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igbstract
Cne wa& of develcping a communication ceble of new deeign“is to make many .
| experiméntal cables and to study their path-to-path crosétalk properties. 'This,ﬁ
method is both time~consuming and gxpeﬁsiie. in thiéApaper; use is made of eval-
uatingr"gyﬁthefie" cabies; Fir;t, we fiérstatigtical models, which are functions
of design parameters, to measurement- of crosstalk in one or more experimenﬁal u;
cable(s). Then we use these modéle and eétimafeg of associated ccmponehtsrof ‘
statistical variability in Monte Carlo simulation of crosstalk thersby enabling

- .~ the exploration of cable designs different from those of the-expefimental cables;

1. Introiaction

Far-end crosstalk is one of thg major
sources ofiintgrference in commmnication paths.
Cable designers uoul@ like to develop new com-
munication cables whose. path-to-path crosstalk®
is at a desired levzl.. One way of developing a

comminication cable of a nex dssign 1s to make

many experimental cables and to study their

F o ,
Frcm now on, far-end crosstalk is abbrevi-

ated an crossialk.
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path-to-path crosstalk propefﬁies. "This method

is both time-consuming and expensive. Here we

_describe another spprosch. which develops and

evalustes "synthetic" cables.

First we analyzevpath-to—patﬁ erosstalk
measurements for experimental.cable(s) to esti-
mate componentg’of statistical variabillty andl
to fit statistical models, which are functions
of design parameters,&fo thése measurenments.
Then these models are used in Monte Cario simu-
lation of path-to-path crosat;lk for cableslwith

designs different from that (those) for the




‘'experimental cable(s). The individual cross-

talk into each path (pair) from the remaining

paths*a;re "added" to get overell indices of per- .-

formance called power sums ‘The power sum .
distributions of "synthetic" cebles are use‘d to
Ieva];uete.their designs. This evaluation leads
to 'fnrtner exploration of new cable designs.
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Data Collection
" Statistical aralysis of crosstalk measure-

wents from one or rore experimental cables is

 the backbone of the approach described here.

S ‘An experimental low capacitance cable was
rd‘esigned and manufactured during the course of
recent development of a new transmission system.
We'nili use this vca.ble to illustrate the ap?
proé.ch?; A cross-section of this cable is shown
' in Figure 1. This cable has 102 pairs end it
is made up of six 1ayers. In each ayer there
is a certain number of distinc\, twist lengths
,which are repeated a certain number of times

(Table 1).. The ‘six ieyers are stranded '(i.e.,

/;;Valternately in the rightre.nd left directions. P

~limited phyeica.lly to measure not more than

data for estimating the performance of the -

;»the pairs’ *’;Ri each layer go around the c‘e"‘nter)f’ 7

o X
i

The crosstalk measurement equipment wes

50 pairs in a aetup and it was feasible to ‘
measure only two ‘50—pair sets in total 'Ihe
two 50-pair sets chosen for mea.surc ment
(yielding 2h5"-2(5 ) pair-to-pair croastalk 5
measurements) are indicated ir. Figure 2. ‘I‘hnse

two sets vere selected to provide sufficient

current cable design a.nd for exploring Other

twist length selections in future ceble designs.

Model Development and Simu‘Laf.ion of
Crossta.lk i

3.1 ModeJ. Develop ment

Table 2 gives a breakdown of the 2’450

measurements 1nto three groups. (1) within -

layers (1 e., when bo’*n the disturbed pair i
a.nd the d‘ sturbing pair J belong to the seme

layer), (i..) between 1e.yers when Dij < 3,.wvhere -

Twist Length Assignment (inches)

lengtng of twg pairs.

wg D This a
twist 1engths Wwhich Aare used

n-
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~ |Total | Wo. of Distiret Twist No. Stx,
Layer{¥o. of|Distinct : : - . Lay
No. |Peirs | Twists |1 ) 2} 3. 4 15 617181 9((ins.)
1 3 3 0.9|1.4{1.2] " 24R !
2 9: 9  -n.8l2.7|6.2{2.0{3.8{1.7}2.9]|5.5|2.9 2L
315 | 3 p.afiefis 2hR
¥ | 20 5  17.1]3.0[%.6]2.5|3.6] 2l
5 | 25 | s l.9l1.51.2{1.8{1.4 2UR |
6| 30 6  6.2]2.9|2.0[b.k|3.4[2.1 2UL, . |
* : o ‘
An efi‘ect ‘of stranding K:) is to ossibly chenge relative t e

usiment is made in defining Wéffective LT e L

the a.nalysis to follow. e




TABLE 2 -

Breskdown of the 2450 Measurements

No. of Pair Combinations®
, ‘ With
With Inforumation | Repeat :
Group Distinct ‘on Menuf. Var. Mz as. Total
within leyers 267 ~10h ko k20
Between layers I 301 1294 &7 1682
(D,, < 3) :
iy —
Between layers II
(DiJ > 3) 871 261 | o] 348
Total - 655 1659 136 2k50
t N 2 ,
DiJ is the minimum distance between the two where °(qz)m Uy N(o ,o(q)G] and
. 2
iii .
peirs involved, and ( i ) between layers when €(qtm)n N 0,o(q) Table 3 shows the mean

Di j > 3. The 17 pairs common in the two 50-pair squares Gue to (i) distinet pair comb., (ii)

sets provide repeat.measurements which in turn manufscturing variability, and (iii) measurement
yield informetion on the meesurement varisbili- variability in each of the three groups. .It is
ty. Similarly, identification of distinct pair clear that manufecturing variebility is quité
combinations (see Figure 1) and an anal:{.sis of large.

different realizations (if more than one) of Next we fitted regression functions which

each distinct pair combination provides an esti- attempt to describe average crosstalk for dis-

mate of the variability due to the manufacturing tinct peir combinations as functionz of the

proce3s. The following model expresses cross-— following design varlables:
talk measurements (in dB) as sums of several Di 3 = minimum distance between pairs i and ]
components: where the unit of distance is the dia-
cq!.mn =u+ Gq ¢ P(q)z + 6(q2)m + meter of a pair,
l I————u— T, = twist length of pair i (in inches),
1 Mectuf, 'I'J = twist length of pair j,' and
Meas. Group Pair Meas ;
eplicate # Effect Comb. . . 'o0ol " = ft ifpair iis in layer 6
{Pair Comb. # Effect 'or-avion 1 \0 otherwise
Grovp # verall
' i Mean A regression function for group q may be written
# The numbers in the middle two columns are as
pore properly labeled as degrees of freedom. C(q) T fq(Di J’Ti ,T f ’Li)

'+ The unit of distance is the diameter of a pair,
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TABLE 3

A Breakdown cof Variation by Group

“Mean Square®
. Distinct Menufacturing | Measurement
Group Pair Comb. Variability Variability
Within layers 122.23 33.91 | 5.39
(2686) {10k) (Lg)
Between layers I 225.91 42,14 6.T1
(Di3 < 3) (300) {129k) (87)
Between layers II 129.02 23.2L _
{(py, > 3} (86) (261)
J
where C(a)ij = crosstalk from pair j to palr i
: c:id = 61.62 + 18.69 log(llij) - 6.6} 1og(Tt+TJ).

in group q.

The functicanal orm of f was explored by
plotting c(q) i3 agairist the design variables
and some simple func:ions of thess variables.
Let us illustrate the fitiing procedure by con-
‘sidering the within-laycr group. For this
group the only variable which indicated = signi-
: ficant relationship with Cid‘ (q, waich is equal
to 1 for within-lsyer group, i3 omitted for
convenience) is Di g In other wqrds, if we
consider only one varisble at & time (and con-
sequently ignore the other variables), we are
not able to detect any relationship of Ci 3 with
the other design variebles. ‘After fitting

Cqy = 57.04 + 18.33 log(DiJ), and plotting

J
¢ty (= Cyy = 57.04 - 18.33 log(Dij)] against
the twist length variables, we noticed a nege-

tive relationship with 'I.‘i + '1"1 vhich led to

the new regression:

*®
The numbers in parentheses are degrees of

freedon.

847

Again we computed the new residuals

‘ -
c’i'j = Cyy - 61.62 - 18.69 log(Dij)

+ 6.64 log(’.l‘i+'1'5) s

and made & plot of C'.l'j against other variables
which suggested the addition of log( lTi“TJ It
and Li' No add;itional terms, which meke fur-~
ther improvement in the explanation of Ci Iy

could be found. Thus, the best fitted statis-

tical model for within-layer crosstalk is

Ci = 64.08 - 3'S3L1

J
viy® e 2
+ 1o + e
€10 (x 7 8.3 1)
L
where

ei,} = ‘SiJ + EiJ + lack of fit, and
eiJ n N(0,49.05).

Tir | 74-Ty| < 0.05, then we substitute
' Ti-TJI = 0.05.




Lack of fit '1"epresents the discrepency

between the fitted model and the true relation-
ship (if one exists) between A 3 and the design
variebles. The above fitted model does not fit
the average crosstalk f'or distinet pair combina-
tions perfectly. However, the lsck of fit ig
small and the sbove fitted model is quitg use=~
ful in describir.ig crosstelk as a function of
design varisbles.

Similariy, the best fitted models for the
between l'a‘yers groups were the following:

Between layers I (D, 5= 3):

Ci;] = 62.35 + 3.107Li
23.34 17.06
+ log, by :(T{I’T ) ‘e,
. “(r .7 ).!.2' 8‘(T )2.1 .
173 J ,
(2)
where &gy N{o,45.42).

Between layers II (DiJ > 3):

= 59.97 + T7.53L,
40.49 ,. 1.9
G LA L

= = + e,
+ log, (T1+TJ)17'3°.T§"3[ i3 .
3

ciJ

where e

i
It may be pointed out thst J <1 and sirce the

n N{0,27.149).

paira are numbered from the center outward, J
is in the outer lsyer reietive to i.

3.2 Simulation of Pair-to-Pair Crosstalk

The statistical models developed above cen

be used for Momte Carlo simulation of pair-to-

pair crosstelk as follows:
(a) Specify Dis’ T,» T,, and L, for the pair

combination. ,

from pair J to pair i, § # 4.

(b) Compute the expected crosstalk from the
appropriate one of the sbove three fit-

ted models (wj.thou’c e 3 term).

(e) Add e,, to the expected crosstalk where

i3

, 2 ~
rei.1 ~ N(O~,oe] s and

49.05 for within-layer

Q
|

49.42 for 'betyween-layer I (DiJ < 3)

27,46 for between-layer II (1)i M 3).

' We generate a random number, Ty from ¥{0,1)

through the use of a random number generator on
a computer and define e = (riJ)-(oe).

By generating 5151 peir-to-pair crosstalk
"megourements" among 102 pairs in the cable wa
can develop s synthetic cable of & specified
twist lergth design.

4. Exploration of New Cable Designs
4.1 Power Sum Distribution

Before e:t;ploring new cable designs for the
102-pair cable, ii is necessary to assess the
performance of the design used in the experi-
mentel ceble.
interference in a pair is called the power sum,
= crosstalk

iJ
Then

which is defined below. Let C

P, = Power sum for peir 1

i
~C, ., /10
13
= 10 lo 19
gl°{3§i }

Unfortunately, we do not have all Ci 3 measure-

ments for J # 1. Therefore, we cannot compute

A measure of the overall crosstalk




all P 's from the 2450 crosstelk measurements

for the éxperimental ceble discussed in Section
2. First ve simuiate the unmeesured crosstalk
as described in Section 3 and then compute
Pi(i=l to 102). Figure 3 shows a plot of P, on
normal probebility spper. The power sum distri-
bution is an indication of the overall perfor-
mance of the ceble. For example, the ‘worst
peir has a power sum of 39 dB .and the best pair
has a power sum of 48 dB. The left-hand tail
is the importent fail of the distribution de~
cause the crosstelk requiremsnt is stated as
follows:

Px'cb.(Pi<POj < a.

Since the simulated crosstélk and conse-
queutly simulated Pi tre random verisbles, the
plot in Figure 3 représents one realization of
the power sum distribution for the design used
in the experimental cable. If we make another 7
simulation of the unmeasvured crosstalk, recém-
pate Pi and plot the resulting power sum dis- -
tr;bution, we will get another realization of
the power sum distribution. Figure b shows 20
realizations of this distribution (one of which
is shown in Figure 3) for the experimental cable
design. It can be seen that the tails of the
pover sum distribution are quite varisble and
consequently 1t is not efficlenc to assess the
performance of a given deslgn on the basis of
one realizetion of its power sum distribution.
The average of the 20 realizations displayed in
Figure U i3 shown in Figure 5 along with three

other similar average distributions. It can be
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seen that the fourvéveéage distributions are
quite ciose to each other. Therefore, we can
use the average of 20 realizstions of power sum
distributions for comparing one cable design
with another-csable deéign. |
h,2 Validation of Simuleticn

The simulation of poﬁef sums discussed
above is based on the statistical models devel-
oped ir Section 3 which were Judged to be quite
useful in describing pair-to-pair crosstalk,
Can we investiéate the validity of the simuletion
of pover sums more directly? F’igﬁre 6 shows four -
realizations of the average power sum distribu-
tion for esch of the following two cases:

(i) When only unmeasured pair-to-pair

crosstelk is simulated from the fit-
ted regression models (aiso shown in
Figure 5), and
(ii) When all pair-to-pair crosstalk are
similated from the fitted regression
models.
The ahove twoc sets of distributions have a con-
sideraple miount of overlap which indicates
that the power sum distribution is not affected
if we replace available measurements of pair-to-
pair crosstalk by corresponding velues simulated
In other words, the

from the fitted models.

simulation of the power sum distribution appears

to be valid for practical purposes.

4.3 New Cable Designs

As discussed sbove, the statistical nodels
fitted tc measurements of crosstalk in the exper-

imentel cuable lead to a proper simulation of




pair-to-pair crosstalk end power sum distribu-

tion for this cable design. In this section we
wiil essume that the fitted models are also
valid for new (i.e., different ﬁom that in the
experimental cable) 102-pair layer type cable
designs. Tc minimize the lack of applicability
of the fitted models, we will not consider twist
lengths outside the range of those of the ex-
perimental cable.

There are 26 dlstinct twist lengths in the
experimental cable. Since it is expénsive to
keep an inventory of a large number of distinect
twist lengths, the cable manufacturing brgani-
zation would prefer to use fewer twist lengths
i? crosstalk can be kept within specified
limits. The sxploration of new cable designs
is dizcussed below.

First, let us consider the "tuning up" of
the design used in the experimentsl cable.
What changes in twist length assignment wili
improve the power sum distribution? To help
answver this question let us examnine Figure T
which shows a plot of the aversge {of 20 "syn-
thetic" cables) power sum for each of the 102
pairs. It can be seen that the worst power
sums correspond to the pairs in layer .
Reviewing Table 1, Figure 1 and Mcdel (1) given
earlier, the foellowing facts may explain vwhy
the peirs in layer L have the worst power sums:

(1) Layer 4 pairs have the largest number

of neighbors in adjacent leyers.

| (ii) Layer b pairs heve long twist ‘lengths
which result .in lai'ée within;-laver
crosstalk.
Ve cannot change the number of neighbvors
in adjacent layers for pairs in Leyer k.

How-

ever, ve can assign short twist lengths to

~ Layer U, thereby improva'_.ﬁg crosstalk within this

850

1ayer; This was done by selecting short twist
lengths for leyefé 2, & and 6 and long twist
lengths for leyers 1, 3 and 5. In addition, the
nunber of distinet twist lengths in layer 2
was reduced from 9 t¢ 5 and the longest twist |
length (7.14") was eliminated. The resulting
design, labeled as Design (1) (cee Table 1), ime
proved the vorst average pover sums by 1 4B as
shown in Flgure § and Table 5. The number of
distinet twist lenéths has been reduced from 26
for the original design to 23 for Design (1).
Next, let us consider the exploration of
designs with considervhly fewer dlstinct twist
lengths. By assigning the seme twist lengths to
alternate leyers, we can do with 10 distinct
twist lengths. Unlike the cr:iginal design and
Design (1), stranding lays of slternate layers
are mede different to mske "effective twist
lengthd' different for these layers. Among the
10-twist length designs considered, Design (2)
(see Table 4) was found to be the best. The
avernge power sum distribution corresponding to
Design (2) was still better than that for the
originel design with 26 distinet twiat lergths

(Table 5).




TABLE &

Twist Length Assignments

Original Design Design (1) Design (2)

Layer

No. Runge of TL | Str, Range of TL | S%r. Range of TL | Str,
1 0.90-1.39 | 2iR 2.96-6.25 | 2UL 1.18-5.46 | 2s5L
2 1.776.25 | 24n | 1.07-2.17 | 24R | 0.90-4.36 | 358
3 1.07-1.48 | 2kR 2.k3-5.46 | 2hL 1.18-5.16 | 35L
4  2.50-7.1% | 2L | 0.90-2.05 | 24k 0.90-4.36 | 20R
5 0.90-1.7T | 2LR 2.30-4.90 | 2hL 1.18-5.46 | 25L
6 2.05-6.25 | 2L 1.07-2.17 | 24%R 0.90-4.36 | 35R

No. of

Dist. 26 23 10

Twists :

5. Summely

The crosstalk measurementsvperformed on the
experimental ceble were chosen tc provide esti-
mates of inherent variability due to the meas-
surement and manufacturing processes as well as
to provide sufficient data for fitting regres-
sion models. Choice of regression variebles
wvas aided by piotting crusstalk and residual
crosstaik againet design variagbles. Resulting
fitted models have a smell lack of f£it and were
Judged adequate for describing pair-to-~pair
erosstalk.

These fitted models and an appropriate
random component of variabilitylwere used to
simulate pair~to~pair crosstalk. Crosstalk in
each pair from the remaining 101 pairs were
"added" to get an overall index of interference

called the povwer sum. The distribution of
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power sums for all pairs oé a ceble is e measure
of the performence of the cable design which it
represents. The power sum distribution was
found not to be sensitive to replacement of mea-
sured erosstalk by simulated crosstalk, which
fact supported the validity of the Monte Carlo
simuletion.

New designs have been developed for the 102~
pair layer type cable by building and enelyzing
“"synthetic" cables. Two of these are reported
herein. Recall thet there were 26 distinct
+wigt lengths in the experimental cable. The
first of the two nevw designe uses 23 distinct
twist lengths and yields an improvement of 1 dB
in the worst power sums, an improvement of .
engineering significance despite appearing to be

smrll. The development of the second design




TABLE 5
"  o Simulated Pover Sum Distributions-
For Several Designs
Ordered  Simulated Power Sum (dB) Tor Length 1000 Ft.
Power , : g
Sum Original .
Ho. Design - Desi 1) . Desigp (2
1 36.20 © o 37.22 36,90
2 36.70 37.67 - 37.37
3 . 37.66 38.42 38.04
h 36.05 38.92 38.39
5 38.5%  39.24 38,66
10 3975 W.02 . 39.55
20 40.97  ho.91 hoLTT
30 41,69 41,63 b1.43
50 52,83 42.63 k2,69
102 £9.90 48,41 48.96
indicates that it mey be possible tc reduce » for the vworst paira, Such & reduction holds
the number of distincet twist lengths from 26 promice for the cable manufacturing organiza-
to 10 without degreding crosstalk pover sums tion for reasons of ccst.
852
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FIGURE 1

NOTES 1.

el
.t

CONFIGURATION OF 102-PAIR LAYER CONSTRUCTION CARLE

In each layer there is a group of distinct twist

- lengths. Let 'I'i-n twist length of pair i. Then

1n layer 3: (Ty3:TyyTys) = (T16T1ysTrg) = -
= (Ty5,Tyg,Tyy) = (1.1%,1.2",1.5%),

Pair combinations {(13,14) and (16,17) are not
considered distinet pair combinations. Similarly,
(15,31) and(I8,36) are not considered distinct
pair combinations, whereas (15,16) and (16,17)

are distinct pair combinations.
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@/ 50-Pair set Both sets () First 50-Pair Set

FIGURE 2 SELECTION OF W0 50-PAIR SETS
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