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  Abstract- The PEA(pulsed electro-acoustic) method is widely used 

for measuring space charge distribution in insulation materials. 

However, the measured quantity reflects a voltage curve over time 

rather than the actual space charge distribution. Therefore, 

establishing a calibration procedure is crucial to determine the 

relationship between these two quantities. This calibration 

procedure aims to convert the measured voltage into the spatial 

distribution of space charge while correcting for non-idealities 

such as distortion and attenuation. This paper outlines the main 

steps of the PEA system calibration and provides a detailed 

discussion on the selection of the reference signal. Furthermore, 

recommendations are provided to enhance the accuracy and 

reliability of the calibration process. 

 

I. INTRODUCTION 
 

PEA is a common method used to measure space charge 

distribution along one axis of an insulation material [1],[2]. 

Fig. 1 schematically shows a PEA setup for a flat sample. The 

dielectric sample is placed between two high-voltage electrodes. 

A polarization voltage will cause interface charges to 

accumulate between the sample and the electrodes. With the 

excitation of pulse voltage, internal charges already present and 

charges at the interfaces will vibrate under the influence of the 

Coulomb force, producing acoustic waves. Next, the acoustic 

waves will propagate along the thin axis of the sample and are 

captured by a piezoelectric sensor (PVDF, PolyVinylidene 

Difluoride Film) tightly attached to the bottom electrode. The 

voltage waveform collected by the oscilloscope is the electrical 

signal converted from the vibration signal of the PVDF sensor. 

Therefore, a corresponding quantitative relationship between 

the voltage signal and the distribution of space charges needs to 

be established. This is the main mission in the calibration stage 

[3], [4]. 

 

 

 

 

 

 

 
Fig. 1. Schematic of the PEA setup 

 

II. SIGNAL DISTORTION 
 

In the calibration stage, a low polarization voltage will be 

applied to a space-charge-free sample. If the flat sample does 

not contain any space charge inside, the charges accumulated 

on the contact surface between the sample and the two 

electrodes, after applying polarization voltage, should be equal 

but of different polarities according to the laws of charge 

conservation and Gauss's law (shown in Fig. 2). As the 

amplitude of the output voltage signal should be proportional to 

the space charge density, the voltage signal should contain two 

pulse waves with the same amplitude but opposite polarity. 

However, as Fig. 2 shows, the measured voltage signal is 

distorted by overshoot, attenuation, and dispersion [5], [6], [7]. 

 

 

 

 

 

 

 

 
Fig. 2. Comparison between ideal and actual output waveform 

 

A. Overshoot 

Fig. 2 shows that each waveform is followed by a distinct 

oscillation, which is the result of the frequency response of the 

combination of the PVDF sensor and amplifiers[4]. Fig. 3.a 

shows the equivalent circuit of the sensor-amplifier 

combination. Here, Csensor is the capacitance of the PVDF 

sensor, Usensor is the voltage from the sensor, and Ramplifier is the 

input resistance of the amplifier [3], [8]. 

 

 

 

 

 

 

 

 
(a) Equivalent circuit of the sensor 

amplifier combination 

(b) Frequency characteristic of 

different systems or signals 
Fig. 3. Sensor-amplifier combination and its frequency characteristic 

 

The cutoff frequency of this combination can be expressed by 

Eq. 1. According to the value of Ramplifier and Csensor, the 

combination of sensor and amplifier can be regarded as a high-

pass filter, which allows more high-frequency components of 

the acoustic signal to be present [8].  𝑓𝑐𝑢𝑡𝑜𝑓𝑓 = 12𝜋𝑅𝑎𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑟𝐶𝑠𝑒𝑛𝑠𝑜𝑟                   (1) 
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Fig. 3.b shows that the filter significantly attenuates the low-

frequency components while it allows high-frequency 

components to pass with virtually no attenuation. This causes 

the overshoot and undershoot combination issue observed on 

the captured waveforms. 

 

B. Attenuation and dispersion 

Apart from the overshoots, it can be observed that the amplitude 

of the second pulse is lower than that of the first one in Fig. 2. 

This attenuation is caused by the attenuation and dispersion 

effects of the dielectric sample on acoustic waves propagating 

inside the insulation [5]. Taking a flat sample as an example, 

when a polarization voltage and excitation voltage are applied, 

the acoustic waves (p1 and p2) caused by charge vibration will 

propagate to both sides. In the positive direction of the x-axis, 

on one side of the PVDF sensor, p1 will pass through the metal 

electrode to reach the sensor, while p2 needs to pass through the 

flat sample and the metal electrode and bounce back to reach 

the sensor (shown in Fig. 4). Compared with insulation 

materials, metals are excellent conductors of acoustic waves 

due to their high density and an excellent modulus of elasticity, 

but the loss of acoustic waves in dielectrics is significant due to 

their absorption and scattering. That is why the second pulse 

signal magnitude is lower than the first. 

 
Fig. 4. Propagation of the acoustic wave 

 

III. ADDRESSING OVERSHOOT 
 

The overshoot phenomenon in the signal is often considered a 

systematic error of the measurement equipment. The commonly 

used method to eliminate this error is deconvolution [4],[9],[10].  

In the PEA system, the output voltage signal us(t) can be 

represented by the convolution of the system's impulse response 

function h(t) and the space charge density function ρ(t) (shown 

in Eq. 2). 𝑢𝑠(𝑡) = ℎ(𝑡) ∗ 𝜌(𝑡) = ∫  +∞−∞ ℎ(𝑡 − 𝜏)𝜌(𝜏)𝑑𝜏         (2) 

Complex convolution operations in the time domain can be 

converted into multiplication and division operations in the 

frequency domain through FFT (Fast Fourier Transform). The 

expression of Eq. 2 in the frequency domain is shown in Eq. 3. 

H(f) is called the system's transfer function. 𝑈𝑠(𝑓) = 𝐻(𝑓)𝑅(𝑓)                         (3) 

Therefore, R(f)=Us(f)/H(f). Once H(f) is determined, the space 

charge distribution can be obtained through a deconvolution 

operation. In this case, a reference signal ρ0(t) is introduced. A 

similar relationship between this reference signal and its output 

can be expressed by Eq. 4. 𝑈𝑟(𝑓) = 𝐻(𝑓)𝑅0(𝑓)                         (4) 

From Eq. 3 and Eq. 4, the expression of R(f) can be obtained: 

𝑅(𝑓) = 𝑅0(𝑓)𝑈𝑠(𝑓)𝑈𝑟(𝑓)                                (5) 

Since Us(f) is known in Eq. 5, securing a suitable reference 

signal is key to getting R(f). The signals generated by two 

typical kinds of charges have been studied and used as reference 

signals (shown in III.A and III.B).  

 

A. Interface charges between flat sample and bottom electrode 

Typically, the induced interfacial charge between the flat 

sample and the lower electrode is chosen as the reference signal 

because, theoretically, the thickness of this layer of charge is 

infinitely thin, so that it can be regarded as an impulse function. 

The measured voltage signal, which is the first pulse of the 

output voltage, is the pulse response function of the 

system [9],[11],[12].  

However, when space charge is present inside the sample, the 

induced charge at the boundary may change. Therefore, when 

calculating the impulse response function of the test system, the 

sample should not contain any space charge. Therefore, a lower 

electric field that does not cause accumulation of space charge 

is used. When calculating, it should be noted that the induced 

interface charge density is the surface charge density (C/m2) 

(shown in Fig. 5).  

 

 

 

 
Fig. 5 Interface charge between a flat sample and bottom electrode 

 

Due to the sampling time limitation using a digital oscilloscope 

for testing, the measured signal is discrete data with a time 

interval of Δt. Therefore, the induced charge surface density σ(0) 
needs to be discretized and simplified into a distribution with a 

bulk density of ρ(0), as shown in Eq. 6. 𝜌(0) = 𝜎(0)𝑣𝑠𝑎𝛥𝑡                                (6) 

In Eq. 6, vsa stands for the velocity of the acoustic wave inside 

the dielectric material.  

The advantage of this traditional method is obvious: it is easy 

to implement. However, considering that most electrodes form 

an acoustic inhomogeneity, the acoustic wave at the interface 

can be different from the pulse travelling through the bulk. 

Moreover, it is assumed that there will be no accumulation of 

space charges when applying a low polarization voltage, but 

space charges might already be present inside the sample. This 

would significantly degrade the accuracy of the measurement.  

 

B. Improved three-layer calibration sample 

To improve the traditional reference signal, a new calibration 

sample with a very narrow bulk charge density was made from  

an internal gold  electrode included in a 2mm layer of PMMA 

(PolyMethylMethAcrylate) (shown in Fig. 6) [13], [14]. The 

gold layer is sufficiently thin (much thinner than PMMA) so as 

not to affect the acoustic properties of the sample. A DC voltage 

applied on the gold layer generates a charge layer, the density 

of which can be calculated if the capacitance between the gold 

layer and the electrodes is known. The gold layer will be 

connected to the high-voltage electrode, enabling accurate 

calculation of capacitance. 
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Fourier deconvolution 

 

 

 

Laplace deconvolution 

 
Fig. 6 Flat sample with a thin gold layer 

 

As this structure is a dual-layer dielectric sample, their mutual 

capacitances must be considered when calculating the charge 

density on the gold layer. Based on this, an improved 

calibration procedure was made by building a capacitance 

matrix to improve the calibration accuracy [15]. 

The two presented methods introduce the selection of reference 

signals for flat specimens. By solving for the reference signal, 

the distribution of the original space charge can be obtained. 

However, when the sample becomes a full-scaled cable, some 

changes occur. Firstly, in full-size specimens, multiple 

reflections produce long and complex signal tails. Truncating 

these tails with window functions before FFT distorts the 

spectrum. Secondly, cable samples without space charges are 

harder to obtain. Solutions to these issues will be discussed in 

III.C and III.D. 

 

C. Laplace – domain deconvolution method  

In the case of film samples, its good impedance matching 

allows signals to be properly extracted in the region across the 

thickness of the insulator. Therefore, the signal is appropriate 

for deconvolution using the FFT because its head and tail 

converge to zero. By contrast, full‐scale cables exhibit long, 

multi‐ reflection tails from impedance mismatches in the 

insulation, so windowing before the Fourier transform truncates 

critical low ‐ frequency content and produces distorted 

baselines after deconvolution [7]. The Laplace transform offers 

a robust alternative for transient‐response deconvolution. By 

multiplying the time domain signal by an exponential e-t/τ, the 

Laplace transform naturally suppresses long tail components 

without hard windowing. After dividing in the Laplace domain 

and then removing the exponential weight, one recovers 

accurate short‐time behaviour governed by the chosen time 

constant 𝜏, while long‐time noise amplification is controlled. 

As 𝜏 increases, the Laplace transform approaches the Fourier 

transform, so an optimal 𝜏 balances tail suppression and spectral 

fidelity preserving causality and avoiding "division by zero" 

artifacts that plague FFT deconvolution. 

The Laplace transform is represented as: 𝐿{𝑠(𝑡)} = ∫ 𝑠(𝑡) exp (− (1𝜏 + 𝑗𝜔) 𝑡) 𝑑𝑡∞
0               (7) 

where 𝜏 is the time constant, and 𝜔 is the angular frequency. It 

is equivalent to the Fourier transform when 𝜏 is very large. Fig. 

7 shows the processing difference between Fourier and Laplace 

deconvolution. 

 

 

 

 
 
 

Fig.7. Comparison of the results by Fourier and Laplace deconvolutions 

 

D. Correction of reference signals with a full-scale cable 

sample containing space charges 

Similar to traditional planar samples, the reference signal for 

measuring the space charge of full-scale cables also uses the 

interface charge between the cable sample and the bottom 

electrode. However, preparing space-charge-free cable samples 

is much more expensive and complex. Furthermore, in 

measurement of extra-high voltage cables and other real-scale 

insulation systems, there are many cases when space charge 

was already produced through charging and thermal operation 

history; thus, reference signals must be acquired in a full-scale 

cable sample containing space charges. 

The existence of space charges inside the insulation layer brings 

back an old problem: the presence of space charges can affect 

the amplitude of the interface charges, leading to inaccurate 

reference signals. To solve this problem, a method that extracts 

reference signals by capturing differential acoustic waveforms 

resulting from two distinct polarization voltages was proposed 

[16],[17]. When bias voltage ub and pulsed voltage up are 

applied between the electrodes, there is no space charge, the 

electric field is as shown in Eq. 8. 𝜀2 𝐸2(𝑡) = 𝜀2𝑑 [𝑢𝑏 + 𝑢𝑝(𝑡)]2                        ( 𝜀2 𝐸2(𝑡) = 𝜀𝑑 [12 𝑢𝑏2 + 𝑢𝑏𝑢𝑝(𝑡) + 12 𝑢𝑝2(𝑡)  ]           (8) 

In Eq. 8, d is the thickness of the insulation layer. The first term 

on the right-hand side is a constant that does not cause any 

charge vibration. The third term is too small compared to the 

second term and can be ignored, so the second term is the only 

one that truly affects the acoustic wave output. 

If space charge exists, it is difficult to separate a signal 

generated by the space charge from the reference signal used 

for calibration; however, when the difference between two 

different bias voltages, ub0 and ub1, is taken, Eq. 9 is obtained 

because the signal component due to space charge does not 

depend on the bias voltage. 𝛥𝑓 = 𝜀𝑑 [𝑢𝑏0 − 𝑢𝑏1]𝑢𝑝(𝑡)                        (9) 

This signal is proportional to the pulsed voltage. Here, the 

differential waveform in response to the bias voltages ub0 and 

ub1 is multiplied by ub0 /(ub0 - ub1) to determine reference signal 

Sref(t) under reference voltage ub0, which is expressed in Eq. 10. 𝑆𝑟𝑒𝑓(𝑡) = 𝑢𝑏0𝑢𝑝(𝑡) ∗ ℎ(𝑡)                         (10) 

 

IV. ADDRESSING ATTENUATION AND DISPERSION 

 

After deconvolution processing, the overshoots are removed 

from the distribution signal. The waveform should be as shown 

in Fig 8. However, as mentioned in Section II.B, the amplitude 

and width of the second pulse have changed compared to the 

first due to the attenuation and dispersion of the acoustic signal 

in the dielectric. The purpose of calibration is to restore the 

waveform to its undistorted state. 

In the time domain, the expression for waves passing through a 

medium can be expressed as [5] 𝑝(𝑡, 𝑧) = 𝑝0𝑒−𝛼𝑧 ⋅ 𝑒−𝑗(𝑤𝑡−𝛽𝑧)                  (11) 

where p0 stands for the original waveform, p(t,z) stands for the 

waveform at the specific time and location, α is the attenuation 
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coefficient, and β is the dispersion coefficient. From Eq.8, it can 

be seen that α and β modify the amplitude and phase of the 

original waveform. 

 
Fig. 8. Space charge distribution after deconvolution 

 

In the frequency domain, a similar equation can be obtained: 𝑝(𝑓, 𝑧) = 𝑝(𝑓, 0)𝑒−𝛼(𝑓)𝑧 ⋅ 𝑒−𝑗𝛽(𝑓)𝑧              (12) 

From Eqs. 11 and 12, as long as the attenuation coefficient α 

and dispersion coefficient β are obtained, the waveform before 

attenuation can be smoothly restored. According to the related 

definition, the transfer function of the dielectric system can be 

obtained using Eq. 12: 𝑔(𝑓, 𝑧) = 𝑝(𝑓,𝑧)𝑝(𝑓,0) = 𝑒−𝛼(𝑓)𝑧𝑒−𝑗𝛽(𝑓)𝑧               (13) 

For ease of calculation, Gaussian functions can be used to fit 

the two waveforms obtained in Fig. 9. In this case, 𝛼(𝑓) = −1𝑑 𝑙𝑛 [|𝑃(𝑓,𝑑)||𝑃(𝑓,0)|]                                (14) 𝛽(𝑓) = 1𝑑 𝑙𝑛[Փ(𝑓, 𝑑) − Փ(𝑓, 0)]               (15) 

By substituting Eqs. 14 and 15 into Eq.13 and performing an 

inverse FFT, the time-domain transfer function of the dielectric 

system at each position can be obtained. 𝐺(𝑡, 𝑧) = [𝑔(𝑡, 𝑧1), 𝑔(𝑡, 𝑧2), … , 𝑔(𝑡, 𝑧𝑛−1), 𝑔(𝑡, 𝑧𝑛)]   (16) 

Where n stands for the n sampling points. The quantitative 

relationship between the output voltage and the actual space 

charge can be easily obtained from the above derivation: 

[  
   
𝑝(1)𝑝(2)...𝑝(𝑛)]  

   =
[  
   
𝑔(1,1) 𝑔(1,2) ⋯𝑔(1, 𝑛)𝑔(2,1) 𝑔(2,2) ⋯𝑔(2, 𝑛)...𝑔(𝑛, 1) 𝑔(𝑛, 2) ⋯𝑔(𝑛, 𝑛)]  

   
[  
   
𝜌(1)𝜌(2)...𝜌(𝑛)]  

    
However, matrix calculations may have varying degrees of 

error due to ill-conditioned problems, which needs to be 

eliminated further. 

V. CONCLUSIONS 
 

The current calibration method can obtain measurement data 

before distortion and find the quantitative relationship between 

the output voltage and the actual distribution of space charges. 

However, due to the use of different reference signals, there are 

differences in the accuracy of removing overshoots. At the 

same time, when eliminating the impact of attenuation, matrix 

calculations may have varying degrees of error due to ill-

conditioned problems, which need to be further eliminated. 

The next challenges to further improve this work are: 

1) improve calibration samples 

The double-layer sample structure mentioned in section III.B 

can provide a stable reference signal, but it is difficult to control 

the casting thickness when preparing the samples. Therefore, an 

inexpensive and easily manufactured calibration sample should 

be realized. 

2) develop a versatile signal-processing platform 

Signal processing is inherently complex and labor‐intensive. 

To address this, a comprehensive, commercially viable 

software panel that streamlines the workflow should be 

developed. The platform should be capable of processing 

measurement data for various geometries (flat plate, full-scale 

cable) while providing adjustable parameters to accommodate 

varying experimental conditions. A flexible, unified interface 

reduces the time and effort required for data analysis and 

ensures reliable, reproducible, and representative results across 

different specimen types and test conditions. 
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