! ."‘W THRTATHTL W N W‘Wwwmmuvwmw |y

e e T T

A S Y

iRl At

W

AFWL-TR-78-82

AFWL-TR-
78-82

EXPERIMENTAL METHODS FOR THE
CHARACTERIZATION OF MULTICONDUCTOR
CABLE SYSTEMS [

Howard M. Fowles et al.

Mission Research Corporation
Albuquerque, NM 87108

March 1979

Final Report

Approved for public reiease; distribution unlimited.

AIR FORCE WEAPONS LABORATORY
Air Force Systems Command
Kirtland Air Force Base, NM 87117




e e e = B

b b e S 3 A

PR

e

3

i B e eyt v ot it S bt i S



ARWL-TR-78-32°

This final r<nc U was srepared bty Mission Research lcrooration, Albuqguarque,
New Mexici, undar Contract F22601-77-C-2C40, Job Crder 12090531 with the Air
Force W2anens labr-~a%ory, Hirtlaand Air Force Base, ‘lew Mexico., Caotain Howard
G. Hudzzcn {ELT) was tne Laboratory Project Officer-in-Charge,

Wien US Goverrmert drawings, specifications, or other data are used for any
purpose otner tnan a derinitaly related Government procurement operation, the
Sovernir2nt thareby incurs no responsibility nor any obligation whatsoever, anad
the fact that the Government mav have form.lated, furnished, or in anv wiy
sunplied the said draw'ngs, specifications, or other data, is not to be regarded
by implication or otheruise, as in any manner iicensing the holder or an; othe=
persan or corporation, or conveying any rights or permission to marufacture, use,
or sell any patented invention that may in any way be related thereto.

This report has been authored by a contractor of the United States Sovernmant,

Accerdingly, the United States Government retain:z & nonexclusive, royalty-<ree
license to pudb'ish or reproduce the material contained n2rein, or allow others
ts do so, for the United States Government purposes.

This report has been reviewed by the Information Office {01, and ic
releasatle to the National Technical Information Service (NTiS). At NTIS.
it will be available to the general public, including foreign nztions,

This technical report has been reviawed and i3 approved for opublication.

'/.. ’ /’ r'd ’.;)
= fﬂ%é%€§;~\-

N LR 7
ACWARD G, HUDSON
Cavtain, USAF
Project Officer

FOR THE CCMMANDGER

/1
. //// T Ve
ity /. ‘;"7 Z !
{ﬂ/éAQ %§7£:7i“3¢v6£22fr /{’“vaal 1y "’0v~( i
,55. PHILYP CASTILLO CONALD A. DOWLEP
Chief,YTechnology Branch Colone] USAF

Chief, ’1ectromag tics Division

— e g

06 0T RETURN ThIS COPY. RETATLN O} 2ES7TROY,




UNCLASSIFIED

SECURITY CLASSIFICATIQON OF Tri§ HaGE /ivhen Data Entersc:

REPORT DOCUMENTATION PAGE

READ INSTRUCTICONS
3EFORE COCMPLETING FORM

1.

REPCAT NUMBEA

APAL-TR-78-82"

Z. GAVT ACCTESSION MO,

3 ASTIPIELTS TATALDG NUMBER

4.

TITLE 7ang Subtitle)

EXPERTMENTAL METHODS FOR THE CHAPACTERIZATICN

OF MULTICOMDUCTOR CABLE SYSTEMS

3. TYPE QF REPCRT &4 PZARIDD &

Final Report

CVERED

6. PERFORMING O
I‘ARC R’l ‘J

. ﬁr_PDﬂT N M3ER

7. AUTHORA(s

Howard M. Fowles,

Ashok X, Agrawal,

Larry D. Scott, Larry Simpson

3. CONTRACT OR SRANT NuMBER7Y)

F29501-77-C-50407¢

9. PERFORMING ORGANIZATION NAME AND ADCRECSS

/

Mission Research Corporation’

Albuquerque, NM 87103

1€, PROGRAM Z_SVvENT PRZ)
AREA 68 WORK UNIT NUME

64747F/12090531

T, TASK

CON-ROLLING QFF!CE NAME AND ADCRESS

Afr Forcs Weapons Lahoratory (ELT)
kirtland Air Force Base, M 87117

12. REPQRT QATE
March 1979

13, NUMEER CF PAGES

129

18, SEZURITYY CLASS, 7of thig repor:,

14, MONITORING AGENCY NAME & ADORESS(It atlierent Nicm Conerolling Sllicy;
UNCLASSIFIED
1854, SECLASSIFICATION UONNSIRACING
SCHEDULE
16. DISTRIBYTION STATEMENT ro! thia Repory)

Approved for pubiic release; distribution unlimited.

17. DISTRIBYTIOMN STATEMENT /of the abatrect sntered in ok 79,

if difterent from Rz2poet

8.

SUPPLEMENTARY NOYES

1.

<Z7Y #OQRI3 (Continue =n reverse side 1/ necessary ang !den’!fy >y dlack Qumoer)

Transmission Lines
Multiconductor

Aircraft Catble
Experimental

N:This report presents the re
pradagation on cross-sectisnai inhomogenecys “U’CTC“"UU»-uT cabie sy
Time zccmain ana frequency demain neasurement tach

ABSTAALT ‘Caontinue un reverse 1:as Il necessary and zentif; Sv Sidoc« numiet:

sults of an axperis

ental investigaticn of

sulee
ms.
gques are describec and

.
5.8

verified. Tre moda’ amaiysis of a 3S-wire :r=ncHed :a“‘° and the common moda
analysis of a simole catle network are civen in tre time demain and verifiac
experimentall, . Coue arazgtical soolications the resyits 0f tn's stLay %o
feasurements of ayl<izonductaor transnission lire craracteriztics <n sity aro
diccuzsed.

oD .ji:\‘u 1473 -7 TiON 2F 1MoL 5915 28SCLETE

“8‘s Entercg

s

bl

teff

LA ¢ i

T

=

\ o

IR

1
!

€




#

RS P 3

Gkt AU Sl mwmm bl

UMCLASSIFIER

SEZURITY CLASSIFICATION OF Twi§ PAGE/Mhen Date Enrered)

IfrigereTen
RO o SR
3875017 T_AS3IEIZATIIN DF TMIS IAGE4han Jots Encerez
= 22 S S T G R e =L = FLEC R & 2= == a7 s, S




Section
' [
Il

I

v

CONTENTS

INTRCOUCTION

MODAL ANALYSIS OF UNIFORM LINE SEGMENTS

EXPERIMENTAL CHARACTERIZATION OF MULTICONDUCTORS

1.
2.

S

BACKGROUMD
TOR PRINCIPLES
CHARACTERISTIC ADMITIAMNCE MEASUREMENTS
a. Direct Method
b. Indirect Method
MCDAL AMPLITUDE AND VELOQCITY MEASUREMENTS
INDUCTANCE AND CAPAQITANCE MATRICES

EXPERIMENTAL RESULTS FOR THREE-, FOUR-, AND
FIVE-WIRE LINES OVER A GROUND PLANE

a. Three-Wire Line
b. Four-Wire and Five-¢ire Lines

¢. Result Summary and Error Apnalysis

PLLSE PRCPAGATION ON BRANCHED MULTICONDUCTORS FORMED
BY UNITORM LINE SEGMENTS

Y

2.

BACKGROUND

AMALYSIS USING THE REFLECTION AND TRANSMISSION
MATRICES

a. Methodology
b. Examples
ANALYSIS USING THE SCATTERING MATRIX OF

THE JUNCTION ; g—-\p--.__‘
Py e




Section

APPLICATIONS TO MULTICONDUCTOR CHARACTERIZATION I 5rou

[

1.
2.
3.
4,

CONTENTS (Continued)

EXPERIMENTAL RESULTS
ANALYSIS OF CABLE NETHORKS
a. Background

b. Special Case of a Network Modeled with
Single Conductor Line Segments

INTROCUCTION

CABLE INTERFACE REFLECTIONS
ANALYSIS OF MULTIPLE REFLECTIONS
PRACTICAL CONSIDERATIONS

REFEREMNCES

APPENDIX EXPERIMENTAL CHARACTERIZATION OF

MULTICONDUCTOR TRANSMISSION LINES
[N FRECUENCY DOMAIN

Page

i it Al it

el e ot Wt i

2t A, ¥

k1] e

s LA ol




ol i 'mHmh

v
[

[
|
i

-

g

L
it

ILLUSTRATIONS

Figure Page s
L]
= 1 Schematic of a Three-Wire Line Over a Ground Plane 12 .
2 Three-Wire Cable (Over a Ground Plane) Geometry 22
= 3 Waveforms measured with a time domain reflectometer
to determine the impedance Z;iM and the modal velocities. 23
4 Voltage waveform at the load end; (a) wire 1 driven, !
(b) wire 2 driven, (c) wire 3 criven. 25 i
5 Voltage and current waveforms at the driven end; !
(a) wire #1 driven, (b) wire #2 driven, (c) wire i
=3 driven. 28 i
6 Cross sections of four-wire and five-wire cables i
3 {over a ground plane), dimensions in cm. 30 i
7 Four-wire and five-wire line input vcitage pulse. 33 .
8 Vcltage waveforms at load end of four-wire and five-wire ;
, lines. 32 I
9 A Multiconductor Transmission Line with a2 Branch 44
- 10 Five-Wire Cable (Over a Ground Plane) Cross Section 55 %
1 Input waveform used to drive the wire in the cable. 58
12 voltage waveform at the load end of wire 1 of tube 2,
-~ with wire 4 of tube 1 driven. 58
13 Vol tage waveform at the load 2nd of wire 2 of tube 2,
v . with wire 4 of tube 1 driven. 53
s : 14 Voltage waveform at the load end of wire 3 of tube 2,
E Z with wire 4 of tube 1 driven. <9
’ 15 Voltage waveform at the load end of wire 4 of tube 3,
2 - with wire 4 of tube 1 driven. 59 ;
: : i
- 16 Voltage waveform at the load end of wire 5 of tube 3, i
B oo with wire 4 of tube 1 driven. 59 i

!
i
i
{




i‘z e L

Figure

17

18

19

20

21

23

24

25

26

27

28

29

30

ILLUSTRATIONS (Continued)

Voltage waveform at the load

with wire 1 of tube 2 driven.

Voltage waveform at the load

with wire 1 of tube 2 driven.

Voltage waveform at the load

with wire 1 of tube 2 driven.

Voltage waveform at the load

with wire 1 of tube 2 driven.

Voltage waveform at the load

with wire 1 of tube 2 driven.

Voltage waveform at the lcad

with wire 1 of tube 2 driven.

Voltage waveform at the load

with wire 1 of tube 2 driven.

Vol tage waveform at the load

with wire 4 of tube 3 driven.

Voltage waveform at the load

with wire 4 of tube 3 driven.

Voltage waveform at the load

with wire 4 of tube 3 driven.

Voltage waveform at the load

with wire 4 of tube 3 driven,

Voltage waveform at the load

end

end

end

end

end

end

end

end

end

end

end

end

with wire 4 of tube 3 driven.

Voitage waveform at the load

end

with wire 4 of tube 3 driven.

Voltage waveform at the load

end

with wire 4 of tube 3 driven.

+a

of wire

of wire

of

wire

of wire

of wire

of

of

of

of

of

of

of

of

wire

wire

wire

wire

wire

wire

wire

wire

Wwire

of tube

of tube

of tube

of tube

of tube

1 of tube

of tube

of tube

of tube

of tube

of tube

of tube

of tube

of tube

61

62

(o))
~3

63

€3

64

64

64

o))
w

[e)}
(73]

b

bt Rl e m\‘hWH.\LMWmM:HmML‘ﬁE*

i ‘;m b

‘ |
R e

ot Wl




R T BRI R R

T T

NPT g g

Pu— ™

ILLUSTRATIONS (Continued)

Voltage waveform at the load end of wire 2

with wire 4 of tube 3 driven.

at short circuit
tube 2 driven in

at short ¢circuit
tube 2 driven in

at short circuit
tube 2 driven in

at short circuit
tube 2 driven in

at short circuit
tube 2 driven in

at short circuit
tube 2 driven in

at short circuit
tube 2 driver in

Pulse Generator Cutput Signals

of tube 2,
termination on wire
the common mode.

termination on wire
the common mode.

termination on wire
the common mode.

termination on wire
the common mode.

terminaticn on wire
the ccmmen mode.

termination on wire
the common mode.

termination on wire
the common mode.

Measured and Predicted Network Response

Cable Interface Approximate Eguivaient Circuit

Typical Interface Reflections for an ldeal Step Input

Typical Interface Reflections for a Honideal Steo Input

Interface reflections from actual

Figure
! 31

32 Current wavefomrm
1 of tube 1 with

33 Current waveform
2 of tube 1 with

34 Current waveform
3 of tube 1 with

33 Current wvaveforn
4 of tube 1 with

36 Current waveform
5 of tube 1 with

37 Curtent wavefcrm
5 of tube 3 with

' 38 Current waveform

5 of tube 3 with

39 Network Layout

40

41

42

43

44

45
connectors.,

4c

B s e ]

aircraft cable

Typical interface reflections for a nonideal step

input for various load impedances.

v
o
[o]
w

|

€5

€6

67

€7

o
(€3]

(8]

D

[9e]
4>

(¢¥)
(o4}

[

il b




Figqure

48

Table

ILLUSTRATIONS (Ccntinued)

Multiple Reflection Diagram

Example of the reflection produced by foil tape
around a multiconductor.

TABLES

Comparison of Three-Wire Line Pararveters From
Frequency Comain and Time Domain Measurements

Comparison of Four-Wire Line Parameters From
Frequency Comain and Time Domain Measurements

Comparison of Five-Wire Line Parameters From
Frequency Domain and Time Domain Measurements

Branched Multiconductor Characteristic Impedance
and Scattering Matrices

i L e b, e s sl

el i oL

a2 b el Ll

ol




SECTION I

INTRODLCTICH

tlectronic subsystems on aircraft, missiles and oround electronic
systems are generally connected by closeiy coupled rulticonductor caties.
These multiconductor cables are generally made of conductors with different
insulating materials resulting in a cross-sectionaliy inhomocenecous mecia.
Such cables often have branches where some of the conductors of the cable
branch and/or some other conductors may join the cable. Determination of
the transient response of such cables illurinated by an electromacnetic
pulse (EMP) from nuclear detonations is becoming of increasine impcortance
(ref. 1).

The use of multiconductor transmission line theory in EMP interaction
problems is well documented (refs. 1, 2}. The analysis usually proceeds
from transmission line models which are characterized ty specifyine the
per unit-length inductance anc capacitance matrices of the line. Hhowever,
it is also possible to characterize a line in terms of the characteristic
admittance or impedance and the mecdal amplitudes and velocities that can
exist on the iine., Either set of parameters is sufficient to determine
the coupling and propacation characteristics cf a lossless muiticonductor
in an inhomocenesuys medium.

Analyses of uniform multiconductor transmissicn lines have beer re-
oorted by several investicators both in the frecuency and the time domain
(refs. 2 throuch 12)}. Thz gropacaticn modes for multiconducter transmission
lines with inhomegeneous dielectrics are discussed in reference 4. The
analysis of multiconductor transmission line networks in the frecuency

dcmain is given in reference 5.

T=is renort presents the results of a multiconcuctor cacle character-

ization study which was undertaken to investigate multimode puise proda-

qatior on cable systems and to deveiop measurement technicues applicabie
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to cable testine <» eitu. Multimode propacation is discussed in section 11
of this report. Section !II describes experimentail methods for the tirme
domain characterization of multiconductors. Frecuency domain methods were
also investigated and are described in the appendix. Two methods for the
analysis of a branched cable configuration are presented in section IV,
l{hile many individual parts of this problier appear elsewhere (refs. 4 and
5), section IV presents a complete time domain anaiysis of a multiconductor
transmission line with branches and includes experimental verification

ot the results. The common mode response of a cabie network containing
two branch points is included as a speciail case. Section V discusses

some practical applications of this study for tne characterization

Zr. 3itu of multiconductor cable systems,
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SECTION II
MODAL ARALYSIS OF UNIFCRM LTJIE SEGMENTS

Consider a lossless line formed by N conductors, plus a reference
conductor (ground). The line is assumed to be uniform along its length
(z coordinate), but with arbitrary cross section. In general, the dielectric
surrounding the line is inhomcgeneous (e.g., cable made of insulat2d con-
ductors having different geometries and dielectric materials).

In the presence of materials of different dielectric constants, the propa-
gation cannot strictly be TEM. However, for many appliications propagation
may be concidered "quasi-TEM" (refs. 4 and 13), and the analysis can proceed
frcm the generalized te2legrapher's cquations. These equations for the loss-

less case are (refs. 3 and 14),

& W, (20)] = -1 1 3 11 (2,1)) (1)
(1 (z,t)] = ~[C" ] & [V (z,t)] (2)
9z n<? nm ot m-’ld
with n=1,2,-~--N
m=1,2,-~=HN

Where Vm and Im represent the voltace with respect to the reference con-
ductor and currant on the m th conductor, respectively, as a function of
ditance z along the line at time, t. [L;m] and [C;m] are respectively per
unit-length coefficients of inductance and capacitance matrices of N x N size
The diagonal elements are self- and the off-diagonal elements are mutual
guartities. Both [L%m] and [Cgm] are real, symmetric and dominant. The
elements of the capacitance matrix [C;m] and inductance matrix {L;m]

are furtner characterized by the following properties {ref. 15):

O




L' >0 for all n and m
¢! > 0 for all n
C'! <0foralln#m

N
2 Cin
m=1

(3)

0 for 11 n

w

N
Zc;‘m >0 for all m
n=1

The per ynit-length inductance matrix [Lﬁm] and capacitance matrix
[Cﬁm] can be measured experimentally using the methods described in saction
III. The determination of [Lﬁm] and [Cﬂm] analytically is generally a
difficult problem; however, numerical approximations can be employed to
determine [Lém] and [Cém] (refs. 16 2nd 17).

The voltage and current vectors which satisfy equatiors (1) and {2)
can be written as (ref. 4)

]

[V, (2,8)] = [V, 1+F(z-vt) (4)

[}

[1,(z,t)] = [1 J-f(z-vt) (5)

where [Vn] and [In] are constant vectors. From equations (1), (2), (4) and
(5) the eigenvalue equation for [Vn] can be written as

[o4]
~—
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nm-[clnm]’ and [Vn]1 is the
associated voltace eigenvector. In the case of inhomoceneous dielectrics,
there will in general be H distinct eigenvalues. Associated with the
eigenvalues 1/v§, i=1,---i, there are also current eigenvectors [In]i‘
The [In]1 are the eigenvectors of the adjoint matrix [Cé ][Lﬁm] and have

m
the same eigenvalues 1/v§ (ref. 4). The eigenvalue equation for this case

where 1/v$ is a eigenvalue of the matrix [L! ]

can be written as
] 1 ] - 7 2
[Cnm][an][Inji = ]/Vi [In]} (7)

It can be shown that in order for the modes tn represent unattenuated
traveling waves, the velocities must be real; i.e., the eigenvalues 1/v§
must be real and positive (ref. 4). The vi's represent the velocities
of N propagating modes.

The eigenvectors of voltace or current are determined to within an
arbitrary constant by solving the set of linear homogeneous equations (6)
or (7) for [Vn]i or [In]i' Fach solution for i=1,2---il represents a mode
of -agation on the line. 3ince the modes of opropacation are orthogonal
to eu... other, the eigenvectors form a set of linearly independent vectors
and an arbitrary vector [En] can be represented as a sum of voltace eigen-
vectors in the form (ref. &)

where [Am] is a vector.

Let a wave traveling in the forward direction be characterized at some
point in space and time by the voltage vector [an(z,t)] which can be
expreczad in terms of the voltage eigenvectors as

Ve (2,0)] = [V 1A (1)) (9}

7 / r 1:' -
where the vector LAm(t)J Amf(t z/vm).
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The matrix [Vnm] is the modal matrix of the line which is defined as
a square matrix whose columns are the eigenvectors determined from equation
(6) or (7). The vector [Amf(t - z/vm)] represents forward travelinc waves
of unspecified amplitude. The amplitude coefficients Am are determined
from boundary conditions.

Consider a line of length % connected to arbitrary terminal networks
at each end (figure 1), and excited at the input end z = 0. The modal
ampiitudes are given in terms of the total voltace at the input [anjo
by evaluating equation (9) at z = Q and solving for the amplitude coef-
ficients Am.

The forward traveling voltage wave on the nth

on the 1ine is then

wire at any point z = 2

N
Ve, (2:8) = Z VoA (L. T) (10) "

m=1

where T is the transit time for each mode

Tn = Q/Vm, m=1, 2,---N (1)
50 @ 50 @
o 20 a 50 0
C] §O 2 50
~-VVV
| l
’ ! 0 cround Plane i

« = 1
- -

Figure 1. Schematic of a Three-Wire Line Over a Ground Plane
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line.

For this case, equation (10) can be written as

—

1

c

3

—

]

Ve (8t
vfn(z,t)

Ve (2,t)

)

—

Vg Yy V

VZ] Voo V

22

V33 V3o ¥

13

23

33

-l

o

Aj(t-t])-W

This is illustrated by considerina an example of a four conductor

Ve (2,1) = Vipo Ap(t=my) + Vy g Ap(t-T,) #+ Vyge Ag(toty)

(13)

with expressions similar to eguation (13) for the voltage on wires 2 and

3.

on the conductors has three components.

modal amplitudes of the different modes.

the forward direction at z = 0 can be obtained from the following reiaticn

v, (0,01 = [z, )iz

n

nm cnm

S

nm

Note that in equation {13} the voltage wave incident at the point z =
These voltages represent the

The voltage wave, traveling in

(14)

where [chn] is the characteristic impedance matrix of the line, [Zsrm]

the termination impedance matrix at the driven end and [Vg (0,t)] the
source voitage vector at z = 0. Thus, from equations (13) and (14) the

modal amplitudes at any point on the line can be obtaired.

on a lossless Tine travel unattenuated.

At any discontinuity or ioad, the

The waves

voltage or current can be obtained using the reflection and transmission

coefficients.

vector at the load is given by the following relation

[y (©)

n

I

=2z 1z
" [ an][ L

nm

+ 7

c

nm

-

1

[V, (2,1)]

n

m

For a uniform section of line (figure 1) the voltage

a
A
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- where [VLn(t]m is the load voltage vector for the mth mode, [Zan] and
[chm] are the load and characteristic impedance matrices, resoectively.
[an(i,t)]m is the incident voltage vector at the load for the mth mode.
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SECTION II1
EXPERIMENTAL CHARACTERIZATION CF MULTICONDUCTORS

1. BACKGROUMND

The propagation of transient signals on lossless multiconductor cables
is completely specified by the inductance and capacitance matrices of the
cable system. These parameters can be obtaired from freguency domain measure-
ments and used to calculate the characteristic impedance matrix and the modal
amplitudes and velocities that can exist on the iine. The technique is
described in the appendix,

It is also possible, using time dcmain techniques, to measure the

characteristic impecdance and modal amplitudes and velocities directly,
from which the inductance and capacitance matrices can be computed (ref. 13).

The time domain technique has a distinct advantace for <» si:. impedance
measurements since it has the ability to "look through" stray impedances
at the input. The measurements are completed before reflections from the
load arrive and are, therefore, independent of the load. When both ends
of the cable are accessible, the modal velocities and amplitudes can also
be measured, either by terminating the load end in a known impedance and
measuring the current or voltage at the load, or by simply disconnecting
or shorting the load end of the cab’ie to produce an open or short circuil
with a reflection coefficient of z1. In the latter case all of the mea-
surements can be made from the driven end of the cable with simple instru-
mentaticn.

An investigation of multiconductor transmission line characterization
techniques has been carried out utilizing bundles of ciosely spaced insu-
lated wires located near a ground plane. Tnhe wires were insulated with
different dielectric materials to form a cross sectionaliy innomogensous
bundie wnich supports nondegenerate modes of propagation with discrete

nedal velocities.
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Time domain reflectometry (TDR) methods have been reported for the char-
acterization of cross sectionally homogeneous bundles in which the eicenmodes
are totally degenerate and, therefore, propagate with the same velocity (ref.
- 19). The measurement techniques described here for the nondegenerate case
are an extension of the methods developed in referencs 19 for homogeneous
bundles.

2. TOR PRINCIPLES

Standard TDR techniques for the measur:ment of an unknown impedance
utilize a fast (0.1 ns rise time) voltage step as input to a "standard"
line of known characteristic impedance Zc’ which is terminated in an unknown
impedance ZL‘ The pulse reflected by the discontinuity between ZC and Z
is recorded (usually with a sampling scone) and compared with the input
pulse. For resistive loads, the incident and reflected voitages are of
the same pulse shape and the reflection coe”ficient p is given by the ratio

L

of the reflected (A.) to incident (A;) pulse amplitude. The pulse ampli- ié
tudes are related to the impedances by the equation H
Z, -2
L C bl 3
p=A /A, = 0= (16) i
r’ ZL + Zc i

from which the load impedance can be computet zs

1 +p¢ 17
7 =

Equations (16) and (17) also apply to complex impedances; however, in ]
this case the reflection coefficient {s a complex function of frequency '

given by the ratio of the frequency spectra of the reflected and incident
pulses.




3. CHARACTERISTIC ADMITTANCE MEASUREMENTS

The characteristic admittance matrix of an N-wire cable can te deter-

mined directly ar indirectly using the procedures described in reference19.

Both procedures apply to homogeneous or inhomogeneous bundles and treat
the cable as an N-port network with an input admittance matrix equal to
the characteristic admittance matrix of line. These parameters are equal
for times less than the round trip travel time on the line.

a. Direct Method

Direct measurement of the characteristic admittance is pe:formed by
driving each wire of the bundle in turn with all other wires grounded at
the input. Voltaga and current probes are used to measure the voltage
pulse on the driven wire and the current pulses on all wires. Since the
pulsg shapes are the same, the elements of the admittance matrix can he
determined from the amplitude ratios given by

Yig * LY Pel2 (18)

b. Indirect Methoa

A conventional TOR is used for indirect measurements of the charac-
teristic admittance. Formulas for the diagonal and off-diagonal elements
of the characteristic admittance matrix in terms of measured impedance
values are given in reference 19 as:

Yii = ]/ZTi (diagonal) (19)
yij =Yyt 1/2(1/2?j - 1/ZT1 - I/Z?j) (off-ciagonal) (20)
17
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where ZTi is the measured impedance of wire i with all other wires grounded
at the input and ZTJ {s the measured impedance of wires i and j connected
in parallel at the input with all other wires grounded at the input.

4. MODAL AMPLITJDE AND VELOCITY MEASUREMENTS

On an infinitely long multiconductor, the forward traveling vcliage or
current pulse on each wire can be expressed as a sum of eigenmodes of the
form given by equation (10) where the product Amvnm has been replaced by
v -

N
vfn(z,t) =Z] Vnm f(t - z/vm) n=1,2,...N (21)
m:

N
Ifn(Z.t) =Z Lom Tt = 2/v) n=1,2,...N (22)
m=1

The index n denotes the wire number, m is the mode number, VAm is the modal
voltage amplitude coefficient, Iﬁm is the modal curreat amplitude coeffi-
cient, and Vo, is the modal velocity. These equations apply to a lossless
nondispersive line; e.g., the modal velocities are constant and the puise
shape 1is independent cf distance. They also apply to a line of finite
length which is terminated at the load end by either an open or a short
circuit, when all reflections after the first are ignored. Since a reflec-
tion coefficient of 1 at the end of the line reflects all modes without
distortion, no mode conversion occurs on reflection. The reflected pulse
of voltage or current incident back at the driving point is given by equa-
tions (21) or {22) evaluated at z = 2L, where L is the line lenat*h.

For an arbitrary input pulse at z = 0, the refiected pulse is seen as
a superposition of time delayed pulses wnich arrive at times

th ® 2L/Vm (23)

and I;r of equations (21)

with amplitudes given by the coefficients Vém
and (22) . Tne modal velocities are found from equation (22) by measuring

the arrival times L (round trip travel times) of each mode,
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The coefficients VI and I are voltage and current eigenvectors
of the line which can Se determined by recording the voltage or current
pulse train described by equations {21) and (22) at a known termination
network. No mode conversion would occur at the termination if the network
were matched to the characteristic impedance of the line; however, this
would require a complicated matching network for cables containing several
wires. A more reasonable approach is to use an arbitrary known unmatched
termination and to correct the data for distortion caused by mode con-
version at the termination. This is easily carried out since it is known
that the observed pulse is just the sum of the incident and reflected
pulses.

For a two conductor line of characteristic impedance ZC the voltaae

pulse VL measured across a load of impedance ZL {s given by

V, =V, + ¢V,

LT Yy eV = (1% )Y (20)

where Vi is the incident pulse amplitude and the voltage reflection coef-
ficient o is given by equation (16). The same relationship applies to an
N-wire multiconductor; however, for this case the impedances used in equa-
tion (16) to compute the reflection coefficient are N x N matrices and the
veltages VL and Vi ara N-dimensional vectors for each mode of propagation.
Solving equation (24) for V. and expressing the result in matrix form
gives

—

\ -\'] "
vy 1= (1 + [])7 [v, ] (25
T Ln m )

where I is the unit matrix and [o] is an N x N matrix given by

. q "] I~
[:] = (7,0 - (210020 + 2. (26)

Wwhere the subscripts L and ¢ denote the termination impedance and line

19




characteristic impedance, respectively. The eigenvectors [V1n]m are deter-
mined from equations (25) and (26) using measured terminal voltaces for each
mode on each wire of the cable. Similar equations apply to the eigenvectors
of current., In this case the order of multiplication of the factors which
define the voltage reflection ccefficient given by equation (26) are trans-
posed and the polarity is reversed.

5. INDUCTANCE AND CAPACITANCE MATRICES

Relationships between the inductance and capacitance matrices and the
characteristic admittance, modal amplitudes and velocities can be obtained
directly from the matrix form of the transmission line differential equations
given by equations (1) and (2). Rewriting equations (21) and (22) in matrix
form and substitution into equations (1) and (2) leads to
to

v, 1= [L 300 20 (27)

(1 1= ¢ 10 v, (28)

The modal veiocity matrix [vmm] is diagonal in form with the modal veloci-

ties Vp 28 elements.

Ecuations (27) and (28) can be solved for the inductance and capacitance
matrices of the line to give

e y= v v 17 7! (29)
. . -1 -]
e 1= v, 17 ] (30)

These equations can be further simplified by making use of the relation-
ships

20
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el = Lz, 30 (31)

cnm

and

(Iad = CYe I0v,] (32)
nm

Substitution of these expressions into equaticns (29) and (30) give the

L and C matrices of the line in terms of the measured characteristic

impedance Zc or admittance matrix Yc and the measured modal velocities

e

and modal current or voltage amplitudes. The results are

1= rz, 0 3v 17 1 (33)

nm

[c. 1

-1 -1
t r 93 '
om [chm][vmn]LvmmJ (Vond (34)

It is not necessary to measure both the modal voltace and modal current
since if either L or C is known, the other can be computed from the equa-
tions

(Cqnd = U I 00V 35 (3 = (2 206007, ) (35)

¢ N r i

6. EXPERIMENTAL RESULTS FOR THREE-, FOUR-, AND FIVE-WIRE
LINES OVER A GROUMND PLAHME

a. Three<Yire Line

For purposes of demonstrating the validity of the methods described,
2 three-wire cable (over a ground nlane} 20 meters in length was constructed
using wires insulated with solid polyethylene (wire =1}, neoprene (wire <2},
and rubber (wire #3). The wires were wrapped with a dielectric tape to
insure a constant cable cross section over the length of the cable. The
cable was supported with Styrofoam blccks above an aluminum ground slane

-

in the configuration shown in fiaure 2.
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Figure 2. Three-Wire Cable (Over a Ground Plane) Geometry

(1) Indirect Measurements

TOR recordings obtained by drivinu each wire in turn with the cthers
grounded at the input end and with the load end open, are presented in
figure 3. Simtlar data (not shown) was recorded with wires 1 and 2, 2 ‘
and 3, and 1 and 3 connected in parallel at the input. The results were ‘ E
used in equations (19) and (20) to obtain the diagonal and off-diaconal !
terms of the characteristic admittance matrix. The reflected pulses shown
in figure 3a, 3b and 3¢ each exhibit three time-delayed step functions
corresponding to the three discrete propagation modes on the line. The
measured round trip travel times of each mode and the known line lencth
were used in equation (23) to determine the propacation velocities.

10 o A A bt

Measurement of the voltace eigenvectors was accomplished by driving
one of the wires with a short duration pulse from a 50 ohm scurce and
terminating the ends of cach wire in 50 ohm resistive loads. Puise dis-
tortion caused by the stray inductance of the probe oround lead and the
carbon resistors was minimized by erecting arcunded plates at right ancles
to the around plane at the input ard load ends of the line (see figure A-1
of the appendix). This provided a very low impedance to the around plarne
and allowed the probe ground connection and resistor leads to be kept to
a minimum. The cutput voltace rcuises on each wire were reccrcded using a

22
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Figure 3. Waveforms measured with a_time domain reflectometer to
' determine the impedance Zj; and the modal velocities.
The vertical scale is 200 mg/div; horizontal scale is
6 ns/div.
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high impedance voltage probe and a 200 MHz oscilloscope. The modal ampli-
tudes were computed from the measured load voltages using equation (25).
Only one set of data was required to determine the modal matrix of Tine;
however, three sets were obtained by driving each wire in turn in order

:2 to determine the consistency of the measurements. The recorded pulse
data are shown in figure 4. i
The modal matrix normalized to the first element in each column, the ﬁ;
modal velocities and the characteristic impedance matrix determined from E
measurements on the three-wire line are as follows:
[ 231 139 187
[ZC]3(ohms) = 139 230 112
157 112 258 -
- - =
(277 0 6]
v lymsec) = | o 2.8 o [x10®
i 0 0 2.03- E
Wire .#1 Driven Wire #2 Driven flire #3 Driven ;{g
1 1 1 1 1 ) 1 1 1
(v l;=[0.92 4.3 -1.14] J0.90 3.80 -1.25| [0.91 5.32 -1.00
1.01 -5.46 -0.16 0.98 -4.64 -0.03 1.00 -7.40 -0.70 =

24
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wire 1 driven,
Vertical
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(

(b) wire 2 driven, (c) wire 3 driven.
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scale is 0.2 V/div; horizontal scale is 5 ns/div.

Voltage wavefornm at the Joad end:

Figure 4.
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The corresponding per unit-length inductance and capac1fance matrices

are: ;
(a) Wire #1 Driven ;
0.895 0.468 0.544 44.33 -18.88 -20.19 3

(L) =]0.455 0.924 0.359 [ wH/m [C ] =[-19.40 32.55 - 3.54|pF/m

0.537 0.359 1.0] -20.21 - 3.77 30.47

(b) Wire #2 Driven

0.893 0.467 0.539 44.21 -18.89 -20.28

(L) =[0-456 0.527 0.359 ) uw/m [C ] =|-19.46 32.67 - 3.50|pF/m f
0.542 0.360 1.00 -19.94 - 3.85 30.41 :

|4

(¢c) Wire #3 Driven

0.888 0.469 0.547 44.35 -18.97 -20.18
[an] =10.454 0.924 0.363 | uH/m [cnm] =[-19.14 32.35 -~ 3.58{pF/m
0.524 0.366 1.01 -20.99 - 3.27 30.8

The elements of the inductance and capacitance matrices are seen to be
in good agreement for each of the three driving conditions even though
some elements of the modal matrices were inaccurately measured due to the
Tow modal amplitudes of some modes. This consistency ind‘cates that the
transformations given by equations (33) and (34) are tolerant to errors
in the modal matrix. Large errors in some elements of the modal matrix

26
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have been observed to have only a small effect on the accuracy of [L] and
[C]. The propagation of errors of this type is discussed further at the
eid of this section.

(2) Direct Measurements
Direct measurement of the characteristic admittance, modal currents,
and modal velocities was also carried out on the three-wire line. This
technique has an advantage over the indirect method in that fewer measure-
ments are required and all data are recorded at the driven end of the
cable with the load end open or short circuited.

The measurements were performed by driving each wire in turn with a
voltage step and recording the voltage on the driven wire and the currents
on all three wires. A1l wires but the driven wire were grounded at the
input and the load end was open circuited. For this example it was pos-
sible to record the input and reflected pulses on the same oscilloscope
trace. The recorded waveforms are shown in figure 5.

The pulse amplitudes, prior to arrival of the reflections were used
in equation (18) to compute the characteristic admittance matrix. The
modal current matrix was determined by measuring the modal amplitudes
in the reflected pulse and correcting for the effects of the termination
jmpedance. For this case the termination impedanc. was a 3 x 3 matrix
with a single 25 ohm load on the diagonal element of the driven wire and
zeros elsewhere. The set of modal velocities can be obtained from any
one of the recordings by measuring the time delay between the input and
reflected pulses. These line constants were then used in equation (33)
to determine the inductance matrix, and in equation (35) to deteriine the
capacitance matrix. The results are as follows:

247 157 166
ohms) = [ 157 249 12¢
166 126 2638

[z,
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2.85 0 0]
[Vppl3(m/sec) =| 0 2.26 0 |xc®

0 2.04
[ 1 1]
(lypds =11.35  1.72 -0.88
15 279 -0.28)
r -
0.93  0.53 0.57

(L1 =649 0.98  0.40| x167® w/m
0.5 0.40  1.04]
43.0  -19.4  -18.7)

[c: 1 =|-20.6  32.4 -3.87|x10"1% F/m
-19.2 -4.0 29.6)

b. Four-Yire and Five-iire Lines

To further investigate the applicability and limitations of the indirect
time domain method, measurements were carried out on two other trans-
mission line configurations. The first consisted of a 10 meter section
of a four-wire cable constructed by adding a fourth wire insulated with
cellular polyethylene to the three-wire cable geometry. The second
was 20 meters in length and contained a fifth wire of semisolid poly-
ethylene which was added to the four-wire geometry. The cab.. .-0ss-
sections are shown in figures 6a and 6h.

The methodology used to make the measurements and to perform the
calculations was the same as that used for the three-wire cable. For
the four-wire cable, measurements were made with each of the four wires
driven in turn. To avoid duplication, measurements on the five-wire ]ine
were made by driving only ore wire of the cable. For iliustration, a

29

B MJM ‘I»,MJJJ,J:ML,EJ,MM‘HMWM

Fudbinaiitn 2l Mw-dﬂﬂiﬂﬂmﬁ:;ﬂwm,.,iw;,JJL;J,,MJMJNDIJMJJJL

il

sl m“b

bbbl e - ol

sl 1




)
lo.7o |0.72 ]0’] 4,115

(a) Four-wire cable

(b) Five-wire cable
Figure 6. Cross sections of four-wire and fiye-wire_cables
(over a ground plane), dimensions in centimeters.
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complete set of the voltage waveforms recorded at the load end of the cables
with the input pulse applied tc wire #1 is presented in figure 8 for these
two configurations.

The input in each case was the short duration voltage nulse shown in

figure 7., Pulse amplitudes of 21.8 and 4.1 volts were applied to wire 1 of
the four-wire and five-wire lines, respectively.

y
%1 K
§ T L | T T T T T
H
i @ =
H 'U] n
=1
é > .8} J
i =
g g 57 )
-
: 2 AL
] N
_ .2+
L}
E 1 AAAA‘Q
(o] T 1 N D R S 1
=z
1 L i 1 1 11 N |
Time

Figure 7. Four-wire and Five-wire line input voltage pulse
(Horizontal Sens: 2 ns/Div)

The pulse responses of figure 8 show the time resolved modal components
arriving at the load to be consistent with nondegenerate 2ropagation on
multiconductor lines. Some interference is present due to line irregularities
and the nonideal input pulse from the pulse generator; however, the reso-
lution is adequate to allow identification of the K modal components present

on each wire in nearly every case.

The 1ine parameters determined experimentally for the four-wire and

five-wire lines are as follows:
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- Four-llire Line

gy ' (Z.14(ohms)
[vmm}4(m/sec)

‘; [Vnm"tl
Five-Wire Line:

[zc]S(ohms)
% (vnmls(m/sec)
[VnmJS

252
176
189
1173

[2.86

0.93
0.97
1.02

U.1o

176 189 173
259 155 175
155 275 1€0
175 160 252

0 0
2.36 0 0 y 108
2.15 0
0 1.99
1 1 1

0.28 1.03 -2.35
1.85 -1.10 -1.44
-1.14 -0.36 0.58

160 176 164 175 |
250 135 165 150
135 273 48 176
165 148 251  1€2
150 176 182 320

0 0 0 o ]
2.40 0 0
2.26 0 o | <103
2.08 0
1.94]
] 1 1 1 ]

1.02 €.18 1.22 -1.98
1.25 1.77 -1.31 -0.38
2.09 -1.12 -0.27 -0.12
-6.36 -0.17 -0.09 -0.3¢]




c. Result Summary and Error Analysis E

: The multiconductor transmission line characteristics of the three-, E
¢ four-, and five-wire lines were also determined from swept frequency E
o measurements using the technique described in the appendix. These results :if
are compared in tables 1, 2, and 3 with those obtained from time domain
measurements. The frequency domain results were derived from averages
of several independent measurements of the short circuit impedance and
open circuit admittance matrices in the 0.1 to 2 MHz frequency range. The
parameters obtained from the indirect time domain method are average values 3
for the different driving conditions used. é;

Comparison of the frequency domain and indirect time domain results 5$=
for the three-wire line shows agreement to within 5 percent for the induct- 2
ance matrix elements, 10 percent for the capacitance matrix elements, and
7 percent for the characteristic impedance elements. The set of param- ;i:
eters obtianed from a single application of the direct method is also in

good agreement with those from the indirect method, with a maximum dif- =
ference of approximately 10 percent in the elements of L, C, or Z.. f

Similar comparisons between the frequency ard time domain methods can
be made for the four- and five-wire parameters listed in tables 2 and 3.
However, in these cases the aareement is not as good, with differences
of up to 30 percent observed in some elements. To isolate the source of ]
this difference, an error propacation analysis was performed. The goal of B

this analysis was to determine how errors in the measurement of the voltage
eigenvectcrs and the TDR refiection coefficients modify the calculated
values of [L], [C], and [Zc]'

To determine the effects of an inaccurate measurenent of the voltace
eigenvector matrix upon the calculated inductance and capacitance matrices,
, various elements in the measured matrix were perturbed and then the [L]
: and [C] matrices were calculated, A number of cases were considered. In
two cases a small valued element was replaced with zero in order to detemine
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Table 1. COMPARISON OF THREE-WIRE LINE PARAMETERS FROM FREQUENCY
COMAIN AND TIME DOMAIN MEASUREMENTS
Time Domain Time Domain
Parameter Frequency Domain (Indirect) (Direct)
0.88¢ 0.43¢ 0.535]10.892 0.461 0.538![0.93 0.5 o.se]
(L Ju/m) | 0-48¢ 0.90 0.373||0.461 0.925 0.365||0.51 0.98 0.40
nm 0.535 0.379 0.992 |]0.538 0.365 1.006]]0.56 0.40 1.04
1r
46.48 -20.91 -20.55|1 44.30 -19.12 -z0.30|| 43.0 -20.0 -19.0
[C..1(sF/m) |-20.91 33.83 -4.15||-19.12 3252 - 3.88]|-20.0 32.4 - 3.9
-20.55 - 4.15 31.0 [|-20.30 - 3.58 30.56][-19.0 - 3.9 29.5
232.4 148.4 159.8 |[231.4 139.2 157.2] [ 247 157 166
[Zc 1(a) |148.4 237.9 121.3 ||139.2 230.6 M2.5| | 157 229 126
nm
159.8 121.3 268.3 |157.2 112.5 257.6) | 166 125 268
v, (/s ) 2.829x108 2.772x108 2.85x10%
v,(n/s) 2.178x108 2.187x108 2. 24x108
v (/) 2.009x108 2.028x108 2.06x108

=
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Table 2. COMPARISON OF FOUR-WIRE LINE PARAMETERS FROM
FREQUENCY DOMAIN AND TIME DOMAIN MEASUREMENTS
. Parameter Frequency Domain Time Domain
0.840 0.490 0.5617 0.4931[0.949 o.598 0.642 0.582
(L pd(utt/m) J0.490 0.938 0.396 0.489]]0.598 1.033 0.514  0.59]
0.561 0.396 0.974 0.432|)0.642 0.514 1.031 0.529 3
0.493 0.439 0432 0.855]|0.582 0.581 0.529  0.937 3
57.26 -18.75 -22.75 -11.59|[ 54.89 -18.03 -22.27 -11.30] %
(Conl(PF/m) | -18.76  43.79 -2.33 -15.82||-18.03 43.49 -3.00 -16.46 3
-22.75 ~2.33  34.99 -4.77[]-22.27 -3.00 35.65 -5.8) 3
-11.59 -15.82  -4.77 37.87j|-11.30 -16.46 -5.81 37.84] 3
218.7 144.9  161.1 142.47[251.8 i76.1 188.9 172.9] %
(z. o) 144.9  229.7 122.7 143.8|{176.1 259.3 1s4.8 175.a 3
nm 161.1  122.7 252.2 128.4|)188.9 154.8 274.8 159.9 i
142.4  143.8 128.4 227.8]|172.9 175.4 159.9  257.g] ?
e 8 8
vy(m/s}  2.807<10 2.865x10
op(n/s)  2.338:10° 2.357x10% :
vy(m/s)  2.147<108 2.151210° 3
v,(m/s) 1.954x108 1.986+108
36
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the sensitivity of the calculated matrices to low amplitudes and inaccurately

measured modal amplitudes. In other calculations single elemenis were per-
turbed by amounts ranging from 8 to 17 percent, and as a final check five
elements were perturbed before the calculations were made.

]

The conclusions drawn from this study a~e that calculation of the [L]
and [C] matrices is stable with respect to 2rrors in the measured values
of the voltage eigenvectors. Typically a perturbation of 10 percent in a
single element of a voltage eigenvector resulted in a difference of less
than 1 percent in the calculated values of the elements of the [L] and
[C] matrices.

The accuracy with which the indirect time domain method can be applied
to mezsure [ZO] is Timited by the accuracy of the reflection coefficients
which are measured from the TDR records. These are limited by noise and
line irregularities to about +5 percent. To observe the effects of a 5
percent change in the measured value of the reflection coefficient upon
the calculated value of the characteristic impedance matrix, one of the
measured alues of the reflection coefficient was increased by 5 percent.
The correspinding change in the impedance matrix was found to be approxi-
mately the same with increases of from 3 to 8 percent observed in indivi-
dual elements.

The elements of the impedance matrices of the four- and five-wire lines
which were determined using the indirect time domain method were found to
be consistently larger by as much as 20 percent when compared with fre-
quency domain measurements. To observe the effect of these larger values
on the calculated {L] and [C] matrices, the calculations were repeated
using the [Zc] determined from frequency domain techniques. For the four-

wire line this resulted in a maximum difference of 3.3 percent in an
element of the [L] matrix axd 7.6 percent in an element of the [C] matrix
when compared to frequency donain results. For the five-wire line these
maximum differences were found to he ~3.1% and -9.4% for the [L] and [C]
matrices, respectively,




Based on the preceding analysis, it is concluded that the difference
in the characteristic impedance matrix determined from time domain and
frequency domain measurements is largely responsible for the discrepancy
between the values of the [L] and [C] matrices. It appears that the
limiting factor in these applications is the accuracy with which the
characteristic impedance matrix can be measured.
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SECTION 1V

PULSE PROPAGATION ON BRANCHED MULTICONDUCTORS
FORMED BY UNIFORM LIME SEGMENTS

1. BACKGROUND

Multiconductor cable runs are often characterized by abrupt changes
in impedance at various points along the cable, as might be caused by
the branching of some wires away from the main bundle or changes in the
cable cross section or ground plane distances., Cables of this type can
sometimes be medeled as uniform line segments with constant transmission
line properties over the length of each segment. The analysis can be
carried out in a manner similar to that for a two-conductor transmission
line except that the characteristic impedance of each H-wire segment is
an N % N matrix and the voitages and currents are Kk-dimensional vectors.

Multiconductors may support nondegenerate or partially degenerate
propagation modes. For these cases the voltages and currents are repre-
sented as sums of eigenmodes of the line as aiven by equations (21) and
(22). Separate N-dimensional voltage and current vectors then exist for
each mode of propagation. Multimode analysis is further complicated by
mode conversion at a discontinuity. For example, when a discontinuity
exists between a segment which supports p modes and a second segment
which supports q modes, each mode of the first segment will excite q
modes 1in the second., A total of p x g modes will then propagate on the
second segment, each with a distinct modal velocity. The resultant signal
at the load end of a seagmented multiconductor is then a superposition of
all modal components present.

The analysis of branched multiconductors or multiconductors which
can be rapresented by uniform line segments .an be performed either by

(1) computing the reflection and transmission matrices at each discontinuity

or by (2) computing the scattering matrix at the junction of uniform line
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seyments. The first method is a step-by-step procedure which is analogous
to methods used to analyze a two-conductor line and is simple to apply.
The second is a more general formulation which is well suited to computer
calculations. Both methods lead to identical results.

2. ANALYSIS USING THE REFLECTION AND TRAMSMISSION MATRICES
a. Methodology

For a nulticonductor line which is composed of uniform segments the
transmitted and reflected signal components at a discontinuity are deter-
mined in the same manner as for a two-conductor line. At each discontinuity
the voltage and current vectors are represented as sums of the incident
and refiected signals hy the equations

vt =v 1t v I | (36)
(1% = 010+ 010" (37)

The currents and voltages are related by the characteristic impedance of
the adjacent segments by

. . ¢ .
AR LR #3055 55 LR AP LI #2011 O LN A0 At w2 1 S0 A € :)

The super scripts i, r, and t in the above equations refer to the incident,
reflected, and transmitted signal components. [ZC] and [ZL] are the
characteristic impedance matrices 2zt the discontinuity on the source and
load sides, respectively. The transmission matrix which relates the inci-
dent and transmitted signal components 1s obtained by eliminating the
reflected signals in equations (36) and (37) and solving for the trans-
mitted voltage or current. This gives the equation

038 = 0o, 2007 (39)
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where

(v, = 2Lz, (7,3 + (2. D)) (40)
and

[1,3% = [x301,7" (a1)
where

[t = 20023 + [z (2] (42)

The corresponding reflection matrices are obtained by substitutina these
results back into equations (36) and (37) and solving for the reflected
components. This gives '

tv.1" = [o, 0y, (43)
where

[o,3 = ({7, - (2. 3([z,1 + [z D" (44)
ang

(13" = [e 201 7 (45)
where

o] = ([z,0 + [z, D7 (17,1 - [z.]) (46)

These relationships are seen to be nearly the same as for a two-conductor
line. The only difference is that the order of multiplication of the
factors which define the current transmission and reflection matrices is
transposed.

The analysis of a branched multiconductor proceeds by computing the
reflection and transmission matrices at each discontinuity. The trans-
mitted voltage or current vectors at a discontinuity become the incident
vectors at the next discontinuity and so on down the 1ine. ‘hen multi-
mode propagation exists, each incident pulse is a superposition of time
delayed modes and each must be treated independently.

42
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The method described was used to analyze the branched multiconductor
above a ground plane shown in figure 9. Several cases were studied by
(1) driving a single wire of each segment with a oulse generator and
measuring the voltages at each load and (2) driving each segment with
the wires connected in parallel at the input (common mode) and measuring
the individual wire currents in short circuit terminations. Examplas
of the analytical procedure followed for each of the above cases are
included.

b. Examples

Case 1. Prediction of pin voltages at 50-ohm terminations on
the three- and five-wire segments. Wire #§ of the
two-wire segment was driven with a voltage step from
50-ohm pulse generator. Wire #5 was terminated in
50 ohms at the source end.

The characteristic impedance matrices required in equations (40) and
(44) to compute the transmission and reflection matrices at the junction

are
(Zy5lyy O
0 R poeonooes W
and

where [Zij]Z 3 g are the characteristic impedance matrices of the twc-,
b Rl ]
three-, and five-wire segments of the branched mulZiconductor. The off-

diagonal terms of the partitioned matrix cf equation (47) are zero because
the two-wire and three-wire line segments are branched at right anales and

" no crcss coupling exists between segments.
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The voltage waveforms incident on the junction are determined by
first computing the input voltage on each wire at the source. For the
two-wire segment with wire #4 driven, the input voltages are ¢iven by

= 202, 0,(02;5) + (2007w | e (49)

S

where Vg is the generator voltage and [Zij]s is the source impedance

(z..:] >0 ° (50)
2..1 = 50
1378 0 50

The two modes of propagation in the forward direction are determined
by expanding the line voltages at the source in terms of the eigenvectors
of the line. This amounts to determining the constants A and B at z = O
in the simultaneous equations

v AU(t - z/vN

= [Vnm]z z2=0 (51)
VS B U(t - z/vs)

3

The coefficients [Vnm]2 are elements of the modal matrix of the two-wire
segment, defined by placing each eigenvector of the line in a column of
the modal matrix. The velocities Va and vg are the corresponding modal
velocities of the line.

The voltages incident on the junction are given by equation (51)

evaluated at z = % The incident vectors for modes A and B are then

3
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KA vt o]
v, 0 v, 0
Gl o=l o0 |xultTys Vi =] 0 | x u(t-Ty)
Yy A Vi Vs B Vs
v AV v BV
LIRS

where TA = £3/VA. TB = 23/vB are the arrival times of modes A and B at
the junction.

Each incident mode [Vn];,B given by equation (52) is treated inde-
pendently in equations (39) and (43) to compute the transmitted and
reflected pulses.* The transmitted voitages on wires 1 through § for
each mode are then expanded in terms of the modal matrix [Vnm}5 of the
five-wire segment and the refiected voltages on wires 1 through 3 are

expanded in terms of the modal matrix [Vnm]3 of the three-wire segment

following the same procedure as used to define the modes of propacation

on the two-wire segment., The signal incident at the load end of the
three-wire segment is the superposition of six terms given by the sum

V10 nei,2,3
where
Via = QaViUitTyg) + CopVqUlt-Toa) + CapVyqU(t-Ty,)
= {4
Vop = CoaVpU(t-Tyg) * coeeen

V3A = C]ACB]U(t'T]A) + o e

*The transmitted and reflected pulses are identical on wires 1, 2, and

3 for this case because there is no incident pulse on these wires.
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Vig = Crg¥1U(t-Tog) * Copl¥yllt-Top) *+ CagVygUit-Tag) (55)
VZB = C]sz]u(t-T]B) + o
V3B = C]BV3]U(t-T]B) + i

The arrival times of the six modes at the load are

T]A = TA + 22/"1 T]B = TB + 22/"1 (56)
Tan = Ta * 2o/vy T3g = Tg * 2p/vy

where Vis Voo and vy are the modal velocities on the three-wire segment.

The 1oad voltages (transmitted voltaces) on each wire are computed
from equation (15) with Z. = [Zij]3 and where 7 is a 3 % 3 diagonal matrix
with 50 ohm loads for elements. The calculation is performed for each
of the six modal components given by equations (53) and (55).

The same procedure is applied to the five-wire seament with the
transmitted junction voltages expanded in terms of the modal matrix
[Vnm]5 of the five-wire line. Since each of the incident modes A and
B generate five new modes, the voltage incident at the load end of the
five-wire segment is the superposition of 10 modal components given by
the sum

Lln]A + [Vn]B n=1,2, 3,4,5 (57)
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where

Vya = DypVyqUltetyp) + DypVyoU(t-Typ) + oon + DgaVygU(t-tgp)
: {58)
,: VSA = D]AVS]U(t-T]A) L
VIB = D]BV]]U(t-T]B) D
. (59)
VSB = DBBV51U(t TSB) o
the arrival times at the load end of the five-wire segment are
T T TA + lllv] g = TB + t]/v]
. (60)
Tgp © TA + JL.I/V5 Teg = TB + 2]/v5

The load voltages are calculated for each modal component in the same
manner as for the three-wire segment.

Case 2. Prediction of individual wire currents at short circuit
terminations on the two- and five-wire segments when the
wires of tube 3 are driven in parallel (common mode)
with a voltage step from a 50-ohm pulse generator.

For this case the potential of rach wire cf the three-wire seagment
is the same and the total input current is known. The individual wire
currents at the source are

lfxﬂ! 11]

| Izi < Dyl |y (61)
| .

L 13] L]
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where the [Yij]3 matrix is t?e characteristic admittance of the three-
wire segment [Yij]3 = [Zijlg . Since the total current is just the sum
of the individual wire currents, the ratio of the current on each wire to
the total current is the sum of the admittance elements in each row
divided by the sum of the elements of the matrix. The latter is also
equal to the bulk characteristic admittance of the line.

The analysis from this point is the same as that aiven in case 1 for
the voltages, except eigenvectors of current are used in the modal ex-
pansions rather than eigenvectors of voltage. The current and voltage
eigenvectors are related by the equation

(3= 0 10V ] (62)

nm
where [Ynm] is the characteristic admittance of the line segment. The
transmission and reflection matrices for current are given by equations

(42) and (46). No mode conversion occurs at the short circuit terminations
of the two- and five-wire scgments. The reflection coefficient is +1 for

all modes in this case and the individual wire currents for each incident
mode are doubled in amplitude.

3. ANALYSIS USING THE SCATTERING MATRIX OF THE JUNCTION

For distributed circuits, the reflected and incident waves at a junction
can be related by a scattering matrix (ref. 20). The procedures for evaiu-
ating the scattering matrix for transmission line junctions are discussed
in detail in reference 5. In this section these procedures will be de-
scribed briefly and the scattering matrix for a branched multiconductor
line will be evaluated.

For the junction shown in figure 9, the incident and reflected voltages
for a lossless case are related by the following relation
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1 | e s (o)

nm no-,
_ (63)
rvirely rvith
L_ n 34 l="n 3_
where [V(re)] ,» 1= 1,2,3 are the reflected voltage vectors for the various

tubes meet1ng at the junction and [V( )]1, i =1,2,3 are the incident volt-
age vectors for the various tubes meeting at the junction. The size of the
vectors [Vﬁre)]i and [Vgi)]i
the tube. The components of these vectors represent the voltages on the
individual conductors. [Snm], in equation (63), is the scattering matrix
of the junction which is considered lossless. For the junction shown in

figure 9, the scattering matrix is of 10 x 10 size.

is equal to the number of the conductors in

At the junction where there are several tubes interconnected to one
another, the Kirchhoff's current and voltage laws have to be enforced in
order to evaluate the scattering matrix of the junction.

Kirchhoff's current law states that the sum of the current flowing
into a node is zero. For the case where n]-th wire of tube 1 is connected
to the nz-th wire of tube 2 and to the nk-th wire of tube k, etc., then

(1) # (Tg) o+ e v L) =0  (64)

nl 1 n2’,
whzre the subscripts on the parentheses denote the tube rumber and the
subscripts and | denote the wire number in the tube. Equation (64) can
be put into matrix form, i.e., '

Tube 1 . Tube 2 Tube & FU ]“‘
(0o0..... 1..010 0..... 1..04....10 0.1 3 | E i (65)
i 1 [
;
[II}JZ = [O]
LEI"] -

-
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In equation (65) all elements in the left matrix are zero unless they
correspond to the conductors which are connected at the node. For NC
connections within the junction, there are Nc equations similar to equation
(65), and we can define the junction connection matrix [Clnm] so that

(1] ]

[c, 1{01,3 |= 1o, (66)

nm 2

a0 s s e 3

(1]
, Lnk_
where [Clnm] is a NCxMj matrix, and Mj is the total number of conductors
connected to junction.

Kirchhoff's voltage law, for the case of simple connections, requires
all voltages associated with each conductor to be the same at the same
node. Thus, for the above example, we have

(Vi) -(v,) =0
ni ) n2 9
(67)

L]
(=]

(V.,) - ...
n2’,

...................

\
o

For a consistent set of connections, there are nj-nc equations. The
above equation can be easily written in matrix form. Let us denote the
corresponding matrix as [Cvnm] such that

51

sEis maeg,. penme oo sueegesemam s sempan e s s e s anay sy aseam ey gy




C ) = (68)
CHRIVAR R R
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where [Cvnm] is a (Mj-Nc)xMj matrix.

At the junction the total current and voltage is the sum of the two
components, i.e., the incident and reflected components (ref. 20),

= vitly e quired (69)

=
-
—
i

= iy - pfred; (70)

~—

——

—J
I

Using equations (66), (68), (69) and (70) the relation between the re-
flected and incident voltage components at the junction can be written

as
r[v,‘,'e’J]—' _[-cvnm3 17 -[cvnm] fevéos] *
[Vr(rrE)] = [v!(\i)]? (71) ;
Dl [e; v, 3| |leg 0 ] ‘
LEVr(‘re)]k‘ i | L | __[vf(lﬂ]k_ 2

From equation (71) the voltage scattering matrix is
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where [chm] is the characteristic admittance matrix of the junction.
[Yc”m] can be obtained from the characteristic impedance matrix [chm].
The matrix [chm] contains all the matrices of all branches involved at
the junction and for the junction shown in figure 9 it can be expressed
as

F[zcml1 (0,0 [0 1]
(2 1= | 000)  [Zepyl, [0, (73)
_.[0"""'] {0,,] [chm]{

The characteristic impedance matrix {chm] can be obtained by methods
described in section III.

The voltage modal amplitudes incident at the junction are computed
using the method described in section Il. From equaticn (63) the voltage
amplitudes reflected in different branches at the junction are obtained.
The method of analysis described in section Il is used to compute the
veltage waves arriving at the loads in different branches using the re-
flected wave in the branch at the junction as excitations,

As mentioned earlier, multiple modes are excited on a multi-
conductor transmission line in inhomogeneous media. Each mode reflected
from the junction or the load excites acain muitiple modes in the branch.
Thus, using the analysis described in this paper all the modes excited
at different times can be calculated and by following the step-by-step
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procedure, the response of the 1ine in the time domain can be obtained.
It should be noted that when multiple reflections from the junction and
the loads are considered, the number of modes traveling on the line be-
comes large. In some cases, some of the weaker modes having small
ampiitudes can be neglected for multiple reflections.

4. EAPERIMENTAL RESULTS

To substantiate the theory, a five-wire cable (over a ground plane)
with a two-wire branch was constructed and tested. Wires insulated with
solid polyethylene, neoprene, rubber, foam polyethylene and semisolid
polyethylene were used for the cable construction. The configuration
is shown in figure 9. The cable was supported with Styrofoam tlocks
above an aluminum ground plane. The cross-sectional configuration of the
five-wire line is shown in figure 10. The wires 4 and 5 branch cut at
a 90 degree angle at 8 meters distance and the wires 1, 2 and 3 continue

with the same cross-sectional configuration. The radii of the conductors,
r, and the distance between the centers of the wires, dij are as

follows:
r= 0.108 cm d]2 = 0.70 cm d24 = 0.68 cm
ry = 0.062 cm d]3 = 0.54 cm d25 = 1.02 cm
ry = 0.062 cm d]4 = 0.69 cm d34 = 0.93 ¢cm
ry = 0.111 cm d]5 = 0.60 cm d35 = 0.49 cm
ry = 0.0125 cm d23 = 1.16 cm dgg = 0.59 cm

The transmission line :haracteristics of each segment were determined
from previous measurements. The three- and five-wire characteristic imped-
ance matrices, modal velocities, and modal matrices are given in tables 1

and 3 of section III. The two wire segment was found to have the following
characteristics:
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Anaiysis in terms of the scattering matrix reauires the connection
matrices given by

1 0 0o 0 0 1 0 0 0 0]

0o 1.0 0 0 0 1 0 0 0

[, J=10 o 1 o 0 0 0 1 0 0
Inm

0O 0 0 1 0 0 0 0 1 0

6 0 0 0 1 0 € 0 0 1

N 0 0 0 0 -1 0 0 0 O

O 1 0 0 0 0 -1 0 0 0O

c, =10 o0 1 o 6 0 0 -1 0 0
Vm

n 0 0 0 1 0 0 0 0 -1 0

0 00 0 1 0 0 0 0 -]

The characteristic impedance and the scattering matrix are shown in
table 4. '

The voltage measurements were obtained by recording the voltages with
a Tektronix 475 oscilloscope usino a high impedance voltage probe. The
upper frequency limit of the recording system was approximately 200 Mhz,
which produced some low-pass filtering of the experimental data. Measure-
ments of the current pulses were obtained by replacing the voltage probe
with a Tektronix P 6022 200 MHz clip-on current probe. The sianal source
in all cases was a Tektronix 109 pulse generator with a 175 nanosecond

chargina line. The pulse generator rise time was approximately 0.7 nano-
seconds.

Figure 11 shows the input pulse waveform which is used to drive the
wires. Figures 12 through 16 show the comparison of voltage waveforms
recorded at the load ends of tubes 2 and 3, when wire 4 of tube 1 is
driven, with the waveforms computed usinc the analysis described in this
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Figure 11. Input waveform used to drive the wire in the cable.
Vertical scale is 1.0 V/div; horizontal scale is 2 ns/div.

Predicted Response Predicted Response
Measured Response (Fi1tered) (Unfiltered)

]

J

Figure 12. Voltage waveform at the load end of wire 1 of tube 2, with
wire 4 of tube 1 driven. Vertical scale is 0.2 V/div;
horizontal scale is 5 ns/div.

Figure 13. Voltage waveform at the load end of wire 2 of tube 2, with
wire 4 of tube 1 driven. Vertical scale is 0.2 V/div;
horizontal scale 1s 5 ns/div.
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Measured Response

Predicted Response
(Filtered)

Predicted Response
(Unfiltered)

Figure 14. Voltage waveform at the load end of wire 3 of tube 2, with

wire 4 of tube 1 driven.

horizontal scale is 5 ns/diy.

Vertical scale is 0.2 V/div;

PN

Figure 15. Voltage waveform at the load end of wire 4 of tube 3,

with wire 4 of tube 1 driven.

horizontal scale is 5 ns/div.
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Vertical scale is 0.5 V/div;

Figure 16. Voltage waveform at the load end of wire 5 of tube 3, with

wire 4 of tube { driven.

horizontal scale is 5 ns/div.
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Vertical scale is 0.5 V/div;
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section. These waveforms have been filtered to simulate the 200 MHz
bandwidth of the oscilloscope for comparison of the measured and pre-
dicted responses. The unfiltered waveforms clearly show the times of
arrival of different modes. Figures 17 through 23 show the comparison

of voltage waveforms recorded at the load ends of tubes 1 and 3, when

wire 1 of tube 2 is driven, with the waveforms computed. Figures 24
through 31 show the comparison cf voltage waveforms recorded at the load
ends of tubes 1 and 2, when wire 4 of tube 3 is driven, with the waveforms

computed.

The computed waveforms in figures 12 through 31 have been obtained
by assuming an ideal step function voltage pulse as the input. The com-
parison in figures 12 through 31 shows that the predicted waveforms aaree
very closely with the measured waveforms. Note that, in figures 12 throuch
16, predicted wavefoerms, after being filtered for the 200 MHz bandwidth
of the oscilloscope, are of a shape which is similar to the measured wave-
forms. The predicted amplitudes of different modes, and their times of
arrival, compare closely with those of the measured data. The predicted
waveforms for the actual input pulse can be obtained by applying the
method of convolution. These figures show that the waveforms obtained
by using the analysis described in this section agree very closely with
the measured waveforms.
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The waveforms of current recorded with the three-wire section driven

in the common mode are presented in figures 32 through 36 for the five-wire é
segment and figures 37 and 38 for the two-wire segment. The first reflec- :
tions, which arrive after approximately 60 nanoseconds are included in the é
predicted waveforms of figures 32 through 36. The reflections are from 7
the junction and from the end of the two-wire segment and arrive at the
measurement point at approximately the same time. Similar results (not
shown) were obtained by driving the two- and five-wire ends in the
common mode.
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Measured Response i Predicted Response

S0 N N W

Figure 17. Voltage waveform at the load end of wire 1 of tube 1, with
wire 1 of tube 2 driven. Vertical scale is 0.5 V/div;
horizontal scale is 10 ns/div.
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Figure 18. Voltage waveform at the 1oad end of wire 2 of tube 1, with
wire 1 of tube 2 driven. Vertical scale is 0.5 V/div;
horizontal scale is 10 ns/div.

! Figure 19. Voltage waveform at thc load cnd of wire 2 ¢of tube V1, with
wire 1 of tube 2 driven. Vertical scale is 0.5 V/div;
horizontal scale is 10 ns/div.
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Measured Response Predicted Response

+— T T T Y -

LL__I_ P SR R

Figure 20. Voltage waveform at the load end of wire 4 of tube 1 with
wire 1 of tube 2 driven. Vertical scale is 0.2 V/div;
horizontal scale is 10 ns/div.
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Figure 21. Voltage waveform at the load end of wire 5 of tube 1 with
‘wire 1 of tube 2 driven., Vertical scale is 0.1 V/div;
horizontal scale is 10 ns/div.

“

Figure 22. Voltage waveform at the load end of wive 4 of tube 3 with
wire 1 of tube 2 driven. Vertical scale is 0.1 V/div;
horizontal scale is 5 ns/div.




Measured Response

Predicted Response

Figure 23. Voltage waveform at the load end of wire 5 of tube 3 with

wire 1 of tube 2 driven. Vertical scale is 0.05 V/div;
horizontal scale s 5 ns/div.
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Figure 24. Voltage waveform at the load end of wire 1 of tube 1 with

wire 4 of tube 3 driven. Vertical scale is 0.1 V/div;
horizontal scale is 5 ns/div.
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Figure 25. Voltage waveform at the load end of wire 2 of tube 1 with

wire 4 of tube 3 driven. Vertical scaie is 0.1 V/div;
rhorizontal scale is 5 ns/div.
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Measured Response Predicted Response
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Figure 26. Voltage waveform at the load end of wire 3 of tute 1 with
wire 4 of tube 3 driven. Vertical scale is 0.1 V/div;
harizontal scale is 5 ns/div.
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Figure 27. Voltage wavefbrm at the 16ad end of wire 4 of tube 1 with
wire 4 of tube 3 driven. Vertical scale is 0.5 V/div;
horizontal scale is 5 ns/div.

Figure 28. Voltage waveform at the load end of wire 5 of tube } with
wire 4 of tube 3 driven. Vertical scale is 0.5 V/div;
horizontal scale is 5 ns/div.
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Figure 29. Voltage waveform at the load end of wire ] of tube 2 with
wire 4 of tube 3 driven. Vertical scale is 0.1 V/div;
horizontal scale is § ns/div.
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Figure 30. Voltage waveform at the load end of wire 2 of tube 2 with
wire 4 of tube 3 driven. Vertical scale is 0.1V/div;
horizontal scale is 5 ns/div.
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Figure 31.  Voliage waveform at the load end of wire 3 of tube 2 with
wire 4 of tube 3 driven. Vertical scale is 0.1 V/diy;
horizontal scale is 5 ns/div.

ol i v o s

" bl b

Dbl o

fli g i

e ol B




Measured Response Predicted Response
= o , — ) 7
I ' )

I
a4

Figure 32. Current waveform at short circuit terminaticn on wire 1 of
tube l_with tube 2 driven in the common mode. Vertical
scale is 20 ma/div; horizontal scale is 10 ns/div.
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Figure 33. Current waveform at short circuit termination on wire 2 #
of tube 1 with tube 2 driven in the common mode. Vertical =
scale is 20 ma/div; horizontal scale is 10 ns/div.
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Figure 34. Current waveform at short circuit termination on wire 3 of
tube 1 with tube 2 driven in the common mode. Vertical
scale is 20 ma/div; horizontal scale is 10 ns/div.
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Figure 35. Current waveform at short circuit termination on wire 4 of
tube 1 with tube 2 driven in the common mrie. Vertical
scale is 20 ma/div; horizontal scale is 10 ns/div.
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3 Figure 36. Current waveform at short circuit termination on wire 5
: of tubg 1 with tube 2 driven in the commcn mode. Vertica'
i scale is 20 ma/div; horizontal scale is 10 ns/div.
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Figure 37. Current waveform at short circuit termination on wire 4 of E
tube 3 with tube 2 driven in the common mode. Vertical E
scale is 10 ma/div; horizontal scale is 10 ns/div. 2
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Figure 38. Current waveform at short circuit termination on wire 5 of
tube 3 with tube 2 driven in the common mode. Vertical
scale is 10 ma/div; horizontal scale is 10 ns/div.
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Low-level signals were used in the current pulse measurements and
consequentiy the signal-to-noise ratio was lower than for the voltage
pulse measurements. Some noise pickup was observed due to the undesir-
able electric field response of the current probe; however this did not
seriously effect the data and agreement with predictions was found to be 3
satisfactory in all cases. {E

5. ANALYSIS OF CABLE NETHORKS -

a. Background

The analytical concepts presented for the simple branched cable also
apoly to more complicated networks containing several branches. The
direct time domain analysis discussed in section IV.2 leads to a solution
for the voltage or current time function at a given point in the network
which is a superposition of all possible modes arriving at that point.
This approach involves simple analytical concepts and is readily applied
to the early time pulse response of a cable network. However, as time
progresses the pulse amplitude at any given time depends on an increasing
number of superimposed modes caused by multiple reflections from the
branch and end points, with each reflection and transmission accompa-
nied by mode conversion. Direct time domain analysis in this case
becomes complicated and requires elaborate computational schemes to
keep track of the amplitudes and arrival times of the several modal
components present.

b. Special Case of a Network Modeled with Single Conductor Line
Segments
Interest in the response of a multiconductor to EMP excitation is
often limited to common mode propagation on the bundle. Multiconductor
segments can then be modeled as equivalent single conductors with charac-

teristic impedances which are determined by the equivalent single conductor
radius of the bundle (ref. 21). This areatly simplifies the anaiysis

which is a special case of the more general multiconductor analysis pre-
sented in sectifons IV.2 and IV.3.




To validate the analytical concepts that have been discussed and to
provide experimental data for the verification of prediction codes under
development by other contractors, the pulse response of a simple trans-
mission line network which supports only a single propagation mode (common
mode) was determined experimentally. The results were compared with the
calculated response obtained from a direct time domain analysis of the

network.

. The network, shown in figure 39, was constructed of 1.58 cm diameter
cobper pipe in the form of an "H" with legs 4.57 and 7.62 meters in
length separated by a 3.05 meter cross member. The configuration was
supported by Styrofoam blocks 3.8 cm above an aluminum ground plane.

Measurements of the voltage at the input and the load voltages across
50 ohm loads at the end of each leg were obtained using impulse and step
function input pulses to drive the network. Relatively long time base
(100 ns) nscilloscope traces were recorded to show the multiple reflec-
tions from the two junctions and four end points. The impulse response
data was primarily for verification of the time of arrival of the various
reflected pulses at each measurement point. The step function data was
obtained primarily for pulse amplitude measurements.

Time domain analysis of the network was carried out with the aid of
a multiple reflection diagram (ref. 22). Multiple reflections and the
construction of multiple reflection diagrams are discussed in more de-
tail in section VI.3. The six reflection coefficients Py through Pg
that are reguired for the calculations were computed from equation (16).
The line characteristic impedance is the same for each segment and was
determined to be 150 ohms from TDR measurements. The load impedance
at each junction is 75 ohms, given by the parallel impedance of the two
segments which leave the junction. The reflection coefficients for pulse
propagation in the forward direction (away from the pulse generator)

are then
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Figure 39. Network Layout
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150 - 50 _
* {56 +380 - 0°

_75 -150 _
Py = Pp = T5 w150 * - 0333

. _ 50 - 150 _ _
P3= P4 = P5 =555 150 -~ 0°°

The amplitude and arrival time of the first four signal components at each
measurement point are listed as follows:

Measruement Point A

Component TOA (ns) Amplitude Voltage

0 0 (1+pq)Vg 6.00
(1-pg) Py (1404) Vg -1.00
(1-90)(1+p])03(1+o])(1+oO)Vg -0.67

(1-0) (107 ), 1407 ) (1404 g -0.44
(1'00)01(-00)01(“90)% -0.17

(1~DO)(1+01)030103(1+91)(1+00)Vg -0.1N

-0.72




Component

0

2a
2b
2¢

3a
3b
3c
3d
3e

TOA (ns)

0

10.2

20.4
20.4
20.4

30.5
30.5
3C.5
30.5
30.5

Measurement Point B

Amp1itude Voltage
(T+p5) (140, ) (T+p,)Vg 2.00
(T+o3)p1p3(1+p1) (14p4)Vg 0.33
(1+05) (1401 )0, (140 ) (1404 )Vg -0.44
(T+03) (1407 ) (-pg)eq (T+p)Vo 0.33

(1+p3)01030103 (1401 ) (1+0,)Vg 0-06_
-0.06
(T+p3)pq05(140¢ )0, (140 ) (1405 )Va -0.07
(1+03) (1401 )P, (1407 )o5 (1407 ) (1+04)Vg 0.15
(1+05)0105(1+py}(-05)0q (1+04) Vg 0.06
(T+o5) (1#0) (=00} (T+e4) 3 (1409 ) (T+pg)Va  0.22
(1+0,) (p109)(1+0) (1+0)Ve 0.01
0.37
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Component T0A (ns)

Measurement Point C

Amplitude

(1+o4)(1+pz)(1+o])(\+po)V9
(14p,) (1+0,) (140 104 (1+py ) (1#0g)Vg

(14p)p,04(1+9,) (1+07) (1+0g)Vg

(14p,) (14p,)p10, (1409 (1 4pg)Vg.
(1+p4)(1+pz)(T+o])(-oo)ol(1+po)Vg
(1+p4)(1+p3)(1+p])p3o]p3(1+o1)(1+90)Vg

(1+p4)(1+02)95(1+oz)(1+p])(1+oo)V9
(1+04)pzo4(1+92)(1+ol)p3(1+ol)(1+DO)V9
(1+p4)(1+02)p]oz(1+o,)93(1+o])(1+90)V9
(1+p4)(7+oz)(1+p1)p3(1+pl)oz(1+p1)(1+00)V9
(1+o4)(1+02)(1*91)03(\+o])(-oo)o](1+90)V9

Voltage
1.34

~0.44

0.22
0.15
0.22
-0.08

a————

0.51

-0.44
-0.08
-0.05
0.10
-0.08

(14’94)(]+92)(]+p])(‘po)(]+p])93(1"’9])(]"’00)\'9 0.15

(1+p4)(1+92)(1+p])0301030103(1+o])(1+90)V9
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: 0 0
1 10.2
2a 20.4
2b 20.4
2¢ 20.4
2d 20.4
3a 30.7
3b 30.7
3c 30.7
3d 30.7
3e 30.7
3f 30.7
3g 30.7
B w1t B e ) s e e e+t o s e A e . P

-0.01
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~0.41
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3
i =2
=
3
Measurement Point D %
Component TOA (ns) Amplitude Voltage E
=
0 0 (T+pg) (1+0,) (1+04) (1+p4) Ve 1.34 g
E
1 10.2 (1+pg) (1+p,) (1407 )p4 (1401 ) (1+04) Vg -0.45 =
2a 20.4 (1+05)(1+02)o4(1+02)(1+o])(1+oo)V9 -0.44
2b 20.4 (1+pg) (1+05) 00,5 (1401 ) (1+04) Vg 0.15
2¢c 20.4 (1+05)(1+02)(1+o1)030103(1+o])(1+00)V9 -0.08
2d 20.4 (1+og) (140, (140, ) (-0 )01 (1+p4)Vg 0.22
-0.15
3a 30.7 (1+ps)p2cs('l+pz)('|+c])(1+po)Vg 0.22
3b 30.7 (T+0g) (T4p5)0, (14p5) (140, )05 (1421 ) (1+0) Vg 0.1%
3 30.7 (1+os)(1+oz)o]oz(1+o])03(1+o])(1+oo)V9 -0.05
| 3 30.7 (T+pg) (1+0,) (1407 )65( 1401 )05 (1409 ) (1+04) Vg 0.10 i
. 3e 30.7 (1+0g) (1+0,) (1+01)e4(1+01 ) (=pg g (1+24)Vg -0.08
z % 3f 30.7 (1+0g) (1405) (1401 ) (=) (T+09 )3 (1+07) (T+05)Vg  0.15 :
. i 39 30.7 (1+p5) (1+0,) (146 )o3p1 0399031401 ) (T+04 ) Vg -0.01 :
n 0.48
t
L 75
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The input impulse and step function pulses used to drive the network
are shown in figure 40. Figure 41 shows the network response recorded at
each of the four measurement points A through T identified in figure 39.

The predicted step function response for the first 40 nanoseconds is included
for comparison and is found to be in satisfactory agreement with the measure-

ments.
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Measured Impulse
Response

Figure 41.

Measured Step
Response

0.5/div

Predicted Step
Response
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SECTION V
APPLICATIONS TO MULTICONDUCTOR CHARACTERIZATION I SITU

1. INTRODUCTION

Frequency demain methods for measurement of the L and C matrices of
multiconductors have been reported previously (ref. 23). A complete
description of the methodology is inciuded in the appendix. The technique
is useful for laboratory measurements on cable mockups; however, it is
generally not suitable for measurements in s<iu because of its suscepti-
bility to errors caused by stray capacitance and inductance. Complex
Yoads due to multipin cable connectors, cable c¢lamps, ground leads, etc.,
which are encountered in most cable installations behave in the freguency
domain as distributed loads which affect the line parameter dat: over a
wide frequency range.

The alternate methods for multiconductor line characterization devel-
oped in section III use time domain techniques. These techniques provide
a direct measurement of the characteristic admittance matrix and are
applicable to any cable or cable segment that has one end accessible.
Time domain methods are well suited tr n2asurements <n siu because the
pulse response of a complex load locaicu at the input or elsewhere along
the line s jsolated in time and can be r¢. .ved from the cable response
data.

2. CABLE INTERFACE REFLECTICNS

Time domain reflectometry measurements <n s<tu usually involve a ron-
ideal interface which must be made between the multipin connector attached
to the cable under test and the refcvence line of the time domain reflec-
tometer. In a typical cornection, stray irdictance is introduced by the
connector pins and by the ground strap which joins the shield of the
coaxial reference cable and the ground reference of the multicorductor,.
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Stray capacitance is also present due mainly to the metallic shell of the
cable connector. The complex impedance of a typical interface can be
modeled approximately as a lumped constant series inductance and shunt

capacitance. An equivalent circuit of this model 1s shown in ficure 42 .
The lumped parameter: L and C represent the stray inductance and capaci-
tance of the interface connection. The complex impedance Zi which loads
the TODR reference cable is obtained from the equivalent circuit of figure

42 and is given by

7
Z, = jul + —=
1+ ijZL
Refergnce ;:::;
Cabie L (stray) |
Zo ‘ zL
|
i I=T :
| i
! ! Z, = C (Stray)
Generator: i
LS
[Y

Figure 42.

L
Lo od
-

Cable Interface Approximate Equivalent Circuit

(74)
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The complex reflection coefficient is given by equation (16) with z from
equation (74) substituted for ZL' The pulse reflected by the complex load
is computed by evaluating the inverse Fourier transform of the reflected
signal Vr(“) which is given in the frequency domain by

Volw) = o)V, () (75)

where Vi(“) 1s the frequency spectrum of the input pulse. The solution of
(75) for an ideal unit step input is readily obtained since in this case
Vitw) = 1/(Ju).

The results for critically damped, underdamped, and overdamped con-
ditions are given in terms of the decay constants k] = 1/(ZOC), k2 = ZO/L
and k3 = ZL/L by the fellowing egyuations:

Critically damped case (k] + kz)2 = 4K](k2 + k3)

-get
vr(t) =R+ [(1-R) + A]t]e " (76)

where
0] = (k]+k2)/2, A] = (k]-3k2-2a]R)/2

Underdamped casa2 (k] + kz)z < 4k}(k2 + k3)
'aet 'szt ,
vr(t) =R + (?-R) e cosBZt + (Az/az) e s1n82t (77)

where

. 241/2
32 [4k}(k2+k3) = (k]+k2) ] /2
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Overdamped case (k] + k2)2 > 4k](k2 + k3)

£
13
&
£
3
3

-0.3t 'Bst
vr(t) =R+ Ase - Age (78)
where
. , 2 _ 1/2
ay (k]+k2)/2 + [\k]+k2) 4k](k2+k3)] /2
9
83 2 (k]+k2)/2 - [(k]+k2)2 - 4k](k2+k])]‘l/c/2
Ay = (a3-k]+k2+RB3)/(a3-83)

A4 = (B3'k1+k2+R03)/(33‘83)

The constant R in the above equations is just the reflection coefficient

R = (ZL-ZO)/(ZL+ZO) that would exist for an ideal interface. The non-
jdeal interface is seen to produce an exponentially damped transient which
decays to the constant R with a characteristic time governed by the magni-
tude of the stray L and C of the interface.

Examples of interface reflections calculated from equations (76)
through (78) for a range of stray capacitance and inductance values that
are typical of actual multipin cable connectors are shown in figure 43.
The calculations are for capacitances of 10 and 50 piccfarads and inductances
of 10, 20 and 50 nanohenries, with an ideal unit step input pulse driving a
50 ohm reference cable terminated in a 50 ohm load. The reflection in each
case is characterized by an initial positive step which decays exponentially
or is exponentially damped and approaches the constant value R.

The effect of a nonideal step input with a finite risetime is to
reduce the amplitude and round off the initial positive spike of the re-
flected pulse. Examples for~ an input pulse with a 0.2 nanosecond linear
rise are shown in figure 44 for the same range of stray impedance as used
to obtain the results of figure 43.
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(b) 10x10']2 F Stray Capacitance

Figure 43. Typical Interface Reflections for an ldeal Step Input
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Z, = =50 ohms9
50x10°

5
p= |
o
a
£
Time (ns)
(a) 10 x 10—]"2 F Stray Capacitance
1.0 T : — -
Z_ 3271 = 50 ohms
0.8 0 L _
50x10°° H
2051070 ]
% ]0*10 H -
3
-
a
& . 1
+
1
4 5
Time (ns)
12

(b) 10x10™"“ F Stray Capacitance

Figure 44. Typical Interface Reflections for a Nonideal Step Input
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Measurements on come actual aircraft cable connectors with all of the
pins connected in parallel are presented in figure 45. The transient
respense in each case i1s seen to closely approximate that predicted by
the lumped constant L-C network of figure 42. The upper trace is for a
Hughes Aircraft 158-pin rectangular connector which exhibits an unusually
large capacitance.

Examples of interface reflections in which the load impedance ZL is
not equal to the characteristic impedance of the reference cable are shown
in figure 46. These examples correspond to an interface with a stray in-
ductance of 20 nanohenries and a stray capacitance of 20 picofarads con-
nected between a 50 ohm reference cable and loads in the 10 ohm to 200
ohm range. The input was assumed to be a nonideal step with a linear
rise of 0.2 nanoseconds.

The results of this study show that the stray inductance and capaci-
tance caused by typical multipin connectors introduces an exponentially
damped transient at the beginning of the reflected pulse. The accuracy
of cable impedance measurements obtained through nonideal interfaces of
this type will not be seriously degraded as long as the perturbations from
the interface decay before reflections from points farther down the line
arrive back at the input. In the examples showr, the worst case exhibits
a decay time of apgroximately 5 nanoseconds, which at the speed of light
corresponds to the round trip travel time over a 2.5-foot length of cable.
It is seen that the accuracy of TOR measurements on cables wnich are less
than 2.5 feet in length, or have a discontinuity within 2.5 feet of the
input connection would be degraded by the interface.

The interference caused by the stray inductance of an interface can
he minimized through the use of short ground straps or conducting tape
to connect the shield of the reference cable to the ground reference of
the cable under test. The stray capacitance can also be minimized in
some cases. On pane! mounted connectors this can be accomplished by
removing the connector mounting screws and allowing the connector shell to
float during the measurements.
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Figure 45. Interface reflections from actual aircraft cable connectors. 3
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Tektronix 1502 TOR system, - A
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3. ANALYSIS OF MULTIPLE REFLECTIONS

Multiple reflections on a 1ine terminated in a complex load and con-
nected at the input through a nonideal interface are seen as a super-
position of time delayed transients. The pulse shape is modified at each
reflection and by transmission through the input interface to the TDR
recorder. When the round trip travel time 1s short compared to the decay
time of the reflected transients, the individual reflections overlap and
produce complicated traces.

As an aid to the analysis of multiple reflections, the successive
reflections can be diagrammed as shown in figure 47 (ref. 22). UWhen the
impedances are known, each reflection can be calculated separately and
added with the proper time delay to predict the long time base TDR trace.

In principle, an unknown load impedance can be determined by unfolding
the TOR record to obtain the load reflection coefficient Py- The procedure
is readily applied when the first reflection from the load is separated
in time from the other multiple reflections present. [In this case it is
only necessary to correct for the distortion caused by the input interface. -

The first reflection from the load, shown in figure 47 as arriving at
time tos has the form

Vo(t) = [8(t) = py(t) % p(t)] * 0p(t) = vi(t) (79)

which transforms to the frequency domain as
Volw) = [1 - 02 ()] oplw) V;(w) (80)

The input interface reflection coefficiunt ¢y is determined from the first
reflection, which arrives at time t,, and has the form

vi(t) = p(t) » v4(t) (81)
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Figure 47 Multiple Reflection Diagram
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Transforming to the frequency domain and solving for p](w) gives

Yy (w)
pqlw) = V:TZT (82)

o

Equation (80) is then solved for pz(u). The result is
-1

o f ) .
py(w) = REYZB VT (83)

S i I il el e AL W

1

The load impedance is given by equation (17) with pz(m) from equation
(83) substituted for p.

4. PRACTICAL CONSIDERATICNS

In many practical installations the cable runs may not be longitudinally
or cross sectionally uniferm and full characterization of the cable param-
eters may not be possible. These cases can sometimes be modeled as uniform
line segments as discussed in section IV. Estimates of the transmission
line properties of some inaccessible segments may then be necessary while
partial characterization of those which are accessible can still be carried
out. For example, the approximate line characteristics can be obtained
by computing the approximate per unit-length inductance matrix, which is
not affected by the inhomogeneity of the dielectric in the cable cross
seccion. Relatively simple formulas which depend only on the cable jeometry
are available for these computations (ref. 24). The estimated inductance
matrix and measured admittance matrix, based on the techniques of section
I11, can then be used to compute the capacitance matrix from equation (35).
The L and C matrices completely specify the line characteristics (assumed
Jossless) since the eigenvalues and eigenvectors of the LC product are
directly related to the modal amplitudes and modal velocities that the

b LRl it
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The bulk or common mode impedance of segmented lines can be determined
in soma cases by an extension of the method illustrated in figure 44. 1In
the analysis each reflected pulse observed back at the input measurement
point is corrected for transmission through the discontinuities that 1lie
between the measurement point and the reflection points. The individual
reflected pulses from each segment can be unfolded in turn and used to
compute the bulk characteristic impedance of each segment.

The pulse response of a line can be determined in a similar manner.
For a line with a total of N discontinuities, the output pulse is just
the product of the transmission coefficients and the input pulse

where ™ is the transmission ccefficient of the Nth discontinuity,

Ty = (1 + pN).

The common mode propagation velocity on cables of unknown length can
be determined by introducing an external load at a known distance from
the input and measuring the round trip travel time for reflection from
the load. This can be accomplished by wrappina the cable with a crounded
strip of conducting tape or foil, which acts as a capacitive load and
produces a sharp reflection at the load point.

As an example, the sharp reflection shown on the TDR record of figure
48 was produced by placing a grounded two-inch wide strip of aluminum
tape around a multiconductor at a point C meters from the free end.

The accuracy of time domain measurements on multiconductors is affected

by small irregularities in the line cross section which causes partial
reflections to occur over the entire line length. These effects appear

1
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as noise superimposed on the main signal and reduce the accuracy of the
measurements. Both the indirect and the direct methods for the deter-
mination of characteristic impedance or admittance are susceptible to
noise. The first involves differences of small numbers and the latter
involves the measurement of lTow signal levels.

IS SRR S [yt sy SR Holll IOON

— TEKTRONX®

Figure 48. Example of.zﬁé reflection produced by foi} tape qround a
) multiconductor. Vertical sens: 100 mp/div; horizontal
sens: 0.305 m/div.
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APPEIDIX

EXPERIMENTAL CHAPACTERIZATION OF MALTICORDUCTOR
TRAMSMISSION LINES [Tt FREQUENCY DOMAIN

ABSTRACT

Although a nuxber of papers have been published on the experimental
characterization of rulticonductor transsission Jines, they are limited
tc the tire Jomain for lossless multiconductor 1ines in homogeneous nedia.
This appendix presents a method for the complete characterization of =ulti-
conductor transzission lines in {nhorogeneous media. The experimental
technicue for the measurement of miiticonductor 1ine parameters s pre-
sented and the appropriate multiconductor line equations are solved to
ottain these parameters. The experimental method is s‘sple and invoives
only the short- and open-circuit impedance measurerents for dfffarent
configurations. The experimental results for rulticonductors containinc
three, ‘our, and five wires above a cround plane are found to le in good
asreemen”. with computed resulits and a low-freguency lurped model.
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SECTION A-3
INTPODUCT ION

The srobiem of multiconducior transeission 1ine characilerization has
beer 2 topic of interect fof many years. Previous wory (refs. 1, 2} oro-
vides methods of characterization for sulticonductor lines in hcmogenecys
wedfa in the time domain, in which case, all the propagation modes have the
sare nhase velocity. In ceneral, for a multiconductor iize {N conductors
5luys a ground reference} in an inhomogeneous medium, there will be X propa-
gation modes each having a different phase velocity, and the inductance
ser unit-langth and capacitance per unit-length matrices can not be obtained
frce ke characteristic fmpedance matrix without the knowledge of the
oropagation matrix (refs. 3, 4).

iraiysis of wmulticonductor iransmission 1ines in freguency domain have
been reported by severa; investigators (refs. 5, 6, 7. 8,9, 10). Sowe
Jseful matrix chain parapeters were derived (ref. S). Propacation rodes
and characteristics for multiconductor transnission lines with inkomogenesus
disiectrics are discussed in reference 8. Measurement methods of the cable
parazeters at low freguencies have been presented (ref. 11): the correls-
sion between the theoretical model and the measured data. o date, has
ngt Seen entirely satisfactory {ref. 12).

This appendiz describes 3 measurerent tecinicue for determining the
sarareters for a general parallel multiconductor trensmission line syster
ir the ‘requency domain. The measurement technicwe fs an extension of the
well Enown single-frequency technique for measurinc the constants of a two-
conductor 1ine. It eonsists of measuring the impedances bdetween al) pairs
2% conductors under both short- and open-circuit load conditions with
specific source conditions. A method of calculatfor utiltzing 2 series of
¢ni arity transformetions for sbtaining the aporooriate parswetess ‘rom
sre ~wasuyred data is used in soiving the complex suiticonductor ecvations.



SECTION A-2
TREGRITILAL BADIGEUUND

lomzidar 2 Yins formed by Cf corductcors, Olus refecence conductcr

Eigeiigs! The “irp ‘s assuymed 20 te urniform alorg 25 lemgth "2 cocrdinate],
Tyt Wit arbitrary cross secticn.  in oenerai, the dielectric syrroundirc
the lire i3 irhomonenecys (e.g., cable rade of irsulated comductors witk
gi€forert dielectric Lomslants).

i the Cregerce 0fF matarials Rmayfeg different 2ielectiric somgtants.,

“r8 crczazactecn ~ode 727 =3t fn general De TIM, Howeyer, the “ow-frecyescy
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