ArWL-TR-75-281 AFWL-TR-
. 75-281
2 /!
. ( STATISTICAL ANALYSIS OF CRITICAL LOAD
q"l ] EXCITATIONS INDUCED ON A RANDOM CABLE
o0 SYSTEM BY AN INCIDENT DRIVING FIELD: BASIC
1 CONCEPTS AND METHODOLOGY
o\ M. A. Morgan
o F. M. Tesche
<< Science Applications, Inc. —~ (‘I'Q\
2 P. O. Box 277 N >
. O . NS
) Berkeley, CA 94701 N I
Final Report >
“ Approved for public release; distribution unlimited.
-
- %
nd 4
R AIR FORCE WEAPONS LABORATORY
ﬁwvg Air Force Systems Command
o Kirtland Air Force Base, NM 87117

¥ 8
8 = o e

e




PO}

AFWL-TR-75-281 ’

This final report was prepared by the Science Applications, Inc., Berkeley,
California, under Contract F29601-75-C-0112, Job Order 12090504 with tha Air
Force Weapons Laboratory, Kirtland Air Force Base, Nei Mexico. Captain Michael
G. Harrison (ELP) was the Laboratory Project Officer-in-Charge.

When US Government drawings, specifications, or other data are used for any
purpose other than a definitely related Government procurement operation, the
Government thereby incurs no responsibility nor any obligation whatsoever, and
the fact that the Government may have formulated, furnished, or in any way sup-
plied the said drawings, specifications, or other data, is not to be regarded
by implication or otherwise, as in any manner licensing the holder or any other
person or corporation, or conveying any rights or permission to manufacture, use,
or sell any patented invention that may in any way be related thereto.

This report has been reviewed by the Information Office (0I) and is releasable
to the National Technical Information Service (NTIS). At NTIS, it will be avail-
able to the general public, inciuding foreign nations.

This technical report has peeh;keviewed and is approved for publication.

Ml Yoo

MICHAEL G. HARRISON
Captain, USAF
Project Officer

R

FOR THE COMMANDER

/{/ /&/ "'/ SZmris Z /J%?J'ﬂ}

LARRY %0, w000 /) JMES L. GRIGGS,

Lt Colonel, USAF + Colonel, USAF

Chief, Phenomenology & Technology Chief, Electronics Division
Branch




R U ]

e e e e

T FERFORMING ORGANIZATION NAME AND ADDRESS 0. PROGRAM ELEMERT, FROJECT, TASK

UNCLASSIFIED

SECURITY CLASSIFICATION OF Tii1S PAGE (When Date Entered)

REPORT DOCUMENTATION PAGE BEF M ETING FORM
| 2. OOVT ACCESSION ND. ECIPIENT 'S CATALOG NUMBER

d

. TITLE (and Subtitis) 5 LY & PERICO COVERED

STATISTICAL ANALYSIS DF CRITICAL SDAD £XCITATIONS, Final fep@.,

ZANDUCED DN R SANDDH £RBLE SYSTEM BY A JNCIDENT

DRIVING FIELD: BASIT CONCEPTS AND METHODDLOGY,
= = _ T

8. PERFORMING ORG. REPORT NUMBER

=z

v AUTHOR(R) 5. CONTRACT OR GRANT NUMBER(s)

M. A. ﬁorgan
F. M./Tesche

ré

75 | resep-15-c-pr1z [WE W

M
AREA & WORK UN'T NUMBERS

Science Applications, Inc.
P.D. Box 277 /2 %
Berkeley, California 94701

AN

1. CONTROLLING OFFICE NAME AND ADDRESS

Air Force Weapons Laboratory — e —

Kirtland Air Force Base, NM 87117 1y HeERon s

T MONITORING AGENCY NAME & ADDRESS(!! difteren! from Controlilng Office) | 15. SECURITY CLASS. (of thie report)
UNCLASSIFIED

T3a, DECL ASSIFICATION/ DOWNGRAOING
SCHECULE

6. OISTRIBL.(ON STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. OISTRIBUTION STATEMENT {of the abstract sntered in Black 30, if ditfersnt trom Report)

1h. SUPPLENENTARY NOTES

13. KEY WOROS {Continue on reverse side il necessary und Identify by block number)

Electromagnetic Fields and Waves
Interaction and Coupling
Electromagnetic Pulse

Internal Coupling

0. ABSTRACT (Continue on reverss side il nscessary and Identlty by siock number)

Electromagnetic pulse internal interaction analysis is complicated by the
presence of many seemingiy random parameters which preclude the strictly
deterministic solution for induced excitations at particular load points.

This report briefly discusses a possible technique for the statistical analysis
of load excitations on an unshieldez N-wire random cable illuminated by ar
incident time-harmonic 1+ield using the reciprocity theorem in conjunction with
subset representation of a statistical ensemble.

DD , 00", 1473 eoition oF 1 NoV 63 15 OBSOLETE

UNCLASSIFIED

SECHRITY ELASSIPMCATION OF THIS PAGE (Whan Data Entered)




R g .
R TR R st
[

%
if

Section

I

II

III

v

TABLE OF CONTENTS

Introduction

Probakilistic System Description
Use of the Reciprocity Theorem
Minimum Subset Representation

Summary

References

14




B T

Figure
Figure
Figure
Figure
Figure

Figure

1.
2.
3.

FIGURE CAPTIONS

Random Wire Locations

Probability Mapping

Stepwise Changes in Cable Model

Bunched Cable Configuration in a Cross Section
Arbitrary N-Wire Line with Reciprocal Excitations

Reciprocal Voltage Source

ii

3
3
6
6
8
8




P s GO I
e s

[P " Y

Bgln b

e e s

I. Introduction

The analysis of electromagnetic pulse fEMP) internal
coupling to critical electronic components and subsystems
is complicated by the presence of many seemingly random
parameters, such as the relative positions of bunched cables
near points of entry (POE) and the random positions of
conductors in N-wire lines. These random parameters pre-
clude the strictly deterministic solution for EMP induced
excitations at particular load points. One can, of course,
choose to analyze a single deterministic "average model”
of the system in the hope that the excitations obtained
will indicate expected excitations on any of several randomly
different actual systems. If the random parameters strongly
affect the coupling to certain critical system points the
actual excitations may differ vastly from the deterministic
predictions.

For the case of strong random effects in the system
a statistical analysis should be performed in order to obtain
a valid range of expected excitations.

The purpose of this report is to give a brief dis-
cussion concerning a possible method for the statistical
analysis of the load excitations on an unshielded N-wire
random cable illuminated by an incident monochromatic field.
The technique utilizes the concepts of time-harmonic electro-
magnetic field reciprocity and statistical representation of

an ensemble by a subset. Although the discussion here is




restricted to a limited class of structures (e.g. unshielded,
unbranched N-wire cables), the method should be extendable
to shielded and branched cables as well. In addition, it
may be possible to conduct the analysis directly in the time-
domain using Prof.Welch's time-domain reciprocity theorem,

Ref. (1).

II. Probabilistic System Description

Consider an ensemble of possible N-wire cable config-
urations, where one such typical structure is shown in Fig. 1,
for the case of N=3. The wires are assumed to run in the
general direction of the z-axis. The random relative posi-
tion of the K-th wire in a constant-z cross section is given
by the vector ﬁk(z), as shown in Fig. 1.

The probabilistic system description can be formally

represented as a stochastic random process where the random

;; vector R, is actually a function of two parameters, s and z,

k
where s represents points in an abstract sample space, §,
having a l-1 relationship to the ensemble of possible cable

configurations. To each subset of sample points (e.g. each

3 subset of possible cable configurations), there is assigned
a positive probability via the mapping into the real line

segment {0,1l] as illustrated in Fig. 2.

The joint probability distribution function of the

T G,
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positions of the wires is, in general, quite complicated.
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Figure 1. Random Wire Locations
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1t depends upon all values of z since the position of each
wire is affected by the positions of all wires everywhere
on the line. The usual approximation that is made to sim-
plify the statistical description of such a system is to
assume that'the random vectors (in this case the wire
positions) are independently distributed. This allows one
to define the joint probability distribution function

{p.d.f) as the product of the p.d.f.s. of each wire.

The assumption of independence may be quite erroneous for
the case of a tightly bunched cable system and will not

be employed in the statictical models to be presented.

A common method for describing an ensemble of param-
eter dependent random vectors (e.g. a stochastic process)
is through a random coefficient basis function expansion,

as outlined in Ref. (2).,

§k(z|s) = z: ¢j(z)[ajk(s)x + bjk(s)y] (1)
i=1

where {¢j(z{}2=1 is a complete basis function set, ; ané
y are the usual unit vectors, and {ajk(s) ' bjk(s)} are
coefficient functions of the sample poeint, s, in the param-
eter space related to the ensemble of possible cables.

The probability distribution functions of the random
coefficients will depend upon the basis set used and the

type of cable configuration, such as straight wire parallel

cable, helical twisted wire cable, or twisted pair cable,
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etc. Given the type of cable, it should be possible to
deduce the form of the p.d.f. for the coefficients.

A second method for describing the random variation
of the cable configuration is via a random walk process,
Ref. (4). 1In this type of description we approximate the
continuous possible wire locations by a discr-tized model
as shown in Figs. 3 and 4 having Q possible cable positions
for the Q cables to occupy on a mutually exclusive basis.

At each periodic cross section, where jumps are
allowed there are Q! possil .2 cable arrangements. At
the Z, cross secticii the prchability of each cable arrange-
ment is given in terms of the Q!xQ! transition matrix, ?(Z),
where Pij = Prob {the ith configuration being realized at

2| given the jth configuration at Z-AZ}.

III. Use of the Reciprocity Theorem

To obtain the induced currents in the loads of a
transmission line that is illuminated by some specified
spatially distributed and oriented driving field one can
snolve sither the original boundary value problem or the
reciprocal problem,as in Ref. (3).

As an example of the use of the reciprocity
theorem, consider an arbitrary N-wire line shown in Figq.
5 being illuminated by the discrete electric dipole

source, 31 = 55 G(E—Fx). where |3§| =1,
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To obtain the induced voltage across a load impe-
dance, say for exanple ZL, we place a reciprocal unit
current source, J,, across Z, and compute the reciprocal
source generated electric field at the original source
point, F;. Then, using the Lorentz reciprocity theorem
for a region containing all source distributions,

! 51-5 +E2-ﬁ dv = .j; E,-J,+H, M, dv (2)

J.12 1 2"17 1"
v v

where ﬁ1=ﬁ2=5, we obtain the induced load voltage via

<
1
tn|
ol

L 2 Jg (3)

For the case of a unit magnitude discrete magnetic
dipole illuminz*ing source, ﬁi, we can determine the
induced current in ZL by placing a reciprocal discrete
voltage source, as shown in Fig. 6, in series with ZL
and determining the ﬁ; generated at r_. The load curreat

induced in 2z, by ﬁ; is given by

1L = Hz-Ms (4)

The use of the reciprocity theorem to obtain induced
load impedance currents and voltages requires the ability
tc compute the fields radiated by the arbitrary N-wire line

wnen the line is excited at the load position by a discrete
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current or voltage source. This may be quite a formidable
task, expecially if the N-wire is located close to other
obstacles such as arbitrarily oriented cables, bulkheads,

etc., whose scattering properties must be considered.

IV. Minimum Subset Representation

To obtain useful knowledge about the expected induced
load currents and their variances we must consider in detail
the induced load currents in a finite subset of the continuous
parameter ensemble sample space {%s%}. That is, using the
reciprocity theorem, we must compute the radiated fields
generated by localized sources at the load positions. This
can usually be done in two steps by assuming weak coupling
to nearby scatterers (except massive ground plane structures).
For the weak coupling case we can first compute the currents
induced in the N-wire line by the localized sources, neglect-
ing the effects of the scatterers. We then ~onsider the
field source to be the N-wire structure radiatinrg in the
presence of the scatterers and hopefully, using approxima-
tions, we can obtain at least an upper bound on the radiated
field at the illuminating source point. We will only con-
sider here the first step in this procedure.

In addition to considering the structures as being
ranacm, the incident field may also have to be treated as
random. Some reasonable bounds on the maximum expected

EMP induced excitations are the desired quantities of any

internal interaction analysis. .f the maximum drive incident




EMP field, (i.e. spatial distribution and field orienta-
tion), is not known a priori for a particular load point
under consideration then the statistical expectations apd
variances of load responses will have to be averaged over
all possible incident fields as well as possible structure
variations.

We must compute the induced currents on a represen-

tative set of the ensemble of N-wire lines (possibly over

a ground plane) generated by the localized reciprocal sources.
A major question of great importance is: "what constitutes

. a representative subset of the given ensemble of N-wire

i lines being considered?" The detailed answer to that ques-

k tion will have to be found at a later date but will, of

} course, depend upon the type of cable configquration. At

this time we will only consider some simplifications

incurred by assuming certain subsets to be valid representatives

of the total en.emble for statistical averaging purposes.

The simplest possible subset € random N-wire cables,

1 as shown in Fig. 1, is the set of uniform straight parallel

wires with random distances between wires. The transmission

line currents on the cable can easily be computed in terms

of the random vector distances between cable wires. These

S S

random variable currents will then set up random variable
fields which can be obtained from a straightforward computa-

tion, Ref. (5). Using multiple transformations of the known




probability densities of the wire locations a density on
the radiated fields can be obtained and the average and
standard deviations of the fields can be obtained, at least
in principle. The density of the physical locations of
the wires in this simple model will usually be uniform for
all positions within a given cylindrical boundary. The
advantage of ucing this subset of random N-wire cables is
that in most cases simple uniform transmission line theory
can be used to obtain the reciprocal source induced line
currents. However, the expectation and variance of the
load excitations obtained using this simple model may not
correctly represent the corresponding statistics for the
entire random cable ensemble.

Another possible ensemble subset-is the random
coefficient expansion given in (1). The series will have
to be trucated and the random coefficient density functions
will need to be deduced. If the maximum longitudinal
oscillation of the random line is slow enough the non-
uniform transmission line theory can be applied to obtain
the line currents in terms of the random coefficients. A

direct solution for line currents can also be obtained

using a coupled integral equation approach where the random
wire positions appear in the kernels.
The random walk description of the cable wire posi-

tions can also be used to generate another ensemble subset.

11




In this case a series of piecewise uniform cables can be
generated using a step by step numerical Monte Carlo random
walk procedure. Each of the realized cables is then analyzed
using multiple section transmission line theory.

In using the reciprocity theorem the random wire
positions on the cable will not only play a part in deter-
mining the reciprocal source generated line currents but
will also appear as independent parameters in the solution

for the random radiated field.

V. Summary

A brief and somewhat informal discussion has been
presented concerning the statistical analysis of load
impedance excitations induced on a random N-wire cable
by an incident time-harmonic field. The N-wire unshielded
and unbranched random cable is modeled by a stochastic
random process which can be approximately described using
a variety of common techniques. The use of the reciprocity
theorem is described for incident fields generated by
discrete electric or magnetic dipole sources and its
applicability is directly extendable to distributed sources.
A qualitative discussion is given with regards to the
subset representation of a statistical ensemble sample
space. The motivation for this concerns the possible
reduction in statistical modeling complexity by considering
only certain geometrically simple subsets of a complex

random system.

12




The statistical modeling approach applied to large
and complex random cable structures is an extremely impor-
tant topic with respect to EMP internal interaction analysis.
Considerable work needs to be done to develop practically
applicable methods for use on real cable systems. The
emphasis here has been on a nonrigorous presentation of
ideas which it is hoped will serve as a precursor for a

more detailed study to be initiated in the near future.
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