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Abstract: This paper proposes a short-term forecasting method for high-frequency broadcast Max-
imum Usable Frequency (MUF) based on Long Short-Term Memory (LSTM) to meet the demand
for refined and precise high-frequency broadcast coverage. Based on the existing infrastructure of
broadcast and television stations, we established an experimental verification system to collect data
for approximately three years. Two links were selected based on data quality: Urumgqi to Lhasa and
Lanzhou to Lhasa. A short-term forecast of MUF was conducted using the data from these two links.
Comparison and analysis were conducted between the forecasting results of our model and those of
the REC533 model. Our proposed method outperforms the REC533 forecasting results overall, with a
reduction in root mean square error (RMSE) of 0.66 MHz and an improvement in forecast accuracy of
14.77%. The comparison result demonstrates the feasibility and accuracy of our model.

Keywords: high-frequency broadcasting; MUF; short-term forecast

1. Introduction

High-Frequency (HF) radio can achieve long-distance communication without the
need for relays, which is widely utilized in amateur radio, military and government com-
munications, global maritime distress and safety system communications, as well as radar
detection [1]. HF skywave communication, as an ancient and traditional communication
method, utilizes one or more reflections in the ionosphere to achieve ultra-long-distance
or even global communication [2], which has the advantages of flexible networking, high
mobility, and strong invulnerability [3]. These factors have made HF communication a
research hotspot in the past, present, and future [4].

As communication services demand greater immediacy and reliability, identifying
an available propagation frequency efficiently has emerged as a significant challenge [5].
Particularly, the selection of an HF working frequency hinges on the Maximum Usable
Frequency (MUF), which is identified as the uppermost frequency allowing for satisfactory
radio circuit performance through ionospheric signal propagation between specified termi-
nals at a certain time and under certain conditions, in line with the recommendations from
the International Telecommunication Union (ITU) [6-8].

In recent years, coordination efforts in high-frequency broadcasting have placed higher
demands on the refinement and quality enhancement of HF broadcasting development [9].
HF broadcast coverage analysis often relies on tools such as REC533 [10] and VOACAP [11],
based on the International Reference Ionospheric (IRI) model. Due to the lack of ionospheric
environmental data and real-time detection information for China and its surrounding
regions in the IRI model, the analysis accuracy of HF broadcast coverage in China and its
neighboring areas is limited. Therefore, there is an urgent need to integrate multi-modal
HF broadcast data and the channel characteristics of HF broadcast concern areas to enhance
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the refinement of HF broadcast quality assessment and improve the precision of frequency
scheduling.

ITU-R P.533 [10], as an internationally recommended prediction method for HF circuit
performance, can be used for short-term prediction of MUF. This method determines the
link reflection point’s location based on the shortwave communication link’s transmitting
and receiving locations. Then, a short-term prediction of the ionospheric parameters foF2
and M3000F2 above the location of the link reflection point is performed. Finally, the
short-term prediction results of these ionospheric parameters are used to predict the MUF,
thereby achieving the short-term prediction of the MUF. That is to say, the prediction of
MUF is indirectly achieved through the prediction of ionospheric parameters such as foF2
and M3000F2. Methods for short-term prediction of ionospheric parameters include neural
network methods [12,13], machine learning methods [14,15], empirical orthogonal function
analysis [16], etc. Wang et al. [17] used the Volterra filter method to forecast M3000F2
and performed regional reconstruction to achieve accurate MUF forecasting due to the
ITU model.

The methods for MUF forecast currently adopted domestically and internationally
include: the autocorrelation function method [18], based on 20-30 days of data, can
achieve high forecasting accuracy for periods within 3 h. The artificial neural network
method [19,20] requires 5-7 days of ionospheric observation data, as well as geomagnetic
K-index and Ap-index information, to conduct forecasts of usable frequencies. Yu et al. [21]
proposed a prediction model of MUF based on federated learning, which has great advan-
tages in protecting user privacy, reducing communication loss, and shortening training
time. Wang et al. [3] achieved long-term accurate forecasting of MUF by reconstructing the
MUF propagation factor using statistical machine learning methods. The Kalman filtering
method [22,23], based on background field data combined with actual detection data, is
utilized for forecasting usable frequencies. Its advantage lies in requiring fewer historical
data. However, a drawback is that the prediction accuracy and stability decrease when
new detection data are not introduced. The ionospheric storm prediction method [24]
establishes a forecasting model primarily targeting disturbances in the ionosphere. It neces-
sitates an initial assessment of ionospheric disturbances before proceeding with storm-time
predictions, thus lacking universality.

This paper constructs a short-term prediction model for the MUF using the LSTM
method based on actual detected ionospheric data to meet the operational demands for fine-
scale forecasting of HF broadcasts. The proposed model directly predicts MUF based on the
measured data of the link, omitting the short-term prediction of ionospheric parameters,
and then calculates the intermediate process of MUF by parameters such as foF2, which
reduces the error caused by the intermediate calculation process. The accuracy of the
forecast results of this model surpasses that of the ITU model, providing strong support
for precise coverage of HF broadcasts. The structure of this paper is as follows: Section 1
analyzes the necessity and current status of MUF forecasting. Section 2 outlines the
implementation steps of MUF forecasting for operational systems and the methods for
collecting ionospheric parameters. Section 3 describes the modeling process of MUF
forecasting based on LSTM. Section 4 analyzes the forecast accuracy of the two methods.
Section 5 summarizes the research findings of this paper.

2. Building Links and Collecting Data
2.1. Overall Approach

We set up an experimental verification system using the existing broadcast and tele-
vision station infrastructure to validate the accuracy of the short-term MUF forecasting
method proposed in this paper based on LSTM for HF broadcasting. An experimental
verification system was built based on the existing basic conditions of radio and television
stations; the specific process is as follows:

(1) Set up antennas, calibrate antennas, test connectivity, and carry out preparations for
the test.
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(2) Collect shortwave channel parameter data based on shortwave channel detection
equipment, mainly including MUF, time, transmit link position, receive link position.

(38) Preprocess the channel parameter data to ensure the validity of the data, divide the
training set and the test set, use the LSTM method to model based on the training set,
and then make predictions based on the test set.

(4) The forecast results adopt the cross-validation method and are compared with the
forecast results of REC533 to verify the accuracy of this method. The process is shown

in Figure 1 below:
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Figure 1. Overall process architecture diagram.

2.2. Testing Time and Testing Location

Leveraging receiver points established at broadcast stations (Nanchang, Shijiazhuang,
Golmud, Lhasa), receiving ionospheric oblique sounding signals [25] transmitted by key
concern area stations in western China (Urumgi, Kashgar, Yili, Lanzhou), and integrating
accumulated ionospheric data, the short-term forecasting method for HF broadcast MUF
based on LSTM is validated. Figure 2 illustrates the schematic diagram of the constructed

test network’s locations for model input.

The experiment lasted for a total of 3 years from 2017 to 2019. The testing is con-
tinuous except for particular circumstances, such as power outages. The locations of the

transmitting and receiving stations for the test are shown in the Table 1:

Table 1. The locations of the transmitting and receiving stations.

Serial Number

Receiving Station Locations

Transmitting Station Locations

1

Gk Wi

Shijiazhuang
Nanchang
Golmud
Lhasa
Lhasa

Urumgi
Kashgar
Yili
Urumgi
Lanzhou
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Figure 2. Diagram illustrating the relationship between transmitting and receiving stations’ locations

and model input data.

2.3. Data Collection
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The ionospheric oblique probing data mainly include:

fminE: the minimum frequency of the E layer; PminE: the group distance correspond-
ing to the minimum frequency of the E layer;

mufE: the maximum usable frequency of the E layer; PmufE: the group distance
corresponding to the maximum usable frequency of the E layer;

fminEs: the minimum frequency of the Es layer; PminEs: the group distance corre-
sponding to the minimum frequency of the Es layer;

mufEs: the maximum usable frequency of the Es layer; PmufEs: the group distance
corresponding to the maximum usable frequency of the Es layer;

fminF1: the minimum frequency of the ordinary wave in the F1 layer; PminF1: the
group distance corresponding to the minimum frequency of the ordinary wave in the
F1 layer;

mufF1: the maximum usable frequency of the ordinary wave in the F1 layer; PmufF1:
the group distance corresponding to the maximum usable frequency of the ordinary
wave in the F1 layer;

fminF2: the minimum frequency of the ordinary wave in the F2 layer; PminF2: the
group distance corresponding to the minimum frequency of the ordinary wave in the
F2 layer;

mufF2: the maximum usable frequency of the ordinary wave in the F2 layer; PmufF2:
the group distance corresponding to the maximum usable frequency of the ordinary
wave in the F2 layer;

fhminF2: the minimum frequency of the high-angle mode of the ordinary wave in the
F2 layer; PhminF2: the group distance corresponding to the minimum frequency of
the high-angle mode of the ordinary wave in the F2 layer.
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Note: the unit of the above frequency parameters is MHz, with a measurement
accuracy of 0.1 MHz. The data collection interface of a typical ionospheric tilt detection is
shown in Figure 3.

Muf_f1=8274 kHz

1000 kHz 16975 kHz

Figure 3. A figure of typical ionospheric oblique sounding.

2.4. Testing Data Information

Considering the completeness of data collected from the test links, links suitable for
short-term prediction analysis are selected. These links are Lanzhou to Lhasa and Urumgqi
to Lhasa. These links have considerable data and can be used for short-term prediction
analysis. In this study, the dataset collected for 3 years is divided, with the data from
January 2017 to November 2018 as the training set, the data in December 2018 used as the
initial input for model prediction, and the data in 2019 as the test set. Table 2 shows the test
set data information of the two links.

Table 2. Test data information.

Serial Number Test Links Test Time Volume of Valid Data

16,560 test data entries totally, with 9729
entries being valid
16,560 test data entries totally, with 12,132
entries being valid

1 Lanzhou-Lhasa 1 January 2019-12 December 2019

2 Urumgi-Lhasa 1 January 2019-12 December 2019

3. Methodology
3.1. MUF Forecasting Method of REC533

The basic MUF of the E layer can be represented as
E(d)MUF =M - foE (MHz), (1)

where
Mg = 3.94 + 2.80x — 1.70x% — 0.60x> + 0.96x*, 2)

. (d—1150
X = m1n(1150,0.74), 3)
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where d represents the great-circle distance of the path (km), and foE is the foE at the
midpoint of the path (MHz).

When the propagation path distance d < dmayx, radio wave propagation occurs in a
single-hop mode, with the midpoint of the path as the control point. At this time, the basic
MUF of the F2 layer can be expressed as:

F2(d)MUF = [1 + (Cd) (B— 1)}foF2 L (1 _ O ) (MHz), 4)
C3000 2 Amax
where
Cy = 0.74 — 0.591Z — 0.4247% — 0.090Z° + 0.088Z* + 0.181Z° + 0.096 Z°, (5)
Z=1- 2dn /dmaXr (6)
dn = d/ny, ?)

where 1 represents the minimum initial hop count; Czgoy represents the C; value when
d is 3000 km; foF2 denotes the foF2 at the midpoint of the path (MHz); fi; represents the
gyrofrequency at the midpoint of the path (MHz).

When the propagation path distance d > dnax, radio wave propagation occurs in a
multi-hop mode, with the control point located at a distance of dy/2 from the transmit-
ter/receiver. At this point, the basic MUF of the F2 layer is given by:

F2(d)MUF = min(F2(dmax)MUFy, F2(dmayx)MUF, ), ®)

In the equation, F2(dmax)MUF; and F2(dmax)MUF, represent the minimum-hop-mode
F2(dmax)MUF at the two control points, respectively.
The calculation process is clearly outlined in ITU-R P.533 recommendations [10].

3.2. Modeling Process

The LSTM algorithm [26] was originally proposed by Sepp Hochreiter and Jiirgen
Schmidhuber in 1997 and is a specific form of Recurrent Neural Network (RNN). RNN
is a general term for a series of neural networks capable of processing sequential data.
Compared to regular neural networks, it comprises input, hidden, and output layers,
with nodes connected between input layers [27]. The LSTM algorithm can learn long-
term dependencies, primarily to address the issues of gradient vanishing and exploding
gradients while training long sequences. The LSTM deep neural network consists of
three types of gates [28]: the forget gate, the input gate, and the output gate. These three
gates control the memory state of previous, input, and output information, respectively,
ensuring that the network can better learn long-distance dependencies. As a result, LSTM
outperforms traditional RNNs in more prolonged sequence problems.

Step one: The forget gate determines what information to discard from the cell state.
The output h;_; from the previous time step and the current input x; data are read, then
mapped through a sigmoid function into the [0, 1] range, and, finally, whether to retain the
information left from the previous time step is decided.

fi= a(wf e, xi] + bf), )

where f; is the forget gate function, Wy is the weight, and by is the bias.

Step two: The input gate adds new information to the cell state. The input gate
determines the updated value i; by passing the input and the previous hidden state through
a sigmoid function, then generates a new candidate value C; using the tanh function.

it = (Wi~ [h—1, x¢] + by), (10)

Et = tanh(Wc . [l/ltfl, Xt] + bC)r (11)
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where W; and W are weights, and b; and b, are biases.

The third step combines the results of the previous two steps. It multiplies the output
of the forget gate and the candidate value of the input gate and adds it to the old cell state
to generate the updated value C;.

Ct=fi*xCi1+irxCy, (12)

The fourth step involves the output gate, which determines how much of the cell state
to output. Firstly, the output gate determines the output value of the cell state by using
a sigmoid function with the input and the previous hidden state, resulting in the output
value o;. Then, after normalization by the tanh function, the update value C; is multiplied
by the output value o; to obtain the result value (%) at time ¢.

0 = 0(Wo - [he—1,x¢] + bo), (13)

hy = o * tanh(Ct), (14)

where W, and b, respectively represent the weight and bias.
The flowchart is shown in Figure 4.

)

t
@ tanh
L 0,
Forgejtfr Input f Candidate = ~ Outp{lt Output
gate gate memory i gate @ @
& o tanh

Hidden state
h o

AN J
o ()

Figure 4. The flowchart of LSTM.

4. Results and Discussion
4.1. Validate Analysis Method
Forecasting for the links under the same conditions, combined with the measured

results, the root mean square error (RMSE) (MHz) between the forecast values and the test
values for each hour across the network is as follows:

1 N

o L . 2
o= N;(Yp Y,)", (15)

where N represents the number of measurement points, Y, represents the actual measured
data, and Y), represents the forecasted data.

Meanwhile, based on REC533, the improvement enhancement percentage of the
improved core algorithm model is compared, defined as:

5= <‘7REC533 —op ) x 100% (16)
UREC533

where orpcs33 and op correspond to the RMSE of REC533 and the improved core algorithm
model, respectively.
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4.2. Analysis of Forecast Results Comparison

The short-term forecast data comparison is mainly conducted by collecting measured
MUF data, using measured data from the previous day to forecast the MUF of adjacent
days. The input data of the LSTM forecast model include sunspot number, longitude and
latitude of the transmitting and receiving location points, time (year, month, day, and hour),
and MUE and the output is the monthly median value of MUF at the current moment.
Finally, the prediction results of the proposed model in 2019 are compared with the forecast
MUF values from REC533 as well as the measured data, analyzing the accuracy of the data.

(1) Urumgi to Lhasa

Test data from the Urumgi to Lhasa link were collected, and the monthly median
MUEF calculated based on the improved core algorithm model under this test condition,
the MUF values calculated by REC533, and the statistical monthly median of measured
data were compared and analyzed. Missing test data during the forecasting process were
supplemented with long-term forecast data. The comparison curve is shown in Figure 5,
and the statistical analysis results are presented in the Table 3.

El

I I I I
[ Measured

I
REC533

I
Forecas]

Ml Al Ml 1l 1l Al s ol N Dl |

12

0

12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0
Beijing time (Hours)

Figure 5. Comparison chart of the Urumgqi to Lhasa oblique sounding link data.

Table 3. Error statistics of the Urumgqi to Lhasa oblique sounding link.

) RMSE (MHz)
Serial Number Month REC533 Improved Model é

1 Jan. 3.29 3.01 8.51
2 Feb. 1.60 0.39 75.63
3 Mar. 3.00 2.71 9.67
4 Apr. 2.65 2.51 5.28
5 May 1.71 0.69 59.65
6 Jun. 14.88 14.48 2.69
7 Jul. 2.26 1.67 26.11
8 Aug. 1.50 0.42 72.00
9 Sep. 2.08 0.65 68.75
10 Oct. 2.45 0.52 78.78
11 Nov. 2.49 0.78 68.67
12 Dec. 1.95 0.86 55.90

Mean Value 4.84 4.45 8.06

Based on the improved core algorithm model calculations of the Urumgi to Lhasa
link, REC533-calculated MUF values, and actual measurement data, the comparative
results reveal:

1.  The testing process adhered to the relevant standards and methods, such as GJB,
demonstrating overall smooth test curves except for June, indicating the validity of
the measurement results.

2. The REC533-calculated results generally align with the overall trend of the actual
measurement data. The prediction effect is better in the morning and evening, and
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the forecast error at noon is larger than that of the measured data, with the maximum
root mean square error (RMSE) of 3.29 MHz, except for June.

The improved core algorithm results closely match the overall curve of the actual
measurement data, with a maximum monthly RMSE of 3.01 MHz. The overall
calculated results show a reduction of 0.39 MHz in RMSE compared to the REC533
forecast results, with an accuracy improvement of 8.06%.

(2) Lanzhou to Lhasa
Test data from the Lanzhou to Lhasa link were collected, and the monthly median

MUF calculated based on the improved core algorithm model under this test condition,
the MUF values calculated by REC533, and the statistical monthly median of measured
data were compared and analyzed. Missing test data during the forecasting process were
supplemented with long-term forecast data. The comparison curve is shown in Figure 6,
and the statistical analysis results are presented in the Table 4.

I I [ I I [ I
‘ Measured REC533 Forecast ‘

Al [ wl Ll 1l Al N ol N DI |

0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0
Beijing time (Hours)

Figure 6. Comparison chart of the Lanzhou to Lhasa oblique sounding link data.

Table 4. Error statistics of the Lanzhou to Lhasa oblique sounding link.

. RMSE (MHz)
Serial Number Month REC533 Improved Model g

1 Jan. 4.77 4.46 6.50
2 Feb. 2.55 1.39 45.49
3 Mar. 4.59 3.89 15.25
4 Apr. 3.93 3.66 6.87
5 May 417 2.67 35.97
6 Jun. 5.05 2.34 53.66
7 Jul. 3.95 3.40 13.92
8 Aug. 3.02 1.85 38.74
9 Sep. 2.33 1.80 22.75
10 Oct. 4.55 2.83 37.80
11 Novw. 6.34 5.26 17.03
12 Dec. 5.04 4.68 7.14

Mean Value 4.33 3.40 21.48

Based on the improved core algorithm model calculations of the Lanzhou to Lhasa

link, REC533-calculated MUF values, and actual measurement data, the comparative
results reveal:

1.

The testing process adhered to the relevant standards and methods, such as GJB,
demonstrating overall smooth test curves, indicating the validity of the measure-
ment results.

The REC533 calculation results generally align with the trends observed in the actual
measurement data. The prediction effect is better in the morning and evening hours,
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and the statistical pattern at noon is larger than that of the measured data. Especially
from May to August, the measured data fluctuates greatly at noon due to solar activity,
and the REC533 method shows a large deviation, with a maximum monthly root
mean square error of 6.34 MHz.

3. The results obtained from the improved core algorithm model closely match the
curves of the actual measurement data. The maximum root mean square error is
5.26 MHz. Overall, the calculated results exhibit a decrease of 0.93 MHz in root mean
square error compared to the REC533 forecast results, with an increase in accuracy
of 21.48%.

Compared with the Urumgqi-Lhasa link, the short-term forecast method for the
Lanzhou-Lhasa link has more significant advantages. The REC533 method uses statistical
long-term data, and the overall prediction curve is relatively smooth over time, which
reflects the concept of statistical data and local correction in this method. The short-term
forecast method is derived from the training datasets, so the LSTM model depicts the
forecast curve in more detail than the REC533 method, which also reflects the advantages of
the method constructed in this article. The average RMSE of the LSTM model’s prediction
results on the two links is 0.66 MHz, and RRMSE is 14.77%.

5. Conclusions

The proposed short-term MUF forecasting method for HF broadcasting based on
LSTM establishes a model suitable for the Chinese region. By setting up actual testing links
and collecting data for about three years, two high-quality data links, namely Urumgi to
Lhasa and Lanzhou to Lhasa, were selected for MUF short-term forecasting. The forecast
results were compared with those of the REC533 model. The results show that the proposed
method outperforms the REC533 forecast results overall, with a reduction in root mean
square error of 0.66 MHz and an improvement in forecast accuracy of 14.77%. The results
verify the feasibility and high accuracy of the LSTM model, especially for short-term
predictions during periods of intense solar activity. The result validates the feasibility
and high accuracy of the method. With the integration of more data resources and data
from other monitoring stations, there is great potential to improve the accuracy of regional
MUF forecasting further using this method. The following research direction will involve
introducing multi-source data fusion methods into regional MUF forecasting, expanding
this algorithm, and comparing it with other machine learning and deep learning algorithms.

Author Contributions: Conceptualization, S.J. and G.H.; methodology, S.J. and G.H.; software, S.J.,
G.H. and J.H.; validation, S.J., G.H. and J.H.; formal analysis, S.J., G.H. and Q.Y.; investigation, S.].
and G.H.; resources, S.J. and G.H.; data curation, S.J.,, G.H., ] H. and L.Z.; writing—original draft
preparation, S.J., Q.Y. and Y.S.; writing—review and editing, S.J., Y.S. and ].H.; visualization, ].H. and
L.Z.; supervision, S.J. and G.H.; project administration, S.J., G.H. and J.H.; funding acquisition, G.H.
and Y.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

Wang, J.; Ma, J.; Huang, X.; Bai, H.; Chen, Q.; Cheng, H. Modeling of the ionospheric critical frequency of the F2 layer over Asia
based on modified temporal-spatial reconstruction. Radio Sci. 2019, 54, 680-691. [CrossRef]

Yan, A.; Wang, G; Tian, G.; Li, W,; Su, D.; Rahman, T. The HF channel EM parameters estimation under a complex environment
using the modified IRI and IGRF model. IEEE Trans. Antennas Propag. 2011, 59, 1779-1783. [CrossRef]


https://doi.org/10.1029/2019RS006856
https://doi.org/10.1109/TAP.2011.2122237

Atmosphere 2024, 15, 569 11 of 11

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

Wang, J.; Yang, C.; An, W. Regional Refined Long-Term Predictions Method of Usable Frequency for HF Communication Based
on Machine Learning Over Asia. IEEE Trans. Antennas Propag. 2022, 70, 4040-4055. [CrossRef]

Wang, J. Research and Practice of HF Digital Communication; Science Press: Beijing, China, 2013.

Lin, E; Chen, J.; Ding, G.; Jiao, Y. Short-Term Fine-Grained Regional MUF Prediction for HF Communication Based on Time-Series
Decomposition. IEEE Trans. Antennas Propag. 2023, 71, 9890-9904. [CrossRef]

Definitions of Maximum and Minimum Transmission Frequencies. 2013. Available online: https:/ /www.itu.int/rec/RREC-P.37
3/en (accessed on 17 December 2023).

ITU-R Methods of Basic MUF Operational MUF and Ray-Path Prediction. 2015. Available online: https://www.itu.int/rec/R-
REC-P.1240/en (accessed on 17 December 2023).

ITU-R Reference Ionospheric Characteristics. 2023. Available online: https:/ /www.itu.int/rec/R-REC-P.1239/en (accessed on 17
December 2023).

Wang, J.; Shi, Y.; Yang, C. A review and prospects of operational frequency selecting techniques for HF radio communication.
Adv. Space Res. 2022, 69, 2989-2999. [CrossRef]

ITU-R P.533 Method for the Prediction of the Performance of HF Circuits. 2019. Available online: https://www.itu.int/rec/R-
REC-P.533-14-201908-1/en (accessed on 17 December 2023).

Lane, G. Signal-to-Noise Predictions Using VOACAP—A User’s Guide; Rockwell Collins: Cedar Rapids, IA, USA, 2001.

Fan, J.; Liu, C.; Lv, Y;; Han, J.; Wang, J. A Short-Term Forecast Model of foF2 Based on Elman Neural Network. Appl. Sci. 2019,
9, 2782. [CrossRef]

Wichaipanich, N.; Hozumi, K.; Supnithi, P.; Tsugawa, T. A comparison of neural network-based predictions of foF2 with the
IRI-2012 model at conjugate points in Southeast Asia. Adv. Space Res. 2017, 59, 2934-2950. [CrossRef]

Li, W,; Zhao, D.; He, C.; Hu, A.; Zhang, K. Advanced Machine Learning Optimized by The Genetic Algorithm in Ionospheric
Models Using Long-Term Multi-Instrument Observations. Remote Sens. 2020, 12, 866. [CrossRef]

Wang, J.; Yu, Q.; Shi, Y,; Liu, Y,; Yang, C. An Explainable Dynamic Prediction Method for Ionospheric foF2 Based on Machine
Learning. Remote Sens. 2023, 15, 1256. [CrossRef]

Wang, J.; Bai, H.; Huang, X.; Cao, Y.; Chen, Q.; Ma, J. Simplified Regional Prediction Model of Long-Term Trend for Critical
Frequency of Ionospheric F2 Region over East Asia. Appl. Sci. 2019, 9, 3219. [CrossRef]

Wang, J.; Shi, Y.; Yang, C.; Zhang, Z.; Zhao, L. A short-term forecast method of maximum usable frequency for HF communication.
IEEE Trans. Antennas Propag. 2023, 70, 4040-4055. [CrossRef]

Zhou, Y.; Zhang, Y.; Jiang, C.; Zhao, Z.; Liu, ]. Comparison of short term prediction of ionospheric foF2 by Kalman filtering and
autocorrelation analysis. J. Space Sci. 2018, 38, 178-187. [CrossRef]

Marin, D.; Miro, C.; Mikhailov, A. A method for foF2 short-term prediction. Phys. Chem. Earth Part C 2000, 25, 327-332. [CrossRef]
Shi, Y,; Yang, C.; Wang, ].; Zhang, Z.; Meng, F; Bai, H. A Forecasting Model of Ionospheric foF2 Using the LSTM Network Based
on ICEEMDAN Decomposition. IEEE Trans. Geosci. Remote Sens. 2023, 61, 1-16. [CrossRef]

Yu, Y,; Lin, F; Jiao, Y.; Chen, ]. Prediction of Maximum Usable Frequency for HF Communications Based on Federated Learning.
In Proceedings of the 2022 IEEE/CIC International Conference on Communications in China (ICCC), Foshan, China, 11-13
August 2022; pp. 938-943.

Li, G.; Zheng, G.; Ye, C.; Zhou, Y. Short term prediction method of ionospheric MUF based on robust Kalman filter for tilt
detection. J. Commun. 2021, 42, 79-86.

Tang, J.; Ji, S.; Wang, J.; Wang, X. Assimilation Methods of Ionospheric Short-term Forecast for Selecting Frequency in Short-wave
Communication. Chin. J. Radio Sci. 2013, 28, 498-504.

Kim, J.; Kwak, Y;; Kim, Y; Su, I; Se, H.; Jong, Y. Potential of regional ionosphere prediction using a long short-term memory
(LSTM) deep-learning algorithm specialized for geomagnetic storm period. Space Weather 2021, 19, €2021SW002741. [CrossRef]
GJB 2080; General Measurement Method of Field Strength for a Receive Site. Military Standard Publishing House of the National
Defense Science and Technology Commission: Beijing, China, 2004.

Hochreiter, S.; Schmidhuber, J. Long short-term memory. Neural Comput. 1997, 9, 1735-1780. [CrossRef] [PubMed]

Zhang, H.; Xu, H.; Peng, G.; Qian, Y,; Zhang, X.; Yang, G.; Shen, C,; Li, Z.; Yang, ].; Wang, Z.; et al. A prediction model of relativistic
electrons at geostationary orbit using the EMD-LSTM network and geomagnetic indices. Space Weather 2022, 20, €20225W003126.
[CrossRef]

Wan, H.; Tian, X.; Liang, J.; Shen, X. Sequence-feature detection of small targets in sea clutter based on bi-LSTM. IEEE Trans.
Geosci. Remote Sens. 2022, 60, 4208811. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1109/TAP.2021.3111634
https://doi.org/10.1109/TAP.2023.3329354
https://www.itu.int/rec/RREC-P.373/en
https://www.itu.int/rec/RREC-P.373/en
https://www.itu.int/rec/R-REC-P.1240/en
https://www.itu.int/rec/R-REC-P.1240/en
https://www.itu.int/rec/R-REC-P.1239/en
https://doi.org/10.1016/j.asr.2022.01.026
https://www.itu.int/rec/R-REC-P.533-14-201908-I/en
https://www.itu.int/rec/R-REC-P.533-14-201908-I/en
https://doi.org/10.3390/app9142782
https://doi.org/10.1016/j.asr.2017.03.023
https://doi.org/10.3390/rs12050866
https://doi.org/10.3390/rs15051256
https://doi.org/10.3390/app9163219
https://doi.org/10.1109/TAP.2023.3266584
https://doi.org/10.11728/cjss2018.02.178
https://doi.org/10.1016/S1464-1917(00)00026-X
https://doi.org/10.1109/TGRS.2023.3336934
https://doi.org/10.1029/2021SW002741
https://doi.org/10.1162/neco.1997.9.8.1735
https://www.ncbi.nlm.nih.gov/pubmed/9377276
https://doi.org/10.1029/2022SW003126
https://doi.org/10.1109/TGRS.2022.3198124

	Introduction 
	Building Links and Collecting Data 
	Overall Approach 
	Testing Time and Testing Location 
	Data Collection 
	Testing Data Information 

	Methodology 
	MUF Forecasting Method of REC533 
	Modeling Process 

	Results and Discussion 
	Validate Analysis Method 
	Analysis of Forecast Results Comparison 

	Conclusions 
	References

