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Abstract: Electromagnetic pulse (EMP) is a kind of transient electromagnetic phenomenon with short rise time of the leading edge and wide spectrum, which usually disrupts communications and damages electronic equipment and system. It is challenging for an EMP sensor to measure a wideband electromagnetic pulse without distortion for the whole spectrum. Therefore, analyzing the distortion of EMP measurement is crucial to evaluating the sensor distortion characteristics and correcting the measurement results. Waveform fidelity is usually employed to evaluate the distortion of an antenna. However, this metric depends on specific signal waveforms, thus is unsuitable for evaluating and analyzing the distortion of EMP sensors. In this paper, an associated-hermite-function based distortion analysis method including system transfer matrices and distortion rates is proposed, which is general and independent from individual waveforms. The system transfer matrix and distortion rate can be straightforwardly calculated by the signal orthogonal transformation coefficients using associated-hermite functions. Distortion of a sensor vs. frequency is then visualized via the system transfer matrix, which is convenient in quantitative analysis of the distortion. Measurement of a current probe, a coaxial pulse voltage probe and a B-field sensor were performed, based on which the feasibility and effectiveness of the proposed distortion analysis method is successfully verified.
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1  Introduction

Electromagnetic pulse (EMP) is a kind of transient electromagnetic phenomenon. In the time domain, the rise time of the leading edge is short, and its spectrum is wide. Lightning, electrostatic discharge and high-power switch can produce electromagnetic pulse. EMP usually disrupts communications and damages electronic equipment and system by means of electromagnetic radiation and conduction.

EMP measurement is one of the important research topics in the damage and protection mechanism to the electronic equipment [1–5]. The measurement objects of EMP include electric field, magnetic field, voltage and current. According to this, the EMP sensors can be divided into electric field sensor, magnetic field sensor, voltage probe and current probe [6–9]. According to the different working principles of sensors, they can be divided into capacitive sensor and inductive sensor. Capacitive sensor is generally used to measure pulsed electric field and pulse voltage, while inductive sensor is generally used to measure pulsed magnetic field and pulse current. According to the different transfer characteristics of sensors, they can be divided into self-integrating sensor and differential sensor. The output of the self-integrating sensor has a linear relationship with the input, while the output of the differential sensor has a linear relationship with the time derivative of the input [10]. Due to the wide spectrum of EMP, it is difficult for a sensor or probe to realize undistorted measurement in the whole frequency band. Therefore, it is necessary to analyze the distortion of EMP measurement results in order to evaluate its distortion characteristics and compensate the measurement results. It is very important to select the appropriate distortion criterion for the study of distortion.

For ultra-wideband (UWB) antenna, waveform fidelity is an important index to measure antenna performance [11]. Fidelity is defined as the correlation coefficient between the received waveform and the excitation waveform [12]. On the other hand, the coefficient can also be used to judge the distortion of the received waveform relative to the excitation waveform. For broadband EMP measurement, the sensor and probe as the receiving antenna can also adopt the fidelity to analyze distortion. However, as the fidelity depends on the signal waveform, different input signals may get different fidelity values for the same sensor, which makes it difficult to comprehensively characterize the performance of a sensor [13]. The spectral element method (SEM) based on orthogonal basis shows superior accuracy in spatial electromagnetic calculation [14,15]. In time domain, distortion analysis based on Hermite-Gauss orthogonal basis function has been developed, which overcomes some of the mentioned fidelity drawbacks [16]. The distortion characteristics of the sensor can be calculated by a set of time-domain measurement values. In this paper, a novel distortion evaluation method is proposed based on the associated-hermite (AH) basis function. A new distortion rate is also defined, which is convenient for quantitative comparison of distortion. The range of distortion rate is 0∼1, the smaller the value, the smaller the sensor distortion, and vice versa. The results show that the proposed method is able to avoid the dependence of input waveform on the distortion analysis of EMP sensor; the system transfer matrix can directly reveal the distortion at different frequencies; the distortion rate facilitates quantitative calculation and comparative analysis of the distortion characteristics of different sensors.

2  Associated-Hermite Basis Function

The AH basis function is [17,18]

ϕn(t,σ)=1n!2nσπe−12(t−t0σ)2Hn(t−t0σ)(1)

where, n is the order of the AH basis function, σ is the scale factor, and t0 is the time shift factor.

Hn(t) is a Hermite polynomial of order n, which can be recursively defined as follows:

H0′(x)=0Hn′(x)=2nHn−1(x),n=1,2,⋯H0(x)=1H1(x)=2xH0(x)Hn+1(x)=2xHn(x)−2nHn−1(x),n=1,2,⋯(2)

Hermite polynomial Hn(x) is orthogonal to the weight function w(x)=e−x2 on (−∞,+∞)

∫−∞+∞e−x2Hm(x)Hn(x)¯dx={0,m≠n2nn!π,m=n(3)

Therefore, the AH basis function is the orthonormal basis

⟨ϕm(t,σ),ϕn(t,σ)⟩=∫−∞+∞ϕm(t,σ)ϕn(t,σ)¯dt={0,m≠n1,m=n(4)

As the AH basis function is the characteristic function of Fourier transform [19]. The frequency domain is expressed as [20]

F[ϕn(t,σ)]=(−i)n2πσϕn(ω,σ)(5)

It can be seen from the above formula that the shape of ϕn(t) function in frequency domain is similar to that in time domain.

The differential form of the AH basis function has the following relationship with the original function [20]

dϕn(x,σ)dx=n2σ2ϕn−1(x,σ)−n+12σ2ϕn+1(x,σ),n≥1(6)

When the AH basis function is used to analyze the signal, this property makes it convenient to analyze the characteristic relationship between the input and output of a signal system.

The scaling factor σ of the AH basis function is closely related to its support interval in the time domain and the frequency domain. If the time domain support interval of the AH basis function is Tn and the frequency domain support interval is Wn, then

Tnσ≈πn1.7+1.8(7)

Wn⋅σ≈πn1.7+1.82π(8)

The relationship between time domain support interval Tn and frequency domain support interval Wn of AH functions and its scaling factor σ and order n are shown in Fig. 1. When the order n is determined, the time-domain support interval Tn of the AH function increases with the scaling factor σ, and the frequency domain support interval Wn decreases with the increase of the scaling factor σ.
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Figure 1: Time support and frequency support of AH functions with respect to σ and n

When the time period of the time domain signal f(t) is T and the frequency band width is W, and the AH basis function is used to express f(t), then

2Tn≥T(9)

Wn≥W(10)

Substituting formulas (7) and (8) into the above two formulas can be obtained

T2(πn1.7+1.8)≤σ≤πn1.7+1.82πW(11)

The time-domain support range of AH functions extends to both positive and negative sides with t=0 as the center. Therefore, the time shift factor t0 generally selects half of the signal duration, i.e., t0=T/2, which can reduce the order of AH functions.

3  System Transfer Matrix and Distortion Rate

The new definition of distortion rate is derived from the system transfer matrix represented by orthogonal basis functions. A system transfer function can be obtained by a time-domain measurement, and then the basis vector is taken as the excitation function and substituted into the transfer function to obtain N responses. Finally, the system transfer matrix can be obtained by calculating the coefficients of the N responses. The distortion rate can be obtained by comparing the system transfer matrix with the identity matrix.

3.1 System Transfer Matrix

An EMP signal with limited energy and certain pulse width belongs to the typical compactly support signal [19]. When the basis vector ϕn(t) is used for orthogonal decomposition of the EMP signal, the input signal e(t) and the output signal v(t) of the EMP sensor can be expressed as

e(t)=∑n=0N−1enϕn(t)(12)

v(t)=∑n=0N−1vnϕn(t)(13)

The coefficient of the basis vector can be expressed by the inner product as

en=⟨e(t),ϕn(t)⟩(14)

vn=⟨v(t),ϕn(t)⟩(15)

The input and output signals can be represented by the below vectors

e¯=[e1,e2,⋯,eN]t(16)

v¯=[v1,v2,⋯,vN]t(17)

where, t is the matrix transpose operator. The relation between the output voltage and the incident voltage can be expressed as the vector

v¯=Le¯(18)

where, L is the transition matrix, L=[lij]1≤i,j≤N.

According to formula (5), Fourier transform of Eqs. (12) and (13) can be obtained as

E(ω)=∑n=0N−1en(−i)n2πσϕn(ω,σ)(19)

V(ω)=∑n=0N−1vn(−i)n2πσϕn(ω,σ)(20)

Then, from Eqs. (19) and (20), the transfer function of the electromagnetic field sensor can be calculated as

H(ω)=∑n=0N−1vn(−i)nϕn(w,σ)∑n=0N−1en(−i)nϕn(w,σ)(21)

Since the Fourier transform form of the Associated-Hermite function is its characteristic function in the time domain, whose expressions in frequency domain and time domain have the same coefficients. In order to obtain the ijth element in the system transfer matrix, the Fourier expression of the basis vector ϕj−1(t) is substituted into Eq. (21)

Vj−1(ω)=H(ω)(−i)n2πσϕj−1(t,σ)(22)

The coefficient v¯j=[v¯0j,v¯1j,⋯,v¯N−1j]t of column j can be calculated by the following formula

v¯j=⟨Vj−1(ω),(−i)n2πσϕj−1(t,σ)⟩(23)

Then, the system transfer matrix is

L=[lij]=v¯ij,1≤i,j≤N(24)

For an ideal electromagnetic field sensor, the energy is normalized by the system transfer matrix as below

lijnorm=⟨ϕj−1(x),ϕi−1(x)⟩={1,j=i0,j≠i(25)

The absolute value graph of the corresponding system transition matrix is shown in Fig. 2a. i and j represent the rows and columns of the system transition matrix respectively. It is seen that only the main diagonal has values other than zero. For the ideal differential form sensor, the system transfer matrix is normalized to

lijnorm=⟨dϕj−1(t)dt,ϕi−1(t)⟩=⟨(j−12σ2ϕj−2(t,σ)−j2σ2ϕj(t,σ)),ϕi−1(t)⟩=⟨j−12σ2ϕj−2(t,σ),ϕi−1(t)⟩−⟨j2σ2ϕj(t,σ),ϕi−1(t)⟩={j−12σ2,j=i+1j2σ2,j=i−10,others(26)

The absolute value graph of the normalized system transfer matrix is shown in Fig. 2b. Only the sub-diagonal has values other than zero. This property of the system transfer matrix can be used to analyze system characteristics.
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Figure 2: Absolute value of normalized system transfer matrix

3.2 Distortion Rate

When analyzing the distortion of a sensor, in order to do quantitative analysis, a distortion rate ηn is defined as [12]

ηn=‖Lnorm−I‖22n(27)

where, Lnorm is the system transfer matrix normalized to energy, I is the identity matrix, ‖⋅‖2 is Frobenius norm.

When calculating the distortion rate of differential sensor, the output waveform is usually integrated first, then the system transfer matrix is obtained by the Eq. (25) and substituted into the Eq. (27) to obtain the ηn. The value range of ηn is 0∼1. The smaller the value of ηn, the smaller the sensor distortion, and vice versa.

The distortion rate is different from the fidelity, and the calculation result no longer depends on the specific input waveform. Three-dimensional electromagnetic field computer simulation technology (CST) is employed to verity it by taking the inverted cone sensor as an example. The inverted cone sensor is placed in an electromagnetic environment formed by plane wave irradiation, and the load is a resistance and a capacitance in parallel. The simulation model is shown in Fig. 3. Several typical waveforms of high-altitude nuclear explosion electromagnetic pulse and electromagnetic compatibility are selected as excitation signals, as shown in Fig. 4a. Among them, IEC61000-2-9 waveform is the standard waveform of high-altitude electromagnetic pulse (HEMP) environmental radiation interference defined by the International Electrotechnical Commission, DOD-STD-2169 waveform is the military standard HEMP waveform formulated by the U.S. Department of defense, and CS116 waveform is the damped sinusoidal oscillation signal waveform used in China's military standard. Fig. 4b shows the corresponding output waveforms on the load of the inverted cone sensor. Because the sensor is of differential structure, these output waveforms are in differential form. The calculation results of distortion rate and fidelity are shown in Tab. 1. It can be seen from the table that when the excitation waveforms are different, the fidelities vary drastically, while the distortion rates are almost the same, which indicates that the distortion rate does not depend on the input waveform and can well characterize the transfer characteristics of a sensor.

[image: images]

Figure 3: Simulation model of conical sensor
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Figure 4: Normalized simulation waveforms of four typical waveforms
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4  Distortion Analysis

Generally speaking, a signal is considered to be distorted when its output and input are nonlinear. For the differential sensor, its output is the differential form of the input, that is, obvious nonlinear distortion appears. In practical application, the output of the differential sensor is usually integrated, and the integrated waveform and input waveform will present a good linear relationship.

In order to verify the effect of distortion analysis based on the system transfer matrix and distortion rate based on AH functions, the waveforms measured by a current probe, a coaxial pulse voltage probe and a magnetic field sensor (also known as B sensor) are analyzed respectively.

The measured waveforms of the current probe, the coaxial pulse voltage probe and the B sensor are shown in Figs. 5–7, respectively. Because the input and output of the current probe are proportional, the coaxial pulse voltage probe is differential, and the B sensor has both. It can be seen from the figures that the output waveform of the current probe is basically consistent with the input waveform, the output waveform of the coaxial pulse voltage probe is the differential form of the input waveform, while the output waveform of B sensor has both proportional and differential forms.

[image: images]

Figure 5: Input-output waveforms of the current probe
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Figure 6: Input-output waveforms of the coaxial pulse voltage probe
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Figure 7: Input-output waveforms of the B sensor

For the current probe, the frequency band width of the input waveform is W ≈ 0.15 GHz and the waveform period is T = 250 ns. Now take the maximum order n = 60, from formula (11), 10 ns ≤ σ ≤ 13 ns can be obtained,and σ = 12 ns is selected in this paper. Similarly, the values of scaling factor and the other parameters of the coaxial pulse voltage probe and the B sensor are shown in Tab. 2.
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According to the calculation, the absolute value graph of the system transfer matrix of the current probe is shown in Fig. 8. The values of the system transfer matrix are mainly concentrated in the main diagonal position. The graph is similar to the system transfer matrix diagram of an ideal sensor. It is indicated that the input and output of the probe are proportional. Compared with Fig. 1b, the system transfer matrix shown in Fig. 8 begins to diverge after the 55th order, corresponding to a frequency of 0.15 GHz. Signals higher than this frequency are distorted.

[image: images]

Figure 8: Absolute value of normalized system transfer matrix for the current probe

The absolute value graph of the system transfer matrix of the coaxial pulse voltage probe is shown in Fig. 9. Fig. 9a shows the system transfer matrix calculated by the direct output of the probe. The value of the system transfer matrix is mainly concentrated in the sub diagonal position, which is similar to the system transfer matrix diagram of the ideal differential sensor. It is indicated that the coaxial pulse voltage probe is a differential probe. Fig. 9b shows the absolute value of the system transfer matrix calculated after integrating the output waveform. It can be seen that the integrated system transfer matrix diagram is similar to that of the ideal sensor. The divergence begins at the 50th order of the matrix, which corresponds to the frequency of 0.2 GHz. There is obvious distortion above the frequency.
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Figure 9: Absolute value of normalized system transfer matrix for the coaxial pulse voltage probe

The absolute value of the system transfer matrix of the B sensor is shown in Fig. 10. The value of the system transfer matrix is mainly concentrated in the sub diagonal position before the 15th order, and the main diagonal position after the 15th order, which is between the ideal sensor and the differential sensor. The corresponding frequency of the 15th order is 0.15 GHz. It is indicated that the input and output of the sensor have a differential relationship below the frequency and a linear relationship above the frequency.
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Figure 10: Absolute value of normalized system transfer matrix for the B sensors

The distortion rates of the current probe, the coaxial pulse voltage probe and the B sensor are shown in Tab. 3. It can be seen from the table that the current probe has the smallest distortion rate; the differential output of the coaxial pulse voltage probe has the largest distortion rate; the B sensor is in between. It is because that the output of the current probe is proportional to the input, and the distortion is the minimum; the output of the coaxial pulse voltage probe is the differential of the input, and the distortion is the largest; the B sensor has both proportional output and differential output, and the distortion is between the current probe and the coaxial pulse voltage probe. For the coaxial pulse voltage probe, the distortion rate calculated from its direct output waveform is 0.7602, and the distortion rate calculated by integrating the waveform is reduced to 0.1718, which verifies the characteristics of differential sensor. The results of the above distortion rate analysis are consistent with those of the system transfer matrix analysis.
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5  Conclusion

It is challenging for an EMP sensor to measure a wideband electromagnetic pulse without distortion for the whole spectrum. Therefore, analyzing the distortion of EMP measurement is crucial to evaluating the sensor distortion characteristics and correcting the measurement results. Waveform fidelity is usually employed to evaluate the distortion of an antenna. However, this metric depends on specific signal waveforms, thus is unsuitable for evaluating and analyzing the distortion of EMP sensors. In view of the limitation of the fidelity, an AH-function based distortion analysis method including system transfer matrices and distortion rates is proposed in this paper, which is general and independent from individual waveforms. The system transfer matrix and distortion rate can be straightforwardly calculated by the signal orthogonal decomposition coefficients using AH functions. According to a set of measured time-domain signal waveforms, the system transfer function is obtained by the orthogonal decomposition with AH basis function. Then, by exciting the transfer function using each order AH basis vector, there will be different outputs and the system transfer matrix can be established from orthogonal decomposition coefficients of those outputs. The distortion rate can be calculated by comparing the system transfer matrix with the identity matrix. Distortion of a sensor vs. frequency is then visualized via the system transfer matrix, which is convenient in quantitative analysis of the distortion. Finally, measurement of a current probe, a coaxial pulse voltage probe and a B-field sensor were performed, based on which the feasibility and effectiveness of the proposed distortion analysis method is successfully verified.
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Table 1: Comparison of distortion rate and fidelity with typical waveforms

Excitation waveforms fidelity F Distortion rate n,
IEC61000-2-9 0.8981 0.2230
square wave 0.9337 0.2226
DOD-STD-2169 0.8885 0.2235
CS116 0.9996 0.2228
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Table 3: Distortion rate of sensor and probes

Sensors and probes Distortion rate 7,
current probe 0.1768
B sensor 0.4255
coaxial pulse voltage probe (output waveform) 0.7602

coaxial pulse voltage probe (integrated output waveform) 0.1718
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Table 2: Parameters of AH functions

Sensors and probes Tins WIGHz n o/ns t/ns
current probe 250  0.15 60 12 125
coaxial pulse voltage probe 160 0.2 60 8 80

B sensor 150 0.2 60 7 75
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