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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-

in4 of the mechanism of crosstalk is essential in desig'--nin-

other airing configurations which will reduce the level of

pickz-up. •"

.............. . .' - m. .
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Several methods of reducing crosstalk have been

developed. 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 @i].

The use of pairs of wires placed in close proximity

rather than a single wire at a large height above a ground 71
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 fields

about the wire. The amount of magnetic coupling into the

receptor circuit is proportional to the area (shaded in

Figure 1-1) between the receptor wire and the ground plane.

This is because the time rate-of-change of the magnetic flux

which penetrates the area between the receptor wire and its

return induces, by Faraday's law, an E,1F or equivalent voltage

source in that circuit. This E-.7F induces voltages across the

loads, ;OR and 23R, at the ends of the circuit. Extend this

concept to the configuration using a straight wire pair (SWP)

as the receptor circuit (Figure 1-2). Now the magnetic

coupling is pro-crtional to the smaller area between the two

wires of the S','i ] LJ.
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A further reduction of the magnetic coupling to the

receptor circuit can be gained by twisting the wires of the

34P, resulting in a twisted wire pair (TMP), (Figure 1-3).

Assume that the loops of the TWP are of equal dimension.

The magnetic field produced by the generator circuit will

cause a magnetic flux to penetrate each loop of the T.P.

Tns magnetic flux will cause EMF's of equal magnitude to be

developed in the loops. However, since wire positions are - --

interchanged with each half twist of the TVP, the currents

inluced by the EF of one loop will cancel the currents induced

by t ,eY of an adjacent loop. Therafore, if there are an

even number of loops, it would seem that the magnetic field

.r...ta.i would be eliminated. For an odd number of loops,

oak due to magnetic field coupling would be aiminished

to :ee:.:tent that it would be proportional to the area of one

of the T.P,'F only 11].

The T " configurati n of Figure 1-3 is referred to as

unba anced with respect to its terminal impedances. By un-

balanced, it i meant that at a carticular end of the line,

one meance which each wire sees to ground is not the same

E... ...e, a a.ar:e .ccn. urati.cn is one in which each

.'yo ce ... :he lmecian.e to ground. It is generally

inn! .... ... the .ermnations of a T. provides a

-nn cror For this reason, it is becoming

.7m . . " t d d'atavi twstd pairs

:,% t ..at :k. are terminated in differential

!I!-an:!innre rz (Figure 1--),



x

x

x <1
< +

+
x x

<
x +
< x

0 c0

uJ 0

400

U-jU

00

0 cr 0



- , - - -. >" -' . - -r-w--.----------- - - ' 4- I "r'r "- " --- --- :-..------- -- .- ,-4.

- 18 -

The transmission line equations can be derived from a

IX section of the line (Figure 2-3). This AX .-ection is

cnaracterized by the per-unit-length parameters of the line:

the self inductances of thr generator and receztor ,ires, i
J ..

and , the mutual inductance between the two wires, tm' he

self cacaoitances of the wires, cG and cR , and their mut, al

ca.acitance, cm 'The transmission line equations, as AX- 0,

are

dv,. (X)
_____ _ - J -iG (X ) - jR .L (X ) (2 -1a )

id WR 1R (K)2

- (>) - j M (x) (2- )

,. - -' w (C-. + Cm) Vo (x) + ~J 'c n VR(K) (2-Ic)j

dx = " , c " (x) - J. (:R + cm) VR (Y) (2-1d)

n o ier :o simplify the representation and maniiulation

-'e transm r line e,-:atiCnS, the T er-un-. enz-th

oe rezresen-ed in matrix form. nhe ... t

. eJ -ei -ed bi

JI

~ ----. - --- - --- - -x.
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CHAPTER Ii

LO.1-FREQUENCY ODEL FOR

THREE-CONDUCTOR LINES

As a preliminary 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 imnortant in explaining the crosstalk of TVIP's. This

low-frequency model was developed during the process of

solving the transmission line equations for the three-

conductor line. The :,nfiguration consists of a generator "

wire, a receptor wire and a third conductor which will be re-

ferred to as the reference conductor (Figure 2-2). The total line

is of length L. A voltage source V is applied between

one end of the generator wire and the reference conductor.

One is then usually interested in determining the voltages

V (0) and VR() induced at the ends of the receptor wire.

The sclution of the transmission line equations (and

neince te ic"l-frequency model) is obtained under certain

assum~ticns. The medium surrounding the conductors is

homcgeneous, linear, isotropic and lossless, and is

c'_racteriLzed by permeability , and permittivity c . Also

the line is uniform and the conductors are perfect.



' tI-L- a~& i_. ,n-_e wlre to arn unbalanced TI, 12I

cer ~ ipie 1ac a,. ac e loads, it was observed that the cross-

ve-ysniie csih variations in line twists.

;,eir osi-aaton for ti Js sens it iviLty will be used in

a. L z een the crosstalk from an unbalanced riWP to an

-elvi-is examined. Firnally, Chapter V will investi-

gae te crosstalv to a T1WJ in which the terminal configura-

toons- are bDaalnced by means of;L a center-tapped transformer

aZ -. 1..c
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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

somehow 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

g of the transmission-line equations, Paul showed that, for

sufficiently small frequencies, the crosstalk can be modeled

by the sum of inductive-coupling and capacitive-coupling

g contributions. The concepts developed in this simple low-

frequency model will be used in later chapters to explain the

U4



The nonuniformity of tne TWP makes it difficult to

calculate per-unit-length inductances and capacitances of the

line, which are essential to the development of a transmission

line model. Perhaps a more important problem with nonuniform

lines is that because these per-unit-length parameters are

functions of the line axis variable (x), the resulting trans-

mission line differential equations are nonconstant coefficient

(e.g., Bessel's equation) and are extremely difficult to solve

[I].

* 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 obtained for a line tilted at an angle 9 with the

orizntal over angles from 0 to 7/.2 A propagation velocity

0 ,, e T.1 is calculated to account for the fact tnat waves

do not travel down the line at the speed of light, but slower

than the speed of light due to the helical twisting of the

line. This propagation velocity is based on the line pitch

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

of the w.'ires of the pair and the speed of light. The per-

e.. canacItance matrtx can then be determined using

S:.nductance matrix and the velocity of propagation

C "  -e  in e '9 .

n a:;rcximatior tc -he solution of a nonuniform line

:* -model t:he LinD as a cascade of uniform sections [1,10]

>:.:siier again t'.,e case of the TP receptor wire (Figure i-3).

0

,. J i . - . . .. . . .' " . . ' .
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Another means of achieving balanced terminal impedances in

TWP circuits is through the use of center-tapped transformers

(Figure 1-5).

The explanation given previously showed how magnetic

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

electric field is also produced by the generator wire and it

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

qualitative insight could be gained into the effectiveness of

TWP's in individual situations. It would be beneficial to have

accurate models for predicting the crosstalk to or from TWP's.

This would enable a designer to determine, quantitatively, the

effectiveness of TP'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 usefulness of

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

close proximity to other wires as well as structural members

such as an aircraft fuselage.

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

that most transmission line models assume a uniform line.

Lines are said to be uniform if cross-sectional views of the

line at every point along the line are identical [ ']. he

6 7.iP resembles a bifilar helix. Consequently, it is not a

uniform line.

["-7
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and the per-unit-length capacitance matrix is defined by

(c G + c M)-c

C (2-2b)

-c 

m

L m

of propagation in the surrounding media is defined by

Vi

c : (2-5)

The entries of C can then be derived from [8

L C 2 24

or,

C 2 L (2-5)

*V

w.ere r s o th t batri e

:,2 (2-)

--

-. o C

K 1 -

C6 2L "
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The solution of the transmission line equations is

obtained through manipulation of the chain parameter matrices

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

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

utilization of the terminal conditions of the line. The

terminal networks are given by Generalized Thevenin Equivalents

VG (0) V - 0G IG (0) (2-7a)

VG (G ) ZLG IG (L) (2-7b)

VR (0) = -OR R (0) (2-7c)

VR ) = LR IR (L) (2-"d)

* Paul's solution of the transmission line equations gives exact,

literal expressions for V (0) and VR(A) [13].
R R

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

line is electrically short and the terminal impedances are

frecuency-iniependent, then as the frequency becomes sufficiently

small, the exact equations for VR(0) and R can be approxi-

mated by

. *
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OR
VR ~U OR + m~L ~(-a

'7

"CR

OR ;LR rj w CM

R OR + LR D C

ZOR ZLR

4-OR + ZLR (i~ G (-

VG an are the z-ero-frequency (DIC) values of the
DCc LAI

generator '.iire voltage and current

DC +~'7 V (2-01a)

G OC G 4 - L (-b

G C OG GVs (-b

Thi~ is called the low-frequency model because of the

* criteria that the line is electrically short and that

freqcenc' is sufficiently small.

xice t-hat the e-uatiorns for the receptor voltag-es

4are secar-atei, into two uartZ - one dependent on mand the

otrher on c,. The part. of thie receptor voltage dependent on

~.re or-u -~n2;,mutual inductance betw.-een the two

* c~cu~t, .~ I: encrllytermed th inductive-coupling -

c cr2).t andr thre cart dece.ndent on the -oer-unit-ler. -Ut>
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mutual capacitance between the two circuits, cm , is the

capacitive-coupling contribution. Thus, the equation for

VR (0), for example,can be written

VR (0) = VR (0) IND + VR (0)CAP (2-10)

where

VR (0 )IND ZOR + Z!R (j i)mL) G (2-11a)
R OR+ R IGDC

(0 CAP -OR z R
VR (0) OR + ZZR (j WcmL) VG (2-11b)

Equation 2-10 (and a similar equation for VR(L))could also

be derived from a luw-frequency 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

sources.

The possibility that the contribution from one type

of coupling - inductive or capacitive - might be dominant

over the contribution from the other type of coupling in

the determination of the receptor voltages is evident in

Ecuations (2-10) and (2-11). For "low-impedance" loads

the inductive-coupling dominates the capacitive-coupling,

contribution and for "high-impedance" loads the capacitive-

coupling is dominant. An understanding of what is meant

. .- - - - - - - - - - --..-..- . • .
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by "low-impedance" or "hign-impedance" loads can be

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

inductive-coupling contribution is dominant in VR(O) when

R~

>> C m  9 L zL (2-12)i

This can also be expressed as

ScR

where c (Z) is generally referred to as the character-
oG R

istic impecance of the generator (receptor) in the presence

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

the inductive-coupling contribution in VR (L) is dominant

w n en

L)cm OR U (2-14)rr m gOR ZLG -.

or

(_cI') (CR)2

"a \°oK 1p/ (2-15)--,

:Ius, Z .en the above inequalities hold, the configurazion

is s.id to have low-iimuedance" loads. Capacitive-coupling

I°
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is dominant when the above inequalities are reversed.

The dominance of one type of coupling over the other can

be illustrated graphically (Figure 2-5).

The concept of separating crosstalk into inductive-

coutling and capacitive-coupling contributions for

sufficiently small frequencies as developed for the

simple three-conductor line configuration will be applied

to the twisted wire pairs investigated later in the paper.

As will become evident, this concept is very important in

understanding the mechanism of coupling in T*.IP's. Also,

this separation of the crosstalk allows the simple illustra-

tion and calculation of certain crosstalk results for TIVP's.

S

S
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CHAPTER I7T

CROSSTALK IN THE UNBALANCED

TWISTED-PAIR CONFIGURATION

The use of twisted wire pairs to reduce crosstalk was

described in the Introduction. The purpose of this chapter

is to review the wo'-ks of C. R. Paul and 11. B. Jolly [],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 J

on the coupling investigations of this report. Their .ocrk

showed that, for certain loads, the crosstalk level of the

T\'P shcwed 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 T.1? line

configurations investigated for this report. The application

of the theory developed by Paul and Jolly to other TJP con-

figurations will be examined.

The experiment perfzrmed by Paul and Jolly is outlined

teio.'. (see Figure -1). The generator wire and the T'P were

su'sende 2 cm above a 1/8 inch thick aluminum ground plane

• e''re sezarated from each other by 2 cm. The oositions of

the generator wire and the TP were supported above the
<lund plane ty styrofoam blocks placed along the line. The

line length ;.,as 4.705 m. All wires were fi22 gauge, stranded,

.1t-. co-Yvny' -lo-ie insulaticn approximate 'l mils thic.
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.e {:.O ir:2 2e:ter- to - center separation between the wires

_: a- 37.7 mil. The T'1: contained apcroximateiy

t.,, o, wnooic corresoods to a pitch of about 7

generator was connected at the left end

, : :_:' v~een the generator wire and the ground plane.

: ade was referred to as V. Identicalin'

... vaes were used for all loads. It was not recuired

i eioarnces to be equal, but they were chosen equal

t he analysis of the rosults. During the course

:e e ee four resistances were used to terminate both

_?and 1 k2). "he WP was unbalanced

t oermi-ai configurations. The right end

.ngruneo and one wire at the left end of the

- to Ground. The voltage across the left end

7--' was measured and was referred to as

- :. -.; go~ transfer ratio was then defined by

V
out

V.in

. - .- t o.£::"r ratio was determinea for frecue.--,-;s-
.. ..... c: caae of this fre ---enc

ta,.:e!t i:. stets of 1, 1.3, 2, .3,

, , , , ,-. . . . .... to >-7 Cou r V i b .;' 1," , ' ~ ' . . '131

'.. i . .. . .' . 1 : ... .,. . ..,. , 3 r , ''G .. ...*,

- C --- - -
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analyzer was used. Fcr R I k2, a Hewlett-PacKara HP >4CCA

rms voltmeter was used to measure Vou at all frecuencies.

An HP 3400A rms voltmeter was also used to monitor V. for

all frequencies and termination resistances.

The sensitivity experiment proceeded in the following

manner. With load resistances of R = 1 P, the E,,iC-2f was

connected to measure V and was tuned to a frequency of

15 kHE. The right end of the TWP was rotated, no more than

1500, until the maximum reading on the Eli'C-25 was found.

V.,ith the T-JP fixed at the position of the maximum reading,

measurement of the voltage transfer ratio over the entire

frequency range was obtained. Then, without disturbing the

line, the R = 1P resistances were removed and replaced with

3 2 resistances and measurements were again taken over the

entire frequency range. The R = 502 and R = i k2 measurements

were taken for the TWP in the position for the maximum reading

obtained for R = 1 2 It is important to emphasize that the

readings for the four different resistance values were obtained

without disturbing the T.JP from its position of the maximum -

reading for R = I 2 and f = 15 Kh-'! These measurements

ocnsttute the high sensitivity readings.

ic ottain the low sensitiv;ity, readings, the R = 12

resistances were again attached and the £,1C-25 was connected

a.i: tuned to 15 i :. e right end of the 74.T' , was aan' , -, rotate,

no mcre than .. , un tilamnimum response ;as ound on tile

• .e.. a "'-r all four imne-ances, 12
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wk, were taken itnou: 3,1u"' -,. ,,, - from the

oooltlon of tne mini.um read_ .

Pcts --i-ai)r e ;ne e.:oeru' results.

?tn- %i, _.--ot n- i), .vere t. = -, ue difference in
.- oitage trans'er ratio ee.een the rea s and the -1

% re ad.s was s _ _u as . ihat is, a sliht vari-

:ion in the line t.'ist - no more than. 110 - changea the

c a .1: evel ind_u.. cd nthe T'.IP by as much as 35 d1'. The

rezt: for R are ziven in Plot 3-i(b). For this case,

, es I otivit y of the line to twist was reduced to a 20 dB

:iL:er :oe. Plots -l(c, and 3-1(d) sive the results for

. .- and R = 1 k- , respectively, and show virtually no

.. . -' to twist.

. - . . .. . . for trne e sensiltivity

.,oor circuit be reD-aced by a pair

a a'uel wires, the straight wire pair or Z".'?, with

t monal configurations remaining the same (. u 3-2)

.j.u-e that the plare ocntaon.,n the two wores of the SIP is

to tue rn - ,-, oone so that both wires are cm

z ... .. . n- ore " ..... t. e -ine. i e th-,e ? P,

- n t I," -' uC.e z,.oe

a -4 c- can

. . . . .. ". . . ... o ' - r,
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.en: t:oe crcota k cue to electric 7 ld

.. l . can "3 represent ed by current sources

.. .-z ie case O r e SA, curre sources

t + .ire ',,nich< iz zied :o g round ,.,i lnot contri-

t e . is... .... u tw ted" , i can be seen

. . Y-w:7 Ccurces, -1 and , tied to the upoer

._v ; , •,n Ce aue z the origin al twist. These current

a.r .el-tec to the per-uni:-enth capacitances of

-- 7C

L .- -- k "

- "'- C . -

, °,

.,ner ... is the length of a half-twist of the line, Hc,.wever,

zi-e C- A C., it follows that I!  WL I HT Then for this

vmfL braicn, regardless of whether there is an even or an

e n-T.xmcr of walf-twvists,

CC, -.-

-- -. .. .. - -,'

p.

-<,: .:<; [ i
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CAPVout ZOR ZtR
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IND CAP
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-.e e:e. rmentai results. This can be seen &n 1ot ;-2(d)

z:.e i £ r e SuI ts.

.2v:, .... to Pau annd -oiv'l s exneri-n.'enal_ configuration

, e ), with the ,P as the receptor circuit. A low-

-. model similar to that of the S;P can be obtained

, r ), represents the 7-FL, induced in a ha t s st

of the ,P. As mentioned in the introduction, the EI is a
res._ of the time rate-of-change of the magnetic flux, 'T

p --.o-aing the loop. The magnetic flux is produced by the

,.enera r -..,'ire current. The mutual inductance, T between

_ enerator wire and the loo.- can be found by

7 (3-5)
DC

<-G

T:-e. -" sgoiven by _..

z-: G " c (3-6) ..

:ch, untvi.t te .; (figure -). If the T'.,7P consists of

-n e r o fI cn So s, the net - - is e-o That is, .-u "D

IND
..r an c dd number of -alf-twIsts, is

out

- ,_ _ ;..(s-?)

b I



.LL - -

zz

LUCZ
0j

LU Ua

U, U,

- - . :1



-43 -

10

u

Z J II

z z

LL&J

.06

I-J 

cc cr l

z x

LU 1.

-\ \

z
Xc

3.4n

a_~



a-
(A

'51 LLJ

E Lu

LU m

~LLJ

ui

U.

.LJ

-J z

0- -77

a--c

'o--

('JUW) CIIbW W3JSNUWI 301OlA



4'-

ui 0

Li

xz

S i -

Lr'J

Iu
x LLL N

4E-4
* 0

z

a--n

z
Ici, -4

cn I-



040
-40-

in order to evaluate this lo%.-freouency rred-ction of the

crosstalk, an experiment was performed similar to that of

Paul and Jolly's, only an SW? receptor circuit '.-as used instead

of a TWP receptor circuit. Also, the line length was 4 .b7Tr:.

The S .F experimental results are given in Plots 3-2(a) -

3- (d). The values obtained for V o I and V our as defined
out out

by Equations 3-2 through analysis of the low-frequency 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, which does not require that the

frequency be small. The transmission line model assumed perfect

conductors and neglected the dielectric insulation of the ire.

This transmission line model is explained in Aaaendix 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 model provide adequate predictions of -

the crosstalk to the SW?. Some error is probably due to the

fact that neither model accounts for lossy conductors. This

is particularly important for the low impedance case, R = 1 2

Also, b-:h models assume a homogeneous media. That is, they

neglect the presence of the wire insulation. Although the
permea.tv of the wires' insulation is close to that of

free space, the zermittivity is not. Eoth models assume the

characteristics of free space. Since the relative permittivity

of the insulation provides the only significant error in this

assumption, it makes sense then when the capacitive-coupling

cis dominant, the predictions will be less tnan

0
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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 likewise be represented by

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

IND OR
Vout - ZOR + LR J Gl -G 2 ) L I (3-2a)GDC

and

CAP OR LR
out OOR + LR Gj I VG (G-2b)

VGD and I- are the dc values of the generator voltage and
CD

current:

SVin (3-3a)
G DC i

V.
1 - in(3-3b)

"~ ~~ D CA Th utu, votg

:;ot ice that the current source attached to the grounded wire

of the S'P does not affect Vout .The output voltage,

* Vout , of the S.:P is given by

IND CAP
V =V + Vout out out

., .- . . . . .-*. -- , ,

m1
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VuCAP can be written as
out

CAP OR ZLRCAP O
V out = OR + giR J CGI V(1

V~ ~ouDC (3-11)

which is the same result for capacitive-coupling ',ihich was
CAP . -

obcained for V C with the SWP as the receptor circuit.

The voltage Vou t is the sum of the inductive-coupling contri-

bution and the capacitive-coupling contribution.

* Vout V out IND Vout CAP (3-12)

In order to differentiate between the Sw'P and the TPiP

results, let Equations 3)-4 and 3-12 be written, respectively,

as

S',P S'. P I ND + S V CAP  (3-13a)

and

... . IND "AP

TP T,,P + TWPCA? ('-Jb)

* From the exrlanation given above, note that

T INDr " -

* and

S;.;pC P T'.''PC K =- 4b )

0q

,~...: . .. ......... ... .. . ... . ,..,., . ... ,..- ... .:;.:
-.-, ._ :i -: -"--.':- :. ." . .- :< ": :-..' " : . - . . ,. -,. . -" "- . '. - . . . - - . - .-,' . .
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No., to explain the sensitivity results, note that, for

an even number of half-twists, twisting the wires drops the

total crcssta'l level from the sun of the two S'JP coupling

contribution.s to the capacitive-coupling contribution only;

the inductive coupling is (ideally) reduced to zero by the

twist. For an odd number of half-twists, the TWP crosstalk

vel is that same capacitive-coupling contribution plus the

nuctive-coupling contribution due to only one half-twist.

Thus for the case of low-impedance loads, such as 10 and

T HD CAP3 2 , where SV.PIN D ) SVP A , twisting the wires drops the

crosstalk levels significantly. However, since the inductive-

coupling contribution of one half-twist of the TWP is, by the
TwpCAP = wCAP

above analysis, assumed to be greater than T(. ), PPP

the crosstalk level of the line shows a sensitivity to minor

variations in line twist due to the changing inauctive-coupling

co, ibution. For these low-impedance loads, the low readings
are eua! t T:': C A-) ~ n...

(.are equal to T'*P The high sensitivity readings

are equal to the sum of TPm due to one half-twist, and

For the case of high-imoendance loads, such as R 402

t,;isting ne wires, for an oda or an even number of half--wi - ID 'AP is '

tUists, drops o TND to such an extent that

.-reater than S.P! N. Since T:'.pA P for rhis c'ofir

a-"arentlv no, dependent onn . s;, the crosstalk level, re -.... e .. o _ L d r: o i e ..

rsenced by the voltage transf er r7 _tic , ,......'.; c o- t- , ty

t? -a _o'a;con i' line twist. r , r::-e .

. ~ ~ - hI. , S..?~n "".. is 6-reatcr tr 1. E. ... , -- i :tu:: ~- .. -:.. ;
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the ..,ires drops the in.ductive-coupling constitution, tho

CAP
crosstalk level remains 7t that due to 'STP Cf course,

i'. >:z case, there is no sensitivity to line twlst.

I::ese concepts of the determination of te crosstalk

are given gra'hical inFiure 3-5. Also, the actual

', -a - f Scf P and S.P" calculated using Equations %-2,

,.ae been added to Picts 3-1 to give additional clarity to

the co:ncer ts described above.

The sensitivity to line twist exhibited by the low-

~moeance loads in the experiments of Paul and Jolly leads

tc a oroblem in the development of a model to predict the

crosstal< levels of TP's. Since, in a practical situation,

the fact that there is an even or an odd number of half-twists

is not taken into account %*;hen installing a TVJP, it is not

zpossible to rreaict the inductive-coupling contribution. It

seems that, for the !ow-i:pcedance loads, the best that could 7

be hoped for would be a model which could determine upper

bounds on 7'.D crossta.c levels.

The theory develored c,; Paul and Jolly to explain the

e v-ty found in their recector circit experiment 'will

* ce aoiled iater in t.is 'e-ci ,r-n ot;er ..,, configurations

are o/E;stoated. - e-ic -- I- the senstivitv to varatio.ns

nie ,. ist for lov:-:.oearoe loa,- is a-air ccsefved for

-the case ;.he -. receot-r all generator c ruts are .P's.

""1
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Also, when the case of the singl-e wire ;enerator c-;rou--t

and balanced TV.'P receptocr circuit is investui:-ared, e

sensitivity to line twist is expected for all terr'inal

impedances.

-7
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CHAPTER IV

THE UNBALANCED TUISTED-PAIR

GENERATOR AND RECEPTOR CI"CUITS

Chapter III described the work of C. R. Paul and

h. B. Jolly where they examined the crosstalk into an un-

balanced twisted wire pair (TWP) receptor circuit caused by

the excitation of a single wire with ground return generator

circuit. With this configuration, they found that for certain

low imnedance loads the crosstalk level in the TWP was very

sensitive to slight variations in line twist. This sensitivity

was explained through the concept that inductive coupling is

de-endent on the amount of twist in the line whereas the

- canacitive coupling appeared to be insensitive to twist because

of the terminal configurations. In this chapter, the configu-

ration which consists of an unbalanced TWP as the generator

circuit as well as an unbalanced TWP as the receptor circuit

is examined. It is expected that this config-uration will show

a similar sensitivity to variation in the receptor TWP twist.

:he exoeriment which was performed in order to analyze

this TUP to TUB crosstalk was identical to the experiment

conducted by Paul and Jolly [12] as much as possible. For

She ".P to TUP experiment (Figure 4-l), the receptor and

zenerator circuits were suspended 2 cm above an aluminum

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

Twe .'ire nositions were held constant through the use of
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styrofoam blocks. All waires were 'e2 gauge, stranded, so

that the minimum center-to-center separation of the wires

of either generator or receptor TVjP was 57.3 rils. 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 = 1Q , 3P

50 2 and 1 k • However, in this experiment both generator

and receptor circuits were TWP's which were unbalanced with

respect to their 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 V. Onein*
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

ternination of the receptor TWP was referred to as Vout"

The voltage transfer ratio was again defined by

V.vol'tage transfer ratio =2u (4-1
in

I.easuremerts were taken in the frequency range of IL rkH to i00 -.h in steps of 1, 1.5, 2, 2.5, 3, L, 5, 6, 7,

.I
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8, 9, for each decade of frequency. The measurement ecuiD-

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 hiHi. Also,

Vou t and Vin were both determined by an HP8405A Vector Volt-

meter for all resistance terminations at frequencies above
1 [1i-{ .

The experiment was first performed with both generator

and receptor circuits as straight wire pairs (Figure 4-2)....

The SP'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, & ,

was 57.3 mils. ivieasurements of the voltage transfer ratio

were taken over the entire frequency range for all four

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

For sufficiently small frequencies, the crosstalk

induced in the receptor SWP due to excitation of the generator

'-P can be modeled using the concepts of inductive-coupling

and capacitive-coupling described previously. For this

SW? to SV.'P case, the per-unit-length inductance matrix

is

. . . .. ° .
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In. orfier to em:rnaoo--ze the conceots exrl-ained above,

the results of Ecua tions 4-4, wh'ich, iefine S~ r and S,.,

nave Leer. added to Plots -,- .I hol e noted th.at it

was very difficult to find the minimum response- for R = i-C

Subsequent ly, the experiment was set up a-air. and the mlnimum

rc-on; ao agnon- foun~d. Readings were takr-en and it was

:cund that these minimum readings were better predicted by

the c armo i tive- ccu~lin- floor. However, in order that the

line ce exactly the same as for the maximum readings (except

for the slight variation in line twist) the original minimum

reading,-s are tihe ones nclctted.

oan effo'-rt to evaluate the effectiveness of using a

~.,- enerator- circuit, the experimental measurements of this

chatc-er n-avre bCeen plott ed against those of Paul and Jolly's

exorinnt.The ccon-aroson of the hig~h readings is given in

.Plots '-3(a) - -d. The low readings are cg ven in Plots

--4(a)-4-4d). Atiiougn the results obtained using a

emnitt-er were fo-r the most -art lower than Ltose obtained

Sa single wire it grounzd return, there was not a

~nican' reduct-on in crocsstalk.M

-i-s lad-: c-f a sniiatredu ,ction in crosstalk is

:3.C Zusror zSon . Frc nntuocov zocnt of vie, it

- 2-3n oo. tn ue of t ho Pi :znerator c-rcui, here

-ac a .-iire in c101s e

toth'. ile- o n wich. t he cu- r re nt was sent, would

arae reauctooIn in Lncu-cto-o-ouolIin2- than he
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The sensitivity results can be explained in the following

manner. For the low-impedance loads, R = 12 and R = 32

IND C~PAP
SWPIND is greater tnan SP .When the receptor and generator

wires are twisted, the inductive-coupling contribution is
T I.

dropped to PP . Thus for an even number of half-twists,

%whnere IND = 0, the total crosstalk level is determined

CA1Pby T.iP (=SvP C  ). For an odd number of half-twists, the

IND
crosstalk level is the sum of TWP I , which is determined by

one haif-t'.ist of the line only, and TJpCAP (=S'jp CAP). So

if T.P:IND is greater than or equal to TWPCAP (=swpCAP), it

would be sensible to assume that the high sensitivity readings

were taken when the TWP consisted of an odd number of half-

twiots. The low sensitivity readings would then have been

taken when the TP consisted of an even number of half-twists,

so that the crosstalk level was determined by the capacitive-

coupling floor.

For the case of the high-impedance loads, R = 502 and

R-i k. , notice that SWPCAP is greater than SWPIND The

output voltage for the S'P is effectively determined by

~CAPS.r for both of these impedances. Twisting the wires further

re!u:ez the inductive-couping contribution to the point where

it i ..ery un less than the caoacitive-cou-1ing contribu-

tLan to tne cutput voltage of the TIP. Since the cai-acitive-

z.zlin.g for this ccnfiuration is assumed to be insensitive

one amnount of ,tist in the line, these high-impedance

. -ina a:n:'.' no sensitivity to line ,ist.



-72-

receotor TJP, Vo is equal to zero. -or an odd number J

of loos in the receptcr TWP, Vout is equal to the ancunt

of inductive coupling to one half-twist of the line on!-.

Therefore, if V for the TWP configuration is written

Tw:piND. 
-

PIPT 1 D
SwpIND >) TWP!ND (""- 7 ) .

The caracitive-coupling contribution of the TIP to

TWJP configuration is approximately the same as that for the

SWP to SWP configuration. Since R2 is grounded, any current

CAP CAPsources attached to R2 will not affect T'1 (or S P .

Also, V,* is equal to zero, so any current source deoer~dent
jCjP

does not affect T.A (or Sp- P). Therefore, if the

unt.:isted , it is found that the current sources

which determine TU.VP 7 alternate with each half-twist between

that deoe:'.dent on cGIRi and cG1R2 Since cGIRi is approximately

ec,_ial to cGlR2, then the capacitive-coupling contribution to

t..e Crostalk for the TU'" is approximately the same as that

fcr the Sv;? (Equation 4-4 b), so

-. :." ' CAP

o' Iut: ,oltage for tee rece-tor .. is given by

T 'L.&
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occurs in this situation, the experiment was performed in

the following manner. With load resistances of R = 10 , the

E,iC- 2 5 was attached to measure Vout and was tuned to 15 kHi.

The right end of the receptor TWP was rotated - no more than

1800 - until a maximum response for V was obtained. Withoutw

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 1 P , the E-C-25 was attached to measure Vout and was

tuned to 15 k1s. 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 TVJP in the position of this minimum reading

for R 1

The results of the sensitivity experiment are given in

Plots 4-2(a) - 4-2(d). Notice that the crosstalk level

measured for the low impedance loads, R I 1Q and R 32,

showed a large sensitivity to variations in line twist. For

the high impedance loads, R : 500 and R 1 k2 , the line

shovwed virtually no sensitivity to variations in line twist.

The theory develoDed by Paul and jolly as described in

Chaoer !I can be used to explain these sensitivity results.

:irst examine the u nuctive-couplin- ccntribution. f the
ts. sf the ge r.erator -IP and the recentor 7',.iP are assumed

to e aligned, then for an even number o: ha - s n the

..- .* .-
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effects of CG2Rl and CG2R2. The output voltage, Vou t ' of

the SW'JP is

IND CAP
Vout = Vou t  + Vout (4-5)

In order to differentiate the SWP to SWP crosstalk from the

TWP to TWP crosstalk to be discussed later in this chapter,

Equation 4-5 is rewritten as

_ SWP : SWPIND + SWPCAP (4-6)

The results of the low-frequency analysis of the SWP

to SWP configuration as described above have been added to

Plots 4 -l(a) - 4-1(d). Also, the transmission line model

outlined in Appendix A was adapted to calculate the voltage

transfer ratio of this SWP to SWP configuration and those

results have been added to Plots 4-1(a) - 4-1(d). Notice

that for the lower frequencies, the low-frequency model and

the transmission line model yield virtually the same results.

.-. As the frequency increases, however, the transmission line

V model continues to provide adequate predictions of the
experiments results, but the low-frequency model does not.

After measurements of the SWvP to S'jP configuration were

- taken for all four impedance values, the TW.1P to TP configura-

* tion was constructed. in an effort to determine whether the

sensitivity that Paul and Jolly observed in their work also

0W
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Th e d c voltages and currents of the generator ."ires

(Figure 4-3) are given by

VG1  V in

VG2 =0 (--3b)

V.IG in (4-3c)

SIG -I (4-3d)
G2 G1

Low-frequency circuits can be derived to represent the

inductive-coupling contribution (Figure 4 -4 (a)) and the capa-

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

circuit. Then

OR
I IND - I ..out OR MLR (LGIRl -G2RI - 1R2 + 1 G2R2 ) L IG1 (- 4 a)

* and

AP..CAP
'Notice that in the deter-inaticn outthe only; 7er-'out

unit-length capacitance value needed is cIR Iiiis is because

the current sources attached to the grounded receptor vire,
CAP V 2 • • - _-. .°

R2, do not affect VoCA and because V = 0, elimina n the,out G2

I'
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L'lO2. AJIG2 'GIRI LGlR2

2G1 G2G2 'G 2 R1 0,2R2

L (4-2a)

'-R 1G1 'R1G 2  LRlRl LR1R2

'2G1 'L2G2 LR2R2 1R2R2

and the per-unit-length capacitance matrix is LCound by

0C

-~ 2 L
V

(C G 1 G 1 + C GlG2 + C G1R1 + C GR2) -C 0 2

(c0(c + C 2 2 +C +c C22

C2G G1G Cl 2 r2 GR- GF

- C R 2 G 1 C R 2 G 2

(4-2b)

G1R1 GlR2

-C G2RI -C G 22

*(c R i + C +Ri1- C R1R. + RR2) CR.R2

(cR2(c + CR 0 + CRl + C~i

0where v is tiie veloity-4 0, prooaa n n tlie surrowmdinc-

(assumed ho:~~ceneous) medium, i.e.,v= xl rns

(a s md0,^c;I-X0 M S
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7the generator circuit used was a single wire with ground
return. However, if the low-frequency expressions for WPD

are examined, Equation 3-2a, which pertains to a single wire

with ground return generator circuit, yields a mutual

inductance value of 1.3 x 10- H/rn. Equation 4-4 aI1.1which gives S'P for the SWP generator circuit configura-

tion, yields a mutual inductance of m = 1.218 x 10-9 H/m.

Thus, for the SWP configurations, no significant reduction

in inductive-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 : 2 and R= 3Q , show a 10 dB

difference in the two configurations. Recall that the high

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 experiments identically,

the nonunifornity of the TWP's could obviously not be repro-

duced. It is exDected that the 10 dB difference in the tvo

configurations, shown in Plots 4 -3(a) and 4-3(b), is due to

the difference in the nonuniformity of the twist in the two

experiments.
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wThen capacitive-couplin., is dominant (R = f0 2 and R = 1 k]

in the high readings of Plots 4-3(c) aria 4--](d) and for all

values of load imnedance in the low readings of Plots L-4) a

reduction of about 3 dE in the crosstalk level occurs by using

the TWP generator circuit instead of a single wire with ground

return. Recall that wire G2 (see Figure 4-1) of the generator

ThP was grounded. Because wire G2 was much nearer to wire GI

than the ground plane was to the single generator wire, more

electric field lines could terminate on G2 of the Th? con-

figuration than the ground plane of the single wire configura-

ticn. Thus fewer electric field lines would be available to

ierminate on the wires of the receptor TWP. ThAerefcre the

mut:al capacitance when the generator circuit was a T'P would

be less than when the generator circuit was a single wire with

:-round return. Equation 3-2b, which pe-ains to the single

,,ire with ground return generator circuit, shows that c

4s 1.59 p /m. Equation L-4b , which gives SUPCAP for the

S..P generator circuit, snows a dependence on cGlRl, which has

a va,ze of i.u0 p2/m. Thus, the simole low-frequency models

deonstratea reduction in capacitive-coupling of about 4 dB

~ ~~g t ie7' generator circuit.

Overll, a comcarLson of these two specific configurations

:niICates that no significant reduction in crosstalk is :ained

by ucign a TP generator circuit over a single ',ire with ground

vc .. rn, ..;ether inductive- orcapacitive-couplin_ is dominant.

hese conclusions, of course, aptly only to the cross-sectional
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confi-uratio- which was investigated. For cther cross-

seczional configurations, such as the generator and receptcr

c-rcuits being closer togetner, these conclusions may be

different.

As was exnected, the unbalanced TWP to unbalanced TP

configuration showed large sensitivity of crosstalk to minor

iariations in line twist when low-impedance loaas were used - -

to terminate the line. This was again explainable in terms

of low-frequency models based on the superposition of

inductive- and capacitive-coupling. Also, this supported

the explanations given by Paul and Jolly of the sensitivity

which they uncovered. As was the case for the configuration

investigated by Paul and Jolly, for those impedances where

his sensitivity is observed, the prediction of the crosstalk

lel is not possible. This is because it is imDossible to

det - =, ir, or insure either the number of half-twists in a

,P or the alignment of those half-twists in a practical

insta lation.

In the p)revious investigations, the capaciti'ze-coupling

fcor caused by the unbalance of the load configurations

-revenzed the full realization of reduction in coupling.

-.-:as more evide t for the high-i.pedance loads, R = 50Q

and R =I k , than for the low-i-Medance loads, R = iL and

in the next chanter the effect of balancing the

o as c' the recetor cir-uit will be investigated to determine

,'ne ner this situatLcn _' --roved by removing or at least

su ztanti allv low-ering) tshis capacitive-coupling floor.

-. - ...*.-
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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 J
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

,.ira with ground return generator circuit to a balanced

TWP (and SWP) receptor circuit. For this case, the

balancing of the terminal configurations is believed to

reduce the capacitive-coupling so that a significant

duction in crosstalk should be found for both low-irripeaance

loads and high-impedance loads when the TWP r ceptor circuit

is 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 case in those chapters, the receptor and

generator circuits 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 t,22 gauge, stranded, so the minimum separation of

the wires of the TWP (SWP) was 57.3 mils. The line length

of this experiment was 4.65 m. The receptor TWP contained

80 full twists. Figures 5-2 through 5-5 are photographs

of the actual experiment.

The experiment was performed for four values of load

impedance; 1P, 3Q, 50Q, and 1 K2. The generator circuit

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 V. The receptor circuit was a balancedin'

(with respect to its terminal configurations) ThP. 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

primary windings of the transformer were terminated in one

of the impedances listed above and V was measured across
out
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FIGURE 5-6. CROSS-SECTIONAL VIEUV AT X L
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that impedance. The voltage transfer ratio was again

defined by

V= out (5-i)-
voltage transfer ratio V. -

in

The voltage transfer ratio was measured for frequencies

in the range from 100 Hs to 9 1,1-s. Measurements were taken

at frecuencies of 1, 1.5, 2, 2.5, 3, 4, 5, 6, 7, 8, 9 in

each decade of frequency. The equipment listed in Chapters
"O

* III and IV was used for this experiment also.

The experiment was first performed for the balanced

S'WP receptor circuit. 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-l(d). .

A low-frequency model to predict the SWP voltage

transfer ratio can be determined by the superposition of

an inductive-coupling and a capacitive-coupling contribu-

r ion. _n the low-frequency circuit of the SWP receptor

circuit (Figure -6) a. ecuivalent circuit has been used

to model the center-tapped transformer, The derivation

* O this eauivalen-6 'ircuit is explained in Appendix B.

-,,e out':ut voltae, <out' needed to calculate the voltage

-0• .
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'ransie - ratio is related to this circuit by -4

v~ = " (3-,-)

where V s tne voltage across the transformer secondary.

: ~~-r-ur. - e n, inductance matrix, , an.

i'2aacitance matrix, C, are calculated to determine 

anm the per-unit-length mutual inductances between

.-.e generator wire and each wire of the SW?, and cGl and

c_ . the corresponding mutual capacitances. Lue to the

similarity in physical geometry, the inductance and capaci-

ta:.ce matrices of this configuration are the same as those

:-' tinLe single wire with ground return generator circuit to

unaLanced S;P receptor circuit configuration investigated

Taul and jolly.

The inductive-coupling and capacitive-coupling contri-

tions to the crosstalk are determined from the low-

:e 2uenc' circuit (Figure 5-6):

: , 2 I (5-3a)
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CAP V CAP

out D :

3 R
- ( R + / (ec - CG2)i v53b)

. ere

",' : V.(5-4a)

UDC in

are the DC values of generator voltage and current. Then

V IND + CAP
out out out

P liD + pCAP

;e this - reiuency anal',z

-w " e .' r t o u c ircuit ai ve -e -

* . '"s ui .L t , A~ 1}i I~s. i atiM : ',J t}I1e r _ u t

, • . .. A .
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R )- results show a difference of about 20 dB.

-lhe R = 502 results of Plot 5-3(c) show a difference

cetween high and low readings of as much as 20 dB. When
mie receptor TWP was unbalanced, the R = 50 results.

s:o',ved virtually no sensitivity to line twist. The

= 1 k results, given in Plots 5-2(d), still show

virtually no sensitivity to line twist.

in an effort to demonstrate the effectiveness of

balancing the terminal configurations of the receptor

* circuit TWP, the sensitivity results obtained for the

unbalanced TP receptor have been plotted against those

obtained for the balanced TWP receptor. Plots 5-3(a) -

5->(d) give a comparison of the high sensitivity readings

for the two configurations and Plots 5-4(a) - 5-4(d) give

a comparison of the low sensitivity readings. The com-

* parisons for the low-impedance loads of '2 and 3: given

in -lots 5-3(a), 5-3(b), 5- 4 (a) and 5-4(b) show no

significant reduction in crosstalk by balancing the loads.

,e comparisons of the 500 results, Plots 5-3(c) and 5-4 (c),

that balancing the loads reduces the crosstalk level

a 30 13 for the hig h readings and by as auch -

*fi:r toe low readings. Finally, the cocmarisons o'

'rsuits of Plots 5-3(d) and 5-4(d) show that

.. t2r inal cocnfigurations of the receotor P -

:t.':. ;: taik level by at lea-t -5 to d t

... ....... ,n-. us reduction in the arcunt of
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ratio was measured for all four impedance values with ..

the TWP in this minimum position. These measurements

constitute the low sensitivity readings. The 1 2

impedances and the EMC-25 (tuned to 15 kH) 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 k2

load impedances (Plot 5-2(d)) between the frequencies of .

60 kHz and 300 kHz, 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

capacitive-coupling, it was expected that the sensitivity

shown only for the low-impedance loads in the unbalanced

TWIP configuration would appear for all values of load

impedance for the balanced TWP. The R : 12 and R : 52

results, Plots 5-2(a) and 5-2(b), respectively, show

about tne same amount of sensitivity as when the receptor

circuit was an unbalanced TWP. The R = 1,, plot shows a

maximum difference in coupling of about 3'5 dB and the

_ " . o " ,A ,.m ---7.
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the experimental measurements show some deviation from this

behavior below 10 klig , especially when R = 1 kf. (Plot

-1(d)). The transformer used to balance the left end

of the receptor circuit was a Vari-L LF-428 transformer.

-7The specificaticns of these transformers are only valid

over the 10 khE to 100 IIH frequency range. Since the

4discrepancy between experimental and prediction results
occurs for frequencies less than 10 kH- , it is believed

that the permeability of the core of the transformer is

-O--deteriorating, causing the experimental measurements to

roll-off at a faster rate below 10 kH. Since the

equivalent circuit used to model the transformer (See

Appendix B) in both the low-frequency and transmission line

models assumes the core permeability is infinite, neither

model will predict any effects caused when the core permeabil-

ity departs from this ideal assumption. However, when

this roll-off does not appear in the experimental results,

the prediction modeis give reasonable results for the cross-

talk.

The SWP receptor circuit was replaced with a TWP recep-

tor circuit and the sensitivity experiment was performed in

* the same iia.Y as outlined for the experiments in Chapters II7

and IV. The R = L, loads were connected and the SEvIC-2 ",,'as

attached to measure Vou t ani tuned to - . rotatin-0,, more thnt

t he rig- t end o f the receptor .... (n more than LiT0) a

minimum reading w,'as found in V The volta4e t r an sfer
out"
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crosstalk induced in the receptor circuit.

Thus, balancing the terminal configurations of the

receptor TWP produced a large reduction in the crosstalk

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

but somewhat less, reduction when R = 502). However, the

high and low TWP readings for R = 1 k C, still showed

virtually no sensitivity to line twist. For this case of

CAP?
the balanced receptor TWP, a calculation of SVP P  does

not provide a good prediction for the low TWP sensitivity

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

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

TWP low readings whereas for the high-impedance loads

S1PCA P is greater than the TWP low readings. This might

make one suspect that, for the balanced receptor TWP,

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

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

II? wire was grounded in the unbalanced T.1P configuration,

TWpCA P appeared to be insensitive to changes in line twist.

If, for the balanced T'JP configuration, TWPC A  is sensitive

to line-twist, the crosstalk level would be as difficult

tc -.redic: as TiP was in the previous configurations.

indeed, for the balanced '-P recector circuit, both contri-

butions to the crosstalk, inductive-coupling and cazacitive-

coucplin, nzpear to be sensitive to variations in line

twist,: in]e the capacitive ccuclinx current sources (see

-irr -7) appear as differences with the resi-lt:i

. - . .. -".- --
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determined by the presence of an odd or even number of

half twists. Since it is not possible to either deter:Ii:.,

or control the amount of twist in a practical instaaiati:.,

prediction of the crosstalk levels does not seem reaso:.

The purpose of this chapter was to determine tne

effectiveness of the balanced TWP receptor circuit. it

was conclusively shown that the balanced TMP produced

significant reduction in the crosstalk levels for both Low

and high-impedance loads. This was expected, qualitativey,

from the concepts of inductive and capacitive coupling.

Unlike the previous two chapters, however, the results of

the CUP sensitivity experiments could not be predicted

-. using the concepts of inductive- and capacitive-coupling,

although these concepts adequately predicted the SP results.

a

.0 ".

0]

I

|
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C HAPT ER V I

SUHIARY A N L C.C.L..S ,T

Whenever transmission lines are used in close

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 p-air (TWP). Also, the crosstalk from an unbalanced

T~P to an unbalanced TWP was examined. The effectiveness

of the TWP was explained in terms of inductive-coupling

and cap-acitive-coupling. For 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 lovi-impedance loads, the crosstalk to the receptor TWP

was very sensitive to slight variations in line twist.

This sensitivity was also explained using the concept that

inductive-coupling is dependent on the number of half-twists,

even or odd, in the receptor TiP but, for this ccnfigurat ion,

capacitive-coupling is insensitive to line twist.



4e re i ,z o s a: ialnced T',iP receptor circuit

.','ere, raii~e_ "a, esii.; ex lained using ti,e concects

§ inductive- ann c-i acisivc-coupiig. As was excected,

balacing the '.i. terminal coi..igurations 2rovided a
I

s-nificant rducotion in crosstalk over the unbalanced

>Y-guration for t.-e high-impedance loads, when capacitive-

-cinaing. was dominant. This was thought to occur because

balancing the terminations reduced the capacitive-coupling

f!or. However, with the reduction of the capacitive-

o->iing, the same sensitivity to variations in line twist
..... " only exhibited by low-impedance loads for the

01'_L waibte bhi lowsitivit

unbalanced T was expected for all loads. Tis sensitivity

. nct observed for the high-impedance loads. Also, it

'as no longer oossible to provide a good prediction of the
low-.P sensitivitv results with the capacitive-coupling

,l:or. . Iur her investigation seems to indicate that for

one balanced Ci? configuration, both inductive-coupling

o:actore-coupong are dependent on the amount of

'e J,= a, i..urations examined in Chapters III,

1*1
' ':<x,,t: co:-t:-lk wa cmuue:with the lowN-frequency

• ,- ...--. __a- c : ci i e ou in- d".. .oel and with a trans-

.::eFr .,f ent low frequencies,

,. e r eoa . itions of the crosstalk.

.e:,e r anomission line model

t although the results at

61
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high frequencies were not as good as at low frequencies.

The low-frequency model changes linearly with frequency,

so the results of this model can be easily determined

with a small calculator. The transmission line model,

however,.must be calculated by solving simultaneous

equations for each value of frequency desired, and is [-i-.j1

therefore more readily determined through the use of a

computer program. Thus, for sufficiently small frequencies,

the low-frequency model is significantly more efficient,

computationally, than the transmission line model. Also,

the low-frequency model provides a qualitative analysis of

the 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

out the possibility of exact prediction models. One

alternative could be a model that would provide upper and

lower bounds 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 circuit 4
for the low-impedance loads. :uing t 3e oiw-impedanice

-,r = . .. 1 and t * '. , the h h ,un - l ... e t ail

e determined by the di I c I f-I
b" e. e nt' 1 , .-.... .. . . ...

>f to P .- . . ,t . o q.~ , L O KIX :
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. l: fluz penetrating one loop of the rdi can le

Jdetermining the total magnetic flux, 'ds,

ie half-twist. Substitution of the proper para-

neters into this integral and setting the limits for

integration over one half-twist yields an integral of

the form

S 7'?In( I + a sing + b cosg ) d9

Woic is not possible to integrate in closed form.

?Terefore, a computer program was written to calculate

this integral using a Gaussian quadrature routine. The

results of this analysis did not give good predictions of

the hi-h readings of the low-impedance loads. This

analysis seemed to indicate, however, that the nonunifcrmity

of tme twist of the TWP could greatly affect the high read-

.:s, sc tthe apper bound of a prediction model wovuld

not simply deend on one half-twist of the TUP, but wouAlJ

depend on t-ke nanuniformity of the toists. bviously, a

made! t: nst :w.; the nonniorny. O.. t'ist of a

_-_:te i3 . : .. .. ,... . F:rom a r ,_l', treoreti1cal 7ie"., a

........ ... . .. . ...... . , t S i C ..... .

Kntin pa-i7 z t 1& cn n exa <:0C n2: i.
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in an effort to achieve optimum system design, it

i imortant to know when crosstalk will cause a problem

and now to reduce crosstalk to prevent those problems.

:1n the past, it was widely accepted that using twisted

wire pairs reduced crosstalk, and that using balanced

A gP's fu-ther reduced crosstalk. Both statements are

true, ut the degree to which the crosstalk is reduced

has been shown to be strongly dependent on such parameters

as the values of load impedance. At a time when the

e'fficiency of a system is in part determined by weight

and sie, an understanding of the manner in which electro-

.... et. ouping occurs, even if it is only through a

si:i.-  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 th standpoint of reduction of crosstalk to

acceptable levels. The results of this report should

rrovide this type of understanding.

6|

6,



~. -- ~ - °

- 124-

At ?r E L T A

The ransmissicn line model used to calculate the

vclage transfer ratio of tho SO? configurations investi-

... teo in Chapters III - VI is explained in this Appendix.

rerore the specific transmission line model which was

uzed is examined, a general (n + 1) conductor line

(,xure A-l) will be reviewed [8]. This line consists

w" nductors and a ground plane return. Under the

~mctio, of Ei mode of propagation on the line, the

,:_tages and currents of the line can be uniquely defined

il : e represented by n x 1 vectors

K Vl (.)

V £<) 2(A-!a)

n ( -

- ,: x r-±t)"

-A za

' .- , .e::"



CC

_ H

00 x

0 0

- 0

o . fos. .fZ T-
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and I -

I ( ) = - j, i C (x) (A-2b)

V (x) and I (x) signify the differentiation of each

element of the vectors with respect to x. For example, 2

d V,(x

d.

V ( x

V (~) =(A-13)

d

d Vn (0

dx

The matrices R, L , Lex and C are of dimension n x n
and contain the per-unit-length parameters of the li-e.

an contains the oer-unit-length parameters of self

inductance and mutual inductance. C contains the per-

unit-length self and mutual capacitances. The presence

of R and L is due to imperfect conductors. R reoresents

orhmic resistances of the conductors and L.represents the

internal inductances of the conducors. T h Is reosi't,

however, assumes nerfect conductors sc that hand L.

are removed. -herefore, to simplify rotation, L 11l

' uc r "eferred t, 3. TIe transmission 1ine

e ~uutoons tn ' r De Ce
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V (x) -jwL I (x) (A-4a)

: (,) -jC V (x) (A-4b)

in deriving a transmission line model to evaluate

the configuration shown in Figure A-1, it is necessary

to relate the voltages and currents at one end of the

line, V (0) and 1 (0), to the voltages and currents at

the other end of the line, V (L) and I (L). This can

be accomplished through the use of chain parameter matrix

_ ( ) (L) /:2 ) (:) (A-5)

whcre 7 is the 2nx2n chain parameter matrix of the line.

S is now competely characterized by For no

"eletric insulation and perfect conductors, the n x n

are i . -.ren by [ ]

= cos (Sf.) 1 (A-oa)

S- - L i ,-) L (A-ob)

in.: < , (A- 'c-

" i"

" -' -: I ° I- ( A - | -I | i I - I'-l.) n " I
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w.ere. s +-he phase constant defined by

I/ (A-)
L11V

- .,

and is the velocity of propagation in the surroundig

medium defined by

1v, J (A-8)

,3 %Vill assume free space as the medium so that

V - x 1 m/ ris. The radian frequency of excitatiorn s

U1.

The terminal networks of Figure A-! can be repre-

ser ne by either Ze=;ralized Thevenin Equivalents

: ; 0 - .. o i( ) ( A -9 a )- -

V = V + (L-9b)

:.erali.:e1 :orton Equivalents

: ' - -o- 2 o)(,-_

-- .i - - - - )
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:he vectors 7, and , represent onen circuit voltages

bet. een eacn wire and ground for the appropriate terminal

network. Similarly, iand , represent the short circuit

currents of the appropriate circuit. 0 and- are the

n x n impedance matrices which characterize these termi-

nations. Similarly Y and Y are the n x n admittance

matrices which also characterize the terminations. For

tne configurations investigated in this report, it was

easiest to represent the left end of the line by a

Thevenin zo 7 uvalent (Equation A-9a) and the right end

o: the line by a Norton Equivalent (Equation A-1Kb).

'The currents I (0) can be determined, through
substitution of the terminal conditions into Ecuation

A-", from

:(i !. v , ( )g. + H2( )j (0)
- 2-12 2- -1_ -o)

- -,1 ,I - ,o)~ v ± I (A-li)

-' " ... ' ... ...... t o i th onfigurati..s of this

: c nown.

1ee C tl certain to the scecific

f t. _L .t r
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1 1

:2he entries of i, are all equal to zero.
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£q~tcnA-9'a and A-27 yield

0 0 0

OR 0~ R
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A, ]} ' In! -i_e .. iD'e l£e:ra or 'r u : _i n e ,

1:" -£ utcnfa< t ion

lbn J:2nfLuraticn VFL~ire A-4) described in Chanter

1z exa-:minc. nere. Th eeaorcruti a singleA

ala it round renn nercrz circuit is a

al'.cj-iJ..'9. This is a four conductor line, therefore

... are matrices of dimension 13 x 3 and K

i2-. : .ectors o-' dimension 7 1.

;:.':> --a the cross-sectior.al view of the S

-': -f cs section is the same as the cross-

. .the S configuration of Section A.!.

... .t the per-unit-length inductance matrix,

Z ia ..... -in is the same as that given in Section

terinal conditions are found by examining

S. io:e that the 1:2 transformer used to balance

- he rece"tor circuit Z-S'P has been modeled
.:rl. : .:i L. n h App eix c1c. . .

(A-27ujK

W "27 -

.0 - '-c,
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Equations A-10b and A-23 yield

__ i 0 2 6-

= _- (A-26)

1 1

oLR R

1 1

Z-

:,ie ,l...nents of iZ are equal to zero.

.otice that the generator wires of this section are

numbered differently than they were in Chapter IV. This

done to facilitae the use of the computer program which

anaivzes the transmission line model. The numbering of the

wires in Chater IV is still correct for the low-frequency

.,' mcdel described there.
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1 1

G.1 ( ) ' L) - ( )=, (G 2

vm

- 1

R2 = -Vq (L) + (--) V (L A-27d,

Equat-ons "-9a anid A-22 yield

00 ~ 0 0

J-G2~~~ -g 2 s2; -

S. %1

0 0 0 0

IA. -

K ._ ,."
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1K) 4h2 -- ._

r lG2 = 7 Z ( 2i + dG iG22 ) (A-21e)-

U0  4h 2

,- La(, dGlRl 2 /(-L
0 4h24 T La (I+ d (A-21e)

GIR2 GG2'

/O 4h 2

IG2R2 a 1 + d lG2 (A-21g)

•K o4h 2

G2R2 4 4 TT La ( I + (d Gi - d2iR 2 )2) (A-21i)

o 4h 2

71- d 2) (A-21i)
1RR + (dGIRI dGIR)2) (A - 21

The other elements of L are fcund by realizing that L is

symmetric and again all wires are identical with radii r.

The terminal conditions are found by analyzing Figure

V-.. (C) = (A-22a)

-: =(A-22b)

" 1 - - (A-22c

7 C.

4
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A. 2 :he 7Tnbal'anced S54,,P 'Uenerator Circuit to Ujnbalanced

S ? Rece-.-or Circuit Confic-uration

:he un IbalI-anced 2UP gene rater circuit to unbalanced

*S T.iP rece-rtor circuit (Figu'-re A-3) described in Chap~ter IV

* isexamned here. T his is a five conductor line, therefore

L, C, 2o and Yzare 4 x 4 matrices. V0 and IL are vectors

1 0f dimension 4 x 1.

The zer-unit-length inductance matrix is

GllGlG2 GlRl GlR2

~G2G 1 G2G2 G2RI G2R2 (A-20)

R131~ t RlG2 ~ RlRl ~ RlR2

R2: 2:2R2Rl ~ R2R2

'T>.,e elementS of Lare given by [9]

U ~ 2h

- ~ -'~ r(A-21b)

w (A-21c)

~1~2 hI

I2



Ecuationz A-9a amd A yield

= 0 0A-10

o 00

and .-

01 0
-L,3

0 0

Equations -lband A-17 yield

0 0

0 -

SR
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4 h2

2GRi 2 ( 1 + dGR1 2  ) (A-15d)

4 h
2

-GR2 2 T Lz( 1 + d GR2 (A-15e)

mm i 4h 2

RlR 2 T ( 1 + (dGR2 dGRl) 2  (A-"5f

L is symmetric and all three wires are identical with

radii rw.

The terminal conditions are found through evaluation

of Figure A-2.

VG (0) 1 (A-16a)

VRl (0) = -90R 1  (0) (A-16b)

VR2 (0) : 0 (A-16c)

and

11 1- ..

R(L) ) - L (L) (A-17b)
1 1

IR2 ( = LR) VR ) - (LR V (A-17c)H2 -/R + -) It.LR) V.2.- -
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-VR 2(0) R2 VR 2(-t) I R2 Wt~)
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ion -- dGR2
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A.1 The Single Generator Sire to Straight %ire Pair

(SWP) Receptor Configuration

The SWP configuration described in Chapter III is

examined here (Figure A-2). The generator circuit consists

of a single wire with ground return. The receptor circuit

is an unbalanced SWP. This is a four conductor line (the

three conductors and ground plane return), therefore L,

C, o and are of dimension 3 x 3.

i- The per-unit-length inductance matrix is

GG GRl GR2

L = RG LRlRl ~R lR2 (A-14)

ZR2G R2Rl R2R Z

0L

The elements of L for the cross-sectional configuration

investigated and shown in Figure A-2(b) are given by [8]

2h
= 2 n ) (A-15a)

111) _2h
2 T ' (I (A-15b)

Uo 2h
2 ?T (r (A-15c)R2 R, w
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the -per-unit-length matrix L and will determine the

terminal conditions 90, Y/ V0 and I( necessary to use

the transmission line model. Recall that C can be found

• ." 1
:-:.C = 2 L -l (A-l?) :.

C 2

and therefore does not need to be given explicitly.

S

U'

0l

S

S

S
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APPENDIX B

This appendix explains the equivalent circuit used

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

Chapter V. The transformer consists of three coils

wound on a ferromagnetic, high permeability core (Figure

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

dot convention was used to define the proper polarities

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

The windings are numbered 0, 1 and 2 and consist of NO,

N NI or N 2 turns, respectively.

To determine voltage relationships between the primary

and secondary windings, consider Faraday's law:

/ d
E dl = -dt T (B-1)

0 .

For an ideal transformer, the same flui. links all three

coils. Therefore,

d.S - dt--

d
v<, =-Ii A4

0



- 145 -
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40 N

V2

FIGURE B-2. THE TRANSFOR~IER VIINDINGS.
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Equations B-2a and B-2b yield 4

N1

ViNo Vo (B-3a)

and Equations B-2a and B-2c yield

v 2  NO  v.0  (B-3b)

The current relationships between the primary and

* secondary windings are determined through use of Ampere's

law

H dl L (B-4)

Notice that the displacement current has been neglected in

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

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

taroid yields

H (2 r) NOL 0  N L1  N 2  (B-5)

However, H is related to the flux, T , by

B = H (B-6)

T

={ B A (B-?) .

....................................... ". .. ..



0[ Therefore -8j

H =A

Now, consider that the magnetomotive force is defined

by

F= H-•d1 (H9d

and the reluctance of the core is defined by
S

F 2Trr2 : = A(>-I0)

Equations B-4 through B-1O yield

= NoL - NIL I - N2 L2  (B-I1)

For an ideal transformer, the permeability of the core,

;j, is infinite, so the reluctance of the core, 2, is zero.

Ecuation B-Il becomes, for an ideal transformer,

= L+ N2 L2  (B-12a)

cr

N1  N2

LO = O L1 + N0  L2 (B-12b)

......................
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The elements oif '97 are f'ound in the following manner.

vi
=I

11 11 02

r71 4 (IN 0) (B-15a)

v-

~12 121, 0

(N 1  -N0(No

1IN- N 2 IR(-15b) -

V 2

21 1

N 2 N 0

21 N! N 1 2 R (B-15c)
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V
2 1

N2 2 iI  0 IN 
-

2 O  V
2  

....

N22 ( (B-15d)

Notice that 9 9 is symmetric.
12 21'

A T network is often used to represent the equivalent

circuit found by impedance parameters (see Figure B-5).

If the center-taped transformer used in Chapter V is

assumed to be ideally balanced, then N = N The specific

transformer used had a turns ratio of 1:2. Therefore

No = I and N1 = N2 = 1. Then the T network of Figure B-5

becomes the equivalent circuit used in Chapter V (Figure

B-6).

Finally, note that the impedance matrix, Z, formed with

the elements defined in Equations B-15, has a determinant

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 :;,atrix is

the admittance matrix. Therefore, there is no admittance

matrix that can represent the two-port network of

Figure -. .

. . ..
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