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Abstract: Short-wave communication, operating within the frequency range of 3–30 MHz, is exten-
sively employed for long-distance communication because of its extended propagation range and
robustness. The ionosphere undergoes complex transformations when influenced by the geomagnetic
field, evolving into an uneven and anisotropic electromagnetic medium. This complex property
makes the transmission of electromagnetic fields within the ionosphere extremely complex, posing
significant challenges for accurately evaluating electromagnetic scattering phenomena. To address
the aforementioned challenges, this paper proposes a new method for calculating short-wave iono-
spheric scattering based on a complex anisotropic multilayer medium transmission matrix. Firstly, by
utilizing the characteristic changes of ionospheric electron density with height, the ionization layer is
divided into multiple horizontal thin layers, each with an approximately uniform electron density,
forming a multilayer horizontal anisotropic structure. Subsequently, the scattering characteristics of
electromagnetic waves in the ionosphere were calculated using the transmission matrix approach.
The results calculated using this method are consistent with actual measurement values and superior
to traditional short-wave ionospheric transmission calculation methods.

Keywords: short-wave communication; ionospheric model; transfer matrix method

1. Introduction

Short-wave communication, operating within the frequency range of 3–30 MHz, is
extensively employed for long-distance communication because of its extended propaga-
tion range and robustness. The ionosphere, which presents plasma with electron density
varying with height, undergoes complex transformations when subjected to the geomag-
netic field, evolving into an inhomogeneous and anisotropic electromagnetic medium
as governed by Lorentz’s law [1–3]. This complex nature significantly complicates the
transmission of electromagnetic fields within the ionosphere, presenting a considerable
challenge in accurately evaluating electromagnetic scattering phenomena.

Ray tracing methods are commonly employed to calculate the scattering of short-wave
propagation within the ionosphere and can be classified into analytical and digital ray
tracing methods [4–6].

Analytical ray tracing relies on obtaining analytical solutions for ray path parameters
based on ionospheric models. Notable theoretical models used in analytical ray tracing
include the QP (quasi-parabolic) ionospheric model [7] and the QPS (quasi-parabolic
segmented) ionospheric model [8,9]. However, these approaches which do not consider the
anisotropy of the ionosphere are not suitable for analyzing the influence of the geomagnetic
field on propagation and are only applicable under conditions of spherical symmetry or
simple ionospheric tilt [10]. The fast ray tracing method simplifies certain parameters or
calculation methods to achieve a balance between algorithm accuracy and computation
time, ignoring geomagnetic fields and collision effects [11]. Despite its computational ease,
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this method cannot be applied to nonuniform ionospheric models, resulting in inadequate
calculation accuracy. Conversely, digital ray tracing employs numerical methods to enhance
accuracy, but its drawback lies in impractical computational demands. Scholars have
endeavored to develop fast ray tracing methods, often based on two-dimensional digital
ray tracing, which simplifies parameters or calculation methods, with frequent oversights
in considering factors such as the geomagnetic field and collision effects [11–15]. In order
to fully solve the problem of ionospheric uniformity, 3D digital ray tracing technology
based on the Haselgrove ray equation can be adopted [14]. Starting from the Haselgrove
ray equation, plasma and magnetic parameters were calculated based on the IRI and
International Geomagnetic Reference Field models. The Runge–Kutta method was used to
solve the ray equation to realize short-wave 3D ray tracing.

At present, three-dimensional ray tracing technology is widely used in the calcula-
tion of ionospheric radio-wave propagation [16,17]. For example, in 2008, Liu et al. [18]
introduced the ionospheric short-wave three-dimensional ray tracing technology. Their
results emphasized that neglecting the geomagnetic field or ionospheric nonuniformity
substantially affects the accuracy of short-wave propagation predictions. Subsequently,
in 2012, Cheng et al. [19] conducted a simulation on short-wave three-dimensional ray
tracing technology under geomagnetic field conditions, revealing that the geomagnetic
field affects both the deviation direction and amplitude of short-wave ray paths. This
highlights the necessity of fully considering ionospheric inhomogeneity and geomagnetic
field effects to attain accurate results in electromagnetic scattering predictions. In summary,
the propagation of radio waves in the ionosphere is influenced by the geomagnetic field,
and the ionosphere exhibits anisotropy. However, due to the need to transform simple
scalar calculation problems into complex tensor-solving problems in the calculation of
anisotropic media, the difficulty and complexity of the calculation increase sharply. To
simplify the calculation, the ionosphere is often regarded as an isotropic medium, but this
is clearly not in line with the actual situation, especially in some bands where anisotropy is
significant. Ignoring this element will have a certain impact on the calculation results of
radio-wave propagation.

To address these challenges, this paper introduces a novel method for calculating
short-wave ionospheric scattering based on the transmission matrix of complex anisotropic
multilayer media. First, leveraging the characteristic variation of ionospheric electron den-
sity with height, the ionospheric layer is divided into multiple horizontal thin layers, each
characterized by approximately uniform electron density, resulting in a multilayer horizon-
tal anisotropic structure. The results calculated using this method closely align with actual
measured values, outperforming traditional isotropic ionospheric scattering methods.

2. Multilayer Anisotropic Ionospheric Model

The ionosphere exhibits a plasma state, and its electromagnetic parameters are deter-
mined by the electron density which varies substantially with altitude [2–4]. The presence
of the geomagnetic field causes charged particle movement and alignment [20], resulting in
the anisotropy of the ionosphere’s electromagnetic properties. Considered a nonmagnetic
anisotropic medium, the ionosphere manifests nonuniform electromagnetic parameters
that change with altitude.

To accurately analyze the electromagnetic properties of the ionosphere, we first es-
tablish a horizontally stratified ionospheric model, as depicted in Figure 1. Throughout
the height space of the ionosphere, we assume the uniformity of the geomagnetic field. In
Figure 1, z is the ground height, and the xoy plane signifies the horizontal reference plane.
The ionospheric base lies within this plane, and the entire inhomogeneous anisotropic
ionosphere is horizontally partitioned into several layers based on altitude. The height of
each layer is substantially smaller than the wavelength, ensuring the uniformity of electron
density within each layer. Conforming to this model, the ionosphere can be conceptual-
ized as an assembly of multilayer anisotropic media. Assuming the geomagnetic field’s
direction in Figure 1 to be arbitrary, with angles α, β, and γ representing its orientations
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along the x, y, and z axes, respectively, ETM and ETE represent two polarization forms of
the electromagnetic waves, respectively (Figure 1).
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where ω is the frequency of the incident wave, ω0 is the plasma frequency, ωT is the
magnetic rotation frequency, and υ is the collision frequency. Additionally, H0 is the
intensity of the geomagnetic field, N0 is the electron density, me is the electron mass, and e
is the charge. The values of N0 and υ can be obtained based on the International Reference
Ionosphere (IRI) [2–4].
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Here,
ω0

2 = (N0e2)/(meε0), ωT = (µ0eH0)/me (3)

The following sections systematically discuss the proposed model and the transfer
matrix applicable to any anisotropic medium, employing the principles of the transfer
matrix method. The relative permeability of the ionosphere is 1 [7,8].

3. Transfer Matrix Method
Theoretical Derivation

In our investigation of the anisotropic ionosphere, we investigate the electromagnetic
propagation within an anisotropic multilayer structure. The electromagnetic parameters in
nonuniform anisotropic multilayer media are represented in the form of tensors, that is, the
electromagnetic parameters are a matrix containing nine elements, and the propagation of
electromagnetic waves in anisotropic media will exhibit complex scattering phenomena [21].
This complexity poses a challenge to the electromagnetic characteristics of computational
structures. To address this complexity, we adopt the concept of transfer matrix and system-
atically derive the transfer matrix of multilayer structures of arbitrary anisotropic materials
through comprehensive analysis and calculation of various anisotropic media, which is
used for electromagnetic wave transmission characteristic calculation [22,23]. In fact, the
idea of using a layered model and constructing a transfer matrix is an effective way to
analyze electromagnetic scattering in nonuniform media. Ref. [24] proposedand tested
a ray theory and transfer-matrix-method-based model for a lightning electromagnetic
pulse (LEMP) propagating in the Earth–ionosphere waveguide (EIWG). This article applies
the above ideas to the precise analysis of short-wave electromagnetic scattering in the
nonuniform ionosphere.

The general structure of anisotropic horizontal-layered multilayer media is depicted in
Figure 2. It consists of n layers of dielectric materials, each being a homogeneous anisotropic
medium with electromagnetic parameters expressed in tensor form: [εij], [µij] (i, j = 1, 2, 3).
These parameters may vary between layers. For simplification, we assume equal thickness
(d) for all layers. The electromagnetic wave is obliquely incident at an angle θ, with the
incident plane being the xoz plane. The eigen equation of the electromagnetic field in the
nth layer material is obtained [25]:

A·


Ex
Ey
Hy
Hx

 = γ·


Ex
Ey
Hy
Hx

 (4)

where εij, µij (i,j = 1,2,3) represent the electromagnetic parameters of the layer, and δ = sinθ.

Atmosphere 2024, 15, 767 5 of 18 
 

 

The general structure of anisotropic horizontal-layered multilayer media is depicted 
in Figure 2. It consists of n layers of dielectric materials, each being a homogeneous aniso-
tropic medium with electromagnetic parameters expressed in tensor form: [εij], [µij] (i, j = 
1, 2, 3). These parameters may vary between layers. For simplification, we assume equal 
thickness (d) for all layers. The electromagnetic wave is obliquely incident at an angle θ, 
with the incident plane being the xoz plane. The eigen equation of the electromagnetic 
field in the nth layer material is obtained [25]: 

x x

y y

y y

x x

E E
E E
H H
H H

   
   
   ⋅ = ⋅
   
   
      

A γ

 

(4) 

where εij, µij (i,j = 1,2,3) represent the electromagnetic parameters of the layer, and δ = sinθ. 

 
Figure 2. Anisotropic horizontal-layered multilayer media structure. 

Let the eigenvalues and eigenvectors of Equation (4) be γ(M) and W(M) (4 × 4 matrix), 
respectively, where γ(M) = [γ(M)1, γ(M)2, γ(M)3, γ(M)4], and γ(M)1 and γ(M)2 are greater than 0, 
while γ(M)3 and γ(M)4 are less than 0. Where γ(M)1 represents the incident type I incident 
wave, and γ(M)3 represents the type I reflected wave, γ(M)2 represents the type II incident 
wave, and γ(M)4 represents the type II reflected wave. Electromagnetic waves entering an-
isotropic media will split into two waves with different polarization forms, namely, ordi-
nary waves and extraordinary waves. In this article, the above waveforms are defined as 
type I waves and type II waves, respectively [18]. The field distribution in the M-layer 
region can be expressed as follows: 

( ) ( )1

( ) ( )2
( ) ( )

( ) ( )1

( ) ( )2

M x M

M y M
M M

M y M

M x M

E u
E u
H v
H v

η
η

   
   
   = ⋅ ⋅ ⋅
   
   −      

W X G

 

(5) 

Here, η = 120π; the elements of the diagonal array X(M) are X(M)(j,j) = exp(k0γ(M)j(z +(M 
− 1)d)), (j = 1,2,3,4); the elements of the diagonal array G(j,j) = exp(k0(xδ)); and u(M)1,v(M)1 and 
u(M)2,v(M)2 are the amplitudes of the up and down waves of the TE wave and TM wave in 
material m, respectively. 

Similarly, the field distribution of the (M − 1) layer and (M + 1) layer area can be 
obtained, establishing the field relationship between the two subinterfaces of layer m: 

Figure 2. Anisotropic horizontal-layered multilayer media structure.



Atmosphere 2024, 15, 767 5 of 17

Let the eigenvalues and eigenvectors of Equation (4) be γ(M) and W(M) (4 × 4 matrix),
respectively, where γ(M) = [γ(M)1, γ(M)2, γ(M)3, γ(M)4], and γ(M)1 and γ(M)2 are greater than
0, while γ(M)3 and γ(M)4 are less than 0. Where γ(M)1 represents the incident type I incident
wave, and γ(M)3 represents the type I reflected wave, γ(M)2 represents the type II incident
wave, and γ(M)4 represents the type II reflected wave. Electromagnetic waves entering
anisotropic media will split into two waves with different polarization forms, namely,
ordinary waves and extraordinary waves. In this article, the above waveforms are defined
as type I waves and type II waves, respectively [18]. The field distribution in the M-layer
region can be expressed as follows:

E(M)x
E(M)y

ηH(M)y
−ηH(M)x

 = W(M)·X(M)·G·


u(M)1
u(M)2
v(M)1
v(M)2

 (5)

Here, η = 120π; the elements of the diagonal array X(M) are X(M)(j,j) = exp(k0γ(M)j(z +(M
− 1)d)), (j = 1,2,3,4); the elements of the diagonal array G(j,j) = exp(k0(xδ)); and u(M)1,v(M)1
and u(M)2,v(M)2 are the amplitudes of the up and down waves of the TE wave and TM wave
in material m, respectively.

Similarly, the field distribution of the (M − 1) layer and (M + 1) layer area can be
obtained, establishing the field relationship between the two subinterfaces of layer m:

Q = W(M)·X(M)·W(M)
−1·P (6)

The feature vectors in free space are as follows:

T = T(1) × T(2) × . . . T(N−1) × T(N) (7)

The feature vectors in free space are as follows:

W(0) =


β 0 β 0
0 1 0 1
1 0 −1 0
0 β 0 −β

 (8)

where β = cosθ.
At z = 0, only transmitted waves are present with no reflected waves. Then, the

relationship between the free-space field at z = −Nd and the field at z = 0 is as follows:

W(0)·


u(0)1
u(0)2
v(0)1
v(0)2

 = T·W(0)·


u(1)1
u(1)2

0
0

 (9)

Here, 
u(0)1
u(0)2
v(0)1
v(0)2

 = F·


u(1)1
u(1)2

0
0

 (10)

We define the following relationships:[
v(0)1
v(0)2

]
=

[
R11 R12
R21 R22

][
u(0)1
u(0)2

]
(11)
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The reflection matrix R can be obtained from Equation (8).

R =

[
R11 R12
R21 R22

]
(12)

The matrix R represents a generalized reflection coefficient encompassing multiple
optical reflection processes. This matrix contains four complex elements. R11 is the reflection
coefficient of a type I wave reflected into another type I wave; R22 is the reflection coefficient
of a type I wave reflected into another type I wave. R12 and R21 are the reflection coefficients
of a type I wave reflected into a type II wave and a type II wave reflected into a type I wave,
respectively. These coefficients capture the coupling characteristics between type I waves
and type II waves.

4. Analysis and Verification of Short-Wave Electromagnetic Scattering in the
Heterogeneous Anisotropic Ionosphere
4.1. Effects of Ionospheric Anisotropy on the Highest Frequencies

Short waves are significantly influenced by the high ionosphere (F layer), particularly
evident in the critical frequency, also referred to as the maximum reflection frequency. In
this section, we establish a model of a uniform sharp boundary F-layer ionosphere and
calculate the change in the critical frequency of short waves before and after considering
the influence of the geomagnetic field, employing both the traditional method and the
proposed method. When a critical frequency radio wave is projected vertically into the
ionosphere, the waves that can be reflected back from each layer of the ionosphere (such
as the E layer and F layer) have their highest frequencies, which are called the “critical
frequencies” (sometimes also known as “cutoff frequencies”) of each layer.

In the traditional method, the critical frequency fc can be expressed as follows:

fc =
√

80.8Nmax (13)

Nmax is the maximum electron concentration at the ionospheric reflection point, typ-
ically situated in the F2 layer. The highest reflected frequency for oblique incident radio
waves can be expressed as follows:

fmax =

√
80.8Nmax

cos2 θ0
= fcsecθ0 (14)

where θ0 is the angle of incidence.
Considering the statistical average of the ionospheric electric parameters of the F2

layer in the summer daytime, namely, Nmax = 1 × 1012 m−3, the collision frequency
υ = 103 times/s, with an incidence angle of 30◦. Without considering the geomagnetic field,
the maximum reflection frequency which is calculated by Equation (14) is 10.3 MHz. Then,
introducing the average value of the geomagnetic field 5 × 10−5 T (unit) and assuming the
F2 layer exhibits uniform electromagnetic anisotropy, its equivalent dielectric constant is
calculated according to Section 2. The algorithm proposed in this paper is then employed
to calculate the maximum reflection frequency, yielding approximately 9.6 MHz. Figure 3
illustrates the comparison curve of the aforementioned calculations.

As illustrated in Figure 3, for only an isotropic homogeneous high ionosphere, the
critical frequency calculated by the transmission matrix method aligns closely with the
traditional method. This verifies the method’s applicability to a certain extent within the
short-wave frequency band. Secondly, in the uniform sharp boundary F-layer ionospheric
model, ionospheric anisotropy primarily influences the critical frequency. When factoring
in the geomagnetic field, the maximum reflection frequency decreases by approximately
0.8 MHz. Thus, ionospheric anisotropy notably influences short waves, and the modulus
of the reflection system tends to 1 before the frequency reaches the maximum reflection
frequency, attributable to the low collision frequency in the F layer and minimal absorption
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loss. This leads to the conclusion that the propagation characteristics of short waves in the
ionosphere cannot be fully described solely by considering the high ionosphere but should
also fully consider the scattering and absorption effects caused by the anisotropy of lower
ionospheres such as the D and E layers under the influence of the geomagnetic field.
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4.2. Computational Comparison of Simple Ionospheric Stratification

As shown in Figure 4, for the entire ionosphere, the modulus of the reflection system
does not indefinitely approach 1. However, the maximum reflection frequency undergoes
minimal change. This suggests that different regions of the ionosphere exert varying
influences on short-wave propagation, with D and E layers primarily affecting absorption
loss, and the F layer predominantly influencing the maximum reflection frequency [24].
Simultaneously, after establishing the complete ionosphere, the geomagnetic field not only
affects the maximum reflection frequency but also the amplitude of the reflection coefficient,
signifying absorption loss. Consequently, when considering anisotropy, the absorption
loss of short waves propagating in the ionosphere increases, leading to a decrease in the
maximum reflective frequency. The slight fluctuations at the graph’s end resultfrom matrix
calculations, with numerical jitter occasionally occurring as the calculation approaches 0,
introducing a burr phenomenon in the graph.

4.3. Accurate Calculation of Electromagnetic Scattering in the Complex Anisotropic Ionosphere

To analyze the precise scattering characteristics of short waves in the anisotropic
ionosphere model, a comprehensive anisotropic ionosphere model was established, as
described in Section 2. The dielectric constants of each layer are derived from formulae, and
the electrical parameters of each layer are obtained from IRI-2016 [25], utilizing ionospheric
data within the height range of 60–400 km. By varying electron density, incident angle,
geomagnetic inclination, and radio-wave propagation direction, changes in the inverse
transmission coefficient are observed. The scattering law of short waves in the anisotropic
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ionosphere is summarized, elucidating the influence of the complex anisotropic ionosphere
on short-wave propagation.
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For a specific location, the ionospheric electron density for four typical time periods at
the height of 60–400 km—summer day, summer night, winter day, and winter night—is
obtained for a detailed analysis and comparison of ionospheric seasonality and diurnal
variability. Figure 5a demonstrates a significant difference in electron concentration between
the daytime and nighttime, with the peak value differing by nearlyan order of magnitude.
Figure 5b illustrates that the peak electron concentration in summer is slightly higher than
in winter, and the nocturnal peak is higher than the daytime peak.
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Considering the aforementioned electron-concentration distribution as the electrical
parameter for the anisotropic ionospheric model, the reflection coefficient at this time is
calculated. The collision frequency is considered as the statistical value for each layer,
and the geomagnetic field intensity is set at 5 × 10−5 T. The changes in the reflection
coefficient between night and day are compared. As illustrated in Figure 5a, the critical
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frequency during the day is approximately 5.5 MHz higher than that at night, attributed
to the higher electron density during daylight hours. The modulus value of the reflection
system at the critical frequency during the night is roughly 0.1 higher than in the daytime,
indicating increased ionospheric activity and absorption loss during the daytime compared
to nighttime. Comparing the variation in reflection coefficient between summer and
winter, Figure 5b indicates that the critical frequency in the ionosphere during summer is
approximately 3.5 MHz higher than in winter. The amplitude of the reflection coefficient
at the critical frequency for both seasons is almost identical. This can be attributed to
the slightly higher electron density in summer, although the disparity in ionospheric ion
activity is not as pronounced as in the day–night variations. In summary, seasonal and
diurnal fluctuations in the ionosphere significantly influence short-wave propagation, with
summer and daytime exhibiting higher propagation effects. Diurnal variation has a more
pronounced impact than seasonal variation.

The influence of the incident angle on the back transmission coefficient was analyzed
at incidence angles of 0◦, 30◦, and 60◦, respectively. Figure 6 illustrates that with an increase
in the incident angle, the critical frequency rises, and the amplitude of the reflection
coefficient at the critical frequency slightly decreases. In the anisotropic ionospheric model,
the maximum reflection frequency increases substantially with changes in the incident
angle, leading to a corresponding increase in ionospheric absorption loss.
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DIP, defined as the angle between the geomagnetic field and the vertical direction
(complementary to the geomagnetic inclination), is analyzed for its impact on the reflection
coefficient. Figure 7 illustrates that the maximum reflection frequency of horizontally
polarized waves increases with the complementary angle of geomagnetic inclination,
while the trend is opposite for vertically polarized waves. In equatorial regions, the
ionospheric anisotropy caused by the geomagnetic field has the least influence on short-
wave propagation, while polar regions experience the most notable influence.

The angle denoted as φ represents the inclination between the horizontal component
of the geomagnetic field and the direction of propagation. Specifically, φ equals 90◦ during
eastward propagation and 0◦ during northward propagation. As illustrated in Figure 8, for
horizontally polarized waves, the impact of anisotropy on north–south propagation is less
pronounced than on east–west propagation. Conversely, vertically polarized waves exhibit
the opposite trend, with a more discernible difference. When propagating north–south,
the electric field and magnetic field directions are approximately parallel, resulting in a
Lorentz force close to zero on free electrons. Nevertheless, empirical observations based on
our long-term short-wave communication-performance tracking reveal instances where
east–west propagation outperforms north–south propagation due to greater ionospheric
variation in the north–south direction. It is noteworthy, however, that the ionospheric
model proposed in this paper adopts horizontal stratification, potentially overlooking the
horizontal nonuniformity of the ionosphere, thereby introducing limitations. Consequently,
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when selecting the propagation direction in practical communication, one should consider
not only the influence of the geomagnetic field but also the nonuniformity of the ionosphere
across the horizontal span of the link.
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The burr phenomenon observed in the reflection coefficient curve with frequency in
this section is attributed to numerical overflow and flutter phenomena generated by the
computer when the matrix cascade calculation becomes too extensive or when the results
approach infinity and zero.

In conclusion, considering nonuniform anisotropy, the precise scattering characteristics
of short-wave propagation in the ionosphere were analyzed. Under the influence of
geomagnetic storms or solar activities, the electron density of the ionosphere will change
significantly with time and season [26–29]. Based on the ionospheric statistical data of IRI,
the daily variation, seasonal variation, different incidence angles, different latitudes and
different propagation directions, and other factors have been carefully studied, and a series
of propagation laws have been obtained. These findings have important reference value for
improving the practicability of short-wave communication

5. Comparison Validation

To ascertain the precision of the established anisotropic ionospheric scattering model
and its corresponding algorithm, this chapter selects two communication links during an
extended voyage as the context. Measured data serve as the benchmark for predicting the
median value of sky-wave field intensity. The algorithm’s field-intensity predictions are
then compared with those based on the ITU-R P.533 statistical model.
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5.1. Communication Link

The transmitting (red point) and receiving (blue point) stationsfor the measured data
are depicted in Figure 9.
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Figure 9. Probe site distribution.

The data collection period spanned from 1 May 2015 to 30 June 2015, yielding over
1190 valid data points as shown in Figure 10. The detection data comprise frequency–height
maps and spectral maps. After processing, maximum observation frequency (MOF), maxi-
mum usable frequency (MUF), optimum working frequency (OWF), and height probable
frequency (HPF) can be derived.

In reality, there are multiple modes of long-distance short-wave propagation, including
both the multihop mode in the F2 layer and the multihop mode in the E layer. According
to ITU-R P.533 [30,31], during long-distance transmission, the field-strength attenuation of
the E-layer multihop mode is significant, and its contribution to the field strength of the
receiving point is very low. As the short-wave propagation distance in this case is about
7100 km, the calculation process is simplified while ensuring calculation accuracy. Based
on ITU-R P.533 [30], we only choose the F2-layer multihop mode and ignore the E-layer
multihop mode. Subsequently, we analyze the field strength of the F2 layer in the 1–6
hop mode. Since the receiving station employs automatic gain control technology for HF
communication, adjusting gain based on signal strength, received field strength does not
precisely represent the actual environmental field strength. Thus, we use the field strength
obtained through MOF inversion calculation as the benchmark, representing the “true field
strength” closely aligned with the objective environment. The field strength is calculated
through the MOF inversion and deduction method outlined in ITU-R P.533 [30].



Atmosphere 2024, 15, 767 12 of 17

Atmosphere 2024, 15, 767 12 of 18 
 

 

 
Figure 9. Probe site distribution. 

The data collection period spanned from 1 May 2015 to 30 June 2015, yielding over 
1190 valid data points as shown in Figure 10. The detection data comprise frequency–
height maps and spectral maps. After processing, maximum observation frequency 
(MOF), maximum usable frequency (MUF), optimum working frequency (OWF), and 
height probable frequency (HPF) can be derived. 

 
Figure 10. Data source diagram of the communication link. 

0 4 8 12 16 20 24
0

10

20

30

UT

Fr
eq

ue
nc

y(
M

H
z)

 

 

Cir. 1-May

MUF
OWF
HPF
MOF

0 4 8 12 16 20 24
0

10

20

30

UT

Fr
eq

ue
nc

y(
M

H
z)

 

 

Cir. 2-May

MUF
OWF
HPF
MOF

0 4 8 12 16 20 24
0

5

10

15

20

25

30

35

UT

Fr
eq

ue
nc

y(
M

H
z)

 

 

Cir. 1-June

MUF
OWF
HPF
MOF

0 4 8 12 16 20 24
0

5

10

15

20

25

30

35

UT

Fr
eq

ue
nc

y(
M

H
z)

 

 

Cir. 2-June

MUF
OWF
HPF
MOF

Figure 10. Data source diagram of the communication link.

5.2. Median Field-Strength Prediction Based on the Statistical Model

This study employed the sky-wave field-intensity prediction method based on the
reference statistical model to forecast the median value for the link during the same period.
The approach aligns with the widely utilized recommendation ITU-R P.533-12 [25]. Given
the link’s distance of approximately 7100 km, the formula for median field strength for
paths exceeding 7000 km is as follows:

Etl = E0

[
1 − ( fM+ fH)2

( fM+ fH)2+( fL+ fH)2

[
( fL+ fH)2

( f+ fH)2 + ( f+ fH)2

( fM+ fH)2

]]
−30.0 + Pt + Gtl + Gap − Ly

(15)

where
E0 = 139.6 − 20logp′ (16)

Gap = 10log

 D

R0

∣∣∣sin
(

D
R0

)
 (17)

fH is the average of the electron rotation frequencies determined at the two control
points, fM is determined by the MUF, and fL is determined by the LUF.

F is the transmission frequency (Mhz), Pt is the transmitter power(dB), Gt is the
transmitting antenna power(dB), and Lb is the basic transmission loss of the path, expressed
by the following formula:

Lb = 32.45 + 20log f + 20logp′ + Li + Lm + Lg + Lh + Lz (18)

where P′ denotes the virtual slant distance (km), Lm denotes the absorption loss (dB),
denotes the loss “above MUF”, Lg denotes the sum of the ground reflection loss, Lh denotes
the factor that accounts for the auroral and other signal losses, and Lz accounts for other
effects of sky-wave propagation.
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5.3. Field-Strength Calculation Based on the Anisotropic Backscattering Model

In this paper, the distance of the link is about 7100 km, and the majority of energy is
reflected and transmitted within the F2 layer, primarily in the 1–6 hopmode [31].

For a one-hop scenario, the propagation mode of the radio wave in the scattering
model is depicted in Figure 11. The radiation-power density in the maximum radiation
direction of the antenna is calculated as follows:

Emax =

√
60PrD

r
(19)
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Combined with the direction function f (θ,φ), where r denotes the free-space propaga-
tion distance from the transmitting point to the ionospheric incident point, obtained based
on the propagation mode, ionospheric reflection point height, and communication distance,
yields the radiation field intensity E1 at the ionospheric incident point:

E1 = Emax f (θ, φ) (20)

As discussed in Section 4, the ionosphere in the scattering model is a horizontally
stratified model. Thus, we can assume the propagation trajectory of the radio waves in the
ionosphere forms a symmetric parabola. In this scenario, the highest point of the parabola
serves as the control point, and the ionosphere is modeled as a horizontally stratified
anisotropic ionosphere. Electrical parameters are derived from the Chinese Reference
Ionosphere (CRI) [26], with horizontally polarized waves as the focus. By calculating the
reflection coefficient R11 at the control point, the radiation field intensity E2 of the radio
wave at the ionospheric exit point can be expressed as follows:

E2 = E1|R11| (21)

After the ionospheric reflection, the radio wave reaches the receiving point through
a period of free-space loss and additional system loss, eventually yielding the receiving
point field strength E3. Free-space propagation loss is denoted as L0, and extra system loss
is denoted as LP, where

L0 = 32.45 + 20lg f + 20lgr (22)

Assuming the radio wave’s propagation path is generally symmetrical, r is the prop-
agation distance in free space from the ionospheric exit point to the receiving point and
from the transmitting point to the incident point in the ionosphere, which can align with
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the distance variable in Equation (19). Lp is calculated according to ITU-R recommendation
P.533-12 [30]. In the case of multiple hops, parameters such as the incident angle and free-
space transmission distance must be recalculated for each radio-wave propagation path.
Subsequently, the field-strength results for 1 to 6 hops are calculated and comprehensively
accumulated to obtain the predicted median field-strength value.

In summary, the scattering model calculation method integrates semiempirical formu-
lae and the reflection coefficient calculated by the anisotropic ionospheric model. When
compared to the statistical model, the ionospheric model, accounting for anisotropy and
high inhomogeneity, is expected to yield more accurate results.

5.4. Comparative Analysis

Figures 12 and 13 illustrate the comparison between the link field-strength inversion
and prediction calculations conducted in May and June, respectively. The prediction
calculation input conditions are consistent with the measurement conditions. The blue
dashed line represents the MOF inversion field-strength results from the observation data,
the red dashed line represents the calculated field-strength results from the ionospheric
scattering model, and the black solid line represents the calculated field-strength results
obtained using the statistical reference model.
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Figures 12 and 13 show that whether using the statistical reference model or the
scattering model in this paper, the calculated results have the same trend as the actual
values. Therefore, the above two models have good reference significance in short-wave
communication prediction. In addition, compared with the statistical reference model,
the calculated values of the scattering model in this paper are closer to the actual values,
indicating that the model in this paper has better calculation accuracy.

In conclusion, considering the ionospheric anisotropy, the scattering model exhibits
commendable accuracy in predicting the field intensity of long-distance short-wave propa-
gation. The model closely approximates the actual ionosphere, holding significant reference
value for guiding short-wave communication.

In the establishment of ionospheric models, commonly used ionospheric models were
analyzed, and a horizontal-layered model was selected to overcome the nonuniformity
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of ionospheric height. Only considering the model’s adaptation to typical scenarios, but
not fully considering the horizontal nonuniformity of the ionosphere, errors may occur
in ionospheres with strong horizontal nonuniformity. Further optimization of algorithms
and models is needed to improve the accuracy of the propagation of radio waves in
the ionosphere.
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6. Summary

This study assessed the influence of ionospheric anisotropy on radio-wave propaga-
tion, considering three focal areas: model construction algorithm derivation, scattering
characteristic computation, and field-intensity prognosis. First, the ionospheric structure
was analyzed, followed by the assessment of the pros and cons of various models. Sub-
sequently, an anisotropic ionosphere model was established based on calculations. In
addition, the scattering characteristics and propagation principles of very-long-wave and
short-wave military communication bands within the anisotropic ionosphere were ex-
amined. Finally, the anisotropic ionospheric scattering model was used to predict and
validate the median value of sky-wave field intensity. The findings using the proposed
method were closer to the measured data than those using the statistical model, thereby
confirming the accuracy of the anisotropic ionosphere model. In field-strength predic-
tion, the average error of the scattering model proposed in this article is generally smaller
than that of the statistical model, which has better accuracy, proving that its field-strength
calculation method is superior to the statistical method. Due to limitations, we still use
ionospheric statistical data provided by IRI for calculation in this model. Of course, changes
in geomagnetic activity and solar radiation can lead to anisotropic fluctuations. In order
to obtain more accurate calculation results, the data in this model can be replaced with
real-time observation data. All calculations in this article are based on MATLAB. Although
the method presented in this article is complex in mathematical derivation, it is very easy
and fast for MATLAB R2013b, which has strong matrix computing capabilities, to obtain
results. Real-time calculations can be performed using ordinary computers. Therefore, the
construction of the ionospheric scattering model field-strength prediction method based
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on this article can provide good support for the evaluation of long-distance short-wave
communication efficiency or field-strength prediction.
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