
































































































































































































































































parameter set equivalent to what is currently being used in the 
computer simulations, and that variations in parameter values which 
reduced computation also degraded performance, whereas variations 
in parameter values which increased computation did not lead to 
improved performance. 
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Three-Dimensional Radiation Characteristics of 
a Pyramidal Horn-Reflector Antenna 

By P. E. BUTZIEN 

(Manuscript received January 29, 1981) 

A widely used Bell System pyramidal horn-reflector antenna, used 
in terrestrial radio relay systems, has been characterized over all 
space. We give the dB contours for principal (as opposed to cross­
polarized) measured radiation patterns and compare them to con­
tours of calculated patterns for this antenna at 4 GHz. In addition, 
we present the contours for 6-GHz measured principal patterns, 
describe the measurement method, and discuss the causes of depar­
ture of the measured from the calculated patterns. 

I. INTRODUCTION 

Since its conception in the late forties l and its implementation in 
the fifties,2,3 thousands of pyramidal horn-reflector antennas have been 
installed in terrestrial radio systems. The antenna is a broadband 
device currently used in the 2-, 4-, 6-, and 11-GHz common-carrier 
bands. Antenna dimensions are given in Fig. 1, along with coordinates 
as used below. Discussion of its performance will be limited in this 
paper to the 4- and 6-GHz bands which constitute the major usage. 

Although the performance of this antenna is well known in the xz 
and in the yz planes (see Fig. 1), its exact performance in directions 
other than these principal planes was unknown until the measurements 
reported here were made. The three-dimensional responses are of 
interest in any case where an interfering signal impinges upon the 
antenna outside of these planes, e.g., direct interference from other 
terrestrial stations or satellites, or reflections from buildings or the 
ground.4 Calculated three-dimensional responses based on aperture 
fields have been reported for small angles from the main beam.5 Here, 
we also include calculated three-dimensional responses for the 4-GHz 
band out to angles of 30° from the main beam. 
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Fig. I-Pyramidal horn-reflector antenna with coordinate system. Aperture dimen­
siems are: height in center of aperture 2.7 m, width in center of aperture 2.4 m. Apex 
half-angle is 14°31'. 

II. MEASUREMENT SYSTEM 

A computer-controlled measurement system was designed by the 
author to deal with the extensive data involved in these measurements. 
The signal level was measured accurately to 60 dB below the main 
beam, using a pulse technique (using pulses of less than 50-ns effective 
length) to exclude reflections from objects adjacent to the antenna 
range. Linear polarizations depicted by Ev and EH in Fig. 1 were 
recorded as principal patterns simultaneously with their respective 
cross-polarized components (cross-polarized patterns), using two re­
ceivers covering a range of 3600 in 0 in each of 91 cuts defined by 10 

intervals in $. Symmetry of the antenna about the yz plane obviates 
the necessity of changing $ by more than 90 0

• In all cuts, the antenna 
range source was copolarized with either Ev or EH, as the case may be, 
when 0 was zero. This measurement method has the distinct advantage 
of each cut going through the main beam so that the effects of drifting 
signal levels or other anomalies can be eliminated. 
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III. SPATIAL CONTOURS 

We give the measured and calculated three-dimensional responses 
of the pyramidal horn-reflector antenna in the form of contour maps, 
using lO-dB contour intervals with the exception of 3 dB near bore-
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Fig. 2-Measured radiation envelope contours for pyramidal horn-reflector antenna. 
Principal pattern Ev at 3.9 GHz. 
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Fig. 3-Measured radiation envelope contours for pyramidal horn-reflector antenna. 
Principal pattern EH at 3.9 GHz. 

sight. Isometric plots of the measured data have been published for 
the 4-GHz band.4 The 6-GHz three-dimensional patterns are quite 
similar but with narrower lobes. In Figs. 2 through 7, we show the 
contour maps for the principal patterns at 4 and 6 G Hz. Notice that a 
scale change is implemented at 10° in 0 to give more detail near 
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boresight. Data for the rear hemisphere of the antenna is not shown 
since only the 4-G Hz vertical polarization has any contours below 60 
dB in that space. Both the top (cf> = 90°) and the bottom (cf> = -90°) 
exhibit levels between 50 and 60 dB for a small angular region behind 
the antenna at 4 GHz (vertical polarization) only. Figures 2 and 3 
depict the radiation contours of measured performance in the 4-GHz 
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Fig. 4-Calculated radiation envelope contours for pyramidal hom-reflector antenna. 
Principal pattern Ev at 3.9 GHz. 
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Fig. 5-Calculated radiation envelope contours for pyramidal horn-reflector antenna. 
Principal pattern EH at 3.9 GHz. 

band. These contours represent the envelope of the rapidly oscillating 
sidelobe structure where the envelope is always greater than or equal 
to the actual sidelobe levels. Envelopes are formed by going through 
the sidelobe peaks with smoothed interpolation. Thus, some very low­
level lobes may be masked by larger lobes on each side. The contours 
may be thought of as giving the worst case response of the antenna at 
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any three-dimensional point. Since the envelope changes vary slowly 
with frequency, only one measurement frequency was chosen in the 
middle of each band. 

Figure 2 shows the measured principal pattern Ev. The cross-polar­
ized pattern is not given, but may be found qualitatively in Ref. 4. 

r-
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

en 
UJ 
UJ 
ex: 
(!) 
UJ 
o 

6 

4 

\ 
\ 
'----­
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

-90 

----- ................................. 

..... , 60 
1--, 

, /', 
60dB ............... .j "" 

/ " "" ¢ IN DEGREES 
..... / " , 

'../ " "-
/ ........ " " 

/ "" , , 
........ / " , , 

'I....... " " \ 
........ , , \ 
", , \ >.,30 " '\ \ // \ 

" \ /y \ 
"\ )..// \ \ 

\ // \ \ \ 
X \ \ \ 

/ \ \ \ \ 
\ \ \ 
\ \ \ 
\ \ \ 
\ \ \ 
\ \ \ 

\ 
\ \ 
\ \ 

60 dB \ I I 
I 10 
, I I 
I I I 
I I I 
I I I 
I I I 

I I I 
/ I I 

/ I I 
/ / I 

/ I 
..... / / / 

'-I.. /..... / / 
/ ..... .......;. / 

/ /~', / 
// I /-30 

/ / / 
/ / I 

/ / / 

\ /.// // II 

/"'\ .// /1 
.--/ \./ / 

\./ / 
)./ / 

60dB // \ /// 

)././ 
.--.--//-60 

.-/ ---
Fig. 6-Measured radiation envelope contours for pyramidal horn-reflector antenna. 

Principal pattern Ev at 6.175 GHz. 

RADIATION CHARACTERISTICS 919 



r­
\ 
\ 
\ 
\ 
\ 
\ 
\ 

Vl 
UJ 
UJ 
c::: 
CJ 
UJ 
0 

~ 
Q:, 

90 90 __ -- -- .......... 
................ 60 

..... .....1', 
............ I, 

70 ---_ --
50 

30 

10 

8 

6 

4 

................ / " 
----........... / " ", ¢ IN DEGREES 

............ / " " 
....... f.... " " __ ....... I', , , 

............. / " " ' 
'7........ "" , \ 
/' " , \ 

................ / "" " '\ /\30 
/ ........ , " \ )(/ \ 

/ '\ /' \ 
...... / \ l(/' \ \ 

\ /'/' \ \ \ 
)(/ \ \ 

\ //' \ \ \ \ 
y \ \ \ \ 

\ \ \ 
\ \ 
\ \ \ 
\ \ \ 
\ \ \ 
\ \ \ 
\ , I 
I , 

~~~~~==~r-~1-~~~~~--~J----r,--~,O 

\ J I I 
I I J 

\ 
\ L __ _ 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

I I I 
I I I 
/ I I 

/ I I 
/ / / 

/ / / 
/ / 

/ / 
/ 

/........ / 
/ ........ 'l-30 

/ / 
/ / 

/ / 
/ / 

/ / 
./ / 

./ / 

./ 

/ 
/ 

60 dB /' \ ././ 
./ \ / 

\/ 
//./-60 

....... --
-------

-90 

Fig. 7-Measured radiation envelope contours for pyramidal horn-reflector antenna. 
Principal pattern Ell at 6.175 GHz. 

Figure 4 is the calculated response of the same antenna, with the same 
polarization used in Fig. 2, again, depicting the envelope of the re­
sponse. The calculation is based on the electric-field aperture distri­
bution resulting from the dominant mode launched by the antenna 
feed. Responses measured and calculated near the main lobe (() near 
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zero) and near the horizontal plane (cp near zero) are in quite good 
agreement. Notice, however, that in the vertical plane (cp near ±900) 
broad lobes of approximately 40 dB level at their peak exist in both 
the upper and the lower regions of the measured, but not the calcu­
lated, data. The upper lobe, around 0 = 70°, is caused by spillover from 
the pyramidal feed and the lower lobe is caused by reflections from 
the flat weather cover. The "spillover lobe" is especially strong for 
vertical polarization, but the "weather cover lobe" is almost inde­
pendent of polarization. A bottom edge blinder consisting of a flat 
(1. 784 X 1.626 m) aluminum plate attached to the bottom rim of the 
aperture is now available to eliminate the weather cover lobe. The 
principal response for the horizontal polarization is shown as measured 
in Fig. 3 and as calculated in Fig. 5. The agreement is, again, good 
except for the spillover region and the weather cover lobe. The pro­
nounced ridges near cp angles of ±15° are caused by aperture shape 
effects (Ref. 5). 

Measured responses in the 6-GHz band are given in Figs. 6 and 7. 
The contours in general tend to be closer to the main beam and the 
main beam is smaller, as would be expected for the larger gain of the 
antenna at this higher frequency. Again, the spillover and weather 
cover effects are evident. 

IV. SUMMARY 

We have given contours of the measured three-dimensional principal 
responses of the Bell System pyramidal horn-reflector antenna in the 
two major usage bands of 4 and 6 GHz, along with contours of the 
calculated response at 4 GHz. These contours are useful in determining 
the magnitude of interfering signals at any direction. 
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Noise Caused by GaAs MESFETs in Optical 
Receivers 

By K. OGAWA 

(Manuscript received January 8, 1981) 

In the application of GaAs metal-semiconductor field effect tran­
sistors (MESFETS) in ultra low-noise lightwave receivers, the channel 
noise is often the dominant effect in determining sensitivity. This 
paper analyzes for the first time the excess channel-noise factor r for 
GaAs by considering the effect of circuit capacitance, as well as gate­
to-source capacitance on the correlation of gate and channel fluctu­
ations, and derives a useful and analytic expression for r. For 
example, we find that r for practical GaAs MESFET amplifiers can be 
much larger than 1.1 as is usually assumed. The multiplication factor, 
r is approximately 1.75 for the practical GaAs MESFET with 1-p,m gate 
length, which explains the discrepancy between the optical sensitivity 
from the noise calculation and experiments. 

I. INTRODUCTION 

The GaAs metal-semiconductor field effect transistor (MESFET) orig­
inally designed for microwave applications has become an important 
component of lightwave receivers used in communication applications. 
Unlike most microwave applications, the lightwave-receiver applica­
tion requires a consideration of induced gate noise and correla­
tion with the channel noise. Van der Ziel's original evaluation of the 
noise contribution from this componentI-3 was later extended by 
Baechthold to include effects present in MESFETS with short gate 
length, as well as the intervalley scattering in GaAS.4

,5 The following 
computation extends this earlier work to determine the noise factor 
r. 

This factor relates the input noise current int resulting from all noise 
sources of the FET to the FET transconductance gm such that 

(1) 
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r-------~----_oD 

Fig. I-Equivalent circuit of the intrinsic field-effect transistor with channel noise 
current ind and induced gate noise current, ing• 

where CT is the total input capacitance, k is Boltzman's constant, and 
T is absolute temperature. 

Figure 1 shows an equivalent circuit of the intrinsic field-effect 
transistor with two noise sources, the channel thermal noise and the 
induced gate noise sources. We neglect other well-known noise sources, 
such as the gate leakage current noise and the flicker noise, because 
our main purpose is to evaluate the noise factor r. 

The channel noise is described in the equivalent circuit by the noise 
current ind having the mean square 

(2) 

where P is a factor depending on various FET parameters and the gate 
bias.4 

As explained in Ref. 2, every disturbance in the channel potential 
introduces a gate voltage disturbance and, in turn, a channel current 
fluctuation. The mean square of the induced gate noise current is 

(i~g) = 4kT.R. (WCgs )2 • Ill, (3) 
gm 

where Cgs is the gate source capacitance and R is a factor depending 
on various FET parameters and the gate bias.4 Since these two noise 
sources have the same origin, a correlation exists. It can be expressed 
in the form 

(4) 

where Q is a factor depending on various FET parameters and the gate 
bias.4 

Figure 2 shows P, Q, and R for GaAs MESFETS of various gate 
lengths parameters and gate bias parameters.5 

We evaluate the total input noise by transferring ind to the input as 
shown in the circuit of Fig. 3. In this circuit, the input admittance Y is 
defined by 

(5) 
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capacitance CT consists of the gate capacitance Cgs and a capacitance 
Cs comprising the photodiode capacitance of the circuit stray capaci­
tance. The mean square of the total input noise current becomes 

<i~t) = «(ing + indYin/gm)(i~g+ i~dY1n/gm» 

= 4kT [p - 2Q (;;) + R (;;)'] (W~:)2 At 

G2 

+ 4kTP - Af. (6) 
gm 
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Fig. 2-The dependence of P, R, and Q on normalized gate voltage s = [(0.8-Vg ) j 
Wor/2. The normalized gate length W = EsLjWo is the parameter used. Wo is the pinch­
off voltage, Es is the saturation field (4kV /cm), and L is the gate length.5 
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Fig. 5-FET noise power normalized with respect to noise power at zero bias voltage 
as a function of the normalized bias voltage s. The additional input capacitance Cs in pF 
is the parameter. 

Since commonly G « gm in optical receiver design, the comparison of 
(1) and (6) yields 

r = P - 2Q (d:) + R (d: )', (7) 

As shown in Figs. 2 and 4, P, R, Q, gm, and Cgs are functions of the bias 
voltage and the FET gate length. However, as Fig. 5 shows, the noise 

Table I-Noise 
factor r for 1 -J1.m 
gate length and 

various Cs (Cgs = 
0.5 pF) 

Cs (pF) r 
0.1 2.164 
0.2 2.009 
0.3 1.897 
0.4 1.814 
0.5 1.749 
0.6 1.697 
0.7 1.655 
0.8 1.619 
0.9 1.589 
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(i~t) changes little in the bias voltage range between -0.5 V and + 0.5 
V as long as Cs is between 0.5 pF and 0.9 pF in spite of the voltage 
dependency of P, Q, and R. 

As a good approximation, one can use the noise parameters deter­
mined at zero gate bias voltage for the entire operating range of the 
transistor. Table I shows r at zero bias voltage for various capacitance 
values Cs, in the case of an FET gate length of 1 /lm, a gate width of 400 
/lm which have the following parameters: P = 1.24348, Q = -0.42384, 
and R = 0.30329. 
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T-Carrier Characterization Program-Overview 

By J. R. DAVIS and A. K. REILLY 

(Manuscript received January 22, 1980) 

This is the first of a series of four papers describing a characteri­
zation program aimed at building a better understanding of the 
makeup and performance of the T-carrier network. In this paper, we 
provide a brief historical background of T-carrier and show the need 
for an increased understanding of the network and its performance. 
We also describe the characterization program conducted in con-
junction with several operating telephone companies. 

I. T-CARRIER EVOLUTION 

T -carrier was fIrst put into service in 1962 to provide interoffIce 
trunks in the operating telephone company (oTe) plant. The carrier 
consisted of the Tl digital repeatered line and its associated terminal, 
the Dl channel bank. The channel bank encodes 24 voice-frequency 
(4kHz) channels by pulse-code modulation and multiplexes them by 
time-division into a 1.544-Mb/s pulse stream for transmission over the 
Tl digital line, which operates in the paired cable trunk plant. Tl has 
grown rapidly in the metropolitan trunk plant and today there exist 
more than 160,000 Tl systems operating on more than 5,000 interoffice 
spans. Nearly half of all metropolitan interoffIce trunks are now 
provided by T -carrier. 

Since the introduction of Tl, two additional paired cable systems 
have been deployed in the trunk plant. The first of these is T2-
introduced in 1971-which provides 96 voice-frequency channels and 
is confIgured for intercity applications. The second is TIC, which was 
introduced in 1975 and provides 48 voice-frequency channels primarily 
in the metropolitan area trunk network. TIC accounts for a large 
fraction of the growth in the metropolitan trunk plant. New versions 
of digital terminals have been developed as well. Direct digital inter­
faces between digital lines and switching machines have been deployed 
with certain switches. Still others are being developed. Such arrange-
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ments can, for example, avoid the need to convert digital carrier signals 
to voice-frequency before interfacing with digital switching machines. 

II. INCREASING IMPORTANCE OF T-CARRIER PERFORMANCE 

The original service for which T1 was engineered and used was 
POTS, or "plain old telephone service." Now, special services account 
for approximately 40 percent of the T-carrier capacity. In addition, 
however, the T-carrier plant is considered more and more as a part of 
an evolving overall switched digital network. The present metropolitan 
digital trunk and switching plant is interfacing with the emerging 
digital technologies in the loop plant and intercity plants (long-haul 
and short-haul) as well. Various new services, some of which have 
more stringent performance requirements than needed for voice are 
being planned for this switched digital network. While performance 
objectives can be specified for new transmission facilities consistent 
with overall objectives, all of these services and networks must use 
existing T -carrier for the metropolitan trunking portion of the network. 
At the same time, OTCS want to use the in-place trunk plant more 
effectively, expanding the carrier capacity of existing cables to defer 
new cable installations as long as practical. The emergence of new and 
sometimes more demanding services, as well as the desire to exploit 
fully the existing trunk plant, place greatly increased importance on 
an understanding of the performance level of the T -carrier plant, on 
what elements control that performance, and on what might be done 
to improve poorly performing systems. 

The performance of a T1 digital system-from terminal to termi­
nal-is the sum of the performance of the component repeater sections 
that are placed in tandem to comprise that system. Thus, given a 
performance model for a repeater section, the overall network perform­
ance can be modeled with a knowledge of the parameters and statistics 
of repeater sections, interoffice spans, and systems. In addition, these 
statistics are useful in examining in a more general way the nature of 
the existing metropolitan trunk plant, the magnitude of the remaining 
exploitable capacity, and the need and market for various new trunk 
transmission technologies in relation to the existing plant and its 
projected growth. 

III. CHARACTERIZATION PROGRAM 

Given the increasing importance of understanding T -carrier per­
formance, as well as the need for knowledge of the physical makeup of 
the T -carrier plant, aT-carrier characterization program was chartered 
in the summer of 1976. Since the basic element of overall system 
performance is the performance of the individual repeater sections 
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that comprise the system, we decided to start the performance char­
acterization with the individual repeater section. The objective of this 
program was to determine the statistical distribution of margin and 
other parameters of the repeatered line. (Margin is the amount of 
signal-to-noise degradation that can be tolerated before the error-rate 
objective is violated.) Among the other parameters to be determined 
were those properties of the cable, repeaters, apparatus cases, and 
section layout which affect section margin. 

To allow a variety of measurements to be made rapidly and accu­
rately on a repeater section, we developed an automated measurement 
system. This system consists of various transmission equipment (i.e., 
digital signal sources, meters, etc.) placed in two vehicles, one located 
at each end of the repeater section under test. A minicomputer controls 
the switching of various equipment for different measurements at its 
location and at the other location as well, via telemetry provided over 
a voice-frequency pair. In addition, the minicomputer controls the 
entire sequence of tests and records the results on both paper printout 
and cassette tape. A special computer language was developed to 
permit a flexible program structure that is easy for people not experi­
enced with computer programming to understand, and that allows 
very rapid change of the measurement algorithms and sequences if the 
need arises. The automated measurement system provides rapid, ac­
curate measurements to be made by personnel with a minimum of 
experience and training. 

To provide a measure of repeater end-section performance, a com­
panion set of equipment was developed. (The end section is the section 
adjacent to a central office.) Since switching noise in central offices 
was known to be a potential problem when T1 was first engineered, 
the end sections are limited in loss or length to approximately two­
thirds of the value allowed for intermediate sections. Thus, sources of 
crosstalk, which potentially limit T1 performance in intermediate 
sections, are much less influential. The central office measurement 
equipment was designed specifically to examine the characteristics of 
the noise on the incoming T1 pairs. A complete description of both 
measurement systems and the measurements made are provided in 
the paper on the automated measurement system. 

The automated measurement system has been used to examine the 
performance of more than 2000 T1 repeatered lines in 22 different 
intermediate repeatered sections in three OTCS, as well as end sections 
terminating at central offices in two companies. These sections were 
chosen on the basis of having characteristics that should limit the 
performance of digital systems containing those sections, based upon 
the a priori understanding of T1 system performance; they are gener­
ally maximum-length sections operating on full-sized (900- and 1100-
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pair) 22-gauge pulp cables, by far the most common cable type in the 
present metropolitan T -carrier plant. The third paper describes field 
measurements results, details a model that accurately characterizes 
the Tl repeater section performance, and establishes parameters for 
the model. 

The description of the physical makeup of the T -carrier plant is 
given in the paper on the metropolitan digital trunk plant. This paper 
includes basic statistics of the interoffice T -carrier spans that comprise 
the digital systems. Various OTe records, both mechanized and manual, 
were obtained to provide this information. The data represent a sample 
of seven companies that have more than 25 percent of the metropolitan 
digital trunk plant. 
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This paper statistically describes the physical makeup of the T­
carrier metropolitan trunking plant. The basic building block of a 
digital carrier system is the interoffice span. This span is the collec­
tion of all the repeatered lines, or span lines, between two adjacent 
central offices. Span lines are connected in tandem to form systems. 
Statistics for interoffice span characteristics of length, cross section, 
percentage fill and growth are given and discussed for seven metro­
politan areas. 

I. INTRODUCTION 

The metropolitan trunk plant consists of a combination of central 
office equipment and outside plant cables and electronics. These 
provide a collection of voice-frequency (VF) circuits to interconnect 
central offices. At first these circuits were provided solely by loaded 
VF wire pairs in underground cables located in ducts. As the network 
grew and traffic increased, ducts became congested and ways were 
developed to provide additional circuits on the same wire pairs. In 
1962, Tl carrier was introduced to provide these circuits and now 
accounts for a large fraction of the metropolitan trunk plant capacity. 
In 1975, TIC, operating at twice the bit rate of Tl, was introduced and 
provides a growing fraction of the plant capacity. 

The T -carrier plant now contains approximately 160,000 T -carrier 
systems consisting of some 6,000 interoffice spans providing interoffice 
connections throughout metropolitan areas. Each T -carrier system 
provides 24 voice circuits by means of a digital channel bank at each 
end interconnected by aT-carrier span line (or several span lines in 
tandem traversing intermediate offices). A D-channel bank converts 
the 24-voice circuit inputs to a DSI-level, 1.544-Mb/s pulse stream, 
which is transmitted over the T -carrier span line and is reconverted to 
24 voice circuits by the channel bank at the other end. TIC provides 
48 channels at the DSIC level, 3.152 Mb/s. The recently introduced 
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D4 channel bank provides an option for 48 voice circuits for direct 
interconnection to TIC, as well as 24 circuits for connection to Tl. 

For the past 3 years, studies have been conducted to characterize 
both the physical configuration and electrical performance of the 
metropolitan digital plant to: 

(i) Allow performance analysis of existing systems and examine the 
potential for higher-capacity systems in the existing plant. 

(ii) Provide a base of information to be able to examine the appli­
cability of new transmission facilities. 

This paper statistically describes various aspects of the physical 
makeup of the plant and its short-term growth as projected by current 
planners. Companion articles in this issue provide field measurement 
results and a description of automated measurement instruments 
developed and deployed to obtain them. To study the physical plant, 
span data were collected from six operating telephone companies 
(OTCS) covering seven metropolitan areas. 

These data represent approximately 1,400 spans or about 25 percent 
of the total digital spans in the Bell System. However, not all data 
were available for each span, since each company has its own collection 
of records, both manual and mechanized. Portions of the span data 
were obtained from two sources: the physical layouts and cable infor­
mation were obtained from the outside plant staff, while the growth 
information was provided by the current planning organization. Since 
requests for these data were made over a two-year period, the effective 
date of the information varies from company to company. This paper 
gives the results of an examination of the physical characteristics of 
the spans in the metropolitan network. Limited system data from two 
areas show that the Tl systems average 21 miles long and pass through 
4 to 5 spans. 

Section II gives statistics of the fundamental parameters of spans 
for the entire sample, and compares these statistics for the individual 
metropolitan areas. Section III gives length statistics for individual 
repeater sections and Section IV relates various aspects of short-term 
growth projected by the OTC current planners and examines the nature 
of the growth. Section V summarizes the data. Since individual OTCS 

are represented only on a sampled basis, the data may not be repre­
sentative of the entire plant. Thus, each metropolitan area is indicated 
by a number rather than a name to avoid specific identification. The 
individual area statistics give an indication of the variation expected 
over individual metropolitan areas, while the composite statistics give 
a measure of the overall Bell System metropolitan plant. 

II. SPAN STATISTICS 

Nearly all metropolitan central offices are interconnected by T-
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carrier. Span lines, interconnected as needed between terminal offices, 
form digital systems. Thus, from the planning and provisioning stand­
point, the span is the basic building block of T-carrier. This section 
examines the following span characteristics: length, cross section, cable 
and apparatus case fill, and the composition of the cable plant in terms 
of cable size, gauge and insulation type. Results are given for the total 
sample and the seven metropolitan areas are compared. 

The spans and cables included in this sample are qualified in several 
ways. Only those spans with at least one intermediate repeater are 
counted in this sample. Short cables connecting two close adjacent 
buildings or two floors within the same building, called tie cables, are 
omitted. Only cables that have T -carrier presently operating in them 
are included. Cables containing only VF trunks often run in parallel 
with T -carrier cable, but these VF cables are not included. While not 
all parameters were available for all spans, the maximum number of 
available data points was used to generate each of the statistics. 

2. 1 Span length 

Span length, or central office-to-central office spacing, is a funda­
mental span characteristic. The number of manhole repeaters, pow­
ering voltage required, etc., are directly dependent upon span length. 
The extent of the application for a transmission facility with span 
length restrictions can be determined from a knowledge of the distri­
bution of span lengths. 

Figure 1 shows the cumulative probability distribution of span 
lengths for the total sample. This distribution and others are shown on 
a normal probability scale so that if the sample were Gaussian or 
normally distributed, the points would lie on a straight line. Since the 
curve shows a rather constant bow over the entire distribution, the 
distribution is not normal; the mean of the distribution is 5.8 miles and 
the median is 5.4 miles. The standard deviation is 3.2 miles and 68 
percent of the spans lie between 2.6 and 8.6 miles, the mean plus and 
minus the standard deviation. Eighty percent of the spans have lengths 
between 2 and 10 miles, and 50 percent have lengths between 3.7 and 
7.5 miles, the lower and upper quartiles. 

The span length distributions for each of the seven metropolitan 
areas are not normal as well, so quartiles and medians (25, 50, and 75 
percent points) are used to compare them. Figure 2 shows the span 
length distribution for these seven areas, identified by number. The 
upper and lower bars at the end of the vertical lines indicate the 
maximum and minimum length in each area. The bar at the center of 
the box indicates the median, and the end of the boxes are the upper 
and lower quartiles of the distribution. The width of each box is 
proportional to the square root of the number of spans in that distri-
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bution to give an indication of the relative number of spans in each 
area. 

There appear to be two groups of areas: 2, 5, 6, and 7 with medians 
of about 5.9 miles, and areas 1, 3, and 4 with medians of about 4.6 
miles. The 4.6-mile median group has more densely populated metro­
politan areas, and thus, has shorter spans. The overall quartiles and 
median are indicated by the arrows. 
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Six out of seven areas have spans less than one mile long. These 
short spans generally use 24- or 26-gauge cable and have one inter­
mediate repeater. 

2.2 Span working cross section 

Span working cross section is defined as the total number of DS1-
level signals currently carrying traffic in a span. Maintenance and 
spare lines are not included. This cross section is on a span basis, and 
may include systems in several parallel cables. DS1 signals are used as 
a common denominator; thus, one TIC line with a DS1C-Ievel signal 
is counted as two DS1 signals. 

Figure 3 shows the distribution of span cross sections for the col­
lected sample. For purposes of comparison, each area's cross section 
was adjusted, using current planning information, to a common date 
of January 1980, the middle of the period for which growth data have 
been obtained. As can be seen, this distribution is not normal; the 
mean is 137, but the median is 90. This mean corresponds to a cross 
section of approximately 3300 VF trunks, 24 per DS!. Eighty percent 
of the spans have cross sections between 10 and 330 DS1s, while 50 
percent lie between 20 and 180 DS1s. Note that 78 percent of the spans 
have cross sections less than 200, which can be supplied by a single 
900-pair cable. 

As with span length, the seven metropolitan areas are compared as 
shown in Fig. 4. The areas fall into two groups: area 7 with relatively 
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thinly populated suburbs as well as metropolitan areas resulting in a 
median of 41, and the other 6 areas with medians ranging from 80 to 
130. In addition, areas 3 and 4 stand out by having many spans with 
cross sections greater than 200, more than twice the overall median. 
Area 4 has the maximum cross section span in the total sample of 1100 
DSls and a natural corridor of population causing the many high 
cross-section spans. 

2.3 Span length versus working cross section 

Combining span length and cross section gives a more complete 
picture of T -carrier spans than either quantity alone. Figure 5 is a 
scatter plot of span length versus working cross section, with spans 
having cross sections greater than 500 DSls or lengths greater than 16 
miles identified by area number. 

The plot shows a wide variation of cross section for any given span 
length. The large cross-section spans are dominated by area 4 as 
mentioned in Section 2.2. The four area 2 spans near the center of the 
plot are part of a long backbone route being constructed in this area 
primarily with TIC. All areas have one or two spans longer than 12 
miles which are disjoint from the rest of that area's spans. 

The average cross section per I-mile interval is shown, with the 
spans longer than 13 miles averaged together. The average cross 
section shows a slight decreasing trend with increasing span length. 
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2.4 Theoretical span carrier-pair fill 

Various aspects of existing and potential cable occupancy are im­
portant when considering the effective use of existing cable to serve 
future OTC needs. Among the important characteristics are the number 
of pairs 

currently in use for T-carrier, 
spliced to T -carrier apparatus cases, 
that can ultimately support T -carrier, 
that are spare (no VF, no T-carrier), 
used for VF trunks, 
loaded for VF. 

Data collected provide very little VF information, so the cable-fill 
evaluation is limited to the examination of T -carrier fill. 

The first aspect of fill examined is the current occupancy of potential 
T -carrier pairs. This theoretical fill is defined as the ratio of working 
DSls to the maximum number of DSls a cable can support, according 
to the engineering rules in effect when the cable was placed. The use 
of middle-ring binder groups for T -carrier is not used in this analysis. 
Thus, in accordance with T -carrier engineering practice, a maximum 
of 200 systems in a gOO-pair cable, and 250 systems in an 1100-pair 
cable is assumed, with corresponding numbers for other cable sizes. 
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Cables in a span are combined so that carrier fill is examined on a 
span basis. The ultimate capacity of each of the cables was calculated 
using their current configuration. Resplicing to increase capacity, such 
as changing from single-cable operation to dual-cable operation, or 
converting Tl cables to TIC or TID, was not considered. However, 
cables engineered for TIC are assumed to fill with TIC, even though 
they may currently contain Tl electronics. 

Four areas provided the type of data needed to calculate carrier fill. 
Figure 6 shows the distribution of carrier fill on a span basis for these 
areas. The distribution is nearly normal, with a mean and median of 
approximately 41 percent, and a standard deviation of 24 percent. 
Thus, half of the spans are using less than 41 percent of their theoretical 
T-carrier capacity. In fact, low percentage fill would be expected in 
small cross-section spans. Recall from Fig. 3 that half of the spans in 
this seven-area sample have cross sections smaller than 90 DSls. Most 
spans use full-size, 900- or 1100-pair cables to make efficient use of 
duct space. Assuming that all the spans having cross sections of less 
than 200 DSls use 900-pair cable, the resulting carrier fill for the 
seven-area sample is less than 90/200 or 45 percent for half of the 
spans, reasonably close to the observed value of 41 percent for this 
four-area sample. 

Larger cross-section spans are expected to use more of the available 
capacity and, thus, exhibit higher-percentage carrier fill. Figure 7 
examines the average span carrier fill per 50-DSI interval versus the 
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cross section for the same four areas. All four areas show the expected 
trend of increased-percentage carrier fill with increasing cross section. 
However, since only a small percentage of these spans have large cross 
sections where higher-percentage fills lie, the average carrier fill is only 
41 percent. The fill of area 4 is lower than the others because dual­
cable operation predominates in this area, whereas single-cable oper­
ation is prevalent in the other three areas. Although the cables can be 
completely filled with T -carrier in dual-cable operation, and the fill 
here is calculated on that basis, the cables were placed when large VF 

trunk requirements existed, and the cables were used for both pur­
poses. Most dual-cable operations are not and will not be filled with T­
carrier, except for newer cables specifically dedicated to T-carrier. 

Combining the spans in these four areas results in the distribution 
of average theoretical carrier fill versus cross section of Fig. 8. Omitting 
the spans of area 4 (see the dashed line), with their predominant dual­
cable operation, gives an increased average carrier fill for all cross 
sections as shown in the figure. To examine the reasoIW.bleness of this 
carrier fill, assume that all T -carrier cables are 900-pair, single-cable 
operation. Also, assume that each cable is fully used for carrier (200 
systems) before a new 900-pair cable is placed. Then, the span carrier 
fill, versus cross section, would be as shown by the straight line rays in 
Fig. 8. The first cable would be completely filled at 200 systems, then 
a second cable would reduce the percentage fill to 50 percent. The span 
would then be completely full at 400 systems, requiring a third 900-
pair cable, at which time the fill would drop to 67 percent, and so forth. 
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Spans with cross sections less than 100 (recall from Fig. 3 that this 
amounts to 58 percent of the total) follow the one 900-pair cable curve 
fairly well. However, for cross sections greater than 100, almost no 
spans have percentage fills as high as expected from this model. This 
deviation suggests that new cable placement for the metropolitan 
trunk plant has not been triggered by exhausting T -carrier pair capac­
ity, but rather by VF trunk needs. Pairs remaining for use when 
additional cable is placed-generally T-carrier pairs-will be enough 
to reduce T1 fill measurably, but not enough to supply VF trunk needs 
and delay significantly the placement of additional cable. When cables 
are added, T -carrier is generally placed on the additional cable, as well 
as the original for reliability purposes, yielding lower carrier fill for the 
span than would be the case if the carrier had triggered the exhaust. 
Limited data show that large working VF complements frequently 
occupy potential T1 binder groups, in addition to VF binder groups, 
supporting this hypothesis. 

While the carrier fill is relatively low, the percentage of pairs used 
in the cables is much higher. On the average, more than half the active 
pairs in a cable and, thus, in a span, are not capable of supporting T­
carrier, and are generally loaded for VF trunks. As indicated above, 
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limited data indicate that the fill of the VF pairs is high, frequently 
such that binder groups that could support T -carrier are used for VF 

in addition to the others. Areas 2 and 7 have indicated that they are 
willing to roll, and have rolled, active VF trunks to free pairs for T­
carrier. Thus, the carrier fill as derived here is consistent with the OTC 

view for these areas, since pairs currently used for VF trunks could be 
made available for T -carrier. However, area 4 does not usually roll 
active VF. In addition, although the other areas will roll VF, certain 
cables may have been designated for no additional T -carrier for other 
reasons, such as poor cable condition. This factor would increase the 
carrier fill from the OTC standpoint, since a particular cable with 
relatively few systems may be considered fully used for T -carrier by 
the company. 

2.5 Apparatus case fill 

The previous section examined the use of the ultimate span capacity, 
i.e., the fraction of the maximum number of Tl lines a span could 
support that are currently in use. This section examines the apparatus­
case fill on a span basis, defined as the ratio of the number of working 
DSls to the number that could be supported by the existing apparatus 
cases. This percentage measures how effectively apparatus cases are 
being used, and also indicates the growth that can be accommodated 
without additional splicing. 

The distribution on a span basis of apparatus-case fill is shown in 
Fig. 9 for the four areas that supplied these data. The average and 
median are both 56 percent, with a standard deviation of 26 percent. 
This median of 56 percent implies that half of these spans can accom­
modate a 79-percent increase in working DSls before a new apparatus 
case is needed. Of course, some spans are nearly full; 12 percent have 
apparatus-case fills greater than 90 percent. However, most spans have 
significant reserve apparatus-case capacity. 

Area 6 splices the maximum number of cases the cable can support 
when initially equipping for T -carrier. Removing these spans from the 
population results in the distribution shown by the dashed line. The 
average is now 64.9 percent, and the median 67 percent, both an 
increase in use. However, the median of 67 percent implies that half 
the spans in the remaining three areas can accommodate a 49-percent 
increase in working DSls before a new case is needed, which still 
indicates a significant reserve. 

The low-percentage apparatus-case fill is likely to occur on low 
cross-section spans, where growth may be slow and a case may not fill 
for some time. Figure 10 shows this to be the situation. The higher 
cross-section spans tend to have higher-percent apparatus-case fill, as 
shown by the line indicating the average fill per 200-DSI step. How-
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ever, there is a wide variation in percentage apparatus-case fill for a 
given cross section. There are some high cross-section spans that have 
many spare apparatus cases as shown by the family of curves that 
indicate the number of spare apparatus cases for a given cross section 
and percentage fill. For example, consider the 8 spare-case curve. A 
working cross section of 200 DSls requires a minimum of eight appa­
ratus cases; if there were eight additional cases on such a span, the 
percentage fill would be 50 percent. This number of additional cases 
assumes all unused slots are combined into the minimum number of 
apparatus cases; actually, there may be no completely empty apparatus 
cases in a particular span, rather, many partially filled ones. 

Fifteen spans with working cross sections greater than 400 have 
eight or more spare apparatus cases. In fact, 39 spans (11 percent) 
have 16 or more spare cases. Most of these low percentage-fill spans 
have smaller cross sections, as previously indicated. The points rep­
resenting spans from area 6, which have more than 8 spare apparatus 
cases, are identified by the number 6. Almost all spans with more than 
16 spare cases are from this area. However, there are spans (unmarked) 
from the three other areas which have from 8 to 16 spare cases. Thus, 
all areas contain spans with significant reserve apparatus-case capac­
ity. 

Three factors contribute to this 56-percent average fill. First, system 
rearrangements can cause a decrease in span carrier requirements 
which results in one or more Tl span lines being turned down. These 
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lines will probably be reused in the future, but this churn causes some 
formerly active span lines to be depowered and left inactive. In this 
examination of apparatus-case fill, any such lines are counted as empty 
case slots. Second, most OTCS will splice several apparatus cases at a 
time when equipping a cable for T -carrier. As mentioned, area 6 splices 
the maximum number of cases the cable can support when equipping 
for T -carrier. This procedure increases reliability by eliminating future 
disturbances of the cable sheath and splice cases, but also results in 
empty apparatus cases for some time. Third, cables originally placed 
in T -spans to satisfy loaded VF requirements are used to diversify T­
carrier. This diversity leads to more partially equipped apparatus 
cases. For example, instead of one case 100-percent full on one cable, 
there could be two cases 50-percent full, one on each of two parallel 
cables. 

2.6 Cable plant 

T -carrier was originally engineered for use in most common VF trunk 
cables. Thus, T1 is found in a variety of cable gauges-19-, 22-, 24-, and 
26-gauge cable, and on sizes of from 50 to 1800 pairs. Spans which 
change cable gauge and size between offices are used, as well as spans 
with cables containing more than one gauge in the same sheath, called 
composite cable. Both directions of transmission can be in the same 
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sheath, called single-cable operation, or two separate cables can be 
used, one for each direction, called dual-cable operation. This section 
examines the nature and use of the outside plant cables in the metro­
politan T -carrier plant. The cable size, gauge, type, insulation, and 
type of operation are described in the following paragraphs. 

Cable size by plant mileage is displayed in Fig. 11 for the six 
metropolitan areas for which data are available. Spans that use cables 
of different sizes in tandem between central offices, or odd cable sizes 
such as 707 or 812-pair, are classified as "other." Area 2 has the most 
uniform plant with 63 percent 900-pair, 26 percent 1100-pair, and very 
little other. Area 7 is at the other extreme with 65 percent other. This 
area, unlike the others in this figure, combines subscriber pairs with 
VF and T -carrier-supplied trunks in a common sheath to such an extent 
that the cables generally decrease in size with distance from the central 
office as subscriber pairs leave the cable. Other areas shown here 
maintain separate cables for trunk circuits. Area 1 (not shown) also 
combines subscriber and trunk in common sheaths and cable records 
are dispersed throughout individual districts, making collection and 
analysis impractical. The large 1500- or 1800-pair cables are generally 
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used in short spans connecting large downtown offices. The 1100-pair 
cables are used in spans where slightly more VF trunk requirements 
are anticipated than could be supplied by 900-pair. The most common 
single cable is 900-pair, accounting for 39 percent of the total cable 
mileage. The smaller-size 200- through 400-pair cables are often used 
in aerial dual-cable operation in the suburbs. 

Metropolitan Area Trunk (MAT) and other screened cables have 
been counted separately since their built-in shield permits full-fill T­
carrier operation in a single sheath. These screened cables account for 
4 percent of the total cable mileage. MAT cable, comprising approxi­
mately 1 percent of the plant, is 1200- or 1400-pair. Of the remaining 
3 percent accounted for by other screened cables, 63 percent is 900-
pair, 22 percent is 600-pair, and the rest smaller sizes. Recent cable 
installations are primarily MAT or other screened cables, with sizes of 
1200-pair or more being MAT, and 900-pair or less being other screened. 
Since MAT is now available in smaller sizes, new smaller size cable 
installations will probably use MAT. This sample contains 10,644 cable 
miles. Since this cable sample is about 20 percent of the total T -carrier 
plant, the total T -carrier cable mileage is estimated to be 50,000 miles. 

Cable gauge by plant mileage is displayed in Fig. 12 for the six 
metropolitan areas for which data are available. Spans that use more 
than one gauge in tandem between central offices, as well as 25 (MAT) 

and 26-gauge cables, are also classified as other. On this basis, area 2 
again has the most uniform plant with 93 percent being 22-gauge cable. 
area 7 is still the most heterogeneous with 40 percent other. Again, 
this irregularity is a result of subscriber and trunk pairs occupying 
common sheaths. The 19-9auge cable is typically used when extra-long 
intermediate sections are needed or to permit full-fill Tl operation at 
6000 foot spacings. (See Section III for intermediate section details.) 
The 22-gauge cable accounts for 80 percent of the total mileage for the 
aggregate sample, and at least 75 percent for each of the areas except 
area 7. Much of the other cable mileage contains 22-gauge sections. 
Often one of these other cables will have a 24-gauge section adjacent 
to the central office, then 22-gauge cable until the end section adjacent 
to the next office, where 24- or 26-gauge is again used. Spans consisting 
of entirely 24-gauge cable are generally short, downtown spans which 
usually contain 1500- or 1800-pair cables. 

Cable insulation type is nearly all pulp. Of the total mileage, 92 
percent is pulp-insulated and the remaining 8 percent is PIC. Metro­
politan Area Trunk cables, 1 percent of the total mileage, are included 
with the other PIC cables. The amount of PIC by area ranges from 11 
percent in areas 3 and 4 to less than 1 percent in area 2. 

Cable operation by plant mileage is shown in Fig. 13 for all seven 
metropolitan areas. Single-cable operation, having both directions of 
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transmission in one cable sheath, limits carrier fill to somewhat less 
than half of the pairs for most cables. Dual-cable operation, having 
each direction of transmission in a separate cable, allows full carrier 
fill. MAT and other screened cables are again counted separately since 
they provide both directions of transmission in a single sheath and 
allow full carrier fill. Single-cable operation accounts for 66 percent of 
the mileage, dual-cable 30 percent, with MAT and other screened cable 
accounting for only 4 percent. However, since new installations are 
predominantly MAT or other screened cable, this percentage is increas­
ing with time. Higher cross-section areas 3 and 4 frequently use dual­
cable to support their dense routes. 

III. REPEATER SECTION INFORMATION 

T -carrier system performance is determined by the performance of 
individual repeater sections, which in turn depends on section param­
eters, chiefly section loss. In this section, the repeater-section statistics 
of the T -carrier network are investigated. We discuss distributions of 
section lengths which include intermediate sections of all gauges, 22-
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gauge pulp sections only, the longest section per span, and the number 
of repeaters per span. 

3. 1 Intermediate section distribution 

Intermediate sections are defined as those between two outside plant 
repeater locations; sections adjacent to a central office (end sections), 
which are limited in length to less than the maximum allowed for the 
intermediate sections, are excluded. Figure 14 shows the distribution 
of intermediate section lengths combined for all metropolitan areas. 
As seen from the figure, the average section length is 5.3 kft and the 
standard deviation is 1.03 kft. Ninety-six percent of the sections are 
less than 6.3 kft, the engineering limit for T1 systems operated on 22-
gauge pulp. The remaining 4 percent longer than 6.3 kft are comprised 
of either 19- or 22-gauge air core PIC cables for which the maximum 
allowable section length is 9.5 and 6.9 kft, respectively. 

The separate distribution of intermediate section length for each of 
the seven metropolitan areas are coplotted in Fig. 15, showing the 
contribution of each area to the overall distribution. The mean section 
lengths vary from 5.0 to a maximum of 5.75 kft and the standard 
deviation from 0.90 to 1.12 kft. All sections above 7 kft are from only 
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Fig. 14-Distribution of intermediate section length in seven metropolitan areas. 
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three areas, each of which utilize a larger than average percentage of 
PIC cables. Note that all areas have sections under 4 kft, ranging from 
4 percent to 20 percent of the individual areas' distributions. 

As indicated in Section 2.6, over 70 percent of the metropolitan 
digital plant in this survey is made up of 22-gauge pulp cable sections; 
the distribution of these section lengths is shown in Fig. 16. Assuming 
a cable loss of 5.2 dB per kft at Tl's Nyquist frequency, the average 
length of 5.3 kft translates to 27.6 dB of insertion loss. As expected, no 
sections exceed 6.3 kft, the maximum repeater spacing allowed for 22-
gauge pulp. Except for two areas with highest means (5.61 and 5.73 
kft) , the rest of the samples have similar characteristics with mean 
values ranging from 5.2 kft to 5.38 kft and standard deviations from 
0.65 kft to 0.93 kft, as shown in Fig. 17. Only 10 to 30 percent of the 
sections are less than 5.0 kft. 

3.2 Longest intermediate-sect;o,n distribution 

The performance of a set of'digital span lines is largely controlled by 
the highest loss (usually longest) section in the span. Figure 18 shows 
the distribution of the longest section per span for all seven areas 
combined. The shape of the longest-length distribution is very similar 
to the overall length distribution presented previously. The mean is 
slightly higher (5.63 kft vs. 5.30 kft) and the standard deviation lower 
(0.84 kft vs. 1.04 kft). More than 80 percent of all spans have at least 
one section longer than 5.0 kft. Figure 19 displays the distribution of 
the highest-loss section per span, where the loss data are either 
provided by the participating operating companies or derived by 
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Fig. I5-Distribution of intermediate-section length in seven metropolitan areas. 
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applying the appropriate cable-engineering loss to each cable section. 
Note that all sections have less than 33 dB of loss and 50 percent of 
the spans have no section loss greater than 30 dB. There are, however, 
remarkable differences among the areas at the lower-loss portion of 
the distribution, as shown in Fig. 20. For example, the percentage of 
spans with longest section loss less than 28 dB varies from as little as 
2 percent in one area to about 30 percent in others. 
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3.3 End-section distribution 

Figure 21 shows the distribution of the end sections-those adjacent 
to a central office. The mean is 2.86 kft and the standard deviation is 
0.65 kft. As with the intermediate section lengths, the mean value is 
well within the engineering limitation for a Tl end section with 22-
gauge pulp cable (4.5 kft). Approximately 5 percent of sections use 19-
or 22-gauge PIC cable and exceed the maximum 22-gauge pulp spacing. 
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All areas have similar end-section distributions, as shown in Fig. 22. 
The mean and standard deviations are within a few hundred feet of 
each other. 

3.4 Distribution of the number of sections per span 

Figure 23 shows the distribution of the number of repeater sections 
per span (i.e., number of tandem outside plant repeaters plus one). 
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The average number of sections per span is 6.62, with the longest span 
having 21 sections. Nearly 85 percent of the spans have between 4 and 
11 sections. Only two areas differ slightly from the rest of the sample­
as shown in Fig. 24-having average values of 7.1 and 7.38 sections per 
span. One area, area 6, has longer than average span length, as would 
be expected. The other, area 7, not only has slightly longer than 
average distances between central offices, but also uses conservative 
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Fig. 23-Distribution of number of sections per span in seven metropolitan areas. 
Number of points = 1041; average = 6.62; standard deviation = 2.90. 

engineering rules, forcing shorter section lengths. Both of these factors 
increase the number of sections per span. 

IV. SPAN GROWTH 

The efficient use of the present plant, and the alternatives and 
applications for various possible new transmission facilities require an 
understanding of not only the present state of the plant but also of the 
nature of its growth. Not only is the amount of growth important, but 
an understanding of the pattern of this growth is needed as well. In 
this section, span growth means the increase in span lines of the 
network, usually provided by adding span lines in existing spans. New 
spans are being added at a rate of less than three percent per year, and 
have a small effect on the total number of span lines added. 

It is important to note that span-line growth is not equivalent to 
system growth. Since many systems with diverse originating offices 
use the same span, growth in that span may be due to increased 
requirements for many different systems, none of which may originate 
in that span. Conversely, since a single system passes through many 
spans, the placement of one new system requires an additional span 
line in several spans. Since the span is the fundamental building block 
of the T-carrier network, span-line growth is described in the following 
sections. 

To examine the span-line growth, data were requested from six OTe 

current planning groups. These requests occurred over two years so 
that the growth projections begin at a different time for each area. In 
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addition, each planning group projects their growth for different time 
intervals. Starting times ranged from January 1977 to January 1978, 
while projection intervals varied from 2 to 5 years. For five areas, this 
span-line-growth data represent the projected number of working 
DSls each year for each span. For area 5, span-line growth was derived 
from the data given for the number of voice circuits to be provided by 
T -carrier. For this growth, IOO-percent circuit fill of T -carrier line 
additions was assumed. 

The number of span lines versus time for each area, the span-line 
growth average on a per-year basis, and network growth patterns are 
discussed in the following section. 

4. 1 Growth versus time by area 

The span-line growth for all spans in each area was combined to 
produce a plot of growth for each area. Since maintenance lines and 
backbone spare lines are not included in this growth, the total span­
line additions are higher than shown by 4 percent. Figure 25 shows the 
number of span lines versus time for six areas. Note the different 
starting dates and growth projection intervals. The number of span 
lines has been normalized to unity at the starting date for each area. 

Reference lines of 5 and 10 percent growth per year are given. Areas 
1, 2, 6, and 7 have an average growth rate over their respective years 
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of from 7 to 8 percent. Area 4 planned a year of substantial growth in 
1979 to provide service for two No. 4 ESS machines. The low-growth 
rate of about 4 percent for area 5 was derived from the number of 
voice circuits to be provided on T-carrier, and may be conservative. 
This method assumes 100-percent channel-bank fill-or that only one 
additional T1 span line is required for each group of 24 new voice 
circuits, which is often not the case. Limited data indicates channel­
bank fills of about 80 percent, which would bring the growth of area 5 
to about 5 percent. 

4.2 Average yearly growth 

Combining span growth data from different areas is complicated by 
the different starting dates and projected growth intervals for each 
area. Also, individual spans vary widely in year-to-year growth. One 
reasonable way to compare individual spans is to use an average yearly 
growth, the average number of DS1s added per year for each span. 
This average yearly growth is a measure of the growth of each span 
and smooths year-to-year variations, enabling comparison of spans 
from all areas. An average yearly growth of 24 DS1s per year is 
equivalent to adding one T1 apparatus case or one-halfT1C apparatus 
case per year. 

The examination of average yearly growth gives insight into the 
pattern of span-line growth in the operating companies. Knowledge of 
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the growth and its distribution is a valuable aid to study the applica­
bility of new transmission systems. Usually in market studies, an 
estimate of the length and cross section of the span population, along 
with a predicted average growth rate applied to all spans, is used to 
predict the total network growth and potential applicability of individ­
ual facility types. Since both the actual distribution of average yearly 
growth and the distribution of cross section are known in this study, 
the validity of the method of growing all spans at the same rate can be 
evaluated. 

The average growth rate of 6.0 percent was obtained by dividing the 
sum of the average yearly growth in DSls of all spans by the total 
cross section of those spans as of January 1980, the middle of the 
growth projection period. Figure 26 shows the distribution of average 
yearly growth and the distribution predicted by applying the average 
growth rate of 6 percent to each cross section. The spans average a 
growth of 7.6 DS1s per year. About 8 percent of the spans are adding 
more than 24 span lines per year, and 32 percent are adding 1 span line 
or less. In fact, 21 percent of the spans are not growing or are turning 
down lines, in spite of averaging over the several year period. The 
predicted distribution differs from the actual distribution in that it 
underestimates the growth of the faster-growing spans (adding more 
than 15 DS1s) and overestimates the growth of the slower-growing 
spans. The predicted distribution does not show any spans adding 
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Fig. 26-Distribution of average yearly span growth in six metropolitan areas. Actual 
growth: average = 7.6; standard deviation = 18.5. Estimated growth of 6 percent: average 
= 7.6; standard deviation = 8.9. 
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Fig. 27-Average yearly growth vs. working cross section in six metropolitan areas. 

more than 65 DS1s per year, but growth projections indicate 12 such 
spans. One contribution to the difference between the actual distri­
bution of projected growth and that predicted by applying the average 
network growth method to all spans is that the latter predicts positive 
growth for each span, whereas 21 percent of the spans have zero or 
negative growth. The concentration of growth in a small fraction of 
the spans is examined in Section 4.5. 

4.3 Average yearly growth versus working cross section 

Spans with large cross sections might be expected to add many DS1s 
each year. Hence, there may be a trend of increasing growth with 
increasing cross section. The relationship of averag~ yearly growth to 
the January 1980 cross section is shown in Fig. 27. The overall average 
of 6 percent (indicated by the dashed line) is the ratio of the total 
average yearly growth to the total January 1980 cross section. 

Three features are noteworthy. First, there is a trend of increasing 
average yearly growth with increasing cross section as indicated by 
the solid line, which is the average over 100 DS1 steps. Second, there 
is a wide variation of average yearly growth for a given cross section, 
including some negative values. Some spans have a net decrease in 
span lines over a period of 2 to 5 years. And third, area 2 has 14 spans 
of the 24 with average yearly growth greater than 50. These spans 
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represent a major backbone route into the downtown metropolitan 
area. 

4.4 A verage yearly growth versus span length 

Since downtown spans tend to be short, and suburban spans tend to 
be long, there may be a relationship of average yearly growth to span 
length. Figure 28 shows that this is not the case. There is no significant 
trend of average yearly growth with span length, as indicated by the 
solid line, which is the average over one-mile intervals up to 13 miles, 
with spans longer than 13 miles combined. 

4.5 Span-line growth patterns 

To understand the patterns of growth, the geographic location of 
high-growth spans was examined. All high-growth spans-those having 
average yearly growth greater than 50 DS1s-were found to be con­
centrated in the vicinity of No. 4 ESS digital switching machines. To 
quantitatively examine the extent to which T -carrier growth is influ­
enced by No. 4 ESS switching machines, a No. 4 ESS span-or 4E 
span-is defined to be a span which has one of the following charac­
teristics: 

It is directly connected to a No.4 ESS machine. 
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Fig. 28-Average yearly growth vs. span length in six metropolitan areas. 
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Fig. 29-Distribution of average yearly span growth in six metropolitan areas for 1151 
non-4E spans. Actual growth: average = 4.4; standard deviation = 8.0. Estimated growth 
of 4.3 percent: average = 4.4; standard deviation = 4.6. 

It is in a tandem path between two No.4 ESSS. 

It is part of a major backbone route to a No.4 ESS. 

Spans meeting one of these criteria usually have large cross sections. 
For example, Fig. 5 shows 66 spans with cross sections greater than 
400 DS1s. Fifty-five of these high cross-section spans are 4E spans 
according to the above definition. Although these 4E spans were first 
identified by high growth, other spans which meet one of the three 
criteria have been included. A total of 88 spans in this study have been 
identified as 4E spans. 

Since the 4E spans were first identified on the basis of large growth, 
examining growth for two separate populations, 4E and non-4E spans, 
may give insight into the growth pattern. Figure 29 shows the growth 
distribution for non-4E spans, together with the estimate based on 
growing all span cross sections at the average growth rate for non-4E 
spans of 4.3 percent. This estimate is a slightly better match than that 
of the total population in Fig. 26. However, the same discrepancies 
occur: underestimating the growth of the faster-growing spans and 
overestimating the growth of the slower-growing spans. The average 
non-4E span is adding 4.4 DS1s per year, about half of the 7.6 average 
for the total population, and no non-4E span is adding more than 48 
DS1s per year. 

Next, the population of the 88 4E spans is considered separately. 
The distribution of average yearly growth for the 4E spans, together 
with the estimate based on growing all 4E span cross sections at the 
4E span average rate of 10.8 percent, are shown in Fig. 30. In this case, 
the estimate is a much better match to the actual data. In fact, this 
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estimate is the closest obtained, mainly because none of the 4E spans 
have zero or negative average yearly growth. The average 4E span is 
adding 48 DSls per year, about six times the total population average 
and 11 times the non-4E average. 

Thus, the spans defined as 4E spans dominate the current T -carrier 
span line growth; Table I summarizes the characteristics of the 4E 
spans. Growth data are available for more than 1,200 spans. For the 
sum of all spans, the average growth rate is 6.0 percent. Although the 
88 4E spans comprise only seven percent of the spans, they account 
for 25 percent of the total currently working cross section, and for 46 
percent of the total average yearly growth. 

This growth pattern is based on short-term current planning data. 
In the longer term, as No. 4 ESS machines become established, the 
growth on 4E spans may not be as dramatic, although some new 4E 
spans may be created that will grow rapidly. For the present network, 
however, this separation of spans into 4E and non-4E populations 
yields insight into the short-term growth behavior. 

Another aspect of the growth is shown in the last two rows of this 
table. Based on the average yearly growth, there are 983 spans adding, 
and 256 spans losing, DSls. The 79 percent of the spans gaining 
represent 86.8 percent of the total January 1980 cross section. Twenty­
one percent of the spans have zero or negative average yearly growth 
in spite of averaging over several years. None of the 4E spans are 
losing lines, as indicated in Fig. 30. 
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Fig. 30-Distribution of average yearly span growth in six metropolitan areas for 88 
4E spans only. Actual growth: average = 48.4; standard deviation = 47.0. Estimated 
growth of 10.8 percent: average 48.4; standard deviation = 24.9. 
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Table I-Characteristics of the NO.4 ESS spans in 
the digital metropolitan network 

Category 

Total 
Not4E 
4E only 
Gaining 
Losing 

V. SUMMARY 

No. of 
Spans 

1,239 
1,151 

88 
983 
256 

Total Cross 
Section 

157,233 
117,758 
39,475 

136,499 
20,734 

Average 
Yearly 
Growth 

9,354 
5,094 
4,260 

10,039 
(-685) 

Percent 

6.0 Growth 
4.3 Growth 

10.8 Growth 
86.8 Base 
13.2 Base 

The metropolitan digital trunk plant is estimated to contain from 
5,000 to 6,000 spans providing approximately 160,000 T -carrier systems. 
Fundamental aspects of seven metropolitan areas, representing a 25-
percent sample, have been presented and discussed. All areas are 
similar in span length distribution and have a 5.9-mile average and a 
5.4-mile median. The average cross section is 137, with a median of 90 
equivalent DS1 signals. One area has significantly higher cross sections 
generated by a natural geographic corridor of population. 

On a span basis, an average of 41 percent of the ultimate engineering 
capacity of T -carrier in the present cable plant is used. Higher cross­
section spans tend to have higher-percentage carrier fills. 

Again, on a span basis, the use of apparatus-case slots averages 56 
percent. Larger cross-section spans tend to have higher percentage 
apparatus-case fills. 

The cables used for T1 cover a wide range of size and gauge, but the 
dominant type is single-cable operation on 900-pair, 22-gauge pulp. 
This 900-pair cable accounts for 39 percent of the cable mileage in the 
total sample, and as high as 63 percent in one area. However, recent 
and future installations are dominated by MAT or other screened cable. 

Since the cable plant is mostly 22-gauge pulp, the average interme­
diate section length is 5.32 kft, which corresponds to a T1 insertion 
loss of 27.7 dB. Four percent of these sections use 19- or 22-gauge PIC 

and are longer than 6.3 kft. All sections have less than the 34-dB 
insertion loss allowed by T1 engineering rules. 

The average end section is 2.86 kft, which corresponds to a T1 loss 
of 15.4 dB. Five percent of the end sections use 19- or 22-gauge PIC and 
exceed 4 kft. Except for the extremes of the distributions, all seven 
areas do not differ significantly in either the intermediate or end­
section statistics. 

The number of working span lines in the sample obtained is pro­
jected to grow at an average rate of six percent in the near future. The 
actual amount of growth varies somewhat from year to year in each 
area. Growth on individual spans varies considerably and is more 
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concentrated in a small fraction of spans than is predicted on the basis 
of a constant percentage growth for all spans. Examining the geo­
graphic locations of the high-growth spans showed them to be associ­
ated with No.4 ESS digital switching machines. 
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We undertook a field-measurement program for T1 carrier to gain 
an understanding of crosstalk performance in the outside plant and 
office environments. This would help us to use the existing plant more 
efficiently and to predict the performance of future systems. Repeater­
section lines were measured in the trunk plant of three Bell System 
operating companies during 1977 and 1978. Results given here include 
the distributions of repeater section crosstalk margin, noise, and 
various system and cable properties. We describe a Tl crosstalk 
engineering model which explains the significant contributions to 
section margin. The measurements and analysis show that repeater 
apparatus-case crosstalk dominates intermediate repeater-section 
performance, while the performance of sections adjacent to central 
offices (end sections) is limited by cable crosstalk with evidence of 
impulse noise present on some lines. Maximum use of cable and 
equipment for Tl and future digital transmission systems has been 
made much easier with the knowledge gained from these field mea­
surements. For instance, the results of this program have already 
been used to redefine engineering rules for bidirectional cable oper­
ation, allowing more wire pairs in the cable to be used for T1 
operation. 

I. INTRODUCTION 

The T1 repeatered line transmits a 1.544 X 106 bls bipolar signal on 
paired cable.1 Since its introduction in 1962, its largest application has 
been as the transmission medium between D-channel banks that 
digitally encode and time-division-multiplex voice-frequency signals. A 
D/T1 system consists of two D-bank terminals and the transmission 
path of tandem T1 span lines interconnected at central offices along 
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the route between these terminals. Each span line is a series connection 
of T1 repeater sections between two central offices. Those sections 
adjacent to the offices are termed end sections; all others are referred 
to as intermediate sections. 

The T1 error-rate objective specifies that at least 95 percent of 50-
section systems shall have average transmission error rates less than 
10-6 errors per bit.2 Since the digital signal is regenerated at each 
repeater location, the error performance of a T1 system is approxi­
mately equal to the accumulated performances of the individual re­
peater sections. Therefore, an understanding of T1 carrier repeater 
section performance and the elements that control that performance 
is needed to establish a model for system behavior. 

Measurements were conducted in the trunk plants of three Bell 
System OTCS during 1977 and 1978 using the automated equipment 
described in Ref. 3. In all, approximately 2000 repeater section lines 
were examined in 30 different repeater sections. 

Most of the measurements were performed on nearly full-length 
repeater sections (measured section lengths were about 6,100 feet for 
intermediate sections and about 4,000 feet for end sections), on 22-
gauge pulp-paired cable, terminated with apparatus cases, each of 
which holds 25 discrete-component T1 repeaters. Other situations 
examined included sections terminated with repeater cases that hold 
25 smaller-size integrated-circuit versions of the T1 repeater. These 
two measurement situations are identified in this paper as 466/201 and 
475/208, respectively. 

The primary measure of performance was repeater section margin, 
which is defined as the additional noise at the regenerator input that 
can be tolerated before a 10-6 error rate is observed. 

A margin model is shown here and the margin components identified 
from observations of various noise and section characteristics (e.g., 
noise spectrum and amplitude statistics, and cable-pair insertion loss). 
The individual measured quantities and the measurement techniques 
used are outlined in Ref. 3. 

Section I of this paper briefly describes the measurement program. 
Section II gives the results of measurements of the primary perform­
ance parameter-repeater section margin. Section III outlines observed 
characteristics of crosstalk and office noise and the contribution of 
different types of crosstalk noise to repeater-section margin. Section 
IV describes a model for section margin and gives the measured 
characteristics of each element identified in this model. Section V 
characterizes plant parameters, such as cable insertion loss and ex­
amines the performance of repeater sections other than those having 
pulp cable with 466 apparatus cases and 201 repeaters; Section VI 
summarizes the key results of the measurement program. 
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II. T1 REPEATER-SECTION MARGINS 

Repeater-section margin, which is the incremental noise a section 
can tolerate before producing a 10-6 error rate, was measured directly 
for intermediate repeater sections by attenuating the signal at the 
beginning of the section and amplifying the signal and noise by the 
same amount at the end of the section (just before the repeater input), 
as shown in Fig. 1. The amplification required to produce a 10-6 error 
rate was recorded as the margin. 

A modified procedure was used to measure end section margins, 
mainly due to the inconvenience of transporting the rather elaborate 
van-based measurement system into and out of central offices. In the 
absence of a T1 signal, the noise at the input of a T1 office repeater 
was amplified until errors (pulses) at a 10-6 error rate were observed 
at the repeater output. The repeater, whose input section was set to 
equalize for the proper end-section cable loss, was clocked externally 
at a 1.544 X 106 rate to simulate the clock that would normally be 
derived from a T1 signal. Thus, the margin for an "all zeroes" pulse 
sequence was obtained. 

2. 1 Intermediate section margins 

Figure 2 displays the measured margin distribution obtained for 
intermediate sections for the standard 466/201 22-gauge pulp case. 
The margins were measured using the original service repeaters 
plugged into the apparatus cases. (Note: a second set of margins was 
measured using a particular Bell Laboratories test repeater. The 
difference in margins measured for test and service repeaters is dis­
cussed in Section 4.8.) 

NORMAL T1 REPEATER SECTION 

-[>-----~ ERROR I // (( V l COUNTER 

./ ERROR RATE <10-8 
CROSSTALK 

NOISE 

MARGIN MEASUREMENT 
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'---r---'" 
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Fig. I-Margin measurement by noise enhancement. 
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Fig. 2-Service margins (1977-78) for the 466/201 situation. Number of points = 915; 
average = 22.6; standard deviation = 3.03. 

Each point on the curve shows the percent of repeater sections that 
have the indicated margin or less. The horizontal axis is a probability 
scale so that Gaussian distributions should appear as straight lines on 
the plot. The average section margin was 22.6 dB, for sections whose 
average cable insertion loss was 30.7 dB at 772 kHz (772 kHz is the 
half-baud for Tl transmission, which is near the major peak in the 
transmitted energy spectrum). 

The minimum margin obse~ied was 10 dB, a value for which 
essentially no errors due to intersystem crosstalk should be observed 
under normal conditions, even on lines comprising 50 such sections in 
tandem. However, the current measurements do not rule out widely 
separated impulses or noise bursts as a cause of errors, since the 
margin measurements were made for a period of only about 30 seconds 
on each repeater-section line. 

The 0.1 percent point of the distribution may be estimated by 
drawing a straight line through the lower end of the curve as shown. 
This point on the distribution must have at least 3 dB of margin 
according to the repeater-section objective (Section IV). The estimated 
value is about 8.5 dB, which is 5.5 dB better than the objective. 

To account for the longest possible repeater sections, the margins 
can be corrected to values expected for a section loss of 34 dB, the 
maximum loss allowed by engineering rules. Since the average loss for 
the margin measurements was 30.7 dB, the 0.1 percent margin is 
expected to be about 4.9 dB for systems composed of maximum length 
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sections. * This is still 1.9 dB above the objective and represents a 
conservative estimate of actual system performance in the field, since 
most sections are less than full length. 

The measured margin distribution may be divided into two regions, 
as is shown by the two straight lines drawn through the measured 
points. These regions correspond to different types of intersystem 
crosstalk as discussed in Section III. It should be noted that the low 
(worst margin) end of the distribution has poorer margins than would 
be expected, assuming a Gaussian distribution with mean and standard 
deviations equal to those values determined for the overall set of 
measurements. 

In summary, intermediate repeater-section margins measured in the 
field easily meet section objectives. Therefore, intersystem crosstalk 
on intermediate sections is not expected to be a major source of errors 
on Tllines. 

2.2 End-section margins 

The amount of data collected for end sections (about 300 lines 
measured) in the field measurement program are much less than that 
collected for intermediate sections. Also, considering the wide variety 
of office environments possible, the end-section data are not likely to 
represent all Tllayouts that exist in the field today. Therefore, these 
data should be treated as a possibly biased sample of end-section 
performance. 

End-section margins were measured in two OTCS on sections using 
22-gauge pulp cable with 772-kHz cable losses ranging from 11.4 dB to 
21.4 dB (section lengths from 2.2 to 4.1 kft). As shown in Fig. 3, the 
mean margin determined from the office-noise-amplification technique 
is 25.0 dB for all lines measured, with a standard deviation of 1.9 dB. 
The O.I-percent point trend of the distribution is about 18 dB, if the 
one poor margin point at 14 dB is ignored. 

All of the margins, however, should be adjusted downward to take 
into account intersymbol interference in normal repeater operation. 
(Remember that the end-section measurements were made in the 
absence of a Tl signal on the line.) This adjustment, if the office 
repeater degradation is the same as that found for the intermediate­
section test repeater (see Section 4.7) would be about 4.3 dB. If the 
margins are adjusted by this amount, the average margin would be 
20.7 dB, the minimum margin would be 9.7 dB, and the estimated 0.1 
percent point (trend of the distribution) would be about 13.7 dB. 

* The correction of 3.6 dB in margin for a cable loss change of 3.3 dB assumes a 
proportionality factor of 1.09 between margin and cable loss. See discussion of noise 
power, I, in Section 4.5.1. 
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Fig. 3-End-section margins for the 466/201 situation. Number of points = 303; 
average = 25.0; standard deviation = 1.88. 

The adjusted mean and minimum end-section margins are similar 
to the values found for intermediate-section measurements. However, 
the estimated O.l-percent point of the end-section margin distribution 
is much higher than that for intermediate sections. Also, the standard 
deviation is smaller than for intermediate section measurements, de­
spite the wider range of cable lengths. A possible explanation of these 
differences in terms of different types of crosstalk noise present is 
given in the next section. 

Whether these data are truly representative of all end sections 
remains an open question. One conclusion from the above discussion 
is that the average performance of (these) end sections and interme­
diate sections are roughly the same; both layouts appear to have some 
reserve crosstalk margin that can possibly be exploited to pack more 
transmission channels into the same physical cable medium or, alter­
natively, to raise performance requirements. 

III. SOURCES OF NOISE FOR T1 CARRIER 

In the original design analysis for TI carrier,2 allowances were made 
for noise due to near-end crosstalk (NEXT) and far-end crosstalk (FEXT) 

on intermediate repeater sections and for impulse noise due to office 
switching transients on end sections. Results from the field-measure­
ment program reported here indicate that the dominant noise source 
for intermediate-repeater sections is crosstalk noise generated in the 
repeater apparatus case and stub cable (designated ACXT), rather than 
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NEXT or FEXT generated in the main cable. Also, the character of the 
noise for most of the end sections measured does not appear to be 
strongly impulsive, at least for measurement periods of one minute or 
less. 

3. 1 Intermediate repeater sections 

Figure 4 illustrates the types of noise-coupling paths found in inter­
mediate-repeater sections of a T-carrier span. Intersystem crosstalk 
(noise due to other TI systems in the same cable) is dominant in 
intermediate sections; other sources of noise, such as thermal, may be 
neglected. Intersystem crosstalk of three types are shown: 

(i) Cable near-end crosstalk (NEXT) caused by coupling between 
wire pairs in the main cable where the output (high level) pulse stream 
of a Tl repeater interferes with the input (low level) of the same or a 
nearby repeater. 

FROM 
TRANSMIT 

END 

REPEATER 1 { 

REPEATER 2{ 

ALL NOISE PATHS SHOWN 
CONTRIBUTE TO NOISE 
AT INPUT OF SIDE 1 OF 
REPEATER 2 (POINT A) 

/FEXT 
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A,.,ARATUS 
CASE 
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STUB 
CABLE 
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r I, I ~ 
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CABLE CASE CABLE 

Fig.4-Noise-coupling paths for intermediate-repeater sections. All noise paths 
shown contribute to noise at input of side 1 of repeater 2 (point A). 
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(ii) Cable far-end crosstalk (FEXT) caused by coupling between 
wire pairs in the main cable whose signals are propagating in the same 
direction and at the same level. Occasionally, Tl signals of different 
levels appear at the same point in the cable because two or more 
different routes merge at a point between repeaters. These are called 
incidental junctions. The increased FEXT noise resulting from this 
situation is not treated here. 

(iii) Apparatus-case crosstalk (ACXT) caused by coupling in the 
wiring inside the apparatus case or in the case stub cable. 

In standard Tl engineering layouts, main cable NEXT is negligible 
compared to ACXT and FEXT because opposite directions of transmis­
sion are segregated into binder groups on opposite sides of the cable as 
illustrated in Fig. 5. However, NEXT can be significant in some less 
commonly used configurations such as those described in Section 5.3.2. 
Assuming main-cable NEXT to be negligible for the standard configu­
rations measured, the noise appearing at the repeater input was due to 
Tl sources with individual ones densities coupling through ACXT and 

• TRANSMISSION DIRECTION INTO PAGE 

~ TRANSMISSION DIRECTION OUT OF PAGE 

D OTHER UNITS NOT USED FOR T -CARRIER 

Fig.5-Cable cross section showing use of cable units in a 900-pair, 22-gauge pulp 
cable with 200 active Tl systems. 
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FEXT paths of various losses. In the field measurement program, a 
simple means was found to separate the noise into ACXT and FEXT 

components and to determine an "effective" ones density for the 
disturbers. 

3.1.1 Ones density ( p) and fraction ACXT ( a) 

Based on measurements of the crosstalk noise-power density at the 
repeater input (before equalization), expected values for two param­
eters, p and a, have been calculated from a fit of the data to eq. (15) of 
Appendix B where: 

(i) p is the effective ones density of all of the disturbers defined as 
that single ones density that best fits the shape of observed noise 
spectrum. 

(ii) a is the fraction of the crosstalk noise density at 772 kHz at the 
repeater input that is attributable to ACXT. 

The effective ones density of the disturbers proved to be a useful 
concept, even though it was known that all disturbers did not have the 
same ones density. Besides providing an indication of the average ones 
density (weighted by crosstalk coupling) in the T1 environment of the 
line being measured, it enabled a cleaner separation of the components 
of the noise spectrum, caused by ACXT and FEXT (i.e., the determination 
of a), than would otherwise be possible. 

Distribution plots ofp and a are given in Figs. 6 and 7. Ones density, 
p, ranges from 0.5 to 0.95 with an average of 0.69. This is consistent 
with a combination of ones densities from the older D1 banks «0.5) 
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Fig. 6-Effective ones density, p, for the 466/201 situation. Number of points = 596; 
average = 0.69; standard deviation = 0.07. 
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and from the newer DID or D3 banks (>0.8). (In a few cases, it was 
known which bank predominated, and in these situations, the fitted 
value of p was seen to track the bank type.) 

From Fig. 7, ex is seen to range from 0 to 1 with a mean value of 0.69. 
The fraction represented by ex is larger than 0.5 on 80 percent of the 
lines measured, indicating that ACXT tends to dominate over FEXT, at 
least at 772 kHz. Furthermore, in at least 5 percent of the measured 
lines, there is no observable FEXT at all (ex = 1). 

3.1.2 Predicted intermediate section margins 

In Fig. 8, predicted margin distributions due to ACXT, FEXT, and 
NEXT, and their composite, are compared to measured repeater mar­
gins for the standard layout of 22-gauge pulp multipair unit cable and 
466-type apparatus cases. 

The ACXT and FEXT curves are based on calculated distributions of 
ACXT and FEXT noise powers for those Tl systems measured in the 
field. (See Section 4.4.) The NEXT distribution is based on published 
NEXT pair-to-pair statistics for remote- and alternate-unit coupling in 
a 900-pair, 22-gauge pulp cable, with 200 active Tl systems. The 
numerical details of the crosstalk and margin calculations appear in 
Appendix A. 

The predicted margin distributions were calculated using the margin 
equation, (see Section 4.2), with the assumption that crosstalk noise 
was the only variable. Other parameters, such as the cable section loss, 
ones density of signals on the crosstalk disturbers, repeater degrada-
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Fig.8-Predicted service margins due to NEXT, FEXT, and ACXT. Number of points 
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tion, and peak factor of the noise, were held to the mean values 
observed over the course of the field measurements. (See discussion of 
these parameters in Section IV.) 

From Fig. 8, it can be seen that the total derived margin distribution 
is dominated by apparatus-case crosstalk at the low margin end, which 
is the significant region for TI engineering purposes. (The margin at 
the O.I-percent point is the engineering parameter used to account for 
the longest metropolitan TI systems, which consist of 50 repeater 
sections in tandem.) It is only at higher margins that FEXT makes a 
significant contribution to the total margin. Near-end crosstalk has a 
negligible effect on the total margin for all lines. 

Since, for engineering purposes, it is only necessary to know the 
behavior of the distribution at the low-margin end, a model that only 
considers the contribution of ACXT is sufficient for predicting TI 
performance. New system layouts, however, will use apparatus cases 
with reduced internal crosstalk coupling so that cable FEXT may 
become the limiting factor on performance for these systems. Also, any 
layout that allows opposite directions of transmission to be routed 
through adjacent binder groups or closer must take into account cable 
NEXT. (See Section 5.3.2.) 

The close agreement of the predicted margin curves with measured 
data provides confidence that the major noise sources and coupling 
mechanisms that dominate margin performance of intermediate re­
peater sections are understood. 
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3.2 End-section noise environment 

The noise sources and coupling paths for end sections vary more 
than those for intermediate sections, because of the multiplicity of 
cabling and equipment layouts, as well as switching type and activity 
occurring at offices at which through or terminating T -carrier systems 
appear. Figure 9 is a sketch of possible coupling paths for noise that 
eventually appears at the decision point of a T1 office repeater, but 
such noise paths are not completely known or characterized. 

The end-section margin distribution (Fig. 3) has a standard deviation 
(1.9 dB) that is consistent with the predicted FEXT margin distribution 
(Fig. 8), but the average margin for end sections is worse than that 
predicted for intersystem FEXT alone. Other noise sources, perhaps 
office switching or traffic noise coupling through NEXT paths in the 
end-section cable, might be responsible for the difference. 

Since we know that the office noise environment tends to be impul­
sive in nature because of switching activity, an effort was made to 
further characterize end-section noise observed in T1 office repeaters 
as either impulsive, Gaussian, or truncated by observing some char­
acteristics of the noise-amplitude distribution. Figure 10 will help to 
illustrate the relationship between two parameters measured on each 
line. 

The first parameter, the noise peak factor, is defined as the ratio 
(expressed in dB) of the repeater-error threshold voltage (instantane­
ous voltage that must be exceeded by the noise for the repeater to 
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Fig. lO-End-section margin measurement for the 466/201 situation. 

make errors) to the rms noise voltage which results in a 10-6 error 
rate. The second parameter, error-rate slope, represents the change in 
the log of the error-rate-per-dB change of noise amplification at the 
repeater input, near the 10-6 point (log of error rate = -6). 

Both the peak factor and error-rate slope deviate predictably from 
the known values for a Gaussian-noise-amplitude distribution when 
impulses are present, or when a few disturbers (T1 or periodic in 
nature) are dominant. The presence of impulses tends to lengthen the 
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tail of the noise-voltage distribution, thus, raising the noise peak factor 
and reducing the error-rate slope. The dominance of a single disturber 
sets a limit on the peak of the noise (truncates the noise-amplitude 
distribution), with consequent reduction of the peak factor and in­
crease of the error-rate slope at the 10-6 point. For example, the 
expected peak factor for Gaussian noise is about 13.8 dB, while the 
peak factor of the noise from a single T1 disturber (coupled through a 
FEXT path) is about 7 dB. The expected error-rate slope for Gaussian 
noise is 0.982, while Cravis and Crater (Ref. 2) measured slopes close 
to 0.1 (decades per dB) for office switching noise. See Fig. 10. 

Figure 11 shows the distribution of peak factors observed in the end­
section measurements. The mean value, 13.6 dB, indicates a slight 
tendency towards truncation, rather than impulses. However, about 
15 percent of the lines show peak factors greater than 13.8, indicating 
impulsive effects. These points, however, were entirely from one mea­
sured cable, so that impulsive behavior was not the norm for the end 
sections measured. 

Figure 12 shows the distribution of error-rate slope for all end 
sections measured. The mean slope, 1.0, indicates a tendency towards 
truncation of the noise distribution, in agreement with the peak factor 
results. The lower 15 percent of the distribution, indicating impulsive 
noise behavior, is again entirely due to the same particular end-section 
cable mentioned above. 

In summary, noise on these central office pairs appears, overall, to 
be very nearly Gaussian in nature, with a slight tendency towards 
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Fig. ll-End-section peak factors for the 466/201 situation. Number of points = 303; 
average = 13.6; standard deviation = 0.50. 
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single-disturber effects (truncation). Only one cable was observed to 
have a noticeable impulsive noise background. 

IV. ENGINEERING MODEL FOR T1 CARRIER 

The performance objectives for individual T -carrier repeater sec­
tions depend on the maximum number of sections that are to be 
connected in tandem, as well as on the end-to-end performance objec­
tive for the complete T -carrier system. In metropolitan areas, where 
the maximum number of sections in tandem is expected to be 50, and 
where 95 percent of end-to-end systems must have error rates less 
than 10-6

, the repeater-section objective can be stated: 99.9 percent of 
repeater sections must have error rates less than 10-6

• 

This objective is based on the assumption that the overall error rate 
of an end-to-end system is dominated by a single repeater section, such 
that the probability for the whole system of exceeding the specified 
error rate is the sum of the probabilities for each repeater section of 
exceeding the same error rate. 

By definition, the margin of a repeater section that has an error rate 
of 10-6 is zero, and the margin of a section with a smaller error rate is 
the amount of amplification of the noise at the repeater input that can 
be tolerated before an error rate of 10-6 is reached. Since digital 
transmission systems are designed to have at least 3-dB reserve margin, 
the repeater-section objective can be stated: 99.9 percent of repeater 
sections must have margins better than 3 dB. 

In other words, the margin at the lower O.l-percent point of the 
repeater-section margin distribution must be greater than 3 db. The 
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margin distributions obtained from field measurements meet this 
objective with 4 to 6 dB to spar~, as was shown in Fig. 2. If there is 
reserve margin in most of the T1 plant, it is conceivable that engi­
neering rules could be modified, allowing more wire pairs in a cable to 
be reserved for use by the T-carrier. The following model may be used 
to predict the margin at the O.l-percent point for various situations of 
cable-section layout and crosstalk noise. 

4. 1 Factors affecting repeater-section margin 

In a complete engineering analysis, one must be concerned with all 
of the following: 

(i) Characteristics of the signal and noise sources (ones density of 
interfering T1 signals, mean time between impulsive events, etc.). 

(ii) Amount and character of noise coupling (ACXT, FEXT, impulse 
noise, etc.). 

(iii) Effects of system layout (cable loss, junctions) on both signal 
and noise. 

(iv) Equalization properties of repeater (intersymbol interference 
and ALBO setting). 
Most of the above elements are accounted for in the margin equation 
used for section engineering calculations. 

4.2 Margin equation 

From the definition given above, a margin equation may be written 

M = N(10- 6
) - N(actual), (1) 

where M is the repeater-section margin in dB, N (10-6
) is the average 

noise power in dBm at the repeater decision point (eye) which would 
produce an error rate of 10-6

, and N (actual) is the actual average noise 
power in dBm at the repeater eye for the given situation. It is assumed 
that the character of the noise (peak factor, spectral shape) in the fIrst 
term above is identical to the actual noise encountered on the given 
repeater section, except for a flat gain. 

The margin eq. (1), when applied to margin measurements involving 
noise amplification, also assumes that the noise appearing at the 
(internal) repeater decision point increases or decreases linearly with 
external amplification or attenuation at the repeater input. This as­
sumption does not necessarily hold for repeaters with automatic gain 
adjustment (provided by an ALBO), since when the noise becomes a 
significant fraction of the signal voltage, the ALBO may be misled into 
assuming that a larger signal exists and reduce its gain accordingly. 
However, the adjustment of the margin equation (1) (by the addition 
of a new term to account for nonlinearity) is offset by a reduction in 
the peak signal power S (see below) by roughly the same amount so 
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that eqs. (1) and (2) may be used as given, if it is assumed that the 
repeater gain is always properly adjusted for the correct cable loss. 
(The above statement is true only for those repeaters for which the 
effective error threshold (noise voltage at which errors are made) is 
reduced by the same amount in dB that the ALBO gain has changed.) 

For engineering analysis the margin equation may be broken up into 
five terms as follows: 

M = (8 - B - A) - (1 + Q), (2) 

where 

N(10-6) = 8 - B - A, and N(actual) = 1 + Q. 
8 = the nominal peak signal power at the repeater decision 

point, which for the ideal Tl repeater equals 13.6 dBm. 
(See Section 4.6.) 

B = the ratio of peak signal voltage to rms noise voltage that 
would produce an error rate of 10-6 with an ideal bipolar 
repeater, that is one with no intersymbol interference. 
For Gaussian noise, and assuming 50-percent ones den­
sity for the signal pulse stream, B = 19.7 dB. (Note: this 
peak factor is defined slightly differently from the end­
section peak factor of Section 3.2. It relates the rms 
noise level to the peak signal level, rather than to the 
error-threshold level. If the error threshold is set to one­
half the peak signal height, then the difference in defi­
nitions amounts to 6 dB. The O.I-dB residual difference 
between the end-section Gaussian peak factor 13.8 and 
the Gaussian value for B, 13.7 + 6.0, is because of the 
assumption of an "all zeroes" pulse stream for the end­
section measurements, but a 50-percent ones density in 
the calculation of B.) 

A = the repeater degradation, an allowance for the nonideal 
performance of the repeater caused by intersymbol in­
terference, threshold offsets, and jitter. A has tradition­
ally been assigned a value of 6 dB in engineering calcu­
lations.2 Empirical values for A, smaller than 6 dB, have 
been found in the present measurements. 

Then, 8 - B - A is equal to the average noise power in dBm at the 
repeater decision point that will produce a 10-6 error rate in a real 
repeater, where B depends on the characteristics of the noise present 
and A depends on the equalization properties and threshold setting of 
the particular repeater. 

The actual (measured) noise power at the repeater decision point 
comprises two terms, 1 and Q, where: 

1 = average noise power in dBm at the repeater decision point 
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which would be caused by a single disturber coupled through 
a net coupling path loss of 0 dB at 772 kHz. The "path" may 
include components from any or all of the ACXT, FEXT, or NEX:r 

type. 
Q = scaling factor in dB which accounts for the fact that there are 

many disturbers of different types (ACXT, FEXT, NEXT) with a 
distribution of coupling path losses. As an "example," for ACXT 

alone, Q is the power sum of the apparatus-case slot-to-slot 
crosstalk coupling coefficients from all outputs (disturbers) 
into the slot being measured for margin. 

1 + Q, called the noise power sum, is equal to the actual average noise 
power in dBm at the repeater decision point. 

In Fig. 8, where the margin components (because of ACXT, FEXT, and 
NEXT) were separated, the coupling power sum, Q, was assumed to be 
the only variable. We will now investigate all terms in the margin eq. 
(2) to determine their actual variances as measured or derived in the 
field -measurement program. 

4.3 The noise power sum 

In the field-measurement program, the average noise power (1 + Q) 
for all lines was measured directly in the absence of the T1 signal at 
the decision point of a test repeater, whose ALBO was held fixed to 
equalize for a particular length of cable (31.7-dB section loss at 772 
kHz). Since the margin M is inversely related to the noise power (1 + 
Q) in the margin eq. (2), one expects a high degree of correlation 
between margin and noise power (1 + Q) from line to line, if the peak 
signal power S, noise peak factor B, and repeater degradation A do not 
vary appreciably from one line to the next. 

A scatter plot of loss-adjusted * test margin versus noise power is 
presented in Fig. 13. The solid line represents the best first-order fit to 
the data, where AO and Al are }l1e intercept and slope of the fit. The 
dashed line represents the best fit with the slope constrained to -1.0, 
where BO is the intercept obtained from the fit. The plot shows that 
the correlation between margin and noise power sum is almost dB for 
dB, with only a slight tendency towards increased margins at the low­
margin (high-noise) end of the plot. The rms error in assuming a 
perfect one-to-one relationship between margin and noise power sum 
is 0.75 dB as indicated at the bottom of the plot; this may be considered 
to be the maximum error in assuming the other terms of the margin 
equation, S, B, and A to be constants. (The actual error is less because 

* The margins are adjusted to the value they are expected to have for a section cable 
loss of 31.7 dB (at 772 kHz) which was the loss for which the fixed ALBO was set to 
equalize in the noise power measurements. 
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the rms deviation on the scatter plot includes the effects of measure­
ment error on margin, noise power, and cable loss.) 

4.4 The crosstalk coupling power sum 

The coupling power sum is derived in Appendix B and is given by 

q (I) = aA + aF(l)c(/, to) (3) 

and 
Q = 10 10glOq, (4) 

where the quantities (except I) in (3) are power transfer ratios and 
aA = the power sum of the ACXT crosstalk coupling coefficients 

from all disturbers. 
aF(/) = the power sum of the equal-level FEXT crosstalk coupling 

coefficients for a section of length 1 from all disturbers. 
c (I, to) = the cable power transfer function at 772 kHz. 
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The following sections describe the distributions of aA and aF(l) found 
for the measured repeater sections. 

4.4. 1 Apparatus case crosstalk 

The ACXT power sum aA was calculated for each measured line using 
eq. (23) of Appendix B. The distribution of aA for the field measure­
ments is shown in Fig. 14. Since apparatus-case crosstalk is dominant, 
the properties of this distribution are reflected into the properties of 
the distribution of repeater-section performance (margin). In particu­
lar, the bend observed in the ACXT distribution at the 5-percent point 
is directly reflected into a bend in the margin distribution at the same 
point, causing the worst margins to be lower than would be expected 
if a normal distribution were assumed with the measured values for 
the mean and standard deviation. The 6-dB slope of the low end of the 
ACXT distribution matches the 6-dB slope observed at the low end of 
the margin distribution (Fig. 2). 

Of special interest is the O.l-percent point of the distribution, where 
the repeater-section margin objective is defined. In the simplified 
margin model, where all parameters except Q are held constant, the 
value of QACXT at the O.l-percent point determines how much the T1 
plant exceeds the section objective. The value at this point, determined 
by extrapolation of the trend of the high coupling end of the distribu­
tion, is about -55 dB, which translates to about 8.5 dB of margin for 
the measured sections in Fig. 8. 
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4.4.2 Far-end crosstalk 

The secondary source of crosstalk noise in the standard T1 system 
layout is FEXT occurring between cable pairs that have T1 signals 
travelling in the same direction and at equal levels. Coupling is most 
severe between pairs in the same binder group. 

Far-end crosstalk power sums aF(l) were calculated using eq. (24) in 
Appendix B. The distribution of aF(l) for all lines is given in Fig. 15, 
where l is approximately 6000 feet. 

The difficulties of separating ACXT and FEXT components of the 
noise for a's close to unity is illustrated by the turn-up of the distri­
bution at high coupling losses (right side of Fig. 15). The error in the 
fit for a is very high for these points and, therefore, they should be 
ignored in the characterization of the distribution properties. 

Ignoring these points, the distribution may be roughly characterized 
as having a mean power sum of about 44.5 dB, with a standard 
deviation of about 2.5 dB. This is slightly less than the power sum 
mean for one cable measured directly for FEXT, for which the data 
(scaled to 772 kHz) are also plotted in Fig. 15. The standard deviation 
of the distribution of aF is also slightly larger than that for the 
measured cable (1.5 dB). These differences imply less FEXT disturbers 
on average for the field measurements than for the laboratory-mea­
sured cable. However, the difficulties in calculating FEXT for different 
cable situations (different lengths, different splicing arrangements) 
make a meaningful comparison difficult. 

The main distinguishing feature of the FEXT power sum distribution 
from the ACXT distribution is its smaller standard deviation, which 
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results from the greater number of noise sources and coupling points 
for FEXT. This lower standard deviation is reflected into the standard 
deviation of the upper end of the margin distribution (Fig. 2), where 
FEXT is strongest. 

The predicted FExT-alone margin distribution of Fig. 8, obtained 
from the aF distribution and the margin equation, shows that FEXT is 
only a secondary source of noise for a majority of the T1 plant. 

4.5 Single interferer noise power 

By definition, I is the noise power at the repeater decision point 
attributable to a single interferer with O-dB crosstalk coupling loss at 
772 kHz. I depends on the spectral shape of the interferer's signal, the 
crosstalk coupling paths, the insertion loss of the line, and the repeater 
cable equalization. For the present analysis, the interferer's spectral 
shape is parameterized by p, the ones density, and the coupling path 
is parameterized by ex, the ratio of ACXT to total noise (ACXT + FEXT) 
at 772 kHz. From Appendix B, an expression for I is written: 

[ 100 [ c (1, f) ] ] 1= 10 log 0 w(p, f)(fl to)2 ex + (1 - ex) c(l, to) r(l, f)df , (5) 

where 
w (p, f) = the one-sided interferer's signal 

power spectrum, which depends on 
the ones density p. 

(fl fO)2 [ex + (1 - ex) c(l, f) ] = the power transfer function of the 
c (I, to) crosstalk coupling path, which is 

defined to be 1 at f = to, and where 
c (1, f) is the power transfer func­
tion of the cable section of length 
I at frequency f 

r(l, f) = the power transfer function of the 
repeater cable equalization where 
I, the length of the cable section, 
determines the overall amount of 
gain through the action of the 
ALBO. 

4.5.1 Dependence of I on cable insertion loss 

The dependence of section margin on cable insertion loss is entirely 
through the I term of the margin eq. (2). The insertion loss power ratio 
1/c(1,f) appears in both the repeater gain shape and in the FEXT part 
of the crosstalk coupling expression. For AcxT-dominated lines, I 
decreases by about 1.09 dB for every dB increase in insertion loss at 
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772 kHz. This is entirely through the action of the ALBO acting to 
change the overall gain of the repeater to bring the equalized signal up 
to a given peak level. The field measurements allowed the calculation 
of the quantity [(L) - [(Lo) for each line measured, where L was the 
measured insertion loss in dB for the given line and Lo is equal to 31.7 
dB, which was the loss equalized for by the test repeater for all noise 
power measurements. This quantity eliminates the large variation in 
[ for a given loss due to variation in Q over the lines measured. It is 
plotted versus measured insertion loss in Fig. 16. The one-for-one 
dependence of [ on insertion loss is clearly seen. 

4.5.2 Dependence of I on p and alpha 

The single interferer noise power [ also depends on the ones density 
of the interferer and on the fraction of interference due to ACXT and 
FEXT. A plot of [versus p for a = 0, 0.5, and 1 calculated for the test 
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repeater for a 772-kHz section loss of 30.7 dB is given in Fig. 17. (The 
value of I for the theoreticallOO-percent cosine roll-off repeater defined 
by eqs. (19) and (22) ranges about 1.5 to 3.0 dB greater than the 
equivalent value of I for the test repeater.) 

The ones density dependence reflects the fact that as more pulses 
are sent on the disturbers, more crosstalk power is generated. Roughly 
speaking, twice the pulse density on the disturbers will produce twice 
the noise power (3-dB increase), except where adjacent pulse interfer­
ence or coherent effects over several disturbers cause a large degree of 
cancellation or reinforcement. 

The change of I with change in a is small and may be positive or 
negative depending on the repeater preamplifier gain shape. For ex­
ample, I increases by about 0.6 dB for the theoretical 100-percent 
cosine roll-off repeater when a changes from 0 to 1. However, I 
decreases by 0.7 dB for the test repeater for the same change in a. 

4.6 Peak signal power at the repeater decision point 

For an ideal repeater, which perfectly equalizes the cable-loss shape, 
the Tl signal spectrum is operated on by a 100-percent cosine roll-off 
low-pass filter with compensation for 50-percent duty cycle pulses as 
shown in eq. (19). The overall gain at the midpoint of the roll-off 
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function is -6.0 + 0.91 dB, where the second term is an adjustment for 
50-percent duty-cycle pulses. Since the power of a 3-volt, 50-percent 
duty cycle, all ones T1 signal at 772 kHz is 18.7 dBm, the peak power 
at the repeater decision point may be estimated as 18.7 - 6.0 + 0.9 = 

13.6 dBm. 

4.7 Peak signal-to-rms-noise ratio 

The term B is defined as the ratio of the peak signal voltage to the 
rms noise voltage that would produce a 10-6 error rate in an ideal 
repeater. B will change depending on the ones density of the line being 
measured, since the probability of error given a zero (no pulse) is not 
necessarily equal to the probability of error given a one (positive or 
negative pulse). For Gaussian noise, B is 19.6 dB, assuming all ones, or 
19.7 dB, assuming 50-percent ones, where the error threshold is as­
sumed to be exactly one-half the peak equalized pulse height. Since 
the average ones density observed in the field measurements was 
about 0.7, we will, in general, assume the Gaussian peak signal-to-rms­
noise ratio to be about 19.7 dB. 

B was calculated for a subset of lines for which noise voltage 
distribution measurements were made in the field. This subset was not 
random, and tended to emphasize those lines that had low margins or 
obvious single disturber effects, as seen by a visual inspection of the 
crosstalk noise at the repeater decision point. The resultant distribu­
tion of B is plotted in Fig. 18. 

The average value of B calculated for the selected lines was 19.3 dB, 
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quite close to the Gaussian value. The lowest value determined for B 
was about 17 dB, which is closer to the Gaussian value than the value 
expected for a single T1 disturber (13 dB for FEXT). 

A slight correlation of peak signal-to-rms-noise ratio with margin 
has been observed such that the lowest margins are increased by a 
small amount (by about 0.7 dB on average) over what would be 
expected if the noise were Gaussian with the same rms voltage, as 
assumed in the simplified model of Section III. This effect is shown in 
Fig. 13 by the fact that the best fit to the margin versus noise power 
data (solid line) has a slope less than one (dashed line), and that the 
fitted curve is about 0.7 dB above the unit-slope curve at the low­
margin end. That the correction for peak factor indeed reduces this 
discrepancy is illustrated in Fig. 19, which shows the same plot as Fig. 
13 (but only for those lines for which B was measured), except that the 
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margins have been corrected to a constant value for B. The coincidence 
of the fitted and unit-slope lines is almost exact. 

The main reason for the reduction of B for low-margin lines appears 
to be that apparatus-case crosstalk is controlled by within-slot cou­
pling. With only one or two disturbers, the noise-amplitude distribution 
is truncated, and the peak factor is reduced. The reduction is quite 
small, however, and even in situations where one noise source was 
observed to be visually dominant at the repeater decision point, only 
a slight reduction of peak factor from Gaussian was seen, indicating 
that residual noise was present. 

4.8 Repeater impairment 

The value of A, the repeater impairment, is defined by the margin 
eq. to equal: 

A = S - B - (I + Q) - M, (6) 

where S = 13.6 dBm and M and (I + Q) are measured. The value of B, 
the peak signal-to-rms-noise ratio at a 10-6 error rate, is less well 
determined, since voltage-distribution measurements were made on 
only a small subset of the total lines measured. 

If we assume the mean measured value, 19.3 dB, for B, we obtain a 
distribution for A for the test repeater as shown in Fig. 20. The 
distribution of calculated A values for the test repeater runs from 2 to 
9 dB, a fairly large range. Other than variations caused by differences 
in cable loss versus frequency shape from pair to pair (resulting in 
differences in equalization from line to line, even with the same 
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Fig. 20-Repeater impairment for the 466/201 situation. Number of points = 962; 
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repeater), one expects the degradation A for a given repeater to be 
constant. Indeed, although the extreme ends of the measured distri­
bution of A are widely separated, 95 percent of the points lie between 
3 and 6 dB, resulting in an overall standard deviation of only 0.61 dB 
about the mean of 4.3. Much of the variation is likely because of 
measurement error for the margin M and the noise power sum (1 + 
Q), as well as the fact that the A values are uncorrected for variations 
inB. 

The expected A for the ensemble of service repeaters measured in 
the field may be related to the differences in margin observed between 
test and service repeaters. The distribution of test-minus-service mar­
gin is plotted in Fig. 21. The mean difference is -0.2 dB, indicating the 
average service-repeater performance was slightly better than the test­
repeater performance. The standard deviation of test-minus-service 
difference is 0.91 dB, indicating corresponding variation in repeater 
properties (equalization gain shape, threshold offsets, etc.). 

Since the distribution of test-minus-service margin has a mean near 
zero for the field measurements, the expected A value for service 
repeaters is also 4.3 dB, if one assumes the average 1 value (which 
depends on the repeater gain shape) to be the same for test and service 
repeaters. If 1 is not the same, then at best we know that the quantity 
(1 + A), which is a measure of the overall repeater performance, is the 
same on the average for the test and service repeaters. 

Since the 4.3 dB value for A is 1.7 dB less than has been previously 
assumed for section engineering,2 and the value of 1 for the test 
repeater is 1.5 to 3.0 dB less than 1 for the 100-percent cosine roll-off 
repeater, which has been used in the past for system engineering, the 
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overall repeater performance observed in the field averages about 4.0 
dB better than has been previously assumed. 

4.9 Summary of margin model as applied to field measurements 

The margin eq. (2) has been used to account for the margin perform­
ance of intermediate-repeater sections of known cable loss L, in a noise 
environment characterized by peak signal-to-rms-noise ratio B, effec­
tive disturber ones density p, fraction apparatus-case crosstalk lX, and 
total equalized noise power (1 + Q). The independent measurement or 
calculation of these quantities, along with the measurement of actual 
margin itself allowed the determination of a value for the repeater 
degradation A for the test repeater, and by inference, limits on A for 
the population of service repeaters in the field. 

Since the range of variation of the parameters L, A, and B was very 
small for the particular set of lines measured (e.g. almost all lines were 
6 kft long), it was possible to obtain a very good fit to the measured 
margin distribution by setting L, A, and B to their mean values and 
assuming that the crosstalk coupling power sum Q was the only 
random variable from line to line. The distribution of Q then mapped 
directly onto the distribution of M. 

However, it is desirable to go beyond the limited set of repeater­
section layouts studied in the field measurements. If the total popula­
tion of Tl repeater sections is to be considered, values for model 
parameters, especially section-loss L, must be taken from distributions 
of all possible values in order to predict current performance, or must 
be taken from expected extreme limits in the engineering of sections 
to perform properly under all conditions. 

V. ADDITIONAL CHARACTERIZATION RESULTS 

Measurements of basic cable and system parameters (such as inser­
tion loss and dc powering current) and of margins for less common or 
nonstandard situations were made in the field-measurement program. 
Some of the results are described in this section. 

5. 1 Cable insertion loss 

The insertion loss of each cable section measured has a direct impact 
on the margin expected for the section, mainly because the amount of 
signal attenuation is the main determining factor of the expected 
signal-to-noise ratio at the receiving repeater input. 

Figure 22 is a plot of the distributions of cable-section insertion loss 
at 772 kHz for all of the 22-gauge pulp sections measured for margin. 
The different average section losses reflect the different section 
lengths. The standard deviation of loss about the mean is approxi­
mately the same for all sections measured and is about 0.5 dB. This 
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Fig. 22-Distributions of 772-kHz insertion loss showing separate results for each 
cable for the 466/201 situation. Number of points = 923. 

variation is reflected into an expected variation of service margins for 
each section, which, however, is usually not directly apparent since 
variations due to crosstalk noise differences from line to line predom­
inate over variations due to differences in insertion loss. 

If insertion losses are normalized to 1 kft, the distribution of losses 
in dB per kft of Fig. 23 is obtained. The mean result, slightly less than 
5.2 dB per kft, is in agreement with the 772-kHz losses of previous 
measurements of 22-gauge pulp cable. 

5.2 Dc simplex powering current 

One of the measures of system integrity is the dc current used to 
power the manhole repeaters. This current is sent in simplex mode 
(longitudinally over the same wire pair used for the signal) from one 
of the span offices through all the side-1 regenerators, is looped back 
at some intermediate point or at the other span office, and returns to 
the original office through all the side-2 regenerators of the given line. 

The nominal value for this current is 140 rnA dc for the older 
repeater types. Figure 24 shows the distribution of observed currents 
for the repeater sections that were measured for margin. While the 
mean is close to the nominal value, some outliers are strongly apparent. 
(The set of points at about 125 rnA all come from the same span.) 
However, the repeater powering voltage is not strongly dependent on 
the line powering current, and therefore, most repeaters will operate 
without observable margin degradation over a wide range of current. 
A scatter plot of margin versus powering current, Fig. 25, shows no 
obvious correlation; however, since the margin variations are domi-

994 THE BELL SYSTEM TECHNICAL JOURNAL, JULY-AUGUST 1981 



I-

8 5.6 r---r---..,------,--~r.___--__._--__._T_"-__r_-__,--__,______, 
u. 
o 
..J 

~ 
II: 
~ 5.4 

~ 
w 
ID 

<3 
~ 5.2 

~ 
..J 

Z 
o 
i= 
II: 
W 
(/) 

~ 4.8 
w 
..J 
ID 
c( 
U 

PERCENTAGE LESS THAN ORDINATE 

Fig. 23-Distributions of 772-kHz insertion loss in dB/kft for the 466/201 situation. 
Number of points = 923; average = 5.16; standard deviation = 0.12. 

nated by crosstalk noise variations, small correlations between margin 
and powering current are not easily observed. 

5.3 Other margin measurements 

While we have concentrated on a "standard" configuration of 22-
gauge pulp cable with 466-type apparatus cases and 201-type repeaters, 
it is important to note that a significant fraction of the physical plant 
does not have this configuration. Perhaps the most common difference 
are the use of lightning-protected 205-type repeaters in 46B-type ap-
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Fig. 24-Line-powering currents for the 466/201 situation. 
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paratus cases, and the deployment of the newer and smaller 208- and 
209-type integrated circuit repeaters in the 475-type apparatus case. 
Also, the use of 19- and 24-gauge instead of 22-gauge and the use of 
polyethylene-insulated conductor (PIC) instead of pulp insulated cable 
is not uncommon. A relatively small subset of field measurements 
treated some of these "nonstandard" situations. 

5.3.1 Apparatus case type 475 

About one sixth of the lines measured for margin had 475-type 
apparatus cases rather than the more usual (for these measurements) 
466-type. These cases house the 208- or 209-type integrated circuit 
repeater. A comparison of case performance may be made by observing 
margins measured using the test repeater for both case types. 

Figure 26 shows the measured margin distributions for the test 
repeater for the two types of cases. The mean margin for the 475 
distribution is about 1 dB worse than the mean 466 margin. However, 
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differences in FEXT contributions for the two measurement groups are 
responsible for at least part of this difference. 

The lower portions of the two distributions, most likely dominated 
by ACXT effects, have estimated asymptotes indicated by the straight 
lines shown. Although the data available for the 475 cases are small, it 
appears that they may be treated equivalently to 466 cases in margin 
calculations, since the estimated effects at the O.l-percent point are 
the same. 

5.3.2 Nineteen-gauge cable, NEXT exposure 

One of the special conditions encountered in the field measurements 
was a single 455-pair 19-9auge pulp cable using 22-gauge section 
lengths, which was completely filled with T -carrier so that opposite 
directions of transmission sometimes appeared in adjacent binder 
groups. This configuration made cable NEXT the dominant source of 
noise at the repeater input, at least for those binder groups that were 
adjacent to Tl groups with transmission in the opposite direction. 

Figure 27 shows the measured distributions of test repeater margins 
for each of the six binder groups observed for this cable. The lowest 
margins occur for binder groups in the outer part of the cable, where 
adjacent-unit NEXT was dominant. The next lowest margins occurred 
for inner binder groups that were subject to adjacent- or alternate-unit 
NEXT from other inner or outer binder groups. The best margin 
distribution was observed for a binder group that had no adjacent-unit 
NEXT exposure. 

The situation illustrates the engineering tradeoff between number 
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of systems allowed in the cable and repeater section transmission loss. 
About twice the usual number of systems have been allowed in the 
cable (thus, raising levels of NEXT), while the section loss has been 
held to about 23 dB (by using 22-gauge section lengths for I9-gauge 
cable). Also illustrated is the fact that outer binder groups are more 
susceptible to adjacent-unit NEXT coupling (especially from other outer 
binder groups) than are inner binder groups. 

VI. SUMMARY 

The measurement program described here has provided data on 
about 2000 TI intermediate repeater section lines most of which are 
operating in the 466/468 apparatus-case environment. The principal 
results of this program are as follows: 

(i) The average margin observed for TI repeater sections (whose 
average cable insertion loss is 30.7 dB at 772 kHz) is 22.6 dB. The 
estimated margin at the O.I-percent point of the distribution is 8.5 dB. 
These results imply that for properly engineered systems, almost no 
errors should result from intersystem crosstalk. 

(ii) Repeater section margin at 10-6 error rate may be accurately 
predicted if the crosstalk noise power sum at the decision point of the 
T-carrier repeater is known. Other parameters, such as repeater deg­
radation A, or noise peak factor B, may be held to constant (average) 
values in the prediction of margin. 

(iii) Apparatus-case crosstalk is the dominant form of crosstalk 
interference for intermediate sections where 466, 468, and 475 cases 
are used. 80 percent of lines have more crosstalk energy at 772 kHz 
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from ACXT than from FEXT; about 5 percent of lines show no FEXT at 
all (a = 1). 

(iv) The average repeater performance ([ + A) observed in the 
field measurements is about 4 dB better than has been previously 
assumed in models featuring the 100-percent cosine roll-off transmis­
sion channel. The single interferer noise power [is 1.5 to 3.0 dB less 
for a specific test repeater than for the 100-percent cosine roll-off 
repeater, and the repeater degradation A for the practical repeater is 
1. 7 dB less than has been previously assumed in the engineering model. 

(v) The mean peak factor determined for intersystem crosstalk 
noise is about 19.3 dB, very close to the Gaussian value of 19.7. The 
peak factors for low margin lines are about 0.7 dB less than the 
average, thereby raising the margins of these lines about 0.7 dB above 
that expected from knowledge of only crosstalk noise power and the 
average peak factor. Most end sections exhibited very nearly Gaussian 
noise; a few did show evidence of noise that was impulsive in nature 
(high peak factors). 
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APPENDIX A 

ACXT and FEXT Components of Margin 

The predicted margin curves of Section III were calculated from the 
margin equation (2), assuming constant values for all terms except Q, 
the power sum of the crosstalk coupling coefficients. The following 
values were used: 

s = 13.6 dBm 
B = 19.3 dB 
A = 4.3 dB 
p = 0.69 
a = 0.69 
L = 30.7 dB 

[(p, a, L) = 36.53 (ACXT) 

[(p, a, L) = 37.04 (FEXT) 

[(p, a, L) = 36.45 (NEXT) 
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The values for I were obtained by applying eq. (5) to the test repeater 
used in the margin measurements. Results for ACXT and FEXT are 
plotted in Fig. 17. For the NEXT value for I, eq. (5) was used except the 
( f / fo) dependence was changed from squared to the power 1.5, char­
acteristic of NEXT. 

Then the margin equations for ACXT, FEXT, and NEXT become: 

M ACXT = -46.59 - QACXT 

MFEXT = -47.10 - QFEXT 

M NEXT = -46.51 - QNEXT 

(7) 

(8) 

(9) 

U sing the values for Q derived from Figs. 2 and 3, the predicted margin 
curves in Section III for ACXT and FEXT were obtained. QACXT and 
QFEXT were obtained using eqs. (23) and (24) in Appendix B. The 
distribution of QNEXT was obtained by assuming average alternate unit 
NEXT pair-to-pair coupling averaging -103 dB with standard deviation 
of 7 dB and assuming 50 alternate-unit disturbers.2 The average power 
sum QNEXT for this situation is -80 dB with standard deviation 2.0 dB. 
Applying this to eq. (22) produces the predicted NEXT margin curve of 
Fig. 8. 

APPENDIX 8 

ACXT and FEXT Components of Noise 

Assuming that NEXT is negligible, the noise power density (watts/ 
Hz) at the repeater input (before equalization) because of a single T1 
disturber may be broken down into ACXT and FEXT components as 
defined in the equation: 

n(p, l, f) = w(p, f)[XA( f) + xF(l, f)c(l, f)], (10) 

where all terms represent single-sided power spectral densities, and it 
has been assumed that ACXT and FEXT signals are independent so that 
their powers may be added directly to produce the total noise power. 

(i) w(p, f) is the power spectral density of the T1 signal at the 
disturber source (repeater output) where p is the ones density. It is 
given by: 

2A2 T 
w(p, f) = R2 p(l- p) 

[
sin 7TfT/2]2 1 - COS(27TfT) 

• 7TfT/2 1 + 2(2p - 1)cos(27TfT) + (2p - 1)2· (11) 

This represents a bipolar pulse stream with ones density p, rectangular 
pulses with 50-percent duty cycle, pulse period T, pulse amplitude A, 
through a reference impedance R. For T1 systems, liT = 1.544 X 106 

Hertz, A = 3 volts, and R = 100 ohms. 
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(ii) XA( f) is the crosstalk power transfer function from disturber 
source to test-repeater input, where the disturber source is located in 
the same apparatus case as the test repeater. 

(iii) XF(l, f)c(l, f) is the crosstalk power transfer function from 
disturber source to test repeater input where the disturber source is 
located at the opposite end of the repeater section from the test 
repeater and couples through FEXT paths in the main cable. A factor 
c (l, f), representing the cable (power) transfer function, i.e. the inverse 
of the cable loss, has been split off to separate crosstalk effects from 
cable propagation effects. The factor XF(l, f) represents the equal-level 
FEXT coupling (power) transfer function for a cable section of length l. 
The dependence on l is different for different cable types and splicing 
arrangements. Pulp cable and random splicing result in a tendency for 
power addition of FEXT noise currents generated along the length of 
the cable, while PIC cable and color-for-color splicing result in a 
tendency for voltage addition. 

The expression for the noise power density, caused by multiple 
disturbers, is a sum of terms n (p, l, f) for each disturber, assuming 
independence of disturber signal sources. If all disturbers have a ones 
density p, then eq. (10) may be used to describe the total noise at the 
repeater input, provided that we interpret XA (f) and xF(l, f) as power 
sums of the individual pair-to-pair coupling coefficients. 

We can simplify the expression (10) by assuming a common depend­
ence on frequency f of the coupling power sums: 

(12) 

where fa is the one-half baud for Tl, 772 kHz. This gives: 

n(p, l, f) = w(p, f)(flfa)2[aA + aF(l)c(l, f)]. (13) 

Finally, we can parameterize the relationship between ACXT and FEXT 

by defining: 

aA 
a = ---___ ---

aA + aF(l)c(l, fo)' 
(14) 

where a represents the fraction of the noise density at f = fo that is 
caused by apparatus-case crosstalk. (Note, this is not the same as the 
fraction of total integrated noise power due to ACXT.) The noise power 
density at the repeater input may then be expressed: 

2 [ c(l, f) ] n(p, a, l, f) = w(p, f)(flfa) q(l) a + (1 - a) c(l, fa) , (15) 

where 

q (l) = aA + aF(l)c (l, fo). (16) 
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Since, at f = fo, eq. (15) reduces to 

n(p, lX, I, fo) = w(p, fo)q(/), (17) 

then q (I) is the power sum, from all sources, of the crosstalk coupling 
coefficients at f = fo to the repeater input of the line being tested. 

Equation (15) is a function of the frequency {, and of the parameters 
p, lX, and I. Direct measurements were made of the relative value of 
n (p, lX, I, f) for 3 to 5 frequencies for each TIline. Since the cable loss 
1/ c (1, fo) was also measured, the parameters p and lX could be deter­
mined by fitting the equation (15) to the data, where the frequency 
dependence of the dB cable loss was assumed to be fo. 58

, as was 
measured for the pulp cables surveyed in these field measurements. 

The interpretation of the value obtained for p in the fit is slightly 
ambiguous, because it is known that all disturbers did not have the 
same ones density. However, the parameter p, redefined as some sort 
of composite ones density for all the disturbers, was quite useful in 
characterizing the noise, and behaved in a reasonable manner as 
discussed in the main body of the text. 

The total noise power appearing at the decision point of the repeater 
(i.e. after equalization) is given by: 

""'t(P. a. l) = r n(p. a. l. f)r(f)d{, (18) 

where r( f) is the (power) gain of the repeater input equalization. Note, 
the repeater input gain normally depends also on the cable loss 
l/c(/, fo) through the action of the ALBO in restoring a Tl signal to 
fixed equalized pulse height. However, for noise measurements, the 
ALBO was disabled and the repeater gain fixed to equalize a fixed cable 
loss (31.7 dB) at 772 kHz. For an ideal repeater with 100 percent cosine 
roll-off, and compensation for 50-percent duty cycle pulses, the gain is 
given by: 

[r (l. M/2 = ~ [ 1 - Sin( i f ;. to) ] (Si: ~;:~f.) [c(l. ~) ]'/2 (19) 

for I fl :5 2fo and equals zero otherwise. 
Substituting from eq. (15) into eq. (18), the total noise power at the 

repeater decision point is: 

n",,(p. a. l) = q (l) r w (P. f)( fI fo)2 

. [a + (1- a) :::: 2) ] r(f)df 

(20) 
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or 

ntot(p, ex, I) = q(l)i(p, ex, I), 

where i (p, ex, l) is defined as 

(21) 

. r~ 2 [ c (I, f») 
l(p, ex, I) = Jo w(p, f)(flfa) ex + (1 - ex) c(l, fa) r(l, f)df. (22) 

Equation (20) is used to define the terms I and Q appearing in the 
margin eq. (2) in the main body of the text, where the capital letters 
refer to dB quantities. In the field measurements, I has been deter­
mined by numerical integration for each measured line given the fitted 
values for p and ex, and given the measured frequency dependence of 
r( f) for the test repeater. The individual contributions of ACXT and 
FEXT to the power sum Q were then determined by: 

ntot 
qACXT = aA = exq(l) = ex -. , 

1, 

where ntot is the measured noise power sum. Also, 

(23) 

ntot 
qFEXT = aF(l)c (I, fo) = (1 - ex)q(l) = (1 - ex) -. . (24) 

1, 

The distributions of aA and aF(l) obtained by the use of eqs. (23) 
and (24) with the field measurement data are plotted in Figs. 14 and 
15 and discussed in Section 4.4. In the plot of Fig. 15, I is approximately 
6000 feet so that aF(I) represents the equal-level FEXT coupling for a 
full-length repeater section. 
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A computer operated measurement system was developed for the 
T1 characterization program. Using this automated system, we mea­
sured the T1 repeater section crosstalk margin, insertion loss, power 
sum, line resistance, simplex current, longitudinal currents, crosstalk 
spectrum, noise voltage distributions, and repeater margin, and made 
calibration checks. Over 100,000 field measurements have proven this 
test system to be reliable, versatile, and accurate. 

I. INTRODUCTION 

As part of the T -Carrier characterization program, T1 repeater 
section performance measurements were performed in 1977 and 1978. 
In this paper, we describe the experimental design and equipment 
implementation for these measurements. Other aspects of this program 
are described in companion papers.1 The T1 repeatered line consists of 
the regenerative sections adjacent to central offices (end sections), and 
the intermediate sections. Intermediate section measurements per­
formed at manholes are discussed in Section 2 and end-section mea­
surements in the central office are described in Section 3. 

The following measurements were performed for each intermediate 
section: 

(i) Line resistance and simplex power currents 
(ii) Longitudinal ac current 

(iii) Pair insertion loss at various frequencies 
(iv) Crosstalk coupling losses within the apparatus case slot 
(v) Crosstalk power sum 

(vi) Line margin for a test repeater 
(vii) Bit-rate and half-hit-rate output power of transmitting re­

peater 
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(viii) Crosstalk spectrum at repeater input 
(ix) Automatic line buildout current of test repeater 
(x) Voltage amplitude distribution of crosstalk noise 

(xi) Service repeater margin and eye opening 
(xii) Test repeater calibration checks 

End sections were characterized by measuring crosstalk power sum, 
crosstalk margin, and voltage amplitude distribution of crosstalk using 
separate test equipment designed for single-ended measurements in 
the central office. 

II. INTERMEDIATE SECTION MEASUREMENTS 

Analysis of plant records indicates extensive use of 900- and 1100-
pair pulp cables for T1 in metropolitan areas.2 For one-cable operation, 
previous engineering rules for these cables allowed 200 and 250 T1 
systems, respectively. With these large T1 cross sections, an automated 
measuring system was deemed essential for fast and reliable measure­
ments and recording of data. 

The measurement configuration is outlined in Section 2.1; more 
detailed descriptions of individual measurements are given in Section 
2.2. Use of the minicomputer to control the system is described in 
Section 2.3 and measurement accuracy is discussed in Section 2.4. 

2.1 Automated measuring system 

The measuring equipment was housed in two mobile vans stationed 
at the ends of the repeater section under test. The remote van (Fig. 1) 
was positioned at the transmitting end and housed signal sources. The 
control van (Fig. 2) was stationed at the receiving end and contained 
the bulk of the measuring equipment, the minicomputer, and data­
recording equipment. 

Access to the pairs to be measured was provided in the apparatus 
case slots by probes (Fig. 3) permitting connection of side 1 and side 
2 inputs and outputs to the control panels (Fig. 4) in the vans by 60-
foot shielded patch cables. The specially designed control panels were 
the heart of the test arrangement. The manhole (service) repeater or 
a test repeater were inserted in the control panels at each end, which 
then allowed test equipment to be inserted into the T1 transmission 
path. Specially packaged, portable, automatic-protection switches 
were installed in the central offices at the ends of the measured span 
to allow removal of repeaters on one line at a time without manual 
patching by central office personneL 

Measurements of power sum and test repeater margin were per­
formed with a special test repeater. The test repeater was a laboratory­
modified automatic line build-out (ALBO) repeater with one side (re­
generator) modified to provide the following features: 
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Fig. I-Remote van containing signal sources. 

(i) Access to the regenerator decision point for observation of the 
eye and for measurement of crosstalk power sum and signal level. 

(ii) Option of regulated (normal) or fixed ALBO operation with 
monitoring of the ALBO current in both cases. 

(iii) On/off control of the regenerator clocks. 
Measurements were controlled by a minicomputer with 32K of 

memory (Section 2.3). It performed the following principal functions: 
(i) Control of relays to set up the required measurement paths and 

instrument connections. 
(ii) Setting of synthesizer frequencies. 

Fig. 2-Control van containing measuring equipment. 

T1 CARRIER CHARACTERIZATION 1007 



Fig. 3-Apparatus case with access equipment. 

(iii) Search routines for attenuator settings to produce voltmeter 
readings or error counts within a specified range. 

(iv) Processing of voltmeter and counter outputs for recording on 
magnetic tape and for production of hard copy listing by a printing 
data terminal. 

(v) Prompting of the operator for identification of repeater section, 
case, and slot. 

A digital voltmeter and a counter interfaced with the computer via 
standard interfaces. All other interfaces with the computer were 
specifically designed for this experiment. A telemetry system, operating 
over any available pair capable of carrying an audio signal, was 
employed to transmit control signals from the control van to the 
remote van. A simplified block diagram of the measurement system is 
shown in Fig. 5. 

2.2 Measurements 

This section describes the individual measurements in detail; the 
relevant portion of the measurement equipment for each of the mea­
surements is shown in Figs. 6 through 13. In these figures, the individ-
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Fig. 4-Interior view of van showing control panels. 

ual relays operated from the computer are identified by numbers in 
circles. The relay contacts are shown by the detached contact method, 
which indicates the nonenergized relay state by a single straight line 
through the transmission path for a closed contact and by a cross for 
an open contact. High isolation contacts are shown as double contacts. 

2.2.1 Line resistance and simplex power current 

The first measurement, cable resistance, was primarily intended to 
assure continuity of the transmission path between the control and 
remote vans once all signal and telemetry connections were made. 

Line current was measured under normal operating conditions by 
measuring the voltage across a known resistor which was connected 
between the center taps of a 1:1 transformer, as shown in Fig. 6. A 5-1,6 
digit DVM and a resistor of known value assured an accuracy of ±0.5 
percent for the line-current measurement. 

2.2.2 Longitudinal ac current 

Low-frequency longitudinal current, band-limited by a filter (20 Hz 
to 1 kHz), was across a 10-ohm series resistor while a current probe 
was used to measure the high-frequency currents (1 kHz to 10 MHz), 
as shown in Fig. 7. 

2.2.3 Pair loss at various frequencies 

Pair-loss measurements at selected frequencies were performed with 
the following instruments, as shown in Fig. 8: 
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(i) A precision level generator was located at the remote end. Its 
frequency was controlled by a frequency synthesizer set by the com­
puter from the control end via telemetry. 

(ii) Located at the control end was a transmission measuring set 
(TMS) consisting of a stable level generator and a frequency selective 
level meter. The control frequency was also controlled by a synthesizer 
set by the computer. Auto-ranging detector operation was obtained by 
setting the detector to 80 dB of gain and applying signal to it via a 
programmable precision attenuator (0.1 dB resolution) controlled to 
produce a small range of dc output from the detector for measurements 
by the digital multimeter. 

Measurement accuracy depended on the absolute level stability 
(better than 0.1 dB) of the level generators. The control-end detector 
(subject to drift) was automatically calibrated against the control-end 
generator (stable) before each measurement. 

2.2.4 Crosstalk coupling losses within apparatus case slot 

Figure 9 illustrates the measurement approach for within-slot 
crosstalk measurements. Measurements were performed with the con­
trol van's transmission-measuring set (TMS) described in Section 2.2.3. 
Six selective measurements (40-Hz detector bandwidth) at 772 kHz 
were made as follows: 

(i) Side-1 input noise power with no signal on side-lor side-2 
outputs ("background" noise). 

(ii) Side-1 input with side-1 output excited. 
(iii) Side-1 input with side-2 output excited. 
(iv) Side-2 input noise power with no signal on side-lor 2 outputs 

(background noise). 
(v) Side-2 input with side-1 output excited. 
(ii) Side-2 input with side-2 output excited. 

2.2.5 Crosstalk power sum 

Measurements of crosstalk power sum at the repeater decision point 
were performed with the test repeater (Section 2.1). Since there was 
no T1 signal for the automatic line build-out (ALBO) to regulate 
properly, the preamplifier gain (and hence equalization) of the test 
repeater was fixed by forcing the ALBO current to the value it would 
have if regulating (operating normally) for a particular half-bit-rate 
pair loss. A convenient choice was 31.7 dB, which was within the loss 
range of the sections measured. 

An oscilloscope with a differential plug-in amplifier monitored the 
noise signal at the regenerator decision point (repeater eye) relative to 
circuit ground and provided an unbalanced signal from its vertical 
output, which was measured by a true rms voltmeter. A dc voltage 
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proportional to the rms noise voltage was produced by the voltmeter 
and in turn measured by the digital dc voltmeter, which converted the 
dc voltage to a digital value suitable for the computer. An amplifier 
and variable attenuator under control of the computer and ahead of 
the test repeater brought the repeatered-line noise voltage within the 
measurement range of the true rms voltmeter. 

2.2.6 Line margin 

Line margin, the principal measure of performance, is defined as the 
number of dB that the signal-to-noise ratio of a repeater section must 
be reduced to produce a 10-6 error rate. For this measurement program, 
an amplifier-attenuator technique was used (Fig. 10). A quasi-random 
signal from a T1 word generator was injected through an artificial line 
(31. 7 dB at 772 kHz) into the repeater input at the remote van. The 
repeater output was then attenuated by a remotely controlled 75-ohm 
attenuator, which was matched to the line with a repeating coil and 
matching pad. The minimum loss through this attenuator-transformer 
arrangement was 3.2 dB. In the control van, an amplifier-attenuator 
combination with a total available gain of 41.3 dB was switched in 
ahead of the repeater under test. The unbalanced-to-balanced conver­
sion for this arrangement was accomplished with 1:1 transformers. A 
small inductor of 440 JlF in series and O.Ol-JlF capacitor to ground were 
added to the simplex power loop to prevent amplifier oscillation. The 
net margin-measuring range for this arrangement was from 3.2 to 38.1 
dB with 0.1 dB precision. The computer kept the attenuation at the 
remote van equal to the amplification at the control end to maintain 
the correct signal level at the repeater input. The system searched 
automatically for an attenuator setting that produced an initial error 
rate close to 10-3

• Four additional error-rate measurements were then 
made with the attenuator reduced in I-dB steps, and the attenuation 
for a 10-6 error rate was calculated by polynomial interpolation. The 
functional relationship between attenuation and error rate is a measure 
of the peak factor of the noise. 

The error rate (actually the bipolar-violation rate) was determined 
at the repeater output by a bipolar-violation detector and a counter. 
Two separate quasi-random signal sources (QRSS) energized the output 
pins of the apparatus case connector for the slot being tested to 
maintain normal within-slot crosstalk. 

To obtain a measure of the variation of repeaters in the field, margin 
was measured for each line with the repeater found in the slot (service 
repeater) and with the test repeater (ALBO regulating normally). 

2.2.7 Bit-rate and half-bit-rate output power of transmitting repeaters 

Since the transmitted signal level of the service repeater in the 
remote van affects the measured service repeater margin, a measure-
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ment of the remote van's transmitting repeater output was made from 
the control van. This measurement was made with a l500-Hz band­
width at 772 kHz and 1.544 MHz when the remote service repeater 
was driven with an all ones signal produced by the remote van's word 
generator under telemetry control. The bit-rate power (1.544 MHz) is 
a measure of the balance between positive and negative pulses; the 
half-bit-rate power (772 kHz) is a measure of the output pulse ampli­
tude of the transmitting repeater (after correction for line loss). 

2.2.8 Crosstalk spectrum 

The measurement of the crosstalk power spectrum was made at 
several frequencies with the level detector at the control van's repeater 
input while the remote end of the repeater section was terminated 
with a lOO-ohm resistor (Fig. 11). The receiver was set for lOO-dB gain 
and l500-Hz bandwidth to achieve maximum sensitivity. 

Measurements at three or more frequencies allowed calculation of 
the average ones density of the interfering signals and of the partition­
ing of the total crosstalk into cable far-end, cable near-end, and 
apparatus case near-end crosstalk (FEXT, NEXT, and ACXT). 

2.2.9 ALBO current of test repeater 

The test repeater's ALBO current was measured under two operating 
conditions; first, under the normal regulating condition to determine 
the ALBO setting as a function of cable loss for a normally regulating 
repeater, and second, under the fixed ALBO condition where the ALBO 

current was preset for a specific cable loss. This measurement consisted 
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Fig. ll-System for measuring the crosstalk spectrum. 
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of a voltage measurement across a resistor in series with the repeater's 
ALBO diodes (Fig. 12). 

2.2.10 Voltage amplitude distribution of crosstalk 

On selected pairs, especially those with low margin, the probability 
distribution of the crosstalk voltage amplitude at the decision point of 
the test repeater was measured to determine possible departure from 
the Gaussian distribution that is generally assumed for margin analysis 
(Fig. 13). 

The rms noise voltage measured at the repeater decision point (eye) 
was adjusted by computer control of a variable attenuator to a level 
Yo. A comparator, whose thresholds were also set by the computer, 
produced an output when the noise signal exceeded a selected value. 
The comparator output was clocked into a counter to determine the 
percentage of time for which the noise exceeded each level. 

The threshold level was incremented from zero in integral multiples 
of the rms voltage until no counts were obtained in a I-second interval 
(typically at 4 Yo). Then the level was decremented in four steps of 
one quarter of the rms voltage (e.g., 3.75 Yo, 3.50 Yo, 3.25 Yo, and 3.0 
Vo), and 4-second counts were made to give high resolution and 
accuracy in the important "tails" of the distribution. 

2.2.11 Service repeater margin and eye opening 

Both the repeater-margin (not to be confused with the line margin) 
and eye-opening tests were designed as independent measurements of 
service-repeater performance. For these tests, the repeaters are oper­
ated on a 31.7 -dB artificial line. The eye-opening test employed a 
quasi-random signal in which the amplitude of a pulse in every 16th 
time slot could be varied from zero to full amplitude. This measure­
ment was intended to directly.measure the service-repeater eye deg­
radation due to the intersymbol interference resulting from imperfect 
equalization. The eye of the service repeater was closed by reducing 
the amplitude of a pulse representing a "one" or increasing the ampli­
tude of a small pulse substituted for a "zero" and measuring the error 
rate. 

The service-repeater margin was measured by determining the 
amount of suitably filtered broadband Gaussian noise necessary at the 
repeater input in order to cause a given error rate with a quasi-random 
signal. In addition to the effect of the repeater-eye degradation men­
tioned above, this test also reflected variation in the noise filtering of 
the Tl repeater preamplifier. 

The intent of these tests was to characterize the performance of the 
service repeater independently of the Tl plant in which it normally 
operates. 
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2.2. 12 Test-repeater calibration checks 

Several checks of the test-repeater performance were provided in 
this experimental arrangement. For example, the test-repeater-equal­
izer gain shape and stability were measured under fixed ALBO condi­
tions by injecting a single frequency from the level oscillator and 
measuring the resulting output at the repeater eye with the rms 
voltmeter. To test for any drift in the test-repeater ALBO current, a 
quasi-random signal was directed through an artificial line to the 
regenerator input while the ALBO current was measured. 

2.3 Computer measurement programs 

A new operating system for the minicomputer was developed for 
field measurements to satisfy the following special requirements: 

(i) Provide a core-based system for quick start-up and execution 
of measurement programs as well as decreased dependence on mag­
netic recording media (tape or disk) during long periods of operation 
in hostile environments. 

(ii) Provide a programming language with a set of basic commands 
for the sequential control of relays and measurement instruments and 
with the capability for algebraic calculations and conditional branch­
ing. 

(iii) Provide for the creation and saving of named measurement 
sequences (programs) that may thenceforth be called by name in the 
same manner as the basic commands. 

(iv) Eliminate cumbersome compilation and loading procedures 
when creating, modifying, or executing measurement programs so that 
the maximum time may be spent' on making actual measurements. 

The latest version of this system occupied the entire 32,768 words 
(16 bits) of the minicomputer, where the operating system used about 
20,000 words and the measurement programs filled up the rest of the 
core. Since core storage is nonvolatile, start-up of the system required 
only power on and a manual jump to a starting address. Only in those 
cases where previous versions of the operating system or measurement 
programs were desired (or for certain operator errors or hardware 
failures) was it necessary to load the computer memory from an 
external medium (tape or disc). 

The structure of the command language designed is very simple. 
Every command consists of a command name followed by a list of 
parameters, where all items are separated by spaces. Commands may 
be preceded by statement numbers, which may be used in control 
commands (e.g., GOTO) to refer to the given command. Multiple 
commands may be entered on one line, separated by semicolons. A 
line entered at the terminal mayor may not start with a line number. 
Command lines entered without a beginning line number are executed 
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as soon as entered. Command lines entered with a line number are 
stored in a program area as part of a current program being built up 
or modified. The current program may be saved under a new name, or 
may replace a previously saved program, and then becomes available 
for execution as a new command. 

The types of basic commands available in the operating system were 
as follows: 

(i) Instrument commands-e.g., "SYNN 772" sets the control van 
frequency synthesizer to 772 kHz and "DVM X" causes the digital 
voltmeter to make a reading and store the results in the variable X. 

(ii) Program control commands-e.g., "RANGE X A B 1 2 3" 
causes program execution to jump to statement 1 if X is less than A, 
to statement 3 if X is greater than B, and to statement 2 if X is in the 
range A to B inclusive. 

(iii) Algebraic calculations-e.g., "LET A = B + C / D" calculates 
the quantity (B + C) / D and stores the result in A. 

(iv) Trigonometric functions-e.g., "COS A X" calculates the cosine 
of A and stores the result in X. 

(v) Input-output statements-e.g., "WR 2 (F6.2, F8.1) A B" writes 
the numbers A and B to the terminal in the format indicated. 

(vi) System commands-e.g., "SAVE MEASCUR" saves the pro­
gram residing in the current working area into its own memory area 
under the name MEASCUR. 

Since new programs may be named, saved, and thenceforth called 
in a manner identical to the basic commands, a hierarchy of programs 
may be built up, where programs at a given level use previously 
constructed programs as building blocks. When a standard set of field 
measurements was being made, the last program was usually just a list 
of the measurements to be made, in the desired order. For example, a 
program named MEAS1 (which may be called by simply typing 
"MEAS1" on the terminal) may look like the following: 

100 RES; CUR; IL; PSUM; MARGIN 

and would perform the measurements of line resistance, simplex pow­
ering current, pair insertion loss, crosstalk power sum, and line margin 
in the indicated order. 

2.4 Measurement accuracy 

Tests were performed to evaluate the equipment accuracy. Mea­
surements of total within-slot crosstalk coupling losses exhibited a 
Gaussian distribution to about 100 dB (2.8 sigma point) indicating no 
truncating within this region due to detector sensitivity limitation. 
Crosstalk coupling losses within the measurement equipment itself 
were greater than 114 dB for all crosstalk measurement paths. In 
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addition, short-term measurement stability tests under field conditions 
revealed only small variations for other measurements. Ten repeated 
measurements made on three different repeater sections resulted in 
average standard deviations of 0.03, 0.19, 0.18, and 0.04 dB for power 
sum, test-repeater margin, service-repeater margin, and 772-kHz inser­
tion loss, respectively. 

An upper bound on long-term measurement accuracy for insertion 
loss can be inferred from field results. A sigma of 0.16 dB has been 
determined for the measurements of low-frequency insertion loss for 
each of seven complete cable cross-sections. This total variation in­
cludes actual pair-loss variations so that the TMS variation alone was 
less than 0.16 dB. 

Crosstalk power sum was measured twice within less than one 
minute under similar conditions on each of 503 T1 pairs in one 
measurement program. The distribution of the difference had a stand­
ard deviation of less than 0.1 dB. 

III. END-SECTION MEASUREMENTS 

The measurements performed on end sections (those repeater sec­
tions adjacent to a central office) were carried out in a single-ended 
mode as opposed to the double-ended master-slave van configuration 
employed in the T1 intermediate-section measurements. That is, 
equipment was employed only at the receiving end of the repeater 
section (the central office) rather than at both ends. 

3. 1 Test configuration 

The measurement procedure called for removal of the office service 
repeater from its slot, attaching an adapter to its edge connector, and 
reinserting it into the slot. The adapter allowed the incoming signal 
pair to be connected to the external measuring equipment while the 
line-powering current was maintained by the original office repeater 
reinserted into its slot. The incoming signal was passed through a 
variable (flat) gain broadband amplifier made up of an attenuator and 
a video amplifier connected in tandem. This combination provided a 
range of a available gain of -19.1 dB to +41.9 dB, adjusted nominally 
to 0.0 dB. 

Figure 14 represents the test equipment configuration, which em­
ployed an office repeater as the test repeater. Modifications were made 
to permit external monitoring of the test repeater's ALBO current 
(IALBO ) , decision threshold voltage (Vth ), and the (broadband) rms 
noise voltage (Vrms) present at the eye of the regenerator. In addition, 
ALBO current and threshold voltage were allowed to operate at their 
normal levels or fixed to externally provided reference levels. 
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Fig. 14-End-section test configuration. 

The regenerator output pulse stream was routed (with bipolar to 
unipolar conversion) to a digital counter, and the regenerator Vrms to 
an rms voltmeter. Outputs of both these instruments were interfaced 
to a microprocessor-driven measurement controller that performed 
operator prompting and interaction, measurement-algorithm control, 
and data-logging functions. 

3.2 End-section measurements 

Line margin at the 10-6 error rate was determined for end sections 
by amplifying crosstalk noise without signal on the line and counting 
output pulses. This was done by disabling the internal clock-extraction 
circuitry of the test repeater and inserting a local 1.544-MHz clock 
signal, thus enabling continuous sampling of the noise at the repeater's 
decision point, independent of input-signal timing energy. The test 
repeater was set up by adjusting and maintaining its threshold at one­
half of the peak signal, (VP / 2), and its ALBO current at a level corre­
sponding to the section length being measured. Then, with the test 
repeater operating essentially as a strobed comparator, flat gain was 
added at its front end until noise peaks present on each incoming line 
exceeded the threshold voltage (VP / 2 ), and began producing "ones" at 
the repeater's output. The margin was then taken as the amount of 
added gain required to produce pulses at a 10-6 rate. Note that this 
margin was in effect measured with a perfect eye; that is, the noise 
occupied fully 50 percent of the peak signal before producing an error. 
Thus, margins under operating conditions will be on the order of 4 dB 
lower to account for intersymbol interference under normal operating 
conditions. 
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In addition to margin, two parameters were measured to characterize 
the amplitude distribution of noise on end section lines. While the test 
repeater was producing pulses at a 10-6 rate, the rms value of the noise 
present at the repeater eye was measured and recorded. This value 
was used to determine the "noise peak factor," defined as the ratio 
"peak" to rms noise voltage in dB. In this instance, the peak voltage 
was taken to be the regenerator threshold voltage (Vth ) exceeded 
0.0001 percent of the time, corresponding to a 10-6 error rate, and was 
maintained in the test repeater at VP / 2• 

The second noise-distribution indicator was provided by degrading 
the signal-to-noise ratio in steps of 1.0 dB and recording the repeater's 
error rate at each step. The set of points obtained may then be 
compared to the theoretical probability of error for Gaussian noise. 

IV. CONCLUSION 

The measurement equipment for the T1 characterization program 
has proven reliable, accurate, and versatile under actual field condi­
tions. In fact, over 100,000 data items or a total of about 3,000 repeater 
section lines were measured in 1977 and 1978 with no more than 10 
hours of down time due to computer and transmission measuring set 
failures. High accuracy was maintained throughout the experiment by 
the elimination of human recording errors and the high inherent 
accuracy of the automated test procedures. Program modifications 
were readily accomplished throughout the experiment, permitting 
modification of existing programs for increased operational efficiency 
and the inclusion of new test programs. 
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Networks. E. F. Wunderlich, L. Kaufman, and B. Gopinath, Proceedings of the Fifth 
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Bell's Echo-Killer Chip. D. L. Duttweiler, IEEE Spectrum, 17 (October 1980), pp 
34-7. 
Coupling Efficiency of Optics in Single-Mode Fiber Devices. R. E. Wagner and 
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The Effect of Frictional Polymer on the Performance of Palladium Connector 
Contacts. E. S. Sproles, Jr., Proc IEEE Electron Compon Conf, 1980, pp 317-23. 
Effects of the Lower Atmosphere on Radio Prolongation at Frequencies Above 
1 GHz. T. S. Chu, URSI Symp Proc, Lennorville, Canada, May 26-30,1980, pp 6.8.1-
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The Effects of Multipath Fading on 16 QAM Digital Radio. W. W. Toy, ICC Conf 
Rec, 3 (June 1980), pp 52.1.1-52.1.5. 
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Generalized Box Medal for Electron Irradiated Teflon Foils. B. Gruss et aI., 1980 
Ann Rep Conf Electrical Insulation and Dielectric Phenomena, Boston, Mass., October 
1980, pp 313-20. 
High Resistivity Interfacial Layers Due to Compensation by Sulfur in (AI, 
Ga)As Devices. P. J. Anthony, N. E. Schumaker, and J. L. Zilko, IEEE Electron 
Device Lett, EDL·2, No.2 (February 1981), pp 46-9. 
J oint Carrier Phase and Symbol Timing Recovery for PAM Systems. M. H. 
Meyers and L. E. Franks, IEEE Trans Commun, COM-28, No.8 (August 1980), pp 1121-
9. 
Lightwave Communications. J. Simpson, Proc Inti Laser/Electro-Optics Training 
Conf, Wausau, Wisconsin, June 4-5,1980, pp lO5-23. 
Magnetic and Transport Properties of Transition-Metal Based Glassy Rib­
bons. K. V. Roa et aI., IEEE Trans Magn, MAG-16 (1980), pp 896-90l. 
Magnetic Phase Diagram of Amorphous (FexNh-x)-15P16BsAla Alloys. S. M. 
Bhagat, J. A. Geohogen, and H. S. Chen, Solid State Commun, 36 (1980), pp 1-5. 
A New Multifunctional Mass Termination Connector. A. W. Carlisle and D. R. 
Frey, IEEE Trans Components, Hybrids Manuf Technol, CHMT-3, No.4 (December 
1980), pp 610-6. 
New Routing Capability-Direct Signaling. M. A. McGrew and R. F. Frerking, 
Proc NatI Electron Conf, Chicago, Illinois, October 27-29, 1980, pp 159-63. 
Optical Modulators. I. P. Kaminow, in Encyclopedia of Science and Technology, 
New York: McGraw-Hill, 1981, 5th ed. 
Overview of Telecommunications via Optical Fibers. S. E. Miller, Proc IEEE, 
special issue on optical fibers, 68 (October 1980), pp 1173-4. 
Preliminary Study of a Two Wire Split Beam Connection. E. Guancial and S. 
Das Gupta, IEEE Trans Compon, Hybrids ManufTechnol, 3 (December 1980), pp 654-
8. 
Preparation of Glassy Metals. H. S. Chen, H. J. Leamy, and C. E. Miller, Annu Rev 
Mater Sci, 10 (1980), pp 363-9l. 
Quality Audit Using Adaptive Kalman Filtering. M. S. Phadke, Inti Conf Am 
Soc Quality Control, San Francisco, California, May 27-29, 1981. 
Reliability of 0.87 p.m (AI,Ga)As Double Heterostructure Lasers with Ga(As,Sb) 
Active Layers. P. J. Anthony et aI., IEEE Electron Device Lett, EDL-2, No.2 
(February 1981), pp 50-2. 
Scanning the Issue. S. E. Miller, Proc IEEE, special issue on optical communications, 
68 (October 1980), p 1172. 
Switching Performance of a 12-GHz Pin Phase Shifter/Driver Module for 
Satellite Communication Phased Array. N. Amitay and B. Glance, IEEE Trans 
Commun, COM-29, No.1 (January 1981), pp 46-50. 
Thin Film Photoconductor Mounting Schemes for Picosecond Optical Detec­
tors, P. R. Smith, D. H. Auston, and A. M. Johnson, Rev Sci Instrum, 52, No.1 
(January 1981), pp 138-40. 
Threshold-Voltage Instability in MOSFETs Due to Channel Hot-Hole Emis­
sion, R. B. Fan and R. C. Sun, IEEE Trans Electron Devices, ED-28 (January 1981), 
pp 83-94. 
Visibility of Borders: Separate and Combined Effects of Color Differences, 
Luminance Contrast, and Luminance Level. F. S. Frome, S. L. Buck, and R. M. 
Boynton, J Opt Soc Am, 71, No.2 (February 1981), pp l45-50. 

SOCIAL AND LIFE SCIENCES 

On the Depth of the Cyclopean Retina. C. W. Tyler and B. Julesz, Exp Brain Res, 
40 (1980), pp 196-202. 
Task-Oriented Approaches to Automatic Speech Recognition. A. E. Rosen­
berg et aI., Proc IH80 SAE Congress (February 1980), pp 1-9. 
Telecommuniclltions in Earthquakes. J. W. Foss and J. D. Scobee, Soc Econ 
Impact Earthquake Util Lifeline Conf, San Francisco, California, May 20, 1980. New 
York: Am. Soc. Civil Engineers, 1981, pp 134-59. 
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MANAGEMENT AND LIFE SCIENCES 

Approximating the Admissible Set in Stochastic Dominance. D. Goroff and W. 
Whitt, J Econ Theor, 23 (October 1980), pp 218-35. 
A Control Theory Approach for Modeling and Analysis of Economical Sys­
tems. F. Aminzadeh, Proc IEEE Control System Soc, NJ Section, Murray Hill, New 
Jersey. 

Errata 

I. W. Sandberg, "On Newton-Direction Algorithms and Diffeomorph­
isms," B.S.T.J., 60, No.3 (March 1981), pp. 339-346. 

On page 345, replace the first sentence of Theorem 3 with: Let B = R n
, 

and let f be a continuously differentiable map of R n into Rn such that 
f' is Lipschitz on bounded subsets of R n. 

K. Nassau, "The Material Dispersion Zero in Infrared Optical Wave­
guide Materials," B.S.T.J., 60, No.3 (March 1981), pp. 327-337. 

In eq. 2 (page 328), for d 2 read d 3
• 
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