area of research to cope up with the demands of higher data rates and capacity. In the optical communication domain, the combination of space-division multiplexing (SDM) with higher-order modulation (HOM) formats over an optical MIMO system actively addresses these challenges. By allowing multi-level signaling with limited increment in the transmitter’s complexity, a jointly designed pre- and post-equalization (PPE) for an optical MIMO system with a multi-mode fiber (MMF) link is proposed. Cost-effectiveness of the system is incorporated by utilizing intensity modulation/direct detection (IM/DD) with HOM formats such as pulse-amplitude modulation (PAM) schemes. With the aid of a numerical optimization algorithm, the proposed joint-PPE filter coefficients are optimized with respect to the MMF channel and the transmit power constraint. In contrast to existing research on the single-mode fiber (SMF) based optical systems, the effectiveness of the proposed joint-PPE filter is analyzed on an MMF link, which is considerably degraded by the modal dispersion. In the analyzed experimental scenario, the proposed joint-PPE scheme confirms to be beneficial as compared to the post-equalization only (PE-only) in terms of bit-error rate (BER) performance. Furthermore, the required average received optical power to reach a BER   10  − 4    by the joint-PPE scheme is improved by 2 dB with comparison to the minimum mean-squared error (MMSE) PE-only.
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1. Introduction


With the new trends in technology such as cloud computing, Internet of Things and 5G fronthaul, the capacity of optical systems based on single-mode fiber (SMF) transmission links has reached their limit [1]. Hence, the development of cutting-edge communication links, which subjects to address the incessant demand for higher data capacity and cost-effectiveness, is crucially required. By utilizing the transverse spatial extent of a multi-mode fiber (MMF) core, parallel individual data channels can be created over non-overlapping subsets of excited mode groups [2]. This approach is named as space-division multiplexing (SDM) in which an MMF is essential, as these fibers support up to 100 transverse spatial modes that can be translated as parallel data channels [1,2]. SDM also provides the higher spectral efficiency to cope up with the bandwidth-intense applications. The capacity crunch due to the SMFs is eliminated by using the MMFs with SDM. Moreover, for short reach optical links, intensity modulation/direct detection (IM/DD) systems with an MMF provides a cost-effective solution.



The consequences of employing the MMFs are mode scrambling and inherent intermodal dispersion, which are limiting factors for the maximum achievable data rates [3]. By applying multiple-input and multiple-output (MIMO) techniques, the adverse effects of the mode scrambling are mitigated and higher data capacity is achieved [4,5,6]. Additionally, the higher spectral efficiency can be boosted by utilizing higher-order modulation (HOM) formats which include pulse-amplitude modulation (PAM) schemes. These HOM formats, PAM-M, provide larger constellation sizes,   M > 2  , which offer efficient use of the bandwidth. The main challenges are to excite a particular mode group and extraction of them at the receiver due to strong temporal broadening of the light from the MMF channel. The countermeasures to mitigate the dispersive-induced impairments are by using the physical optical components such as dispersion-shifted fibers or fiber Bragg gratings [7]. Most prevalent dispersion compensation mechanisms include the use of digital signal processing such as equalization.



Conventionally, when the trade-off between cost-effectiveness and complexity is taken into account, a linear MIMO equalizer is preferred. The non-linear equalizers, such as Viterbi equalizer or Tomlinson–Harishima precoder, perform better than a linear equalizer such as minimum mean-squared error (MMSE). However, the mathematical traceability and comprehensive implementation of a linear equalizer is chosen in comparison to the complex realization of the non-linear equalizer [1,8]. From the literature, it is evident that the equalizer present at both the transmitter and the receiver offers better performance than the equalization which is only limited to either the transmitter or the receiver [9,10]. Few studies have explored the usefulness of pre- and post-equalization (PPE) schemes, and these schemes have been tested on optical systems based on SMF, which is impaired with chromatic dispersion only [11,12,13]. The joint design and optimization of a PPE filter with HOM formats for an MMF-based optical MIMO system has not been established yet.



Against this background, the novelty of this work is improvement in the bit-error rate (BER) using the joint-PPE scheme while employing HOM formats in an IM/DD system. The competency of the joint-PPE scheme is provided over an optical   2 × 2   MIMO system based on an MMF channel, which is critically impaired with inter-symbol interference (ISI) and inter-channel interference (ICI). The coefficients of the PPE are mutually computed and optimized using a numerical optimization algorithm in presence of the frequency-selective channel. This work also provides a cost-effective and low complexity solution by using a parallel frame synchronization (PFS) experimental setup. Finally, the performance benefits from the multi-level signaling with joint-PPE scheme are validated and compared with MMSE based post-equalization only (PE-only) with the help of an experimental setup.




2. System Model


The spectral efficiency of the transmission link is improved by integrating the MIMO signal processing technique with HOM formats in the optical domain. In this work, a   2 × 2   MIMO technique with an optical MMF link is implemented, and the corresponding system model is provided in Figure 1. This given optical MIMO transmission system model consists of two MIMO outputs   n R   and two MIMO inputs   n T  , which are described as    n R  ×  n T   . This model also incorporates the joint-PPE filter using an MMF channel with the PFS. The serial input data symbol   s ( k )   is the result of concatenation of two distinct data frames D1 and D2 from two MIMO inputs    s μ   ( k )   , respectively, with   μ = 1 , … ,  n T    and   s  ( k )  =   s 1   ( k )    s 2   ( k )  …  s μ   ( k )    , where   k ∈ N  . Moreover, the symbol amplitudes    s μ   ( k )    at the  μ -th data frames are defined as    s μ   ( k )  ∈   s  μ , 0   , … ,  s  μ , M − 1     , with   k ∈ N   and k represents a discrete-time index. With the help of Gray coding, each symbol in    s μ   ( k )    is mapped to a PAM-M format, where M represents the constellation size. Overall, the functionalities of the MIMO transmitter include the concatenation of different frames into   s ( k )  , pre-equalizer   p ( k )   implementation and serial to parallel conversion of pre-equalizer signal   b ( k )  , where   b  ( k )  =   b 1   ( k )    b 2   ( k )  ⋯  b μ   ( k )    . One of the crucial components of the joint-PPE scheme is a pre-equalizer, which is characterized as a linear finite impulse response (FIR) filter. Consequently,    s μ   ( k )    undergoes pre-equalization, which results in generation of multi-level signals that are denoted as    b μ   ( k )    at the  μ -th input. The number of distinct amplitude levels N of    b μ   ( k )    is calculated as    L p  =  log 2   ( N )    with   L p   corresponding to the number of the pre-equalizer filter taps. The pre-equalized multi-level signal is defined as    b μ   ( k )  =   b  μ , 0   ,  b  μ , 1   , … ,  b  μ , N − 1     . The purpose of the pre-equalizer is to mitigate the adverse effects of ISI and ICI based on the estimated channel. Please note that prior to the transmission, the transmit power of the symbols with the highest amplitude at both MIMO inputs is restricted with respect to the maximum optical power   P  s , μ   ( max )    of the provided laser sources. This relation is analytically defined as


   s  μ , M − 1   =  b  μ , N − 1   = q ·  P  s , μ   ( max )    ,  



(1)




with  q  denoting the conversion factor from electrical to optical domain. While implementing HOM formats with multi-level signaling, the peak-to-average power ratio is held constant by using (1). After this power limitation, the multi-level signals    b μ   ( k )    are propagated across an MMF channel    h  ν μ    ( k )   , where   ν = 1 , … ,  n R   . The concept of MIMO technique is accomplished by using centric and eccentric light launching conditions using SDM, as demonstrated in Figure 2. Using the transverse spatial extent of an MMF, different mode groups of light are excited, which propagate in the fiber with distinct speeds. In Figure 2, the light is launched at the center of the optical fiber for the first MIMO input Tx1, which results in excitation of lower-order modes. Moreover, the higher-order modes are excited at the second MIMO input Tx2 with eccentric launching of the light using a 15  μ m offset [14,15].



Thereafter, the transmitted signal    b μ   ( k )    is degraded by the ISI and ICI due to the MMF channel. The frequency-selective behavior of the channel    h  ν μ    ( k )  , ∀  ν , μ   produces the ISI. The independent data channels, which are created using SDM, are not ideally orthogonal. Hence, it results in the ICI,    h  ν μ    ( k )    with   ν ≠ μ  . After the channel, the signal suffers from additive, white and Gaussian noise (AWGN) [15]. The mathematical description of the provided system model in matrix notation is derived as


  r = H · P · s + w  ,  



(2)




where  r  is the received signal matrix, and  H  is the channel matrix including direct and cross-talk components. The pre-equalizer and transmitted symbols are denoted by  P  and  s , respectively. The AWG noise is considered to be  w  in (2). Finally, the received signal  r  undergoes the post-equalization  F . The output signal matrix  y  is defined as


     y =     F · r       y =        F · H · P  ︸   Term 1   · s +    F · w  ︸   Term 2    .     



(3)




From (3), Term 1 emphases that the pre- and post-equalizers can jointly contribute to recover the transmitted data by mitigating the effect of the channel. Secondly, Term 2 highlights the contribution of the post-equalization in the noise amplification, which will result in a performance degradation. While considering that the ISI and ICI are completely mitigated with the help of pre-equalizer and post-equalizer, (3) is condensed further as follows


        F · H · P = I          y = s + F · w  ,     



(4)




with  I  denoting the identity matrix. It is clear that the post-equalization is responsible for noise enhancement at the receiver. Therefore, the hypothesis implies that by shifting the equalization efforts to the transmitter will reduce the noise amplification and will compensate the channel interferences. Consequently, the system performance can be improved. The noise amplification due to the presence of the post-equalizer is quantified using the noise power    P ˜   n , μ   . The expression is provided as follows


    P ˜   n , μ   =  θ μ  ·  P n  ,   θ μ  =  ∑  ν = 1   n R    ∑  k = 0    L f  − 1     |  f  μ ν    [ k ]  |  2   ,  



(5)




where the noise weighting factor   θ μ   is derived from the amplitude of the post-equalization coefficients    f  μ ν    [ k ]   . Prior to the post-equalization, the noise power is denoted as   P n  . Furthermore,   L f   defines the length of the post-equalization filter. From (5), a direct relation between the post-equalization coefficients and the noise enhancement is established. In order to evaluate the performance of the provided   ( 2 × 2 )   optical MIMO system, the key performance indicator is considered as BER   P BER  ( μ )    of  μ -th layer, and it is defined as


     P BER  ( μ )      =  1   log 2   (  M μ  )         M μ  − 1   M μ     erfc     ϱ μ  2    ,       where ,       ϱ μ  =   U  A , μ  2    P ˜   n , μ    =   U  A , μ  2    θ μ    P n     ,     



(6)




with erfc(·) denoting the complementary error function. In (6), at the  μ -th input,   M μ   defines the size of the constellation, the signal-to-noise-ratio (SNR) is   ϱ μ   and the half-vertical eye-opening is   U  A , μ   . It is worth noting that (6) is only valid when the ICI and the ISI occurring are entirely removed. From (5) and (6), it is evident that the post-equalization coefficients are degrading the performance of the system in terms of BER.



Therefore, the prime objectives of the jointly designed PPE filter are minimal noise enhancement and BER improvements while restraining the transmitter’s complexity. Hence, a few-tap pre-equalizer is recommended, which aims to improve the system performance by shifting a few equalization efforts from the receiver to the transmitter.




3. Pre- and Post-Equalizer


According to the literature, a segregated design of the pre- and post-equalizer is mainly practiced. The computation of the pre-equalizer coefficients is based on the zero-forcing principle. In contrast, this work is concentrated on jointly designing and optimizing the pre- and post-equalizer. Moreover, the multi-level signals, which are produced by the pre-equalizer, target to partially compensate the channel interferences, especially the cross-talk from the adjacent channel. The concept of the joint-PPE scheme is to improve the system BER by shifting a few equalization efforts to the transmitter, while considering the power constraint and minimal surge in the transmitter complexity.



The pre-equalizer is characterized as a linear FIR filter with a given length of   L p  , and it is defined as


   b μ   ( k )  =  ∑  i = 1   L p    p  i , μ   · s  [ k −  ( i − 1 )  ]  ,  μ = 1 , … ,  n T   ,  



(7)




with   p  i , μ    representing the pre-equalizer coefficient at i-th instance at the  μ -th input. As the input signal   s ( k )   consists of concatenated frames from both the MIMO inputs, the pre-equalizer is applied to   s ( k )   instead of executing the pre-equalization separately to the individual MIMO inputs. When the identical pre-equalizer coefficients are implemented on both layers, the marginal increase in the transmitter’s complexity is advantageous. Moreover, the elimination of cross-talk is primarily targeted. The graphical representation of the constellation diagram with multiple levels is demonstrated in Figure 2. Prior to the transmission, the PAM-2 modulated signal undergoes the pre-equalization with    L p  = 2   in (a) and    L p  = 3   in (b), resulting in generation of the multi-level signaling. Additionally, the power constraint for the first layer is also depicted in Figure 2.



The joint-PPE filter is calculated using an interior-point optimization algorithm, which is subjected to constraints [16]. The optimization problem is tailored as follows


         minimize  p  ( k )  ,   f  μ ν    ( k )             θ μ   (  h  ν μ    ( k )  )   ν = 1 , … ,  n R           subject  to          f  μ ν    ( k )  ∗  h  ν μ    ( k )  ∗ p  ( k )  ≈  z ν   ( k )  ,  ∀ ν          and          s  μ , M − 1   =  b  μ , N − 1   = q ·  P  s , μ   ( max )    ,     



(8)




where ∗ refers to the convolution operator, and    z ν   ( k )    is the approximation of the PPE filter with the Nyquist filter. The prime goal of (8) is to encounter the ISI first and consequently, deal with the ICI. The suggested length of the pre-equalizer is restricted to two or four taps because a minimal increase in the transmitter complexity is essential.



From (8), it is clear that an accurate channel estimate is required in order to compute the joint-PPE coefficients. Additionally, the amplitude of the joint-PPE coefficients is constrained by the maximum output power of the laser source.




4. Simulation Results


The benefits of the joint-PPE schemes are estimated by using a Monte Carlo simulation. A   2 × 2   MIMO system, as illustrated in Figure 1, with a 100 m long MMF is considered for the simulation. There are three sequential steps, which are conducted to evaluate the performance of the proposed joint-PPE scheme. In the first step, an MMSE post-equalization is implemented while considering the pre-equalizer as a Dirac delta function. The channel state information is computed in the second step by using a pilot-based least square estimator algorithm. In the last step, the pre-and post-equalization filter taps are designed and optimized using the optimization algorithm in (8). Finally, the joint-PPE filter is incorporated with the provided system model and the calculated channel state information. The measured channel impulse response of a 100 m long MMF is demonstrated in Figure 3. The cross-talk    h 12   [ k ]    from the first layer to the second layer, as shown in Figure 3, is significant compared to    h 21   [ k ]   . Hence, the performance of the first layer is worse than the second layer due to the substantial modal dispersion in MMF. Moreover, the proposed hypothesis of this work targets the effective mitigation of this ICI and ISI by joint-PPE filter with minimal increase in the noise amplification.



The simulation results are analyzed with two different scenarios, depending upon the utilized modulation format on both MIMO inputs. The first scenario employs a PAM-2 scheme on both MIMO inputs. Additionally, the second scenario uses the PAM-4 format on both MIMO inputs. While using the parameters mentioned above, the Monte Carlo simulations are conducted for both scenarios, and the BER is considered the key performance indicator. For the first scenario, the layer-wise and overall BER dependent upon SNR are illustrated in Figure 4. It is evident that the joint-PPE scheme with four pre-equalizer filter taps with PAM-2 yields a better BER performance by 2.25 dB at   10  − 4    BER compared to the PE-only with an MMSE principle. Moreover, the joint-PPE schemes significantly improve the performance of the first layer, which implies that the ICI and ISI are mitigated. Figure 5 shows the BER results for the second scenario, using PAM-4 on both MIMO inputs. In the second scenario, the joint-PPE with two-tap and four-tap pre-equalizer performs better than the MMSE-based PE-only. The noise amplification using PE-only is reduced by shifting the equalization taps from the receiver to the transmitter and jointly designing the PPE filter. The SNR gain of 1.90 dB at BER of   10  − 4    is confirmed by using the joint-PPE with    L p  = 4   in the second scenario. When a comparison between the pre-equalizer with two and four taps is explored with PAM-4 format, an SNR gain of 0.60 dB is noted. It implies a slight improvement in the system performance. Therefore, in the analyzed case, when a trade-off between complexity and system performance is considered, a pre-equalizer with two taps should be preferred as it displays nearly similar performance benefits compared to a pre-equalizer with four taps. A detailed description of the SNR gains is depicted in Table 1.



In summary, the simulated results demonstrate the usefulness of the proposed joint-PPE filter. It signifies that the performance benefits are yielded due to adequate compensation of the interferences with minimal noise amplification. Therefore, the simulated results confirm the stated hypothesis. Moreover, these results are validated with an experimental setup provided in the following section.




5. Experimental Results


The performance benefits of the joint-PPE scheme are evaluated using an IM/DD based   2 × 2   optical MIMO system using an MMF channel. A picture of the experimental measurement setup is demonstrated in Figure 6, where the design of the PFS configuration is shown with the delay line. The experimental setup is constructed with the aid of the provided system model, and it is illustrated in Figure 7. The procedure for the performance evaluation of the joint-PPE schemes starts by applying PE-only using an MMSE post-equalizer. Simultaneously, the pilot symbols are appended to the transmitted data intending to estimate the channel state information. Afterwards, the joint-PPE filter coefficients are computed and optimized using the abovementioned constrained optimization algorithm. Finally, the comparison between the joint-PPE and PE-only in terms of the BER is conducted.



The design of the post-equalizer is based on the concept of the MMSE equalizer. It implies that the counterbalance between noise enhancement and ISI mitigation is taken into account. It is worth noting that the sum of pre- and post-equalizer taps remains constant while comparing the joint-PPE with the PE-only. While considering the cost-effectiveness and complexity of the experimental setup, a PFS configuration using the delay lines is employed. The structure of this setup includes the concatenation of the two different data frames. By using a coupler and a delay line on one input, the concatenated data frames are segregated simply by delaying one of the input equivalent to the length of the data frame. The length of the delay line   L d   is calculated as


   L d  =   c ·  L m     η core  ·  f T     ,  



(9)




where  c  is the speed of light, and   L m   represents the data frame length. The refractive index of the core is   η core   and   f T   is the symbol rate. The analysis of delay lines with different pseudo-random binary sequence (PRBS) sequence lengths is provided in Table 2. In Figure 7, the transmitter includes the signal generation unit, where the two sequences are mapped either to the PAM-2 or to the PAM-4 constellations on all the layers. Additionally, the pilot symbols are appended with these sequences. The channel state information is computed using the least-square pilot estimator algorithm. The measured channel impulse response of an MMF channel at a symbol rate of 2.5 GHz on each layer is illustrated in Figure 3. It is clear from the plot of the estimated channel that a significant amount of cross-talk is present between    h 12   [ k ]    and    h 21   [ k ]   . Moreover, the ISI is considerably high at    h 11   [ k ]    compared to    h 22   [ k ]   . Therefore, the joint-PPE scheme aims to completely mitigate the ISI and ICI with a minimal increase in noise amplification.



Using the pre-equalizer, the multi-level signals with the calculated amplitudes are generated with the aid of the optimization algorithm. Afterwards, the data frames are concatenated with the help of an arbitrary wave generator, which operates at a symbol rate of 2.5 GHz on each layer. The radio-frequency (RF) amplifier with a gain of 20 dBm is included for better extinction ratios between the multi-level signals. The directly modulated laser (DML) source, with    P  s   ( max )   = 1.1   dBm and operating wavelength of   λ = 1550   nm, modulates the electrical data signal. With the help of a single-mode coupler and a delay line of   167.27   m, the data frames are segregated and launched into the MMF with the light launching conditions of 0  μ m and 15  μ m. In contrast to the setup with two different DMLs for two layers, the advantage of using the PFS setup is that both MIMO layers operate on an identical wavelength and the overall complexity is minimized. A variable optical attenuator (VOA) is incorporated in the setup for the purpose of BER performance evaluation over a distinct range of the average optical received powers. Please note that the power at both layers is constrained before transmission. The lower-order mode (LOM) groups are excited using the centric launching condition into the MMF and high-order mode (HOM) groups are generated with an eccentric launching condition of 15  μ m. These transmitted signals are multiplexed together using a custom-made fusion coupler (labeled as MUX) and launched into a 100 m long MMF. After propagating through the MMF channel, the transmitted signal is severely degraded with ISI and ICI as the modal dispersion is considerably higher compared to the chromatic dispersion in the SMF-based optical system.



At the receiver’s side, a de-multiplexer (DMUX) segregates the LOMs and HOMs. Eventually, the MMF photo-detector, labeled as a PIN diode, converts the optical signals into the electrical domain. These signals are further amplified using a trans-impedance amplifier. The large sensing areas of the PIN diodes lead to an inherent increase in capacitance. Finally, the electrical signals are captured by the digital storage oscilloscope (DSO), which are stored with 40 GSa/s and a bandwidth of 13.6 GHz. In the end, the stored signals are forwarded to the offline signal processing chain using one sample per symbol. The receive filtering is the first step, which is adapted according to the rectangular transmit filter with a similar impulse response. This step is followed by the symbol clock recovery, frame synchronization and channel estimation. Initially, an MMSE post-equalizer is employed. Afterwards, the post-equalizer is replaced by the joint-PPE filter. In the end, the BER performance is measured with respect to the average optical received power   P r  . For maintaining the reliability of the results, 52 frames consisting of over a million bits on each layer are evaluated. Moreover, the results do not consider the forward error correction decoding.



The BER in dependence on the average optical received power   P r   is demonstrated in Figure 8, where the two scenarios with different modulation formats are shown. The corresponding results are presented in a tabular form, where the optical received power gains are demonstrated at a BER of   10  − 4    in Table 3. Evidently, the required optical received power is reduced when the joint-PPE scheme is employed as compared to PE-only. While using PAM-2 with a jointly computed 4-taps pre-equalizer and 21-taps MMSE post-equalizer, a   P r   gain of ≈1.93 dB is achieved in comparison to a PE-only. Correspondingly, when the PAM-4 format is used on both the MIMO inputs with the proposed joint-PPE filter, the   P r   gains of ≈0.96 dB and ≈1.84 dB are noted incorporating the two and four taps pre-equalizer, respectively. When the joint-PPE scheme with the PAM-4 MIMO inputs is analyzed, the   Δ  P r    gain of ≈0.88 dB with different pre-equalizer lengths is observed. It implies that the joint-PPE scheme with    L p  = 2   should be preferred to limit the complexity of the system as it provides similar performance benefits as the joint-PPE scheme with    L p  = 4  . In summary, the experimental results confirm the hypothesis, which states the usefulness of the joint-PPE over the PE-only. The results prove that the interferences such as ISI and ICI are completely compensated with a minimal noise amplification, which are highlighted by the improvements in the BER performance. The eye diagrams of the received electrical signals    y ν   ( t )    with PAM-4 and PAM-2 transmissions are represented in Figure 9 and Figure 10, respectively. It is clear from the wider eye openings that the transmission quality is enhanced when the proposed joint-PPE scheme with    L p  = 4   is utilized over MMSE PE-only.




6. Conclusions


This work has proposed the joint-PPE scheme for an optical MIMO system operating with HOM formats. The aim of minimal complexity surge and cost-effectiveness is achieved by using IM/DD system based on an MMF transmission link with a few-tap pre-equalizer. The joint-PPE filter coefficients are estimated and optimized using the maximum power constraint of the laser source. From the experimental results, the proposed joint-PPE is potentially proved to be advantageous despite the critical dispersion-induced impairments due to the MMF channel. The results of this work highlight that the use of joint-PPE is more beneficial than the equalization limited to the receiver’s side only.




7. Discussion


The work aims to analyze the performance benefits of the proposed joint-PPE scheme while utilizing a   2 × 2   SDM-based optical MIMO system with PAM-4 and PAM-2 formats. The joint-PPE over MMSE PE-only achieves a ≈2 dB gain in the required optical received power   P r   to reach a BER of   10  − 4   . Using the PFS configuration with PAM-2 transmission, a two-tap pre-equalizer yields a   P r   gain of ≈0.8 dB at a BER of   10  − 3    compared to MMSE PE-only. This is contrary to the conventional configuration in which a two-tap pre-equalizer reaches a   P r   gain of just ≈  0.5   dB at a BER of   10  − 3   , even in the presence of minor mode coupling and higher transmission power per layer [17]. Although a substantial modal dispersion exists due to an MMF link in the PFS configuration, the proposed joint-PPE scheme improves the BER performance within the power and cost budgets. The calculation of joint-PPE coefficients requires an accurate channel estimation. During the experiments, the measured channel was very stable. However, external perturbations, such as wind and temperature, can influence channel characteristics [18,19]. Further research must focus on the feedback mechanism for continuously adapting the joint-PPE coefficients according to the dynamic channel environment.
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Figure 1. Electrical (  2 × 2  ) MIMO system model with jointly designed pre- and post-equalization filter. 
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Figure 2. Illustrating the multi-level signals after pre-equalization using PAM-2 configuration, where: (a)    L p  = 2  ; and (b)    L p  = 3  . At the transmitter, the light launching conditions into the optical fiber core are included in (c), which represents the centric   0  μ m   and eccentric   15  μ m   light launching conditions for two MIMO inputs Tx1 and Tx2, respectively. 
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Figure 3. Measured channel impulse response of a 100  m  long MMF with respect to the symbol rate    f T  = 1 /  T s  = 2.5    GHz  at an operating wavelength of 1550  nm . 
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Figure 4. BER in dependent on SNR for the first scenario, where PAM-2 is utilized on both the MIMO inputs. The BER associated with PE-only and the proposed joint-PPE schemes are represented with solid and dashed lines, respectively. 
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Figure 5. BER in dependent on SNR for the second scenario, where PAM-4 is utilized on both the MIMO inputs. The BER associated with PE-only and the proposed joint-PPE schemes are represented with solid and dashed lines, respectively. 
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Figure 6. Experimental measurement setup with the PFS configuration using a 167.27 m delay line and an MMF channel. 
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Figure 7. Experimental setup for the joint-PPE scheme by using an optical   2 × 2   MIMO system with an MMF channel with a PFS configuration. 
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Figure 8. BER in dependence on the average optical received power while using a 100  m  long MMF channel and MMSE equalizer, where PAM-2 and PAM-4 are depicted with blue and red color, respectively. 
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Figure 9. Eye diagrams of the joint-PPE with    L p  = 4   compared with MMSE PE-only using PAM-4 transmission. 
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Figure 10. Eye diagrams of the joint-PPE with    L p  = 4   compared with MMSE PE-only using PAM-2 transmission. 
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Table 1. Simulated SNR gain of the   2 × 2   optical MIMO system at   10  − 4    BER using a 100 m long MMF channel.






Table 1. Simulated SNR gain of the   2 × 2   optical MIMO system at   10  − 4    BER using a 100 m long MMF channel.














	Scenario
	Modulation Format
	Equalization
	    L p    
	    L f    
	SNR (in dB) at BER of    10  − 4    
	SNR Gain (in dB)





	First
	PAM-2
	PE-only
	-
	25
	15.95
	-



	scenario
	
	Joint-PPE
	2
	23
	15.05
	0.90



	
	
	
	4
	21
	13.70
	2.25



	Second
	PAM-4
	PE-only
	-
	25
	48.50
	-



	scenario
	
	Joint-PPE
	2
	23
	47.20
	1.30



	
	
	
	4
	21
	46.60
	1.90
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Table 2. Analysis of the required length of the delay lines for the PFS configuration.
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	PRBS Length
	Symbol Rate (in GHz)
	Delay Time (in ns)
	Delay Length (in m)





	512
	2.5
	204.8
	41.82



	1024
	2.5
	409.6
	83.64



	2048
	2.5
	819.2
	167.27



	4096
	2.5
	1600
	334.55
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Table 3. Measured optical received power   P r   gain of the   2 × 2   optical MIMO system at   10  − 4    BER using a 100 m long MMF channel at    f T  = 2.5   GHz.
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	Scenario
	Modulation Format
	Equalization
	    L p    
	    L f    
	   P r    (in dBm) at BER of    10  − 4    
	   P r    Gain (in dB)





	First
	PAM-2
	PE-only
	-
	25
	−14
	-



	scenario
	
	Joint-PPE
	2
	23
	−15.13
	1.13



	
	
	
	4
	21
	   − 15.93   
	1.93



	Second
	PAM-4
	PE-only
	-
	25
	−9.95
	-



	scenario
	
	Joint-PPE
	2
	23
	−10.91
	0.96



	
	
	
	4
	21
	   − 11.79   
	1.84
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