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Fig. 3—Optimum linear mean-square estimation.

estimates for the input signal x;(¢) and the measured signal x,(t) by
filtering x,(t) + v(t) by Hi(f) and H,(f), respectively, as shown in Fig.
3. The transfer functions of these Wiener filters are given as follows:®

H(f) = L (21)

P,(f)
LD AP
P.(f)
P, (f) + P.f)
Here P,(f), P.,(f), and P,(f) are the power spectra of the input signal

x;(t), the measured signal x,(f) at the output of the filter o7(f), and
of the additive noise »(t), respectively. Note that

P.(f) = | Z(f)I°Px(f) (23)

has been used to obtain the right-hand relation of (22).
Define the deviations of the estimates y;(¢) and y,(¢) of Fig. 3 from
their desired values as follows:

di(t) = yi(t) — xi(t)
do(t) = yo(t) — x,(2). (24)

The power spectra of these deviations are minimized by the optimum
filters of (21) and (22), as follows:

H,(f) = = o/ (f)Hi(f). (22)

B P.(HP))
Pl = T2 h 1P + PP
Pdo(f) = __PM_ (25)

P () + PP’

The corresponding minimum mean-square deviations are obtained by
integrating these spectra.

These results are applied to minimize the mean-square deviations
(6) by the following substitutions in (21) through (25):
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xi(t) — xw(t)
di(t) — dw(t)
P.(f) = P, (f)
Hi(f) — Hw(f)

PN 3 P, (f— —Z},)+ NT. (26)

n=-—oo

n#0

Thus the noise »(t) of Fig. 3 is replaced by the noise plus alias spectra
of Fig. 2.3® Recall that o7(f) = 0, |f| = W, and that P, (f) and
P, (f) satisfy (10). Consequently, Hw(f) and H,(f) both satisfy (15).
The additional condition (17) eliminates all but the n = *+1 terms in
the summation of the last line of (26). We summarize these results for
interpolation:

2
H(f) = i S @D
|2 (f) |2 + ’M(f—ﬁ + ‘M<f+7,> +7
2 2
puny = ipx || (1= )+ |4 1) + 2] om
and for restoration:
1
Hw(f) = WHo(f) (29)
__Py(f)
Pl =Taipp
2 2
<[lo-3 - 43 -5
N 1\|? ne o 80
[Z()|* + ’M<f—7‘> + lsa/(f+7, + 5
2
By (17), the terms ja/<f— %) 2and 9/(}‘+ 711) in (27), (28), and

(30) never overlap. As |f| — W, since &/ (f) — 0, then H,(f), Hw(f),
and Py (f) all - 0 but Py, (f) - X.

V. UNIFORM ILLUMINATION (MAXIMUM-GAIN ANTENNA)
From (2)
L- /W], Ifl=W

oA (f) = (31)
S 0, [fl=Ww.
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We distinguish two cases:
0 < WT < 0.5; oversampled

0.5 < WI'< 1, undersampled. (32)

It is convenient to introduce an auxiliary parameter S = (x2(t))
representing the total power of the quantity x,(t) at the output of the
filter o7 (f) (Fig. 2); from (10)

w
S=XJ:WIM(f)|2df- (33)

For the present maximum-gain antenna, (31) substituted into (33)
yields

S = %XW. (34)

Then with the substitution of (34), (27) through (30) yield, for
interpolation:

- 22 [ o=y
0

2 — -
(d2(t)) = 28 SN PR Eﬂdy
YT 3S/N
1Y 2wr
— )2 o 27
) (1=3) [(1 Ty WT> 35N
+ 38 dy, (35)
min(l,%—l) (1_y)2+ 1+y__1_2+g_.W__T
wT/ "~ 38/
and for restoration:
min 1,L—1) 1
A
(@) =ZSS—/N£ =742 wr @
YT 3S/N
Ley_ LY 2WT
1 Y~ wr) T38/N
+ 3S dy. (36)
min(l,ﬁ—l) (1—y2+ (1 +y_L : _,_Z wT
wT/ ' 3S/N

Here we combine the two cases of (32). S/N is the observed signal-to-
noise power of the samples in Fig. 2, and WT is the parameter bounded
by (32), indicating the relative degree of over- or undersampling and
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consequent aliasing. The first terms of (35) and (36) consist of noise
and distortion. In the oversampled case the second terms are zero; in
the undersampled case the second terms contain aliasing as well.
While it is possible to evaluate (35) and (36) in closed form, the
results are messy. Moreover, such evaluations for other more realistic
antenna patterns than the present uniform illumination (e.g., the
truncated Gaussian illumination considered in the following section)
will be worse in this regard. Consequently, these integrals have been
evaluated numerically, with results given in Figs. 4 and 5, showing the
average deviation power versus sampling parameter for interpolation
and for restoration, respectively, with observed signal-to-noise ratio
as a parameter. We note that the deviation is worse for restoration
than for interpolation, because in the former case we attempt to
equalize the input filter o7(f), thereby enhancing the noise. Alterna-
tively, Figs. 4 and 5 may be obtained by direct numerical integration
of (18), using (6), (19), (27), and (29). Analytical expressions for these
results in the oversampled case, 0 < WT < 0.5, are given in eqs. (77)
and (78) of Appendix C.
For the undersampled case, WT > 0.5, we require in addition the ac
component of the deviation powers. We write
(d2(®)) = @) — D, cos 27 =, (37)
w w w T
where D, and Dy are the amplitudes of the ac components of the
deviation powers for interpolation and for restoration, respectively.

0.25
UNIFORM ILLUMINATION
0.20— OPTIMUM FILTER
A 0.15+—
5‘° (%)
©
v
010+ S/N =10
0.05—
0 L } t 1 ]
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1.0

wr
Fig. 4—Average deviation power versus sampling parameter, with signal-to-noise

ratio as a parameter, for interpolation of a bandlimited function: uniform illumination
and optimum filter.
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Fig. 5—Average deviation power versus sampling parameter, with signal-to-noise
ratio as a parameter, for restoration of a bandlimited function: uniform illumination
and optimum filter.
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Fig. 6—Diagram of ac deviation power versus sampling parameter, with signal-to-
noise ratio as a parameter, for interpolation of a bandlimited function: uniform illumi-
nation and optimum filter.

We determine D, and Dw from this definition (37) by combining (6),
(18) through (20), (27), and (29). Numerical integration of the resulting
expressions yields the results shown in Figs. 6 and 7.

A partial check on these results is obtained by observing that for
zero noise optimum interpolation must recover the filtered input with
zero error at the sample points, i.e., x,(nT) must be reconstructed
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Fig. 7—Diagram of ac deviation power versus sampling parameter, with signal-to-
noise ratio as a parameter, for restoration of a bandlimited function: uniform illumina-
tion and optimum filter.

without error for N = 0. Consequently, the S/N = o curves of Fig. 4
and Fig. 6 must coincide, and they do.

Observe that while H,(f) of (27), the optimum filter for interpola-
tion, decreases monotonically as f goes from 0 to W, the same is not
true for Hw(f). In contrast Hw(f), the optimum filter for restoration,
initially increases to a maximum before finally dropping to zero at
f = W. For example, consider the oversampled case, WT < 0.5. Then

L
%%
Hu) = o (38)
(1 - v—v) t35N
Obviously,
Hy(0) =———;  Hy(W) =0, (39)
1+35/N

The peak is given by

_ 3S/N [ _ _\/2M
Hw(f)|mex = 0.5 s wr 2 W—l 35N (40)

For large S/N the peak of Hw(f) is very large, and very close to
[ = W. However, the results of Fig. 5 and 7 remain finite as S/N — .
D, and Dw of (37) contain contributions from the second and first
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equations of (18), respectively, and from the third equation of (18),
used together with (20). The former consist of linear distortion and
aliasing, the latter of noise. All such contributions (to the ac coeffi-
cients D) are 0 for the oversampled case, WT < 0.5. For the undersam-
pled case, 0.5 < WT < 1, distortion and aliasing make positive
contributions to D, and Dy, while noise makes negative contributions
to these quantities. Taking note of the negative sign on the last term
in (37), the deviation due to distortion and aliasing is worst between
the sample points, while the deviation due to noise is worst at the
sample points.

The deviation powers in Figs. 4 through 7 have been normalized to
the signal power at the output of o7(f) in Fig. 2a, S = (x2(t)), given
for the present case by (34). This is perfectly appropriate for Figs. 4
and 6 (“interpolation”), where we wish to reconstruct the quantity
x,(t). It is less appropriate for restoration, where we wish to reconstruct
xw(t), the bandlimited version of the input x(¢) in Fig. 2a, given by
(4). Here a more appropriate normalization might be the total power
of xw(t). For the present case (31), (10) and (34) yield

(x%(t)) = 2XW = 38. (41)

To normalize Figs. 5 and 7 (“restoration”) in this way, simply divide
the numbers on the vertical axes by 3 and relabel these axes accord-
ingly.

The parameter S/N of Figs. 4 through 7 is appropriate for both
interpolation and restoration, since it is the signal-to-noise ratio
observed at the sampled output of a radiometer used to measure
incoherent fields. However, observe that S/N defined here, and used
throughout the remainder of this paper, is different than the conven-
tional signal-to-noise ratio at the output of a radiometer receiver. In
the present work S is proportional to the fluctuation in the radiometer
signal output as the antenna is scanned across the sky; while the
conventional radiometer signal output is taken as the average signal
output as the antenna is scanned across the sky. As we noted in
Section II, we assume the average radio brightness is deterministic,
and we treat it separately (see Appendix A).

VI. GAUSSIAN ILLUMINATION
Let a one-dimensional antenna of width W have an aperture field
that is Gaussian:

e—0.21n 10~d~(W) , x| < %/'
E(x) = - (42)
0, |x| > ?
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The field at the edge of the aperture is d dB down from the maximum
field (at the center of the aperture);

= —20 logioE (%/) : (43)

The symbol d represents the aperture “taper”.

oZ(f) of (3) and Fig. 2, the Fourier transform of the effective width
A(t) of the antenna, is proportional to the convolution of E(f) of (42)
with itself; by (1)

min (K v—V+f
272
( w ) Ex)E(x — fidx
o (f) = Lt . (44)

For d =0, (42) substituted into (44) yields (31) of the preceding section
for uniform illumination.

Figures 8 through 11 give the average and ac deviation powers versus
sampling parameter with signal-to-noise ratio as a parameter, for
interpolation and for restoration, for Gaussian aperture illumination
with taper d = 15 dB. These results may be compared with Figs. 4
through 7, respectively, for uniform illumination, treated in the pre-
ceding section. As in this prior case, numerical integration seems

0.25
GAUSSIAN ILLUMINATION
0.20 |- 15-dB TAPER
OPTIMUM FILTER
A 0.15 —
o
lt?
v
0.10 r
S/N =10
0.05
100
[e -]
0 ] } 4 t 1 —T |
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0
wT

Fig.8—Average deviation power versus sampling parameter, with signal-to-noise
ratio as a parameter, for interpolation of a bandlimited function: Gaussian illumination
with 15-dB taper, optimum filter.
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Fig. 9—Average deviation power versus sampling parameter, with signal-to-noise
ratio as a parameter, for restoration of a bandlimited function: Gaussian illumination
with 15-dB taper, optimum filter.
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Fig. 10—Diagram of ac deviation power versus sampling parameter, with signal-to-
noise ratio as a parameter, for interpolation of a bandlimited function: Gaussian
illumination with 15-dB taper, optimum filter.

preferable to analytical treatment. Equation (44) is evaluated using
(42), the results substituted into (27), (29), and (18), and finally (6)
and (37) are evaluated using (19) and (20).

Much of the discussion of the preceding section for uniform illumi-
nation applies also to the present Gaussian case. For zero noise the
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Fig. 11—Diagram of ac deviation power versus sampling parameter, with signal-to-
noise ratio as a parameter, for restoration of a bandlimited function: Gaussian illumi-
nation with 15-dB taper, optimum filter.

S/N = « curves of Figs. 8 and 10 again coincide. To normalize the
“restoration” results to the total power of xw(t) (rather than to
S = (x2(t))), (10) and (42), (44) yield

simply divide the numbers on the vertical axes of Figs. 9 and 11 by
3.281 and relabel these axes accordingly.

An important difference between the results for uniform illumina-
tion (discussed in the preceding section) and the present results for
the more practical Gaussian illumination with 15-dB taper appears in
the “restoration” results of Figs. 5 and 9 for these two cases, respec-
tively. Restoration is much more difficult in the present case because
the input filter &7 (f) in Fig. 2 falls off much faster with f, requiring
greater equalization by the output filter and hence yielding more
output noise.

VII. SUBOPTIMUM FILTERS

We have so far considered only optimum reconstruction filters,
according to Section IV, for both interpolation and for restoration.
Such filters must be changed for each different signal-to-noise ratio
S/N. We now explore the use of fixed filters, for interpolation and for
restoration, which are independent of S/N.

Consider interpolation first. The optimum filter H,(f) of (27) is well
behaved and, in particular, changes only slightly as the noise power N
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increases from zero. It is natural to use H,(f) for N = 0 as a subopti-
mum filter for finite but small N, i.e., for large but finite S/N.

The situation for restoration is quite different. The optimum filter
Hy(f) of (29) is badly behaved, as we discussed in connection with
(38) through (40); small changes in S/N can produce large changes in
Hy(f) near its peak. For the oversampled case, 0 < WT < 0.5, Hy(f)
for N = 0 has a pole at f = W, and this filter therefore yields infinite
output noise for finite S/N. Consequently, use of Hy/(f) for N = 0 for
finite S/N is restricted to the undersampled case, 0.5 < WT < 1.

Figures 12 through 15 show the average deviation power for inter-
polation and for restoration, for uniform illumination and for Gaussian
illumination with a 15-dB taper. In all cases the suboptimum filter
used is the optimum filter for S/N = . For restoration, only the
undersampled case, 0.5 < WT < 1, is shown, as we discussed above.

Observe that the curves of Figs. 12 and 14 (suboptimum interpola-
tion, for uniform and for Gaussian illumination, respectively) are
identical in the oversampled case, 0 < WT < 0.5. Here the reconstruc-
tion filter is simply

L, IfI<W

H(f) = 46
(f) o Ifl> W (46)

Thus, since aliasing is absent, in the absence of noise the suboptimum

0.30

UNIFORM ILLUMINATION
SUBOPTIMUM FILTER =

025 - OPTIMUM FILTER FOR S/N = o0

0.20 L

A
<l 0.15 L
S
v

0.10 |-

SIN =10
0.05
0 | e T 1
0 0.1 0.2 0.3 0.4 05 06 0.7 0.8 09 1.0

wT
Fig. 12—Average deviation power versus sampling parameter, with signal-to-noise

ratio as a parameter, for interpolation of a bandlimited function: uniform illumination,
suboptimum filter equal to optimum filters for S/N = .
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Fig. 13—Average deviation power versus sampling parameter, with signal-to-noise
ratio as a parameter, for restoration of a bandlimited function: uniform illumination,
suboptimum filter equal to the optimum filter for S/N = o,
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Fig. 14—Average deviation power versus sampling parameter, with signal-to-noise
ratio as a parameter, for interpolation of a bandlimited function: Gaussian illumination
with 15-dB taper, suboptimum filter equal to optimum filter for S/N = co.

(i.e., zero noise) reconstruction filter simply passes the input without
distortion. The output deviation then results from noise alone. A
simple result is given in (79), Appendix C, for this case. We can
observe further comparing (77) and (79) that the S/N = 10 curves in
Figs. 4 and 12 start out with identical slope for small WT, but that as
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Fig. 15—Average deviation power versus sampling parameter, with signal-to-noise
ratio as a parameter for restoration of a bandlimited function: Gaussian illumination
with 15-dB taper, suboptimum filter equal to optimum filter for S/N = .

WT increases the curve of Fig. 4, for the optimum interpolation filter,
falls below the curve of Fig. 12, for the suboptimum interpolation
filter.

We conclude that for interpolation with large S/N, we may use the
reconstruction filter designed for S/N = oo with little loss. This is not
true for restoration. These results are to be expected from the discus-
sion of the optimum filters given above in these two cases. The ac
deviation powers for interpolation do not change much from those of
Figs. 6 and 10, so we omit plots of them here.

For interpolation with smaller S/N, the greatest penalty for the
suboptimum filter occurs near critical sampling, WT = 0.5. For ex-
ample, compare Figs. 4 and 8 with Figs. 12 and 14, respectively, for
S/N = 10; the suboptimum filter is about 35 percent worse for uniform
illumination and about 67 percent worse for Gaussian illumination
with a 15-dB taper than the optimum filters for these cases.

VIII. DISCUSSION

The present results show how to process data obtained by measure-
ment of a one-dimensional incoherent field with a one-dimensional
antenna, and what the resulting errors will be. We assume the present
results provide some indication for the real, two-dimensional case.

In the model of Fig. 2, T is the sampling interval and N is the noise
power. By the definitions in Section II, T corresponds to the angular
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separation between antenna observations, and N to the mean-square
error in receiver output due to receiver noise. The noise of a radiometer
receiver is inversely proportional to the observation time;! moreover,
if a given time is allotted to measure a given region of the sky, the
time per observation is inversely proportional to the number of obser-
vations, or directly proportional to the angular separation between
observations. Consequently,

Constant
NT = Observing Time per Unit Angle of Sky ’ (47

where the constant in (47) is independent of the antenna.

Let us examine the data of Figs. 4, 5, 8, 9, 12, or 14 for fixed
observing time per unit angle, i.e., from (47) for NT = constant.
Consider as a specific example Fig. 4. Take the point given by S/N =
100, WT = 1; then (d2(t))/S = 0.187. The measurement parameters
S/N = 10, WT = 0.1 yield the same value of NT, and hence by (47)
the same observing time per unit angle of sky; for these parameters
(d2(t))/S = 0.017. In this example, sampling ten times as often with
1/10 the signal-to-noise ratio has reduced the mean-square deviation
by a factor of 0.187/0.017 =~ 11. More generally, for average deviation
in any of the above figures, compare:

1. Any §/N = 10 curve.
2. The corresponding S/N = 100 curve with its horizontal scale
compressed by a factor of 10, i.e., each point x, y replotted to x/10, y.

In every case the compressed S/N = 100 curve will lie above the
S/N = 10 curve for WT > 0.05. For 0 = WT = 0.05 the two curves
coincide precisely, as we see in the second paragraph of Appendix C.

From this, we conclude that undersampling is always bad; it will
always be better to reduce T and increase N, i.e., to take more closely
spaced observations each with poorer signal-to-noise ratio, to avoid
operating in the undersampled region. Moreover, in the preferred
oversampled region the family of curves in each of these figures can
be combined into a single curve; i.e., for 0 = WT < 0.5 the mean-
square deviation (d*(t))/S is a function of the single normalized
variable [(S/N)/(2WT)]. These results are in agreement with a prior
observation of R. W. Wilson.

Recalling from Section VII that Figs. 12 and 14 are identical for
0 = WT = 0.5, only five curves are required to summarize the data of
Figs. 4 5, 8,9, 12, and 14 in the oversampled region. This is done in
Figs. 16 and 17, for interpolation and for restoration, respectively.
Note that the vertical axis of Fig. 16 has been normalized to S =
(x2(t)) of (33), the same as Figs. 4, 8, 12, and 14. However, the vertical
axis of Fig. 17 has rather been normalized to (x%/(t)), as discussed in
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Fig. 16—Root-mean-square deviation for interpolation versus signal-to-noise ratio in
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Fig. 17—Root-mean-square deviation for restoration versus signal-to-noise ratio in
the oversampled case, 0 = WT =< 0.5.

(41) and (45), i.e., different than the normalization for Figs. 5 and 9.
For a given antenna and a given receiver noise temperature, the total
observing time for a given area of sky is proportional to the product
of the area observed and the horizontal axis variable [(S/N)/(2WT)]
of Figs. 16 and 17; however, observe from (33) and (47) that the
constant of proportionality depends on the antenna illumination, and
hence differs for the uniform and for the Gaussian cases.

Finally, we observe that while undersampling (WT > 0.5) is bad,
oversampling (WT < 0.5) offers no advantage over critical sampling
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(WT = 0.5). Reducing WT below 0.5 requires more data storage, with
no reduction in error.

Let us examine the implications of these results for ordinary anten-
nas. Consider the antenna of Section VI, with Gaussian illumination
(42) and significant taper (e.g., d = 15 dB, as in the examples). To
determine the gross structure of the main lobe we may neglect the
truncation of the aperture field in (42), i.e., assume E(x) is given by
the top expression of (42) for all x. Then the effective width is the
Fourier transform of (44) with infinite limits on the integrals:

~ 0 -3 111010 (= Wey? \/E .
A(t)~W\/dln10e , Wt< 0 d>1. (48)

Observations are frequently taken at an angular separation of one full
3-dB beamwidth; i.e., the receiving power patterns at two adjacent
observations overlap at their 3-dB points. In our present model this
corresponds to a sampling interval

T = 2t3 4B, (49)
where t3.45 is the 3-dB half-width of the antenna pattern (48);

Altsan) = 2-A(0). (50)

From (48) through (50)

1 dln1 2
Woatsas == \/ “1—81" (51)

For the 15-dB taper chosen for the examples, (51) yields
W.2t5.48 = 0.985, d = 15-dB taper. (52)

Thus, measurements separated by a full 3-dB beamwidth with a 15-
dB antenna taper will be undersampled by about a factor of 2, with
corresponding penalties indicated in Figs. 8 and 9.

Table I illustrates the above discussion. The same antenna size and

Table I—Numerical examples

Normalized rms Deviations

Normalized Interpolation e i
10logwS/N d  Observing P Restoration
wT (dB) (dB) Time Avg. Max. Min. Avg. Max. Min.
1.0 20 15 1 024 033 0.095 0.72 0.83 0.60
0.5 17 15 1 0.12 0.12 0.12 0.53 0.53 0.53
0.5 57 15 10,000 0.12 0.12 0.12
0.5 36 0 73 0.12 0.12 0.12
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receiver noise figure are assumed for the four cases shown. A typical
antenna, with Gaussian illumination and a 15-dB taper, is used for
the first three examples. The final example uses a maximum-gain
antenna, with uniform illumination (no taper). The root-mean-square
(rms) deviations have been normalized to (x%(¢)) = S for interpolation
(33) and to (x(t)) = 2XW for restoration (41), (45). In each case,
from (47)

Observing Time = % = Constant-%v-%, (53)
with the third factor determined from the first and second columns of
the above table, and S in the denominator of the second factor given
by (45) for the first three examples and by (41) for the last example.
Finally, the observing times are normalized such that the first two
examples have normalized observing times equal to unity.

In the top row observations are taken at twice critical separation
(i.e., observations separated by about a full 3-dB beamwidth). Since
the data are undersampled, the rms deviations vary, being minimum
at the observation points and maximum half-way in between. The
normalized deviation is much larger for restoration than for interpo-
lation.

The second row shows the same antenna and receiver with critical
sampling. Twice as many observations are made, each for half the
time, with the signal-to-noise ratio reduced by 3 dB; hence, the total
observing time for a given area of the sky is the same as for the first
row. The rms deviations are now independent of position with respect
to the observation points. The rms interpolation deviation is about
half as large, and the rms restoration deviation is about three-fourths
as large, as the corresponding average deviations for the undersampled
case, in row 1. The deviation for restoration remains much larger than
that for interpolation.

The third row shows the same antenna and receiver as the first two
rows, with a 40-dB higher signal-to-noise ratio than the second row;
consequently, the total observing time is increased by a factor of
10,000. The deviations are greatly reduced, that for restoration now
being equal to the interpolation deviation for the preceding case of
row 2.

Finally, the fourth row shows that a maximum-gain antenna, with
uniform illumination (no taper), and the same receiver as that of row
3, will attain the same rms restoration deviation with a total observing
time of only 73, as compared to 10,000 for an antenna with Gaussian
illumination and a 15-dB taper (row 3). Of course, the observing time
is still large compared to that of row 2; i.e., to obtain the same rms
deviation for restoration with an antenna with uniform illumination
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as for interpolation with an antenna with a 15-dB taper takes 73 times
as long.

The above discussion makes undersampling appear unattractive.
Nevertheless, much existing data have been taken in this way; the
present results show the best way to process such data, and the
resulting errors. The optimum filters (27) and (29) in the undersam-
pled case minimize the time-average mean-square deviations (d*(t))
in the present model (6). It is shown in Appendix D that they also
minimize the time-dependent mean-square deviations (d?(t)). In the
corresponding antenna problem the optimum data spatial filters min-
imize the mean-square error everywhere in the region containing the
observed points.

IX. CONCLUSIONS

Consider astronomical measurements of radio brightness that has
white spatial variation (i.e., that varies rapidly compared to the beam-
width of the antenna used to make the measurement), made at a
regular array of points in the sky. Optimum mean-square estimates
for the measured and true brightness at any point in the sky are called
“interpolation” and “restoration”, respectively. Idealize this problem
to one dimension. Then:

1. Data points should be separated by about half the (full) 3-dB
beamwidth for a normal antenna, having a tapered aperture illumi-
nation; i.e., the receiving power patterns at two adjacent observations
should overlap at their 0.75-dB points. This is often not done.

2. Interpolation can be accomplished with reasonable accuracy and
reasonable observation time.

3. Restoration with reasonable accuracy requires much longer ob-
servation time than interpolation.

4. Optimum spatial filters depend on the signal-to-noise ratio. For
interpolation this dependence is very weak. The optimum filter for
zero noise works fairly well for interpolation of finite signal-to-noise
ratios; this is not true for restoration.

5. A maximum-gain antenna, with uniform aperture illumination, is
better for restoration than a conventional antenna with tapered ap-
erture illumination.

The following additional studies are suggested by the present work:

1. Interpolation and restoration with a finite number of data points,
perhaps not regularly spaced (e.g., edge effects).

2. Tolerances in the spatial filters applied to the measured data, and
in the antenna illumination.

3. Interpolation and restoration with reduced resolution, by addi-
tional spatial filtering.

2024 TECHNICAL JOURNAL, NOVEMBER 1984



4. Nonwhite sky brightness statistics, e.g., strong isolated point
sources embedded in white brightness.

5. Treatment of the real two-dimensional problem. Greater variety
is evident, e.g., square, hexagonal, and irregular sampling patterns are
of interest in two dimensions.
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APPENDIX A
Condition for DC Component To Be Deterministic

A real wide-sense stationary random process has mean (x(t)) and
covariance ¢.(7) = (x(t + 7)x(t)), both independent of ¢t. We assume

Il.Tm ¢.(7) = a. (54)
Then define ¢, (7) by the relation
d’x('r) =a® + ¢xc(7)~ (55)
Thus,
lim ¢, () = 0. (56)

|7 |—00
The spectral density P,(f), the Fourier transform of ¢.(7), is by (55)
P.(f) = a®(f) + P.(f), (67)
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where P, (f) is the Fourier transform of ¢, (7) of (55). By (56), P, (f)
contains no component proportional to é(f), i.e., P, (f) contains no

delta function at the origin. The dc power of x(t) is thus a%
Now define

- 1 7T
x(t) = lim o7 J:T x(t)dt (58)

T—
as the dc component of an individual noise wave x(t). We have

(x(8)) = (x(t)). (59)
Next,

T T
= _ — 2
(x t)) hm (2T)2 fT iT ¢:(t — s)dt ds = a*. (60)
Define x,.(f) by the relation

x2(8) = x(t) + Laclt). (61)
Then
(xaclt)) = 0, (62)
6:(7) = a® + ¢, (7). (63)
If we compare (55) and (63),
$1, (1) = ¢ (7). (64)

We investigate the conditions under which x(¢t) = (x(t)) with
probability 1, i.e., for which almost every x(t) has the same dc com-
ponent. Define

= x(£) ~ (x(2)). (65)
Obviously (y) = 0. Now,

2
(%) = (x(t) ) — (x())* = a® = (x())%, (66)

the last step following from (60).
Therefore, if

Ililm» ¢(7) = (x(t))?, (67)
then with probability 1
- 1 (7
x(t) = ll_l‘ilo ﬁf x(t)dt = (x(t)). (68)

The dc component may then be treated as a fixed quantity, and the
ac component {whose spectrum is the second term of (57)] estimated
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separately. A stationary shot noise, for example, satisfies (67). Note
that in (67)

lim ¢.(7) =lim£ P.(f)df. (69)

|7 |-

APPENDIX B
Derivation Of Time-Varying Deviations

The time average of the expected error powers (5) and noise power
are given immediately in terms of their power spectra, (9) and (12),
by (11) and (13). However, the time-varying error and noise powers
(18) are not so easily obtained. All three quantities of (18) are derived
in a similar manner; we choose the middle one, (eZ(t)), as represent-
ative.

Use the Fourier series representation for the random process x,(¢),
as follows:’

() = 3 xonenht (70)
|nl<N
w
== 71
h (71)
lim 1 (XonXom) = 0, n # m. (72)
fo—0 fo
lim 1 (| %on|?)y = Px (nfo). (73)
fo—0 fo

The restriction on the summation in (70), with N defined in (71),
arises from (14). From Fig. 2, the error ¢,(t) of (5) is given by

e(t) = Y (H, = 1)x e/t

|n|<N
Jjer L .
+e T Z Hn+KxoneJn27rf0t
—N<n<0
—jor L
+e ! T 2 Hn—Kxonejnzﬁot, (74)
0<n<N
where
H,=H(of), K=~ (75)
n= njo), = fDT .

The restrictions on the summations in (74) arise from (14), (15), and
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(17). The first line of (74) represents linear distortion; the second and
third lines represent aliasing. If we combine terms in (74),

'Zri in2mfot
e(t) = Y [€ THux — 1+ Hilxone

—N<n<0

Jn2nfot

+ ¥ [e TH,,_K -1+ H,lxne (76)
0<n<N
where we ignore the n = 0 term by the assumption that any dc
component is deterministic and treated separately. Calculating (e2(t))
using (72) and (73), we obtain the middle relation of (18). The other
two relations are similarly obtained.

APPENDIX C
Some Analytical Results

Consider the results (35) and (36) for a one-dimensional antenna
with uniform illumination in the oversampled case, 0 < WT < 0.5.
Here min (1, 1/(WT) — 1) = 1; aliasing is absent, the upper limit of
the first terms in (35) and (36) is 1, and the second terms in these
relations are absent. Then these results are readily evaluated by partial
fraction expansions of the integrands to yield the following results for
optimum reconstruction filters, for interpolation and for restoration,
respectively:

L WT SWT. _, \ /3S/N
(o) = 28 S/N[ 3 5/N n 2 WT] (7)
and
o SWT. .~ /38N
(@i(®) =38\ /3 g tam e (78)

These relations give the curves of Figs. 4 and 5 for 0 < WT < 0.5.
We omit similar, but messier, results for 0.5 < WT < 1. Observe that
the normalized deviations (77) and (78) are functions of only (WT)/
(S/N). In the oversampled case we can reduce the sampling interval
and signal-to-noise ratio proportionately; i.e., in Figs. 4 and 5 for 0 <
WT < 0.5, the points with equal y-coordinates on the S/N = 100 and
S/N = 10 curves have x-coordinates WT whose ratio is precisely 10.
This simple property does not hold if either x-coordinate WT > 0.5.

We have no such analytic results for Gaussian illumination, Figs. 8
and 9. However, R. W. Wilson has pointed out that in the absence of
aliasing, halving the sampling interval and doubling the sample noise
power must leave the final result unaltered. As a result, in the over-
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sampled case, 0 < WT < 0.5, the normalized deviations must be
functions of only (WT)/(S/N); in particular, the S/N = 100 and
S/N = 10 curves of Figs. 8 and 9 for 0 < WT < 0.5 must scale in the
same way as described above for Figs. 4 and 5. This is most readily
seen from present results by observing that for 0 < WT' < 0.5 all terms
o/ (f£1/T)in (27) through (30) disappear, and the noise and sampling
interval appear only as the product NT. Thus the deviations remain
unchanged as long as NT is fixed, i.e., if the number of samples and
the signal-to-noise ratio are multiplied by the same factor.

Finally, we have an extremely simple result for the suboptimum
filter for interpolation in the oversampled case, for both uniform and
Gaussian illumination. Here H(f) is given by (46). There is neither
aliasing nor linear distortion, and substituting (46) into the third
relation of (18) yields

2WT
S/N°
The linear relation (80) yields the curves of Figs. 12 and 14 for 0 <

WT < 0.5. Again the normalized deviation depends only on (WT)/
(S/N).

(d%@) = S- (79)

APPENDIX D
Optimum Filters Minimize Time-Dependent Mean-Square Deviations

The optimum linear estimator for x,(¢) of Fig. 2 (i.e., “interpolation”)
may be written as®

y(t) = % ar(t)[x%(RT) + n(kT)], (80)
where x,(kT) and n(kT) are the signal and noise samples of (8); the

coefficients a, necessarily functions of time, are selected to minimize
the mean-square deviation d2(t), where

do(t) = y(t) — xo(t). (81)
The a,(t) satisfy®

({xo(t) = % ar()[%e(ET) + n(kT)}}-{x.(T) + nGT)}) = 0. (82)

Equation (82) yields
¢s(t —1T) — % ar(t)¢.,((k — 1)T) + N-a;(t) =0, (83)
where N is the power of the (independent) noise samples (Fig. 2) and

¢x,() is the covariance of x,(t), i.e., the Fourier transform of P, (f) of

(1).

The index ¢ and the summation index k in egs. (82) and (83) range
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over the set of samples used to estimate x,(t). While this set may be
finite, the present work assumes an infinite number of samples are
used. Then it is immediately obvious by the stationarity of x,(t) that

ar(t) = ao(t — kT) = a(t — kT), (84)
where we drop the subscript 0 as unnecessary. Substituting (84) into
(80), the optimum estimator for x,(¢) is

YO = 3 [%kT) + n(EDatt — ET), (85)
k=—00
where a(t) is given by
6() = 3 bu(kT)alt — ET) + N-alt). (86)
k=—o

If we Fourier transform (86), use the Poisson sum formula, and solve
for the transform of a(t),

P (f)

Alf)=71= . . (87)
?kEwao<f—?)+N

Then, if we substitute (3) into (87), comparing (8) with (80), we
identify a(¢) with T'-h(t), and hence replace A(f) by T times H,(f) of
(27), to yield

| 2Z(f) |
k
a1~ %)
Finally, imposing the constraint (17) and recalling that o7 (f) is strictly
bandlimited to | f| < W [Fig. 2 or (3) and (14)], (88) becomes identical
to (27).

We recall that in the undersampled case (0.5 < WT'< 1) the optimum
interpolation filter H,(f) of (27) minimized the time-average mean-
square deviation (d%(t)) of (6). The present appendix shows that
H,(f) also minimizes the time-dependent mean-square deviation
(d%(t)) for all t.

A similar discussion may be given for restoration; the optimum filter
Hw(t) of (29), which minimizes (d%(t)), also minimizes (d3%(t)) for
all .

Ho(f) = —
)y

k=~

. 88
2+£1 (88)
X
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To characterize the transmission performance of the public switched net-
work, the Bell System conducted an intensive field measurement study of end-
office-to-end-office connections from October 1982 to January 1983. A special
multistage sampling plan and ASPEN, a flexible, automatic data acquisition
system based on the UNIX™ operating system, were developed to evaluate
the more than 10,000 transmission paths included in the study. This paper
describes both the ASPEN measurement system and the sampling plan. A
companion paper in this issue of the AT&T Bell Laboratories Technical Journal
describes the network transmission performance results.

I. INTRODUCTION AND SUMMARY

The Bell System traditionally conducted field measurement studies
of network transmission performance to evaluate existing administra-
tive and maintenance procedures and to set objectives for new trans-
mission systems and equipment.’* The 1982/83 End Office Connec-
tion Study (EOCS) had additional goals arising from Computer Inquiry
II and the 1984 divestiture of the Bell operating companies from
ATE&T. Specifically, the EOCS was intended to support allocation of
performance objectives across segments of the network; to aid planners
of new telecommunications systems, services, and terminal equipment;

* AT&T Bell Laboratories; present affiliation Bell Communications Research, Inc.

Copyright © 1984 AT&T. Photo reproduction for noncommercial use is permitted with-
out payment of royalty provided that each reproduction is done without alteration and
that the Journal reference and copyright notice are included on the first page. The title
and abstract, but no other portions, of this paper may be copied or distributed royalty
free by computer-based and other information-service systems without further permis-
sion. Permission to reproduce or republish any other portion of this paper must be
obtained from the Editor.
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and to serve as a benchmark against which new system arrangements
and services might be compared. The EOCS and allied studies now
provide a database to support work on both the traditional and
divestiture-related goals.

To conduct the EOCS, a software-controlled field measurement
system called ASPEN (Automatic System for Performance Evaluation
of the Network) was developed, a special sampling plan was prepared,
and software tools were adapted to allow for rapid screening and
analysis of the measurement data. This section presents an overview
of ASPEN and the EOCS sampling plan. The accompanying paper
describes the study results in detail, along with a description of the
data analysis methods.'”

1.1 The ASPEN Data Acquisition System

The most recent field measurement study comparable to the EOCS
is the 1969/70 Connection Survey.® In that study, manually operated
measurement equipment was carried from office to office for a period
of one year, and a total of about 600 transmission paths were evaluated.
(A given test connection offers two directions of transmission for
testing, hence two transmission paths. In the 1969/70 connection
survey, measurements were made on one transmission path per test
connection.) Measurement data were entered manually on a.terminal
connected to a central computer. While this procedure worked well, a
highly automated data acquisition system was deemed desirable for
the EOCS for two fundamental reasons.

First, setting performance objectives requires accurate information
about the tails of performance distributions, including distributions
conditioned on end-office switch type, time of day, mileage band, and
other criteria. It was estimated that a sample size of 10,000 transmis-
sion paths was needed to meet the study goals. The time and cost of
manual data acquisition would have been prohibitive.

Second, a modifiable and reusable measurement tool appeared to be
the most efficient way to meet future demand for field performance
measurements of inter- and intraexchange network segments, as well
as a host of planned new services. Progress during the 1970s in
automatic measurement equipment and mini/microcomputer hard-
ware and software had made the development of such a tool possible.

As Fig. 1 shows, the ASPEN application to the EOCS consisted of
20 remotely controlled instrumentation packages (called Remote Test
Units or RTUs) connected to the line side of mainframes in selected
Bell System end offices. Under the control of a host computer, the
RTUs called one another over the public switched network just as
actual customers would. Once a connection between two RTUs was
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Fig. 1—ASPEN System: End Office Connection Study.

established, automatic measurement equipment in the RTUs evalu-
ated more than 25 transmission parameters on that connection (see
Table I).

The ASPEN structure offered several advantages over the 1969/70
approach, the most notable of which was speed. Evaluating more than
120 transmission paths per day, the equivalent of the 1969/70 data
was gathered in five days as opposed to a full year. In all, over a period
extending from October 1982 to January 1983, parameters were mea-
sured on more than 10,000 paths from over 7,000 test connections. (In
the EOCS, approximately 3000 of the 7000 test connections were
evaluated in both directions, while the remaining connections were
evaluated in one direction only. Thus the total number of transmission
paths evaluated was approximately 2(3000) + 4000 = 10,000.)

A second advantage offered by the ASPEN structure was flexibility.
As described in Sections II and III, the sequence of operations at an
RTU was controlled by a microprocessor whose software was down
loaded from the host computer. The measurement sequence could be,
and was, changed as needed.

Finally, because the data screening and preliminary analysis ran
concurrently with data acquisition, information was available to make
changes in the data acquisition process while the study was still in
progress. The analysis tools also made it possible to obtain final results
quickly, despite the much larger volume of data.

A particularly challenging aspect of ASPEN development was the
preparation of host computer software that could handle fault condi-
tions gracefully. The ASPEN host computer for the EOCS was a
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Table 1—1982/83 End office connection study parameters measured

Voice Insertion loss (1 kHz)
and éoss vs. frequency (30 freqs)
; -message noise
Yoiceband Call cutoffs
Propagation delay

Signal-to-noise ratio
C-notched noise
3-kHz flat noise
3-kHz notched noise
Noise-to-ground
Envelope delay vs. frequency (30 freqs)
Peak-to-average ratio (P/AR)
2nd-order intermodulation distortion
3rd-order intermodulation distortion
Voiceband Phase jitter (2-300 Hz)
Data Phase jitter (20-300 Hz)
Amplitude jitter (2-300 Hz)
Amplitude jitter (20-300 Hz)
Impulse noise (6 thresholds)
Gain hits (3 thresholds)
Phase hits (3 thresholds)
Dropouts
Frequency shift
1200-b/s bit/block error rate
4800-b/s bit/block error rate

VAX-11/780* computer running under the UNIX operating system.
As described in Section III, ASPEN’s host computer control software
consisted of three distinct layers responsible for call management,
connection supervision, and overall connection scheduling. This struc-
ture successfully handled the occasional dropped connection, inter-
mittent RTU failure, or host computer service interruption (both
scheduled and unscheduled). As a result, ASPEN could run virtually
unattended on a daily basis.

In addition to providing a friendly environment for program devel-
opment, the UNIX operating system offered data storage and analysis
tools to permit data screening and analysis to run concurrently with
data acquisition. A relational database package and the S statistical
analysis package (created at AT&T Bell Laboratories) were a key part
of the ASPEN system and the EOCS. Together with special C language
data screening programs, these tools were used to ensure data integrity,
to store the data in a compact, logical structure, and to allow rapid
exploratory analysis of results. Because the data screening programs
accepted data directly from the RTUs, manual handling of measure-

ment data was completely eliminated.

1.2 The end office connection study sampling plan

The sampling plan included both RTU location (spatial) and test
* Trademark of Digital Equipment Corporation.
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connection scheduling (temporal) components. As described in Section
IV, RTU locations were selected to yield performance data represent-
ative of different mileage bands, end office switch technologies (ESS™,
crossbar, and step-by-step switching equipment), and other strata. A
unique aspect of the EOCS spatial sampling plan was that the sampled
units, end offices, were quite different from the units being evaluated,
namely, telephone calls.

With 20 RTUs deployed, there were 380 possible originating/ter-
minating pairs over which calls could be placed. The EOCS temporal
sampling plan, operating through the ASPEN Scheduler software,
managed the selection of the RTU pairs. A unique feature of the
temporal sampling plan algorithm was its ability to enhance the
number of busy-hour connections and to handle gracefully the addi-
tions or deletions of RT'Us caused by equipment problems.

1.3 Summary

The ASPEN approach to acquisition of network performance data
proved highly successful; data were gathered more than 20 times as
fast as by previous manually oriented methods. The ASPEN host
computer software structure shows how a fault-tolerant automatic
performance characterization system may be implemented, and the
ASPEN spatial and temporal sampling plans show how locations may
be chosen and measurements scheduled to evaluate a network or other
telecommunications service.

Sections II and III provide a detailed description of the hardware
and software design of ASPEN as it was applied to the EOCS. While
the components used in ASPEN are explicitly listed, the hardware
description is a generic one because there are many possible choices
for RTU and host computer components. The software description in
Section III is more explicit. While the actual code is not presented,
the structure is described in some detail, with emphasis on fault-
handling capabilities.

Section IV describes how the a priori study requirements and the
opportunities offered by the fully automated ASPEN approach com-
bined to create special sampling challenges. Also described is an
iterative preselection step that made it possible to meet the need for
stratification of results by mileage band and end-office switch tech-
nology (ESS, crossbar, or step-by-step switching equipment).

1. ASPEN HARDWARE SUBSYSTEMS

The ASPEN data acquisition system is composed of two major
hardware subsystems: the remote test unit and the host computer.
This section describes the hardware components used in each of these
subsystems.
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2.1 Remote test unit hardware

The Remote Test Unit (RTU) subsystem has five major hardware
components: a microcomputer that controls the operation of the RTU,
a remotely controlled transmission Impairment Measuring Set (IMS),
“test” data sets used in conjunction with a bit and block error rate
testing capability, and a switching matrix. Table II lists the specific
equipment used for the EOCS, and Fig. 2 shows a complete RTU,
ready for shipment and installation.

Figure 3 is a schematic representation of the ASPEN data acquisi-
tion system. The host computer and RTU microprocessor communi-
cate by means of 1200-b/s full-duplex data sets operating over an
ordinary dial-up connection through the public switched network.
Using the switching matrix, the microprocessor connects the line
under test, IMS, test data sets, Bit Error Rate Receiver (BERR), and
Bit Error Rate Transmitter (BERT) in the various configurations
required to measure the parameters listed in Table I.

The IMS measures all the parameters in Table I except bit/block
error rate and propagation delay. Selection and testing of the IMS, an
especially critical phase of the ASPEN project, was guided by AT&T
PUB 41009, a technical reference on the evaluation of transmission
impairment measurement equipment. The instrument chosen for
ASPEN (see Table II) struck the compromise among performance,
cost, and availability that was most appropriate for the EOCS. The

Table 1I—ASPEN remote test unit components

Transmission impairment measuring set
Hekimian Laboratories Inc. Model 3701 Communications Test System with EIA
RS232C Remote Control Option

Microprocessor
Colorado Data Systems 53A Smart Hardware System*
Card Complement:
1. Zilog Z80 microprocessor, two RS232 input/output ports with buffered input and
output
2. Three relay cards (ten relays per card)
3. Bit error rate receiver card
4. Bit error rate transmitter card
5. Counter card (four counters per card)

Data modems

1. For host-RTU communications:
Western Electric 212AR

2. For bit and block error rate measurements:
Western Electric 212AR
Racal Vadic 3450
Western Electric 208B-L1B
Codex 5208R

Equipment case
Environmental Container Systems, Inc. fibercase enclosure (2 ft X 2 ft X 4 ft) with
shock-mounted rack (see Fig. 2).

* Trademark of Colorado Data Systems.
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Fig. 2—ASPEN RTU.

RTU instruments were remotely self-checked for accuracy throughout
the data-gathering period.

As is common practice, ASPEN measures bit and block error rates
by transmitting and receiving a repeated pseudorandom bit stream
with the BERT and BERR equipment. The data sets used in the
EOCS (see Table II) were widely used in the network and readily
available at the time of the study. All data sets were pretested in the
laboratory to ensure that none exhibited performance aberrations
absent in other sets of the same type.

ASPEN uses an extension of the error rate measurement technique
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Fig. 3—Schematic representation of the ASPEN instrumentation.

to measure round trip propagation delay. As Fig. 4 shows, an error is
deliberately injected into the transmitted bit stream at the near-end
BERT. The bit stream containing the error is transmitted by a 1200-
b/s full-duplex data set, and the error is detected by the far-end BERR.
This event is used to trigger injection of an error into the
far-end BERT, which is transmitted by the data sets back to the near
end BERR. The elapsed time between near-end error injection at the
BERT and detection at the BERR (minus a predetermined constant
to allow for data set delays) is the round trip propagation delay.

2.2 Host computer hardware

The ASPEN system host computer consists of a mini- or microcom-
puter capable of running the UNIX operating system. Table III lists
the host computer hardware used in the EOCS. The number of input/
output (I/O) ports and amount of primary memory (i.e., random
access) required depend on how many RTUs are to be controlled
simultaneously. In addition, enough secondary memory (i.e., disk
subsystems) is required to support the installation of a database large
enough to store the data to be collected. If the RTUs are not connected
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Fig. 4—Round-trip propagation delay measurement.

Table 11I—ASPEN/end office connection study host hardware

Equipment
Components Used
CPU VAX-11/780 with battery backup and DEC floating

point accelerator
Primary memory  3.75 M-bytes random access memory

Secondary Three DEC RMO5 removable disk dnves, 256M bytes each
memory
Tape backup One DEC TU77 high-speed tape drive
1/0 ports Four DEC DZ11 8-channel asynchronous multiplexers, providing
32 ports, assisted by two DEC KMC11B auxiliary
microprocessors
Dial-out Four DEC DN11-DA Automatic Calling Unit (ACU) Controllers,

and four WE 557A ACU-sharing arrangements.

directly to the host computer, Avtomatic Calling Units (ACUs) or
their equivalent must be present to dial up all the RTUs.

II. ASPEN SOFTWARE SUBSYSTEMS

In the early planning stages, a decision was made to utilize the
UNIX operating system for all aspects of the study. The UNIX system
provided an excellent software environment for such assorted tasks as
formulation and testing of statistical plans, development of ASPEN
system software, collection and analysis of data, and generation of
reports.

3.1 Remote test unit software subsystem

The RTU software communicates with the host computer while it
simultaneously controls the RTU hardware. The RTU contains an
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operating system that accepts down-loaded programs and commands
from the host computer, executes subroutines in these programs, and
exchanges data with the host.

The RTU software locally controls the various hardware functions
by dividing the program into subroutines. Each subroutine contains
an option that allows two or more subroutines to be linked.

In the EOCS the RTUs measured performance parameters of Direct
Distance Dialing (DDD) connections. This involved the use of the
RTUs in pairs. Because the RTU memory is limited, a separate
program was needed for the originating end and the terminating end
of the connection. Therefore, two RTUs testing a particular DDD
connection had complementary subroutines that were initiated by
“start” commands from the host computer. The subroutine timing was
designed to be robust enough to accommodate a plus-or-minus 3-
second error in the individual starting times of the complementary
subroutines.

The complementary subroutine functions used in a typical EOCS
sequence are shown in Table IV.

3.2 RTU-host interface

The interaction between the host computer and the RTU is based
on the concept of a software module. A module is defined as a set of
instructions at the host computer that causes execution of a subroutine
at the RTU, and passes the RTU information necessary to execute
the subroutine. There exists a one-to-one correspondence between

Table IV—Subroutine functions from typical measurement sequence

Originating Terminating
RTU RTU

Dial RTU test connection to far end Answer
Measure analog parameters Send test tones
Send data to host Send data to host
Send test tones Measure analog parameters
Send data to host Send data to host
Dial far-end RTU reference connection Answer
Measure envelope delay Send test tones
Send test tones Measure envelope delay
Send data to host Send data to host
Connect 1200-b/s data set Connect 1200-b/s data set
Measure propagation delay Establish error return loop
Send data to host —
Measure bit/block error rate Measure bit/block error rate
Send data to host Send data to host
Connect 4800-b/s data set Connect 4800-b/s data set
Transmit 4800-b/s data Measure bit/block error rate
— Send data to host
Measure bit/block error rate Transmit 4800-b/s data

Send data to host
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host computer modules and RTU subroutines. The concept of modules
will be covered more thoroughly in a later section.

From the point of view of the host computer, executing a module
means conversing with the RTU microprocessor, exchanging infor-
mation with it, and starting the execution of a subroutine at the RTU.
Related tasks include sending and retrieving data from the RTU and,
in general, executing any of the RTU built-in operating system com-
mands. The RTU microprocessor operating system gives the host
immediate feedback about the disposition of a command at the RTU.
This feedback consists both of echo checks to ensure the integrity of
commands transmitted to the RTU, as well as status checks to make
sure that the subroutines have been executed correctly. Whenever a
subroutine finishes executing, the RTU generates a status symbol,
which verifies that the subroutine is completed.

The host computer also synchronizes the two RTUs engaged in
testing a transmission path. By commanding execution of modules at
both RTUs simultaneously, any critical timing relationships between
corresponding subroutines at the different RTUs can be maintained.

Another mechanism used in the host-RTU interaction is the gen-
eration of checksums. Whenever a program is down loaded from the
host computer to the RTU, the RTU generates a unique checksum,
which is used by the host computer to verify the integrity of the
program. In addition, transmission of data from the RTU is imple-
mented in an error-free fashion by the use of parity checks and
character counts, with retransmissions in case of errors.

The simplest way for the host and the RTU to communicate is by
maintaining a communication link open between them for the duration
of a measurement sequence (e.g., a dial-up connection). However, with
more sophisticated programs available for the RTUs, the need for this
communication link diminishes, and it suffices to poll the RTUs
periodically to retrieve data from them or to reinitialize them. This
significantly reduces transmission costs. )

3.3 Host computer software

The remainder of this section contains detailed descriptions of the
structure and the major components of the ASPEN host software.
Wherever necessary, specific references to the EOCS implementation
of the host software are made, but the software structure is presented
in a generic form. For ease of readability, program names are shown
in typewriter face and file references are presented in italics. The
index n represents the number of physical RTUs in the ASPEN study.
As Fig. 5 shows, there are three principal layers of ASPEN control
and communication software:

1. Layer 1 contains n call programs, each providing a connection
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from the host computer to one RTU, as well as a library of I/0O
functions used to interact with it.

2. Layer 2 contains n/2 supv programs, each responsible for con-
trolling and synchronizing one pair of RTUs, by interacting with the
subordinate pair of call programs.

3. Layer 3 consists of a single scheduler program, responsible for
implementing the testing schedule for the study, as well as for dealing
with the real-time constraints of the host computer system.

3.3.1 call

Call is the base software layer and backbone of the ASPEN system.
It provides communication with the RTU in a robust, error-tolerant
fashion. The call program is based on a standard UNIX system
utility, the cu (call UNIX) command. The cu command is a general-
purpose software tool that enables the user to establish a telephone
connection from the host computer to a remote computer system
(based on the UNIX system or some other system). The ¢u command
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provides a full-duplex environment to the user by splitting itself into
two parts, one part for each direction of transmission. It manages an
interactive conversation with the remote system and allows file trans-
fers in either direction. The call program differs from cu in that it
operates in half-duplex mode, requiring only a single process to run.*
It is also designed specifically to converse with an RTU," and it is not
interactive, but takes its commands from a command file. A benefit
of a system such as the UNIX system is that resources spent devel-
oping a single program can be exploited in multiple invocations of the
same program. For the EOCS, 20 invocations of the call program
ran simultaneously.

One call process exists for each working RTU in the ASPEN
system. Upon its execution, call establishes a control link between
the host and the RTU.* It then checks that the connection quality
exceeds a minimum standard, and enters a quiescent state in which it
waits for a signal to proceed. Each call process is assigned an index,
which is used thereafter to identify it to various files with which it
interacts. For example, process call(i)notifies the operator of its
status by depositing information in the file Trace(i). Similarly,
call(i) will reads its instructions from the file Control(i). There are
four I/0 files each call process interacts with: Control, Data, Status
and Trace.

The Control file contains the instructions to be executed at any
given time. In the case of the EOCS, these individual instructions are
written in a format denoted CDSLANG, or CDS Language, an inter-
mediate interpretive language based on the built-in commands of the
CDS 53A hardware controller, the microprocessor-based controller
used in each RT'U. However, the call program isolates this language
in such a way that other formats could be designed to control different
RTUs. A collection of CDSLANG instructions, bound together to
perform a discrete function, is denoted a module. Modules, which are
stored as simple UNIX system files, are named according to the
function they cause the RTU to perform. For example, a module
named Reset might logically accomplish the software resetting of a
component of the RTU.

* The UNIX operating system is a multitasking operating system, wherein a process
is an image of a software program, loaded in core memory, with its own data and stack
segments and a possibly shared text segment. Multiple invocations of a single program
can result in multiple processes resident in core memory. Since the system operates in
half-duplex mode, fewer processes reside in core memory, and a substantial reduction
in CPU load can be achieved.

tFor the EOCS, the call program contained code specific to the CDS 53A hardware
system controller.

+The control link for the EOCS consisted of a telephone connection using 1200-b/s
modems.

CONNECTION STUDY 2045



To execute a module, that is, get a call process to execute the
instructions comprising the module, it must be copied into the Control
file, and the call program must be signaled to begin. The call
program will wake up and begin executing the CDSLANG instructions
until it successfully completes all of them, or until one fails. A failure
may be due to transmission difficulties between the host and the RTU,
or to RTU hardware problems. The outcome of the module execution
is reported to both the Trace file and the Status file. More than 50
modules were developed for the EOCS, using as building blocks more
than 30 CDSLANG instructions.

A Trace file exists to store the current status of each call process
whenever it changes. By utilizing an appropriate display program, an
operator may monitor RT'U actions.

The Data file is a transient template file used to deposit, on a
temporary basis, data that are retrieved from the RTU. From this file
data are transferred to other, more permanent, files that are time-
stamped to reflect the date and time of acquisition.

The Status file is the I/O channel between the call program and
the next higher layer, the supv program. This file holds information
on the success/failure of modules treated as whole entities. No infor-
mation is available as to which instruction within a module failed,
merely that the module as a whole has failed. In addition, the Status
file is used to report problems associated with the control link between
the RTU and the host (e.g., a dropped telephone line). The call
program itself is designed to take care of such situations and redial
dropped connections, but the supv program makes sure that the
second call program is suspended until the control link is reestab-
lished.

3.3.2 Supv

The supv program constitutes the intermediate software layer in
the ASPEN system. Its role is to supervise the operation of the two
call processes beneath it, guiding them throughout the execution of
a prearranged sequence of modules. The supv follows instructions
contained in the modfile, a file specifying an ordered sequence of
modules plus logical rules to follow in case the predefined sequence
does not proceed normally. The program is able to monitor the actions
of the two RTUs by analyzing the status information provided by
call processes. The success of the supv may be quantified by the
number of modules it guides the call processes through, within a
specified time frame.

In the case of the EOCS, a typical modfile specified a collection of
30 modules to be executed sequentially, which would:

1. Down load programs into each of two RTUs
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2. Establish a test connection between the two RTUs

3. Make a sequence of analog measurements on the test connection

4. Perform bit and block error rate measurements on the test
connection

5. Transfer measurement data to the host computer

6. Reset the RTU hardware and release the test connection.

Upon invocation, the supv processes, one for each pair of call
processes, would begin to execute the modules named in the modfile.
One by one, a module would be copied into the Control files correspond-
ing to the two call processes it was supervising, and the call
processes would be awakened. Supv would then wait for the status of
the module execution to be appended to the Status files. If execution
was successful, supv would move on to the next module prescribed in
the modfile. Otherwise, a set of logical rules specified in the modfile
would direct supv through a sequence of actions ranging from repeat-
ing the module to executing an alternate set of modules, or aborting
the whole modfile. To prevent endless loops, each module has a
maximum allowable execution time, or “time-out” constraint. For the
EOCS, eight principal modfiles controlled the measurement sequenc-
ing. New modfiles are easily developed, a flexibility which makes it
possible to change the direction of a measurement study or to generate
special-purpose substudies. When operating all RTUs, 10 supv proc-
esses supervised 20 call processes simultaneously, with data collec-
tion taking place on 10 test connections.

The supv processes take control of the call processes at the
beginning of each new time period, defined in the next section. Each
supv process is also assigned an index upon invocation, and only then
finds out which two call processes it is to supervise. This information
is conveyed by means of the Supuvctl files. The Strace files also exist
to store diagnostics.from the supv.

Much as the success of the supv program is based on the outcome
of individual modules, the progress of the scheduler program is
based on the success or failure of whole modfiles. In the example
above, a successful execution of the modfile would mean that the two
RTUs involved successfully executed all the modules specified by the
modfile on a test connection. A failed modfile execution would imply
that a connection between the two particular RTUs needs to be
rescheduled by the scheduler, since it has failed.

3.3.3 Scheduler

The scheduler program keeps track of the status of the entire
measurement system. In contrast to call and supv, the scheduler
program is not well defined; its implementation will vary depending
on the criteria specified by a statistical sampling plan. It can range
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from a simple control program, which repeatedly schedules a connec-
tion between the same set of RTUs, to a complex set of procedures,
which govern a large number of RTUs, assuring that certain combi-
nations of tests occur at certain times of the day, with special consid-
eration for a subset of important RTUs. For the EOCS, the sched-
uler implemented a scheduling algorithm in accordance with the
EOCS sampling plan. The aim was to ensure a uniform distribution
of the number of measurements of each of the 380 possible RTU pair
transmission paths (with 20 RTUs), while maximizing the number of
RTU pair connections established during the busy hour(s) at the
originating RTU location (nominally 10:00 to 11:00 a.m. and 2:00 to
3:00 p.m., local time).

In addition, the scheduler is responsible for making sure the
study can accommodate whatever maintenance procedures exist for
the host computer. The scheduler design provided that RTUs would
not be active during a one-hour period per day scheduled a week in
advance for maintenance of the host computer and stored in a file
readable by the scheduler. By agreement, the computer servicing
time occurred within a five-hour period before 5 a.m. daily.

The scheduler also requires robustness; it must provide adequate
procedures for recovering from unexpected system downtime cleanly.
For the EOCS, the scheduler consisted of a table- and list-driven
C program that worked in combination with several smaller shell
scripts. (The shell, a high-level programming language and command
interpreter, is a fundamental component of the UNIX operating
system.) For less complex studies, simpler implementations of the
scheduler are possible entirely in shell control language.

For the EOCS, the concept of a run and a time period were devel-
oped. A time period consists of the time necessary for a pair of call
processes to execute the modules specified by the modfile under the
control of the supv process, approximately 2.5 hours for the EOCS.
A run consists of a full cycle of time periods such that all possible
RTU pair combinations are tested. For the EOCS a run was 38 time
periods with 10 simultaneous RTU-RTU connections per time period.
The scheduler used the beginning of each time period to resyn-
chronize the scheduling algorithm, compute the connections for the
next time period, manipulate lists and tables necessary to implement
the busy-hour requirement of the sampling algorithm, and deal with
RTUs that were out of service. As soon as the list of connections for
the next time period was available, the scheduler would deposit the
information into each of n/2 files, labeled Supuvctl(1l) through
Supuvctl(m), where n is the number of RTUs in the study and m = n/
2. These files constitute the I/O channel to the intermediate supv
level described above.
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IV. END OFFICE CONNECTION STUDY SAMPLING PLAN

As we noted in the Introduction, the use of ASPEN technology has
engendered new statistical problems involving sampling and data
analysis. In this section we examine sampling issues somewhat gen-
erally. For the EOCS, sampling involves two components: choice of
RTU locations and scheduling of calls in time. They are treated
separately in this paper since they involve spatial and temporal con-
siderations, respectively. Furthermore, the preselection method and
the scheduling algorithm used to resolve these issues are general tools
that may be used separately in other applications. Data analysis issues
are examined in the companion paper.!?

The problem involving selection of RTU locations arises because
sampling methods required to support the new measurement meth-
odology do not fit the classical sampling context. In the classical
context experimental units are items on which measurements are
made, sampling units are items that could be included in the sample,
and sampling and experimental units are the same. For the EOCS,
experimental units are connections, defined by ordered pairs of
end office switching machines. The sampling units are end office
buildings and they are not the same as experimental units. The
situation was further complicated since study goals required adequate
representation of certain strata in the sample, and stratification vari-
ables are defined in terms of both experimental and sampling units.
For example, strata defined by airline mileage (a property of a pair of
end office switching machines and hence defined in terms of experi-
mental units) and by originating switch type (defined in terms of
sampling units) were required.

A new method of sampling, herein called the preselection method,
provides a general method for sampling networks under representation
constraints. The method, an extension of the method of snowball
sampling,’? is the subject of Section 4.1.

As Section 4.2 describes, the scheduling problem involves determin-
ing when to place calls between the various RTU pairs. An algorithm
was developed that provides two outputs: a synchronous, clocked
schedule of RTU pairs to be in conversation at any time, and a list of
the end office switches to which RTUs are to be connected. (Where
end offices contained more than one type of switch, the EOCS sam-
pling plan specified connections using each switch type.) It also
provides for stratification of calls by busy versus nonbusy hour.

4.1 Remote test unit location sampling

With 20 RTUs allocated to the EOCS* at least 380 basic experi-

* Examination of data from Ref. 7 suggests that one deployment of 20 RTUs would
be sufficient to achieve the goals of the study.
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Table V—Sample representation requirements for the end office
connection study sampling plan

Dimension Stratum Requirement
Mileage 0-360 miles* At least 50 RTU pairs
360-720 miles At least 80 RTU pairs
720-1320 miles At least 100 RTU pairs
1320 + miles At least 110 RTU pairs
Originating ESS switching equipment At least 6 switches
switch type Crossbar At least 6 switches

At least 6 switches, 2 of which are
Community Dial Offices (CDOs)

Step-by-step

Facility Satellite At least 12 RTU pairs
Terrestrial Remainder
Region Long Lines region' 3 RTUs per Long Lines region

plus 2 in New York City

* Airline miles
t At the time of the EOCS sampling, Long Lines (now AT&T Communications) was
divided into six administrative regions.

mental units are defined by originating-terminating pairs.* These
experimental units cannot correspond to sampling units since obtain-
ing a sample of 380 experimental units by selecting 380 office pairs
would lead to the use of (up to) 760 RTUs. Thus, sampling units must
be buildings that house end office switches, and the experimental and
sampling units do not correspond.

As we noted, the sample was required to adequately represent
various strata. Strata definitions and representation requirements
were derived using 1969/70 Connection Survey data.” The most im-
portant strata variables are airline mileage and originating switch
type. Airline mileage serves as an easily determined surrogate for route
mileage, which is known to affect many parameters and is not easy to
measure. Impulse noise is associated with step-by-step switches. In
addition, strata were defined by geographic regions and by whether
telephone connections between two locations could be carried by a
satellite. Strata definitions and representation requirements are given
in Table V.

The preselection method, used in drawing a sample that meets the
representation requirements noted above, is diagramed in Fig. 6. It
features three steps:

1. Creation of clusters of experimental units and definition of
selection probabilities.

2. The preselection step, the output of which is a set of clusters,
guaranteed to produce an acceptable sample.

* Many Bell operating company buildings house more than one switch, and the RTUs
were designed for connection to up to three separate switches. Since experimental units
are defined using switches rather than buildings, there were more than 380 such units
in the EOCS. Multiple-switch buildings play a key role in sampling, as we will discuss.
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Fig. 6—The preselection method.

3. The selection step, in which the actual sample of experimental
units is drawn.

The preselection method is quite general. Creation of clusters admits
great latitude. Selection probabilities need not be equal, and at each
step sampling can be with or without replacement, with or without
stratification, and so on.

For the EOCS, clusters were created through definition of subre-
gions, areas of about 10,000 square miles each, in each Long Lines
(now AT&T Communications) administrative region. Clusters in-
cluded all Bell System buildings within a given subregion. Selection
probabilities were based on the number of subscriber lines served by
a building and the type(s) of switches it housed. Three weights, one
per switch type, were defined for each building:

T, = number of lines served by
building b, if switch type s is
w(b, s) = housed in building b,

0, if s is not in b, where s =
ESS, crossbar, step-by-step switching equipment.

Selection probabilities were defined through normalization of weights
throughout. They favor inclusion of buildings that house more than
one switch type, because such buildings lead to comparisons of switch
type performance that are not confounded with other variables. Subre-
gion weights were calculated by summing over all buildings located
within the subregion.
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In preselection, subregions were sampled according to the following
algorithm:

1. Twenty artificial units, six each labeled ESS, crossbar, and step
switching equipment, and two unlabeled, were defined. Starting in the
Northeast, an artificial unit was drawn without replacement and a
subregion sampled, again without replacement, using the subregion
selection probabilities that correspond to the (switch) label of the
artificial unit.

2. Sampling proceeded in this manner until the appropriate number
of subregions had been sampled in each region. There was one excep-
tion to this rule: The two subregions in which Chicago and Orlando
are located were included in the sample with probability one to help
meet the satellite representation criterion (Table V). The label asso-
ciated with the first artificial unit drawn in the Midwest and Southern
regions was assigned to the Chicago and Orlando subregions, respec-
tively.

3. Except for the mileage criteria, the sampling scheme ensures that
all representation requirements are met. These criteria were checked
by assuming that the selected buildings would be located at the center
of their respective subregions and by computing the resultant dis-
tances. If a sample of subregions did not satisfy these representation
criteria, that sample would be discarded and steps 1 through 3 repeated.

Once the sample of subregions was accepted by the preselection
step, the selection step was used to produce an actual sample of
buildings. Building selection probabilities corresponding to the switch
types assigned each region were used in this step.

Locations of sampled buildings are shown in Fig. 7.

4.2 Test connection scheduling algorithm

When RTUs are in place and operating, the ASPEN system is
capable of collecting data nearly continuously. Calls placed between
RTUs simulate calls that could be placed by customers; they are not
sampled from that population, however. This has implications for data
analysis.

For the EOCS the following goals were adopted:

1. Minimize measurement equipment idle time

2. Maximize the number of busy-hour calls placed and ensure that
both busy- and nonbusy-hour calls are made between all RTU pairs

3. Place and receive calls through all switches connected to each
RTU with equal frequency

4. Be robust to RTU failure.

The scheduling algorithm described herein works whenever n, the
number of RTUs, is even, though it is described here as used in the
EOCS (n = 20).
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Fig. 7—Measurement equipment locations for end office connection study.

The algorithm specifies a synchronous, clocked schedule. That is,.
at the beginning of a measurement sequence, ten connections (of the
380 possible) are established and a predetermined span of time (the
time period) is allotted for completion of test sequences. Thirty-eight
time periods define a run, during which a call on each ordered RTU
pair is established once and only once. The basic elements of the
algorithm are:

1. The RTU pair table—This table consists of all 380 possible
ordered pairs of 20 symbols, grouped in 38 sets, with each symbol used
once and only once in each set. When the scheduling algorithm is
implemented, symbols will be assigned to RTUs and sets to time
periods. Construction of this table is discussed below.

2. The busy-hour table—This table gives the busy hour for each
RTU and, as the experiment proceeds, the number of busy-hour
connections established to date.

3. The switch definition table—This table specifies the switches
through which calls are established for each RTU pair based on the
run number.

At the start of each run:

1. RTUs are randomly assigned to symbols in the RTU pair table
to provide 38 sets of 10 RTU pairs each.
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2. Each of the 38 sets is assigned a time period. First, when the
busy-hour table is being used, sets associated with RTU pairs on which
few busy-hour calls have been placed are preferentially assigned time
periods that correspond to the busy-hour for those pairs. Eventually,
such assignments can no longer be made and the remaining sets are
randomly assigned time periods.

3. Finally, the switches through which RTU pairs are to make each
connection are determined by consulting the switch definition table.

Thus far, the algorithm provides a complete schedule of calls, but
provides no method of protecting itself from intermittent RT'U failure.
To do so, the algorithm specifies that at the start of each time period
lists be made of out-of-service RTUs and idled RTUs (mates of RTUs
out of service). Connections that cannot be established, including
designated switch pairs, are then added to a “calls missed” list. Finally,
idled RTUs are used to establish previously missed connections.

The RTU pair table is the cornerstone of the scheduling algorithm
since it establishes an efficient mechanism for specifying study test
connections among the various RTU pairs. Creation of such a table is
nontrivial, and so we describe the method used for the EOCS. This
method starts with a Latin square,* but is not completely general in
that Latin squares exist that do not yield an RTU pair table. The
authors speculate that restriction to a special class of Latin squares
would lead to a method of full generality.

The method is described below for the general n-RTU case, n even,
and is illustrated using n = 4 throughout.

1. Start with a Latin square of size n, using symbols 0, ..., n-1.
Attach row and column letters in such a way that zeroes are (i, i)
entries.

EXAMPLE: For a four-RTU experiment, there are twelve RTU
pairs and two pairs can be connected in each time period. Six time
periods will be required to connect all RTUs in all possible pair
combinations. An augmented Latin square is:

a b c¢c d
a 0 2 31
d13 20
b 201 3
c 31 0 2

2. Group the (row, column) ordered pairs that correspond to each
nonzero entry of the Latin square.
EXAMPLE (continued): For the entry 1 we obtain:

(a, d), (d, a), (b, c), and (c, b).
3. Split each group into two subgroups such that each symbol
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appears in each subgroup once and only once. This yields the RTU
pair table.
EXAMPLE (continued): For the group above we obtain:

((a, d), (b, ¢)} and {(d, a), (¢, b)}.
Each bracketed set corresponds to RTU pairs over which measure-
ments will be made during one of the six time periods in each run of
the four-RTU experiment. Note that these groups need not be unique.
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1. INTRODUCTION

Bell Laboratories undertook a comprehensive systemwide field study
from October 1982 through January 1983 to characterize the trans-
mission performance of the predivestiture Bell System public switched
telecommunications network. This study, hereinafter referred to as
the 1982/83 End Office Connection Study (EQOCS), employed special
measurement equipment, referred to as ASPEN (Automatic System
for Performance Evaluation of the Network). Analog voice and
voiceband data transmission parameters were measured on 6141 Di-
rect-Distance-Dailing (DDD) connections among 20 end office build-
ings located throughout the continental United States; in addition,
another 395 connections were measured among four pilot study loca-
tions at the start of the study. (Several end office buildings visited in
the EOCS had multiple end office switches. When multiple switches
were measured in the same building, they were individually identified
in the EOCS database.) Measurements were typically made in one
direction on each test connection. However, measurements were often
made in both directions and sometimes repeated for stationarity
studies, resulting in over 9000 1004-Hz loss measurements, for exam-
ple.

The ASPEN equipment consisted of 20 Remote Test Units (RTUs)
(one per sampled end office building) under the control of a computer
located at Holmdel, New Jersey. Each RTU was connected to the line
side of the main distributing frame in its central office and contained
a microprocessor, a transmission impairment measuring set, and mo-
dems for communication with the central computer and for data
performance tests. The transmission impairment measuring set (HLI
3701 Communications Test Set) was designed to meet the require-
ments specified in AT&T PUB 41009' for measuring the impairments
described in AT&T PUB 41008.2

Analog parameters measured on the connections included loss,
noise, frequency response, envelope delay distortion, intermodula-
tion distortion, phase jitter, amplitude jitter, Peak-to-Average Ratio
(P/AR), frequency shift, propagation delay, and transient phenomena
such as impulse noise, gain and phase hits, and dropouts. Error rates
of voiceband data sets were also measured for 1200-b/s full-duplex
and 4800-b/s half-duplex transmission. Table I contains a complete
list of the EOCS measurement parameters.

This paper presents the results of the EOCS data analysis; a com-
panion paper® describes the ASPEN measurement equipment and the
sampling plan. The performance characterization information pre-
sented in this paper updates similar information provided by the 1969/
70 Connection Survey.* Furthermore, with the 1984 divestiture of the
Bell System, the results represent the last predivestiture Bell System
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Table I—Parameter coverage

Classification Measured Parameter

Voice and voiceband data transmission  1004-Hz insertion loss
Frequency response (30 frequencies)
C-message noise
Propagation delay
Call cutoffs

Voiceband data transmission Signal-to-C-notched-noise ratio
C-notched noise
3-kHz flat noise
3-kHz flat notched noise
3-kHz noise-to-ground
Envelope delay distortion (30 frequencies)
P/AR
Second-order intermodulation distortion
Third-order intermodulation distortion
Phase jitter (2 to 300 Hz)
Phase jitter (20 to 300 Hz)
Amplitude jitter (2 to 300 Hz)
Amplitude jitter (20 to 300 Hz)
Frequency shift
Impulse noise (six thresholds)
Phase hits (three thresholds)
Gain hits (three thresholds)
Dropouts

Data set error performance 1200-b/s bit error rate (two modems)
4800-b/s bit error rate (two modems)
1200-b/s block error rate (two modems)
4800-b/s block error rate (one modem)

network performance characterization and may serve as a benchmark
for the end-to-end performance in the post-divestiture environment.

ll. THE DATA ANALYSIS METHOD

The primary goal of data analysis in the EOCS was to provide
estimates of the distributions of the parameters for various strata of
interest and for the. overall network. Estimation of the distribution
was selected, since other measures such as means, variances, and
quantiles are obtained as a function of the distribution.

The sampling design of the EOCS involved a stratification according
to two variables:® connection airline mileage and type of switch at the
end office. An analysis of covariance (with switch type as factor and
mileage as covariate)® was carried out on each parameter to determine
the effects of these two variables. Although the effects of mileage and
switch type were often both significant at the 5-percent level, one
effect usually dominated the other for the value of its F-statistic in
the covariance model. Results are displayed as a function of the most
relevant effect.

When a display as a function of airline mileage is deemed necessary,
the results are split into three categories: short (0 to 180 miles),
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medium (181 to 720 miles), and long (>720 miles). These particular
mileage bands were chosen so that the EOCS results could be compared
with similar results from the 1969/70 Connection Survey.*

The number of measurements varies with the measured parameter.
To give an idea of the number of measurements taken for different
strata, the number of 1004-Hz loss measurements made in the EOCS
is shown in Fig. 1 as a function of airline mileage in 100-mile blocks,
where the abscissa shows the midpoints of the 100-mile blocks (e.g., 5
represents the 451- to 550-mile block). Table II gives the number of
1004-Hz loss measurements in the EOCS for the short, medium, and
long mileage categories, together with the number of different pairs of
end office buildings evaluated in the EOCS. The estimated percentage
of toll traffic® in each of the three mileage bands is also listed. Table
III shows the number of 1004-Hz loss measurements made in the
EOCS for each of the three types of switch—electronic switching
system (digital switch), crossbar, and step-by-step switches—in the
measuring end office, as well as the percentage of toll traffic estimated
in each of the three switch strata.’

Table 1l—Stratification of data by connection airline mileage

Number of
Estimated Loss (1004- Number of Percent of
Designa- Airline Route Mile- Hz) Measure- Nonordered Toll

tion Mileage age ments Pairs of Sites ~ Traffic

Short 0-180 0-341 776 11
8.1% 5% 71.8

Medium 181-720 342-1064 3717 76
38.8% 34.2% 13.4

Long 721-2576 1065-3378 5088 135
53.1% 60.8% 8.8

Total 9581 222

Table Ill—Stratification of data by type of
switch in the office where measurements were
made

Number of Loss
(1004-Hz) Mea- Percent of Toll

Designation surements Traffic

Digital switch 4154

43.3% 58
Crossbar 4146

43.3% 30
Step-by-step 1281

13.4% 12
Total 9581
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Within each stratum, the measurements were considered self-
weighted. Weights proportional to the traffic occurring in each stratum
were used for calculation of results relevant to the whole network. A
statistical model of components of variance was considered within
each stratum for each parameter. The model led to the estimation of
the variability of a parameter on a given pair of end office buildings,
and of the variability between different pairs of end office buildings.
These two variabilities, together with the means, are displayed in
Table IV for all EOCS parameters other than the transient parameters.
The variabilities are taken into consideration in the evaluation of the
90-percent confidence interval around the mean in each of the three
mileage band strata, also shown in Table IV.

One goal of this paper is to characterize, where possible, the cus-
tomer-premises-to-customer-premises performance, i.e., the end-of-
fice-to-end-office connection plus two loops. However, the impairment
contributions from customer loops to the overall connection are usu-
ally negligible for most of the parameters discussed here. Therefore,
the characterization information presented in this paper is, for the
most part, based on the information available for end-office-to-end-
office connections only, i.e., the EOCS results. However, for 1004-Hz
loss, frequency response, and C-message noise, for which loops are
significant, loop impairment contributions are concatenated to the
end office to end office values, using a common source of information
for the loop impairments, the 1980 Loop Survey.?

To concatenate the loop effects for loss and noise, distributions for
1224 predivestiture Bell System representative loops for 1004-Hz loss
(measured at the main distributing frame) and C-message noise (mea-
sured at the customer premises) were extracted from the 1980 Loop
Survey. Loop loss values were available at only three frequencies from
that survey, so loop frequency responses were calculated from the
transfer characteristics of loops obtained from the record survey
associated with the 1980 Loop Survey. The distribution of a parameter
for customer-premises-to-customer-premises connections was then ob-
tained by analytically concatenating (using discrete convolution tech-
niques) the distributions of the parameter on the loops with the
distribution of the same parameter on the end-office-to-end-office
connections. For frequency response, this concatenation process was
repeated at each frequency.

Ill. RESULTS

All test signals were transmitted from the RTUs at —12 dBm.
3.1 1004-Hz loss

A 1004-Hz tone at —12 dBm was applied to one end of the connec-
tion, and the received level at the other end was measured, with the
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difference in levels being defined as the loss of the connection. (If a
tone of exactly 1000 Hz [an integer submultiple of the 8000-Hz
sampling rate in time-division multiplex systems] were used, the loss
readings would “bobble” by +/— 0.25 dB, the signal-to-C-notched-
noise ratio readings would vary by +/— 5 dB, and the jitter readings
would be erratic. For this reason, a 1004-Hz tone was used in the
EOCS as the test tone for loss and as the holding tone for C-notched
noise, jitter, and transients. [This is the frequency used in modern
transmission maintenance systems.]) The means and standard devia-
tions of the losses are summarized in Table V for the three mileage
bands. For comparison, the loss results of the 1969/70 Connection
Survey* are also shown in the same table. The results from both
surveys show that the mean loss increases with mileage, as would be
expected from the Via Net Loss (VNL) transmission plan. The VNL
design of trunks calls for increasing trunk loss with distance to offset
the subjective effect of the increasing echo path delay, until a mileage
is reached where an echo suppressor or echo canceler is applied to the
trunk. Comparison of the two surveys shows that the mean loss is
about the same in both instances, but the standard deviation observed
in the EOCS is substantially smaller than in the 1969/70 Connection
Survey.

Figure 2 shows “boxplots” of the loss versus airline mileage between
the end offices in 100-mile blocks, with the same abscissa as that of
Fig. 1. (See Fig. 1 for the number of measurements in each 100-mile
block.) For each mileage block on the abscissa, the corresponding
boxplot shows the variability of the measurements falling in that
mileage block. The upper and lower boundaries of the “box” indicate
the 75th and 25th percentiles of the distribution, and the line inside
the box indicates the median. Therefore, the height of the box, referred
to as the interquartile range, is a measure of variability in the distri-
bution, and the deviation of the median line from the center of the
box shows skewness of the distribution. The distance from the median
line to the tip of the “whisker” is equal to 1.5 times the interquartile
range if there are points falling outside the whisker. If all points fall
within the range of 1.5 times the interquartile range on either side of
the box, the tip of the lower (or upper) whisker coincides with the
minimum (or maximum) value.

Figure 2 shows an overall tendency of increasing loss with mileage
of up to about 1200 airline miles, and a decline thereafter. This loss
decline can be attributed to the application of echo control devices on
trunks, for which the intertoll trunk losses are set to zero. There seems
to be a substantial variability in loss for distances between 1200 and
2200 miles. In this mileage region, connections with and without echo
control devices are likely to be encountered, which could account for
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Table IV—Summary of means and variability measures for analog parameters on end-to-end toll connections

. . . . All
Parameter Short Mileage Band Medium Mileage Band Long Mileage Band (Weighted)

Standard Standard Standard Standard Standard Standard

Devia-  Devia- Devia-  Devia- Devia-  Devia-
tion Be- tion tion Be- tion tion Be- tion

tween Within tween Within tween Within
Pairs Of Pairs Of Pairs Of Pairs Of Pairs Of Pairs Of
End Of- End Of- End Of- End Of- End Of- End Of-

fices fices fices fices fices fices Mean
Loss .

404 Hz 7.86 £ 0.65 dB 1.07 1.37 8.75 £ 0.20 0.93 1.27 1.64 1.48 8.10 £ 0.51
1004 Hz 6.53 = 0.57 dB 0.93 1.34 7.29 £0.17 0.80 1.18 1.24 1.29 6.75 £ 0.44
2804 Hz 7.88 +1.05 dB 1.72 2.00 8.09 £0.25 1.17 1.57 1.49 1.55 7.97 £0.82

EDD

604 Hz 316 155 393 259 571 224 935 + 155

2804 Hz 175 149 203 185 219 161 624 + 86
P/AR 4.7 4,0 5.3 5.5 7.8 44 .86.8+2.3
Delay round trip

No satellite 3.6 2.2 3.8 2.4 + 8.6 2.5 125+ 1.6

Only satellite + 49 3.1
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Table V—Comparison of 1004-Hz loss from 1982/83 EOCS and
1969/70 Connection Survey

1969/70 Survey EOCS Survey
Primary Secondary DDD
Connection Standard Standard Standard
Length (Air- Mean Deviation Mean  Deviation Mean Deviation
line Miles) (dB) (dB) (dB) (dB) (dB) (dB)
All 6.7+ 0.6 2.1 6.6 = 0.3 2.1 6.7+ 04 1.3
0-180 6.5+ 0.7 2.0 6.4+04 2.1 6.5+ 0.6 1.6
180-720 73+04 2.3 7.1+0.6 2.1 73+02 14
721-2900 7.7+05 2.5 74+03 2.0 7.8+02 1.8

the variability. Above about 2200 miles, the median loss is nearly
constant at 6 dB and the variability is small, suggesting that most of
the connections in that mileage region have an echo control device.
The constant 6-dB loss observed is consistent with a picture of toll
connections with one toll-connecting trunk at each end with about 3-
dB loss, plus a long, zero-loss intertoll trunk with an echo control
device.

Figure 3 gives the Cumulative Distribution Functions (CDFs)* of
loss for the three mileage bands. Most of the losses—75 to 90 percent,
depending on the mileage category—are greater than 6 dB. This
observation is consistent with typical toll connections consisting of
the two toll-connecting trunks described above, plus zero to seven (but
rarely more than two) intertoll trunks with VNL design losses ranging
from 0.5 to 2.9 dB. The losses at the lower tail for the short and
medium categories could have come from the connections with no
intertoll trunks or with intertoll trunks with negligible VNL loss. The
lower tail losses for the long category could have come from the
connections with zero-loss intertoll trunks with echo control devices.

Figure 4 shows the CDF's of 1004-Hz loss for customer-premises-to-
customer-premises connections. These CDFs were derived by analyt-
ically concatenating the 1004-Hz loss of the 1980 Loop Survey® to the
end office to end office 1004-Hz loss. Figure 5 shows the CDF of 1004-
Hz loss for the loops used in the concatenation.

3.2 Frequency response

Frequency response, also referred to as loss-versus-frequency char-
acteristic or attenuation distortion, is a measure of loss variation over
the frequency band of a communications channel. It can be measured

* All CDFs in this paper are plotted with an ordinate having the normal probability
scale. A normal CDF will show up as a straight line on such a plot, and the vertical
scale near the tails of the distribution will be expanded for greater readability.
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with sinusoidal test tones or with the 50-percent amplitude-modulated
test signal employed to measure the Envelope Delay Distortion (EDD)
characteristic. The response of an averaging detector (specified for
level measurement by Ref. 1) is the same for a sinusoidal tone as for
a 50-percent amplitude-modulated signal.

To characterize frequency response, loss was measured from 204 to
3504 Hz. Losses at 204, 254, and 3504 Hz were obtained from a
sinusoidal test tone, while the losses at the other frequencies were
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obtained from level measurements of the envelope delay distortion
test signal.

Tables VI through VIII show the means, standard deviations, and
selected percentiles of loss versus frequency relative to 1004 Hz for
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Fig. 6—Man attenuation distortion relative to 1004 Hz for short, medium, and long
mileage bands.
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Table VI—Attenuation distortion relative to 1004 Hz: short
connections

uantiles
Frequency Standard Q

in Hz Mean Deviation 1% 10% 50% 90% 99%

204 10.0 13.2
254
304
404
504

604
704
804
904
1004
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1204
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1404
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short, medium, and long connections. In the tables, the measured
frequencies above 304 Hz are at intervals of 10 Hz, except 2504, 2604,
and 2704 Hz were omitted. Because of the wide use of the 2600-Hz
idle-circuit tone for signaling, the presence of a signal with energy
concentrated near 2600 Hz could inadvertently cause disconnection.

Figure 6 presents the mean losses of Tables VI through VIII as a
function of frequency for short, medium, and long connections. The
losses between 2404 and 2804 Hz (not measured in the EOCS) were
obtained by linear interpolation.

For comparison, the mean losses relative to 1004 Hz from the 1969/
70 Connection Survey are also shown in Fig. 6. As we can see in the
figure, the mean frequency response has improved since that survey.
This improvement can be attributed to the increasing use of T-carrier
to replace voice-frequency cable facilities in the toll-connecting portion
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Table VIl—Attenuation distortion relative to 1004 Hz: medium
connections

uantiles
Frequency Standard Q

in Hz Mean Deviation 1% 10% 50% 90% 99%

204 5.7+ 0.3 2.1 2.4 3.6 5.3 8.3 13.1

254 34 +£0.2 14 1.0 1.9 3.2 5.2 8.2

304 21+0.1 1.0 0.3 1.0 2.0 3.2 5.5

404 14+0.1 0.7 0.0 0.7 14 2.2 3.3

504 0901 0.5 -0.1 0.4 0.9 1.5 2.1

604 0.6 £0.0 0.3 0.0 0.3 0.6 1.1 1.6

704 0.5 +0.0 0.3 -0.1 0.2 0.5 0.8 1.3

804 0.3 £ 0.0 0.2 -0.1 0.1 0.3 0.5 0.9

904 0.1+0.0 0.1 -0.2 0.0 0.1 0.2 0.5
1004 0.0 £ 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1104 0.0 0.0 0.1 -04 -0.2 0.0 0.1 0.2
1204 -0.1 +£0.0 0.2 -0.6 -0.3 -0.1 0.1 0.3
1304 —-0.2 +0.0 0.2 -0.8 -0.4 -0.1 0.1 0.3
1404 -0.2 £ 0.0 0.2 -0.9 -0.5 -0.2 0.0 0.3
1504 -0.2+0.0 0.3 -0.9 -0.5 -0.2 0.1 0.3
1604 -0.2£0.0 0.3 -1.0 -0.5 -0.2 0.1 0.4
1704 -0.1£0.0 0.4 -0.9 -0.5 -0.1 0.2 0.6
1804 -0.1£0.0 0.3 -1.0 -0.5 ~0.1 0.3 0.7
1904 -=0.1£0.0 0.4 -1.0 -0.5 -0.1 0.3 0.8
2004 -0.1£0.1 0.6 -1.1 -0.5 =0.1 0.4 1.0
2104 -0.1+£0.1 0.6 -1.1 -0.6 -0.1 0.5 1.1
2204 0.0 £ 0.1 0.6 -1.1 -0.5 0.0 0.6 14
2304 0.1 £0.1 0.7 -1.0 -0.5 0.0 0.7 1.7
2404 0.3 £0.1 0.9 -1.0 -04 0.2 0.9 2.7
2804 0.8 +0.2 1.2 -0.7 -0.1 0.6 2.0 5.4
2904 1.0+ 0.2 1.1 -0.6 -0.0 0.7 2.5 44
3004 1.2+ 0.3 1.3 -0.6 0.0 0.8 3.3 54
3104 1.6 03 1.6 -0.5 0.2 1.1 4.5 6.8
3204 23+04 2.0 0.2 0.8 1.8 5.9 8.9
3304 3.8+05 2.5 1.3 1.8 3.0 8.4 12.5
3404 75+05 2.5 4.1 5.4 6.9 10.1 16.4
3504 19.2 £ 0.5 2.5 12.7 16.0 19.3 22.2 24.3

of the network. This is corroborated by the observation that digital
channel banks of the D3 and D4 type, which provide the interface
between the analog voice-frequency signals and the 1.544-Mb/s digital
bit stream of the T-carrier system, have a frequency response similar
to that of the current survey, shown in Fig. 6.

The gain slope at 404 or 2804 Hz is defined as the loss at that
frequency minus the loss at 1004 Hz. Figure 7 plots the CDF's of the
larger of the gain slopes (per connection) at 404 and 2804 Hz for short,
medium, and long connections. Figures 8 through 10 show the CDFs
of loss difference for the frequency pairs of 2804 and 604 Hz, 2404 and
804 Hz, and 2104 and 1304 Hz, respectively. As the figures show, there
is little mileage dependence for these loss differences except for a
tendency for short connections (possibly on VF cables) to have some-
what higher loss difference.
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Table VIll—Attenuation distortion relative to 1004 Hz: long
connections

uantile
Frequency Standard Q S

in Hz Mean Deviation 1% 10% 50% 90% 99%

204 59+04 2.8 2.2 3.1 5.0 10.1 14.1

254 3.7+0.3 2.0 0.7 1.7 3.2 6.6 104

304 2.1+0.2 1.5 -0.2 0.5 1.8 4.2 7.0

404 1.4+0.1 0.9 -0.2 04 1.2 2.5 4.3

504 0.8 £0.1 0.5 -0.2 0.2 0.8 1.5 2.5

604 0.5+0.0 04 -0.2 0.0 0.5 1.0 1.6

704 04 +£0.0 0.3 -0.3 0.0 0.4 0.8 1.3

804 0.2+0.0 0.2 -0.2 0.0 0.2 0.5 0.9

904 0.1 +£0.0 0.1 -0.2 0.0 0.1 0.2 0.5
1004 0.0 £0.0 0.0 0.0 0.0 0.0 0.0 0.0
1104 0.0 £0.0 0.2 -0.5 -0.2 0.0 0.1 0.3
1204 -0.1+0.0 0.2 -0.7 -0.3 -0.1 0.1 0.4
1304 —=0.1 £0.0 0.2 -0.8 -0.4 -0.1 0.1 0.4
1404 —-0.1 £0.0 0.4 -0.9 -04 -0.1 0.1 04
1504 -0.1x0.0 0.4 -1.0 -0.5 -0.1 0.1 0.5
1604 -0.1 £0.0 0.4 -1.1 -0.5 -0.1 0.2 0.6
1704 -0.1+0.0 0.4 -1.2 -0.5 0.0 0.3 0.7
1804 0.0 0.0 0.5 -1.2 -0.5 0.0 0.3 0.8
1904 -0.1 £0.0 0.5 -1.2 -0.5 -0.1 0.4 0.9
2004 -0.1 £0.0 0.5 -1.3 —0. -0.1 0.4 1.1
2104 -0.1 £0.1 0.6 -1.3 -0.6 -0.1 0.4 1.3
2204 0.0 £0.1 0.6 -1.2 —0.6 -0.1 0.5 1.6
2304 0.1+0.1 0.7 -1.1 -0.5 0.0 0.7 1.8
2404 0.3 +£0.1 0.8 -1.0 -04 0.2 1.0 2.5
2804 0.8 £0.1 1.1 -0.8 -0.1 0.6 1.9 4.7
2904 09 +0.2 1.2 -0.8 -0.2 0.6 2.3 5.0
3004 1.0 £0.2 1.3 -0.7 -0.1 0.7 2.6 5.7
3104 1.4 +0.2 1.6 -0.6 0.1 1.0 3.2 74
3204 2.2 +0.3 1.9 0.0 0.6 1.7 4.2 10.2
3304 3.6 0.4 2.4 1.0 1.6 2.9 6.2 13.4
3404 7.5 +0.3 2.1 4.2 5.4 6.9 10.4 14.3
3504 19.2 £ 0.6 2.8 9.5 16.4 19.5 22.0 25.4

Figure 11 shows the same type of information that is in Fig. 6 for
customer-premises-to-customer-premises connections, obtained by
concatenating the frequency response of the loops to the frequency
response of the EOCS connections. The concatenation was done, using
the 1980 Loop Survey data, using the same technique described in the
previous section. The mean frequency response of the loops (two per
connection) used in the concatenation is also shown in Fig. 11. Loop
effects clearly dominate trunk effects in end-to-end frequency re-
sponse.

3.3 Envelope delay distortion

Envelope delay is defined as the negative of the derivative of the
phase of the received signal with respect to frequency. Envelope Delay
Distortion (EDD) at a given frequency is defined as the difference
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between the envelope delay at that frequency and the envelope delay
at the reference frequency (usually between 1600 and 1800 Hz), where
the delay is near the minimum value. The reference frequency used in
the EOCS was 1704 Hz.

The test signal used for envelope delay distortion measurement in
the United States, which is also used in the EOCS, is a voiceband
carrier frequency amplitude modulated (50 percent) by an 83-1/3 Hz
tone. A return reference path is required to establish the phase
reference so that the phase of the transmitted 83-1/3 Hz envelope can
be compared to the phase of the received 83-1/3 Hz envelope. Since
the frequency aperture of the modulated test signal remains fixed at
twice the 83-1/3 Hz as the carrier frequency of the modulated test
signal is varied, the recovered phase changes give estimates of the
slope of the phase-versus-frequency curve (EDD). The more desirable
direct measurement of phase versus frequency is not made because of
the possibility of frequency shift on the facility.

The effect of a nonlinear phase-versus-frequency characteristic (as
measured by EDD) on a data signal is such that the different frequency
components of the signal have different transit times, which results
in distortion in the received signal. The effect of EDD on data signals
can be compensated by employing equalizers in the data set receiver.
The effectiveness of an equalizer depends on the equalization scheme
used—fixed or adaptive—and the complexity (e.g., number of taps) in
the equalizer.

Tables IX through XI show the means, standard deviations, and
selected percentiles of EDD versus frequency for the short, medium,
and long connections. As in the 1969/70 Connection Survey, 1704 Hz
was selected as the reference frequency for EDD measurements in the
EOCS. Figure 12 shows the mean EDD versus frequency for the short,
medium, and long mileage categories. Although not shown in Fig. 12,
the mean EDD for the 1969/70 Connection Survey is practically
coincident with the short mileage category.

Figure 13 shows the CDFs of the larger of the EDD values at 604
and 2804 Hz for the short, medium, and long mileage categories. Figure
14 is a scatter plot of EDD at 604 Hz compared to that at 2804 Hz,
which shows that there is little dependence (correlation coefficient of
0.53) between the EDDs at the two frequencies. Figures 15 and 16
show that there is even less correlation between EDD and loss at these
frequencies (correlation coefficient of 0.32 at 604 Hz and 0.37 at 2804
Hz).

3.4 Peak-to-average ratio

Peak-to-Average Ratio (P/AR) measurements are made on a
straightaway basis with a transmitter and a receiver attached at
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Table IX—Envelope delay distortion relative to 1704 Hz (all statistics
expressed in ps): short connections

uantiles
Frequency Standard Q

in Hz Mean Deviation 1% 25% 50% 75% 99%
304 3580 1221 1103 3029 3324 4226 6725
404 1959 684 492 1695 1876 2185 3885
504 1242 460 108 1114 1209 1365 2492
604 839 334 15 748 819 922 1749
704 577 258 -71 506 556 637 1278
804 409 190 -35 356 398 456 922
904 298 148 -71 254 293 333 700
1004 205 121 —137 161 201 239 526
1104 136 92 —125 95 128 165 375
1204 87 79 -121 44 77 111 273
1304 54 53 —67 20 48 76 199
1404 36 47 -119 12 32 52 145
1504 20 37 -150 5 19 32 91
1604 7 36 -85 -1 7 14 66
1704 0 0 0 0 0 0 0
1804 6 32 -178 -2 4 11 69
1904 21 32 -92 12 21 29 105
2004 50 39 —58 35 49 61 146
2104 82 47 -39 63 84 98 216
2204 119 57 —27 92 122 142 259
2304 166 65 8 136 165 197 329
2404 220 88 36 177 212 261 493
2804 609 217 102 541 584 727 1021
2904 787 248 136 704 766 909 1243
3004 1017 312 159 949 1008 1176 1567
3104 1312 405 198 1248 1307 1466 1967
3204 1734 551 226 1651 1744 1951 2606
3304 2410 772 253 2304 2470 2625 3739
3404 3132 1102 295 3062 3256 3443 5189

opposite ends of a connection. The transmitter generates a precisely
controlled complex waveform of known peak-to-average ratio. The
energy in the waveform is dispersed in time by the bandwidth reduction
and envelope delay distortion encountered on the connection in a way
that may be directly related to intersymbol interference (eye closing)
of data signals.’ The P/AR receiver measures the peak and full-wave
average values of the waveform and displays their ratio on a zero-
suppressed scale. A P/AR value of 100 suggests no pulse degradation.

The P/AR signal is largely insensitive to noise, phase jitter, and
intermodulation distortion, and is unaffected by frequency shift or
transient phenomena. P/AR does not produce unambiguous diagnostic
information, so there are no externally published requirements for
P/AR. Since P/AR ignores transients, P/AR readings cannot predict
data set error performance on connections where the transients dom-
inate data set performance. P/AR values may be the same for different
EDD shapes occurring on real connections, and with the addition of
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Table X—Envelope delay distortion relative to 1704 Hz (all statistics
expressed in ps): medium connections

Frequency Standard Quantiles

in Hz Mean Deviation 1% 25% 50% 5% 99%

304 4290 1292 2787 3261 3755 4951 7819

404 2497 936 1579 1830 2101 2959 5465

504 1633 631 1016 1191 1340 2009 3706

604 1129 457 661 809 912 1403 2654

704 794 339 418 557 638 977 1904

804 574 249 275 401 456 735 1371

904 427 189 190 299 339 553 1034
1004 306 152 109 207 240 402 775
1104 208 112 34 132 161 279 543
1204 135 97 -18 71 106 183 378
1304 86 69 —40 46 70 122 265
1404 61 78 -31 30 48 83 182
1504 37 56 —-29 18 30 50 115
1604 16 46 =31 6 12 22 55
1704 0 0 0 0 0 0 0
1804 1 71 —45 -9 -1 7 35
1904 15 27 -53 3 16 26 79
2004 45 46 —45 26 44 59 153
2104 85 65 -33 59 80 98 252
2204 126 71 -17 93 115 143 353
2304 175 109 3 130 155 197 458
2404 235 153 24 174 204 261 585
2804 692 265 264 557 596 768 1588
2904 888 308 383 723 772 971 1950
3004 1156 371 551 955 1007 1261 24317
3104 1523 481 757 1268 1321 1646 3175
3204 2048 638 1079 1697 1784 2178 4242
3304 2828 843 1694 2352 2507 2964 5558
3404 3585 877 2277 3093 3285 3724 6320

sophisticated EDD adaptive equalizers in data sets, the utility of
P/AR has diminished. P/AR serves as a quick straightaway measure
of the relative bandwidth reduction and EDD on a significant per-
centage of connections.

Figure 17 shows that there is almost no relationship between P/AR
and connection mileage except that there are almost no short connec-
tions with a P/AR rating below 70. The figure also shows rare P/AR
values above 100, which usually suggest connections where the loss at
the band edges is less than that at the center of the band. Such
connections increase the peak value of the received P/AR signal
relative to the average value. Such a connection in tandem with a
“normal” connection (which has higher loss at the band edges) will
improve the P/AR value over that of the normal connection alone.

Figures 18 through 20 are scatter plots of P/AR versus the maximum
of EDDs at 604 and 2804 Hz, which are test frequencies for network
performance objectives. These frequencies have no special relationship
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Table XI—Envelope delay distortion relative to 1704 Hz (all statistics
expressed in us): long connections

Frequency Standard Quantiles

in Hz Mean Deviation 1% 25% 50% 75% 99%

304 5032 1427 2928 3616 4881 6055 8194

404 2997 1245 1633 2028 2398 3624 6714

504 1959 881 1031 1280 1498 2356 4534

604 1366 643 680 875 1035 1640 3222

704 966 469 438 610 729 1165 2292

804 698 350 280 435 521 853 1685

904 515 266 184 317 386 641 1255
1004 371 201 105 224 275 470 921
1104 258 146 53 153 191 328 659
1204 173 112 16 101 133 217 459
1304 111 75 -12 64 89 143 305
1404 73 72 —-26 40 57 96 216
1504 42 62 -38 20 32 56 134
1604 16 29 -31 4 12 23 66
1704 0 0 0 0 0 0 0
1804 2 28 —49 -7 2 9 39
1904 20 29 —64 6 21 31 80
2004 51 46 —65 32 51 66 141
2104 90 59 -72 67 88 108 219
2204 132 73 —66 102 125 154 304
2304 181 115 —54 140 166 206 407
2404 239 129 -16 186 214 275 515
2804 726 275 285 567 604 807 1573
2904 954 347 412 745 797 1051 2073
3004 1258 452 588 976 1039 1393 2765
3104 1659 586 836 1277 1374 1857 3657
3204 2224 761 1182 1721 1852 2509 4788
3304 3105 989 1750 2457 2623 3502 6249
3404 3912 1018 2260 3247 3447 4496 6804

to the P/AR signal. These figures show that there is a reasonably
strong correlation (particularly for longer connection mileages) be-
tween EDD at 604 or 2804 Hz (whichever is higher) and P/AR, in
that when EDD* is higher, P/AR is lower. The two straight lines
(labeled 1 and 2) in these figures are the regression lines of P/AR
versus EDD and EDD versus P/AR. The degree to which line 1 differs
from line 2 is directly related to the coefficient of correlation: the two
lines would coincide if P/AR and EDD were perfectly correlated.

The ellipses of concentration shown in these figures have five
parameters: two of them determine the center position; one, the
angular orientation; and two, the lengths of the major/minor axes.
These parameters were determined so that a uniform, elliptical mass
of data points would have the same means, standard deviations, and

* EDD in the remainder of this subsection refers to the maximum (per connection)
of EDDs at 604 and 2804 Hz.
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correlation coefficient as the original data. The ellipse of concentration
has two horizontal and two vertical tangents passing through the
points where, respectively, line 1 and line 2 intersect the ellipse. The
distance between the two horizontal tangents is equal to four times
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two vertical tangents is equal to four times the standard deviation of
EDD. Almost 90 percent of the measurements fall within the ellipses.

3.5 Propagation delay

Round-trip propagation delay measurements were made in the
EOCS by using full-duplex 1200-b/s data sets (to be described in 3.13)
under the control of the microprocessor in the ASPEN RTU. An error
was introduced in a continuous repetition of a 511-bit pseudorandom
word transmitted by the near-end RT'U microprocessor bit error rate
generator to the low-band modulator of the full-duplex 1200-b/s data
set. When the far-end RTU microprocessor recognized the error from
the low-band demodulator of its 1200-b/s data set, it immediately
introduced an error in the continuous repetition of the same 511-bit
pseudorandom word being transmitted back to the near end by the
high-band 1200-b/s data set modulator. When the near-end RTU
microprocessor recognized the forced error, it corrected for the known
(fixed) processing delay to get a first estimate of round-trip propaga-
tion delay. This sequence was repeated nine more times to obtain
enough valid measurements to reject those affected by random errors
on the connection.

Figure 21 shows boxplots of round-trip propagation delay versus
mileage (with the same abscissa as that of Fig. 1), except for the 52
measurements taken on satellite connections.* Round-trip delay mea-
surements on these satellite connections ranged from 508 to 539 ms.
The variability in round-trip delay for the same end office building
pairs can be attributed to alternate trunk facilities as well as alternate
routing. Figure 22 shows CDFs of round-trip delay for the three
mileage bands. In Figs. 21 and 22, measurements on satellite connec-
tions were excluded from these CDFs with the 52 measurements on
satellites excluded. The boxplots and the CDFs show a strong depend-
ence of round-trip delay on airline mileage.

3.6 Message circuit noise and signal-to-C-notched noise ratio

Message circuit noise was measured both with and without a 1004-
Hz holding tone, with both the C-message and 3-kHz flat weighting
filters, as Ref. 1 specifies. The C-message filter weighting characteristic
was derived in 1957 from tests made with subjects assessing the
interfering effects of single frequency interference as heard over an
ordinary telephone handset. This weighting is also appropriate for
high-speed data transmission because most high-speed modems con-
centrate their transmitted energy in approximately the same band of
sensitivity as the C-message filter. The ac power-line hum at 60 Hz

* Propagation delay is the only parameter in this paper for which measurements on
satellite connections are treated separately.

CONNECTION STUDY 2085



60F " i *
. x
x ‘ "
1
1 ';:
sof A T
x . x \ x :
7 - x:: Ex '
a
g * ,:: :xix’f"a
2 aof - R HP I s B
o TR AL eeR
3 'BI T %
2 e 98 *,
L] M
z dE Mugrif
z%r RS
3 X X X X [ NI vt
o X % Cox o1 x !
- Bl iUt :
e LI '
A 20 x w1 o0 ! '
=4 [ '
2 N:II a [
8 i [ H
1 !
. '
1 -
10} T
|
: 5675 MEASUREMENTS
E!
o>
0

2 4 6 8 0 12 14 16 18 20 22 24 26
AIRLINE DISTANCE IN HUNDREDS OF MILES

Fig. 21—Round-trip propagation delay versus connection airline mileage in 100-mile
blocks.

99.98 _
90.90} 402 SHORT MEASUREMENTS L
99.70 L
a r
& 99.00 ‘ o
3 3
@ 2440 MEDIUM ¢
< 95.00 MEASUREMENTS
Z 90.00 o
s r
’- ,J\\
17} .
& 70.00 " \
- e
W 50.00 = \
z i 2833 LONG MEASUREMENTS
< b
< 30.00
I
=
2 1000
5 500
8 LONG (>720 MILES) -=-----
w MEDIUM  omerecinnnns
w100
SHORT (<181 MILES) ——
0.30
0.10
0.02 i Ly . . ) 1
) 10 20 30 20 50 50

ROUND-TRIP DELAY IN MILLISECONDS

Fig. 22—The cumulative distributions of round-trip propagation delay.

2086 TECHNICAL JOURNAL, NOVEMBER 1984



(and odd harmonics of 60 Hz), frequently encountered in the loop
plant, is attenuated by the C-message filter but is included in the noise
measurements made with the 3-kHz flat filter. All noise measurements
were reported as they were measured, without corrections for losses in
the office in which the measurements were made, which permits direct
comparison with the 1969/70 Connection Survey,* and concatenation
with the loop plant.®

If a connection has facilities with digital channel banks or compan-
dors, noise on that connection can be substantially different, depend-
ing on whether it is measured with or without a holding tone. For data
transmission, therefore, C-notched noise is more relevant than C-
message noise. C-notched noise is obtained by filtering out the 1004-
Hz holding tone with a deep (50-dB) notch filter and then measuring
C-message noise. Signal-to-C-notched-noise ratio (s/n) is the ratio of
the received 1004-Hz holding tone power to the C-notched noise power.

The s/n is an essential performance measure for digital channel
banks. As Fig. 23 shows, digital channel banks have an approximately
logarithmic (1255) encoder/decoder that maintains a nearly constant
s/n over a reasonable range of signal levels. Because most of the
connections measured in the EOCS have at least one T-carrier link,
the s/n results from the EOCS are dominated by this characteristic.
This can be observed in the figures that follow.

Figure 24 shows the CDFs of s/n for the three mileage bands. The
CDF's confirm mileage dependence of s/n, particularly in the region of
“good” s/n or the upper tails. Comparison of these CDFs with similar
CDFs obtained from the 1969/70 Connection Survey shows that the
variability of s/n on short connections has been reduced substantially
since the last survey. This tighter s/n distribution for short connec-
tions in the EOCS is caused by the introduction of T-carrier systems
in the network since the 1969/70 Connection Survey. The same
comparison suggests that the percentage of short connections with
s/n better than 40 dB—the s/n ceiling for digital channel banks
observed in Fig. 23—was greater in the 1969/70 Connection Survey
than in the EOCS. However, this s/n degradation, which can also be
attributed to T-carrier facilities, is largely inconsequential to the
performance of data sets in the region where it occurs, i.e., the upper
tail of the CDF. Listeners are usually unable to discern differences in
s/n ratios above 40 dB.

Figure 25 shows the Probability Density Functions (PDFs) of s/n
for the three mileage bands. The PDF for the short mileage category
shows bimodality, whereas the PDF's for the medium and long mileage
categories are unimodal. The two peaks for the short category occur
at 34 and 38 dB. The peak at 38 dB is consistent with the noise
expected on a connection with one T-carrier system with one digital
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tal-to-analog (D/A) conversion, i.e., an end-to-end digital connection
or an analog connection with exactly one digital facility or digital
switch; see Fig. 23. The lower peak is consistent with occurrences of
two digital links in tandem.

Figure 26 shows a scatter plot of C-notched noise versus C-message
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noise. Also shown in the figure is a straight line on which C-notched
noise is equal to C-message noise. The large cluster of points above
the line, corresponding to the connections with higher C-notched noise
than C-message noise, show the effects of compandors, quantizing
noise, and harmonic distortion on the holding tone. The points scat-
tered far above the line may correspond to the connections where bad
coders were encountered or where the C-notched noise measurements
were affected by impulse noise. The points along the line represent
the connections where the tone had no effect on noise. Small deviations
from the line can be expected, considering possible time variation of
noise between the two types of noise measurement. The points scat-
tered far below the line indicate the possible effects of impulse noise
during the C-message noise measurements.

Figure 27 shows the CDF's of C-message noise for the three mileage
bands. The mileage dependence of C-message noise can be observed
in the figure, as would be expected for the analog carrier facilities
normally encountered on longer trunks. The airline-mileage effect on
the C-message noise can also be seen on the boxplots of Fig. 28 (see
Fig. 2 for the explanation of the abscissa).

Figure 29 presents the CDF's of C-notched noise for the three mileage
bands. Mileage dependence is less apparent with C-notched noise than
with C-message noise. In particular, Fig. 29 shows virtually no differ-
ence in the CDF of C-notched noise between the medium and long
mileage categories. It appears that most connections measured for
these mileage categories had T-carrier facilities on the toll-connecting
trunks, one at each end, which dominated the connection C-notched
noise. The dominance of the toll connecting trunk noise reduces the
dependence of noise on connection mileage for the longer connections.
Digital switches in tandem with T-carrier links do not degrade the C-
notched noise.

It appears that the C-notched noise measurements for the short
mileage category consist of measurements from two groups of connec-
tions, as evidenced by the bimodality of the s/n PDF in Fig. 25: one
group containing two pairs of digital channel banks, and the other
containing one pair of digital channel banks. As Fig. 29 shows, the
upper half of the CDF for the short mileage category is almost the
same as the CDF's for the other two categories, suggesting that it is
made up of the measurements from the connections with two pairs of
digital channel banks. The lower half of the CDF for the short mileage
category, however, is significantly different from those for the other
two mileage categories, suggesting that the measurements are from
the connections with one pair of digital channel or from Voice Fre-
quency (VF) cable.

Figure 30 shows the CDFs of the 3-kHz flat noise for the three
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mileage bands. As we can see in the figure, the 3-kHz flat noise shows
almost no dependence on mileage and is much higher than the C-
message noise. This shows that this type of noise is dominated by
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of 60 Hz from the end office line-circuit battery feed. The same
remarks made for the 3-kHz flat noise hold for the 3-kHz flat notched
noise. Figure 31 shows the CDFs of the 3-kHz flat notched noise for
the three mileage bands.

Figure 32 shows the CDFs of the 3-kHz flat noise-to-ground per
environment of the end office: urban, suburban, and rural. An urban
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end office was defined in Ref. 8 as one serving more than 20,000
assigned pairs; a rural end office as one serving fewer than 5000
assigned pairs; and a suburban end office as one serving between 5000
and 20,000 assigned pairs. The bottom of the measuring range for the
test equipment for noise-to-ground was 40 dBrn, so measured values
below this value were conservatively estimated at 39 dBrn, causing
the truncation in the CDFs at that value. It should be recalled that no
loops were connected for EOCS measurements. These measurements
confirmed that the medians for 3-kHz flat noise-to-ground for trunks
in the central office with no loops connected were well below the
median contribution for trunks connected to the loop plant® (by 12-
dB for urban, 20 dB for suburban, and 40 dB for rural central offices).

Figure 33 shows the CDFs of C-message noise on customer-prem-
ises-to-customer-premises connections. The calculated customer C-
message noise power of a connection was obtained by power-summing
the noise power of the connection measured at the end office atten-
uated by the loss of the loop, and the C-message noise on the loop
(customer end). Figure 33 was obtained by analytically concatenating
(using discrete convolution techniques) the loop noise from the 1980
Loop Survey to the end office to end office C-messsage noise atten-
uated by the loop loss. Also included in the same figure for comparison
is the CDF of the end office to end office C-message noise for the
EOCS medium connection length category. The distribution of the C-
message noise can be seen to improve with the addition of the loop.
The contribution of the loop loss (which attenuates the noise from the
end office) is apparently more important than the effect of the noise
on the loop.

Figure 34 shows the CDF of C-message weighted metallic noise for
Bell System loops from the 1980 Loop Survey used in the concatena-
tion for Figure 33. (The CDF of 1004-Hz loss for the Bell System loops
used in the concatenation appears on Fig. 5.)

3.7 Intermodulation distortion

In the past, a harmonic distortion measurement was used to char-
acterize nonlinearities by applying a single tone to the connection and
measuring the received power at the second and third harmonics of
the test frequency with a selective detector. However, this type of
measurements did not properly characterize nonlinearities as they
affected data transmission. The harmonics of the sine wave could
cancel one another on connections with multiple nonlinearities, and
the PDF of noise-like high-speed data signals is markedly different
from that of a single tone.

In the EOCS, nonlinearities were evaluated by an intermodulation
distortion measurement using the four-tone method.! The four-tone
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method is not subject to the cancellation effect, and the PDF of its
test signal is a much better approximation to the PDF of a high-speed
data modem signal than is a sinusoidal (one-tone) test signal.

The intermodulation distortion measured with the four-tone test
signal may contain components caused by background or quantizing
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noise. To correct for this, the noise component was measured by
removing two of the four tones and measuring the energy in the narrow
bands where the four-tone intermodulation distortion would fall. The
“corrected intermodulation distortion was then calculated by power
subtraction of the noise component from the original measurement,
as outlined in Ref. 1. (For example, if the power measured with four
tones was 1 dB larger than that measured with two tones, the true
intermodulation distortion would be 7 dB below the value measured
with four tones. If the levels measured with four tones and with two
tones were the same, the conservative value of 8 dB was subtracted
from the four-tone intermodulation distortion measurement.)

Figures 35 and 36 show the CDFs of second- and third-order
intermodulation distortion for the three mileage bands. The abscissa
shows intermodulation distortion expressed as a signal-to-distortion
ratio in decibels, and thus higher values on the abscissa represent
better performance. As we can see in the figure, there is little depend-
ence on mileage, particularly for the medium and long mileage cate-
gories. Intermodulation distortion on connections in these mileage
categories could have been contributed mostly by central office equip-
ment, such as multiplexors, whose appearance is only weakly corre-
lated with mileage.

The scatter plot of third-order versus second-order intermodulation
distortion of Fig. 37 shows moderate correlation between the two
parameters.

3.8 Phase and amplitude jitter

Phase jitter is the deviation or “jitter” of zero-crossings of a 1004-
Hz tone from their nominal position in time. Phase jitter was measured
by comparing the average phase of the signal (determined by a phase-
locked loop) and the instantaneous phase of the received signal. The
normal bandwidth for the measurement of (demodulated) phase jitter
is 20 to 300 Hz. In the EOCS, phase jitter was measured in two bands:
20 to 300 Hz and 2 to 300 Hz. The bandwidth of the phase jitter
detector in the transmission test set used in the EOCS extends below
the recommended 4-Hz corner of Ref. 1.

Amplitude jitter is the deviation or “jitter” of the peak of a 1004-Hz
tone from its nominal value. Amplitude jitter was measured with the
same two frequency bands as the phase jitter, and the phase and
amplitude jitter circuits used the same post-detection filter and peak
detector.

Figures 38 and 39 show the CDF's of phase jitter for the 20- to 300-
Hz band and for the 2- to 300-Hz band, respectively, for the three
mileage bands. The figures show dependence of phase jitter on mileage.
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Figures 40 and 41 present the CDFs of amplitude jitter for the three
mileage categories, for the two frequency bands, respectively.

Phase jitter can be caused by phase modulation as well as by noise.
Measurement of phase jitter is appropriate to predict high-speed data
set performance, but only as an indirect measure of phase modulation.
However, the phase jitter measuring set alone cannot distinguish phase
jitter caused by noise from that caused by phase modulation. The
primary purpose of the amplitude jitter measurement is to separate
phase jitter caused by the two sources.

Although both noise and amplitude modulation can cause amplitude
jitter, a signal is unlikely to encounter amplitude modulation sources
in the network, leaving noise as the sole source of amplitude jitter. On
the other hand, the network has both sources for phase jitter, namely,
noise and phase modulation. Therefore, the amplitude jitter measure-
ments can be compared with phase jitter measurements to distinguish
phase jitter caused by the two sources. For example, a high phase jitter
measurement accompanied by a low amplitude jitter measurement on
a connection is an indication that the phase jitter on that connection
is not caused by noise, but most likely is caused by phase modulation.

Figure 42 is a scatter plot of the 20- to 300-Hz amplitude jitter
versus the 20- to 300-Hz phase jitter. Also shown in the figure are two
demarcation lines (labeled A and B) experimentally obtained by testing
the phase and amplitude jitter measurement equipment used in the
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EOCS. Points between lines A and B indicate connections where
phase and amplitude jitter show good correlation. Therefore, these
points almost all correspond to phase jitter solely caused by noise.
Points above line A show connections with high amplitude jitter but
little phase jitter, and they are attributed to the effect of impulse noise
on the amplitude jitter detector. (The requirements for all jitter
detectors mandate peak detectors, which also respond to momentary
increases from impulse noise.) Points below line B, showing connec-
tions with high phase jitter but low amplitude jitter, suggest that phase
jitter on those connections is largely caused by phase modulation, and
is occasionally caused by impulse noise.

3.9 Frequency shift

Frequency shift, or absolute frequency offset, is a critical parameter,
for example, for the proper functioning of echo cancelers. Echo can-
celers continue to adapt during voice calls and can track frequency
shifts below 1 Hz. Depending on the magnitude of the frequency shift,
brief transient echoes may be heard after conversational pauses, since
adaptation only occurs when just one party is talking. Since echo
cancelers freeze on calls where a continuous data set signal is present,
frequency shift will cause echoes whose magnitudes change at the
frequency shift rate.

CONNECTION STUDY 2101



Frequency shift was measured in the 1969/70 Connection Survey by
transmitting at —12 dBm a 1200-Hz tone whose frequency was known
to 0.1 Hz. The frequency of the received tone was measured to a
precision of 0.1 Hz at the far end of the connection leading to an
overall accuracy of approximately 0.2 Hz. The difference between the
two frequencies was the frequency shift of the connection. The mea-
sured frequency shifts were not normally distributed. An offset of
greater than 3 Hz was observed on two of the 600 measurements.

In the EOCS, the transmitted frequencies were known to a precision
of 0.1 Hz. The received frequencies were measured to a resolution of
1 Hz with a frequency counter that could be momentarily driven
upward by impulse noise, and could momentarily be driven downward
by transient power line harmonics. Connections with poor s/n caused
a positive 1-Hz offset in the frequency counter output. Taking only
those connections for which multiple, stable frequency shifts were
observed:

1. A positive frequency shift of 2 Hz was observed on eight of 4222
connections (0.19 percent).

2. A negative frequency shift of 1 Hz was observed on ten of 4222
connections (0.24 percent).

All but one of the stable frequency shifts observed were for connec-
tions to a single end office that had N3 (frequency division multiplex)
carrier toll-connecting trunks. The precision of the frequency mea-
surements in the EOCS is not sufficient to draw conclusions about
the performance of the network for frequency shift, particularly since
the observed shifts were associated with the toll-connecting trunks for
a single office.

3.10 Impulse noise

Impulse noise was measured through a C-notched filter by counting
the number of times the noise exceeded a given threshold. The impulse
noise measurement consisted of three five-minute measurements in
sequence, with three different thresholds for each five-minute interval.

The thresholds for impulse noise counts were set based on the
received rms level of the 1004-Hz holding tone. For the first five
minutes, thresholds were set at —12, —8, and —4 dB relative to the
received holding tone level; for the second five minutes, at —12, —4,
and +4 dB; for the last five minutes, at —8, 0, and +8 dB. Since
measurements at the —12, =8, and —4 dB thresholds were made twice
for five minutes on each connection, while measurements at the 0, +4,
and +8 dB thresholds were made only once for five minutes per
connection, all figures and results in this section are based on twice
as many observations for the —12, —8, and —4 dB thresholds than for
the other three higher thresholds.
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Impulse noise counters with multiple thresholds have the charac-
teristic that a single impulse exceeding the highest threshold must
also register on all the lower thresholds. This means that, in any given
five-minute interval, the counter for the lowest threshold will have the
same as or higher count than the counter for a higher threshold. As
one would expect, the CDF of impulse noise counts at the —12 dB
threshold falls to the right of the CDF at the —8 dB threshold. Since
the thresholds were changed for each of the three five-minute transient
measuring intervals, it is possile (but unlikely) that on any given
connection, there could be a smaller count for the 0-dB threshold than
for the 4-dB threshold, for example.

Statistically, the effect of connection airline mileage was found not
to be significant on impulse noise count. The type of switch at either
end of the connection was found to be a significant factor. Figures 43
through 45 show the CDFs of impulse noise counts per five-minute
interval at various thresholds for different switch types (digital, cross-
bar, and step-by-step switches) at the measuring end office. The type
of switch in the end office from which the tone was sent was taken
into consideration through a weighting process based on predivestiture
Bell System traffic statistics. A connection with a digital switch at the
measuring end is expected to have fewer impulse noise counts than a
connection with an electromechanical switch (crossbar, or step-by-
step) in which the operation and release of adjacent relays can some-
times cause impulse noise.

The limiting bend in the CDF for the —12 dB threshold at approx-
imately 2000 counts per five-minute interval in Fig. 45 might have
been caused by power-line-hum pickup in the small rural step-by-step
offices, which caused continuous impulse counts at the maximum
counting rate of 420 counts per minute.

Figures 46 and 47 show the effect of switch type at both ends of the
connection. Three types of switch were evaluated in the EOCS, leading
to six nonordered pairs of switches when both end switches were taken
into consideration. Figure 46 shows the percentage of impulse noise
counts per five-minute interval for the —12 dB threshold for each of
six different pairs of switches. The bars are divided, reading from the
bottom up, as 0 counts, 1 to 10 counts, 11 to 20 counts, 21 to 50 counts,
and more than 50 counts. The digital switch performs better than the
crossbar, which is superior to the step-by-step, and this holds for either
end of the connection. Figure 47 is similar to Fig. 46 except for the —4
dB threshold.

Figure 48 shows the impulse noise counts per five-minute interval
for the —12 dB threshold at the step-by-step measuring end office
switch plotted as a function of the time of day. It indicates an increase
in the impulse noise counts in step-by-step offices during the busy
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hours of a day, as one would expect when step-by-step switches in
adjacent bays operate and release as other customers start and finish
calls. A similar effect, with a smaller amplitude, was observed for the
other thresholds and for the other types of switch.
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3.11 Phase and gain hits

A phase hit is an abrupt change in the nominal phase of the received
1004-Hz holding tone lasting at least 4 ms. A gain hit is an abrupt
change in the nominal level of the received 1004-Hz holding tone
lasting at least 4 ms. The precision of the phase- and gain-hit mea-
surement, the tracking rate for the phase-locked loop for the phase-
hit counter, and the rate of change for the automatic gain control for
the gain-hit counter are given in Ref. 1.

Phase and gain hits were measured simultaneously with impulse
noise during the three five-minute transient measurement periods
discussed in the previous section. During the first five minutes, the
phase-hit threshold was set at 10 degrees and the gain hit threshold
was set at 2 dB; during the second five minutes, the phase- and gain-
hit thresholds were set at 15 degrees and 3 dB, respectively; finally,
during the last five minutes, the phase- and gain-hit thresholds were
set at 20 degrees and 6 dB, respectively. The phase- and gain-hit
counting circuits respond to both positive and negative hits.

Figure 49 shows the CDFs of phase-hit counts per five-minute
interval for the thresholds of 10, 15, and 20 degrees. The figure shows
little difference between the CDFs corresponding to the two higher
thresholds, 15 and 20 degrees. However, the CDF with 10-degree
threshold is clearly worse than the other two CDFs. This may be
caused by low-frequency phase modulation which can trigger the
phase-hit counter at the 10-degree threshold.

Figure 50 shows the CDF's of gain-hit counts per five-minute interval
for the thresholds of 2, 3, and 6 dB. There is a distinct reduction in
the counts as the threshold is increased.

3.12 Dropouts

A dropout is defined as a 12-dB reduction of received signal level,
as measured at the start of the 15-minute transient measurement
interval, lasting for at least 4 ms. The dropout counter circuit has no
automatic gain control circuit in contrast with the gain-hit counter.
Figure 51 shows the CDF of dropout counts per 15-minute interval.

3.13 Bit and block error rates

The error rate performance of two widely used 1200-b/s data sets
and two widely used 4800-b/s data sets was measured on the same
connections on which the analog transmission impairments were
measured. To simulate the environment in which the data sets would
normally be operating, an artificial loop was placed in front of the
data set in each ASPEN RTU. The artificial loop simulates 6000 feet
of 26-gauge cable in series with 6000 feet of 24-gauge cable to achieve
the mean loop loss of 5.3 dB determined from the 1980 Loop Survey.
The data signal level at the data set was approximately —9 dBm.
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The two 1200-b/s data sets used in the EOCS were full-duplex, four-
phase, Differential Phase-Shift Keyed (DPSK) data sets. The data
sets transmitted 1200-b/s (600-baud) synchronous binary serial data
simultaneously in both directions by splitting the voiceband into a low
band (carrier frequency of 1200 Hz) and high band (carrier frequency
of 2400 Hz) of frequencies. The energy in the low-band line signal
extended from 720 to 1680 Hz, and the high band, from 1920 to 2880
Hz. These data sets employed scramblers to prevent steady marking
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or spacing to the transmitter causing a continuous stream of zero-
degree phase shifts on the line (which would block the receiver timing-
recovery circuit reference phase extraction from the incoming signal).
These data sets had no adaptive equalizers to mitigate the effects of
bandwidth reduction or poor EDD on the connection.

The two 4800-b/s data sets used in the EQOCS were half-duplex,
eight-phase DPSK data sets. They transmitted a 1600-baud (3 bits
per symbol) signal, and 23-stage, multiple-tap scramblers were em-
ployed for the same reason as the scramblers in the 1200-b/s data sets.
Most of the energy in the line spectrum was between 800 and 2800
Hz, and neither data set had a secondary channel. The receivers had
adaptive equalizers to reduce the effects of connection bandwidth
reduction and EDD on intersymbol interference.

The solid and dotted curves of Figs. 52, 53, and 54 show the CDFs
of the bit error rates for the two 1200-b/s data sets for short, medium,
and long connections. For these three figures, the low and high-band
error rates were combined. The 1200-b/s data set bit error performance
is poorer for longer connections. In Fig. 55, the bit error rates for long
connections were separated into low and high band for the two 1200-
b/s data sets. This figure demonstrates how the selection of the
compromise equalizer in the data set can affect the relative perform-
ance of the two bands.

Since about one million bits were transmitted, there are no data
points on the CDFs between “No Errors” and 1 X 1078 bit error rate.
The bit error rate counter in the ASPEN RTU attempted to resyn-
chronize when 99 errors were received, and therefore the bit error rate
plots were truncated at the value corresponding to 99 errors.

In the middle of the data collection period, the ASPEN RTUs were
modified to permit both bit and block error rate measurement. For
block error rate measurements, one thousand 1000-bit blocks were
transmitted, and the restriction of no more than 99 errors in a single
block was removed. All bit error rate figures include data collected
over the entire EOCS data collection period, while the block error rate
figures come from only the later part of the collection period. The
CDFs for the block error rate performance for the two 1200-b/s data
sets for short, medium, and long connections are shown in Figs. 56,
57, and 58. The block error rate performance of the 1200-b/s data sets
is also poorer for the longer connections.

Figures 59, 60, and 61 show the bit error rate performance of the
two 4800-b/s data sets for short, medium, and long connections.* As

* All error rate data presented here were taken with continuous carrier mode data
set operation. Continuous carrier mode is the normal operation mode for the 1200-b/s
full-duplex data sets. For the 4800-b/s half-duplex data sets, however, switched carrier
mode is the typical mode of operation. In general, error performance with switched
carrier mode operation is poorer than that with continuous carrier mode operation.
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we can see from the comparison of these figures and Figs. 52, 53, and
54, the bit error rates for the 1200-, and 4800-b/s data sets are not
markedly different. This could be expected, considering that the much
more expensive 4800-b/s data sets used in the EOCS had adaptive
equalizers, and that the 1200-b/s, full-duplex data transmission is
really two independent 1200-b/s data transmissions on the same
connection.

The block error rate performance of one of the 4800-b/s data sets
for short, medium, and long connections is shown in Fig. 62, once
again demonstrating the poorer performance for long connections.

Figure 63 is a scatter plot of bit error rate versus block error rate
for both of the 1200-b/s data sets, with a small amount of dither added
in the horizontal axis to show where multiple points occur. As we can
see from the line where errors occur in only one of the one thousand
blocks (0.001), there is a preponderance of bit error counts of three,
six, nine, and twelve. Figure 64 is a similar plot for one of the 4800-b/s
data sets, which shows a tendency for an even number of error counts.

The figures that compare the two 1200-b/s data sets (or the two
4800-b/s data sets) show that there are differences in their perform-
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ance. Prediction of the performance of other types of data sets by
extrapolation from these results is not warranted.

3.14 Cutoffs

The only nontransmission parameter estimated from the EQCS
measurements is the call cutoff rate. A cutoff is a connection dropped
prematurely; it can occur primarily because of failure in the commu-
nications path caused by transmission or switching problems. Failures
resulting in carrier group alarms on T-carrier systems and talk off of
in-band channel signaling are sources of transmission-caused cutoffs.
Cutoffs caused by switching systems are the result of hardware failures,
software failures (e.g., in digital switches), and procedural errors. The
cutoff rate can be measured by examining a sample of representative
connections through the network and observing the number of calls
disconnected prematurely.

Four thousand toll connections were checked in the EOCS sample
for possible cutoffs during the 15-minute intervals of impulse noise
measurements discussed in Section 3.10. A cutoff was tallied if a call
was disconnected at any time during the 15 minutes, given that the
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call was up at the beginning of the same 15-minute interval. Twenty-
two cutoffs occurred during the 60,000 call-minute sample (4000 X
15), leading to a nonweighted average cutoff rate of 2.2 x 1072 for a
six-minute holding time. The 90-percent confidence interval was cal-
culated to be between 1.4 X 1072 and 3.0 x 1073,
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