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Abstract: Based on the vector fitting and the controlled sources in

HSPICE, the delay extraction-based passive compact transmission-line

(DEPACT) macromodeling for a transmission line above a lossy ground is

presented. Combined with the equivalent sources of the external electro-

magnetic fields, the equivalent circuits about the scatted voltages and total

voltages are proposed. The simulation results are compared with the inverse

Fourier transform method and good agreement is obtained. At the same time,

using this approach, the transient response for a transmission line above a

lossy ground with nonlinear terminations excited by the external electro-

magnetic fields could be obtained easily and accurately.
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1 Introduction

The transient analysis of external electromagnetic fields coupling to a transmission

line above a lossy ground can be performed by means of the inverse Fourier

transform of the results obtained in the frequency domain and the finite difference

time domain (FDTD) method [1, 2, 3, 4]. However, it becomes complex when the

termination is nonlinear [5]. Macromodeling techniques attempt at solving this

problem by building the equivalent circuit of the transmission line, which can then

be directly linked to nonlinear SPICE-like circuit simulators [6, 7, 8, 9]. The

method in [10] can handle a transmission line above a lossless ground excited by

the external electromagnetic fields. The delay extraction-based passive compact

transmission-line (DEPACT) macromodeling algorithm in [11] can solve the lossy

transmission lines with incident fields. However, the equivalent circuit of external

electromagnetic fields coupling to a transmission line above a lossy ground is not

found.

The delay extraction-based passive compact transmission-line (DEPACT) mac-

romodeling is that the equivalent circuit of the transmission line is viewed as a

cascade of some transmission line subnetworks, and each subnetwork is repre-

sented by a cascade of one lossy and two lossless sections [12]. In this paper, the

ground impedance is approximated as the rational function by the vector fitting

(VF) method [13], and the equivalent circuit of the lossy section is built by the

“Laplace Element” in HSPICE. The equivalent sources of the external electro-

magnetic fields are built, and the equivalent circuits about the scatted voltages and

total voltages are presented.

2 Proposed equivalent circuit

Consider a transmission line above a lossy ground excited by the external electro-

magnetic fields, represented by Telegrapher’s equations in the frequency-domain as

d

dx

V scaðx; sÞ
Iðx; sÞ

� �
¼ QðsÞ V scaðx; sÞ

Iðx; sÞ

� �
þ ~F scaðx; sÞ ð1Þ

where QðsÞ ¼ ðAðsÞ þ sBÞ,

B ¼ 0 �L
�C 0

� �
; AðsÞ ¼ 0 �ZðsÞ

0 0

� �
; ~F scaðx; sÞ ¼ Einc

x ðx; sÞ þ Eref
x ðx; sÞ

0

" #
:

V scaðx; sÞ is the scattered voltage, Iðx; sÞ represents the current, L is the inductance,

L � ð�0=ð2�ÞÞ lnð2h=rÞ. C is the conductance, C ¼ "0�0=L. h is the height of the
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line above the ground. r is the radius of the line. ZðsÞ is the ground impedance,

ZðsÞ � ðs�=ð2�ÞÞ lnðð1 þ �ghÞ=ð�ghÞÞ and rg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s�0ð�g þ s"r"0Þ

p
, in which �g and "r

are respectively the ground conductivity and relative permittivity. Einc
x ðx; sÞ is the

horizontal component along the wire of the incident electric field. Eref
x ðx; sÞ is the

horizontal component along the wire of the reflecting electric field. The solution of

Eq. (1) can be expressed in the frequency-domain as

V scaðl; sÞ
Iðl; sÞ

" #
¼ eQðsÞl

Vscað0; sÞ
Ið0; sÞ

" #
þ J scaðsÞ ð2Þ

J scaðsÞ ¼ VfðsÞ
IfðsÞ

" #
¼
Zl
0

eQðsÞðl�xÞ ~F scaðx; sÞdx ð3Þ

The equivalent circuit about Eq. (2) can be built by two steps. First the delay

extraction-based passive compact transmission-line (DEPACT) macromodeling is

built when J scaðsÞ is ignored. Second, the equivalent sources about J scaðsÞ are built.
Then combine the equivalent sources and the delay extraction-based passive

compact transmission-line (DEPACT) macromodeling.

The delay extraction-based passive compact transmission-line (DEPACT) mac-

romodeling is a cascade of some transmission line subnetworks, and each subnet-

work is represented by a cascade of one lossy and two lossless sections [12].

Supposed that the number of the subnetworks is m, The length of the lossless

section is d=2m, and the equivalent circuit of lossless section as [9]. The length of

lossy section is d=m, and the exponential stamp can be written as

e
AðsÞ
m l ¼ 1 �ZðsÞl=m

0 1

" #
ð4Þ

The terminal voltages and currents of the lossy section are related by

Vðlkþ1; sÞ
�Iðlkþ1; sÞ

" #
¼ 1 �ZðsÞl=m

0 1

" #
Vðlk; sÞ
Iðlk; sÞ

" #
ð5Þ

Expanding Eq. (5) yields the following:

Iðlk; sÞ ¼ ð1=ðZðsÞl=mÞÞðVðlk; sÞ � Vðlkþ1; sÞÞ ð6Þ
The Eq. (6) can be expressed in the time domain as:

Iðlk; tÞ ¼ ð1=ðZðtÞl=mÞÞ � ðVðlk; tÞ � Vðlkþ1; tÞÞ ð7Þ
The equivalent circuit of the lossy section can be represented using the Laplace

element in HSPICE. 1=ðZðsÞl=mÞ can be written in a rational function form by the

vector fitting, and is realized using voltage controlled current source.

When the external electromagnetic field is the uniform plane wave, the

geometry of external electromagnetic field and the overhead line is as Fig. 1. α

is electric field polarization angle, º is azimuthal angle, and ψ is elevation angle. Z1
and Z2 are the terminations. Ev and Eh are respectively the vertical and horizontal

electric field, and Ev ¼ E0 cos �, Eh ¼ E0 sin �. The J scaðsÞ can be expressed as

J scaðsÞ ¼ E0ðsÞfðsÞ ð8Þ© IEICE 2015
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Where

fðsÞ ¼ fV ðsÞ
fIðsÞ

" #

¼ ½cos � sin cos�ðessin hc � Rvere
�ssin hc Þ

þ sin � sin�ðessin hc þ Rleve
�ssin hc Þ�

Zl
0

eQðsÞðl�xÞe�s
cos cos�x

c dx
1

0

" # ð9Þ

The Eq. (9) can be expressed in the time domain as:

J scaðtÞ ¼ VfðtÞ
IfðtÞ

" #
¼ E0ðtÞ � fV ðtÞ

E0ðtÞ � fIðtÞ

" #
ð10Þ

fV ðsÞ and fIðsÞ can be written in a rational function form by the vector fitting.

VfðtÞ and IfðtÞ are realized respectively using voltage controlled voltage source and
voltage controlled current source.

The results can be expressed back in terms of total voltages, as

Vðl; sÞ
Iðl; sÞ

" #
¼ eQðsÞl

Vð0; sÞ
Ið0; sÞ

" #
� Vex

z ð0; sÞ
0

" #( )
þ J scaðsÞ þ Vex

z ðl; sÞ
0

" #
ð11Þ

where

Vex
z ðx; sÞ ¼ �

Z h

�1
Eex
z ðx; zÞdz

¼ E0ðsÞ
�
� cos �Tver cos te

��g cos t cos�x 1

�g sin t

� cos � cos e�s
cos cos�x

c
c

s sin 
ðessin hc � 1Þ � Rver

c

s sin 
ðe�ssin hc � 1Þ

� ��
ð12Þ

and �g sin t, sin ≠ 0.

The solution can be obtained as

Vex
z ð0; sÞ ¼ E0ðsÞf0ðsÞ

¼ E0ðsÞ
�
� cos �Tver cos t

1

�g sin t

� cos � cos 
c

s sin 
ðessin hc � 1Þ � Rver

c

s sin 
ðe�ssin hc � 1Þ

� �� ð13Þ

Fig. 1. The geometry of external electromagnetic field and the
overhead line
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Vex
z ðl; sÞ ¼ E0ðsÞflðsÞ

¼ E0ðsÞ
�
� cos �Tver cos te

��g cos t cos�l 1

�g sin t

� cos � cos e�s
cos cos�l

c
c

s sin 
ðessin hc � 1Þ � Rver

c

s sin 
ðe�ssin hc � 1Þ

� �� ð14Þ

The Eq. (13) and Eq. (14) can be expressed in the time domain as:

Vex
z ð0; tÞ ¼ E0ðtÞ � f0ðtÞ ð15Þ
Vex
z ðl; tÞ ¼ E0ðtÞ � flðtÞ ð16Þ

f0ðsÞ and flðsÞ can be written in a rational function form by the vector fitting.

Vex
z ð0; tÞ and Vex

z ðl; tÞ are realized using voltage controlled voltage source.

The equivalent circuit about the total voltages is as Fig. 2. In the following, we

will verify the equivalent circuit.

3 Validation of the method

The parameters of a transmission line above a lossy ground are l ¼ 30m, h ¼ 1m

and r ¼ 1:52mm. The parameters of the ground are �g ¼ 10�3 S/m, "r ¼ 10 and

�r ¼ 1. Z1 ¼ Z2 ¼ 100Ω. The waveform of the electric field is described by a

double exponential function E0ðtÞ ¼ 1000ðe�10000t � e�400000tÞV/m with � ¼ 0,

’ ¼ 0 and  ¼ �=6. Fig. 3 shows the transient response of the voltage induced

at the line end by the proposed method and the inverse Fourier transform method.

From Fig. 3, we can see that the transient responses obtained by the proposed

method are in excellent agreement with the results of the inverse Fourier transform

method.

Fig. 2. The equivalent circuit about the total voltages.

Fig. 3. The transient response when Z1 and Z2 are 100Ω.
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When three different types of transient voltage suppressor are respectively

connected in parallel with one of the load resistance, the transient response of the

voltage induced at the line end by the proposed method is shown in Fig. 4. The types

of transient voltage suppressor are 1.5KE440A, 1.5KE180A and 1.5KE39CA.

From Fig. 4 we can see that because the maximum clamping voltage of the

transient voltage suppressor is different, the amplitude of the responses are differ-

ent. They are all less than the maximum clamping voltage of the transient voltage

suppressors and which agree well with the theoretical analysis results also.

4 Conclusion

The equivalent circuit of external electromagnetic fields coupling to a transmission

line above a lossy ground is presented. When the loads are resistances, the transient

response of the voltage induced at the line end by the equivalent circuit is compared

to those obtained by the inverse Fourier transform method, and a good agreement is

observed. The transient responses when three different types of transient voltage

suppressor are respectively connected in parallel with one of the load resistance are

agreed with the theoretical analysis results also. Consequently, using this approach,

the transient response for a transmission line above a lossy ground with nonlinear

terminations excited by the external electromagnetic fields could be obtained easily

and accurately.
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Fig. 4. The transient response when transient voltage suppressor is
connected.
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