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Abstract— The increasing development of dispersed but highly interconnected systems of
telecommunication centers, computers and control equipments leads to an extensive use of cables to avoid interference problems. When an external electromagnetic field interacts with an
imperfectly shielded cable, the interconnecting cables act as collectors of energy and considerable
amount of energy can be coupled into the systems. The induced current and voltage transients
may then cause damage or malfunction of sensitive electronic circuits. Simulation of structural
current due to an Electrostatic discharge (ESD) event involves passing large transient currents
through the object under test. This causes radiation of transient electromagnetic fields in the
environment and induced transient voltages into the cables and equipments. A coupling model
is developed to estimate the extent of coupling of transient EM fields to cables.
A coupling model is presented to predict induced terminal voltages on an unshielded cable placed
above a ground reference plane due to transient electromagnetic fields radiated by Electrostatic
discharge (ESD). The unshielded cable is exposed to the free space-radiating field due to IEC
61000-4-2 ESD waveform. The transient current is represented by Hertzian dipole elements and
the time domain expressions for the resultant electric field intensity at any point are obtained.
The frequency spectrum of the electric field is obtained using Discrete Fourier Transform. Assuming that the incident transient electric field is parallel to the cable termination, the frequency
spectrum of the coupled voltage at the terminations is computed. The time domain representation of the terminal induced voltage is determined using Inverse Discrete Fourier Transform
(IDFT). Computed results are presented for the contact discharge IEC 61000-4-2 ESD current
waveform at 8 kV and air discharge IEC 61000-4-2 ESD current waveform at 16 kV. The coupled
voltage into an unshielded cable is computed for resistive termination and RC shunt termination.
The coupled voltage reduces from 6.25 V for ESD air discharge and 625 V for ESD contact discharge for a resistive termination to 0.325 mV for ESD air discharge and 7.8 mV for ESD contact
discharge for a RC shunt termination.
1. INTRODUCTION

The coupling of electromagnetic fields inside shielded cables is an important issue in EMC applications. Cables are widely used to connect electrical and electronic apparatus in order to reduce
possible electromagnetic interference (EMI). Nevertheless, the cable can collect the electromagnetic
disturbance produced by external fields and damage sensitive circuits and systems [1]. It is therefore
important to develop software tools able to predict induced effects in various cable configurations.
This work is modeled on similar work [2] for fields at 1m distance from the ESD source and for a
typical capacitive spark discharge current waveform. We have carried out the present work for the
contact discharge IEC 61000-4-2 ESD current waveform at 8 kV and air discharge IEC 61000-4-2
ESD current waveform at 16 kV. The coupled voltages due to ESD induced transients for resistive
and RC shunt termination are computed.
2. TRANSIENT CURRENT SOURCE

In the present model, standard IEC 61000-4-2 ESD waveform is used as the current waveform.
Spline interpolation technique is used for computing the current values i(t) from the standard IEC
61000-4-2 ESD waveform for contact discharge shown in Figure 1. The waveform has a 1 ns rise
time and peak amplitude of 37.5 A at 8 kV (maximum value) for the case of contact discharge.
Spline interpolation technique is used for computing the current values i(t) from the air discharge
waveform shown in Figure 2. The waveform has peak amplitude of 30 A at 35 ns. The analysis
for both of these waveforms is carried out as the standard IEC 61000-4-2 ESD waveform holds
good only for contact discharge and IEC has not defined the waveform separately for air and
contact discharge. We have considered the waveforms from [3], which has the waveform for contact
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Figure 1: Contact discharge to IEC 61000-4-2 target.

Figure 2: Air discharge to IEC 61000-4-2 target.

Figure 3: Electric field E(t) for air discharge IEC
current waveform.

Figure 4: Electric field E(t) for contact discharge
IEC current waveform.

discharge as shown in Figure 1 same as the standard IEC 61000-4-2 ESD waveform and a different
waveform for the air discharge as shown in Figure 2. We have considered the waveform for the worst
cases being 8 kV for contact discharge and 16 kV for air discharge. The main difference between
the contact and air discharge is the rise time of 1 ns during which the current overshoots to a high
value of 37.5 A in the case of contact discharge. In case of the air discharge at 16 KV this overshoot
does not exist.
3. RADIATED TRANSIENT FIELDS

The current elements have been modeled as Hertzian dipoles [4, 5]. The field components at any
point P (r, θ, ϕ) of the dipoles expressed in terms of spherical coordinates r, θ, and ϕ are
R
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where µ0 = 4π × 10−7 H/m = permeability of free space; ε0 = 1/(36π) × 10−9 F/m = permittivity
of free space; c = 3 × 108 m/s, velocity of light in free space; η0 = 120π = intrinsic impedance of
free space; L = length of the current element; t = t0 − (r/c) = time variable for retarded current;
r = distance between the centre of current element i(t) and point P (r, θ, ϕ).
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Figure 5: Frequency spectrum of the E-field E(ω)
for air discharge IEC current waveform.
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Figure 6: Frequency spectrum of the E-field E(ω)
for contact discharge IEC current waveform.

Figure 7: Field to unshielded cable coupling over a ground plane.
4. E-FIELD COMPONENT DUE TO ESD SIMULATION

The field intensities at any point on the x-y plane can be obtained from Equations (1) to (3) by
substituting θ = π/2. The E-field intensities along the x-direction are obtained in Figure 3 and
Figure 4 for the ESD simulation current source with L = 1 m. The frequency spectrum of the
E-field E(ω) in Figure 5 and Figure 6 are obtained by taking discrete Fourier Transform (DFT) of
the sample points of the Electric field time domain plot.
5. FIELD TO UNSHIELDED CABLE COUPLING

The coupling of transient E-field radiated by ESD simulation currents to an unshielded cable over
a ground reference plane (x-y plane) is as shown in Figure 7. Assuming that the incident transient
E-field is uniform and parallel to the termination, the induced currents at the left and the right
terminations of an unshielded cable over a ground plane [6] are respectively given by
4E(ω)h
[{Zo cos βs + jZ2 sin βs} − Zo {cos(βs sin ψ) − j sin(βs sin ψ)}]
D
4E(ω)h
I(s, ω) =
[Zo − {Zo cos βs + jZ1 smβs}{cos(βs sin ψ) − j sin(βs sin ψ)}]
D

I(0, ω) =

(4)
(5)

where E(ω) = Frequency spectrum of the incident E-field. h = height of the cable over a ground
plane in m; a = diameter of the cable in m. s = length of the cable in m; Z1 /2 and Z2 /2 = left
and right terminating impedances in ohms. Z0 /2 = characteristic impedance of the line in ohms;
ψ = angle of incidence of E-field to the line; λ = wavelength; ω = 2πf , where f is frequency in
Hertz; β = 2π/λ = phase constant of the line.
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The induced voltages at the left and right terminations respectively are then given by
"
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6. COUPLED VOLTAGE FOR RESISTIVE AND RC SHUNT TERMINATION

Using Equations (8) and (9) and the frequency spectrum of the transient E-field, the frequency
spectrum of the coupled voltage at the termination of an unshielded cable over a ground plane has
been computed for s = 0.3 m; h = 0.01 m; a = 0.914 × 10−3 m; Z1 /2 = Z2 /2 = 10 kΩ; (resistive
termination); R = 10 kΩ; C = 0.01 µF (RC Shunt).
The frequency spectrum of the coupled voltage are as shown in Figure 8 and Figure 9.

Figure 8: Frequency spectrum of the coupled voltage
across resistive termination for air discharge IEC.

Figure 9: Frequency spectrum of the coupled voltage across resistive termination for contact discharge
IEC.

Figure 10: Time domain representation of the coupled voltage across resistive termination for air discharge IEC.

Figure 11: Time domain representation of the coupled voltage across resistive termination for contact
discharge IEC.
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Figure 12: Time domain representation of the coupled voltage across RC Shunt termination for Air
discharge IEC.
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Figure 13: Time domain representation of the coupled voltage across RC Shunt termination for Contact discharge IEC.

The time domain representation of the coupled voltage for resistive termination shown in Figure 10 and Figure 11 is obtained by taking Inverse Discrete Fourier Transform (IDFT) of the
sampled points. The time domain representation of the coupled voltage for RC Shunt termination
is as shown in Figure 12 and Figure 13. The coupled voltage plots are same at both end 1 and end
2 of the unshielded cable for resistive and RC shunt termination. The coupled voltage is very small
in magnitude for RC shunt termination compared to the resistive termination. The coupled voltage
reduces from 6.25 V for air discharge and 625 V for contact discharge for a resistive termination to
0.325 mV for air discharge and 7.8 mV for contact discharge for a RC shunt termination.
7. CONCLUSION

The coupling of the transient electromagnetic fields generated by ESD currents to an unshielded
cable over a ground plane has been modeled. The peak value of the coupled voltage for resistive
termination being 600 V is very large compared to 7.8 mV for RC shunt termination for Contact
discharge IEC ESD waveform at 8 kV whereas the coupled voltage for resistive termination is 4 to
6 V compared to 0.325 mV for Air discharge IEC ESD waveform at 16 kV. We conclude that RC
shunt terminations are preferred compared to the resistive terminations as the coupled voltage is
very small in magnitude for RC shunt termination. The use of shielded cables will also lead to
significant reductions in the coupled voltage.
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