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Abstract. In this study, we investigated the coupling features of the nuclear electromagnetic pulse (NEMP) on overhead cables in
the middle-and-far regions, different from the transmission line model commonly used for field-line coupling in high-frequency
cases, using a simpler lumped approximation to solve the electrically small size model in low-frequency cases. To verify its
effectiveness, a simulation model with the same conditions was set up using the software of Computer Simulation Technology
(CST), and cable coupling experiments were performed in a laboratory environment using a bounded-wave electromagnetic pulse
simulator. The calculated results of the lumped approximation circuit were compared with the CST simulation and measured
results, and the agreement was good. The results also shows that the load exhibits a differential response in the case of the low
impedance and it is consistent with the excitation signal in the case of the high impedance. Finally, some more experiments
were constructed to analyzed the effect of different cable parameters on the cable load response through experiments, and the
experimental results are also in general agreement with the theoretical analysis, in which the induced signal of the low-impedance
load is mainly determined by the magnetic field in the direction normal to the cable and the ground loop and the induced signal
of the high-impedance load is mainly determined by the electric field in the direction of the height of the cable erection.

Keywords: Nuclear electromagnetic pulse (NEMP) in the middle-and-far regions, cable coupling, electrically small size model,
bounded-wave simulator experiments, digital integral

1. Introduction

Electromagnetic pulses (EMPs) are generated by the Compton effect when a nuclear explosion occurs.
The spectrum of nuclear electromagnetic pulse (NEMP) is very wide, ranging from low to ultra-high
frequency. During propagation, the signal attenuation varies at different frequencies; thus, the EMP
waveform varies with distance. The high-frequency component, due to its short wavelength, large ground
loss, and poor bypassing ability, cannot propagate over long distances. The low-frequency component
propagates with little attenuation in the ground-ionosphere waveguide, and when the EMP propagates
to the far regions, it decays into a simple very-low-frequency pulse waveform with its main energy
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distribution at 0-100 kHz [1]. The second type of pulse waveform (0.4 ps rising edge, 10 ps half pulse
width) and the third type of pulse waveform (3 ps rising edge, 30 ps half pulse width) in GJB 3634-99
are commonly used to simulate the waveform of the medium and long-range NEMP [2]. Compared with
high-altitude nuclear electromagnetic pulses (HEMPs), medium and long-range NEMPs exhibit increased
high-frequency component attenuation, a rapid decrease in electric field amplitude, and the destructive
effect on electronic and electrical equipment is no longer significant because of the increase in propagation
distance; therefore, detection in the medium and long-range region has more scientific value and military
significance. However, long-range detection of nuclear explosions requires the use of different detection
methods, as well as the study of the corresponding signal propagation and coupling laws. This study
focuses on the coupling effect of the medium and long-range NEMP on overhead lines.

The coupling problem of EMPs on overhead lines is mainly divided into two, namely, low-frequency
problems for electrically short lines and high-frequency problems for electrically long lines, which can
usually be solved by different methods [3], which can be divided into three main categories in order of
complexity, such as quasi-static field methods [4], classical transmission line theory [5-7], and full-wave
simulation analysis. Transmission line models are mainly analyzed for long-line models in high-frequency
cases, where the influence of wave propagation effects on the line must be considered, whereas short-line
models in low-frequency cases can be viewed as lumped approximation circuits of electrically small size.
Numerous theoretical analyses have been performed by various scholars to determine the effectiveness
of field-line coupling of transmission line models. Andreotti [8] found that, under certain conditions,
the transmission line approximation method can obtain the same results as the more rigorous full-wave
analysis methods, and Nucci [9] conducted a comparative study of three transmission line models, and
the results showed that these three transmission line models can produce the same response results. Based
on the classical transmission line theory, Tesche [10] derived the frequency domain Baum-Liu—Tesche
(BLT) equation to solve the transmission line terminal response and the time-domain BLT equation to
solve the transmission line terminal nonlinear load [11]. Paul [12] proposed the SPICE model to solve the
transmission line response. In addition, Tkatchenko [13,14] proposed an iterative algorithm to solve a set of
coupled equations based on perturbation theory, which generalizes the classical transmission line equation
to a generalized transmission line equation that includes high-frequency radiation effects. Guo [15] used
the asymptotic method and extended it to the lossy ground case to improve computational efficiency in
computing long lines. Unlike the long-line coupling problem in the high-frequency case, this study focused
on the short-line coupling problem in the low-frequency case, particularly the coupling problem of the
NEMP on the electrically short line in the middle-and-far regions. A simple approximate method is used
to equate the distributed excitation source of the incident field effect to the lumped excitation source,
and a lumped approximation circuit is constructed to Pspice to solve the response on the load for the
overhead line that meets the electrically small size on the perfectly conducting ground. In addition, many
scholars have conducted a series of experiments on cable coupling in the presence of high-frequency
EMP to verify the accuracy of the transmission line model in solving the long-line problem [16—18]. The
field-line coupling experiments of meeting the electrically small size lack corresponding research for the
low-frequency EMP. According to GJB 3634-99, the second category of NEMP waveform, this study first
analyzes the coupling effect of NEMP in the middle-and-far regions on the overhead cable, and then the
corresponding experiments are performed, and the experimental results agree well with the calculation
and simulation results of this study, proving the correctness of the theoretical analysis which implies that
the induced signals at the load are associated with different electromagnetic field components for different
load states.
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Fig. 1. Electromagnetic field coupling to overhead lines under incident wave excitation.

2. Electrically small size model in low-frequency case

The electromagnetic field coupling to the cable is divided into different cases according to the cable
coupling length / and signal wavelength 4. When the line length / < 104 (for the EMP this means that
the line length [/ < ¢z,/10, where 1, is the rising edge time of the EMP), the field-line coupling event
can be regarded as a low-frequency case. In this condition, the distribution parameters on the cable can
be considered uniform, and using the lumped approximation circuit can fully express its characteristics.
When the line length / > 104, (for the EMP this means that the line length [ > ct,/10), the distribution
parameters on the cable for the high-frequency case are not uniform, thus the transmission line equation
must be used to solve [12].

According to the Taylor model, when a uniform plane wave is incident, the frequency domain expression
for the coupling of an EMP on a perfectly conducting ground to a unit length of the cable is as follows:

W +(R+sL)(x,5) = V,(x, 5) )
% +(G+ OV (x, 5) = 1,(x, ) )

where s = jw, R, L, G, C are the resistance, inductance, conductance, and capacitance per unit length of
the cable, respectively, and antenna theory explains that for a good conductor with a conductivity of the
order of 10 S/m, its surface impedance can be neglected [19], then R=0, G =0, V(x,s), I,(x, s) are the
equivalent voltage and current sources [7,20], respectively, which can be expressed as follows:

h
Vix,s) = —s,uo/ H*(x,0, z)dz
0

2uh '
= sEy(cos 6 cos ¢ + sin 0 sin y sin p)ehxcosweosg 3)
n

h
I.(x,s) = —sC/ E*(x,0,z)dz
0

= —2hsE,C cos 0 cos ye /kxcosweosd @

where 6 represents the polarization angle of the electric field of the incident wave, y represents the
inclination angle of the incident wave, and ¢ represents the orientation angle of the incident wave in
Fig. 1.
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Fig. 2. The II type lumped approximation circuit.

A lumped [I1-type circuit can be used for equivalence in the low-frequency case for a single cable on
the ground. The field-line coupling model can be analyzed for the low-frequency case with an electrically
small size by including the irradiation effect of the incident field in the lumped circuit. The incident
field applies an equivalent voltage and current source at each point on the line because the impact of the
propagation effect on the line is ignored, and the equivalent source is multiplied by the total line length
to obtain the total lumped source. A cable of length / that meets the low-frequency case is equated using
a lumped approximation circuit (Fig. 2), where the line length is /. The total capacitance in this total set
parameter circuit is C/, the total inductance is L/, and the total lumped voltage and current sources in the
frequency domain are as follows:

2uphl

V,(s)=V,(0, s)l = sEy(cos 8 cos ¢ + sin 0 sin y sin ¢) 5)

1,(s)=1,0, s)l ==2hlsE,C cos 0 cos y. (6)

Converting a frequency-domain lumped source into a time-domain lumped source by time-frequency
transformation:

2uyhl 0Ey(t) ) . .
V,s) eV, = —T(cos 0 cos ¢ + sin 8 sin y sin ¢) @)
n
0E(?)
I(s)e 1,(1)= —2thC cos fcosy. )

According to Fig. 2, the IT-type lumped approximation circuit model is built in Pspice, and the time-
domain lumped sources V() and I,(¢) containing the incident field effects are used as program inputs,
and the time-domain waveform on the load is obtained after running the program.

3. Calculation and simulation analysis

In this study, the second type of NEMP waveform in GJB 3634-99 is studied to simulate the NEMP in
the middle-and-far regions. This time-domain waveform and the energy density distribution are shown
in Fig. 3. The time-domain expression of an EMP with 0.4 ps rising edge and 10 ps half pulse width is
expressed as follows:

Ey(t) = kE,(e™ — e ©)

where, k is the correction factor, k = 1.05; Ep is the peak electric field intensity; a, f are the relevant
parameters, o = 7.2 x10%, pf=125x 107.
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Fig. 3. 0.4/10 ps NEMP. (a) Time-domain waveform. (b) Energy density distribution.

Generally, full-wave simulation can produce more accurate results. To validate the model, the time-
domain finite integration method in the electromagnetic simulation software, CST is used, and the time-
domain waveforms and transfer functions obtained from the solution are compared with the solution
results of the lumped approximation circuit model constructed in Pspice. Next, we will discuss the two
cases of electrically small size overhead lines for low and high impedance loads. The overhead cable
model of CST is built as shown in Fig. 4. The theoretical calculation and CST simulation parameters are
listed in the table below:

3.1. Low impedance at terminal loads

For low-impedance overhead lines (approximate short circuit at both ends), which mainly exhibit a
current-type response, the terminal current response is solved using the lumped approximation circuit and
the time-domain finite integration technique in CST, respectively. In Fig. 5, it is clear that the solution
results of the two methods are in good agreements. Meanwhile, it can be found that in the main frequency
range of the excitation signal, when the overhead line is terminated with the low-impedance load at both
ends, the load response is mainly exhibited as the differential form of the excitation signal.
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Table 1
The parameters of examples

Cases Incident wave (0.4/10 ps) L C
6=180°%y =0°%¢=0° (H) ¥
Length Height Load
(m) (m) €2)
Low impedance 1.3 0.04 2

1.5¢6  1.25¢-11
High impedance 13 0.04 109 ¢ ¢

..

Fig. 4. The overhead cable modeled in CST studio.

Table 2
Cases of different lengths at low impedance

Cases Incident wave (0.4/10 ps)
0=180° yw=0°¢=0°
Length Height Load
(m) (m) (£2)
Casel 1.3 0.04 2
Case2 0.9 0.04 2
Case3 0.5 0.04 2

Obviously, the line length and height of overhead lines are the main factors affecting its load response.
Therefore, we construct the corresponding models in the electromagnetic simulation software CST to
analyze the influence of these two factors on the load response in the case of low impedance loads,
respectively. The relevant model parameters are shown in Table 2 and Table 3.

Viewing Fig. 6(a), as the cable length increases, the amplitude of the induced current at the terminal
load increases, and the trend of the time domain waveform remains basically unchanged. In Fig. 6(b),
it can be seen that as the cable length increases, the upper turning frequency of its frequency response
decreases, implying that the available frequency range decreases.

Similarly, according to Fig. 7, It shows that as the height of the cable increases, the amplitude of
the induced current at the terminal load increases, and the trend of the time domain waveform remains
basically the same, however, the upper turning frequency of the frequency response decreases.
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Fig. 5. Time and frequency domain responses of different solutions under the low impedance condition. (a) Time domain

responses. (b) Frequency domain responses.

Table 3

Cases of different heights at low impedance

Cases Incident wave (0.4/10 ps)
0=180°% yw =0° ¢ =0°
Length Height Load
(m) (m) (£2)
Casel 1.3 0.04 2
Case2 1.3 0.08 2
Case3 1.3 0.12 2

So we can infer that under the low impedance condition, the cable forms a loop with the ground, and the
sensitivity of its load response is mainly related to the magnetic field Hy (Fig. 1) in the direction normal
to the plane of the loop. Increasing the length and height of the cable can make its sensitivity higher, but

it will lower its upper cutoff frequency.
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Fig. 6. Effects of cable lengths on the load response under the low impedance condition. (a) Time domain response. (b) Frequency
domain response.

3.2. High impedance at terminal loads

For high impedance overhead lines (approximate open circuit at both ends), which mainly exhibits a
voltage-type response, the terminal voltage response is solved using the lumped approximation circuit and
the time-domain finite integration technique in CST, respectively (Fig. 8). The solution results of the two
methods also maintain a good agreement. Also, we can find that the load response in the case of the high
impedance essentially remains the same as the excitation signal in the main frequency range.

Furthermore, the corresponding models were constructed in the electromagnetic simulation software
CST to analyze the effects of these two factors on the overhead line load response under high impedance
loads, and the relevant model parameters are shown in Tables 4 and 5.

Figure 9 shows that as the line length increases, the amplitude of the induced voltage at the terminal
load of the overhead cable remains constant. The change in line length mainly affects the response of
the lower turning frequency, and the response of other high-frequency parts is basically unaffected. At
the same time, it shows that the line height mainly affects the magnitude of the induced voltage at the
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Fig. 7. Effects of cable heights on the load response under the low impedance condition. (a) Time domain response. (b) Frequency
domain response.

Table 4
Cases of different lengths at high impedance
Cases Incident wave (0:)4/ 10 ps)
0=180°y=0,¢=0°
Length Height Load

(m) (m) (£2)
Casel 13 0.04 100
Case2 0.9 0.04 108
Case3 0.5 0.04 108

terminal load. With the increase in line height, the induced voltage at the terminal load also increases,
which basically makes no impact on the frequency response of each frequency band (Fig. 10).

31
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Fig. 8. Time and frequency domain responses of different solutions under the high impedance condition. (a) Time domain
response. (b) Frequency domain response.

Table 5
Cases of different heights at high impedance

Cases Incident wave (054/ 10 ps)
0=180°%y=0,¢=0°
Length Height Load
(m) (m) (£2)
Casel 1.3 0.04 10°
Case2 1.3 0.08 100

Case3 1.3 0.12 100
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Fig. 9. Effects of cable lengths on the load response under the high impedance condition. (a) Time domain response. (b) Frequency
domain response.

Therefore, we can infer that under high impedance conditions, the cable does not form a loop with
the earth, and the sensitivity of its load response is mainly related to the electric field Ez (Fig. 1) in the
direction of the cable erection height. Increasing the length of the cable only changes the inductance of
the cable, affecting the lower cut-off frequency, while increasing the height of the cable only makes its
sensitivity higher and does not affect the lower cut-off frequency.

Subsequently, to further verify the correctness of the theoretical analysis, some experiments will be
conducted in a laboratory.

4. Field-line coupling experiments with bounded-wave electromagnetic pulse simulator

Experiments are performed in this section to further verify the accuracy of the theoretical analysis. The
experiment is performed using a vertically polarized bounded-wave EMP simulator with a working effect
interval of 1.5 x 1.5 X 1.2 m and a NEMP simulation signal generator. The device can simulate the second
type of nuclear explosion EMP environment in GJB 3634-99 in the bounded-wave working effect space
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Fig. 10. Effects of cable lengths on the load response under the high impedance condition. (a) Time domain response. (b)
Frequency domain response.

with a field strength range of 100-8000 V/m, and the work is stable. A 1.3-m long thin wire with a radius
of 0.25 mm, which is an insulation layer of metal copper wire, was erected on a plastic bracket, the thin
wire ends were connected to resistors connected to the lower pole plate to the ground. For low impedance
loads, Rogowski coils were used to measure the induced current, and for high impedance loads, the voltage
at the terminal load was measured directly. The schematic of the entire experimental layout is shown in
Fig. 11, and the actual experimental system build site diagram is shown in Fig. 12. The monopole antenna
with the frequency range of 10 kHz-30 MHz is used to measure the electric field. For low impedance
cases, the CYBERTEK’s HCP8030 Rogowski coil with the frequency range of DC-50 MHz is looped
over the wire near the terminating resistor and connected to the Tektronix DPO 3032 digital oscilloscope
for displaying and saving measured induced current data. The range of this current probe is 0-5 A and
0-30 A, corresponding to the current transmission ratio of 1 and 0.1 V/A, and the small range is selected.
For high impedance cases, the matching voltage probe is connected to a terminating resistor and linked to
a Tektronix DPO 3032 digital oscilloscope for displaying and saving measured induced voltage data.
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Pulse generator

Load Rogowski coil

Fig. 12. Site diagram of actual experimental system construction.

4.1. Comparison of the experimental and calculated results

When performing EMP cable coupling experiments in the built experimental system environment,
the actual electric field waveform measured by placing the monopole antenna at the center of the polar
plate under the bounded wave, the peak incident electric field 1050 V/m, fitting the measured electric
field waveform with a double exponential function, and the fitting parameters are shown in Eq. (9). The
measured and fitted normalized electric field waveforms are shown in Fig. 13.

Firstly, we discuss the case under low impedance loads. The induced current waveform on the measured
load of the Rogowski coil is shown in Fig. 14. The thin wire in the experimental environment is erected on
a perfectly conducting ground because the lower pole plate of the bounded-wave generator is a metal plate.
The solution is performed using the lumped approximation circuit, and the expression of the fitted electric
field E(¢) is substituted into the time-domain lumped voltage source V ,(¢) and the time-domain lumped
current source [, (¢) as the program input, comparing the calculated response current on the load with the
response current on the load measured by the Rogowski coil (Fig. 15). CST is used for the solution, and
the measured electric field is used as the excitation, comparing the response current on the load obtained
from the CST simulation with the response current on the actual load measured using the Rogowski coil
(Fig. 16).

Theoretical analysis shows that the signal on the load behaves in a differential form in the main
frequency range of the excitation signal, and the measured signal on the load shown in Fig. 14 is digitally
integrated. First, the measured signal is noise reduced, and the denoised signal still has zero drift because
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of the combination of an oscilloscope and experimental environment. According to the analysis, the error
signal causing zero drift is mainly in the frequency range below 4 kHz. The measured signal after noise
reduction is de-zero-drifted by filtering out the zero-drift error signal in this frequency range, Finally, the
measured signal is digitally integrated after noise reduction and zero drift, and the digitally integrated
signal is compared with the measured electric field signal (Fig. 17). The two are in good agreement,
confirming that the response on the load is a differential form of the excitation signal, and the cause of
partial errors is that new errors are indirectly introduced when the measured signal is processed by noise
reduction and zero drift removal.

Next, we discuss the case under high impedance loads. The induced voltage waveform on the measured
load is shown in Fig. 18. By using the lumped approximation circuit, comparing the calculated response
voltage on the load with the measured response voltage directly (Fig. 19). CST is used for the solution, and
the measured electric field is used as the excitation, comparing the response voltage on the load obtained
from the CST simulation with the measured response voltage directly (Fig. 20). It can be noted that
under the high impedance load, the full-wave simulation results are in good agreement with the measured
results, while the lumped-parameter approximation circuit solution results have a little difference with
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Fig. 19. Comparison of lumped approximation calculation and measured results on a high impedance load.

the measured results, which may be the reason that the lumped approximation circuit only considers the
capacitance of the horizontal cable to the ground and ignores the capacitance of the vertical line segments
of the load end to the ground.

4.2. Effects of different factors on the load response

From the previous simulation analysis, we already know that the line length and line height are
significant factors affecting the load response of overhead cables. Here we also divided into two cases
of low impedance loads and high impedance loads for discussion, and analyzed the effect of different
cable parameters on the cable load response through experiments respectively.

For the case of low impedance loads, we conduct field-line coupling experiments in the bounded-wave
simulator, varying the length and height of the overhead cable to observe the change in its load responses.
The relevant experimental parameters are consistent as in Table 2 and Table 3.

The experimental results in Fig. 21 show that as the cable length and height increase, the area of the
loop composed of the cable and the ground increases, and the magnetic flux in the direction normal to the
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Fig. 20. Comparison of CST calculations and measured results on a high impedance load.

plane of the loop increases, resulting in an increase in the magnitude of the induced current at the load
end.

For the case of high impedance loads, we also conduct field-line coupling experiments in the bounded-
wave simulator, varying the length and height of the overhead cable to observe the change in its load
responses. The relevant experimental parameters are consistent as in Table 4 and Table 5.

The experimental results in Fig. 22 show that the increase in cable length basically does not affect
the magnitude and waveform trend of the induced voltage at the load end, while the increase in cable
height leads to an increase in the magnitude of the induced voltage at the load end. This is attributed to
the inductance change caused by the variation of cable length under high impedance load (approximately
open circuit), which slightly affects the waveform of the induced voltage, but not the magnitude of the
induced voltage. However, due to the presence of the overhead line capacitance to the ground, the voltage
between the cable and the ground increases as the height of the cable grows.

All the above experimental results are consistent with the previous theoretical analysis. However,
comparing the simulated and measured results under high impedance conditions, it can be found that
there is a slight difference in the amplitude of the three measured results by changing the length of the
cable, which is due to the fact that it cannot be guaranteed that the NEMP simulation signal generator will
be charged with exactly the same voltage each time.

In fact, as one of the most closely connected and widely used application scenarios in human daily life,
cables are capable of coupling to the low-frequency EMP. So we are able to choose a suitable overhead
cable as a detection antenna to receive signal waveforms of interest to determine if particular types of
things are happening.

Consequently, we can either choose cables that already exist in our lives or we can set up our own
cables and detect the low frequency signals we are interested in by determining the loads at both ends. If a
cable is the low impedance at both ends (approximately short circuit), then the load of the induced current
sensitivity is greater, it can be obtained the current signal coupled in the cable by the Rogowski coil over
the load side of the cable, and the coupled signal is the differential form of the original signal. If a cable
is the high impedance at both ends (approximately open circuit), then the load of the induced voltage
sensitivity is greater, it can be obtained the voltage signal coupled in the cable directly, and coupled signal
remains consistent with the original signal.
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Fig. 21. Different current responses measured at low impedance conditions. (a) Changes of the line length. (b) Changes of the
line height.

5. Conclusion

In this paper, we carried out the coupling features of such low-frequency NEMP on overhead electrically
short lines theoretically and experimentally. The results indicate that using the lumped approximation
circuit can evaluate the response of the NEMP coupling to the cable in the middle-and-far regions when
its racking conditions meet the electrically small size. Through theoretical and experimental analysis,
it can be found that the terminal load presents a differential response of the excitation EMP when the
horizontal overhead cable is terminated with the low impedance and it is consistent with the excitation
EMP in the case of the high impedance. For the case of low impedance loads, the increase in the line length
and height leads to a growth of induced current. But for the case of high impedance loads, the line height
is the main factor affecting the magnitude of the induced voltage, which shows that the induced voltage
at the terminal load is positively correlated with the line height. This provides a new idea that shows that
the overhead cable meeting the conditions can be viewed as an electrically small size receiving antenna as
a means of NEMP detection in the middle-and-far regions, and further investigates its application toward
NEMP detection in the middle-and-far regions. Unlike the classical electrically small size antenna, the
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Fig. 22. Different voltage responses measured at high impedance conditions. (a) Changes of the line length. (b) Changes of the
line height.

overhead cable has a larger equivalent area and thus has higher sensitivity in detecting low-frequency
signals with weak field strength. It is also easy to set up and well camouflaged.
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