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D4 Digital Channel Bank Family:

Overview

By J. CHERNAK and J. J. LANG
(Manuscript received June 25, 1981)

This article presents an overview of the D4 Digital Bank Family
and introduces a series of articles on the subject. The D4 family
represents a collection of features and network applications dertved
from a single design, the basic D4 digital terminal.

In 1962, the first digital carrier system was introduced into the
telephone plant as an alternative to metallic interoffice trunks. On this
system 24 voice signals are amplitude sampled, time shared, and
digitally encoded; each direction of transmission is on a single pair of
copper wires. This results in a twelve-to-one improvement in efficiency
in the use of copper pairs as compared with the two-wire metallic
trunks. The first-generation channel bank is designated the D1 bank,
the D1 standing for Digital, first generation. The D1 bank performs
the time-shared sampling and digital encoding of the 24 voice signals
into a 1.544 million pulses per second signal.

Since 1962 four generations of digital banks have been developed.
The present generation—the subject of this special issue—is desig-
nated the D4 bank, and was introduced into the field at the end of
1976.

The success of digital banks and associated transmission facilities
can be expressed by their penetration into the metropolitan interoffice
network. Today, the digital facilities account for about 35 percent of
the total metropolitan interoffice trunks. In terms of voice-circuit
miles, the digital facilities provide 80 percent of the total, that is, 100
million out of a total of 125 million voice-circuit miles. On a growth
basis, the digital implementation accounts for about 75 to 80 percent
of this market. By the end of 1980, the Bell Operating Companies
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(Bocs) were supplied approximately ten million digital bank channel
ends consisting of D1, D2, D3, and the D4 families.

The development of each successive generation of D banks took
place as advancements in component and circuit technology offered
opportunities for new features, increased compactness, decreased
power dissipation, and improved maintenance and reliability. These
factors all led to better overall cost-effectiveness. Largely as a result of
following the technology learning curve, it was possible, over the period
1962 to 1980, to lower the furnished cost to the Bocs of a typical
interoffice exchange digital trunk by a factor of more than three.

The first three generations, D1, D2, and D3, offered a relatively
modest set of features. For example, toll quality transmission started
with D2. (It was also offered later on an optional basis for D1 as the
D1D bank.) As another example, starting with D1, an increasing
complement of special functions, normally provided through separate
metallic facility terminals, was incorporated into the banks in the form
of special service channel-unit circuit packs. The experience gained
from these optional features in previous generations of banks led to
the decision, during the planning for the D4 bank in 1974 and 1975, to
provide for an architecture capable of accommodating on a plug-in
basis an extremely broad complement of functions and features hereto-
fore furnished by equipment in separate bay lineups. In time, this
initial plan was broadened to include the design of new functions at
the plug-in level, e.g., error correction for digital data channels, and at
the systems level, e.g., SLC *-96 carrier system for loop applications.

Two examples shall serve to illustrate the basic concept. The first is
the D4 built-in multiplex. The D4 bank is designed for a capacity of 48
channels (the previous generation banks interfaced only 24-channel
systems) with optional multiplex plug-ins to deliver either two DS-1
signals to two T1 24-channel lines, or one DS-1C signal to a T1C 48-
channel line. [DS-1 is a 1.544-Mb/s bit stream containing 24 pulse code
modulation (pcM) coded channels, and DS-1C is a 3.152-Mb/s bit
stream containing 48 PcM coded channels.] By interconnecting two D4
banks and by employing another set of multiplex plug-ins, a DS-2
signal is generated for transmission over the T2 96-channel system.
(DS-2 is a 6.312-Mb/s bit stream containing 96 PcM coded channels.)
If yet another set of plug-ins containing lightwave transmitters and
receivers is used, a signal at the DS-2 information rate is generated for
transmission over lightguide. The concept of generating various digital
signal rates by employing optional plug-ins in the bank results in
significant economies as compared with providing the multiplex func-
tion with segregated equipment in a separate bay lineup. The econ-

* SLC is a trademark of Western Electric.
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omies reflect not only the reduced material price and installation costs
to the Bocs, but also shortened installation intervals.

A second example is the provision of digital data channels by means
of a “dataport” plug-in. This dataport plug-in fits into the physical
space of a D4 channel unit, even though the circuitry of the dataport
is several times as complex. The dataport plug-in provides functions
that otherwise require entire shelves of equipment designed in the
early 1970s. This is achieved largely by increased component count
per unit area in silicon integrated circuit technology and by the
flexibility afforded by the D4 architecture. As we mentioned, the
dataport actually incorporates features that are not available in earlier
designs. An example is error correction of the digital data signals,
which has not only the advantage of improved performance but more
importantly shortens installation intervals by eliminating the need to
test and select the T-carrier facilities for error performance.

The concept of offering a wide variety of capabilities on an optional
basis through the basic D4 architecture proved very successful. It
began a new era characterized by expansion of applications through
integrating interfaces with other parts of the network. The result is a
ubiquitous, flexible, and cost-effective realization of capabilities, which
would not have been achieved by separate pieces of equipment. The
ubiquity is a consequence of the pervasive deployment of D4 banks in
the network. The flexibility stems from the plug-in nature of the
realizations. The cost-effectiveness derives from benefits gained in
many different phases in the life cycle of equipment, viz., design,
manufacture, field engineering, installation, operation, maintenance,
and network rearrangements.

When viewed in its entirety, this approach is seen to have brought
about the “D4 Digital Bank Family,” called the “D4 family” for short,
which grew to include the following broad capabilities:

(i) Integrated interfaces for the digital line facilities, with intercon-
nection capability for T1, T1C (two options), T2, and lightguide, using
a set of D4 common plug-ins.

(1) Integrated interfaces to metallic facilities for the provisioning of
special access and private line arrangements by a set of D4 plug-ins
called special service channel units.

(i) Direct access for the Digital Data System for the Dataphone*
Digital Service (DDS) by a set of plug-ins called “Dataports.”

(iv) Integrated interfaces for the No. 1, 2, and 3 ESs (Electronic
Switching Systems) trunks through channel unit plug-ins.

(v) A D4-technology-based subscriber digital carrier system, SLC-
96, designed for “feeder” cable relief in loop applications. The first

* Dataphone is a service mark of AT&T.
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three integrated interfaces for the digital line facilities were available
with the initial D4 offering. The T2 and the lightguide interfaces were
offered in 1979. Dataports were introduced into service in late 1978
and the SLC-96 system in the spring of 1979.

The first two articles in this issue describe the basic D4 bank and a
maintenance bank designed to test and monitor D4 plug-ins. The basic
D4 bank is the kernel for expanded applications, described in the
fourth through the seventh articles: namely, the Subscriber Loop
Carrier, the SLC-96 System, and the dataports for the Digital Data
System. Articles eight through ten deal with technology: the physical
design aspects of the D4 family, custom silicon integrated circuit
design, and thin-film active filters.
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D4 Digital Channel Bank Family:

The Channel Bank

By C. R. CRUE, W. B. GAUNT, JR., J. H. GREEN,
J. E. LANDRY, and D. A. SPIRES

(Manuscript received July 2, 1981)

The D4 channel bank is the most recent Western Electric product
in an evolution of time-division multiplex terminals for digital trans-
mission facilities. D4 incorporates many technical innovations rela-
tive to the earlier developed D1D, D2, and D3 channel banks but is
fully compatible with these earlier banks. D4 banks may be operated
in any of five different modes as required to connect to a particular
digital carrier facility (T1, T1C, T2, or FT2). The D4 channel bank is
partitioned into common equipment and channel units. The common
equipment prouvides digital line interface, pulse code modulation
coding and multiplexing, alarms, trunk processing power, power
fusing, and distribution. Individual channel units provide the circuits
that interface to external circuits. There are many different versions
of channel units including standard interoffice voice-frequency trunk
types and those supplying data and special services.

I. INTRODUCTION

The D4 channel bank was initially proposed as a complementary
terminal development to the 3.1562-Mb/s T'1C line facility to enhance
the cost-effectiveness of 48-channel applications."? As planning pro-
gressed, it became clear that because of the introduction of new
technology in D4, and the inherent need for an end-to-end compati-
bility with the forerunner D1D, D2, and D3 channel banks,*”® the D4
architecture should be expanded to include 24- and 96-channel, as well
as 48-channel, operations. Thus, the early objectives of the D4 were to
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develop a more economical, flexible, digital terminal for T1C and T2
applications, as well as a smaller, lower priced, more reliable terminal
for T1 applications. In addition, D4 was to have simplified maintenance
and to incorporate technological advancements.

Each D4 bank is a completely self-contained, 48-channel terminal
consisting of two 24-channel digroups, each with essentially separate
common equipment sections and interchangeable digital line interface
units. The predecessor 24-channel D3 design required 18 inches of
vertical bay height plus space for an external fuse/alarm panel. Be-
cause of application of integrated circuit technology in the D4 design
and incorporation of fusing into the channel bank frame, a size reduc-
tion of better than 2:1 was achieved. The result is that each D4 bank
requires only about 19 inches of vertical height for the 48 channels.
Electrical compatibility with earlier vintage banks has been realized
through the use of the standard 7-% bit, 15-segment, 255 nonlinear
coding characteristic, and the D3, D2, D1D basic frame and signaling
format. D4 uses improved versions of the highly accurate and stable,
D3 multiple-pole, resistor-capacitor (rc) active thin-film filters!®!! to
achieve transmission performance that meets toll-grade transmission
objectives. The D4 bank can be universally used in direct, tandem,
toll-connecting, and intertoll trunks. In addition, by giving each chan-
nel direct access to the digital bit stream, synchronous digital data
or “dataport”??® channels, for direct digital connectivity up to the
56-kb/s rate, is a reality. Like the D3 Unitized Bay (UTE), which
includes Switched Maintenance Access System (smas)™ relays for
special services maintenance, versions of a D4 UTE are now available.

Additional features of the D4 bank include improved per-channel
maintenance through increased access at the channel unit jack, per-
channel trunk processing, and electronic features such as built-in 1000-
Hz digital milliwatt for receiver checking and “signaling bit storage”*®
with extended carrier group alarm (cca) timing. Formerly, cGa timing
in digital systems would only allow a 0.3-second maximum out-of-
frame condition to exist prior to bank shutdown, trunk conditioning,
and office alarming. With the introduction of signaling storage, wherein
past-state signaling information is stored and used to hold up the
proper connection in the event of an out-of-frame condition, it became
permissible to extend the ccaA timing from 0.3 second to more than 2.0
seconds. This resulted in over a two-fold reduction of cca outages and
consequential reduction in the number of lost calls. Trunk processing
that occurs during a cca bank shutdown is handled by per-channel
trunk processing relays under control of timing from the alarm control
unit and the common relays in the trunk processing unit (TPU) plug-in.
This has reduced the size, cost, and administration associated with
trunk processing.

2612 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1982



Il. FUNCTIONAL OVERVIEW
2.1 General description

Figure 1 is a block diagram of the D4 bank. Channel units for two
24-channel digroups (designated A and B) are apparent, accompanied
by common equipment that includes transmit, receive, alarm, trunk
processing, and line interface units. Power is derived from the —48-
volt office supply by means of a dc-to-dc converter unit. Two alarm
units are used in all applications except for the special Mode 1, T1C
application. Separate digital line interfaces and associated units, such
as dual synchronizing/desynchronizing (syndes) units, are used to
interface the digital line facilities. Since trunk processing relays are
included within each channel unit, a simple dual control, common
relay TPU is used. This unit houses one or two digital line equalizers
(or line build-out networks) that plug into connectors on the TpPuU.
Common equipment channel-counting options are administered on the
TPU. This feature quickly restores a failed transmit or receive unit
since there is no need to note and set the options on the new units
before making the restoral. The power distribution unit provides a
fused —48V distribution arrangement.

Channel units available for the D4 bank range from standard inter-
office trunk types to data and special services. These units connect to
common backplane signal busses that make all necessary connections
to the common equipment, office equipment, and signaling systems.

2.2 Modes of operation

Figure 2 shows how the D4 banks interface with the digital hierar-
chy. Single D4 banks operating in Mode 2 or 3 have 48 voice-frequency
(vr) channel interfaces to DS1C or DSI1 rate facilities. Dual bank
arrangements, where two D4 banks are connected together, have 96
vF channel interfaces to DS2 rate wire or FT2 lightwave facilities.
These are designated Modes 4 and 5, respectively. Also provided is an
additional DS1C rate interface (not compatible with the hierarchy),
which is a low-cost D4-to-D4 connection designated as Mode 1.

D4 channel banks can be connected to any of four digital transmis-
sion facilities (T1, T1C, T2, or FT2). Configuration of the banks for
interfacing a particular digital facility is accomplished by simply in-
serting an appropriate line interface unit (L1U), and in some cases, a
snydes unit (su) plug-in into the bank to set up a mode of operation.
The mode configurations are illustrated in Figs. 3 and 4. In all but the
FT2 facility connections, small plug-in equalizer or line build-out
boards are installed to accommodate cable distances between the D4
channel banks and the office digital cross connect or office repeater
bay. Table I summarizes the digital facility connections in terms of D4
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* Acronyms and abbreviations used in these figures are defined in the Glossary at the end of this paper.
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Table |—Digital facility connections

Number of Compatible
Digital Transmission Digital Hier-
Facility (System Bit Rate Voice archy Multi-
D4 Mode in Mb/s) Channels  Digroups plexer
1 T1C 3.152 48 2 None
2 T1C 3.152 48 2 MiC
3 T1 1.544 24 1 —
4 T2 6.312 96 4 Mi2
5 FT2 12.624 96 4 MX2L

modes of operation, digital hierarchy multiplex compatibility, and
number of voice channels and digroups.

There are two modes of operation over T1C digital facilities. Mode
1 (Fig. 3a) is a low-cost, dedicated D4-to-D4 connection that uses a
single clock so that two digroups are synchronized and multiplexed by
interleaving pcM bits from each digroup. Mode 2 (Fig. 3b) has a more
flexible terminal capability because it uses a syndes unit and an M1C
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Fig. 3—D4 channel bank mode configurations. (a) Mode 1. (b) Mode 2. (c) Mode 3.

multiplex standard signal format. This mode connects the D4 bank to
other digital terminals at the far end using the M1C Multiplexer. Mode
2 also provides alarm and M1C-compatible maintenance features. In
addition, Modes 2, 4, and 5 have a unique in-service digroup test
capability.

Mode 3 (Fig. 3c) electrically conditions the D4 bank for independent
digroup transmission over separate T1 carrier digital lines. The two
digroups are then compatible with a similarly configured D4 bank or
with any arrangement of D3-, D2-, or D1D-type terminals. Alarming
and trunk processing functions are provided on a per-digroup basis to
allow for maintenance or restoral work to be done independently. In
this mode, some common units such as the power converter, battery
filter, and the LIU are shared between digroups.

Interface to T2 digital facilities is provided when two D4 banks are
interconnected and each has line interface and syndes units to operate
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in Mode 4 (Fig. 4a). In this mode, the banks provide an M12 Muldem-
compatible signal format and alarm functions.

The most recent expansion of D4 digital facility interface capability
is Mode 5 (Fig. 4b), which implements a lightwave system connection.
This mode incorporates optical transducers and circuits in the channel
banks, as well as multiplexing and coding circuits for optical transmis-
sion. The multiplexing circuits are similar to those used in Mode 4. A
unique dipulse coding format is employed that takes advantage of the
wide transmission bandwidth available and doubles the bit rate (com-
pared to mode 4) to provide for bit-error detection equivalent to
bipolar-violation detection employed with wire systems.
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lll. CHANNEL UNITS

D4 channel units make the D4 channel bank adaptable to a variety
of application requirements. The channel unit designs have been
responsive to the evolving electronics technology; the functionality
and economy of the channel units have been important factors in the
success of the D4 channel bank. This section describes conventional
channel bank channel units. Other channel-unit designs meet special
needs such as those of loop electronics and digital data transmission.

Channel units are the interface between the channel bank common
equipment and the central office equipment. The common equipment
interface is identical for all channel-unit circuits; the central office
equipment interfaces change as a function of the type of service being
supplied.

3.1 Generic functions

This section classifies the signals that flow through the channel units
into general categories and describes the processing of these signals by
the D4 channel unit.

The message signal is typically an analog voice-frequency signal
with information flowing from each end of the connection to the other.
The channel unit supplies level compensation and, in some cases, gain
vs. frequency distortion compensation for each direction of transmis-
sion. The electronic processing of the message signal within the carrier
system requires that each direction of transmission be separate. In
some applications, the message signals for each direction of transmis-
sion are on separate pairs of wires at the voice frequency interface to
the channel unit. Four-wire channel units are used for this class of
application. In other cases, the voice-frequency interface is bi-direc-
tional, with the messages for each direction sharing a single pair of
conductors for transmission. The appropriate channel unit for this
application is called a two-wire channel unit. The circuitry of the two-
wire channel unit interfaces between the external bi-directional two-
wire interface and the internal four-wire unidirectional format.

All the above functions serve to interface between various external
voice-frequency signals (with their associated degradations) and filter-
ing and sampling circuits that reside on the channel unit but are
identical for all applications. These circuits interface between a stand-
ard internal (to the channel unit) voice-frequency signal format and
the pulse-amplitude-modulated and time-division multiplexed signals
at the common equipment interface of the channel unit.

In most applications, the digital carrier system must transmit certain
control signals in addition to the message signal. This control flow
capability is used to oversee the dynamic nature of the traffic that may
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be associated with the service. This process is called signaling and, for
the purposes of this paper, the signals are subdivided as follows:

(i) Supervisory signals distinguish between the idle and busy states
of a channel. These are typically dc signals that are applied either to
the same conductors that carry the message signal or to separate
conductors. Supervisory state transitions are used to

(a) Seize control of a circuit in response to a service initiation by
a customer
{b) Oversee the flow of address information between originating
and terminating switching machines
(¢) Inform the originating switching machine when the called
party answers or hangs up (control of billing and circuit
availability).
Supervisory signals are two-state (busy/idle) signals and change infre-
quently relative to the digital carrier sampling rate. Robbed bit sig-
naling, which results in 7-% bit PcM encoding, is the technique typically
used to transmit this information from one end of the carrier link to
the other. The channel unit must detect the state from the central
office equipment and reproduce the state to the central office equip-
ment. Timing signals from the common equipment control the sample,
hold, multiplex, and demultiplex functions that are performed in the
channel unit to support the transmission of these signals.

(if) Address signals transfer call routing information from the
originating to the terminating office. These signals are most typically
transmitted within the message frequency band and, therefore, require
no special processing by the carrier system. For other applications, dc
signals are used for addressing. Detection, transmission, and reproduc-
tion techniques are similar to those for supervisory signals. Addressing
signals (dial pulses) change at a higher rate than do supervisory signals;
and, therefore, dial pulse percent distortion performance becomes an
important system characteristic.

(iit) Alerting is the process of indicating to the called party that a
message is waiting. For most applications this function is controlled
by the local office at the called-party end, which means that the carrier
system is not involved. For some special services, the alerting is
controlled from a remote office, and the carrier system must transmit
information to control the low-frequency ringing signals. An additional
dc two-state channel (similar to the supervisory channel) facilitates
this function.

3.2 Channel-unit applications

The channel unit has the features necessary to meet the wide variety
of applications of the D4 channel bank. There are numerous channel-
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unit designs; each serves a particular subset of the application spec-
trum.

Message telephone services interconnect central office switching
equipment that serves the switched telephone network. These connec-
tions between switching machines are called trunks. The predominant
D4 trunk applications are in the local trunk network because of the
quantity of trunks involved and because of the suitability of the D4
bank to short-distance applications. Figure 5 depicts these applications.
Connections between two local class 5 (or end) offices are called direct
trunks. This application represents a large portion of the present D4
applications. These are typically trunks between two-wire switches
with superimposed dc signaling except for inband addressing. Toll
connecting trunks connect the class 5 local switching machine and the
toll switching network. Both two- and four-wire circuits are used for
toll .connecting trunks. For most applications, the conversion between
the four-wire toll switching network and the two-wire local network is
performed by the D4 channel unit at the local office end of the toll
connecting trunk.

Special services represent a rapidly growing portion of the D4
application spectrum. Transmission equipment is dedicated to a spe-
cific customer on a full-time basis. A typical application is diagrammed
in Fig. 6. This is a foreign exchange application where a customer is
connected to a remote central office by interoffice circuits on a full-
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time basis. The customer with this service is provided local service on
the remote telephone exchange. This service is commonly used for a
business with a large community of customers in a neighboring city.
Other special service applications include trunk connections between
the central office switch and a private branch exchange switch, as with
a large business customer.

3.3 Functional description

Figure 7 shows the functional block diagram of a typical D4 channel
unit. Many of the circuits are customized to the specific applications
of each channel-unit type. Manual settings customize each channel
unit to a particular application.

Translations between internal logic level signals and the various
external signaling conditions from connecting equipment are per-
formed by the signaling circuits. Signaling detectors differentiate
among the signaling states from the central office equipment and
generate the appropriate logic level signals as inputs to the control
logic. Signaling generator circuits receive signals from the control logic
and control the output signaling conditions to the central office equip-
ment.

The trunk processing function controls the output signaling condi-
tions when a carrier system fails; the channel unit translates control
logic level signals from the D4 common circuits into output signaling
conditions or specific conditions on separate wires. This function serves
to minimize customer inconvenience and switching machine confusion
that would otherwise result from the unpredictable signaling outputs
from a failed carrier system.

The hybrid performs the two- to four-wire conversion within two-
wire channel units. Internal four-wire operation is used for all channel-
unit types. An important performance criteria of the hybrid is how
well it isolates signals in the receive direction from signals in the
transmit direction. Degradations in hybrid isolation in combination
with signal delay, can result in poor echo performance. The degree to
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which the balance network of the hybrid circuit matches the two-wire
port impedance connected to the hybrid has direct impact on the
isolation characteristics of the circuit. Another function of the hybrid
(or other input circuit) is to isolate common mode input signals on the
balanced input from the unbalanced internal signals. Induction at the
fundamental and harmonics of 60 Hz from power lines is the most
prevalent source of this interference.

Flat loss (or gain) adjustment is a channel-unit function that allows
setting the nominal loss of the end-to-end carrier system and compen-
sating for the transmission loss of the office wiring. Some D4 channel
units equalize gain-vs-frequency distortion in external wiring. This is
typically required where long lengths of cable interconnect the channel
unit to a terminating circuit.

The filter and gate circuits condition the message signals. Thin-film
active filters bandlimit the voice-frequency input signals in the trans-
mit direction and reconstruct the continuous voice frequency signals
from the PAM output in the receive direction. The input bandpass filter
provides attenuation of undesired low-frequency interference and of
signals above the 4-kHz Nyquist frequency. The receive reconstruction
filter is a low-pass network. The transmission level is the same for all
D4 channel units at the input to the transmit filter, [-8.5 decibels-
transmission level (dBTL)], and the output of the receive filter (+4.0
dBTL). Each channel unit has a transmit and receive sampling gate.
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The transmit gate samples the continuous bandlimited input signal.
Under control of the D4 common circuits, the sampling interval is
narrow and time sequenced among the channel units in a digroup, with
the outputs of all the sampling gates in a digroup wired together to
carry out the multiplexing function. The receive sampling gates select
the PAM samples for a particular channel from a pAM bus. Timing for
this process originates in the D4 common equipment. The function of
the control logic on D4 channel units is to interface between the
address and timing signals from the D4 common circuits and the
sampling and signaling circuits on the channel units. During trouble
conditions, trunk processing signals bypass and override the control
logic so that proper trunk processing does not rely on the availability
of power to the control logic.

3.4 Signaling storage

Signaling storage' is an important innovation of the D4 channel
bank. In earlier digital bank designs, disturbances in the digital carrier
system that cause the channel bank to go out-of-frame temporarily
also cause disruption in the trunk and special services network. These
short disturbances are a minor impairment for voice message trans-
mission but can cause serious signaling disruptions. Improperly de-
tected idle-to-busy transitions cause multiple false seizures; falsely
decoded busy-to-idle transitions may cause disconnection and other
difficulties. Predecessors to the D4 channel unit stored only the most
recent signaling information as demultiplexed from the receiving com-
mon circuits. The D4 channel unit stores multiple successive signaling
values. When an out-of-frame event occurs, the common equipment
causes the channel unit to cease storing new values and present the
oldest stored value to the central office equipment. Because the
interval for detecting the disruption is shorter than the interval over
which signaling values are stored, the disturbance is successfully
bridged. The trunk processing function takes effect for long distur-
bances.

3.5 Circuit realizations

The signaling interfacing circuits must withstand high-energy sig-
nals. For cases where signaling is superimposed on transmission signals,
circuit balance must not be seriously degraded by the signaling circuits.
Achieving the necessary ruggedness and isolation has led to the pre-
dominant use of relay circuits for output signaling states and high-
impedance resistive networks for detecting input states. Circuit ele-
ments are required to interface between the balanced external trans-
mission circuits and the internal unbalanced circuits. In four-wire
channel units this is accomplished by transformers at each interface.
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The hybrid circuit provides this function in two-wire channel units.
The hybrid function in two-wire D4 channel units is realized with the
interconnection of the windings of two transformers to form the four-
port network. A compromise network consisting of a series resistor and
capacitor may be optionally connected to the network port of the
hybrid to approximate the impedance at the switch. In addition,
network build-out capacitors are set to compensate for the capacitance
of the connecting office wiring. If a VF cable is permanently connected,
there is capability for connecting an external precision balance net-
work.

Thin-film resistor networks are used in both the receive and transmit
direction to provide settable control of the transmission level of the
channel unit. Four-wire channel units typically have lower input
transmission levels and higher output transmission levels in contrast
to two-wire channel units. The additional gain required is provided by
integrated circuit operational amplifiers with resistive feedback gain
control elements. The filter circuits consist of operational amplifiers
with thin-film Rc networks controlling the frequency shaping.’® The
sampling gates are discrete N-channel junction field effect transistors
(JFETs). The receive JFET is physically mated to the receive filter so
that trimming of the filter can compensate for unit-to-unit variations
in the JFET. This results in improved performance. The logic circuit is
a custom silicon integrated circuit and is fabricated using the standard
buried collector (sBC) technology. The circuit contains about 30 logic
gates. The signaling detector is a custom linear sBc integrated circuit.
This circuit is a special-purpose comparator and interfaces between
the high-impedance signaling interface circuits and the logic circuit.
The relay drivers used in the channel units are general-purpose inte-
grated circuits that translate low-energy control signals from the logic
into drive signals for the signaling relays. The JFET driver is a custom
silicon integrated circuit in the complimentary bipolar integrated
circuit (cBIC) technology. High-speed and wide-output signal voltage
excursions characterize this circuit that provides an interface between
the logic and the JFETs.

3.6 Maintenance and provisioning interfaces

The operational requirements of D4 channel units encompass a wide
spectrum. Mechanical options'” allow each channel unit code to be
custom tailored to the application. Increasing the application spectrum
for an individual channel-unit type decreases the number of types
required at the expense of increased channel-unit cost. The approach
in D4 design has been to include only the options that offer significant
channel-unit-type reduction with minimal cost penalty, particularly in
high-production-volume channel units. One set of option settings con-
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figures the channel unit to the type of service being supplied. Examples
are the subclass of signaling interface and type of trunk processing.
Settings are provided to compensate for external signal degradations
and to achieve the desired nominal circuit performance. Gain, equali-
zation, and hybrid balance are all involved. These options are prescrip-
tion set based on records of the type of connecting equipment, cable
gauge and length, and circuit loss requirements.

There is a connector on the faceplate of each channel unit. Test
cords are available for interconnecting these connectors and test
equipment. Voice-frequency access is provided at the standard internal
channel-unit transmission-level point. Access is available in both di-
rections, facilitating both line-side and drop-side testing. Test cords
are also available for split-signaling lead access at the same connector.
The signaling access point is at the interface between the central office
circuits and the channel unit.

Channel units may be connected to a channel bank by a channel-
unit extender. The extender splits the access to the transmission and
signaling leads at the interface between the channel unit and the
distribution frame in the central office. The field-settable options on
the channel units are accessible while the channel unit is engaged in
the extender.

A maintenance bank facilitates thorough testing of channel units at
a centralized location within the central office on an out-of-service
basis. Other maintenance functions are also performed; the mainte-
nance bank is discussed in a companion article.’®

IV. PCM CODING AND MULTIPLEXING
4.1 General overview of transmit and receive functions

The D4 bank is a dual digroup system with nearly independent
operation per digroup. Operation is not completely independent be-
cause the transmit sections of the digroups share a common clock and
both transmit and receive units share a common power converter.

The major functions performed by the transmit and receive units
are: encoding, decoding, timing generation for channel units, multi-
plexing channel-unit signals, frame generation, transmission of data
over signaling frame bits, and synchronization of multiple transmit
units.

Because the D4 bank must be compatible with D1D, D2, and D3
channel banks, there are three channel-counting sequences. These
sequences are electronically controlled by option plugs in the trunk
processing unit. In addition, D4 has the option of voice or data channel
units. Voice signals are encoded into PAM samples, which are then
converted into 8-bit PcM words. Data-channel-unit signals are multi-
plexed directly into the PcM signal in 8-bit bytes. Special service 5-
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kHz, 8-kHz, and 15-kHz program channel-unit signals are sampled like
voice signals but displace one, two, and six voice channels, respectively,
to increase the bandwidth. Because the D4 bank has built-in multi-
plexers, the transmitter and receiver have optionally selectable input
clock rates and transmitter and receiver synchronization.

4.2 Transmit unit

The transmit unit (Tu) (Fig. 8) provides address and timing signals
to the channel units for sampling the voice or data signals, encodes
voice PAM samples into 8-bit PcM words, multiplexes the pcM words,
and inserts signaling and framing information to form the transmit
PcM (TPCM) bit stream. It also provides zero code suppression, which
substitutes a fixed word for PcMm words having all zeros to meet digital
line signal requirements. The signaling frame pattern of the TU can
optionally be inhibited so that these frame bits can be used as a slow-
speed (approximately 4-kb/s) data channel.

The TU logic is clocked at either 6176 or 6304 kHz by a crystal-
controlled oscillator located on the line interface unit.

4.2.1 Timing

The transmit unit generates timing signals used by the channel units
to construct time-division multiplexed voice samples on the transmit
pulse amplitude modulated (TPAM) bus. These pulses are translated
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into 8-bit PcM words within the transmit unit by the encoder. Signaling
from each channel unit is substituted for bit eight of these words
during every sixth and twelfth frame. To help ensure proper T1 line
performance, words with all zeros are substituted with a 00000010
word. This is referred to as zero code suppression. The channel unit
has the option of having PAM samples translated in 8-bit pcM words or
direct multiplexing of eight data bits. This option is controlled by a
bus lead transmit, negated enable (TNEN). When the signal level of
TNEN is made a logical zero, PAM samples are encoded into PcM by the
transmit unit. When TNEN is a logical one, eight data bits are clocked
into the transmit unit and inserted in the digroup bit stream.

The D4 frame organization is illustrated in Fig. 9. It is generated by
multiplexing terminal frame (FT) and signaling frame (Fs) signal pat-
terns to form a composite superframe that includes 12 subframes. Each
subframe includes one frame bit and 24 8-bit PcM words representing
the voice samples or data bytes. As indicated in Fig. 9, the composite
frame pattern is obtained by multiplexing two frame signals, the
terminal frame 101010 pattern and the signaling frame 001110 pattern.
The terminal frame pattern is used by the receiver for synchronization
to decode the pcM words. The signaling frame pattern identifies the
sixth and twelfth terminal frames, which contain the signaling infor-
mation in bit 8 of each pcM word. The terminal frame must always be
sent, but once frame synchronization is achieved, the signaling frame
pattern can be replaced by data from some external source. When an
external data pattern is substituted for the signaling frame pattern,
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per-channel signaling in frames six and twelve is normally disabled
although signaling can still be transmitted.

In Modes 2, 3, 4, and 5, each frame consists of 24 8-bit words plus
one frame bit (193 bits). When the banks are operating in Mode 1, four
additional stuff bits are added (one for each six channels) to form a
197-bit-per-frame signal and the two digroups are frame and bit
synchronized.

As we learn in a subsequent section, alarm transmission to the far
end terminal is accomplished by suppression of bit-2 (the most signif-
icant bit) in every channel time slot.

4.3 Receive unit

The receive unit (RU) decodes the 24-channel pcM unipolar line
signal, received from the line interface unit, into PAM signals and
necessary control signals for use in the channel units. It also provides
signals and controls for maintenance and alarm functions. The func-
tions normally performed by the D4 receive unit are summarized
below:

({) Synchronization to the 193-bit-per-frame or the 197-bit-per-
frame FT
(if) Synchronization to the Fs
(iit) Control of signaling storage
(iv) Switching from 8-bit to 7-bit decoding during signaling frames
(v) Shifting from 7-%-bit decoding to 8-bit decoding when com-
mon-channel interoffice signaling (ccis) is being used
(vi) Indication of Fs and FT bit positions
(vit) Channel-unit timing
(viti) Provision of electronically controlled 3-mode channel counter
(ix) Provision 12-channel shift of the channel counter sequence
for testing two-wire channel units
(x) Provision of 1-kHz, 0-dBm0 maintenance test code signal
(x7) Out-of-frame and loss-of-clock alarm detection
(xi7) Bit-2 detection for the yellow alarm

(x2i7) Provision of ac-coupled channel-unit enable pulse to protect
channel-unit active filter.

Optional functions that can be performed by the receive unit include:

(xiv) Synchronization to the bank transmit frame pattern

(xv) Provision of a data channel by means of the signaling frame
bits.

Figure 10 is a block diagram of the receive unit. It shows the major
functional blocks and interconnections to the other bank circuits.
Decoding is done by a shared nonlinear 255, 15-segment decoder. The
output of the decoder consists of received PAM (RPAM) samples, which
are supplied to the channel units over a common bus.
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The terminal frame reframer synchronizes the timing generator to
the incoming 101010 terminal frame bit pattern received from the pcM
line. This reframer is an 8-bit-at-a-time reframer with a maximum
average reframe time of 43.6 ms. The algorithm for terminal frame
reframing is shown in Fig. 11. The signaling frame reframer locks onto
the signaling frame pattern to identify the sixth and twelfth frames,
which have the signaling information. An out-of-frame (00F) or loss of
clock (Loc) signal is detected by the alarm detector (ALM DET), which
sends an alarm signal (ALM) to the alarm control unit. This quiets the
voice-frequency noise in each channel unit during the reframe time.

A timing generator, synchronized to the clock recovered from the
incoming PcM bit stream, provides timing for the reframers and the
receive side of the channel units. This timing generator optionally
divides the incoming recovered clock by 193 or 197 to form frame-
length words. All frame lengths are 193 except when the bank is
operating in Mode 1, which has a 197-bit frame, formed by adding a
stuff bit after the frame bit in time slots for channels 6, 12, and 18. As
we describe in a later section, when the channel bank is working in
Mode 1, a signal derived by the two receive units is used by logic in
the LIU to steer demultiplexed data to the proper receive units. This
signal is derived from the frame signals of each receive unit, which are
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algebraically added in receive unit A. The timing generator also
extracts the pcm “bit 2” alarm signals for processing in the alarm
control unit.

The channel counter derives channel address signals, which are
routed over busses to the channel units to activate each channel circuit
at the proper time. The signaling frame reframer synchronizes the
receiver to the 001110 rs pattern and produces pulses that enable
channel units to read the signaling bits into storage registers. The
reframer also switches the decoder from 8-bit to 7-bit decoding during
signaling frames to prevent the signaling bits from affecting the RPAM
samples. The Fs reframer is insensitive to errors in the Fs bits. In fact,
after the circuit has reframed properly on the Fs pattern, the Fs pattern
can be removed, and the receiver will continue to indicate where the
Fs pattern should be. Insensitivity to Fs bit errors provides noise

2630 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1982



CLEAR

RPCM
__Ii)[>—>o -
{111000...) D-FF

+12
COUNTER A

STATE 12 CLK
DECODE
QUTPUT
4-kHz CLK
CLEAR
RFA
+6 SIGNALING
8-kHz CLK COUNTER B ENABLE
RFB
LATCH
OOF

Fig. 12—Signaling frame reframer.

immunity and permits the transmission of data in the Fs bit positions
while maintaining normal signaling in bit 8 of the voice channels. Data
transmission via the Fs bit can approach a maximum rate of 4 kb/s.
The SLC*-96 Subscriber Loop Carrier, described in a companion
article, uses this subframe data path to send alarm status, concentra-
tion, and maintenance information while maintaining full signaling
capability.

Figure 12 shows the major portions of the signaling frame reframer.
Counter A is a divide-by-twelve counter having an output the same as
the 1100 Fs pattern. Fs bits from counter A are compared with the
received Fs bits by the exclusive-OR gate. If the Fs bits do not match,
counter A is cleared and another comparison begins; when the two _
patterns match over twelve consecutive pairs of Fs bits, frame syn-
chronization is recognized; and when counter A reaches state 12, a
signal is sent to counter B and the latch circuit. Counter B is then
reset and forced into synchronization with the superframe pattern
generating the receive frame signal for A digroup (RFA) and the receive
frame signal for B digroup (RFB). RFA and RFB are signaling enable
outputs to logic in the channel units. If terminal frame synchronization
is lost, an out-of-frame (00F) signal resets the latch and forces RFA and
RFB to logic one at the same time to save the stored signaling bits in

* SLC is a trademark of Western Electric.
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the channel units. The signaling states are maintained until counter A
has resynchronized to the signaling frame pattern.

A 1-kHz, 0-dBm0 “digital milliwatt” code generator circuit is pro-
vided in the receive logic. It causes the receive unit analog circuits to
develop analog pPAM samples that are applied to all 24 channel units
for receive circuit-level testing. This code generator is activated by
inserting a plug into a jack on the faceplate of the receive unit.

4.4 CODEC

The D4 pam and coder-decoder (CODEC) system is partitioned as
shown in Fig. 13. Each of 24 channel units contains a transmit active
filter and a receive active filter, plus an integrated circuit that performs
voice-frequency sampling and signaling functions for both transmit
and receive directions. The remainder of the channel-unit circuitry,
not shown in Fig. 13, comprises battery, overvoltage, ringing, signaling,
hybrid, and related circuits.

Voice-frequency signals in the channel unit are filtered and then
sampled at 8 kHz with a JFET sampling circuit. The PAM samples are
time-division multiplexed onto the TPAM bus and sent to the transmit
unit, where they are buffered, sampled, held, amplified, and encoded
with the nonlinear u255 successive approximation coder shown in Fig.
14. In the receive direction, serial pcM is formatted by logic in the
receive unit into parallel words that are applied to the decoder shown
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in Fig. 15. Using the nonlinear u255 characteristic, the decoder gener-
ates multiplexed PAM samples that are sent to the channel units via
the rRPAM bus. When each channel unit is addressed (see Fig. 10), a
JFET gate applies the proper PAM samples to the receive filter, which
reconstructs the voice-frequency signals. The CODEC processes samples
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every 52 ps (192 kHz). TPAM samples are of approximately 970-ns
duration, while RPAM samples are approximately 3.5 ps. The channel-
unit operations are timed and controlled by digital busses from the
transmit and receive units. The logic devices in these units also control
the copEc timing.

On both the coder and decoder, a digital-to-analog converter (DAC)
develops precision voltages that produce the nonlinear y255 compand-
ing characteristic shown in Fig. 16. This DAC consists of one custom
silicon integrated circuit and 40 thin-film resistors. A simplified sche-
matic of this DAC is shown in Fig. 17. Any one of the 255 output
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voltages can be produced at VOUT by choosing an appropriate com-
bination of switches SC8, SC4, SC2, SC1, S+, S—, and S0 through S7.
Switches SC1, SC2, SC4, and SC8 can be set to any one of sixteen
possible binary combinations, which represent the sixteen possible
levels on any chord. Depending on this setting, a specific value of
current is drawn from the summing bus (SUM BUS shown in Figure
17). This current is developed by binary-weighted current sources 116,
I8, 14, and I1 from a voltage reference (V... The polarity of the output
voltage is determined by switching on either S+ or S—, thus routing
the current to either the positive or negative ladder. Choosing one (but
only one) of switches SO through S7 allows the current to be drawn
from the proper node of the R-2R ladder to develop the output voltage.
These switches correspond to chords 0 through 7, respectively. At the
same time, the polarity switch also routes current 14’ (I4’ = 14) to the
third node of the opposite ladder. This produces a voltage equivalent
to 116 through SO to node 1. Hence, for zero code (either positive or
negative) VOUT is ideally zero. In reality, however, a finite voltage
difference between positive zero and negative zero exists and causes a
nonlinearity, known as crossover distortion (Fig. 16), at the origin of
the companding characteristic. This nonlinearity is a primary contrib-
utor to gain tracking and signal-to-distortion (s/p) degradation for
lower level (=—40 dBm0) signals. In addition, crossover distortion can
seriously impair the crosstalk and idle circuit noise performance of the
terminal. T'o meet system objectives, a crossover error equal to or less
than one-third the least significant bit (LSB) is necessary in the DAC.
Switch SCO provides a switchable one-half LsB bias for two applica-
tions in the cODEC, as follows:

() One-half code step midtread bias at the origin of the coder, and

(i1) Conversion from 8-bit decoding to true 7-bit decoding in the
decoder when the eighth bit is robbed for signaling.

To provide the rapid coding of PAM samples (one decision every 325
ns), the pDAC settles to 0.1 percent of final value in less than 100 ns. On
the decoder, the pAcC drives a differential to single-ended pulse ampli-
fier consisting of six thin-film resistors and a wideband operational
amplifier. This pulse amplifier settles to 0.1 percent of final value in
=2 ps. Additional circuits are required in the coder. These include a
sample/hold amplifier, a FET amplifier, a high-gain comparator, and a
zero set circuit. Also included, but not shown in Fig. 14, is a JFET
switch driver, which drives a discrete N-channel JFET that clamps the
TPAM bus to ground during encoding to prevent crosstalk between
samples and to reduce coding noise. Some of the pertinent require-
ments for the circuit are as follows:

() Comparator gain = 25,000,
(iz) Comparator delay < 100 ns with % code step overdrive (code
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step size depends on successive approximation algorithm and typically
one transition dominates),

(7it) Coder dc offset = 8 LSB,

(v) Sample/hold-buffer amplifier settling time = 900 ns to 0.1
percent of final value,

(v) Droop of held sample < % code step (size depends on sample
amplitude).

The basis for the D4 copEc design objectives is the specification for
end-to-end system performance. Because the CODEC is only part of the
system, however, CODEC design objective allocations must be derived
from these specifications. In deriving objectives, it is important to
observe that any coder-decoder combination plus vF filters, sampling
gates, etc., must meet end-of-life requirements for new facilities. This
automatically allocates less than half of each system requirement to
the pAc. How much less than half depends on the sensitivity of other
system components to the requirement in question and, therefore, is
subject to engineering judgment. Because of this, the objectives are
somewhat arbitrary but, nevertheless, consistent with overall system
requirements. CODEC and DAC objectives, along with the system re-
quirements, are summarized in Table II. There are several points to
note concerning these requirements and objectives. First, all require-
ments and objectives must reflect the D2/D3/D4 7-%-bit coding for-
mat, in which 7-bit coding is used every sixth sample to accommodate
signaling information. Second, CODEC s/D requirements cannot be
directly inferred from those of a single bAc because, for small pac
errors, most of the distortion power is due to theoretical quantizing
noise. Last, idle channel noise and crosstalk are dominated more by
physical constraints than by circuit design. Theoretically, the copEC
contributes a maximum 17-dBrnCO0 idle channel noise and —71 dBm0
crosstalk power, assuming D4 system constraints of 7-%-bit coding and
a +3 dBm0 virtual overload for the copic. The theoretical idle channel
noise calculation assumes that low-power white noise perturbs a coder
biased at a decision level one LsB. The crosstalk calculation is per-
formed similarly, except that all the power is assumed concentrated in
a square wave of peak amplitude one LSB at the crosstalk frequency.
This assumption is justified only if the input crosstalk power is suffi-
ciently larger than the input white noise to the copec.

DAC gain tracking and s/D performance as specified in Table I can
be calculated and plotted by computer simulation, given each of the
255 pAc output voltage levels. However, this method is not practical
during laboratory evaluation and production testing. An alternate
method, though slightly more stringent, is to directly specify limits on
certain output levels. These limits guarantee the aforementioned gain
tracking and s/D requirements while simplifying the test procedure. It
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Table [l—cobpEc and DAC objectives

System D4 copEec
1-kHz Level Requirement Objective pAC Objective
(dBmo0) (dB) (dB) (dB)
Signal-To-Distortion* 0 33 33 35
-10 33 33 35
—20 33 33 35
-30 33 33 34
-40 27 27 30
—45 22 22 26
Gain Tracking* +3 +0.5 +0.25 +0.08
0 (Reference) — — —
-10 +0.5 +0.25 +0.08
~20 +0.5 +0.25 +0.08
-30 +0.5 +0.35 +0.12
—40 +1.0 0.50 +0.23
—45 +1.0 +0.75 +0.35
Harmonic Distortion 1-kHz Level
0 dBm0 —40 ~50 —55
Gain Stability (0°C-50°C) 1-kHz Level +0.25 +0.20 +0.05 (150 ppm °C)
0 dBm0 (0°C-75°C)
Crosstalk Coupling Loss Level
0 dBm0
200 to 3400 Hz >65 >75 Not applicable
Idle Channel Noise 23 dBrnC0 20 dBrnC0 Not applicable
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is sufficient to specify only the seven-chord endpoints, zero crossing,
full-scale error ratio, and current source ratios to characterize the DAC.
Harmonic distortion is calculated assuming a linear gain variation
between the positive and negative portions of the coding characteristic.
Although this is not absolutely true (different ladders and switches are
used), nonlinearities are sufficiently small to make it a good assump-
tion. Second-harmonic distortion is then given by

2
2nd-harmonic distortion = 20 logio 3 [1-R]

—VEs

Therefore, for a second-harmonic better than 55 dB down, 0.992 = R
=< 1.008, where R is the full-scale error ratio. The power supply
rejection ratio is chosen based on available power supplies, associated
supply noise, and the desired noise immunity and gain stability.
Computer simulation, verified by experimental results, was employed
to develop the tolerances on the DAC output levels by using the 255
nonideal DAC output levels as coder decision levels with perfect decoder
reconstruction levels. The computer calculated and plotted s/D and
gain tracking for sinewave inputs of various amplitudes that were then
compared with the DAC objectives in Table II. A summary of the
derived specifications for the D4 pac is given in Table III. The
specifications pertaining to the other coder and decoder silicon inte-
grated circuits (sics) that were stated earlier depend more on the
implementation of the coding and decoding than on the system re-
quirements. It is obvious, however, that the remaining circuitry must
not significantly impair DAC performance, or system requirements will

+
R= ’: VFSj| (Vrs = full-scale voltage).

Table lll—bAc requirements

Chord/ Step Size Error

Segment Lower Endpoint Error Step Size (Note 1)
7 0 (Note 2) 128 LSB +2 LSB
6 +4 LSB 64 LSB +14 LSB
5 +2% LSB 32 LSB +% LSB
4 +1% LSB 16 LSB +% LSB
3 +1 LSB 8 LSB +3 LSB
2 +% LSB 41LSB +%6 LSB
1 +% LSB 2 LSB +%2 LSB
0 +% LSB (Note 3) 1LSB +%+ LSB

Crossover Error: <% LSB

Operating Temperature: —40°C to 85°C
Full-Scale Error Ratio (R): 0.8 percent
Power Supply Rejection Ratio: 1Imv/V

Note 1: Because current sources are summed to generate chord steps, error may
accumulate for each step on the chord, e.g., the maximum error of the top
level of chord 5 would be (2 — %4 LSB + 15 X % LSB) = 10 LSB.

Note 2: Normalized as the reference.

Note 3: Neglecting dc offset, which is <'4 LSB.
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not be met. Operating temperature range, power supply rejection, and
gain stability are implicitly assumed in all specifications.

V. DIGITAL FACILITY INTERFACES

The D4 line interface unit functions include unipolar/bipolar digital
conversions, transmit timing, clock recovery, maintenance signal loop-
‘ing, coding, and multiplexing/demultiplexing. All modes except 1 and
3 require syndes units, which work closely with the multiplex/demul-
tiplex circuits. PcM signal synchronization, coding, and multiplexing/
demultiplexing are not required for Mode 3 operation, which provides
independent digroup transmission over two T1 lines. Also, Mode 5
does not require unipolar/bipolar conversion since unipolar logic sig-
nals connect to the optical transducers.

The line interface units provide voltage-controlled crystal oscillator
(vcxo) circuits, which function as clock generators for timing the
transmit units in the bank. The vcxo oscillator is illustrated in Fig. 18.
Depending upon the system arrangement, the oscillator may either be
free-running or phase-locked to either an external clock (D4 bank
externally timed) or to the clock extracted from the incoming PcM (D4
bank loop timed). In the free-running mode, the vcxo is switched to a
stable voltage reference to establish the operating frequency. In the
externally and looped timed modes the vcxo output is connected to a
quadrature phase detector, which forms part of the phase-locked loop
(PLL) to control the oscillator. The vcxo specifications are summarized
in Table V. The oscillator frequencies are divided by four to obtain
the clock signals for the transmit units. The oscillator frequency is
higher for Mode 1 because in this synchronous digroup, D4-to-D4
mode, the bank transmit units are operated at 1.576 MHz instead of
1.544 MHz as in the other modes. This allows the oscillator to drive
the T'1C digital line as well as the bank transmit units. When operated

Table IV—Typical D4 copec performance

1-kHz Level Signal to Distortion
(dBm0) (dB) Gain Tracking (dB)
+3 37.0 +0.1
0 37.5 0 (Reference)

-10 39.0 +0.05
—20 36.5 +0.05
-30 36.0 +0.10
—40 3L.5 +0.15
—45 275 +0.20

Harmonic Distortion: —52 dB

Gain Stability: +0.12 dB

Crosstalk Coupling Loss: >80 dB

Idle Channel Noise: 14 dBrnC0 Average

* 7-%-bit coding: C-message weighted noise.

Table IV summarizes typical copEC performance of production units, which is
considerably better than the objectives in Table II.
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Fig. 18—Voltage-controlled crystal oscillator.
Table V—vcxo specifications
Specification
Mode Frequency (ppm) Pull Range (Hz)
1 6.304 MHz + 30 +500
2to b 6.176 MHz + 32 +500

in this mode, the transmit units generate 197-bit frame patterns
(instead of 198 bits) by inserting four extra bits per terminal frame,
one after every sixth channel. On the receive side, these extra bits are
ignored during decoding of the pPcM.

5.1 Unipolar-to bipolar conversion

Wire-type digital transmission facilities require balanced bipolar
signals. The D4 line interface units provide balanced bipolar signal
outputs meeting the requirements depending on the type of facility
and far-end terminal to be used in the system.

Figure 19 shows the transmit converter circuit for L1U-1 and -2, along
with the associated timing diagram. The unipolar input (TPCM) is
converted to bipolar at the output of transformer, T'1. The flip-flop
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Fig. 19—The transmit converter.

(FF) divides the TpcMm input by two, alternately steering the bits
through NOR gates to turn ON transistors Q1 or Q2. The outputs of
the NOR gates are capacitively coupled to the transistor bases so that,
in the absence of the TPcM input, both transistors are OFF. Collector
voltage is supplied to Q1 and Q2 by the center tap on T1. Resistor R1
is selected to set the peak pulse amplitude to six volts.

The transmit converter for L1U-3 is a variation of that used for LIU-
1 and L1U-2. In L1U-4T the unipolar-to-bipolar conversion circuit is the
same as that used in the M12 multiplexer-demultiplexer.

5.2 Clock extraction

Timing of the D4 receive units is derived from the received pcMm bit
stream. The received clock is extracted from the pcMm either by tradi-
tional inductor-capacitator, or crystal tank circuits. In the case of the
T1 and TI1C interfaces, clock is extracted by means of a receive
converter circuit,’ which includes a phase-locked loop. Since the
receive converter is embodied in an integrated circuit, this latter
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approach has resulted in a significant circuit size reduction for the
Modes 2 and 3 line interface units.

Figure 20 shows a block diagram of the receive converter. The circuit
accepts the bipolar pcMm line signals at the input, extracts the clock by
means of the PLL, and provides regenerated pcM data and clock at the
output. In addition, the circuit provides unipolar clock and pcM in-
puts—loop PcM (LPcM) and loop clock (LcLK)—with associated loop
control inputs for bank maintenance looping. It also features an
automatic output shutdown option to turn off the clock and data
outputs in the event of loss of incoming bipolar pcM. This function is
provided because when a PLL is used for clock recovery, loss of input
signal does not result in loss of clock since the voltage-controlled
oscillator continues to operate. Because in some systems a free-running
clock is preferred over loss of clock, the circuit provides output shut-
down on an optional basis selected by external pin connections. The
receive converter, which is implemented in the (cBic) technology, is
described in a companion article describing D4 channel bank inte-
grated circuits.”

An important consideration when using the PLL for clock extraction
is that the phase comparator must be able to work with a pcM bit
stream as an input. This implies that the loop will have the ability to
accommodate intervals when timing information is not present. In
other words, the output of the clock recovery circuit should ideally
remain at its previous phase-locked frequency during the time phase
comparisons are not possible (i.e., when a data bit is a logic zero). Since
for T1 (1.544-Mb/s) and T1C (3.152-Mb/s) bipolar pcM signals the
maximum number of consecutive zeros is restricted to 15, this interval
is approximately 9.5 and 4.7 microseconds, respectively.

In the receive converter, these gaps in timing information are
spanned by a tristate gate that acts as the phase comparator in the
loop. The tristate gate has three output states (logical one, zero, and

LPCM =———t{ D Q_,P
BIPOLAR  |cLk— Logp oCqu
,PCM CON- PHASE-LOCKED LOOP EE
/ INPUT TROL 1
LOGIC
FWR Lo — Loop — vco c a
o ' A FILTER
R JE
/
cP CF CLOCK OUT
/ PHASE RE
jT: AR CLOCK PCM | cOMPARATOR g
/ LOOP
DIFFERENCE CONTROL | i
COMPARATOR CLOCK
SHUTDOWN
CONTROL

Fig. 20—The receive converter.
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high impedance). The gate is forced to the high-impedance state when
valid phase comparisons cannot be made because the bipolar pcm
input bits are logical zeros. The voltage-controlled oscillator (vco)
frequency is then held by the dc voltage on the loop filter capacitor.

5.3 Maintenance capability

The line interface and syndes unit(s) (su) provide maintenance
capability by means of switchable loop transmission paths so that the
transmitted pcM bit stream is looped back to the receiver. If the
receiver is able to frame on the looped signal, the bank is judged good.
The loop is made as close as is feasible to the digital facility connection
in the line interface units to test as much of the bank circuitry as
possible.

Because in D4 banks two or four digroups may be multiplexed
together, a maintenance loop at the LIU output would disrupt service
on any normally operating digroups, as well as those experiencing
failures. For this reason, Modes 2, 4, and 5, which have independent
digroup operation except for multiplexing, have two levels of looping
capability, one in the syndes for individual digroups and another in
the line interface unit for the multiplexed output.

The line interface loop capability is unique because it permits an in-
service loop test that interrupts the incoming bit stream and bridges
the multiplexed output to the input for a period of time long enough
to allow frame lock of each receive unit to occur. If any receive units
do not achieve frame lock, the logic stores and displays a test fail
indication that isolates the cause of failure to the su synchronizer, or
the multiplexer/demultiplexer (MUX/DEMUX).

Whenever a single digroup is looped, an all ones signal is substituted
for the pcM and transmitted to the distant terminal. This keeps the
digital line repeaters operating and, as discussed in a succeeding
section, enables the alarm control unit within the far end terminal to
give indication that the near-end digroup has been looped.

The maintenance loop control is derived from the bank alarm control
units, which have logic to ensure a normally operating bank cannot be
inadvertently looped and interrupt transmission. The rLius have a
special pin-jack option, however, which will override the logic and
force loop transmission under out-of-service standby maintenance
conditions.

5.4 Equalizers

As we mentioned previously, cable equalizers are installed between
the D4 line interface transmit converter and the office digital cross
connect or repeater bay. The same set of equalizers is used for the T1
and T1C applications (Modes 1 through 3). There are five equalizer
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networks for these applications, each of which is designed to compen-
sate for a range of cable lengths. The equalizers are passive bridged-T-
network configurations mounted on small plug-in cards that are in-
stalled in the D4 trunk processing unit (TPU).

The Mode 4, T2 interface requires line build-out networks (LBOS)
for both directions of transmission. These networks are electrically of
the same design as used for the M12 Muldem but have been physically
redesigned to fit into the D4 TpPU. There are seven different (LBO)
codes.

5.5 ‘Multiplexing— Modes 2, 4, and 5

Large-scale integrated multiplex and demultiplex circuits are used
in the L1Us for Modes 2, 4, and 5. These custom-designed logic devices
are described in a companion article.”” The same devices are used to
optionally multiplex two or four digroups into M1C- and M12-compat-
ible signal formats. The multiplexer, working closely with the syndes
unit(s), combines the bit streams of two or four digroups. It also
generates and adds a control bit pattern. The control bit pattern is
used by the demultiplexer for framing, destuffing, and alarm status
indication. The demultiplexer frames on the incoming signal and
separates the data into two or four digroup signals along with destuffed
clock signals. It also decodes alarm information to indicate a remote
terminal alarm status.

The M1C- and M12-compatible multiplexed data formats are pre-
sented in Figs. 21 and 22.

5.6 Line interface units

The line interface units supply the circuits and signal connections to
other bank common units to set up a particular mode of operation. In
addition to line interface units, Modes 2, 4, and 5 require sus for
synchronization of the digroup signals. In this section, the line interface
circuits required for each D4 mode of operation will be described.

MODE 2 M1C COMPATIBLE FORMAT:

M1 {52) C11(52) FO (62) C12(52)  C13(4) (11/STUFF) (47)  F1(52)
M2 (52) C21(52) FO (52) C22 (52) C23(5) (I2/STUFF) {47)  F1(52)
M3 (52) C11(52) FO (52) C12 (52) C13(4) (11/STUFF) (46)  F1(52)
M4 (52) C21 (52) FO (52) C22 (52) C23 (5) (I2/STUFF) (47)  F1(52)

o THE FRAME ALIGNMENT SIGNAL IS FO, F1, WHERE FO=0AND F1=1.

o THE MULTIFRAME ALIGNMENT SIGNAL IS M1, M2, M3, M4 AND IS
011X, RESPECTIVELY, WHERE X IS AN ALARM SERVICE DIGIT.

e THE STUFFING INDICATOR WORDS ARE Ci1, Ci2, WHERE i = DIGROUP CHANNEL.
e { )=NUMBER ENCLOSED REPRESENTS NUMBER OF INFORMATION BITS.

o INFORMATION BIT FORMED BY INVERTING DIGROUP CHANNEL 2 FOLLOWED
BY MODULO TWO SUMMATION WITH CHANNEL 1.

Fig. 21—Format of the Mode 2 multiplexed data stream.
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MODE 4 M12 COMPATIBLE FORMAT:

M1 (49) C11(49)  F0(49) C12 (49) C13{49) F1(I1/STUFF) (48)

M2 (49) C21(49) FO(49) C22 (49) C23 (49) F1 (1) (1I2/STUFF) (47)
M3 (49) C11(49)  F0(49) C32 (49) C33 (49) F1(2) (I3/STUFF) {46)
M4 (49) C41(49)  FO(49) C42 (49) C43 (49) F1(3) (14/STUFF) (45)

e THE FRAME ALIGNMENT SIGNAL ISFO, F1, WHERE FO=0AND F1=1.

e THE MULTIFRAME ALIGNMENT SIGNAL IS M1, M2, M3, M4 AND IS
011X, RESPECTIVELY, WHERE X IS AN ALARM SERVICE DIGIT.

e THE STUFFING INDICATOR WORDS ARE Ci1, Ci2, Ci3, WHERE
i=DIGROUP CHANNEL.

e ( }=NUMBER ENCLOSED REPRESENTS NUMBER OF INFORMATION BITS.

e INFORMATION BIT MULTIPLEXING IST1 12 I3 14 11 12 ...
(I2 AND I4 ARE INVERTED).

Fig. 22—Format of the Mode 4 multiplexed data stream.

5.6.1 Mode 1

Mode 1 provides a unique dual digroup operation over the T1C
digital lines. In this mode, full advantage is taken of the inherent
synchronization properties of two commonly clocked digroups for an
economical D4-to-D4 connection. Both multiplexing and alarm func-
tions are integrally related for the pair of digroups.

A single alarm circuit is provided that responds to failures in either
digroup and removes all 48 VF channels from service if either receive
unit loses frame synchronization. Only one alarm unit is used because
circuits associated with the individual digroups, as well as those shared,
must be working normally for proper Mode 1 operation.

Figure 23 is a block diagram of the line interface for Mode 1 bank
operation. This unit is designated L1U-1. The circuit multiplexes the
two 24-channel digroups (ATPCM and BTPCM) with a bit rate of
1.576 Mb/s into a composite signal at the T1C line rate of 3.152 Mb/s.
Multiplexing is done with the two digroups synchronized such that a
bit from the A digroup is alternated with a corresponding bit from the
B digroup, as shown in Fig. 24. The multiplexed signals are then
scrambled in a one-bit scrambler to randomize the bit stream. The
transmit converter changes the unipolar format into bipolar to drive
the T1C line.

On the receive side, the receive converter accepts the bipolar input
from the T1C line, converts it to unipolar, extracts clock, and produces
the regenerated, scrambled pcM and clock. After descrambling, de-
multiplexing is done by alternately clocking two D-type flip-flops.
Since demultiplexing in this manner can result in arbitrary steering of
the A and B digroup bit streams at start-up, there is equal probability
of steering the A digroup bit stream to the B receive unit. Knowledge
of A-bit followed by B-bit multiplexing scheme and signals from the A
and B receive units provide the means to automatically correct the
data steering if it is incorrect. The logic in essence requires that the A
frame bit occur before the B frame bit. If the B frame bit precedes the
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Fig. 23—Line interface unit-1.

MODE 1 MULTIPLEXED DATA FORMAT:

Sa Sg Fla Flg (96) F1a Flg (96) FO, FOg (96) FOn FOg (96)
CH1-6 CH 7-12 CH 13-18 CH 19-24

o SUFFIXES A, B REFER TO A AND B DIGROUPS, RESPECTIVELY.

e SUPERFRAME BITS: F1=LOGICAL ONE, FO = LOGICAL ZERO.

e S5, Sg ARE S BITS OF A AND B DIGROUPS, RESPECTIVELY.

® (96) = REPRESENTS 96 PCM BITS, 8 BITS PER CHANNEL, 6 CHANNELS

FROM DIGROUP A AND 6 FROM DIGROUP B.PCM INTERLEAVED,
LE. —

[a]mw[2a[28]3a]am[eafas][sa]ss]

N =B DIGROUP PCM BIT
~A DIGROUP PCM BIT

Fig. 24—Mode 1 multiplexed data format.

‘ TRANSMIT
MULTIPLEXER SCRAMBLER CONVERTER ‘_EHE_

—T1C

A frame bit, the logic inverts the phases of ACLK and BCLK to the
flip-flops such that the receive units do not go out of frame and the
data is properly strobed.?

The clock generator has a 6.304-MHz clock (T6CLK), which controls
timing for the L1u multiplexer, transmit converter, and the two trans-
mit units.

Maintenance looping to test bank operation is provided through the
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receive converter circuit, which is controlled by the bank alarm unit.
When the maintenance loop is activated, the receive converter switches
from the normal pcM input to the loop path and the transmit converter
supplies an all-ones code to the distant terminal.

5.6.2 Mode 2

A block diagram of L1U-2 is shown in Fig. 25. As mentioned previ-
ously, Mode 2 is M1C multiplex compatible, requiring that the asyn-
chronous digroups be synchronized for multiplexing. The multiplex/
demultiplex circuits work with the syndes circuit (Fig. 26) to synchro-
nize the digroup signals on the transmit side (TPcM) and perform a
desynchronizing and smoothing of the digroup signals on the received,
negated PcM (RNPcM). There are two identical but independently
operating syndes circuits on the su, one for each digroup. In each
syndes 8-bit, elastic store circuits provide temporary storage for both
the synchronizing and desynchronizing functions. The elastic store in
the synchronizer has data sequentially written in by the transmit clock
(TcLK) and data read out by the multiplexer clock (Mck). The multi-
plexer inserts stuff bits (Fig. 21) when the elastic store stuff request
(SR) is activated. Desynchronizer input data is DCH, which is written
in by the destuffed clock (pcLK). The read clock (RCLK) is generated
by a vco, which is phase-locked to the write clock. The bandwidth of
the phase-locked loop is set to greatly reduce the jitter introduced by
bit stuffing and control bit multiplexing.

The multiplexer and demultiplexer circuits (Fig. 25) are complemen-
tary metal oxide semiconductor (cMo0s) large-scale integration (LsI)

CH1

SR1
MCK 1 | TRANSMIT
su CH2 =iy MULTIPLEXER CONVERTER
SR2 e
MCK?2
LCKLT ——]
6.304-MHz PCM
LCKPH ——— O 00 LOOP ~T1c
T6CK PATH
I -, CLK
L= 1

DATA
DCH1 e RECEIVE
DCLK 1 o CONVERTER
CLK

DEMULTIPLEXER

DCH2 +—————————

DCLK2 ————— LoopP

CONTROL

Fig. 25—Line interface unit-2.
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devices that supply the M1C-compatible format, and the transmit and
receive converters provide the line interface functions, both of which
we described earlier.

The loop control logic activates the loop path for maintenance. As
we noted previously, there are two modes of looping: one is the fast
loop, and the other is a maintenance loop, which loops the transmitted
data and transmits all ones on the T2 line.

5.6.3 Mode 3

As we see in Fig. 27, the line interface unit for Mode 3 is an
essentially independent digroup operation over T1 lines. It consists
primarily of transmit and receive converter circuits for each digroup,
which interface with the T1 lines. A common 6.176-MHz vcxo provides
transmit timing for both digroups. There are independent digroup
alarm and maintenance loop functions in this mode.

5.6.4 Mode 4

Mode 4 is a dual D4 bank configuration that multiplexes four
digroups into an M12-compatible DS2-level signal. Because two D4
banks must be interconnected to combine the signals, wires must be
added between one backplane connector on each of the banks. In
addition, a transmit line interface unit (L1U-47T) is inserted in one bank
and a receive line interface unit (L1U-4R) in the other. The transmit
L1IU multiplexes four digroup signals from both banks, and the receive
LIU demultiplexes the four digroup signals. Figure 28 illustrates the
line interface units and major interconnections between banks.

As with Mode 2, the banks have syndes units installed for the
synchronization/desynchronization of the digroup signals. In effect,
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Fig. 27—Line interface unit-3.

Mode 4 incorporates an M12 multiplexer within the banks. This has
been made physically possible by the Ls1 multiplex devices.

The code translator establishes the binary six zero substitution
(B62zs) coding to meet the T2 and M12 compatibility requirements.

Both the in-service fast loop and maintenance loops are included in
the LI1U circuits. The 6.312-MHz crystal oscillator (x0) provides the
timing for both the multiplexer and the T2 line. The 6.176-MHz vcxo
oscillators generate transmit clock signals for the bank transmit units.

A variation of Mode 4 is also available that is an M12-compatible
interface to T2 facilities at intermediate power stations for add/drop
capability. This mode, termed Mode 4A, requires LIU-4TA and LiU-
4RA, which are similar to those shown for Mode 4 except that it has
lightning protection, since the LIUs interface to T2 lines without
intervening T2 office repeaters.

5.6.5 Mode 5

The recent addition of a lightwave system interface capability to the
D4 banks illustrates the flexibility of both the electrical and physical
architecture of the D4 design. The information-carrying capacity of
Mode 5, as well as much of the line interface circuitry, is the same as
for Mode 4. In Mode 5, two banks are interconnected, and the four
digroups are multiplexed using the same devices as in Mode 4.

Figure 29 is a block diagram of the line interface units for Mode 5.
The optical transducer circuits are not physically located in the Lius
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but in special power distribution units where the optical fibers are
connected.

Because the lightwave system components have much greater band-
width available than necessary for the 6.312-Mb/s multiplexed data,
the data is dipulse coded. The dipulse code format has several advan-
tages for the lightwave application. It has two levels, avoiding nonlin-
earity problems with the laser, which would result from a three-level
code; there are no long strings of zeros, thus making timing recovery
easy; and redundancy is included for error detection.

The dipulse coding scheme uses only two levels to achieve analogous
capability to three-level bipolar coding used with the wire systems.
Correspondence of the two coding schemes is illustrated in Table VI
below. Use of the dipulse code doubles the lightwave system bit rate
to 12.624 Mb/s. The dipulse coded signal drives an injection laser
transmitter. On the receive side, an avalanche photo diode (aPD)
detects the lightwave pulses, which are processed by an optical receive
circuit. The APD receiver has automatic gain control with a dynamic
range of approximately 85 dB.

The dipulse decoder converts the bit stream back to 6.312 Mb/s for
demultiplexing. It also detects dipulse code errors that accumulate in
the error monitor and turn on an LED indicator if the bit error rate
exceeds 107°%. Alarm control units initiate trunk processing to remove
the banks from service if the digroup error rates exceed approximately
1073,

Present lightwave component technology allows this Mode 5, F12-
level signal to transverse lightguide distances of up to 4.5 miles without
optical repeaters. This corresponds to maximum optical loss of 48 dB.

Connection to the lightguide cable is made through protected single
fibers that connect at the rear of the power distribution units on one
end and at the lightguide cable interconnection equipment (LCIE) at
the other. The LCIE provides the terminations for the incoming light-
guide cable. The lightguide ribbons (12 fibers per ribbon) are connected
to a fan-out assembly, which provides separate connectorized fibers.
The lightguide fiber is a low-loss graded-index type with a 55-um
diameter core.

Table VI—
Correspondence of
bipolar and dipulse

coding schemes
Bipolar Dipulse

Code Code
+1 11
0 10
-1 00
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D4 Mode 5 and the other FT2 system components utilize modified
versions of the optical circuits developed for the Fr3 Lightwave Digital
Transmission System, as well as the same lightguide cable, LCIE, and
hardware. The optical transmit circuit uses a GaAlAs injection laser
diode operating at a wavelength of 825 nm. In the optical receiver, the
APD circuit current gain ranges from approximately 6 to 120. Bias for
the APD is supplied by a £5 to —575 volt de-to-de converter and a high-
voltage regulator circuit.

5.7 Office interface

D4 office interface units (Fig. 1) are optionally used as a common
access point for connecting the D4 bank to external timing sources.
They also are used as circuits for loop timing of the transmitted Pcm
with the received clock. Loop and external timing of the banks is
required by electronic switching system (Ess) switches and digital data
system (DDs) applications.

VI. ALARMS AND TRUNK PROCESSING
6.1 ACU functions

The D4 alarm control unit (Acu) is the alarm center for the D4
channel bank. In all modes except Mode 1 AcUs are required for each
digroup to monitor alarm status and facilitate location of transmission
failures.

As Fig. 30 shows, the ACU monitors outputs from the receive unit to
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Fig. 30—Bank alarm and maintenance.
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detect incoming alarms and control trunk processing, local office
alarms, and transmission of alarm signals to banks at distant offices.
In addition, it initiates alarms in response to dc power failure. The
ACU controls trunk processing to remove trunks from service when a
failure occurs (carrier group alarms) and totals the number of times
service is lost by an electromechanical register.

Features of the D4 design include a minimum 2.0-second delay
before bank and office alarms are turned on and trunk processing is
initiated (versus 0.3 second for earlier banks). In addition, the features
include hit integration, which reduces sensitivity to sporadic alarm
signals while maintaining capability to alarm when intermittent alarm
signals persist. The AcU timing circuits utilize current sources to drive
capacitors connected to the input of comparators obtaining nearly
linear voltage changes. Hysteresis enables positive comparator output
switching to occur at the timing threshold voltages. The active circuit
portions of the timers comprise two 16-pin dual in-line package (DIP)
integrated circuits, and the acu logic is contained in two custom
transistor-transistor logic (TTL) gate array devices. Figure 31 is a
functional block diagram of the alarm control unit.

AR a4
TRUNK —
RED ALARM 1 TP, TPD, TPW TO
> INTEGRATING PR?f,jfrféNG - ﬁn:IATNSNEL
FP >_:]_ TIMER CIRCUITS |—=

YELLOW
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T
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= O TN g LL
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Fig. 31—Functional diagram of the alarm control unit.
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6.2 General description of operation

6.2.1 Red and yellow alarms

The AcU responds to several types of alarm conditions that indicate
digital line or bank failure. They are designated as red alarm (AR)
when locally detected and yellow alarm (Ay) when detected at the
distant terminal. Red and yellow light-emitting diode (LED) indicators
are mounted on the AcU faceplate. The AR indicator is ON whenever
an alarm signal is present; however, trunk processing is not started,
and bank and office alarms are not turned on until after the 2-second
delay interval. In the case of a yellow alarm the indicator turns ON,
trunk processing is initiated, and bank and office alarms are triggered
simultaneously after the alarm is detected (approximately 450 ms).

A red alarm occurs as a result of loss of incoming digital information,
either because of digital line or local bank receive side failure or a bank
power failure. A yellow alarm occurs as a result of transmitting line or
transmitting side local bank, or receiving side at the distant terminal
failure. The yellow alarm is transmitted by the distant bank when it
indicates a red alarm. Another alarm situation is presented as simul-
taneous red and yellow alarms. This happens when a yellow alarm is
followed by a red alarm and occurs if the far end detects a red alarm
and is looped to determine if the failure is within that bank.

6.2.2 Trunk processing

After initial timing requirements are met, a red or yellow alarm
causes the ACU to initiate trunk processing to remove the trunks from
service. Circuits within the AcU signal to operate relays located in the
trunk processing unit. Contacts on these relays are connected to the
channel units to control trunk processing. A yellow LED (TP), located
on the Acu faceplate, is turned ON to indicate the bank is out of
service. After the alarm has been cleared and a nominal delay interval
of 15 seconds has elapsed, the bank is returned to service and the TP
indicator is turned OFF. In the case of the yellow alarm, the restoral
delay is controlled by the bank transmitting the yellow alarm. This
results in a coordinated restoral of the system into service.

6.2.3 Alarm cutoff

The acu has a pushbutton alarm cutoff (Aco) to turn off bank and
office alarms. Depressing the Aco pushbutton will cause the Aco LED
to be locked ON and the bank and office alarms to be turned OFF.
The Acu panel alarm indicators (AR and AY) are not extinguished,
however, until the trouble is cleared. If an alarm occurs as a result of
a fuse operation or power converter failure, the Aco pushbutton is
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prevented from clearing the bank and office alarms. In these cases, the
Aco LED will not turn ON, and the fuse must be replaced, or the power
converter turned OFF to silence the alarms.

6.2.4 DC power monitoring

The Acu monitors particular —48-volt office battery leads and the
output voltages of the bank dc-to-dc converter and performs the
following functions:

(i) Loss of —48 volts: Immediately turns on AR indicator, and after
approximately 2.5 seconds, it turns on bank and office alarms and
initiates trunk processing.

(i1) Loss of dc-to-dc converter outputs: Immediately initiates bank
and office alarms and causes trunk to be removed from service.

6.2.5 Troubleshooting

The Acu provides a switch (LT/LL) that conditions the bank to aid
in locating troubles. The switch is only functional when the trunks are
removed from service by the TPU (normally as a result of an AR or AY
alarm and Aco operation). With the switch set to the LT position, the
maintenance loop is activated. This causes the digital output of the
bank to be looped to the input in the line interface unit to determine
whether the bank is operating normally. In the LL position, the yellow
alarm is transmitted to hold the bank out of service to allow trouble-
shooting of digital line problems by transmission loop patches at
repeater locations. When the patch provides good transmission, the
red alarm at the bank clears but the yellow alarm is looped to hold the
bank out of service. Proper operation of the LL feature requires that
both bank LL switches be thrown to avoid inadvertent restoral of one
or both terminals under “noisy line” conditions.

6.3 Circuit overview

Refer to the functional block diagram of the AcuU as presented in
Fig. 31. The Acu logic is implemented in two custom TTL gate array
devices. There are five timing circuits in the Acu; two are illustrated
explicitly in Fig. 31 as the red alarm integrating timer and yellow alarm
detector. The three remaining timing circuits are incorporated in the
trunk processing timing circuits and Acu logic. All of the switches and
LED indicators are located on the Acu faceplate.

The red alarm inputs are loss of PcM (LOSP), A digroup of frame
alarm (ARFAL), and B digroup frame alarm (BRFAL). The —48F and
—488S inputs are monitored by the loss —48-volt detector, which also
initiates the red alarm if any of these voltages fail. The receive, negated
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bit 2 (RNB2) input is digit (or bit) two of the pcMm word, which indicates
the yellow alarm when fixed at logic one.

The acu outputs include TU, TP, trunk processing delayed, and trunk
processing wink outputs control relays in the TPU. Transmit outgoing
alarm (TOGA) is an output to the TU to control the transmission of the
yellow alarm in the PcM output. RNIFI is logic output that controls
signaling storage. DIs is a logic output that controls the sampling gates
in the channel units. LOOP is a relay drive output signal to operate the
looping relay in the line interface unit. Qutput ALM controls the bank
alarm relay.

The purpose of each of the main functional components of the Acu
circuit is described in the following paragraphs.

6.3.1 Red integrating alarm timer

The red integrating alarm timer performs the following functions:
(i) It provides a nominal 2.5-second delay between receipt of a red
alarm signal and initiation of trunk processing.
(i) It integrates intermittent red alarm inputs with a nominal 6 to
1 ratio (i.e., it times out towards the alarm state at a rate six times
faster than it recovers toward nonalarm state).
(Zit) When trunks are processed, it provides a nominal 15-second
delay after the last alarm before the service is restored.
(iv) It provides a means to force trunk processing without an alarm
by shorting a special jack (FTP).

6.3.2 Yellow alarm detector

The yellow alarm detector performs the following functions:

(Z) It provides a nominal 450-ms delay between receipt of the last
PCM bit two pulse (RNB2) and initiation of the yellow alarm and trunk
processing.

(Z7) It provides immunity to noisy lines by integrating the RNB2
pulses.
(i17) It provides a nominal 30-ms delay before clearing a yellow
alarm to reduce sensitivity to a noisy line.

6.3.3 TP memory flip-flop

The TP memory flip-flop (FF) optionally allows the occurrence of a
single trunk processing event to be held indefinitely, as indicated by
the TP LED remaining ON after the trunks have been processed and
returned to service. The TP LED is placed in this mode by setting the
OFF/MEM switch to the memory mode position MEM. This is useful
to bring attention to banks that experience intermittent failures. With
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the switch in the OFF position, the TP LED is only ON during the time
the trunks are out of service and turns OFF when service is restored.

6.3.4 CGA register

The cca register is an electromechanical register that records the
number of times the bank trunks are taken out of service. Each time
trunk processing occurs, the register is incremented.

6.3.5 Trunk processing timing circuits

When trunk processing is initiated by a red or yellow power alarm
or by forcing the FTP input, a simple sequence of relay drive signals is
initiated to operate the relays located in the TPU. The trunk processing
timing circuit provides the required sequence of relay drive signals.

6.3.6 ACO flip-flop

The Aco pushbutton switch turns off bank and office alarms when
depressed following a red or yellow alarm. The Aco FF holds the alarm
OFF. It also serves to enable the LL/LT switch after an alarm has
occurred and been cut off. The LL/LT switch is disabled if alarm and
Aco have not occurred. This prevents inadvertent looping of the banks
while they are in service.

6.3.7 ACU logic

The logic gates interconnecting the functional acu blocks provide
the required digital logic to control the various output signals and
status and alarm LEDs. The logic gates are included in two integrated
gate array devices.

6.4 Summary of ACU timing

Table VII summarizes the timing functions for the acu.

Table VIl—Acu timing
Red Alarm (AR)

Initiation 2.5 + 0.5 seconds*
Integration Ratio 6/1 = 20%
Time to return trunk to service 15 + 4 seconds

after alarm clears

Yellow Alarm (aY)

Initiation 450 = 100 milliseconds
Time to return trunks to service 30 = 6 milliseconds
after alarm clears

* The ar LED is ON whenever an alarm signal occurs, but
alarm status and trunk processing is not initiated until this time
has elapsed. For intermittent alarms, the initiation time is longer
because of the alarm integration.
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Vil. DC POWER

Power is supplied to the D4 bank circuits by means of an efficient,
low cost, de-to-dc power converter unit (pcu) that operates from the
office —48 volt supply. The output voltages for the D4 circuits are +5
and +£12 volts. The power unit consists of an input filter, switching
power amplifier, power transformer, output rectifiers filters, and con-
trol circuits.

The pcu voltage outputs have ripple voltages of less than 30 mv rms
over a 0- to 20-MHz frequency band. Tolerance on the output voltages
is =5 percent for the £12 volt outputs and +10 percent for the +5 volt
output. The converter has over-voltage protection and low-voltage
alarm indication.

The power unit provides an input switch with a mechanical interlock
that automatically turns the power off when the unit is being removed
from the D4 bank. The faceplate has alarm and alarm cutoff LED
indicators and test points for measurement access to the 12 and +5
output voltages.

A power distribution unit (pDU) furnishes a fused —48-volt distri-
bution arrangement for the bank pcu and other circuits. Office alarms
and a local ppU alarm are activated by any fuse or bank failure. The
PDU also has a filtered talk battery and 20-Hz ringing supply outputs.

Vill. SUMMARY

The D4 channel bank is a versatile, cost-effective addition to the
digital telephone plant. Circuits designed for D4 have been incorpo-
rated into many other parts of the digital plant. The most prominent
additional applications of the D4 circuits (and some of the D4 hard-
ware) include the SLC-96 subscriber loop terminals, and the LT-1
connector.

Many of the D4 LsI integrated circuits have been incorporated into
other parts of the digital network, such as the digital interface frame
(p1F) for No. 4 ESS, and maintenance systems, such as the digital
access and cross-connect system DACS and DATS.

The success of the D4 bank and D4 technology is the result of close
and extensive cooperation among many Bell Laboratories organiza-
tions.
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GLOSSARY

ACO alarm cutoff

ACU alarm control unit

AIM alarm

ALM DET alarm detector

APD avalanche photo diode

AR red alarm

ARFAL A digroup receive frame alarm

ARNPCM A digroup inverted PCM

ARCLK A digroup receive clock

ATCLK A digroup transmit clock

ATPCM A digroup transmit PCM

AY yellow alarm

B6ZS binary six zero substitution

BRCLK B digroup receive clock

BRFAL B digroup receive frame alarm

BRNPCM B digroup receive PCM

BTCLK B digroup transmit clock

BTPCM B digroup transmit PCM

CBIC complementary bipolar integrated circuit

CCIS common-channel interoffice signaling

CGA carrier group alarm

CH channel

CMOS complementary metal oxide semiconductor

CODEC coder-decoder

CuU channel unit

DAC digital-to-analog converter

DACS digital access and cross-connect system

dBTL decibels-transmission level

dBrnCO dB above reference noise, measured with C-message
weighing at 0 transmission level point

DCH destuffed channel (PCM)

DCLK destuffed clock

DDS digital data system

DEMUX demultiplexer

DIF digital interface frame

DIFF COMP differential comparator

DIP dual in-line package

EQL equalizer

ESS electronic switching system

EXT external

FET field effect transistor

FF flip-flop
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FS

FT
JFET
LBO
LCIE
LCKLT
LCKPH
LCLK
LED
LIU

LL
LOSP
LPCM
LSB
LT
MCK
MEM
MUX
OOF
OPT RCVR
OPT TRMTR
PAM
PCM
PCU
PDU
PLL
RC
RCLK
RCLK
RFA
RFB
RNB2
RNIFI
RNPCM
RPAM
RPCM
RU
S/D
SBC
SIC
SMAS
SR

SU
SUM

signaling, frame signal pattern
terminal frame signal pattern
junction field-effect transistor

line build-out network

lightguide cable interconnection equipment
line interface unit clock loop time
line interface unit clock phase control
loop clock

light-emitting diode

line interface unit

line loop

loss of pulse code modulation

loop pulse code modulation

least significant bit

loop terminal

multiplexer clock

memory

multiplexer

out-of-frame

optical receiver

optical transmitter

pulse amplitude modulation

pulse code modulation

power converter unit

power distribution unit
phase-locked loop

resistor-capacitor

read clock

receive clock

receive frame signal for A digroup
receive frame signal for B digroup
receive, negated bit 2

logic output that controls signaling storage
receive, negated pulse code modulation
receive pulse amplitude modulation
receive pulse code modulation
receive unit

signal-to-distortion

standard buried collector

silicon integrated circuit

switched maintenance access system
stuff request
synchronizing-desynchronizing unit
summing
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syndes synchronizing-desynchronizing

T6CK transmit 6 megahertz clock

TCLK transmit clock

TINH transmit inhibit

TNEN transmit, negated enable

TOGA transmit outgoing alarm

TP trunk processing

TPAM transmit pulse amplitude modulation
TPCM transmit pulse code modulation
TPD trunk processing delayed

TPM trunk processed memory

TPU trunk processing unit

TPW trunk processing wink

TSYNC transmit synchronization

TTL transistor-transitor logic

TU transmit unit

VCO voltage-controlled oscillator
VCXO voltage-controlled crystal oscillator
VF voice frequency

X0 crystal oscillator
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D4 Digital Channel Bank Family:

The Maintenance Bank

By R. E. BENJAMIN and H. H. MAHN
(Manuscript received July 2, 1982)

The D4 Maintenance Bank (D4MB) is a centralized facility for
testing D4 channel units as well as a place for the hot monitored
spare of all common equipment used in the D4 channel bank. At least
one D4MB equipped with D4 channel units is recommended for each
office. The D4MB contains a test set and two digroups of common
equipment that simulate the D4 digital system. When a channel unit
needs to be tested, it is inserted in the test position of the p4MB and
the craftsperson tests it by following simple instructions listed on 3x5
plastic cards. These tests are performed on any given code of channel
unit, usually without changing any options in the channel unit under
test. Voice-frequency (vr) and signaling tests are performed on the
channel unit under test. These tests assure the craftsperson that the
unit under test will not affect or impair the transmission of other
channel units already installed in working D4 channel banks. The
D4MB Is an inexpensive and simple D4 plug-in unit test vehicle for
craft use. It has proven extremely reliable in determining whether a
unit is good or defective. Testing with the D4MB has greatly increased
the office personnel’s confidence in both channel units and common
units that are to be used in a working D4 channel bank. As a result,
significant cost savings have been realized using the p4MB by virtually
eliminating unnecessary shipping and retesting of good units that
might have been previously returned to the factory for repair.

I. INTRODUCTION

With each generation of D-type channel banks, the testing and
maintenance facilities have been improved. In the D3 system, a shelf
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of “hot spare” common equipment was used with special electronic
circuits built into the bank to localize trouble in a specific plug-in unit.
With the D4 channel banks, additional maintenance testing features
have been developed. The most notable development is the D4 Main-
tenance Bank (p4mB). The p4MB is a channel unit test set and a
common equipment monitoring facility for use in offices where D4
channel banks are installed. It can be used in any centralized testing
facility where a -48 volt connection is available. The D4MB contains
two Maintenance Bank Test Sets (MBTss), two complete digroups of
D4 common equipment, and one four-Wire E and M (4EM) channel
unit. The MBTSs is used for testing D4 channel units and for monitoring
the performance of the common equipment. The monitored common
equipment plug-ins may be used as “safe operable” units for restoring
service to a failed D4 bank. The common units are also used in the
D4MB to generate the appropriate pulse code modulation (pcM) and
timing control signals for testing channel units. The common units
function as if they were in a working D4 system. Figure 1 shows a
D4MB fully equipped with common equipment and MBTS plug-in units.

Il. FUNCTIONS OF MAINTENANCE BANK
2.1 Common equipment monitoring

There are three main functions for which the D4MB can be used: hot
spare monitoring, quick check of any D4 unit, and channel-unit testing.
The hot spare monitoring function ensures that common units installed
in the pD4MB are good. Figure 2* shows a typical monitoring mode of
operation. In the monitoring mode, the MBTs supplies a 1020-Hz tone
to a Channel-Unit Simulator (cu siM) in the MBTSs into a looped
digroup of common equipment and then through a second tandem
digroup of looped common equipment through a 4eM channel unit.
The 1020-Hz tone level out of the 4EM channel unit is monitored by
the MBTs voice-frequency level-detector. An alarm is generated by a
Maintenance Bank Alarm Unit (MB ALM) if the monitored output level
is not within +0.5 dB of its nominal level. This alarm can be disabled
manually by a switch on the MB ALM. While there are certain types of
failure in D4 common plug-in units that would not be detected in this
monitor mode, the message transmission path including the coder,
decoder, clock circuits, and the Line Interface Unit (L1U) multiplexing
and demultiplexing circuits are verified as being operative. Therefore,
these common plug-in units can be used in an office as new units to
correct trouble in a D4 channel bank and restore service.

* Acronyms and abbreviations used in the figures are defined at the back of this issue.
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Fig. 1—A fully equipped p4MB with common equipment and MBTS plug-in units.
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2.2 Testing of ancillary circuits

The p4aMB can quickly check a plug-in unit suspected of having a
malfunction in a nontransmission-affecting circuit, e.g., alarm circuit.
The maintenance bank is a complete D4 channel bank except for the
absence of a full complement of channel units. Thus, with ancillary D4
test equipment, it forms a vehicle for performing any D4 test.

2.3 Testing of channel units

The D4MB can also test channel units. This test capability was
previously not included in the maintenance equipment for earlier D-
type banks. Channel units should be tested in the D4MB if there is any
reason to suspect that a unit might be faulty. The test is made to
ensure that other channels in a working bank will not be impaired by
having a faulty channel unit inadvertently plugged into an in-service
bank. The p4MB can also be used in the isolation of an end-to-end
transmission of signaling troubles. Figures 3 and 4 show how the p4mB
is arranged for channel-unit testing. The transmit and receive sides of
the channel units are checked individually. The tests include the drop-
side circuits (hybrids, signaling bridge, etc.) of the channel unit. These
tests are more complete than previous D-type bank tests although less
stringent than tests made at the faceplate four wirepoint. The tests
performed on a D4 channel unit are:

() Loss (or gain) of the transmit portion of a channel unit at 1020
Hz.

(i1) Loss (or gain) of the receive portion of a channel unit at 1020
Hz. .
(Zi1) Noise and crosstalk introduced into all adjacent time slots from
the channel-unit transmitter.

(iv) Noise or crosstalk introduced into the channel-unit receiver
from the other 23 time slots.

Ttems (ii7) and (iv) above are called multichannel (Mc) interference
tests. These tests provide assurance that a newly installed channel
unit will not impair the performance of other channels in an in-service
D4 bank.

All channel unit tests are made by inserting the unit to be tested in
the channel under test (cuT) position. Simple instructions for each
code of channel unit to be tested are listed on a 3x5 plastic card. The
tests consist of emulating all circuit conditions and displaying the
results using LEDs.

ll. MAINTENANCE BANK TEST SET CIRCUITS

The MBTs contains the circuit functions necessary to test both
directions of transmission and signaling in D4 plug-in units. The
following is a brief description of the MBTS circuits.
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Fig. 3—D4MB voice-frequency transmitting (shown for Mode 2).
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3.1 VF oscillator

The vF oscillator circuit provides an extremely stable 1020-Hz sine
wave for use in testing transmission levels and performing multichan-
nel interference measurements.

3.2 Transmit and receive attenuators

A channel unit to be tested can have a variety of installed loss,
depending on the office being served. Variable attenuators controlled
by switches on the face of the MBTS are used to complement the
installed loss in the channel unit so that these units can be tested at
standard transmission levels.

3.3 Channel-unit simulator

The MBTS channel-unit simulator is essentially a D4 channel unit.
This cu siM is assigned to the channel 1 time slot while the channel
unit under test is assigned to time slot 13. These two time slots were
chosen so that the application of the R-SHIFT feature in the receive
unit permits the cu sIM to communicate with the D4 channel unit
under test.

3.4 VF-level detector

In the vF test mode, the voice-frequency-level detector compares
the internally generated 1020-Hz test tone level with the tone received
from the channel unit under test. If the two levels are within 0.5 dB,
a green (PASS) LED lights up. This same circuit is also used similarly
during the monitor mode operation. In the monitor mode, it not only
illuminates a monitor LED but it also triggers the MB ALM if the
monitored level falls out of the +0.5 dB range.

3.5 Muitichannel detector (MC)

In the multichannel tests, analog and digital circuit functions are
combined to simulate an interference signal. This signal is sent through
the channel unit and the output is monitored. When the level of this
interference power in the channel unit under test is less than -45
dBmo0, a green LED (Mc PASS) lights up. When the interference power
in the channel unit is greater than -45 dBm0, a red Mmc FAIL LED lights

up.
3.6 Signaling circuits

The signaling circuits apply steady-state signaling conditions to the
channel unit under test. These signaling conditions are controlled by
switches on the faceplate of the mBTs. Application of prescribed
signaling conditions cause the channel unit under test to output steady-
state signals to the signaling detectors.
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3.7 Signaling detector circuits

The signal detector circuits interpret the signaling conditions deliv-
ered by the channel unit under test and illuminate LEDs on the front
of the MBTS corresponding to these signaling states. The signaling
condition and the corresponding LED display of the signaling states
are given on the test card.

3.8 Alarm circuits

Alarms are processed in the maintenance bank alarm circuit when
either the Monitor (MON) LED is not lit or when the Power Distribution
Unit (pDU) indicates that the D4 common equipment failed and is in
an alarm condition. Two contact pairs operate the office minor alarm
audible and visual alarms. An alarm also lights up the maintenance
bank alarm (MBA) LED on the face of the alarm unit. This outgoing
alarm can be disabled by the ALARM DISAB switch. A yellow LED lights
up on the MB ALM unit to indicate that the office alarm from the p4mMB
has been disabled. The ALARM DISAB switch is used to inhibit office
alarms from the D4MB when channel units are being tested or when
common equipment from the p4MB is being used to restore service in
a failed D4 bank.

3.9 Control switches

Pushbutton switches on the MBTS control transmission and signaling
conditions. Each D4 channel unit to be tested has information on
instruction cards to indicate how to set the switches and what kind of
LED response to expect for transmission and signaling tests.

IV. INSTRUCTION CARDS

Any standard D4 channel unit can be tested by following the
instructions on a 3x5 index card for that particular code of channel
unit. A craftsperson simply operates switches and compares the lighted
LEDs with the indications on the instruction cards. There are more
than 32 codes of channel units, each of which contains various options
that can be tested with these instruction cards. Figure 5 shows a
typical instruction card for voice-frequency and signaling tests.

V. LINE INTERFACE MODES OF D4MB OPERATIONS

The maintenance bank can be operated in any of the five D4 modes
by equipping it with appropriate plug-in modules. This is accomplished
by simply plugging in the appropriate LU and, when necessary, a
synchronizing-desynchronizing Syndes Unit (su). Any one of the Office
Interface Units (o1Us) can be placed in the bank. The operation and
selection of plug-in units for the maintenance bank will be determined
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Fig. 5—p4MB test cards.

by the local operating personnel. This mode should be the same as is
used in D4 banks in the office. Where more than one mode is used in
an office, each mode can be monitored from time to time so as to be
reasonably sure of having a “safe operable” L1U of the proper type on
hand. The p4MB should be kept fully equipped with two digroups of
common equipment. When one of these plug-in units is used for
restoral, a D4 channel unit should be replaced in the p4mMB with
another unit.

VI. TESTING DATAPORT CHANNEL UNITS

The p4MB was originally designed to test only standard channel
units and some early varieties of special service channel units. A recent
modification was made to the pamB back plane wiring to accommodate
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testing of the new D4 dataport channel units in conjunction with
readily available digital data test equipment. This equipment is the
KS 20908, KS 20909 Data Test Sets, and the ED-3C792-31 Test
Interface Unit. The modification is a required change to remove a
voltage that could damage dataport channel units that are plugged
into the cur position of the p4mB. Further, the change provides an
integrated clock signal from the o1U-2 in the D4MB. Since this change
was initiated during the last quarter of 1980, a check should be made
before dataport channel units are plugged into the p4mB. All D4MB’s
modified to accommodate dataport channel units are identified by the
list numbers “WD” or “WE” stamped on the side of the shelf frame-
work next to the J-code numbering.

VIl. SPECIAL SERVICE CHANNEL UNITS

Some special service channel units, such as those with gain transfer,
cannot be tested with the levels installed in that unit. The test card for
the special service units with nonstandard ranges of transmission levels
specify an exact amount of loss to be installed in that channel unit for
testing. Also, not all special service units have signaling that can be
fully tested in the D4MB.

VIiil. PHYSICAL INFORMATION

The p4MB is completely self-contained and can be mounted individ-
ually or with D4 channel banks in a shop-assembled bay. It contains
two shelves of plug-in units and occupies approximately 9-% inches
vertically on a 23-inch bay. Figure 1 shows a p4MB fully equipped with
plug-in units for two D4 digroups of common equipment and one 4EM
channel unit. The p4MB may be equipped for any of the D4 operating
modes. The upper shelf has storage for the Signaling Path Test Set, a
drawer for small maintenance parts and tools, and three Maintenance
Bank Test Set plug-in units.

IX. SUMMARY

The p4MB is a monitoring system for ensuring that a set of “safe,
operable” D4 common plug-in units is available for service restoral. It
also can test channel units for defects that would impair service in a
working bank. Furthermore, it is a simple-to-use test set and readily
available in every D4 office. The p4aMB has proven to be a useful tool
for testing D4 units and has significantly reduced the number D4 units
that might have been previously assumed bad and returned for repair.
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D4 Digital Channel Bank Family:

The SLC ™-96 System

By Y-S. CHO, J. W. OLSON, and D. H. WILLIAMSON
(Manuscript received July 9, 1981)

The SLC*-96 system is a digital subscriber carrier system that can
carry up to 96 subscriber channels, when fully equipped, between a
Central Office Terminal (cot) and a Remote Terminal (RT), using T1
digital lines. Typical economic applications are for expanding the
service capability of existing cable plant or for new wire center
deferral. Recent application studies show that SLC-96 systems will
be economically attractive in many permanent subscriber applica-
tions. In addition to Message Telephone Service (MTs), the system can
provide coin services, voice-frequency special services, and digital
data services. The SLC-96 system is based on the transmission and
physical format of the D4 system used for interoffice trunks. The
system employs u255 pulse code modulation (pcM) for voice transmis-
ston and, as a result, will allow the direct interface of the RT with a
digital central office. Its maintenance features include channel and
drop testing from a local test desk; single-ended, active, T'1 fault-
locating; automatic T1 line protection; extensive local and remote
alarm displays; and outputs that can be transmitted to a remote
operations center such as the Switching Control Center (scc). The
channel and drop testing scheme requires a Pair Gain Test Controller
(PGTC) to be installed in each wire center containing one or more
SLC-96 systems. Various other features that will enhance the appli-
cation of the SLC-96 system in the loop plant include extended range
channel units, remote T1 line power feed, and a variety of RT enclo-
sures.

* SLC is a trademark of Western Electric.
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. INTRODUCTION

The subscriber loop is generally represented by pairs of metallic
conductors that connect the customer’s premises to the telephone
network through a central office serving a locality. As low-cost elec-
tronic technologies continue to emerge, the subscriber loop, which was
previously entirely metallic, is now being viewed as a potentially large
market for the application of these technologies.! The electronic sys-
tems that have evolved to reduce the cost of growth in the loop plant
are called pair gain systems. Most recently, the digital carrier-type pair
gain systems appear to be well suited to growth of the network because
of their high pair gain ratios realized by multiplexing with optional
concentration and for their excellent signal quality resulting from
digital transmission.

The digital subscriber carrier system is being used in increasing
numbers today in the Bell System to bring toll-quality channels to
customers in both suburban and rural areas. The SLC-96 system is a
new, versatile pair gain system that provides an economic means of
linking subscriber lines to the central office.>® Like its predecessors,
the SLC-96 system brings electronic technology to the loop plant, and
in addition, the system may be used with the D4 channel bank to
provide a new synergy between trunk and loop applications of digital
carrier. Representing a significant step toward the Bell System’s digital
network of the future, the SLC-96 system can handle the broad
spectrum of telecommunications services needed to meet today’s
widely varying requirements for both voice message and special com-
munication services.

The new SLC-96 system has the versatility to serve rapidly growing
suburban, as well as rural, areas with such benefits as conventional
facility relief, wire center deferrals and replacements, improvements in
transmission quality, and new communication arrangements for busi-
ness complexes.*® The SLC-96 system is a digital system that uses
11255 pulse code modulation, as does the D4 channel bank, and enables
the RT to interface directly with a digital central office. Many of the
D4 channel units may be used interchangeably in the SLC-96 or D4
systems. In addition, new dual-channel subscriber units have been
designed exclusively for the SLC-96 system to permit as many as 96
single- or multi-party customer lines to be served from a SLC-96
channel bank. The full range of customer services offered by the SLC-
96 system includes single-party, multi-party, and coin services. It can
also provide many trunk and special services, including dataport, by
using the standard D4 channel units. This paper gives a concise
description of the SLC-96 system, highlighting its roots in the D4
system. Many of the unique features incorporated in the design of the
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SLC-96 system will be described in detail in a future issue of the Bell
System Technical Journal.

Il. BASIC SYSTEM OPERATION
2.1 System components

The SLC-96 system consolidates message channels using time-divi-
sion multiplexing and optional digital concentration for transmission
over digital pcm links, which are standard T-carrier today and will
include the more advanced lightwave systems tomorrow. The basic
SLC-96 terminals are designed to operate between the central office
and a remote location serving as many as 96 subscriber lines per
system. They operate over four T1 lines and can automatically transfer
to a fifth protection line to increase system availability. Three T1 lines
are required when the system is concentrated or operating in a pure
special services mode. The basic system components of the SLC-96
system are:

(i) cot equipment and associated apparatus located in the serving
central office
(if) RT equipment and apparatus located in the area to be served

(z17) Digital lines between the two terminals (in this article, however,
digital lines are assumed to be standard T1 lines).

The primary element of the cor and RT equipment is the SLC-96
channel bank. The SLC-96 channel bank may be configured in three
different operating modes: () a carrier-only mode, (if) a carrier-con-
centrator mode, and (iit) a special services mode. Typical configura-
tions illustrating these modes of operation are shown in Figs. 1, 2, and
3.
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Fig. 1—The SLC-96 system—carrier-only configuration, Mode 1.
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Fig. 2—The SLC-96 system—carrier concentrator configuration, Mode 2.
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Fig. 3—The SLC-96 system—special services configuration, Mode 3.

Physically, the SLC-96 channel bank consists of four shelves, as
shown in Fig. 4. Each shelf contains 12 slots for channel-unit plug-ins
and four additional slots for common equipment. Each MTs channel
unit contains two channels for each plug-in, while coin, special service,
and dataport channel units contain one channel each. Therefore, each
non-MTS channel unit displaces two MTs subscriber channels. Since
non-MTS channel units are typically D4 channel units, the SLC-96
backplane arrangement is very similar to the D4 backplane. The
physical size of the SLC-96 channel bank is identical to that of the 48-
channel D4 channel bank.
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Fig. 4—The SLC-96 channel bank.

2.2 Operational modes

System operation is described in terms of modes of operation. Mode
1 is a pure carrier mode designed for high-traffic message telephone
service and uses five T1 lines for each 96-line terminal. Mode 2 is a
carrier-concentrator mode also intended for message telephone service;
but it uses only three T1 lines for each terminal. This mode employs
full access, two-to-one digital concentration with a capability for han-
dling traffic sufficiently so that special loading rules are not required
or used. A particular mode operates by selecting the proper common
plug-in units. For Mode 2, the normal digital Line Interface Unit (LIu)
is replaced by a digital concentrator plug-in called a Time Assignment
Unit (TAU) using the identical physical slot in the channel bank. Mode
3 is called the special services mode, where the SLC-96 channel bank
is loaded only with channel units designed initially for the D4 system
and a new coin channel unit in the SLC-96 collection. It operates on
three T1 lines and uses a plug-in called the Multiplex Unit, again in
the same physical slot as the units mentioned previously.
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lil. UNIQUE LOOP CARRIER FEATURES

This section describes some of the features unique to the SLC-96
system. Although the SLC-96 system has the basic attributes of an
interoffice trunk system, such as D4, it has certain special features
required in the loop environment. The major differences between the
SLC-96 and D4 systems are in T1 line powering and interface, main-
tenance, subscriber line concentration, and remote terminal arrange-
ments. The operation and maintenance of a trunk-type D4 system and
T-carrier lines are based on the assumption that the systems are
located in central offices and that craftspeople are available at both
locations. Since two craftspeople are assumed available, for example,
only one alarm indicator for each transmission direction (red and
yellow alarm) is required for system maintenance. While the SLC-96
cort is located in the central office, its corresponding RT is housed in a
stand-alone cabinet, mini-hut, or other outside plant housing. This
situation, unique to a loop carrier system, has resulted in a single-
ended maintenance philosophy for the SLC-96 system, i.e., mainte-
nance of the SLC-96 system at the coT location without first dispatch-
ing a craftperson to the RT. This is similar to the approach applied to
trunk T1 systems operating in the out-state (T'1/0s) environment.

Several unique features are built into the system. A T-carrier-
protection switching system is integrated into the channel bank design,
for which a Line Switching Unit (Lsu) was developed. An Alarm
Control Unit (Acu) is used to process and display various alarms
originating from either the cor or RT. A Channel Test Unit (cTu) is
required to allow testing of the channel units and the subscriber drop
wires. An optional TAU has been developed to concentrate subscriber
lines, thus saving T-carrier lines. A Data Link Unit (pLU) has been
designed to provide data link circuits to handle system alarm, per-
channel testing, T-carrier line switching, and concentration informa-
tion between the coT and RT. Also, physical and economic constraints
preclude the use of office repeater bays for the digital carrier at the
cort and RT. This office repeater function has been integrated into the
SLC-96 T1 L1U design.

The following sections will further illustrate these unique SLC-96
features in more detail.

3.1 T1 line interface, powering, and maintenance
3.1.1 Line interface and powering

The system constraint on available space and application of digital
carrier in the loop plant required the integration of the digital line
interface within the SLC-96 channel bank. Six unique LIUs have been
designed to interface T1 carrier. The first four LiUs are used with pulp
or polyethylene-insulated conductor (pic)-insulated cable and the re-
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maining two are designed for metropolitan-area trunk (MAT) or inter-
city and outstate trunk (1coT) cables. The types of LIU circuit packs
available and their distinguishing characteristics are:

(Z) L1U-1 (rated A&M*)—Current regulator for low-power T1 re-
peater. It requires —48, +130-volt office battery plants, dependent
upon the T1-carrier span length.

(it) L1u-2—Power looper for use at the RT.

(i17) L1U-3—Designed to interface with the office repeater or other
digital systems; output level is standard DSX-1.

(iv) LIu-4—Similar to LIU-1 except that this unit contains a dc-to-
dc converter and requires only —48-volts office battery to power the
digital lines from the coT. It can be used at the RT for back powering
to extend the span length.

(v) L1U-5—Similar to L1U-2 except that this unit is for MAT or 1coT
cable.

(vi) LIU-6—LIU-4 version for MAT or ICOT cable.

The L1U functions as the interface between the channel bank uni-
polar pcM bit stream and the bipolar signal format of the T1 digital
line, including the powering of a repeatered line span. This simple task
grows in complexity as necessary features are added: bank clock
generation, T1 line performance monitoring, status display of T1 line,
and jack access for T1 line fault locate and power monitoring.

With respect to digital line powering, the repeaters in the SLC-96
digital line derive power from a constant current simplexed onto the
carrier pairs from L1Us. Where the digital line is powered from the cor,
60-mA repeaters are required. Either 60-mA or 140-mA repeaters may
be powered from an office repeater bay. Where the digital line exceeds
the length that can be powered from the coT or central office co
repeater bay, additional powering spans are required. The additional
powering may be provided by backpowering from the L1Us at the RT or
by an intermediate remote-power-feed terminal. A remote-power-feed
terminal can supply intermediate powering of long digital lines. This
system option is required when the digital line power requirements
exceed the range of powering from the co (and possible extension from
the RT). The remote-power-feed terminal uses SLC-96-type cabinets,
a battery charger, and backup batteries; it also requires apparatus
shelves housing constant-current dc-to-dc converters and power inser-
tion transformers. This hardware is also suitable for frame mounting.
The dc-to-dc converters operate from a nominal —48V dc and output
a constant 60 mA at maximum voltages that may be optionally set at
either —135 Vdc only, or +£135V.

* Manufactured for additions and maintenance only.
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3.1.2 Automatic protection line switch

Although most of the trunk T-carrier lines have at least one main-
tenance line between offices, the maintenance line is usually only
available on a manual patch basis. This kind of T1 maintenance
procedure requires the services of two craftspeople and violates the
SLC-96 maintenance philosophy. The LsU directs automatic switching
to the shared protection line in the event of a digital line failure. When
the trouble is removed or disappears from the main line, the Lsu will
automatically cause the system to switch back to the main line. This
frees the protection line for use in the event of any subsequent troubles.

When not directly in use, the protection line is continually powered
and monitored and carries the same bit stream as the A-shelf main
line. This powering and monitoring will detect a faulty protection line
if it fails while not in direct use, activating an alarm. The LsU com-
municates with its far-end LsU using bits assigned to it in the data
link.

3.1.3 Single-ended fault location

The LIU monitors the incoming T1 bit streams and requests T1
protection switch whenever a digital line trouble occurs. If a T1 line
trouble persists, the failed line may be far-end looped via manual
switches on the L1U. This allows single-ended testing of the failed T1
line. The T1 lines between the coT and RT are maintained and fault-
locating tests are performed using the jack panel and fault locate and
order wire panel located in the coT bay.

Fault-locating tests provide a method of locating faulty repeaters or
cable sections that may be causing excessive errors on the system or
total signal failure. In fault-locating, bipolar violations, inserted at a
voice-frequency rate, must be applied to the line under test. The signal
is regenerated within an operating line repeater and part of the output
is applied to the fault-locate (FL) filter in each apparatus case. The
filters extract and amplify the audio component for application to a
common FL line via a narrow bandpass filter. The FL line is monitored
at the central office by an FL test set for the presence of this return
test tone. The absence or low level of the test tone indicates a faulty
repeater.

Both active and passive fault locating is applicable to the SLC-96
system. The two types of fault locating both use twelve unique fre-
quency assignments. With 1114-type active filters or with passive-fault
locating, the FL tests can be performed in the transmit direction only.
Therefore, FL tests will be made from the coT on side 1 of the line and
from the RT on side 2 of the line. With 1115-type active fault-locate
filters, both side 1 and side 2 can be tested from the coT; therefore,
this type is termed single-ended fault-locating. Most T1 lines can be
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configured for single-ended fault-locating. A signal source will not be
required at the RT; however, the line must be looped from side 1 to
side 2. This can be controlled from the cort Liu, thereby eliminating a
visit to the RT.

3.2 Other maintenance
3.2.1 Alarms

The alarm system for the SLC-96 system is designed for two levels
of alarm remoting. The first level must return remote terminal alarms
to the central office terminal. This is accomplished using the SLC-96
data link. The second level must transmit all system alarms to a
remote operations center, and the SLC-96 system provides such an
interface capability. This is in line with a growing trend toward
unattended or partially attended offices with surveillance and main-
tenance operations centralized for a given area.

Alarm reporting for the SLC-96 system begins with an Alarm Control
Unit plug-in in the coT and RT channel banks. This unit processes and
displays common equipment alarms and transmits alarm information
to the corresponding unit at the other terminal bank over the SLC-96
data link. At the central office, the Acus common to a single bay pass
the alarm information to a fuse and alarm panel, where the alarms are
made available to the office alarm system and to a remote telemetry
interface by means of relay contact closures. The primary alarm
categories are: major, indicating a customer service outage; minor,
indicating a trouble that has not yet affected service; power minor,
indicating loss of ac power at the remote terminal; and a cot fuse
alarm. In addition, the fuse and alarm panel has several status indi-
cators, which are: a carrier line failure; near-end, or far-end, status to
aid in fault sectionalization; a system identifier; and other unique
alarms from a remote terminal housing called miscellaneous alarms.
The miscellaneous alarms may be used for door or smoke alarms and
the like.

The SLC-96 system is also capable of accepting a pair of remote
commands from the scc through remote signal distributor points that
aid in processing alarm reports received at the remote operations
centers. The first is called Bank Loop Back, which is used to interrogate
the near-end/far-end status indicators for certain classes of major
alarm faults. The second is a remote alarm cutoff (Aco), which is used
to retire all alarm indications with the exception of the system identi-
fier. The system identifier can only be cleared when the alarm condi-
tion for a particular system is truly cleared. The remote Aco allows
processing of subsequent alarms with less ambiguity because most
alarms, with the exception of the system identifier and miscellaneous
alarms, are paralleled to reduce the need for alarm distribution points.
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The purpose of the SLC-96 alarm reporting system is to alert the
proper repair forces to a trouble condition and indicate urgency and a
degree of fault isolation, if possible. For example, for unattended offices
it would be very desirable to remotely determine whether a SLC-96
trouble is in or out of the central office. The SLC-96 alarm and status
indicators provide the information to dispatch the proper craft to the
proper location for many common equipment problems. Detailed
Task-Oriented Practices (TOPS) are available to further isolate a SLC-
96 trouble. Once the repair forces have been dispatched, they can use
the ToP practices, built-in SLC-96 trouble indicators, and applicable
test sets to isolate the trouble to a specific circuit pack, repeater, or
cable section.

The SLC-96 system continuously monitors performance character-
istics involving groups of channels. For the SLC-96 system, service-
affecting troubles involving twelve or more channels constitute a major
alarm condition. Per-channel troubles are viewed as a minor alarm
condition and are not alarmed in the SLC-96 system. A trouble report
for one customer usually indicates that only a single subscriber line is
in trouble. This trouble may be diagnosed directly from the Repair
Service Bureau (RsB) using the SLC-96 loop testing method to be
described in the next section.

3.2.2 Loop testing feature

The requirement to provide a capability of testing the customer loop
from an RSB has become increasingly important with the growing
penetration of digital pair gain systems in the loop plant. The SLC-96
system employs a new method of testing most customer loops termi-
nating on the RT. The method requires a new item of central office
equipment called the Pair Gain Test Controller (pGTC).® The PGTC,
under microcomputer control and in combination with circuitry in the
SLC-96 system itself, provides switching to connect incoming RSB test
trunks to a dc bypass path around the carrier system to the distribution
pair. In addition, the paTc performs an automatic test of the appro-
priate transmission and signaling of the SLC-96-derived channel in
parallel with testing of the customer loop from the rsB.

The capability just described is offered only on the new channel
units designed exclusively for the SLC-96 system; they include the
single-party, multi-party, and coin units. The trunk and special service
channel units that are a part of the D4 family are not tested from the
RSB; they also cannot be tested using the pGTc. Studies are under way
to develop an appropriate test access method that would, in the future,
allow special service channel units used on the SLC-96 system to be
tested from the Switched Access Remote Testing System/Switched
Maintenance Access System (SARTS/SMAS).

2686 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1982



The PGTC is a microcomputer-controlled system that operates with
a pair of common circuit packs in the SLC-96 channel bank called
Channel Test Units (cTUs), one each for the coT and RT, and that
requires subscriber channel units with a test access relay at the RT.
Together with a dc test pair, called a dc bypass pair between the coT
and RT, the collection of hardware listed above can establish a physical
connection to permit dc testing of the customer loop. This new testing
method

(i) Presents minimal changes to existing RSB test procedures
(iZ) Is compatible with automated test systems such as mechanized
loop testing (MLT)

(ii7) Is able to accommodate all types and lengths of loops presently
testable from an RSB

(iv) Performs transmission and signaling testing of the derived
subscriber channel

(v) Requires minimal circuitry within the pair gain systems, par-
ticularly at the RT, where power and space is at a premium.

As Fig. 5 shows, the pcTcC is installed in a wire center that is serving
customer loops over SLC-96 systems. The paTc switches office test
trunks to dedicated test pairs, each of which may be shared by RTs
grouped at a common location. It can test up to four channels simul-
taneously, provided that the channels are in different channel banks
and that these channel banks do not share the same test pair. The
incoming test trunks from the RSB are routed through the paTc before
they terminate on the central office switch. When the pGTC is inactive,
the test trunks pass through unaltered and the pgTC is transparent to
normal dialing and testing activities. The PGTC is activated only when
attempting to test a customer loop served from a SLC-96 RT. Test
access is obtained by first dialing the customer’s number over one of
the test trunks. This allows testing for continuity and leakage to the
input of the coT channel unit. To set up the physical connection
bypassing the carrier system, +116 Vdc is applied to the tip side of the
test trunk. For example, at a local test desk, the reverse (REV) and
positive station (+STA) keys are operated. The cor channel unit
recognizes this signature and starts an elaborate interconnection se-
quence to cause cut-through of the test trunk directly to the customer
loop at the RT. The testing facility may now perform normal testing
procedures on the customers’ loop via the test pair and test trunk.
While these tests are in progress, the PGTC automatically checks the
channel for transmission and signaling. When all testing is completed,
the results of the automatic channel tests are returned to the testing
facility by opening the sleeve lead of the test trunk (by operating the
3WO key). The pGTc maintains control of the sleeve lead to the central
office switch to prevent the connection from being dropped during the
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testing interval. Results of testing are presented by audible tone bursts
recognizable to a test person and by voltage levels that are more easily
identified by an automated test facility such as MLT. Test results may
be repeated as often as desired by closing and opening the sleeve lead.

The PcTC is a compact system consisting of a control shelf, which is
always required, plus up to four expansion shelves, depending on the
number of test trunks to be served. The control shelf holds the
microcomputer, up to four independent tester units, and trunk cards
sufficient to switch 12 test trunks. Each expansion shelf may accom-
modate 20 additional test trunks. The maximum system capacity is 92
test trunks. The interface between the paTc and the SLC-96 systems
is a bussed cable arrangement designed to handle any number of SLC-
96 systems in the wire center.

3.3 Digital concentration

The Mode 2 system operation employs a 2-to-1 digital concentration
between the central office and remote terminal to reduce the required
number of T1 lines by 40 percent. Circuit packs called Time Assign-
ment Units (TAaUs) are used at both the cot and RT for each 48-channel
group within the channel bank. The TAUs replace L1Us at either end of
the system and require only one T1 line for each 48-channel group.
The central office TAU, acting as the master controller, assigns an
active channel to a specific time slot on the T1 line and transmits the
assignments to the remote terminal TAu. That channel will keep its
assigned time slot for the duration of the call. The concentration
function is referred to as full access and any of the remaining channels
may be assigned to any of the idle time slots until all time slots are
active. The 2-to-1 concentration ratio requires no special traffic ad-
ministration.

Figure 6 is a simplified block diagram of the concentration system
operation. Each TAU circuit pack is realized with a pair of identical
custom Time-Slot Interchanger (Ts1) chips and a Bellmac*-8 micro-
computer. The microcomputers maintain control of channel/time-slot
assignments and talk to each other over the SLC-96 data links. Off-
hook and maintenance messages are also exchanged over the data
links. The transmit TsI selectively combines two 1.544-Mb, serial PcMm
bit streams, one from each of the Transmit/Receive Units (TRUs) it
serves. A TRU performs the analog/digital (a/D), digital/analog (D/A)
and framing for 24 channels. The resulting T1 signal is sent to the
receive TSI at the other end of the system, where it is expanded into
two serial bit streams again.

* Bellmac is a trademark of Western Electric.
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The need to establish a channel/time-slot assignment is initiated by
detecting ringing at the coT channel unit or by detecting off-hook at
the RT channel unit. This activity, as it is called, is detected by the
TAU by monitoring the A and B signaling bits from each of the
channels. Activity is stored in the Ts1 memory from which the micro-
computer can retrieve it and establish the necessary channel/time
slot-assignments. Activity at the RT is passed over the data link to the
coT where channel/time-slot assignments are established.

Mode 2 operation was designed primarily for general message tele-
phone service. The 2-to-1, full-access concentration ratio provides for
a traffic-handling capability sufficient to allow full or block loading of
a 48-channel group with dual single-party channel units. The concen-
tration ratio is conservative enough to include a limited number of
multi-party and/or nonconcentrated (nailed-up) special service (ss) or
coin units. The maximum of eight special service or coin units is
allowed for each 48-channel group. (For multi-party units the maxi-
mum number is sixteen channels for each 48-channel group.) The
special service and coin units are single-channel plug-in units. Each of
these units that is used in a physical slot in the SLC-96 channel bank
reduces the number of lines to be concentrated by two. Only one time
slot is nailed up and the concentration ratio remains fixed at 2-to-1.
The trunk group size is reduced for each nailed-up channel unit added,
which slightly decreases the traffic carried by the concentrated portion
of a 48-channel group. The traffic carried by the concentrated portion
of a group at 0.5-percent probability of blocking and 25-percent intra-
system traffic is presented in Table I. As we can see, Mode 2 operation
of the SLC-96 system is significant in its traffic-carrying capability,
thereby exempting the system from initial loading restrictions.

The central office TAU is designed with several traffic monitoring
features. A traffic overload alarm occurs if there have been two or
more blocked calls for two out of three weeks running. This activity
corresponds to a weekly peak busy hour traffic in excess of nine ccs
per concentrated line. This alarm may be used to initiate traffic
monitoring to determine whether a two-shelf group should be de-
loaded. It is expected that the traffic overload alarm will occur only on
rare occasions. The central office TAU contains a two-digit display that
displays, upon demand, the peak traffic in ccs per concentrated line

Table |—Traffic carried at P(B) = 0.005 on the SLC-96 system
versus number of lines

Number of MTs lines 48 44 40 36 32
Number of ss lines 0 2 4 6 8
Carried MTs load (ccs/line*) 12.02 11.73 11.40 11.02 10.60

* Hundred call seconds (ccs) per line.
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and the cumulative number of blocked calls since the internal registers
that store these numbers were last cleared. The traffic overload alarm
and the internal registers, cited above, may only be cleared manually,
by means of pin-jack switches on the front face of the central office
TAU. The above displays are remotely monitored by traffic usage
recorders using pulsed relay contact closures.

For the blocked call situation, where all time slots are in use, the
central office TAU first trips ringing without billing by momentarily
operating the channel unit off-hook relay and then provides a digitally
generated overflow tone to the central office line-terminating equip-
ment. This tone is provided for approximately 6 to 9 seconds and is
used in all electromechanical offices. The electronic switching system
(Ess) machines handle overflow in a different manner and use a pair
of wires from the TAU to convey the blocked calls state via a relay
contact closure. This signal is input to the Ess machines by master
scanner applique circuits. For calls originating at the RT, dial tone is
delayed until a time slot becomes available; however, there is no
overflow indication.

3.4 Data link

The SLC-96 system contains several features that require slow-
speed data links between the terminal ends. Two 2.2-kb/s data links
between coT and RT carry data related to alarm remoting, channel
testing, T'1 automatic line switching, and concentration of the subscri-
ber lines. The second data link carries data related to the concentrator
function for the second 48-channel group in the channel bank. The
data link is created by stealing some of redundant pcm bit stream
framing bits. The frame organization of the SLC-96 system is identical
to that of D4 with the 193rd bit in a frame used in a repetitive sequence
for two types of framing: terminal and signal frames. The terminal
frames at a 4-kb/s rate to synchronize the incoming signal on the
individual 193-bit sequences. The signaling framing has a “111000”
pattern transmitted during even frames at the 4-kb/s rate to identify
6th and 12th signaling frames. Once the signaling frames have been
identified, the “111000” pattern becomes redundant. By time-sharing
these bits with other information, a low-speed data channel can be
created. Figure 7 shows the signaling frame patterns of D4 and the
SLC-96 system. Notice that the SLC-96 system “111000111000” pat-
tern is used to identify the signaling frames and succeeding data bits.
Spoiler bits are used so that the data bits cannot simulate the
“111000111000” signaling frame pattern. There are four data fields,
including concentrator, channel test, alarm control, and line switch for
which effective data rates are 1.2 kb/s, 0.33 kb/s, 0.22 kb/s, and 0.44
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Fig. 7—Bit 193—frame pattern.

kb/s, respectively. The Data Link Unit (DLU), interacting with various
units in the SLC-96 channel bank, provides the above functions.

3.5 Remote terminal battery plant

The SLC-96 rT is powered by a new, compact design battery plant
that allows the terminal to operate for a minimum of eight hours
during loss of commercial ac power. The battery plant employs re-
chargeable, sealed, lead-acid batteries as its backup source. The lead-
acid system used is unique in that each cell in a battery string is truly
sealed and utilizes gas recombination for long, maintenance-free op-
eration.

The use of sealed cells eliminates the need for periodic battery
maintenance by greatly minimizing problems caused by corrosion of
battery posts; of course, battery watering is not required. The sealed
cell also has a safety advantage in that it eliminates the possibility of
damage or accidents that might previously have been attributed to
electrolyte spillage when using the older flooded cells.

The battery reserve capability for a single SLC-96 remote terminal
is implemented by connecting four KS-21906, List 4 battery packs in
series to form a nominal 48-volt string. Each battery pack supplies a
nominal 12 volts and is connectorized for plugging directly into a
battery shelf. The connectorized battery pack, in addition to being
easy to install, also is necessary for safety reasons to guard against
shorting. The sealed, lead-acid battery pack exhibits very low internal
impedance, which permits very high current to flow, if short circuited.

The capacity of the battery string is 25 Ah at room temperature of
25°C and at discharge rates of less than 2.5 amperes. As with most
battery systems, the capacity per cycle is directly related to tempera-
ture and inversely related to the discharge rate. For the SLC-96
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application, loss of capacity due to high discharge rates is not an issue
because the long-term average drain per 96-channel system is less than
2.5A. Temperature variation, however, is another matter. All RT enclo-
sures designed for the SLC-96 systems are suitable for use in outdoor
environments ranging in temperature from —40° to 50°C. The battery
shelves used in the SLC-96 RT are equipped with heaters designed to
keep the batteries above —4°C in outside ambients down to —40°C. In
the event of an ac power failure during the winter months, a fully
charged battery string should have at least 20 Ah of capacity, which is
sufficient to maintain normal equipment operation for eight hours.
When the batteries are warm, battery capacity is not an issue since a
fully charged string will exceed 100 percent of its nominal 25°C
capacity. However, battery life is an inverse exponential function of
temperature above 25°C. The KS-21906 cell has an expected life of
five years when used in Bell System float-standby applications. Battery
life calculations using U. S. Weather Bureau data, accounting for both
mean daily high and low temperatures throughout the year in several
regions of the United States, support the above-expected life. The
batteries have been designed for and have been tested to operate in
ambient temperatures as cold as —40°C and as warm as 65°C.

The SLC-96 battery plant is designed to be miscellaneously mounted
in standard 23-inch frames as shown in Fig. 8. A typical arrangement
consists of front-mounting a 3A battery charger along with up to two
battery shelves designated 128A apparatus mountings. The battery
charger, shelves, and battery packs are connectorized for easy instal-
lation. The battery charger requires 7 inches of vertical mounting
space and each battery shelf requires 8 inches, for a total of 23 inches
of mounting space. When the battery plant is mounted at the bottom
of a 7-foot frame, there is space available to house two complete SLC-
96 RTs including support items (ringing generators, power distribution
fusing, jack panel). To conserve floor space, the battery plant requires
front access only.

AC -48 Vdc
3A BATTERY

CHARGER

—
———t
S
128A APPARATUS
MOUNTING

KS21906
L4
BATTERY

(BATTERY SHELF)

PC - POWER CONTROL
Fig. 8—The battery plant.
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The 3A battery charger has been designed to power up to two SLC-
96 RTs and can also charge up to two 25 Ah battery strings. The battery
plant is a 48 Vde¢ plant with an 8.5A capacity and a total battery
reserve of 50 Ah. The rectifier circuit in the battery charger provides
two dc outputs. The primary output is 48 Vdc signal grade with 8.5A
capacity to power the load; the secondary output is 64 Vdc with a 2.5A
capacity to supply the battery charging circuits. The battery charger
is a dual rate charger designed to return full capacity to one or two
battery strings in 24 hours using a high-rate charge. It then retains
this capacity indefinitely by means of a low-rate or float charge. The
rectifier uses the principle of controlled ferromagnetic resonance of a
transformer to achieve regulation.

IV. PHYSICAL DESIGN AND ENCLOSURES

The general physical design used for the channel bank and associ-
ated plug-in units is covered in detail in a companion D4 physical
design article.” However, some additional requirements that pertain to
central office arrangements and remote terminal mounting will be
covered here.

4.1 COT physical arrangement

coT equipment consists of a channel bank assembly, fuse and alarm
panel, jack panel, and an optional T'1 fault locate and order wire panel.

Figure 9 illustrates typical full-bay configurations that are possible
for 7-foot, 9-foot, and 11-foot 6-inch bays. These illustrate the maxi-
mum number of channel bank assemblies that can be installed in an
unequal flange bay.

4.2 RT physical arrangement

The individual remote terminal equipment designs (channel bank,
battery charger, etc.) are each configured to be front-mounted to a
standard 23-inch frame format. As we stated earlier, all equipment
assemblies designed for RT mounting are fully connectorized to make
the field installation process faster, easier, and less prone to error. In
addition, these connectorized assemblies make possible very rapid
removal and replacement if needed.

4.3 Enclosures

One of the primary goals in designing the SLC-96 system has been
to enable the mounting of electronics of widely varying line sizes (from
100 to approximately 4000 lines) in different environments. This ap-
plies to outdoor mountings such as cabinets, buildings, and under-
ground structures, as well as inside mounting in customer-owned
facilities.
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Fig. 9—Typical cor full-bay configuration for 7-foot, 9-foot, and 11-foot 6-inch frames.

There are three different outdoor cabinet designs, including a sub-
urban cabinet, a rural cabinet, and a sign board cabinet. All three are
illustrated in Fig. 10.

4.3.1 Suburban cabinet

The AT8908 M cabinet shown in Fig. 10 has been designed for
suburban applications where appearance and site compactness are of
prime importance.

Remote terminal apparatus consists of the cabinet, one connecto-
rized SLC-96 RT bank, plug-in circuit packs, connectorized power
shelves, and a connectorized battery shelf and packs. With the addition
of an optional frame mounting, an interconnection field may be added
to the fourth side of the cabinet (required to cross-connect subscriber
pairs to feeder pairs from the serving central office). The RT site may
be enhanced by placing the interface inside the RT cabinet. This
reduces the site size and eliminates the tombstone effect of multiple
cabinets.

4.3.2 Rural cabinet

The rural (36-type) cabinet can mount one 96-channel system and
has a weatherproof housing with framework very similar to the cabinet
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used for the predecessor of the SLC-96 system. The SLC-40 cabinet
was described in a previous article.® This cabinet is intended for areas
where site appearance is relatively unimportant, and it requires that
a separate interface cabinet be used.

The mounting hardware is identical to that used for the SLC-40
cabinets, so the newer SLC-96 cabinet can be mounted on poles or
pedestals previously prepared for SLC-40 installations.

4.3.3 Community service (sign board) cabinet— 80 type

This cabinet is essentially a sheet metal structure configured to
resemble a sign board. The cabinet will house two SLC-96 systems
and a large-capacity interface field. The housing is intended for appli-
cations where right of way or similar considerations preclude the use
of other housings. This cabinet is a new design which has recently
been introduced.

4.4 Small equipment buildings
4.4.1 Mini-hut

When several remote terminals are required at a single location, and
land can be obtained, a hut can achieve savings over multiple-cabinet
installations. Also, as we see in Fig. 11, the mini-hut makes it easier to
provide an aesthetically designed installation than can be achieved
with multiple collocated cabinets.

The SLC-96 mini-hut is approximately 6 feet by 10 feet by 8 feet
high and is designed to accommodate ten SLC-96 systems. For hut-
mounted applications the SLC-96 RT equipment is mounted on stand-
ard 7-foot equipment frames with two complete 96-channel systems
and ancillary power equipment for each frame. Thus, five frames are
used in a 10-system mini-hut.

To conserve floor space (and thereby enhance appearance and
decrease costs) the SLC-96 equipment requires front access only. Rear
access to the channel banks can be obtained by mean of an access
shelf. The access shelf is a sheet metal design that allows the channel
bank to be removed from the framework, slid out from the frame, and
pivoted for rear access.

The mini-hut is usually ordered equipped with frames, shelves,
cross-connect field, and inside cabling. Western Electric assembles this
arrangement and ships the fully equipped hut, without plug-ins, to the
RT site.

4.4.2 Electronic equipment enclosure

Another small building design is available for applications requiring
more than 10 collocated systems. This is the electronic equipment
enclosure (EEE), which has about a 10- by 20-foot floor area and can
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Fig. 11—SLC-96 remote terminal enclosures.
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be equipped with up to forty 96-channel systems on 20 7-foot frames
(see Fig. 11).

The EEE (and mini-hut) appearance was developed in conjunction
with an industrial design firm, Henry Dreyfuss Associates, to provide
an appearance that is judged to be acceptable by most community
standards. The cost of the standardized, prefabricated EEE can be
expected to be lower than a conventionally constructed Bell System
building of comparable size and quality. In addition, the installation
interval is drastically reduced over that for conventional construction.

4.5 Controlled environment vault

Above-ground structures, both cabinets and huts, are appropriate
choices for RT housing in areas where suitable sites can be found and
land can be obtained. However, such sites become increasingly less
prevalent as the RTs get closer to the serving central office (and hence
into increasingly populated areas). In some sections of this country,
such as large parts of the Northeastern United States, it is extremely
difficult to find suitable above-ground sites. The Controlled Environ-
ment Vault (CEV) has been designed for such applications and is
economically very attractive when land costs become appreciable.

The cEV design for SLC-96 systems is a 6-foot wide, 16-foot long, 9-
foot high, two-piece precast concrete structure with environmental
controls and alarms and a palletized SLC-96 equipment arrangement.
The structure can accommodate ten 7-foot SLC-96 racks, or 20 sys-
tems, as illustrated in Fig. 12.

4.6 Customer premises arrangements

SLC-96 systems can often be very effective for serving large, single-
customer needs, or for other applications where the equipment can
most easily be placed indoors on the customer’s premises. For these
applications, the SLC-96 RT equipment is most often mounted on 7-
foot racks, as for the previously mentioned large outdoor structures,
and placed in telephone equipment rooms. These rooms are areas on
a customer’s premises where access is limited to telephone personnel
only. Such space may already exist in some buildings, while in others,
leasing, etc., arrangements may be required.

A future Bell System Technical Journal article is planned to cover
the physical design of the SLC-96 system in greater detail.

V. SUMMARY

The SLC-96 system is fulfilling its traditional role in the loop plant,
where it is used as an alternative to capital expenditures for new cable,
new structure, or new central offices to provide growth of general
message telephone service. In addition, the SLC-96 system has the
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Fig. 12—The Controlled Environment Vault.

versatility to offer services in a variety of new applications, especially
involving services to business customers. Digital loop carrier will
become even more attractive as digital switching becomes more pre-
dominant for both local central offices and private branch exchanges
(pBxs). The SLC-96 system design approach was based on the D4
system architecture. This approach was chosen to widen the range of
application of a digital loop carrier in the Bell System in a timely and
cost-effective manner. The capability of the SLC-96 system has com-
bined, in one system, many of the attributes of an interoffice trunk
system with the unique requirements of a loop carrier system.
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Digital carrier transmission, first introduced into the Bell System
in the early 1960s, now offers a nationwide network of digital facili-
ties. A portion of this interoffice digital capability, the Digital Data
System (DDS), provides high-quality data channels to support
Dataphone * Digital Service. A new series of D4 channel units, called
dataport channel units, has been developed to exploit the potential
of the in-plant digital facilities more fully. Dataport channel units
are unique in that they allow digital signal access, at rates up to
64 kb/s, to digital T-carrier repeatered lines. This article describes
the dataport concept, its capabilities, and its applications in provid-
ing ubiquitous access for the Digital Data System. Companion articles
in this issue describe in detail dataport designs and the channel
encoding techniques used to ensure high-quality service in the exist-
ing T-carrier digital transmission plant.

1. INTRODUCTION

Today the Bell System T-carrier network has digital transmission
facilities that serve most major cities in the United States. Since its
introduction in 1962 this network has grown to include more than
400,000 channel banks and 80,000,000 channel miles of T-carrier re-
peatered lines. Digital facilities have enabled each new equipment
generation to offer smaller size, less power dissipation, and more
features.

* Service mark of AT&T.
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To date these digital facilities have been used almost exclusively for
voice-frequency (vF) channels. In general, data communication over
these facilities is achieved with voiceband data modems that employ
digital-to-analog (D/A) conversions to utilize the VF channels. Such
analog techniques allow data rates of up to 9.6 kb/s over private line
connections, but do not allow the full potential of the 64-kb/s T-carrier
channel to be utilized. Moreover, the voiceband data terminals employ
relatively complex modulation and detection schemes and essentially
duplicate the analog-to-digital (Ao/p) processes performed by the D-
channel banks.

There is a rapidly growing demand in the telecommunications
industry to support high-speed digital data services. The Bell System,
recognizing the inherent efficiencies in providing digital connectivity
to serve the data communications market, began deploying the Digital
Data System in 1974. By incorporating a family of dedicated data
multiplexers (e.g., T1DM, T1IWB4/5, SRDM) interconnected by digital
facilities, the DDs eliminated the analog interface and the costly A/D
hardware from data connections. Although these conventional pDs
arrangements use T-carrier lines to interconnect the data banks, the
potential digital connectivity of the vast D-bank/T-carrier network
has essentially remained untapped. The dataport channel units
uniquely allow direct digital access to channels in the D4 bank.
Equipped with dataports, every D4-bank/T-carrier facility can be
considered a potential extension of the pps. By avoiding A/D conver-
sions, each D4-bank/T-carrier channel can accommodate the Data-
phone Digital Service rates of 2.4, 4.8, 9.6, or 56 kb/s. The dataport
capability thus permits efficient voice/data sharing of the D4-bank/T-
carrier facilities.

1Il. DDS BACKGROUND

The dataport channel unit provides a digital signal interface with
the extensive D-bank/T-carrier network. Although a variety of new
digital services will likely result from this development, the initial
application uses the dataport channel to extend the serving areas of
the pDs. To better understand this application, a brief review of pps
is given here. A detailed description of the pbs may be found in a
recent issue of the Journal.!

The pDs is a full duplex, private line network designed for point-to-
point and multipoint digital data transmission at synchronous rates of
24, 4.8, 9.6, and 56 kb/s.? (The quantities 2.4, 4.8, and 9.6 kb/s are
referred to as “subrates.”) In Dataphone Digital Service, a typical
point-to-point DDs channel interconnects two customer stations in
different digital serving areas (Dsas), as shown in Fig. 1. The connection
consists of three basic network elements:
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Fig. 1—Point-to-point DDs connection.

(Z) A local distribution system using four-wire metallic facilities to

connect the customer premises and serving central office

({i) A metropolitan network of T-carrier digital lines terminated in
time-division multiplexers for collecting customer channels from a
number of central offices into a hub that serves as the testing and
administrative center

(iit) The intercity network of long-haul digital transmission facili-
ties.

2.1 DDS network elements

The local distribution portion of a DDs connection uses metallic,
twisted-pair cables for the full-duplex four-wire transmission path
between the customer premises and the serving pps office. A Channel
Service Unit (csu),* furnished as an integral part of a Dps channel,

* A Data Service Unit (Dsu) available at customer option provides the following
additional features: timing recover, signal encoding and decoding, and E14 standard RS-
232C type D or E interfaces for subrates, or a CCITT V.35 interface for 56 kb/s.
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serves to terminate the four-wire loop at the customer premises.’ The
csu is a well defined interface for connecting the customer terminal
equipment; it incorporates circuitry to permit signal loopback from a
DDs test center.

The digital signal on the four-wire loop is transmitted and received
in a bipolar format (50-percent duty cycle, return-to-zero format). This
signal has a symbol rate equal to the data rate and uses bipolar
violation patterns to encode test and supervisory control information
in the bit stream. At the DDs serving office the loop is terminated with
an office channel unit (ocu). The ocu encodes the incoming data
signals into an 8-bit byte format that adds necessary control informa-
tion and, regardless of the data service rate, builds the signal up to a
rate of 64 kb/s. For example, in the case of a 2.4-kb/s subrate data
signal, the ocu adds two bits to each block of six customer data bits to
form an 8-bit byte and repeats the byte 20 times in succession (byte
stuffing). This procedure is repeated 400 times in a second to achieve
the 64-kb/s rate. For the 56-kb/s data rate the ocu merely inserts a
control bit after each block of seven customer data bits. This process
yields the 64-kb/s signal illustrated in the last two diagrams of Fig. 2.
The resulting 64-kb/s signal is defined as the digital signal zero (DSO0)
level of the digital hierarchy and is used as the standard for intercon-
necting DDs transmission equipment.

srcock ek I U U U UUUL  o-oarasr

* = NETWORK
CONTROL BIT
M =MULTIPLEX

FRAMING PATTERN
BYTE CLOCK (8 kHz) W

BITPOSITIONINBYTE |1 |2 |3]a|s|6|7|8]1][2] ««-

s6ko/sFORMAT | D|p|o|p|o|o|o|*|o|o|p|o|o]lp|n|*]|0]

I T
DATA BYTE DATA BYTE

susRATE FORMAT M| o |o|p]o|ofo|+|m|o|o|o|o|o|o]|*]|m]

T T
DATA BYTE STUFF BYTES

9.6 kb/s FORMAT  DATA BYTE, 4-STUFF BYTES, DATABYTE. ..,
4.8 kb/s FORMAT  DATA BYTE, 9-STUFF BYTES, DATABYTE ...,
2.4 kb/s FORMAT  DATA BYTE, 19-STUFF BYTES, DATABYTE ...,

Fig. 2—DS0 signal format.
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Individual DSO signals in the same serving office may then be
combined into a 1.544-Mb/s signal by a time-division multiplexer (e.g.,
T1WB4/5) for transmission over a digital line to a hub office. The hub
office acts as a collection point for channels coming from numerous
serving offices in a metropolitan area. In the hub office, baseband DS0
channels are recombined with other channels destined for the same
distant psa. These efficiently packaged high-speed signals are trans-
mitted via the long-haul intercity network composed of cable and radio
systems. At the destination Dsa, the individual channels are again
separated for distribution through the metropolitan area network to
the terminating stations via the local loop plant.

2.2 Performance objectives

The pps has been designed to provide high-quality digital signal
transmission.* The error performance objective is error-free transmis-
sion in 99.5 percent of all one-second intervals. Availability, a measure
of dependability, is equal to the complement of the average annual
down time. The objective is to meet an average availability of at least
99.96 percent.

The major techniques used to meet these objectives include auto-
matic protection switching of digital facilities, centralized and remotely
controlled fault isolation, pre-service facility qualification testing, and
continuous in-service signal monitoring of digital signal one (DS1)
(1.544 Mb/s) facilities.

2.3 Synchronization

The synchronous timing structure of the pDs network is in the form
of a master-slave tree ultimately synchronized to the reference fre-
quency standard at Hillsboro, Missouri.” The hierarchy of the timing
supplies in rank ordering are the master timing supply (at the St. Louis
Regional Hub), the nodal timing supply (NTs), the secondary timing
supply (sTs), the local timing supply (LTs), and T1WB4/5 integrated
timing supply (1Ts). This ordering reflects relative ability to ensure
slip-free operation during loss of input synchronization and to drive
other output pDs equipments. In this network, timing supplies are
slaved via DS1 facilities to other supplies that are higher or equally
positioned in the hierarchy but never to a supply that is lower in the
hierarchy. Integrating D4 bank dataport circuits into this network
requires a mechanism for the appropriate timing interface.

2.4. Testing and maintenance

Reliability and maintainability of the DDs are important for ensuring
that the performance objectives of Dataphone Digital Service will be
met. The pDDs maintenance philosophy is based on the concepts of
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single point of contact for customers, centralized administration and
restoration control, remotely controlled sectionalization of troubles,
and automatic protection switching.®

At the DS1 levels the maintenance capability includes performance
monitoring and protection switching of T-carrier lines and terminal
equipment. Further, on-line monitoring of intercity DS1 transmission
facilities is being implemented in the network by means of the Digital
Transmission Surveillance System.’

At the DSO and lower rates, equipment is made modular on a
customer-circuit basis so that a failure usually affects only one cus-
tomer. Circuit troubles are sectionalized by a series of remotely con-
trolled loopbacks at ocu and customer-premises station equipment.

lil. DATAPORT CAPABILITY

The initial hardware configuration for pps is ideally suited for
central offices that serve many data customers. This equipment, there-
fore, has been deployed primarily in metropolitan areas. The dataport
concept complements the existing arrangements by offering low-cost
implementation in low-demand serving offices. The fundamental
guideline in dataport designs has been to provide data channels that
are interchangeable with those of the existing DDs network.

This requires that dataport channels be:

(i) Integrable into the pDs synchronization network

(Z7) Transparent in performance to the end user in terms of error
rate, availability, and transmission delay

(iit) Consistent with DDS maintenance

(iv) Interface-compatible with existing DDs equipment

(v) Format- and protocol-compatible in a DDS connection.

The following sections describe the dataport applications and discuss

the hardware designs that meet these performance requirements.

3.1 The standard application of dataport

Dataport channel units allow digital signal access to the T1, T1C,
and T2 digital lines via the D4 banks.? Figure 38 shows a typical
application of dataports in extending a psa. In this arrangement a D4
channel acts as a DDs circuit between hub and end offices. At the end
office the DDs connection to a DSU or csuU at the customer location is
made via the local cable distribution network.

The hub office D4 bank uses a DS0-level dataport channel unit that
can be inserted in any of the channel positions. This dataport provides
the interface between the pDs 64-kb/s system rate on the drop side
and the T1 line rate on the line side of the bank. Drop-side wiring
consists of the existing D-bank connection to the distribution frame
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(DF) and, from there, an installed connection to the DDs entry point
(the DSXO0 bay).

The associated channel slot in the end office D4 bank is equipped
with an ocu dataport. This dataport provides an interface between a
customer rate of 2.4, 4.8, 9.6, or 56-kb/s and the 1.544-Mb/s DS1 line
rate. Again, existing wiring between the D bank and the DF is used;
the final connection to the customer-premises DSU or cSU is made with
existing loop plant facilities.

Dataport channel units obtain their timing from common circuitry
in the D bank. Since pDs is synchronous, this common circuitry must
be synchronized to the pDs reference clock. Timing is derived and
distributed to the dataports by a new D4 common unit, the office
interface unit (o1vU). (The o1v is further explained in Section V.) As
shown in Fig. 3, a pDs-referenced composite clock (COMP CLK) connec-
tion is made to the o1U from a DDs timing source in the hub office.
The o1U in the end office bank recovers DDs timing from the receive
T line; this timing signal is then used to synchronize the end office D-
bank and dataports.

3.2 Alternate configurations using dataport

Three alternative configurations of dataport are discussed in this
section. Fig. 4 shows a DDs arrangement where the end office uses only
DSO dataports. Note that 64-kb/s DDs channels, derived by the de-
multiplexing operation of the DSO dataports, are connected to two
external pps ocus. This D4 arrangement offers a direct alternative to
the T1IWB4/5 hardware normally equipped in DDs end-office installa-
tions.” This arrangement could also make use of the subrate data
multiplier (SRDM) and integral subrate multiplexer (1smx). Each of the
ocus must be synchronized to the pDs reference clock. This timing is
provided by the D4 o1U common unit, as Fig. 4 indicates. The oru
generates two independent composite clock signals for such purposes.
It should be noted that nothing precludes equipping the D4 bank of
Fig. 4 with additional DS0 or ocu channel units.

DDS channels can also be extended using dataports. Fig. 5 shows the
equipment setup that would be used in the intermediate office to
implement the link. In the hub office, the channel would terminate in
a DSO dataport. The channel termination in the end office would be
either an ocu dataport or another DSO dataport (used as shown in
Fig. 4). The intermediate link is created by connecting the DS0 of the
system facing the hub-office side to the DSO dataport of the system
facing the end-office side. The DSO dataports can be assigned inde-
pendently and arbitrarily to any set of channel unit positions in each
DS1 system. For synchronization, a clock signal from the hub-office-
side 01U must terminate on the end-office-side o1u. Finally, the data-
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Fig. 5—A tandem connection.

port channel could be further extended by again linking at a second
intermediate office.

To indicate the versatility of the dataport approach, a non-bps
application is included and is shown in Fig. 6. In this situation the
customer interfaces with standard DsU or csuU equipment. The system
is synchronous, but clock reference is provided by one internal D4
bank oscillator, either in Office 1 or 2. The o1U in that reference bank

DIGITAL SIGNAL ACCESS 2711



LOCALLY LoopP
TIMED TIMED
TO olu-2 0lU-2 TO
CUSTOMER DF L— —I CUSTOMER
PREMISES DF PREMISES
DSU OR CSU T-CXR DSU OR CSU
\—-— ocuDpP |OCUDP —/
D4 BANK D4 BANK
OFFICE 1 OFFICE 2
CSU — CHANNEL SERVICE UNIT OCUDP — OCU DATAPORT
DSU — DATA SERVICE UNIT OIU — OFFICE INTERFACE UNIT
DF — DISTRIBUTION FRAME T-CXR — T-CARRIER FACILITY

Fig. 6—A stand-alone dataport system.

(e.g., Office 1) is capable of generating the necessary dataport clocks
from the internal D4-bank oscillator. The 01U in the other office (Office
2, in this case) generates the necessary dataport clocks from the
received T-carrier line signal.

IV. DATAPORT PERFORMANCE

As we mentioned, the pps provides high-quality data channels to
support Dataphone Digital Service. The major performance param-
eters specified are error rate, channel availability, and transmission
delay. Dataport channels have been designed to meet the established
performance objectives. Thus, channels using dataports and channels
using conventional pps hardware are indistinguishable from a user’s
point of view. As we will discuss, dataport channels incorporate error
control techniques and include maintenance features compatible with
existing DDS network capabilities to meet these objectives.

4.1 Dataport connections

Dataport circuits have been integrated into bps channel connections
in configurations that closely emulate the present DDs structure.'® This
is apparent in Figs. 7a and 7b, which contrast a typical pDs connection
with one derived via dataports. As shown in Fig. 7a, a DDS connection
consists of a long-haul network interconnecting two DsAs with local
serving links that consist of two T1 lines in tandem with local baseband
facilities. In the conventional arrangement the T1 lines connecting the
serving end office to the hub office are dedicated to carrying pps
circuits. These circuits originate from customers served by that wire
center and are typically multiplexed into a 64-kb/s T1 channel.

The dataport connection in Fig. 7b is only slightly different in that
the T1 line between the serving end office and the hub may be
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Fig. 7—(a) pDs circuit connection model. (b) DDs dataport connection model.

primarily used for voice grade services. This difference is important
when the error-free second performance objective of such a connection
is considered.

4.2 Error performance

Based on allocation procedures, the error performance requirement
of a T1 line used in the pDDs network has been established to be 99.6-
percent error-free seconds. Surveys indicate that about 80 percent of
T1 lines meet this performance requirement. For a T1 facility that is
to be dedicated to DDs, performance is ensured by screening prospec-
tive connections against a quality criterion; however, dataport channels
provisioned on in-service T'1 lines intended primarily for voice services
may not meet the DDS objective without additional treatment. For-
ward-acting error-correction techniques have been implemented in the
dataport designs to ensure that DDs error performance criteria can be
met without qualification of the carrier facility. As is discussed in a
companion article two techniques are used. A “vote with majority
rule” scheme that takes advantage of the inherent redundancy in the
pDs format is used for the subrate channel speeds. For the 56-kb/s
data rate, two 64-kb/s carrier channels provide the data and parity bit
streams required to implement a cyclic redundancy code. Field studies
that take into account the actual bit error characteristics of T1 lines
have demonstrated the capability of these codes to meet the DDs error-
free-second criterion.

4.3 Transmission delay

A second parameter of importance in data transmission is round-
trip delay. Although the circuit connections in Figs. 7a and 7b are
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similar, the use of dataport error-correction circuitry results in an
increase in transmission delay. This delay is a result of the coding/
decoding and buffering required for error correction. For example, a
9.6-kb/s channel may experience a coding delay of at least one byte.
The maximum increase in delay caused by the error-correction cir-
cuitry has been estimated to be less than 0.6 ms for all subrate speeds
and less than 0.4 ms for the 56-kb/s data rate. When compared with
the end-to-end transmission delay that may be encountered on a pps
circuit (approximately 50 ms), the effect of the error-correction cir-
cuitry may be considered to be insignificant.

4.4 Availability

Much of the pDDs equipment operating at DS1 and higher rates
employs continuous performance monitoring and manual or automatic
switching to standby equipment in the event of failure. Since the pDs
uses existing carrier systems for both the exchange area and long-haul
transmission, the availability objectives have included allowances for
carrier system failures and restoration. On a per-circuit basis the
concepts of single point of customer contact and one person testing
are important parts of the bps maintenance philosophy. This philos-
ophy is embodied in test features that permit trouble sectionalization
by means of a series of remote loopbacks under control of a centralized
maintenance center. The dataport incorporates the circuitry necessary
to preserve this important test capability. Thus, from a maintenance
viewpoint, the dataports are functionally equivalent to the displaced
equipment.

V. DATAPORT IMPLEMENTATION IN D4

The D4 channel bank has two main functions that allow the dataport
channel units to operate. The first function is signal translation be-
tween the bipolar format on the T-carrier facility and the unipolar,
logic-level format on the channel unit backplane. The second basic
function is that of timing synchronization between the pDs network
and the D4 bank.

5.1 Signal translation

The D4 bank may operate with T-carrier facilities working at the
basic T1, T1-C, or T2 rate. In addition, the T2 rate may be carried
over regular cable or over a fiber lightguide medium. The bank converts
logic-level signals to the appropriate analog bipolar pulse format for
transmission on the facility.®

The basic T1 carrier rate of 1.544 Mb/s is obtained by performing 8-
kHz sampling on analog channels, using 8-bit pulse code modulation
(pcM) coding of each sample and grouping 24 such channels together
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with one additional bit that provides framing information. Thus, there
are 24 groups of eight bits plus a 193rd bit to perform framing every
125 ps. In the direction from the DS1 facility toward the dataport, this
digital stream is made available by a common backplane bus to all 24
channel units of a digroup. A 1.544-MHz clock signal is also supplied
via the backplane. Regular analog channels ignore the digital bus and
accept a signal produced in the common circuits and distributed on a
pulse amplitude modulation (PAM) bus. As shown in Fig. 8, the appro-
priate PAM sample is gated into each analog channel unit under the
timing control of two selection leads (P and @) and a timing pulse
(window). These same timing control signals also gate the correct byte
of digital data bus information into the dataport channel units.

The data bus presents to each channel one 8-bit byte every 125 us
in a burst at 1.544 Mb/s, for an effective bit rate of 64 kb/s. The
dataport channel unit converts the 8-bit burst into the proper pps DS0
format signal. In the D4 transmit direction toward the T-carrier
facility, the dataport units must place onto the backplane bus an 8-bit
burst of data at 1.544 Mb/s when directed by the D-bank’s timing
signals.

One additional control signal is presented to each channel unit to
inform the unit that the D bank is “out-of-frame.” This information is
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\ Y | v PAM
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o e o | CHANNEL | » o o | CHANNEL | ¢ o
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Fig. 8—D-bank channel unit interface.
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used to initiate a “multiplex out-of-sync” control signal to the pDs
station equipment.

5.2 Clock synchronization -

As previously mentioned, the pps is a synchronous network, and a
D4 unit must be locked onto the pps clock system. As described in
Refs. 5 and 6, the cross-connection scheme for all pps signals within
an office requires that DS0 64-kb/s signals be timed to a common 64-
kHz bit clock and a common 8-kHz byte clock (see Fig. 2). This allows
DSO0 signals within an office to be easily interconnected.

5.2.1. DDS clock signals

The clock signal distributed within an office is referred to as a
composite clock. This signal is a bipolar 64-kHz waveform with a five-
eighths duty cycle. This duty cycle allows for transmission delays
between interconnected DDS equipment in the office. Each bipolar
pulse marks a new bit in the DSO signal. All DS equipment will start
a bit transmission on the leading edge of the bit clock and will sample
a received bit on the trailing edges of the bit clock. Figure 9 shows the
clock waveforms.

The byte information clocking is obtained from bipolar violations
contained in the composite clock. Every eighth pulse is a violation that
signals the eighth bit of each DSO0 byte.

5.2.2 OIU functions

The main dataport task for the D4 office interface unit is to generate
a DDS clock and distribute synchronization signals to each channel

BIPOLAR VIOLATIONS
COMPOSITE 1 l
CLOCK |
“ l<-—5/8 DUTY CYCLE

— -] [~ 3/8 0UTY CYCLE [

8kHz ‘I_L 1 ll_l
|
|

Fig. 9—pbbs clock waveforms.
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unit. In addition, there are several D4 timing synchronization functions
that the o1u performs, as described in Ref. 8. There are three o1u
timing modes—Ilocal, loop, and external.

In the external-timed mode, used in DDs hub offices, an existing
source of DDS composite clock will supply a signal to the D4 bank,
which will cause the outgoing T-carrier signal frequency to be locked
to the pps clock (Fig. 3). In the loop-timed mode, the o1u provides
signals that lock the outgoing T-carrier signal to the received T-carrier
signal. This is the usual case for a DDs end office served by dataport.
The pDs synchronization in this case is not obtained directly from a
local pps clock, but comes from the hub office clock through the hub-
located D4 bank and the connecting T-carrier facility. The o1u can
serve as a source of composite clock to another D bank located in the
same office. Such D banks would be conditioned to accept composite
clock by being provisioned in the external-timed mode. In this way the
DDS can chain a digital connection from a hub office to an end office
through an intermediate office (see Fig. 4).

The local-timed mode is used when external synchronization of the
D4 bank is not required. This is the case when dataport channel units
are installed to provide a point-to-point connection isolated from the
pps network (Fig. 6), or when the D4 is equipped with only VF channel
units. For such cases, the D4 bank transmit clock is allowed to run
freely. The far-end D bank would be loop-timed for dataport applica-
tions. This yields an isolated connection for serving special needs
outside the pps. Figure 10 illustrates the various timing options. The
functions of the o1u will be examined next from a block diagram view.
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Fig. 10—D-bank timing.
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5.3 The OIU circuit

There are five functional blocks in the oru circuit (Fig. 11). These
blocks serve to properly option the 01U via manual switches, to select
A or B digroup timing, to accept an office composite clock, to synchro-
nize the bank, and to provide output clock signals.

The option settings for the o1u are determined by switches mounted
on the faceplate of the unit. One switch selects either the A digroup or
the B digroup of the bank to serve as the timing master for synchro-
nization. A second switch serves to select either the external timing
option or one of the two internal timing options, local or loop timing.
The phase-locked loop (pLL) and voltage-controlled oscillator (vco)
synchronize the bank to the external clock, if present, and, in the
absence of an external clock, serve to generate the 8- and 64-kHz clock
signals. The output of the 256-kHz vco is divided down and compared
with the reference clocks. Counting logic formats the 256-kHz output
into 8- and 64-kHz outputs with appropriate asymmetric duty cycles.
An additional stage of selection logic steers either the internally
generated or externally supplied 8 and 64 kHz to the output clock
drivers.

The output driver section has three functions. An analog circuit
converts the 8- and 64-kHz clocks into a tri-level voltage wave (inte-
grated clock) distributed to all channel units in the bank. A duplicated
set of drivers converts the unipolar signals back into a composite clock
format with appropriate bipolar violations for driving other D banks.
Finally, a buffer supplies clocks to local test equipment that can be
connected to the bank.

5.4 D4 bank conditioning for dataport applications

As described above, by use of the o1u and dataport channel units
the existing D4 channel bank can be conditioned to provide channel
connection for the pps. None of the other existing circuits of the D4
bank need modification to allow this capability. Through the o1u the
D4 bank can be synchronized to the pps system clock. The synchro-
nization information is distributed to the channel units via a backplane
bus structure; a similar bus arrangement is used to feed the digital
channel information between the common equipment and the data-
port.

VI. SUMMARY

The Bell System is continuing to evolve its capability to provide
economical, high-quality data channels such as those provided by the
Digital Data System. As originally designed, bps equipment could be
used most efficiently to serve geographic areas with a concentrated
demand for data services. The dataport feature of D4 has been devel-
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oped to complement the high-capacity pps multiplexing equipment
with serving arrangements that can be installed quickly and econom-
ically to serve small numbers of customers. Dataports provide a new
interface to allow for voice and data sharing of the D family of channel
banks and open up many new areas for innovative application of digital
channels.
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D4 Digital Channel Bank Family:

Dataport—Channel Units for Digital Data
System Subrates

By T. J. APRILLE, D. V. GUPTA and P. G. ST. AMAND
(Manuscript received July 30, 1981)

The single-channel dataports are a series of D4 channel units that
convert the digital signal derived from one T-facility time slot by the
D4 common circuits to an appropriate format at speeds of 64, 9.6, 4.8,
or 24 kb/s for use in the Digital Data System (DDs). They come in
two formats, the first being the pps bipolar format for 64 kb/s and
the second, for the remaining three speeds, being an EIA RS-449
format. Their error-correction feature ensures 10~® error-rate per-
formance for a 107 error-rate transmission channel. Advances in
large-scale integration (LsI) technology have allowed the packaging
of all the digital circuit functions needed into the space of a single
channel unit. An on-board power converter unit generates the addi-
tional current required by the dataports over that needed by regular
analog channel units. The local loop side of each channel unit uses
integrated technology to achieve signal equalization and timing
recovery. Standard pDDS remote maintenance features are provided.
The dataport channel units are easily installed and removed; they
supply economical digital transmission.

. INTRODUCTION

The D4 channel bank can be equipped with over forty different
channel units, each one designed as a customized transmission and
signaling interface between the T-carrier transmission facility and the
central office switch or local wire loop. These channel units are used
for diverse applications, such as regular telephone grade voice band
and radio program wide band, dial-pulse signaling and nonsignaling
transmission only, switched service and private line, and analog and

2721



digital loop service. Dataports are the series of D4 channel units that
allow a direct digital interface into the T-facility from the customer
loop, bypassing the regular analog-to-digital conversion of voice chan-
nel units.

As Ref. 1 describes, some dataports connect to the customer’s
location, while others link inside a telephone office. For each of the
above two applications, two kinds of dataports exist, those that serve
a customer using one T-facility time slot and those that use two time
slots. This article describes the hardware implementation of the class
of dataports that serves a customer at a data rate of 2.4, 4.8, or 9.6
kb/s, the so-called “subrate” dataports. A companion article details
the designs for the class of dataports that serves a customer at 56
kb/s.2 The basic D4 bank functions are described in Ref. 3, while the
system issues of dataport are fully treated in Ref. 1.

This article briefly reviews the various applications and system
issues of dataports. The basic hub office unit, the digital signal zero
(DS0) dataport, is then described, as well as the basic end office
dataport, known as the Office Channel Unit (ocu) dataport. The last
variety of dataport discussed is the Data Service Unit (pDsu) dataport.
Finally, the subrate error-correction algorithm and the on-board power
converter are detailed. Field evaluations show that dataports are
reliable, quick to install and remove, and are easy to maintain. Data-
port has allowed the Digital Data System (DDs) to expand at low cost
to serve the increasing needs of the Dataphone* Digital Service.

Il. GENERAL FUNCTIONS
2.1 Dataport applications

Figure 1 shows the typical dataport configurations." The DDS net-
work offers data transmission service to every major metropolitan area
in the United States.>® If a customer network requires a termination
in a serving area not now covered by regular bps equipment, a dataport
extension can be made. An existing DDs hub office serves as a focal
point for gathering various DDs signals and multiplexing them together
for transmission across the country. The hub office sends one customer
signal in a format of 64 kb/s, the DS0OA format, to a DSO dataport.
The DSO dataport inserts, through the D4 bank interface, the 64
kb/s signal onto the T-facility channel time slot. The T-facility carries
the signal to a D4 bank at the local end office that serves the customer
location. Each local office has an ocu dataport, which receives the
single time slots, corrects errors in the receiver data, and sends out
data to the customer at the baseband rate over the local distribution

* Service mark of AT&T.
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Fig. 1—Dataport applications.

cable. At the customer premises, the local cable pairs terminate either
on a psU or Channel Service Unit (csu).” This DS0, T-facility, and
ocU link allows DDs to grow from an existing hub office out to a new
serving central office of the Dataphone Digital Service. The dataport
is designed to handle small numbers of DDs channels economically.
Combining voice and data services in the same digital bank lowers
capital costs and efficiently uses the T-carrier plant. Offices with many
customers could still be served by the separate, dedicated pDS equip-
ments.®

For special applications, the psu dataport has a DDs-type link
between two telephone central offices for internal use.’ In effect, the
miles of cable pairs that connect the ocu with the customer-located
equipment are shrunk to a few millimeters of printed wiring board
path. The psU dataport has a direct Electronic Industries Association
(E1A) connection and does not need a separately mounted Dsu. If the
two end offices of the point-to-point link are directly connected by one
T-system, then a DsU dataport may be used in each terminating D4
channel bank and no ocu dataports are required. The 10A Remote
Switching System uses the DsU dataport in precisely this fashion.™

2.2 D4 channel bank and channel multiplexing

The D4 channel bank using a digital signal one (DS1) facility has
twenty-four time slots of 64 kb/s each. All subrate dataport channel
units occupy one physical mounting position in the D4 bank and use
one time slot, just as regular analog channel units do. This allows
dataports to be installed in any of the channel-unit positions of the D4
bank. One common D4 circuit pack, the Office Interface Unit (o1v),
and a connection at the hub office to the DDS network timing system
are required to convert a standard D4 bank to a dataport-capable
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bank.! This simple procedure allows the D4 bank to mix conventional
analog and dataport DDS services.

The single customer DS0A signal is handled in the network in bytes
of eight bits. Each byte contains a leading multiplexing bit, which for
subrate DSO0A signals is always a logic zero, six customer data bits, and
a control mode bit. In each 8-bit byte only six bits carry data, thus the
effective data speed is 6/8ths of 64, or 48 kb/s. The basic subrate DS0
signal contains repeated information. The highest speed signal has five
repeated bytes; therefore, the true customer information rate is one-
fifth of 48 kb/s, or 9.6 kb/s. The DSOA signals for 4.8 and 2.4 kb/s
service similarly have repeated bytes of ten and twenty times. It is the
repeated byte pattern that allows dataport to carry out error correction
of the local T-facility transmission plant. An additional format exists
that allows standard pps equipment to multiplex subrate data signals
for efficient transmission in the national long-haul network.

2.3 Maintenance plan

The maintenance strategy for testing DDs is described in Refs. 11
and 12. The individual customer channels of a dataport circuit are
analyzed for trouble conditions in the same manner as a conventional
DDS channel. When a trouble is reported by the customer to the pps
Serving Test Center (sTc), the customer channel is first monitored in
both directions on an in-service basis. The sTc checks the data signals
for the occurrence of specific repeated control signals, which would
automatically replace the customer data in cases of equipment failures.
If no indication of a network failure is detected by this monitoring,
then the local cable pair is removed from service and checked by
loopback tests. There are three dataport loopbacks from the DSO0
channel and hub office. The sTC can cause a loopback to occur at the
output of the ocu dataport, at the end of the loop plant in the customer
premises DSU or €SU, and at the output of the DsuU. The “ocu loopback”
tests out all the network from the sTc to the ocu output circuits that
drive the local cable pairs. The loopback at the input of the customer-
located equipment, called the “channel loopback,” tests the local
distribution cable from the end office to the customer site. The final
“psu loopback” guarantees the integrity of the data service unit
located on the customer premises. Thus, the loopbacks are used to
isolate the trouble to the internal telephone company network, the
outside cable plant, or the customer-located equipment. To obtain an
error-rate performance measure, the sTc starts a loopback by sending
out a fixed-control-code byte to lock the distant circuit into the
loopback state. Next, an alternating pattern of the fixed-control-code
byte and a pseudo-random message sequence is sent to the distant
circuit. At the loopback point the fixed-control code maintains the
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loopback state of the equipment while the message sequence is re-
flected back to the stc. The received pseudo-random sequence is
examined at the sTC, and the error-rate performance of the circuit is
measured.

If the ocu loopback test fails, then the problem lies in the internal
pDs network. To isolate the problem further, a local craftsperson can
manually activate dataport loopbacks. Each ocu and DS0O dataport
channel unit has a jack access that alllows a looping plug to be inserted,
which causes the pDs signal to be looped back for comparison at the
stc. In addition, the looping plug also supplies a jack access for use
with portable test equipment.

The psu dataport has all the normal pDs remotely controlled
loopback features. In addition, the customer-controlled loopbacks
specified in the E1A RS-449 document are included. Maintenance of
the psu dataport is described in Section 5.3.

lil. DSO DATAPORT HARDWARE

The DSO dataport converts DDs bytes in bursts of eight bits at a
DS1, 1.544-Mb/s rate to and from a continuous DS0, 64-kb/s rate. The
unit operation is frequency synchronous but allows arbitrary phase
difference between the DS1 and the DSO0 signals. In this article, relative
to the local D4 channel bank, the transmit direction defines signals
toward the T-carrier facility and the receive direction defines signals
toward the customer.

3.1 Transmit and receive circuitry

A simplified block diagram of the DS0 dataport is shown in Fig. 2.
In the receive direction, the 1.544-Mb/s pulse code modulation (PcM)
stream is available to the channel unit from the receive pcM bus.' The
rate converter picks off the 8-bit DDs byte from the pcM stream and in
normal operation outputs the same eight bits at the 64-kb/s rate. Since
there are 24 8-bit bytes on each frame of the DS1 stream, receive select
information from the D4 common circuitry is required to select the
proper byte. In Fig. 2, the output of the rate converter is sent to the
code insertion function (Section 3.2), and that output is then connected
to the input of a 3-out-of-5 error-correction circuit. For subrate data,
this circuit allows DDs error-rate objectives to be met without special
testing and selection of T-line facilities. A discussion of the operation
of this circuit is given in Section VI. The output of the error-correction
circuit feeds a buffer that converts the logic signal into a bipolar
nonreturn-to-zero (NRz) signal.

In the transmit direction a similar but reverse process takes place.
This path contains no error correction, and the transmit pcM backplane
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Fig. 3—DSO0 input/output signals.

bus that connects all 24 channel units is driven by a tri-state buffer
(logic zero, one, or open circuit outputs).

The input and output signals described above are shown in Fig. 3.
Only the appropriate dataport PcM bus signals are shown. The DS0
receive and transmit signals are in byte and bit synchronization with
the pDs clock. Also, while the receive and transmit D4 bus signals are
frequency-synchronized, they are not phase-synchronized with each
other or with the DSO signals.

Circuitry within the dotted lines in Fig. 2 is contained in an N-
channel metal-oxide semiconductor (Nmo0s) LsI chip in a 40-pin dual
in-line package (D1P). Since this chip forms almost the entire circuit of
the DS0 dataport channel unit, it has been appropriately named the
DSO0 chip. Further information on the realization of the chip can be
found in a companion article.’

The integrated clock timing is shown in relation to the D4 bank
composite clock and to the 8- and 64-kHz clocks used by the DS0 chip
in Fig. 4. The clock buffer circuit shown in Fig. 2 provides level-
detector circuitry needed to separate the 64-kHz bit clock and 8-kHz
byte clock. It also has a high-input impedance to prevent loading down
the clock bus.

3.2 DSO control code substitution

As we saw in Fig. 2, whenever the near-end or far-end D4 bank is
not framed?® (the near-end bank in red or yellow carrier group alarm),
an out-of-frame signal is presented to the DSO chip. In this mode the
receive rate converter outputs, irrespective of the input signal, a special
DDs “multiplex out of synchronization” byte code. This informs local
customer equipment of a transmission equipment malfunction.
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Similarly, when the transmit rate converter receives an unallowed
byte code of all zeros in bits two through eight, the output byte is
modified automatically to force bits three and four to logic ones. The
receipt of such an unallowed code suggests that a malfunction in the
equipment on the customer side of the DS0 dataport has occurred.
For example, this code would result if the wire pair carrying the DS0
signal to the dataport were cut.

3.3 Phase synchronization circuit

Figure 5 is a block diagram of the transmit rate converter, which
shows three 8-bit byte shift registers. Each register is loaded at 64
kb/s and unloaded at 1.544 Mb/s. Three shift registers are required to
synchronize the DSO byte to the DS1 rate, allowing arbitrary phase
difference between input and output. This phase shift can be caused
by channel unit placement within the 24 time slots of the bank and by
T-facility phase jitter.

The normal operation of the three registers is depicted in Fig. 6.
Register A loads byte K at 64 kb/s and then unloads it at the start of
bit 5 of byte K+1 at 1.544 Mb/s; it loads and unloads every third byte
in the same manner. The loading/unloading sequence is load A, unload
C, load B, unload A, load C, unload B, load A, unload C, etc.

If there is a phase shift of the 1.544-MHz transmit clock, a sequence
correction may be required to prevent data destruction. The phasing
algorithm checks to see if a register is being concurrently loaded and
unloaded, and if so, then the same information in the register is
unloaded twice. This process will always break the overlap; an example
is shown in Fig. 7. The unloading pulse advances a total of three-
quarters of a bit (at the 64-kb/s rate). The first overlap occurs in
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register B, so register B is unloaded twice. An overlap will not take
place again as long as the input and output phase difference stays
within plus or minus eight bits at the 64-kb/s rate. The receive rate
converter is equivalent to the transmit rate converter except for the
interchange of input and output bit rates.

3.4 DSO dataport maintenance

Figure 2 shows two jacks on the office wiring side of the channel
unit that can be used for maintenance of the DSO dataport. By
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manually inserting a special plug into the faceplate of the dataport
channel unit (accessible from the front of the bank), a loopback is
made that connects the bipolar DS0 receive signal back to the DSO0
transmit input. This ability makes it easier to locate faulty equipment.
The maintenance plug and the DS0 dataport, as well as the ocu and
DSU dataports, are shown in Fig. 8. The two jack connectors on the
plug can be used to access the channel, in either direction, with
portable DDs signal-generation test equipment.

IV. OCU DATAPORT HARDWARE

The ocu dataport contains all the digital circuitry of a DS0 dataport,
and it includes the additional circuits to convert the DSO0 signal to and
from the local loop format used for communication with the customer
premises. Figure 9 is a block digram of the office channel unit section
of the ocu dataport. The major functions include a synchronous-
timing-generation circuit, a rate-matching section, control-code rec-
ognition, analog signal conditioning, and a local cable interface.

4.1 OCU signal formats

The DSO signal, as described in Section 2.2, has a 64-kb/s, byte-
oriented format. The signal to the customer over the local cable pairs
is at the customer data-bit rate, with a logic one represented by a
bipolar pulse and a logic zero represented by no pulse. The six data
bits of the 8-bit byte at the DSO0 level are sent to the customer in a bit-
by-bit, non-aligned fashion. For example, at the 4.8-kb/s service rate,
the customer will get the six data bits that are repeated ten times in
the DS0 byte at the 64-kb/s rate. This yields six new data bits every
ten times 125 us, or 4800 b/s.

The receive DSO signal may be pre-empted by the sTc during
maintenance operations. The control-mode bit is set to a logic zero,
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Fig. 8—DS0, OCU, and DSU dataports.

and the six normally allocated customer bits are now used to define a
maintenance code, which can be used to start loopbacks or to signify
transmission difficulties. Monitoring circuits in the ocu section are
designed to recognize the codes for maintenance testing.

No clock signals are separately sent to the customer site; the cus-
tomer-located DSU must recover the clock frequency from the received
ocu data signal. This requires that enough energy always be sent to
the csu or DSU in the signal, which in turn forbids transmission of long
strings of zeros (no bipolar pulses) in the customer data. To maintain
bit transparency, a zero-code substitution is employed by the ocu,
where any DS0 byte containing six data bits as all zeros is replaced on
the local cable pair by a bipolar violation sequence. In addition, several
control codes are also transmitted to the customer site as coded bipolar
violations. Reference 7 describes the code translation from the byte
format to the bipolar violation format.

4.2 Digital hardware realization

The digital circuitry for the office channel unit portion of the ocu
dataport is contained in the previously mentioned DS0 device and in
two smaller Ls1 devices. These “rate-matching” devices convert the
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signal at the DSO0 rate to the customer rate, monitor for the presence
of control codes, and convert bipolar violations to control codes. The
DSO0 device has the additional ocu function of providing a high-speed
-clock and strobe signal to the rate-matching devices. The rate-match-
ing devices use the high-speed clock at 1344 kHz, the least common
multiple of 64, 56, and 9.6 kHz, to generate customer bit rates. The
ocU loopback command, which causes a relay to connect the output of
the ocu back to the input at the local cable pairs interface, is detected
in the rate-matching devices.

There are two logic-level outputs from the bipolar encoding logic
that together form a dual-rail signal that creates a bipolar loop-line
signal. In this scheme, one logic rail supplies the bits for the positive
voltage signal, and the other rail supplies the bits for the negative
voltage signal. On the loop line during normal data transmission, a
logic 1 is transmitted as either a positive or negative pulse with
successive pulses alternating in polarity; a logic zero is transmitted as
no pulse. Control-code information is transmitted between the ocu
dataport and customer premises unit by bipolar violation sequences,
i.e., successive bipolar pulses with the same polarity.’

4.3 Analog line circuits

In the direction from the T-facility toward the local cable pair, the
analog line-drive circuitry transforms the logic signals into bipolar
pulses suitable for transmission on the cable pairs to the customer. It
contains a level shifter, band elimination filter, line-drive amplifier,
transformer, lighting protection circuitry, and two low-pass filters.

A Butterworth filter, with a pole at 1.3 times the signaling rate,
limits the high-frequency signal energy on the line. Also, a 28-kHz
band elimination filter is implemented to eliminate 28-kHz energy
from interfering with other services that may be in the same loop
cable.

The line-driver circuitry buffers the filters from the varying imped-
ances of the transmission line. It also converts the dual-rail signal, by
means of a transformer, to the bipolar signal for transmission over the
cable pair.

In the direction towards the T-facility from the local cable pair, the
loop signal passes through the line-receiver circuitry that consists of
lighting protection, line transformer, input buffer amplifier, low-pass
filter, and line equalizer. It also contains a second-order filter that,
when combined with the first filter, forms a third-order Butterworth
low-pass filter with a cutoff frequency equal to 1.3 times the signaling
rate. The filters in this circuitry are used to increase noise immunity
and provide pulse shaping for the following ocu logic circuits.

The local loop plant consist of 19-, 22-, 24-, and 26-gauge metallic
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pairs; the insertion loss of these cables is a function of both frequency
and length. To compensate for the variously shaped loop losses an
adaptive equalizer is required in the line receiver that terminates the
cable pair from the customer. The equalizer has variable gain and a
movable real zero, both controlled by a single variable resistor, to
compensate for the varying loop characteristic. The equalizer output
signal drives a slicer circuit, the outputs of which form a dual-rail
digital signal that serves as the input to the conversion logic.

The analog portion of the ocu dataport was developed using existing
and ongoing designs. The real effort was to realize those designs with
much lower power drain and in a much reduced area. To this end,
Standard Tantalum Active Resonator (STAR) DIPs' were used in the
design of the low-pass filters. The gain-zero equalizer was implemented
by using the STAR-DIP along with a multiple operational amplifier p1P.

The level shifter and line-driver circuitry are contained in a 12-pin
Transmission Equipment pIP (TED).” A second 24-pin TED is used for
the active circuitry in the transmit side and contains the line termi-
nator, equalizer, and slicers.

V. DSU DATAPORT HARDWARE

The psu dataport contains all the digital circuitry of the ocu
dataport, and it includes the additional circuits to convert the ocu
dual-rail local-loop format signal to an E1a-compatible multi-pin inter-
face signal. Figure 10 is a block diagram that shows how the functions
of the data service unit are added to the basic ocu dataport. The major
functions include a timing synchronization circuit, a control-code-to-
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Fig. 10—Block diagram of the psu dataport.
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control-signal section, an E1A RS-449 interface,'® and maintenance
controls and indications.

5.1 Hardware realization

The digital outputs of the ocu section are fed into an LsI device and
not into the normal analog ocU circuits. In this application, the normal
cable loop pairs to the Data Service Unit do not exist; the customer-
located DsU is incorporated directly into the D4 bank channel unit.
The equalizers, relays, and analog filters are not needed. The work-
horse DSO0 Lsi device is again used to provide functions needed for the
DsU dataport application. The timing synchronization is obtained
directly from the clock feeding the ocu section, and it is not recovered
from the ocu data stream as would normally be done by a remote Dsu.
While the frequency is easily obtained, strobe signals used in the psu
LsI device require phase alignment with the data produced by the ocu
devices. A phase-locked circuit slips the clock feeding the DsU section
until the DSU strobe signal is aligned properly with the ocu data. At
this point, the circuits are synchronized and will remain synchronized
until power interruption or unit removal. The digital alignment circuit
eliminates the need of the regular DsuU clock-recovery circuit and
crystal oscillator.

The psvU logic monitors the incoming data from the ocU section for
control codes, indicated by bipolar violations, which here must be
decoded from the dual-rail logic signals. These control signals and
other status signals are decoded as individual logic-level leads. These
signals, indicating loopbacks, idle conditions, and line errors, are used
as maintenance aids and are also presented to the user interface.

5.2 User data interface

The signals to the user from the psu dataport are in accordance
with the E1a RS-449 standard.’® The D4 bank has provision for only
ten leads to be brought out from each channel-unit position, so the full
37-pin format of RS-449 could not be accommodated. Since the data-
port is used as a point-to-point, private-line, nondial-up connection,
many of the “mandatory” EIA signals are provided with the use of the
EIA-termed “dummy” signal generators by simply tying a lead to a dc
source voltage through a resistor. The active signals used are transmit
clock and data, receive clock and data, signal quality (generated by
the D4 bank’s out-of-frame detector), local and remote loop commands,
and the needed RS-423 common-signal reference leads.

5.3 Maintenance capabilities

Maintenance features, suggested in RS-449, have been implemented
in the pDsU dataport in addition to all the normal pDs features. The
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ocu and channel loopbacks, described above, are provided in the psu
dataport even though there is no real local cable pair connecting an
ocu and psuU. The loopbacks are carried out in logic in the center of
the psu dataport function, so that from any remote DDs test facility,
the psu dataport responds in the identical way that a standard ocu
and customer-located psU would respond. The DsuU dataport has many
additional on-board maintenance features. Internal looping and error-
detection circuits rapidly detect faults. The user can initiate, through
the electrical RS-449 interface, the “Local” and “Remote” loopbacks
of RS-449. This allows automatic fault isolation under user control,
without the need of intervention by the regular pbs maintenance craft.
An array of light-emitting diodes and toggle switches allows local
manual-fault detection and isolation.

Vi. ERROR CORRECTION

T-carrier facilities were initially designed for voice quality transmis-
sion; as such, the T1 and T'1C lines are engineered so that 95 percent
of the systems have a probability of line error, p, being <107%. Studies
by Brilliant'” show that a significant number of T-facilities might not,
therefore, meet the DDS specification on error-free seconds.’®'® The
DDs solves this problem by selecting only those lines that pass an
acceptance test.

If dataport were to require T-facility line selection, the goal of
quickly installing a channel unit to meet new customer data needs
would be severely impaired; thus, error correction was incorporated as
a standard feature for dataport.

To ensure proper service quality, the common equipment of the D4
bank declares the facility out of service and issues a ‘“carrier group
alarm” when the short-term error rate is worse than 107°. Hence, p =
1073 was chosen as the worst-case operating error rate. An error-
correction strategy was required to decrease the error rate from 1073
to 1078 or lower, assuming a binary symmetric channel model.

6.1 Encoding and decoding

As we saw earlier, in the transmit direction a 9.6-kb/s ocu dataport
takes six customer data bits, and adds both a leading zero and the
network control bit to form an 8-bit byte. Next, the ocu repeats the
byte five times to build up the data rate to 64 kb/s. For 2.4 and 4.8
kb/s, the 8-bit bytes are repeated 20 and 10 times, respectively. Since
a repeat of 10 can be regarded simply as two repeats of five and a
repeat of 20 as four repeats of five, the ocu can be regarded as a
repeat-of-five encoder.

At the receiver, the five repeated bytes are decoded into the correct
message byte one bit at a time. If no errors have occurred, each of the
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received five repeats of each bit in the byte will be the same. When
they are not received correctly, it can be shown™ that taking a majority
vote on the five bits is the maximum likelihood method of making the
correct decision. This majority vote scheme is implemented in the
subrate dataports and is performed on each of the bit positions in the
received byte. While more efficient coding schemes can be devised,
this method is a natural outgrowth of the DDs subrate nonmultiplexed
signal format. For multiplexed ocu channels on one time slot, the
methods described in Ref. 2 may be used.

Since the rule for recovering each information bit is to take a
majority vote of the five received bits, a decoding error is made only
if three or more line errors are made. Hence, the probability of bit
error after decoding is given by:

5 /5\ . )
Pr=3% (l) p1-p)°, o))
where p is the bit-error probability of the channel and satisfies p <

1073, as explained earlier.
Equation 1 is approximately equal to:

P.=10p*forpx1 2)
<108 forp <1072 (3)

Thus, for a line error rate of 1073, the dataport error rate is reduced to
less than 1075,

6.2 Word synchronization

At the receiver, no clock signal is available to mark the start of the
five repeated bytes. A word marker must be formed from the statistics
of the data. As we see in Fig. 11, the word marker is synchronized
when the six data bits of the first byte and the six of the fifth byte are
the same. When not synchronized, the first and fifth bytes represent
different data bytes from the customer and should be different with
high probability. The synchronization algorithm loads in five bytes T,
times and compares the six data bits of the first byte with the six data
bits of the fifth byte. If the number of times the first and fifth byte
patterns are different exceeds a threshold 7%, then a mis-synchroni-
zation is declared, and a byte slip of the word marker is made as
corrective action. A slip in the same direction will be introduced every
T, trials until synchronization is achieved.

6.3 Probability of false mis-synchronization

Mis-synchronization is declared whenever more than 7% cases of
mismatch occur between the first and fifth byte in 7} trials. Since the
probability p; that a bit of the first and fifth byte is the same is the
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Fig. 11—Error-correction synchronization.

sum of the probabilities of no error either time and an error both
times,
p=Q1-p)’+p’=1-2p+2p° )
where p is the probability of a bit error on the T-facility. The proba-
bility, p*, that when properly synchronized the six data bits of the first
byte will not match the six data bits of the fifth byte, is given by:
p*=1-—pS=12p for p<1072 (5)

Hence, the probability, Pr, of false mis-synchronization for this Ber-
noulli experiment is:

V& . .
Pr= 3 (T;)(p*m ~p)m ©

6.4 Probability of failure to recognize mis-synchronization

A failure to recognize mis-synchronization occurs whenever in T4
trials fewer than T> mismatches occur between the assumed first and
fifth bytes of the repeating pattern. If we assume two 6-bit customer
bytes, a similar Bernoulli experiment can be conducted. Hence, the
probability, Py, of failure to recognize mis-synchronization is given by:

To—1 T, 63‘ 1 Ty—i
Pu= 2, (t)(a) (a) ' @

For the error-correcting circuit of the subrate dataports, 75 = 160, and
T, = 20. This results in Pr = 1072 while Py = 107", Keeping the
probability of failing to recognize a mis-synchronization so low with
respect to falsely declaring a mis-synchronization was done to guard
against customer data that was not independent. An expanded discus-
sion of the above algorithms can be found in Ref. 21.
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VIi. ON-BOARD POWER CONVERTER

The dataport units have much more logic circuitry than do normal
D4 channel units. The standard D4 bank power converter supplies
+5V, +12V, and —12V to each channel,® but has a limited current
drain allocation. The dataport units require hundreds of milliamperes
to run the NmMos Ls1 devices. To avoid changing the standard bank
converter, an on-board dc-to-dc converter was designed onto each
dataport to supply the current. This converter uses power from the
ample —48V office battery used in regular channel units to power the
customer voice loop.

The dc-to-dc converter develops a reference voltage from the —48V
office supply and regulates a series pass transistor. The output of the
transistor is chopped and fed to a transformer, where two sets of taps
are used to obtain +5V, +12V, and —12V. An output filter on each
voltage supply keeps the noise down to a few tenths of a volt. The
total maximum output power of the converter is over six watts.

VIIl. CONCLUSION

Dataport has been designed as an easy, inexpensive way to expand
the area served by the Digital Data System. It can be quickly installed
into a properly conditioned D4 bank and has all the normal pDs
maintenance features. The error-correction ability of the dataport
removes the need to select T-carrier facilities to achieve error objec-
tives. Dataport is lower in cost for small numbers of customers than is
conventional DDs equipment, and it allows economical voice and data
sharing of digital terminals, achieving efficient T-facility usage.
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D4 Digital Channel Bank Family:

Dataport—Channel Units for Digital Data
System 56-kb/s Rate

By B. J. DUNBAR, D. V. GUPTA, M. P. HORVATH,
R. E. SHEEHEY and S. P. VERMA

(Manuscript received July 6, 1981)

Increasing demand for high-speed data services makes it desirable
to give more customers access to the Digital Data System (pDs). To
provide service at 56 kb/s, the highest DDS rate, “dataport” channel
units have been developed to extend DDS network channels over T-
carrier lines, using D4 terminals. These 56-kb/s dataport units offer
a flexible and economical arrangement for serving smaller cross
sections of data subscribers, and make use of a coding scheme for
error correction that makes special selection of lines (for error rate)
unnecessary. We describe the design of 56-kb/s dataport units, while
articles referenced herein discuss dataport system questions and the
design of lower speed dataport units.

. INTRODUCTION

Consider the use of existing T-carrier facilities to extend the Digital
Data System (DDs) serving area. “Dataport” channel units are needed
for the carrier terminals (such as D4 channel banks) to insert customer
data bit streams into the carrier pulse code modulation (pcm) bits
tream. Special problems must be addressed with 56-kb/s service;
hence, dataports for this speed are treated separately from those for
subrate speeds.

Field studies of the performance achieved by T-carrier facilities'
indicate that a significant number of them , if used to carry DDS
channels, will fail to meet an overall quality objective of 99.5-percent
error-free seconds. T-carrier lines are designed and engineered for a
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Fig. 1—Basic dataport application.

bit error rate of around 107¢ for 95 percent of the systems. This is more
than adequate for voice grade services. Major alarms do not appear
until the error rate has increased to approximately 1072, A much lower
error rate must hold to support pps channels for data transmission;
Ref. 2 states that the T-carrier line should appear to have at least 99.6-
percent error-free seconds (EFs), and an error rate closer to 107® is
needed to insure this. The 56-kb/s dataports use an error-correcting
code that translates an error rate of 10~® to an effective error rate on
the order of 107%. Thus, even a barely functioning T-carrier facility
should perform adequately as part of a DDs channel, using dataport
channel units with error correcting features. In general, the penalty
paid for using of error-correcting codes is the need for additional
bandwidth. In the case of 56-kb/s DDs transmission, the data and
control information® occupies the full usable capacity (64 kb/s) asso-
ciated with the pcm channel time slot. To gain capacity for error
correction, a full extra time slot must be used, since borrowing partial
capacity would make that carrier channel unusable for normal service
in any case. This dictates that the code will have a rate of one-half
(the ratio of information bits to total transmitted bits).*

With these considerations in mind, let us look at what a dataport for
the 56-kb/s rate must be able to do. It must provide those functions
which pps hardware would perform, while ensuring that the carrier
facility will meet error-rate requirements. Consider the simplest data-
port application, shown in Fig. 1.° The DDS network furnishes a
channel, working at 64 kb/s (“DS0” rate) to a D4 terminal. A
“56-kb/s digital signal zero (DS0) Dataport” conditions this signal for
insertion into the digital signal one (DS1) bit stream, which is trans-
mitted over the digital line to the far terminal. At this point, the “56-
kb/s Office Channel Unit (ocu) Dataport” removes the signal from
the DS1 stream and performs the rate conversions necessary for
transmission to the station at the subscriber bit rate. (Reference 6
discusses synchronization to the bps network clock.) There are several
“building block” functions to be implemented (see Fig. 2). Working
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from the station toward the network, the pulses arriving from the
customer premises equipment must be equalized and amplified to
compensate for the loss and dispersion of the cable. The slicer returns
the pulses to digital-logic-level signals, and the timing recovery circuit
samples the bits and retimes the data. The “office channel unit”
section (terminology from pDs’) builds the 56-kb/s data signal into the
64-kb/s network signal format. The coding logic processes this signal
to obtain the wideband, redundant signal (128 kb/s) for transmission
over the carrier. The DS0-to-DS1 interface places this signal into two
channel time slots on the 1.544 —Mb/s pcM stream. Transmission from
network to station reverses the sense of these functions, except that in
this direction filters merely shape the 56-kb/s pulses as they come
from the ocu section (since timing recovery is not needed).

Thus, the “56-kb/s DS0 dataport” is implemented with only the
error correction and “DS0-to-DS1” blocks, while the “56-kb/s ocu
dataport” requires all of the Fig. 2 blocks. Designs for these basic
building blocks involve techniques from many fields. Linear and non-
linear “analog” circuits are needed, as well as sequential and combi-
national digital functions; information theory must be called in as well
to implement the error-correction code. Let us look at the building
blocks in more detail, progressing from the station equipment toward
the DDs network.

Il. SUBSCRIBER LOOP INTERFACE

The station uses standard pps equipment, such as the channel
service unit (csu) or the data service unit (Dsu).” Figure 3 depicts the
dataport line circuits for station-to-network transmission. This cir-
cuitry processes pulses arriving from the subscriber loop at 56 kb/s.
The second-order filter is in series with a first-order low-pass filter in
the network-to-station link, forming a third-order Butterworth low-
pass filter with a cutoff frequency 1.3 times the signaling rate. These
filters are used to increase noise immunity and to provide pulse
shaping.

The local loops are metallic wire pairs of various gauges; their
insertion loss is a function of frequency, length, and environmental
conditions. An adaptive equalizer compensates for the resultant shap-
ing; it has a variable flat gain and a movable real zero, controlled by
the variable resistance of a junction field-effect transistor (FET). Feed-
back keeps the peak amplitude of the equalized signal at a fixed level
at the input to the slicer, this being the +1.5V pulse amplitude
transmitted from network to station.” The slicer acts as a comparator
with a reference at one half the pulse amplitude, hard-limiting the
rectified signal to logic “one” or “zero”. This makes it suitable for
digital processing. Logic ones retain their identity as having been
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positive or negative pulses by the use of two separate “rails” or leads.
In this way, violations of the bipolar encoding rule can be detected.

In the network-to-station direction, data arrives at 56 kb/s from the
ocu section, having the aforementioned dual-rail format. Figure 4
shows this circuitry. The level shifter converts the transistor-transistor
logic (TTL) signal to a fixed voltage level, appearing as a voltage source
to the filters. The line drivers isolate the filters from the variable line
impedance and drive the dual-rail signal into the transformer, produc-
ing the bipolar signal for transmission over the cable pairs.

Parts of the filter and equalizer circuitry are combined within
transmission equipment dual in-line packages (D1Ps), known as TEDs.?
The use of TEDs reduces in large measure circuit size and cost, owing
to simpler testing and assembly procedures.

. TIMING RECOVERY

The ppS network and subscriber loop signals are synchronized in
frequency, that is, the 56-kb/s loop pulses occur at exactly seven-
eighths the rate of the 64-kb/s network signal. However, since the loop
has a variable propagation delay, bits arriving from the station data
equipment have unknown “phase.” This timing must be recovered to
ensure that the sampling instants occur at the center of each bit
interval.

The 56-kb/s dataport has a 5.376-MHz clock that is phase-locked to
the 64-kHz network bit clock. This frequency divides by 96 to yield 56
kHz. By momentarily adjusting the divisor to 95 or 97, the phase of
the 56 kHz is advanced or retarded by (1/5.376 MHz)/(1/56 kHz) =
1.04 percent (3.75°). A phase comparator views the data relative to the
assumed 56-kHz recovered clock to determine when to change the
divisor. The comparator translates this phase difference into a voltage,
which is applied to a pair of threshold detectors having a reference
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corresponding to approximately four degrees of phase difference. A
digital command to add or delete a 5.376-MHz cycle from the present
“56-kHz” recovered clock is generated if there are more than eight
degrees of phase error. To limit its responsiveness to noise, the system
can make only one phase correction for every 64 recovered clock
periods (875-Hz maximum correction frequency). Figure 5 summarizes
this function. This timing recovery section is, in effect, a “digital”
phase-locked loop.

IV. OFFICE CHANNEL UNIT SECTION

The Office Channel Unit (ocu) section provides bidirectional rate
conversion between the 56-kb/s subscriber loop signal and the DS0
(64-kb/s) signal and monitors the data stream for control information.’
The ocu circuitry processes the serial data stream on a byte-by-byte
basis, using the pDs bit and byte clocks. This byte structure remains
transparent to the customer.

Data on the subscriber loop appears as shaped pulses in a bipolar
format. Bipolar encoding ensures that successive data “ones” appear
as alternate positive and negative pulses, and “zeros” appear as the
absence of pulses during the signaling time interval. Control informa-
tion is indicated by bipolar “violations”, that is, two successive pulses
of the same polarity.
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Table I—OCU XQOV codes in the DSO to local loop direction

Control DSO Local Loop
Codes Name Definition Code
b0*  b1b62b3b4b5b6L7 d0 d1d2d3d4d5d6
< 0000001 Zs Zero Suppression 50 000XO0V
@ 0011930 0s Out of Service 0 001X0V
0 0101100 LB Loopback Code 0 010X0V
2 0111090 TIFP T1DM Framing 0 011X0V
Pattern
@ 1001010 — Reserved 0 100X0V
@ 1011010 — Reserved 0 101X0V
@ 1101010 —_ Reserved 0 110X0V
@ 11119930 IDLE IDLE 0 111X0V
@ 0101010 ocu LB 0 010X0V
@ 0101000 Channel LB 0 o010100f
@ 0101100 DSU LB (DSU on cust. 0 010XO0V
prem.)
@ 0101100 DSU LB (cSU on cust. 0 010110t
prem.)

* The P is a “don’t care” symbol. The DS0 and loop bits are given the names 50, b1,
b2, -+., b7, and d0, d1, d2, -- -, d6, respectively.
dc sealing current is reversed.

The transmit (station-to-network) circuitry collects seven data bits
at a time and appends a “one” in the eighth bit position (to indicate a
data byte). The resultant eight-bit byte is clocked out at 64 kb/s, the
eighth bit being marked by the pDs byte clock.

Detection of bipolar violations causes a mapping of the loop form of
a control code to its appropriate DSO code (see mapping, Table 1),
identifiable by a “zero” in the eighth, or control bit position. Loop-side
control codes, containing the violations, are seven bits in length.”
These seven-bit groups may not correspond with the groups being
stuffed into DSO bytes (that is, byte boundaries may not “align” in
time). For continuous data, this is of no consequence, but unknown
alignment is important when switching between data and control
modes. The ocU section assures the transmission of the last bits of
customer data, at the expense of loss of the first few (up to six) bits
following a control code.

The receive (network-to-station) logic circuitry retimes and refor-
mats the DS0 data stream to 56 kb/s for the loop. Bytes collected are
checked for valid control codes. Non-zero data and invalid control
codes are encoded into a bipolar pulse sequence. All-zeros data and
valid control codes are mapped into their appropriate prefix and a
suffix (designated by X0V),* which will generate a bipolar violation
(see Table II).

* This suffix represents three bits; ‘V’ is a logic one transmitted in violation of the
alternating sign (bipolar) rule; ‘0’ is a logic zero; ‘X" is a bit transmitted according to the
normal bipolar rule, chosen to be logic ‘one’ or ‘zero’ to ensure that consecutive ‘V’ bits
occur with alternating signs.
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Table II—OCU code map in the local loop to DSO

direction ‘
Second Generation
Loop Code ocu DS0 Code
Label d0* d1d2d3d4d5d6 b0 b1b2b3b4b5b6b7
zS 14} 000X0V d) 0000001
CA @ 001X0V Bt 0010010
LB 0 010X0V 0 0100001%
CB 1%} 011X0V S 0110010
— @ 100X0V B 1000010
— %] 101X0V B 1111010
— %] 110X0V B 1101010
IDLE %] 111X0V B 1111110
No Local
Loop Signal® B 0011110

* The & is a “don’t care” symbol.

"The B symbol indicates a “1” for 56-kb/s service. The 40 bit is the d0
bit if a customer multiplex option is used, and the network and loop byte
boundries align.

#The 1in b7 is fixed, but the other 1 can appear anywhere in 50 — b6,
depending on relative alignment of loop and network bytes. If a customer
remote test option is used and we are not already in a network-commanded
loopback, then the 0010X0V code will be mapped into 00101100 (psu
loopback) to cause a loop on the far-end station equipment.

§If the ocu receives no signal from the local loop during an interval of
tixéle (approximately two seconds), then the indicated code is placed on
DS0.

The ocuU section interprets certain loopback codes for standard pps
maintenance features. Receipt of “ocu loopback” connects the trans-
mit and receive directions on the loop side, sending the bit stream back
toward the network. The “Channel loopback” reverses the polarity of
the dc loop sealing current (which is normally circulated through the
cable pairs to reduce splice resistance), resulting in a loopback at the
loop interface of the station equipment. The “Data Service Unit (DsSU)
loopback” sends a code recognized by the station equipment and
initiates a loop on the side remote from the network (i.e., at the
customer interface). Reference 7 discusses in more detail the subscriber
loop signal formats, standard pps loopback commands, and violation
coding.

V. ERROR CORRECTION

It has been mentioned that field studies show a need for some form
of error correction in the 56-kb/s dataport to ensure that objectives
for error performance will be met using any working T-carrier facility.
Since voice quality service over T-carrier is reasonably adequate up to
error rates near 10~°, major alarms do not appear until the error rate
has gone above this threshold. For data transmission, an error rate
approaching 107® is desired. This is a conservative result, based on the
error-free second requirements for pps channels. In the 56-kb/s data-
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ports, the error-correcting code allows one to translate a “raw” facility
error rate around 107 to an effective error rate closer to 107, Thus,
channels of any T-carrier facility that is not in a major alarm condition
should, using dataports with error correction, perform adequately as
part of a data circuit. The next paragraphs give an overview of the
encoding and decoding algorithms used to implement error correction
using two 64-kb/s channels. Some background in coding has been
assumed.

5.1 Encoding
The (17,9) BCH* code generated by the polynomial
gx) =1+ 2+ x"+ x° +x% (1)
is chosen. Forcing the ninth data bit of the (17,9) code to a zero and
not transmitting it shortens the code to a (16,8) code.
If the eight data bits to be encoded are given by
{ao, &1, ——, a7},
define the polynomial a(x) as,
alx) = ao + ax + —— + asx’. (2)
Then, define the parity polynomial p(x) as:
p(x) = x®a(x)mod g(x), 3)

the right-hand side of which means the remainder left when x®a(x) is
divided by g(x). Since there are eight parity bits for eight data bits,
the parity rate is also 64 kb/s, enough to fit into a channel time slot.

It can be shown that the natural length® of the polynomial g(x) is
17, i.e., 17 is the smallest integer i such that

x'mod g(x) = 1. 4)
Hence, it can be shown* that the code word
c(x) = p(x) + x° a(x) (5)

is an element of a cyclic code. For this particular g(x), the cyclic code
is a 2-QP (Quasi-Perfect)! BcH code and is, hence, optimum for the
numbers (17, 9).

In general, p(x) can be generated by feedback shift registers,! but
can also be generated by a combinational network using the following
result:

* Bose-Chaudhpri-l—_locquenghem (BCH) codes are a class of cyclic codes discovered in
1959-60. The designation (n, k) for a binary code indicates that an n bit codeword is
transmitted for every % data bits encoded.*
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p(x) = x’a(x)mod g(x)
8
= aix®*'mod g(x). (68)

Noting that as = 0 in this case, and expanding x’mod g(x), for j =
8,9, .., 16, after suitable manipulation,’ eq. (6) becomes

px) = (@D asD as D as D as) +
(1D asDasD asD ar)x +
((12@05@(16@ a7)x2 +
(ao Das®asD a7)x3 +
(ao® a1 D as P a,)x* +
(D a1® a: @ as D ag)x® +
(1P a:®as® as® a))x® +
(a2 az D as ® as)x’, V)]

where @ denotes binary addition (EXCLUSIVE OR).

Finally, the data sequence {ao, a1, --- , a;} has the standard pps
zero code suppression performed upon it, if desired, prior to encoding.
The parity sequence, p(x), never needs zero code suppression, as the
only data sequence that can result in an all-zero parity sequence is the
all-zero data sequence, which is not allowed to occur.

5.2 Decoding
When the code word c(x) of (5) is transmitted, suppose one receives

r(x) = c(x) ® e(x), ®)

where e(x) is the error polynomial. Then error correction essentially
consists of making a maximum likelihood decision on e(x). This oper-
ation, called decoding, is generally the most difficult aspect of error
correction. To begin decoding, r(x) is used to form a remainder
polynomial s(x), the “syndrome” of r(x):

s(x) = r(x)mod g(x). 9)

Reference 9 develops a simple technique for decoding the (17,9) BcH
code using memoryless decoding and “chains” of syndromes. Figures
6 and 7 define a decoder structure that is shown to be maximum
likelihood.” In our context, notice that the sixteen received bits (eight
data and eight parity) form a code word in the (16,8) shortened cyclic
code described earlier. A zero is added as the ninth data bit, and the
decoder of Fig. 6 decodes the received word as if it were a code word
in the (17,9) BcH code described earlier. It should be noted that when
the D4 bank framer recognizes a misframe situation or when a major
alarm is raised, the decoder creates an “Out of Service” control code
for the subscriber loop.
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5.3 Performance

Given that the (17,9) BcH code is 2-QP and using the decoding
strategy outlined in the previous section, the reader can verify that for
the (16,8) shortened code the correctable subset consists of the:

(i) All-zero pattern
(it) 16 single-error patterns,

(iiz) (126 ) = 120 double-error patterns

(iv) —1—16 — (126

Thus, the probability of “word” error after error correction is given

by
Puo = {(136> - 119}p3(1 -p)® + 126 (?)p‘(l -p)*7,  (10)
i=4

where p is the raw error rate of the T-carrier facility, treating it as a

binary symmetric channel.
For p < 107° one finds that

P = 441p°, (11)

Now, words occur at the rate of 8000 per second; and hence the

) = 119 triple-error patterns.
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probability of an error-free second (EFS) is given by

P[EFS] = (1 = Py.c)®™®. (12)

To compute the effective bit error probability, P., that will yield the
same error-free second count, realize that since data bits occur at 64

kb/s,
P[EFs] = (1 — P.)%%% (13)
Finally, from egs. (11) through (13),

P[EFs] = (1 —441p°)%° = (1 — P,)%™
P, =56p° for p=<103. (14)

Thus, an error rate of 1072 gets translated to an effective error rate of
5.6 x 107%, Substituting this result into (13) yields P[EFs] = 0.9964, or
99.64-percent error-free seconds.
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VL. DSO to DS1 INTERFACE

The DS0 to DS1 interface accepts the two eight-bit words from the
coder at 64 kb/s. Each of these words is loaded into a three-register
elastic store arrangement identical to the subrate case.’ The circuitry
utilizes the channel sequencing information by which the terminal
accepts pulse amplitude modulation (pAM) samples from each voice
channel. When the sampling time for the dataport occurs, the unit
inserts the longest held eight-bit word from the elastic store into the
PCM stream at 1.544 Mb/s. The second eight-bit word (parity) is
inserted into a subsequent channel. A counter, using the 1.544-MHz
bit clock, determines when the parity word will be inserted, thus
allowing that only the first physical channel need be occupied by the
dataport unit. The channel position associated with the parity time
slot need merely be left unoccupied (or filled with a dummy channel
unit). Since each pair of eight-bit words is clocked simultaneously into
the elastic store registers from the coder section, each sequential pair
that is put within a given DS1 frame corresponds to a 16-bit word from
the (16,8) code book. Receiving the data and parity channel from the
PCM stream reverses the techniques used when transmitting. Clearly,
the time slots used for data and parity must be the same as those
selected at the far-end terminal.

Vil. PLUG-IN CHANNEL UNITS

Figure 2 groups the functional blocks into two different plug-in
channel units for the D4 terminals. The 56-kb/s DS0 dataport includes
the two-channel DS0-to-DS1 interface and the algebraic coder for
error correction. As such, it serves to place a single DSO data source
into the DS1 stream as one channel or two channels (when the
encoding for error correction is used). This interfaces the pps-format
DSO0 signals with standard T-carrier. Since the code acts over the
entire 64-kb/s time slot, it should be noted that the input data could
be multiplexed subrates, the DS0-B signal described in Ref. 3. The 56-
kb/s DS0 dataport could be used to provide error correction in this
case. The four-wire DS0 input passes through an access point on a
faceplate jack, so that testing or loopback is possible at the channel
unit, if needed. Driving circuitry for the DSO0 office cabling is identical
to that used in the subrate DS0 dataport.’

The 56-kb/s ocu dataport is more complex and includes all of the
Fig. 2 functions; thus, it includes an entire 56-kb/s DS0 dataport as a
subset. The 56-kb/s ocu dataport serves a DDs engineered loop,’
interfacing the loop format with the DSO format and then with the
standard T-carrier. The DSO0 signal passes through an access point on
the channel unit, enabling access to the midpoint of the circuitry. It is
possible to test toward the loop, or near end, or toward the carrier, or
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Fig. 8—The 56-kb/s DS0 and 56-kb/s ocu dataports, shown with a test/loopback
plug.

far end. A pps hub office test board’ may also initiate network
loopbacks.

The current available from the channel bank power converter is not
sufficient to supply a full bank of dataport channel units or a full mix
of dataports and voice units. Consequently, each dataport unit has a
dc power supply, fed by the -48 volt office battery. This dc supply is
identical to the one used in the subrate dataports.®

The units are physically interchangeable with other voice channel
units (see Fig. 8, which also shows the test/loopback plug®). Two large-
scale integrated circuit devices encompass the ocu section (with part
of timing recovery) and a conjoint error-correction/DS0-DS1 section,
allowing dataport functions to reside within the volume of a D4
channel unit. To serve a data customer, then, the plug-in unit is merely
placed in an existing D4 terminal that has been conditioned for
network synchronization using the office interface unit (01u-2).° This
permits the dataport approach to enjoy economic advantages.'* Notice
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that two 56-kb/s ocu dataports could also provide a stand-alone data
link over a T-carrier system, independent of the DDs network.

Vill. CONCLUSION AND ACKNOWLEDGMENTS

The 56-kb/s dataports extend the serving area for pps, and also
create opportunities for point-to-point digital data services over exist-
ing digital facilities. This is an economical method of transmitting
high-speed data over such facilities; it effects ways to keep pace with
the growing market for higher bit-rate services.

The authors have drawn on many sources in the course of this work,
and would like to specifically acknowledge the contributions of a few
individuals not mentioned elsewhere; the aid of J. Kane, J. K. Keller,
S. Just, and N. A. Makatenas was indispensable in the design and
testing of large-scale integrated devices; W. D. Farmer, G. P. Brooks,
and J. D. Roscoe made invaluable contributions to the ocu, timing
recovery, and line interface sections. T. J. Lee lent timely support in
the study of system performance questions. We have also drawn upon
earlier information from the DDs designers.
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D4 Digital Channel Bank Family:

Digital Terminal Physical Design

By W. G. ALBERT, A. G. FAVALE, J. R. HALL, and
D. H. KLOCKOW

(Manuscript received August 26, 1981)

This article describes the physical design of the D4 and related
SLC™.96 subscriber loop carrier system digital terminals. A detailed
description of the bay, channel bank, and plug-in designs is also
included, along with other very important considerations such as
thermal design, manufacturability, and the effective use of hybrid
integrated circuit technology. The D4 was designed as a system that
was significantly smaller, used less power, and had a lower cost than
previous digital terminals. These objectives were realized by using
the latest technology and the optimal physical design format. Since
these are relatively high-production terminals, the basic design has
been aggressively reduced in cost and has proliferated with expand-
ing D4 and SLC-96 subscriber loop carrier terminal capabilities,
lightguide applications, and the use of the D4 hardware in other
systems.

I. INTRODUCTION

In 1962 the D1 channel bank, the voice-frequency (vF) pulse code
modulation (pcM) terminal for the T'1 carrier system, was first intro-
duced into Commercial Exchange Office service. The 11-foot 6-inch
central office bay framework contained equipment for 72 voice chan-
nels (three 24-channel banks). Discrete, solid-state technology was
used and the typical power consumption was about 7.5 watts per
channel.

In 1969 the D2 channel bank was introduced into service for Toll
Office applications. Equipment for 96 voice channels (four 24-channel
banks) was mounted in a bay. In addition to discrete solid-state
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technology, some thin film was used and a typical power consumption
of about 6.2 watts per channel was dissipated.

In 1972 the D3 channel bank was first introduced into service. This
bank served both Exchange and Toll applications and essentially
replaced the D1 and D2 banks for new service. An 11-foot 6-inch bay
contained 144 D3 voice channels (six 24-channel banks). Small-scale
integrated (ssI) circuit and hybrid integrated circuit (H1C) technologies
were employed and a typical power consumption of about 2.8 watts
per channel was dissipated.

In early 1977 the first D4 channel bank was cut over to regular
commercial service at the Crete Office in Chicago, Illinois. The physical
and electrical D4 architecture departs significantly from previous bank
designs.

The D4 is a self-contained, 48-channel bank that has optimized
access to the T1C system but still retains the basic 24-channel format
for efficient access to T1 systems. By using higher levels of integration
and modular physical design approaches, the D4 bank achieves a 2:1
size and power reduction relative to the D3 channel bank. Six D4
banks (288 channels) are mounted in an 11-foot 6-inch frame and five
D4 banks (240 channels) are mounted on a 9-foot 0-inch frame. Since
many new telephone buildings are built with a lower ceiling height in
accordance with New Equipment Building System (NEBs) standards,
a 7-foot 0-inch frame with four D4 banks (192 channels) is a standard
offering. Initial shipping data shows that the.1ll-foot 6-inch frame
accounts for about 80 percent of the D4 production, with the remaining
20 percent divided between the 9-foot 0-inch and 7-foot 0-inch frames.
The evolution of the D-type channel bank bay is summarized in Fig.
1.*

Il. D4 CHANNEL BANK

The D4 bank is 19 inches high by 12 inches deep and is flush-
mounted on a 23-inch wide, unequal flange, duct-type bay. There are
four shelves in each bank. As shown in Fig. 2, each shelf contains up
to 12 plug-in channel units plus common equipment located on the left
side of each shelf in the bank. Each bank is completely shop assembled,
wired, and tested and contains provisions for power conversion, fusing,
equalization and connections to the office alarm system.

By using different Line Interface Units (L1U) and plug-in unit recon-
figurations, the following five modes of operation can easily be estab-
lished, as we see in Fig. 3.

Mode 1—Offers 48-channel service over a dedicated 3.152-Mb/s
facility (T'1C line) with another D4 bank at the other end. In this

* Acronyms and abbreviations used in the figures are defined in the section of the
same title at the back of this issue.
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Fig. 1—D-type channel bank bay evolution.

mode, the synchronized digroups (24 channels) are interconnected to
produce a unique, cost-effective, 48-channel bank with a special non-
standard output signal. Alarming and trunk processing functions are
administered on a 48-channel basis.

Mode 2—Provides 48-channel service over a 3.152-Mb/s facility
(T1C line) with compatible digital terminals connected via an M1C
multiplexer at the other end. (However, Mode 2 D4 banks could be
used at both ends.) In this mode, the bank produces a signal identical
to that of the M1C. Alarming and trunk processing are administered
on a digroup basis. The multiplexer/demultiplexer stage of signal
processing also has alarms.

Mode 3—Offers two digroups for connection to two 1.544-Mb/s
facilities (T1 lines). In this mode the two separate digroups of the D4
are connected to compatible channel banks or applied to a multiplexer
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Fig. 2—D4 channel bank.

for a higher rate line. Alarming and trunk processing are administered
on a digroup basis.

As shown in Fig. 3, conditioning of a D4 bank to Mode 1, 2, or 3
operation only requires inserting the correct plug-in modules. Modes
4 and 5, which essentially produce a 96-channel bank by combining
the output of two banks, also require a modest amount of interbank
wiring.

Mode 4—Supplies 96-channel service over a 6.312-Mb/s facility (T2
line) with digital terminals connected by means of a multiplexer at the
other end (D4 Mode 4 banks could be used at both ends). In this mode,
the interwired banks multiplex the four digroup outputs. Alarming and
trunk processing are administered on a digroup basis.

Mode 5—Provides 96-channel service electrically similar to Mode 4
except that the 6.312-Mb/s signal interfaces directly to a lightguide
line.

Clearing trouble in D4 is based on the quick replacement of plug-in
units. To facilitate restoral, the D4 common units are equipped with
built-in alarms. Light-emitting diodes (LEDs) are used for reliable
alarm indications. A complete set of common units is shown in Fig. 4.

A common Power Distribution Unit (ppu) and Power Converter
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Fig. 3—D4 channel bank operating modes.

Unit (pcu) provides the filtered 48V talk battery power, the other
signaling and alarm battery voltages, and =12 and +5 volt converter
power outputs. Converter input power for the common equipment and
48-channel units is about half of the D3 power requirements for 48
comparable channels. The lower D4 power needs are the result of
circuit advances and use of low-power components. The channel-unit
mix, activity factors, and loop lengths have a significant effect on the
total power required. While digroups are largely independent, failures
in those units that serve both digroups, such as the power units, are
easily determined and quickly restored.
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Fig. 4—D4 common units.

Transmit and receive units are provided separately for each digroup,
resulting in digroup operational flexibility and independent digroup
maintenance and restoral. Trunk processing control circuitry is in-
cluded within the alarm unit, with trunk conditioning relays distributed
in the trunk processing and channel units. Trunk conditioning is
maintained during channel-unit removal.

For example, the Alarm Control Unit (acu) shown in Fig. 5 contains
lights and switches for indicating and isolating system troubles. As
soon as the AcuU recognizes an alarm it lights the appropriate LED,
activates the office alarm, and initiates trunk processing. The alarm
cutoff button silences the office alarms but maintains the alarm con-
dition on the acu.

A Carrier Group Alarm Counter that records the number of times
the bank is out of service is visible through a window in the faceplate.
The register reset switch is also accessible from the front of the Acu.

The dc-to-dc converter in the pcuU (see Fig. 6) provides +5 and +12
volts from the -48V input battery. In addition to the on/off switch,
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Fig. 5—Alarm control unit.

alarm lamps, and output test voltages, a mechanical interlock has been
built into the latching mechanism to prevent the pcu from being
plugged or unplugged with its power on. This limits the in-rush current
and prevents damaging the plug-in unit or backplane connector con-

tacts.
Over 40 different types of channel units are available to perform a

wide variety of Plain Old Telephone Service (PoTs) and special service
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Fig. 6—Power converter unit.

signaling and transmission functions. A few of the features common to
all channel units are:

(i) Reduction of false disconnects by storing and maintaining
supervisory signaling states for up to 2 seconds during out-of-frame
conditions before initiating trunk processing.

(if) Card jack accessible through the faceplate that provides split-
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Fig. 7—Four-wire E and M channel unit.

ting access to equilevel test points in the four-wire transmit and receive
paths and to the drop side signaling and supervision leads.

(iii) Precision-calibrated attenuators that permit prescription loss
settings in 0.1-dB increments.

To ensure complete flexibility for service continuity and channel
reassignments, circuitry for a single channel is provided on a single
plug-in unit. These units are the interface between the central office
trunk or other circuits and the bank common equipment. Different
channel units match the two- or four-wire office circuits and also
handle a variety of office signaling arrangements. For example, the
four-wire E and M channel unit (shown in Fig. 7) interfaces with the
four-wire E and M trunk circuits. It is also used to provide some special
service arrangements, such as special access trunks and duplex signal-
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ing. This is the least complex, in terms of component and printed
wiring density, of the D4 channel units.

A “card jack” connector, designed specifically for D4, is mounted
directly on the printed wiring board. This connector has six pairs of
shorting contacts that provide split-access for signaling and VF testing
when opened by the insertion of an epoxy-coated metal printed wiring
board plug. In addition to having the connector terminals soldered to
the printed wiring board, a spring clip snaps into the bottom of the
connector to hold it in position during mass soldering. It then becomes
a solid retaining member when the clip is soldered to the board during
the wave-soldering operation. This arrangement requires a minimum
amount of board space. The connector is accessed through an opening
in the channel-unit faceplate. This arrangement is illustrated in Fig. 8.

The rocker-type switch attenuator provides variable attenuation in
the transmit and receive paths by setting a combination of mini-
switches. This allows for prescriptively setting the attenuator in precise
0.1-dB increments of loss.

Options on D4 channel units are selected by using printed wiring
board socket and plug combinations, as shown in Fig. 9. The plug and
socket have been designed to provide a wiping action for high reliability
when the plug is inserted. The plug snaps firmly into place, preventing
disengagement during shock and vibration. The hybrid integrated
circuits (HIcs) are described in detail later in this article.

The two-wire Foreign Exchange Office End with Gain Transfer Unit
(2FX0/GT) shown in Fig. 10 is one of the most complex channel units.
This unit provides an interface to any two-wire foreign exchange
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Fig. 9—D4 channel-unit option selector switch.

circuit at the office end of two-wire special service circuits (foreign
exchange lines, off-premises station lines, foreign exchange trunks from
a PBX, and other special access services). To accommodate the
circuitry required for these functions, two printed wiring boards are
required. The auxiliary printed wiring board is hinged to provide access
for setting attenuator and option switches and is electrically intercon-
nected to the main board through flexible printed wiring.

As the D4 channel bank production increased—it is currently run-
ning at about 50,000 banks and over 2-million channel units per year—
it was apparent to designers of similar systems under development
that a substantial reduction in cost and development effort could be
realized by using the very versatile D4 hardware. Its most notable use
is in the SLC*-96 system.

. THE SLC ™96 SYSTEM

The SLC-96 Subscriber Loop Carrier (SLC-96) system is a digital
subscriber loop carrier system that can accommodate up to 96 sub-
scriber channels between a central office terminal (coT) and a remote
terminal (rT) using T1 digital lines. In addition to customer POT

* Trademark of Western Electric.
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Fig. 10—Two-wire foreign exchange office end channel unit with gain transfer.

service, the system offers coin service, voice-frequency special services,
and digital data services. The SLC-96 system is based on the trans-
mission and physical design format of the D4 channel bank.

The SLC-96 system has two channel-unit designs for subscriber poT
service: single-party service and multiparty service, combined with
two-party automatic number identification (ANI). Coin service, includ-
ing both dial-tone-first and coin-first modes, may be offered with a
single pair of channel-unit codes. Most of the special service channel
units developed for the D4 channel bank may be used in the SLC-96
channel bank.

The basic system components of the SLC-96 system are

(f) cor equipment and associated apparatus located in the serving
central office
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Fig. 11—SLC™-96 subscriber loop carrier channel bank.

(it) rRT equipment and apparatus located in the area to be served

(iii) DSI1 facilities between the two terminals

(zv) The normal vF distribution facility extending from the RT to
the subscribers.

Physically, the SLC-96 channel bank consists of four shelves, as
shown in Fig. 11. Each shelf contains 12 slots for channel plug-ins and
four additional slots for common equipment. Subscriber PoTs channel
units contain two channels per plug-in, while coin, special service, and
dataport channel units contain one channel each. Therefore, each non-
pPOTS channel displaces two subscriber channels.

The SLC-96 channel bank may be configured in a carrier-only mode,
a carrier-concentrator mode, and a special services mode. Typical
configurations illustrating these modes of operation are shown in Figs.
12, 13, and 14.

Mode 1 is primarily intended for subscriber lines with very high
traffic. Since all channels are available on a full-time basis, non-PoTs
channel units may be mixed, as desired, with PoTs channel units. Of
course, each non-poTs channel unit displaces two POTs channels.
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Fig. 12—The SLC™.96 system carrier-only configuration—Mode 1.

Mode 2 is intended for general subscriber lines. Full-access 48 to 24

digital switching (2:1 concentration) is a very conservative design with
regard to traffic-handling capability and accordingly has no special
traffic administration. This mode uses DS1 facilities more efficiently.

Mode 3 dedicates a 96-subscriber channel bank to 48 nonsubscriber
channels. Each channel is available full time. Subscriber channel units
are excluded from a bank operating in this mode. Mode 3 uses T'1 lines
more efficiently than Mode 1, for applications requiring large quantities

of nonsubscriber channels.
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Fig. 13—The SLC™.96 system carrier-concentrator configuration—Mode 2.
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Fig. 14—The SLC™-96 system special services configuration—Maode 3.

FUSE PANEL
96-CHANNEL
BANK
SYSTEM6
96-CHANNEL
BANK
SYSTEM 5 FUSE PANEL
HEAT BAFFLE 96-CHANNEL
BANK
96-CHANNEL SYSTEM 4
BANK P
SYSTEM 4 FUSE PANEL
96-CHANNEL
BANK 96-CHANNEL ,
96-CHANNEL SYSTEM 3 BANK
BANK SYSTEM 3
SYSTEM 3 VACANT
VACANT
JACK PANEL JACK PANEL JACK PANEL
FL/OW PANEL FL/O FL/OW PANEL
96-CHANNEL 96-CHANNEL 96-CHANNEL
BANK BANK BANK
SYSTEM 2 SYSTEM 2 SYSTEM 2
96-CHANNEL 96-CHANNEL 96-CHANNEL
BANK BANK BANK
SYSTEM 1 SYSTEM 1 SYSTEM 1
11 FT.6 IN. 9 FT. 7FT.

Fig. 15—Typical cot full-bay configuration for 7-foot, 9-foot, and 11-foot 6-inch

frames.
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CcOT equipment consists of a channel bank assembly, fuse and alarm
panel, jack panel, and an optional T1 fault-locate and order-wire panel.
(This section covers only central office channel banks and bays.
Discussion of the SLC-96 remote terminal includes hut and cabinet
considerations and is covered in this issue’s article on the SLC-96
system.)

The fuse and alarm panel is mounted at the top of the central office
bay, and can accommodate up to six SLC-96 systems. The panel
provides fused -48V circuits to each power converter unit and distrib-
utes £130 and -48V circuits to the L1Us for powering the digital lines.
Each system in a bay has major, minor, and power/miscellaneous
summary alarm arrangements, including local visual alarm and con-
nections to office and remote alarm systems. One fuse and alarm panel
requires five inches of vertical bay-mounting space.

The cot jack panel provides access to the digital lines and associated
fault-locate lines for maintenance. The jack panel gains access to the
digital line to be tested by means of a cord and card plug, which is
inserted into a connector on the faceplate of the LIU serving the digital
line. One jack panel is required for each bay and can accommodate up
to six channel bank assemblies. One jack panel requires two inches of
vertical bay-mounting space and is typically located at a convenient
working height from the floor. A fault-locate and order-wire panel may
be optionally provided at a coT bay for system maintenance. Figure 15
illustrates typical full-bay configurations possible for 7-foot, 9-foot, and
11-foot 6-inch bays.

IV. BANK HARDWARE

The size of the D4 channel bank was optimized to allow four 4-shelf
channel banks to fit in a 7-foot unequal flange duct-type bay frame-
work. The original banks were constructed with die-cast aluminum
shelves that had plug-in unit guides cast on the top and bottom. The
four connectorized backplanes were attached to the rear of the shelves.
The shelves were fastened together with side brackets that were also
used to mount the bank to the bay. Additional holes were drilled in
the side plates so that the same part could be used for banks that are
mounted in bays with a 5-inch front extension. Oversized screw holes
were used in the brackets with factory assembly gauges to fix the
spacing between shelves before the screws were set. Banks were
coupled together in the bay with the top shelf of one serving as the
bottom for the one above and with gauges again used to set the proper
spacing. The top bank contained a top cover, with plug-in guides on
the bottom side only.

A new, inexpensive method of keying plug-in units in the common
equipment area was used by providing extra slots in the designation
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Fig. 16—Aluminum die-casting channel bank assembly.

strips that run along the front edge of the shelves. Distances between
these extra slots and the plug-in printed wiring board slots were varied
and matching bosses were cast into the rear of the faceplates to align
with the slots in the proper plug-in positions. This bank assembly is
illustrated in Fig. 16.

A second bank shelf assembly was subsequently designed to reduce
cost. Shelf castings were simplified by removing the sides and the rear
backplane support framework from the shelf casting. This allows the
shelves to be stacked in various heights, making the bank assembly
attractive to other systems looking for a low-cost, high-volume pro-
duction shelf.

Overall bank weight was reduced by 25 percent. Shelves were
coupled together with full-width sideplates, and bay-mounting adapt-
ers were, in turn, applied against the sideplates. Backplanes were
fastened along the bottom edge of the shelf above and the top edge of
the shelf below. Gauging of shelf-to-shelf spacing was minimized on all
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but the top shelf by using the backplanes as a gauge at the rear of the
shelf and using tight diameter screw holes in the sideplates at the front
of the shelves. Banks were again coupled together in the bay with the
top of one serving as the bottom of the one above. Openings in the
shelf were increased from a previous level of 29 percent to 45 percent,
resulting in improved cooling with an average decrease in bank oper-
ating temperature of 6 degrees Fahrenheit.

At present, because of an ever-increasing demand and cost sensitiv-
ity, a new third-generation channel bank shelf assembly has been
developed. While the assembly shown in Fig. 17 will initially be used
for the SLC-96 system, it has been designed to accommodate D4 and
other related projects.

Improvement has been made in three areas: a cost reduction of shelf
die castings; a simplification of bank and bay assembly; and finally,
the incorporation of other desirable features such as independent bank
mounting, smaller stand-alone bank size, and increased structural
stability. The new shelf die castings have been optimized for strength,
weight, and castability while maintaining the improved bank cooling
achieved with the second-generation shelf, which has 45-percent open
shelf area. The basic structure that led to the optimization is a Z beam
that is perpetuated through a lattice, as conceptualized in Fig. 18.

The Z beam is similar in principle to an I beam, minimizing weight
while maximizing strength, and in addition allowing easy coring of the
die part. To design a shelf of the right strength, the design criterion
chosen was that a plug-in unit in the center of a shelf should not fall
out of the groove in the shelf above when the bank is subjected to a 3-
gram load. While in practice, the backplane connector would likely
prevent actual fallout, this degree of conservatism was preferred.
Through a tolerance study of the bank assembly and plug-in unit
designs, it was determined that the shelf could have a maximum
deflection of 0.017 inch under worst-case static loading, or 0.051 inch
with a 3g dynamic load. The shelf was then designed to be slightly
stronger, with a 0.012-inch (0.036 inch at 3g’s) deflection under worst-
case loading. Since the shelf is supported on both sides and at the
back, the beams were spaced progressively closer from back to front to
concentrate the strength where it was most required. The weight of
the shelf is just over 3 pounds, and the worst-case load on the shelf
was assumed to be 20 pounds.

The structure chosen enhances the die-casting process by virtue of
its uniform and thin-cross sections. Metal flow is unrestricted and
even, which ensures good fill and minimizes erosive die wear, thus
prolonging die life. Also, the die can be efficiently designed with
minimum gate sizes and the trim die can be correspondingly simple.
Since all cross sections are relatively uniform, all material will solidify
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at about the same time, which will minimize shrink areas, microporos-
ity, and residual stresses. Since all sections are relatively thin, the
overall cooling time is minimized with a resultant decrease in die
casting cycle time. This produces a higher casting rate, which in turn
reduces the cost per casting.

Assembly of the new banks and bays has been streamlined by
eliminating the need for any type of accurate fixturing and reducing
the number of parts and screws. Bank fixturing is eliminated by using
round mounting bosses, which are cast into the ends of the shelves
and which match up with three slots in the side plates (see Fig. 19).
Two slots are used to fix the shelf height, while the third establishes
uniform depth. Since the mounting bosses make only tangential con-
tact with the slots, the parts easily mate with even a slight interference
fit. The slot width has, therefore, been nominally dimensioned only
slightly larger (0.003 inch) than the boss diameter, thus promoting
tight registration of the shelf. Mounting bosses have also been used to
accurately locate the backplanes on the shelves. In this case space
limitations and backplane variations led to the use of one diamond-
shaped boss in a round backplane hole and one round boss in a
backplane slot.

By using slightly thinner bottom and middle shelves and a substan-
tially thinner top cover, the banks are now designed to mount inde-
pendently in a bay framework with no sacrifice in space. This elim-
inates the need for any alignment when the shelf is mounted in a bay.
Assembly and piece part costs have been further reduced by combining
side plates and bay-mounting adapters into one piece. Also, fewer
screws have been used to assemble the side plates to the shelves since
the mounting details are also weight-bearing members.

In addition to the shelf and assembly cost reductions, there are
several other desirable features incorporated in the new design. The
shelves are less susceptible to movement caused by shock and vibration
since all shelves are securely positioned via the mounting bosses.

Since banks are independently mounted, removal for repair and
replacement of a bank in a bay, especially in the field, is greatly
simplified. Independent banks also allow for shipment of partially
filled, low first-cost bays for slow growth offices with additions conven-
iently made in the field as required.

Other applications have arisen where a channel bank may stand
alone or be used in a bay with other types of equipment. While the
existing design can be used in this single bank mode, the interlocking
features on the top and bottom shelves add to its overall height. The
new design has been trimmed to 19 inches as opposed to about 20
inches for the existing design. The new one-shelf units, such as the
subscriber loop interface module (sLim), will be five inches high instead
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of about 6 inches and new two-shelf units will be 10 inches high instead
of about 11 inches.

Holes used to mount the bank to the bay have been positioned at a
conventional incremental distance from the bottom of the equipment
since they do not have to be placed to accommodate odd-size banks
being tied together. This allows for mounting with other equipment
above or below, not wasting some portion of an inch.

V. BACKPLANE

In the early D4 channel bank production, rigid aluminum backplanes
with press-fit edgeboard connectors were used. There are four back-
planes in each bank and sixteen 54-pin connectors on each backplane.
The bottom shelf backplane is smaller than the other three to facilitate
mounting the Power Distribution Unit (pbU), which is the only unit in
the bank that is not a plug-in unit. Insulated 26-gauge wires were
wrapped manually to make the intra- and inter-backplane circuit
connections. After a sufficient amount of operational experience was
gained, a printed-wiring backplane was introduced into production.

The backplane edgeboard connectors are manufactured to Bell
System requirements by commercial connector manufacturers. The
connector pins are inserted into plated-through-holes in the backplane.
The pin-to-board connection is made through a compliant section of
the pin, which eliminates the need for soldering. This was especially
important, since to efficiently use a printed-wiring board backplane it
was necessary to use circuit paths nominally 0.010-inch wide separated
by 0.010-inch spaces. The solderless compliant section was approved
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for Bell System use after a very extensive qualification program was
completed.

The connector housing was designed to support alternate rows of
early- and late-make contacts. This arrangement is important to avoid
circuit “hits” and also to reduce the force required to insert or remove
a plug-in unit. Two sets of “normal through” or “shorting” contacts
are provided for each channel-unit position to facilitate trunk process-
ing. Selective plating and other techniques are being used to supply
gold in the contact area only.

At present, about 70 percent of the backplane wiring is printed. A
three- to four-layer backplane would be required to print the remaining
30 percent of the wires, which at this time would be prohibitively
expensive.

VI. PLUG-IN UNITS

There is one basic printed-wiring board size for all plug-in units in
the D4 channel bank except for the pbU, which is covered later. The
basic plug-in unit design employs an epoxy glass, double-sided rigid
printed-wiring board about 9.9 inches long and 4.3 inches high. Each
board has 54 gold fingers, 27 on each side, for interconnection to the
edgeboard connector in the backplane.

Each plug-in unit contains a faceplate with a simple latching mech-
anism that aids in extracting the unit and also serves as an automatic
lock that prevents the unit from becoming unseated by shock or
vibration such as might occur during earthquakes.

The plug-in unit and shelf have been designed to ensure proper
insertion and connector mating over a relatively wide tolerance range.
When the plug-in unit is inserted in the shelf, the faceplate always
comes in contact with the shelf, preventing the printed-wiring board
from bottoming in the backplane connector. Since the backplane
connector is rigidly mounted, float is provided in the shelf track.

VIl. HYBRID INTEGRATED CIRCUITS

Hybrid integrated circuits (HI1Cs) were used extensively to achieve a
compact and cost-effective channel bank. A typical channel unit con-
tains two resistor-capacitor (Rc) low-pass filter Hics, two planar thin-
film integrated circuits as part of the attenuators, and one custom
resistor-crossunder HIC for the rest of the integratable electronics.

The principal reason for the extensive use of Hic technology is the
small size that is achievable at a cost comparable to, or less than, the
cost of a discrete equivalent. The small size allows fewer and smaller
printed-circuit boards. The use of hybrids also tends to allow a simpler
class of printed board since much of the interconnection is accom-
plished in the HIC.
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The transmit and receive units of D4 were initially designed using
predominantly small-scale integration “catalog” silicon devices. The
longer term expectation was that larger scales of integration could be
used, as cost reductions, when such devices became available. With
this in mind, it was desirable to package the existing small-scale devices
as compactly as possible to allow for a graceful evolution to larger
scales of integration. Initially, the transmit and receive units contained
52 and 51 silicon integrated circuits, respectively. The present transmit
and receive units contain only six and five devices, respectively. This
evolution of large-scale integration into the receive unit is illustrated
in Fig. 20.

In predominantly digital circuits like the transmit and receive units,
the hybrids have been replaced by wLsI silicon, but in most cases the
hybrid remains the optimum packaging technique for providing func-
tional modules of precision passive components and a mix of silicon
device technologies.

Two different film-circuit process classes were used for the D4 Hics.
The resistor-crossunder class was used for most of the hybrids in the
channel bank. The fabrication sequence for this class of circuits is
described in the next paragraph. The resistor-capacitor process class
was used for the active filter realizations in the channel units and a

D4 — 1976 MEDIUM-SCALE INTEGRATION

=" COST-REDUCED
D4 — 1978 LARGE-SCALE INTEGRATION

Fig. 20—Evolution of large-scale integration (LsI) into the receive channel unit.
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description of this process class follows the resistor-crossunder descrip-
tion. Typical circuits are shown in Figs. 21 and 22.

A combination of thick-film and thin-film technology is used on the
resistor-crossunder hybrids. The thick film is used for a rugged cross-
over structure, and the thin film for resistor fabrication and fine-line
conductor metallization. All of the film-circuit processing is done on a
major substrate, 3-3/4 inches by 4-1/2 inches. Eighteen of the 24-pin
DIP-size circuits are processed at the same time. Briefly, the process
sequence is as follows: Starting with a fine-grain, 99-percent alumina
substrate, a thick-film gold conductor pattern is screen printed and
then fired. Two layers of dielectric glaze are then screen printed and
fired on top of the gold conductor, leaving short lengths of gold
extending beyond the glaze. This will eventually form part of the
crossover structure. Next, the thin-film resistor and conductor films
are deposited over the entire substrate. The resistor film of either 100
or 300 ohms per square tantalum nitride is deposited by sputtering.
The conductor film consists of thin layers of sputtered titanium and
palladium, followed by about 1.5 um of plated gold. Two pattern-
generation sequences are then performed to selectively remove the
conductor and resistor metallization. The resistors are then stabilized
at 300 degrees Centigrade for four hours and laser trimmed to value.
Next, the beam-lead silicon integrated circuits are bonded by ther-
mocompression and the substrate is snapped into individual circuits.
Soldered leads are then attached, the room temperature vulcanization
(RTV) encapsulant is flow coated, and the circuits are tested and burned
in.

A small set of standard sizes had been chosen for all Hics for
telephone transmission applications. The specific circuits developed
for the D4 system conformed to this standardization. The standard
sizes are the 24-, 32-, and 40-pin, 0.600-inch wide, dual in-line packages
(p1ps). This external size standardization enables common high-speed
handling equipment to be used for burn in and testing.

Standard metallization features have also been incorporated on the

Fig. 21—Typical resistor-crossunder Hic.

2780 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1982



Fig. 22——Typical resistor-capacitor HiC.

ceramic to allow for common probing fixtures for resistor trimming
and testing, isolation testing, and fault diagnostics. These features are
located along the edge of the ceramic, allowing for maximum layout
flexibility on the interior of the circuit.

The resistor-capacitor (Rc) circuits used for the active filter functions
in the channel units have many similarities to the resistor-crossunder
circuits previously described. They use the same substrate material
and size standardization, the same laser-trimmed resistor geometries,
the same bonding and lead attach techniques, and the same encapsu-
lation procedure. The differences are in the film-circuit process se-
quence that creates the capacitors and in the functional adjustment of
the resistors to provide the required filter characteristics.

The film-circuit fabrication starts with screen printing and firing of
a thick-film dielectric glaze to prepare a smooth surface at the future
capacitor sites. Then tantalum is sputtered over the complete circuit
and thermally oxidized to create a chemically inert surface. Next, the
capacitor film (aTa) is sputtered. The capacitor base electrodes are
then delineated by pattern generation (photoresist and etching). The
capacitor dielectric is generated by anodizing the capacitor film
through a photoresist mask. The anodization voltage determines the

- capacitor dielectric thickness. Next, the resistor and conductor films
are deposited over the entire substrate. The resistor film is 300 ohms
per square tantalum nitride, and the conductor film is sputtered
titalum and palladium followed by plated gold. The conductor and
resistor geometries are next pattern generated using standard photo-
lithographic techniques. The capacitors are then tested for leakage
current at 55 volts. Circuits passing this test proceed to have their
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resistors trimmed to achieve a precise RC product. This is the fre-
quency-determining parameter in the filter. The silicon operational
amplifiers are then bonded and the substrates are laser scribed and
snapped into individual circuits. The external leads are then attached
and the circuits are electrically tested. A small percentage of the
circuits require additional functional trimming to achieve a precise
gain at 1kHz. The circuits are then encapsulated and retested.

VIIl. HEAT TRANSFER

It is generally true that components used in the D4 and SLC-96
systems can operate reliably in a 185-degree Fahrenheit ambient
temperature. D4 and SLC-96 banks have, therefore, been designed to
operate with internal ambient temperatures of 185 degrees Fahrenheit
or less even during emergency periods and while dissipating typical
worst-case power. Emergency periods, as defined in the New Equip-
ment Building System General Equipment Requirements, BSP Sec-
tion 800-610-164, permit the office ambient to be 120 degrees Fahren-
heit for a maximum of three days in a row, not to exceed fifteen days
per year. The ambient temperature of an office is measured five feet
up from the floor and 15 inches in front of the bay. T'ypical worst-case
power is not an absolute maximum but is a level which few banks are
expected to exceed. For D4 tests an assortment of channel units were
chosen that were somewhat weighted towards high-dissipating units;
a busy level of 75 percent was used. For SLC-96 tests a traffic level of
7 hundred call seconds (ccs) or 19 percent was used. Also, SLC-96 Line
Interface Units (L1Us), which can vary considerably in dissipation level
because of the inclusion of T'1 office repeaters, were simulated at the
high end of their dissipation range.

During the initial stages of D4 development a prototype bay was
assembled and tested to determine expected operating temperatures.
The bay consisted of six simulated D4 banks mounted in an 11-foot 6-
inch bay. The top two banks were equipped with simulated D4 plug-in
units. These units consisted of resistors, to dissipate anticipated power
levels, and wooden blocks, to simulate air flow restrictions, mounted
on printed-wiring boards. In addition, a working prototype of the
power converter unit, which is the highest dissipating unit, was
mounted in one of the top two banks. The four bottom banks were
metal boxes equipped with light bulbs that dissipated equivalent bank
power. Testing established that the design should perform adequately
without any special measures being taken to cool the equipment. As
D4 production bays and plug-ins became available, a production bay
was tested as a check on the temperature performance and the validity
of the early testing. The configuration tested dissipated 81 watts per
bank. Again, when projected to a 120-degree Fahrenheit office, the
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equipment did not exceed the 185-degree Fahrenheit limit (shown in
Fig. 23). There were, however, some differences between the produc-
tion and simulation bay results. While the average common-unit
temperatures were approximately the same, the hottest production
channel unit was 15 degrees Fahrenheit above the same in the simu-
lated bay and the production power converter unit was 9 degrees
Fahrenheit higher.

When the SLC-96 coT development was initiated, an improved
prototype bay was constructed based on the experience gained from
the D4 prototype bay. The top four banks were equipped with simu-
lated plug-in units and light bulbs in metal boxes used for only the
bottom two banks. Backplane printed-wiring boards and connectors
were used. Also, the power dissipated in simulated channel units was
asymmetrically distributed as the busy channels were randomly dis-
tributed throughout the banks. The power level tested in the bank was
134 watts. This power level was not only higher than D4, it was not as
evenly distributed. With the inclusion of a second pcu and T1 office
repeaters in each of the five Lius, 63 percent of the SLC-96 dissipation
is in the common-unit section, which occupies the left quarter of the
bank. As a result, the maximum temperature levels were exceeded
with a local ambient temperature in the power converter units of up to
212 degrees Fahrenheit and up to 196 degrees Fahrenheit in the
interface units.

To improve the temperature levels several steps were taken. The
power converter unit was redesigned with particular attention paid to
distributing dissipating components throughout the unit. Heat dissi-
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Fig. 23—D4 temperature profile.
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pation was also improved by using an epoxy-clad metal printed wiring
board rather than an epoxy-glass board. The redesign accounted for a
16-degree Fahrenheit reduction in unit temperature. Several ap-
proaches were considered to reduce overall bank temperatures, includ-
ing a reduction to five banks per bay with heat baffles between each
bank and external dissipation at the top of the bay of some of the line
interface power. However, the most economical alternative that still
met the requirements was the use of one baffle between the fourth
and fifth banks and ventilation spaces above the second bank, below
the third, and above the sixth, as shown in Fig. 24.

After D4 production was well established, a cost-reduced shelf and
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25—D4 channel bank—Mode 5.

Fig.
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bank assembly was designed. As part of the redesign, the open area in
the shelf was increased from 29 percent to 45 percent. As a result, the
average temperature reading in the bank dropped 6 degrees Fahren-
heit. This shelf is now being used in production on both D4 and SLC-
96 systems, thus giving an added margin for temperature performance.

IX. LIGHTWAVE APPLICATION

The D5 Channel Bank Mode 5 (Fig. 25) was introduced to meet the
emerging needs of the telephone companies for small cross-section,
low-bit rate, lightwave transmission systems. Mode 5 is a 96-voice
grade channel facility that can be connected directly to to a maximum
of 4.5 miles of lightguide cable. This arrangement is targeted primarily
for the short-haul point-to-point routes where the lightwave transmis-
sion attributes are required but the cross sections are too small to
justify the installation of higher capacity lightwave systems.

D4 Mode 5 expands the versatility of the D4 channel bank family by
offering a “built-in” capability for connecting to lightwave systems. D4
Mode 5 is electrically similar to D4 Mode 4, a 96-channel mode of
operation that interfaces with DS2 rate-transmission facilities. In the
Mode 5 operation, however, the multiplexed DS2 rate signal is dipulse
coded and transmitted directly over an optical fiber using either a laser

Fig. 26—Power distribution unit equipped with optical transmitter.
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diode or an LED transmitter. The transmitter is housed in one of the
two Power Distribution Units (PDUSs), as shown in Fig. 26. The receive-
path optical transducer is located in the second PpU (see Fig. 27), along
with a silicon avalanche photo diode (APD) used to convert and amplify
the light energy from the optical fiber.

Converting from Mode 4 to Mode 5 only requires changing the PDUSs
and the transmitting and receiving L1Us and adding a few wires at the
rear of the bank. An extensive field trial evaluation was conducted in
Sacramento, California. The route used was 2.7 miles long, connecting
the Gladstone and Main offices. The lightguide cable contained 36
fibers. In addition to D4 Mode 5, the MX2-L Lightwave Digital
Multiplexer-Demultiplexer (Muldem) and DLC-2 Direct Lightwave
Connectors were also tested at Sacramento. These designs also use the
D4 hardware.

The first commercial service over D4 Mode 5, manufactured by
Western Electric, was installed at the 1980 Winter Olympic Games in
Lake Placid, New York. The D4 Mode 5 provided flawless voice
transmission between the Lake Placid central office and the broadcast
center throughout the entire period. A map illustrating the communi-
cations route and equipment is shown in Fig. 28.

%
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!

Fig. 27—Power distribution unit equipped with optical receiver.
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X. PROLIFERATION OF D4 HARDWARE

In addition to the systems discussed, a number of other systems
have been designed using the D4 format. To illustrate the-successful
utilization of packaging commonality, a display, as shown in Fig. 29,
was constructed and placed on exhibit by Western Electric at the
International Telecommunication Conference in the fall of 1979 at
Geneva, Switzerland. The individual systems comprising the display
are:

(i) MX2-L Digital Lightwave Multiplexer Terminal, which inter-
faces T1 or T1C digital lines to FT2 lightwave facilities

(iz) DCT Digital Carrier Trunk Terminal, which provides a direct
interface between No. 1 Ess and T'1, T1C, or T2 digital facilities

(iti) LT-L Connector Double Digroup, which offers an economical
means of terminating analog on the No. 4 Ess

(iv) The D4 Channel Bank, D4 Mode 5 Channel Bank, and SLC-96
Systems, which have been described earlier.

Xl. SUMMARY

The D4 digital terminal is an integrated composite of efficient and
economical bank assembly hardware, plug-in unit, component, and
integrated circuit physical designs. High production levels have en-
couraged continual improvement and cost reduction since its inception,
while its attractive features have resulted in a proliferation of the
design through a number of systems.
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D4 Digital Channel Bank Family:

Custom-Integrated Circuits for Digital
Terminals
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This article describes the design steps for generating custom and
semi-custom integrated circuits for digital terminals. The design
styles and processing techniques are discussed with special emphasts
on the interaction of the device organization with the system orga-
nization. Metal-oxide-semiconductor technology makes possible
high-packing-density custom integration. Logic conversion is verified
by simulation, layout is performed automatically, and timing is
verified by using layout information as input to the timing simulator.
Gate arrays facilitate semi-custom designing at low cost for modest
scales of integration. The same design automation tools are used for
both custom and semi-custom integration. Complementary bipolar
integrated circuit technology realizes high-performance analog cir-
cuitry and can be combined with buried injector logic to integrate
both analog and digital circuitry on the same chip. The combination
of these technologies offers cost-effective system integration for digital
terminals.

I. INTRODUCTION

Custom-integrated circuits offer significant cost savings for system
applications. These savings are achieved by using fewer printed-circuit
boards, connectors, and less hand wiring, thereby leaving fewer com-
ponents to test and assemble and requiring less physical space. This
article describes three types of custom-integrated circuits: (1) Custom
metal-oxide-semiconductor (M0s) very large-scale integration (VLsI),
(2) bipolar gate array, and (3) custom-analog complementary bipolar
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integrated circuit (cBIC) combined with analog-digital buried injector
logic (BIL) bipolar.

The technology for the digital terminals described in this article was
determined by the following considerations. Mos technology offers the
advantages of a high packing density for a large number of gates. In
addition, the complementary Mos (CMos) option permits chip power
dissipation to be very low. Bipolar gate arrays are especially attractive
for the use of minimum work force when gate counts are fewer than
1000 and when the volume is low. Both Mm0s polycells and bipolar gate
array layouts permit quick turnaround for design changes. The CBIC is
the best means for realizing high-performance analog functions. The
cBIC-BIL combination allows digital logic to be put on the same chip
with the analog functions, thereby achieving high packing densities.
Whatever the technology choice, the effective support of the system
organizations by the device organization has led to a rapid growth of
custom large-scale integration (Lsi) in the Bell System. Close mutual
cooperation between system and device organizations is essential for
successful integrated-circuit design and manufacture.

This article is divided into three sections. In the first section custom
Mos vLsI chips designed for the D4 channel bank, SLC*-96, and
dataport digital terminals are discussed. The design steps from logic
design through manufacture are described. In the second section, gate
array technology and design techniques are described. This section
includes an introduction to the gate array approach and the motivation
for using it. The design steps from logic to manufacture are described,
along with the various custom chips for the D4 system. The last section
describes the complementary bipolar integrated circuit and the buried
injector logic bipolar technologies. Examples described include circuits
used both in the channel units and the common equipment of several
versions of digital banks.

ll. CUSTOM MOS VLSI! INTEGRATED CIRCUITS
2.1 Introduction to VLSI custom logic

Over the last six years, custom Mos logic integrated circuits at Bell
Laboratories have evolved from 1000-transistor LsI chips to vLsI chips
containing tens of thousands of transistors. This evolution has been
made possible by two major factors—process technology and design
aids. Processing advances have resulted in the reduction of the design
rules for custom logic chips from 7.5 um to the current 3.5 um. Thus,
a chip today has approximately one-quarter the area of the correspond-
ing chip six years ago that had the same logic complexity. In addition,

* Trademark of Western Electric.
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Table |I—Chip statistics

Number of
Number Transistors Operating  Nominal

of ~———————— Frequency Power

Code Name  Technology Gates  Polycell Memory (kHz) (mW)
257A 7.5-pm NMOS 250 850 — 3150 350
257B 7.5-pm NMOS 230 730 — 6300 250
229AC 7.5-um NMOS 500 1580 —_— 1544/1576 425
229AA 5.0-um NMOS 1300 4380 — 2048 450
229AB 5.0-pm NMOS 2300 8500 — 1544 445
229AD 5.0-um NMOS 1960 6000 — 1544 650
257D 5.0-pm NMOS 850 2980 — 56 410
257B 5.0-um cMOs 2000 7000 — 1544 8
229AG 5.0-um NMOsS 760 2900 — 1544 310
229AR 3.5-pm NMOS 1000 3330 — 4 150
229W 5.Q-p,m NMOS 600 3020 7200 1544 580

the change from P-channel Mos (PMos) to depletion N-channel Mmos
(NMos) or cMos has improved the speed performance and reduced the
chip power dissipation dramatically. Accordingly, system designers
working with transistor-transistor logic (TTL) chips have found it
particularly advantageous to cost-reduce their systems by replacing
TTL dips and PC boards with a single custom integrated circuit (1c).
Besides the obvious reduction of parts, cost savings are achieved by
reduced labor costs, increased reliability, decreased system power
dissipation, and reduced assembly facilities. Nowhere at Bell Labora-
tories has this cost reduction been more in evidence than for digital
terminals. Eleven custom mos chips have been designed and manufac-
tured for the D4 channel bank, dataports, and the SLC-96 systems (see
Table I).

Custom NMos logic (enhancement and depletion) development at
Bell Laboratories has followed NM0os memory development. This strat-
egy has allowed custom Nmos logic chip designs to have the benefit of
memory development and fabrication experience; the result is minimal
difficulty in achieving high chip yields and high reliability of the
custom-designed logic chips with advancing technologies. Both in 5-
pm enhancement NMOs and 3.5-um depletion NMmos, the first logic chips
designed in the technology became fully operational without requiring
process modifications. Recently, cmos technology also has become
available for custom logic vLsI chips. Currently, 5-um cMOs custom
chips are designed routinely, with 3.5-um cMo0s designs beginning in
the second half of 1981.

Custom Mos logic chips at Bell Labs use the polycell design ap-
proach. Polycells are predesigned and pre-characterized logic elements
(e.g., inverters, flip-flops) that are used to build a function. They all
have the same layout height but vary in width, depending on logic
complexity. All cell inputs and outputs occur along the cell boundary
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at fixed distances called grids. Polycells are laid out according to the
appropriate design rules—via interactive layout software in the case of
NMoOs or by an automatic program in the case of cM0s. The automatic
program for cMos uses symbolic coding to yield polycells that are free
of design rule violations. In the case of NMos, the polycells are thor-
oughly checked automatically for design rule violations by use of a
layout characterization and verification program. For both technolo-
gies, programs exist so that all appropriate transistor sizes and capac-
itances are automatically calculated and put in the appropriate format
for circuit timing simulations. In the chip layout phase, the polycells
are placed in rows and the layout software optimally connects the
appropriate polycell inputs and outputs, leaving a chip pattern of
polycell rows and routing interconnections between the rows. Protec-
tion input devices, pull-up resistors, and output buffers are placed
between chip pads. An example of a polycell chip is shown in Fig. 1.
The integrity of the chip design is maintained by having a common
connectivity description language, called logic simulation language
(LsvL),! for the design aids (simulation and layout) that describe the
logic gates and their interconnections. The result of the polycell
approach to chip design is a quick design cycle that is error free and
highly flexible for last-minute logic changes.

Logic designs that employ synchronous clocked circuits, minimal
gate delays between clocked memory elements (flip-flops and shift
registers), RAMs or ROMs, and dynamic logic lend themselves opti-
mally to vLsi chip design. Optimally means race-free, low-power dis-
sipation and smallest chip size. Synchronous design permits various
programs to be used to determine large propagation paths before
actual timing simulations are run.

2.2 System organization—device organization interface

There are two types of custom M0s design modes—fast turnaround
and full custom. In the fast-turnaround mode the system designer does
the conversion into mo0s polycells and stipulates design validity by
simulating it with sequences of vectors. (Vectors are input/output
patterns of logic ones and zeros.) After timing simulations are complete,
the device organization takes the verified LSL description from the
system organization and does the layout, processing, and testing.

In the full-custom mode, the device organization does the conversion
to Mos polycells from logic schematics suppled by the system organi-
zation. The device organization then proceeds to complete the job in
the same way as for the fast-turnaround mode. In either mode, the
device designer is available to the system designer for consultation
during the front-end system design and conversion to polycells. Also
in either mode, a TTL breadboard that is input/output compatible with
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the Mos chip and, in some cases, gate-to-gate compatible with the mos
chip, is first verified in the system environment and then transferred
to the device organization for test program development. This proce-
dure has been found to be effective in eliminating unnecessary design
recycles.

An essential aspect to any custom chip design is an initial joint
meeting between the system and device organizations in which chip
and system specifications (e.g., frequency, voltage, and temperature
variations), functional description of the system, package and testabil-
ity considerations, and work force and schedule are discussed and
documented. Typical current schedule times for first-model dual in-
line packages (D1pPs) are 8 to 12 weeks for fast turnaround and 12 to 24
weeks for full-custom DIPs.

2.3 Chip design

The first step in chip design is the conversion of the logic diagrams
into Mos polycells. If the diagrams are in TTL (as is usually the case),
this involves looking up the part number in a TTL catalog (e.g.,
SN74S163) and implementing the desired function with a minimal
number of gates. For example, a divide-by-13 counter in TTL
(SN74S163) consists of about 30 combinatorial gates and four D flip-
flops consisting of six gates each. The equivalent Mos representation
consists of four combinatorial gates and four dynamic registers, for a
total of 12 Mos gates and seven polycells. It is evident from this
example that the Mos representation of TTL usually involves a signif-
icant decrease in gate count. After the logic diagrams have been
converted to Mos polycells, the connectivity of the polycells is de-
scribed in LsL, usually according to functional blocks. These functional
blocks are considered as subnetworks of LSL coding that are combined
into a single network describing the entire logic design. The logic
conversion is given additional logic to ensure that the chip is testable
with a minimum number of test vectors.

The polycell conversion is then verified by simulating the LsL
description with vector sequences and checking the Mos outputs
against the known TTL outputs. This checking is done automatically
by a design aid that compares the TTL and Mos vectors. After the
verification, other programs are run on the LsSL that determine gate
delays and fanouts of the gates between clocked flip-flops or registers.
By knowing the clock frequency, critical paths can be identified and
altered before timing simulations are run. Critical-path improvement
is usually done by substitution of a higher power polycell, logic sim-
plification, or reclocking within the critical path.

Timing simulations are done by three types of simulators: (i) detailed
timing, (i7) multiple delay, and (ii{) mixed mode. Detailed timing takes
into account all capacitance, voltage, and temperature effects and is
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simulated on a user-selected time step. The multiple-delay simulator
ascribes a rise and fall time delay parameter (in ns/pF) for different
gate types. The determination of a gate’s input and output capacitances
then yields appropriate delay in ns. This permits an accurate yet much
faster simulation than the detailed-time simulator. The mixed-mode
simulator permits a design to be simulated before all of it is converted
to Mos. Thus, Mos devices, logic gates (e.g., NAND, NOR), and
functional elements (e.g., memory) can be simulated simultaneously.
Options under the mixed-mode simulator include a unit delay (no
capacitances or voltage or temperature effects) and detailed timing (all
capacitance, voltage, and temperature effects). Hence, critical paths
can be simulated in the design phase with timing while other paths
can use unit delay. Chips containing thousands of Mos gates and tens
of thousands of transistors are routinely simulated en masse.

The layout of the chip usually begins after the Mos LsL is unit-delay-
verified. Functional block sizes are calculated, tentative input/output
pad positions are determined, clock, data bus and power bus distribu-
tions, and critical paths are considered in an initial polycell placement.
The design aids determine the final position of each polycell by
reflecting and exchanging the cells in each row to reduce the routing
area between polycell rows. All routing capacitances are then auto-
matically calculated and the designer compares each signal loading to
the values estimated in the pre-layout simulation. Post-layout simu-
lations may be judged necessary, depending on the results of this
comparison. The layout is completed on an interactive layout system
by connecting input and output buffers to pads, adding pull-up resis-
tors, and finishing power bus routing. A final design rule check of the
entire layout is made with a design aid before masks are made by
EBES,? an Electron-Beam Exposure System.

Custom Mos logic chips are fabricated at Western Electric in Allen-
town, Pennsylvania. Typical processing time for mos wafers is less
than six weeks. Several wafers are returned to the chip designer for
testing on the SENTRY test sets. The program to test the chip is
written by a test engineer who has a TTL breadboard. The same vectors
that simulated the chip are applied to the breadboard to ensure
validity of the logic design and permit debugging of the test program.
Assuming that the chip passes the sequences on the SENTRY test
set, packaged models (DIPs) can be delivered to the system organization
within a few days for evaluation. Once the system organization ap-
proves the chip operation, Western Electric begins production.

2.4 Digital integrated circuits: statistics and system impact
2.4.1 D4 channel bank

Three custom Mos chips have been made for the D4 channel bank.
They are referred to by Western Electric code name as the 2574, 257B,
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and 229AC. The 257A and 257B replace six digital logic transmission
equipment DIPs (TEDs) in the TTL version of the D4 transmit unit. In
particular, the 257A provides all of the digital processing necessary to
sample and encode each voice channel into 8-bit pulse code modulation
(pcM) words. The 257B multiplexes the 8-bit PcM words together with
framing bits into a single 1.544 Mb/s digital bit stream. The 229AC
replaces four logic TEDs in the TTL version of the D4 receive unit. The
229AC in conjunction with a divide-by-24 counter decodes a 24-bit
stream into signals that are used by a digital/analog (pD/A) converter.
The 229AC also provides signals for use in the receive side of the D4
bank for signaling and alarm functions. The wide usage of these chips
has made necessary a design for foreign systems, referred to by
Western Electric code name 229AA.

2.4.2 Dataport

Four custom Mos chips have been designed for dataport application.
One, the 229AB, consists of a transmit portion, which inputs 8-bit
bytes at the DSO rate (64 kb/s) and outputs the same 8-bit bytes at
the DSI1 rate (1.544 kb/s), and a receive portion, which inputs 8-bit
bytes at the DS1 rate and sequentially outputs the 8-bit bytes at the
DSO rate. A feature of the receive portion is a 3-out-of-5 majority gate
error correction circuit, which substantially reduces the effect of facil-
ity line errors.

The 229AB is analogous to the 229AD. This chip is used for
56 kb/s data and requires its own error-correcting scheme. (The DS0
function for the subrate dataports has to be modified for 56 kb/s.) Also
available is a recent cMos version of the 229AB, designated as 257F.

The 229AB, together with two other chips, the 140H and 140J,
combine to form a 64-kb/s Office Channel Unit Dataport (ocupp).
This dataport permits data from the T-line at 1.544 Mb/s to be
converted to and from data at the Digital Data System (pDs) subrate
speeds (2.4, 4.8, or 9.6 kb/s). The 257D contains all the digital logic
and control functions for a 56-kb/s Office Channel Unit (ocu). In
particular, it performs bidirectional rate conversion between the user’s
rate (56 kb/s) and the DSO rate (64 kb/s) and monitors the data for
control information. This chip, combined with the 229AD, yields a 56-
kb/s ocu dataport.

2.4.3 Subscriber loop carrier (SLC-96) system

Three custom codes have been designed for the SLC-96 system. The
229AG data link chip replaces the transmit and receive sections of the
Data Link Unit (pLu) of the SLC-96 system. The transmit section
generates control signals and clocks to multiplex data bit streams from
the Alarm Control Unit (Acu), the Line Switch Unit (Lsvu), the Channel
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Test Unit (cTU) and the Time Assignment Unit (TAu). The receive
section demultiplexes the incoming datastream to these four units.
The 229AR data link multiplex chip enables line switch, alarm, channel
maintenance, and concentrated information to be transmitted to each
of two 48-channel remote SLC terminals. The 229W, Time-Slot Inter-
change (ts1) chip for the TAU digitally concentrates two standard
1.544-Mb/s pcM bit streams into a single stream with a full-access
time-slot interchange function. In the transmit mode, any one of the
incoming 48 channels can go out on any of the 24 outgoing trunks. In
the receive mode, any one of the incoming 24 trunks can go out on any
of the 48 outgoing channels. The on-chip scratch pad memory, which
sets up the desired trunk connections and busy-word assignments, is
written and updated through microprocessor-compatible address and
data ports.

lll. GATE ARRAYS
3.1 Gate array technology

If more circuitry is placed on an integrated circuit chip, fewer and
simpler circuit boards are required. This results in a lower cost, better
performing system that enters the marketplace sooner. The scale of
integration has an impact in two ways. First, board space is saved over
small- or medium-scale catalog logic parts. Second, and more impor-
tant, if the system can be designed the first time to take full advantage
of 1s1, it results in a more nearly optimal design. Moreover, significant
performance advantages accrue from the use of larger scales of inte-
gration. Approximately 80 percent of total system delays are associated
with board and connector capacitance. By moving more of the inter-
connect wiring onto the silicon chip, these delays are greatly decreased,
as is the power required to drive these on-chip lines. Higher scales of
integration can be used when there is sufficient production volume to
amortize the development cost. The alternative is the use of general-
purpose small- and medium-scale-integrated catalog parts having a
small amount of circuitry. There are relatively few general-purpose
catalog parts at high levels of integration, owing largely to the difficulty
of defining suitable Ls1 parts. Gate arrays provide a low-cost, fast-
development-time alternative to LSI.

The emphasis in gate array design is on fast turnaround and low
user risk. These objectives are accomplished by flexible and conserv-
ative generic chip design and an extensive computer-aided design
(cap) support package.

3.1.1 What is a gate array?

A gate array chip consists of digital circuit elements prefabricated
on a silicon wafer. The circuit elements are logic primitives, typically
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NAND gates, interconnected to accomplish the desired logic function.
The processing steps prior to the interconnection levels are the most
difficult and time consuming, while the metal wiring deposition is
performed quickly. Bell Laboratories has designed a number of gate
array generics (basic prefabricated wafer) for various types of appli-
cations. These range in size from 22 gates to 1000 gates and in speeds
up to more than 40 MHz.

3.1.2 An I°L gate array

The D4 gate array before and after customization is shown in Fig. 2.
It consists of 192 Integrated Injection Logic (IIL or 1’L) gates in an
internal array and 32 input-output buffers on the periphery. It is
fabricated in standard buried-collector, single-level metal technology.
Since the array was designed for low-speed application, n+ crossunders
are used at lower cost than two levels of metal. Moreover, customizing
the emitter diffusion gives added routing flexibility over the cell.

The buffers translate the relatively large voltages and currents
required to provide ample system noise margins to the much smaller
power levels internal to the chip. Thus, the majority of logic can be
done at low power levels (for this array, about 50 uW/gate) while 10-
mA line driving capability is maintained. The buffers consist of a
collection of npn and pnp devices, which can themselves be pro-
grammed to perform different functions at various power levels. Two
voltage regulators provide the capability of driving different portions
of the array at different powers, providing speed where necessary and
saving power elsewhere.

The internal gates on this particular array are divided into 12 groups
of 16 gates. This arrangement is advantageous because of the use of
n+ crossunders. Connections between rows are made in predefined
vertical channels, since the gate diffusions do not allow crossunders in
gate areas. Two-level metal arrays are arranged in continuous rows.
The array in Fig. 2 superficially resembles a polycell chip, except that
a significant amount of interconnect is located on the gates themselves,
rather than connecting at top and bottom. In addition, there are
relatively large areas of the chip, and many gates, that are unused.
This reflects the emphasis of fast turnaround and design simplicity
over packing density.

3.2 Array design techniques

The emphasis on fast turnaround, low risk, and large volume of
codes requires a heavy dependence on design aids for design and design
verification. The chip shown in Fig. 2 reflects this dependence in its
structured appearance. The design process for arrays is discussed
below. It is emphasized that the same aids are used for all generic
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arrays. Indeed, some of the aids are shared by both custom Mo0s and
bipolar gate arrays.

3.2.1 Functional description and simulation

The system designer provides a logic diagram and a logic description,
the latter in Bell Laboratories’ common LsL' language. The logic is in
the form of gate array primitives (NAND) and a hierarchy of functional
blocks such as flip-flops and multiplexers. The input-output buffers
are also cited in the logic description. The designer also provides a set
of test vectors (a truth table), which is a sequence of binary inputs and
outputs designed to test for proper chip operation. The vectors are
exercised to ensure information transmittal and to generate the test
programs as described below.

3.2.2 Layout

Chip layout is accomplished either semiautomatically or manually.
On those jobs on which there is high assurance of first-time success,
the layout aids perform gate assignment and channel routing. These
are accomplished quickly, since for a given generic the domains, the
input-output locations, etc., are predefined and much of the time-
consuming work is done once, ahead of time. The layout routine for
arrays is the same as for custom NMoOs polycell.

In many cases there are special layout requirements and the gate
assignment and routing are done semiautomatically on an interactive
system. A connectivity audit aid examines the mask description for
the interconnect levels and compares it directly with the logic descrip-
tion supplied by the customer. It also ensures that inputs and outputs
are in the correct locations, and that the power and ground are
connected correctly. Only erroneous or missing connections are re-
ported. The connectivity audit aid is central to the manual layout
system. It has resulted in almost 100-percent layout confidence, since
the comparison is against logic supplied by customer, with no logic
translation or transformation.

3.2.3 Testing

The 1sL logic description and the truth table supplied by the
customer serve as input to a test program generator aid. This aid
writes a program for a commercial test set, providing both functional
and parametric testing. The former is specified by the truth table, the
latter by a table-driven association of input-output buffer generic
names and parametric tests. Thus, each buffer is always tested the
same way, which gives assured manufacturing yield.

3.2.4 Introduction of manufacture

The design aids are integrated with aids to generate the manufac-
turing information transmitted to Western Electric, i.e., logic and mask
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descriptions, test program, and specifications. In this way manufacture
and design are consistent, and information flow is rapid and accurate.

3.3 Gate arrays for digital terminals

A total of 36 codes were designed for digital terminals, 19 of which
were for SLC-96 systems and 10 for D4 channel bank export market.
In both cases system cost and physical space requirements, together
with the need for rapid introduction to manufacture, necessitated the
use of gate arrays. The experience of D4 is typical of those systems
using gate arrays. Eight codes were begun in about one month, using
shared resources, with models derived for all in about nine weeks.
Change in system requirements led to a delay in starting the last two
codes until the time the first eight were delivered.. However, during
the interval when the last two were being fabricated, system prove-in
could be accomplished on the bulk of the system. Two of the codes
were modified as a result of the prove-in. All ten codes worked in the
system five months after the first was started.

IV. CUSTOM ANALOG AND ANALOG-DIGITAL BIPOLAR INTEGRATED
CIRCUITS

4.1 Bipolar IC technology
4.1.1 Introduction

The analog functions in the early D-channel banks were realized
first by using discrete devices and later by using small-scale integrated
circuits. Although overall performance objectives were met, it was
recognized that integration on a larger scale was needed to resolve
physical design and interconnection problems. However, it was also
obvious that the usual analog integrated circuit process, Standard
Buried Collector (sBc), would not be adequate. Two major improve-
ments were required:

() A pnp transistor comparable in performance to the npn transis-
tor of the SBC process was needed to implement many of the proposed
circuits.

(ii) A high-density digital technology fully compatible with analog
technology would alleviate the interconnection difficulties encountered
with separate analog and digital chips.

These objectives could only be met by the development of a new 1c
process technology. The high-quality pnp transistor was realized by
the development of the complementary bipolar integrated circuit
technology. This cBIC structure is illustrated in Figs. 3a and 3b. The
fabrication process is given in the appendix. The analog/digital capa-
bility was realized with the development of buried injector logic, a new
device structure available from the cBIC process. Although these new
technologies were not developed specifically for digital banks alone,
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D4 was one of the first systems to take full advantage of their
capability.

4.1.2 Buried injector logic

With the development of Integrated Injection Logic (1L or 1°L) in
the early 1970s, it was hoped that a means for integrating high-
performance analog functions and high-density digital circuits on the
same chip had been obtained. Unfortunately, the process requirements,
particularly epitaxial layer requirements, for I’L and the analog func-
tions were not readily compatible. However, A. A. Yiannoulos® showed
that the cBIC process could also be used to obtain a novel form of 1°L.
Whereas normal 1°L uses an inverted multi-collector npn switching
transistor and a lateral pnp injector, as shown in Fig. 4a, Yiannoulos
proposed using a pnp switching transistor and a vertical npn injector
(Fig. 4b). The structure is illustrated in Fig. 4c. The n- and p-buried
layers and the n-epitaxial layer form a vertical npn injector transistor.
The p-buried layer, the n-epitaxial layer, and several diffused pnp
emitters form the multi-collector switching transistor. Since the injec-
tor transistor is “buried,” this type of logic was called buried injector
logic (BIL). A major advantage of BIL is that, since the injector is
buried, only the signal path interconnections are on the surface, the
power being supplied by two buried layers. Thus, gate size, shape, and
alignment are essentially unrestricted by power-supply considerations,
which lead to very high wiring efficiency. This is illustrated in Figure
5, which shows the layout of a D-type flip-flop. It is interesting to note
the variations in gate size, shape, and orientation. The high wiring
efficiency compensates for the relatively large size of the BIL gate
(compared with 1’L), which is due to the use of the relatively deep
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diffusions associated with cBic, basically an analog process. CBIC-BIL
chips having more than a thousand gates, as well as the usual analog
functions, are feasible.

It should be noted that BIL has many of the performance character-
istics of L. It is a low-power logic, with a delay power product of less
than 1 pJ. However, it is also relatively slow, as is 1°L. Fortunately,
many telecommunications applications require large amounts of logic
operating slowly—sub-audio rate signaling, for example.

4.1.3 Miscellaneous components

Several other active and passive components normally are provided
by the cBic process. For example, a p-channel junction field-effect
transistor (JFET) is obtained by using the pnp collector epitaxial-
conversion layer, EPP, for the channel and the n-base for the gate.
Two types of resistors are commonly employed—a 200-ohm/square p-
base resistor, and an ion-implanted 2000-ohm/square resistor. NMOs
capacitors using SiO; and the passivation SizNy as a dielectric are also
commonly used.

4.2 Custom integrated circuits for digital banks

In the following sections, three circuits designed specifically for the
D4 bank will be described briefly. In each case, realization of the
required performance depended on the availability of cBIC technology.

4.2.1 555N Receive Converter

The D4 bank receive converter circuit, designed by C. Crue and H.
G. Ansell, derives a clock from the DS1 bipolar-coded bit stream of
data and regenerates the data. Deriving a clock from data has previ-
ously been accomplished in DS1 and DS1C digital terminal equipment
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using tuned inductor-capacitor (Lc) or crystal circuits. The implemen-
tation of such circuits often resulted in awkward physical designs.

To improve the physical design by taking advantage of integrated
circuit technology, an rRc-tuned phase-locked loop (PLL) approach to
clock extraction was taken. The main problem concerned the function-
ing of the PLL during intervals of logic zeros at the input, intervals that
contain no timing information using standard bipolar coding. Recon-
ciling competing requirements on the effective Q of the PLL was
another problem, i.e., how to make the Q sufficiently large to suppress
jitter, yet sufficiently small to capture the signal.

To solve the first problem, a tristate gate was used as a phase
comparator in the pLL. The second problem led to a compromise in
the selection of the effective Q of the loop. Figure 6 shows a block
diagram of the silicon integrated circuit (sic) realization of this circuit,
the 555N Receive Converter. The loop filter and the indicated Rrc
elements are external to the 1c. The PLL consists of the voltage-
controlled oscillator (vco), the phase comparator, and the loop filter.
When the input to the receive converter is a logic zero, the tristate-
phase comparator ideally has zero output current, the loop filter ca-
pacitor holds its charge, and the vco continues at its previous fre-
quency. The pPLL design includes temperature compensation for both
the free-running frequency and the loop gain. In addition, this circuit
also includes maintenance circuitry and an option allowing automatic
shutdown of the output for no input. It operates at 5 volts and 35 mA.

The 555N Receive Converter is fabricated on a 2.8 x 2.8 mm chip
using CBIC technology.
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4.2.2 608D Sample-and-Hold / Comparator

The successive approximation analog-to-digital converter used in
the D4 bank requires several component parts: a sample-and-hold
circuit, a digital-to-analog converter, a comparator, and logic to gen-
erate the successive approximations. The 608D Sample-and-Hold/
Comparator, designed by F. W. Crigler, J. J. Nahas, and D. A. Spires,
performs two of these four functions along with an additional function,
automatic zero adjustment.

Figure 7 is a block diagram of the 608D. The circuit is designed to
operate with a dual R-2R ladder pD/A converter. The comparator
connects to the main legs of both the positive and negative ladders.
The zero adjustment is performed using the zero adjust block and the
field-effect transistor (FET) driver. The remainder of the circuit per-
forms the sample-and-hold function.

The comparator consists of multiple stages of npn and pnp emitter-
coupled pairs, resulting in a gain in excess of 84 dB and a delay of less
than 75 ns.

The sample-and-hold circuit has both input and output amplifiers.
The input amplifier is a sequence of npn and pnp emitter followers.
The output amplifier uses a high-input-impedance source-follower
followed by a Darlington-connected emitter follower. This amplifier is
a single-ended voltage to double-ended current converter. The sample-
and-hold switch is a diode bridge driven by positive and negative
current sources directed by npn and pnp emitter-coupled pairs, re-
spectively. The switch has a transition time of less than 80 ns.

During the automatic zero adjustment, the FET driver is used to turn
on a JFET switch connecting the pulse amplitude modulation (paM)
bus to the analog ground. The zero-voltage input signal is sampled
onto the hold capacitor. The zero adjustment system then adjusts the
voltage on a second capacitor in such a fashion as to balance the
comparator. The voltage on the second capacitor controls the current
in the right-hand leg of the hold amplifier and thus adjusts the gate-
to-source voltage on the right-hand source follower.

The 2.32- by 2.32-mm circuit is fabricated using cBic technology
with p-channel JFETs.

4.2.3 668A Detector/Sampler Family

The 668A Detector/Sampler integrated circuit family, designed by

J. H. Green, S. F. Moyer, P. C. Davis, and J. J. Nahas, controls the
timing of both the audio sampling and the sub-audio signaling on D4-
bank channel units. A block diagram of the circuit is shown in Fig. 8.

" The receive and transmit audio sample from and to their respective
PAM busses is handled with low-resistance (approximately 80 ohms)
on-chip JFETs. The JFETs are switched using a fast, efficient driver that
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can switch the large JFETs either on or off in less than 100 ns using
only 1 mA. The JFET drivers have both select and window logic input
signals. The high-speed requirements in this portion of the circuit were
met using both npn and pnp emitter-coupled logic. In a typical appli-
cation, the drivers are only enabled for about 4-percent of the time
using channel unit selection signals, thus considerably reducing the
average power required for the drivers. The sampling window signal
occurs within this 4-percent time period.

The channel unit selection and sampling signals clock the receive
signaling information into D-type latches. In the case of the primary
or A signal, the signal is delayed using two edge-triggered D flip-flops
as a shift register to prevent signaling information loss during T-carrier
faults. The signaling information is transmitted to a separate off-chip
line-reversal circuit.

The transmit signaling is detected using an off-chip resistor network
and a simple comparator. The signal from the comparator is de-
bounced, using a digital circuit, to prevent erroneous status signals
from being transmitted over the T-carrier system. Simple open-collec-
tor outputs are used to connect the transmit signaling information to
the transmit signaling bus.

The detector/sampler is a 2.56- by 2.56-mm beam-leaded siiicon
integrated circuit fabricated using cBIc technology. The relatively slow
receive and transmit signaling logic was realized using BIL (approxi-
mately 100 gates). A number of variants of the basic detector/sampler
have been developed for use in many D4 applications.

V. SUMMARY

Approximately fifty custom-integrated circuits were made for digital
terminals by Mos polycells, bipolar gate arrays, or cBIC-BIL techniques.
In each case, the circuitry was designed in the technology and design
style that was the best match for the particular function requirements.
In this manner, the choice of technologies provided a cost-effective
system integration capability for digital terminals.
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APPENDIX
CBIC Technology

The structure of a typical npn transistor fabricated using sBc tech-
nology is illustrated in Fig. 3a. To fabricate a comparable pnp transis-
tor, a similar structure with a reversal of doping type, n-to-p type, p-
to-n type, is required. Thus, to obtain both npn and pnp transistors on
the same chip, the cBIC process requires roughly twice as many
diffusion steps as does sBcC for the npn alone. Using the cBIC npn and
pnp structures shown in Fig. 3b as guides, the CBIC process can be
briefly described as follows:

(i) Buried layers: The npn requires the usual highly doped, n-type
buried layer, BLN, which forms the internal collector contact. The pnp
requires two buried layers. The first, a lightly doped, deep n-layer,
ISN, isolates the pnp collector from the p-substrate. The second is a
highly doped p-layer, BLP, which forms the pnp internal collector
contact. Notice that the p-buried layer also forms the lower portion of
the npn isolation ring.

(i) Surface-to-buried layer diffusions: To make low-resistance con-
nections to the buried collectors, deep, heavy diffusions, CLN and
CLP, are used. The p-diffusion of this step, CLP, provides the remain-
der of the npn isolation ring.

(iit) Epi-conversion: The collector region of the pnp is obtained
using a light p-ion implant and diffusion, EPP.

(iv) Bases: Both the n- and p-bases, BSN and BSP, of the pnp and
npn, respectively, are ion-implanted and diffused. Note that the p-base
is used to provide a “channel-stop” around the pnp transistor.
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(v) Emitters: Highly doped, shallow n- and p-type diffusions, EMN
and EMP, are used for the emitters and the contacts to the bases.

(vi) Contact windows and metalization: Silicon nitride, Si;N4, pas-
sivation is used with Ti-Pt-Au metallization. All cBIc devices developed
for D4 use beam leads to connect to metallized ceramics.

The transistors obtained by this process provide f; ~ 300 MHz. The
current-carrying capabilities of the npn and pnp transistors are com-
parable, and they are similar in area. It should be noted that since the
p-isolation around the npn transistor is obtained from up- and down-
diffusions, BLP and CLP, each moving part-way through the n-epi
layer, the total lateral diffusion is significantly less than in the case of
the single deep diffusion used in the sBC process. Thus, for a given
breakdown capability, the base-to-isolation spacing is significantly less
with the cBic process. The cBIC npn transistor area is therefore
approximately 25 percent less than its SBC counterpart; i.e., the increase
in process complexity is partially offset by a reduction in chip area
needs.

CUSTOM INTEGRATED CIRCUITS 2813






Copyright © 1982 American Telephone and Telegraph Company
THE BELL SYsTEM TECHNICAL JOURNAL
Vol. 61, No. 9, November 1982
Printed in U.S.A.

D4 Digital Channel Bank Family:

Thin-Film Dual Active Filter for Pulse Code
Modulation Systems

By R. L. ADAMS, J. S. FISHER, O. G. PETERSEN, and
. G. POST

(Manuscript received August 27, 1981)

This article describes the design of a new thin-film dual active
filter for pulse code modulation (pcMm) systems. A synergistic combi-
nation of circuit, silicon, and thin-film innovations has reduced the
size, power, and cost of the filter and has expanded its applications.
In the latest design, both the band-limiting and reconstruction filters
are fabricated on a single ceramic hybrid integrated circuit in a way
which significantly reduces their size, power, and cost, along with
improving their performance. The filters are fabricated using laser-
patterned and laser-trimmed thin-film resistors, a custom-designed
complementary bipolar quint operational amplifier (op-amp), and
reduced-capacitance circuit design with an innovative interconnec-
tion technique. The techniques used to minimize crosstalk between
the filter sections are also described and performance data is pre-
sented. The evolution of thin-film filters for Bell System pcM systems
is also briefly reviewed.

. INTRODUCTION

The first major Bell System application of resistor-capacitor (rc)
active filters was in the D3 channel bank. These filters were fabricated
using tantalum thin-film resistors and capacitors' and beam-leaded
silicon integrated circuit (sic) operational amplifiers. They have been
manufactured since 1971. Evolution of the technology has reduced the
cost, size, and power of these filters and has expanded their application
to other systems. The filters are currently being used in D3, D4, DCT,

2815



SLC*-96 subscriber loop carrier, LT1, and several other PCM systems.
This article briefly reviews the history and application of these filters
in pcM systems and describes the latest design: a dual filter fabricated
for single in-line package (sIP) mounting.

Most pcM systems that encode and decode a voice-frequency (VF)
signal require two filters for each channel. A simplified view of the D4
channel bank is shown in Fig. 1. A filter is required to band limit the
signal before it is encoded to avoid aliasing from the 8-kHz sampling
rate. This is often called the transmit filter. Another filter, called the
receive filter, reconstructs or smooths the output from the decoder.
Similar filters are required if per-channel coders-decoders (CODECS)
are used. )

The typical transmit-end and receive-end four-wire response limits
for the transmit and receive filters are shown in Figs. 2 and 3, respec-
tively. Since there are other sources of channel-frequency shaping,
somewhat tighter limits are applied to the filters alone. Manufacturing
yield is high enough that separate designs for the wider two-wire
frequency response limits are not needed. The transmit filter must
provide gain, 60-Hz rejection, and proper termination for the hybrid
transformer. The receive filter must correct for the sin x/x frequency
response of the decoder. (Figure 3 shows the total response of the
receive filter, including sampling effects.) The exact amount of correc-
tion depends on the decoder and whether a shared or per-channel
approach is being used. The receive filter must also properly terminate
the hybrid integrated circuit (#1c) and provide enough signal power to
the line through the Hic. Both filters must have low-noise and low-
distortion levels. For D3 and D4 applications the gain at 1 kHz is held
to +0.035 dB for each filter to avoid any gain adjustments on the
channel unit.

Figure 4 shows how the filters have evolved in the past decade. In
the earlier designs the transmit and receive filters were individually
packaged. In the latest design the transmit and receive filters are on
the same substrate. Innovations in circuit design, silicon integrated
circuit design, and thin-film technology have steadily reduced the cost
of the filters (in spite of inflation).

The earliest designs® used 125-ym minimum thin-film feature size,
100-ohms-per-square resistors adjusted by anodization, a twin-T cir-
cuit*® that required two separate tuning procedures, and individual
beam-leaded operation amplifiers. Thin-film components were used
for frequency compensation of the amplifiers.

In 1977, the circuit size was reduced by using 300-ohms-per-square
laser-adjusted thin-film resistors and 50-um lines realized in a dual in-

* Trademark of Western Electric.

2816 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1982



DIGITAL DIGITAL
PULSE STREAM PULSE STREAM
T0 FROM
PCM LINE PCM LINE

CHANNEL
NO. 1

CHANNEL
NO.1

TOTAL OF
24 CHANNELS

TOTAL OF
24 CHANNELS

TRANSMIT

|
// F gf\L'fr%;‘UM'T'NG RECEIVE N\
/ RECONSTRUCTION \
(_/ FILTER \
/ SIP FILTER .

HYBRID
TRANS-
FORMER

VOICE FREQUENCY
SIGNAL

Fig. 1—pPcM channel bank.

line package (D1P) format. A lower sensitivity circuit design, improved
stability capacitors,” and an improved tuning algorithm® increased
yields and reduced tuning time and cost. The individual beam-leaded
operational amplifiers used internal frequency compensation. The
same transmit and receive filter film-integrated-circuit layouts were
used for all applications. However, they were tuned to somewhat
different values for the different applications.

The latest design uses a s1P configuration for vertical mounting and
it will be referred to as the sIp filter. Because the transmit and receive
filters are packaged together, techniques to reduce crosstalk are re-
quired.

Earlier filters have many leads in addition to the few required to
connect the filter to other circuits. These are necessary because the
tuning procedure requires access to all passive components for mea-
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surement. Some filter-circuit paths must be broken to allow this. The
printed-wiring board contains interconnections to complete the filter
circuit. Also, each of the four operational amplifiers (op-amps) (two
per filter) is an individual sic. The sIP filter uses a single quint op-amp
sic that consumes 50 percent less power than the four separate op-
amps of the earlier designs. When an extra op-amp is installed, a filter
circuit with a lower total capacitance can be used. Extra paths on the
silicon replace all interconnections formerly provided by the extra Hic
leads. Only the functional sip leads are necessary, which helps size and
cost reduction.

The use of a laser-patterned resistor has significantly reduced the
size of the filter circuit.” Earlier designs used larger photolithographi-
cally produced resistor patterns. Also, a “short” RC process involving
fewer masks is being used to reduce processing costs even further.® A
more detailed description of the circuit, silicon, and thin-film design
follows.

Il. CIRCUIT DESIGN

There are many active filter circuits that can be designed to meet
pcM filter requirements. The design must be optimized for the partic-
ular manufacturing process being used. Key considerations are param-
eter values, tuning method, sensitivity, noise, and requirements on
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active devices, since these affect size, yields, process time, and perform-
ance. To take advantage of the economies of batch processing, the
filter circuit size was reduced by reducing total capacitance and im-
proving interconnection strategy.

2.1 Circuit description

Figure 5 is a schematic of the sip filter. The receive and transmit
section are described separately below.

The receive section consists of a four-capacitor input section fol-
lowed by a second-order notch section. For D4 and similar applications
the input signal is a narrow pulse amplitude modulation (pAM) signal
from the shared decoder and the demultiplexing junction field-effect
transistor (JFET) gate. The demultiplexing gate is switched at an 8-
kHz rate. Although the gate is not on the sIP filter, its effect on the
filter must be considered in the design. Consequently, the receive filter
must be designed as a periodically switched linear network. A switched
network analysis program® coupled to an optimization routine is used
for the design. The optimization procedure determines the parameter
values needed to achieve a flat pass band and the desired stop-band
rejection with the pulsed input.

In the first section, the JFET demultiplexing gate and the input
capacitor approximate a sample and hold operation for the narrow
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PAM input pulses. To minimize effects of variations of JFET device
parameters on filter gain, a third-order, low-pass section'® based upon
a second-order Sallen-and-Key low-pass section was chosen to follow
the input capacitor. While there is still some interaction between the
input capacitor and the third-order stage, this design is less sensitive
to JFET device parameters than were previous designs. The second
section is a Friend-biquadratic-notch section.!'? This section must
provide enough power to drive the line through the hybrid transformer
and present a proper termination impedance.

The design may be used with per-channel cobptcs. In this case the
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input is not sampled but sin x/x frequency-response compensation is
still required. The same ceramic circuit can be used if the input
capacitor is disconnected (laser scribed open) and slightly different
resistor values are used.

The transmit section is a cascade of three Friend-single-amplifier
sections. The first section uses additional resistors to reduce the
feedback, so-called resistive gain enhancement, and to achieve ade-
quate flat gain. The paralleled input resistor provides proper input
termination. A first-order, low-pass Rc is combined with a biquadratic
notch section to form the third section. The amplifier of the third
section must drive the sampling/multiplexing gate preceding the en-
coder, so adequate settling time with this load must be achieved. The
previous transmit design used a fifth-order section to realize a com-
bined third-order, low-frequency, high-pass section and a second-order,
higher frequency, low-pass notch. However, although the sensitivity of
this stage was adequate, a lower capacitance design could not be
achieved without increasing noise. Consequently, a 60-Hz notch section
and the low-pass notch are realized as separate sections, requiring an
additional op-amp. To further reduce total capacitance below the level
of the 1977 design, power supply bypass capacitors are omitted from
the HIC.

Pole-zero pairing, section ordering, and gain levels are chosen to
minimize noise and achieve adequate dynamic range. The designs are
less sensitive to parameter variations than previous designs and tuning
is required only to account for passive component tolerances, not for
active device parameter variations.

2.2 Tuning and interconnection

In manufacture, capacitors are allowed to vary +10 percent and
resistors must be adjusted to value in the thin-film trimming process.
Capacitor variations can be compensated for by measuring capacitors
and adjusting resistors to values calculated to achieve the desired
transfer function. Alternatively, gain measurements can be used in-
stead of resistor or capacitor measurements. However, resistor and
capacitance value measurements can be made faster than gain mea-
surements. As we mentioned in the previous section, tuning to com-
pensate for gain variations because of active device variations is not
required in the tuning process.

Individual access is required to measure each resistor and capacitor.
However, measurement access is necessary only before silicon attach-
ment. In the sip filter, the probe pads for measurement access are
internal connections rather than edge connections to reduce the size of
the layout. The shunting effect of loops of resistors in parallel with a
capacitor must be broken to allow measurement of capacitor value and
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leakage. Loops of resistors are broken to ease resistor measurement.
(Three-terminal resistance measurements can be made, but accuracy
is reduced.) After tuning the resistors, the broken loops are connected
by extra beams and associated metalization provided on the sic. The
connections made on the sic are shown in Fig. 5. The extra HIC leads
and paths required on the printed-wiring board for previous designs to
achieve measurement access are eliminated, resulting in substantial
size reduction.

To relax resistor-adjustment-accuracy requirements, a mop-up tun-
ing procedure is used.® After all capacitor values have been measured,
the value of the first resistor to be adjusted is computed and the
resistor is laser trimmed. The trimmed value is measured and is used
with capacitor values to compute the value of the second resistor to be
trimmed. Succeeding resistors are trimmed to values based on capac-
itor values and values of previously trimmed resistors to minimize the
deviation from the desired transfer function. Using this sequential
procedure, a substantial portion of the effects of resistor adjustment
tolerances can be eliminated and resistor trim tolerances can be
loosened.

Most of the circuits require only this parametric tuning. Because of
the tight 1-kHz gain requirement, a small fraction of the circuits
require an adjustment of a few resistors based on 1-kHz gain measure-
ments made after the silicon is attached.

Somewhat different filter responses are required for the various
applications of the sip filter. These can be achieved with the same
circuit if different resistor values are used. The same ceramic-film
integrated circuit (FIc) and quint op-amp SIC are used for all applica-
tions. The sIP filter is customized at the laser trim stage to tune to the
particular response desired using the appropriate tuning data. Signif-
icant economies result, since the different applications can use common
film processing and common tooling and fixtures.

lll. SIC DESIGN

3.1 Requirements

The quint op-amp sic was custom designed for use on the sip filter.
As mentioned in the previous section, additional metalization on the
sIc provides crossovers and tie-points for the Hic to reduce the number
of HIC leads. With transmit and receive filters on the same HIc, cross
talk is a concern, so techniques to minimize it are incorporated into
the design. By sharing common circuits in the op-amp current supply
and by designing peak current capability for each amplifier only as
needed, a power savings is achieved. Short-circuit protection is needed
only for the output amplifier of the transmit filter section. A power-
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shutdown option is also provided. Universal application requires op-
eration from +4.75V to £12.6V and allows for a 16V over-voltage
condition. Because of the wide bandwidth of the complementary
bipolar process, on-sic single-pole compensation achieves stability
with adequate gain.

3.2 Circuit

Figure 6 shows a quint op-amp circuit diagram. There are three op-
amps for the transmit section and two for the receive section. There is
a current source for each section and a voltage-reference and power-
shutdown circuit serving the entire sic.

The three stages of each amplifier are of simple design, made
possible by the complementary bipolar integrated circuit (cBIC) tech-
nology. This technology provides high-quality pnp transistors with
and fr similar to npn transistors on the same sic. Dominant pole
compensation brings about a 6-dB/octave gain characteristic through-
out and beyond voiceband. The approximate total voltage gain can be
shown to be

wr
AvoL = —,
w
where
Iin kT
wr cd VT = —

T oVaC

Inp is the total input stage current and C is the compensation capaci-
tance. The adjustment of Ii,, and C, within the restraint of a minimum
Avor, is made to accommodate the desired noise performance and low-
frequency voltage gain, to allow a reasonable compensation capacitor
size, and to ensure adequate gain and phase margins at high frequen-
cies. The resistor in series with the compensation capacitor puts a zero
in the transmission characteristic to compensate for a second pole near
15 MHz.

Only the output amplifier of the transmit section is directly con-
nected to an external lead. The other amplifiers have some circuit
resistance in series to limit output current. Short-circuit protection for
the output amplifier of the transmit section is provided in the standard
manner.

Each filter section is powered from a separate +V supply. There is
a common —V supply that is tied to the sic substrate. To minimize
cross talk, separate transmit-section and receive-section current
sources are used from a common zener reference. There is a “current-
mirror” circuit in the receive-section current source that guarantees,
even at low-supply voltage, a minimum zener-diode current of about
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200 pA to eliminate microplasma noise. The shunt resistor across the
“current-mirror” circuit is used for startup. The power-shutdown
circuit diverts current from the zener diode when the power-down lead
is high [transistor-transistor logic (TTL) levels]. This turns off the
current sources to disable the amplifiers.

3.3 SIC layout

A total of 20 beams is required to provide the op-amp circuit
functions of the sic. An additional 15 beams are required for crossovers
and tie points. A 36-beam sIc has enough area for devices and for the
additional metalization paths. The sic layout is shown in Fig. 7.
Superimposed on the sic is an outline dividing the area according to
function.

Electrical isolation between the transmit and receive sides of the sic
minimizes crosstalk. To assure electrical isolation the transmit and the
receive amplifiers occupy separate epitaxial tubs isolated from
each other by a region biased at the substrate potential. Separate
positive supplies bias the epitaxial tubs with respect to the substrate.
Also, the positive and negative power supply, the current sources, and
the power shutdown circuitry are placed between the transmit and
receive op-amps.

Power dissipated in the output transistors creates a thermal gradient
across the sic. The output stage of each op-amp is a Class AB
complementary-emitter follower. Of particular concern is a change in
the thermal gradient as power switches between the output transistors.
Thermal gradients affect offset voltages of the op-amp input transistors
so that changes can result in thermal feedback and thermal crosstalk
between receive and transmit amplifiers at low frequencies. A thermal-
analysis computer program was used to plan the sic layout.

3.4 Performance

Table I lists important measured amplifier parameters.

IV. HIC DESIGN
4.1 Laser-patterned resistor

A new laser-patterned resistor was developed’ to take advantage of
the smaller feature size achievable with laser machining. Line and
space widths smaller than those practical with off-contact photoli-
thography are achievable. The new resistor has the high stability of
conventionally patterned resistors and is compatible with standard rC
processes. Also, for most values, the resistor is significantly smaller
than conventional resistors.
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Fig. 7—Quint op-amp.

Figure 8 shows a typical laser-trimmed resistor from a standard
library. The pattern is etched using standard off-contact photolithog-
raphy. In the 1977 filter designs, 50-um minimum line and space widths
are used on 300-ohms-per-square Ta;N film. The resistors are adjusted

Table I—Typical amplifier characteristics

Unity gain frequency 4.5 MHz
Phase margin 70 degrees
6V 33 mW (on)
Power 4.6 mW (off)
+12V 63 mW (on)
8.1 mW (off)
Power supply rejection ratio 3uVv/vV

Isolation (Transmit to receive or VER/VET =—-130 dB
receive to transmit) ]
Noise (Input referred, R;, = 1K) C-message 0.63 nV (rms)
3-kHz Flat 0.75 uV (rms)
AAvor/AVs —0.05 dB/volt (supply)
AAvoL/AT -0.02 dB/°C
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Fig. 8—Typical standard library laser-trimmed resistor.

to value by first scribing open “loop” or “ladder” shunt connections.
Final adjustment is made by a continuous-beam laser trim."

Figure 9 shows the design of the new laser-patterned resistor. To
minimize resistance drift after laser machining, a wide-space pattern
is cut after the narrow-space pattern. The process begins on a rectan-
gular block of thermally stabilized 300-ohms-per-square Ta,N film.
About 90 percent of total resistance is realized using a laser-machined
serpentine pattern of 25-ym line and space widths followed by cleaning
and thermal stabilization. About a four-percent change in resistance is
experienced because of the stabilization of the heat-affected zone
contiguous to the laser-cut region. The resistor is now about 94 percent
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Fig. 9—Laser-patterned resistor.

of the desired value. The remaining adjustment (about six percent of
total resistance) is achieved using 100-um spacing of 25-um laser cuts.
This two-width procedure achieves resistor stability equal to conven-

tional resistors.

In Figure 10 the areas required for the laser-patterned resistor and
conventional resistor are compared. Savings of a factor of 1.5 for high

values (700 kilohms) to 5 for low values (<5 kilohms) are evident.

LASER-TRIMMED RESISTOR LIBRARY
{LOOP, LADDER, CONTINUQUS-TRIM STRUCTURES)

]07 -

LASER-PATTERNED RESISTORS
{NEAR-UNITY ASPECT RATIO)

AREA IN SQUARE MICROMETERS

| 1

100 10! 102
RESISTANCE IN KILOHMS

Fig. 10—Comparison of resistor areas.
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4.2 Layout

Figure 11 shows the HIc with the quint op-amp mounted and leads
attached, but without encapsulation applied. As previously mentioned,
a large size reduction was achieved by reducing total circuit capaci-
tance, and by using interior probe points, the laser-patterned resistor
and sic beams and metalization for tie points and crossovers. These
allowed both transmit and receive sections to be realized on a single
substrate equal to the size of just the previous transmit filter Hic.

Since only ten external leads are required, a single in-line package
(s1p) format can be used to reduce the printed-wiring-board footprint.
A new lead was designed for sip mounting. Extensive shock and
vibration evaluations were performed to verify mechanical integrity
and stability of proposed and final lead designs. For a few applications,
height restrictions preclude sip mounting. Provision is made for two
additional leads to be attached to the corners of the side opposite the
functional leads. Instead of sip leads, pIP leads are used and two
additional DIP leads are attached to these opposite corners of the Hic
to allow horizontal mounting.

To minimize crosstalk between transmit and receive sections, the
most sensitive circuit nodes were identified and were separated as
much as possible from high-signal amplitude nodes. A wide path,
connected to —V, bisects the circuit to provide an electrostatic shield
separating transmit and receive sections.

V. PERFORMANCE

Table II summarizes the important sip-filter characteristics. The
composite characteristics of the two 1977 designs are also listed for

Fig. 11—sip filter.
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Table lIl—siP filter performance

1977 Design SIP
R 1.7 X 10° ohms 1.9 X 10° ohms
3C Circuit 47 nF 24 nF
Bypass 19 nF 0
Power +12V 120 mW 63 mW
+5V — 30 mW
Size 0.6- by 1-in pIP 0.6- by 1.3-in sIp
0.6- by 1.3-in DIP
Distortion (typ) <—60 dB <-60 dB
(1 kHz, 3 dBm0)
Noise (Output) Receive <0 dBmC <-—1dBrnC
Transmit <8 dBrn (15-kHz < 4 dBrn (15-kHz
flat) flat)
1 kHz gain +0.035 dB +0.035 dB

comparison. Figure 12 is a plot of measurements of the transmit
portion of a sample of 50 s1p filters. The MIN, MEAN, and MAX lines
are the minimum, mean, and maximum, respectively, of the ensemble
of loss measurements. They do not necessarily represent the response
of any one sample. Figure 13 plots the crosstalk performance between
transmit and receive sections, referenced to equi-level points in the D4
channel unit. (For D4, the level at the input to the transmit section is
12.5 dB lower than the level at the output of the receive section.) Also
plotted is the D4 channel-unit requirement, showing that the contri-
bution from the sIP filter is not significant. .

0.25

0.20

\
|

v 0.10H
-
w
©
2
a 005
z MEAN~_ _—MINIMUM
v v
w
S o
005 S~ MAXIMUM
-0.10
N
MMmETET®TT AAANNANA AN NN ANNNNNAANAAAANAANNAANANNNANNNNNNN
-7 SN N NN IR NN ENN N BN N S S| | I |

1000

2000
FREQUENCY IN HERTZ

3000

Fig. 12—Ensemble characteristics of measured sIP transmit sections.
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These results, supported by extensive Monte-Carlo analysis and by
high-volume production results, show that the s1p filter easily meets
D-type channel bank requirements.

VI. SUMMARY

The design and performance of a new dual thin-film active filter for
PCM channel banks has been described. Synergistic-circuit, thin-film,
and silicon technology innovations have resulted in significant size,
power, and cost reductions with performance improvements.
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ACRONYMS AND ABBREVIATIONS

2FX0/GT

4EM
ACO
ACU
A/D
AGC
ALM DET
ALM DISAB
ALM
ANI
APD
ARFAL
ARPCM
AR
ATPAM
ATPCM
AY
B6ZS
BIL
BOC
BRFAL
BRPCM
BRPCM
BTPAM
CAD
CBIC
CCIS
CGA
CH
CMOS
CO
CODEC
COoT
CSU
CTU
CU SIM
CU
CUT
D4MB
DAC
DACS

Two-wire Foreign Exchange Office End with Gain
Transfer Unit

four-wire E and M

alarm cutoff

alarm control unit

analog-to-digital

automatic gain control

alarm detector

alarm disable

alarm

automatic number identification
avalanche photodiode

digroup A frame alarm

digroup A receive pulse code modulation
red alarm

digroup A transmit pulse amplitude modulation
digroup A pulse code modulation

yellow alarm

binary six zero substitution

buried injector logic

Bell operating company

digroup B frame alarm

digroup B pulse code modulation
digroup B receive pulse code modulation
digroup B pulse amplitude modulation
computer-aided design

complementary bipolar integrated circuit
common-channel interoffice signaling
carrier group alarm

channel

complementary metal oxide semiconductor
central office

coder-decoder

central office terminal

channel service unit

channel test unit

channel-unit simulator

channel unit

channel under test

D4 Maintenance Bank

digital-to-analog converter

digital access and cross-connect system

2835



D/A digital-to-analog

dBrnC0 dB above reference noise, measured with C-message
weighting at 0 transmission level point

dBTL decibels-transmission level

DCLK destuffed clock

DDS Digital Data System

DEMUX demultiplexer

DF distribution frame

DIF digital interface frame

DIP dual in-line package

DLU data link unit

DS1 digital signal one

DSo digital signal zero

DSA digital serving area

DSU data service unit

EBES Electron-Beam Exposure System

EEE electronic equipment enclosure

EFS error-free seconds

EIA Electronic Industries Association

EQL equalizer

ESS electronic switching system.

FET field-effect transistor

FF flip-flop

FL fault locate

FL/OW fault locate/order wire

FS signaling, frame signal pattern

FT terminal frame signal pattern

HIC hybrid integrated circuit

IC integrated-circuit

IIL (I?L) integrated injection logic

ITS integrated timing supply

JFET junction field-effect transistor

LB loopback code

LBO line build-out network

LCIE lightguide cable interconnection equipment

LC inductor-capacitor

LCLK loop clock

LED light-emitting diode

LIU line interface unit

LL line loop

LOSP loss of pulse code modulation

LPCM loop pulse code modulation

LPF low-pass filter

LSB least significant bit
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LSI
LSL
LSU
LT
LTS
MB ALM
MBTS
MC
MCLK
MEM
MLT
MON
MOS
MTS
MUX
NEBS
NMOS
NRZ
NTS
OCUDP
oCU
OIU
OOF
ORU
(O
OTU
PAM
PCM
PCU
PDU
PGTC
PLL
PMOS
POTS
RCLK
RCLK
RC
RFA
RFB
RNB2
RNPCM
RPAM
RPCM
RT

large-scale integration

logic simulation language

line switching unit

loop terminal

local timing supply

maintenance bank alarm unit
maintenance bank test sets
multichannel

multiplexer clock

memory

mechanized loop testing

monitor

metal oxide semiconductor
Message Telephone Service
multiplexer

New Equipment Building System
n-channel MOS

nonreturn to zero

nodal timing supply

office channel unit dataport
office channel unit

office interface unit

out-of-frame

office receiving unit

out of service

office transmitting unit

pulse amplitude modulation
pulse code modulation

power converter unit

power distribution unit

Pair Gain Test Controller
phase-locked loop

p-channel MOS

plain old telephone service

read clock

receive clock

resistor-capacitor

receive frame signal for digroup A
receive frame signal for digroup B
receive, negated bit 2

receive, negated pulse code modulation
receive pulse amplitude modulation
receive pulse code modulation
remote terminal
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RTV room temperature vulcanization

RU receive unit

SBC standard buried collector

SCC switching control center

S/D signal-to-distortion

SDPO 2-wire sleeve dial pulse originating
SIC silicon integrated circuit

SIP single in-line package

SMAS Switched Maintenance Access System
SR stuff request

SS1 small-scale integration

SS special service

STAR standard tantalum active resonator
STC serving test center

STS secondary timing supply

SUM summing

SU synchronizing-desynchronizing unit
syndes synchronizing-desynchronizing
T1FP T1DM framing pattern

T6CLK transmit 6-megahertz clock

TAU time assignment unit

TCLK transmit clock

TED transmission equipment DIP
TNEN transmit, negated enable

TOGA transmit outgoing alarm

TPAM transmit pulse amplitude modulation
TPCM transmit pulse code modulation
TPD trunk processing delayed

TPM trunk processed memory

TP trunk processing

TPU trunk processing unit

TPW trunk processing wink

TRU transmit/receive unit

TSI time-slot interchanger

TTL transitor-transitor logic

TU transmit unit

UTE unitized bay

vVCO voltage-controlled oscillator

VCXO0 voltage-controlled crystal oscillator
VFDT voice-frequency detector

VF voice frequency

X0 crystal oscillator

ZS Zero suppression
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