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A data-driven channel prediction method for distribution automation master is proposed to address the poor quality of communication network and communication system transmission problems in distribution network communication. In this paper, an adaptive broad learning network (ABLN) consisting of a standard broad learning network and a hybrid learning network is introduced to predict the channel state information of the communication system. Among them, the hybrid learning network is used to solve the ill-conditioned solution problem when estimating the output weight matrix of the standard broad learning network. Therefore, the ABLN produces sparse output weight matrices and provides excellent prediction performance. In the simulation analysis, the outdoor and indoor scenes are considered based on OFDM system. The prediction performance of ABLN is subsequently evaluated in one step prediction and multistep prediction. The results show that for the prediction performance is concerned, the maximum improvement of ABLN is about 96.49% as compared to other evaluation models, indicating that the CSI is effectively predicted by the ABLN to support the adaptive transmission of the main station of the distribution automation and to satisfy the quality of the communication network of the distribution network.
Keywords: distribution automation main station, channel prediction, data-driving, learning network, broad learning
1 INTRODUCTION
Currently, the distribution automation main station (DAMS) tends to huge network size, wide distribution, harsh environment, and frequent changes of distribution sites (Gu, 2017). The distribution communication network, as the nervous system of distribution network automation, is bound to meet the high-quality communication needs. Therefore, high-quality distribution network communication system is the foundation of the smart distribution network construction. The distribution network automation construction presents many challenges to the wireless communication system (Pan L et al., 2023). Generally speaking, the receiver of wireless communication system needs to estimate the channel state information (CSI) of transmission environment through channel estimation technique, and feedback the CSI to the transmitter. However, in fast time-varying communication environments, the CSI tends to be outdated, which degrades the adaptive transmission performance. Therefore, the channel prediction based on the outdated CSI is important to support the adaptive transmission performance of wireless communication systems such as power IoT (by Flam et al., 2006).
Currently, channel prediction methods can be classified into three categories, i.e., linear prediction methods parameter class prediction methods and nonlinear prediction methods (Sarankumar R et al., 2016) Among them, linear prediction methods are mainly used to predict the next channel state information sample by linearly weighting the sum of several CSI samples in the past by linear fitting. Currently, channel prediction methods can be classified into three categories,i.e., linear prediction methods parameter class prediction methods and nonlinear prediction methods. Among them, linear prediction methods are mainly used to predict the value of the next channel state information sampling point by linearly fitting the past several channel state information sampling points, i.e., by linearly weighting the sum. Linear prediction methods include the auto-regression (AR), the recursive least squares (RLS) and the affine projection algorithm (APA) (Kapoor et al., 2018). The parameter prediction method mainly estimates those relevant parameters of transmission delay, such as the power, the delay and the Doppler shift. In addition, errors in the estimated channel statistical characteristics and parameters reduce the accuracy of the channel prediction, so the errors in the parameter class prediction need to be reduced in order to improve the performance of adaptive transmission techniques for wireless communication systems. Scholars have developed relevant studies on parameter class channel prediction methods. Such as, Niu G Q et al. (2014) and Yang et al. (2021) proposed a new predictor that utilizes the powerful time series prediction capability of deep learning. The prediction result indicates that the deep learning can offer significant performance improvement compared with the traditional predictor. To overcome the problem caused by the nonlinearity of the transmission channel and inter-symbol interference caused by multipath effects, Tan and Wang, (2023) used deep learning networks to optimally research the channel equalization for the optical fiber communication networks, and constructed an optical fiber communication network channel model, and used deep learning networks to estimate the communication network channel loads and operational states. Trivedi and Kumar, (2018) used a scheduler based on a standardized SNR for selecting users for data transmission, the scheduler has higher data rate and long-range transmission capabilities without requiring much power or bandwidth. In addition, this paper presents a comparative assessment of the bit error rate (BER) performance of multi-user multiple input multiple output orthogonal frequency division multiplexing (MU-MIMO-OFDM) and MU-MIMO single-carrier frequency-division multiple access (MU-MIMO-SCFDMA) and investigates the impact of various factors, e.g., the CSI imperfections, network heterogeneity, and other factors on the communication transmission; Bai et al. (2020) proposed a prediction method based on the long short term memory (LSTM) network and developed an incremental learning scheme for dynamic scenarios, which makes the LSTM predictor run online; (Multiple-Input Multiple-Output, MIMO) system, based on the measured data of 2.35 GHz band in the road-wall scenario, C Xue et al. (2021) proposes a Convolutional Long Shore-Term Memory (CLSTM) and CNN combination of Conv- CLSTM channel prediction model for typical channel state information, Les K-factor, RMS delay extension and angle extension characteristics prediction. Son and Han, (2021) proposed the channel adaptive transmission (CAT), which uses the LSTM network for channel prediction and the prediction accuracy is over 97%, indicating that this algorithm can be effectively used for channel prediction. Jiang and Schotten, (2019) used the recurrent neural network (RNN) to construct a frequency domain channel predictor, which was integrated into the MIMO-OFDM system to improve the correctness of antenna selection. To avoid the degradation of communication quality, Ding and Hirose, (2013) proposed a high-accuracy time-varying channel prediction by using channel prediction with linear extrapolation and Varangian extrapolation of frequency-domain parameters, and by combining a multilayered complex neural network (CVNN) with a linear FM permutation method. The proposed CVNN-based predictive channel prediction accuracy is experimentally proved to be better than the traditional prediction methods (Ding and Hirose, 2014). Xu and Han, (2016) proposed a new model adaptive elastic echo state network (ESN), which adopts the adaptive elastic network algorithm to compute the unknown weights and combines the advantages of quadratic regularization and adaptive weighted lasso contraction to deal with the covariance problem.
In recent years, the deep learning has been successfully applied in many fields and played an important role in the field of the artificial intelligence field (Schofield et al., 2019). Wang et al. (2019b) proposed a hybrid deep learning method of Convolutional Neural Network (CNN) and LSTM to get the CSI of downlink channel based on the CSI of uplink channel in FDD system. By extending an LSTM for reconstructing CSI, Wang et al. (2019a) proposed a real-time CSI feedback framework applied to point-to-point massive MIMO. The application of deep learning in channel prediction successfully solves the problem of traditional manual methods that are overly dependent on channel-specific parameters and has a stronger ability to adapt to the environment. However, the deep learning methods still have some drawbacks. On the one hand, when facing the high-dimensional data, the deep learning is usually trained with a complex structure, which means that many model parameters need to be adjusted. On the other hand, when some new samples are added, the deep learning often needs to re-train the model, which is a quite time-consuming process. To address the issue above, Chen et al. (2018) developed the broad learning system (BLS). Unlike the deep learning model, the BLS only has two horizontally aligned hidden layers, i.e., the feature layer and the enhancement layer (Suganthan and Katuwal, 2021; Pao and Takefuji, 2021). In the training process of the BLS model, the input data are firstly generated into feature nodes by feature mapping, and then the feature nodes are enhanced into augmentation nodes by nonlinear changes. Finally, the output of the feature layer and the output of the enhancement layer are connected to generate the result of the final output layer. The output weights of the final output layer can be obtained quickly using the ridge regression algorithm without complex computation (Chen and Liu, 2018). In addition, BLS has an attractive advantage of the universal approximation property (Jin and Chen, 2018). In particular, the incremental learning algorithms of the BLS can be quickly reshaped without the need for complete retraining from scratch.
With these solid foundations mentioned above, a large amount of work on BLS has been reported. Kurtz, (1987) incorporated the and paradigm combination into the regular term of the elastic network into the BLS model thus obtaining ENBLS. ENBLS can benefit from the trend of both ridge regression and sparse solutions. However, there are still many drawbacks of the shallow structure, and the expressive ability is significantly weaker than that of the deep structure. For this reason, many scholars started to improve the standard BLS. Then, many more complex BLS appeared. Such as, Feng and Chen, (2020) integrated BLS with Takagi-Sugeno fuzzy system to generate the FBLS. In addition, to extend the applicability of BLS, Zhao et al. (2020) obtained Semi-Supervised BLS (SS-BLS) by introducing popular learning and thus extending BLS to semi-supervised learning. However, the SS-BLS requires all labelled training datasets, which limits the practicability in practical scenarios. Another structure of online semi-supervised BLS (Online SS-BLS, OSSBLS) was investigated in Pu and Li, (2020). In addition, Min et al. (2019) improved the BLS and obtained a Structured Manifold BLS (SM-BLS), which was used to predict the time-series. Zhang et al. (2020) also applied the BLS for the emotion recognition. Then, Liang, (2023) investigated a class of the distributed learning algorithms based on the BLS, which used a quantization strategy to reduce the number of bits per transmission and a communication review strategy to reduce the total number of transmissions and minimize the communication cost (Huong et al., 2023).
To meet the demand of the information transmission quality of the DAMS and solve the problem that the expired CSI reduces the adaptive transmission performance of wireless communication system, this paper proposes a channel prediction method for ADSM based on the ABLN, including the standard BLN and the hybrid regularization network. Thereinto, the ill-conditioned solution of the output weight matrix of the former is mainly solved by the latter. The hybrid regularization network contains two layers, the first layer is an adaptive weight factor generation network based on regularization, and the second layer is the output weight matrix estimation network based on the elastic network. The hybrid regularization network has the oracle property, which can effectively solve the output weight ill-conditioned solution problem of the BLN. Thus, the ABLN can provide well channel prediction performance.
2 REVELANT THEORY
2.1 Channel estimation for OFDM systems
The channel prediction is an important technique to support the adaptive transmission of power IoT communication systems such as distribution network automation master stations. In this paper, it is assumed that the SCI changes slowly or steadily in a frame time, so the channel estimation process can be described as follows. Let [image: image] denote the [image: image]-th sample of the [image: image]-th complex-valued baseband time-domain transmission signal, then [image: image] can be expressed as
[image: image]
where [image: image] denotes the frequency-domain transmit signal on the lth subcarrier of the [image: image]-th pilot OFDM symbol, [image: image] is the total number of subcarriers in each OFDM symbol. When the transmitting antenna sends out the transmit signal, the transmit signal reaches the receiving antenna through the time domain channel. Therefore, the receiving end estimates the target CSI by analyzing the received signal. Currently, the two commonly used channel estimation methods are least squares (LS) method and the minimum mean square error (MMSE) method. The process of the channel estimation by LS method is [29]
[image: image]
where [image: image], [image: image], [image: image] and [image: image] are the estimated CSI of the [image: image]-th subcarrier of the OFDM symbol, the ideal CSI, the received symbols, and the corresponding noise for the first subcarrier of the OFDM symbol at the first pilot subcarrier, respectively. [image: image] is modelled as the additive white gaussian noise (AWGN) with mean 0 and variance [image: image].
2.2 The broad learning system (BLS)
As shown in Figure 1, the BLS is used as an alternative to deep network structure. The input data is mapped to the mapping features and the enhancement features. The output layer connects the feature and enhancement layers. The data is transformed using a linear mapping function connecting the input weight matrices to obtain the set of mapped features. The [image: image] is the mapped feature, which is obtained by linear mapping and activation function, i.e.
[image: image]
where [image: image] denotes the input sample data for model training, where a is the sample number and b is the dimension. The [image: image] is the activation function of the feature node, [image: image] denotes the input layer to the mapping feature layer. The mapping feature group is denoted as
[image: image]
[image: Figure 1]FIGURE 1 | The typical network structure of BLS.
The enhancement nodes are obtained from the mapped nodes by the nonlinear mapping and the activation function transformation. [image: image] is the jth set of augmented nodes, which is
[image: image]
where [image: image] is the activation function of the enhancement node; [image: image] denotes the random connection weight matrix of the [image: image]-th group of mapped feature nodes to the layer of enhancement nodes; [image: image] is the bias matrix of the [image: image]-th group, and the group of enhancement nodes obtained by the n-transform is denoted by
[image: image]
Then, the outputs of the feature nodes and enhancement nodes are combined, i.e., [image: image]. The weighted mapping of F, forms the output of the network [image: image]. The mapped feature nodes and enhancement nodes are used as inputs to the BLS and the feature vectors are solved. V denotes the weight matrix from the input layer to the output layer of the system, which is solved by solving the ridge regression, i.e.,
[image: image]
where the H denotes the regularization factor and I denotes the unit matrix.
3 CHANNEL PREDICTIONBASED OF ADAPTIVE BLS
3.1 ABLN
The hidden layer of a typical BLN often has a large number of neurons. After using Eq. 5 to estimate the BLS network’s output weight matrix, the estimated value is generally an ill-conditioned solution, which has a large amplitude. Therefore, the ill-conditioned solution problem of the output weight matrix is a problem that cannot be ignored in the training process of the BLN (Zhou, 2013). To improve the ABLN’s generalization capabilities throughout the learning process, this study proposes using a hybrid generalization network to estimate the output weight matrix. The initial layer of the hybrid generalization network looks like this:
[image: image]
where i = 1,2,3, ., I, [image: image] denotes the target output corresponding to the [image: image]-th step prediction, [image: image] is the estimated value of the target output weight matrix corresponding to the [image: image]-th prediction. [image: image] and [image: image] denote the l2 norm and l1/2 norm, respectively, and [image: image] is the generalization coefficient of l1/2 norm. Therefore, the first layer is further expressed as
[image: image]
Therefore, the above Eq. 9 is equivalent to solve the following issue, i.e.,
[image: image]
where [image: image]. Then, the above equation is rewritten as
[image: image]
where
[image: image]
[image: image]
[image: image]
Equation 11 is an optimization problem about l1/2 norm. However, the l1/2 norm is the non-convex and non-smooth, and some common optimization solution methods, i.e., the Newton’s method and simulated Newton’s method are difficult to solve the optimization Eq. 11. The coordinate descent method is utilized to solve Eq. 11 and its computation process is shown in Algorithm 2. Then the adaptive weighting factor [image: image] for the first layer is
[image: image]
where [image: image] is the adaptive adjustment factor. The second layer of the output weight matrix estimation network for the BLN is:
[image: image]
where [image: image] is the output weight matrix corresponding to the [image: image]-th prediction, [image: image] denotes the jth element of the output weight matrix corresponding to the [image: image]-th step prediction, and [image: image] and [image: image] are the non-zero penalty coefficients, respectively. Eq. 16 can be further rewritten as
[image: image]
It can be shown that the loss function (17) of the second layer output weight matrix estimation network can also be converted into an I optimization problem with respect to the l2 norm and the adaptive weighting factors, i.e.,
[image: image]
where [image: image]. Eq. 17 can be further derived as:
[image: image]
Where [image: image], [image: image], [image: image] and [image: image] are defined as follows:
[image: image]
[image: image]
[image: image]
[image: image]
where I is the unit matrix. It can be shown that Eq. 18 is an optimization problem with respect to the adaptive weighting factors. Further definition.
[image: image]
[image: image]
Eq. 19 can be further rewritten as:
[image: image]
Eq. 26 is an optimization problem with respect to the [image: image]-paradigm. Currently, some methods are available, such as the Newton’s method and the gradient descent method. All of the approaches, though, need the solution variables’ derivatives. In this study, we answer Eq. 27 using the minimal angle regression (MAR) approach, which avoids the derivatives of the variables. When [image: image] is obtained, the output weight matrix [image: image] corresponding to the ith step prediction is
[image: image]
Equation 27 is further modified as (Rodan, 2012):
[image: image]
Therefore, the output weight matrix [image: image] is
Algorithm 1. Calculation process of the ABLN.
Input: training output matrix [image: image], training input matrix [image: image], penalty coefficients [image: image], [image: image] and [image: image], adaptive factors [image: image], maximum prediction step number [image: image]
Output: weight matrix [image: image]
Step 1: For [image: image]
Step 2: Solve Eq. 8 to obtain [image: image];
Step 3: Calculate the [image: image] by Eq. 15;
Step 4: Calculate the modified [image: image] by Eq. 20;
Step 5: Calculate the modified [image: image] by Eq. 21;
Step 6: Solve Eq. 26 by the minimum angle regression method;
Step 7: Estimate by Eq. 28.
end
Step 8: Construct the output weight matrix [image: image] by Eq. 29
Step 9: Output [image: image];
Algorithm 2. Coordinate descent computation procedure.
Inputs: input: training output matrix [image: image], training output matrix [image: image], non-zero penalty coefficients [image: image], empty matrix [image: image]
Output: [image: image];
Step 1: [image: image];
Step 2: For [image: image];
Step 3: [image: image];
Step 4: Estimate [image: image], [image: image];
Step 5: Judge [image: image]. If no, then jump back to step 3; If yes, then jump to step 2.
End
[image: image]
The computational pseudo-code for the ABLN is shown in Algorithm 1 and the computational pseudo-code for the coordinate descent method is shown in Algorithm 2.
4 SIMULATION AND DISCUSSION
These related parameters are part of the channel prediction approach for the DAMS based on ABLN that is looked at in this paper; they are shown in Table 1. Both the interior and outdoor scenarios are taken into consideration in order to assess how well ABLN performs.
1) The indoor scenario: Among the pertinent features are the maximum Doppler shift of 80 Hz and the total of six transmission routes; the delay and power are, respectively, (0, 120, 430, 860, 1030, 1470) ns and (0, −1.6, −0.8, −9, −9.4, −2.8) dB.
2) The outdoor scenario: The relevant parameters for the Nakagami-m channel scenario are as follows: The maximum Doppler shift is 20 
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Meaning Value Symbol Meaning

fa Cartier frequency 24 GHz Nerr Total number in FFT

‘ BW Bandwidth 2 MHz Tioer IDFT/DFT period 328
‘ MD Modulation QPSK T Guard interval length 9us

‘ forom OFDM symbol rate 30 kHz N, Number of transmitting antennas 1

‘ CR Code rate 12 N, Number of receiving antennas 1

‘ DR Data rate 1.2Mbps Nss Quantity of data streams 1

" K Subcarrier number per OFDM symbol 50 Noara DATA OFDM symbol count for each frame 1

‘ Nigs Pilot subcarrier per OFDM symbol 4 fr Sample rate 2 MHz
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Key phrases

1st stage

N research papers and review papers in scientific databases available in open access
form the period between 2014 and 2023

2nd Stage

3rd stage

4th stage

EnA*

5th stage

EgA*  SEA*

6th stage

Onshore AND Power AND Supply Science Direct n = 2295 n=27 n=9 n=15 n=1 n=2 12
Shore AND “To-Ship” AND Power n =1034 n=8 n=0
“High-Voltage” AND “Shore Connection” n=4 n=1 1 n=0
“Cold Ironing” n=49 n=12 n=1 n=10 n=1 n=0
» “Shore-Side” AND Electricity” n=34 n=6 n=0 n=5 n=1 n=0
Alternative AND “Maritime Power” n=0
TOTAL ScienceDirect 3432 60 13/12 40/68 5/15 2/34
Onshore AND Power AND Supply EBSCO n=21511 n=14 n=2 n=8 n=2 n=4 35
Shore AND “To-Ship” AND Power n=45 n=8 n =30 n=7 n=0
 “High-Voltage” AND “Shore Connection” n=4 | n=0
“Cold Troning” n=0
| “Shore-Side AND Electricity” n=6 n=1 n=4 n=1 n=0
Alternative AND “Maritime Power” n = 1246 n=3 n=1 n=2 n=0 n=0
TOTAL EBSCO 70 424 176 30 118 24 4
Onshore AND Power AND Supply Web of Science a=h n=6 | n=0 15
Shore AND “To-Ship” AND Power n=24 n=18 n=4 n=12 n=2 n=0
“High-Voltage” AND “Shore Connection” n=s n=0 n=0 | n=0 | n=0 | n=0
“Cold Ironing” n=1 n=0 n=0 n=0 | n=1
“Shore-Side” AND Electricity” n=6 n=4 n=0 n=0
Alternative AND “Maritime Power” n=13 n=2 n=0 n=2 n=0 n=0
| TOTAL Web of Science 279 65 13 44 8 0
TOTAL Scientific bases 74135 302 56 202 37 7 63
Percentage share in selected publications 100% 18,5% 66,9% 12,3% 2,3% 20,9%

EgA, Engineering analysis; EnA, Environmental analysis; SEA, Socio-economic analysis; LA, Legal analysis and documents.
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Research areas

Engineering analysis (technology, technical, etc.) ‘Technologies of OPS

Optimal deployment of OPS

Electrical characteristics of OPS

Transient Overvoltage Protection of OPS System
Energy Optimization of OPS systems
Energy efficiency assessment of OPS

Ship-to-grid integration

Distance to power grids

Fault diagnosis for onshore grid-connected converter in wind energy conversion systems
Uninterruptable Shore-side Power Supply of OPS

Implementing OPS from renewable energy sources

Application Systems to Supply Onshore Grid Power to Offshore OXG Installations
Potential of local solar generation for providing OPS

Integrating Offéhore Wind Farms with Unmanned Hydrogen and Battery Ships

Installing cold ironing at small and medium ports

Socio-economic analysis (financial, fiscal, business, management, etc.) Cooperative optimization of OPS
Barriers and Drivers to the Implementation of OPS
Strategy for OPS System
Control Strategy for OPS
Energy management in seaports
Government subsidize for OPS
Electricity subsidy efficiency of OPS

Economic Benefits of OPS

Cost-effective optimization analysis of OPS
Optimization of daily use of OPS
Sale Mechanism of Onshore Power Supply

Pricing Strategy of Cold Ironing

Improving OPS project economics
Techno-economic analysis of OPS
Socio-economic benefit of cold-ironing technology
Managing Shipboard Energy
Ship berthing forecasting for cold ironing
Future electricity and hydrogen demands for shipping
Environmental analysis (protection, pollution, emissions, etc.) Environmental Benefits of Using low-Sulphur Oil and OPS Technology

Evaluation of the emission impact of OPS

Environmental emission Impact of OPS

CO2 reduction potential of OPS
Environmental charges to boost Cold Ironing
Reducing shipboard emissions

Environmental Bend6efits of OPS

Legal analysis (legal standards, law regulations, etc.) Regulation strategy for OPS

Standardization in the Design of OPS

Source: own elaboration on the base of: (IMO, 2015; Innes and Monios, 2018; IAPH, 2010; Winkel et al, 2016; Stolz et al., 2021; Bakar et al., 2022; Bullock etal., 2023; Hulme, 2006; AAPA, 2007;
Haddadian and Haddadian, 2011; Acciaro etal,, 2014; Qiong and Xiao, 2015; Sciberras etal., 2015; Yang and Chai, 2016; Atallah etal., 2017; Yu etal., 2017; Chengdi et 2018; He etal, 2018; Ji
etal., 2018; Tarnapowicz and German-Galkin, 2018; Gutierrez-Romero etal., 2019; Kumar etal,, 2019; Sun etal., 2019; Vlachokostas etal., 2019; Zis, 2019; Colarossi and Principi, 2020; He et al,
2020; Wang et ., 2020; Wang et al,, 2021a; Jung and Schindler, 2021; Kizielewicz and Skrzeszewska, 2021; Martinez-Lopez et al., 2021; Ortiz-Imedio et al., 2021; Peng et al, 2021; Spengler and
Tovar, 2021; Badakhshan et al,, 2022; Farrukh et al., 2022; Galkin and Tarnapowicz, 2022; Karimi et al., 2022; Qiu etal., 2022; Williamsson et al., 2022; Yu etal., 2022; Najihah etal, 2023;
Tarnapowicz and German-Galkin, 2018; Port Technology International, 2021; Reusser and Pérez, 2021; Cheng et al., 2022a; Cheng et al., 2022b; Kizielewicz, 2023).
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