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Abstract: As one of the key technologies of HF communication, the maximum usable frequency
(MUF) prediction method has been widely discussed. To experimentally confirm the reliability of
commonly used MUFs prediction models for high-frequency communication, we have compared
maximum observed frequencies (MOFs) and predicted MUFs to assess the accuracy of two typical
prediction models. The root-mean-square error (RMSE) and relative RMSE (RRMSE) between oblique
sounding MOFs and the predicted MUFs were used to assess the model’s accuracy. The oblique
sounding path was from Changchun to Jinyang, and the vertical-sounding ionosonde was located
in Beijing, which was approximately the midpoint of the oblique sounding circuit. The statistical
analysis results show that: (a) the trend of prediction results from the Lockwood and the Istituto
Nazionale di Geofisica e Vulcanologia (INGV) model are in good agreement with the observations:
the mean RMSE and RRMSE of the INGV model are less than those of the Lockwood model; (b) in
the four different periods (sunrise, daytime, sunset, and nighttime) of the whole day, the maximum
difference of RMSE between the Lockwood and INGV model is 0.14 MHz (the INGV performs better
than the LWM), with the corresponding differences of RRMSE being 0.31% at sunrise and 0.68% at
daytime; (c) in the four seasons of spring, summer, autumn, and winter, the minimum RMSE values
of the Lockwood and INGV models are 1.51 MHz and 1.37 MHz, respectively, which are obtained
in winter, and the corresponding RRMSEs are 11.47% and 11.79%, respectively; (d) in the high and
low solar activity epochs, the mean RMSEs of the Lockwood and INGV models are 1.63 MHz, and
1.54 MHz, with corresponding mean RRMSE values of 11.47% and 11.55%. In conclusion, the INGV
model is more suitable for MUF prediction over Beijing and its adjacent mid-latitude regions from
the RMSE comparison of the two models.

Keywords: high frequency; maximum usable frequency; ionosphere; oblique sounding; vertical sounding

1. Introduction

The high frequency (HF) band is widely used in civil and military communications [1]
and radar detection [2]. Due to the dynamic ionospheric variations, the operating frequency
of the HF radio system changes continuously with the change of location, season, day,
and night. Therefore, any radio system operating in the HF band is subject to certain
frequency limitations on the propagation of its radio signal. There is a prominent frequency
window in the receiving power of the HF radio system, and the operating frequency
cannot be arbitrarily selected [3]. Only the accurate selection and use of the operating
frequency suitable for the ionospheric changes can ensure the quality and reliability of
HF radio transmission. The upper boundary of the frequency limitations is called the
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maximum usable frequency (MUF), which is the highest frequency that would permit the
acceptable performance of a radio circuit by radio wave propagation via the ionosphere
between the two given terminals at a given time under specified operating conditions [4].
Therefore, MUF prediction has also been a widely discussed aspect of HF communication
in recent decades [5]. High accuracy predictions of MUF could support HF communication
frequency planning and improve HF communication quality, reliability, and efficiency [3].
In particular, it should be noted that HF radio applications are making a global comeback,
as reported in 2020. Some countries are ramping up their capabilities in HF communications
to ensure connectivity on the battlefield [6]. As a result, there is an increasing demand for
HF radio applications to find a better model or improve the existing model. This demand
makes it essential to assess various aspects of the performance of the MUF prediction
methods to enable its further development for practicality.

MUF prediction is one of the key technologies of HF communications [5]. In particular,
the operational MUF for one hop on the ionospheric F2 layer associated with the ordinary
mode of propagation is very important. The prediction of MUF includes two processes:
one is the measurement or prediction of the ionospheric parameters such as the critical
frequency and the propagation factor, and the other is the calculation of the MUF from
the known ionospheric parameters. As the basis for MUF prediction, the ionospheric
parameters can directly be measured by vertical ionospheric sounders, which have been
deployed in more than 200 stations worldwide [7]. In the absence of measurements, the
ionospheric parameters can often be deduced by empirical prediction methods [8].

Here, we focus on using the measured ionospheric parameters to calculate MUF.
Early methods, such as MINIMUF [9] and EINMUF [10], could obtain the MUF using
the semiempirical models developed in the 1970s–1980s to calculate a MUF prediction
suitable for use on small computers, where time and storage limitations exist [11]. In
1983, Lockwood proposed a simpler algorithm for calculating MUF using the critical
frequency and ionospheric propagating factor [12]. This method then formed the basis of
the ITU-R recommendation for continuous improvement [13]. MUF prediction using the
Lockwood/ITU-R method mainly requires three basis ionospheric parameters including
the E-layer critical frequency (identified as foE), the F2-layer critical frequency (identified
as foF2), and the 3000 km propagation factor of the F2-layer (identified as M(3000)F2) at
the middle point of the circuit. Since this method was proposed, it has been widely used
in the current frequency selection for HF communications and applied to various projects
and tools such as the COST 251-Simplified Ionospheric Regional Model (SIRM), the SIRM
updating method and Lockwood prediction tool, and the Advanced Stand-alone Prediction
System (ASAPS) [14].

For specific regions, there have been some achievements in the past few decades. For
example, in the early 1980s, the Istituto Nazionale di Geofisica e Vulcanologia (INGV)
proposed a good approximation formula for predicting MUF [15]. This method is the most
concise and can calculate MUF based only on foF2 and M3000F2. Based on the simulations
of 26 circuits receiving the Baghdad station using Recommunication ITU-R P. 533, Hadi
and Goerge found that the spatial distribution of MUFs shows circular symmetry and
used a two-dimension second-order polynomial to describe MUF variation [16]. In this
model, a third-order polynomial was taken to represent the MUF-distance relationship up
to an acceptable level, and the spatial distribution of MUF values is semi-circular, which
makes the possibility of using a second-order polynomial acceptable [16]. As a result, this
model is valid for the monthly median value of MUF in specific areas around the Baghdad
station. In 2013, A simple method to predict the MUF was proposed based on spherical
geometry without considering the ionospheric refraction effects in electromagnetic wave
propagation [17]. The MUFs calculated for hops lesser than 3000 km have also been
validated in different locations in Brazil. However, the MUF prediction needs three basic
ionospheric parameters: foF2, the F2-layer peak height (identified as hmF2), and total
electron content (TEC) below hmF2. This increases the difficulty of the prediction since
total electron content (TEC) below hmF2 can sometimes not be directly measured. Nguyen
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presented a method of calculating the MUF of radio waves reflecting two times at the F2
ionosphere layer under inhomogeneous conditions of the ionosphere, and the comparison
between predicted MUF and measured maximum observed frequency (MOF) of three
circuits in Russia has shown that the proposed method increases the accuracy [18]. This
method is characterized by the need for ionospheric parameters at two locations 100km
from the path center.

All of the methods discussed above aim to achieve a more practical prediction of
MUF by developing new models and optimizing the existing models [15]. In addition, a
series of statistical analyses have been carried out to assess the accuracy of MUF predic-
tion models. For example, Maltseva and Poltavsky have investigated the International
Reference Ionosphere (IRI) performance in the European area and evaluated MUF accuracy
and efficiency [19]. A validation of different international high frequency (HF) prediction
models for HF communication in plain, mountainous, and sea regions of Pakistan has
been performed, and the ionospheric parameters have been calculated using Ionospheric
Communications Enhanced Profile Analysis & Circuit (ICEPAC) [20]. An oblique-incidence
ionospheric sounding campaign in Europe has been used to test the MUF prediction and
forecasting models [21]. Malik et al. analyzed the HF operating frequencies in peninsu-
lar Malaysia, and HF operating frequency performances were compared using the IRI
model [22], ASAPS [23], and ICEPAC [24]. Most of the research described above aims to
achieve a more accurate prediction of MUF by developing new ionospheric parameter
models. However, there are few studies focusing on the investigation and comparison of
the MUF calculation models correlating MUFs and ionospheric parameters.

Therefore, our study fills a gap by comparing the MUF calculation models to find a
more robust and higher accuracy method more suitable for China’s region of interest. Here,
considering the characteristics of the collected data, we selected to study the Lockwood
model and INGV model, which are the most widely used in the world or achieve concise
prediction, respectively. This paper is structured as follows: First, a brief introduction and
analysis of these empirical models are presented. The performance of the two models in
the mid-latitude region of China is then evaluated. The ultimate goal is to better develop
the operating frequency selection technology for the new generation of intelligent HF
communication systems. In this paper, we focus on the MUF of the F2-layer predicted by
the Lockwood model and the INGV model to achieve the above objectives. In particular,
we have compared the MUF with the oblique soundings of Changchun-Jingyang, and
the predicted results of the models mentioned above using the vertical-incidence iono-
spheric soundings in Beijing, which is the approximate mid-path point of the given oblique
sounding circuit.

2. The MUF Calculation Model
2.1. Analysis of the Typical Models

The MUF, which supports communications between transmitting and receiving points,
is an essential parameter in radio system design and operation. The MUF is dependent
on the geographic latitude and longitude, solar declination, local time, and solar activity.
Since the ionospheric parameters depend on the geographic latitude and longitude, solar
declination, local time, and solar activity, it is clear that for a given radio link the range
of usable frequencies, and therefore of the MUF, will vary with the location of the trans-
mitting point, season, time of the day, and solar cycle. Consequently, researchers have
been attempting to improve the calculation methods for decades. The commonly used
models include the Lockwood Model (LWM), the model proposed by Istituto Nazionale
di Geofisica e Vulcanologia (INGV), the two-dimension second-order polynomial model
(TPM), the simple model to calculate the MUF (SPM), and the Nguyen Model (NYM). The
characteristics of these common MUF calculation methods are summarized in Table 1.
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Table 1. The characteristics of the common MUF calculation methods.

Model LWM [12] INGV [15] TPM [16] SPM [17] NYM [18]

Applicable scene

1-hop for
ionospheric

F2-layer
propagation

1-hop for
ionospheric

F2-layer
propagation

1-hop for
ionospheric

F2-layer
propagation
around the

Baghdad station

1-hop less than
3000 km for
ionospheric

F2-layer
propagation

1 & 2-hop for
ionospheric

F2-layer
propagation

Model input
foE, foF2, and

M(3000)F2 at path
midpoint

foF2 and
M(3000)F2 at path

midpoint

Communication
distance, local
time, month

foF2, hmF2, and
TEC below hmF2
at path midpoint

foF2 and the
virtual height at

[−100, 0, +100] km
from the middle

point of the circuit

Characteristics Most widely used
in the world

Most concise and
easier to

implement

Only applicable for
the monthly

median value over
the Iraqi region

The total electron
content (TEC)

below hmF2 can
sometimes not be
directly measured

Relatively complex
calculation

Among these models, the LWM is the most well-known empirical model and the most
widely used method for calculating MUF and has become the recommended international
standard [13]. Thus, the LWM is usually a standard for comparing and analyzing the
other models [14]. On the other hand, the TPM has the most straightforward principle
but only applies to the monthly median value over the Iraqi region. In comparison, the
SPM and the NYM are relatively complex and the difficulty is increased since some input
parameters may not be directly measured. At the same time, the INGV model seems
more straightforward and easier to implement. Therefore, simultaneously considering the
collected data, including foE, foF2, M(3000)F2, and MOF, we focus on the discussion of the
LWM and INGV. Furthermore, we will discuss the above methods based on the ionospheric
measurements at the midpoint of the radio propagation circuit instead of calculations based
on the models.

2.2. The Lockwood Model

According to Milsom’s approximation to the quasi-parabolic ionosphere profile, Lock-
wood devised a simple and rapid prediction of the MUF which neglects electronic collisions
and the geomagnetic field [12]. The algorithm is concise and requires an input of three
ionospheric parameters including the foE, foF2, and M(3000)F2 at the midpoint of the radio
propagation circuit as scaled from ionograms. Namely, for a single-hop propagation of
the F2-layer, the control point is at the midpoint of the circuit, and the basic MUF can be
expressed by the LWM as [13]:

MUF = foF2 ·
[

1 +
(

Cd
C3000

)
(B− 1)

]
+ fH/2·

(
1− d

dmax

)
(1)

where C3000 is the Cd value when d meets the condition of d = 3000 km, and Cd can be
expressed as:

Cd = 0.096Z6 + 0.181Z5 + 0.088Z4 − 0.090Z3 − 0.424Z2 − 0.591Z + 0.74 (2)

with
Z = 1− 2d

dmax
(3)



Atmosphere 2022, 13, 1122 5 of 14

where dmax is the maximum ground distance for a single-hop ionospheric F2-layer propa-
gation and can be calculated by:

dmax = 4780 +
(

1
B
− 0.303

)
·
(

12610 +
2140

x2 −
49720

x4 +
688900

x6

)
(4)

where:

x = max
(

foF2
foE

, 2
)

(5)

B = M(3000)F2− 0.124 +
[

0.0215 + 0.005 sin
(

7.854
x
− 1.9635

)]
·
(
(M(3000)F2)2 − 4

)
(6)

and where foE, foF2, and M(3000)F2 are the E-layer critical frequency, the F2-layer critical
frequency, and the 3000 km propagation factor of the F2-layer at the middle point of the
circuit, respectively. fH is the electron gyrofrequency at the midpoint of the circuit [25].

2.3. The INGV Model

As proposed by INGV [15], the MUF for an F2 layer single hop and a ground range
d is that frequency for which the product given by fp·sec(φ) is maximum, where fp is the
plasma frequency measured at the reflection height by means of a vertical ionospheric
sounding carried out in the middle point of the radio link, and φ is the angle of incidence of
the electromagnetic wave at the base of the ionosphere. Since fp depends on the geographic
latitude and longitude, solar declination, local time, and solar activity, it is clear that the
MUF will vary with the location of the transmitting point, season, time, and solar cycle.
Based on this analysis, the MUF for an ionospheric F2-layer single hop and a relatively
small ground distance range d can be written as:

MUF = foF2 · sec(φ) +
fH
2
· sec(φ) (7)

where foF2 is the ionospheric F2-layer critical frequency at the middle point of the circuit,
fH is the electron gyrofrequency at the midpoint of the radio propagation circuit, and sec(φ)
can be calculated by:

sec(φ) =
dK

cos[arctan(SNF/DEN)]
(8)

where:

dK =

{
0.000047d + 0.973, d< 1000
1.01, d ≥ 1000

(9)

SNF = sin(d/12740) (10)

DEN =

[
0.2333086

tan(arccos(1.114/M(3000)F2))

]
+ 0.972402− cos

(
d

12740

)
(11)

and where M(3000)F2 represents the propagation factor in the middle point of a given
circuit, and d is the ground distance of the radio circuit.

3. Results and Discussions

To analyze the validity of the above two methods, we collected vertical sounding
data from the Beijing vertical incidence (VI) sounding station, and the oblique sounding
data from the Changchun-Jingyang oblique-incidence (OI) sounding circuit. These VI
data include foE, foF2, and M(3000)F2, and these OI data refer mainly to MOF. Figure 1
shows the principle and results of the VI and OI sounding systems. Among them, the
VI and OI ionograms were automatically scaled by the Automatic Real-Time Ionogram
Scaler with True height (ARTIST) software [26] and the automatic digital signal processing
software of the SSJX receiver [27,28]. At the same time, we chose the absolute deviation,
root-mean-square error (RMSE), and relative RMSE (RRMSE) as the criteria for evaluating
the models mentioned above.
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Figure 1. Principle and output results of the VI and OI sounding systems: (a) the VI and OI sounding
principle; (b) formation principle of the VI and OI sounding ionograms; (c) an example of the VI
ionograms from Beijing at 05:00, 25 March 2016; (d) an example of the OI ionograms from the
Changchun-Jingyang circuit at 15:00, 1 December 2015.

3.1. Sounding Data Collections

In this experiment, the Beijing ionospheric VI station is located at (39.9◦ N, 116.3◦ E),
and the Changchun and Jingyang ionospheric OI stations are located at (43.5◦ N, 125.2◦ E)
and (34.7◦ N, 108.8◦ E), respectively. By analyzing the distribution of these sounding
stations, it was determined that the distance between the path midpoint (39.6◦ N, 116.5◦ E)
of the Changchun and Jingyang circuit and the Beijing sounding station is 38.7 km. The
location of the sounding station and the midpoint distribution of the OI sounding circuit is
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shown in Figure 2. In the figure, “o” marks the midpoint of the OI sounding circuit, “∗” is
the transmitting station, and “�” is the receiving station. The Changchun–Jingyang path
length is 1755 km, and the forward azimuth of the circuit is 208.4◦.
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Figure 2. Map of oblique and vertical sounding stations.

The parameters and relative performances of the receiving and transmitting systems
used at the VI and OI sounding stations are listed in Tables 2 and 3. The 14,936 pieces of
sounding data for 1158 days from January 2015 to January 2018 were collected using these
sounding systems.

Table 2. The performance parameters of vertical sounding equipment.

Parameters The Performance Parameters

Sounding frequency 2–30 MHz
Working mode Linear or logarithmic sweep

Signal types Pulse code
Sounding period ≤60 min

Sounding altitude 80–1200 km
Height resolution ≤5 km

Synchronization mode GPS
Parameters output Diagram of Signal delay against frequency (see the Figure 1c)

Data output foE, foF2, hmE, hmF2, M(3000)F2 etc.

Table 3. The performance parameters of oblique sounding equipment.

Parameters The Performance Parameters

Operating frequency 2–30 MHz
Working mode Linear or logarithmic sweep

Sounding period ≤60 min
Synchronization mode GPS

Parameters output Diagram of signal delay and energy against frequency (see Figure 1d)
Data output Lowest observed frequency (LOF) and MOF

As shown in Figure 1a,b [29,30], the Beijing VI sounding uses a collocated transmitter
and receiver and sounds vertically to the ionosphere. As shown in Figure 1b, the VI
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ionograms are used to determine the ionospheric layer altitude, critical frequency, and
propagation factor [31]. Figure 1c is an example of the Beijing VI ionograms at 05:30,
25 March 2016 [32]. In this sub-figure, the red line indicates the O-mode, the green line
indicates the X-mode, and the black line indicates the real ionospheric altitude as a function
of frequency by means of the virtual altitude measurement using the time delay. Using the
ionospheric VI system, we can obtain the parameters of foE, foF2, and M(3000)F2 over the
Beijing area.

While the OI sounding uses a transmitter in Changchun and a receiver in Jinyang,
the transmitter uses a swept frequency signal over the ionospheric channel measured at
the receiver. The OI sounding system can deploy an OI ionogram, as shown in Figure 1d.
The OI ionograms are essential for selecting the optimal sounding or communication
frequencies [32]. Based on the OI ionograms, we can obtain the ionospheric MOFs of the
Changchun-Jingyang circuit.

3.2. Assessment Strategy

The MUF can be calculated using the above two models based on the vertical sounding
data, including foE, foF2, and M(3000)F2. Then, based on the calculated MUFs and the
measured MOFs, the deviation (δ), RMSE (σ), and RRMSE (r) can be calculated according
to the following equations:

δ = |MOF−MUF| (12)

σ =

√√√√ 1
N

N

∑
n=1

(MOF−MUF)2 (13)

r =

√√√√ 1
N

N

∑
n=1

(
MOF−MUF

MUF

)2
(14)

where MOF and MUF are the maximum observation frequencies and the MUF calculated
values using the above two models, respectively, and N is the number of data points.

The primary considerations for selecting these three parameters are as follows:

1. The deviation can assess the bias between the expected calculations of the model and
the measurements and describes the calculation ability of the model algorithm itself;

2. The RMSE can assess the variation of performance caused by the variation in a data
set with the same size and represents the influence caused by data disturbance; the
RRMSE can assess the percentage of relative variation in performance.

3. The three parameters can well reflect the characteristics of error distribution from
different points of view [33].

3.3. Models Validation

In order to comprehensively validate two models for predicting MUF of HF commu-
nication, the predicted results are analyzed from different perspectives compared with
observations. Specifically, we calculated the MUF based on the LWM and INGV using ver-
tical sounding data of Beijing, and compared the observations of the Changchun-Jingyang
oblique sounding data, which was collected from 2015 to 2018.

For analysis of the calculation error in different periods of the four seasons, we have
applied the following definitions as shown in Figure 3:

1. Spring includes March, April, and May, and the whole day is divided into four periods:
(1) sunrise (5–7 o’clock), (2) daytime (8–16 o’clock), (3) sunset (17–19 o’clock), and
(4) nighttime (20–23 and 0–4 o’clock).

2. Summer includes June, July, and August, and the whole day is divided into four
periods: (1) sunrise (5–7 o’clock), (2) daytime (8–17 o’clock), (3) sunset (18–20 o’clock),
and (4) nighttime (21–23 and 0–4 o’clock);



Atmosphere 2022, 13, 1122 9 of 14

3. Autumn includes September, October, and November, and the whole day is divided
into four periods: (1) sunrise (5–7 o’clock), (2) daytime (8–16 o’clock), (3) sunset
(17–19 o’clock), and (4) nighttime (20–23 and 0–4 o’clock);

4. Winter includes December, January, and February; the whole day is divided into four
periods: (1) sunrise (6–8 o’clock), (2) daytime (9–16 o’clock), (3) sunset (17–19 o’clock),
(4) nighttime (20–23 and 0–5 o’clock).
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The above definitions are used to better analyze the variation of RMSE and RRMSEs
in different seasons and periods. The total number of data points during spring, summer,
autumn, and winter are 3543, 2614, 5060, and 3719, respectively. The total number of data
points for the periods defined as sunrise, daytime, sunset, and nighttime are 1818, 5643,
2059, and 5416, respectively. Therefore, based on these definitions, we further analyze the
error distribution characteristics of the LWM and INGV in different periods of four seasons.

Figure 4 provides four examples of the MUF calculations from the Lockwood Model
(marked as LWM) and the INGV model (marked as INGV) based on the results from the
Beijing vertical sounding station, which is compared with the MOF observations of the
Changchun-Jingyang oblique sounding circuit. For ergodicity, we selected a day from
each of the four seasons. The selected dates for spring, summer, autumn, and winter were
25 March, 21 August, 8 October, and 25 December 2016, respectively. Figure 4a–d show
that the trend of the calculated results from the two models is in good agreement with
the observations, and there are obvious seasonal changes. In Figure 4e–h, the variation
in calculated deviation in different seasons is also different. Nevertheless, the calculation
deviation of the two models is basically in the same amplitude order. The maximum
deviation is more than 3 MHz, and the minimum deviation is less than 0.1 MHz. In order to
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further analyze the advantages and disadvantages of the two models, the statistical results
of the two models in different seasons and periods are described below.
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Figure 4. Comparison of MOF observations and MUF calculations from the LWM and INGV:
(a) MOF and MUF calculations on 25 March 2016 (spring); (b) MOF and MUF calculations on
21 August 2016 (summer); (c) MOF and MUF calculations on 8 October 2016 (autumn); (d) MOF and
MUF of on 25 December 2016 (winter); (e) Predicted deviation of MUF on 25 March 2016 (spring);
(f) Predicted deviation of MUF on 21 August 2016 (summer); (g) Predicted deviation of MUF on
8 October 2016 (autumn); (h) Predicted deviation of MUF on 25 December 2016 (winter).



Atmosphere 2022, 13, 1122 11 of 14

As shown in Figure 5a, the RMSEs of the LWM are 1.57 MHz, 1.93 MHz, 1.51 MHz, and
1.36 MHz at sunrise, daytime, sunset, and nighttime, respectively, and reach a minimum
value at night. The RRMSEs of the LWM are 14.45%, 10.58%, 9.33%, and 11.99% at sunrise,
daytime, sunset, and nighttime, respectively, and reach the minimum value at sunset.
Similarly, the RMSEs of the INGV are 1.43 MHz, 1.79 MHz, 1.44 MHz, and 1.37 MHz at
sunrise, daytime, sunset, and nighttime, respectively; and the RMSEs of the INGV are
14.14%, 9.90%, 9.14% and 12.98% at sunrise, daytime, sunset, and nighttime, respectively.
It was found that the predicted results of INGV are more accurate than those of LWM,
and the RMSE differences between the two models are 0.14 MHz, 0.14 MHz, 0.07 MHz,
and 0.01 MHz at sunrise, daytime, sunset, and nighttime, respectively. As a result, the
maximum difference of RMSE between the Lockwood and INGV model is 0.14 MHz (the
INGV performs better than the LWM), with the corresponding differences of RRMSE being
0.31% at sunrise and 0.68% at daytime. It can be noted that the LWM performs better than
the INGV only at nighttime, and the maximum RRMSE difference between the two models
is only 0.99%.
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Next, the predicted RMSEs and RRMSEs of the LWM and INGV in different periods,
seasons, and solar activity epochs were statistically analyzed. Figure 6 shows the seasonal
distribution of predicted results from the two models. In Figure 6a, the predicted RMSEs
of the LWM models in four seasons are 1.65 MHz, 1.88 MHz, 1.59 MHz, and 1.51 MHz,
respectively. The predicted RMSEs of the INGV models in four seasons are 1.66 MHz,
1.85 MHz, 1.44 MHz, and 1.37 MHz, respectively. Furthermore, the RMSE of the INGV is
less than that of the LWM in summer, autumn, and winter. While the RMSEs of the two
models are approximately equal in spring, the value for LWM is less than that of INGV.
Both the LWM and the INGV have a minimum RMSE in winter, and the minimum RMSE
of the INGV model is 1.37 MHz in winter. The RRMSEs of the two models in four seasons
are shown in Figure 6b. The predicted RRMSE of the LWM models in four seasons are
10.88%, 12.96%, 11.08%, and 11.47%, respectively; and the values of the INGV models
are 11.38%, 13.13%, 10.66%, and 11.79%, respectively. Clearly, the seasonal distribution
of the two models is not the same. The minimum RRMSE of the LWM is 10.88% in
spring, and the minimum RRMSE of the INGV is 10.66% in autumn. Moreover, the mean
RMSEs of the LWM are greater than those of INGV: 1.66 MHz (11.60%) and 1.58 MHz
(11.74%), respectively.

Considering the MUF statistics are influenced by the discretion of the solar activity,
we divide the years 2015–2018 into relatively high and low solar activity epochs based on
monthly mean sunspots [34]. The former includes 17 months from January 2015 to March
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2016, May and August 2016, during which sunspot number was greater than 50; and the
latter is 20 months from September 2016 to January 2018, April, June, and July 2016, during
which sunspot number is less than 50 [34]. The total number of data points during these
two solar activity epochs are 7684 and 7252. As shown in Figure 7, the RMSE of the INGV is
at a minimum in low solar activity epochs, and is 1.37 MHz (RRMSE = 11.10%), whereas the
RMSE of the LWM is 1.50 MHz (RRMSE = 11.16%). During high solar activity epochs, the
RMSE of the INGV is 1.71 MHz (RRMSE = 11.99%), whereas that of the LWM is 1.76 MHz
(RRMSE = 11.77%). On the whole, the RMSE of the LWM is all greater than that of INGV,
whether in the solar high or low activity epochs. In contrast, the RRMSE relationship of the
two models differs from RMSE in the solar high solar activity epoch. The mean difference
of RMSEs between LWM and INGV is 0.09 MHz, and the mean difference of RRMSEs
between LWM and INGV is 0.08%, which are very similar.
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4. Conclusions

Based on the ionospheric vertical and oblique sounding system, we compared two
models to predict the MUF in the F2-layer. The statistical results show that the MUF
prediction accuracy of the INGV method is better than that of the Lockwood model. From
four periods of sunrise, daytime, sunset, and nighttime, the maximum difference of RMSE
between the Lockwood and INGV model is 0.14 MHz (the INGV performs better than the
LWM), with the corresponding differences of RRMSE being 0.31% at sunrise and 0.68%
at daytime. Based on the analysis for the four seasons of spring, summer, autumn, and
winter, the mean RMSEs of the LWM are greater than those of INGV (1.66MHz (11.60%) and
1.58MHz (11.74%), respectively). Additionally, the RMSE and RRMSE of the LWM are all
greater than that of INGV in the high and low solar activity epochs. Furthermore, the mean
difference of RMSEs between the LWM and INGV is 0.09 MHz, and the mean difference
of RRMSEs between the LWM and INGV is 0.08%. As a result, the INGV model is more
robust and has higher accuracy than the Lockwood model from the RMSE comparison
of the two models. Compared with the Lockwood model, the INGV model provides a
better base for research in the fields of HF communication and spectrum management. It
can be used in optimum frequency selection for dynamic frequency management of HF
communication systems.

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

Funding: This research was funded by the State Key Laboratory of Complex Electromagnetic Environ-
ment Effects on Electronics and Information System (No. CEMEE2022G0201, CEMEE-002-20220224).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used in this study can be requested by contacting the first author.

Acknowledgments: The data used in this study is from the Data Centre for Meridian Space Weather
Monitoring Project, the National Space Science Data Centre of China, the China Earthquake Adminis-
tration, and the China Research Institute of Radiowave Propagation.

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

References
1. Wang, J.; Ding, G.; Wang, H. HF communications: Past, present, and future. China Commun. 2018, 15, 1–9. [CrossRef]
2. Yan, Z.; 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 Propagat. 2011, 59, 1778–1783. [CrossRef]
3. 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 Propagat. 2022, 70, 4040–4055. [CrossRef]
4. International Telecommunication Union. Rec. ITU-R P.373-1 Definitions of Maximum and Minimum Transmission Frequencies; ITU:

Geneva, Switzerland, 2008.
5. Wang, J.; Shi, Y.; Yang, C.; Feng, F. A review and prospects of operational frequency selecting techniques for HF radio communica-

tion. Adv. Space Res. 2022, 69, 2989–2999. [CrossRef]
6. Kallberg, J.; Hamilton, S.S. Resiliency by Retrograded Communication-The Revival of Shortwave as a Military Communication

Channel. IT Prof. 2020, 22, 46–51. [CrossRef]
7. Bilitza, D. IRI the international standard for the ionosphere. Adv. Radio Sci. 2018, 53, 1–11. [CrossRef]
8. Pietrella, M.; Pezzopane, M.; Zolesi, B.; Cander, L.R.; Pignalberi, A. The Simplified Ionospheric Regional Model (SIRM) for HF

Prediction: Basic Theory, Its Evolution and Applications. Surv. Geophy. 2020, 41, 1143–1178. [CrossRef]
9. Sailors, D.B.; Sprague, R.A.; Rix, W.H. MINIMUF-85: An Improved HF MUF Prediction Algorithm; Naval Ocean Systems Center:

San Diego, CA, USA, 1986.
10. Daehler, M. EINMUF: An HF MUF, FOT, LUF Prediction Program; Naval Research Lab: Washington, DC, USA, 1989.

http://doi.org/10.1109/CC.2018.8456447
http://doi.org/10.1109/TAP.2011.2122237
http://doi.org/10.1109/TAP.2021.3111634
http://doi.org/10.1016/j.asr.2022.01.026
http://doi.org/10.1109/MITP.2020.3029944
http://doi.org/10.5194/ars-16-1-2018
http://doi.org/10.1007/s10712-020-09600-w


Atmosphere 2022, 13, 1122 14 of 14

11. Roy, T.N.; Sailors, D.B. HF Maximum Usable Frequencies (MUF) Model Uncertainty Assessment; Naval Ocean Systems Center: San
Diego, CA, USA, 1987.

12. Lockwood, M. Simple M-factor algorithm for improved estimation of the basic maximum usable frequency of radio waves
reflected from the ionospheric F-region. IEE Proc. F Commun. Radar Signal Process 1983, 130, 296–302. [CrossRef]

13. International Telecommunication Union. Rec. ITU-R P.1240-1 ITU-R Methods of Basic MUF, Operational MUF and Ray-Path Prediction;
ITU: Geneva, Switzerland, 2015.

14. Zolesi, B.; Fontana, G.; Perrone, L.; Pietrella, M.; Romano, V.; Tutone, G.; Belehaki, A.; Tsagouri, I.; Kouris, S.S.; Vallianatos, F.; et al.
A New Campaign for Oblique-Incidence Ionospheric Sounding over Europe and Its Data Application. J. Atmos. Sol.-Terr. Phys.
2008, 70, 854–865. [CrossRef]

15. Pietrella, M.; Pezzopane, M. Maximum Usable Frequency and Skip Distance Maps over Italy. Adv. Space Res. 2020, 66, 243–258.
[CrossRef]

16. Hadi, K.A.; Goerge, L.E. A Simplified Mathematical Model to Calculate the Maximum Usable Frequencies Over Iraqi Territory.
Diyala J. Pure Sci. 2011, 7, 120.

17. Souza, J.R.; Batista, I.S.; Costa, R.G.D.F. A Simple Method to Calculate the Maximum Usable Frequency. In Proceedings of the
13th International Congress of the Brazilian Geophysical Society & EXPOGEF, Rio de Janeiro, Brazil, 26–29 August 2013.

18. Nguyen, M.G. Calculation of the Maximum Usable Frequency and Field Strength of Propagation Mode 2F2 Taking into Account
the Ionosphere Inhomogeneities. In Proceedings of the 2019 Radiation and Scattering of Electromagnetic Waves, Divnomorskoe,
Russia, 24–28 June 2019.

19. Maltseva, O.A.; Poltavsky, O.S. Evaluation of the IRI model for the European region. Adv. Space Res. 2009, 43, 1638–1643.
[CrossRef]

20. Ahmad, M.; Rashid, I.; Ahmad, N. Validation of MUF and FOT parameters for plain, mountainous and sea region. In Pro-
ceedings of the 2015 International Conference on Information and Communication Technologies (ICICT), Karachi, Pakistan,
12–13 December 2015.

21. Pietrella, M.; Perrone, L.; Fontana, G.; Romano, V.; Malagnini, A.; Tutone, G.; Zolesi, B.; Cander, L.R.; Belehaki, A.; Tsagouri, I.; et al.
Oblique-Incidence Ionospheric Soundings over Central Europe and Their Application for Testing Now Casting and Long Term
Prediction Models. Adv. Space Res. 2009, 43, 1611–1620. [CrossRef]

22. Malik, R.A.; Abdullah, M.; Abdullah, S.; Homam, M.J.; Yokoyama, T.; Yatini, C.Y. Prediction and Measurement of High Frequency
Radio Frequencies in Peninsular Malaysia and Comparisons with the International Reference Ionosphere Model. Adv. Sci. Lett.
2017, 23, 1294–1298. [CrossRef]

23. Malik, R.A.; Abdullah, M.; Abdullah, S.; Homan, M.J. Comparison of maximum usable frequency (MUF) variability over
Peninsular Malaysia with IRI model during the rise of solar cycle 24. J. Atmos. Sol.-Terr. Phys. 2016, 138–139, 87–92. [CrossRef]

24. Malik, R.A.; Abdullah, M.; Abdullah, S.; Homan, M.J. Comparison of Measured and Predicted HF Operating Frequencies During
Low Solar Activity. In Space Science and Communication for Sustainability; Springer: Singapore, 2018; pp. 73–86.

25. International Telecommunication Union. Rec. ITU-R P.533-14 Method for the Prediction of the Performance of HF Circuits; ITU:
Geneva, Switzerland, 2019.

26. Reinisch, B.W.; Galkin, I.A. Global Ionospheric Radio Observatory (GIRO). Earth Planet Sp. 2011, 63, 377–381. [CrossRef]
27. Huang, C.L.; Luo, Y.L.; Huang, R.Y. Oblique Sounding between Digisonde 256 and SSJX-1 Receiver. Chin. J. Radio Sci. 1994,

9, 81–88.
28. Wang, J.; Ji, S.Y.; Wang, H.F.; Lu, D.M.; Wang, X.Y. Method for determining the critical frequency and propagation factor at the

path midpoint from maximum usable frequency and its propagation delay based on oblique sounder. Chin. J. Space Sci. 2014,
34, 160–167.

29. Chirp Reception and Interpretation. Available online: http://websdr.ewi.utwente.nl:8901/chirps/article (accessed on 15 June 2022).
30. Verhulst, T.; Altadill, D.; Mielich, J.; Reinisch, B.; Galkin, I.; Mouzakis, A.; Belehaki, A.; Burešová, D.; Stankov, S.; Blanch, E.; et al.

Vertical and Oblique HF Sounding with a Network of Synchronised Ionosondes. Adv. Space Res. 2017, 60, 1644–1656. [CrossRef]
31. Hervás, M.; Bergadà, P.; Alsina-Pagès, R.M. Ionospheric Narrowband and Wideband HF Soundings for Communications

Purposes: A Review. Sensors 2020, 20, 2486. [CrossRef]
32. Statistic for Beijing. 25 March 2016. Available online: https://lgdc.uml.edu/common/DIDBDayStationStatistic?ursiCode=BP440

&year=2016&month=3&day=25 (accessed on 16 May 2022).
33. Wang, J.; Feng, F.; Bai, H.; Cao, Y.; Cheng, Q.; Ma, J. A regional model for the prediction of M(3000)F2 over East Asia. Adv. Space

Res. 2020, 65, 2036–2051. [CrossRef]
34. ISES Solar Cycle Sunspot Number Progression. Available online: https://www.swpc.noaa.gov/products/solar-cycle-progression

(accessed on 1 July 2020).

http://doi.org/10.1049/ip-f-1.1983.0049
http://doi.org/10.1016/j.jastp.2007.02.015
http://doi.org/10.1016/j.asr.2020.03.040
http://doi.org/10.1016/j.asr.2008.08.019
http://doi.org/10.1016/j.asr.2008.01.022
http://doi.org/10.1166/asl.2017.8376
http://doi.org/10.1016/j.jastp.2015.12.013
http://doi.org/10.5047/eps.2011.03.001
http://websdr.ewi.utwente.nl:8901/chirps/article
http://doi.org/10.1016/j.asr.2017.06.033
http://doi.org/10.3390/s20092486
https://lgdc.uml.edu/common/DIDBDayStationStatistic?ursiCode=BP440&year=2016&month=3&day=25
https://lgdc.uml.edu/common/DIDBDayStationStatistic?ursiCode=BP440&year=2016&month=3&day=25
http://doi.org/10.1016/j.asr.2020.01.026
https://www.swpc.noaa.gov/products/solar-cycle-progression

	Introduction 
	The MUF Calculation Model 
	Analysis of the Typical Models 
	The Lockwood Model 
	The INGV Model 

	Results and Discussions 
	Sounding Data Collections 
	Assessment Strategy 
	Models Validation 

	Conclusions 
	References

