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There is a long history of using VHF radar systems to detect ionospheric
irregularities based on the theory of coherent scattering. According to previous
work, there is a high occurrence of field-aligned irregularities (FAls) in the
ionospheric E-region over Kunming, China. In this paper, the VHF coherent
scattering radar at Kunming is used to study the FAIs in the ionospheric E-region.
Different arrangement of VHF radar antenna arrays, interferometry, and FAl echo
parameter inversion methods are designed and tested. The measurement results
show that the temporal and spatial characteristics of the irregularities can be
obtained using these methods, as well as more refined spatial three-dimensional
structure information. It is indicated that the new arrangement of the VHF radar
antenna array is feasible to operate interferometry detection of E-region FAls
with the Kunming VHF radar.

KEYWORDS

VHF radar, field-aligned irregularities, three-dimensional structure, interferometry,
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1 Introduction

The term ionospheric irregularities refer to ionized “clumps” or “wavy” structures of
various lengths floating in the normal ionospheric structure. The electron density of these
structures is significantly different from that of the background ionosphere, where the
electron density is higher or lower than the average electron density of the surrounding
medium (Kelly, 2012). Ionospheric irregularities fluctuate over time and space. Their
formation and evolution are complex, involving numerous factors and electrodynamic
processes (Berkner and Wells, 1934; Woodman and La Hoz, 1976; Yamamoto et al., 1991;
Yamamoto et al., 1992; Larsen et al., 2000). The FAIs represent a very important physical
phenomenon in the ionosphere.

Various ionospheric instabilities are characterized as being the FAIs; such features can
be used as the tracer of background wind fields and waves, too. (Yamamoto et al., 1994). In
addition, FAIs represent a variety of complex plasma processes in the ionosphere (Cosgrove
and Tsunoda, 2001; Cosgrove and Tsunoda, 2002b; Cosgrove and Tsunoda, 2002a;
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FIGURE 1
The geometry of the Kunming VHF Radar antenna array.

TABLE 1 Basic properties of the Kunming VHF coherent scattering radar.

Parameter Parameter values

Geographical position 103.7°E, 25.6°N
Working frequency 45.9 MHz (A=6.536 m)
Peak power 24 kW
Antenna array 12x2

Antenna type 5-element Yagi antenna

Detection distance 90-850 km

Range resolution 0.5 km (E-region), 2 km (F-region)

Time resolution 1,2 min

Cosgrove and Tsunoda, 2003; Cosgrove and Tsunoda, 2004;
Bernhardt, 2002; Saito et al., 2008). Therefore, the study of
FAIs is important for the understanding of the variations and
physical processes in the ionosphere. Ionospheric irregularities
can change the propagation path and delay of radio waves,
causing random and rapid fluctuations in the amplitude and
phase of radio signals (Sunetal, 2017); this causes serious
alterations to the signals, resulting in a considerable performance
degradation in the low-altitude radio systems (Buchau et al., 1979;
Aggson et al., 1996; Otsuka et al., 2002). These fluctuations have a
significant impact on radar systems, communication systems, and
navigation systems (Kelly, 2012). It is therefore necessary to study
the characteristics of FAIs using a variety of methods. FAIs study also
has importance in the development and improvement of ionospheric
radio wave propagation models.

The three-dimensional spatial structure of FAIs is essential for
analyzing their characteristics (Yamamoto et al., 1991; Palmer et al.,
1999; Luce et al., 2006). While conventional detection methods can
provide information on the distribution of FAIs in the geomagnetic
meridian plane, they fall short in revealing the finer spatial
structure of FAISs, such as the east-west distribution, layered FAISs,
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and striped FATs, which cannot be discerned from conventional
Height-Intensity-Time (HIT) diagram (Yamamoto etal, 1994;
Chilson et al., 2003; Yu and Brown, 2004).

In many cases, interferometry can provide more information
than conventional detection techniques (Farley, 1966; Evans, 1969;
Yeh et al,, 1973; Yu and Brown, 2004). In order to better study FATs,
Farley et al. firstly applied spatial interferometry to the Jicamarca
Radar system to study the phenomenon of equatorial electrojet
(Farley et al., 1981) and obtained the three-dimensional structure
of FAIs in the equatorial region. Since then, this technology has
been widely used in the study of the spatial structure of FAIs
in the auroral region, mid-latitude, and low latitude E- and F-
regions, such as Sao Luis Radar, Clemson Radar, MU Radar, St.
Croix Radar (Hysell etal., 2009), Chung-Li Radar (Wang et al.,
2011) and ICEBEAR Radar (Huyghebaert et al., 2019). Yamamoto
etal. first obtained the three-dimensional structure of the FAIs
in the nighttime E-region in the middle latitude using spatial
interferometry technology with the MU Radar (Yamamoto et al.,
1994). Hysell etal. extended the interferometry work to the E
region, using coherent scatter radar that collect the coherent
movement of the FAIs. He has deployed VHF radars at mid-
latitudes to research quasi periodic (QP) echoes events (Hysell et al.,
2009) and at high-latitudes to research artificial E-region FAIs
(Nossa et al., 2009). In addition, Li et al. also carried out detection
experiments on the three-dimensional spatial structure of the E-
region irregularities in the low latitude ionosphere via the use
of spatial interferometry by the Sanya VHF radar (Lietal., 2013;
Lietal, 2014).

Spatial Interferometry is to determine the position of the
scatterers in detecting area using the cross-correlation phases
between the received scattered signals by FATs, and then to image
the two- or three-dimensional (2D/3D) structure of FAIs (Chen and
Zecha, 2009; Chen et al., 2016). Hysell and Chau (2006) extended
the applications of radar interferometry technology, permitting
multiple scattering regions to be observed within the detection
range of the radar beam (Hysell and Chau, 2006). This technique,
called radar imaging (Luce etal., 2001), has been used to study
FAIs in equatorial region and high latitude (Kudekietal., 1982;
Yokoyama et al., 2003; Yokoyama etal., 2009; Zhang et al., 2005;
Chu et al., 2013; Hysell et al., 2019).
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FIGURE 2
(A) The geometry of the signal channels of the original antenna array in the Kunming VHF Radar antenna array. (B) The geometry of the signal channels
of the experimental scheme of antenna array for interferometry in the Kunming VHF Radar antenna array. (C) A schematic diagram of the radar antenna
array after repositioning a group of antennas is presented. All modules are employed for both transmission and reception, with the beam axis set at a
zenith angle of 40°. The antenna beam of the entire array exhibits a fanlike shape, with a half-power beam width (HPBW) of 11.5° in the azimuth
(East-West) direction and 29.87° in the elevation (North-South) direction. This configuration satisfies the field-perpendicular condition for coherent
scatter in the ionospheric E region (90-130 km altitude) and is capable of detecting coherent backscatter echoes arising from FAls.

In recent decades, with the development of various ionospheric
detection techniques, and in particular with the establishment of
the incoherent scattering radar, numerous research achievements
have been made related to FAIs (Kudeki and Stitt, 1987; Franke,
1990; Woodman et al., 1991; Kagan and Kelley, 1998). However,
compared with the extensive research of E-region irregularities in
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the equatorial and auroral regions, study on the detection of the
three-dimensional fine structure of E-region irregularities in the low
and middle latitudes in China is still lacking. It remains some key
scientific questions to be solved related to E-region irregularities in
the low and middle latitudes, including the key physical mechanism
of the E-region irregularities generation in the low and middle
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FIGURE 3
(A) Directional gain diagram for the Kunming VHF antenna array. (B) Antenna gain diagram for the § = 0° (Azimuth angle of antenna beam) plane. (C)
Antenna gain diagram for the 6 = 38° (Zenith angle of antenna beam) plane.
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FIGURE 4
(A) The directional gain diagram after moving a group of antennas in accordance with test scheme 2 outlined above. (B) The antenna gain diagram for
the @ = 0° (Azimuth angle of antenna beam) plane. (C) The antenna gain diagram for the 8 = 38° (Zenith angle of antenna beam) plane.

latitudes, the relationship between the E-region irregularities and  algorithm after the phase calibration. The principal conclusions are
the background ionosphere and the atmospheric waves, and the  summarized in Section 6.

spatial distribution of the E-region irregularities in the low and

middle latitudes. These scientific topics require further research. . .

The understanding of the three-dimensional fine structure of the E- 2 Observation equipment

region irregularities in the low and middle latitudes still requires

further research. Therefore, it is necessary to carry out the three- The operating frequency of the VHF coherent scattering
dimensional spatial structure detection of E-region irregularities  radar at the Kunming station (located at 103.7°E, 25.6°N)
based on Kunming VHF radar. is 45.9 MHz. Figure 1 presents the geometry of the Kunming VHF

This paper focus on the interferometry techniques and inversion ~ Radar antenna array. The Kunming VHF radar uses a rectangular
algorithm of the E-region irregularities with Kunming VHF radar, =~ antenna array, which has 60 m from east to west and 10 m from
which can support study on the three-dimensional fine structure  south to north. The transmitting antenna and the receiving antenna
of FAIs in the low and middle latitudes. The outline of this paper ~ share the same antenna array. The antenna array adopts an east-
is as follows. Section 2 briefly introduces Kunming VHF radar. In ~ west two row structure, with each row consisting of 12 five element
Section 3, it is proposed the experimental scheme of the antenna  Yagi antennas.
array for interferometry of the E-region irregularities by utilized the The regular working mode of the Kunming VHF Radar was such
Kunming VHF coherent radar. The inversion algorithm and system  that the E- and F-regions were detected alternately, with a detection
phase calibration of interferometry of the E-region irregularities  distance of 90-850 km, a time resolution of 2 min, and a distance
are demonstrated in Section 4. Section 5 shows the observing  resolution of 500 m. Table I describes the basic parameters of the
results of the E-region irregularities with the proposed inversion = Kunming VHF Radar. The Kunming VHF coherent scattering radar
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TABLE 2 Antenna parameter settings in the simulation.

Parameter type ’ Parameter index

Frequency 45.9 MHz
Antenna elevation 52°

Antenna array height 1.05 m (front row), 3.4 m (back row)

Reflector length 3.248 m
Antenna array length 3.074 m (<1/2\)
Length of deflector 1 2,989 m
Length of deflector 2 2.834m
Length of deflector 3 2.478 m

TABLE 3 Comparison of the antenna directivity parameters for the 0=
0° (Azimuth angle of antenna beam) plane VHF radar antenna array,
results are shown for test scheme.

VHF radar Test scheme

antenna array

Maximum gain (dB) 21.31 20.91
Maximum gain direction 36 42
)
HPBW (°) 4421 29.87

TABLE 4 Comparison of antenna directivity parameters for the 6 = 38°
(Zenith angle of antenna beam) plane VHF radar antenna array, results
are shown for test scheme.

VHF radar Test scheme
antenna array
Maximum gain (dB) 21.28 20.73
Maximum gain direction 0 0
()
HPBW (°) 9.22 11.51

can detect the power, signal-to-noise ratio, Doppler velocity, and
Doppler spectral width of irregularities structures in the ionosphere.
It is, therefore, feasible to use the Kunming VHF coherent scattering
radar to detect FAIs in the E-region.

3 Interferometry proposes of E-region
irregularities with Kunming VHF radar

The Kunming VHF coherent scattering radar, working on the
regular detecting mode, can observe the of occurring spatial and
temporal positions and Doppler radial velocities of FAIs in E-region.
Whereas, the three-dimensional fine structures of FAIs cannot be
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obtained in the regular detecting mode of the Kunming VHF radar.
Here, one detection scheme of the Kunming VHF radar is proposed
for the interferometry technique, in order to observing the three-
dimensional fine structures of FAIs by the Kunming VHF radar.
Plasma waves propagating along the Earths magnetic field lines
cause FAIs distributions aligned with the magnetic field direction.
The scattering cross-section of these FAIs depending on the angle
between the radar beam and the magnetic field lines. Specifically,
the scattering cross-section of the FAIs is maximized when the radar
beam is perpendicular to the magnetic field lines. Consequently, for
optimal radar detection, the incident radar wave must be aligned
perpendicular to the geomagnetic field lines in the E regions.
The experimental scheme of antenna array, shown in Figure 2B,
is based on moving a group of integrated transceiver channels for
interferometry. Compare with the original geometry of the antenna
array shown in Figure 2A, a group of antennas defined as Channel 6
moves to the front of Channel 3. As seen in Figure 2B, the distance
between Channel 2 and Channel 3 is 1.4\, and the distance between
Channel 3 and Channel 6 is 1.6A, where A is the wavelength of
the Kunming VHF radar detecting signal. Figure 2C shows that
after moving one group, the antenna array beam center is directed
towards geomagnetic north, forming an angle (approximately 1.6°)
with true north. The radar beam azimuth range is —15° to 15°,
with geographical azimuth values from —16.6° to 13.4° and a zenith
angle of 40°. The half power beam width of the antenna beam for
the entire array is 29.87° in the elevation plane and 11.5° in the
azimuth plane. According to the IGRF-WMM-2020 model, at a
detection altitude of 100 km, the magnetic declination is —1.78° and
the magnetic inclination is 39.7°, with the data dated November 11,
2019. Previously mentioned, the zenith angle of the Kunming VHF
radar antenna beam is 40°, pointing to geomagnetic north (magnetic
aspect angle of +0.5° (Lu et al., 2008)), the radar beam direction
is almost perpendicular to the geomagnetic field (Liu et al., 2021).
Although the apex of the main antenna beam is not normal to the
geomagnetic field line, the Kunming VHF radar can still detect the
coherent backscatter echoes generated by E-layer ionosphere FAIs
(90-130 km) due to its broad antenna beam (Chu et al., 1999).

Here the feasibility of the test scheme is analyzed using an
antenna array simulation. The directional gain patterns of the
original and the proposed experimental antenna array are simulated
and illustrated in Figures 3, 4. The simulation parameters of the
antenna are shown in Table 2. The resolution of the antenna gain
patterns are set to 5° in azimuth angle and 1° in the zenith angle. The
feed impedance is set at 50 2, where 0 is the zenith angle of the radar
beam and ¢ is the azimuth angle (east-west) of the radar beam.

Figures 3A-C respectively present the directional gain patterns
of the Kunming VHF antenna array, as well as the antenna gain
patterns in the planes of azimuth angle ¢ = 0° and zenith angle 0
= 38°. It can be seen from Figure 3B that in the azimuth angle ¢ =
0° plane, the maximum gain is 21.31 dB in the direction of 36° from
zenith (elevation angle is 54°), and the HPBW is 44.21°. In addition,
it can be seen from Figure 3C that in the zenith angle 6 = 38° plane,
the maximum gain is 21.28 dB in the direction of 0° from azimuth,
and the HPBW is 9.22°.

Figure 4A presents the directional gain pattern obtained after
relocating Channel 6. The antenna directional gain diagrams for
the azimuth angle ¢ = 0° and the zenith angle 6 = 38° planes are
shown in Figures 4B, C, respectively. These patterns were derived
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(a)

Radar in-phase quadrature phase (1Q) raw observation data

F

Cumulative sum of 3800 signal points per minute on each
distance threshold

A 4

In the radar detection area, the mean value of the signal in the
non echo area is taken as the system noise

v
The signal-to-noise ratio is obtained by logarithm of the ratio of
signal value to system noise per minute on each distance
threshold, and the power is obtained by logarithm of the square
of signal amplitude

FIGURE 5

(A) The inversion process for the SNR and power parameter inversion. (B) The inversion process for the Doppler velocity and spectral width parameters.

(b)

Radar in-phase quadrature phase (1Q) raw observation
data

A 4

4096 point FFT transform is performed on the complex
sequence within each minute on each distance
threshold

\ 4

The FFT spectrum is Gaussian fitted, and the velocity
value corresponding to the probability density peak
obtained by fitting is the Doppler velocity, and the
variance is the Doppler spectral width
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FIGURE 6

(A) Results of SNR of the E region irregularity echoes. LT = UT+8 h. (B) Results of power of the E region irregularity echoes. LT = UT+8 h. (C) Results of
Doppler velocity of the E region irregularity echoes. LT = UT+8 h. (D) Results of Doppler width of the E region irregularity echoes. LT = UT+8 h.
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from simulations conducted after repositioning Channel 6 to the
front of Channel 3. It can be seen from Figure 4B that the maximum
gain is 20.91 dB in the azimuth angle ¢ = 0° plane, which is obtained
for a direction of 42° from zenith (elevation angle is 48°), and the
HPBW is 29.87°. In addition, Figure 4C shows that the maximum
gain is 21.73 dB in the zenith angle 0 = 38° plane, which is obtained
for the direction of 0° from azimuth, and the HPBW is 11.51°.
The figures also present that the lobe has a tendency of splitting.
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Also, the elevation of maximum gain decreases from 54° to 48°,
and the HPBW decreases from 44.21° to 29.87°. The maximum gain
decreases by 0.4 dB as seen in Figures 3, 4.

The feasibility of experiment scheme is evaluated based on
the simulation results. Tables 3 and 4 respectively demonstrate a
comparison of the antenna directivity parameters of the VHF radar
antenna array in the azimuth angle ¢ = 0° and zenith angle 6 = 38°
planes for the original and experimental antenna array. It can be seen
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Select the original observation data of channel a, B and C of VHF
radar

A 4

Each distance threshold i/q data on each channel is transformed
by 64 point fast FFT to obtain Vy( «).Vs( @) and Ve( @)

A 4

For V4 @),Vs( @)and V( @)The cross-correlation spectrum and
total set average are made in pairs respectively, and the
normalized spectrum and phase difference are obtained

v
Based on the phase difference and the relationship between the
elevation and azimuth of the detection target, the elevation and
azimuth of the field oriented irregular body in area E are
retrieved

v
Based on the inversion of elevation and azimuth of the field
oriented irregular body in area E, the three-dimensional spatial
structure of the field oriented irregular body in area E is
obtained

FIGURE 7
The interference inversion algorithm methodology.
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FIGURE 8
Distribution of the phase difference of the received signal from 14:00

UT on November 11, 2019 before phase calibration.

from Tables 3 and 4 that the experimental scheme yields results that
are slightly smaller than those obtained by the original antenna array
in the case of the directivity parameters. But the antenna parameters
decline does not affect the detection of the E-region irregularities.
The results related to the directivity parameters in the case of the
experiment scheme are closer to the simulation results of the original
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radar antenna array. Therefore, the experiment scheme can be used
for interferometry of the E-region irregularities.

4 Inversion algorithm of
interferometry for Kunming VHF radar

Due to the modification of the original antenna array
arrangement in the Kunming area, it is necessary to redesign
the inversion algorithm for irregular body echo parameters.
Accordingly, Section 4.1 provides a detailed procedure for the
inversion algorithm for FAIs echo parameters and presents
the results of the parameter inversion. Section 4.2 outlines the
computational process of the parameter inversion algorithm for
the three-dimensional structure of FAIs in the Kunming area
and describes the three-dimensional spatial structure of FAIs in
this region. Section 4.3 addresses the calibration of the existing
system phase deviations.

4.1 FAl echo parameter inversion in
Kunming

When the experimental scheme is used for interferometry at
the Kunming VHF radar, the original antenna array arrangement
is modified. Thus, the original data inversion algorithm is made
less accurate by the change to the system, and a new inversion
algorithm of interferometry must be designed. As seen in the
flowchart of Figure 5, the new inversion procedures for the signal-
to-noise ratio, power, Doppler radial velocity, and spectral width
are as follows:

Step 1: Obtain the
observation raw data of the radar, and accumulate all 3,800 signal

in-phase and quadrature-phase (I/Q)

points per minute on each range gate.

Step 2: The mean value of the signal in the non-echo area is taken
to be the system noise in the radar detection area.

Step 3: The ratio of the signal value to the system noise for each
minute at each range gate is calculated by logarithm to obtain the
signal-to-noise ratio (SNR), and the power is obtained by taking the
logarithm of the square of the signal amplitude.

Step 4: The window size and resolution of the Doppler velocity
are determined according to the radar operating frequency, pulse
repetition frequency, and coherent integration number.

Step 5: Obtain the in-phase and quadrature-phase (I/Q)
observation raw data of the radar, and then perform a 4096-points
fast Fourier transform (FFT) on the I/Q data within each range gate
for every minute.

Step 6: The FFT spectrum is then fitted with a Gaussian function.
The Doppler velocity and the Doppler spectral width are given by
the peak frequency density and the variance of the Gaussian fitting
function, respectively.

To verify the feasibility of the irregularities echo parameter
inversion algorithm, we invert the FAIs parameters, followed the
inversion algorithm shown in Figure 5, from the data obtained
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12:00-17:00 UT on June 11, 2019 by the Kunming VHF radar. The
inversion results are shown in Figures 6A-D which presents the
SNR, the power, the Doppler velocity, and the Doppler spectral
width, respectively. It can be seen from Figure 6 that the primary
form of the E-region irregularities is clear and consist with the
physical characteristics of the E-region irregularities. In Kunming,
FAIs predominantly occur at 12:00-15:00 UT, with an altitude range
of 95-115 km. Therefore, it is feasible to use the methodology
outlined above to investigate the E-region irregularities in Kunming
area. Comparing the echo structures at different times, the FAI tends
to drift westward. It has been reported that low and mid latitude E-
region FAT echoes in the northern hemisphere predominantly align
along a northwest-southeast axis and typically migrate westward
or southward (Saito et al,, 2006; Yamamoto et al., 1994). E-region
radar echoes shown in Kunming look somehow different from
other QP echoes reported in the literature. The modulation
amplitude of E-region radar echoes in Kunming is approximately
5-10 km, whereas at mid latitude regions the amplitude modulation
up to about 20 km (Yamamoto etal., 1991; Zhouetal, 2018).
In addition, the modulation period of the echoes observed in
Kunming is longer compared to the typical echoes at mid latitudes
(Zhou et al., 2018).
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4.2 3D structure parameter inversion of
FAls by the Kunming VHF radar

Interferometry can be employed to study the three-dimensional
fine structures of FAIs. When the experiment scheme (discussed in
Section 3) is adopted for interferometry with the Kunming VHF
radar, the moving antenna array forms a triangle with any two
channels of the antenna array, as shown in Figure 2B. The operating
frequency of the Kunming VHF radar is 45.9 MHz. The main
direction of the beam is fixed toward the north. Here, we take
antenna array B (as defined in Figure 2B) as the coordinate origin,
the Z-axis to be in the zenith direction, the X-axis to be in the east
direction, and the Y-axis to be in the geographic north. Based on
these definitions, a spherical coordinate system can be defined. ¢ is
taken to be the azimuth, which represents the angle between the FAIs
and the main radar beam direction in the horizontal plane. 8 is the
elevation angle. R then represents the distance between the target
and the coordinate origin, i.e., the range gate.

As illustrated in Figure 2B, the distance between channels A
and B channels is 1.4\, and between channels B and C channels is
1.6\, where X is the wavelength of the radar detecting signal. Here,
we select the raw data of the three channels A, B, and C of the
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Results of the FAI obtained from the Kunming radar array before system phase calibration. LT = UT+8 h.

VHF radar. Take the two channels A and B as examples. Firstly, we
perform a 64-point FFT on the raw IQ data of each channel to obtain
V4(w) and Vy(w). Then, we obtain < V,(w)V} (w) > by performing
a cross-correlation spectrum and the ensemble average. Define the
normalized cross-correlation spectrum as,

<Vy(w) Vi (w) >

< V4(@P>' < [Vg(w)P>!?

Sup() = ()

According to the Equation (1), We can obtain the normalized
spectrum, |S, |, [Sgc|, and |S,c|, and the phase differences, AD 5,
AQp., and AD,, of the radar signals received by channels
A, B, and C.

The distance between the antenna array and the target is R, and
Ry, respectively. The phase difference between the different antenna
arrays is defined as A® 5 = k(R4 — Rp), where k = 27/A.

It can be seen from Equation (1) that the echo signal has a phase
difference due to the propagation path difference. If the distance
between the centers of the two antenna arrays A and B is d and
the unit vector of the target point is 7, the phase difference can be
written as Equation (2)

AD g =ADy - AD, =kdy, -7=kALp, (2)

Then, the phase difference between the arrays A and B, B and
C can then be obtained as follows, among them, ¢ is the azimuth
angle (East-West), which represents the angle between the FAIs and
the main radar beam direction in the horizontal plane, and 0 is the
elevation angle (North-South) of the antenna beam.

AD 5 = kd 5 cos(0)sin (¢) (3)
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ADy = kdp cos(0) cos () (4)
By combining Equations (3) and (4), we can obtain,
d,p(AD 2nl
o= amot[M] 5)
Ao (AD 45 + 271m)
AD 2
6 = arccos [ M } (6)
kd,p sin(¢)

where [ and m are the number of interference lobes in the vertical
direction and azimuth direction, respectively. Theoretical values of
6 and @ can be obtained based on the VHF radar technical indexes
and the IGRF model. Thus, the theoretical value of A®,; and
AQy. can then be calculated via Equations (3) and (4). Next, the
values of [ and m can be determined. After the number of lobes
is determined, the elevation 6 and azimuth @ can be calculated
according to Equations (5) and (6).

For a fixed beam direction, that is, the beam is directed toward
the geographic north, the three-dimensional structure of the target
point is given by Equations (7)-(9).

X, 05t = R cos (0) sin (¢) (7)
Y,ortn = R cos (0) cos (¢) (8)
Zheight = (R2 + rearthz + zreurthR Sin(e))l/z ~ Tearth €]

In the data processing, there are three limiting conditions:
(1) 1S45] ISgcl> [Sac| are greater than 0.8; (2) (AD 45 + AD -+ AD(, ) <
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(A) Three-dimensional spatial structure of FAl in Kunming. (B) Three-dimensional diagram of the spatial structure of the FAI obtained from the

3°% (3) the actual phase difference of normalized signal should be
less than the theoretical value of phase difference. Figure 7 illustrates
the flow chart depicting the interference inversion algorithm.

4.3 System phase calibration

Due to the system phase deviation, the phase difference
distributions A®, and A®p- obtained in the actual observation
are not consistent with the theoretical calculation. Therefore, it
is necessary to correct the center position of the theoretically
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predicted phase difference and the actual observed phase
difference. The center position of the observed data phase
difference adds an offset adds in order to making it fall within
the predicted phase difference area. The system phase calibration
is detailed description below, by taking the data observed at
14:00 UT on November 11, 2019 by the Kunming VHF radar as
an example.

Utilizing the IGRF13 model, we determined that the anticipated
echoing region, where the Kunming VHF radar beam axis is
perpendicular to the geomagnetic field lines at altitudes of
90-130 km, should appear within the fan-shaped region of +15° in

frontiersin.org


https://doi.org/10.3389/fspas.2024.1343286
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org

Chen et al.

azimuth angle (¢) and 51°-52° in elevation angle (0). According
to Equations (3) and (4), the predicted value of east-west phase
difference (AD, ) is about +82°, and the predicted value of north-
south phase difference (A®p.) is about 348°-361°.

Interference processing was carried out on the data obtained
at 14:00 UT on November 11, 2019 by the Kunming VHF radar.
Figures 8, 9 presents the phase difference distribution of the received
signal and the corresponding three-dimensional structure of the
FAIs before the system phase calibration, respectively. As can be
seen from Figure 8, the phase distribution of radar echo is primarily
divided into two parts: one is the echo with an east-west phase
difference A®,p less than —50° and the second part is the echo
with east-west phase difference greater than —50°. The two parts
of the echo were separately analyzed; their position information
and elevation distribution are shown in Figures 10A, B. The range
between the red line and green line illustrate the elevation of FAIs
calculated with IGRF model. As shown in Figure 10, the theoretical
elevation distributes in 51°-52°.

Figure 11 shows the IDBS diagrams of FAIs observed by the
Kunming VHF radar. Compared with the VHF radar data shown
in Figure 11, the FAIs echo for 14:00 UT appears in the range gate
of 110-150 km, i.e., the altitude is 85-120 km. As seen in Figure 10,
the data corresponding to A®,, greater than —50° meets the
requirements, but the elevation angle is predominantly distributed
around 60°, thus the phase must be corrected.

According to the above analysis, the predicted value of the east-
west phase difference, A®,y, obtained from the IGRF model is
approximately +82.09°, and the predicted value of the north-south
phase difference, A®y, is approximately 348°-361°. Meanwhile,
the range of A®,; is (=50°, 50°) and the range of ADy. is (250°,
300°). Thus, the phase has to be corrected. The system phase
deviation was about Bias_PhaseAB = —80° and Bias_PhaseBC =
70° on November 11, 2019. Using the corrected phase difference,
A®, + Bias_PhaseAB and A®p- + Bias_PhaseBC, we recalculate
the elevation and three-dimensional spatial structure of the FAIs.
The result is shown in Figure 12. It can be seen from Figure 12
that after this system phase calibration, the elevation of the E-
region irregularities is primarily within the range 51°-53°, which is
consistent with the predictions of the IGRF model.

5 Observation results

We use the above interferometry method to process the radar
raw data obtained from the Kunming VHF radar and carry out a
system phase calibration for the phase difference between different
channels. Figure 13 presents the spatial and temporal variations of
the three-dimensional fine structure of the E-region irregularities
observed on November 11, 2019. In Figure 13A, the left column
represents the result of the echo projection on the horizontal
plane (north-south and east-west), the middle column represents
the projection on the azimuth plane (height and east-west), and
the right column represents the projection on the elevation plane
(height and north-south). It can be seen from the right column
Figure 13A that the echo of the E-region irregularities is mostly
concentrated in the area perpendicular to the geomagnetic field.
Comparing the echo structures at different times, the FAI tends to
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drift westward. It has been reported that low and midlatitude E-
region FAI echoes in the northern hemisphere predominantly align
along a northwest-southeast axis and typically migrate westward or
southward (Saito et al.,, 2006; Yamamoto et al., 1994; Hysell et al.,
2004). It can also be seen from Figure 13A that the echo of FAIs
takes a cluster shape with a vertical range of about 8 km, a latitudinal
range of about 10 km, and a meridional range of about 10 km.
The theory of wave-induced polarization electric field suggests that
polarization electric fields induced by wave fluctuations can trigger
gradient drift instability in the Es layer, which in turn generate FAI
structures aligned along the geomagnetic field at the ionospheric
E-layer altitude through amplitude modulation processes (Tsunoda
et al., 1994; Woodman et al., 1991). Based on the observations from
the Chung-Li VHF radar, Lee etal. (2000) found that the virtual
height of the Es layer is about 5-10 km higher than the occurrence
height of FAIs. Thus, the results as shown in Figure 13A are likely
to be modulated by fluctuations in the ionosphere E-region. It is
notable that due to the high sensitivity of the E-layer irregularities
in the geomagnetic field, only a small part of the whole FAI
structure can be observed in the direction perpendicular to the
geomagnetic field. Comparing the interferometric results obtained
here with the results of the Shigaraki MU (Yamamoto et al., 1994)
radar and Sanya VHF radar (Lietal, 2014), Figure 13A shows a
similar three-dimensional spatial structure of FAIs in the E-layer
with the previous observations. To illustrate a more intuitive result,
we present the FAI spatial structure obtained at time 14:38 UT in
a three-dimensional plot, as shown in Figure 13B. It is indicated
that the three-dimensional spatial structure obtained here via the
inversion algorithm of irregularities is feasible. The interferometry
technique significantly enhances the accuracy and precision of
the derived parameters compared to traditional radar techniques,
allowing for a more detailed study of the properties of turbulence.

6 Conclusion

In this work, one scheme was proposed for the interferometry
of the E-region irregularities using the Kunming VHF radar.
The proposed scheme is moving the original group of
integrated receiving and transmitting channel antenna arrays for
interferometric measurement. After comparing the experimental
scheme and the original antenna array, it was concluded that
it is feasible to adopt the experimental scheme to build the
interferometry system of E-region irregularities in the Kunming
VHF radar and develop inversion algorithm related to the
structural parameters of the E-region irregularities based on spatial
interferometry.

The detection results show that the interferometry and echo
parameter inversion of the E-region irregularities can be used to
obtain the special-temporal distribution of FAIs position, Doppler
spectrum, and other information related to the FATs, as well as the
spatial three-dimensional fine structure. It is of great significance
to statistically analyze the morphological structure and formation
mechanism of the FAIs in the low and middle latitude of China and
to solve key scientific problems related to the E-region irregularities
in the low and middle latitudes.
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