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Abstract— The application of empirical mode decomposition
(EMD) in the analysis and processing of lightning electric
field waveforms acquired by the low-frequency e-field detection
array (LFEDA) in China has significantly improved the
capabilities of the low-frequency/very-low-frequency (LF/VLF)
time-of-arrival technique for studying the lightning discharge
processes. However, the inherent mode mixing and the endpoint
effect of EMD lead to certain problems, such as an inadequate
noise reduction capability, the incorrect matching of multistation
waveforms, and the inaccurate extraction of pulse information,
which limit the further development of the LFEDA’s positioning
ability. To solve these problems, the advanced ensemble EMD
(EEMD) technique is introduced into the analysis of LF/VLF
lightning measurements, and a double-sided bidirectional mirror
(DBM) extension method is proposed to overcome the endpoint
effect of EMD. EEMD can effectively suppress mode mixing,
and the DBM extension method proposed in this article can
effectively suppress the endpoint effect, thus greatly improving
the accuracy of a simulated signal after a 25–500-kHz bandpass
filter. The resulting DBM_EEMD algorithm can be used in the
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LFEDA system to process and analyze the detected electric field
signals to improve the system’s lightning location capabilities,
especially in terms of accurate extraction and location of weak
signals from lightning discharges. In this article, a 3-D image
of artificially triggered lightning obtained from an LF/VLF
location system is reported for the first time, and methods
for further improving the location capabilities of the LF/VLF
lightning detection systems are discussed.

Index Terms— Double-sided bidirectional mirror (DBM)
extension, ensemble empirical mode decomposition (EEMD),
lightning location, low-frequency/very-low-frequency (LF/VLF)
electric field.

I. INTRODUCTION

T
HE process of lightning discharge produces electromag-

netic radiation over a wide spectrum, which provides

an important means of remote sensing detection and location

for lightning. Lightning flashes consist of many independent

physical processes, each of which produces electric and mag-

netic fields with certain characteristics [1]–[3]. Considering the

differences in the rates and amplitudes of electromagnetic radi-

ation at different frequencies, different lightning detection and

location technologies have different capabilities for different

physical processes of lightning [4]. In the low-frequency/very-

low-frequency (LF/VLF) band, a lightning radiation signal

usually has high radiation energy and a long transmission

distance, which can be used to detect and locate the large

pulses generated by a lightning discharge and to determine

the lightning type in accordance with the characteristics of

the pulse waveform. For a long time, lightning detection

and location systems operating in the LF/VLF band have

played an important role in research and applications related

to thunderstorm monitoring and early warning, the weather

and climate characteristics of lightning, lightning physics, and

lightning disaster analysis.

The most widely used lightning location system is the

ground flash location system developed by the University of

Arizona. It operates in the LF/VLF band of 400 Hz–400 kHz.

By virtue of developments in location technology, this location

system combined with the time-of-arrival (TOA) location

technique can achieve relatively accurate positioning for the
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return stroke of a ground flash. Based on this technology,

the National Lightning Detection Network (NLDN), consisting

of more than 100 stations, was established in the United

States, with baseline lengths of 300–350 km [4]–[6]. Many

other countries and regions have also subsequently established

ground flash positioning systems similar to the NLDN that

cover other key areas at either the national or local scale,

such as the North American Lightning Detection Network

(NALDN) [7]; the Guangdong Lightning Location System

(GDLLS) [8], which covers Guangdong Province in China; the

Guangdong—Hong Kong—Macau Lightning Location System

(GHMLLS), which covers key areas of the Pearl River Delta

in China [9]; and the European Cooperation for Lightning

Detection (EUCLID) network, which is jointly operated by

many countries in Europe [10].

With the further development of lightning detection and

location technology, researchers have found that not only

can the return stroke pulses of a ground flash be used for

location but also other pulse signals generated by lightning

discharges can be located. Los Alamos National Laboratory

in the United States first developed the Los Alamos Sferic

Array (LASA) system for total lightning detection in the

LF/VLF frequency band of 200 Hz–500 kHz to realize

the three-dimensional positioning of all types of lightning.

The station network layout of LASA is based on a cooperative

observation scheme that combines long and short baselines;

the diameter of the main station network, composed of six sta-

tions, is approximately 100 km, whereas the baseline length of

the two remaining stations is 200 km [11]–[13]. Subsequently,

research institutions in the United States, Germany, Japan, and

other countries also developed and built a number of similar

detection networks, thus advancing the state of research

on thunderstorm electricity and lightning physics. Based

on the Huntsville, Alabama Marx Meter Array (HAMMA),

with a detection frequency range of 1 Hz–400 kHz,

Bitzer et al. [14] successfully located the development

processes of single ground flashes and cloud flashes. Through

comparisons with the results from the relatively mature

North Alabama Lightning Mapping Array (NALMA) and

NLDN, it has been found that for the location of lightning

development channels, whether for ground flashes or cloud

flashes, the results of HAMMA and NALMA match in

time and space, and the location information obtained by

HAMMA during the initial lightning stage is even richer than

that of NALMA. Stolzenburg et al. [15] studied the physical

characteristics of natural lightning using the positioning

ability of the Position By Fast Antenna (PBFA) system in a

working frequency range of 1.6–630 kHz and a high-speed

camera. Karunarathne et al. [16] compared the location

results for fast electric field changes obtained by this system

with the location results of the Lightning Detection and

Ranging (LDAR) II system based on very-high-frequency

(VHF) signals and found that the LF lightning location system

had advantages in terms of capturing the pulse information

during the initial lightning stage. At this time, the baseline

length between the stations of PBFA was reduced to only tens

of kilometers. Yoshida et al. [17] developed a positioning

system for the Broadband Observation network for Lightning

and Thunderstorms (BOLT) in Japan. The working frequency

range is 800 Hz–500 kHz, and the network is composed

of 11 detection antennas. The typical baseline length of

each station is 15–25 km from the central station. Under the

estimated time measurement error of 200 ns, the location

results for lightning pulses can be obtained using the TOA

method. The results show that this method has a certain

ability to describe the development characteristics of cloud

flashes and ground flashes. Wang et al. [18] introduced

the multiband Beijing Lightning Network (BLNET), with a

coverage of 85 × 100 km2, which is composed of 15 stations

established in Beijing and the surrounding areas. Based on

the location information obtained from the LF lightning

electric field pulses, the distribution of lightning activity

during a thunderstorm and the development speed, direction,

and polarity of initial breakdown were studied for various

types of lightning discharges, and the results were consistent

with the existing observational conclusions. The working

frequency range of the fast antennas in the BLNET system is

1.5 kHz–2 MHz. Lyu et al. [19], [20] developed and built a

total lightning positioning system based on LF magnetic field

detection, which is called the LF Near-field Interferometric-

TOA 3-D Lightning Mapping Array (LFI-LMA). Unlike

the above systems, which use lightning electric field pulse

signals as the basis for positioning research, the LFI-LMA

system detects dB/dt (1–100 kHz) and B (100–250 kHz)

in the frequency band of 1–400 kHz, with a sampling

rate of 1 MHz. The cross-correlation algorithm is used to

calculate the time differences between the arrivals of pulses

at different stations. The TOA algorithm is then used to

determine the spatial locations and times of the magnetic

field pulses to obtain a refined description of lightning

channel development. Wu et al. [21] developed a new electric

field detection device to improve the positioning capability

by improving the device detection performance. The main

features of the developed device design are the reduction

of the time constant of the antenna to improve the ability

to capture the pulse characteristics of a lightning electric

field signal, the adoption of a digital acquisition card with

a higher sampling frequency and accuracy to improve the

detection accuracy, and the capability of continuous collection

of electric field signals. On this basis, the Fast Antenna

Lightning Mapping Array (FALMA) has been developed,

which is an LF/VLF electric field detection system with a

significantly improved ability to locate lightning channels.

Through continuous exploration of the applied research

methods, as described above, the positioning capabilities of

systems based on the LF/VLF lightning signals have been

continuously improved. The further development of lightning

location capabilities based on LF/VLF lightning electromag-

netic field detection is of great significance to lightning

physics research. Over time, lightning location capabilities

have developed from point to surface to 3-D analysis, from

ground lightning location to full lightning location to refined

3-D channel location. The continuous improvements in the

positioning capabilities of the LF/VLF lightning detection

systems can be attributed to three aspects of development. The

first is the optimization of the detection performance of the
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detection equipment itself. The second is the improvement of

the available electric field signal processing and analysis meth-

ods and the development of positioning techniques. Finally, in

accordance with the specific purpose of the detection system

in combination with the terrain, weather, and climate charac-

teristics, the layout of the station network can be optimized to

improve the detection and positioning ability of a particular

detection system for lightning electromagnetic fields.

The Low-frequency E-field Detection Array (LFEDA) was

built by the Chinese Academy of Meteorological Sciences

in 2014. The lightning field detection equipment used in

LFEDA consists of rather traditional fast antennas [22].

To monitor lightning discharge activity during large-scale

thunderstorms, a multistation detection layout with medium

and long baselines is adopted in this system. Shi et al. [23]

developed the electric field positioning system based on the

technology commonly used in lightning research to give

LFEDA the ability to locate lightning discharge pulses and

monitor lightning activity during large-scale thunderstorms.

Focusing on the development of signal analysis and position-

ing techniques, Fan et al. [1] introduced the empirical mode

decomposition (EMD) algorithm [24] into the analysis of the

lightning electric field signals. Combined with the technique

of a second cross-correlation process with a reduced window

scale, this algorithm can significantly improve the sufficiency

of seeking and matching of the pulse signals and the accuracy

of pulse peak time extraction based on multistation electric

field waveforms [1], [23]. Thus, the lightning location ability

of LFEDA has been greatly improved, allowing lightning

discharge channels to be described in terms of more radiation

sources [1] and playing an important role in the tracing

and analysis of a fatal lightning accident [25]. In addition,

the research team of LFEDA has explored the potential

expansion of the available positioning methods; accordingly,

the time reversal (TR) technique has been introduced for three-

dimensional lightning location [26].

Because EMD filtering is based on an adaptive analysis

of the signal characteristics of lightning electric fields

and the decomposition filtering of such a signal with the

EMD algorithm will not cause a strong phase shift of the

signal as a typical filter would [1], the EMD method is

very suitable for the analysis of lightning electric fields,

the processing of nonlinear and discontinuous signals, and

positioning based on multistation lightning electric field

measurements. However, it has been found that the inherent

mode mixing and the endpoint effect of EMD somewhat

restrict the further improvement of LFEDA’s lightning location

capabilities.

Therefore, this article presents an in-depth analysis of the

application of EMD in the lightning electric field signal

analysis and attempts to identify effective methods for solving

these problems to further improve the positioning performance

of the LFEDA system from the perspective of the applied

signal analysis and positioning algorithms.

II. LFEDA SYSTEM

LFEDA was constructed by the Chinese Academy of

Meteorological Sciences in 2014 at the Guangdong

Fig. 1. Current geographical layout of the LFEDA sensors in the Guangzhou
area after 2017. The colors represent the altitude (units: m), and the stations
are represented by circles. Experiments with artificially triggered lightning
were conducted at the position marked by the red star.

Comprehensive Observation Experiment on Lightning

Discharge (GCOELD) in Conghua District, Guangzhou, and

a preliminary observation test was carried out that same year.

A detection network composed of nine substations was

initially formed in 2015 [1], [23], [26]. At present,

in accordance with thunderstorm observation practice in

recent years, station GDJ has been added to the original

nine stations, and the original station at site SLC has been

relocated to ZTC, forming a synchronous lightning field

detection system consisting of ten stations (Fig. 1). For

the eight stations other than GDJ and ZCJ, the baseline

lengths are 6–42 km, while GDJ and ZCJ are positioned to

enhance the system’s ability to detect and locate lightning

during large-scale thunderstorms. ZCJ is located relatively far

from the other eight stations, at baselines of 30–61 km, and

similarly, the baselines of station GDJ are 45–70 km.

The equipment used to probe the electric field changes

at each LFEDA substation is a traditional fast antenna [22].

The signal detection band of LFEDA’s fast antennas is

160 Hz–600 kHz, and the time constant is 1 ms. The wide

working frequency band ensures that the signals collected

by the system capture rich characteristics of the electric field

changes during the lightning process in both the time and

frequency domains. This not only enables the identification

and analysis of the physical processes of lightning based

on the waveform characteristics in this VLF band but also

ensures that the system can detect a sufficiently large number

of electric field pulse signals. Data acquisition is based

on floating level triggering to eliminate the impact of LF

variations on data acquisition; 1-ms segmented synchronous

recording, acquisition, and storage are used to realize the

no-dead-time acquisition of the waveforms showing the

changes in the lightning electric field, and the pretrigger time

is set to 200 µs. The sampling rate used for the acquisition of

the waveform data is 10 MHz, and the resolution is 12 bits.

Synchronization among the different substations is realized

by means of a GPS clock with a time accuracy of 50 ns.
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LFEDA mainly focuses on the fast electric field change

pulse signals generated during the lightning discharge process.

For positioning, three steps are needed: waveform matching,

pulse searching, and pulse matching. After pulse matching,

the peak times of the pulse discharge events are obtained,

and the time differences between the peaks of the same

pulse at different stations are calculated. The 3-D position of

each pulse discharge event is determined using a nonlinear

least-squares fitting algorithm [23], as is common practice in

current lightning location research. Fan et al. [1] introduced

EMD [24], [27]–[29] into the location algorithm for the

first time on the basis of the nonlinear and discontinuous

characteristics of the LF/VLF electric field change signals

generated by lightning and the ultrawideband characteristics

of the electric field detection equipment. The intrinsic mode

functions (IMFs) of the electric field waveforms are obtained

through EMD, and the features of each IMF component are

analyzed using the fast Fourier transform (FFT) to realize

low-frequency filtering and high-frequency noise reduction of

the waveforms. Using the second cross-correlation method and

the Hilbert transform with a reduced time window scale to

fully extract the pulse signals from the fast lightning electric

field waveforms and reduce the time errors of the peak pulse

values, a TOA lightning location algorithm has been developed

based on the precise analysis and processing of the electric

field signals.

III. ALGORITHM INTRODUCTION

The LF/VLF electromagnetic field signal generated by

lightning is a typical nonlinear and nonstationary signal. The

160 Hz–600-kHz frequency band of the LFEDA system can

capture rich characteristics of the electric field changes that

occur during the lightning process in both the time and

frequency domains. This not only enables the identification

and analysis of the physical processes of lightning based on

the wave characteristics in this VLF band but also ensures

that the system can detect rich electric field pulse signals.

However, the large relative bandwidth also means that the

detected waveform components of the lightning electric field

are very complex, which leads to two problems. On one

hand, the VLF electric field components and background noise

make the matching and recognition of lightning pulse signals

more difficult. On the other hand, the relatively high-frequency

signal components (including the high-frequency part of the

Gaussian white noise and background noise signals from other

sources) will shift the peak values of the VLF lightning

pulse signals, resulting in large errors when the TOA location

method is used.

Fan et al. [1] introduced the EMD algorithm into the analy-

sis of the LF/VLF lightning electric field signals for signal

optimization. EMD was first proposed by Huang et al. [24]

as a nonlinear multiresolution adaptive decomposition method,

different from the traditional Fourier transform, wavelet trans-

form, and other methods. It serves as an alternative signal

processing technique based on an empirical and algorithm-

defined method. EMD can adaptively decompose a complex

signal into a set of complete, almost orthogonal components,

that is, IMFs, without requiring any preliminary understanding

of the nature and quantity of the IMF components in the

data. EMD can be used to decompose a signal without

specifying the basis functions in advance, and the degree of

decomposition is adaptively determined in accordance with

the nature of the signal to be decomposed; this is the main

advantage of EMD compared with the widely used wavelet-

based technique. Because of its excellent performance, EMD

has been widely used in many disciplines [29].

The introduction of the EMD algorithm significantly

improves the identifiability of the pulse signals of lightning

electric fields and somewhat reduces the error on these light-

ning signals, thus making the acquired pulse information

and positioning results richer and more accurate, and the

findings objectively show that EMD offers unique advantages

in the analysis of lightning electromagnetic field signals [1].

However, with further research, it has been found that the

EMD algorithm is also subjected to inherent mode mixing

and endpoint effects, which lead to problems in the analysis

of the LF/VLF electric field change signals. Mode mixing is

defined as a phenomenon in which either a single IMF includes

oscillations of significantly different scales or signals of sim-

ilar scales are decomposed into different IMF components,

and it is caused by signal discontinuity [30]. Mode mixing

leads to a loss of pulse power and the undesired retention of

some noise signals, while the endpoint effect causes distortion

of the reconstructed signal, which leads to inaccurate electric

field pulse recognition and peak time extraction. For lightning

location based on the detection of LF/VLF electromagnetic

fields, the accuracy of electromagnetic pulse time extraction

and the sufficiency of pulse recognition are the keys to

improving the lightning location ability [1], [23].

To solve the problems above, this article introduces the

ensemble EMD (EEMD) algorithm into the analysis of the

LF lightning electromagnetic signals and proposes a corre-

sponding filtering method (DBM_EEMD) based on the use

of a double-sided bidirectional mirror (DBM) extension of

the original signal to mitigate the endpoint effect. In this

way, the accuracy of electric field pulse time extraction and

the sufficiency of pulse recognition are improved to further

enhance the lightning positioning performance of the LFEDA

system.

A. Ensemble Empirical Mode Decomposition

To overcome the inherent mode mixing problem of the

EMD algorithm [24], Wu and Huang [30] proposed the

EEMD algorithm, which is a very effective noise-aided data

analysis (NADA) method. In EEMD, white-noise signals ni(t)

are added to the original signal x(t). Because the white-noise

spectrum is evenly distributed, the white-noise signals will be

automatically distributed to the appropriate reference scales.

Moreover, because of its zero-mean characteristic, the white

noise will cancel itself out after many rounds of averaging;

hence, the result obtained by calculating the ensemble mean

can be directly taken as the final result. The specific steps of

the EEMD algorithm are as follows, and a flow chart of the

algorithm is shown in Fig. 2.
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Fig. 2. Flowchart of the EEMD algorithm.

1) Initialize the number of ensemble members, N .

2) Specify the amplitude of the added white noise and set

i = 1.

3) Add a numerically generated white-noise signal ni (t) to

the original signal x(t) to generate the new signal xi(t)

xi(t) = x(t) + ni(t) (1)

where ni (t) denotes the i th white-noise series, with

i = 1, 2, . . . , N .

4) Use the original EMD algorithm to decompose xi(t) into

IMFs

xi(t) =

n
∑

k=1

ci,k(t) + ri,k(t) (2)

where n is the number of IMFs, ri,k(t) are the

final residues, and ci,k(t) are the IMFs themselves

(ci,1(t), ci,2(t), . . . , ci,n(t)), which include different fre-

quency characteristics, from high to low bands, extracted

from xi(t).

5) Repeat steps (3) and (4) N times with a different

white-noise signal each time to obtain an ensemble of

IMFs

[{c1,k(t)}, {c2,k(t)}, . . . , {cN,k(t)}] (3)

where k = 1, 2, . . . , n.

6) Calculate the ensemble means of the decomposed IMFs

using the following function:

IMFk(t) =
1

N

N
∑

i=1

ci,k(t) (4)

where i = 1, 2, . . . , N and k = 1, 2, . . . , n. Then,

IMFk(t) is the kth IMF component obtained through

EEMD.

Fig. 3 shows a 1-ms lightning electric field waveform

and the corresponding decomposition results obtained through

EMD and EEMD. There are significant differences between

the decomposition results of the different algorithms for the

same electric field waveform. These differences in the decom-

position results lead to different lightning location capabilities

based on multistation electric field measurements.

B. Mode Mixing in EMD

To illustrate the differences between the decomposition

results shown in Fig. 3 and the problems that arise in the

analysis of the LF/VLF lightning electric field signals for

lightning location, a simulated signal s(t) = 25×sin(100000×

pi × t) + 20 × sin(250000 × pi × t) + 50 is used to simulate

the pulse signal characteristics of an electric field generated by

lightning, and the simulated detected signal s0(t) is generated

by superposing Gaussian white noise with a mean value of 0

onto s(t). A corresponding noisy simulated signal collected

over a duration of 1 ms at the 10-MHz sampling rate of

the LFEDA detection system is shown in Fig. 4. Due to the

presence of noise, the peak positions of the pulse signals

are shifted; however, the capability of TOA-based lightning

pulse location relies on accurate multistation measurements of

lightning electric field pulses [1].

The results of decomposing s0(t) through EMD and EEMD

are shown in Fig. 5. By comparing the IMF components of

the same order in panels a and b of Fig. 5, we can see obvious

differences in the signal decomposition results, especially for

IMF 4 and IMF 7. The frequency and amplitude characteristics

of these two IMF components in Fig. 5(a) are messy, and it is

difficult to distinguish the main signal characteristics captured

by each component, while the frequency and amplitude char-

acteristics of all the IMF components in Fig. 5(b) are clear.

In the Hilbert–Huang transform (HHT), the Hilbert trans-

form is applied to the IMF components obtained through

EMD, and the FFT is used to obtain the single-side spectrum

characteristics of each IMF component [29]. The HHT results

for IMFs 4–6, which show the most significant differences

in Fig. 5, and for the original signal s(t) are shown in Fig. 6.

The simulated signal s(t) is composed of two main signals at

frequencies of 50 and 125 kHz. It can be seen from Fig. 6(a)

that with EMD, the characteristics of the 50-kHz signal are

almost equally decomposed into IMF 5 and IMF 6. The signal

at 125 kHz is also decomposed into two IMF components

(IMF 4 and IMF 5), and wideband noise is present in all three

of these IMF components. Thus, mode mixing is observed:

a single IMF (IMF 5) contains significant oscillations at

different scales, and signals of similar scales are decomposed

into different IMF components. In contrast, EEMD, in which

noise signals are introduced for auxiliary analysis, can cleanly

decompose the main characteristics of the simulated signal into

different IMF components, and it can be seen from Fig. 6(b)

that the noise signal components are well-suppressed in each

resulting IMF component.

The so-called mode mixing effect will cause several prob-

lems in the lightning electric field signal analysis. On one

hand, noise cannot be fully filtered out, so the peak values of

the electric field pulses will still have some errors. On the other

hand, part of a single pulse feature decomposed into multiple

IMF components may be filtered out by a bandpass filter,
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Fig. 3. Decomposition results for a 1-ms electric field waveform. (a) Original electric field waveform and the ninth IMF components obtained through EMD
and EEMD. (b) First–eighth IMF components obtained through EMD. (c) First–eighth IMF components obtained through EEMD.

Fig. 4. Simulated signal s 0(t) with superposed Gaussian white noise.

Fig. 5. Results of decomposing noise-added simulated signals through EMD
and EEMD. (a) Results of EMD. (b) Results of EEMD.

resulting in large signal energy loss. Weak signals decomposed

into high-frequency IMF components may even be filtered out

entirely. All these problems affect the sufficiency and accuracy

of pulse signal detection in low-frequency electric field pulse

location and thus affect the convergence and continuity of

lightning channel mapping.

C. Endpoint Effect and Double-Sided Bidirectional Mirror

Extension

Due to the lack of extreme points at the end of the signal,

using a spline difference method to fit the upper and lower

Fig. 6. Spectra of IMFs 4–6 in Fig. 5. (a) As obtained through EMD. (b) As
obtained through EEMD.

envelopes will lead to a large signal error at the boundary.

This error will further worsen the decomposition result for

the middle part of the signal obtained in the EMD filter-

ing process, resulting in the pollution of the whole signal

sequence; this phenomenon is called the endpoint effect of the

EMD algorithm [29]. As shown in Fig. 7, the endpoint effect

will lead to signal distortion and a shift in pulse position.

When LF/VLF lightning electric field measurements are used

for positioning, this effect will also cause problems such as

poor signal correlation between stations and inaccurate pulse

time extraction.

There are many ways to suppress the endpoint effect.

However, in practical engineering applications, the mirror

extension method [28], which can effectively suppress the

endpoint effect to a certain extent, has been one of the more

widely used methods for this purpose because of its simplicity

and versatility. In the actual analysis of the lightning electric

field signals, it has been found that the frequency spectra of

the ultrawideband and LF electric field signals collected by
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Fig. 7. Schematic of the endpoint effect.

Fig. 8. Diagrams of mirror extension. (a) General mirror extension. (b) DBM
extension. The blue solid line represents the original signal, the red dotted
lines represent the left and right mirror-extended signals, the black solid
lines represent the signals obtained through the mirror reversal of the mirror-
extended signals in the vertical direction, and the green dotted lines indicate
the mirror points.

LFEDA are very complex, and the nonlinear and discontinuous

characteristics of these signals are obvious. In the development

of algorithms for batch data processing, analysis, matching,

and positioning, the universality of these algorithms is an

important concern. Therefore, we have attempted to use mirror

extension for endpoint effect suppression.

However, due to the complexity of the LF/VLF lightning

electric field signals and the stringent requirements for pulse

information extraction in the lightning location process, simple

mirror extension has certain limitations for positioning based

on such signals. This is because, as long as there is a signal

at the endpoint, whether it is of relatively high frequency

or relatively low frequency, the mirror-extended signal and

the original signal together form a mutated signal that is not

differentiable at the mirror point [point M in Fig. 8(a)]. In the

actual signal decomposition process, this nondifferentiable

point will have a significant impact on the decomposition

results. Fig. 9(a) shows the results of applying EEMD after

the left–right symmetrical image processing of the simulated

signal s0(t). It can be seen that the various IMF components

generally exhibit significant vibration and distortion at M. This

problem is especially serious for positioning using lightning

Fig. 9. Comparison of the decomposition results for the mirror-extended
and DBM-extended signals. (a) Decomposition results for a mirror-extended
signal with the mirror position at 10 000. (b) Decomposition results for a
DBM-extended signal (DBM_EEMD) with the horizontal mirror positions at
5000 and 15 000.

electric fields: when an electric field signal is passed through

a bandpass filter [1], the reconstructed signal suffers severe

distortion and a loss of signal energy, which will also lead to

poor correlations and large pulse time errors in multistation

signal matching.

To solve the above problems, this article proposes the

DBM extension method. As shown in Fig. 8(b), in contrast

to the general mirror extension [shown in Fig. 8(a)], the DBM

extension method involves extending the original signal with

two image signals [shown as the red dotted lines in Fig. 8(b)],

each with half the length of the original signal and extending

outward from the left and right ends of the original signal,

and then reversing these two image signals in the vertical

direction to obtain the vertical image of each horizontal image

signal [shown as the black solid lines in Fig. 8(b)]. Hence, this

method is both double-sided (left and right) and bidirectional

(horizontal and vertical). The extended image signals [black

solid lines in Fig. 8(b)] are combined with the original signal

to form the signal to be decomposed. As seen from Fig. 8(b),

the DBM extension effectively solves the problem of signal

mutation at the end of the original signal caused by mirror

extension (as shown at M).

The IMF components obtained by applying EEMD to

the extended signal after DBM extension of the simulated

signal s0(t) are shown in Fig. 9(b). By comparison with the

EEMD results for the general extended image signal shown

in Fig. 9(a), it can be seen that the severe distortion of the

IMFs at the discontinuity point (M) of the signal constructed

through mirror extension is significantly suppressed in the

IMFs obtained from the DBM-extended signal.

D. Bandpass Filtering

Based on the ability of EMD to decompose discontinu-

ous and nonstationary signals into finite IMF components,

Fan et al. [1] introduced the EMD algorithm into the

analysis of the LF/VLF lightning electric field signals and

constructed a bandpass filter suitable for lightning location.
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Specifically, only the IMF components in the frequency range

of 3–300 kHz obtained by decomposing the electric field

signal detected by LFEDA are recombined. On one hand,

this filtering process significantly suppresses the interference

from the VLF components of the electric field signals in

multistation waveform matching, thus improving the accuracy

and sufficiency of pulse recognition. On the other hand,

the interference of high-frequency noise in the pulse peak

times is reduced. Thus, the accuracy of the LFEDA system

in locating the LF/VLF electric field pulse signals generated

by lightning is significantly improved, giving the system the

ability to locate lightning channels to a certain extent.

However, as described in the above analysis, EMD is

inherently subjected to mode mixing and endpoint effects,

which greatly affect the accuracy of decomposition and feature

extraction for electric field pulse signals. The establishment

of the 3–300-kHz bandpass filter is essentially a compromise

scheme that considers LF component suppression, noise level

reduction, and signal energy loss. In the absence of a different

signal processing approach, the EMD algorithm and the

3–300-kHz bandpass filtering scheme significantly improve

the lightning location capabilities of LFEDA. However, based

on the above analysis of the existing problems with EMD,

it seems preferable to seek alternative solutions.

EEMD, in which noise signals are introduced for auxiliary

analysis, can effectively suppress the mode mixing effect,

whereas mirror extension of the signal can effectively suppress

the endpoint effect. To mitigate the problem of signal distor-

tion caused by the discontinuity at the end of the original signal

in the general mirror extension method, this article instead

proposes the novel DBM extension method. The EEMD and

DBM extension methods can together be applied to improve

the analysis of the lightning electric field signals detected by

LFEDA. Based on an analysis of the characteristics of these

electric field signals and empirical tests of the effectiveness of

signal processing in actual lightning location research, we set

the bandpass filter parameters to select the frequency range

between 25 and 500 kHz.

To illustrate the performance differences in different algo-

rithms, the noisy signal s0(t) introduced above is used again

here for further simulation analysis. Fig. 10 shows a local com-

parison of the two ends of the reconstructed signal obtained

after passing the noisy signal through the 25–500-kHz band-

pass filter. It can be intuitively seen that there are several

differences between the reconstructed signal and the original

simulated signal. To evaluate the performance differences

among the considered filtering methods, based on the actual

needs of lightning positioning research, two indexes are used

to quantitatively evaluate the performance of each filter: the

noise reduction ability of the filter and the root-mean-square

(rms) error between the filtered signal and the original signal.

Fig. 11 compares the distribution of the offset errors of the

peak positions in the reconstructed signal after the 25–500-kHz

bandpass filter (red columns) with the distribution of the pulse

peak offsets of the noisy signal (black columns). It can be seen

from Fig. 11(a) that the bandpass filter constructed through

EMD has a certain noise reduction ability, but the effect is

not significant; in fact, it is worse than that of the 3–300-kHz

Fig. 10. Comparisons between the original and noise-reduced signals
obtained after applying bandpass filters constructed using different EMD
algorithms. (a) Original signal with and without noise. (b)–(e) Comparisons
of the original simulated signal with the results of EMD, EEMD, M_EEMD,
and DBM_EEMD filtering, respectively.

Fig. 11. Distributions of the peak position deviations between the noisy
signal and the original signal (black columns) and between the noise-reduced
signal and the original signal (red columns). These statistical results were
obtained from 500 simulation experiments based on the simulated signal
shown in Fig. 4. (a) Simulated results of high-frequency filtering through
EMD. (b) Simulated results of high-frequency filtering through DBM_EEMD.

filter adopted by Fan et al. [1]. In contrast, the bandpass filter

constructed through DBM_EEMD exerts a significant effect in

suppressing the noise-induced peak time error. After filtering,

the peak time error for nearly 85% of the pulses is less than
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Fig. 12. Simulation of the errors between the reconstructed signals obtained
after bandpass filtering and the original signal without noise. These results
were obtained through 500 simulation experiments based on the simulated
signal shown in Fig. 4. (a) Comparison of the RMS errors of noisy signals
and EMD-denoised signals. (b) Comparison of the rms errors of EEMD-,
M_EEMD-, and DBM_EEMD-denoised signals.

100 ns (the time resolution of LFEDA at its 10-MHz sampling

rate is 100 ns).

The noise reduction ability of a signal processing algorithm

is the most important performance index when using the

LF/VLF lightning electric field pulse signals for lightning

location. In addition, when the EMD algorithm is used to

filter an electric field waveform to extract the characteristic

pulse signal, the loss of signal amplitude is also an important

performance index. This is because the accurate extraction of

pulse feature signals is helpful for improving the accuracy

of multistation waveform and pulse signal matching using

the cross-correlation method [1], and the signal fidelity is

particularly important for the effective detection of electric

field pulses. Here, the RMS error of a signal before and after

bandpass filtering is defined as follows:

Error =
sqrt

(

∑N
i=1(s(t) − s0

D(t))2
)

N
(5)

where s(t) is the original signal without noise, s0
D(t) is

the noise-reduced signal after bandpass filtering, and N is

the signal length. In particular, the electric field waveforms

collected by LFEDA at a sampling rate of 10 MHz consist

of 10 000 sampling points per 1-ms segment.

Fig. 12 plots the RMS signal errors calculated from

500 simulation experiments. The following conclusions can be

drawn from this figure. When a signal is decomposed through

EMD, filtered with a bandpass filter and then recombined,

although the time errors of the pulse peaks can be reduced to

a certain extent [as shown in Fig. 11(a)], severe pulse signal

distortion occurs due to mode mixing and the endpoint effect

[as shown in Fig. 12(a)]; moreover, this signal distortion is

extremely unstable across many different simulation experi-

ments. In contrast, after the bandpass filter constructed based

on the EEMD algorithm, the RMS signal error is generally

reduced [as shown in Fig. 12(b)]. However, because mirror

extension creates a discontinuity at the end of the signal,

the IMF components will be distorted at the end, which may,

in turn, cause distortion of the reconstructed signal. From

the comparison in Fig. 12(b), it can be seen that because of

this problem, the error of the reconstructed signal obtained

by passing a noisy signal through the M_EEMD filter is

larger than that achieved with the EEMD method. In contrast,

when a noisy signal is passed through the DBM_EEMD filter,

the error of the reconstructed signal is even lower than that

achieved with EEMD, and the reconstructed signal quality is

significantly better than that achieved through M_EEMD.

IV. POSITIONING PERFORMANCE

In this article, to overcome the problems with the EMD

algorithm introduced into the lightning electric field signal

analysis by Fan et al. [1], the EEMD algorithm is instead

applied to this analysis problem because of the high demand

for signal accuracy in lightning location. To further mitigate

the distortion caused by mirror extension near the end of

a signal, the DBM extension method is proposed, which

significantly reduces the distortion of a lightning electric

field signal passed through a bandpass filter. Based on an

empirical test of the actual multistation positioning effect, a

bandpass filter of 25–500 kHz is established. The introduction

of these improved signal processing methods further enhances

the lightning location capabilities of LFEDA. On one hand,

we have performed repositioning analyses for the lightning

cases introduced in Fan et al. [1] and found that the positioning

effect is further improved; on the other hand, the introduction

of DBM_EEMD gives the LFEDA system the ability to locate

channels of artificially triggered lightning, which could not

be done in the past because the corresponding electric field

signals are usually weak.

A. Hybrid Flash

Fig. 13 shows the repositioning results for a hybrid flash

introduced in Fan et al. [1]. Other than the new filter para-

meters set using DBM_EEMD, the positioning parameters are

consistent with those used in Fan et al. [1]. Compared with

the EMD algorithm, the DBM_EEMD algorithm can obtain

better positioning results; the main improvements are reflected

in the matching accuracy for the electric field signals detected

by remote stations and the detection ability and accuracy for

weak pulse signals.

First, the improvement in the positioning ability is reflected

in the improved matching accuracy for the electric field signals

detected by remote stations. From the 3-D image obtained

through positioning analysis, it can be seen that the lightning

channel starts at 7.3 km above station XTC and extends over

a wide range to the southwest and northeast of the station

network, with channel branches extending to the northwest.

Due to a power supply interruption affecting the equipment at

station GZX in the northwest part of the station network during

the thunderstorm, most stations in the station network were

far away from the northwestern lightning channel branches;

consequently, only a small amount of the electric field wave-

form generated during the lightning process was detected, and

the signals are weak. Therefore, the insufficient processing
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Fig. 13. Location results for negative ground flash CG201508151626
obtained using the DBM_EEMD method. (a) Height–time plot.
(b) North–South vertical projection. (c) Height distribution of a number of
radiation events. (d) Plane view. (e) East–West vertical projection of the
lightning radiation sources.

ability of the EMD algorithm for these weak partial signals

leads to relative divergence of the channel description obtained

through the positioning algorithm. The main reason is that

the error of EMD filtering for weak signals is large, in turn

resulting in large errors for multistation matching and pulse

peak time extraction. In contrast, the error for the electric field

waveforms processed through DBM_EEMD is significantly

reduced, thus also improving the errors for multistation match-

ing and pulse peak time extraction. As seen from the repeated

verification of the matching electric field waveforms and the

overlapping channel features correspondingly developed in the

positioning results, the reliability of the positioning results

for signals detected far from the northwest part of the station

network is significantly improved.

The improvement in the positioning ability is further mani-

fested in the significant improvement in the positioning ability

for the leader-return stroke channel. The channel breakdown

process before the return stroke is usually characterized by

a relatively high-frequency and weak signal. When such a

signal is detected at a far distance in a long-baseline network,

the acquired signal is usually severely attenuated. In the

processes of waveform matching, Hilbert transformation, and

pulse peak seeking, such weak high-frequency signals and

return stroke electric field waveform signals are used together.

Problems of incorrect matching can easily arise, and pulse

information cannot be effectively extracted. Even the small

number of successfully matched weak pulse signals will be

subject to large errors due to the low signal-to-noise ratio.

However, when DBM_EEMD is introduced into the position-

ing process, on one hand, it can effectively reduce the signal

energy loss caused by EMD filtering, thus enhancing the signal

detection ability of the positioning algorithm under the condi-

tion of constant parameters; on the other hand, it can further

improve the signal noise reduction ability, thus ensuring that

the peak times extracted from the detected signals by the

positioning algorithm are more accurate. Consequently, more

pulse location points can meet the screening conditions.

The improvement in the positioning ability is also shown by

the fact that the number of effective positioning points is sig-

nificantly increased when other parameters remain unchanged.

In [1], a total of 2296 pulse positioning points were obtained

for CG201508151626. In this study, 2776 pulse position-

ing points were obtained with DBM_EEMD, with all other

parameters remaining unchanged. The additional positioning

points are mainly concentrated in the upper positive charge

region [Fig. 13(c)], indicating that the electric field signals

generated by the discharge process in this region are relatively

weak in the LF/VLF band. Early scholars [31]–[36] analyzed

the charge structure of thunderclouds by considering the

layered characteristics of the location results for lightning

radiation sources in the VHF band and concluded that the

negative leader propagates in the positive charge region, which

is characterized by a dense distribution of radiation sources,

whereas the positive leader propagates in the negative charge

region; however, because the radiation signal of the positive

leader could not be easily detected, fewer location results

were obtained for the negative charge region. Thus, it can

be seen that the electromagnetic signal produced during the

lightning discharge process has significantly different radiation

characteristics in different frequency bands. These differences

need to be studied and discussed on the basis of synchronous

observations from detection equipment operating in different

frequency bands; for this reason, it is necessary to further

develop the capabilities of the LF/VLF lightning detection

systems, even though many VHF lightning positioning systems

are already capable of obtaining fine lightning positioning

results.

Moreover, the new location results reported here show better

convergence and continuity in local details, as can be seen

directly from a simple comparison of the results. By analyzing

the electric field waveform data group by group, it is found that

the local discontinuities of the lightning channel observed in

the positioning results may be caused by the measures adopted

in LFEDA to suppress a large number of false triggers caused

by environmental noise; the selected trigger threshold is high,

thus preventing the collection of many electric field signals

from pulse discharges.

B. Artificially Triggered Lightning Event

The purpose of LFEDA is to study the charge structure of

thunderclouds and the physical processes of natural lightning
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Fig. 14. Location results for artificially triggered lightning event
CG201508141526 obtained using the EMD algorithm. (a) Height-time plot.
(b) North–South vertical projection. (c) Height distribution of a number of
radiation events. (d) Plane view. (e) East–West vertical projection of the
lightning radiation sources. The black arrows indicate the times and locations
of return strokes.

discharges and artificially triggered lightning [9], [37], [38].

The layout of the station network was designed by referring to

the layout characteristics of several similar station networks.

Generally, the baseline lengths are relatively long. Given the

current state of development of lightning location capabilities,

such a station network layout, combined with traditional

electric field detection equipment and the segmented acqui-

sition method, is favorable for the monitoring of lightning

activity during large-scale thunderstorms, and under certain

conditions, good positioning results can be obtained for some

natural lightning discharge processes. However, for artificially

triggered lightning, although its physical processes are no

different from those of natural cloud-to-ground (CG) lightning

in some respects, triggered lightning does not involve the

stepped leader and first return stroke of natural CG lightning.

The discharge pulses that occur in the process of a dart or

stepped-dart leader prior to the subsequent return stroke in

triggered lightning are relatively weak, and because of the

severe attenuation that occurs in long-distance signal transmis-

sion, a long-baseline LF/VLF electric field detection system

usually cannot synchronize enough discharge pulses to realize

the positioning of the corresponding development channel.

At present, there have been no reports of a long-baseline

positioning system operating in a similar frequency band that

Fig. 15. Segmented electric field waveforms of the artificially triggered
lightning event detected by LFEDA stations at different distances. (a) Detected
electric field at station CHJ. (b) Detected electric field at station SGC.
(c) Detected electric field at station ZCJ superimposed with the location results
from the time-height map obtained with the DBM_EEMD algorithm [the same
as Fig. 16(a)]. The black arrows indicate the times of return strokes.

is able to obtain more abundant positioning information in

addition to the return stroke position for artificially triggered

lightning.

By strengthening the performance of signal analysis tech-

niques, the waveform matching, pulse extraction, and accurate

positioning capabilities of LFEDA for weak pulse signals

have been continuously improved. Fig. 14 shows the location

results obtained using EMD signal processing for an artificially

triggered lightning case (CG201508141526) with 12 measured

return stroke currents [1]. For this triggered lightning case,

data from only seven stations (GLC, CHJ, SGC, SLC, TMZ,

XTC, and ZCJ) are available, and station GLC is located

only 1.8 km away from the rocket launcher (the red star

in Fig. 1). Under such short-range conditions for electric field

detection, the electrostatic field component (manifesting as

an ultralow-frequency signal) in the lightning electric field

signal is too strong and can easily reach saturation. Even at

station CHJ, which is 8 km away from the rocket launcher,

the electric field pulses for seven return strokes also reach

saturation. In contrast, under far-field detection conditions,

the signal is greatly attenuated; consequently, at station ZCJ,

only the electric field waveforms of return strokes and a

few discharge pulses in the cloud can be detected [as shown

in Fig. 15(c)]. Therefore, even with the greatly improved

positioning capability achieved by processing the LFEDA

signals through EMD, only 150 positioning points can be

obtained, and the positions of four return strokes cannot be

accurately located. Although the locations of a few pulses in

the leader-stroke channel can be determined, they are relatively



12 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING

Fig. 16. Location results for artificially triggered lightning event
CG201508141526 obtained using the DBM_EEMD algorithm. (a) Height-
time plot. (b) North–South vertical projection. (c) Height distribution of a
number of radiation events. (d) Plane view. (e) East–West vertical projection
of the lightning radiation sources. The black arrows indicate the times of
return strokes.

divergent and far from enabling the successful reconstruction

of the stroke channel.

Fig. 16 shows a 3-D image of CG201508141526 obtained

through DBM_EEMD under constant pulse extraction

parameters. Compared with the positioning results in Fig. 14,

despite the extremely complex signal characteristics and

the fact that detected signals are available from only seven

stations, the positioning results for the triggered lightning

channel are obtained that provide not only the positions

of 11 return strokes but also the position information for the

discharge pulses of multiple subsequent return strokes in the

stepped-dart leader process. Because the electric field pulses

are too weak and the signal-to-noise ratio is too low during the

leader process, the leader-stroke channel obtained through the

positioning algorithm is relatively thick; however, these pulse

positioning points still clearly provide a relatively complete

description of the channel development characteristics. Thus,

the positioning ability of the LFEDA system has been further

improved by adopting the DBM_EEMD algorithm.

V. CONCLUSION AND DISCUSSION

From the above analysis, we can see that DBM_EEMD

achieves a better noise reduction ability for the LF/VLF

electric field signals and stronger fidelity for filtered signals

than the EMD algorithm does, thus further improving the

ability of the location algorithm to detect pulse signals in the

LF/VLF electric field waveforms and the accuracy of pulse

time extraction. Thus, the accuracy of the location results is

improved in turn, especially for the detection and location of

a large number of weak pulse signals.

The original intent when building the LFEDA system was

to study the physical processes of lightning and thunderstorm

electricity and to use the return stroke pulses of triggered

lightning generated at the GCOELD to test its positioning

ability. Shi et al. [23] adopted mainstream LF/VLF lightning

positioning techniques to develop the initial positioning capa-

bilities of LFEDA, which enabled LFEDA to locate the return

stroke pulses of ground flashes and discharge pulses in some

clouds. The work of Fan et al. [1] gave LFEDA the ability

to describe lightning channels to a certain extent. However,

due to the mode mixing and endpoint effects of the EMD

algorithm, a bandpass filter of 3–300 kHz will inevitably cause

undesirable electric field signal attenuation and impaired noise

reduction capabilities, resulting in insufficient pulse signal

extraction, inaccurate pulse peak time extraction, and even the

complete loss of weak signals. Therefore, because the electric

field signals generated by the cloud process for artificially

triggered lightning are relatively weak and the signal attenua-

tion for long-distance detection is severe, there have been no

previous reports of successful channel location for artificially

triggered lightning using a long-baseline detection system such

as LFEDA. Based on an analysis of the characteristics of the

signals detected by LFEDA, a 25–500-kHz bandpass filter

has been constructed in this article based on the improved

DBM_EEMD algorithm, which significantly reduces the error

on the reconstructed waveform obtained after filtering an

electric field signal and significantly improves the accuracy

of the multistation cross-correlation matching of electric field

waveforms, the sufficiency of electric field pulse extraction,

and the accuracy of pulse peak time extraction. Thus, we have

developed the ability to use the long-baseline LFEDA system

to locate the channel developed during an artificially triggered

lightning flash based on the corresponding weak detected

signals.

The detection and accurate positioning of lightning are

highly dependent on the performance of the detection

equipment, the layout of the station network, and the

efficacy of the signal processing and analysis methods.

For an LF/VLF lightning detection system with a working

frequency band below 1 MHz, because of the large relative

bandwidth, the detected electromagnetic signals are usually

complex, and such LF/VLF signals can easily suffer from

interference and attenuation. Consequently, the development

of fine positioning capabilities for lightning discharge

processes using such systems is lagging behind that of

high-frequency lightning positioning technology. However,

with the rapid development of lightning detection, electronic

information, and signal analysis technology, it is possible to

further refine the available capabilities for LF/VLF lightning

electromagnetic field detection and positioning.

As an example, consider LFEDA, which uses traditional

fast antennas as its electric field measurement equipment,
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operates at 160 Hz–600 kHz, and uses a long-baseline station

network layout. For this system alone, the existing research

offers many possible improvements in terms of electric field

measurement and positioning. On one hand, the working fre-

quency band of the fast antennas used in LFEDA is relatively

low compared with the working frequencies of other electric

field detection equipment of the same kind. Although this

low-frequency band ensures the ability to measure electrostatic

components during the lightning discharge process, the ability

to detect the characteristics of the radiation pulses generated

during this process, which provide the most critical informa-

tion for positioning, is insufficient. On the other hand, the time

constant of the design circuits for the fast antennas used in

LFEDA is 1 ms. This time constant is a characteristic para-

meter designed to enable the detection of changes in the fast

electric fields associated with lightning given the (relatively

insufficient) software and hardware capabilities typical of

equipment developed in the middle of last century, which has

been used for a long time. At present, however, the ability of a

1-ms time constant to respond to the changing pulse signals of

electric fields is inadequate. With the development of higher

performance electronic components, it has become easier to

obtain more abundant pulse characteristics while guaranteeing

successful electric field measurements using a more reasonable

time constant. In addition, the LFEDA system is based on

the segmented acquisition of lightning electric field signals;

specifically, the signals are separated into segments of 1 ms

in length, thus somewhat limiting the ability to describe the

detailed development of lightning channels. This is because,

depending on the actual detection environment, a high trigger

threshold is usually set to prevent the collector from being

triggered too frequently, which often results in incomplete

detection of the electric field information for an entire light-

ning discharge process; in particular, weak discharge processes

are especially susceptible to information loss. In contrast,

with the adoption of continuous acquisition, a higher trigger

threshold could be set to prevent false triggering as long as

a reasonable pretrigger time is chosen, thus allowing more

complete lightning discharge information and, in turn, more

complete positioning results to be obtained.

In addition to improvements in electric field detection equip-

ment and signal acquisition modes, the station network layout

adopted for the detection equipment also has a very important

impact on the detection ability and channel positioning results

achieved for lightning electric fields. The earliest established

lightning detection station networks working in the LF/VLF

band focused on the location and monitoring of the return

strokes of ground flashes. The pulse signal of a ground flash

return stroke is usually transmitted over quite a far distance,

even hundreds of kilometers. Later, researchers found that

the lightning discharge pulses in clouds can also be used for

positioning and for the analysis of physical processes related

to both thunderstorms in general and lightning in particular.

Accordingly, the so-called total flash location systems, which

can locate some of the discharge pulses occurring inside clouds

and return stroke pulses, were developed. In general, the

baseline lengths of the lightning detection systems intended

for tracking lightning activity during large-scale thunderstorms

are typically long. The design and establishment of LFEDA

also drew on the lessons learned from such station network

layouts. However, although it has been found that electric

field detection equipment operating in the LF/VLF band can

also yield rich lightning channel information when appropriate

signal processing methods are used to extract the location

information carried by electric fields, the rapid attenuation with

distance that occurs during electric field transmission greatly

limits the potential exploitation of this location information.

Due to rapid developments in electronic technology and the

practical needs of lightning physics research, it is becoming

necessary to meet increasingly stringent requirements in terms

of fine lightning positioning based on the detection of lightning

electromagnetic fields. Therefore, there is a need to develop

lightning positioning systems based on electromagnetic field

detection in the LF/VLF band with fine channel positioning

capabilities. To this end, the station network baselines should

be shortened as much as possible while maintaining distin-

guishable time differences.

In addition, for positioning systems operating in the LF/VLF

band, it is also important to explore methods of improving

the performance of signal processing and analysis to improve

the ultimate lightning positioning capability. This is because

the accuracy of the location information obtained through

TOA-based lightning location techniques depends on the accu-

racy of electric field waveform matching and pulse peak time

extraction. However, the LF/VLF electromagnetic field detec-

tion systems are highly complex and extremely susceptible

to interference because of their relatively large bandwidth.

Therefore, appropriate signal processing and analysis methods

are very important, whether for signal quality control or for

accurate extraction of key pulse information.

Improvements in LFEDA’s positioning capabilities have

been realized primarily on the basis of advancements in signal

processing and positioning algorithms, motivated by the fact

that it will not be possible to upgrade the performance of

the existing detection equipment and station network layout

for at least the next few years. Relative to the current signal

analysis methods and the corresponding positioning capabil-

ities of LFEDA, the DBM_EEMD algorithm proposed in

this article is very effective in suppressing noise interference

and greatly improves the ability to extract the weak electric

field pulse signals generated during the lightning discharge

process, thereby allowing more abundant lightning positioning

information to be obtained. Hence, the algorithm is expected

to play an important role in improving the lightning location

ability from the perspective of signal analysis.
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