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Crosstalk is an important consideration in the transmission of analog
baseband Picturephone® signals on paired cable. Crosstall due to the
worst disturbing Picturephone signal can cause a distinctive visible inter-
ference pattern. Crosstalk interference from other Picturephone and wide-
band systems, such as T1 and T2 digital lines, conlribuies to random
noise. In addition, feedback via crosstalk coupling may cause spurious
oscillation of cable equalizers. Methods are determined to conirol these
impairments by placing restrictions on equalizer spacing and cable pair
assignment.

I. INTRODUCTION

Exchange cable pairs will provide the medium for transmission of
the analog baseband Picturephone signal over subscriber loops and
most local trunks.! The unwanted coupling of energy, or crosstalk, be-
tween pairs within a cable places important limitations on the engi-
neering of these equalized transmission lines.

1.1 Types of Impairments

Three types of impairments in the Picturephone signal which can
occur in the presence of crosstalk are considered in this article. They
are listed in Table I along with the source of the impairment. Near-
end and far-end crosstalk coupling paths are shown in Fig. 1.2

1.1.1 Worst-Disturber Inferference

The first impairment is caused by interference from the single most
prominent Picturephone interfering signal among all those present,
and is ealled worst-disturber interference. The signal from the worst

427
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disturber, when passed through a crosstalk coupling path, will ap-
pear differentiated and superimposed on the desired signal. Since the
two signals are not synchronized, the interference will drift across the
screen when the desired signal is displayed. For example, if the sync
pulses are the most detrimental part of an interfering Picturephone
signal, the interference will appear as two vertical lines, one black and
one white, drifting across the screen.

1.1.2 Random Noise Interference

Even if no signal is visible as a worst disturber, each of the inter-
fering Picturephone signals will contribute unwanted energy to the
desired signal. This energy must be considered as a contribution to
the overall system random noise, which is the second impairment
whose effects are studied. The interfering signals do not necessarily
have to be of the Picturephone type, but could be of any wideband
system. In this article we consider crosstalk coupling of noise from
Picturephone, T1 line, and T2 line signals. Interference from the
digital systems is studied on trunk facilities only, since carrier sys-
tems are not usually present on subseriber loop cable.

Additional sources of interference, such as N carrier systems exist,
but are not considered in this article. Furthermore, the effect of inter-
ference on other systems, caused by the coupling of energy from Pic-
turephone signals, and subsequent limitations on this energy are not
discussed here.

1.1.3 Equalizer Singing
Finally, we investigate a third impairment due to crosstalk, referred
to as singing. Singing, or spurious oscillation, can occur around the

TapLE I—IMPAIRMENTS DUE To CROSSTALK

Impairment Source of Impairment

(z) Worst disturber Interference from opposma -dlrect.ed
Picturephone signals via N.

(77) Random noise Interference from Picturephone signals
via NEXT and FEXT*

Interference from T1 and T2 signals via
NEXT and FEXT

(#7) Equalizer singing Feedback around two (ﬁ;gosmaly directed
equalizers via the two NEXT paths
coupling them

#* NEXT and FEXT stand for near-end and far-end crosstalk, respectively.
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Fig. 1—Crosstalk and singing paths.

path formed by two oppositely-directed Picturephone equalizers and
the two near-end crosstalk paths coupling the output of one equalizer
to the input of the other, as shown in Fig. 1.

1.2 Measures to Control the Effects of Crosstalk

The effects of near-end crosstalk can be mitigated by reducing
equalizer spacing and thus the required equalizer gain. The signal-to-
interference ratio is then increased by the amount the equalizer gain
is reduced. If the required spacing becomes too small to be economical,
additional near-end crosstalk loss can be realized by segregating the
opposite directions of transmission into separate cable units. Further
reductions in interference may be achieved by limiting the number of
interfering systems.

Equal-level far-end crosstalk is independent of equalizer spacing.
This interference can be reduced, however, by limiting the overall line
length, and by placing restrictions on the number of interfering sys-
tems, and on their placement within the cable sheath.

II. RESULTS AND CONCLUSIONS

We present methods of analyzing the effects of crosstalk which can
be used in writing engineering rules. The worst-disturber impairment
is analyzed in Section IV by finding the probability that the minimum
pair-to-pair crosstalk coupling loss is less than the requirement. Ran-
dom noise interference is computed in Section V by passing the inter-
fering spectra through several shaping filters and then integrating the
output to find the total effective interfering power. The probability
of singing, or of being close enough to singing to affect echo rating, is
computed by a Monte Carlo technique in Section VI.

As an example of the use of these methods, they are applied to find
the allowable equalizer spacings using the requirements and assump-
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TaBLE II—LivrTs oN EQUALIZER SPACING

Allowable Loop Allowable
Equalizer Trunk Equalizer
Type and Source of Coupling Spacing (kft) Spacing (kft)*
mpairment Path (26-gauge pulp cable) | (22-gauge pulp cable)
Within- | Adjacent- | Within- | Adjacent-
Unit Unit Unit Unit
(z) Worst disturber NEXT 4.6 >6.0 >6.0 >6.0
(72) Random noise
(a) Picture-
phone NEXT >6.0 >6.0 3.6 >6.0
signals FEXTft >6.0 >6.0 6.0 >6.0
(b) T1 signals NEXT 0 4.7
FEXTt 0.3 >6.0
(¢) T2 signals NEXT 2.7 >6.0
FEXT? 4.3 >6.0
(#7%) Singing NEXT 3.6 5.8 4.4 >6.0

* This applies to the trunk equalizer now being developed. .

t Interference coupled through the FEXT path limits overall length but is inde-
pendent of equalizer spacing. The spacings are listed for consistency and are based
on allowable overall length divided into 4 and 6 equal sections for loops and trunk
spans respectively.

tions stated in Section III. The results are given in Table II for the
indicated source and crosstalk coupling path. The figures for trunks
are for the trunk facilities being developed, not for the equalizers to
be used initially.! The limitations differ somewhat between the two.
Other design considerations restrict equalizer spacings to 6 kit on
the assumed transmission media. Therefore, spacings beyond this value
are not given in the table.

The controlling impairment for loops is singing or near-singing and
that for trunks is random noise interference from T1 lines. Thus for
both loops and trunks the desire to keep the number of equalizers to
a minimum by using long equalizer spacings is offset by the necessity
to limit equalizer gain to reduce the effects of near-end crosstalk. The
details of the allowable spacings are given below.

Loop equalizers may be spaced 5.8 kft apart on 26-gauge cable if
opposite directions of transmission are in separate cable units. When
opposite directions of transmission must be placed in the same cable
unit, 3.6 kit separation is possible with acceptable probability of deg-
radation in the gain and phase characteristics due to near-singing.
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To obtain 6-kft trunk equalizer spacing on 22-gauge cable, opposite
directions of Picturephone transmission must be in separate cable
units and there may be no T1 or T2 systems in any cable unit contain-
ing Picturephone systems. In addition, opposite directions of T1 and
Picturephone transmission must be in non-adjacent units. Equalizer
spacing of 4.7 kft may be obtained if opposite directions of T1 and
Picturephone transmission are in adjacent units. If opposite directions
of Picturephone transmission must be placed in the same cable unit,
interference due to random noise may be controlled by maintaining
an equalizer spacing no greater than 3.6 kft. In order to achieve this
spacing of within-unit and oppositely directed trunk equalizers, it is
important to control T1 and T2 interference by keeping Picturephone
lines and the digital (T1 and T2) lines in separate cable units.

III. ASSUMPTIONS OF THE ANALYSIS

3.1 Cable Characteristics

Pulp-insulated cable of unit-type construction is assumed to be the
medium over which analog Picturephone signals are transmitted. The
900-pair cable of this type is made up of eighteen 50-pair cable units,
as shown in Fig. 2. Adjacent and alternate units are indicated on the
figure. The loss characteristics of 26- and 22-gauge pulp-insulated
cable pairs, which are assumed in this study to be the facilities for
loop and trunk transmission respectively, are given in Fig. 3. Experi-
mentally obtained crosstalk data for 22-gauge pulp-insulated cable
are given in Table III.* The same values of coupling loss are used for
26-gauge cable. The loss, in dB, of both near-end and far-end cross-
talk coupling is assumed to be normally distributed to 3.5¢ with
means that decrease with frequency at 4.5 and 6.0 dB/octave, respec-

_—Z=5 ALTERNATE-UNIT
- 7 SEPARATION

~
— ——> ADJACENT-UNIT
P SEPARATION

Fig. 2—Construction of unit-type cable.
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Fig. 3—Loss versus frequency of pulp-insulated cable pairs.

tively.* The standard deviation of the distribution is assumed to be
independent of frequency.

3.2 Reguirements

The requirements given by H. E. Brown® result from subjectively
determined limits allocated among the various segments of the circuit
that make up the complete connection. The equal-level crosstalk
loss which allows the interference from the worst-disturbing signal to
be noticeable but not objectionable is 45 dB at 150 kHz.® This applies
to both loops and trunks as well as to all other parts of the end-to-
end transmission path. The requirement for random noise on loops is
given as a distribution with mean of —61.6 dBm and a standard de-
viation of 4.0 dB. Although Brown further allocates the loop noise
requirement among the systems that may compose a loop, the loop
facility here is assumed to be a direct connection between central of-
fice and subscriber and is therefore allocated the entire requirement.
On trunks the mean and standard deviation per span* are specified
as —64.6 dBm and 4.0 dB respectively. The minimum singing margin
(see Appendix B) required to insure that an equalized line has an ac-
ceptably small probability of singing is given as 10 dB with proba-
bility of 0.99.

3.3 Equivalent Number of Disturbers

The detrimental effects of near-end crosstalk occur primarily at
equalizer locations. Therefore the equivalent number of disturbers

* Defined in Fig. 2 of Ref. 5.
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(ng) that must be considered is equal to the number of interfering
signals at each equalizer location, n, multiplied by the number of
equalizer sections, g.

Equal-level far-end crosstalk coupling is computed for the overall
line length since its effects are independent of equalizer spacing. The
number of equivalent disturbers is therefore equal to n, the number of
actual disturbers.

In the computations that follow, it is assumed that a disturbed pair
in a given 50-pair cable unit may be subjected to at most n = 25 op-
positely-directed, within-unit disturbers at any one equalizer location.
It is further assumed that loops and trunk spans will be composed of
at most ¢ = 4 and 6 equalizer sections, respectively. If all pairs within
a cable unit are transmitting in the same direction, interference on
any disturbed pair, due to the effects of far-end crosstalk, is calculated
assuming n = 49 within-unit disturbers. When disturbing and dis-
turbed pairs are in adjacent cable units, the interference is that com-
puted from n = 50 disturbers. All computations assume that the
equalizers of the disturbing and disturbed circuits are located at the
same point.

3.4 Traffic Activity

A traffic activity factor, defined as the percentage of pairs active of
those equipped for Picturephone transmission, is assumed for loops
and trunks. The factor for loops is chosen to be 0.1 whereas that used
for trunks is conservatively taken as 1.0,

IV. WORST-DISTURBER INTERFERENCE

The analysis of worst-disturber interference is given in Appendix
A. Tt is shown that the equalizer spacing is dependent upon the sub-

TaBLE III—CrossTarLk CoupLiNG Loss ar 1 MHz For 22-GAUGE
PuLp-INSULATED CABLE

Near-End Far-End
Pair Separation (>1000 ft) (1000 ft)
Mean Std. Dev. Mean Std. Dev.
(dB) (dB) (dB) (dB)
Within-unit 74 8.8 78 12
Adjacent-unit 93 6.7 94 11
Alternate-unit 105 6.7 103 11
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jective effect of this interference, the number of equivalent disturbers,
and the traffc activity.

The equal-level loss required to make this type of interference defi-
nitely noticeable but not objectionable, denoted by Lzzq , has been
subjectively determined to be 45 dB at 150 kHz (Section 3.2). As is
shown in Fig. 4, a disturbing signal coupled through the near-end
crosstalk path is subject to the gain of the equalizer of the disturbed
circuit. Denoting this gain in dB by G, the required cable crosstalk
coupling loss, C, , is equal to (Lreq + G) dB at 150 kHz.

Knowing the cumulative probability distribution of the pair-to-pair
crosstalk loss, Fx(z), the following result (derived in Appendix A)
can be obtained.

Assume that in a cable made up of ¢ equalizer sections, there are n
possible interferers and n possible disturbed circuits, each of which is
active with probability p. Then the probability that the minimum
pair-to-pair loss between the n interferers and a disturbed circuit
chosen at random is less than the required C, is given by

Fo(C)=1—[1—(@1—apl (¢
where
a=[1—Fx(C)I 2
and F,, is the distribution of the minimum pair-to-pair loss.

This relation is used to obtain the curves of Fig. 5, where the prob-
ability of exceeding the requirement on loops is given as a function of
equalizer spacing. The equivalent number of disturbers is treated as a
parameter. If a criterion is chosen that limits the probability of exceeding
the worst-disturber requirement to 5 percent, and the number of
within-unit equivalent disturbers is assumed to be 25 X 4 = 100, the
maximum equalizer spacing is found to be 4.6 kft.

Worst-disturber interference is not a problem on trunks even for
the maximum trunk equalizer spacing of 6 kft. This follows since the
gain of the trunk equalizer for 22-gauge cable is less than that supplied
on the same length 26-gauge loop, and therefore a smaller coupling
loss, C, is required.

S>>
S

Tig. 4—Crosstalk loss, C¢, required to meet the worst-disturber requirement, Lmzq .

C£= LREQ + G
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Fig. 5—Probability of exceeding the worst-disturber requirement on loops due
to within-unit, near-end crosstalk.

V. RANDOM NOISE INTERFERENCE

Even when the effects of crosstalk are not evident as a distinct pat-
tern produced by a worst disturber, as discussed in Section IV, wide-
band systems operating within the cable contripute unwanted energy
through crosstalk coupling paths to a Picturephone circuit. This en-
ergy must be taken into account, and is treated here as random noise.

The effects of random noise on equalizer spacing and pair place-
ment are described in the following sectiong. The models used to de-
termine the received noise power due to near-end and far-end cross-
talk coupling of Picturephone, T1 line, and T2 line signals are shown
in Figs. 6a and 6b respectively. The equalizer gain is not included in
Fig. 6b because in the far-end crosstalk case, the disturbing signal is
exposed to cable loss equal to the gain supplied by the equalizer of the
disturbed line. As shown, the interfering source is coupled through a
crosstalk path, assumed to be that described in Section III. The Pic-
turephone equalizer gain (included in the near-end case only) is as-
sumed to match the loss, at nominal temperature, of a given length
of 26- or 22-gauge pulp cable. Deemphasis is used to provide increased
immunity to high frequency interference® and noise weighting is in-
cluded to account for subjective weighting of noise by the human eye.
The characteristic of station set roll-off, used to enhance picture
quality, attenuates the received signal at the high end of the band
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and, therefore, must be included. The characteristics of noise weight-
ing plus roll-off, and deemphasis are shown in Fig. 7.

From Fig. 6a the mean noise power at any frequency due to inter-
ference coupled through the near-end path is given by

N(f) = SHXHNGH DOWHE) 3)

where S(f) is the interfering power spectrum, X (f) the mean cross-
talk loss function, G(f) the equalizer gain, and D (f), W (f) and E(f)
the deemphasis, noise weighting, and station set roll-off characteristics
respectively. The expression for noise coupled through the far-end
crosstalk path is the same, except for the gain factor, G(f), which is
not included. Numerical integration of equation (3) yields the mean
noise power on the disturbed pair due to one disturber. The amplitude
distribution of N (f) is based on the lognormal distribution of cross-
talk loss, and is therefore also normal in dB. The probability distribu-
tion of the noise power accumulated from ng equivalent disturbers is
found by convolving the lognormal distribution ng times.” The noise
power exceeded with some given probability can then be determined.

The noise produced through far-end crosstalk coupling is calculated
by first finding the far-end crosstalk loss distribution for the total
loop or trunk span length of interest and then applying the model of
Fig. 6b. The noise due to n actual disturbers is determined by con-
volving the amplitude distribution of the noise generated by a gingle
disturber n times.

5.1 Interference From Picturephone Signals
Results are naturally dependent upon the source of the interference,
the Picturephone signal. In this study the preemphasized Picturephone

INTER= _ STATION
FERENCE |—s| NEAR-END | | EQUALIZER L} peeppHasis —s, NOISE Lo ~ SET
SOURCE CROSSTALK GAIN WEIGHTING ROLLOFE

(a)

INTER- STATION
SET

FAR-END |, NOISE
FERENCE [ DEEMPHASIS [—{ m——
SOURCE CROSSTALK WEIGHTING ROLLOFF

(b)

Fig. 6—Model used to compute random noise interference coupled through
(a) the near-end crosstalk path and (b) the far-end crosstalk path.
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Fig. 7—Gain-frequency characteristics of noise weighting plus station set roll-
off, and deemphasis network.

spectral envelope is assumed flat to a frequency of 15 kHz, and de-
creasing at a 6 dB/octave rate thereafter. The spectrum is scaled to
produce a total signal power of 0 dBm.

Only the video information portion of the Picturephone signal is
preemphasized while the synchronizing pulses, the dominant part of
the signal, remain unaltered. The spectral envelope of the preempha-
sized and unpreemphasized signals are therefore very much the same,.

5.1.1 Picturephone Interference on Loops

The mean noise power due to Picturephone interference on loops is
given as a function of equalizer spacing in Fig. 8. The average num-
ber of equivalent within-unit disturbers is shown as a parameter. The
exact number of equivalent disturbers cannot be specified since each
disturbed pair is assumed active with probability p. The average num-
ber is equal to ngp where n and ¢ are as previously defined and p is
the traffic activity factor, equal to 0.1 in the loop case.

Using the requirement (Section 3.2) that the mean noise power on
loops should not exceed —61.6 dBm and considering the effect of 100
equivalent disturbers, it is seen that the noise produced is within that
allowed even for equalizer spacing of greater than 6 kft. If it is pos-
sible to restrict each cable unit to carry only one direction of trans-
mission, the noise produced on a given disturbed pair is primarily
due to the effects of within-unit far-end crosstalk coupling. This noise
is well within the requirement and results in no limitation on total
loop length.
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5.1.2 Picturephone Interference on Trunks

With the availability of the trunk facilities under development,
trunks will be limited to 22-gauge pulp-insulated cable and trunk
spans will be composed of a maximum of six equalizer sections of at
most six kft each. The 22-gauge cable has less loss than 26-gauge and
therefore with identical equalizer spacing requires less gain. Hence
22-gauge trunks have some advantage relative to 26-gauge loops in
near-end crosstalk coupling. The advantage, however, is reduced by
the ‘increased activity on trunks (a traffic activity factor of 1.0 is
assumed).

The allowable trunk equalizer spacings are derived using the as-
sumption that one of the several sources of noise (Picturephone, T1,
T2) dominates and may, therefore, be allocated the entire trunk span
noise objective. If, in engineering a trunk span, it is found that the
total noise from two or more sources exceeds the requirement and
that the contribution from each of the sources is comparable, the
noise power allocated to the span will have to be further allocated
among the sources of noise, and the equalizer spacings or the number
of disturbers reduced so that the total noise produced is within that
permitted.

Figure 9 shows the mean within-unit near-end crosstalk noise power
as a function of trunk equalizer spacing with the equivalent number
of disturbers, ng, a parameter. As shown, with 150 equivalent dis-
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Fig. 8—Mean noise power on loops due to Picturephone interference coupled
via within-unit, near-end crosstalk.
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Fig. 9—Mean noise power on trunk spans due to Picturephone interference
coupled via within-unit, near-end crosstalk.

turbers, the noise produced is within the requirement of —64.6 dBm
only if the equalizer spacing is limited to 3.6 kft. The crosstalk ad-
vantage derived with adjacent-unit separation of opposite directions
of transmission is sufficient to control the interference created by near-
end crosstalk coupling of Picturephone signals and therefore allow
maximum equalizer spacings. The noise on a trunk span of a given
overall length, due to n actual disturbers coupled through the within-
unit far-end crosstalk path is shown in Fig. 10. With the maximum
of 49 actual disturbers the noise produced on a 36-kft trunk span just
meets the requirement.

5.2 Interference from Digital Carrier Systems

Concern has been raised over the possibility of degradation of the
Picturephone signal by noise crosstalked from the digital T1 and T2
lines. This is possible since T1 is found largely in urban areas and
often on 22-gauge cable, the same environment and medium in which
Picturephone analog trunks will initially be installed.® Although T2
signals will initially be transmitted on a specially constructed low
capacitance cable, it is planned that future T2 designs will allow
transmission over 22-gauge pulp cable.” The study of interference on
Picturephone lines caused by T2, located within the same 22-gauge
pulp cable sheath, is therefore included.

Compatibility with T1 carrier is of particular concern because of
its widespread use and, as shown in Fig. 11, the fact that the maxi-



440 THE BELL SYSTEM TECHNICAL JOURNAL, FEBRUARY 1971

- 60

REQUIREMENT —

=70

/
£

NUMBER OF ACTUAL
DISTURBERS
(ACTIVITY FACTOR =1.0)

MEAN NOISE POWER IN dBm
1
@ @
(=] o

—100

0 10 20 30 40 50 80
TOTAL TRUNK SPAN LENGTH IN kft

Fig. 10—Mean noise power on trunk spans due to Picturephone interference
coupled via within-unit, far-end crosstalk.

mum energy of the typical T1 spectrum falls at 772 kHz, well within
the Picturephone band. The 0 to 1 MHz portion of the typical T2
spectrum is also shown in Fig. 11. The noise produced by crosstalk of
these digital signals on the Picturephone line is computed by again
using the models of Fig. 6.

The mean noise power due to within-unit near-end and far-end
crosstalk of T1 into Picturephone lines is given in Figs. 12 and 13
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Fig. 11—Spectra of typical T1 and T2 signals.
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respectively. As shown in Fig, 12, the noise generated by 150 equiva-
lent disturbers coupled through the near-end path would not meet the
requirement even if no equalizer were used and no gain employed.
Similarly, Fig. 13 shows that the noise produced by 49 actual dis-
turbers coupled through the within-unit, far-end path is within the
requirement only if the total trunk span length is limited to 1.5 kft.
Although adjacent-unit separation of opposite directions of T1 and
Picturephone transmission provides some advantage, it is not sufficient
to allow 6-kit equalizer spacing. As shown in Fig. 14, 300 equivalent
adjacent-unit T1 disturbers (see Section 3.3) coupled through the
near-end crosstalk path yield a noise power within the requirement
only if the equalizer spacing is limited to 4.7 kft. If full 6-kft spac-
ing is desired, non-adjacent-unit separation (see Fig. 2) of opposite
directions of T1 and Picturephone transmission is required. The curves
of Fig. 15, however, indicate that adjacent-unit separation of like
directions of T1 and Picturephone transmission is sufficient to control
interference from 50 disturbers coupled through the far-end path and
hence allow maximum total trunk span length.

Figures 16 and 17 present the mean noise power generated by cross-
talk of T2 signals. Again assuming 150 equivalent disturbers coupled
through the within-unit near-end path, it is seen from Fig. 16 that
the resulting noise power is within that allowed when equalizer spac-
ing is limited to 2.7 kft. Total trunk span length must be limited to
26 kft, as indicated in Fig. 17, if the noise produced by 49 actual dis-
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Fig. 12—Mean noise power due to T1 interference coupled via within-unit,
near-end crosstalk.
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turbers coupled through the within-unit far-end path is to be within
that required. Interference from T2 signals can be controlled and
6-kft equalizer spacing and 36-kft trunk span length obtained if T2
and Picturephone signals are restricted to separate cable units.

VI. SINGING OF BASEBAND EQUALIZERS

6.1 The Feedback Mechanism

The problem of providing an adequate singing margin for Picture-
phone equalizers is aggravated by the fact that cable loss must be
equalized beyond the 1-MHz signal bandwidth. This must be done so
the inband phase nonlinearity associated with the gain roll-off is
small enough to meet the echo rating requirements.*® The higher the
frequency to which the cable is equalized, the more linear the inband
phase can be made. However, this also makes the equalizer more
likely to oscillate because the equalizer gain increases, while the cross-
talk loss decreases with frequency. Thus equalized Picturephone lines
may provide acceptable crosstalk loss in the 1-MHz signal band-
width, while allowing the equalizer gain and the loss at the tail of
the crosstalk loss distribution to be comparable beyond 1 MHz. This
allows the possibility of singing.
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Fig. 13—Mean noise power due to T1 interference coupled via within-unit,
far-end crosstalk.
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Figure 18 shows the mean NEXT loss and the gains of the loop and
the trunk equalizers versus frequency. The significant parameter as
far as singing is concerned is the difference between the crosstalk loss
and the equalizer gain, denoted CR, the average of which is also plotted.
This difference is half the average loss of the feedback loop around a
pair of oppositely-directed equalizers. Since the crosstalk loss is random,
the gain of the feedback loop is random. Thus, a pair of equalizers

-60
150

E 50
@
- —-70
Z
« 10
w
: noyezn or
g -s0 r_,,../ DISTURBERS —
i /
an
o
z
z_
Z -90
w
s

-100

0 10 20 30 a0 50 60

TOTAL TRUNK SPAN LENGTH IN kf't

Fig. 15—Mean noise power due to T1 interference coupled via adjacent-unit,
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Fig. 16—Mean noise power due to T2 interference coupled via within-unit,
near-end crosstalk.

could sing if the loss around the feedback path happened to be less
than one when the phase was a multiple of 2x. Consider, for example,
the probability that a single pair of oppositely-directed, 6-kft, 26-
gauge loop equalizers, when installed in the same unit of a pulp cable
picked at random, will have loop gain greater than unity at 1.3 MHaz.
It is equal to the probability that a normal random variable of mean
2 %X CRismms = 2 X 16 = 32 dB and standard deviation v2 X 8.8
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Fig. 17—Mean noise power due to T2 interference coupled via within-unit,
far-end crosstalk.
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(Table III) =12.4 dB is less than 0 dB, which is 0.5 percent. The
possibility of singing can be decreased by reducing the equalizer spacing.
Increasing the crosstalk loss has the same effect on the probability of
singing and, in fact, the possibility of singing via NEXT can be elimi-
nated by placing the opposite directions of transmission in different
cables. Two-cable operation may not always be practical, however,
especially on loops. In addition, singing would still be possible with
two-cable operation via near-end-near-end-interaction crosstalk (NE-
NE-IXT), as shown in Fig. 19. However, NEXT is the limiting singing
path in single-cable operation so NE-NE-IXT will not be considered
further. In two-cable operation, the equalizers are limited by their
available gain rather than singing considerations.

Thus far we have considered feedback around a single 2-way
equalizer. However, in a cable with many parallel equalized lines,
each with several intermediate equalizers in tandem, there are a
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Fig. 18—Equalizer gains and crosstalk loss.
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multitude of feedback paths. The feedback path for each equalizer
includes all the oppositely-directed equalizers at a site, thus increas-
ing the loop gain. Furthermore, a single feedback loop can include
two separate equalizer sites. Two of the many possible paths are
shown in Fig. 19.

The two directions of a Picturephone equalized line will be looped
back on themselves through low-loss connections in several situa-
tions. For example, when a person calls his neighbor, one direction of
one line may be looped through the zero-loss switching office to the
opposite direction of the other line in the same cable as shown in Fig.
20. Such loop-backs act, in effect, like additional low-loss crosstalk
paths and thus increase the probability of singing.

6.2 Method of Calculation of Singing Margin

A random variable called the singing margin, defined in Appendix
B, allows one to estimate how close an equalized line is to singing.
In order to calculate the distribution of the singing margin when there
are several equalized lines in a single cable, a matrix formulation of
the effects of near-end crosstalk is also presented in Appendix B.
This model, which allows one to calculate the singing margin taking
into account all near-end singing paths, has been implemented in a
computer program. The program is used as part of a Monte Carlo pro-
cedure to calculate the distribution of the singing margin. The cross-
talk is simulated by pseudo-random variables with lognormal ampli-

Fig. 19—Some possible singing paths.
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Fig. 20—Loopback of a line through a switching machine.

tude density and uniform phase density. The effect of this crosstalk
on the through transmission of an equalized line with specified pa-
rameters is caleulated on a computer many times, each with new
crosstalk samples. This Monte Carlo procedure allows one to estimate
the probability that a line is close to singing and to determine the
effects of various parameters of the line on this probability.

6.3 Limitations Necessary to Avoid Singing

6.3.1 Required Singing Margin

The criterion used to insure that an equalized line has an acceptably
small probability of singing is to require its singing margin to be at
least 10 dB with probability 0.99. The small probability of exceeding
the limit is used because singing is a severe degradation. The 10-dB
value for the limit is adopted for computational convenience, as de-
seribed in Appendix B. The method of analysis and the criteria of
acceptability described here are somewhat different from those men-
tioned in Ref. 1. The results of these two approaches are quite simi-
lar however. Through the use of the computer program this 10-dB
requirement can be translated into a requirement on the minimum
CR, i.e. the minimum difference between the mean crosstalk loss and
the repeater gain. As shown in Fig. 21, the required CE in dB is
proportional to the logarithms of the number of intermediate equal-
izers in tandem and the number of systems in the eable. Once the
required CR has been determined, it can be translated into a require-
ment on equalizer spacing for the type crosstalk being encountered.
Since singing paths can traverse a switching office, one must consider
the possibility of singing for an entire connection.
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The difference between crosstalk loss and equalizer gain must also
be limited inband, in order to avoid degradation of a line’s echo rating
due to gain and phase deviations caused by feedback via crosstalk.
As a guideline, the inband difference should, at all frequencies, ex-
ceed the minimum difference required for singing protection by 10
dB for loops and 15 dB for trunk spans. These limits are roughly
those at which a line’s echo rating would begin to be degraded. Either
the inband difference or the singing requirement can be the limiting
one, depending mostly on the gain roll-off characteristic of the equal-
izer in question.

6.32 Trunk Equalizer Spacing

For 25 within-unit trunk spans, each with five intermediate equal-
izers in tandem, the required CR, found from Fig. 21, is about 31.5
dB. From Fig. 18, the trunk equalizer CE at the worst frequency is
about 19 dB for 6-kft spacing. By scaling the equalizer gain, we find
that the spacing would have to be reduced to 4.4 kft to raise the CR
to the required level. The same method applied to 50 adjacent-unit
trunk spans indicates that there is adequate singing margin with 6-kft
equalizer spacing because of the increased crosstalk loss between ad-

jacent units.
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Fig. 21—System parameters required to give adequate singing protection.
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Another possible singing situation is with the maximum of six
analog trunk spans connected in tandem. This could result in 35 inter-
mediate equalizers. Assuming that only one system would be in paral-
lel over the entire length of such a connection, it can be seen from
Fig. 21 that the required CR is again about 81.5 dB. Hence, the equal-
izer spacings derived above, 4.4 kft for within-unit operation and 6
kft for adjacent-unit operation, will provide an adequate singing
margin for this connection also.

Because the gain roll-off occurs so far out of band, the singing re-
quirements are dominant over the inband requirements.

6.3.3 Loop Equalizer Spacing

The controlling limitation on loop equalizer spacing is due to the
possibility of connecting two lines in the same cable through an office
switch. Such loopbacks change the functional dependence of CR on
the numbers of systems and equalizers from that shown in Fig. 21.
Thus, new computations including the effects of a loopback were made
to determine the required CR on loops.

For adjacent unit operation on the maximum length line composed
of three intermediate equalizers with 6-kft spacing, the singing margin
is adequate even with two lines looped back. To provide singing pro-
tection for within-unit operation, the equalizer spacing must be re-
duced to 4.2 kft. Since the singing margin with a loopback is very
insensitive to the number of systems, this suffices for 25 systems also,
the maximum number possible. However, this reduction to 4.2-kft
spacing only provides adequate singing protection; it does not give
adequate protection against echo rating degradation. To do this, the
equalizer spacing must further be reduced to about 3.6 kft. This in-
creases the one percent point of the distribution of the singing
margin at 1 MHz to 20 dB for two systems looped back through a
switching office. Out-of-band loss in the office equalizers could in-
crease the minimum spacing required by singing limitations from 4.2
kft to perhaps 4.4 kft, the limit with no loopback. Such loss cannot
be used inband, however, so it cannot affect the 3.6-kft limit due to
echo rating protection. This limit can be increased only by improv-
ing the crosstalk separation,
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APPENDIX A
Worst-Disturber Interference

A1 Characteristics of Worst-Disturber Interference

When a Picturephone signal is coupled via a crosstalk path into
another cable pair, it is approximately differentiated. Sharp transi-
tions in the interfering signal appear as spikes in the disturbed pair.
In particular, the syne pulses at the end of each scan line of the video
signal represent step functions displaced by the horizontal blanking
time. Differentiating both step functions results in two delta func-
tions, one positive and one negative, in the disturbed video signal.
Hence each scan line in the disturbed signal will have a positive and
negative delta function superimposed upon it. When displayed, the
interference will manifest itself as a white vertical line and a black
vertical line. Since the oscillators generating the interfering and dis-
turbed signals will not be at precisely the same frequency, the inter-
ference pattern will drift across the raster of the displayed disturbed
signal. The loss required to render this interference just perceptible is
denoted by Lgme and is equal to 45 dB at 150 kHz. (See Section 3.2).

A2 Minimum Pair-to-Pair Loss Distribution for n Interfering Signals

Let Fx(z) be the pair-to-pair coupling loss distribution between
one interferer and one disturbed signal. We are interested in obtain-
ing the distribution of the minimum loss when there are n interferers,
F,(z). Let the probability density corresponding to Fx(z) be fx(z).
Then the probability that a pair-to-pair loss is in the interval (z, z
+ dz) is fx(z) dz. For a given disturbed pair, the probability that a
given coupling loss is in this interval and all other losses are greater
is given by

p(z) = [fx(z) dz]ll — Fx(z)]"". 4)

Since there are n possible disturbing pairs, the probability that the
coupling loss between the given disturbed pair and any disturbing
pair is in the interval (z, z + dz) and all other coupling losses are
greater, is the sum of n terms of the form (4), or
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np(z) = nlf(z) dz]ll — Fx(z)]"" ()
The associated distribution function, F,,(z), is the integral of equa-
tion (5) or

Fox) =1—[1 - Fx(2)]". (6)

Since the given disturbed pair is equally likely to be any of the n
possible disturbed pairs, this is the required result.

A3 Effect of Repeater Spacing

We have denoted the required loss as Lgpq at a frequency of fr
Hertz. Suppose at this frequency the repeater gain is G dB. The gain
G depends on the length of cable that the repeater must equalize. To
meet the requirement, the cable crosstalk loss must be, as shown in
Fig. 4, equal to Lprq + G- Equation (6) ean be used to calculate the
probability that the coupling loss between a disturbed pair and the
worst single interferer is less than Lygq + G.

A4 Cable Activity, and the Effect of Several Disturbers

With n two-way systems operating in a cable, there are n inter-
ferers and n disturbed circuits. Assume that during the busy hour each
system initiates p erlangs of traffic. If there is a negligible probability
of blocking, this can be interpreted by stating that the probability
that a given system is in operation is p. The probability that j sys-
tems are in operation is then

PG = Cip'Q — p)™ ()

[

where

C7 = nl/(n — HY! (8)
is the binomial coefficient.

If the cable is made up of g equalizer sections, then when one inter-
ferer is active, the disturbed circuit is subjected to ¢ interferences.
Hence with j interferers active over the cable of ¢ sections, the mini-
mum pair-to-pair loss distribution becomes, from (6),

Fo(z) =1 —[1 — Fx(@)]" (9)

Combining equations (4) and (6) according to the law of condi-
tional probabilities gives

Prob (L < ) = 3 P({1 — [1 — Fx(CHT" (10)
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where Prob (L < C,) is the probability that the crosstalk loss L is
less than the required C, .
This can be written in closed form by using the binomial expansion

to give
Prob (L <C)=F,(C,)=1—-[1—-(1— e)p]" (11)

where

a = [1 — Fx(C)]". (12)

APPENDIX B
Calculation of Singing Margin

B.1 Criterion for Near-Singing Condition

There are many near-end crosstalk paths between equalized lines
in a cable. Since the closed paths thus formed around a single equal-
izer may be considered as many positive feedback loops, a single
open-loop gain, including crosstalk, is not defined. Hence such quanti-
ties as gain or phase margin are not appropriate. The criterion
adopted as an indication of closeness to singing is the deviation from
unity of the normalized closed loop gain in the presence of crosstalk,
denoted G, exp (j#). The normalizing gain is that in the absence of
crosstalk. The larger the magnitude of the gain change due to cross-
talk, the closer the line is to singing. We shall define the log of this
quantity to be the singing margin, i.e.,

SM = —201log | G, exp (j6) — 1 |. (13)

A plot of the singing margin versus the loop gain is shown for three
types of feedback configurations in Fig. 22. When there is no feed-
back, SM = +oo; singing corresponds to SM = —eo. Near the point
where singing occurs, the singing margin changes very rapidly. Note
that SM = 0, contrary to intuition, does not indicate singing in this
context.

Note, also, that the singing margin of an equalized line is a random
variable, since it depends on crosstalk losses which are themselves
random variables. Thus, we cannot guarantee that a line will not sing;
we can only insure that its chances of singing are below some value.
Another important fact about the singing margin is that it is a func-
tion of frequency. In order that a line not sing, its margin must be
greater than —eo for all frequencies.

Computing such an overall probability by combining the probabili-
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Fig. 22—Singing margin versus loop gain for several feedback configurations.

ties computed at many frequencies using a Monte Carlo technique is
time-consuming and inaccurate. Instead, it can be shown that it is
reasonable to assume that the overall probability of singing is less
than one percent if the one percent point of the distribution of sing-
ing margin is at least 10 dB at the worst frequency.

B.2 Calculation of the Singing Margin

B.2.1 Only One Intermediate Equalizer

We are interested in the singing margin of an equalized line in a
cable containing n identical, 2-way equalized lines. Let ¢y (b, ¢), a
complex number, denote the near-end crosstalk voltage transfer fune-
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tion from point b of system k to point ¢ of system j. Let v;(b), also
complex, represent the Fourier transform of the voltage at point b of
system 4. Then the voltage due to crosstalk from point b to point ¢ in
a particular system, say r, is the sum of all the voltages at point b
times the crosstalk gain between each of them and point b of system
7, le.,

0@ = 3 culb, . (14)

We can simultaneously write the equations for all the voltages at
point b due to crosstalk from point @ by utilizing matrix notation.
Let V(b) be a column matrix of n elements, the kth of which is »,(b).
Let C(b, ¢) be an n X n matrix, the element of its jth row and kth
column being c;,(b, ¢). Then

V(e) = C(b, c)V(b). (15)

Referring to Fig. 23, what we are interested in is a relationship of
the form

V() = T(a, b)V(a), (16)

where T(a, b) is an n X n matrix which relates the input and output
voltages, including all the effects of feedback via near-end crosstalk

(a) (b)

vi(a) vy(b)
] >
Via Vva(@ |~ Va(b) V(b)
vn(a) Vn(b)
Cd,a) C(b,c)

@ -1 ©
vy(d) | wite)

Vid)-  vald) ] valc) Vic)

va(d) | valc)

Fig. 23—Vector notation for crosstalk.
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paths and the oppositely directed equalizers. Without crosstalk,
T(a, b) = gal = I, a7

where g is the equalizer gain, a is the cable gain, ¢ is the overall gain
of an equalizer section, and I is the identity matrix. (Throughout this
appendix it should be understood that the quantities involved are
funections of frequency, although this functional dependence is not
made explicit.)

To find T in the presence of crosstalk, referring to Fig. 23, note that

V(b) = qIV(a) + ¢IC(d, a)gIC(b, c)V(b). (18)
Rearranging and factoring out V(b) gives
V(b) = ¢lI — ¢°C(d, a)C(b, ¢)]"'V(a), (19)

where the exponent indicates the inverse of the matrix. Thus, in the
presence of feedback,

T(a, b) = ¢[I — ¢°C(d, a)C(d, 0)]™". (20)

If we are interested in the output of the kth system, v,(b), due only to
an input to that system, v.(a), it is given by

v:(b) = tu(a, b) vi(a) (21)

where t,.(a, b) is the kth diagonal element of T(a, b). In other words,
the diagonal elements of the » X n matrix T are the transfer functions
of the individual equalized lines, including the effects of feedback via
near-end crosstalk paths and oppositely directed equalizers.

B.2.2 Several Intermediate Equalizers in Tandem

When one considers a cable containing n two-way equalized lines,
each having m intermediate equalizers in tandem, the problem of
calculating the singing margin becomes even more complicated because
feedback paths are possible between the equalizers in tandem. There
are 2mn’ possible near-end crosstalk paths in such a configuration.
These form a total of in*m(m + 1) partially-overlapping, closed loops.

Let us find an expression for T(0, m) = T(m), the n X m matrix
relating the inputs and outputs for one direction of the equalized lines
in a cable containing n two-way systems, each with m intermediate
equalizers in tandem. The crosstalk matrices C,(k) and C,(k) apply to
the locations and in the directions shown in Fig. 24. We must solve the
following set of equations which apply to that figure:
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V) = ¥k — 1) + ¢'C(B) 3, ¢ COVE, k=1,2, - m. (22)
Define

P(k) = [T — gQ(R)Cs(k)]™" ; (23)
Qk) = ¢P(k — DQ(k — 1) + gCu(k), k=2,3,---m; (24
Q(1) = gC.(1). (25)

Then, beginning with the equation for ¥ (1), we find

I - gQWCIV) = ¥(0) + 9Q() 3 ¢ 'CHVE)  (26)

whence

V) = POV + PO X ¢CHOVO. @)

Now, substituting this expression for V(1) into the equation for V(2),
we get

VE) = FROVO) + ¢RI X ¢ VA
+0C.Q) 3 ¢ TCAVE;  (@9)
I - )Q@C.AVE = FPOVO) + 6@ 3 ¢ C.HOVE);

V@) = CPOPWVO) + aPAQE) T ¢V (29)

This expression for V(2) is now substituted into the equation for
V(3). The process can be continued until we get

V(m) = ¢"P(m — 1) --- P(1)V(0)
+ glg"P(m — 1)Q(m — 1) + ¢gC.(m)ICa(m)V(m);  (30)

Vo) ™SV NV | NV(m-1) NV(m)
,,f |/\\ fﬂl \\\ fﬂl/\\ f"l/\\\
\ / \
1Culn) ;Cd(l) (Cu(z) 1€Cd(2) I\Cu(m—n }Cd(m—l) fCu(m) }Cdfml
\ /
\ ,/ '\ ¥

NP ‘\\ Y
~ ~ N |

Fig. 24—Vector line of n parallel systems each with m intermediate equalizers
in tandem.
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V(m) = ¢"P(m)P(m — 1) --- P(1)V(0). (31)
Hence

T(m) = ¢"P(m)P(m — 1) --- P(1), (32)

where g™ is the gain of the overall equalized line. This gives a formula
for caleulating the transfer functions, including the effects of feedback
via near-end crosstalk through equalizers transmitting in the opposite
direction, of each of n systems with m intermediate equalizers in
tandem. This allows calculation of the normalized gain, from which
the singing margin is calculated by equation (13).

B.2.3 Loopbacks

Occasionally a two-way equalized line is looped around at a ter-
minal, i.e., the output of an incoming line is connected to the input of
the outgoing line in the same cable, as shown in Fig. 20. This can be
handled by simply setting the crosstalk matrices at these locations
equal to identity matrices times the gain of the loopback.
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