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Abstract — In this paper, a numerical method for analyzing coupling between high-altitude
electromagnetic pulse (HEMP) as external field and a shielded twisted pair (STP) cable is proposed,
which is based on an expanded chain matrix. Load responses of electromagnetic (EM) field excitation
in uniform transmission line (TL) are solved by Baum-Liu-Tesche (BLT) equations in frequency
domain, however, it is difficult to apply BLT equations to solve load responses of STP cable because
the iteratively changing configuration of each twisted pairs are involved in cable. To avoid this
problem and decrease memory and CPU time, we proposed the expanded chain matrix modeling
method that is calculated using ABCD parameters, and applied multi-conductor transmission line
(MTL) theory to consider the EMP coupling effectiveness of each twisted pairs. The results
implemented by the proposed method are presented and compared with those obtained by the finite-
difference time domain (FDTD) method as a kind of 3D full wave analysis.
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1. Introduction

The STP cables are frequently used to transmit the
signal between equipment contained within two protective
enclosures to reduce electromagnetic interference (EMI) [1].
Nevertheless, the transient EM disturbance produced by
external fields generating EMI can easily couple the
core cables, and the accuracy of the data acquisition will
affect to point of entry (POE) results in a shield that is
not perfect [2, 3]. Therefore, it is important to analyze the
induced responses in the STP cable to predict performances
of the cable against external EMP in terms of shielding
effectiveness. In other words, the effects of HEMP-induced
electrical transients on electronic equipment are important
in the survivability assessment of electric power systems [4].
A first step in this process is the determination of the
cable currents and voltages that can couple energy into
the equipment that might be subject to failure. This
paper considers one particular system and illustrates the
techniques used for estimating the response of the system
to HEMP. So, the system response to HEMP which is a
transient plane electromagnetic wave produced by a
high-altitude nuclear explosion to the STP cable can be
estimated.

Traditionally, the behavior of the induced responses on
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the inner conductors can be evaluated using MTL theory [5].
For complex structure of the cable layout such as twisted
pair or in a high frequency range, a full wave analysis
such as the FDTD method is a very popular way to
analyze transient fields in 3-dimensional domains. With
the development of computing technology, a significant
research effort has been made to address the development
of the FDTD method to analyze the wire structure with a
size less than the entire cell dimension [6]-[8]. However, it
requires significant computer memory storage and CPU
time [9].

Meanwhile, for describing the coupling of an external
EM field to a cable using the TL theory, BLT equations
have been studied in cable problems. Further, in case of n-
conductors of finite length which are referred to as MTL,
BLT equations that are generalized into a super-matrix
can be applied to solve load responses. However, there
is a limit to the use of BLT equations to analyze HEMP
coupling with a STP cable because of iteratively changing
configuration of each twisted pairs in the whole structure.
It means that conventional BLT equations do not consider
repeatedly changing components of the per-unit-length
(PUL) parameters [5].

In this paper, to overcome the mentioned problems and
limitations, a novel method based on the expanded chain
matrix is presented using MTL theory as extended version
of analysis of field coupling with unshielded twisted pair
cable [5]. The proposed method uses ABCD parameters,
which consider the coupling component of each line, and
the twisted pairs are modeled by finite number of small
sections. For analyzing the external HEMP coupling effect
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Fig. 1. The concept of entire problem.

in an STP cable, we first calculated both a shield current
and a shield to ground voltage induced by an external
HEMP as an external problem. Then, the behavior of the
induced response on the inner conductors of the STP cable
can be obtained by combining transfer impedance and
transfer admittance terms with proposed modeling method.

The paper is organized as follows: In Section II, the
concept of the entire problem is presented. The detailed
mathematical models of external and internal problems are
outlined in Section III, some results are obtained, with
different lengths, heights, and ground conductivities. Then,
the FDTD method is used to demonstrate the accuracy of
the proposed method in Section IV. In Section V, we
present some conclusions.

2. Concept of Problem

As shown in Fig. 1, for analyzing the HEMP coupling
with STP cable, the concept of the entire problem needs
to be divided into two parts: external and internal,
because it has unwanted response at the “shielding”
equipment. The external problem stands for the external
HEMP coupling with TL that is modeled by the cable
sheath and the ground plane, which is sensitive to the
external EM field environment because of its direct
exposure. General solutions for the voltage and current
responses at an arbitrary point of a finite cable sheath can
be derived by [10]. In addition, the responses on the cable
sheath are equivalent to excitation sources through transfer
impedance and transfer admittance, thus it can be seen that
the external and the internal problem are linked together.
Although the internal core wires are less affected by
external HEMP, the portions of the external electric and
magnetic fields are able to penetrate through imperfections
in the cable sheath, and these induce internal current and
voltage responses. The behavior of the induced responses
of the inner conductors of a STP cable, as a kind of internal
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problem, can be obtained by combining the expanded chain
matrix proposed and concept of transfer impedance and
transfer admittance terms.

3. Mathematical Model

In its simplest configuration, a STP cable consists of a
cable with the sheath connected to each enclosure. As
shown in Fig. 2, the enclosures and the STP cable are
usually located over a ground plane with a height 4 and
length is L. The two enclosures are connected to the ground
plane by external impedances Z; ,,,;.

3.1 External problem

A time-varying external EM field will induce both a
shield current and a shield to ground voltage. This can be
thought of as arising from a set of distributed voltages and
currents located along the cable sheath as depicted in Fig. 3.
The distributed voltage and current sources terms can be
calculated with

4 (x) = —ja),uJ.Oh H (x,z)dz
1 (x)

where w is angular frequency, u is the permeability of the
material around the STP cable, Y is the PUL admittance of
the line.

There are the effects of a lossy ground plane serving as
a return conductor, so that the propagation constants
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Fig. 3. Modeling of external field excitation of a STP cable
as external problem.
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become complex quantities [11] and the additional
impedance and admittance elements have to be considered
when the PUL parameters are calculated. There are also
several different expressions for the ground impedance. In
this paper, we used the approximation of the ground
impedance expression that is independent of the angle of
incidence and very simple but accurate expression for
Sunde’s expression [12] given by

i I+y,h
Zg :ﬂIHA (3)
2r 7.h

where y, is the wave propagation constant in the ground.

As discussed by Vance [10], the ground admittance term is
related to the ground impedance term Z, as follow

Y, =% 4)

Based on the definition in (3) and (4), the PUL
impedance and admittance parameters are defined as

Z=jol'+Z, (5)

oY
Y-[jwc'+?J (6)

g

where L’ and C’ are, respectively, inductance and
admittance terms of STP cable over the ground plane as
discussed in [3]. General solutions for the voltage and
current at an arbitrary point of a cable sheath can be
evaluated by the sum of two cases that are influenced by
a series voltage and current sources at position of the
distributed sources x;.

Then, the actual solution of voltage and current
responses of any positions [1] are superposition integral
of following equations. First, for x > x; the resulting
expressions are

-7x r(x-2L)
G ey Rl
+(eyx"' + ple"”S )chs:| (7)

}/(x72L)

e —p,e
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Secondly, for x < x; the resulting expressions are

ey(fo) + p ef;/(x+L) s s
V)= S et (¢ e,
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where p, , are the reflection coefficients at each load and y
is the propagation constant along the TL given by

y=Nzv ©)

The geometrical configuration of the STP cable above
ground plane is: L=30m, #=0.3m, &=10,0=0.01 S/m.
The characteristic impedance Z,= 293 Q, the termination
impedance at x=0 and x=L are set to the values Z, ,,,, = .
The STP cable is excited by a vertically polarized high
altitude electromagnetic pulse (HEMP) [13] that is
described by double exponential waveform by

E, (t)=E,x(e“-e") (10)

where field intensity constant E,= 6.5 x 10* V/m, decay
constant a = 4x10° rad/s, rise time constant » = 6x108 rad/s
and the incidence angle of the external HEMP is set to 6 =
30°. The total field affecting the STP cable above the
ground plane is the sum of the incident field and the
reflected field from ground plane, which are expressed by
[14]. Using (7) and (8), the spatial distribution of the line
current and voltages can be evaluated. The load responses
can be calculated by setting x = L.

3.2 Internal problem

The external EM field can give rise to disturbing
currents and voltages on the internal conductor due to
diffusion of EM fields through the sheath material or
penetration of the fields through the small apertures of the
shields. The protection capability of the STP cable is
reflected by the amount of reduction of the electric field
component due to the skin depth attenuation. This
reduction capability will be determined precisely through
the transfer impedance, which is defined as the ratio
between the inner electric field and the total shield
current in the frequency domain. The coupling between
the external and internal TL is operated by the transfer
impedance and admittances. These transfer parameters
give rise to induced voltage and current sources [15]. The
behavior of the induced response on the inner conductors
of a STP cable are then related to the external line
responses given by

V,=2Z,x1 (11)
=Y,V (12)

where Z, and Y, are the transfer impedance and transfer
admittance of the shield.
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For the internal problem, a modeling algorithm different
from the uniform MTL theory is required, because the
cross domain of the twisted pairs must be considered. It
means that the distances from cable sheath to each line are
changed iteratively, which can be identified by Fig. 4(a).
As shown in Fig. 4(b) and (c), the whole twisted pair line
has to be analyzed by separating in odd and even mode
pairs. The odd mode pairs have different values of height
h;, h, in line 1 in order, and #,, A; in line 2 in order. The
proposed expanded chain matrix Cl can be obtained by
interacting with each chain matrix in order ¥, ¥,,
involved with PUL parameters taking into account iterative
changed height between the line and ground plane. It can
be written by

Cl=[¥][¥,]
[coshy/ 0 XL, X,
0 coshy/ XL, XL, <
- XClg -XC, coshyt 0
| —XC, XC, 0 coshﬂ_ (13)
[coshy? 0 XL,, XL, |
0 coshyl XL, XL,
) XC,, -XC, coshyt 0
-XC, XC, 0 coshy?
C2=[¥,][¥ ]
[coshy/ 0 XL,, XL, |
0 coshy! XL, XL,
- XC,, -XC, coshyt 0
-XC, XC, 0 cosh y/ (14)
[coshy/ 0 XL, XL, |
0 coshyl! XL, XL,,
* XC, -XC, coshyt 0
-XC, XCG,, 0 coshy?

where C,,,, are the PUL capacitances induced by the
electric coupling of lines 1 and 2, L,,,, are the PUL
inductances induced by the magnetic coupling of ground
plane to lines 1 and 2, and C,, L, are mutual coupling
terms. These parameters can be calculated using equation
presented in chapter 5 [3]. And parameter X is given
by X =j60f[SiHh()/f)/ }/fﬁ. In contrast, the even mode
pairs have an opposite structure to the odd mode pairs
and it can be represented by expanded chain matrix C2, as
in (14).

It can be thought that the STP cable is modeled as a
cascaded structures that consist of odd pair Eq. (13) and
even pair equation (14) of each twisted pair as shown in
Fig. 5. The expanded chain matrix relates the voltage and
current at the right end of the line to the voltage and
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Fig. 6. Cross sectional structure of STP cable.
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current at the left end of the line. Hence, the overall
expanded chain matrix of several such lines that are
cascaded in series can be obtained as the product of the
chain parameter matrices of the section like Fig. 5. In
the proposed method, there is an important point about
modeling approach used chain matrix, which means the
direction of the current at port 2 is reversed from that in the
definitions of the general n-port network systems.

Next, the cross-sectional structure of STP cable to
calculate PUL parameters is shown in Fig. 6. The two lines
of radii r;, are within a shield, the interior radius of the
shield is denoted by 7, and the distances of the lines from
the shield axis are denoted by 7, ,, and the angular
separations are denoted by 6;,. If the lines are widely
separated from each other and the shield, it can be thought
that the currents are uniformly distributed around the
line and shield peripheries. Thus, the PUL inductance
parameters using the wide separation approximations [3]
are given by

2 2
H Ty — T
Liszgln( e J (15)
2
;o] e |Uiss) =200 cos 6, 16)
! 27[ rﬁ (’/isr2s )2 + r245 _2’,‘15;’235 cos 012

where L, are PUL inductance terms of i-th line to shield
and L,, is mutual component.

V. Vv, -V,
LA AT} (17)
Z3 Zl
V, V.-V,
A - M_ [4 (18)
Z, Z,
v, V.-V
L), (19)
Zs Zz
Shield
V3 23 ZG V5
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V! Z1 ZQ V2
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Vil Zs Zs | Ve
Shield

Fig. 7. Equivalent circuit for boundary conditions.
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2
Fig. 7 shows an equivalent circuit for the STP cable to
apply boundary conditions at each load. The node

equations can be calculated from (17) to (20) using simple
circuit theory. Finally, the governing equation, which is
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Fig. 8. Internal load current response of STP cable for
different length at # =0.3 m, o = o0, and Z; ,= 50 Q.
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Fig. 9. Internal load current response of STP cable for
different ground conductivities with L=20 m, 4=0.3
m, and Z; ,= 50 Q. (a) 6=0.01 S/m, (b) 0 =0.1 S/m,
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described by multiplying the expanded chain matrices C1
and C2 repetitively, is given by
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where N is the total number of twisted pairs. The expanded
chain matrices of the uniform sections are multiplied
together along with chain matrices that give an interchange
of the voltages and currents at the junctions. So, in case of
STP cable, the expanded chain matrix [C1-C2] is the N/2-th
power of the chain matrix of each section. Prior to
analyzing this problem, we considered the internal line
with the following parameters: transfer impedance Z=
0.014 Q/m, transfer admittance Y~=0 S/m [11], interior
radius of the shield r, =0.15 cm, distances of the inner
line from the shield axis »;, ,=0.02 c¢cm, 0.03 cm, each
inner line radius ; ; = 0.01 cm, angle of line 1 to 2 0, =,
and termination impedances at each load in STP cable Z; =
Z,=50Q, Z;=7,=7Z5;=Z; = . All of the results are from
these termination impedance. We used these values in
the governing equation to solve the internal problem. To
solve the load responses of the STP cable, first, we have to
calculate the current and voltage of shield as an external
problem. These values contributed to the effect of external
field coupling to STP cable and are connected to transfer
parameter as shown in Fig. 1. Then, the expanded chain
matrix C1, C2 are determined, the load responses can be
obtained by calculating the governing Eq. (21) in
frequency domain. Responses in the time domain can be
more useful than the spectral responses in understanding
the external field coupling mechanism to a line.

Although the Eq. (21) provides results in the frequency
domain, we used the inverse Fourier transform techniques
to transform a wideband spectrum into the time domain.
Fig. 8 represents the induced current at load for the STP
cable above ground plane for different values of the line
length.

Fig. 9 shows the effect of the lossy ground plane
increases the amplitude of current induced in the line. The
fact that the response is smaller is due to the fact that the
tangential excitation electric field along the horizontal
section of the line is smaller for the case of the perfectly
conducting ground. Fig. 10 shows variations of the line
responses as the height of the line h is varied from 0.1 m to
1 m. These figures indicate that increasing the height of the
over the ground plane will tend to increase its induced
response.

4. Verification

To validate the proposed method, the load responses of
STP cable have been examined by the FDTD method
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Internal load current response of STP cable for
different height at L = 20 m, ¢ = o, and Z;,= 50
Q. (a)h=0.1m, (1) ~=0.5m,(c) h=1.0m.

Fig. 10.

directly as 3D full wave analysis shown in Fig. 11. In the
FDTD code, the excitation is vertically polarized plane
wave field with an Eq. (10) as HEMP, assuming A=1/20,
At=A/(2c), where ¢ is the free space velocity. A cell size
has been chosen as A/10 at the highest frequency. The
computational space is terminated with perfectly matched
layer (PLM) with maximum reflection of 1%. The load
response of STP cable computed by FDTD method is
reported in Figs. 8, 9 and Fig. 10. From this figure, it has
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Fig. 11. A real capture of simulation.

some mismatching between proposed and reference data.
The cause of these effects can be thought that the proposed
method applied the approximated modeling structures
which cannot contain the real model perfectly, and these
are results in some error as well as numerical error. Finally,
we can concluded that the result implemented by proposed
method is similar with the FDTD method, which ensure
the accuracy of the proposed method. Though one can
conclude that the all of the structures in proposed method
are modeled as approximated modeling structures, not a
real case.

5. Conclusion

In this paper, an expanded chain matrix modeling
algorithm has been proposed to analyze STP cable and
verified in comparison with results from the FDTD method.
Unlike the traditional modeling algorithm including
numerical method for analyzing field coupling with STP
cable, we applied the concept of a chain matrix composed
of ABCD parameters. In the process of solving this
problem, we separated the entire problem as two parts as
an external and an internal problem. After the external
problem was solved, by exploiting the proposed expanded
chain matrix, we were able to analyze the internal response
of the STP cable when the HEMP incidence occurs
suddenly. This is more efficient than computing the FDTD
method in terms of computer memory and computation
time, listed in Table 1. It means that the proposed modeling
algorithm overcomes the computation burden and limitation
of the conventional approach that is applied only to the
analysis of field coupling with a uniform cable line.

Table 1. Comparison of calculation time average

Algorithm Time (second)
FDTD (3D Full wave analysis) 1801.6
Proposed Method 654.8
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