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 Climate change effects influence the sustainability of wind and photovoltaic 

energies as renewable sources. Similarly, infrastructure for renewable energy 

is structurally vulnerable to lightning strikes. Hence, a system for detecting 

and monitoring lightning activity is necessary to predict and adapt to climate 

change trends and to enhance the lightning protection system's capability. 

One such system for observing and locating lightning is very high frequency 

(VHF) interferometry. Various factors, such as the baseline distance between 

sensors, the frequencies used, and the quality of the analyzed signal, will 

influence the system's accuracy. This paper discusses these factors through 

an extensive literature review. This study aims to identify the factor that 

most significantly affects the system's accuracy and to determine the 

technical adjustments required to improve this accuracy. Enhanced precision 

in the interferometry system will provide a more detailed view of lightning 

activity, thereby aiding in the climate change prediction that could impact 

electricity generation from renewable sources. Accurate lightning location 

detection can also serve as a basis for designing effective lightning 

protection systems for renewable energy infrastructure. 
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1. INTRODUCTION 

The production of energy from wind turbines and photovoltaic systems requires high initial 

investment; thus, the goal is to generate as much energy as possible to recoup these costs. In contrast to fossil 

fuels, energy from renewable sources is intermittent since weather and climatic factors impact the energy 

supply. The resilience and sustainability of renewable energy sources (wind and PV) may be threatened by 

climate change with extreme and violent weather occurrences [1]. Therefore, these systems must be designed 

to withstand weather variability, considering the impacts of climate change [2].  

Large-scale atmospheric circulation pattern changes that significantly modulate temperature and 

wind, altering energy production from wind generation and leading to natural climate change [1]. For 

example, with increasing temperature, the maximum decrease in wind power generation in the US is 0.6%-

1.0% in the mid-century and 0.8%-1.9% at the end of this century [3]. Solar energy is also impacted by 

climate change. This condition is brought on by changes in the permeability of the atmosphere due to 
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variations in humidity, turbidity, and cloud features, which affect solar radiation and the ability of 

photovoltaic panels to generate power [4]. 

Numerous studies [5]-[12] have demonstrated a strong correlation between lightning and climate 

change. Holzworth et al. [13] indicated a significant increase of 800% in lightning activity in the Arctic region 

over a decade (2010-2020). Holzworth et al. [13] also stated that with a global temperature anomaly increase of 

0.5 0C, there would be a 100% increase in the lightning strike rate in the Arctic compared to the rate in 2020. 

The observations in Antarctica clearly demonstrated climate change. Another study showed that in a warm 

atmosphere, lightning discharges could produce a substantial amount of nitrogen oxides (NOx), strongly tied to 

ozone generation and the balance of the earth’s radiation [7]. This condition might affect solar panel production. 

The International Renewable Energy Agency (IRENA) aims to limit global warming to 2 0C. 

Therefore energy-related carbon dioxide (CO2) emissions must reduce by 70% by 2050 [14]. This condition 

implies that by 2050, solar energy generation must increase by around 22%, and wind energy generation 

must increase by about 36% [15]. In order to preserve the sustainability and resilience of the renewable 

energy system, lightning observation and location systems are one of the efforts to observe the trend of 

climate change patterns that would affect the production of renewable energy.  

Indonesia aims to achieve a minimum utilization of renewable energy in the national energy mix of at 

least 31% by the year 2050 [16], making studies on lightning characteristics essential to support the attainment 

of this target. However, studies on lightning characteristics associated with climate change have yet to be 

extensively conducted in Indonesia. The increasing number of incidents of oil refinery facilities catching fire 

due to the rise in lightning activity in recent years indicates that Indonesia is not immune to global climate 

change. Despite the presence of lightning protection systems in these vital facilities, such incidents highlight the 

importance of having lightning observation and localization systems. Monitoring lightning activity will provide 

engineers with essential information to design improved quality protection systems. 

Lightning is a natural phenomenon where lightning involves the movement of charge vertically due 

to the release of positive or negative charges. This charge release process will produce electromagnetic 

emissions with the frequency range of very low frequency (VLF) to very high frequency (VHF) [17]. The 

energy emitted by lightning’s electromagnetic emission is so powerful that it can destroy items directly 

struck by lightning or other objects that encounter electromagnetic wave interference. Thus, to avoid or limit 

the impact of damage caused by lightning strikes, detecting the lightning position and the direction from 

which the potential for lightning would hit is required. 

Electromagnetic emission is a parameter used to determine the direction of lightning strikes, known as 

lightning location systems. One of the techniques used in lightning location systems is interferometry, which is 

the most promising method of determining the location of the strike. It does not require many antennas and 

sensors and is not susceptible to the noise that usually arises along with the signal to be recorded [18]. In 

determining the strike’s location, the electric field’s vertical components are measured using sensors in parallel 

plate antennas equipped with an electric measuring circuit. 

One of the current discussions in the VHF interferometry lightning location system is the accuracy rate of 

the interferometry technique. Therefore, this article describes factors that may affect the accuracy by reviewing 

much literature, aiming to provide a better insight into the development. In particular, this article will examine a 

research question, such as the most critical factor affecting the accuracy of the VHF interferometry lightning 

location system. This study aims to contribute to this growing area of research by exploring those factors.  

Previous research has demonstrated the application of the VHF interferometry system across various 

geographical regions, including Europe, America, and parts of Asia, notably Japan and China. Inspired by 

these advancements, we are motivated to adapt and implement this system within Indonesia, with a specific 

focus on Palembang, South Sumatra. It is our aspiration that the development of this system will significantly 

enhance the meteorological, climatological, and geophysical observation capabilities currently facilitated by 

the Meteorological, Climatological, and Geophysical Agency (BMKG), while simultaneously bolstering the 

growth of renewable energy initiatives in the region of Palembang. 

In the initial part of the article, a general understanding of interferometry was presented. The 

subsequent section delves into the fundamental concepts and determinants of accuracy in interferometry, 

while the following part highlights recent technological advancements in this field. The paper’s remainder 

outlines the method for measuring electric fields using a parallel plate antenna and constructing a buffer 

circuit. Finally, the last section of the article comprises a discussion and conclusion. 

 

 

2. INTERFEROMETRY TECHNIQUE 

2.1.  Basic principle of interferometry 

Lightning discharges radiate strongly at radio frequencies, which may be used to learn about 

lightning breakdown processes. Interferometric methods may be used to identify the multiple radiation events 

as a function of time during a discharge and to obtain images of the growing lightning channels inside a 
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storm, obscured from view at optical wavelengths [19]. Hayenga [20] initiated using the VHF radio 

interferometry method to study lightning. The researchers in [21], [22] developed this technique with his 

coworkers to identify the various processes that occur during discharge using a frequency of 34 MHz. 

Numerous researchers refined and improved the method [23]-[27]. 

The interferometry technique, in essence, measures the time difference between two pairs of 

antennas. However, because interferometry operates at VHF frequencies, the distance between antennas is 

limited to one to five meters, allowing time differences to be measured by calculating phase differences [28]. 

In other words, the basic principle of interferometry is to estimate phase differences in the various frequency 

spectrums of a pair of antennas [27]. The phase difference determines the direction of the electromagnetic 

field emission source. The basic configuration of interferometry technique is presented on Figure 1. 

 

 

 
 

Figure 1. The basic geometry of the interferometry system [18], [29] 

 

  

The working principle of interferometry technique is as follows; two antennas separated by d 

meters detect electromagnetic fields emitted by distant sources. This electromagnetic field varies in value to 

form the sine wave, or cosine wave, with a frequency of ω and wavelength λ. The signal spreads in all 

directions from the source, and if the distance between the antennas is less than the distance to the signal 

source, the electromagnetic field is a flat plane. The signal phase as a time function will be different for each 

location. In other words, because the signal comes from waves coming from different directions, the output 

signal from two antennas will have a phase difference of ϕ, as shown on Figure 2.  

 

 

 
 

Figure 2. The output signal from two antennas with a phase difference, ϕ [30] 

 

 

The azimuth and the elevation angles represent the arrival direction. Different phases are denoted as (1): 

 

𝜙 = 2𝜋𝑑 𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜑/𝜆 (1) 

 

As previously explained, the measurement of phase difference in interferometry also measures the 

difference in arrival time at a pair of antennas. From Figure 1, the relationship between arrival time 

difference τd, phase difference Δ and incident angle α is formulated as (2) [25], [29], [31]: 

    

  
 m p li t u d e  
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𝑑 cos 𝛼 = 𝑐 ∙ 𝜏𝑑 =  (
∆∅

2𝜋
) 𝜆 (2) 

 

where λ is the wavelength and c is the speed of light. 

From (2) it can be calculated the value of the cosine of the incident angle, cos α. 
 

cos 𝛼 =
𝑐∙𝜏𝑑

𝑑
= (

∆∅

2𝜋
)

𝜆

𝑑
 (3) 

 

The determination of the value of cos α can be calculated directly from (3) using either τd or Δϕ. The 

calculation using the phase difference Δϕ, on the other hand, is slightly more complicated due to the 

ambiguity of 2 π in the phase measurement with baseline d>λ/2. As described in (1), if Ɵ=π/2 and d=λ/2 and 

the value of ϕ is between 0°–180°, it will cause the phase angle ϕ to vary between 00–3600. This condition 

results in a one-on-one correlation between φ and ϕ. However, if the baseline d>λ/2, there is a plural value 

for ϕ, referred to as fringe ambiguity. On the other hand, if d is small enough, the measurement is limited if 

the antenna distance is quite close. This problem can be overcome by positioning two pairs of antennas with 

perpendicular baselines of λ/2 and 4 λ [22], [30], [32]. Eventually, this baseline becomes λ and 4.5 λ [33]. 

Shao and Krehbiel [34] employed both short and long baselines in his interferometry system. The problem of 

fringe ambiguity could be solved by increasing the distance between antennas on the short baseline. 

These antennas provide the azimuth and elevation of the sources capable of exciting such an antenna 

system. Two sets of identical separated antenna can be used to locate the likely position of the lightning 

source. Table 1 shows the previous antenna distance (baseline) used by some researchers. 

 
  

Table 1. The interferometry baseline in previous research 
No. Researcher–year No. of antenna Baseline 

1 Shao et al.–1995 [32] 5 0.5–4 λ 

2 Shao and Krehbiel–1996 [34] 5 0.5–4 λ 
3 Cao et al.–2010 [35] 4 10 m 

4 Akita and Kawasaki–2010 [36]  2 stations 10 m 

5 Sun et al.–2013 [37] 4 10 m 

6 Nakamura et al.–2014 [38] 4 5 m 

7 Stock and Krehbiel–2014 [39] 3 10.2 m 

8 Wang et al.–2017 [40] 4 18 m 
9 Liu et al.–2018 [41] 2 stations 15 m and 16 m 

10 Abeywardhana et al.–2018 [42] 4 10 m 

11 Puricer et al.–2020 [43] 3 6 m 
12 Wang et al.–2020 [44]  7 9 m 

 

 

The distance between antennas or the baseline must meet the criteria d/c 1/B to obtain this phase 

measurement [30] where c denotes the speed of light and B denotes the frequency band. However, the value 

of d will not exceed the transit time τtransit=d/c between the two antennas, resulting in cos α of +1. This limit 

can distinguish between the signal from the actual source and noise [29]. 

Two additional angles are required to calculate the angle of arrival β relative to the y-axis using 

calculations based on the horizontal orthogonal baseline. Assuming two baselines in the North and West 

directions, Figure 1 shows the relationship in spherical trigonometry between incident angle, angle of arrival, 

azimuth Az, and elevation El. 
 

cos 𝛼 =  sin(𝐴𝑧) cos(𝐸𝑙) (4) 
 

cos 𝛽 = cos(𝐴𝑧) cos(𝐸𝑙) (5) 
 

Geometrically, (4) and (5) transform Cartesian coordinate units to spherical coordinates, where 

azimuth and elevation are expressed in spherical coordinates as θ and ϕ. At the same time, cos α and cos β are 

Cartesian coordinate representations of the x and y axes. The transit time constraint, τtransit, corresponds to 

(cos 𝛼)2 + (cos 𝛽)2 ≤ 1 is a unit radius of the circle in the cosine direction. 

In (4) and (5) are derived to obtain the azimuth and elevation using the two arrival times τd1 and τd2 

as (6) [29], [31], [45]. 
 

𝐴𝑧 (𝜃) = tan−1 (
𝜏𝑑1

𝜏𝑑2
) (6) 

 

𝐸𝑙(𝜙) = cos−1 (
𝑐

𝑑
√𝜏𝑑1

2 + 𝜏𝑑2
2 ) (7) 
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In (6) and (7) the azimuth angle is defined to increase clockwise from the North, and the elevation 

angle increases from the horizon line [31]. For baselines that are not perpendicular to each other, (6) is 

reduced to (8) and (7) becomes (9), 

 

𝐴𝑧 =  𝐴𝑧1 + tan−1 (
𝜏𝑑1 cos(∆𝜃)−𝜏𝑑2

𝜏𝑑1 sin(∆𝜃)
) (8) 

 

𝐸𝑙 = cos−1 (
𝑐

𝑑
√

𝜏𝑑1
2 +𝜏𝑑2

2 −2𝜏𝑑1𝜏𝑑2 cos(∆𝜃)

𝑠𝑖𝑛2(∆𝜃)
) (9) 

 

where Az1 is the azimuth of baseline 1, Δθ is the azimuth difference between baseline 1 dan baseline 2 (Az2), 

and the angle between the two baselines. 

  

2.2.  Frequency in interferometry technique 

Interferometry systems typically employ two frequencies: narrowband and broadband. Interferometry 

using narrowband frequencies works at a constant frequency. On the other hand, interferometry with broadband 

frequencies operates in a frequency range where electromagnetic emissions from lightning can be observed. 

Broadband frequency outperforms the other because it can record high-resolution electromagnetic emissions, 

allowing for more accurate monitoring of lightning properties [18]. 

Most interferometry systems began with narrowband frequencies pioneered by Warwick et al. [21], 

which employed a frequency of 34 MHz with two antennas 80 m apart. The quadrature phase-detection 

technique identifies the arrival direction’s phase difference of arrival (DoA). This interferometry device could 

determine the position of lightning within certain limits, but it could not eradicate the fringe formed by the 

electric field. Over the next two years, the system was developed by utilising the same frequency but lowering 

the antenna distance to 15 m and adding a second baseline perpendicular to the first baseline to calculate the 

angle of arrival [22]. With this arrangement, the system can estimate the position of lightning in two 

dimensions, but phase determination remains ambiguous. As a result, multiple baselines are necessary [39].  

The research by [23], [44] observed various lightning discharge phenomena in cloud-to-ground 

(CG) flash, such as dart leader, K-events in the cloud, and attempted leader using radio frequencies with a 

bandwidth of 6 MHz and a centre frequency of 274 MHz. Even though radio frequencies are susceptible, not 

all breakdown events can be recorded. To address this, Mazur et al. [46] outfitted the interferometry system 

used by Rhodes et al. [45] with a high-speed camera capable of 1000 frames per second. On the other hand, 

Lojou et al. [28] recommends using narrowband interferometry with frequencies close to 100 MHz because 

this frequency provides better detection results. With a detection range of 300 km, a frequency of 100 MHz 

produces a reasonably good signal to noise ratio (SNR). 

The basic concept of broadband interferometry is the estimation of phase differences in the various 

frequency components of the Fourier spectrum between a pair of broadband antennas [26], [27], [34], [47] with 

three main stages: i) extraction of phase differences from electromagnetic pulses in two antennas using discrete 

Fourier transformation; ii) calculate the cosine angle between the signal coming and the baseline antenna, and 

iii) derive the azimuth and angular elevation of the radiation source [48]. The researchers preferred 

interferometry with a broadband frequency rather than a narrowband frequency. The VHF broadband 

interferometry can describe the physical process during lightning flashes in greater detail [39]. The VHF 

frequency (30–300 MHz) is common in interferometry techniques. Furthermore, various digital signal 

processing techniques can improve the quality of input signals, such as that used by [34], which uses a 

frequency range of 40–350 MHz, making broadband interferometry the preferred method of many researchers.  

 On the other hand, large frequency ranges demand a substantial quantity of digital storage capacity. 

To address this, Mardiana and Kawasaki [27] devised a sequential triggering approach in which memory 

storage was divided into segments that recorded one electrical broadband pulse for one microsecond. When 

the amplitude of a detected electromagnetic pulse crossed a threshold value, the trigger circuit worked and 

captured the required waveform, which was then stored in a single storage segment. This approach recorded 

2000 segments in a single second, enabling a more comprehensive recording of electromagnetic emission 

fast-moving pulses at frequencies ranging from 0 to 250 MHz. The location of fast EM radiation from 

lightning was calculated by extracting phase differences in the frequency range of 0–250 MHz. The system 

worked at 25–250 MHz frequency using discrete Fourier transformations. The researchers used a high 

digitation rate of 500 MHz to address the large frequency bandwidth. 

A digital-based VHF-broadband interferometry system was developed by placing analogue to digital 

converter (ADC) and band-pass filter (BPF) amplifiers (10–250 MHz) on the system [49]. The system was 

known as the VHF broadband-digital interferometer (VHF broadband-DITF). It produced accurate results 

with an average azimuth difference of less than 1° and an elevation difference of less than 2°. The system 
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was refined by [50] using the same techniques introduced by [27] to address the limited data storage memory 

capacity. This technique was then widely used by other researchers, such as [51], who used this technique by 

dividing the digitiser memory into 4000 segments and recording 2 microseconds in 2009. At the same time, 

[37] used an interferometry system to record 2000 samples per segment with an entire segment of 4000. On 

the other hand, [29] established triggering data on a flash-by-flash basis, recording 2 seconds per trigger. 

 

2.3.  Denoising technique in interferometry technique 

Measuring lightning electromagnetic fields can be challenging due to various sources of noise. 

These sources include electronic equipment, AC-DC converter equipment with limited resolution due to the 

signal-to-noise ratio, TV waves, and improper grounding system connections between different sections of 

the measuring system [52]. In a lightning measuring system, noise or unwanted signals that cannot be 

controlled might impact some areas of the signal’s frequency spectrum [53]. Therefore, a denoising technique 

is required to eliminate noise from the data while keeping the significant aspects of the studied signal [54]. 

Broadband interferometry processing methods include the linear fit approach, wavelet transform 

(WT), and cross-correlation [18]. Shao and Krehbiel [34] interferometry system utilised the linear fit 

approach to detect the direction of electromagnetic emission sources by integrating the results of measuring 

phase differences between antenna pairs in an array. The study’s primary objective was to look for frequency 

phase differences. Ushio et al. [26] employed a linear fit method slightly different from in their 

interferometry, employing two orthogonal baselines that allow lightning strikes to be mapped in two 

dimensions and fitted with trigger mechanisms to permit emission radiation recording. 

 The cross-correlation approach examines two separate signals to see if they are related, and this 

approach may also determine the similarity between two separate signal series. In general, adding or 

multiplying the functions of two signals yields a degree of similarity or correlation. The broadband 

interferometer system in [27] employed the cross-correlation approach to computing the phase difference of 

two fast-moving electromagnetic signals. This phase difference is used to compute the magnitude of the 

incidence angle of the signal source. Compared to the narrowband interferometer system, their study showed 

that the azimuth direction’s mean difference was less than 1° with a standard deviation of 4.5° and the 

elevation direction’s mean difference was less than 2° with a standard deviation of 5.0° [55]. The angle 

uncertainty was less than 1° when generalised cross-correlation was employed to determine the difference in 

time of the signal arriving at the two antennas [29]. Puricer et al. [43] suggested utilising the cross-

correlation approach to increase the performance of interferometry techniques and minimise calculations.  

In improving the accuracy, the cross-correlation technique can be combined with other techniques. 

Alammari et al. [56] combined this technique with a WT using the Symlet function, known as the cross-

correlation wavelet domain (CCWD), with a resulting error rate of 3.46°. The CCDW method was refined 

with particle swarm optimisation (PSO). The CCDW technique generated an initial estimate of the location 

of the lightning, which was then optimised using PSO [57]. 

 The WT is a multiresolution signal processing approach that employs a BPF. This method adjusts or 

shifts a wave of signals to sort data according to the frequency component required. WT functions include Morlet, 

Daubechies, Coiflets, Bioorthogonal, Mexican Hat, Myers, Haar, derivative of Gaussian (DOG), and Symlets. The 

WT has an advantage over other transformation functions in that it allows for simultaneous signal analysis in both 

spatial and frequency [58]. These two parameters are required for analysing transient signals such as lightning 

electric field signals [53]. The WT is recommended for spectrum analysis of non-stationary spectra observed in 

nature rather than the Fourier transform [59]. The latter is better for studying the stationary power spectrum. 

 Furthermore, due to the wide range of dominant frequencies in the signal, such as lightning, the WT is 

better suited for analysis requiring independent scale [60]. Lightning’s electric field is a non-periodic and 

transient pulse with an irregular signal waveform, making it difficult to identify its characteristics using 

conventional transformations such as the Fourier transform [53]. The WT does not “refine” the sharp structure 

of the analysed signal during the noise removal process, so important signal details are preserved [61]. 

 Three primary parameters are required to evaluate a signal using a WT: the mother wavelet, which 

represents the signal to be studied; the wavelet function, which translates the mother wavelet; and wavelet 

thresholding. The signal decomposition procedure creates a daughter wavelet due to the translation of the 

mother wavelet. The translation outcome will be affected by the number of decomposition levels used at this 

step. Using five wavelet levels resulted in good noise elimination in the lightning signal [53]. Wavelet 

thresholding is used to remove noise while keeping the required signal properties. 

Studies have found that the Haar discrete wavelet method is an effective way to identify the return 

stroke (RS) channel in lightning signals [62]. Another research showed that examining the behavior of the RS in 

the time spectrum and its relationship to its power spectrum can be accomplished by using the DOG function in 

continuous WT [63]. Furthermore, this research demonstrated that the WT is superior to the Fourier transform's 

frequency dimension for analyzing lightning characteristics. A separate study demonstrated that utilizing the 

Myers WT function to eliminate noise from VHF radiation enhances accuracy in incidence angle resolution and 
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improves dependability in noise reduction, resulting in a clearer depiction of lightning branches [51]. In 

addition, employing short baseline interferometry and combining the Fourier transformation with Symlet WT 

functions effectively removes high frequencies exceeding 200 MHz, enabling the system to detect nearby 

lightning discharges and reveal specific details about the lightning emission [35]. 

 

 

3. INTERFEROMETRY TECHNIQUE ELECTRIC FIELD MEASUREMENT SYSTEM 

3.1.  Parallel plate antenna 

In electromagnetic lightning theory, the lightning channel is assumed to be vertical; thus, its 

electromagnetic field is also vertical. Therefore, a parallel plate antenna is the most suitable for this condition 

because its construction is oriented perpendicular to the electric field vector, parallel to or near the surface soil [64]. 

Another advantage is its ability to determine the location of lightning strikes, particularly lightning within a 10 km 

radius, simply by measuring the intensity of the electric field [65]. Furthermore, compared to the electric field mill, 

the parallel plate antenna has a higher time resolution in measuring the electromagnetic field [66]. The distance 

between the plates remains independent of where it is placed as long as the antenna is grounded [67]. A parallel 

plate antenna with a buffer circuit is a wideband system that can measure and record lightning electric field 

waveforms up to 16 MHz [68]. A parallel plate antenna is placed above ground level for lightning E-field 

measurements, as shown in Figure 3 and the E-field wavelength is much larger than the size of the metal plate.  

  

 

 

 

Figure 3. A typical parallel plate antenna equipped with an electronic circuit [64] 

 

 

The E-field is the force per unit charge for each point in the charge region: 

 

𝐸 =  
𝐹

𝑄
=  

𝑄

4𝜋𝜀0𝜀𝑟𝑟2 (10) 

 

where Q represents charge, r is distance, and eo and er are absolute and relative permittivity. 

The variable E εoεr is the flux density, D, which indicates the size of the electric field flowing out of 

a spherical surface. Based on Gauss’s law. 

 

∫ 𝐷 ∙ 𝑑𝑠
𝑠

= 𝑄  (11) 

 

If the charge is distributed uniformly, the charge density per unit volume is used instead of the 

closed charge on the surface. Therefore, by integrating over the volume v, Gauss’s law in (11) becomes (12): 

 

∫ 𝐷 ∙ 𝑑𝑠
𝑠

= ∫ 𝜌 ∙ 𝑑𝑣  (12) 

 

In this condition, a charge Q is induced when an electromagnetic field is generated on the antenna 

plate so that (12) becomes (13): 

 

𝐷 ∙ 𝑆 = 𝑄  (13) 

 

in (10), where Eεoεr is the flux density D, then the normal electromagnetic field is (14): 

 

𝐸𝑛 =  
𝑄

𝜀0𝜀𝑟𝑆
 (14) 

 

thus, the induced voltage between the parallel plate antenna and the earth, Vg, is (15): 
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𝑉𝑔 = − ∫ 𝐸𝑛𝑑𝑥 = 
𝑑

0

𝑄

𝜀0𝜀𝑟𝑆
∫ (−1)𝑑𝑥 =

𝑄𝑑

𝜀0𝜀𝑟𝑆
 

𝑑

0
 (15) 

 

substituting (14) to (15) will get the relationship between the voltage between the antenna-earth with a 

normal electromagnetic field as (16): 
 

𝑉𝑔 =  𝐸𝑛 ∙ 𝑑 (16) 

 

In (16) shows that the voltage between the parallel plate antenna and the ground is proportional to 

the normal electromagnetic field on the plate and the antenna’s height above the earth’s surface—the antenna 

height d, modified to get the effective height, deffective. The effective height is the distance between the 

measuring circuit and the antenna connected via a 50 Ω coaxial cable. 
 

3.2.  Buffer amplifier as an electronic measurement circuit 

In order to minimise any distortion of the lightning electric field, the antenna is usually placed far 

away from the recording equipment. This circumstance necessitates lengthy coaxial cables, which require a 

matching resistor at the oscilloscope’s input to avoid undesired reflections [64]. As a result, a buffer circuit is 

employed to separate the antenna’s high impedance and provide enough power to push the signal from the 

antenna to the oscilloscope through the coaxial connection. The buffer circuit additionally filters the 

frequency spectrum of the lightning flash signal without amplifying it [69].  

Galván and Fernando [64] pioneered buffers for measuring electrical elements, which other 

researchers afterwards adopted. The main components of this circuit are an IC component serving as a buffer, 

an R1C1 component serving as a filter circuit, a 100 MΩ-high resistance R2 serving as a decay time constant 

regulator, and a matching resistance R3 serving as a back termination resistor of IC component. The 

maximum total value of the termination resistor, i.e., R3 and IC output resistance, is 50 Ω. The aim is to 

equalise the value of the coaxial cable resistance. Given that this circuit is employed in the high-frequency 

range, matching impedance is required to match the load with the line’s characteristic impedance [70], [71]. 

Figure 4 depicts the design of the electronic measuring circuit. 

In the circuit shown in Figure 4, two high-frequency ceramic capacitors, each 0.1 μF (C3 and C4 in 

Figure 4), are used to bypass power supply connections and put as near as possible to the buffer IC’s power 

supply ports to provide high-frequency decoupling. To prevent the circuit from damage caused by large 

currents, a 100 Ω resistor was added in line with the power supply pins (R4 and R5 in Figure 4). A large ground 

plane was employed to reduce high-frequency ground drops and stray coupling. This special consideration was 

paid to the circuit layout design for optimal performance when measuring high frequencies. 

 
 

 
 

Figure 4. Typical electronic measurement circuit [64] 
 

 

The IC must be a high-speed buffer with unity gain characteristics and produce a high output 

current. Using a high-speed buffer enables accurate measurement of the amplitude and rise time of the 

lightning electric field. Galván and Fernando [64] used ICs from the LH0033 family, while Edirisinghe et al. 

[71] used the OPA633 type (the latest OPA 633KP). The LH0033 is a high-speed input/buffer voltage FET 

from DC to over 100 MHz frequencies. The LH0033 slews at 1500 V/μs and exhibits excellent phase 

linearity up to 20 MHz, making it suitable as a high-impedance input buffer. In comparison, the OPA633 

features a bandwidth of 260 MHz with a high slew rate of 2500 V/μs. Both types of ICs can produce high 

output currents (100 m ), allowing them to drive 50 Ω lines.  

The capacitor value in the buffer circuit must be as small as possible to keep the total impedance of 

the circuit from becoming too high, given that the circuit operates at high frequencies. Furthermore, a small 
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capacitor will offer a suitable decay time constant, 13 ms [64], [71], [72], or 15 ms [69], allowing reasonable-

accuracy recording of the electric field signal created by lightning. The capacitor C1 in the fast electric field 

circuit is 15 pF [64], [71], [72], whereas the capacitor in the slow electric field circuit is 10 nF [72]. 

 

 

4. PARAMETER AFFECTING THE ACCURACY OF INTERFEROMETRY TECHNIQUE 

Many researchers have used parallel plate antennas coupled with amplifiers to determine the 

location or direction of lightning strikes. Based on these studies, the interferometry method appears 

promising because it has advantages over other methods, such as not requiring a large number of antennas or 

stations; thus, it is quite economical while providing results with a high degree of accuracy. Previous studies 

have produced lightning strike/location detection systems with varying accuracy from one study to another. 

The spatial accuracy rate of interferometry techniques was affected by the “installation error” level and 

corrected by simple calibration using broadcast waves [73]. The efficiency of each detection method varies 

according to the type of processing of the observed frequency band. Low-or medium-frequency bands 

provided long-range detection but limited precision with little detail. In contrast, high frequencies (VHF) or 

UHF can provide better and more detailed observations [43]. 

Two significant factors must be considered to improve the performance of a lightning location 

detection system. They were; i) the automatic extraction of ITF signals derived from lightning events and  

ii) the noise signal filtering process at the pre-processing stage that must be done carefully; thus, relevant 

lightning information was not omitted and can be used later [57]. Performance metrics were applied to 

compare the systems used in one study with those used in other studies to determine other factors affecting 

the accuracy of previous study results. Table 2 (in Appendix) summarises some performance metrics from 

previous studies conducted between 2015 and 2021 [29], [39]-[44], [56], [57], [74]-[81]. 

 

 

5. PRELIMINARY RESULTS OF THE PROPOSED ELECTRIC FIELD MEASUREMENT SYSTEM 

One of the causes of the phenomenon of gradual changes in the characteristics and intensity of 

lightning is climate change [82]-[84]. This phenomenon has led to many researchers focusing on observing 

the characteristics of lightning as their research topic. One crucial characteristic of lightning to be observed is 

the RS characteristic. The RS is a lightning discharge's most recognizable and powerful component. Climate 

change may influence thunderstorms' characteristics, potentially affecting lightning's frequency and intensity, 

including RSs. Therefore, observing the RS characteristic may also lead to the trend of climate change 

patterns that would affect renewable energy production. Lightning characteristics were observed by 

observing the changes in lightning’s electric field emissions (E-field). These changes were detected using a 

parallel plate antenna. The block diagram of the configuration of the measurement system used is shown in 

Figure 5. The Picoscope display was set up in order to capture the changes in E-field emissions, specifically 

focusing on the RS wave. The Picoscope’s configuration as follows, recording time: 1 ms, number of 

samples: 10 MS, hardware resolution: 12 bit, trigger mode: single, coupling mode: AC, voltage range 

channel A: +5 V (fast field), voltage range channel B: +2 V (slow field). 

 

 

 

  

Figure 5. Block diagram of the E-field measurement system 
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A trigger level for channel A (fast field) was set up at 2 V and 20% pre-trigger time for data 

captured in December 2022, while for January–February 2023, trigger level and pre-trigger time was set up at 

1 V and 30 , respectively. The difference in trigger values aims to determine the measurement system’s 

sensitivity in detecting E-field signal emissions. The smaller the trigger value, the greater the distance 

between the E-field emission source and measurement station. The intensity of lightning storms in Indonesia 

generally increases in January and February; hence the potential for lightning storms also increases. 

Therefore, the trigger value was set to 1 V during those months to test whether the system can detect E-field 

variations. The captured waves were confirmed with satellite data showing lightning storm activity that 

coincides with the capture time. Figures 6(a)–(c) shows some of the E-field changes during that time. The 

highest peak magnitude captured by the system was 7.691 V. 

 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

Figure 6. Electric field voltage signal captured on; (a) December 30, 2022, (b) January 17, 2023, and  

(c) February 20, 2023 with peak voltage magnitude of 2.128 V, 2.88 V, and 7.691 V respectively 
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6. DISCUSSION  

The impacts of climate change and extreme weather events challenged energy production from 

renewable sources such as wind turbines and photovoltaic systems. These systems need to be designed to 

withstand weather variability and climate change impacts and be protected from lightning strikes to enhance 

the sustainability and resilience of renewable energy systems. Monitoring lightning can help keep track of 

climate change patterns and improve lightning protection system’s ability. 

Interferometry was a lightning observation and localisation technique with advantages over other 

lightning detection techniques. It can be operated with only one station, does not need many antennas, and 

provides reasonably accurate observations. The quality of the received signal influences the accuracy of 

interferometry. Therefore, the pre-processing stage/signal denoising process becomes crucial because the 

challenge is producing a clean signal without reducing, obscuring, or even eliminating important parameters 

of the studied signal. 

Another thing that needs to be considered in developing this interferometry technique is the 

improved capacity of storage media, which is quite large. In addition to sequential triggering techniques, a 

digital signal oscilloscope or a database management system such as MySql can relatively overcome memory 

storage limitations. With the development of digital signal processing technology, recording and displaying 

real-time lightning signal observation data is possible. However, signal (“signal cleanliness”) is the main 

factor in generating valid data.  

The parallel plate antenna is a good choice for detecting or capturing lightning signals since it is 

built with its construction perpendicular to the vertical electric field vector. This construction makes it 

possible for the antenna or sensor to accurately measure the lightning’s electromagnetic field by capturing it 

more. The development of this antenna could focus on finding ways to make the parallel plate antenna’s 

dimensions smaller, more portable, and easier to install.  

The operational functionality of the measurement system holds paramount significance when 

measuring the intensity of the electric field in lightning. The signal magnitude is contingent upon the 

lightning strike’s intensity and the distance between the strike and the measuring antenna. Observing changes 

in the electromagnetic field of lightning over a sufficient period of time will provide insights into the 

waveform of lightning field emissions, the trend of peak waveform variations, and their relationship with 

climate change. Typically, the recorded electric field signals captured by the proposed system had a 

maximum peak magnitude of 7.691 V. 

 

 

7. CONCLUSION  

Lightning activity is typically associated with precipitation events and indicates climate change. 

Since renewable energy, like wind and solar energy, are influenced by atmospheric phenomena, studies of 

lightning activity are crucial for their resilience and sustainability. Additionally, lightning protection systems 

for renewable energy infrastructure must be designed using research on lightning activity. Consequently, 

lightning detection and localisation systems are essential for investigating lightning field characteristics and 

locating cloud-to-ground flash lightning, which is dangerous for humans and causes property damage. A 

decent detection result can be achieved using interferometry without many antennas or spaces. The 

improvement of interferometry-based lightning detection and localisation systems required the development 

of signal-processing techniques. In order to enhance system performance, it is also necessary to increase 

storage capacity and develop suitable storage medium technology. If this is accomplished, real-time 

monitoring and detecting lightning will be possible. Furthermore, provide sufficient data for lightning 

intensity analysis to investigate the possibility of future climate change trends and how they relate to the 

design of climate-resistant renewable energy systems. 

 

 

APPENDIX 

 

Table 2. The accuracy and parameters of lightning detection systems in previous research (2015-2021) 
Ref. 

No. 
Location Frequency Baseline No. of antenna 

Pre-processing method and 

instrumentation 
System performance 

[40] Nanjing, 
China 

50–300 
MHz 

18 m 4 antennas 
with 2 

additional 

VHF broad 
band antennas 

that serve as 

emitters 

TR techniques were applied 
to determine the location of 

lightning VHF emissions 

and mapped the entire 
lightning process using 

EMTR-VHF. 

EMTR-VHF method 
performed well, especially 

for sources with low 

elevation, with errors less 
than 1°. 
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Table 2. The accuracy and parameters of lightning detection systems in previous research (2015-2021) 

(continued) 

Ref. 
No. 

Location Frequency Baseline No. of antenna 
Pre-processing method and 

instrumentation 
System performance 

[41] Guangdong

, China 

20–300 

MHz 

16 m for 

Site A 
and 15  

m for 

Site B 

4 flat circular 

antennas/site. 
The distance 

between the 

two sites is 8.2 
km 

Calculation of location 

accuracy using the 
measurement method 

“Theodolite Wind.” 

Both stations had high 

observational accuracy on 
both sides of the 

relationship between the 

two sites. The accuracy 
rate of the location 

decreased when the 

distance of both stations 
with the radiation source 

increased, or the height of 

the radiation source 
decreased. A 3-D lightning 

localisation system with 

two interferometer stations 
suitable for observing 

lightning at close range and 

high elevation angles in 
small areas 

[42] Colombo, 

Srilanka 

10-80 MHz 10 m 3 flat circular 

antennas 

The direction of the 

lightning radiation source 
was calculated by the cross-

correlation technique and 

mapped in 2 D. 

The developed system 

could map lightning 
development in two spatial 

dimensions with high time 

resolution. The results of 
the interferometer system 

were verified using a video 

camera, and the results 
were consistent. 

[43] Milešovka 

Hill, 
Checko 

20–60 MHz 6 m 3 antennas Artificial intercloud pulse 

generators were applied to 
test and calibrate the 

precision of interferometry 

systems. 

System performance would 

be optimal when the 
installation location was 

based on electromagnetic 

interference measurements 

in VHF tapes. 

[44] China It uses two 

spectrums 
of signal 

frequencies

, 25-90 
MHz and 

110-150 

MHz 

9 m 

(The 
position-

ing of the 

antenna 
takes the 

shape of 

the letter 
L) 

7 antennas Using the same system 

configuration used in the 
multiple-antenna observation 

and EMTR processing of 

lightning VHF radiations 
[40]. Applying the MUSIC 

algorithm to the system aims 

to separate the signal from 
the noise. The music 

algorithm was based on 

parsing the eigenvalues of 
the covariance matrix. 

The location accuracy rate 

on a MUSIC-VHF system 
was the same as the 

EMTR-VHF method (in 

Gaussian noise) with an 
SNR=-12 dB value for 

RMSE< 10, but the music-

VHF spatial resolution was 
better than EMTR-VHF for 

high SNR. The MUSIC-

VHF method performed 
better than the EMTR-

VHF and INTF methods in 
sidelobe pressing 

capabilities and 

withstanding narrowband 
interference. 

[56] Klebang 

Beach, 
Malacca 

Strait, 

Melaka, 
Malaysia 

40–80 MHz 15 m 3 antennas Using a single VHF ITF 

tested with 3 different 
processing types: BPF, 

Kalman filter (KF), and WT. 

The system generated a 

well-estimated source of 
lightning radiation using 

wavelet denoising and 

CCWD with an error of at 
least 3.460. 

[57] Malaka, 

Malaysia 

NA 15 m 3 antennas The WT technique was used 

to process the results of 
lightning location detection 

obtained from the ITF 

system to provide reliable 
lightning location estimates 

before being optimised with 

PSO techniques. Parameters 
to be aware of in PSO 

techniques were the 

maximum and minimum size 
of “windows” and the 

number of iterations. 

The CCWD-PSO 

algorithm applied to the 
ITF technique did not 

require prior lightning 

location information. The 
CCWD-PSO hybrid 

algorithm could locate the 

lightning source with a 
population size of less than 

50 and some iterations of 

less than 500. PSO method 
excelled in optimisation of 

lightning location. 
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Table 2. The accuracy and parameters of lightning detection systems in previous research (2015-2021) 

(continued) 

Ref. 
No. 

Location Frequency Baseline No. of antenna 
Pre-processing method and 

instrumentation 
System performance 

[74] Uchida-

Chuo, 

Ishikawa 
Prefecture 

Japan 

30–80 MHz Using 2 

baselines; 

7.18 m 
dan 6.55 

m 

3 antennas 

were placed, 

forming a 
blunt angular 

triangle of 

105.7°. 
Azimuth and 

elevation were 

calculated 
against the 

blunt angle 

The standard slope deviation 

of phase difference every 

two years was used to 
distinguish 

VHF pulses were associate d 

with a lightning release. The 
data recordings were divided 

into 128 sample windows 

and were organised into 
domain frequencies using 

FFT. 

The system could record 

many VHF pulses 

associated with lightning 
release, allowing the 

perfect mapping of release 

propagation channels. 

[75] International 
Space 

Station, 

Japan 

70–100 
MHz 

1.62 m 2 antennas This study used the interfer 
ometry technique combined 

with ionospheric 

propagation delay 
measurements, and both 

were used to determine the 

direction of arrival from 
VHF sources. 

The system generated 
location uncertainty of 

several kilometres at an 

altitude of 10 km. The 
approximate position of 

radiation spatially 

corresponded to the 
lightning position captured 

with the lightning and 
sprite imager (LSI). 

[76] Jiangsu, 

China 

50–300 

MHz 

18 m 4 antennas The interferometry 

technique combined with 

high-speed video (HSV) was 
placed as far as 3 km from 

the antenna site. 

The results obtained from 

interferometry techniques 

were consistent with the 
visual results of HSV. 

[77] Shandong, 
China 

140–300 
MHz 

8 m 4 antennas LMI was based on TDOA 
short baseline technology. 

The lightning electric field 

changes were processed 
using cross-correlation time 

delay algorithms based on 

correlation and parabolic 
interpolation algorithms. 

LMI could effectively 
reproduce lightning 

development in the clouds 

for rocket-triggering and 
natural lightning flashes. 

LMI results were 

consistent with results 
from high-speed cameras 

(optical seeding) 

[78] Durham, 
North 

Carolina-

USA 

100 kHz–
55 MHz 

52 m 3 aluminium 
plate antennas 

Before VHF signals were 
processed dispersively, 

digital high pass filter filters 

were applied to raw data to 
limit the signal frequency 

band to 20-55 MHz. 

For signals with an SNR of 
10 dB, the angular 

uncertainty was about 0.1° 

at a source elevation of 
45°. Standard derivations 

(elevation and uncertainty 

of azimuth angles) were 
0.17° and 0.26°, 

respectively. 

[79] Durham, 
North 

Carolina-

USA 

100–200 
MHz 

52 m 3 antennas Interferometric and imaging 
proceedings using cross-

correlation algorithms were 

also used by Stock et al. 
[29]. 

The system could image in 
a synchronous needle that 

correlated with negative 

leaders and bidirectional 
leaders during intra-cloud 

lightning flashes with 

much higher spatial 
resolution than previous 

systems with the maximum 

frequency of 60 MHz. 
[80] Leshan, 

China 

48.2 MHz Using 

two 
baselines, 

d1=5 λ/2 

and d2=9 
λ/2. 

1 transmitter 

antenna and 5 
receiving 

antennas 

 

Determination of the 

location of lightning using 
interferometry techniques 

that were treated as radar. 

This radar system 
transmitted electromagnetic 

pulses and received echoes 

reflected by lightning 
channels. Lightning 

localisation results verified. 

Search results of lightning 
detection networks operating 

in the VLF range indicate 

the feasibility of using VHF 

radar for lightning mapping. 

The accuracy of point 

locations in 3D still needs 
to be improved further. 

Verification results with 

the VLF system showed 
that the VHF radar 

interferometry system had 

similar latitude and 
longitude from the source, 

but that was not the case 

with altitude. 
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Table 2. The accuracy and parameters of lightning detection systems in previous research (2015-2021) 

(continued) 

Ref.No. Location Frequency Baseline No. of antenna 
Pre-processing method and 

instrumentation 
System performance 

[81] Córdoba, 

Argentina 

1.6 kHz – 

2.5 MHz 
for fast 

channel 

10–60 

km 

10 antennas This imaging algorithm was 

similar to the VHF 
interferometry algorithm 

presented in [39]. The 

difference lay in how to 
project the location. Stock 

and Krehbiel [39] project ted 

the location into a 2D cosine 
plane, while [81] imaging 

algorithms project it in 

Cartesian 3D volumes. In 
imaging algorithms, the 

location was determined by 

maximising the total 
correlation between a pair of 

stations. 

Imaging algorithms could 

find more sources than 
interferometric-TOA 

hybrid algorithms and 

produce more complete 
lightning maps. However, 

the height of the lightning 

source obtained from the 
imaging algorithm was 

more dispersive, which 

indicates that the error in 
determining the height of 

the location of the 

lightning source was more 
significant than the 

previous algorithm. 
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