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1. INTRODUCTION

The interaction of electromagnetic fields with transmission lines
has been a subject of interest in many applications in nuclear
electromagnetic pulse (EMP) technology. This report presents numerical
and experimental results on EMP coupling with wunshielded, lossless
multiconductor transmission lines. A semi-empirical approach was
developed combining basic transmission line theory with experimental and
digital computer techniques that can be applied to relatively complex
gecmetries. For the most part, the supporting theory is contained in
standard texts on transmission lines. Traditionally, the theory has
been formulated in the frequency domain. Corresponding results have
been obtained in the time domain principally by numerical Fourier
transform methods. A set of equations is written in matrix form to
describe the electrical response of the transmission line. Methods
developed in this study are based for the most part on a formulation
contained in the work by Frankel.!

2. TYPES OF TRANSMISSION LINES CONSIDERED

Electromagnetic waves propagate along systems of conductors and
dielectrics that can be either intentional or unintentional transmitters
of energy. The model of the multiconductor transmission line considered
in this report is defined as any configuration of parallel, unshielded,
lossless conductors, uniform in cross section in the axial direction,
and surrounded by free space or by a homogeneous isotropic dielectric
material. A free space permeability ug is assumed. A perfectly
conducting ground plane can be added in the presence of the conductors
when needed for the problem., Figure 1 shows cross sections of +typical
transmission lines that can be analyzed.

3. THE GEOMETRY AND SYSTEM OF COORDINATES

Figure 2 shows a representative transmission line with the
selected coordinates and directions of EMP incidence. A convenient
conductor is chosen as a reference, and differential voltages and
currents are computed on the remaining conductors with respect to the
reference.,

lsidney Frankel, Cable and Multiconductor Transmission Line Analysis,
Harry Diamond Laboratories TR-091-1 (28 June 1974).




(a) CONDUCTORS
IMBEDDED IN A DIELECTRIC

OO0

(b) THREE CONDUCTORS
IN FREE SPACE
(ELECTRICALLY FAR
FROM GROUND)

0o
o 0 O
o

/7. 4

(c) NINE CONDUCTOR SYSTEM
OVER A GROUND PLANE

Figure 1. Examples of multiconductor transmission lines.
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Figure 2. Typical geometry for the transmission line.



The x-axis is always chosen in the direction parallel to the axial
direction of the conductors in this report. Results obtained at x = 0
represent node voltages and currents at the left-hand load impedances in
figure 2. Correspondingly, node voltages and currents at the right~hand
load impedances are obtained when X is set equal to &, the length of the
transmission line. Induced voltages and currents at any other point
along the transmission 1line can be obtained when x is set equal to the
desired value within the limits 0 < x < %.

+ . .
The acute angle formed between Poynting's vector P of the incident
plane wave and the longitudinal x-axis of the transmission line defines
the angle of incidence y in figure 2. This angle is varied between the

limits 0 < ¥ < 90 deg.

An additional change in geometry can be introduced by rotation of
the transmission line about its longitudinal x—-axis with respect to the
incident wave. This rotation is equivalent to a change in the
polarization of the incident wave with respect to the transmission line.

The terminating impedances Zi.(O) and Zi.(l) can be of arbitrary
value and are chosen to be real in computatiogal examples contained in
this report.

4. ASSUMPTIONS FOR THE TEM RESPONSE IN THE TRANSMISSION LINE

Several mechanisms of interaction and coupling are present when an
electromagnetic wave impinges on the transmission line. Some portion of
the incident energy is scattered off the conductors. The cable response
in both the differential (transmission line) and the common (antenna)
modes. When the conductor diameters are similar in size, are small
compared to wavelength, and are spaced such that no appreciable
shielding is present between conductors, the induced common mode
currents and voltages are assumed to be approximately the same on each
conductor, tending to cancel in the terminating loads. Under such
conditions, the common-mode coupling is neglected for the computation of
the differential currents and voltages in the transmission line. The
response is assumed to be entirely due to the transverse electromagnetic
(TEM) mode, induced by the transverse components of the impressed
electric and magnetic fields. The impressed fields are defined as the
fields that would exist over the space occupied by the transmission line
if the conductors were removed. Electromotive force (emf) is induced
and acts as a distributed source on the conductors.



The conductors are assumed to be 1lossless, with constant cross
section in the axial direction. The conductor diameters are assumed to
be small compared to conductor spacings. The medium surrounding the
conductors is either free space ox a lossless, homogeneous, isotropic
dielectric, with free space permeability Mo and permittivity e.

5. APPLICATION OF THE TRANSMISSION LINE EQUATIONS TO A SYSTEM OF MANY
CONDUCTORS

The differential equations obtained for the parallel plate or the
two-conductor transmission line are applied to more complex lines made
up of many conductors by use of the matrix formulation. The order of
the matrices for an N conductor transmission line is N-1, with one
conductor chosen as a voltage and current reference. For N = 3 (e.g.,
two conductors over a ground plane), the equations are

e
d V1 11 12 1 e L1
Pihaiiy 3 = H
dx v + jw L L 1 jw z Lg
2 21 22 2
(1)
e
C \' C,
d 1 11 12 1
a = jw
= |1 |t lce ¢ v J0Ey | e
2 21 22 2

With matrix quantities underlined, the general forms are

dv
— + ] I = jwH_ L
(2)
d1
— e e
3 V = E C

. . . e . . .
The impressed magnetic field H, and the impressed electric field
E? are the transverse components of the electromagnetic field in the
medium surrounding the conductors.



vV and I are column matrices of length N-1 representing voltages

and currents on each conductor measured with respect to the reference.

C is an N-1 by N-1 symmetric matrix defining the Maxwell's
capacitance coefficients for the conductors.l'2

L is an N-1 by N-1 symmetric matrix defining the inductance
coefficients for the conductors. These coefficients are obtained from
the inverse of the capacitance matrix and the propagation velocity v of
the transmission line:

1 -
";Ql (3)
v

L:

Eé and gé are column matrices of length N-1 and are referred to as
the magnetic and electric field coupling parameters. Unlike the
capacitance and inductance coefficients, which are functions only of the
conductor configuration, the field coupling parameters depend both on
the conductor cross section and on the incidence angle of the impressed
fields. These parameters are obtained by use of Faraday's law between
each conductor and the reference. Application of Faraday's law
determines the values of the effective distributed voltage and current
sources induced on the transmission line by the impressed fields. For
most geometries, L and C  must be determined by experiment or by
approximation.l

w is the radian frequency and j =+/-1 .

Solutions to equation (2) can be obtained by standard techniques.
The resulting expressions for V and I are too lengthy to be included
explicitly in this report, but are contained in Frankel's report.1 The
NLINE computer program was written to evaluate V and I in both the
frequency and the time domains for a generalized multiconductor
transmission line, with allowance for parametric variations of geometric
and electrical properties.

1Sidney Frankel, Cable and Multiconductor Transmission Line Analysis,
Hagry Diamond Laboratories TR-091-1 (28 June 1974), 30; 352~401; 140.

Se. Ramo and J. R. Whinnery, Field and Waves In Modern Radio, John
Wiley & Sons, Inc., New York (1964), 264-265.




6. DEFINITION OF THE IMPRESSED ELECTROMAGNETIC FIELDS

The two exponential pulse characteristics are assumed for the
impressed fields. The time domain expressions are

-0, t - Q,t _alto -azto
E;(t) = A(e - e )/ (e -e )
(4)
e _ - e
HE(E) = (uo/e) ™7 Eg(e)
where t = En(az/al)/(a -a. ) defines the =zero to peak rise time of the

pulse. The constants a and o determine the pulse duration and rise
time, respectively. The peak amplitude of the impressed electric field
is given by A in volts per meter. The frequency domain characteristics
are defined by the Fourier transform of equation (4):

-0, t =0, t
A, - ap/{Ge +a)Uu +a)(e  C-e O}

E;(w)

(5)

i@ = (/) 7® ES(w)

e e
7. DETERMINATION OF L , C, C, L

The capacitive and inductive parameters determine the magnitude
and distribution of charges induced by the impressed field on each
conductor of the transmission 1line. Interaction of voltages and
currents between conductors is fundamentally determined by self and
mutual capacitances defined by Maxwell's capacitance coefficients C.
The response to the impressed field is introduced through the external
field coupling parameters L and gé and depends on both the conductor
cross section and the incidence and polarization angles of the field.

Maxwell's capacitance coefficients C and magnetic field coupling
parameters L are chosen as the independent variables. The inductive
coefficients L and the electric field coupling parameters C  are
computed from them. Analytical solutions for the coefficients can be
obtained from Laplace's equation. The solution of Laplace's equation is
practical only for simple geometries. Since most geometries are
complex, these parameters must be measured or computed from

10



approximations., A parallel plate transmission line facility (PPF) shown
in figures 3, 4, and 5 was built to measure the cable parameters.
Figure 4 ghows the continuous wave (CW) configuration designed to
measure L for a transmission line test sample.

Negative No. 49-186-385-1974

Figure 3. The parallel plate transmission line facility.

GENERATOR SWEEPER

| 500 208 E TEST SAMPLE D ¢ 2150 LEG':)E%OMX
fﬁf‘ AMPLIFIER
HP 8601A ainteb 7
(1-100) MHz | ' >
A | S S - S — ” TEKTRONIX P6046

DIFFERENTIAL
VOLTAGE PROBE

ALL TEST SAMPLES 3.04m LONG

HP SPECTRUM
ANALYZER

Figure 4. Experimental validation of analytical techniques: parallel
plate transmission line facility.
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T-1 PROBE

/ ool TEST SA'PIE
PA053 ;

0]

1olbl
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]
PROBE
10 P 100 . N
HP 1900 Qi_l i
PULSE GEN.
L cT-1
—
TEKTRONTX TEKTRON LY
485 0SCILLOSCOPE 485 0SCITLOSCOPE

Figure 5. Time domain (pulse mode) operation of the parallel plate
transmission line facility.

The magnetic field coupling parameters are inductive constants
defined for the i¥ conductor by

¢>i = L Hy (6)

where ¢. 1is the magnetic flux induced between the ith conductor and thg
reference conductor by the impressed magnetic field. The value of Li
for each conductor depends on the cross section of the “ransmission line
in the transverse plane and on the orientation of the impressed field,
For measurement of Li’ the test sample is placed in a transverse
electromagnetic field with all conductors open at the ends. The
differential voltage v, is measured on each conductor with respect to
the reference conductor voltage v_. The magnetic field coupling param-
eter 1s computed from the 1limiting condition in which the impressed
fields assume a perfect TEM mode:

(v,-v)

e i o
E
Yy

The value of L. can be approximated accurately by the thin wire
approximation for special conditions, in which the conductor spacing is
greater than the diameters of the conductors, For such conditions,
equation (7) reduces to:

L, = u h (8)

12



where hj is the distance measured along the electric-field line between
the reference conductor and the ith conductor. Figure 6 shows the
results measured at two frequencies in the PPF for two parallel pipes,
4—in.ediameter, separated at an increasing spacing. The measured value
of L2 follows the thin wire limit after slight separation between the
conductors. The measured value, however, remains below the thin wire
limit.

Maxwell's capacitance coefficients complete the electrical
description of the transmission line. The values can be determined by
several methods: by analytical or numerical solution to Laplace's
equation, by measurement, or by thin wire approximations. Because
analytical and numerical solutions become prohibitively complex as the
number of conductors is increased, they were not considered in this

study,

The capacitance coefficients were measured for several test
samples by an R-L-C capacitance meter. The self capacitances C,, can be
measurcd accurately by the meter. The R-L-C meter was not accurate
enough to measure mutual capacitance.

10 8
8 L O
-
g - O
< 6 I Thin wire approx. A
~ O
o R
»
o)jl 4 8 Measured at
R 8 O | Mhz
2 a A 18 Mhz
i &
A
s lo I | L i 1 | 1 ! 1 | 1 1 L
0 4 8 12 16 20 24 28 32

hy (in)

Figure 6. Comparison of measured and computed magnetic field coupling
parameter for two parallel 4-in. diameter conductors
separated by h,.

13



The thin wire approximation was found to give acceptable results.
The capacitance matrix is computed from the potential coefficients pij
for the conductor configuration:

r T T]
_ 1 1n ri,or 0,7 (9)

P s
ij 21E 1,1%0,0

. . .t .t
where r; - 1s the spacing between the centers of the i h and j h con-
ductors for i # j, and rij; is the radius of the it conductor. The
matrix p is an N-1 by N-1 symmetric matrix. The capacitance matrix is

determined from the inverse of p:

c = p! (10)

e .
The remain%ng coupling parameters C and L are determined
completely from L and C.’

8, TRANSMISSION LINE TEST SAMPLES

Two multiconductor transmission lines were constructed for testing
from coaxial cables with shields removed and dielectrics left around
each conductor for spacing. One cable (sample A) is made from three
(N = 3) RG-218 cables with shields removed. The second transmission
line (sample B) is made wup of 1l conductors (N = 11) from an assortment
of cables, Figure 7 shows an end view of the two test samples in the
open circuit condition. The shield of conductor 6 in sample B is taken
as the sixth conductor in the transmission line. No measurements were
taken on the center conductor of 6.

That the polyethylene surrounding the conductors changes the
propagation velocity to 70 percent of the free-space value in sample A
indicates an effective dielectric constant of 2,04, Measurements on
sample B indicate the presence of a non-TEM mode due to an observed
variation in propagation velocity ranging from 70 percent for
conductors 1 and 2 to 76 percent for conductors 7 and 10. The resulting
average dielectric constant is 1.89 for sample B,

The cross section of sample A is shown in figure 8. Terminating
100-ohm resistances were connected as shown at both ends of the
transmission line., The coupling parameter matrices are included in
figure 8., The capacitance matrix has been computed from the potential
coefficients. The magnetic-field-coupling parameters have been

1Sidney Frankel, Cable and Multiconductor Transmission Line Analysis,
Harry Diamond Laboratories TR-091-1 (28 June 1974), 36,371.

14
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Negative No. 49-186-385-1974
Figure 7. End view of unterminated test samples.

determined from the thin wire approximation defined by equation (8).
The corresponding measured values also are included. The conductors
have been renumbered so that the implied subscripts in the matrices
correspond to the proper conductor in sample A,

The measured and computed self capacitance values show close
agreement, The measured values for the mutual capacitances tend to be
larger in absolute value than the computed results in both test samples.
The measurement technique does not appear to be accurate for these
parameters,

The values for the magnetic field coupling parameter determined
from the thin wire approximation are larger than the experimentally
obtained values. This trend is in agreement with the results from the
two-conductor experiment.

15



From potential coefficients:

31.9 -10.3
c= pF/m
-10.3 31.9

From thin-wire approximation:

-2.14 -8
LF = x 10 " H
+2.14
2
Measured values: 100 Q
30 -20
c= pF/m 0
=20 28
-1.8 -8
Lé‘ x 10° | 100 @
+1.8
1

Scale:

Figure 8. Sample A: measured and computed coupling parameters.

The cross section of sample B is shown in figure 9, The
conductors have been renumbered to correspond to the matrix subscripts,
with the reference conductor designated by 0, The capacitance matrix
was determined by measurement and by computation from the potential
coefficients., Values obtained by both methods for the self capacitance
of each conductor are 1listed in figure 9, Because the measured
off-diagonal terms were too large, they could not be used in the
computations. Results from the potential coefficients indicate that

16



Cii: Computed from potential coefficients

): Measured values

€4y

44.5
(Dt
34.3

i 30(25.3)
O 43.3
34.8 10 4
28.2
(24-8 Reference ¢ )

8 | 104.8
O (49.9)
36.1
(15.1)

<::> 6_ 34.6

50.5 7 O([‘3_3)
@18y O

40.0

(25.3)

Conductor radii:

r = 0.0975 in.; No. 1, 0, 2
r = 0.34 in.; No. 5
Scale: r = 0,031 in; No. 4, 7, 8, 9

|*——— 1 in, ——-—.-' r = 0.015 in; No. 3, 6, 39

Figure 9. Sample B: comparison of computed and measured self
capacitance coefficients (pF/m) .

these terms should be approximately an order of magnitude less than self
capacitances, or in the range of picofarads per meter or less, for most
terms in sample B. The measurement by the R-L-C meter is not accurate
to this order. Therefore, for computation, the potential coefficient
method was used to determine the capacitance matrix. Figure 10 lists
the matrix and its inverse for sample B.

Measured and computed magnetic field coupling parameters are given
in figure 11 for sample B, In general, the values obtained from the
thin wire approximation are larger than those measured in the PPF, This
difference in the values is most likely due to conductor proximity
effects in the test sample. The orientation of the impressed electric
and magnetic fields, important for these measurements, is shown in
figure 11.

17



(a)

C computed from the potential

coefficients for sample B (F/m)
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Figure 10. Maxwell's capacitance coefficient matrix C and its inverse.



1®: Thin wire approximation

i
(L:): Measured value

x 10 H

Scale: A1l terminating resistances

|—@——— 1 in. ———-—‘ are 100 ohms.

Figure 11. Sample B: thin wire approximation and the measured values
for LS.

The configuration of conductors 1, 0, and 2 in sample B is
identical to that in sample A. The addition of the eight conductors to
the original three changes the computed self capacitance of conductors 1
and 2 from 31.9 pF/m to values of 50.5 and 44.5 pF/m. Thus, the effects
on self capacitance due to the addition of neighboring conductors are
observed by a study of the two samples. The measured values, however,
do not show as much of a change, The measured values of the
magnetic-field—coupling parameters Lj and L; are lowered from 1.8 x
10 ® H to ~1.4 x 10 8 4 with addition of the eight conductors. This
lowering indicates a shielding effect on conductors 1 and 2. This
effect is observed only experimentally, and not by use of the thin wire
approximation, where proximity effects are neglected.
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Figure 11 1lists the measured and computed magnetic field coupling
parameters for sample B, The values obtained from the thin wire
approximation are, for all conductors but two (9 and 10), larger than
those obtained by measurement, This result 1is most likely due to
proximity effects in the test sample. Also, the orientation of thg
impressed electric and magnetic fields is shown in figure 11, since L
can change with the polarization angle,

The magnetic field coupling parameters were measured under open
circuit conditions. For convenience, figure 11 shows the manner in
termination of sample B with 100-ohm resistances for subsequent induced
current and voltage measurements and computations.

9., NUMERICAL AND EXPERIMENTAL RESULTS

The PPF was operated in the time domain (pulse mode, as shown in
figure 5) to excite the sample transmission lines with a simulated plane
wave, incident end-on at Y = 0 deg. Tektronix current probes were used
to measure induced current at the loads for both samples. A comparison
of the measured impressed field waveshape and the measured load current
response is shown for sample A in figure 12. The response for this
configuration evidently follows the time derivative of the incident
field. Reflections are observed at expected times and are related to
the electrical length of the sample.

Parameters for sample A and the PPF impressed field were used as
input data for the NLINE computer program. Results of the computations
are shown in figure 12 for three angles of incidence, The ¥ = 0 curve
corresponds to the experimental conditions in the PPF, The incident
electric field amplitude, 35.5 V/m, resulted in a measured peak induced
voltage of -100 mV at the loads. That the induced voltage computed by
NLINE is also -100 mV indicates that computer modeling of sample A was
accurate,

The remaining curves in figure 12 show the variation in induced
voltage as the angle of incidence is changed. The time shift for the
starting point of the plots arises from phase terms in the numerical
Fourier transform used in NLINE. No effort was made to eliminate this,
since the amplitude and waveshape would remain unchanged.,
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with experimental data at ¢ = 0 deg.

Additional numerical results are shown for sample A in figure 13,
where the angle of incidence is 90 deg, and the point of comgputation is
varied along the length of the transmission line. The voltage is zero
at the center (x = &/2) because of symmetric terminations. The current
is at a maximum at this position. Such voltage and current occur

because the terminating 100-ohm resistances are lower in wvalue than the
characteristic impedance of sample A (about 200 to 300 ohms) and thus
tend to act like short circuits for this configuration,
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Similar PPF measurements and NLINE computations were made on
sample B. Figure 14 shows the conductor cross section and a composite
plot of the computed voltages induced on each conductor, by use of an
impressed field pulse shape and amplitude similar to the experimental
conditions. The time delay and initial noise are introduced by the
Fourier transform subroutine. The end-on ¢ = 0 deg angle of
illumination is a critical angle in the lossless TEM mode theory and
results in a computed rise time that is faster than observed in the
experiments. Inhomogeneous dielectric conditions and conductor
proximity effects can be expected to add further complications. The
purpose is, however, to test the adequacy of the theory on a relatively
nonideal sample, since most transmission lines in wuse fall into this
category from the analysis.

Figure 15(a to 3j) shows numerical and experimental results for
sample B, Computed results are given in both the frequency and time
domains. The actual measurements and peak induced voltage values are
shown in each part of figure 15,

The thin wire approximations and the potential coefficients were
used to determine the coupling parameters for the NLINE computer runs.
These values were observed to be considerably higher than the measured
values, as was shown in figures 9 and 11. This difference 1is important
in ccmparison of computed and measured results. The ccmputed peak
voltiges are consistently larger than the measured voltages because of
the larger value for coupling parameters used. Peak value ard rise time
degradation can also be expected in an experiment, due to
instrumentation and nonideal coupling. The existence of non-TEM modes
was observed in the measurements, However, when ratios of
measured-to-measured values are used for the coupling parameters in
reducing the computed peak values, the experiment and theory are
compatible within factors ranging from 1.1 to 9. Best agreement by this
analysis is obtained for conductors i, 2, 3, 4, 5, and 7. Results for
the remaining conductors are off by factors of 4 or more and require
further refinement in the semi-empirical approach. The peak values of
computed time domain voltages were reduced as suggested above by the
ratios of measured-to-computed values of the Maxwell's capacitance
coefficients and magnetic field coupling parameters obtained from
figures 9 and 1l, These reduced values appear in parentheses next to
the peak of each computer plot in f%gure 15(a to j)o. These values
correspond to use of measured C and L as inputs to NLINE. Evidently
much better agreement is obtained.
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10. CONCLUSIONS

The numerical and experimental procedures developed in the course
of this work provide a versatile tool for analysis of electromagnetic
coupling with multiconductor transmission lines. The NLINE computer
program has been tested for many configurations. In the present form,
the program is dimensioned in FORTRAN to work with samples containing up
to 11 conductors, Dimensioning can be increased when more conductors
are considered,

Procedures for determination of the coupling parameters were
established. More effort is required in measurement of the off-diagonal
mutual capacitance coefficients. A capacitance bridge or similar
instrumentation could be used.

The thin wire approximations work best for the simpler geometries,
but can be applied with proper judgment to the complex conditions, also.
It was found experimentally that conductor separations in the order of
two or three diameters are sufficient to approach thin wire conditions,
as can be demonstrated easily for the tweo-conductor transmission line,
since an exact solution to Laplace's equation is available.

The voltage and current resporse 1is sensitive to angle of
incidence of the field and to terminating impedances, as was
demonstrated by NLINE computations and FPF measurements. For example,
impedances that had been varied at one end of sample A caused voltages
and currents to vary from positive, zero, and negative values when the
angle of incidence was end-on (Y = 0 deg). The transmission line can be
made to respond as a directional coupler in this configuration.
configuration.

As in many complex problems, exact agreement between theory and
experiment cannot always be obtained. The simpler configurations tend
to give the best results. A greater amount of analysis is required for
the complex conditions. For this purpose, the NLINE computer program
and the experimental techniques developed in this study can be applied.
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