






























































































































































































































































































































































































































































































































































































































































































































































































































































Fig. 16—Main-station E2 equalizer.

pair of tubes, with the first line bay being the protection bay and the
second the first regular bay.

3.2 Terminal equipment
3.2.1 Jumbogroup multiplex bay

The final step of multiplexing required to stack jumbogroup (3G)
signals for transmission over the L5 coaxial line is accomplished by
the jumbogroup multiplex® (smx). The sux is a completely solid-state
multiplex that utilizes thin-film hybrid-integrated circuit (mic) ele-
ments contained in modular plug-in assemblies. The smMx equipment
is mounted on a unitized bay framework shown in Fig. 18, 11 feet,
6 inches high by 52 inches wide by 15 inches deep. A complete bay
accommodates a maximum of three transmitting and receiving jumbo-
groups. Jumbogroup multiplex designs are also available in 10-foot
6-inch, 9-foot, and 7-foot bay heights to meet the needs of telephone
offices with lower ceilings.

The smx is a completely shop-assembled, shop-wired, and shop-
tested bay. It contains transmission, shaping, regulating, patching,
logie, alarm, carrier supply, and dec-to-de converter equipment and,
since 3600 voice circuits could be affected by a service interruption,
automatic protection switching is also provided for each jumbogroup.

Jumbogroup multiplex bays are generally located in the maintenance
aisle of a central office or main station where a minimum aisle spacing
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of 4 feet, 6 inches is required to permit the use of rolling test consoles
without restricting the operating personnel. Since this area is a center
of office activity, a good appearance, without significantly increasing
the cost, was considered a design objective.

The bay cabling consisting mainly of office-type coaxial cable is
carefully segregated, primarily to minimize crosstalk and secondarily
to facilitate installation and shop wiring. Transmitting cables are con-
tained in the left-hand cable duct and receiving in the right-hand duet,

Fig. 17—L5 bay line-up.
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Fig. 18—Jumbogroup multiplex bay.
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and, with few exceptions, all other wiring and cabling is confined to the
center duct. Office cable connections to the bay are made through
connectorized cables located at the top of the bay, making it unneces-
sary for the installer to enter the cable ducts.

The basic building block of the smx bay is the jumbogroup shelf
assembly shown in Fig. 19, which contains the modular plug-in units.
For example, the receiving shelf contains the regulator, equalizer,
demodulator, de-emphasis, transmission protection switch, logic
switeh control, and jack field. The framework and module construc-
tion for the transmitting side is the same.

Since all equipment modules performing similar functions are the
same physical size, a variety of bay configurations can easily be ac-
commodated. For instance, at a typical end office, the smx bay with
jumbogroups 1, 2, and 3 could be provided, whereas at intermediate
stations the bay could contain all jumbogroups 1, 2, or 3 or any com-
bination of jumbogroups 1, 2, or 3 up to the bay capacity of three.

Fig. 19—Jumbogroup shelf assembly.
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A lattice-type lightweight aluminum construction is used for the
jumbogroup shelf to optimize the strength-to-weight ratio and vir-
tually eliminate shelf deflection under load. To avoid scraping when
the aluminum modules are inserted in or removed from the shelf, a
low-friction tape is bonded to the load-bearing surface.

Each transmitting and receiving shelf assembly contains a built-in
jack field for jumbogroup patching or testing. To facilitate main-
tenance, a functional schematic diagram is provided directly above the
actual jack location. The jack field is recessed to minimize the pos-
sibility of a circuit patch plug accidentally being removed or damaged,
thereby causing a service interruption. To aid the craftsperson in
identifying jumbogroup equipment with its associated jack field, each
jumbogroup position is framed with a colored plastic strip. Each of the
three jumbogroup bay positions is identified with a different color.
Matching color route assignment cards covered with glare-resistant
plastic are also provided.

Directly above the writing shelves is a miscellaneous panel that
provides access to office trunks, alarm cutoff switches, and indicators
and the means for simultaneously testing all lamps in the bay. In the
present bay, incandescent lamps are used for alarm indications; how-
ever, in the very near future, these will be replaced by light-emitting
diodes (LED).

Modules are inserted from the front of the bay and held by a captive
screw in the rear of the shelf. These units are essentially plug-in, with-
out fixed mating connectors on the shelves. In this way, tolerance
problems associated with mating connectors are avoided. Most as-
semblies are contained in 10-inch wide by 4-inch high by 12-inch deep
aluminum modules, as shown in Fig. 20. Coaxial and pin connectors
are provided at the rear for transmission and power connections.

Filters, amplifiers, and other types of apparatus have been mounted
in separate housings for shielding, to facilitate manufacture and test-
ing, and for efficient field repair. Interconnections within the modules
are made by miniature coaxial cables.

During the development of the suMx and other L5 main-station
equipment, it became apparent that there was a need for a family of
very small amplifiers. To meet this need, the 509-, 510-, 511-, and
512-series of Hic amplifier codes were developed. More than 230 of
these amplifiers are in a fully equipped sumx bay. The outside dimen-
sions of the amplifiers are 2.75 by 1.5 by 2 inches high. Input and out-
put connections are made through miniature 75-ohm coaxial connec-
tors. The circuitry of the amplifiers is a HIc with some components
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Fig. 20—jsmx modules.

appliqued, such as transistors, inductors, or chip-capacitors. Special
ground terminals are swaged into the chassis to ensure effective
grounding.

Considerable care was taken to limit the mechanical stresses be-
tween the ceramic substrate and the chassis. For example, all connec-
tions are made with soft gold-coated copper ribbon wire, looped to
allow slight mechanical movement of the substrate during thermal and
mechanical shock. As shown in Fig. 21, the substrate is mounted by
fitting the ends with silicone rubber gaskets and supporting them at
opposite ends of the chassis with adjustable aluminum blocks. To
efficiently conduct heat from the transistor, a spring-loaded heat sink
described earlier connects the transistor mounted on the substrate
directly to the cover of the amplifier.

As part of the overall smx development, a complete thermal analysis
of the bay was performed. Where possible, units dissipating the most
power were arranged in the bay to avoid hot spots. A 4-inch space is
provided for each jumbogroup shelf through the recessed jack field for
a front-to-rear air flow. Temperature measurements indicate a 55°F
maximum gradient between a transistor case in the Jjux and room
temperature. The complete thermal analysis shows that, even under
the worst condition, the equipment in the bay is well within the
temperature limits necessary for reliable performance.

The 24-volt power for the smx is supplied by the office power plant
over two separate feeders to the 24-volt to 25-volt regulated converters.
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RUBBER GASKETS

LEADED COMPONENT SIDE : FILM CIRCUIT SIDE
Fig. 21—m1c amplifier.

The feeder-converter assignments have been arranged so that the loss
of a feeder or a single converter will not result in a loss of service.

3.2.2 Basic jumbogroup trunk bay

The interface between smx and the lesser units in the multiplex
hierarchy is the basic jumbogroup trunk bay” (8saet). This bay offers
a very high degree of flexibility for the user in that it is designed to
allow a maximum of four inputs per jumbogroup and to include designs
for inputting radio signals, L-carrier mastergroup digital (Lmp) signals,
L4 coaxial-carrier system signals, etc. The active circuits are re-
dundant and are packaged in pull-out drawers and fixed shelves.
The combinations of circuits available are so numerous that normal
bay coding or even normal panel coding is virtually impossible.
Only typical bay layouts are offered as a guide for ordering, and the
specific short- and long-range requirements of an office dictate the
composition of any BiaT shipped from the factory. Intra-bay cabling
is laid out to accommodate multi-input options and suggested bay
layouts allow space for modular future growth.

2178 THE BELL SYSTEM TECHNICAL JOURNAL, DECEMBER 1974



3.2.3 Jumbogroup frequency supply

The jumbogroup frequency supply (srs) furnishes three highly
reliable and precise signals to the JmMx to generate the necessary car-
riers.® These signals, at frequencies of 1.024, 2.560, and 20.48 MHz,
have an accuracy well within the one part in 108 requirement imposed
by the sux. This accuracy is realized by comparison with a reference
signal from a primary frequency source; however, even if the reference
signal is lost for several weeks, the inherent stability of the srs will
maintain the required accuracy.

The Jrs, shown in Fig. 22, is mounted in a unitized double 9-foot
high framework. A front aisle is required for normal maintenance and
a rear aisle for installation wiring. Since the number of JFs bays re-
quired for coaxial systems is relatively low, the 9-foot bay arrange-
ment is provided for use in current design of main stations. A 7-foot
version of JFs is also available for future offices with the lower ceiling
height.

The srs is a fully shop-assembled, shop-wired, and shop-tested bay.
It also is completely solid-state, utilizing digital and thin-film hybrid-
integrated circuit (mic) technology. The most important design ob-
jectives were precision and high reliability. To accomplish this, very
stable oven-controlled 39-type oscillators and one-for-one redundancy
automatically switched are employed.

The jumbogroup frequency generator (3rg) is the basic building
block of the sFs bay, and the 39-type oscillators are the heart of the
JFe. Each JFs contains three Jra’s (master, regular, and standby).
The master Jra serves as a buffer between the reference signal and
both the regular and standby Jra’s, thereby keeping the srs output
relatively immune from loss and/or disturbance of the reference signal.
As shown in Fig. 23, an integral part of the sra is the alarm display
panel, which indicates whether the sra is operating as the master,
in-service, or idle. It also indicates frequency offset, level failure, and
the frequency alarms. Test access points are provided for measuring
the 25-volt, 6-volt, and 5-volt power.

The sra patch panel provides patching facilities not only to remove
a failed sra from service but to rearrange the sra’s by function (master,
regular, standby) to realize the best use of the remaining two. When a
JFG is removed from service, the protection switching logic must be
restructured to accommodate rearrangement of jrg functions. This is
accomplished by operating the sra “out-of-service’” switch on the alarm
and switch control panel when the patching has been completed. The
faceplate of the sre patch panel is a schematic block diagram with
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Fig. 22—Jumbogroup frequency supply bay.

appropriately positioned jacks interconnected with color-coded paths
to indicate the placement of patch plugs for the sra, master, regular,
or standby failure conditions. As in the smx, the panel is recessed to
prevent damage and possible circuit interruption.
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The control center for the sFs is the alarm and switch control panel.
It is a visual continuation of the patch panel schematic block diagram
and contains the level detectors and coaxial switch and the logic
required for the alarm and switch functions.

Fig. 23—Jumbogroup frequency generator and patch panel.
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Fig. 24—yrs alarm and switch control logic.

Most plug-in units in the Jrs follow the general main-station equip-
ment format; however, to meet very stringent circuit requirements, a
multilayer printed wiring board was used for the logic I unit shown in
Fig. 24 and the logic IT and sra alarm units. The logic I printed wiring
board consists of four layers; the first two layers contain the signal
circuitry, the third a ground plane, and the fourth the power wiring.
This board contains over fifty integrated circuit packs and discrete
components. Connections are made through four multipin connectors
mated to the gold tabs provided on the board.

The complete power converter panels are provided, one per Jre.
Each converter receives power from a separate office feeder lead. This
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ensures that, even if a feeder is accidently damaged or a main fuse
operates, the Jrs will continue in service.

3.3 Surveillance equipment

The L5 surveillance® physical designs cover the widest cross section
of types of equipment, ranging from the pure functional types located
in manholes to the sophisticated equipment located in the center of
activity in a control terminal or terminal-main station. In addition to
being influenced by functional design considerations, the latter type
of equipment was strongly influenced by human-engineering design
considerations and, since it is constantly in the forefront and under
scrutiny, was designed to have an aesthetically pleasing appearance.
While the repeaters may be the heart of the L5 system, the trans-
mission surveillance system (TSs) equipment is its nervous system,
feeding back information on the health and well-being of the system.

3.3.1 Fault-location oscillator and logic gate

The fault-location oscillator (FLo) unit and the 31A gate are the
manhole-mounted units of the Tss. A rLo unit is installed in every ap-
paratus case, a unit with eight outputs located centrally in a basic
repeater apparatus case (see Fig. 2, Section 1.1) and a unit with four
outputs for use with regulating and equalizing repeaters. The FLo is a
rugged unit made up of an inner chassis and an outer, fabricated,
shell-like housing. The inner chassis supports the face plate and con-
tains the four tone generators (two high frequency, two low frequency),
the combining circuitry, and the coaxial switches and associated logic
circuitry to turn on the unit. Connections within the unit are made
with miniature coaxial connectors and connections for the tone out-
puts are by way of large Bell System coaxial jacks located in the face
plate. The coaxial patch cords used to connect the FLo tone outputs to
the input and output of every repeater (through the twin coaxial-jack
assemblies located on the apparatus case chassis) are shipped with the
apparatus case and provide continuity through the apparatus case for
cable acceptance and corona testing. For this reason, the cords are
required to be high-voltage designs, even though they are primarily
intended to be used at low voltage. The protective, outer covering of
the FLo unit consists of a long, thin-walled, rectangular, aluminum
housing closed at one end, where it is welded to a rugged, cast, mounting
base. This base holds the multicontact connector for input power and
logic connections, and contains the large retainer guides that mate
with the retainer pins on the apparatus case chassis.
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The 31A gate, the logic unit for the rFLo’s, is used on a one-per-
manhole basis and is located in the cross-connect apparatus case
(Section 1.1). It consists of a large epoxy-glass PwB assembly housed in
a sheet-metal, fabricated can mounted on a hinged shelf that swings
out to allow access to wire terminals and protector blocks inside the
cross-connect apparatus case.

3.3.2 Line access bay

Rectifiers used to power the rrLo units and control circuitry for the
FLO units are located in the main station in the line access bay that
serves as the interface between the line and the surveillance® equipment.
Connections to the surveyed functions in the line bays are made with
solid-dielectric, coaxial-cable runs to the line access bay where pro-
visions are made to store the excess cable created by the requirement
for equal-length, balanced connections. Switched access to the line
bays is provided by 1-by-12 dry-reed coaxial switches mounted on a
panel together with installer-wired arrays of coaxial jacks located on
jack strips designed to be removable from the panel for easy access.
“Hairpin-type” plugs are used for interconnections, and the entire
panel is recessed behind the bay uprights to protect the plugs from
inadvertent disconnects. The recessing is evident in Fig. 17, where the
line access bay appears as the third bay in the lineup. The lower part
of the bay contains the order-wire-access panel followed by several
fixed shelves containing cable equalizers. The last element in the bay
is a removable drawer-type storage shelf for the equalizer adjustment
unit (EAU) described below.

3.3.3 Surveillance and distribution

The transmission surveillance system is made up of the transmission
surveillance center (Tsc) and distribution bay combination for control
offices along an L5 backbone route and the transmission surveillance
auxiliary (Tsa) for other than control main stations.

The Tsc is a large desk-type console that houses, in its sides, a
commercial computer, a transmission measuring test set, and associated
equipment. The central portion of the console contains the manual
control panel that displays an array of keys and status indicators within
.convenient reach of an operator. The Tsa is virtually a Tsc without the
computer and is a standard 26-inch wide unequal flange duct-type bay.

Conduction and natural convection were inadequate to transfer heat
from the thermal sources within the Tsc. To avoid local hot spots,
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forced convection is required, and a fan is installed as part of the Tsc
equipment.

3.4 Peripheral equipment

Associated with a project of the magnitude of an L5 system is a
whole series of peripheral items of equipment too numerous to cover in
full detail here but of obvious importance to the system and its
workings.

Order-wire bays have been coded and, for the first time, make
convenient mounting arrangements available to the field where,
heretofore, only miscellaneously mountable equipment was provided.
In addition, connectorized versions of these bays have been designed
to avoid difficulties encountered during the L5 initial installation to
accomplish the myriad wiring connections for complete order-wire
fan-out in an office.

Multi-mastergroup restoration and zero-loss trunk bay designs in-
volve the use of inexpensive ‘‘pseudo-plug-in” construction where
simple modules are arranged on a shelf and connected at the rear of
the bay with jack-terminated cable arms that are part of the bay
wire harness.

Because of the relative inaccessibility of repeaters in manholes and
the expense involved in entering a manhole, repeaters that are fully
tested before leaving the factory are again tested at field maintenance
centers before being dispatched to the manholes. For this purpose, a
special repeater test stand and associated warm-up rack were designed
for repeater acceptance testing. The test stand simulates the apparatus
case chassis details, which make provisions for mounting the L5 man-
hole plug-in units for verification prior to installation. The verification
procedure is speeded up by pre-heating the repeaters on the warm-up
rack, which is comprised of five mounting panels, each of which can
hold two basic repeaters or one regulating repeater, yielding a total
capacity of ten basic or five regulating repeaters. The same retainer
guide pins that are part of the apparatus case chassis are used to secure
the repeaters on the warm-up rack panels. Powering is by a commercial
power supply, and the entire unit is mounted on casters for additional
flexibility in those offices designated as maintenance centers.

Required settings on manually adjustable E1 and E2 equalizers are
made using the equalizer adjustment unit (EaU) designed as a compact,
lightweight, portable test set (see Fig. 25). The unit uses PwB plug-in
modules, is designed for ease of assembly, offers accessibility for main-
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Fig. 25—Equalizer adjustment unit.

tenance, and is stored in the pull-out drawer at the bottom of the line
access bay.

IV. RELIABILITY

With the Bell System providing the major long-haul communica-
tions networks for the country, Bell Laboratories designs have always
been motivated toward reliability. Systems like the J- and K-carrier
systems designed in the 1930’s and installed in the 1940’s are still
providing reliable service. These systems, however, were limited to
transmitting 12 two-way telephone conversations over a cable pair,
whereas the new L5 carrier system transmits 10,800 conversations per
coaxial pair and 108,000 conversations on a fully loaded 22-tube
coaxial cable. To accomplish this, new more sophisticated technology
was required and to complement this effort a more definitive reliability
program was initiated.

We define reliability as ensuring that a given component, equipment,
or system will perform a required function, under stated conditions
for a needed period of time.

This comprehensive reliability program was instituted almost from
the start of the L5 carrier system development and has been proceeding
concurrently with it. This overall program covered the following
nine functional steps, some of which must still be completed and, there-
fore, will not be part of this report:

(%) Derive early estimates of equipment and system failure rates,
mean time to failure (MTTF), and availability.
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(4t) Monitor the actual laboratory prototype experience.
(771) Analyze field-trial production experience.
(2v) Acquire and analyze actual field-trial data.
(v) Review and revise, if required, early estimates based on
laboratory and field-trial experience.
(v) Monitor the Western Electric manufacturing and installation
initial route experience.
(v77) Conduct a full-scale reliability study of the initial service
route.
(v#72) On a continuing basis, obtain and analyze data on all L5 units
returned for repair.
(iz) Conduct a reliability study on a subsequent route, installed
about two years after the initial route.

The purpose and objectives of this program are to obtain accurate
data on the reliability performance of the L5 carrier system as early
as possible, to aid in formulating the early system design concepts, to
uncover potential problem areas so that corrective action can be
expedited before the first system is turned up for service, to compare
the actual system reliability performance with the early estimates, and
to review the reasons for any major differences, so that more accurate
estimates can be made on future systems.

Very early in the development program, a reliability study of the
L5 system design was made. As a first step, “black box” failure rate
estimates were made on all the repeaters and equipment units. While
it is impossible to predict for any individual electronics part either its
life or its rate of degradation under known stress, it is possible to treat
large populations of such parts on a probabilistic basis with acceptable
results. These results can then be related to the statistical behavior of
the system. The “black box’ failure rates were calculated by summing
the failure rates of the components and parts. The component rates
used were based on experience in well-defined systems, operating under
normal Bell System conditions and environment. For new devices or
technology with little or no previous experience, estimated failure rates
were derived after consultation with the device or component designers.
In these cases, the rates reflected a very conservative estimate.

Using the basic repeater which is the most numerous and least
sophisticated of the line repeaters as an example, it was estimated that
the failure rate would be about 900 ri1’s, with a FiT defined as one
failure expected or experienced in 10° hours of service. This results in
an estimated MTTF of over 125 years for each basic repeater. The
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regulating, equalizing, and main-station repeaters being substantially
more complex have shorter MTTF estimates.

To obtain overall estimates, two basic system models were selected.
Both were 4000 miles long and employed automatic protection
switching for the coaxial tubes. In one case, the calculations were based
on switching section lengths at a maximum of 150 miles and, for the
second, a nominal 120-mile spacing was used, based on the L4 coaxial-
system route layout experience. There were some obvious trade-offs in
the two models selected. For instance, using the maximum length
section resulted in more line repeaters per switching section ; however,
in a 4000-mile route the number of main stations are reduced from
33 in a route with normal switching section lengths to 27 for the
maximum length sections.

An important consideration in the system availability estimates is
the average time to repair or restore service. Since it was difficult to
arrive at a time that was acceptable, calculations were made based on
optimistic and pessimistic restoral times. The optimistic times were
defined as an average of 15 minutes for main-station equipment
and three hours for manhole equipment, and the pessimistic times as
three hours for main-station equipment and six hours for manhole
equipment. Recent data on the service restorals for existing coaxial
systems show that the average repair times actually being experienced
are very close to the optimistic figures.

It is estimated that, for a pair of coaxial tubes in a fully equipped
22-tube cable, with a 1-for-10 automatically switched redundancy, the
availability of the electronics and switching contained in a 4000-mile
route using the optimistic restoral times would be 99.986 percent for
an average outage time of about 1 hour and 15 minutes per year. If
the pessimistic repair times are assumed for the same system, the
availability would be 99.948 percent per year for an average of about
4.5 hours per year outage.

One very early system question was whether, with double the
number of repeaters in a L5 switching section as compared with the
L4 system, the ratio of one spare coaxial automatically protecting ten
working coaxials was adequate to ensure reliable service. Availability
calculations were made on the system model with 120-mile switching
sections and optimistic repair times employing 1-for-10 and 2-for-9
protection ratios. With the 2-for-9 arrangement, the probability of
three simultaneous failures in a switching section was remote; how-
ever, the estimated outage attributable to the more sophisticated
switching system resulted in outage times for both strategies being
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relatively close. Based on previous experience, cable failures constitute
a greater outage hazard in terms of system unavailability than do the
electronics. Therefore, using additional coaxials within the same cables
as protection for most cable faults would be counter-productive.
Taking into account these factors and the revenue lost by dedicating
a second coaxial for protection, the 1-for-10 protection ratio was con-
tinued for the L5 system.

The field trial of the L5 carrier system started on July 1, 1970 and
continued through June 1972 on a 125-mile cable route between
Cedarbrook and Netcong, N. J., shown in Fig. 26. The purpose of the
field trial was to test the L5 as a complete system operating in the
field environment before going into full-scale production and regular
service. The 240 basic repeaters and 48 regulating repeaters required
for the trial were constructed by Western Electric on a special basis
because the quantities exceeded Bell Laboratories model shop capa-
bilities. Since problems in the field can often be anticipated from
experience gained during manufacture, a data acquisition program was
initiated by Western Electric for the field trial equipment and, even-
tually, standard production.

A reliability study was made on the performance of the field trial
route. This was intended as prelude to a study of the initial L5
service route between Lillyville, Pa. and Hillsboro, Mo. Data were
collected on all failures of equipment and all system outages. A
thorough investigation was made on any units that failed. A case in
point was the failure of a basic repeater traced to the earth-ground
filter. After further analysis, including the X-ray photograph shown
in Fig. 27, it was found that high-voltage shorting was caused by a
capacitor unit assembled off-center without outer insulating material.
To prevent this in the future, high-voltage test screening was specified
and tighter quality controls were instituted by the supplier. Failure
rate calculations were made based on the field data; however, it was
recognized that the population was small, the equipment was not
from standard production, and, because of the level of field activity,
it was difficult to keep accurate data on every single occurrence.

Our experience with previous systems such as the L4 coaxial system
and the L5 field trial pointed out the need for even greater emphasis
on obtaining accurate data on the manufacturing testing results, the
initial defect rates in the field, the infant mortality rates (the infant
mortality period is defined as the first six months of service), and,
finally, the steady-state system reliability performance more commonly
known as the normal use period of the “bathtub’ curve. To accomplish
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Fig. 26—L5 field trial route.
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Fig. 27—X-ray of earth-ground filter.

this, an elaborate data collection program was initiated. Subunits such
as coded amplifiers and even HIc substrates were serial-numbered.
Special envelopes and data forms were attached to each unit at the
start of manufacture. As the unit was processed through the various
stages of manufacture, the test results were recorded on punched tapes
and stored in the envelopes. If components are removed at some stage,
they are stored in the envelopes and the data recorded on the forms.
When, for instance, a repeater is ready to ship, a complete pedigree
has been established for analysis and future reference. The components
removed are forwarded to the experts for analysis to determine the
failure mechanism. Through this program, we are able to detect
failure trends and initiate corrective action.

An important part of the reliability program is to establish the
initial field defect rate. In Fig. 28, a block diagram traces the pro-
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Fig. 28—1Initial L5 route returns repair-reliability program.

cedures set up to process units returned for repair. Note that a “hot
line” was established by Western Electric to expedite the replacement
of any units returned for repair so that the service schedules would be
met. When units are returned for repair, the designers are able to
participate in diagnosing the problems. Data are recorded on all
repairs, and the components removed are kept for further analysis. For
the initial route, about 3200 basic repeaters were tested and installed
in manholes. Approximately 1.5 percent were returned for all reasons.
After further testing, it was determined that about 35 percent of these
met all test requirements, resulting in a l-percent initial return rate.
On January 3, 1974, the L5 route between Lillyville and Morgan-
town, Pa., was put into regular service, and the L5 field reliability
program was started. On January 25, the section from Morgantown
to Hillsboro, Mo., was put into service, and this section was added to
the reliability study. Before the start of service, visits were made to
all offices on the route to discuss the objectives of the study and the
type of data required. During the early service period, each office is
contacted on a weekly basis to report all field problems, even those
not affecting reliability. The purpose is to get immediate feedback on
the system performance. A complete listing of all equipment in the
initial route by serial number was made so that the hours of service
necessary for availability calculation can be accurately computed.
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L5 COAXIAL SYSTEM RELIABILITY STUDY
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Fig. 20—Return data form.

A data form shown in Fig. 29 is filled out and returned to Bell
Laboratories for failures of any type, even if service was not affected,
and for the use of the spare line facilities for protection and for main-
tenance. These forms are returned to Bell Laboratories weekly for
compilation. Arrangements have been made so that complete data will
be recorded by Western Electric when the units are returned for
repair. At the time this paper was written, the system was in service
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for a very short period of time and the field data were limited ; there-
fore, no reportable results were available. This reliability study is
intended to continue for a minimum of one year.

As part of our continuing transmission system reliability program,
the general performance of the L5 system will be continually monitored
by our computer-aided reliability program (carPe), which utilizes data
received from the service centers on all units returned from any route
for repair. In addition, in about two years we intend to conduct a
reliability study similar to the one presently in operation on another
route.
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L5 SYSTEM:

Ultralinear Transistors

By F. A. D’ALTROY, R. M. JACOBS, J. M. NACCI,
and E. J. PANNER

(Manuscript received November 9, 1973)

A family of ultralinear npn transistors has been developed for use in
the L& coaxial-carrier system. These 3-GHz devices are characterized by
extremely low distortion and noise figure. The transistor comprises an
interdigitated base-emitter structure with a heavily doped base grid con-
nected to the peripheral base metal contact. The emitter contact ¢s overlaid
on the base-emitter region. Contact metallurgy consists of a platinum
silicide, titansum, platinum, and gold system. The transistor s a highly
reliable device and meets all the performance requirements of the L&
system.

. INTRODUCTION

To realize the circuit performance anticipated by raising the coaxial
carrier’s highest message frequency from the 17.5 MHz of L4 to the
60.5 MHz of L5, it was necessary to develop a new family of npn
transistors, the 76 and 77 types. The gain bandwidth product fr had
to be nominally 3,000 MHz; three-tone third-harmonic distortion
M ;g had to be less than —88 dB below 1 mW and the high-frequency
noise figure (N¥) kept below 2.4 dB at 30 mA. Power dissipation was to
be 1.7 watts, which amounted to a considerable improvement in the
state of the art.

The 76-type transistors are used in the equalizing and regulating
repeaters and the 77-type in the basic repeater. The 77’s are used as
matched pairs to lower intermodulation distortion and the noise figure.

One basic design is used to meet all of the equalizer and repeater
requirements. Six codes were developed in all, each of which was
chosen for a specific purpose, such as low noise for the input stage of
the basic repeater, and low distortion for the output stage. Typical
characteristics for two codes are given in Table L.
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Table |

77E Typical 77D Typical
V(r)cEO 20 23V
hrE 100 90
fr 2200 3000 MHz
NF 2.2 2.7dB
Cop 3.6 3.6 pF
M;g —90 dB

1I. STRUCTURE

Some early studies indicated that of the common geometries of
power transistors, an interdigitated structure would have the best
distortion performance; thus, the present devices are made with
interdigitated base and emitter diffusions, but with an overlaid emitter
contact. Base current is carried by the heavily doped base grid, under
the overlaid contact, and out to metallized regions at the sides. See
Tig. 1. This structure avoids metallizing problems caused by tight
metal-contact tolerances, and it minimizes the total area. Emitter
bonds are made over the active region, eliminating the emitter pad
and its parasitic capacitance. The emitters are 2.5 um wide and 105 um
long.

The epitaxial thickness is a compromise between being large enough
to provide sufficient series collector resistance to minimize second-
breakdown problems and yet not so large as to degrade device
performance.

Ill. ENCAPSULATION

Following the practice set by the L4! system, the transistors are
encapsulated in a small metal-ceramic package especially designed for
rf use. It comprises a kovar-beryllia structure that minimizes parasitic
capacitance and lead inductance and provides a relatively low thermal
impedance of 30°C/watt. The latter characteristic is important if
high reliability and low distortion (see Fig. 2) are to be obtained, since
the output transistors in the basic repeater will operate at 1.7 wattsin a
peak ambient of 85°C.

IV. DISTORTION

The principal contributor to system noise from the output stage
of an amplifier is third harmonic distortion, M ;g. In a transistor, this
noise arises from two main sources: from the essential nonlinearity of
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Fig. 1—Structure of L5 transistors.

the emitter current-voltage characteristic and from the falloff of fr with
current? owing to conductivity modulation of the collector-junction
space-charge region, or Kirk effect.? The emitter nonlinearity is the
same exponential behavior of the forward-biased diode used, for
example, in mixers and for harmonic generation. The nonlinearity is
reduced by increasing the total emitter current. Poon? has shown that
if the emitter area and collector current (effectively the emitter
current) are both doubled, M3z decreases by 12 dB (see Fig. 3). If the
current density becomes too large, however, distortion arising in the
collector starts to degrade the device performance. Whenever the
current density exceeds guN, where ¢ is the electric charge, v the
carrier velocity, and N the density of fixed impurities at the collector,
the collector-base junction will move in towards the collector substrate
and cause fr to decrease. According to Poon,? in the L5 case there is a
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SINGLE TONE
V=15V
f3=150 MHz

85 | ] i |
80 90 100 110 120 130
COLLECTOR CURRENT IN mA

Fig. 2—Temperature dependence of M;g for Lb transistors.

limiting condition given by
R:1.2 X 10* X fr
MgE = — 20 ].Ogm ézf_q' )
oI

where R is the load resistor and I, is the collector current.

It can be seen that any mechanism, such as the Kirk effect, which
increases the curvature of the fr vs I, characteristic, will contribute to
harmonic distortion. This means, of course, that as the emitter current
is increased to minimize the emitter-distortion term, the collector area
must increase proportionately. At some point it ceases to be economic
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Fig. 3—Harmonic distortion as a function of collector current for several device sizes.

to increase the emitter current because both capacitance and dissipated
power become excessive. For the transistor size chosen, a current of
110 mA provides the lowest distortion.

V. SUSTAINING VOLTAGE

The sustaining voltage for the L5 transistor turns out to be bounded
at both limits. At the lower limit, it is necessary to keep above the
supply voltage, so a value of 18 volts minimum is set. At the upper
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limit the doping may become too low and a Kirk effect may occur if the
value of the sustaining voltage is made too high. This result can be
seen from the following relationships?

—0.364
Vap = 171 X 109(N301n N )
X NBC
and
Vep
Vero = 22
°F0 = (g)iin

where

Npc is the collector epitaxial doping

N, is the surface impurity concentration

x; is the junction depth

n  is a constant ~ 4 for the transistor concerned.

A practical upper limit is 28 volts.

VI. GAIN BANDWIDTH PRODUCT

One of the basie differences between L4 and L5 transistors is brought
about by the increase of the highest message frequency from 17.5
MHz to 60.5 MHz. To accommodate the increased frequency, it is
necessary to design the transistor to have a nominal gain bandwidth
cutoff, fr, of 3 GHz. The solution to fr is given by

2_7:]";= Te + 1 + 72 + 7o
where
7. = emitter time constant
7o = base time constant
7, = collector depletion region time constant
7. = collector capacitance time constant.

In the range of large collector-current densities, i.e., J. > Jo,

a KT

Te = ch Cte
TN(Wb+Wc)21_ Wc {gz
*~ D, Wy+ W J.
LW A WL [ o W )
v Jc Wb+Wc Jc
7.~ 0

7. &0,
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where
K = Boltzmann’s constant

T = absolute temperature
q = electronic charge
J. = collector-current density
C,. = emitter capacity
W = base width
W . = collector width
D, = diffusion constant for electrons
— Ve +V,
Pch
V., = applied voltage
¥V, = built-in junction potential
v = carrier velocity

J2=

Since 7, dominates the frequency response, the necessity of keeping
the current density low can be readily seen.
Under this condition, 7, 7. and 7, reduce to
_ W,
T nD, Vs
. Xmo 1—-J./J. :
* 203 1 - Jc/quNBC
= ¢ Wc 1 — Jc/quNBc 3
Te Pe Xmo 1 — Jc/J2 ’

where
vs = scattering limited velocity
Xmo = depletion layer width
e = dielectric constant.

Once the current density has been chosen to be suitably low, the only
available design factor for lowering fr is the actual base width. To
achieve an fr of 3 GHz, it is necessary to lower the base width to
0.27 um nominal.

VIl. NOISE FIGURE

Neilsen’s relation® for the noise figure, NF, provides a simple means
of determining the choice of design parameters for minimizing the

noise figure.
ieg) et
-y |1+ (== ) |@+ntry
ST TP el Gl € ) i
R, 2R, 204k, !
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where
R, = generator impedance of 50 ohms
r, = emitter resistance = KT /ql,
f« = frequency at which « is-0.707 of its de value
I, = emitter current.

It is apparent that once current, gain, and operating frequency have
been chosen, 7, is the only parameter at our disposal and, in fact, for
the L5 transistor, the 7, term is the largest contributor to the noise
figure. The term r, is made up of two parts. One is the lateral resistance
under the emitter stripe, which is minimized by using extremely
narrow emitters 2.5 pm in width. The outer component consists of
the series resistance to the external base contact. This resistance is
reduced to as low a level as possible by the use of a very heavily doped
base grid.

Vill. RELIABILITY

During development of the 76- and 77-type transistors, several
hundred devices were subjected to accelerated aging of both shelf-
temperature and power at junction temperatures up to 300°C. Analysis
of the data predicts that the transistors will have a failure rate of
considerably less than 10 fits at an operating temperature of 150°C.
Under these conditions, it is no longer reliability that is the determinant
for system success, but rather, the temperature dependence of the
various device parameters.

IX. CONCLUSION

A highly reliable ultralinear family of transistors has been developed
for coaxial-carrier-system use. Its high gain-bandwidth product, low
noise, and low third-harmonic distortion allow the L5 system to
successfully meet its operational requirements with an upper master-
group frequency of 60.5 MHz.
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L5 SYSTEM:

Transmission Networks and Magnetic
Components

By J. L. GARRISON, A. OLSEN, JR., and T. H. SIMMONDS, JR.
(Manuscript recelved March 4, 1974)

The development of transmission networks and magnetic components
for the L& system represents the largest network development project of
its type ever undertaken within the Bell System. Over 200 different coded
designs of networks, requiring in excess of 40 man-years of effort, were
required to meet the frequency-selective and signal-shaping requirements
of the system. Despite this effort, neither systems requirements nor systems
schedules could have been met without significant contributions from allied
technologies. This article identifies those technologies and describes design
techniques that have advanced the state-of-the-art capabilities in trans-
mission network and magnetic component design.

I. TRANSMISSION NETWORKS
1.1 Introduction

As in other analog systems, transmission networks of the L5 Coaxial-
Carrier Transmission System perform the indispensable functions of
frequency selection and signal shaping. Without the filtering functions
provided by certain of these networks, the basic multiplexing arrange-
ments on which the system depends could not be realized, nor could
the various fault-locating, equalizing, regulating, and switching pilots
be effectively separated from the message portion of the line signal.
Similarly, without use of the wide variety of equalizers provided, the
amplitude distortions introduced as the signal traverses the line could
not be as effectively corrected. Examples of such equalizers include
line-build-out (LBO) networks to compensate for cable spans shorter
than the nominal one-mile spacing, fized equalizers to compensate for
time-invariant and predictable effects, and adjustable equalizers to
reduce the unpredictable, statistical variations of the system.
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To complete a listing of system functions performed by the trans-
mission networks of the L5 system would require a tabulation of all
major system functions. Over 200 transmission networks, requiring
in excess of 40 man-years of effort and representing the largest network
development of its type ever undertaken within the Bell System, were
developed for L5. Despite this large and sustained effort, the required
designs could not have been produced without significant advances in
computer-aided design, precision measurement, magnetic components,
and monolithic crystal filters. The purpose of the transmission net-
works section of this paper is to identify those technologies that have
influenced network developments for the L5 system and to describe
certain techniques that have advanced the state-of-the-art capabilities
in network design.

1.2 Network technology

The majority of networks for the L5 system were developed using
classical network synthesis procedures. Insertion-loss synthesis tech-
niques were used exclusively for filter realization, Bode’s semi-infinite
slope approximation for LBO networks, cable equalizers and artificial
lines, and constant-resistance bridged-T networks, in various topolo-
gies, for fixed and variable amplitude equalizers. State-of-the-art
advances stemmed primarily from the stringent requirements imposed
by the system rather than from network theoretic developments.
Strong interaction between systems and network engineers, in frequency
allocation and the setting of reasonable guard bands, assisted greatly
in the problem of filter realizability. In practically all cases, develop-
ing techniques for reducing circulating currents, and developing prac-
tical design procedures for the compensation of parasitics were a
necessary adjunct to the physical realization of manufacturable
networks.

1.3 JMX modulation filters

The development of modulation filters for the jumbogroup multiplex
terminal (sMx)! is typical of that for the many filter designs produced
for the L5 system. Figure 1 is a simplified block diagram of the ymx
terminal as viewed by a networks designer. The modulation scheme
is typical of most analog multiplex systems except for the multiple-
modulation steps. Although the double and triple steps of modulation
increase the number of filter designs required, they reduce the com-
plexity of the individual filters. The final circuit and networks objec-
tives were the result of extensive discussions between systems and
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networks engineers with the goal of optimizing the trade-off between
frequency-spectrum utilization and the setting of adjacent jumbogroup
guard bands.

As a result of such discussions, typical filter transition bands ap-
proximated a reasonable 10 percent, which allowed the use of small
slug-tuned, air-core inductors having a maximum quality factor (Q)
of approximately 150. All 14 of the filter designs—10 complex bandpass,
3 low-pass, and 1 low-pass-high-pass filter—are equal-ripple insertion-
loss designs. The degree of the filters ranged from a minimum of n = 7,
for a simple low-pass filter having a relatively low stopband objective
and a wide transition band, to a maximum of n = 20, for a more
difficult bandpass design having an 80-dB discrimination objective
across the unwanted sideband. Figures 2 and 3 show the schematic dia-
gram and measured characteristics, respectively, of one of the more
complex bandpass filters.

The initial design phases were concerned with the optimization of
the filter designs for practical element values, low passband delay
distortion, good out-of-band performance, and acceptable inband
return loss. Versatile insertion-loss synthesis, pole-placing, and analysis
programs were available.? Some of the features of the programs found
particularly useful during the design stage were: () the ability to
choose arbitrary stopbands with Chebychev passband behavior, (77)
the ability to order loss peak removal to optimize element values, and
(#77) the automatic computation of network characteristics subsequent
to the solution of the synthesis problem.

Extensive use was also made of available programs to minimize
the delay distortion contributed by the modulation filters for any
future application of the JMx terminal to data systems. Theoretical
cutoffs were placed as far into the transition region as possible without
unduly increasing the degree of the filters or making the element
values impractical. This modification of the designs achieved up to a
50-percent reduction in delay distortion over the desired portion of
the passband with only a 10-percent increase in the complexity of the
filters.

As a result of the sMx modulation arrangement, the carrier, in many
cases, fell close to the passband edges, making it impossible (with the
extended theoretical cutoffs) to adequately suppress the carrier leak.
Quartz crystals, as shown in the schematic of Fig. 2, were therefore
introduced in various shunt branches to suppress the unwanted
carrier. Highly stable, high-Q, AT-cut crystals, designed for maximum
suppression of unwanted responses, were used. Other components
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included adjustable air-core inductors and dipped-mica and tubular
capacitors. These components were mounted on printed wiring boards
(pwn’s) and packaged in sealed enclosures.

Laboratory development of the sMmx networks was a difficult and
lengthy process because of the wide bandwidths and high frequencies
involved. Precision scanning network analyzers were used widely in
the initial stages of development, but in all instances the computer-
operated transmission-measuring set? (corMs) was used for final
characterization.

1.4 Monolithic crystal bandpass filters

Monolithic crystal filters* have found wide application in the L5
system as narrow-band pick-off filters and as wide-passband band-
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elimination structures. The monolithic crystal filter was first intro-
duced in the Bell System plant as simple two-resonator bandpass
filters for carrier-supply applications® in the L4 coaxial system. For
the L5 system, over 40 designs, ranging in frequency from less than 3
MHz to nearly 100 MHz, were required for both bandpass and band-
elimination applications. To cover this frequency range, fundamental
and third-overtone crystal designs were necessary, and multiresonator
filtering arrangements were provided to meet the high out-of-band
suppression requirements.

The monolithic crystal filter, in its most elementary form, consists
of a quartz plate with an array of two-electrode pairs placed on its
major surfaces, with each pair establishing a resonator system. The
resonators are acoustically coupled via the elastic quartz plate. If
the quartz plate, electrode pairs, and acoustic coupling are properly
proportioned, a self-contained, two-port piezoelectric device, having
prescribed filtering characteristics, results. Higher-order filter func-
tions may be obtained by deposition of multielectrode pairs on an
extended quartz plate, with adjacent resonators acoustically coupled.
As an extension of this arrangement, multiple quartz plates may be
used, with adjacent resonators (on facing quartz plates) coupled
electrically (capacitively). A third alternative, the composite mono-
lithic crystal filter, uses Lc filter sections to couple individual two-
resonator monolithics. The latter approach was used exclusively in
the design of more than 30 monolithic crystal bandpass filters for L5
applications. Impedance-matching sections necessarily were included
in these designs to match the impedances of the coupled-resonator
designs to specified source and load impedances. This combination
of Lc coupling networks, nc impedance-matching networks, and two-
resonator monolithics led to the concept of the monolithic crystal
filter (McF) as a two-port, building-block device available for inclusion
in some larger frequency-selective network.®7

Before describing those methods of design peculiar to the composite
mcF, a more detailed summary of methods of deriving higher-order
filter functions is required. Figure 4 shows the three different tech-
niques described above. In ecach instance, an impedance-matching
network is indicated at the input and output ports of the networks.
These may or may not be required. Figure 4a shows the multiresonator
MCF on a single piece of quartz with the interresonator coupling
supplied by the built-in acoustic coupling properties of the device
itself. To avoid acoustic coupling of certain unwanted modes, the
approach indicated in Fig. 4b is sometimes advisable. In this instance,
the single plate of Fig. 4a has been split into two parts and the facing
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and electrical interresonator coupling. (¢) LC network coupling of two identical McF’s.

pairs of electrodes electrically coupled by the capacitor are shown in
the figure. The present design of the A6 channel-bank filters® uses this
technique. The third method of realization is represented in the
schematic of Tig. 4c. This schematic emphasizes the concept of the
MCF as a two-port, building-block device employing supplementary
Lc filter sections (coupling networks) and impedance-matching net-
works for realization of a particular transfer function. In all three
examples shown in Fig. 4, the classical work of Dishal® provides closed-
form solutions in the design of narrow-band bandpass filters to exact
amplitude characteristics.

In view of the importance of the building-block concept to the
design of composite mMcF’s, devices and filter sections required for
filter realization are shown in Figs. 5 and 6. Emphasizing the role of
the Mcr as a two-port deviece in composite-filter design, schematics
for the basic and reversed-phase connections of a symmetrical, two-
resonator McF and their equivalent circuits are shown in Fig. 5. The
associated Lc networks required in a composite filter design are shown
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in Fig. 6. These include both impedance inverters and impedance-
matching networks. The impedance inverters are shown in their T- and
pi-configurations and consist of positive and negative capacitive
elements. In the final network design, the negative capacitances shown
in the figure are either absorbed in positive capacitances existing
within the network, or are approximated in a narrow-band sense by
inductances.

The impedance-matching networks of Fig. 6 are shown in their
L-configurations. It is important to note that the shunt elements of
these networks must also be designed to “absorb’ the input or output
static capacitances of the associated Mc¥’s.

Given the equivalent circuits of Figs. 5 and 6, design techniques
applicable to multiresonator bandpass filters become readily apparent.
A familiarity with the theory of coupled-resonator design, however, is
assumed. References 9, 10, and 11 provide excellent introductions to
the theory. Starting with a general n-resonator structure, the equiv-
alent, composite McF is easily derived by a series of network de-
compositions as shown in Fig. 7. A filter design having equal inductance
values throughout the structure is indicated. As shown in the figure,
impedance inverters, having element values corresponding to the
shunt capacitances of the structure, have been introduced into the
circuit at each of the shunt branch points. Certain sections of the

¢y |CM M

C %jaum IC ’_II—%;FW COI

“PLATE 0 | ~Cw |
(o, 4 A——0 ¢ | T —O

! \

. e IR S
ELECTRODE ELECTRODE RESONATOR ACOUSTI RESONATOR
PAIR NO. 1 PAIR NO. 2 COUPLING

(a)
C; -Cy -Cy C
i
—1— 1~ C
- ()

Fig. 5—Schematics and equivalent circuits of monolithic crystal filters. (a) Basic
bandpass filter. (b) Reversed-phase bandpass filter.
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Fig. 6—Narrow-band impedance inverters and impedance-matching networks.

resulting network can be identified as individual, two-resonator
McF’s. Impedance inverters coupling the mcF’s are also easily identified.
If a composite filter design is sought, the impedance inverters indicated
in the figure must be changed to their equivalent pi-configurations and
the negative capacitance appearing in the series arms replaced by
equivalent inductances on a narrow-band approximation basis. The
final circuit arrangement is shown in the lower schematic of Fig. 7.
It should be noted that, for the composite filter structure comprised
of individual two-resonator mcr’s, the design must be constrained to
an even number of resonators.

The insertion-loss characteristic of a composite monolithic crystal
bandpass filter, designed for use as a pick-off filter in the regulating
repeater of the L5 system, is shown in Fig, 8.
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Fig. 7—Decomposition of an n-resonator bandpass filter to an equivalent, com-
posite, monolithic crystal filter structure. (a) n-resonator bandpass filter. (b)
Equivalent, composite, monolithic crystal filter. (¢) Final composite filter.

1.5 Monolithic crystal band-elimination filters

Although the development of the monolithic crystal bandpass filter
was first reported in early 1965, it was not until approximately three
years later that the first disclosure of the monolithic band-elimination
filter (BEF) was made. Two types of monolithic BEF*? may be derived
from monolithic crystal bandpass filters simply by the addition of
inductive or capacitive elements connected across the ungrounded
electrodes of conventional two-resonator monolithics. Different connec-
tions of the mcF plates, however, must be used to effect proper phase
relations in the two types of filter. These phase relations are obtained
by use of the basic or the reversed-phase connections previously
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Fig. 8—Example of 42.880-MHz, monolithic crystal, bandpass filter.

shown for the bandpass filter of Fig. 5. Network schematics and
equivalent circuits for the inductor- and capacitor-derived BEF’s are
shown in Fig. 9.

For the inductor-derived filter, the reject frequency occurs when the
magnitude of the reactance of the bridging inductor equals that of
the acoustic-coupling capacitors of the mcr. This reject frequency
occurs at the center frequency of the bandpass filter. For the capacitor-
derived filter, the reject frequency is obtained when the magnitude of
the bridging capacitance is made equal to that of the acoustic-coupling
capacitors.

The band-reject properties of either type of BEF are easily demon-
strated by application of Bartlett’s bisection theorem. The equivalent
lattice of either network is first derived from the open and short-
circuited impedances of the bisected network. Combining the re-
dundant elements in the series and lattice arms of the lattice and
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plotting reactance as a function of frequency, the passbands and
stopbands can be readily identified. For the inductor-derived filter,
the insertion loss characteristic includes a passband on either side of a
reject band, with a second reject band extending to infinity beyond
the second passband. The inductor-derived monolithic BEF is, therefore,
a bandstop filter imbedded in a low-pass filter. The capacitor-derived
filter, however, is a bandstop filter imbedded in a high-pass structure.

For practical applications, the inductor-derived filter exhibits
superior passband performance compared to its capacitor-derived
counterpart. Consequently, the remaining discussion of the monolithic
BEF will be restricted to the inductor-derived circuit. The initial
design procedures, used successfully on both single-section and multi-
section monolithic BEF’s, were based on dividing the frequency
spectrum into two regions: () the stopband, over which the motional
reactances of the mcF change rapidly as the crystal passes through its
resonances, and (¢7) the passband, over which the motional reactances
of the mcF are sufficiently high to be considered as open circuits. The
extreme stiffness of the resonators makes it possible, therefore, to
attribute the frequency response, above and below the narrow stop-
band, solely to the low-pass filter section of the network. The narrow

YT
Ly Cy
’ 1 L ’ T |
Co %: ———— 1 =~ Co Co =< C— 1™ /l\co
SCHEMATIC SCHEMATIC
wolx =
@Com Cx = Cm
[ Cq o} L Lq Cy Ci Lq
bt o
Cm Cm Cm] -Cm
il A . i
TCQ ~~"Cm Co 1~ —~Co T Cm COT
O—e O )
EQUIVALENT CIRCUIT EQUIVALENT CIRCUIT
(a) (b)

9—Monolithic crystal, band-elimination filters. (a) Inductor-derived filter.
(b) Capamtor-denved filter.

TRANSMISSION NETWORKS 2215



stopband, however, is controlled by the interactions of the mcr and
the bridging inductor.

Single-section and multisection, inductor-derived, monolithic crystal
BEF’s, shown schematically in Fig. 10, may therefore be designed
using standard low-pass synthesis techniques to meet passband
requirements. The narrow reject band is formed by adding an esti-
mated number of mcr’s, with each monolithic bearing the proper
relationship to the corresponding bridging inductor. The stopband
performance can then be evaluated from an equivalent-circuit model
of the entire network with crystal units being added or removed until
the desired characteristic is obtained.

An alternative design technique to that outlined above results in a
closed-form synthesis procedure in which a set of filter requirements
such as passband ripple, cutoff frequency, and stopband bandwidth
are related directly to the set of equivalent circuits shown in Fig. 11.
This figure clearly delineates the low-pass and monolithic-crystal
sections of the composite filter.

-0 o—— Y e 5 c[ 1—0
-1 1 1 234

I ! I 1
é 1 o o I —0 o -0
BEF SCHEMATIC PASSBAND STOPBAND
MODEL MODEL

(a) SINGLE—-SECTION FiLTERS

[ L T T T T T 1]
IT 11T TI IT T1L

BEF SCHEMATIC AND STOPBAND MODEL

PASSBAND MODEL
(b) MULTISECTION FILTERS

7

Fig. 10—Inductor-derived, monolithic crystal BEF’s. (a) Single-section filters. (b)
Multisection filters.
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Writing the cascade matrix for each of the component networks
of the composite structure, the complete matrix may be formed by
converting each of the component matrices to its equivalent admittance
form, adding the two resulting matrices and converting the sum back
to the cascade form. Such a procedure is essentially routine and
provides little insight into the synthesis procedure. If, however, these
matrices are expressed in terms of dimensionless parameters®® and a
normalized frequency variable, the elements of a synthesis procedure
become apparent. In each instance, the several dimensionless param-

Y

1 . 1
Ce Ce
| LOWPASS SECTION |

MCF SECTION

EQUIVALENT CIRCUIT OF INDUCTOR—DERIVED, MONOLITHIC
CRYSTAL, BAND-ELIMINATION FILTER

(@)

DIMENSIONLESS DEFINING NETWORK
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€= 1-wy2LlcCe LOWPASS FILTER

D = R/wgl¢ LOWPASS FILTER

r = wp2LleCry BEF  /COMBINED ELEMENTS
FROM LP AND MCF
SECTIONS

L = (Li+Lol YL, MCF

NORMALIZED FREQUENCY

Q/K ,WHERE @ = gy - foss = 26-f,)/fp *
AND K;p= 1/(wg? Cp Y1415 )
* NARROWBAND APPROXIMATION
DIMENSIONLESS PARAMETERS AND DEFINING NETWORK SECTIONS
(b)

Fig. 11—(a) Equivalent circuit of inductor-derived, monolithic crystal, band-
elimination filter. (b) Dimensionless parameters and defining network sections.
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eters are identified with the component low-pass and Mc¥F’s as shown
in Fig. 11. The approach described has the further advantage of
giving insight into previously unexplained asymmetries that occur in
these designs. As a matter of interest, the cascade-matrix approach to
network design has also been used to advantage in the design of
mechanical filters.

A complete discussion of the cascade matrix approach to the design
of composite monolithic crystal BEF's is beyond the scope of the
present paper; however, the usefulness of the method in describing
seemingly anomalous behavior will be illustrated. A particularly
interesting example is that of a two-resonator monolithic BEF having
an asymmetric stopband and a Butterworth passband with selected
parameters e = 0.5, D = 1 (see Fig. 11), and with f, < f.., where f,
is the reject frequency and f., is the cutoff frequency of the low-pass
filter. The resulting characteristic of this design is shown in Fig. 12.
The solid-line plot is the insertion-loss or stopband model predicted
on the basis of the foregoing development. The dashed-line charac-
teristic is that of the Butterworth low-pass filter, and the circled
points indicate the characteristic as derived from computer-based
mesh analysis of the complete equivalent circuit. Two transition re-
gions are to be noted: the first, below the reject frequency, f,, and the
second, above the reject frequency. In the region below the lower
transition region and above the upper transition region, the circled
points fall almost exactly on the computed characteristic of the low-
pass filter by itself. In the region indicated as the stopband model
region, the characteristic predicted by the cascade-matrix method of
analysis is duplicated. In the transition regions, however, the approxi-
mation is not nearly as good. To simplify the analysis, it was assumed
that the reactances of the low-pass filter remained constant in a
narrow-band approximation. This approximation breaks down, how-
ever, over the transition and passband regions of the Ber. The results
of the mesh-analysis computer runs, nevertheless, agree with the
predicted characteristic in the stopband to at least three significant
figures. The smoothest transition regions are attained in symmetric
stopband designs when the reject frequency is placed at an insertion
loss zero of a Chebychev low-pass filter. This is illustrated in Fig. 13
for the case of a 0.1579-dB ripple Chebychev passband.

Requirements for some of the BEF’s specified for the L5 system
included both high-loss stopbands (50 to 80 dB) and very wide pass-
bands (approximately 70 MHz), coupled with low-distortion and
high-return-loss requirements. Using Chebychev low-pass filters to

2218 THE BELL SYSTEM TECHNICAL JOURNAL, DECEMBER 1974



SHHOMLIN NOISSINSNYH.L

6122

© MESH COMPUTATIONS ON
COMPLETE FILTER

[
w
9 LOWER TRANSITION ——~_/
REGION
=
Q
=
o«
w
[%2]
Z
.—LOW-PASS FILTER MODEL
Ve (NOT TO SCALE)

———UPPER TRANSITION
/ REGION

——-—-STOPBAND MODEL-—
{NOT TO SCALE}

Fig. 12—Characteristic of band-elimination filter with asymmetric stopband and Butterworth passband. Transition regions are

indicated (e = 0.5, D = 1, f, < feo).

FREQUENCY (NOT TO SCALE}



IT444

¥261 HIGNIOIA “TYNUNOr TVOINHOIL WILSAS 1139 JHL

o MESH COMPUTATIONS ON
COMPLETE FILTER

TRANSITION REGION —~~ ———=—TRANSITION REGION

% . ——=-STOPBAND MODEL—
(NOT TO SCALE)

INSERTION LOSS IN dB (NOT TO SCALE)

Z P4
,~~LOW—PASS FILTER MODEL 1 //
/ (NOT TO SCALE) 7 e
/
0.158 |— — —— — — o= mo——o——moa e — — — _
‘o_b- e e
- ~o o | MAX. RIPPLE

fo fco
FREQUENCY (NOT TO SCALE)

Fig. 13—Characteristic of band-elimination filter with symmetric stopband and 0.1579-dB-ripple Chebychev passband. Transition
regions are indicated. Stopband center frequency f, is at insertion loss zero of the low-pass filter.



model the low-pass section of the composite filter, it was found possible
to meet all systems requirements. A specific example of design capa-
bility is given in Fig. 14 for a 42.880-MHz BEF, using three two-
resonator monolithics imbedded in a ninth-order Chebychev low-pass
filter. This low-pass filter was designed at an impedance level of 450
ohms to achieve optimal inductance values for the mcr’s. The filter
was then matched to the 75-ohm source and load impedances by use
of auto-transformers, as shown in the figure. Impedance-matching
sections, previously described for bandpass designs, could not be used
because of the narrow-band approximations involved. To meet the
passband insertion-loss deviation requirements of 40.05 dB from flat
response over the entire frequency range of the L5 system, a simple
bridged-T amplitude equalizer was also required.
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Fig. 14—Example of 42.880-MHz pilot-blocking filter.
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1.6 Adjustable Bode equalizers'-*

In the L5 coaxial system, a total of 28 adjustable bump shapes are
provided to correct for time-invariant amplitude distortions.!” Ten of
these shapes are allocated to the E1 equalizer for coarse correction of
distortions introduced by variations in the manufactured product.
The remaining 18 shapes are provided by the E2 equalizer to correct
whatever residual distortions remain after employment of all lower
levels of equalization, including the E1 equalizer. .

The majority of bump shapes are realized by series-type, multi-
bump, adjustable Bode equalizers. The remainder are supplied by
shaping networks introduced into the feedback paths of isolating
amplifiers. The amplifiers buffer the input and output ports of each
Bode network and supply gain to offset the losses introduced by the
equalizers. Each of the multibump equalizers, however, introduces no
more flat loss than would have been introduced by any one of the several
single-bump equalizers required to duplicate its performance. With
a reduction in the number of Bode networks, the number of isolating
amplifiers is also reduced. This, in turn, results in a reduction in inter-
modulation and thermal noise. Finally, the introduction of shaping net-
works into the feedback of the isolating amplifiers also reduces the
number of Bode networks required. The net effect of all these consider-
ations is to improve reliability, to reduce cost, and as previously in-
dicated, to reduce intermodulation and thermal noise.

All of the multibump Bode networks supplied for the E1 and E2
equalizers were derived from extensions of the simple series-type
adjustable network of Fig. 15a. The basic shaping network, as indicated
in the figure, is the bridged-T equalizer. Figure 15b shows the range
of insertion-loss shapes that may be obtained by wvariation of load
resistor, R,.

As demonstrated by Lundry,!8 the insertion loss of the generalized
Bode network of Fig. 16a can, to a good approximation, be expressed as

0 — 0, = K+ pae 29, (1)

where

¢ = the image transfer constant of the bridged-T network

6 = the insertion loss of the adjustable equalizer

6, = the insertion loss of the equalizer when R, = R,
¢ — 1
o4 1
reflection coefficient of R, against E,.

Il

K 2tanh%’ =

Pa
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Fig. 15—Series-type, single-bump, adjustable, Bode equalizer. (a) Schematic.
(b) Characteristic.

Equation (1) can also be expressed as

0 — 6, = «-p(f), (2)
where p(f) is the input reflection coefficient of the shaping network
relative to R, and is a function of frequency. Considering only the real
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part of eq. (2), the insertion loss can be written as

a(dB) = a, + Re [x-p(f)], 3)

where «, is the insertion loss of the structure when R, = R,. Since
a, and « are constants, it is only necessary to consider p(f).

To realize a single-bump shape with the network of Fig. 16a,
Re {p(f)| is required to have the form

Re |o(N)| = H(f)o'(Ra), (4)

where H(f) is a bump-shaped function of frequency (Fig. 16¢), and
p’(R,) is a function of a single resistor, independent of frequency.
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Similarly, to realize a double-bump shape with the network of Fig.
16b, p(f) will have the form

Re [o(N)] = Ha(Npa(Ra) + Ho(f)po(Rs), (5)

where the subscripts a and b refer to two separate bump shapes. Both
H,(f) and Hy(f) have the shape indicated in Fig. 16¢c. For the type of
designs discussed here, it is required that these shapes be in distinct
frequency bands. R, and R; provide independent control of the two
shapes.

One method of realizing eq. (5) is to use bridged-T sections as
shaping networks. To demonstrate this, a general expression for the
input reflection coefficient of a bridged-T network is required. Referring
to the schematic of Fig. 17b, which is an unconventional arrangement
of the circuit of Fig. 17a, the scattering matrix!® of the network, with
Z1-Zy = R, is given by

by 0 Su(f) 0 Su(N][a

bo| _|8u(f) 0 Su() 0 | |a 6)
bs 0 Sw(f) 0 Sw(f)]|as|’

bs Su(f) 0 Sw(f) O as

where a; and b; refer to the incident and reflected voltage waves at the
ith port, respectively, and
S12 = (1 + Zy/R,)™!
S = (1 4+ Zy/R,)™.
The reflection coefficient p(f) = bi/ai, looking into port 1 of the
network, must now be determined. Ports 2 and 4 are terminated in

impedances whose reflection coefficients are p2(f) and ps(f), respec-
tively. Assume port 3 is terminated in R,, and as a result, ps(f) = 0.

5

®

—_0

o—-o@ @o———o

Fig. 17—Bridged-T networks with ports 1 through 4 open-circuited. (a) Con-
ventional. (b) Unconventional.
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Thus, the port relationships are

as = pa(f)b:
ay = p4(f)b4 (7)
az = 0.
These port relationships, together with eq. (6), lead to
P(f) = sz(f)'Pz(f) + S%4(f)‘P4(f)~ (8)

Terminating port 2 in R, and port 4 in R, leads to
p(f) = Sia(Nes(Ro),

where ps(R,) has been substituted for p4(f), since a resistive element
has replaced a frequency-dependent impedance. This has the form of
the reflection coefficient for a single-bump shape defined by eq. (4).
The single-bump network, based on the unconventional bridged-T
network of Fig. 17b, is shown in Fig. 18a.

Because Z1-Z; = R2, S12(f) and S1i(f) are related by

Su(f) + Sw(f) = 1L (9)

Assume that the shaping network is such that Re [S3,(f)]is a bump
shape centered at frequency f,. As a result, S14 & 1 in the vicinity of
fo and s14 R 0 elsewhere. From egs. (8) and (9)

) = S3.(f)-ps(R.) (in the vicinity of f,)
() = () p2(f)  (elsewhere).

In this way, ports 2 and 4 are decoupled.

The term S34(f)-ps(R,) represents a bump shape. As a result, half
of the desired equation, (5), has been realized. To realize the second
bump shape, p2(f) is made the input reflection coefficient of a similar
shaping network whose center frequency is f5, with f; << f, or fi > fa.
Networks having the assumed properties for Sis are shown for a two-
bump equalizer in Fig. 18b. For this network,

P(f) = S%2a(f)szl,4b(f)p4b(Rb) + S%Aia(f)p‘ia(Ra). (10)

Equation (10) is now in the proper form to realize the defining
equation, (5), of the double-bump equalizer. The equivalence of the
two equations becomes apparent when the following substitutions are
made in eq. (10):

4 Re [St2a(f) - Shas () Joan(Re) = Hy(f)ps(Ro)
an
Re [S31a(f) Ip1a(Ra) = Ha(f)pa(Ra).
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©

Fig. 18—Shaping network for adjustable bridged-T Bode equalizers. (a) Single
bump. (b) Double bump. (¢) Triple bump.

The technique described above can be easily extended to the realiza-
tion of “n’” independent bump shapes. The method becomes more or
less obvious when the circuit diagrams of Fig. 18a, b, and ¢, for single-,
double-, and triple-bump equalizers are compared.

1.7 Computer-aided network tuning applied to Vi regulating network

One of the more recent applications of digital computers is computer-
aided tuning of complex networks in manufacture. Without on-line
computer adjustment, the Vf regulating network of the L5 system
could not have been manufactured without relaxation of the perform-
ance criteria by a factor of several times. corms provided an ideal
facility for implementing the alignment algorithm described here.

To compensate for changes in cable loss relative to ground-tempera-
ture variations, regulating repeaters are placed in the L5 line approxi-
mately every 5 to 7 miles.”” Relative to nominal cable loss at mean
ground temperature, both gain and loss compensation are required
according to whether the temperature is above or below mean tem-
perature. In either case, the shape, on a dB (log) basis, is proportional
to the square root of frequency. The networks that provide the compen-
sation, as in the L4 system,? are thermistor- and pilot-controlled,
wideband, square-root-of-frequency Bode networks. They differ from
the L4 designs, however, in that buffering amplifiers are included as
integral components of the networks, as shown in Fig. 19. Design
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Fig. 19—Simplified schematic of square-root-of-frequency Bode network.

considerations, however, are basically the same and are not
reconsidered.

Three measurements are required to fully characterize the network:
(¢) at high-loss setting, (7%) at nominal setting, and (¢4z) at low-loss
setting (see Fig. 20). The dynamic errors may be defined as

en(f) = An(f) — An(f) — KgVfdB (11)
er(f) = An(f) — An(f) + K:NfdB, (12)

where Ag(f), An(f), and Ar(f) are loss measurements in the high-,
nominal-, and low-loss conditions, respectively, and Kz and K are
determined by requiring the error to be zero, by definition, at the pilot
frequency of 42.88 MHz. The static error may be defined as

ex = An(f) — Ar(f) dB.
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Ar(f) is the expected loss in the nominal condition, which, because of
parasitics, gain shaping in the amplifiers, and interaction effects, is not
flat with frequency. Deviations from the ideal flat shape, however,
have the same effect as deviations from the nominal characteristic
of other components in the transmission path and may be corrected
by fixed and adjustable equalizers available in the system. Since
comparable dynamic equalizers are not available, more stringent
requirements are placed on the dynamic performance of the Bode
equalizer than on the flat or reset shape.

The necessity of requiring three loss measurements, corresponding
to three thermistor settings, to characterize network performance,
precludes the use of conventional methods for compensating parasitic
variations in the amplifiers and the network during manufacture. As
it is not possible to guarantee network performance from -easily
measured amplifier parameters, the alignment procedure must correct
for both network and amplifier variations. Since the amplifier is not
adjustable, the network must provide tuning capabilities for both
shaping and amplifier compensation. Simple prescription of element
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—— e | - — ——
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1 42.88 70
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Fig. 20—Square-root-of-frequency Bode-network characteristic.
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values or adjustment of resonances would not provide this capability.
Furthermore, an adjustment in a network component usually affects
all three shapes, making adjustment on a scanner too difficult. Thus, a
more sophisticated procedure is needed.

Since the amount of adjustment needed is small, but the allowed
deviations even smaller, linearization has proved to be valid. The
error after adjustment, ez (f), can therefore be expressed as:

ena(f) = enr(f) + 2 zidns(f) dB, (13)

where enr(f) is the initial error, Ay ,(f) is the normalized deviation
caused by the jth component, and z; is the amount of the deviation
used for adjustment. Similar relations hold for the nominal- and low-
loss errors. The composite error may be defined as the summed weighted
squares:

e = Ef Lek(f) + e£(f) + Wen(f)]. (14)

A weighting W less than unity allows a larger error in the nominal or
reset shape than in the dynamic errors ez or er. Given an initially
determined set of errors for the three conditions, over an appropriate
frequency band, a set of parameter deviations z; may be found that
minimizes ¢?, using the so-called least-sum-of-squares procedure. This
procedure is well known and only requires the solution of a set of
simultaneous linear equations.

Unfortunately, in practice, the unconstrained solution often requires
an adjustment greater than the adjustable components can provide.
Thus, it was necessary to include a search for the best constrained
solution. The method chosen uses gradient information to determine
if a parameter must violate the constraints to lessen the summed-
squares error, €. Other than being iterative, the method does not
require any information beyond that obtained from the least-sum-of-
squares procedure. While inclusion of the constraint algorithm con-
tributed to the success of the program in manufacture, a complete
description is omitted because of space limitations. It is necessary, of
course, to preset the adjustments to a prescribed condition, prior to
alignment, to correspond to bounds stored in the program.

Programming for the constrained least-sum-of-squares algorithm
was added to a streamlined measurement program for corms. The
computer controls the measurement sequence and the alignment
procedure automatically. The only manual tasks required during
tuning are to switch the network into the different conditions and to
turn the slugs on the adjustable components. Measured, rather than
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Fig. 21—Deviations in error with element adjustment in square-root-of-frequency
Bode network. (a) L1. (b) C4. (¢) L5. (d) L3.

computed, deviations from a typical network are used due to the
parasitic modeling problem. Because adjustments are effected on a loss
basis, it is neither necessary to count turns of the adjustable inductor
slugs nor necessary to measure inductance.

The deviations in the high-, nominal-, and low-loss shape errors,
caused by variations of four components, are shown in Fig. 21. The
curves for inductor L1, for example, show the deviation in the errors
corresponding to a 0.1-dB change at 70 MHz in the nominal- or flat-
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loss-setting response. The result of the alignment algorithm is a
percentage of this deviation. For example, if the multiplier z; of eq.
(13) is determined by the least-sum-of-squares procedure to be 1.32,
multiplication of inductor L1 sensitivity (0.1 dB) by this number
results in 0.132 dB. Inductor L1 must, therefore, be adjusted for a
0.132-dB change in loss, at 70 MHz, to effect the optimum tuning of
that element. For inductor L3, the maximum deviations from flat
response occur at approximately 20 MHz over the 1- to 70-MHz
frequency range. This inductor is, therefore, tuned at that frequency.
Six adjustable components are included in the program. Only one
measurement, adjustment, and remeasurement iteration proved
necessary for the adjustment of the networks for optimum performance.
“Before” and “after’” adjustment error curves are shown in Fig. 22.
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Fig. 22—Network errors before and after adjustment. (a) Before adjustment. (b)
After adjustment. (c) Before adjustment. (d) After adjustment.
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The computer-aided-adjustment program has proved its value
during the several years of manufacture of the regulating network.
Without corms, this approach would not be feasible. Without com-
puter-aided adjustment, the dynamic regulating objectives for the L5
system could not have been met.

1.8 Deviation equalizers1?

In a system having as complex an equalization arrangement as L5,
the possibility of advantageous interactions among equalizers in the
complete hierarchy of equalization must be considered in any one
design. An example of such design considerations is the design of the
relatively simple, fixed-loss, deviation equalizer. This equalizer
compensates for the average error in the match of average-line-repeater
gain to nominal cable loss. Three deviation equalizers are installed
in each power-feed section.

Initial evaluation of the design led to the conclusion that require-
ments could be met with an equalizer consisting of two valley-shaped
and two bump-shaped bridged-T equalizer sections connected in
tandem, as shown in Fig. 23. It was necessary, however, that the
design be optimized so that the equalizer, in combination with the K1
and E2 adjustable networks, would provide optimum compensation.
This was achieved using the general-purpose optimization program
(arop) tied together with an E1, E2 simulation program.?

The E1, E2 program contains the measured response of all the bump
shapes included in the E1 and E2 equalizers. With approximately 15

A\ %
A A It

i AR ' o e - o

) )
> 1 L 0

T T
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Fig. 23—Deviation equalizer. (a) Valley-equalizer sections. (b) Bump-equalizer
sections.
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percent of each E1 and E2 bump allotted to the deviation equalizer,
optimization resulted in an equalizer characteristic having deviations
from ideal placed at frequencies where the E1 and E2 adjustable
equalizers could best supply shaping to reduce the overall misalignment.

The E1, E2 simulator package simulated the iterative process that a
craftsperson would use in the field in making system equalization
adjustments. This yielded an effective design which has led to excellent
results on equalized lines.

1.9 Physical design

Although essentially every transmission network for the L5 system
provided its own challenges in physical realization, the majority of
challenges related to compensation for parasitic inductance and
capacitance, to minimization of ground loops, and to reduction of
coupling between components. Environmental protection was provided
by drawn or fabricated metal enclosures with internally mounted
pws’s for supporting and interconnecting the individual circuit com-
ponents. External connections were, in most instances, made by use
of moisture-resistant plugs or jacks.

In several instances, however, substantially greater physical-design
effort was involved. Two examples of such design effort are: (¢) the
design of the shaping networks of the line repeaters, and (z7) the
physical design of the earth-ground filter.

The shaping networks of the basie, regulating, and equalizing
repeaters were specifically designed to reduce excess low-frequency
gain, to furnish surge protection, and to provide the power-separation
filtering requirements of the L5 repeaters. Figures 24a and b show the
schematics of the low-frequency A and B networks. The circuit
diagrams identify those portions of the networks concerned with the
different circuit functions. The network schematic of the bridged-T
equalizers used to obtain the desired insertion loss is shown in Fig. 24c.

The physical design of the shaping networks required considerable
interaction with system engineers. For overall efficiency and economy
of space utilization, the surge-protection and power-separation
circuits were included in the shaping-network package. As indicated
in the photograph of Fig. 25, the two networks were placed side by
side in the lower section of the basic repeater housing. Requirements
on RF isolation, between input and output ports of the repeaters, led
to the use of cast-aluminum housings for packaging the shaping
networks. These housings, in turn, furnished the necessary mechanical
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Fig. 24—Low-frequency shaping networks. (a) Network A. (b) Network B. (¢)
Bridged-T network schematic.

rigidity to meet the 30.025-dB tolerance on insertion-loss shape as
specified for manufacture.

The earth-ground filters of the line repeaters, shown in the photo-
graph of Fig. 25, with their coaxial jacks protruding from the repeater
housing, perform several important functions. Despite the seemingly
simple electrical circuit shown at the input and output ports of the
simplified block diagram of the basic repeater of Fig. 26, the earth-
ground filter must

(2) Provide high-voltage dc blocking between earth and repeater

gr

ound.

(#7) Maintain a low-impedance return path between the grounds
for all frequencies in the L5 band.
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Fig. 25—Earth-ground filters and shaping networks in repeater housing.
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Fig. 26—Block diagram of L5 repeater.
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(¢¢2) Provide a low-pass filter characteristic with a minimum of
120-dB isolation between repeater input and output (through
the ground return) for signals in the L5 band.

(iv) Carry the L5 line frequencies and the de powering current with
a minimum of amplitude distortion.

The physical design of the earth-ground filter* presented a design
challenge. As shown in Fig. 27, the filter contains two coaxial chokes in
the form of ferrite toroids and three high-voltage, high-reliability,
dual-dielectric capacitors packaged in a sealed enclosure. The filter,
minus the coaxial plug, is impregnated with polyisobutylene and
hermetically sealed to prevent the entrance of moisture or the leakage
of impregnant, which would contaminate the connectors.

To insure the high reliability of this design, considerable emphasis
was placed on the compatibility of materials, structural integrity,
sealing, and manufacturing control and testing.

Il. MAGNETIC COMPONENTS
2.1 Introduction

The L5 system required the development of a wide variety of mag-
netic components numbering in excess of 100 different experimental
designs. This number includes original designs, subsequent improved
versions, and redesigns that reflected changing circuit concepts or
requirements. Ultimately, about 50 apparatus codes were issued to
specify these designs for manufacture. Many additions to existing
code series of magnetic components were also made available for L5
applications, but these are not discussed. The adjustable, air-core,
precision inductors specified for the manufacture of many of the trans-
mission networks developed for L5 are an example of magnetic com-
ponent designs based on existing code series.

Coded transformers and inductors appear in all segments of the L5
repeatered line. Frequently, these components are associated with
thin-film circuits and, as a result, miniaturized designs had to be made
available. Development of inductor structures for such applications,
however, predated the development of the L5 system, and, as a result,
emphasis is placed here on the development of various types of trans-
formers. Many transformer designs for the line repeaters required
pin-type terminals for interconnecting and mounting on Pws’s or
thin-film substrates. These transformers are discussed in Section 2.2,
Repeater Components.

TRANSMISSION NETWORKS 2237



8€ce

¥/61 H3GN303A “TYNHNOr TYOINHO3IL W3LSAS 71739 IHL

FLANGE
// ,SOLDER JOINT

s /FINGER STOCK
/
/ // //
S FIRST ,/ ,SECOND CAPACITOR THIRD CAPACITOR
% ,/ 7 CAPACITOR S e
- s ,/ ,CORE TUBE /* 7 MINI-COAX Vi ,KRAFT PAPER

S s, J/ // J/ ; ,#" WASHER

ey /" /7 WASHER / , ; /

- = W=

A

Y — =
= { &

2 Z

f It

~N ~N \ AN AN AN
SO O N \\ N
) S N\ GLASS-SEAL “FERRITE CORES '\ “KRAFT PAPER
~ \\ BOOT
\\ \
. “KRAFT PAPER
“PLUG BASE PLATE TUBE

Fig. 27—Cross-sectional view of the earth-groun

d filter.



Magnetic components intended for terminal applications are fre-
quently used in complex arrays to develop hybrid trees arranged for
coaxial interconnection. The different methods used to establish an
interface between the magnetic components and the circuitry of the
system reflected not only on the problem of physical design, but on
the problem of electrical realization as well. Requirements on the
individual transformers constituting the hybrid trees had to be
tightened to meet overall system performance criteria. As a result,
these magnetic components had to be built out with resistors and
capacitors to form what are, in effect, special types of transmission
networks. Although this type of component is also used to a limited
extent in the regulating and equalizing repeaters, a representative
design is described in Section 2.3, Terminal Components. Finally, since
measurement limitations and techniques were important to all classes
of designs, these are discussed separately in Section 2.4.

2.2 Repeater componenisi?

The amplifiers in the basic and regulating line repeaters make
extensive use of bridge-type feedback,?® which offers the advantage
of making the p8 loop independent of the line impedance Ordinarily,
the disadvantages of bridge-type feedback are the extreme impedance
levels and the power consumed in the bridge arms used to secure a
bridge balance. Both of these limitations, however, may be overcome
by use of hybrid transformers. Because of the very tight limits,
typically +0.02 dB, placed on reproducibility over the 1- to 70-MHz
passband, transmission-line design techniques® were extensively
adapted to the design of hybrid transformers. These designs specify
pairs, triplets, or quadruplets of insulated magnet wire twisted uni-
formly together and wound around a ferrite core. At low frequencies,
this arrangement behaves like a conventional transformer, but at high
frequencies, where parasitic elements predominate, the device behaves
like a transmission line. If the winding inductance and capacitance
have been properly proportioned, this approach results in greater
bandwidth than can be obtained from a conventional transformer
design.

In the case of a two-winding transmission-line transformer operating
between equal impedances, the characteristic impedance of the line,
Z, = VL/C, should be made equal to the terminating impedance.
Under these conditions, the transformer would theoretically have
infinite high-end bandwidth. However, the output hybrid of the basic-
repeater power amplifier was required to operate between an amplifier

TRANSMISSION NETWORKS 2239



impedance of 50 ohms and a line impedance of 75 ohms with the feed-
back-port impedance equal to 150 ohms. Since the transmission line
used to realize the hybrid could not simultaneously assume all these
different values, the best compromise was to make Z, equal to the geo-
metric mean of the output impedances, or 106 ohms. The ratios of the
terminating impedances also forced the use of a trifilar winding. The
impedance properties of such windings were studied for various wire
gauges, twist rates, insulation thicknesses, and materials. Ultimately, a
transmission line made from three strands of aAwa 40 polyurethane-
insulated wire, combined at a rate of 35 twists per inch, was selected.
Although other combinations would have produced the same Z,, the
high twist rate was used because it resulted in the best uniformity from
model to model. The schematic diagram and transmission charac-
teristics of the output hybrid are shown in Fig. 28. The divergence in
insertion-loss characteristics at high frequencies is the result of the
compromise value of impedance selection for Z,.

Although transmission-line transformers were preferred from a
component-design standpoint, they could not always be used because
their feedback-port impedance must be an integral multiple of both
the amplifier and line impedances. To overcome this constraint,
conventional layer-wound hybrid transformers were used at the input
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Fig. 28—Schematic and insertion-loss characteristic of output hybrid for basic
repeater power amplifier.
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Fig. 29—Transformer structure for conventional layer-wound hybrids using D-
cores.

and output of the basic-repeater preamplifier. The initial estimates of
the impedances both transformers would be required to match were
75 ohms at the line port, 60 ohms at the amplifier port, and a “low”
impedance at the feedback port. Various ratios were evaluated, and
the final ratio selected was 75:65 4 28 ohms, which results in a feed-
back-port impedance of 19.6 ohms.

To provide the best consistency in a layer-wound transformer, a
structure that includes a winding bobbin is preferred. Bandwidth
considerations, however, dictate that the structure would have to
approach the efficiency of a toroid having a winding wrapped directly
on the core and extending around its entire periphery. Core and
winding dimensions, therefore, are nearly coincident. The D-core
shown in Fig. 29 was chosen because the large area of the outer shell
produces a low magnetic reluctance. This means that the center-leg
length and area control the magnetic properties of the core. Since the
winding bobbin fits directly over the center leg, the winding dimensions
are only slightly larger than the effective core dimensions, and the
structural efficiency approaches that of the toroid.
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Evaluation of amplifier models revealed that their high-frequency
gains were extremely sensitive to parasitics in the transformer wind-
ings. Requirements specified a +0.02-dB reproducibility from model to
model up to 70 MHz. Stringent winding procedures and in-process
checks were required to obtain this control in a conventional trans-
former. Wire gauges and pitches were selected to provide smooth,
even, single-layer windings. Carefully controlled paper insulation was
used between the most critical windings to insure that the parasitic
capacitance could be held to within 45 percent, which is three times
more stringent than normal manufacturing tolerances. Several different
types of winding machines were evaluated to obtain one capable of
providing the controlled-pitch and constant-tension features required
to maintain performance tolerances.

2.3 Terminal components1;25

One of the more difficult designs required for terminal applications
was a 75:300-ohm, unbalanced-to-balanced transformer intended for
use in the sMx modulators. The insertion loss of this transformer was
to be held flat to within 0.1 dB from 0.5 to 70 MHz, and the balance
of the center-tapped winding was to exceed 50 dB from 0.5 to 90 MHz.
Originally, separate designs were proposed for each jumbogroup
because no core material was available that would permit simultaneous
realization of these two requirements. In addition, an ability to main-
tain a balance of the rcquired magnitude over this broad bandwidth
had not been demonstrated at these high frequencies. After carefully
studying the balance problem, however, it was felt that if an adequate
core material could be developed and the mounting structure rede-
signed, it would be possible to cover the entire range with a single
design by employing carefully positioned toroidal windings. The
balanced winding consists of seven turns of a bonded pair of wires
spaced evenly around the periphery of the core. These windings were
then connected in a series-aiding fashion to complete the center-
tapped 300-ohm winding. The 75-ohm winding was spaced between
adjacent bonded turns and all leads carefully dressed, resulting in a
sufficient degree of structural symmetry to maintain the balance.
Simultaneously, a new core having the necessary properties was
developed and the required mounting structure realized in a new
physical design.

Hybrid transformers, to provide combining and splitting functions
at a 75-ohm impedance level, were required for several different
applications in the L5 system such as Lpss-3, the E3 equalizer, line-
connecting arrangements, and juMx circuits. Mounting and coaxial-
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connector variations resulted in four distinet physical designs, as
shown in the photographs of Fig. 30. The basic electrical building
block consists of a transmission-line hybrid and an autotransformer
interconnected as shown in Fig. 30a. With reference to that schematic,
autotransformer T1 matches the 75-ohm input at jack J1 to the
37.5-ohm impedance at the center tap of hybrid T2. It is wound with a
twisted-pair wire whose characteristic impedance Z, = V75 X 37.5
= 53.0 ohms to optimize performance. Since the impedances to be
matched differ by 1:2, the tap must be placed at a position correspond-
ing to 1:v2. This means that the windings cannot consist entirely of
twisted-wire transmission line, but must include some free turns.
These are created by partially decomposing the twisted bundle, with
best results obtained by minimizing the number of free turns.

The hybrid T2 has a 2:1 turns ratio and is wound with a twisted
pair having a characteristic impedance of 75 ohms. The network
terminating resistance R has a value slightly greater than the ideal
150 ohms to account for transformer core losses, and the capacitor C
enhances the high-frequency response of the device. The electrical
performance achieved by these components over the 1- to 70-MHz
frequency range is as follows: () the transmission loss from input to
either output is 3.10 &= 0.05 dB, (¢z) the trans-hybrid loss between
conjugate output ports is greater than 30 dB, and (477) the return loss
at any port is greater than 26 dB. In addition, the two output ports
of any individual hybrid track to within 0.02-dB loss and 0.5-degree
phase shift. An ideal hybrid would have 3.01-dB transmission loss,
infinite trans-hybrid and return losses, and perfect flatness and track-
ing, with both outputs exactly in phase with each other and the input.

In addition to their use as individual hybrids, particular pairs of
these transformers may be grouped to form large n-port arrays or
“trees.” The transformers in Fig. 30b use standard Bell System
coaxial plugs and jacks so arranged that they may be interconnected
directly. The transformers in Fig. 30c¢ use miniature coaxial connec-
tors and may be formed into trees by cabling them together. To reduce
the number of interconnections required, the hybrid at the right of
Fig. 30c, a dual hybrid, has an input, one —3-dB output, and two
—6-dB outputs. The hybrid at the left of Fig. 30c is a single hybrid
of the type shown in Fig. 30a.

2.4 Transmission measurements

The =40.02-dB reproducibility of insertion loss required for many
L5 magnetic-component designs could not be guaranteed initially by
direct measurements because neither the test set nor the apparatus
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under test exhibited a return loss compatible with this extremely
tight limit. Instead, a system was used in which a set of transformers
known to have the proper characteristics in an amplifier was used to
calibrate a test fixture. The calibrated fixture was then used to measure
product. To guard against changes in the fixture or measurement
system, however, these measurements were correlated to those made
on reference transformers whose histories were well known. When
either fixtures or reference units needed replacement, the appropriate
steps in the calibration and correlation processes were repeated.
Meanwhile, a program to provide improved measurement capability
for these devices was begun.

To have a reproducible base line for loss measurements on cotms,?
a simple strap between the transformer input and output ports of the
test fixture was used. While this introduces reflections because these
ports often have different impedances, it is the simplest and most
consistent method of eliminating differences in test sets, connectors,
and cables. Furthermore, with sufficient padding close to the corms
ports of the fixture, satisfactory base-line reproducibility can be
obtained. Accordingly, alternate measurement schemes were discarded
in favor of upgrading the existing approach.

The test fixtures were originally constructed with ordinary pws’s.
The contacts to the pin-type transformer terminals were made with
miniature spring sockets, and the interconnection to the test set used
Bell System coaxial connectors. The resistive pads used to match the
transformer impedances to the coTms ports were made with various
types of discrete resistors for the different transformer codes. It was
recognized very early that the required reproducibility of measure-
ments would be difficult to maintain in a production environment with
this type of test fixture. Coaxial connectors can introduce impedance
discontinuities, and spring sockets can become contaminated or wear
out with frequent use. When replaced, resistive pads are often damaged
by the heat of soldering and change value. In addition, the associated
parasitic electrical element values are a function of exact mechanical
configuration and placement which are difficult to control.

Improved designs of the spring contacts and of the coaxial connectors
were introduced to improve the performance of the test fixtures.
Knife-edge contacts with force-free insertion were used to replace the
former, while the latter were superseded by precision 50-ohm versions.
As the next step, the pwB was replaced by an alumina substrate
having controlled dielectric properties. Tests quickly indicated new
problems. Because of the higher dielectric constant of the substrate,
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the effective electrical length of the connections increased significantly,
causing difficulty with crosstalk and reflections. The chip resistors,
which were chosen for the matehing pads, changed value on soldering
and caused reproducibility and rework difficulties. A final design
evolved in which the path lengths of the microstrip connections on
the substrate were reduced to a minimum and the resistors realized
as thin-film elements. This arrangement permits high accuracy in the
adjustment of resistance values, makes parasitic elements closely
reproducible, and eliminates the repair operations that had been
required with the original fixture design. External connection problems
were further reduced by coupling the coaxial connectors to the substrate
via precision spring-loaded microstrip launchers. These new fixtures,
shown in the exploded view of Fig. 31, have attained a reproducibility
of better than +0.01 dB.

Hl. CONCLUSION

Transmission networks and magnetic components are among the
least visible components of the L5 system. Despite this lack of visi-
bility, these components serve vital systems functions. Many of these
functions are reviewed in this paper. The principal objectives of the
paper, however, are to record those state-of-the-art advances that
have contributed to the success of the L5 system, and to identify those
allied technologies that have influenced network and magnetic com-
ponent development. The influence of the computer in analysis and
synthesis, precision measurement, and optimization is stressed, and the
added influence of development in the piezoelectric device and mag-
netic materials areas has been noted. In many instances, developments
in these allied technologies predated the L5 system and resulted from
a general philosophy of “tool building’’ initiated, specifically, to have
these technologies keep pace with future systems and component-
development needs. Without such a philosophy, L5 requirements
could not have been met on schedule.
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L5 SYSTEM:

Role of Computing and Precision
Measurements
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The L& Coazial-Carrier Transmission System ts the first long-haul,
high-capacity transmission system for which the design was strongly
influenced by extensive application of computer-aided design (c4p)
techniques. A tight time schedule required a parallel effort of (£) tmproving
and using the somewhat limited capabilities of existing cap programs
and (72) developing new programs having increased capability and effi-
ciency. Similar development of computer-controlled measurement tech-
niques provided necessary device and component characterization and
subsystem evaluation. The result is a powerful group of tools that are
tndependently important, but whose combined use helped make possible
the timely completion of the L& system design. These tools, now “proved
wn,”” will profoundly influence the next system design phzlosophy.

I. INTRODUCTION

At the beginning of the L5 project in 1968, the set of computer-
aided design (cap) tools and the specialized computer-operated trans-
mission measurement set (corms) at the Merrimack Valley location of
Bell Laboratories were in an early stage of evolution. The tight system
development schedule prevented the thorough, leisurely development
of sophisticated programs that could provide the complete analysis and
characterization needed for high confidence in design. Rather, a
parallel effort was undertaken to augment existing design aids and to
develop improved ones. The result was immediate answers generated
inefficiently for early designs and a powerful group of programs that
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have been “proved in” by use during the later stages of L5 develop-
ment. These were, however, not completed early enough in the design
cycle to allow their full impact to be exerted on the overall design
process in the manner that is now possible.

The following sections illustrate typical uses of computer programs
for seven phases of the design sequence. These include:

() Small signal ac analysis of circuits having many nodes, in-
cluding sensitivity and tolerance analyses.
(#2) Optimization of element values in a circuit.
(777) Statistical measurements of early production models of re-
peaters for use in equalizer design.
(4v) Nonlinear distortion analysis.
(v) Component characterization.
(v¢) Overall system analysis.
(viv) Equalizer characterization and alignment during manufac-
turing.

Limitations as well as successes are included to illustrate why and
how the evolution of programs took place.

Il. SMALL-SIGNAL AC CIRCUIT ANALYSIS

Several general-purpose circuit analysis programs,! as well as
optimization? and Monte Carlo® programs, were in wide use in the
communications industry by 1968. However, none was able to handle
a circuit of the size (over 80 nodes) and complexity of the L5 repeater.
While the next generation programs were being developed, modifica-
tion of the existing programs and segmentation of the circuit were
necessary to solve the immediate circuit analysis problems.

Since the L5 system uses amplitude modulation, the repeater must
be a very linear device; this places strong emphasis on accurate,
small-signal ac analysis of all circuits in the signal path. The basic
repeater amplifier alone contains 80 nodes, 111 passive components,
8 transistors, and 4 wideband transformers. These numbers do not
include ““parasitic”’ elements found to be essential for accurate modeling
so that, in practice, the actual node and component count must be
significantly increased.

This section highlights some of the practical difficulties encountered
with large circuits and briefly describes the next generation program
that evolved from these experiences.
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2.1 Partitioning large networks for analysis

To overcome the size problem, the circuit was at first partitioned
into blocks that could be analyzed with existing programs. One output
of each of these analyses was a multiport admittance matrix charac-
terizing the block at those nodes where it interconnects with other
circuit blocks. These block representations were stored in a library for
subsequent retrieval when the performance of a multiblock circuit was
to be calculated. This approach of using a frequency-dependent matrix
to represent subcircuits proved useful, not only for reducing node and
element count, but also for allowing the direct use of measured data
from corms to characterize components not easily or accurately
modeled by lumped element values.

The circuit segmentation approach also aided the calculation of
sensitivities to element values. As each element in a given block was
varied to determine overall circuit sensitivity to that element, the
matrix representations of other blocks remained unchanged, saving
much calculation time for the overall problem. Sensitivity data proved
useful in many ways. Since a full-scale Monte Carlo analysis of the
circuit was impossible during early development, a linear sensitivity
model was used to set component tolerances based on their predicted
effects on frequency response. The sensitivity data on parasitic element
values also identified critical areas of the circuit where careful modeling
and control were essential. It further identified those elements to be
subjected to optimization and smaller-scale Monte Carlo analysis.

The segmentation approach also permitted use of the early optimiza-
tion and Monte Carlo programs.* These were particularly helpful in
the design of the feedback networks which, though small compared
to the overall repeater, were critical in determining the frequency
shaping of the repeater.

Although the “divide and conquer” method did allow some success
in the early stages of analysis, several difficulties became apparent
that were corrected in the next generation programs. The many steps
involved in the piecemeal approach led to analysis turnaround times
of the order of one day for a complete circuit. This severely limited the
number and type of “what if”’ questions that could be raised and an-
swered. Not only was the overall turnaround time relatively long, but
all the segments had to be run in a batch mode, as no interactive
facilities were available for the designer to pose such ‘“‘what if”’ ques-
tions quickly or effectively. These inefficiencies, coupled with the non-
static nature of the actual circuit as various engineers wanted to
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implement changes suggested by earlier analysis steps, made the
turnaround time a serious problem. The multiple passes through
various analysis segments also led to interfacing problems and in-
creased probability of coding errors.

2.2 A new ac analysis program

The program developed to overcome most previous limitations is
called circuit analysis program for efficient computer-optimized design
(caPE-coD). It achieves its power and efficiency through a sparse
matrix technique and special, machine-generated coding. It has
analyzed circuits with 120 nodes, provides a wide variety of engineering-
oriented outputs, allows simple problem formulation by engineers, and
provides interactive capability on a graphies terminal.

The formulation technique chosen for capE-cop uses the tableau®
approach. This method of arranging the system of equations that
defines the topology and behavior of a circuit not only yields an
efficient analysis scheme, but also gives flexibility and simplicity to the
program design while minimizing the restrictions placed on the circuits
that can be analyzed. For example, the following types of elements
that are seldom allowed in ac analysis programs are allowed in caPE-
cop: controlled voltage and current sources; zero-valued resistors,
capacitors, and inductors; and devices that have no Y or Z matrix
representations, but have an S matrix representation (e.g., an ideal
transformer or a three-port ideal circulator). By inserting zero-valued
components into the original circuit where one suspects parasitics to
be important, the program can then systematically investigate their
effects without recoding, simply by varying the values from zero on
subsequent runs.

The elimination order for the tableau can produce, at one extreme,
essentially a nodal formulation ; at the other extreme, a mesh formula-
tion; in general, a hybrid formulation results. This flexibility gives the
tableau method the capability of producing more accurate results than
other methods. Such accuracy improvements are important when an
element or subcircuit has a ¥ or Z matrix representation that is ill-
conditioned, e.g., the ¥ matrix of a very small resistance.

To minimize core memory requirements of the computer and to
allow analysis of large circuits having over 100 nodes, sparse matrix
reduction techniques are used throughout the program. For efficiency
in execution time, a loopless machine code program to solve the
tableau system of equations is generated first for each problem. This
efficiency is most important when the analysis package is used as a
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subroutine in an iterative program such as optimization or tolerance
analysis, since the time spent generating the machine code is insignifi-
cant compared to the time for repeated analyses. In addition to this
machine code, dynamic memory storage allocation and memory
paging schemes are used to increase efficiency further.

Input data for capE-cop can be entered in completely free format,
which not only provides great convenience for the user, but also reduces
the number of coding errors in large circuits. The input “language”
was developed to be natural for an engineer, easily understood and
remembered. The cape-cop currently accepts the following circuit
elements: resistors, capacitors, inductors, controlled or independent
voltage or current sources, two forms of transmission lines, two models
for transistors (one of which is used for distortion analysis, described
later), and N-port black-box devices. The latter can be characterized
by directly measured Y, Z, or S parameter data, or by a user-supplied
subroutine that calculates these parameters. In addition to having
fixed values, elements can be optionally defined as a tabular function
of frequency. This black-box capability was essential to the L repeater
analysis, since no sufficiently accurate lumped element model existed
to represent the wideband transformers used in the forward and feed-
back paths. Instead, two-, three-, and four-port matrix representations
were formulated from frequency-dependent measured data

Perhaps the most important improvement over previously used
programs which capE-cop provides is the wide variety and flexibility
in its computed outputs. These include any branch voltage or current,
any node voltage, or any of the following transmission related quanti-
ties: insertion gain or loss; voltage, current, or power gain or loss;
return loss or reflection coefficient; load impedance or admittance;
driving point impedance or admittance; u8 gain and 8 impedances;
and Y, Z, or S parameter matrix values.

The pf gain, i.e., the loop gain of a feedback amplifier, is especially
useful for verifying stability in the amplifier. Since many of these
outputs are complex numbers, they can be listed in any of the following
forms: real and imaginary parts, magnitude and angle (in degrees or
radians), dB[ = 20 logio(magnitude) ] and envelope delay (the deriva-
tive of the angle with respect to angular frequency).

Sensitivity studies are facilitated by another feature of cape-cop.
After an analysis with nominal circuit values has been completed, it
is possible to modify the values of any (one or several) element, sub-
ject to constraints if desired. A second analysis is then done, and the
output quantities can be the difference in any normal output that results
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from the modification of the circuit element values. This provides a
direct measure of circuit sensitivity to any change, large or small, in
any element values.

. OPTIMIZATION

For a system as complex as L5, no exact design procedure exists at
any level, either device, circuit, or system. Many iterations are required
from an initial to a “final” design. Various tradeoffs are weighed, merit
criteria are assigned, and design parameters are adjusted to yield a
result that is optimum under given assumptions.

Various optimization programs, including suprox,? have been used
at Bell Laboratories and have achieved good results. However, as with
basic ac analysis programs, shortcomings led to the development of a
new general-purpose optimization program named crop. Its capabili-
ties are described briefly, and some key applications to L5 design are
given as illustrations of its use.

3.1 Program capability

The crop is capable of minimizing a criterion function F(x) by
adjusting the set of n parameters z,, @s, - -+, z» (or in vector notation
x) which may be bounded (above and/or below), unbounded, or fixed.
A simplified program flow chart is shown in Iig. 1. Built into the
program is a least-pth error criterion function that has the following
form:

F(x) = Zl ff{wﬁ[yii(x) — 137,

j=1 i=

where

yi;(X) = y;(x, a;) is the jth response function value evaluated for
the 7th independent variable a;. For example, yi, ys, and
ys may be loss, delay, and input impedance of a given
circuit, while x represents the circuit parameters and a; is
the 7th frequency point.
ri;  is the requirement of the jth response function for the ¢th
independent variable. If a range of requirements is re-
quested instead of single value, and if y,;(x) falls outside
the range, the 7;; in the formula is the value closer to yi;(x).
p  is any positive even integer.
wy;  1s the weighting constant of the jth response function at
the 7th requirement point.
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Fig. 1—Simplified flowchart for arop.

If the least-pth error criterion is not adequate for an application,
the apop program also accepts a user-defined criterion function in the
form of a subroutine. A user-supplied subroutine must be given to
evaluate y;;(x) for the above error criterion. This subroutine is often
in the form of a complete ac circuit analysis done by another program,
such as cape-cop, but now treated as a subroutine.

A variety of strategies or algorithms exists for finding the optimum.
Since the efficiency of these strategies is problem-dependent, it is
desirable to have many available from which the user (or program
itself) can choose. The gpop is equipped with Fletcher-Powell ¢ steepest
descent,” Nelder-Mead, least-pth approximation® (least-squares when
p = 2), and many others. Stopping the search or switching to another
algorithm may be done either after a given number of iterations* or
after the percent improvement is less than a specified value for five
consecutive iterations.

Since the above algorithms work only for unconstrained optimization
problems, the optimization of a bounded parameter problem (which is

*In gpop, an iteration corresponds to an implyoVement; i.e., in one iteration, the
algorithm searches until a better criterion value is found.
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a simple form of constraint) is accomplished by transforming the
bounded parameters into free parameters. A variety of transforma-
tions have been built into the program. A user may also supply a
specific transformation for a particular application. The gradient of the
response function can be computed either from a numerical difference
approximation or from a user-supplied expression. Input and/or output
subroutines for pre- and/or postoptimization computation add another
useful capability. In some problems, it is necessary to apply parameter
constraints (such as interrelationships between parameters) inde-
pendently of any parameter bounds. The input or output routines in
cgpop allow the user to apply sequential unconstrained optimization
techniques to constrained optimization problems.?

3.2 Application

The application of gpop to a system design problem is given in a
later section; here, a circuit problem, the optimization of a fixed
deviation equalizer, is used for illustration. In practice, the fixed
equalizer applies an average correction for the difference between
repeater gain shape and cable loss shape.!'1? Residual errors are then
corrected in the field, using adjustable E1-E2 equalizers. The criterion
function does not (and should not) consider the error at the output
of the fixed deviation equalizer, but rather the final error after all

N
OVERALL EQUALIZATION —-I COMPUTE ERROR |
REQUIREMENT ‘
APPLY E1
DEVIATION EQUALIZER
ZERO—-FORCING DESIGN
INITIAL DESIGN l S8
COMPUTE MEAN SQUARE
ERROR AND ADJUST E1
SIMULATION OF FIELD
‘ - ADJUSTMENT OF
E1,E2 EQUALIZERS
‘ COMPUTE ERROR J
CHANGE DEVIATION APPLY E2
EQUALIZER PARAMETERS ZERO-FORCING DESIGN
COMPUTE TOTAL ERROR COMPUTE MEAN SQUARE
TRANSFER TO GPOP ERROR AND ADJUST E2
e

Fig. 2—Flowchart for optimization of a fixed deviation equalizer.
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Fig. 3—Performance of fixed deviation equalizer before and after optimization.

three equalizations have been applied. Thus, the program must
simulate the field adjustment process before it can optimize the
parameters of the fixed equalizer. FFigure 2 shows the flow chart for
this process, and Fig. 3 shows the result of optimization. Four stages
of bridged-T equalizers, having 32 elements, were needed in the final
design for the excellent mateh to requirements.

IV. STATISTICAL TRANSMISSION MEASUREMENTS OF REPEATERS
FOR EQUALIZER DESIGN

The equalization hierarchy of the L5 system defined two levels of
accuracy needed for transmission measurements on subsystems such
as the basic repeater, regulating repeater, and equalizing repeater.
These levels must be kept in mind to appreciate the measurement
problems that had to be solved. First, the basie repeater provides a gain
shape to compensate for cable loss (proportional to Vf), going from
4.97 to 32.04 dB over the range from 1.6 to 66 MHz. The manufacturing
goal was that basic repeater gains would not deviate from target shape
by more than 40.1 dB at the two-sigma points of the statistical dis-
tribution. Thus, a transmission measurement accuracy of about 0.01
dB at each frequency was needed. The wide dynamic range (30 dB)
and frequency range (nearly two decades) made this 0.01-dB target
difficult to achieve. Since measurements could be made on only a
limited number of basic repeaters, but the mean shape had to be
extrapolated to apply to many repeaters in the system, the accuracy
of individual measurements should, if possible, exceed the 0.01-dB
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target. Only a test set such as the corms®® was able to provide this
capability with the speed needed for a thorough job. Typical runs
included 100 discrete frequencies across the band and took one minute
per run. .

The second level of measurement accuracy was needed for the re-
maining steps in the hierarchy, the regulating and equalizing repeaters.
Since these provide mainly second- or third-order corrections, the
dynamic ranges to be covered were relatively small, but accuracies
needed approached 0.001 dB over the same wide frequency range.
Nothing can be above suspicion at the 0.001-dB level (i.e., one part
in 104). Mistermination or mismatch errors are the most frequent and
insidious problem. Over this frequency range, even the best available
pads needed to mask the test set impedances from those of the unknown
showed significant frequency shaping of both transmission and im-
pedance characteristics. Inexpensive mass-produced connectors, as
used in field installations, have poor connection repeatability and im-
pedance in terms of these accuracy requirements. But the temptation
is strong for the infrequent user to assume that an instrumental
resolution of 0.001 dB will guarantee him an absolute accuracy of
0.001 dB in any measurement. So regular accuracy verification of the
test equipment, use of selected highest quality test fixtures and masking
pads, and careful error analysis of each measurement was essential;
when these checks were omitted, serious errors were often discovered
later.

A third complication arose from the need for detailed temperature
characterization of the repeaters. The maximum temperature coefficient
of 0.0016 dB per °F for the basic repeater is a value critical in the design
of the dynamic equalizer and the regulating repeater. A computer-
controlled environmental test chamber was used with corms to ac-
cumulate sufficient data to determine this. Continuous control and
automatic data logging minimized the operator interaction, but round-
the-clock measurements required months to complete. Long intercon-
necting cables and a network of multiplexing relays introduced serious
line reflections, requiring special care in selecting and locating masking
pads. When the measurements were self-consistent, a standard sta-
tistical analysis program in another computer completed the tempera-
ture characterization.

V. DISTORTION ANALYSIS

Nonlinear distortion is a serious problem for a long-haul, frequency-
division-multiplexed, analog communications system using solid-state
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devices. Most serious are the second- and third-order intermodulation
distortions, caused mainly by the transistors. Allowable distortions
must be far below fundamental signals in practice; for example, the
third-order distortion should not exceed a level 90 dB below funda-
mental. Calculation of such small distortions requires not only very
accurate transistor modeling, but also appropriate mathematical tools
to extract such a small fraction of the main signal.

5.1 A new distortion analysis program

Circuits having only a few transistors connected in cascade and a
linear feedback path have been analyzed by S. Narayanan,' using the
Volterra series approach. While answers are obtained in closed form,
the computer implementation is not general and cannot handle the
large complex circuits in an L5 repeater. So a new program was written
to treat the second- and third-order distortions of transistor circuits
under small signal conditions. It is called the nonlinear distortion
analysis program (NopaP) and is based on the perturbation method.

For this type of problem, successful analysis depends on an accurate
active device model. The integral charge control model (1cm) of
Gummel and Poon,'® which contains many nonlinear effects not in-
cluded in conventional models, was chosen. Some more important
effects include conductivity modulation, base push out, Early voltage,
and avalanche effects. Expanding the 1cm equations around a given
bias point and expressing terminal currents in terms of junetion
voltages leads to an appropriate small-signal model. This is readily
separated into linear and nonlinear parts, the linear part being repre-
sentable by a hybrid-r equivalent circuit, or simply a two-port ad-
mittance matrix Y (jw) (Fig. 4). Two controlled current sources, Zy.
and 7y, represent the nonlinear part. These together represent the
intrinsic transistor, to which must be added appropriate parasitic
elements; the parasitics are treated linearly except for the inactive
collector capacitance.

The perturbation method works well (two iterations are sufficient),
since the nonlinearities are small for small-signal conditions. The
computational algorithm!® uses any linear circuit analysis program
(in this case, caPE-cop). The result is an accurate, efficient, general-
purpose program. The only nonlinear elements in the circuit are iy,
and iy, and they can be shown to be equivalent to two distortion cur-
rent generators having amplitudes and phases determined by the
second- and third-order nonlinear coefficients and the linear charac-
teristics of the transistor circuit. This approach for a single transistor
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Fig. 4—Small-signal nonlinear transistor model.

can be readily extended to multitransistor circuits, since the distortion
computation is carried out by a quasilinear approach and superposition
holds.

The sequence of calculations in NODAP is interesting, showing how
major programs can be combined. Given the circuit topology with the
1cM parameters, bias point of each transistor, and sets of three funda-
mental frequencies (fy, fo, and f3), NopAP computes the linear and non-
linear coeflicients for the transistor model. The linear characteristics
are passed to cAPE-coD to calculate output voltages, load admittance,
and junction voltages. These are returned to NopaP to calculate the
second-order intermodulation current sources at fi1 & fa, f1 =& f3, and
f2 == f3. These sources go back to cAPE-cop to calculate second-order
distortion voltages. This type of looping is similarly repeated for the
third-order distortion. The final step, by NopaP, prints out the cal-
culated second- and third-order distortion indices M.g and M ;g.

A “linear” and “nonlinear” option in NopaP allows the “turning off”
or “turning on’ of the distortion sources in any stage in an amplifier,
to determine the contributions from that stage. The distortion effects
of various nonlinearities can thus be isolated, giving insight impossible
from direct measurements alone. Also, distortion vectors are computed,
allowing the design of distortion cancellation circuits.

The calculated results for several L5 circuits have been in very good
agreement with measured data, within 2 dB over a wide range of bias
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Fig. 5—Distortions of a common-emitter transistor amplifier.

conditions and frequencies. Figure 5 shows a comparison of predictions
and measurements over the L5 frequency band.

5.2 Device modeling for distortion analysis

Accurate device modeling is essential to the success of NopAP in
predicting nonlinear distortion. A program called extraction of parame-
ters for the 1cm of transistors (£pic) has been developed to extract 30
1cM parameters from three sets of measured data. The raw data include
the de V-I characteristics, the junction capacitance characteristics,
and the small-signal ac characteristics measured over a wide range of
bias conditions. The previously described gpop program is used to
obtain the best 1cM parameters by optimizing the mateh to the data.
Those parameters associated with a single data set are matched first,
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progressing to parameters that affect multiple data sets. This gives
accurate results (physically realistic) quickly.

The main L5 transistor parameters were carefully extracted, using
Epic. In addition to their usefulness in predicting distortion, the linear
model parameters were used in cApE-coD for normal ac circuit analysis,
giving excellent results. Agreement between computed and measured
S parameters for the transistor was within 2 dB over the entire L5
frequency range.

VI. COMPONENT CHARACTERIZATION IN TERMS OF S OR Z PARAMETERS

Almost all the electronic subassemblies are built with components
that are treated as classical “lumped elements’” such as resistors,
capacitors, inductors, or diodes, or as multiport devices such as trans-
formers or transistors. Near the top L5 frequencies (66 MHz), the
lumped element approximation is often inadequate and transmission
line delays become important. Small capacitances and inductances,
normally considered ‘parasitics,” may have substantial effects in a
circuit, especially over the extreme bandwidths covered by feedback
amplifiers.

Simple passive components, such as two-terminal impedances, were
measured automatically over frequency ranges up to 1000 MHz. Not
only was the variation of element value with frequency obtained
(caused by inadequate models), but derived properties were also ob-
tained, such as the permeability and loss of magnetic materials, “Q”
variation with frequency, self-resonant frequencies of reactive com-
ponents, and linear two-element equivalent circuits of diodes. Such
measurements were made quickly and very accurately on the coTms,
using an impedance calculating program. Impedances from milliohms
to megohms can be measured over the range from audio to microwaves.
Accuracies of the order of 0.1 percent are realized for real and im-
aginary components between 1 and 1000 ohms. A recent addition to
the measurement tools is a computer-operated impedance bridge
(cozy) that provides even greater resolution (approaching 10 ppm)
and impedance range, though at frequencies limited to below 30 MHz.

The characterization of transformers and transistors as multiport
devices was at a more sophisticated level. Basic measurements of
voltage scattering (S) parameters were made automatically on coTwms,
using a special program and calibration technique which compensates
for the mismatch errors caused by imperfect test set impedances.!”
These corrections are especially important since test set impedances
do not remain constant over wide frequency ranges. From the basic S
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parameters, other matrix parameters such as H or Y were obtained
by computer data transformation. The H parameters are particularly
useful for transistors, while the ¥ parameters fit naturally into circuit
analysis programs based on nodal techniques. The multiport trans-
formers used in the L5 amplifiers were characterized by merging several
sets of two-port measurements into a 4-by-4 Y matrix representation.

Many of these characterization jobs were not carried out until
inexplicable problems appeared during the development of circuits.
However, with the presently available tools that are quick, accurate,
and easy to use, all critical component types can be characterized
automatically before use in model circuits. Such routine checks can
prevent many problems and save considerable time in the long run.
A component as simple as a resistor has many nanohenries of body and
lead inductance that can play havoc in high-frequency circuits, yet
it takes only a few minutes to characterize the component with modern
tools.

VIl. SYSTEM DESIGN

In repeatered analog transmission system design, the optimal al-
location of total system noise caused by various sources and subject
to certain constraints is an important but tedious task, if the con-
ventional approach is used. Manual trial-and-error modification of
transmission levels and calculation of the resulting noise at various
system points are time-consuming processes. All these are interde-
pendent functions of repeater gain, noise figure, modulation coefficients,
ete. A nonoptimum assignment may lead to failure to meet system
design objectives and to possible redesign of basic elements, starting
a new system design cycle. Since the process requires optimizing a
performance function subject to a given set of system constraints,
modern optimization techniques are applicable.

7.1 Computation of intermodulation noise

An intermodulation noise computation program called NEwMOD was
written at Bell Laboratories in the 1960’s for the development of sub-
marine cable systems. This program employs a modified version of
Bennett’s product count method!® in a formulation that takes into
account the effect of the nonlinear phase characteristic of repeaters.
The NEWMOD program was used extensively in the development of the
L5 system, in which the introduction of phase shaping networks effec-
tively randomized the addition of third-order intermodulation prod-
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ucts. This allowed the channel capacity of the system to be increased
by about 20 percent for the same noise performance.

The product count method requires too much computer storage and
processing time to allow the coupling of NEWMOD with apop for system
noise optimization. This difficulty can be avoided by modifying the
earlier formulation so that a high-order Chebyshev numerical-integra-
tion formula is employed to replace the product count approach. Based
on this new formulation, a program named noise optimization for
repeatered analog transmission systems (NORATs) has been imple-
mented and is briefly described.

7.2 NORATS program objective and organization

The main objective of this optimization is to select the best repeater
output transmission level as a function of frequency for the given
conditions. For a noise-limited system such as L5, the total system
noise should be minimized. For an overload limited system, the
average power output of repeaters should be minimized so that the
total system noise still satisfies the requirements. In both problems, we
may consider the modulation coefficients as additional design parame-
ters subject to certain limitations. All these problems can be considered
special cases of minimizing the following criterion function

F@) = 3wl =,

where

y:(x) = total system noise (in dBrnc0) at frequency f; 7 =1,

2, -oy,m—3,
Ym—2(X) = average value of the second-order modulation coefficient
(in dB),
Ym—1(x) = average value of the third-order modulation coefficient
(in dB),
Ym(X) = equivalent rms power of a single tone at repeater output
(in dBm),

r; and w; are the corresponding requirements and weighting constants,
p is a positive even integer, and the components of x are the coeflicients
of the polynomial representations of the transmission level and modula-
tion coefficients as functions of frequency. The total system noise
function in the equation is the power addition of thermal, second-order,
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and third-order intermodulation noise. This criterion function is in a
form ready to be used in the grop program described in Section II.

7.3 NORATS applications

Solutions to various design problems can be carried out using NORATS
by choosing appropriate weighting constants in the criterion function.
For a noise-limited system, the weighting constant w, corresponding
to the output power is set to zero, since this allows the optimum trans-
mission level to be determined by minimization of total system noise,
regardless of output power. A relatively large w, corresponds to an
overload-limited system. The weighting constants w,_; and/or wm_»
are set to zero if the corresponding modulation coefficients are given
instead of being treated as design parameters. Recent NORATS runs
have confirmed that earlier designs approached an optimum.

VIll. EQUALIZER CHARACTERIZATION AND ALIGNMENT

The strategy of using distributed corrections for the separate tem-
perature variations of the cable and the repeaters (regulation), and for
deviations from nominal frequency shaping caused by manufacturing
tolerances (equalization), is a complex one. The strategy depends on
accurate characterization of the various equalizer and regulator cir-
cuits to be effective, and this was considerably simplified by the use of
corMs. One special program for alignment during manufacture deserves
description. It illustrates that, in some problems, even the most
sophisticated measurement equipment alone is not enough to fill the
need. By incorporating within the computer-controlled test set an
algorithm for adjusting a set of nonorthogonal controls, considerable
time and cost savings are achieved.

The 4211A network generates a f shape for use in regulating the
L5 system against changes in cable loss with temperature.’? Six ad-
justable elements, which are not independent, are needed to match the
resulting shape to requirements. While their individual effects are
readily measured, the interdependence makes final adjustment during
manufacture nearly impossible by trial-and-error methods. The problem
could be solved on a separate computer, but this would require vol-
uminous data transfer and lost time. The logical time and place to
carry out the adjustment were simultaneously with the measurement
process. The details of the procedure and its effectiveness are described
in another article in this issue.!? This particular combination of pre-
cision measurement, data reduction, computer prediction, and output
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“instructions” to an operator, all done in a single machine, will be the
way of the future for such complex tasks.

IX. CONCLUSIONS

The complex design problems to be solved in the development of the
L5 system led to the writing of a series of new computer programs
that are highly interrelated and yet very useful independently. cape-
cop provides ac circuit analysis with flexible input and output, speed
of computation, and the ability to handle large circuits with very few
limitations of types of elements. Continued development is under way
to extend its range of application into the microwave region and to
improve its interactive and statistical capabilities. The aroP program
implements modern optimization techniques through a wvariety of
algorithms and considerable flexibility in types of constraints allowed.
Both gror and caPE-cop contain links to simplify their combined use,
making an extremely flexible combination. The NopaP introduces a
new method of handling nonlinear distortion problems, working to-
gether with cape-cop. Input data for NopaP are provided by EpIc, a
transistor model parameter extraction program that works together
with grop. A new system design program, NorATs, also works with
GPOP to optimize the noise performance of repeatered analog trans-
mission systems.

The usefulness of computer-operated transmission measurement
equipment was enhanced by the development of advanced impedance
measurement and modeling programs. Automatic measurement of
many repeaters under computer-controlled environmental conditions
was facilitated, along with data links to transfer measurement and
characterization data directly to another computer where they could
be used in caPE-coD. A specialized alignment program was written for
use in coTMs.

While each of these new tools is important in its own right, their
combination and coordinated development provided an extremely
powerful set of tools. Clearly, the L5 project could not have been
completed on schedule without these computer aids to design and
measurement.

X. ACKNOWLEDGMENTS

Many individuals have contributed to the development and ap-
plication of computer and measurement aids for the design of the L5
system. This paper covers only the key aspects of the total involve-

2266 THE BELL SYSTEM TECHNICAL JOURNAL, DECEMBER 1974



ment. The authors wish to thank all the other contributors for their
enthusiastic support.

REFERENCES

1. M. A. Murray-Lasso, “Analysis of Linear Integrated Circuits by Digital Com-
puter Using Black-box Techniques,” in G. Herskowitz, ed., Computer-Aided
Integrated Circuit Design, New York: McGraw-Hill, 1968.

2. P. E. Fleischer, “Optimization Techniques in System Design,” in F. F. Kuo
and J. F. Kaiser, eds., System Analysis by Digital Computer, New York:
John Wiley, 1966.

. L. A. O’Neill, “Interactive Tolerance Analysis with Graphic Displays,”” Proc.
Spring Joint Computer Conference, 1969, pp. 207-213.

4, C. L. Semmelman, E. D. Walsh, and G. T. Daryanani, “Linear Circuits and
Statistical Design,” B.S.T.J., 50, No. 4 (April 1971), pp. 1149-1172.

. G. D. Hachtel, R. K. Brayton, and F. G. Gustavson, “The Sparse Tableau
Approach to Network Analysis and Design,” IEEE Transactions on Circuit
Theory, CT-18, January 1971, pp. 101-113.

. R. Fletcher and M. J. D. Powell, “A Rapidly Convergent Descent Method for
Minimization,” Computer Journal, 6, June 1963, pp. 163-168.

. R. Fletcher, “A Review of Methods for Unconstrained Optimization,” R.
Fletcher, ed., Opitmization, New York: Academic Press, 1969.

. J. A. Nelder and R. Mead, “A Simplex Method for Function Minimization,”
Computer Journal, 7, January 1965, pp. 308-313.

9. G. C. Temes and D. Y. F. Zai, “Least pth Approximation,” IEEE Trans-
actions on Circuit Theory, CT-16, May 1969, pp. 235-237.

10. A. B. Fiacco and B. P. McCormick, ‘“Programming Under Nonlinear Constraints
by Unconstrained Minimization: A Primal-dual Method,” Tech. Paper
RAC-TP-96, Research Analysis Corporation, Bethesda, Md., September 1963.

11. E. H. Angell, Y. S. Cho, K. P. Kretsch, and M. M. Luniewicz, “L5 System:
Repeatered Line,” B.S.T.J., this issue, pp. 1935-1985.

12. J. L. Garrison, A. Olsen, Jr., and T. H. Simmonds, Jr., “L5 System : Transmission
Networks and Magnetic Components,” B.S.T.J., this issue, pp. 2203-2248.

13. W. J. Geldart, G. D. Haynie, and R. G. Schleich, “A 50-Hz to 250-MHz Com-
puter-operated Transmission Measuring Set,” B.S.T.J., 48, No. 5 (May-
June 1969), pp. 1339-1381.

14. 8. Narayanan, “Applications of Volterra Series to Intermodulation Distortion
Analysis of Transistor Feedback Amplifiers,” IEEE Transactions on Circuit
Theory, CT-17, November 1970, pp. 518-527.

15. H. C. Poon, “Modeling of Bipolar Transistor Using Integral Charge-control
Model with Application to Third-order Distortion Studies,” IEEE Trans-
actions on Electron Devices, ED-19, June 1972, pp. 719-731.

16. Y. L. Kuo, “Distortion Analysis of Bipolar Transistor Circuits,”” IEEE Trans-
actions on Circuit Theory, CT-20, November 1973, pp. 709-716.

17. J. G. Evans, “Measuring Frequency Characteristics of Linear Two-port Net-
works Automatically,” B.S.T.J., 48, No. 5 (May-June 1969), pp. 1313-1338.

18. W. R. Bennett, “Cross Modulation Requirements on Multichannel Amplifiers
Below Overload,” B.S.T.J., 19, No. 4 (October 1940), pp. 587-610.

[=M)

ot

o N &

COMPUTING AND PRECISION MEASUREMENTS 2267






Contributors to This Issue

W. G. Albert, Bell Laboratories, 1951—. Mr. Albert was initially
engaged in the physical design of terminal equipment for the L3
Coaxial System and microwave transmission systems. He also worked
on the physical design and development of the A4 and A5 channel
banks, I multiplex, mastergroup multiplex, and L4 and L5 coaxial
system line repeaters. He is now supervisor of the Reliability and
Digital Banks Physical Design Group. Member, IEEE.

Robert E. Anderson, B.S.E.E., 1940, University of Wisconsin; E. 1.
duPont de Nemours and Co., 1940-43; Radio Research Laboratory,
Harvard University, 1943-45; Bell Laboratories, 1945—. At Bell
Laboratories, Mr. Anderson has worked on the development of video
transmission systems for television, the L3 carrier, automatic-restoral
alarm circuits for N2 and N3 carrier, the equalizer remote control
system for L4 carrier, and most recently, on the transmission surveil-
lance system for the L5 carrier system. Member, IEEE, Eta Kappa Nu.

E. H. Angell, B.S.E.E., 1964, Union College; M.S. (E.E.), 1965,
Harvard University ; Bell Laboratories, 1964—. Mr. Angell has been
engaged in circuit design work for coaxial systems. He is currently
supervisor of the L5 repeatered line group. Member, IEEE.

John F. Barry, B.S., 1961, M.S., 1963 (Electrical Engineering),
Northeastern University; Bell Laboratories, 1961-1972; Western
Electric, 1972—. Mr. Barry initially worked on the development of the
Bellboy® personal signaling receiver, the 3A FM terminals, and the
2A 1F restoration switch system. Later he worked on the development
of the jumbogroup frequency supply. Since 1972, he has been a member
of a special design group.

R. K. Bates, AT&T Long Lines, 1941-1953; Bell Laboratories,
1953—. At Bell Laboratories, Mr. Bates has worked on private-line
telegraph switching systems including the 82B1 system for the U.S.
Navy and the Delta Airlines reservation system. In long-haul carrier
work, Mr. Bates has worked on the L4 system and, most recently, on
the basic jumbogroup trunk bay for the L5 system.

2269



Philip J. Baun, Jr., BS.E.E., 1959, University of Wisconsin;
M.S.E.E., 1961, Northeastern University; Bell Laboratories, 1959—.
Mr. Baun, a member of the Coaxial Systems Department, is responsible
for the L5 transmission surveillance software. He has had previous
experience in the design and development of passive networks and in
the analysis and characterization of electronic circuits for toll trans-
mission systems via analog and digital computation. Member, IEEE,
Tau Beta Pi, Eta Kappa Nu.

Richard Ming-Ming Chen, Dipl. El. Eng., 1959, Chiao Tung Uni-
versity, China; M.S., 1965, Pratt Institute; Ph.D., 1968, Rutgers
University; Faculty Member, El. Eng. Dept., 1959-1962, Peking
Constructional Industrial College, Peking, China; Bell Laboratories,
1968—. Mr. Chen has been engaged in the areas of optimization,
simulation, tolerance assignment, and partitioning techniques for
large scale problems. Member, IEEE, Eta Kappa Nu, Sigma Xi.

Yo-Sung Cho, B.S.E.E., 1962, Seoul (Korea) National University;
M.S., 1966, and Ph.D., 1968, Yale University; Honeywell E.D.P.
Division, 1964-1965 and 1967-1969; Bell Laboratories, 1969—.
Mr. Cho made equalization studies of the L5 coaxial transmission
system employing manual and automatic equalizers. He was also
engaged in the development of the equalizer adjustment system
which is used for the equalization of the L5 line. His subsequent
work includes design of exploratory repeater amplifiers for a future
coaxial transmission system. He is presently supervisor of the group
developing terminal multiplexing equipment for coaxial and radio
transmission systems. Member, IEEE.

Fred A. D’Altroy, B.A., 1949, M.A., 1951, University of British
Columbia; Ph.D., 1956, Purdue University ; Bell Laboratories, 1955—.
Mr. D’Altroy has been engaged in the development of semiconductor
devices since 1956. He is currently supervisor of a group having
responsibility for the Triac pnpn devices, pnp transistors, and npn
ultralinear transistor.

Albert F. Flint, A. E., 1962, Wentworth Institute; Bell Telephone
Laboratories, 1962—. Mr. Flint has worked on the design and develop-
ment of precision crystal oscillators. Since 1971, he has worked mainly
on the development of clock oscillators for several systems.

2270 THE BELL SYSTEM TECHNICAL JOURNAL, DECEMBER 1974



J. L. Garrison, B.E.E., 1934, and M.E.E., 1936, Polytechnic
Institute of Brooklyn; Bell Laboratories, 1936—. Mr. Garrison has
worked on the design of transmission transformers, on the final de-
velopment of transistors, and on technical publications. He now
supervises a group engaged in development of transmission networks.
Member, Sigma Xi, Tau Beta Pi, registered professional engineer in
New Jersey and New Hampshire.

John H. Green, B.S.E.E., 1966, and M.S.E.E. 1968, Northeastern
University; Bell Laboratories, 1966—. Mr. Green has been involved
in various terminal system developments for L-carrier systems in-
cluding mastergroup multiplex and line protection switching systems.
He is currently involved in digital channel bank development. Member,
Tau Beta Pi.

B. H. Hamilton, B.S.E.E., 1949, University of Kansas; Bell Labora-
tories, 1950—. Mr. Hamilton has worked on development of power
conversion and control circuits, new energy conversion techniques,
and medium- to high-voltage de-to-de converters. He is presently
supervisor of a circuit-development group. Senior member, IEEE,
member, Kappa Eta Kappa, Sigma Tau, Tau Beta Pi.

Charles F. Hempstead, B.S., 1949, Northwestern University;
Ph.D. (Physies), 1955, Cornell University ; Bell Laboratories, 1954—.
Mr. Hempstead designed millimeter wavelength backward-wave oscil-
lators and studied solids for maser applications until 1961. He was then
concerned with Type II superconductors for high magnetic field
generation, followed by research on visual perception of motion.
Presently he supervises a group developing new applications of wide-
band computer-controlled test equipment for precise component
characterization. Member, IEEE, Sigma Xi, Phi Beta Kappa.

Fred J. Herr, B.S.E.E., 1942, Cooper Union; M.S., 1952, Stevens
Institute of Technology; Bell Laboratories, 1936—. At Bell Labora-
tories, Mr. Herr was first engaged in the development of measuring
equipment for coaxial transmission systems. He was later concerned
with system design analysis of long-haul coaxial and type-N short-haul
carrier systems. He participated in early feasibility experiments on
color television transmission on coaxial systems and worked on the
design specification of new video measuring equipment. He participated
in the laying of the Alaskan and second transatlantic submarine cable

CONTRIBUTORS TO THIS ISSUE 2271



systems and did the system design analysis and terminal maintenance
planning for the sp submarine cable system. Currently, he supervises
the test equipment planning and application group for coaxial trans-
mission systems. Member, Tau Beta Pi.

Richard M. Jacobs, B.S. (Chemistry), 1954, Brookiyn College;
B.S.E.E.,, 1959, University of Wisconsin; M.S.E.E., 1961, Lehigh
University ; Bell Laboratories, 1959—. Mr. Jacobs has been engaged
in the development of transistors and integrated circuits since 1959.
He is currently head of a department responsible for the development
of discrete devices and integrated circuits.

Frank C. Kelcourse, B.S.E.E., 1959, M.S.E.E., 1962, Northeastern
University ; Bell Laboratories, 1959—. Mr. Kelcourse worked initially
on rpM terminals, including the design of transmission amplifiers,
modulators, and carrier supplies, and subsequently on the design of
wideband feedback amplifiers for the 14 line repeaters. He has super-
vised groups responsible for the final development of the L4 equalizing
and remote control systems and for the equalization, planning, and
design of the L5 system. He is currently supervisor of a systems
studies and applications group responsible for analyses and appli-
cations related to analog, digital, and hybrid transmission systems.
Member, Tau Beta Pi.

Kenneth P. Kretsch, B.5.E.E., 1959, Pennsylvania State University ;
M.E.E., 1961, New York University; Bell Laboratories, 1959—. Mr.
Kretsch began at Bell Laboratories in the switching research area,
participating in research into time-division switching systems. He
also participated in the development of a message switching system and
was responsible for system design of high-speed processors for use in
telephone switching systems. Currently, he is responsible for equaliza-
tion of the L5 coaxial cable system. Member, IEEE.

Y. L. Kuo, M.S. (E.E.), 1961, Oklahoma State University; Ph.D.
(E.E.), 1966, University of California ; Assistant Professor, 1966—1970,
Purdue University; Bell Laboratories, 1970—. Mr. Kuo’s primary
interest is in the area of active device modeling and computer-aided
analysis of nonlinear networks.

M. L. Liou, B.S., 1956, National Taiwan University; M.S., 1961,
Drexel Institute of Technology; Ph.D., 1964, Stanford University;

2272 THE BELL SYSTEM TECHNICAL JOURNAL, DECEMBER 1974



Bell Laboratories, 1963—. Mr. Liou is presently supervisor of the
Analysis and Interactive Computing Group providing analytical and
computational support to the transmission system development at
Merrimack Valley. His fields of interest have included system theory,
numerical analysis, optimization, and computer-aided design of circuits
and various components in radio and cable transmission systems.
Member, IEEE, Eta Kappa Nu, Sigma Xi.

Michael M. Luniewicz, B.S.E.E., 1958, University of Massachusetts;
M.S. (engineering), 1961, Northeastern University; Bell Laboratories,
1960—. Mr. Luniewicz has been engaged in circuit design and develop-
ment for multiplex terminals and coaxial lines.

Robert E. Maurer, B.S.E.E., 1962, M.S.E.E., 1964, Ph.D., 1968,
Northeastern University; Bell Laboratories, 1962—. In addition to
supervising a group responsible for the development of analog multi-
plex equipment, Mr. Maurer has worked on the design of the equalizing
repeater for the L4 system, the analysis and modeling of intermodu-
lation distortion, the equalization of random channels, and analysis
and exploratory development related to the transmission of high-speed
digital signals over sharply band-limited analog channels. He presently
supervises a system-planning group working on a new baseband digital
system for exchange area application. Associate Editor, IEEE Trans-
actions on Communications. Member, Tau Beta Pi, Eta Kappa Nu,
Phi Kappa Phi, Sigma Xi.

Samuel Mottel, B.S.M.E., 1950, City College of New York;
M.S.M.E., 1968, Newark College of Engineering; Bell Laboratories,
1952—. Mr. Mottel has been concerned with physical design of power
equipment. He has worked on power for carrier systems, microwave
systems, submarine cables, key telephones, ringing and tone plants.
He supervises a group responsible for physical design of a variety of
power equipment.

Joseph M. Nacci, B.S. (Physics), 1956, University of Rhode Island;
Bell Laboratories, 1956—. Mr. Nacci has been active in the design
and development of a wide variety of silicon transistors and integrated
circuits. These include pnp transistors of all types, npn ultralinear
transistors, silicon based capacitors, and pnp integrated circuits.

CONTRIBUTORS TO THIS ISSUE 2273



Sundaram Narayanan, B. Tech., 1960, Indian Institute of Technol-
ogy, Kharagpur, India; M.S., 1963, and Ph.D. (Electrical Engineer-
ing), 1965, Carnegie-Mellon University ; Bell Laboratories, 1965—. Mr.
Narayanan has worked on nonlinear distortion in transistor amplifiers
and the use of high-speed digital signals over band-limited analog
channels. He was supervisor of a group developing precision signal
source and is presently supervisor of a group working on a new multi-
plex arrangement for L5 and a basic repeater design for an advanced
coaxial system. Member, IEEE, Sigma Xi.

James F. Oberst, B.E.E., 1964, Manhattan College; M.S., 1966,
and Ph.D. (Electrical Engineering), 1969, Polytechnic Institute of
Brooklyn; Assistant Professor of Electrical Engineering, Polytechnic
Institute of Brooklyn, 1968-1969; Bell Laboratories, 1969—. Since
joining Bell Laboratories, Mr. Oberst has worked on various aspects
of poM transmission over cable and synchronization for ¥pm terminal
equipment. He is presently working on pcMm channel banks.

Arthur Olsen, Jr., B.S.E.E., 1959, Worcester Polytechnic Institute;
M.S.E.E., 1961, Northeastern University; Bell Laboratories, 1959—.
Mr. Olsen has been responsible for the design and development of
transmission networks and magnetic components. He presently
supervises a magnetic components group.

Edward J. Panner, B.S.E.E., 1962, Lafayette College ; Bell Labora-
tories, 1949—. Mr. Panner has been engaged in device development
principally for transmission systems involving technologies ranging
from klystrons and general-purpose tubes to transistors and integrated
circuits. Member, Tau Beta Pi, Eta Kappa Nu, Phi Beta Kappa.

Henry S. Pustarfi, A.E., 1955, Newark College of Engineering;
Bell Laboratories, 1951—, Mr. Pustarfi has worked on the development
of quartz crystal filters, temperature-control circuits, and thermoelec-
tric ovens. He is presently engaged in the development of crystal-
controlled oscillators, temperature-control devices, and precision fre-
quency standards.

Richard W. Sanders, B.S.E.E., 1959, University of Vermont;
M.S.E.E., 1961, Northeastern University; Bell Laboratories, 1959-
1972; Western Electric Company, 1972—. At Bell Laboratories, Mr.

2274 THE BELL SYSTEM TECHNICAL JOURNAL, DECEMBER 1974



Sanders was engaged in the development of coaxial transmission sys-
tems, specifically protection switching for the L4 and L5 Coaxial-
Carrier Transmission Systems. At Western Electric, he is presently
involved in test engineering for the voice-band interface frame and the
digroup terminal for the No. 4 Ess project. Member, IEEE, Tau
Beta Pi.

T. H. Simmonds, Jr., B.S.E.E., 1954, University of Virginia;
M.S.E.E., 1961, Northeastern University; Active Naval Reserve,
1954-1958; Bell Laboratories, 1954 and 1958—. Mr. Simmonds’
early work was on a variety of filters and networks for long- and
short-haul carrier transmission systems. As supervisor of a networks
group in the Transmission Systems Networks Department he is
responsible for work on transmission filters and networks for carrier
and radio transmission systems. Member, IEEE, Tau Beta Pi.

Robert P. Snicer, B.S.E.E., 1966, and M.S.E.E., 1967, Massachu-
setts Institute of Technology; Bell Laboratories, 1967—. Since joining
Bell Laboratories, Mr. Snicer has been engaged in transmission system
development and computer-aided design. He presently supervises a
network design group. Member, IEEE, Eta Kappa Nu, Tau Beta Pi,
Sigma Xi.

John L. Thomas, B.S.E.E., 1957, University of Maine; M.E.E.,
1960, New York University; Bell Laboratories, 1957—. Mr. Thomas
engaged initially in circuit design work associated with special applica-
tions of submarine cable systems. He worked on systems analysis and
supervised a group responsible for the circuit design of shore terminal
transmission facilities associated with the sF submarine cable system.
He later supervised a group responsible for repeater, equalizer, and
special test set circuit design for submarine cable systems. He is
presently responsible for the design of transmission surveillance and
fault location circuitry for the L5 coaxial system. Member, Phi Kappa
Phi, Tau Beta Pi.

Edward D. Walsh, B.S.E.E., 1965, Gannon College; M. Eng.,
1966, and Ph.D., 1968, Rensselaer Polytechnic Institute; Bell Labora-
tories, 1968—. Mr. Walsh engaged initially in the frequency domain
characterization of high-frequency active and passive devices. He has

CONTRIBUTORS TO THIS ISSUE 2275



developed a general-purpose frequency domain simulation program
for transmission circuits. He is presently working on Monte Carlo
simulation programs for transmission circuits. Member, IEEE.

R. J. Wirtz, B.S. (M.E.), 1950, Brown University ; Bell Laboratories,
1956—. Mr. Wirtz was at first involved in resistor development and the
physical design of the N3 Carrier System. He later supervised the
physical design of the L4 Coaxial System. He is currently supervisor of
the Coaxial System Physical Design Group responsible for the design of
long-haul carrier systems.

Donald J. Zorn, A.A. (electronic engineering), Wentworth Institute,
1959; B.S. (industrial technology), Northeastern University, 1965;
Bell Laboratories, 1959—. Mr. Zorn has worked in the development
of A5 channel banks, L-multiplex, MmmMx-multiplex, and the 1.4 coaxial
system, and is currently working on the Lb coaxial system. In addition,
he has worked on several special development projects, including a
carrier supply for channel banks used in the initial Telstar operations
and a special pilot supply for the NoraD headquarters carrier system.
Member, Sigma Epsilon Rho.

2276 THE BELL SYSTEM TECHNICAL JOURNAL, DECEMBER 1974



THE BELL SYSTEM TECHNICAL JOURNAL is abstracted or indexed by Abstract
Journal in Earthquake Engineering. Applied Mechanics Review, Applied Science
& Technology Index, Chemical Abstracts, Computer Abstracts, Computer & Con-
trol Abstracts, Current Papers in Electrical & Electronic Engineering, Current Papers
on Computers & Control, Electrical & Electronic Abstracts, Electronics & Communi-
cations Abstracts Journal, The Engineering Index, International Aerospace Ab-
stracts, Journal of Current Laser Abstracts, Language and Language Behavior Ab-
stracts, Mathematical Reviews, Metals Abstracts, Science Abstracts, and Solid State
Abstracts Journal. Reproductions of the Journal by years are available in micro-
form from University Microfilms, 300 N. Zeeb Road, Ann Arbor, Michigan 48106.



Bell System



