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All plots show voltage transfer ratio versus frequency.
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CHAPTER I

INTRODUCTION

Electrical devices (computers, radar systems, commun-
ication radios, etc.) are interconnected by wires on most
present systems. Electromagnetic fields produced by the
excitation of these wires will cause unintentional coupling
of signals onto nearby wires. This undesired electromagnetic
coupling is termed crosstalk. It is important to be able
to determine whether these crosstalk signals will cause
the devices at the ends of the wires to malfunction. Wires
are often grouped together in cable bundles or harnesses.

The close proximity of wires in these bundles enhances
the possibility that the crosstalk levels will be sufficiently

large to cause malfunctions.

The ability to predict crosstalk levels and the means
to control crosstalk when it causes a problem are important
to optimum system design. If interference of this type is
allowed to surface during final system tests, a costly and
time consuming retrofit of the wiring or the addition of
filters and other interference control measures may be
required..\Not only is it desirable to be able to predict
this crosstalk with mathematical models, but an understand-
ing of the mechanism of crosstalk 1s essential in designing
otner wiring configurations which will reduce the level of

pick-up.
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Several methods of reducing crosstalk have been
ceveloped. One method of decreasing the electric field
coupling onto a wire is to surround the wire(s) with a
cylindrical metal shield. In order to maintain the wire's
flexibility, the shield is usually a braided metal covering.
Disadvantages of shielding wires are the added weight to
a system and the increased complexity of manufacture. Also,
depending on how the shield is grounded or terminated, it

may or may not provide a significant reduction in crosstalk [{11].

The use of pairs of wires placed in close proximity
rather than a single wire at a large height above a ground
plane return reduces crosstalk caused by magnetic coupling.
To explain this effect, consider the case of two wires above
a ground plane (Figure 1-1). The excitation of the generator
wire (and ground plane return) produces electromagnetic flelds
about the wire. The amount of magnetic coupling intc the
receptor circuit is prorortional to the area (shaded in
Figure 1-1) between the receptor wire and the ground plane.
This 1s because the time rate-of-change of the magnetic flux
which penetrates the area between the receptor wire and 1its

b
-
i

return induces, by Faraday's law, an ZIF or equlvalent voltage

source in that circuit. This EMF induces voltages across the

loadz, 2 and = at the ends of the circuit. Extend this

LR’
n

figuration using a straight wire pair (3SVP)
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A further reduction of the magnetlc ccupling to the s
recertor clrcult can be gained by twisting the wires of the ﬂ
9
3WT, resulting in a twisted wire pair (TWP), (Figure 1-3). -
Assume that the loops of the TWP zre of egqual dimension,
The magrnetic field produced by the generator circuit will 'ﬁ
.1
cause a magretic flux to penetrate each loop ¢f the TWP. 2
+ 3 £ 3 TR al ey A 3 '*
maznetic flux will cause EMF's of egual magnitude to be ]
" L
‘:i
develorad in the loops. However, since wire positions are ~f;i
irzercnanged with each half twist of the TWP, the currents ]
4
iriuced Tty the ENMF of one loop wili canceli the currents 1nauced ]
. N e . ~ . - N 4
. the ZLr of an adjacent loop. Therafore, if there are an 4
even number of lecors, it would seem that the magnetic field -3
crogztalx would be eliminated. For an odd numper of lcorps, ‘}
Tre orcogialx due to magnetic fleld coupling would be diminished o
!
to Tne =xtent that 1t would be preportional to the area of one .
Zcop of the TWP only (1. ]
Tne TWP configuration of Figure 1-3 is referred to as
“3
unca.anced with recpect to 1ts terminal impedances. By un- 1
calanced, it I1s meant that at a particular end 27 the lline,
tne impedance whlicn ezcn wire sees To ground 1s not the same |
- - - - N e - . . . N . :
Lo.. Henrce, 2otalorced conflzuraticn 1s one in which each J
fLra Teos tre snre lmredance $o ground.  IY 1s generally ]
..
- . . . . € . c
200 IT2L Tt rasanting tne terminations of a TWP trovides a ]
Dirnooer rvediuctlion In o orocstzlik.  For this reascn, 1t 1s becoming
4
Lootrensivo Ly o common Lo Stronznit digitzal data viz twizted talrs
z rooznlanzed In Tnat tney are terminated In differential 4
L Lvovers avs Lina recelvers (Figure L--), Lo, ]
X h
3
|
. 1
-
R " <
g ’ 5 o .
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The transmission line squations can be derived from a
A¥ secticn of the line (Figure 2-3). This 24X _.zction is
characterizes by the per-unit-length rarameters of the lire:
tre seif inductances of the generator and recerptor wires, /3
ard /3, the nutual inductance between the two wires, [,, tne
sell capacitances of the wires, cg and CR and their nmutual

cavacitance, ¢ . The transmission line equations, as &4X ~ O,

av.(X)

dx

il
!
()
£
~
W\
1
»
—
>
1
c
()
3
-
A
-
Py
ro
|
’,
m

37 = - J @ er’ Iy‘, (}x) - ] = *—R IR (1{) (2—-—0)
AT

e = - jw (Cn 4+ 0Cn) Vo (X)) + juwoen Vvg(X) (2-1c¢)
Q:::;(‘:)

A% = Jwt Vg (X)) - ;o (:R + Cm) VR (%) (z2-14d)

- . U, B . o e
In order to simplify the representation and marigulatlon
S - - - -~ 3 e~ 13 RARE 1 —- - N < b o~ — )
oI Tneze transmlsclon llne esuaticons, the per-unit-lenstn
vy e - . et . -~ - - & ) ~ 3+
Larareters wiLl be regresernted 1n matrix form., The rer-unit-
~£rsTu Lnduciance matrix 1z delined by
—_
‘ ,
= o
o= ! . \~_—~:;/‘
~t
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CHAPTER II

LOW-FREQUENCY LODEL FOR

THREE-CONDUCTOR LINES

As a prelimirary to any further examination of the
TWP, a simple low-frequency model of the crosstalk for
the case of the three-conductor line (Figure 2-1) will be
presented [13]. The concepts involved in this analysis
are important in explaining the crosstalk of TWUP's. This
low-frequency model was develcpred during the process of
solving the transmission line equations for the three-
conductor line. The ¢nnfiguration consists of a generator
wire, a2 receptor wire and a third conductor which will be re-
faerred to as the reference conductor (Figure 2-2). The total line
is of length [. A voltage source Vg is applied between
one end of the generator wire and the reference conductor.
One 1s then usually interested in determining the voltages

v,(0) and VR(L) induced at the ends of the receptor wire.

The sclution of tne transmission line equations (and

s

ernce the lcw-Ireguency model) is obtained under certain
acsumctlicns. The medium surrounding the conductors is
romcgeneous, linear, lsctroplc and lossless, and is

crharacterized by permeabllity p and permittivitye . Also

ct
o3
5]
},_4
'_J.
o3
oD
}l
O]
-

nifcrm and the conductors are rerfect.
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‘ru3stald Irom o a single wire to an unbalanced TWP [12]. Ca
r certoin low-impedance loads, 1t was observed that the cross -

tilx owals very sensitive to slight variations in line twists.

N A;L.“L g

Trelv oexpranation for tiils sensitivity will be used in

1
Ll

5

hapter LV, wnen thne cresstalk from an unbalanced TWP to an

urbalanced TWE iIs examined. Finally, Chapter V will investi- S

at2 the crosstalk to a TWP in which the terminal configura- ’ j
4
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(a) The Unbalanced, Twisted Pair

(b) The "Abrupt-Loop" Model

SIGURE 1-6. (a) THE TWP. (») THL "ABRJF
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The "abrupt-loop" model represents the TWP as a sequence of

vertical loops with wires alternating positions suddenly
between loops (Figure 1-6). Although the overall line is still
nonuniform, each loop is uniform. The voltages and currents

at the ends of the entire line can then be determined by
combining the chain parameter matrices of the loops. These
chain parameter matrices relate the voltages and currents at
the ends of the loops, so in combining the matrices, the
voltages and currents associated with the matrices must change

positions appropriately to account for the wire interchange.

A further refinement of this abrupt-loop model is to
somenow approximate the twist of the loops of the TWP. This
can be accomplished by representing each loop as a cascade
of uniform segments which rotate about the line axis in

discrete angular increments (Figure 1-7), [3].

This report will investigate several TWP configurations
and will attempt to provide some understanding of the
effectiveness of using a TWP. Chapter II will describe the
work of C. R. Paul, where he examined the electromagnetic
coupling for the special case of three-conductor transmission
lines in homogeneous media [13]. In determining the solution
of the transmission-line equations, Paul showed that, for
sufficiently small freguencies, the crosstalk can be modeled
by the sum of inductive-coupling and capacitive-coupling

contributions. The concepts developed in this simple low-

frequency model will be used in later chapters to explain the
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The rnonuniformity of tne TWP makes 1t difficult to
calculate per-unit-length inductances and capacitances of the
lire, wnich zare essentlal to the development of a transmission
line model. Perhaps a more important problem with nonuniform
lines 1s that tecause these per-unit-length parameters are
functicns of the line axis variable (x), the resulting trans-
mission line differential equations are nonconstant coefficient
(e.zg., Bessel's equation) and are extremely difficult to solve

[1].

One TWP model which has been used modifies the per-unit-
length parameters of the SWP to approximate the TWP. The
elements of the inductance matrix are determined by averaging
the values obtalned for a line tilted at an angle 6 with the
norizcntal over angles from 0 to 7/ 2. A propagation velocity
¢l the TWP 1s calculated to account for the fact tnat waves
dc not travel down the line at the speed of light, but slower
tnan the speed of light due to the helical twisting of the

ma

line. This propagation velocity is bpased on the line pitch

,-\
ct
w3
[
3

number of twists per unit cf line length), the separation

ol tne wireszs of thne palr and the speed of light. The per-

unlt-lengirn capacitance matrix can then be determined using
tn2 avarageld inductance matrix and the velocity of propagation
¢l tne line (2],

An agpreximation Lo the secolution of a nonuriform line
iz %o mecdel the lire 2s o cascade of uniform sections [21,10)]
lcrizizer azaln tne cace of the TWP receptor wire (Figure 1-3).
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Another means of achleving balanced terminal impedances in

TWP circults is through the use of center~tapped transformers

(Figure 1-5).

The explanation given previously showed how magne<tic

!
AU LRI

field coupling was reduced by using a TWP. However, an

.
1
'n

electric fleld is also produced by the generator wire and it

)
sl

| RN

too contributes to the crosstalk., If it were possible to

determine how parameters such as terminal configurations and

physical geometry affect each component of the crosstalk, some

[

lelda oovak

1 qualitative insight could be gained into the effectivenress of
4 TWP's in individual situations. It would be beneficial to have
% accurate models for predicting the crosstalk toc or from TWP's, .;;}

This would enable a designer to determine, quantitatively, the L

effectiveness of TWP's when they are used.

Initial attempts to model TWP's were concerned with
determining the magnetic field resulting from a current on an :

infinitely long, isolated TWP [4) - [7]. The usefulress of s

P

this model 1s limited, however, since TWP's are usually in

v
ala

close proximity to other wires as well as structural members S0

H
b defd "

such as an alircraft fuselage.

A

[’

- laita

One of the problems in developing a model for TWP's is

that most transmission line mecdels assume a urniform line,
Lines are szid to be uniform if cross-sectional views of the

. The

.

line at every point alcng the line are identical (8

RS )
b

@ TWP resembles a tifilar helix. Consequently, it is not a

uniform line.
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and the per-unit-length capacltance matrix is defined oy
(cG + cm) -cm
C = (2-2b)
~S
“°n (CR " Cm)
b —

The elements of L can be calculated from the physical
characteristics and dimensions of the line. The velocity

of propagation in the surrounding media is defined by

The entries of C can then be derived from [8]
L ¢ o= 2 1 (2-4)
o a4 ”2

or,

¥ 1 S e - 3 2 .. 5
wnere L., 13 the identit; matrix

T
1 0
L, - (2-6)
o L
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The solution of the transmission line equations is

obtained through manipulation c¢f the chain parameter matrices

am a4

(1,10], which relate the voltages and currents at one end of

e e e e N N
R . -
JY
T . B

the line to those at the other end of the line, and through

4

o utilization of the terminal conditions of the line. The :
b

- terminal networks are given by Generalized Thevenin Eguivalents ]
L.

- [(8]: = H
]
(|

; Vg (0) = Vg = 855 I (0) (2-7a) i

S 1

! - 4

= v . ]

L r (0) = =35 I (0) (2-7¢) =

1 N

i / = . :. .AT

Vg (L) =3, o Ip (L) (2-7d)

Paul's solution of the transmission line equations gives exact, -;4

literal expressions for VR(O) and VR(L) (13]. o

It is important here, however, to note that if the total : ‘j

line 1s electrically short and the terminal impedances are

frequency-independent, then as the frequency becomes sufficlently

small, the exact eguations for YR(O) and VR([) can be approxi-

mated by

<.

R R A . B
PR AT LA S W SR L S PRy VPPN WP -
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.3 = s/ T 2_7 i
VR (0) 25R 5/ (dmum[) LGDC (2-3a) s
20 %/g ,
+ 3 + &, (jJwe L) V., . )
CR LR m Goe :
- =
o ' J
. _~ 2Ly :
[y = /32— (; SUEA)
VR (._) = aOR + aLR ("]wjfﬂ[) IG : ~
DC N
20r %/R 7 j
* 230n * 3/g (3 mcm[) VG (2-8b) 4
DC .
)
VG and IG are the zero-frequency (DC) values of the Lo
cC CC e
gererator wire voltage and current o g
5l f:
= g + Z -Q R
VG bOG ELG VS (2 /a) — e

. o
By -]
I, =3, + a7, V 2- S
Gﬁ aU J DLG s ( 9b) C
DC S
"'- z--‘
NN
Tnl 1is called the low-frequency model because of the ]
{ ,
.
S criteria that the line 1s electrically short and that )
¢
[- frequency 1s sufficiently small. 7, ﬁ
. 9
{ 3
lotice that the eguations for the receptor voltages -
4 are zerarated into twe partsz - ore dependent on (pand the - j
4 -
o T
X otn2r on ¢ . Tne part of the receptor voltage dependent on .
trne per-unit-lengith mutual inductance between the two -]
"
‘ clrecults, Jﬁ, 15 zenerally termed the inductive-coupling oo }
[ - e
& ceatrizuvizn, and the part derendent on the per-unis-length
l- \l
- A
]
}C
-]
r e )
e el DT
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mutual capacitance between the two circuits, Cpn is the fﬁi
19 ) J

capacitive-coupling contribution. Thus, the equation for

VR(O), for example,can be written

N IND CAP 1

2 Ve (0) = Vg (0) + Vg (0) (2-19) ]
» 1
? where -

2

OR
' IND _ =7 (; (2-1la)
: Ve (007 = B gL (Jelyl) I

DC

3
[ cap _ OR [R
Ve (0) = 3gg T 35 (Jecyl VGDC (2-11b)

Equation 2-10 (and a similar equation for VR(L))Could also
be derived from a luw-fregquency approximation to the re-

ceptor circuit (Figure 2-4), where VR(O) (or VR(L)) is

obtained as the superposition of the effects of the two

0\ Maananns
o

sources.

-

The possibllity that the contribution from one type

of coupling - inductive or capacitive - might be dominant

T
r
.
 Sdhuiabdinen il

over the contridbution from the other type of coupling in

- Lo
1
[

the determination of the receptor voltages is evident in ffﬁ
)

Equations (2-10) and (2-11). For "low-impedance" lcads RN

2.

the inductive-coupling dominates the capacitive-coupling
! contribution and for "high-impedance" loads the capacitive-

courling is deminant. An understanding of what is meant T
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by "low-impedance™ or "hign-impedance" loads can be

gained through examination of Equations (2-8). The

R

industive-coupling contribution is domirant in VR(O) when

- -

3

Lp» ey 35 30 (2-12)

o .
L

e

This can also be expressed as

PPy G A )

vy v helut T W -
—ﬁ . L ’

3~ 4 )
21" —Z—lﬁ K1 (2-13)
- cG cR o j
) \
. where ZnG (ZCR) is generally referred to as the character-
- [ ﬁ

isztic impecdance of the generator (receptor) in the presence -

of the receptor (generator) circuit [13]. Similarly,

ct
a2
M
-

ﬁ"j"‘vli v
dam

k
.

rductive-coupling contribution in Vg (/) is dominant Y
]

wner _
-“'—‘-!
[ 5_ - R
L rr)) Cm ®9R Z’[G (2 lu-) .
-
—
Y
or -
2
S
" hl
- . e
8/~ = 1PN
L) [ 2R K (2-15) —
5 . z !
cR CR !

Tnuz, when the atove insgualities hold, the configuration

PRI

low-impedance" loads. Capacitive-coupling
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is dominant when the above inequalities are reversed. U

The dominance of one tyve of coupling over the other can ﬁ %
be illustrated graphically (Figure 2-5).

- . . . . -

The concept of separating crosstalk into inductive- 'M{

couplirg and capacitive-coupling contributicns for -:;

sufficiently small frequencies as developed for the S

simple three-conductor line configuraticn will be applied
to tne twisted wire pairs investigated later in the paper.

As will become evident, this concent is very impcrtant in

F TSR WO N S Ly SO

-

understanding the mechanism of coupling in TWP's. Also,

]

this separation of the crosstalk allows the simple i1llustra-

tion and calculation of certaln crosstalk results for TW?P's. N
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CHAPTER IZII

CROSSTALK IN THE UNBALANCED

TWISTED-PAIR CONFIGURATION

The use of twisted wire pailrs to reduce crosstalz was
described in the Introduction. The purpose of this chapter
is to review the works of C. R. Paul and i1. B. Jolly [3,12],
wherein the configuration investigated was a single wire
with ground return as the generator circuit and an unbalanced
TWP as the receptor circuit. That work has direct bearing
on the coupling investigations of this report. Their work
showed that, for certain loads, the crosstalk level of the
TWP shcowed large sensitivity to minor variations in line
twist. This sensitivity to line twist, which will be
exrlained later in the chapter, also appears in the TWP line
configurations investigated for this report. The application
of tnhe theory developed by Paul and Jolly to other TWP con-

figurations will be examined.

The experiment gerformed by Paul and Jolly is outlirned

). Tre generator wire and the TWP were

C
[t
b
)
=
—
)]
@
@D
v
-
Ui
ol
Lo}
®
LN
{
',__.l

suscended 2 cm above a 1/8 inch thick aluminum ground plane
ani were separated from each other by 2 cm. The positions of
anerator wire and the TWP were supported above the
Zround plare ty 3tyroioam btlocks placed along the lirne. The

line length was 4,705 m. All wires were #22 gauge, stranded,

witn polyvirnyl o-nloride insulaticn approximately lo mils thizk.
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Ce mlinimum center - to - center separation between the wires
e TUr o waz 57.3 mils., The TWP contained apprroximately
Tl twizis, wrleh corresponds to a2 pltch of about 7 :
LITE Ter oot :
A Cirasclizl generator was connected at the left end -
Loe Line Leztween the generator wire and the ground plare. -
NI
Z: o.nnut voltage was referred to as Vin' Identical |
1
) ¢ va.ues were used For all loads. It was nct recuilred
sl resizvances to be equal, but they were chosen eqgual "
Jantillitate the analysis of the results. During the course 4
tne excerinent four resistances were used to terminate both .
E
o, Fo= L0, 30, 802 and 1 k0. The TWP was unbalanced 5
CrooreFtest oo 1ts terminal configurations. The right end :
b ZWrowzo ungrounded znd one wire at the left end of the -
1
oWl ocornnected to Zround. The voltage across the left end
<
rrioation ol tne TVWP was measured and was referred to as i
3
R JoLtage Lransier ratlo was then defined by l
L
Vv
e e e _ out {m "
- ' SoLNizler ratvio = Er e \)‘A-) J
in
LT Lraveoier ratio was determined for frecuerncies '“J
. . . - . [
s T L witE Litnin ezch decade of thls freauenc -
, LS were in stezs of 1, 1.5, 2, I.5%, .
, . ; ' , ewleri-rackard Hro 35oos 10w Ireluasnt) "
L oo ioed to measurs ¥ velcw 1T MIs. T 1
v “ cut ' .
. v l-oabe o Flectrometrlos ZU0-0C Lnteriovencs e
1
A




analyzer was used. Tor R = 1 kQ, a Hewlett-Packara Hr 3LCCA
rms voltmeter was used to measure Vou* at 211 frecuencies.
v
An HP 3400A rms voltmeter was also used tc monitor V., for
-

all frequencies and termination resistances.

s

The sensitivity experiment proceeded in the following
manner. With load resistances of R = 1 &, the ZliC-2% was

[=h

connected to measure Vo and was tuned to a frequency c¢Zf

ut
15 kEs, The right end of the TWP was rotated, no more than
130%, until the maximum reading on the ELliC-25 was found.
With the TWUP fixed at the position of the maximum reading,
measurement of the voltage transfer ratio over the entire
fregquency range was obtained. Then, without disturbing the
line, the R = 1Q resistances were removed and replaced with

i = 30 resistances and measurements were again t

f

ken over the
entire frequency range. The R = 5002 and R = 1 kK measurements
were taken for the TWP in the position for the maximum reading
ottained for R = 192 . It 1s important to emphasize that the
readings for the four different resistance values were obtained
withcut disturbing the TWP from 1ts position of the maxinum

reading for R = 12 and £ = 15 khe! These measurements

o)

cr.ciitute the nigh sensitivity readings.

7¢ ottain the low sensitivity readings, the R = 10
resistances were again attached and the E=MC-25 was connected

and tuned to 1S ki.s. The rignt end of the TUP was 2

~ s -
gain rotated
- =2 ~0 s ~
rno mcre than 2207, until a minimunm resgonse was lcund on tne
w - -z - - - - 4. D 3 M| > T jog -
Leo=Z3. eeazurements IIr oA four imnedances, 10, >0, P
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A
4
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v, TeTurn to Paul and Jolliy's experimental conliguratlion
]
(Flgure -1, with the TWP as tnhe receptor clrcult. & low- é
- - - < 1
Sresuency mocel similar to that of the SWP can te obtalined -,
. - ~HT . N . X .
VFloure 3-4),  EYT represents the ElP induced in a half-twist

PV SR P R

¢ the T.P. As mentioned in the Introduction, tne ZLF is a

result of the time rate-of-change ¢f the magnetic flux, Y ,
penestrating the loop. The magnetic flux is produced by the

’ LHT }

zTcr wire current. The mutual inductance , between

“ne —Cererator wire and the lcop can be found by
-]
W

= (3-5) 1
“ - Pl 1
“DC ‘
!
Tnen IV 1z gliven by ]
{

S ’ (7 7

T o= lwdtT Ia (3-9)

How, "unswizt" the TUP (Figure 2-4), If the TVUP consists of
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A 2ven numter ol lccrs, the net K 1s zero. That 1is, V + R
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In oraer to evaluate thics low-Ireguency crrediction of the
crosstalk, an experiment was perfcrmed similar to that of
Paul and Jolly's, only an SWP receptor clrcultl was used instead
of a TWP receptor circuit. Also, the line length was 4.07Lm.
The SUF experimental results are given in Plots 3-2(a2) -
3-2(4). IND CAP

and V

my ~ S £ r
J v e btain or V
The values o ined for out out

as defined
by Eguations 3~2 through analysis ¢f tne low-Ifrequency model
have been added to the plots. Also, a computer program was
written to calculate the voltage transfer ratio for the SWP

via a transmission line model, whilcn does not regulre that the
fregquency be small. The transmission line model assumed perfect
conductors and neglected the dielectric insulation of the wire.
This transmiszion line model is explained in Aprendix A. The
results of the transmission line model are given in Plots

3-2(a) - 3-2(d). As can be seen, the low-frecuency model and
the transmission line mocdel provide adequate precdictions of
the crosstalk to the SWP., Some error is probaply due to the
fact that neither model accounts for lossy conductors. This
is particularly important for the lcw impedance case, R = 10 .
Also, b::ih models assume a homogeneous media. That is, they
“ne presence of the wire insulation.

Although the

cermeadbility of the wires' insulation 1s close toc that of

Irea space, the vermittivity is not. Eoth models assume the
choracteristics of free sgace. Since the relative permittivity

of the insulation provides the only significant error in this

-

lorn, it makes sense “hen wher the capacitive-coupling

contrituticn is deminant, the predictions will be less tnan
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wire can be separated into inductive- and capacitive-coupling
contributions, similar to the three-conductor line case
discussed in Chapter 2, and can likewlse be represented by

a low-frequency circuit (Figure 3-3). Then

IND OR /
Vour T For T B de (g - L)t T (3-2a)
and
3 5
CAP OR _°[R
\ = T+ Z,- : a7
Mout or TR v %1 b Vo (3-29)
-
V. and I, are the dc values of the generator voltage and
Yoe Yo
current
v =, (3-5a)
GDC in
Vin
I. = = - (3"30)
bC LG

liotice that the current socurce attached to the grounded wire

of tne SUP does not affect VoutCAP. The output voltage,
Vv ., of the SUP 1s given by
outvt
IND CAP
v = v sV (3-4)

out out out
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Cap can be written as

Vout .

CAP

ocut Grc (3-11)

Ur,v~v.w T g
: g.,.‘.‘.'. ‘.
. . P
[
i
v

which 1s the same result for capacltive-coupling whicn was A

CAP with the SWP as the receptcr circuit.

tained for V o
obtalin r out T

is the sum of the inductive-coupnling contri-

1
AL‘L

The voltage Vout

bution and the capacitive-courling contribution.

_, IND ,  CAP . -
Vout = Vout * Vout (3-12) .‘

Ty M amn e ame uue e o
‘," [ ‘ R

3
In order to differentiate between the SWP and the TWP -
results, let EZquations J3-4 and 3-12 be written, respectively, 'j
as 1
. oL ND , p
SYP = SUP +  sypth (3-13a)
and
. oLl CA -
P = TwptHD . pypCAP (3-13b) :
@ From the explanation given above, note that 1:
. R
TN, T
syptiP » oupthe (3-1ka)
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Now, tc explain the sensitivity results, note that, for
an even number of half-twists, twisting the wires drops the
total crcsstalk level from the sum of the two SWP coupling
contritutions to the capacitive-coupling contribution only;
the inductive coupling is (ideally) reduced to zero by the
twist. For an odd number oI half-twists, the TWP crosstalk
level 1s that same capacitive-coupling contribution plus the
inductive-coupling contritution due to only one half-twist.

Thus for the case of low-impedance loads, such as 190 and

SIND AP

37 , where SV b)) SWPC , twisting the wires drops the

crosstalk levels significantly. However, since the inductive-

coupling contribsution of one half-twist of the TWP 1is, by the
e s . . ..CAP ..5CAP
above analysis, assumed to bve greater than TP~ 7" (=SuP )

the crosstalx level of the line shows a sensitivity to mincr

3

variations in line twist due to the changing inductive-coupling

I

contridbution. For these low-impedance loads, the low readings
wCAP L. CAP . . e ..
P (=SWP”"™"). The high sensitivity readings

. .n1D
are equal to the sum of TUP™'

are equal to T

, due to one half-twist, and

~rD
Ul

™iP .
¢
- For the case of high-impendance loads, such as K = 300,
‘,
; twisting The wiresz, for an coda or an ewven numbter ci half-
3 - ~
b - . - - - IIID - N - - ’hP .
\ twists, drops Jou‘ 0 such an extent that IuP” is

o

S .. .-
. ma e A D Liid i e CAD 4 " . .
[ sreaver than TUr . Since Tur for thls configuration 1s
.

aprarently not dependent on line twist, the crosstalx level, re

resented by the voltage transfer ratlic, will cnow no censltivity
t

to variaticn in line twiszt. IFor the wery nign-imredzante _cads
h‘ f‘_'_) - -
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the wirss drops the inductive-couplliag contribtuticn, the
. - . , . .. pCAP

crosssalk level remains at that due to SUP . Of ccurse,
in tiis case, there is no senzitivity to line twist.,

Trese concedts of the determination of tne crosstalk
Levelz are given grapnicolly in Figure 3-5. Also, the actuzal

A orimIND . «upCAP .o . - . ~ A

raiges of 3SUP and SUP , calculated using tguatlons j-<,
nave neen added tc Plots 3-1 to give additional clarity to
th2 concezts descrived aovove,

The sensitivity to line twist exrhibited by the low-
impedance loads in the experiments of Paul and Jolly leads

tc & problem in the developnment of a model to rredict the

T

crosstalx levels of TWP's. Since, in a practiczl situation,

()]

act that there 1ls ar even or an odd number of half-twists

jaw

the

= not takern 1nto account when installing a TWP, 1t 1s not

pe

possible to predict the incductive-coupling contribution. It
seems that, fcr the low-impedance loads, the best that could

oe ncped for would be a mocel which could determine upper
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Also, when the case of the single wire generator circult

.
3
i
4

and bpalanced TWP receptcr circuit 1s investigated, the
sensitivity to line twist 1s expected for 211 terminal

impedances.
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CHAPTER IV

THE UNBALANCED TWISTED-PAIR

GENERATOR AND RECEPTOR CIRCUITS

Chapter III described the work of C. R. Paul ard ST

It. B. Jolly where they examined the crosstalk into an un- -
valanced twisted wire pair (TWP) receptor circuit caused by i '#
the excitation of a single wire with ground return generator
circuit. With this configuration, they found that for certain
low impedance loads the crosstalkx level in the TWP was very =
sensitive to slight variations in line twist. This sensitivity
was explained through the concept that inductive coupling is
deverdent on the amount of twist in the line whereas the - 1
cavacitive coupling appeared to be insencsitive to twist because
of the terminal configurations. In this chapter, the configu-
ration which consists of an unbalanced TWP as the generator
circult as well as an unbalanced TWP as the receptor circuit

is examined. It is expected that this configuration will show

a similar sensitivity to variation in the receptor TWP twist.

The experiment which was performed in order to analyze RN

thi

o}

TVWP to TWP crosstalk was 1ldentical to the experiment

conducted by Paul and Jelly [12] as much as possible. TFor

the TWP to TWP experiment (Figure L4~1), the receptor and

'
ko ek e

generator clrcuits were suspended 2 cm above an alumninum

-
el

b ground plane and were separated from each other by 2 cm.

“re wire vositions were held constant through the use of ;T
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styrofoam blocks. All wires were #22 gauge, stranded, so
that the minimum center-to-center separatiocn of the wires
of either generator or recertor TWP was 57.3mnils, The line
length for this experiment was 4.61 m. The generator TWP
contained 95 full twists and the receptor TWP contained 100

full twists.

As was the case for Paul and Jolly's experiment, identi-
cal resistances were used for all loads and the experiment
was conducted for four values of resistance; R =10, 3¢,
502 and 1 k® . However, in this experiment both generator
and receptor circuits were TWP's which were unbalanced with
respect to thelr terminal configurations. A sinusoidal
generator was attached between the two wires of the generator
TWP at the left end of the line and was denoted Vin' One
wire at the left end of the generator circuit was connected
to ground. The right end of the generator circuit was
ungrounded. The right end of the receptor circuit was also
ungrounded and one wire at the left end of the receptor TWP
was connected to ground. The voltage across the left end
termination of the receptor TWP was referred to as Vo

ut’
The voltage transfer ratio was again defined by

V L
vcltage transfer ratio = Vouu (4-1)

in

lleasurements were taken in the Irequency range of

1 K=g to 10O iHs in steps of 1, 1.5, 2, 2.5, 3, 4, 5, 6, 7,
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8, 9, for each decade of frequency. The measurement ecuip-

-

ment and technique was the same as that of Paul and Jolly

as described in Chapter III except that an HP3400A rms
voltmeter was used to measure VOut whenever the signal was
large enough in the frequency range 50 kHz to 1 ifHs. Also,
Vout and Vin were both determined by an HP8LOS5A Vector Volt-

meter for all resistance terminations at frequencies above

1 «He.

The experiment was first performed with both generator
and receptor circults as straight wire pairs (Figure 4-2). .
The SUP's were placed in a horizontal position, so that the

plane containing the four wires was parallel to the ground

plane. The two wires of each SWP were separated only by
their insulation, so their center-to-center separation, a ., oo

was 57.3 mils. Mmeasurements of the voltage transfer ratio

]. J AR
AR .
S, P

were taken over the entire frequency range for all four

values of resistance. The results are given in Flots 4-1(a) -

(d).

o e
. IR e
ek e o  dang L

For sufficilently small frequencies, the crosstalk

Yy

induced 1n the receptor SWP due to excitation of the generator e

SWE can be modeled using the concepts of inductive-coupling

LS VI I )

and capacltive-coupling described previously. TFor this =
SWP to SWP case, the per-unit-length inductance matrix

is

PR L

PRI
e Bnd eomtdh.
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In order tc empnaclze tne concepts exrlalned above,

- oD
' 11t s £ TAanntrinrea L ynlicr Adorine IV 'D Py 3t PV"_"
the resulvs CI Zguatlong &-4+, wnalchn deline SWr and Sw '

nave teen added to Plcis S-z.

was very dlfficult vo find the minimum response for R = 14 .

Subseguently, the experiment was set up again and the minimum

(g

i

(SN
ct

rzsponse was again found. Readings were taken a Was
these minimum readings were better predicted by
the capacliive-coupling floor. However, in order that the
line cte exactly the same as for the maximum readings (except

for the slight variation in line twist) the original minimum

In an effcrt tc evzluate the effectiveness of using a

3

ir

enerator clrcuit, the experimental measurements of this

cnarter nave teen tlcuted agalnst those of Paul and Jolly's
exreriment. The ccmparison of the high readings is given in

Plots =+-3(a) - 4-3(4). Tne low readings are given in Plots

WP emitter were for the most rart lower than those obtalned

rocund return, there was not a

inls lacx ¢l a slgrnificant reducticn in crosstalx is
ITEWALRY ZUrirising.  rrom oan Intultive toint of wview, it
Il oazern Tnat tne use ¢l ths SUP Zsnerator circulit, where
Do TEIWIN LSrarater current travais zleng 3 wire In close

IULTL e tne wlre on wnlen the current was sent, would
rroviliz o ogrsater recuction in inductive-coupling “han wher

- .
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The sensitivity results can be explained in the following
- =

manner. For the low-impedance loads, K = 10 and R = 3Q

J ’
CAP

SWP is greater tnan SW? . When the rescertor and generctizr
< - (o]

wires are twisted, the inductive-coupling contribution is

. LD - : .
dropped to TWP™"~. Thus for an even number of half-twists,

where TW IND | 0, the total crosstalk level is determined

by TUPCA? (=SWPCAP). For an odd number of half-twists, tne
crosstalk level is the sum of TWPIND, which is determined by
one nali-twist of the line only, and TWECAF (=supCAf), so

ir 190 is greater than or equal to TWPCAT(=sup®AT), it

[&]

would be sensible to assume that the high sensitivity reading
were taxen when the TWP consisted of an odd number of half-
twists. The low sensitivity readings would then have been
tazen wnen the TWP consisted of an even number of half-twists,
sc tnat the crosstalk level was determined by the capacitive-

courling floor.

For the case of the high-impedance loads, R = 500 and
R = 1 k2, notice that SwP*?F is greater than SWPT'D, The

cutput voltagze for the SWP is effectively determined by

reiuces ths inductive-coupling contribution to the point where

DU PR b - o+ -~ P 3 3 b ~ < .
it i1z very mucn less than the capacitive-courling contribu-
- - -~ -~ - - REE £ e AN 3 + N SR R
tion Lo thne ocuTiuT voliags of the TWP. Since tne cataclilve-
A

- -

Souziing for thils cenfizuration 1s assumed to te 1nsensitive

for botn of these impedances. Twisting the wires further

i

Ry R

.’L

g o aa

[N PPy S Sy

i

ot boralhiem bt




E B ' E i

. s IND . N . . .
recentor TWP, V_ . 1s egual to zero. .Jor an odd number
- . N - INE . :
oI locps in the recegptor TVWP, Vout 1s egual to the amcunt
of inductive coupling to one half-twist of the line only.

v IND

T
Therefore, 1if out
Typ D,

SWPIND » TwpIND

The capacitive-coupling ccntribution of the

for tne TWP coniiguration 1s written

TWP to

TWP configuration is approximately the same as that for the

SWP to SUP configuration. Since R2 1is grounded, any current
, . CAP CAP

sources attachned to R2 will not affect TUWT (or SUP~"7).

¢ V.. does not affec
(S r

U8 Lz "untwilsted", 1

Al

wricn determine TwWpv®

tnat depencent orn Ca,

* (G N

. .
equzl U

(@]
O

ero, so0 any current source dependent
~nAD A

o ~CAP _ .

TUPY™ (or SUP ). Therefore, if the

is found that the current sources

alternate with eacn half-twist between
. . Sroxin
Since Cgi1gry 1S approximately

e capacltive-coupling contribution to

{
4
o . o
tne crosstaik for the TWP 1s approximately the same as that .
fcr tne SWP (Equation 4-4 b), so ]
Sy
9
®
. ——:’ P * r :v—\C.&‘P ! o :
SUE = P (5-8) ]
.
~ne oulput voliage Ior the receptor TWP is given by ]
_,>'4
IND LT !
= = T + e e T
N - TUF (L-3) _
'.1
-
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4
) o R
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a! occurs in this situation, the experiment was performed in i ,g

the following manner. UWith load resistances of K = 1qQ, the

and was tuned to 15 kHs.

e
R
[
h
.
b

EliC-25 was attached to measure Vout
The right end of the receptor TWP was rotated - no more than ;T“
180°- until a maximum response for Vout was obtained. With
the TWP in the position of this maximum reading, measurements
of the voltage transfer ratio were taken for all four impedance -
values. These measurements constitute the high sensitivity

readings for this configuration. Again, with load resistances

of R =18, the ElC-25 was attached to measure Vout and was -
tuned to 15 kHa. The right end of the receptor TWP was

rotated this time until a minimum response was found. These

low sensitivity readings were taken for all four impedance . ]

values with the TWP in the position of this minimum reading B,

for X = 18 .

The results of the sensitivity experiment are given in

: s
< Plots k-2(a) - 4-2(d). Notice that the crosstalk level S
[

° b
3 .
. measured for the low impedance loads, R = 1Q and R = 30, hﬁ
"\ showed a large sensitivity to variations in line twist. For o
r-' -

. . . ) S

; tne high impedance loads, R = 50Qand R = 1 k& , the line e
h - . ]
. 5 st . < ‘ . - . Y

. srowed virtually nc sensitivity to variations in line twist. R

‘ o . s : e s —
r Tne theory developed by Paul and Jelly as descrlbded in s
=~
I Chapter I1I can be used to explain these sensitivity results.

.
o K
* First examine the inluctive-coupling centributicn. If the .
. - o . : 1
. twizts 0f the generztor WP and tne receptor TUP are assumed -
1 y
3 to pe aligned, then for an even number of half-twlstis inthe ]
. 3
} B
|
- - 7»4
» o e
- - - ; S T )

- ‘ ‘ . ' . - ‘ : . _i‘.
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e, o

effects of CG2R1 and CGoR2" The output voltage, Jout' of -

the SWP is 5

IND CAP .

Vout = Vout * Vout (4-5) -

In order to differentiate the SWP to SWP crosstalk from the S

o R
%Il TWP to TWP crosstalk to be discussed later in this chapter, -
Equation &4-5 is rewritten as . ﬁ

swp = swpiNP . gypCAP (4-6) 1

The results of the low-frequency analysis of the SWP
to SWP configuration as described above have been added to ;_J
Plots 4-1(a) - 4-1(d). Also, the transmission line model

outlined in Appendix A was adapted to calculate the voltage o

transfer ratio of this SWP to SWP configuration and those o
results have been added to Plots 4-1(a) - 4-1(d). Notice S
that for the lower frequencies, the low-frequency medel and »ﬁ
the transmission line model yield virtually the same results. -ﬁ

As the frequency increases, however, the transmission line

model continues to provide adequate predictions of the

experiments results, but the low-freguency model does not. .:;

i

NS

After measurements of the SWP to SUP configuration were )

"y

taken for all four 1impedance values, the TWP to TWP configura- f:f

] tion was constructed. 1In an effort to determine whether the ”ﬁ
! ~ -

sensitivity that Paul and Jolly observed in thelr work also

R R SR RSP S SN \ENE S WO A AT
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The dc voltages and currents of the generator wires

(Figure 4-3) are given by

Vo1 * Vin

VG2 = 0
Vin

I = =

Gl éLG

G2 Gl

Low-freguency circuits can be derived to represent
inductive-ccupling contribution (Figure 4-4(z)) and

citive-coupling contribution (Figure 4-L(b)) in the

circuit. Then

2
0
IND | o . ,
Vout =20k T 2/r J9 (gir1 - 4eer1 T feaxe * Y
and
San Z/s
v CAP - S dh+ 5 .J W C /V
out OR LR GIRL - 'G

dotice that 1In the determinaticn of voutbnp

/
czrz’) £ Ig1

(&-3d)

the
the capza-

receptor

(Lb-4a)

(L-U4b)

, the only ter-

unit-length capacitance value needed 1is CoiRy® Tnis 1is bvecaus=s
(%4 -

the current sources attacned to tne grcunded receptor wire

5 ; - CAP
X2, dc not affect vou*
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;c LGlGl ZGlGZ LGlRl [GlR2

LGZGl [GZGZ lGZRl LGZRZ

U
1]
=
[}
1AV ]
0

- Li1c1 Li1g2 LRir1 {R1r2

A A e e
. « ot

gl Lrac1 {Roc2 Lror2 Lroro2

b and the per-unit-length capacitance matrix is found by
-
L. ¢
1
. C = -]
[ ~ - ’I\,’

(cg161 * Sgiez * Sc1rl * Sg1rz’ -
GlG2
“Ce261 (Cao61 ¥ Cgon2 * Sgozt

1

r

-

S ) e

@ °r1G1 R1G2
\

.‘ —C -
< i R2G1 “rR2c2
;, (4-2Db)
)
—C -
: G1R1 €G1Rr2
(.
(
0 ~Cg2r1 “CG2r2
- (Coymqg ¥ Coony *+ 0 S+t Cornn) ~Co .
. 131" “R1G1 T “R1r1 T °R1Rrz RI1R2
. c c + Cphamns t +Co. o
;- R2R1 (cg261 * CRzg2 * CRzzl © CRiml
@ where v 1s the velocity of propagatl " in the surrounding

(assumed hoiogeneous) medium, i.e., v = 3:(108 m/s.

. - .- L
-
SR L~

N

. . . .
b oo o, . . g T . e o T oL . . - . N R R S
[ SNSRI, R RPN I . G I By U R U T S I S N SR R

AR R
PP T PP ST )

" s e e,

P
v‘ . . .
et laca A




B et Bt S Shui mion g

T "

I N et

M

e
L)

o

-

Lo
Fao
e

et}

76

E =Y

dM1 03INBTHENN 40143334

SONTOU3Y HOIH

o i R
(A)€-1 LOTd
LININDIYS
£ ¢z Ofee¢ 9 s v ¢ ¢z O
\\.\\
\,‘\\
\~\~\
\i\\\
\\.\-\-\ "
.ﬂxﬁ\\ l\,!\ .
\1\&\

X YIdd JYIM
031SIMI Q3INBIHENN
Yottt JdIM 3T9NIS
TYILLIW]

Ce sl as s te I ATt

=
N

A

E
S
s
w
F'S
wn
m
-~
3
s
e
(w]
LR
[er
N
—
tw D
[
a M
i
3
b~ D
lo D
o Z
- Ww
o m
~m
py
L~
D
p o]
b 2y
Lo >
o
ﬁS
o
Fe 3
o D
e O
(= Rt
.
S
~
WE
>
ﬁc:
L
~
La
o
I
O
-

PN WP S W

NP A A,

~

"




o b

T YT YUY

M- i AV e

77 -

(9)C-% 1014

(ZH) 1IN3ND3YJ
Pheat 9 s v : dhegt s s A 2 Ohes ¢
0S =Y
dM1 03IINUIYENN :YD1d43D3Y
SIONIQU3Y HIIH
-
BRI o AU~ R~ .« ot et abhd IROUTREI v W it AT

01

X ccccyidd 3WIM
031SIML O3INBIHENN
V.o Tttt 3HIM 3719NIS
*H3I11IWI

HIV VDI S D W G S Sy

SO0 T ot

,_O't‘”r"' v ,‘.OII,.”—Y— g

[lHY H34SNYHL 3951704

(9GN]

g
.0

Add Bk




I Y

DN ot ot A o v

u. J |.~1.‘ ..1141‘1.\1 1Awludj.,..l Ty L anit e g g Ly g Nt e Sy et 2 — Ty M AR st EheCherd L of ™ X

4 ﬂ . _. .*. -1 T v T ——— e g O s B Y

A . . . : : . . s . o " . o ’
L} i P ) . : i . . Y A ‘ {

CAA AR SR o/ aol stth - aa

(P)YE-1 10Td S

T St B o B R

' (ZH) AJIN3IND3Y4

s LI

: 0001 =Y T SR

i i 1 i i W vDW;L!».-\Nl Y

e~
o
P
P
L
o~
L)
o
o and
L]
]
~
0
n
-
"

Fo

\ dM1 03INBIUENN :YD1d3I3Y " -
SONIOB3Y HIIH . - ﬁ

\\
GCELIIE

€

S
4
0

8,95 ¥
i SNEWL 3991

0T

2
ligy 3

.

~
o

_ X ccccypgd IYIM T
031SIM1 03INYTBANA | o

, Vo ccct 3yIM 3T9NIS Y R
tYILLIWY  f2 C

] . \- » LA § B . 0
RN . . oo e
. ' .
R v A, . .
xR .\ v N L l
PR P L PP R A Y SO IR ) Nt e




o . ..i_.d G -&.._.A..ﬁ.. .... ~ l.“nj_ DL SRR % -.. L g i ey i LEMER SRS e e A
. . P ! R Vo PP . . i " R and
R I N : STy T T .. ..u, o PR ! . i . s ..-.-....n.
Lt B T v AT A ; : ! .
1 . . I
.._ ' 2 i .
3
5
ﬁ.
& k
o
r s
0 r
.
' A
h .

()t~ 101d -

1 (ZH) 1ININO3YA Co A

. Oige ¢ 95 v € 2 Ohsec 9 s v ¢ ¢ Olesc g s v ¢ 2 O} :
b ’ m.U.. ..L
s 1=y ) o
1. ’ o

o
3 —] - &
3 dM1 03INHIHYENN :HO1d3I3Y — " S
. SONIOH3Y MDT - R
- e L
b, b < b
-, } .I”-thu . ;L
— .
1 o ) CRURE
4. & o o
4 ] o — o
. S o
p. < nM. S
v F* m A\\
"- il - .L
l. - on W -

. g
2 - o ¢
o _ .
P .rw
2 G o
¥ ccccylyd WM N e
031SIM1 03INYIWENN |, T

Vo ttU3YIM 3T9NIS [T

tY3LLIWI  |a

o

. . * . R oy . f
. . s . . . -
AR I n h e .- : - : w o
KA L, ) ) . . Y . - [ . v . - tr
B A P A B W S P s ‘s PSSO W | it ol taa e A ki il e LI I A T S Al e A o i PO bt nd e el




Lanl and aws w

L al an

TR T AT

A S A * b 1

Claie ity

R SRS B AR e s ey
o ‘4 9 L ,...A\.Lﬂ IAH... . “ I
(Q)y-% 101d
(ZH) L3IN3NO3Y4
PLest 9 5 °? H ¢ Oysoc¢ 9 s v ¢ 2 Olset 9 s ¥ ¢ ¢ o1

€ =4

dM1 D33JNBIUBNN :HB1d4323Y
SONIQY3IHY MO

80 -

*

v

T 'HIHd dYIM
031SIML 03INUYTIHENN
JHIM 3TINIS
*H3IL1IWG

OIlud B32SNEHL 30HLT0A

7 ,.011 ; ,_Dim”' —r—t L-Oﬁ.r-v—r« r.-o
(OYW;

n
-

..arrvmw

A\l sk o &8
IR T ) LI




B e ai )

-

MR S

81 -

(2)h-% 101d

(ZH) AIJN3NO3Y4
Pheet 9 s v ¢ 2 Obeet 9 s £ 4 0 ¢ s v ¢ : 0

=

0S =Y -

dM1 O3INUIUENN :H01d43J3Y C
SONIOY3IY MO .
<
<
| o
e
T D
Y
Q.
| ">
D
| Z
w
F ™
]
o - o]
mPH
o3
L o
[ =
[ D
+ @

E

X  ccccylyd 3IHIM | ©

031SIML Q3DNYIHENN |

vttt JdIM IT9NIS m

"Y3LLIN |

o

&

® -




ST RS W TR W W T ey

(P)-f LOId

AON3ND3YS

§ a

Ol s ¢ 9

0001 =Y

dM1l 03JINYHIHENN :HOL1d323Y
SONIOY3IY MD1

Ll

X ccocyiyd IYIM
031SIM1 (3INYIHENN
Vo ottt 3yIM JTI9NIS
tY3ILLIWT

B
o
&
\vz
Fw ....
L)
L o v
o
o
-
ed
Lo
E
[ 4
a o .
P e 2l e
- . :
o D e 4
o Soh
o ™M s 4
“ — ., 4
b 3 X
-
o D L
o Z
— iy
com d
L™ B
- .
» g
X L
w .
fe = .L
- > N »
« . .w
fon
Lon B ’
% 3 o
t® » .
[ o B
be . QY . w
o~ ' <,
5 ‘o
oo d
Ny M
.. <
L |
| "
- L
Lo
o oo d
- .
-
© .
T :
(94
[
4
4
-- - .




- 83 -

the generator circuit used was a single wire with ground
return. However, if the low-frequency expressions for SWPIND
are examined, Equation 3-2a, which pertains to a single wire
with ground return generator circuit, yields a nutual
inductance value of im = 1.3 x 1077 H/m. Equation &4-4 a ,

which gives SWPIND

for the SWP generator circuit configura-
tion, yields a mutual inductance of {, = 1.218 x 1077 H/m.

Thus, for the SWP configurations, no significant reduction

in induc*ive-coupling is achieved through use of an SWP

generator circuit instead of a single wire with ground return

generator circuit.

Plots 4-3(a) and 4-3(b), which give a comparison of the
high TWP readings for R = 10 and R= 3Q , show a 10 db
difference in the two configurations. Recall that the nigh
readings for these low-impedance loads are assumed to be due
to the inductive-coupling of only one loop of the receptor
TWP. There is evidence to suggest, however, that the
inductive-coupling of the high readings is very dependent
on the nonuniformity of the twist along the TWP. Although
it was attempted to construct the two exreriments identically,
the nonuniformity of the TWP's could obviously not be repro-
duced. It 1s expected that the 10 dB difference in the two
conligurztions, shown in Plots 4-3(a) and 4-3(b), is due %o
the difference in the nonuniformity of the twist in the two

experiments.,
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When capacitive-ccupling is dominant (R = 5CQ and 5 = 1 k2

in the high readings cf Plots 4-3(c) ana 4-3(d) and for all

e in the low readings of Plots &L-L) a

iz
=

O

values of load impedan
recduction of about 3 d2 in the crosstalk level occurs by using
the TWFP generator circuit instead of a single wire witn ground
return. Recall that wire G2 (see Figure 4-~1) of the generator
TP was grounded. Because wire G2 was much nearer to wire Gl
than the ground plane was to the single zererator wire, nore
electric field lines could terminate on G2 of the TWP con-
fizuraticn than the ground plane of the single wire configura-

ticn. Thus fewer electric field lines would be available to

3

terminate on the wires of the receptor TWP, Thasrefcre tne
mutual capacitance when the generator circuit was a TWP would
ce less than when the generator circuit was a single wire with
sround return. Zguation 3-2b, which pertains to the single
wire witn ground return generator circuit, shows that c51

CAP

is 1.959 oF/m. EZguation L-4b, which gives SWP for the

SWr zenerator circulit, snows a dependence on Ca1R1’ which has
s
3 value of 1.u2 ©f/m. Thus, the simple low-frecuency models

denonstrate a reduction in capacitive-coupling of about & dE

Cverzll, z compariscn of these two specific confl

un

indicates *that no significant reduction in crosstalk 1s zained

oy ucing a TVWP gernerator circuit over a single wire witn ground
return, wnetner inductive- orcapacltive-coupling is cominant.

_neze conclusions, of course, aprzly only to the cross-sectional
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cenfizguration which was investigated. For cther cross-

sectioral configurations, such as the generator &and recepicr
circuits teing closer together, these conclusions may be

As was expected, the unbalanced TWP to untalanced TVWP

configuration snowed large sensitlvity of crosstalx to minor
sariations in line twist when low-impedance loacs were used

tc terminate the line. This was again explainable in terms
of low-freguency models based on the superposition of

inductive- and capacitive-coupling. Also, this supported
the explanations given by Paul and Jolly of the sensitivity
wnich they uncovered. As was the case for the configuration
irnvestigated by Paul and Jolly, for those impedances where
tnls sensitivity is observed, the predciction of the crosstalk
level 1s not possible,

This 1s beczuse it is impossible to

determine or insure either the number of half-twists in a
TWP or the alignment of those half-twists in a practical

In the previous investigaticns, the capacitive-coupling

lcor caused by the unbzlance of the load configurations

prevented the full rezlization of reduction in coupling.

Tnis was nmore evident for tne high~inpedance loads, R = 50Q
anc X = 1 kQ, than fcr tne low-impecance loads, R = 10 and
= 33 . In the mext chadter the effect ¢ balancing the
10ads ¢f tne recestor circuit will be investigated tc determine

wnether this situaticn ig imrroved by removing (or at least

Ty e
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CHAPTER V

CROSSTALK IN THE BALANCED

TWISTED-PAIR

The previous two chapters discussed the crosstalk
in configurations which were unbalanced with respect to
their terminal configurations. It was shown that for
certain low-impedance loads the use of twisted wire pair
(TWP) receptor circuits resulted in a significant reduction
in the crosstalk level of the receptor circuit. Also, for
the low-impedance loads, it was found that the crosstalk
induced in the TWP receptor circuit was very dependent
on minor variations in the line twist. When high-impedance
loads were used in those unbalanced configurations, the
TWP did not provide a significant reduction in crosstalk,
nor did the crosstalk level appear to be influenced by
variations in line twist. This was explained using the
concepts of inductive-coupling and capacitive-coupling.
This chapter will investigate the crosstalk from a single
wirs with ground return generator circuit to a balanced
TWP (and SWP) receptor circuit. For this case, the
valancing of the terminal configurations is believed voe
reduce the capacitive-coupling so that a significant » -
duction in crosstalk should be found feor toth low-impedance
loads and nigh-impedance loads when the TWP r2ceptor circuit

iz used.
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The experiment for the single wire with ground
return generator circuit and balanced TWP receptor
circuit (see Figure 5-1) was constructed like the experi-
ments in Chapter III and Chapter IV as much as possible.
As was the coase in those chapters, the receptor and
generator cilrcuits were suspended 2 cm above an aluminum
ground plane and were separated from each other by 2 cm.
Their positions were held constant with styrofoam blocks
placed along the length of the line. Again, all wires
were #22 gauge, stranded, so the minimum separation of
the wires of tne TWP (SWP) was 57.3 mils. The line length
of this experiment was &.65 m. The receptor TWP contained
80 full twists. Figures 5-2 through 5-5 are photographs Sl

of the actual experiment.

The experiment was performed for four values of load
impedance; 19, 3R, 50¢, and 1 KQ. The generator circuit R
was a singl~ wire above a ground plane return. A sinusoidal
generator was attached at the left end of the line between
the generator wire and the ground. This voltage was
referred to as Vin‘ The receptor circult was a balanced
(with respect to its terminal configurations) TWP. The
right end of the receptor TWP was ungrounded. The left end
of the TWP was balanced by connecting it across the
secondary windings of a center-tapped transformer. The ‘flf

primary windings of the transformer were terminated in one

of the 1impedarices listed above and Vout was measured a~ross
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SIGURE 5-4. VIEW OF THE EXPERIMENT AT X = 0.
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that impedance. The voltage transfer ratio was agailn EREhi
defined by o
Vout =

voltage transfer ratio = T (5-1) N

in -

The voltage transfer ratic was measured for frequencies

L0l

in the range from 10C Hg to 9 liHa. ILleasurements were taken

el ah

at freouencies of 1, 1.5, 2, 2.5, 3, &4, 5, 6, 7, 8, 9 in
each decade c¢f frequency. The equipment listed in Chapters

III and IV was used for this experiment also.

The experiment was first performed for the balanced
SWP receptor circult. The wires of the SWP were horizontal,
so that the plane containing the generator wire and the
wires of the SWP was parallel to the ground plane. The

voltage transfer ratio was measured for all four values of

load impedance and the results are given in Plots 5-1(a) -
. 5-1(d).
e
;ﬁ A low-frequency model to predict the SWP voltage
transfer ratio can be determined by the superposition of
E, an inductive-coupling and a capacitive-coupling contribu-
L. tion. In the low-frequency clrcuit of the SWP receptor
circult (Figure £-€) ar equivalent circuit has been used
: to model thne center-tapped transformer. The derivation
L. 0l tnis equivalent circult is explained in Appendix B.
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transier ratio is related te this circult by
: = 3 V. 5-Z
it < o (J )
where V. 13 tne voltage across tne transformer secondary.
3] N

ne per-unit-lengtn inductance matrix, L, and
tapacitance matrix, ¢, are calculated to determine (.,

anu éGZ’ the per-unit-length mutual inductances between

tne senerator wire and each wire of the SWP, and cGl and
.., tne corresponding mutual capaclitances. L[ue to the
sinmilarity in physical geometry, the inductance and capaci-
tance matrices of this configuration are the same as those
oI tne single wire with ground return generatcr circuit to

untalanced Wi receptor circult configuration investigated

cyoraul and Jolly.

The inductive-coupling and capacitive-coupling contri-

putione to the crosztalk are determined from the low-

O

ejuency 3Wr clircuit (Figure 5-0):
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Vout : -2 VD
-~ "OR Z’“
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are tne DC values of generator voltage and current,
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R = 37 results show a difference of about 20 dB. ;
—
"Tne R = 500 vresults of Plot 5-3(c) show a difference .
cetween high and low readings of as much as 20 dB. When :
tihie receptor TWP was unbalanced, the R = 509 results 4.4
showed virtually no sensitivity to line twist. The -f
A~ = 1 X2 results, given in Plots 5-2(d), still show E
virtually no sensitivity to line twist. L
4
In an effort to demonstrate the effectiveness of 1
valancing the terminal configurations of the receptor |
circuit TWP, the sensitivity results obtained for the _;;
unbalanced TWP receptor have been plotted against those .f;
obtained for the balanced TWP receptor. Plots 5-3(a) -
5-3(d) give a comparison of the high sensitivity readings 4
for the two configurations and Flots 5-4(a) - 5-4(d) give
2 comparison of the low sensitivity readings. The com-
parisons for the low-impedance loads of 1D and 30 given
in Plots 3-3(a), 5-3(b), 5-4(a) and S-4(b) show no ‘
significant reduction in crosstalk by balancing the loads. j
The comparisons of the 500 results, Plots 5-3(c) and sS-4(c),
crcw tnat talancing the loads reduces tne crosstalk level :i
wt Least 20 43 for tne high readings and by as much as o
i Tor tne low readings. Finally, the comparisons of
= . w7 resultsz of Plots 5-3(d) and 5-<(d) show that ]
foinoLia tne terminal configurations of the recertor TUWF
S otre crosctaik level by at least 435 to &0 4dE ozt ozll

! Sl loow sremendous reduction in tne amount of
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ratio was measured for all four impedance values with i'w
the TWP in this minimum position. These measurements "‘jd
constitute the low sensitivity readings. The 12

impedances and the EMC-25 (tuned to 15 kHa) were again

attached. The right end of the TWP was then rotated

(no more than 1800) until a maximum response in Vout
was found. The high sensitivity readings were taken for
all impedance values with the TWP in the position of the

maximum 1Q reading.

The results of the sensitivity experiment are given
in Plots 5-2(a) - 5-2(d). There was no equipment available
to measure the voltage transfer ratio for the R = 1 k@
load impedances (Plot 5-2(d)) between the frequencies of
60 kHs and 300 kHa, so the plot is discontinued in that
frequency range. As was mentioned previously, it was
thought that balancing the terminal configurations of the
TWP receptor circuit would reduce the capacitive-coupling
contribution to the crosstalk. With the reduction of this
capaclitive-coupling, it was expected that the sensitivity
shown only for the low-impedance loads in the unbalanced
TWP configuration would appear for all values of load
impedance for the balanced TWP. The X = 10 and R = 37
results, Plots 5-2(a) and 5-2(b), respectively, show
about the same amount of sensitivity as when the receptor

circuit was an unbalanced TWP. The R = 17 plot shows a

maximum difference in coupling of about 35 dB anrd the

hadh ok b

e - - - o o .
S . T ;Y Ce e et - . . . b . N
P SN [ PGS PR TR R O PPN LI T W S I UL Wy SR G J
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the experimental measurenents show some deviation from this
benavior below 10 kHg , especially when R = 1 k7 (Plot
5-1(d)). The transformer used to balance the left end

of the receptor circuit was a Vari-L LF-428 transformer.
The specificaticns of these transiormers are only valid
cver the 10 khg to 100 ilHa frejuency range. Since the
discrepancy between experimental and prediction results
occurs Iror frequencies less than 10 kHaz , 1t is believed
that the permeability of the core of the transformer is

deteriorating, causing the experimental measurements to

l-0ff at a faster rate below 10 kHz . Since the

".’
],J

sguivalent circuit used to model the transformer (See
Appendix B) in both the low-frequency and transmission line
models assumes the core permeability 1s infinite, neither

odel will predict any effects caused when the core permeabil-

[N

ty departs from this ideal assumption. However, when
this roll-off does not appear in the experimental results,
tne prediction modeis give reasonable results for the cross-

talk.

The SWP receptor circuit was replaced with a TWP receyp-
tor cilrcult and the sensitivity experiment was performed in
tne same way as outlined for the experiments in Chapters III
and IV, The R = 10 loads were connected and the Z.u(C-25 was
attacned tc measure Vout and tuned to 1% swg . Iy rotating

s

the right end of tne receptor TWP (no more than 10

nininmum reading was found in Vout' “ne voltage transier
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crosstalk induced in the receptor circuit.

Thus, balancing the terminal configurations of the
receptor TWP produced a large reductlion in the crosstalk

level when the load impedance was 1 k2 (and a significant,

but somewhat less, reduction when R = 50Q). However, the

kQ

high and low TW? readings for R 1 still showed

virtually no sensitivity to line twist. For this case of

the balanced receptor TWP, a calculation of SWPCAB does

not provide a good prediction for the low TWP sensitivity

readings for any value of load impedance. In fact, for

CAP

the low-impedance loads, SWP falls very much below the

TWP low readings whereas for the high-impedance loads

CAP

SdPp is greater than the TWP low readings. This might

make one suspect that,
TWPLAP

for the balanced receptor TWP,

is sensitive to line twist. There is evidence to sug-

gest that this is the case. Recall that because the second

TWP wire was grounded in the unbalanced TWP configuration,

W CAP . L . . .
TWF avpeared to be 1nsenslitive to changes in line twlst,

CAP

If, for the balanced TWP configuration, TWP is sensitive

~

a3

ot
o

line-twist, the crosstalk level would be difficult

. L WD . . . . e
ts rredict as TP was 1n tne previous conrlguraslong.

o]

Indeed, for the balanced Tu&? recertor circult, botn contri-

butlons tc the crosstalk, inductive-coupling and caracitive-

coupling, nvpear to be sensitive to variatlions

sources (

twizst, zinc2 the caraclitive ccurling current

(3%}

“-7) appear ac diliferencez wlth the result
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determined by the presence of an odd or even number of - i
half twists. Since it is not possible to either deterniie
or contrcl the amount of twist in a practical installatic:, )
prediction of the crosstalk levels dces not seem reaz-run.e, C
The purpose of this chapter was to determine tne .
effectiveness of the valanced TWP receptor circuit. It ‘
was conclusively shown that the balanced TWP produced !
significant reduction in tne crosstalk levels for octn Low ;
and nhigh-impedance loads. This was expected, gualitativel y, f
from the concepts of inductive and capacitive coupling. T ]
Unlike the previous two chapters, however, the results of :
tne TWP sensitivity experiments could not bve predicted ’ ;
—
using the concepts of inductive- and capacltive-coupling, |
although these concepts adequately predicted tne 3IWP results. f
g
1
|

ey

T T
[T YOy S S R ST e ntad e
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CHAPTER VI

PNe Iy

SUMIIARY ANL CCHCLJUSICIS

Whenever transmission lines are used 1n close fV{
proximity to one another, electromagnetic fields will
couple from one wire to another. The primary intent of
this report was to investigate the crosstalk to a balanced
(with respect to the terminal configurations) twisted
wire pair (TWP). Also, the crosstalk from an unbalanced
TWP to an unbalanced TWP was examined. The effectiveness
of the TWP was explained in terms of inductive-coupling
and capacitive-coupling. Fcr example, for the case of the
unoalanced TWP to unbalanced TWP configuration, the TWP's
reduced the inductive-coupling, which was dependent on
the amount of twist in the line, whereas the capacitive-
coupling appeared to be insensitive to line twist and was
not reduced by the twist. Thus, for low-impedance loads,
where inductive-coupling dominated the crosstalk (when the
wires were straight wire pairs (SWP's)), twisting the
wires substantially reduced the crosstalk level. Also, for

the low-lmpedance loads, the crosstalk to the receptor TWP

{ was very sensitive to slight variations in line twist.

o

Tnls sensitivity was also explained using the concept that
inductive-coupling is dependent on the number of half-twists,
{ even or odd, in the receptor TWP but, for this cenfiguration,

ive-coupling 1s insensitive to line twist.

ct
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b7 using a balanced TUWP receptor clrcult -
ativaly, easily exvylalined uzing the concepts
o inductive- and capacitive-coupling. As was expected,

terminal cor..isurations provided a

crosstalk over the unbalanced
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Lsurati r trne nigh-impedance loads, when capacitive-

ccupling was dominant. This was thought to occur because
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balancling the terminations reduced the capacitive-coupling
1S3 5

“loor. However, with the reduction of the capacitive-
1
couznling, tne same sensitivity to varlations in line twist ———

e2rly only exhibited by low-impedance loads for the

4

urnzlanced TWP was expected for all loads. This sensitivity

s not observed For the nigh-impedance loads. Also, it
; wzg no longer possible to provide a good prediction of the -
2 Zow TWF sensitivity results with the capacitive-coupling ;_Qg
‘ Tizeor. Further investigation seems to indicate that for -
: “he bvalanced WP configuration, both inductive-coupling i
E and caracitive-coupling are dependent on tne amount of
3 twist in tne line,
- S _
[ Dorotne WP oconfligurations examined in Chapters I1I,
t w2V, tne crosstalz was computel with tne low-freguency
|
¢ ) suive- and cavzcitlive-coupling nodel and with a trans-

wicuior, Line monel,  DTor cufiilciently low fregquencies,

B o o S

r
1
%
A
f

aderanle nredistions ol the crosstalk.
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high frequencies were not as good as at low frequencies. o

The low-frequency model changes linearly with frequency, _1
so the results of this model can be easily determined
with a small calculator. The transmission line model, y
however, must be calculated by solving simultaneous :“:;

equations for each value of frequency desired, and is .

o

therefore more readily determined through the use of a

e ke

computer program., Thus, for sufficiently small frequencies,

the low-frequency model 1is significantly more efficient,

computationally, than the transmission line model. Also, ) 3

b

the low-frequency model provides a gqualitative analysis of
tne crosstalk through the concepts of inductive- and
capacitive-coupling, and the dominance of one type of -

coupling over the other.

Better models to predict the crosstalk to a TWP,
balanced or unbalanced, are still needed. The sensitivity
that was observed for some load impedances appears to rule ljfi
out the possibility of exact prediction models. One

zlternative could be a model that would provide upper and

P S

lower bvounds on the crosstalk. An attempt was made to

determine an upper bound for the single wire with ground
¢ return generator circuit to unbalanced TWP receptor clrcuilt

for the low-1lmpedance lecads. %y using tne lcow-impedance

'
[ UV S ST S YOty TR

o Ro= 17 and &k = 37, tne nlgh tound could ezzentially
‘ ce detarmined by the 1lrductlve--ounlln: to Sre noll-twizt
b
& sf tne IUF.,  Hepresenting tne UL Dllur o nelli, tone :
b .
[ .
3 .
[ ¢ - P
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wUl2 r'iux penetrating one loop of the TWP can te
Irund by determining the total magnetic rlux, SB'dS,
sver one nalf-twist. Substitution of the proper para-
meters Into thils integral and setting the limits for PR

ntegration over one half-twist ylelds an integral of

In{ 1 + a sin® + b cose ) d6

0
1
4
wnich 1s not possible to integrate in closed form. B
1 Inererore, a computer program was written to calculate
this integral using a Gausslan guadrature routine. The
results of this analysis did not give good predictions of .
the high readings of the low-~impedance lcads. Thic BN
1 . . C o . . . . T
tﬁ] 221313 seemed to indlczate, however, that the nonuniicrnity C
() S
3 oI the twist of the TUF could greatly affect thne high read- =
b
inss, seothat the urper bvound of a predictlon model would ;
9 b
s net simply depend on one nalf-twist ol the TUWF, but would )
. - . .
g depend o tne nonuniiormity of the twiasts. Gbviously, ¢ - f
- -
. model Tnat st oAnow tne nonuniformity In o cne twiast orf ,
Live 15 oaun o ureiul. Fromoa varaLy tneoretliezl view, =2 .
. L . - i
. JLrooocusi me construaotoed L GAVE UNLIOrT LN lon, o TRRU Ui -
|3
g
b LLLTE GnLLyaLo o Ll Jotaoted, LUt Lo £ o :
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n an effort to acnleve optimum system design, it

T TLT T T
~
1
\

2 is lmportant to know when crosstalx will cause a problen

b and how to reduce crosstalk to prevent those problems.

wire palrs reduced crosstalk, and that using balanced

;h In the past, 1t was widely accepted that using twisted
- - TWP's fu-ther reduced rcrosstalk. Both statements are

o true, out the degree to which the crosstalkx is reduced

4

{ has heen shown to be strongly dependent on such parameters
ac trne values of load impedance. At a time when the
2'f'lclency of a system 1s in part determined by weight

and size, an understanding of the manner in which electro-
masgretic coupling occurs, even if it is only through a

vlie low-frequency model like examined in this report,

could help prevent the addition of unnecessary bulk to a

system, It can also serve to provide an optimum system

design from the standpoint of reduction of crosstalk to

- acceptable levels. The results of tnls report should

3

rovide this type of understanding.
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angmlssicn line model used to calculate th
veltage transfer ratic of the SW? configuratlions investi-
at=3d in Chapters III - VI is explalned in this Aprendix.

rellre the specific transmission line model which was

uzed 1s examined, a general (n + 1) conductor line
“lgure A-1) will be reviewed [8]. This line consists

conductors and a ground plane return. Under the

szsumption of TEM mode of propagation on the line, the

and currents of the line can be uniquely defined

So_tazes and

2nd aras represented by n X 1 vectors

- -
v, (x)
L. WJ N
Ve = 2 (o) (4-1a)
ey
— -
IT (x)
Lo = L, (x) (A-10)
oy )
—_ -
I S RESCUE e Ilven T
_, C- BT MLL ot Lewis Do) V- ln
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and e
' -
1
I (x)=-jwcy (x) (A-2b) ‘
S
y - .o is e . . ' 4
V (x) and I (x) signify the differentiation of each |
element of the vectors with respect to x. For example, -
- - hd J
d V1 (x) J<

d x
G \/2 (x) ) ’M—:
Vo{x = L~
(x) - (4-3 1
d \«rn (X)
d x ‘l

The matrices R, L , L and C are of dimension n x n
~ ~C ~CX —~

and contain the per-unit-length parameters of the line.
contains the per-unit-length parameters of self

inductance and mutual inductance. € contalns the per-
unit-length self and rmutual capacitances. The presence

of Rand L 13 due to imperiect conductors. K represents
~ -~ o~ -

@]

ormic resistances of the conductors and L,representc the

internal irnductances of tne conductsrz. This report,

nowever, assumnes perfect conductors s¢ that = and L
et ~

~c

are removed. Therefores, to simplily rotation, L. will
~e X

simply ce referred to asz L. The transmission line

[ I e N WA
ejuatlons tren hecome
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V(<) = -jul I () (A-4a)
I (x) = <jwC V (x) (A-4b)

In deriving a transmission line model to evaluate
the configuration shewn in Figure A-1, it is necessary
to relate the voltages and currents at one end of the
line, 7V (0) and I (0), to the voltages and currents at

the otner end of the line, V (/) and I (/). This can

g

e zccomplished through the use of chaln parameter matrix

<
1

() 2.0 2 O] e
L () Bo (O Fo, (0] Lz (4-5)
L _ L Jd L .

N N

whore E is the 2nx2n chain paraneter matrix of the line,
ne _ine 1s now completely characterized by g. For no

dielectric 1lnsulation and perfect conductors, the n ¥ n

g are siven by (1]
L., = cos (8L) lp (A-0a)
A~ ~ [l
g = —wsin (00 L (A-ob)
= ~
H 4 " \
: = -vzin (94 (A-cc)
A e ~
B _ e o
D T - (A-rd)
~

0
[ Ry PN e e

[ T gy O )
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wners 3 15 the phase constant defined by S
!

no= w/ (4-7)

and v is the velocity of propagation in the surrounding

medium defined by

<

H|
:_‘\|
o™ -

~

e

I

[Q )

N

. .

b Attt Akl

We will assume free space as the medlum so that

Ui

v = 3 X 10° m/s. The radian frequency of excitation 1 =1

Ly h
4

The terminal retworxs of Filgure A-1 can bte repre- ' i
sentei by eliner zencralized Thevenin EZqulvalents B

PR iO - E@ I (0) (4-3%a) T
.

|4
Pamn
[
—
—
:I "
|
N
o
—

() = ‘_*/L t oz

or sereralized Morion Zgulvalents

A

he \ _ T N ) _7‘2\
PO - =y - A{/O iy (0) (a-inay
O T S SO Oy (A-11%)
- —f NS ! pu—
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The wvectors V. and V, represent cpen clrcuit voltages

—J _A

between eacn wire and ground for the aprropriate terminal

nevworx. Similarly, Ijand I, represent the short circuit
currents of the arpropriate circult. 2 and 2z, are the

n X n impedance matrices which characterize these termi-
tions. Similarly EO and‘zl are the n x n admittance
matrices which also characterize the termirations. For
trne configurations investigated in this report, it was
easlest to represent the left end of the line by a
Thevenin =juivalent (Eguation A-9a) and tne right end

0o tnhe line by a Norton Eguivalent (Zguation A-13D).

[,

Thne currents I (0) can ve determined, through

suzstituticon of tne terminal conditions into EZguation

e 14 el
)
g ()E, + g..(L)] I (o)
fadiiViie SRS -~ ,442 —_
T (A-11)
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b e
L
E 0 0 y
B~ 3
R g p
+
v, = 1 (A-21, ]
~/ 0 - ~3
L3 °/R
- -
1 1 ]
0 - = %
LR LR -

The entries

are all =qual to zero.
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Equations A-10b and A-23 yield

B . 7
= = 0 5
mla aéG
v o= | T o= L 0 0 (4-26)
~L =lg 2Lg
1 1
0 0] ZZR -Zéq
1 1
L G 0 —S[R Z:R

ne elements of I, are equal to zero.

otice that the generator wires of this section are
nunmbtered differently than they were in Chapter IV. This
i3 done tc facilitate the use of the computer program which
analyzes tne transmission line model. The numbering of the
wires in Chapter IV is still correct for tne low-frequency

St mcdel descrived there.
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and B
—
1 1
Iy (L) = (Fg) Ty (L) = (F5) Vg, (D) (=232,
-1 1
- Y = — e L Ivd A : W Aeh .
LGE (-—) (ch) Gl ( ) + (cLG) ‘/~42 (L) (“ ARy :
1 1
T Y = (3 v Y - (Z Y / A-Z7c -
Ixp (L) = (Byp) oy (L) - (35) Vg, (L) (a-23c,
1 1
T ! = . { / [ oar L _oaA ;
T, (L) == (3,0 Vo, () + (3,5 Vay (L) (a-224, |
» F
Ziuatlions A-%9z and A-22 yleld 1
I D 0 0 0 x
- _ C J 0 0 . A -
&0 (2-28) -
0 0 30a 0 e
N ) p
4 0 0 0 Oj
—
and
) V‘l
(] o
S E
V.= (A-22)
l -~
» ’ ]
i J
L b
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r livgo = Fnodn (1 v dgygs? ) (A-21e) -
2 4
Yo 4h J
! _ —_ ’ 3 \ _ e
fyzy = 4 4 ( 1+ QG1R12 ) (A-211) ]
2 ]
Yo Ln*
LGlRZ = Ly (o (1 + dGlRZE ) (A-21g)
>
. Yo Ll»h2 *
[ = L : - 2 -21 |
“G2R1 Frodn (1% (dgygp - dgypy)?) (A-21n) i
By Ln? ]
o Gera Tt 4n (1 {dgygp | dgyRp)2) (A-211) -
Y, Ln®
lpipg = 47 70 UL+ (dgiay - dgyppl?) (4-21])

The other elements of L are found by realizing that };is

symmetric and again all wires are identical with radil r.

@]
i

The terminal conditions are found by analyzing Figure ]

-9

B - {

A-)l - F

e |
V.. (0) =1 (A-22a) ]

N

- = (A-22%) |

‘ ) - 1
9

. = -5 Ty () (A=22c) )

\

¢ b
Lo =L (A=224) ;
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The "nba’anced SWP Generator Circuit to Unkalarced

ro

[ €2}

P Recentor Circuit Configuration

The untalanced 3IUWr generator cilrcult to unbalanced

SWP receptor clrcult (Figure 3) described in Chapter IV

A
is examined here. This is a five conductor line, therefore

L, C, ZO and‘zé are 4% x 4 matrices, !O and l[ are vectors

of dimersion 4 x 1.

The per-unit-length inductance matrix 1is

L Loss

e
2
L

o
t—

‘G162 G1R1 G1R2
!
“GzGl LGZGZ LGZRl LG2R2

- (A-20)

R1G1 R1G2 LRlRl LRlRZ

NS
o~

, , ,
“R231 “R2G2 “R2R1 R2R2

Tie elements of L are given by [9]
o 2h
<iiino To=Toemory (A-2la)
22 24 (4-21b)
P S
Fo 2n
“Rizi T T Ty (A-21c)
i(i 2u
' ~ ’ -_— .
“R2R2 T <7 eno Ty (A-214)
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ﬁll and

v.ooo= |o I, = (o0 (A-15) y

Equations A-10b and A-17 yield

o
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Lo

L 2[R 25 \a-2f)
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of Figure A-2.

| S i R SN P SR I e VU PR A,

Ve (0) = 1
VRl (0) = -ZOR IR]_ (0)
Ve, (00 =0
h’ and
b
k 1
g I (L) = (F5) Vg (1)
” 71;‘
} Tgy (L) = (B0 Vg () = (
t
) 1
! fap () = =B e) Vo (L)« @) Vg, (0
[
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By L h

Logy = 27 lal 1+ T2 ) (A-154)
Mo 4 n? \

/‘GRZ = ZTT -éfl.( l + dGR22 / (A‘l5e>
u 4 h2

/ 75 a1+ (d d...)%

“R1R2 = n cr2 - %r1’ ) (A-15F)

L is symmetric and all three wires are identical with

The terminal conditions are found through evaluation

(A-16a)

(A-16b)

(A-16c)

(A-17a)

(A-17v)

(A=17c¢)




!
|

ST

()

e o i A e o e e T
Dl SINGILE WIRE GIZNERATCOR To SInAISHT WIRL
ATICH,

~ rﬂ“!’;I{}:Y:(\"‘\*‘f“
N Ny mremie ey T s e - Ce e
() CRrUSS=-2oU 0 sl VLol

S LD oS Lol




S b M B e -an “atte vt B e RN el biun R d 2t it ¥ Bt da A AN A0 dh e SR ok e Bk i b it "T'-Y'_.'t? o
- - PR AN . . .

T
W
- 131 - ;--'7-';4
A.l The Single Generator Wire to Stralight VWire Pair j
"
(SWP) Receptor Configuration b
..]
4
The SWP configuration described in Chapter III is - JJ
- examined here (Figure A-2). The generator circuit consists )
. of a single wire with ground return. The receptor circuit
- .__". ..l
,'-. is an unbalanced SWP. This is a four conductor line (the "‘—'41
¢ three conductors and ground plane return), therefore L, 1
4 ~s 4
s 1
C, 50 and }’[ are of dimension 3 x 3.

, o
rl The per-unit-length inductance matrix is .
- - -
n.' r , T "]

Loa Lor1 “GR2 ]
L = “RG “R1R1 “R1az (A-14) ]
~ =
t L / ‘ f«“:
R2G RZ2R1 “R2RZ S
; - - —ed
C
b R
g The elements of L for the crcss-sectional configuration R
1 investigated and shown in Figure A-2(b) are given by [8]
) .
| -
— .. <)
& —« 2h ) -
: LGG = <7 -‘/L(rw) (A‘-l-5a) :
b - “
g ¥,  2n =
r‘ {gir1 = 27 “/”(rw) (A-150) —
L ‘ ;‘% 4,/1(%‘17 (ﬁ_ﬂ5cx
) “RZRZ = Tt ATty

[ L -y
N ]
. Y
L
- . *:

b
3 '
: S
b-‘ . B
N -
..... A - ~ o U a3 A 4 ..a
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‘ the per-unit-length matrix L and will determine the

3 terminal conditions 3., ¥Y,, ¥, and I, necessary to use

the transmission line model. Recall that C can be found
~

f) from

. _l -
c = —z .7t (4-13)
3 ~ % -~

and therefore does not need to be given explicitly.
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‘t? APPENDIX 3 :

.'] "

s

: This appendix explains the equivalent circuit used N
o

to model the center-tapped transformer (Figure B-1) in

Chapter V. The transformer consists of three colls

wound on a ferromagnetic, high permeability core (Figure

B-2). A comparison of Figures B-1 and B-2 shows that the - 4

P
a " i
AR
. .
v —

dot convention was used to define the proper polarities

(directions) of the voltages (currents) of the windings.

3
b.
!
b . :
E ) The windings are numbered 0, 1 and 2 and consist of N, s
®
Nl or N2 turns, respectively. ]
! b
- 4
To determine voltage relationships between the primary :
1'. and secondary windings, consider Faraday's law:
3
4
- . Etdl = -adt v (B-1)
h .
-: - o
O
[ For an ideal transformer, the same flu.. links all three -:q
3 -
{ cclls. Therefore, Y
S A
3 -
9 dv - i
= vy ==y dt (2-Zla) A
- -
. vy TTry et SRR :
S = -y
3 .
g d:
b v., =-ii. a4t \o-oC

Y
@
s L

N e o s w0 UL AN SO
> i :
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FIGURE B-2., THE TRANSFORMER WINDINGS.
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MRt e s o aniac: o
i B PR
T P

Lc Equations B-2a and B-2b yileld

V1 ~© NO Yo (B-3a) S0
Lo
and Equations B-2a and B-2c yield O

=Ty v (B-3b) o

The current relationships between the primary and

A,

secondary windings are determined through use of Ampere's ' -
law S
R

§% H o+ dl = ¢ (B-4) S

Notice that the displacement current has been neglected in

1
o

Ampere's law; that is, quasi-statlc conditions are assumed.

LD S sus

T
-
|
A

Integration of Ampere's law around the mean axis of the

- L -
R |
s ey,
. . ot

e St g

Y

taroid yields

H (2 nr) = N

e
: However, H is related to the flux, Y , by %;‘ {
L L
1 ]
{ ) o
2 B = uH (B-6) . ]
s . 1
y_

A
]
Yy = BA (B-7) ]
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Therefore _

=
[
) =
o=
e
t
X

Now, consider that the magnetomotive force is defined

f il

s
* S - .
PSP N LI VPG iy S S

by

CN

P

F= H-dl (2-9)

161 = Mo, (3-11) =

For an ideal transformer, the permeability of the core,

v, is infinite, so the reluctance of the core, 2, is zero.

P

Eqguation B-1ll becomes, for an ideal transformer,

+ N2L2 (B-12a)

PR B R T

0 2 (B-12b)
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The elements of 2 are found in the following manner. N j
A
3 = 1
11 1 _ X
12 = 0 S
h EIQ Y_Q :(Q
0
. [u 2 T
21 < (l/NO) R (5-15a) 3
61
2 = 1
12 2 N ]
Il = 0 ]
b o Yo :
= \NO VO N2 R
Y A N
12~ © -2
NO R (B-15b)
Y2
21 = h
12 = 0
(i ) (ke %)
= NO VO Nl R
S S
Not-‘ R (B-15¢c)
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Y2 1
A = 1 S
22 21 -+ _
1, = 0 .
-2 - To
NO VO N2 R e
2o = [22)*r
NO (B-154d)
Notlce that B1p T B,y E,ls symmetric.

A T network 1s often used to represent the equivalent
circuit found by impedance parameters (see Figure B-5).
If the center-tapped transformer used in Chapter V is
assumed to ve ideally balanced, then Ny = N2. The specific
transformer used had a turns ratio of 1:2. Therefore
No = 1 and Nl = N, = 1. Then the T network of Figure E-5

becomes the equivalent circuit used in Chapter V (Figure

B-6).

Finally, note that the impedance matrix, EJ formed with
the elements defined in Equations 3-15, has a determirant

equal to zero. When the determinant of a matrix is equal

to zero, the matrix is said to be singular and its inverse
does not exist. The inverse of the impedance matrix is

the admittance matrix. Therefore, there is no admittance j ,
matrix that can represent the two-port networx of T

Figure z-4,

A
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