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Introduction

The F100K family was developed to meet the ever
increasing demands of the data processing industry.
After significant consultation with major segments of
the data processing industry, it was determined that the
faster processing rates, higher machine densities, and
greater system reliability required by that industry could
only be met by the use of higher speed integrated
circuits with more on-chip integration and more multi-
purpose logic functions; thus, F100K ECL.

In order to ensure F100K acceptance as a standard
product family, major segments of the data processing
industry were involved in its definition. The result is the
F100K ECL product family, which provides next genera-
tion system performance and density without requiring
the total use of LSI, but is still compatible with LSI
approaches.

F100K gate arrays are not included in this user’s hand-
book but will become an integral part of the F100K
family. Please contact your local Fairchild sales office for
information on F100K gate arrays.

Chapter 1 Family Overview

Discusses F100K design philosophy and actualization,
and summarizes the key features and advantages in
high-speed systems.

Chapter 2 Circuit Basics
Discusses internal circuitry and logic function formation.
Also, a sample analysis of noise margins is outlined.

Chapter 3 Logic Design
Features brief applications of F100K logic arranged
according to function.

Chapter 4 Transmission Line Concepts

Reviews the concepts of characteristic impedance and
propagation delay and discusses termination, mismatch,
reflections and associated waveforms.

Chapter 5 System Considerations

Extends the transmission line approach to the specific
configurations, signal levels and parameter values of
ECL. Various methods of driving and terminating signal
lines are discussed.

Chapter 6 Power Distribution and Thermal
Considerations

Discusses power supply, decoupling and system cooling
requirements.

Chapter 7 Testing Techniques

Discusses various methods and techniques used in
testing ECL devices (intended for those concerned with
customer incoming inspection).

Chapter 8 Quality Assurance and Reliability
Gives an overview of the quality and reliability programs
currently in use.

Chapter 9 Field Sales Offices and Distributor Locations
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Family Overview

Introduction

Systems designers have found that Emitter Coupled
Logic (ECL) circuits offer significant advantages to
high-speed systems. These advantages include high
switching rates with moderate power consumption, low
propagation delays with moderate edge rates, and the
ability to drive low impedance transmission lines.

The F100K ECL family is the realization of refinements
made on ECL design to produce a family of logic
components which are not only capable of providing
ultimate performance for packaged SSI/MSI but which
are easy to use and cost effective.

F100K ECL has been accepted as the standard
subnanosecond logic family used in high-speed, next
generation systems. The advance into complex LS|
and gate arrays is fully supported by the F100K
SSI/MSI parts.

Design Philosophy

F100K was designed to meet four key requirements:
high speed at reduced power, high level of on-chip
integration, flexible logic functions, and optimum I/0O
pin assignment.

Subnanosecond Gate Delays

The subnanosecond internal gate delays of F100K are
obtained by the use of ECL design techniques and the
advanced Isoplanar Il process. Many circuit approaches
were carefully considered prior to selecting the optimum
gate configuration for the F100K family. The emitter-
follower current-switch (E2CL) and current-mode logic
(CML) gates were eliminated mainly because of poor
capacitive drive and lack of output wired-OR capability;
the CML gate has low noise margins. The 2-1/2D, EFL,
DCTTL and hysteresis gates were eliminated due to the
lack of simultaneous complementary outputs along with
difficult temperature and voltage compensation charac-
teristics that lead to the loss of system noise immunity.

The choice narrowed down to the current-switch
emitter-follower ECL gate which offers the following
characteristics:

High fan-out capability

Simultaneous complementary outputs

Excellent ac characteristics

Compatibility with existing ECL logic and memories

e Internal series gating capability

e Good noise immunity

e Amenable full compensation and extended
temperature characteristics

e External wired-OR capability

In order to ease drive requirements all circuit inputs
were designed to have similar loading characteristics;
i.e., buffers are incorporated where an input pin would
normally drive more than one on-chip gate. The on-chip
delay incurred by buffering is less than the system delay
caused by an output which drives a capacitance of
higher than three unit loads. Full compensation was
selected for the F100K family to provide improved
switching characteristics. Full compensation results in
relatively constant signal levels and thresholds and in
improved noise margins over temperature and voltage
variations from chip to chip, and thus a tighter ac
window in the system environment. A comparison of
fully compensated ECL to conventional ECL shows a 2:1
improvement in system ac performance due solely to full
compensation (Figure 1-1). And, the improved speed has
been achieved at reduced power. This power reduction
is accomplished by the use of advanced process
technology that reduces parasitic capacitances and
improves tolerances, by optimum circuit designs using
series gating and collector and emitter dotting, and by
designing for the use of a -4.5 V VEE power supply.
While a -5.2 V + 10% power supply can be used to
interface with 2 ns ECL families, F100K is only specified
at a Vee power supply of 42V to—-4.5V.

Fig. 1-1 Comparison of Propagation Delays
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High On-Chip Integration

Higher on-chip integration is made possible by using the
24-pin package to increase the number of signal pins by
62% over the conventional 16-pin package. The emphasis
in F100K is to minimize the number of SSI functions

and maximuze the use of MSI and LSlI to reduce wiring
delays and thus make more efficient use of the fast
on-chip switching technology. Only 10 SSI functions are
needed to serve the system needs presently requiring

25 functions in the ECL 10K family.

Flexibility and Pin Assignment

F100K was planned to minimize the total number of
logic functions by increasing the flexibility of each
function and by making use of more 1/0 pins. Since
next-generation system performance and ease of system
designs are major F100K goals, pin assignment is
important and was planned to minimize crosstalk, noise
coupling and feedthrough, to facilitate OR-ties and to
ease power-bus routing. Some of the key considerations
in selecting the F100K pin assignments were:

® | ocate power pins in the center on opposite sides of
the DIP package to ease system design and to
provide low-inductance connections to the chip.

® Provide two Vcc pins, one for the internal circuit and
one for the output buffers, to minimize noise coupling.

® | ocate inverting outputs of logically independent
gates adjacent to each other. This provides the ability
to wire AND-OR-Invert functions with ease.

® | ocate common pins such as common Reset and
common Clock at pin number 22 and Address or
control inputs at pins 19 and 20 for flatpaks. This is to
maximize use of Computer Aided Design (CAD) for
board layouts.

® When feasible, mode control pins are used to create
multipurpose devices.

Process Technology

The F100K family is fabricated using the advanced
Isoplanar Il process, which provides transistors with
very-high, well-controlled switching speeds, extremely
small parasitic capacitances and fr in excess of 5 GHz.

The technology can best be described by comparing the
integrated circuit transistor structures of the conven-
tional Planar process and that of the Isoplanar Il process
(Figure 1-2). The top view shows the area needed for
each structure; the dashed area is the center of the
isolation area.

Fig. 1-2 Transistor Structures
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In the Isoplanar process, a thick oxide is selectively
grown between devices, instead of the P+ region which
is present in the Planar process. Since this oxide needs
no separation from the base-collector regions, a
substantial reduction in device and chip size can be
realized. The base and emitter ends terminate in the
oxide wall; therefore, the masks can overlap into the
isolation oxide. This overlap feature means that base and
emitter masking does not have to meet the extremely
close tolerances that might otherwise be necessary, and
standard photolithographic processes can be used.
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The “walled emitter” structure allows over a 70%
reduction of the transistor silicon area compared to
that of a conventional Planar transistor. For a given
emitter size, the collector-base area is also reduced by
more than 60%. The reduced junction areas result in
corresponding reductions in collector-base and
collector-substrate capacitances, thereby allowing
higher speeds.

Since the active transistor area is only under the emitter,
all capacitance and resistance values outside this area
are reduced. Parasitic values are further reduced by
taking advantage of the masking alignment latitude
resulting from the self-aligning nature of the structure.

As is the case with other modern LSI processes, the
shallower diffusions and thinner oxides make ECL
devices more susceptible to damage from electrostatic
discharge than are devices of earlier TTL families. Users
should take the usual precautions when handling ECL
devices: avoid placing them on non-conductive plastic
surfaces or in plastic bags, make sure test equipment
and fixtures are grounded, individuals should be
grounded before handling the devices, etc.

Compensation Network

The heart of F100K is fully compensated ECL.1 The
basic gate consists of three blocks — the current switch,
the output emitter-followers, and the reference or bias
network (Figure 1-3). The current switch allows both
conjunctive and disjunctive logic. The output emitter-
followers provide high drive capability through
impedance transformation and allows for increased logic
swing. The bias network sets dc thresholds and current-
source bias voltages. Temperature compensation at the

Fig. 1-3 ECL Gate
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gate output is achieved by incorporating a cross-connect -

branch between the complementary collector nodes of
the current switch and driving the current source with a
temperature insensitive bias network2 (Figure 1-4).

Fig. 1-4 Temperature Compensation
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The schematic for the reference network displays a VBe1
amplifier in the bottom left corner (Figure 1-5). Two
base-emitter junctions are operated at different current
densities, J1 and J2. The resulting voltage difference,
VBE1 minus VBE2, appears across R1 and is amplified by
the ratio R2/R1. Note that R2 is used twice, once to
generate Vcs and once to generate Vag. The different
current densities, J1 and J2, result in a positive
temperature tracking coefficient across R2, which
cancels the negative diode-tracking coefficient of Vg3
and VBe4. The Vcs and the Vg thus generated are
temperature insensitive at the extrapolated bandgap
voltage of silicon12 (approximately 1300 mV).4 Rx in

the VBe amplifier compensates for process variations of
B and AVBE.5 Voltage regulation is achieved through a
shunt regulator shown at the right side of the schematic.

e

Fig. 1-5 Reference Network
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F100K compatibility with existing ECL logic families and
memories permits direct interface with slower logic
families and ensures immediate memory availability. The
typical logic swing is 800 mV (Figure 1-6) and all voltage
levels are specified with a 50 () load to -2 V at all outputs
to provide transmission line drive capability. However,
the inherently low output impedance (Figure 1-7) and
maximum specified output current, 50 mA, make 25 ()

drive possible at any or all outputs. Alternately, of
course, higher termination impedances or other
termination schemes are also useful.

Fig. 1-6 Transfer Characteristics
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Fig. 1-7 Output Characteristic vs
Output Terminations
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F100K exhibits relatively constant output levels and
thresholds over the 0°C to +85°C specified temperature
range and -4.2 V to -4.8 V specified voltage range
(Figure 1-8). VEE power supply current is also constant
over the specified voltage range (Figure 1-9); therefore:
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Fig. 1-8 Transfer Characteristics
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Propagation delay is relatively constant versus power
supply voltage variations thus tightening the
ac window.

Power dissipation is a linear function of the supply
voltage, reducing worst-case power consumption.
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The typical propagation delay of an SSI gate function
driving a 50 Q transmission line is 0.75 ns, including
package, with a power dissipation of 40 mW resulting in
a speed-power product of 3 pJ. For optimized MSI
functions, the internal gates can dissipate < 10 mW with
average propagation delay of <0.5 ns, giving a
power-speed product of <5 pJ.
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Fig. 1-9 Change In Ige vs Change In VEe
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F100K has a tighter ac window over the wide range of
environmental conditions; thus, the system timing
requirements are eased and maximum system clock
rates are increased. At the sacrifice of ac performance,
the small-signal input impedance was conservatively
designed to be positive-real over the frequency range
encountered by any circuit input. This provides adequate
damping to insure ac stability within the system.

System Aspects

F100K provides high-density digital functions that out-
perform all other families on the market today. How
does this increased circuit performance and higher
on-chip density improve system performance?

Propagation delay and transition times vary (ac windows)
when functions are operated at the extremes of the
specified environmental ranges. With F100K, these
variations are reduced and more predictable system
timing is achieved. For synchronous machines and very
high speed asynchronous systems, timing and its
predictability are of utmost importance. Due to F100K
constant supply current versus power supply voltage
and because of nearly constant levels and thresholds
with respect to temperature, voltage variations and
gradients, speed skews are minimized.

Not only timing but also maximum system clock rate is
affected by the tighter ac window. Thus, with F100K the

system designer can use a higher speed value in his
worst-case calculations. This can be translated into
higher possible system clock rates. Therefore, a machine
can perform at up to twice the frequency, solely due to
the F100K compensation features. Noise immunity will
be of utmost importance in next generation computers,
since much of the noise generated within the system is
inversely proportional to the switching transition time of
the circuits. The F100K transition time is typically 0.7 ns
as compared to 2.0 ns in other ECL families and should
therefore increase system crosstalk by the same ratio.

F100K combats the increased system noise by
maintaining a virtually invariant noise immunity with
variations and gradients in power supply voltage,
ambient and junction temperatures. The variation in
junction temperatures is much larger than in earlier
computer systems because of the mixture of LSl and SSI
functions on the same boards.

Features

F100K ECL logic components are designed to be used
in high-speed, low-noise systems and offer significant
advantages over other logic families. Some of the im-
portant features and advantages.are summarized below:

Low Propagation Delay

F100K ECL features gate delays which are typically
0.75 ns (750 picoseconds) with counters, registers and
flip-flops operating in the 400 -500 MHz range. When
compared to other logic families such as Schottky TTL
or slower ECL families, system performance can be
doubled or tripled.

Moderate Edge Rates

Because of the nature of current mode switching which
uses differential comparison techniques and avoids
transistor storage delays, rise times can be controlled by
internal time constants without sacrificing throughput
delays. Slower rise times minimize ringing and reflec-
tions on interconnection wiring and simplify physical
design. The typical edge rate for FI00K ECL is 1 V/ns,
only about 80% of the edge rate of Schottky TTL. It can
be shown that for ECL circuits, the natural rise and fall
times are approximately equal to the propagation delay.
This relationship is considered optimum for use in
high-speed systems.
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Wired-OR Capability

ECL outputs can be wired together where wiring rules
permit, to form the positive logic-OR function, thus
achieving an extra level of gating at no parts count
expense. Data bussing and party line operations are
facilitated by this feature.

Complementary Outputs

A majority of F100K ECL logic elements have comple-
mentary outputs, providing numerous opportunities for
reduction of package count and power consumption
when mechanizing logic equations. Further, the system
incurs no extra penalty in time delay since the com-
plementary ECL outputs switch simultaneously.

A significant advantage to complementary outputs is
that, since both the true and complement logic functions
are available, Icc imbalance can be minimized either by
using both outputs in the design or merely terminating
unused outputs. In this way, the constant current
characteristic of ECL is not compromised and power
supply noise is minimized.

Low Output Impedance, High Current Capacity

As operating speeds are increased to achieve the higher
performance levels demanded of digital systems,
ordinary wiring begins to exhibit distributed parameter
characteristics, as opposed to a lumped capacitance
nature at low speeds.

Characteristic impedances of normal wiring and printed
circuit interconnections generally fall in the 50 to 250 ()
range. With these low impedance lines and fast
transitions, the signals are attenuated by the voltage
divider action between the circuit output impedance and
the characteristic impedance of the interconnection.

Voltage mode circuits have a HIGH state output
impedance of from 50 to 150 () and thus exhibit an
output stepped characteristic, first reaching about 50%
of final value and later reaching the final value in another
step. F100K ECL output impedances under 10 () insure a
complete, full valued, signal into a transmission line.
Also, F100K ECL outputs are specified to drive a 50
load (some devices are specified to drive a 25 () load).
Outputs are capable of supplying 50 mA or more and
can thus support the quiescent current required for
passive terminations.

Convenient Data Transmission

The complementary high-current outputs of F100K ECL
elements are well suited for driving twisted pair or

other balanced lines in a differential mode, thereby
enhancing field cancellation and minimizing crosstalk
between subsystems.

High Common-Mode Noise Rejection

Differential line receivers provide common-mode noise
rejection of 1 V or more for induced and ground noise.
Differential receiving requires less signal swing than
single ended and thus allows more reliable interpretation
of low signal swings.

Constant Supply Current

The supply current drain of F1I00K ECL elements is
governed by one or more internal constant current
sources supplying operating current for differential
switches and level shifting networks. Since the current
drain is the same regardless of the state of the switches,
F100K ECL circuits present constant current loads to
power supplies (see Complementary Outputs).

Low Power Loss in Stray Capacitance

Energy is consumed each time a capacitor is charged or
discharged so the energy loss rate, or power, goes up
with switching frequency. Since the energy stored in a
capacitor is proportional to the square of the voltage and
F100K ECL signal swings are four to five times less than
those of TTL, power loss in stray capacitance may be an
order of magnitude less than that of TTL.

Low Noise Generation

In ECL systems, power supply lines are not subjected

to the large current spikes common with TTL designs.
Inherently, ECL is a constant current family without the
totem-pole structures found in TTL circuits which
generate the large current spikes. Since ECL voltage
swings are much smaller than TTL, the current spikes
caused by charging and discharging stray capacitances
are much smaller with ECL than with TTL of comparable
edge rates.

Low Crosstalk

Induced noise signals are proportional to signal swings
and edge rates. The lower swing and slower edge rate of
F100K ECL result in low levels of crosstalk.
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System Benefits

The Fairchild F100K family offers improvements over
other ECL families such as voltage and temperature
compensation, higher integration levels, improved
packaging, planned pinouts, lower propagation delay
and more complementary outputs. These improvements
cause measurable advantages to accrue to the
design(er) of high-performance systems. -

Easier Engineering

Designers have increased confidence that designs
realized in F100K will operate with good margins over
voltage and temperature variations in prototypes,
production models and field installations. Less effort
need be expended doing detailed voltage and tem-
perature calculations and testing. With noncompensated
ECL, noise margins cannot be guaranteed unless both
the receiving and transmitting circuit operate at the
same temperature and VEg. This can cause a problem
when attempting to transfer a breadboard or prototype
system to production.

Since output swings and input thresholds remain
almost constant over temperature and VgE variations,
complex control systems for power supply levels and
more-than-adequate cooling are not necessary with
F100K. This results in a more economical and better
operating system.

Circuit Design

F100K ECL benefits from sound, well-engineered circuit
designs. All input pins exhibit positive/real input
impedance to eliminate system oscillations. Input
buffering is used to reduce loads on lines which drive
multiple internal gates.

High Performance

The regulation and control of dc and ac parameters
achieved by F100K ECL assures that signal timing and
propagation delays in critical paths are relatively
insensitive to changes or gradients of temperature
and supply voltage. Guardbands can be narrower, yet
provide a higher degree of confidence due to the
elimination of skew between output levels at one
location and input thresholds at another.

The consistency of response and security of noise
margins permit operation at higher clock rates and thus
increase system performance.

Easier Debugging

With F100K, debugging of systems can proceed more
rapidly than with uncompensated ECL. When a cabinet
or enclosure is opened for access in debugging, the
resultant change in thermal conditions has almost no
effect on F100K signal swings, propagation delays, edge
rates or noise margins.

Flexibility

F100K is designed to operate at—4.5 V for reduced
power dissipation. If compatibility with other ECL
families is a requirement, F100K will operate between
—4.2 and —5.7 V due to the unique voltage compensa-
tion features. When operating at voltages other than
—-4.5V, ac and dc parameters will vary slightly from
specified values.

Fan-In/Fan-Out

All F100K ECL outputs are specified to drive 50 ()
transmission lines; this makes them suitable for driving
very-high fan-out loads. In addition, some F100K outputs
are specified to drive 25 () lines, which would be the
case if a 50 () party-line bus terminated at both ends
were being driven.

System Design

F100K ECL was designed to be the ultimate standard
packaged IC logic family. System design constraints
were considered and the F100K family was designed
for overall ease of system design and use while
making the maximum use of the very fast propagation
delays available.

Process Benefits

F100K ECL SSI/MSI parts are made using the
Isoplanar Il process. This process makes possible
subnanosecond logic delays and very tightly controlled
switching characteristics.

Expansion of the F100K family will take place by moving
into LSI functions of 500 to 4000 gates. The evolution of

the Isoplanar Il process will enable such growth and give
much increased performance.

It is by moving into LS| that subnanosecond delays
can be fully utilized and overall system performance
increased with decreased power consumption and
parts count.
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Radiation Tolerance

F100K ECL manufactured using Isoplanar Il processes is
one of the most radiation-hard integrated circuit families
in production. Radiation hardness can extend system
lifetimes up to 50% in some applications requiring
radiation tolerance. (Reference Table 1.)

Packaging
The initial package selected for the F100K is a 24-pin
Flatpak, 0.375 inches square, with leads on 50-mil

because it offers minimum performance degradations of
circuit and system and uses a somewhat conventional
packaging technology. More common packaging such
as the dual in-line packages, while available, do not
provide optimum performance due to the loss in speed
entering and leaving the package as well as a decrease
in system density. With the F100K packaging technique
and higher chip complexities within the family, the
system density is two to three times higher than that
possible with other available ECL families.

centers, 6 leads per side. This package was chosen

Table 1 Summary of Semiconductor Vulnerability Assessment

Bipolar

Trans. 1SO
Radiation & J-FET. Analog ]
Environment Discretes SCR TTL LSTTL | IC CMOS | NMOS | LED ECL
Neutrons n/cm2 1010-1012 1010-1012 1014 1014 1013 1015 1015 1013 | > 1015
lonizing 5X 104 103
Total Dose > 104 104 106 106 105 104 108 >105 | 107
Rads (Si)
Transient Dose Rate
Rads (Si)/seconds 103 107 5X 107 | 106 107 105 > 108
(Upset or Saturation)
Transient Dose Rate
Rads (Si)/seconds 1010 1010 > 1010} > 1010 | > 1010 109 1010 >1010| > 1011
(Survival)
Dormant Total Dose | 104 104 106 | 108 | 105 106|104 | >105 | >107
(Zero Bias)
References 3. V.A. Dhaka, J.E. Muschinske, and W.K. Owens,

“Subnanosecond Emitter-Coupled Logic Gate Circuit
Using Isoplanar 11", IEEE Journal of Solid-State
Circuits, October 1973, pp. 368-372.

1. H.H. Muller, W.K. Owens, and P.W.J. Verhofstadt,
“Fully Compensated Emitter-Coupled Logic:
Eliminating the Drawbacks of Conventional ECL”,
IEEE Journal of Solid-State Circuits, October 1973, 4.
pp. 362-367.

R.J. Widlar, “New Developments in IC Voltage
Regulators”, ISSCC Digital Technical Papers,
February 1970, pp. 157-159.
2. R.R. Marley, “On-chip Temperature Compensation

for ECL", Electronic Products, March 1, 1971. 5. W.K. Owens, “Temperature Compensated Voltage
Regulator Having Beta Compensating Means”, United
States Patent, No. 3,731,648, December 25, 1973.
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Introduction

ECL circuits, except for the simplest elements, are
schematically formidable and many of the specified
parameters are relatively unfamiliar to system designers.
The relationships between external parameters and
internal circuitry are best determined by individually
examining the fundamental subcircuits of a simple
element. System variables such as supply voltage
tolerances and temperature have predictable effects on
circuit parameters, thus allowing a systematic evaluation
of noise margins.

Basic ECL Switch

At the bottom of every ECL circuit, literally and
figuratively, is a current source. In the basic ECL switch
(Figure 2-1), a logic operation consists of steering the
current through either of two return paths to Vcc; the
state of the switch can be detected from the resultant
voltage drop across R1 or R2. The net voltage swing is
determined by the value of the resistors and the
magnitude of the current. Further, these two values

are chosen to accomplish the charging and discharging
of all of the parasitic capacitances at the desired
switching rate.

Required Input Signal

The voltage swing required to control the state of the
switch is relatively small due to the exponential change
of emitter current with base-emitter voltage and to the
differential mode of operation. For example, starting
from a condition where the two base voltages are equal,
which causes the current to divide equally between Q1
and Q2, an increase of VIN by 125 mV causes essentially

Fig. 2-1 Basic ECL Switch
Vce
R1 R2
Vel Ve
VIN Q1 Q2 Ves

VEE

all of the current to flow through Q1. Conversely,
decreasing VIN by 125 mV causes essentially all of the
current to flow through Q2. Thus the minimum signal
swing required to accomplish switching is 250 mV
centered about Vgg. The signal swing is made larger
(approximately 750 mV) to provide noise immunity and
to allow for differences between the Vgg of one circuit
and the output voltage levels of another circuit driving it.

Transition Region

If the voltage at the collector of Q1 is monitored while
varying ViN above and below the value of Vgs, the
relationship between Vc1 and VIN appears as shown

in Figure 2-2. Note that the horizontal axis of the graph
is centered on VBg; this emphasizes the importance of
Vea in fixing the location of the transition region. The
shape of the transition (or threshold) region is governed
by the transistor characteristics and the value of current
to be switched. Both of these factors are determined

by the circuit designer. The shape of the transition
region is essentially invariant over a broad range of
conditions, due to the matching of transistor
characteristics inherent with IC technology and because
the transistors are at the same temperature. The inherent
matching of IC resistors assures equal voltage swings at
the two collectors.

Emitter-Follower Buffers
In Figure 2-2, Vc1 ranges from Vcc (ground) when Q1 is
off to approximately -0.90 V when Q1 is conducting all

Fig. 2-2 V¢4-V|y Transition Region
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of the source current. To make these voltage levels
compatible with the voltages required to drive the

input of another current switch, emitter followers

are added as shown in the buffered current switch
(Figure 2-3). In addition to translating Vc1 and Vc2
downward, the emitter followers also isolate the collector
nodes from load capacitance and provide current gain.
Since the output impedance of the emitter followers is
low (approximately 7-Q1), ECL circuits can drive transmis-
sion lines—coaxial cables, twisted pairs, and etched
circuits—having characteristic impedances of 50 ()

or more.

In this buffered current switch, the collectors of Q3 and
Q4 return to a separate ground lead, Vcca. This
separation insures that any changes in load currents
during switching do not cause a change in Vcc through
the small but finite inductance of the Vcca bond wire
and package lead. Outside the package, the Vcc and
Vcca leads should be connected to the common Vee
distribution.

For internal functions of complex circuits where loading
is minimal, the buffer transistors are scaled down to
maintain high switching speeds with modest source
currents. For service as output buffers, the emitter
followers are designed for a maximum rated output
current of 50 mA. For standardization of testing, detailed
specifications on guaranteed min/max output levels
apply when an output is loaded with 50 () returned to
-2 V. The emitter followers have no internal pull-down
resistors; consequently, there is maximum design
flexibility when optimizing line terminations and using
wired-OR techniques for combinatorial logic or

data busing.

Fig. 2-3 Buffered Current Switch

Vcea

Q3 Q4

Multiple Inputs

The buffered switch of Figure 2-3 is essentially an ECL
line receiver circuit with the bases of both Q1 and Q2
available for receiving differential signals. With one input
connected to the Vg terminal, the switch can receive a
signal transmitted in a single-ended mode or it can act
as a buffer or logic inverter. To perform the OR and
NOR of two or more functions, additional transistors are
connected in parallel with Q1 as indicated in Figure 2-4.
When any input is HIGH, its associated transistor
conducts the source current and Q2 is turned off; this
causes the collector of Q1 to go LOW and the collector
of Q2 to go HIGH, with the emitters of Q3 and Q4
following the collectors of Q1 and Q2 respectively. When
two or more inputs are HIGH, the results are the same.
Thus, with a HIGH level defined as a True or logic “1”
signal, Q3 provides the NOR of the inputs while Q4
simultaneously provides the OR. In addition to the logic
design flexibility afforded by the availability of both the
assertion and negation, the Q3 and Q4 outputs can drive
both conductors of a differential pair for data transmis-
sion. Also shown in Figure 2-4 are the pull-down
resistors, nominally 50 k(}, connected between ECL
inputs and the negative supply. These resistors serve the
purpose of holding unused inputs in the LOW state by
sinking lcso current and preventing the build-up of

Fig. 2-4 Input Expansion by Parallel Transistors

Vceca

A+B+C
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charge on input capacitances. Accordingly, most non-
essential ECL inputs are designed to be active HIGH.
When such inputs are not used, the pull-down resistors
eliminate the need for external wiring to hold them LOW.

Power Conservation, Complementary Functions
Power dissipation in an ECL circuit is due in part to the
output load currents and in part to the internal operating
currents. Load currents depend on system design
factors and are discussed in Chapter 6. In the basic
switch (Figure 2-1), power dissipation is fixed by the
source current and the supply voltage, whether the
circuit is in a quiescent or a transient state. There is no
mechanism for causing a current spike such as occurs
in TTL circuits, and thus the power dissipation is not a
function of switching frequency.

A distinct advantage of the ECL switch is the ease of
forming both the assertion and negation of a function
without additional time delay or complexity. This is very
significant in complex MSI functions, since it helps to
maximize the efficiency of the internal logic while
minimizing chip area and power consumption. Since
most 100K ECL devices have complementary outputs,
the system designer has similar opportunities to reduce
package count and power consumption while enhancing
logic efficiency and reducing throughput times.

Series Gating, Wired-AND

Quite often in ECL elements, the circuitry required to
generate functions is much simpler than the detailed
logic diagrams suggest. In addition to readily available

Fig. 2-5 Series/Parallel Gating

complementary functions and the wired-OR option,
other techniques providing high performance with
low part count are series gating and wired collectors.
These are illustrated in principle by the simplified
schematics of Figures 2-5 and 2-6.

In Figure 2-5, if both A and B are HIGH, then Q1 and Q3
conduct and Is flows through R1, making the collector
of Q1 go LOW, thereby achieving the NAND of A and B.
Connecting the collectors of Q2 and Q4 to the same
load resistor provides the AND of A and B. If the col-
lectors of Q3 and Q4 were interchanged, a different pair
of functions of A and B would be produced. Similarly, a
third functional pair is achieved by interchanging the -
collectors of Q1 and Q2. For Q3 and Q4 to operate at a
lower voltage level than Q1 and Q2, the voltage level of
B is translated downward from the normal ECL levels
and V’gg is similarly translated downward from the

VBB voltage. In the slightly more complex circuit in
Figure 2-6, another pair of transistors is added to obtain
the Exclusive-OR and Exclusive-NOR functions.

Connecting transistors in series is not limited to two
levels of decision making; three levels are shown in the
simplified schematic of an octal decoding tree

(Figure 2-7). If the three input signals are all HIGH, Q1
conducts through Q9 and Q13 to make the collector of
Q1 LOW. In all, there are eight possible paths through
which the source current can return to the positive
supply. A LOW signal at the collector of any one of
the transistors in the top row represents a unique

Fig. 2-6 Exclusive-OR/NOR

: :
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combination of the three input signals. This 1-of-8
decoding circuit illustrates very clearly how ECL design
techniques make the most efficient use of components
and power to generate complex functions. This same set
of switches, with the upper collectors wired in two sets
of four collectors each, generates the binary sum and its
complement of the three input signals.

The Current Source, Output Regulation

All elements of the F100K circuits use a transistor
current source illustrated in Figure 2-8. Source current
is determined by an internally generated reference
voltage Vcs, the emitter resistor Rs and the base-emitter
voltage of Q5. The reference voltage is designed to
remain fixed with respect to the negative supply VEE,
which makes Is independent of supply voltage.

Regulating the current source (Is) simplifies system
design because output voltage and switching
parameters are not sensitive to VEg changes. Output
voltage levels are determined primarily by the voltage
drops across R1 and R2 resulting from the collector
currents of Q1 and Q2. Since the collector current of the
conducting transistor (Q1 or Q2) is determined by Is and
the transistor a, the voltage drop across the collector
load resistor is not sensitive to VEg variations. For
example, a 1 V change in VEE changes the output level
VoL by only 30 mV.

Switching parameters are affected by transistor
characteristics, the collector resistor (R1 or R2), stray

Fig. 2-7 * Octal Decoding Tree

ABC
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Ves Ves
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“Q9

V'BB
B é
1s yl k

capacitances, and the amount of current being switched.
In other forms of ECL where source currents change
with VEEg, switching parameters are directly affected.
This sensitivity is essentially eliminated in F100K circuits
by regulating Is against VEg changes.

Power dissipation in an ECL switch is the product of Is
and VEeEe. By holding Is constant with VeEg, incremental
changes in dissipation are linear with Vee changes. In
non-regulated ECL, Is increases with VEg causing switch
dissipation to change more rapidly with Veg.

Threshold Regulation

As previously discussed, the input threshold region of an
ECL switch is centered on the internal reference Vas. In
F100K circuits, the on-chip bias driver holds VBB
constant with respect to Vcc, thus minimizing changes
in input thresholds with Veg. For a Veg change of 1V,
for example, Ve changes by approximately 25 mV.

With output voltage levels and input thresholds
regulated, F100K circuits tolerate large differences in
VEE between a driving and a receiving circuit and still
maintain good noise margins. For example, a driving
circuit operated with -4.2 V.and receiving circuit
operated with -5.7 V experience a LOW state noise
margin loss of only 30 to 40 mV compared to the ideal
case of both circuits with VEg = -4.5 V. This insehsitivity
to Vee simplifies the design of system power distribution
and regulation.

Fig. 2-8 Constant Current Source for a Switch

Vce

Ves

Vee
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Temperature Compensation

In F100K circuits, input thresholds are made insensitive
to temperature by regulating Ves. Output voltage levels
are made insensitive to temperature by a correction
factor designed into the current source and by a simple
network connected between the bases of the output
transistors as shown in Figure 2-9.

Fig. 2-9 Temperature Compensation

Vcea

With Q1 conducting and Q2 off, most of the source
current flows through R1, while a small amount flows
through R2, D1 and R3. If the chip temperature
increases, the source current is made to increase,
causing an increase in the voltage drop of sufficient
magnitude across R1 to offset the decrease in base-
emitter voltage of Q3. The voltage drop across R1
increases with temperature at the rate of approximately
1.5 mV/°C, while the voltage drop across D1 decreases
at the same rate. This means that there is a net voltage
increase of 3 mV/°C across the series combination of R2
and R3. This increase is equally divided between the two
resistors since R3 is equal to R2 (and R1); thus the
voltage at the base of Q4 goes negative by 1.5 mV/°C,
offsetting the decrease in the base-emitter voltage of Q4.
When Q2 is on and Q1 is off, the same relationships
apply except that most of the current flows through R2,
and D2 conducts instead of D1. F100K change rates for
VoH, VBB, and VoL are approximately 0.06, 0.08 and

0.1 mV/°C, respectively.

The stabilization of output levels against changes in
temperature provides significant advantages to both the

user and manufacturer. In testing, an extended thermal
stabilization period is not required, nor is an elaborate
air cooling arrangement necessary to obtain correlation
of test results between user and supplier. In a system,
the output signal swing of a circuit does not depend on
its temperature, therefore temperature differences do not
cause a mismatch in signal levels between various
locations. With temperature gradients thus eliminated as
a system constraint, the design of the cooling system is
greatly simplified.

Noise Margins

The most conservative values of ECL noise margins are
based on the dc test conditions and limits listed on the
data sheets. Acceptance limits on Vo and VoL are
identified on a symbolic waveform in Figure 2-10, with
the boundaries of the input threshold region also
identified. The HIGH-state noise margin is usually
defined as the difference between VoH(min) and ViH(min),
with the LOW-state margin defined as the difference
between VoL (max) and ViL(max). These two differences are
identified as VNH and VNL respectively. The worst case
input and output test points are also identified on the OR
gate transfer function shown in Figure 2-11. The
transition region indicated by the solid line is applicable
when the internal reference Veg has the design center
value of -1.32 V for F100K circuits. The transition
regions indicated by the dashed lines represent the lot-
to-lot displacement resulting from the normal production
tolerances on Vga, which amount to = 40 mV for F100K
circuits. Using F100K circuit values as an example, the
dashed curve on the right correlates with a Vgg value of
-1.280 V, and the input test voltage ViH(min) is -1.165 V,
for a net difference of 115 mV. Similarly, the dashed
curve on the left applies when Vgg is -1.360 V with

Fig. 2-10 Identifying Specification Limits on Input and
Output Voltage Levels
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ViLmax) specified as -1.475 V, which also gives

a net difference of 115 mV. The points VoHc and VoLc
are commonly referred to as the corner points because
of their location on the transfer function of worst

case circuits.

In actual system operation, the noise margins VNH and
VNL are quite conservative because of the way ViH(min)
and ViL(max) are defined. From the transfer function of
Figure 2-11, for example, ViH(min) is defined as a value of
input voltage which causes a worst-case output to
decrease from VoH(min) to VoHc. This change in Vo
amounts to only 10 mV for F100K circuits. Thus, if a
worst case OR gate has a quiescent input of VOH(min), @
superimposed negative-going disturbance of amplitude
VNH causes an output change of only 10 mV, assuming
that the time duration of the disturbance is sufficient

for the OR gate to respond fully. In contrast, a system
fault does not occur unless the superimposed noise at
the OR input is of sufficient amplitude to cause the
output response to extend into the threshold region(s) of
the load(s) driven by the OR gate. In general, noise
becomes intolerable when it propagates through a string
of gates and arrives at the input of a regenerative circuit
(flip-flop, counter, shift register, etc.) with sufficient
amplitude to reach the VBs level.

The critical requirement for propagating either a signal
or noise through a string of gates is that each output

Location of Test Points and Threshold on a
Transfer Function

Fig. 2-11

-0.4 T T
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must exhibit an excursion to the Veg level of the next
gate in the string, assuming, of course, that the time
duration is sufficient to allow full response. If the
excursion at the input of a particular gate either falls
short or exceeds VBB, the effect on its output response is
magnified by the voltage gain of the gate. On the voltage
transfer function of a gate, the slope in the transition
region is not, strictly speaking, constant. However, for
input signal excursions of about 50 mV on either side
of VBB, a value of 5.5 may be used for the voltage gain.
For example, if the noise (or signal) excursion at the
input of a gate falls short of Ve by 20 mV, the gate
output response is 110 mV less. Another useful
relationship is that if the input voltage of a gate is equal
to VBB, the output voltage is also equal to Vg, within
perhaps 30 mV.

To determine the combined effects of circuit and system
parameters on noise propagation through a string of
gates, refer to Figure 2-12. The voltages V1 and V2
represent differences in ground potential, while V3 and
V4 are VeE differences. The output of gate A is in the
quiescent LOW state and VpL is a positive-going
disturbance voltage. Now, how large can VpL be without
causing propagation through gate C? For a starting
point, assume all three gates are identical with typical
parameters; VEE is -4.5 V, the ground drops are zero,
and there are no temperature gradients. Voltage -
parameters of F100K circuits are used. With typical

Fig. 2-12 Arrangement for Noise Propagation
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circuits and the idealized environment, the maximum
tolerable value of VpL for propagation is the difference
between the nominal Vg of -1.320 V and nominal VoL
of-1.705 V, or 385 mV. The following steps treat each non-
ideal factor separately and the required reduction in VpL
is calculated.

Non-typical Vgg of gate B. Specifications provide for Ves
variations of £40 mV. If the VBB of gate B is 40 mV more
negative than nominal, VpL must be reduced by the
same amount.

A VPL =-40 mV
Vp, =385 - 40 = 345 mV

Non-typical Vo, of gate A. VoL limits are -1.620 V to
-1.810 V corresponding to the £3 ¢ points on the
distribution. Statistically, this means that 98% of the
circuits have VoL values of -1.650 V or lower. Since this
value differs from the nominal VoL by 55 mV, VpL must
be reduced accordingly.

A Vp, =-55mV
Vp, = 345 - 55 = 200 mV

Difference in ground (V¢ ) potential between gates A
and B. Since the Vcc lead of gate B is the reference
potential for input voltages, V1 in the polarity shown
effectively makes the VoL of gate A more positive.
Minimizing ground drops is one of the system designer’s
tasks (Chapter 6) and its effect on noise margins
emphasizes its importance. For this analysis, a value of
30 mV is assumed.

A VPL =30 mV
Vp, = 290 - 30 = 260 mV

Difference in Vg between gates A and B. In the polarity
shown, V3 reduces the supply voltage for gate A since it
is assumed that gate B has Veg of -4.5 V. The indicated
polarities of V1 and V3 seem to be in conflict if it is
assumed that V3 represents only ohmic drops along the
VEE bus. Since V3 may, however, be caused by the use
of different power supplies or regulators as well as by
ohmic drops, the polarities may exist as indicated. In any
actual situation, the designer can usually predict the
directions of supply current flow by observation of the

physical arrangement. As mentioned earlier,a 1 V
change in Vee causes a VoL change 30 mV, or 3%.
Assuming a value of 0.5 V for V3 and adding the 30 mV
of V1, the net reduction in supply voltage for gate A is
0.53 V. Using 3% of this reduction as the change in VoL
gives a positive VoL shift of 16 mV, which is a reduction
of noise margin.

AVp =-16mV
Vo = 260 - 16 = 244 mV

If the net supply voltage of gate A is assumed to be
-4.5V, then V1 and V3 cause gate B to have a greater
supply voltage. This, in turn, causes the Vg of gate B to
go more negative at the rate of 25 mV/V of Vee change,
or 2.5%. Thus, for the same values of V1 and V3, the
required reduction of VpL is only 13 mV instead of the
16 mV computed above.

Non-typical Vgg of gate B. This was considered earlier
for its effect at the input of gate B. It must also be
considered for its effect on the excursions of the output
voltage of gate B. Since the net input voltage of gate B
(VoL + VpL) reaches the Vg level of gate B, the output
excursion also extends to the Vg level and perhaps

30 mV beyond (more negative). This means that the
output excursion of gate B could be 90 mV more
negative than the nominal Veg of gate C. This excess
excursion must be divided by the voltage gain of gate B
to determine exactly how much VpL must be reduced as
compensation.

A Vp, =-90/5.5=-16 mV
Vo, = 244 - 16 = 228 mV

Non-typical Vgg of gate C. The Vg of gate C could be
40 mV more positive than the nominal value of -1.320 V.
Dividing by the voltage gain of gate B gives the
necessary reduction of VpL.

AVp, = -40/55=-7mV
Vp, = 228 - 7= 221 mV

Difference in V¢ potential between gates B and C.
For the polarity shown, V2 makes the net voltage at
the C input more negative with respect to the Vcc
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lead of gate C. Assume 30 mV for V2 as was done
for V1.

AVp, = -30/55=-50mV
VPL =217-5=212mV

Difference in Vgg between gates B and C.In the polarity
shown, Va4 reduces the supply voltage for gate C, as
does V2. As previously mentioned, VBB changes with VEg
at a rate of 25 mV//V, or 2.5%. Assuming a value of 0.5 V
for V4, as was done for V2, adding V2 gives a net VEg
reduction of 0.53 V. This makes the VB of gate C about
13 mV more positive, with respect to its own Vcc lead.
This must be divided by the gain of gate B to determine
the effect on the permissible value of VpL.

AVp, =-13/55=-2mV
Vp, = 212-2=210mV

At this point the more conservatively defined VNL
(Figure 2-10) should be evaluated and compared with
VpL. Subtracting the values of VoL(max) and ViL(max), a
value of 145 mV for VNL is obtained.

The primary advantage of using VNH and VNL as the
limits of tolerable noise is that they provide for
simultaneous appearance of noise on inputs and
outputs. Whatever the system designer’s preference
regarding noise margin definitions, the important factor
is to recognize that the A Vcc and A VEE between
devices decrease the noise margins and therefore
should be minimized.
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Introduction

The F100K family comprises SSI, MSI, LS|, gate arrays,
RAMs and PROMs. This chapter covers basic gates

and flip-flops, as well as applications using MSI. Gate
arrays and LS| are covered in separate publications and
memory applications are included in the Bipolar Memory
Data Book.

Fairchild F100K ECL logic symbols use the positive logic
or “active-HIGH” option of MIL-STD-806B. Logic ‘1’

is the more positive voltage, nearest ground (typically
-0.955 V). Logic ‘0’ or “active LOW” is the more negative
level, nearest VEE (typically -1.705 V).

OR/NOR Gates

The most basic F100K ECL circuit is the OR/NOR gate
(Figure 3-1). If the input (A or B) voltages are more
negative than the reference voltage Veg, Q1 and Q2 are
cut off (non-conducting) and Q3 conducts, holding the
collector of Q3 LOW. Since the base of Q4 is LOW, the
pull-down resistor or terminator connected to its emitter
makes the OR output LOW. The base of Q5 is HIGH
(near ground) and its emitter pulls the NOR output
HIGH. If either input is more positive than Ves, Q1 or Q2
conducts and Q83 is cut off. This makes the base of Q4

Fig. 3-1 Basic ECL Gate

Vcea

Q5

NOR

Q1

VEe

HIGH, resulting in a HIGH at the OR output. At the same
time, the base of Q5 is LOW and the pull-down resistors
or terminator pulls the NOR output LOW. Detailed
information concerning F100K ECL circuit basics may
be found in Chapter 2.

The F100K family includes two OR/NOR-gate devices.
The F100101 is a triple 5-input OR/NOR and the
F100102 is a quint 2-input OR/NOR with common
enable. One element of the F100102 is shown in
Figure 3-2; the corresponding truth table is Table 3-1.

Fig. 3-2 F100102 OR/NOR Gate

Dix

Ox
o0 ——_A—5,
E—>—4—>

Table 3-1 F100102 Truth Table

TO FOUR
OTHER GATES

Dix | D2x | E | Ox | Ox
L L L L H
L L H H L
L H L H L
L H H H L
H L L H L
H L H H L
H H L H L
H H H H L

H = HIGH Voltage Level
L = LOW Voltage Level

Wired-OR Function

A wired-OR function can be implemented simply by
connecting the appropriate outputs external to the
package (see Figure 3-3). Each output is buffered so that
the internal logic is not affected by the wire-OR. This is
a positive logic OR, not to be confused with a DTL
wired- AND or the internal series gating used for some
ECL functions. This wired-OR is especially useful in
implementing data busses. For further information

see Chapter 5.

3-5
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Fig. 3-3 Wired-OR Function

A
B F

F = (A+B) + (C+D) = A+B+C+D
c = AeBeCeD
D
A
B F

F=A+B + C+D =AB + CD
Cc
b
A 9
B —F

G = (A+B) + (C+D) = (AB) + C+D

c F=A+B+ C+D = A+B + (CD)
D — G

AND Function

The positive logic AND function is not directly available
in F100K ECL. There are two approaches which can be
taken to solve the problem of implementing an AND.

The first solutionisindicated in Figure 3-4. A positive logic
OR gate can be redrawn as a negative logic AND gate. To
take advantage of this requires active-LOW input terms;
but, since practically every F100K circuit provides
complementary outputs, this should not be a problem.

Fig. 3-4 F100101 Redrawn as AND/NAND Gate

D1x
Dax —
D Ox
3x
Ox
Dax
Dsx

The second possible solution is to use devices in a
manner other than that intended, at the cost of package
efficiency. The F100117 may be used as a triple 3-input
AND/NAND by connecting only one input on each of
the OR gates. The F100179 may be used as a single

9-input AND gate by connecting the inputs to Cn and
‘G7 through Go. The Pn inputs are left open (LOW)
and the output is taken from Chn+s.

OR-AND, OR-AND-Invert Gates

The F100117 is a triple 2-wide OR-AND, OR-AND-Invert
Gate. The logic diagram and truth table for one section
of the F100117 are shown in Figure 3-5 and Table 3-2,
respectively. The F100118 5-wide OA/OAI has OR inputs
of5,4,4,4,and 2.

Fig. 3-5 F100117 OA/OAI Gate

Ex

Table 3-2 F100117 Truth Table
Ex | Dix | D2x | Dax | Dax | Ox

ol

mrXXII
X X XTI
X X I x
XX XTI
X X I X
rrrrIXI
ITIrC

H = HIGH Voltage Level
L = LOW Voltage Level
X = Don’t Care

Exclusive-OR/Exclusive-NOR Gate

The F100107 is a quint exclusive OR/NOR gate. In
addition to providing the exclusive-OR/exclusive-NOR
of the five input pairs, a comparison output is available.
If the five pairs of inputs are identical, bit by bit, then the
common output will be LOW.

Flip-Flops and Latches

Flip-flops and latches are treated together due to their
similarity. The only difference is that latch outputs follow
the inputs whenever the enable is LOW, whereas a
flip-flop changes output states only on the LOW-to-
HIGH clock transition.
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The advantage of an edge-triggered flip-flop is that the
outputs are stable except while the clock is rising; a
latch has better data-to-output propagation delay while
the enable is kept active.

Both latches and flip-flops are available three to a
package with individual as well as common controls
and six to a package with only common controls. There
are a total of four parts as indicated below.

Triple w/Individual Hex w/Common
Controls Controls
Flip-flops F100131 F100151
Latches F100130 F100150

Figure 3-6 shows the equivalent logic diagram of 1/3 of
an F100131. The internal clock is the OR of two clock
inputs, one common to the other two flip-flops. The OR
clock input permits common or individual control of
the three flip-flops. In addition, one input may be used
as a clock input and the other as an active-LOW enable.

Fig. 3-6 F100131 D Flip-flop

27>

When the clock is LOW, the slave is held steady and

the information on the D input is permitted to enter

the master. The transition from LOW to HIGH locks the
master in its present state making it insensitive to the

D input. This transition simultaneously connects the
slave to the master, causing the new information to
appear at the outputs. Master and slave clock thresholds
are internally offset in opposite directions to avoid race
conditions or simultaneous master/slave changes when
the clock has slow rise or fall times.

The Clear and Set Direct for each flip-flop are the OR of
two inputs, one common to the other two flip-flops. The
output levels of a flip-flop are unpredictable if both the
Set and Clear Direct inputs are active.

The outputs of all F100K flip-flops and latches are
buffered. This means that they can be OR-wired; noise
appearing on the outputs cannot affect the state of the
internal latches.

Table 3-3 is the truth table for the F100131 flip-flop. The
truth table for the F100130 latch is similar except the
enables are active LOW whereas the F100131 clocks are
edge triggered.

Ms y Iy
TO OTHER
DEVICES
D

HO-
cP
CPc ——4¢

TO OTHER
DEVICES

CcD
MR —9

TO OTHER
DEVICES
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Table 3-3 F100131 Truth Table

Table 3-4 F100136 Function Select Table

MS MR So S1 S2 Function

Dn { CPn | CPc | SDn | CDn Qn(t+1) L L L Load
L I L L L L L L H Count Down
H I L L L H L H L Shift Left
L L T L L L L H H Count Up
H L T L L H H L L Complement

. H L H Clear
X H X L L Qn(t) H H L Shift Right
X X H L L Qn(t) H H H Hold
X X X H L H H = HIGH Voltage Level
X X X L H L L = LOW Voltage Level
X X X H H u

Variable Modulus Counters

H = HIGH Voltage Level

L = LOW Voltage Level

X = Don't Care

U = Undefined

t, t + 1 = Time before and after CP positive transition

If eight flip-flops are desired, such as for pipeline register
applications, the F100141 Shift Register can be used.
Neither reset nor complementary outputs are available.
The Select inputs may be used to mechanize a clock
enable as shown in Figure 3-7.

Fig. 3-7 F100141 as Octal D Flip-flop

LI

s Po P1 P2 P3 P4 Ps Ps P7
CLOCK ENABLE [ 0
(ACTIVE LOW) St

CLOCK

CP
Qo Q1 Q2 Q3 Q4 Qs Qs Q7

ERRRRRR

Counters

The F100136 operates either as a modulo-16 up/down
counter or as a 4-bit bidirectional shift register. It

has three Select inputs which determine the mode of
operation as shown in Table 3-4. In addition, a Terminal
Count output, and two Count Enables are provided for
easy expansion to longer counters. A detailed truth table
for the F100136 is included in the specification sheet.
To achieve the highest possible speed, complementary
outputs should be equally terminated, i.e., if Q2 is used,
Q2 should be equally terminated even if not used. If
neither output of a particular stage is used, then both
outputs can be left open.

An F100136 can act as a programmable divider by
presetting it via the parallel inputs, counting down to
minimum and then presetting it again to start the next
cycle, Figure 3-8 shows a one-stage counter capable

of dividing by 2 to 15. Sp and S1 are unconnected
(therefore LOW) and the counter thus is in either the
Count Down or Parallel Load mode, depending on
whether S2 is HIGH or LOW, respectively. CEP and CET
are also LOW, enabling counting when S2 is HIGH.
Immediately after the counter is preset to N, which must
be greater than one, the LOAD signal goes HIGH and
the F100136 starts counting down on the next clock.
When it counts down to one, the LOAD signal goes
LOW and presetting will occur on the next clock rising
edge. Generating the LOAD signal on the count of

one, rather than zero, makes up for the clock pulse used
in presetting.

Fig. 3-8 1-Stage Counter

PRESET N

A S

Po-P3

»1s,
F100136 four=fin+ N

fin—>] Cl

P
Qo Q1 Q2 Q3

_—];:__[>-—L' four
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A 3-stage programmable divider is shown in Figure 3-9.
The TC output of the first stage enables counting in the
upper stages, while the TC output of the second stage
also enables counting in the third stage. The D-input
signal to the flip-flop is normally HIGH and thus Q is
normally LOW. When both the second and third stage
counters have counted down to zero, the TC output

of the third stage goes LOW. When the first stage
subsequently counts down to one, the D signal goes
LOW, as does LOAD. Presetting thus occurs on the next
clock and Q goes HIGH to end the LOAD signal and
permit counting to resume on the next clock.

In Figure 3-8, the maximum clock frequency is
determined by the sum of the propagation delays from
CP to Q and the OR gate, plus the set-up time from S to
CP. The maximum frequency is approximately 220 MHz
for typical units or 170 MHz for worst-case units. In
Figure 3-9 the critical path is CP to Q of the first stage
plus both OR gates, pius the S to CP set-up time of the
counters. Typical and worst-case maximum frequencies
are 190 MHz and 140 MHz respectively.

Fig. 3-9 3-Stage Programmable Divider

Interconnecting Counters

The terminal count and count enable connections
provide an easy method of interconnecting the F100136
counter to achieve longer counts. Figure 3-10 shows a
method that uses few connections but has a drawback.
The counters are fully synchronous, since the clock
arrives at all devices at the same time; the only drawback
is that the count enables have to “trickle” down the
chain. This results in a lower maximum counting rate
since it drastically increases the set-up time from enable
to clock.

Figure 3-11 shows a method for partially overcoming
these drawbacks. The enable to clock set-up is now one
‘CET to TC propagation delay plus one CEP to CP
set-up. The count speed is thus increased. This is best
seen by assuming that all stages except the second are
at terminal count. At the next clock pulse, the second
counter reaches terminal count and the first stage exits
terminal count. The command to suppress counting in
the third and fourth (and subsequent) stages arrives very
quickly (via CEP). The terminal count from the second

PRESET N
.
ld )
No-N3 Ns-N7 Ng-N11
A a A4 A4
y y y
Po-P3 Po-P3 Po-P3
— S2 — S2 S2
COUNT ENABLE
——0| ceP L olcep
—O| CEP F100136 F100136 F100136
TC j0— C JO——Oj CE
fin cp cpP cP
Qo Q1 Q2 Q | |
> fout
D
N\ LOAD
c» ofo—+1 )
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Fig. 3-10  Slow Expansion Scheme

COUNT —O} CEP -—Of CEP —oOjf CEP —Of CEP

ENABLE ————O| CET F100136 TC Jo—OJ CET F100136 TC Jo—Of CET F100136 TC Jo—oOf CET F100136 TC jo—
]— cP l— cp 1—- cP —] cP

CLOCK > ¢ :

Fig. 3-11  Fast Expansion Scheme

COUNT — CEP TC p—l«: CEP L CEP Lo CerP

ENABLE ————O] CET  F100136 —OJCET F100136 TC Jo—OJ CET F100136 TC Jo—Of CET F100136 TC Jo—
l_ cP l_— cP J_— cP — cP

cLock : ¢

stage propagates via TC and CEP to the high order Shift Registers

stages, but has a full 15 counts to do so.

Decoding Outputs

Since the complementary outputs from each stage are
available, it is an easy matter to decode any value.
(Clearly, if many values needed to be decoded

one would choose a decoder chip.) Figure 3-12

shows an F100136 and 1/3 F100101 interconnected

to decode 1001 (NINE). Both complementary outputs of
NINE are available and there is a spare input on the
decoding gate.

Fig. 3-12 Decoding States of F100136

F100136
Qo Q1 Q2 Q3

T

1/3 F100101

The F100141 is an 8-bit universal shift register. It can be
used for parallel-to-serial or serial-to-parallel conversion
and it will shift left or right. The truth table is shown

in Table 3-5.

Table 3-5 F100141 Truth Table

S1 So CP | Mode

L L J~ | Parallel Load

L H I | Shift Left (Qo — Q7)
H L I~ | Shift Right (Q7 — Qo)
H H X Hold

H = HIGH Voltage Level
L = LOW Voltage Level
X = Don’t Care

Figure 3-13 shows the F100141 used as a 7-bit serial-
to-parallel converter. When Initialize (INIT) becomes
active, the next clock pulse presets the register to
‘10000000’, and Register-Full (REG-FULL) becomes
inactive. Each time a data bit becomes available,
Data-Available (DATA-AVAIL) must be made active
during one clock LOW-to-HIGH transition. This clocks
the bit into the register and moves the flag bit closer to
Qo. When the seventh data bit is entered, the flag bit
reaches Qo and REG-FULL becomes active. The seven
data bits may be removed at this time (Q1 to Q7) and the
conversion is complete.

3-10
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Fig. 3-13  Serial-to-Parallel Conversion
L
SERIAL H ————
nEREEEEEN
D7 P7 Pe Ps P4 P3 P2 P1 P
CLOCK cp 6 3 2 1 0
INITIALIZE: S F100141
So
Q7 Qs Qs Q4 Q3 Q2 Q1 Qo
DATA
AVAILABLE
~—_——— —
PARALLEL DATA
REG-FULL

Table 3-6 summarizes the control inputs and corre-
sponding F100141 modes for this circuit.

Table 3-6 Select Inputs Truth Table
INIT DATA-AVAIL | S1 So | Mode
L L H H [Hold
L H H L | Shift right
H L L L |Preset
H H L L |(illegal)

H = HIGH Voltage Level
L = LOW Voltage Level

Figure 3-15 shows a parallel-to-serial converter using the
F100136 counter. Figure 3-14 shows the associated
timing diagram. Each time the external device has taken
a bit of data, it makes the signal Serial-Data-Accept
(SERIAL-DATA-ACPT) HIGH. The shift register shifts
right which makes the next bit available and the counter
counts up. The Serial-Data-Accept term must be

Fig. 3-14  Timing Diagram Parallel-to-Serial Converter

CLOCK

COUNT

SERIAL-
DATA-ACPT

synchronized with the clock. The counter counts to
eight after the eighth data bit has been accepted and
Parallel-Data-Request (PARALLEL-DATA-RQST)
becomes active HIGH. When the device supplying data
makes the next byte available, Parallel-Data-

Ready (PARALLEL-DATA-RDY) goes HIGH. On the next
clock pulse the shift register loads the new data byte and
the counter clears to zero. Table 3-7 shows the operating
mode as a function of the control inputs.

Fig. 3-15 Parallel-to-Serial Converter
PARALLEL DATA

ﬂ_N—ﬁ
l L O N N )
P7 Po
CLOCK CP
SERIAL- So F100141
DATA-ACPT s
1
Qo
PARALLEL-__|
DATA-RDY
SERIAL DATA
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So
F100136
S1
H—]S2 Q3
PARALLEL-
DATA-RQST

PARALLEL-
DATA-RQST

PARALLEL-

DATA-RDY
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Table 3-7 Parallel-to-Serial Converter Truth Table

PARALLEL- SERIAL- Shift Register Counter
DATA-RDY DATA-ACPT S1 So Mode So S S2 Mode
L L H H Hold H H H Hold
L H H L Shift Right L H H Count up
H L L L Load H L H Clear

H = HIGH Voltage Level
L = LOW Voltage Level

Multiplexers

Multiplexers send one of several inputs to a single
output. The function can be implemented with standard
gates or bus drivers and the wired-OR connection.
Figure 3-16 shows the F100123 Hex Bus Driver used as a
wired-OR multiplexer. The F100123 devices could be in
physically different parts of the system, since they can
drive double-terminated busses.

Fig. 3-16  Wired-OR Multiplexer

A — Fi
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F100123

Bs —
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The F100155 is a quad 2-input multiplexer with trans-
parent latches. The device has two select terms and can
accept data from either, neither, or both (OR) sources.

The F1001863 is a dual 8-input multiplexer with common
selects. The F100164 is a single 16-input multiplexer.

The F100163 and F100164 do not feature comple-
mentary outputs or an enable for wired-ORing. The
F100171 is a triple 4-input multiplexer with enable and
complementary outputs.

Figure 3-17 shows an F100164 multiplexer and F100136
connected to convert 16-bit parallel data to single-bit
serial data. A gate is added to provide complementary
serial data. If the input data is stable, then the output

Fig. 3-17 Parallel-to-Serial Data Transmission
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data is stable from 6.4 ns after a clock until 2.5 ns after
the next clock. This would insure valid data 50% of the
time at a clock rate of 100 MHz. Terminal Count on the
counter can be used as a term to indicate the last bit is
being transmitted. This can be used as a clock enable to
the register containing the parallel data. The propagation
delay through the register is masked by the propagation
delay through the counter.

Decoder

The F100170 is a universal demuitiplexer/decoder. It can
function as either a dual 1-o0f-4 decoder or as a single
1-of-8 decoder. The outputs can be either active HIGH
or active LOW.

If the M input is LOW, then the F100170 is configured as
a dual 1-of-4 decoder. Both A2a and Hc must be LOW.
Table 3-8 is a truth table for each half of the F100170;
the two halves are completely independent. The truth
table is shown for active-HIGH outputs; for active-LOW
outputs, Hx is made LOW.

Table 3-8 Dual 1-of-4 Mode Truth Table

Active-HIGH Outputs
Inputs (Ha and Hp Inputs HIGH)

—_E—1a EZa Ata | Aca | Zoa | Z1a | Z2a | Z3a

Eib | E2b | Ab | Aob | Zob | Z1b | Z2b | Z3b
H X X X L L L L
X H X L L L L
L L L L H L L L
L L L H L H L L
L L H L L L H L
L L H H L L L H

*M = A2a = He = LOW
H = HIGH Voltage Level
L = LOW Voltage Level
X = Don't Care

If the M input is HIGH, then the F100170 is configured as
a single 1-0f-8 decoder. Aob, A1b, Ha, and Hp must all be
LOW. Table 3-9 is a truth table for the F100170 in single
1-0f-8 mode. The truth table is shown for active-HIGH
outputs; for active-LOW outputs, Hc is made LOW.

3-13

Table 3-9 Single 1-0f-8 Mode Truth Table

Active-HIGH Outputs

Inputs (Hc Input HIGH)
E1 E2|A2a Ata Acal|Z0 Z1 Z2 Z3 Z4 Zs Zs Z7
H XX X X]J|L L L L L L L L
X HI| X XL L L L L L L L
L L|JL L LJH L L L L L L L
L L]|L L HiL H L L L L L L
L L|{L H LJL L HL L L L L
L L|J]L H HJL L L H L L L L
L L|H L LJ|L L L L HL L L
L L|H L HJL L L L L H L L
L L|H H LJL L L L L L HL
L L|JH H HJL L L L L L L H
M = HIGH;

Aob = Atb = Ha = Hp = LOW

E1 = E1a and E1b wired; E2 = E2a and E2p wired
H = HIGH Voltage Level

L = LOW Voltage Level

X = Don't Care

Figure 3-18 and Table 3-10 show a universal decimal
decoder and the decode table, respectively. The sense of
the outputs can be easily modified. The entire decoder
may be enabled with a LOW at the Function input.

Table 3-10 Output Selection

Ao-A3 Selected Output per Input Code
Weighted Excess | Excess
Input 8421 | 5421 3 Gray | 2421
0 0 0 3 2 0
1 1 1 4 6 1
2 2 2 5 7 2
3 3 3 6 5 3
4 4 4 7 4 4
5 5 8 8 12 11
6 6 9 9 13 12
7 7 10 10 15 13
8 8 11 1 14 14
9 9 12 12 10 15
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Fig. 3-18 Universal Decimal Decoder
Ao A A2 A3
FUNCTION P
12 j1]2 112 |1
Aoa Ata A2a Ea Ep Aoa A1a A2a Ea Ep
H M H—M
F100170 F100170
H
r ° 20 2122 23 24 25 25 27 |_H° 20 Z1 2o 25 24 25 26 Zr
HIGH/LOW —4 |
012 3 45 6 7 8 9 10 11 12 13 15
Figure 3-19 shows a scheme to decode five lines with a Figure 3-20 shows a 1-0f-64 decoder which uses the
1-0f-32 decoder. Inputs Ag, A1, and A2 are connected to LOW outputs of one F100170 to enable one-of-eight
the address select inputs of all four decoders in parallel. F100170 devices whose address inputs are connected
Both the true and complement of the two high order together. The unused enable inputs may be used to
addresses are formed and then ANDed together at the enable all 64 outputs. The 64 outputs may be either
decoder enable inputs. active HIGH or LOW. The propagation delay from

address to any output is 4.5 ns maximum.

Fig. 3-19  1-0f-32 Decoder
As A,

Ag Ay Ay

'ﬁ«OaAmAza E, B

He

H
HIGH/LOW

01234567 8 9101112131415 1617 18192021 2223 24 2526 27 2829 30 31

3-14
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Fig. 3-20 1-of-64 Decoder
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Qo Q1 Q2 Q3 Q4 Qs Qs Q7

H
H

HIGH/LOW

1 4 5 ®©® @9 @ 5657 58 59 60 61 62 63
Register File Active-LOW output enables are available, allowing the
The F100145 is a 16 x 4 register file with typical Read F100145 to be OR-wired for easy expansion. A HIGH on
access time of 5.5 ns. It has separate addresses for Read the Master Reset (MR) input, which overrides all other
(ARn) and Write (AWn) operations. This reduces inputs, resets the output latches, forces the outputs
effective cycle time by allowing one address to be LOW, and clears all cells in the memory.

setting up while the other is being used.
Figure 3-21 indicates a method of connecting one or

Internal output latches are present which store data from more F100145 devices with F100136 devices to form a
a previous Read while a Write is in progress. Any time a very fast FIFO. This FIFO can be expanded horizontally
Write is not in progress, the data in the latches are (to form wider words) by merely adding more register
updated from the array. files. The inputs and outputs must be synchronized to a

common clock.

3-15
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Fig. 3-21 FIFO Diagram
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During the first half of the clock cycle, data are written
into the FIFO in the case of a WRITE command, or
presented on the outputs in the case of a READ
command. During the second half of the cycle, either
the Write or Read (or neither) address is updated. In
addition, the data at the current Read address is
accessed in case it will be used during the next cycle.
This means that Read data is available very earlyin
the cycle.

The FIFO timing diagram is shown in Figure 3-22. The
minimum timing of the LOW portion of the clock may be
determined as follows. The Write pulse width is 4 ns
typical and the data set-up (to trailing edge of Write)

3-16

is 6 ns typical. Assuming the Write data are available at
the beginning of the period, the 6 ns would be the
longest path.

The worst case for the HIGH portion of the clock is
when a Read is followed by a Read. In this case, the
counter must be incremented and the data read from a
new location. This is'1.6 + 5.5 ns typical. Allowing for
non-typical devices, clock skew, and interconnection
delays could bring these numbers to 10 ns each, for a
total (Read or Write) cycle time of 20 ns. Since a Read
and a Write are required to move one piece of data
through the FIFO, the actual transfer rate is

25M words/second.
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Fig. 3-22  FIFO Timing
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Comparators

The F100166 is a 9-bit magnitude comparator which
compares the arithmetic value of two 9-bit words and
indicates either A > B, A< B, or A=B.

The unequal outputs are active HIGH so that expansion
is simple. Figure 3-23 indicates how two 64-bit words
may be compared in 5.4 ns typical. If desired, the A =B

READ CYCLE

UNUSED CYCLE

outputs of the first rank may be OR-wired to obtain an
active-LOW A = B in 2.7 ns typical.

The F100107 Quint Exclusive-OR/NOR may be used as
a 5-bit identity comparator with a propagation delay of
2.0 ns typical. The F100160 Parity Checker/Generator
may also be used as an identity comparator.



Logic Design

Fig. 3-23  64-Bit Magnitude Comparator

Fig. 3-24  16-Bit Parity Checker/Generator
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Parity Generator/Checker

The F100160 is a dual 9-bit parity checker/generator.
The output (of each section) is HIGH when an even
number of inputs are HIGH. Thus, to generate odd parity
on eight bits, the ninth input would be held HIGH. One
of the nine inputs on each half has a shorter propagation
(la, Ib) delay and is thus preferred for expansion.

Figure 3-24 shows how to build a 16-bit parity checker
using a single F100160. The typical propagation delay
from the longest input is 4.05 ns. This circuit can be
turned into a parity generator by replacing “P” at input Ip
with a LOW or HIGH for even or odd parity, respectively.

3-18

Aa

Arithmetic Logic Unit
The F100181 is a 4-bit binary/BCD ALU with a typical
propagation delay of 4.5 ns. Output latches are provided

-to reduce system package count. When the latches

are not required, they may be made transparent.
Table 3-11 summarizes the functions available in the
F100181. Table 3-12 is a summary of add times as a
function of word width using the F100181 and, option-
ally, the F100179 Lookahead Carry Generator. These are
calculated using maximum times from the data sheets
and assume zero interconnection times. Further, it is
assumed that the S (function select) inputs are avail-
able very early; their delay paths are ignored. The
F100181 specification sheet indicates how the parts
are interconnected.
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Table 3-11 F100181 Functions

S3 S2 S1 So Function Note

L L L L A plus B BCD

L L L H A minus B BCD

L L H L B minus A BCD

L L H H O minus A BCD

L H L L A plus B binary

L H L H A minus B binary

L H H L B minus A binary

L H H H O minus B binary

H L L L Identity F=AeB+AeB
H L L H XOR F=AeB+AeB
H L H L OR F=A+B

H L H H A F=A

H H L L Inverse F=B

H H L H B F=B

H H H L AND F=AeB

H H H H Zero F=LOW

H = HIGH Voltage Level
L = LOW Voltage Level

Table 3-12 Summary of Add times Using F100181

Table 3-13 Multiplier Summary

Operand Size Delay (ns) Device Count
16 x 16 16 62
24 x 24 22 115
32 x 32 24 186
64 x 64 26 634

1 F100179 2 F100179
Ripple Lookahead Lookahead
Bits Carry Carry Carries
8 113 n/a n/a
16 16.9 1.9 n/a
32 28.1 147 146
64 50.5 n/a 25.2
Muitipliers

The F100182 Wallace Tree Adder and F100183 Recode
Multiplier can be combined to build extremely fast
parallel multipliers. The F100183 data sheet has detailed
applications information; Table 3-13 is a summary of
delay times and package counts for various operand
sizes. The times are typical and do not include
interconnection delays.

TTL/F100K Interfacing

The F100124 is a hex translator, designed to convert
TTL logic levels to F100K ECL logic levels. A common
Enable input (Ec), when LOW, holds all true outputs
LOW. Complementary outputs are available on each
translator, allowing the circuits to be used as inverting,
non-inverting, or differential translators. The TTL inputs
present the loading factors indicated in Table 3-14.
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Table 3-14 F100124 Input Loading Fig.3-26 100K ECL Driving 10K ECL
Standard -9 | HIGH STATE MARGINS

Load Current TTL Unit Loads 1.0 |_F100K Vorin F100K — F10K
HIGH 50 uA 125 A -
HIGH (Enable) | 300 uA 75 > 10K Vi Y —]
LOW -32mA 2 ) —T |
LOW (Enable) -16.0 mA 10 z 12

-d

;.3- -1.3
The F100125 is a hex F100K ECL-to-TTL translator. 5
Differential inputs allow each circuit to be used as an g 14
inverting, non-inverting, or differential translator. An 2 s FAOK ViL(max) -
internal reference voltage generator provides Vgg for £ Low ;T ATE MARGINS
single-ended operation. The outputs of the F100125 16 100K VoL J'. F100K—= F10K_
have-a fan-out of 50 standard TTL Unit Loads (U.L.) in , ' | '
the HIGH state and 12.5 in the LOW state. -1.7

o 10 20 30 40 50 60 70 80

F10K/F100K Interfacing Ta — AMBIENT TEMPERATURE — 0°C
The problem caused by mixing F10K ECL and F100K ECL
is illustrated in Figures 3-25 and 3-26. F10K output levels
and input thresholds vary with temperature whereas
F100K levels and thresholds remain essentially constant.
This means that the noise margins vary with tempera-
ture, even if the temperatures of the driving and
receiving circuits track. Perhaps the worst case is shown
in Figure 3-26, which illustrates F100K driving F10K.

At +75;’C,'the high margins are seen to be less than
100 mV. Clearly this would not represent acceptable
dc margins in any real system.

If the use of F1I0K ECL in an F100K system is
unavoidable, it is recommended that all interfacing be
done differentially. This is illustrated in Figure 3-27
which is applicable for either direction.

Fig. 3-25 10K ECL Driving 100K ECL Fig. 327 Interfacing 10K and 100K

-9 T

F1JK VOH(mIn)_| =]
1.0 =t f v b
HIGH STATE MARGINS

>I i F10K — F100K i S S DIFFERENTIAL

-1, >
” F100K ViH(min) [ - LINE RECEIVER
w
> -1.2
g -2v -2v
-
2 -13
5
o -14
B : LOW STATE MARGINS
2 15 | 100K Vit max) F10K —= F100K
F A

-1.6 F10K VOL(max)

-1.7 | I

0 10 20 30 40 50 60 70 80
Ta — AMBIENT TEMPERATURE — 0°C

3-20
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Introduction 1
= & = \VLoC 4-2
The interactions between wiring and circuitry in high- v \ /Loco o~o @-2)

speed systems are more easily determined by treating
the interconnections as transmission lines. A brief review
of basic concepts is presented and simplified methods of
analysis are used to examine situations commonly en-
countered in digital systems. Since the principles and
methods apply to any type of logic circuit, normalized
pulse amplitudes are used in sample waveforms

and calculations.

Simplifying Assumptions

For the great majority of interconnections in digital
systems, the resistance of the conductors is much less
than the input and output resistance of the circuits.
Similarly, the insulating materials have very good
dielectric properties. These circumstances allow such
factors as attenuation, phase distortion, and bandwidth
limitations to be ignored. With these simplifications,
interconnections can be dealt with in terms of
characteristic impedance and propagation delay.

Characteristic Impedance

The two conductors that interconnect a pair of circuits
have distributed series inductance and distributed
capacitance between them, and thus constitute a trans-
mission line. For any length in which these distributed
parameters are constant, the pair of conductors have a
characteristic impedance Zo. Whereas quiescent
conditions on the line are determined by the circuits and
terminations, Zo is the ratio of transient voltage to
transient current passing by a point on the line when a
signal charge or other electrical disturbance occurs. The
relationship between transient voltage, transient current,
characteristic impedance, and the distributed parameters
is expressed as follows:

Lo
Ve @)

where Lo = inductance per unit length, Co = capaci-
tance per unit length. Zo is in ohms, Lo in Henries, Co
in Farads. )

=2Z,=

Propagation Velocity

Propagation velocity v and its reciprocal, delay per unit
length 6, can also be expressed in terms of Lo and Co. A
consistent set of units is nanoseconds, microhenries and
picofarads, with a common unit of length.

Equations 4-1 and 4-2 provide a convenient means of
determining the Lo and Co of a line when delay, length
and impedance are known. For a length /and delay T,

é is the ratio T//. To determine Lo and Co, combine :
(4-3) .

Equations 4-1 and 4-2.

Lo = 620
[
Cp = Z, (4-4)

More formal treatments of transmission line charac-
teristics, including loss effects, are available from
many sources.1-3

Termination and Reflection

A transmission line with a terminating resistor is shown
in Figure 4-1. As indicated, a positive step function volt-
age travels from left to right. To keep track of reflection
polarities, it is convenient to consider the lower con-
ductor as the voltage reference and to think in terms of
current flow in the top conductor only. The generator
is assumed to have zero internal impedance. The initial
current |1 is determined by V1 and Zo.

Fig. 4-1 Assigned Polarities and Directions
for Determining Reflections
Vi, i — Iy — Ir
-— —>
v, Iy
+
V4 +
V. ==1 R
' "=z vi "
LINELENGTH={ DELAY=T= [}

If the terminating resistor matches the line impedance,
the ratio of voltage to current traveling along the line

is matched by the ratio of voltage to current which must,
by Ohm'’s law, always prevail at RT. From the viewpoint
of the voltage step generator, no adjustment of output
current is ever required; the situation is as though the
transmission line never existed and Rt had been con-
nected directly across the terminals of the generator.
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From the RT viewpoint, the only thing the line did
was delay the arrival of the voltage step by the amount
of time T.

When Rt is not equal to Zo, the initial current starting
down the line is still determined by V1 and Zo but the
final steady state current, after all reflections have died
out, is determined by V1 and Rt (ohmic resistance of the
line is assumed to be negligible). The ratio of voltage to
current in the initial wave is not equal to the ratio of
voltage to current demanded by RT. Therefore, at the
instant the initial wave arrives at RT, another voltage and
current wave must be generated so that Ohm’s law is
satisfied at the line-load interface. This reflected wave,
indicated, by Vr and Ir in Figure 4-1, starts to return
toward the generator. Applying Kirchoff’s laws to the
end of the line at the instant the initial wave arrives,
results in the following.

Iy + 1, = Iy = current into Ry (4-5)

Since only one voltage can exist at the end of the line at
this instant of time, the following is true:

V1 + V, = VT
4 vV, +V
thus Iy = RAREA M
V1 _ Vr
also 1y = Z_o and /, = - Z—o

with the minus sign indicating that Vr is moving toward
the generator.

Combining the foregoing relationships algebraically and
solving for Vr yields a simplified expression in terms of
V1, Zo and RT.

Vi Ve _ Vit Ve_ ViV
Z, Z, Ry Ry Ry
1 1\ _ 1 1
v, <—Z—0- Rr) = v,(RT+ Zo) @-7)

The term in parentheses is called the coefficient of re-
flection p. With Rt ranging between zero (shorted line)
and infinity (open line), the coefficient ranges between
-1 and +1 respectively. The subscript L indicates that
p refers to the coefficient at the load end of the line.

Equation 4-7 expresses the amount of voltage sent back
down the line, and since

Vi=V;+ V,

(4-8)

then Vi=Vy (1+ p).

VT can also be determined from an expression which
does not require the preliminary step of calculating py .
Manipulating (1 + p ) results in

_ Rr-2, _ Ry
Tte=Tt gz, T <RT+ZO>
Substituting in Equation 4-8 gives
- Rr
Vp=2 (m) Vy (4-9)

The foregoing has the same form as a simple voltage
divider involving a generator V1 with internal impedance
Zo driving a load RT, except that the amplitude of V1

is doubled.

The arrow indicating the direction of V¢ in Figure 4-1,
correctly indicates the Vr direction of travel, but the
direction of Iy flow depends on the V polarity. If V¢ is
positive, Ir flows toward the generator, opposing I1. This
relationship between the polarity of Vr and the direction
of Ir can be deduced by noting in Equation 4-7 that if Vy
is positive it is because RT is greater than Zg. In turn, this
means that the initial current Ir is larger than the final
quiescent current, dictated by V1 and Rt. Hence Ir must
oppose |1 to reduce the line current to the final
quiescent value. Similar reasoning shows that if Vy is
negative, Ir flows in the same direction as I1.

It is sometimes easier to determine the effect of Vr on
line conditions by thinking of it as an independent
voltage generator in series with RT. With this concept,
the direction of Ir is immediately apparent; its magni-
tude, however, is the ratio of Vr to Zo, i.e,, Rt is
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already accounted for in the magnitude of Vr. The
relationships between incident and reflected signals are
represented in Figure 4-2 for both cases of mismatch
between Rt and Zo.

Fig. 4-2 Reflections for RT # Zo

a. Incident Wave

V%
Vi, lf ——»
Vi

t<T .

1 DISTANCE

b. Reflected Wave for RT > Zg

vy ¥————- Ve
T<t<2T

c. Reflected Wave for RT < Zg

Iy v—

Vi l
T<t<2T ) ‘>Vr
l

i+l

The incident wave is shown in Figure 4-2a, before it has
reached the end of the line. In Figure 4-2b, a positive Vr
is returning to the generator. To the left of Vi the current
is still 11, flowing to the right, while to the right of V; the
net current in the line is the difference between |1 and Ir.
In Figure 4-2c, the reflection coefficient is negative,
producing a negative Vr. This, in turn, causes an
increase in the amount of current flowing to the right
behind the Vr wave.

Source Impedance, Multiple Reflections

When a reflected voltage arrives back at the source
(generator), the reflection coefficient at the source
determines the response to Vr. The coefficient of

reflection at the source is governed by Zo and the
source resistance Rs.

Rs - Zp
PsS= m T35 (4-10

Rs + Z, )
If the source impedance matches the line impedance, a
reflected voltage arriving at the source is not reflected
back toward the load end. Voltage and current on the
line are stable with the following values.

Vi=V,+V,and Ir=1;-1, (8-11)

If neither source impedance nor terminating impedance
matches Zo, multiple reflections occur; the voltage at
each end of the line comes closer to the final steady
state value with each succeeding reflection. An ex-
ample of a line mismatched on both ends is shown in
Figure 4-3. The source is a step function of 1 V ampli-

Fig. 4-3 Multiple Reflections Due to Mismatch
at Load and Source

Rs=310 20=930
Vo Rr=
1V
Vi Vr
= 31-93 ® - 93
-9 L= -
Ps=3rvea- 05 L=%7g=*!
INITIALLY: Vq =522 Vo= .1-075V
VIS Rs 0T 128" 'Y
-~
Vi
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tude occurring at time to. The initial value of V1 starting
down the line is 0.75 V due to the voltage divider action
of Zo and Rs. The time scale in the photograph shows
that the line delay is approximately 6 ns. Since neither
end of the line is terminated in its characteristic
impedance, multiple reflections occur.

The amplitude and persistence of the ringing shown in
Figure 4-3 become greater with increasing mismatch
between the line impedance and source and load
impedances. Reducing Rs (Figure 4-3) to 13 () increases
pg to—0.75, and the effects are illustrated in Figure 4-4.
The initial value of VT is 1.8 V with a reflection of 0.9 V
from the open end. When this reflection reaches the
source, a reflection of 0.9 X -0.75 V starts back toward
the open end. Thus, the second increment of voltage
arriving at the open end is negative going. In turn, a
negative-going reflection of 0.9 X -0.75 V starts back
toward the source. This negative increment is again
multiplied by —0.75 at the source and returned toward
the open end. It can be deduced that the difference in
amplitude between the first two positive peaks observed
at the open end is

Vr=Vir=(1+p) Vi-(1+p) Vip? p3
(4-12)
=(1+p) Vi (1 -p2 p%)

The factor (1 - p2_ p2g) is similar to the damping factor
associated with lumped constant circuitry. It expresses
the attenuation of successive positive or negative peaks
of ringing.

Lattice Diagram

In the presence of multiple reflections, keeping track of
the incremental waves on the line and the net voltage at
the ends becomes a bookkeeping chore. A convenient
and systematic method of indicating the conditions
which combines magnitude, polarity and time utilizes a
graphic construction called a lattice diagram.4 A lattice
diagram for the line conditions of Figure 4-3 is shown
in Figure 4-5.

The vertical lines symbolize discontinuity points, in this
case the ends of the line. A time scale is marked off on
each line in increments of 2T, starting at to for V1 and
T for V1. The diagonal lines indicate the incremental
voltages traveling between the ends of the line; solid

Fig. 4-4 Extended Ringing when Rg of Figure 4-3
is Reduced to 13 )

G - V7

s <V

H =20 ns/div
V =0.4 Vidiv

lines are used for positive voltages and dashed lines for
negative. It is helpful to write the reflection and
transmission multipliers p and (1 + p) at each vertical
line, and to tabulate the incremental and net voltages in
columns alongside the vertical lines. Both the lattice
diagram and the waveform photograph show that V1 and
VT asymptotically approach 1V, as they must witha 1V
source driving an open-ended line.

Shorted Line

The open-ended line in Figure 4-3 has a reflection
coefficient of +1 and the successive reflections tend
toward the steady state conditions of zero line current
and a line voltage equal to the source voltage. In con-
trast, a shorted line has a reflection coefficient of -1 and
successive reflections must cause the line conditions

to approach the steady state conditions of zero voltage
and a line current determined by the source voltage
and resistance.

Shorted line conditions are shown in Figure 4-6a with
the reflection coefficient at the source end of the line
also negative. A negative coefficient at both ends of the
line means that any voltage approaching either end of
the line is reflected in the opposite polarity. Figure 4-6b
shows the response to an input step-function with a
duration much longer than the line delay. The initial
voltage starting down the line is about +0.75 V, which is
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Fig. 4-5 Lattice Diagram for the Circuit of Figure 4-3
V4 Vr
(1+p)=+05 =-0.5 p=+1 (1+p)=+2
SUM: > ‘ > SUM:
+0.75V t=tg—
[— T +1.50V
+0.375V
+1.125V
=0.75V
+0.75V
—0.188V
+0.937V
+0.375V
+1.125V
+0.094V
+1.031V
-0.188V
+0.937V
-0.047V
+0.984V
+0.094V
+1.031V

inverted at the shorted end and returned toward the
source as -0.75 V. Arriving back at the source end of the
line, this voltage is multiplied by (1 + ps), causing
a-0.37 V net change in V1. Concurrently, a reflected
voltage of +0.37 V (-0.75 V times ps of -0.5) starts back
toward the shorted end of the line. The voltage at V1 is
reduced by 50% with each successive round trip of
reflections, thus leading to the final condition of zero
volts on the line.

When the duration of the input pulse is less than the
delay of the line, the reflections observed at the source
end of the line constitute a train of negative pulses, as
shown in Figure 4-6¢. The amplitude decreases by 50%
with each successive occurrence as it did in Figure 4-6b.

Series Termination

Driving an open-ended line through a source resistance
equal to the line impedance is called series termination.
It is particularly useful when transmitting signals which
originate on a PC board and travel through the back-
plane to another board, with the attendant discon-

4-9

tinuities, since reflections coming back to the source are
absorbed and ringing thereby controlled. Figure 4-7
shows a 93 (1 line driven from a 1 V generator through

a source impedance of 93 (). The photograph illustrates
that the amplitude of the initial signal sent down the line
is only half of the generator voltage, while the voltage

at the open end of the line is doubled to full amplitude
(1+ pL = 2). The reflected voltage arriving back at the
source raises V1 to the full amplitude of the generator
signal. Since the reflection coefficient at the source

is zero, no further changes occur and the line voltage is
equal to the generator voltage. Because the initial signal
on the line is only half the normal signal swing, the loads
must be connected at or near the end of the line to avoid
receiving a 2-step input signal.

An ECL output driving a series terminated line requires a
pull-down resistor to Veg, as indicated in Figure 4-8. The
resistor Ro shown in Figure 4-8 symbolizes the output
resistance of the ECL gate. The relationships between
Ro, Rs, Re and Zo are discussed in Chapter 5.
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Fig. 4-6 Reflections of Long and Short Pulses on a
Shorted Line

a. Reflection Coefficients for Shorted Line

Rs 2p=930Q
310
v Vr=0
Vo 1 T
Pg=-05 0-93
PL=grea= "1

b. Input Pulse Duration >> Line Delay

H =10 ns/div
V =0.2 Vidiv

c. Input Pulse Duration < Line Delay

-V

H =10 ns/div
V=0.2 Vidiv

Fig. 4-7 Series Terminated Line and Waveforms

Rs=930Q 20=93Q

Vo V—=a " d
V4 vt
1V

0 p=+1

= .\,

5, |

H =10 ns/div
V =0.4 V/div

Fig. 4-8 ECL Element Driving a Series
Terminated Line

Ro Rs Zy
1> —

Vee

Extra Delay with Termination Capacitance

Designers should consider the effect of the load
capacitance at the end of the line when using series
termination. Figure 4-9 shows how the output waveform
changes with increasing load capacitance. Figure 4-9b
shows the effect of load capacitances of 0, 12, 24, 48 pF.
With no load, the delay between the 50% points of the
input and output is just the line delay T. A capacitive
load at the end of the line causes an extra delay AT

due to the increase in rise time of the output signal. The
midpoint of the output is used as a criterion because
the propagation delay of an ECL circuit is measured
between the 50% points of the input and output signals.



Transmission Line
Concepts

Fig. 4-9 Extra Delay with Termination Capacitance Fig. 4-10  Determining the Effect of
End-of-Line Capacitance

a. Series Terminated Line with Load Capacitance

a. Thevenin Equivalent for Series

Rs=2p
) Terminated Case

\%

VIN Zo

Yo °f TV' Fo—— vin (o_wv_l
: [ =

7=2'C=2yC :[
b. Output Rise Time Increase with Increasing h
Load Capacitance b. Thevenin Equivalent for Parallel
Terminated Case

: - Vr Z,___E

Z
VIN (t) VIN () —‘*N\'—-j- T
Ve
w2

c. Equations for Input and Output Voltages

LINE v
INPUT
o - t=08a
V202 Vidiy a=125
0
c. Extra Delay AT Due to Rise Time Increase
t=0 t=a
50% : %
LINE l€«— AT vip(t) = — [tu(t) - (t - a)u (t - a)]
INPUT T a
/ f) = 0fort<o
| /=— LOADED RISE ut) = ot > o
I6IS$PUT / _ Ofort<a,
uft - a) 1 fort>a
The increase in propagation delay can be calculated by ViNS) = —5 (1 - &%)
using a ramp approximation for the incident voltage and as
characterizing the circuit as a fixed impedance in series v 1
with the load capacitance, as shown in Figure 4-10. One VelS) = ar 2 (s + 1/7) (1 - e7)
general solution serves both series and parallel v
termination cases by using an impedance Z' and a time ve(t) = 2 [t = 7(1 - e~t")] ut)
constant 7, defined in Figure 4-10a and 4-10b.
Calculated and observed increases in delay time to the v [(t - a)
50% point show close agreement when r is less than half a _a
the ramp time. At large ratios of 7/a (where a = ramp -7(1-e 7 )] u(t-a)
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time), measured delays exceed calculated values by ap-
proximately 7%. Figure 4-11, based on measured values,
shows the increase in delay to the 50% point as a func-
tion of the Z'C time constant, both normalized to the
10% to 90% rise time of the input signal. As an example
of using the graph, consider a 100 () series terminated
line with 30 pF load capacitance at the end of the line
and a no-load rise time of 3 ns for the input signal.
From Figure 4-10a, Z' is equal to 100 (}; the ratio Z'C/tr
is 1. From the graph, the ratio AT/tr is 0.8.. Thus the
increase in the delay to the 50% point of the output
waveform is 0.8 tr, or 2.4 ns, which is then added to the
no-load line delay T to determine the total delay.

Had the 100 (} line in the foregoing example been
parallel rather than series terminated at the end of the
line, Z' would be 50 (). The added delay would be only
1.35 ns with the same 30 pF loading at the end. The
added delay would be only 0.75 ns if the line were 50 ()
and parallel terminated. The various trade-offs involving
type of termination, line impedance, and loading are
important considerations for critical delay paths.

Fig. 4-11 Increase in 50% Point Delay Due to
Capacitive Loading at the End of the
Line, Normalized to Ty
25

2.0

15

1.0 /,
pd

0.5

DELAY INCREASE, NORMALIZED — AT/t;

/

0 0.5 1.0 1.5 2.0 25
LINE-LOAD TIME CONSTANT, NORMALIZED—2Z'Clit,

Distributed Loading Effects on Line Characteristics
When capacitive loads such as ECL inputs are con-
nected along a transmission line, each one causes a

reflection with a polarity opposite tn that of the incident
wave. Reflections from two adjacent loads tend to over-
lap if the time required for the incident wave to travel
from one load to the next is equal to or less than the
signal rise time.5 Figure 4-12a illustrates an arrangement
for observing the effects of capacitive loading, while
Figure 4-12b shows an incident wave followed by reflec-
tions from two capacitive loads. The two capacitors '
causing the reflections are separated by a distance re-
quiring a travel time of 1 ns. The two reflections return to
the source 2 ns apart, since it takes 1 ns longer for the
incident wave to reach the second capacitor and an addi-
tional 1 ns for the second reflection to travel back to the
source. In the upper trace of Figure 4-12b, the input
signal rise time is 1 ns and there are two distinct reflec- -
tions, although the trailing edge of the first overlaps the
leading edge of the second. The input rise time is longer
in the middle trace, causing a greater overlap. In the
lower trace, the 2 ns input rise time causes the two
reflections to merge and appear as a single reflection
which is relatively constant (at = -10%) for half its
duration. This is about the same reflection that would
occur if the 93 () line had a middle section with an
impedance reduced to 75 ().

With a number of capacitors distributed all along the line
of Figure 4-12a, the combined reflections modify the
observed input waveform as shown in the top trace of
Figure 4-12c. The reflections persist for a time equal to
the 2-way line delay (15 ns), after which the line voltage
attains its final value. The waveform suggests a line
terminated with a resistance greater than its character-
istic impedance (Rt > Zo). This analogy is strengthened’
by observing the effect of reducing Rt from 93 (2 to 75 (),
which leads to the middle waveform of Figure 4-12c.
Note that the final (steady state) value of the line voltage
is reduced by about the same amount as that caused

by the capacitive reflections. In the lower trace of

Figure 4-12c the source resistance Rs is reduced from
93 () to 75 (), restoring both the initial and final line
voltage values to the same amplitude as the final value

in the upper trace. From the standpoint of providing a
desired signal voltage on the line and impedance match-
ing at either end, the effect of distributed capacitive
loading can be treated as a reduction in line impedance.
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Fig.4-12  Capacitive Reflections and Effects on Line Characteristics

a. Arrangement for Observing Capacitive Loading Effects

Rs=93¢Q Zp=93Q
AR >

Vo
2V

b. Capacitive Reflections Merging as Rise Matching the Altered Impedance of a
Time Increases Capacitively Loaded Line

Rr=930

.||_2’|__4
Ik —
I—k - 4
I—F -

0

tr=1ns <-R35=R1-=
93Q
tr=15ns § Rs=93Q
* Rr=750
<t =2ns “?:;R7=

H = 2 ns/div H =5 ns/div
V =0.25 Vidiv V =0.25 Vidiv

The reduced line impedance can be calculated by , Lo Lo
considering the load capacitance CL as an increase in Zy= —C T C = —C
0 D o

the intrinsic line capacitance Co along that portion of the Co ( 1+ C )
line where the loads are connected.6 Denoting this 0
length of line as |, the distributed value Cp of the load (4-13)
capacitance is as follows. L,
Z,
c. z,+ ‘= 2
=T 1+ Co 1+ S0

Cp is then added to Cq in Equation 4-1 to determine the
reduced line impedance Zo. In the example of Figure 4-12c, the total load capaci-
tance is 33 pF while the total intrinsic line capacitance

4-13
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ICo is 60 pF. (Note that the ratio Cp/Co is the same Fig. 4-13  Capacitive Loading Effects on
as C/ICo.) The calculated value of the reduced Line Delay and Impedance
impedance is thus 6 60
3 @
. 93 93 |
Zy = = =750 (4-14) s 50 w
’ Viy B \/1.55 2’ - 2
60 I P 3
> &' =1.776 nslft a0 W
z4 v Co=29pFiin |40 &
This correlates with the results observed in Figure 4-12¢ a / °
when Rt and Rs are reduced to 75 (). 33 05
= T
< w
The distributed load capacitance also increases the line g 2 / N 20 §
delay, which can be calculated from Equation 4-2. Q 4 > <
j. 1 i 10 5
C 1
8 = Lo(Co+ Cp) = LoCo 1+ EQ N
0 0 0
(4-15) 10 20 30
Cp— DISTRIBUTED CAPACITANCE —pFlin
Co
=46 1+ = . .
Co Mismatched Lines

The line used in the example of Figure 4-12c¢ has an
intrinsic delay of 6 ns and a loaded delay of 7.5 ns which
checks with Equation 4-15.

18" = 16\/1.656 = 6\/1.55 = 7.5 ns (4-16)
Equation 4-15 can be used to predict the delay for a
given line and load. The ratio Cp/Co (hence the loading

effect) can be minimized for a given loading by using a
line with a high intrinsic capacitance Co.

A plot of Z' and &’ for a 50 ohm line as a function of
Cp is shown in Figure 4-13. This figure illustrates that
relatively modest amounts of load capacitance will add
appreciably to the propagation delay of a line. In
addition, the characteristic impedance is reduced
significantly.

Worst case reflections from a capacitively loaded section
of transmission line can be accurately predicted by
using the modified impedance of Equation 4-9.6 When a
signal originates on an unloaded section of line, the
effective reflection coefficient is as follows.

Zy- 2

Zy+ Z,

(8-17)

Reflections occur not only from mismatched load and
source impedances but also from changes in line
impedance. These changes could be caused by bends in
coaxial cable, unshielded twisted-pair in contact with
metal, or mismatch between PC board traces and
backplane wiring. With the coax or twisted-pair, line
impedance changes run about 5 to 10% and reflections
are usually no problem since the percent reflection is
roughly half the percent change in impedance. However,
between PC board and backplane wiring, the mismatch
can be 2 or 3 to 1. This is illustrated in Figure 4-14 and
analyzed in the lattice diagram of Figure 4-15. Line 1 is
driven in the series terminated mode so that reflections
coming back to the source are absorbed.

The reflection and transmission at the point where
impedances differ are determined by treating the down-
stream line as though it were a terminating resistor. For
the example of Figure 4-14, the reflection coefficient at
the intersection of lines 1 and 2 for a signal traveling to
the right is as follows.

Z,-2; _93-50 _
Z, + Z, 143

P12 = +0.3 (4-18)
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Fig. 4-14  Reflections from Mismatched Lines
Rs=500Q Z1=500 Z;=93Q Z3=390Q
e - . Rr= o0

V

© TV1 T V2 T Vs T Va
1V

Pg=0 Py2=+0.3 P23 = —0.41 =1
Pay=-03 P32 = +0.41

-V

H =20 ns/div
V=0.4 Vidiv

Thus the signal reflected back toward the source and
the signal continuing along line 2 are, respectively,
as follows.

Vi =ppVy=+03 V, (4-19a)

Vo=(1+pp) V=413V, (4-19b)
At the intersection of lines 2 and 3, the reflection coeffi-
cient for signals traveling to the right is determined by
treating Z3 as a terminating resistor.

Z3-2Zp _ 39 -93
P23 = = = -0.41 4-20
8~ 7. ¥z, 132 (4-20)
When Vz arrives at this point, the reflected and
transmitted signals are as follows.
Var = pa3 Vo = =041 V,
= (-0.41)(1.3) V,4 (4-21a)

-0.53 V,

V3 = (1 + pza) V2 = 0.59 V2
(0.59) (1.3) V,
077 V,

(4-21b)

Voltage V3 is doubled in magnitude when it arrives at the
open-ended output, since pL is +1. This effectively
cancels the voltage divider action between Rs and Z1.

Ve=(1+p) Va=(1+p)(1+ pzg) Va
= (14 p) (1 + pag) (1 + p12) Vyq

Vo

(4-22)
=(1+ p ) (1 + pog) (1 + p12)

Vg =(1+ pa)(1+ p12) Vo
Thus, Equation 4-22 is the general expression for the

initial step of output voltage for three lines when the
input is series terminated and the output is open-ended.

4-15
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Fig. 4-15 Lattice Diagram for the Circuit of Figure 4-14
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ETC. ™ - ETC. ETC.

Note that the reflection coefficients at the intersections
of lines 1 and 2 and lines 2 and 3 in Figure 4-15 have
reversed signs for signals traveling to the left. Thus the
voltage reflected from the open output and the signal
reflecting back and forth on line 2 both contribute
additional increments of output voltage in the same
polarity as Vo. Lines 2 and 3 have the same delay time;
therefore, the two aforementioned increments arrive at
the output simultaneously at time 5T on the lattice
diagram (Figure 4-15).

In the general case of series lines with different delay
times, the vertical lines on the lattice diagram should

be spaced apart in the ratio of the respective delays.
Figure 4-16 shows this for a hypothetical case with delay
ratios 1:2:3. For a sequence of transmission lines with

4-16

the highest impedance line in the middle, at least three
output voltage increments with the same polarity as Vo
occur before one can occur of opposite polarity. On the
other hand, if the middle line has the lowest impedance,
the polarity of the second increment of output voltage is
the opposite of Vo. The third increment of output
voltage has the opposite polarity, for the time delay
ratios of Figure 4-16.

When transmitting logic signals, it is important that the
initial step of line output voltage pass through the
threshold region of the receiving circuit, and that the
next two increments of output voltage augment the
initial step. Thus in a series terminated sequence of
three mismatched lines, the middle line should have the
highest impedance.
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Fig. 4-16  Lattice Diagram for Three Lines with Delay Ratios 1:2:3
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Rise Time Versus Line Delay ;
When the 2-way line delay is less than the rise time of
the input wave, any reflections generated at the end of
the line are returned to the source before the input
transition is completed. Assuming that the generator has
a finite source resistance, the reflected wave adds
algebraically to the input wave while it is still in
transition, thereby changing the shape of the input. This
effect is illustrated in Figure 4-17, which shows input and
output voltages for several comparative values of rise
time and line delay.

In Figure 4-17b where the rise time is much shorter than
the line delay, V1 rises to an initial value of 1 V. Attime T
later, VT rises to 0.5 V, i.e., 1 +pL = 0.5. The negative -
reflection arrives back at the source at time 2T, causing
a net change of -0.4 V, i.e,, (1 + ps) (-0.5) = -04.

The negative coefficient at the source changes the
polarity of the other 0.1 V of the reflection and returns it
to the end of the line, causing VT to go positive by
another-50 mV at time 3T. The remaining 50 mV is
inverted and reflected back to the soutce, where its
effect is barely distinguishable as a small negative
change at time 4T.

4-17

In Figure 4-17¢, the input rise time (0 to 100%) is
increased to such an extent that the input ramp ends just
as the negative reflection arrives back at the source end.
Thus the input rise time is equal to 2T. )

The input rise time is increased to 4T in Figure 4-174,
with the negative reflection causing a noticeable
change in input slope at about its midpoint. This change
in slope is more visible in the double exposure photo of
Figure 4-17e, which shows V1 (tr still set for 4T) with
and without the negative reflection. The reflection

was eliminated by terminating the line in its
characteristic impedance.

The net input voltage at any particular time is deter-
mined by adding the reflection to the otherwise
unaffected input. It must be remembered that the )
reflection arriving back at the input at a given time is
proportional to the input voltage at a time 2T earlier.
The value of V1 in Figure 4-17d can be calculated by
starting with the 1 V input ramp.

Vi

—Z- ot for0=<t=<4T (4-23)
r

for t = 4T

1V
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Fig. 4-17  Line Voltages for Various Ratios of Rise Time to Line Delay

a. Test Arrangement for Rise Time Analysis
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The reflection from the end of the line is

_op(t-2T)

r tr ’

(4-24)

the portion of the reflection that appears at the input is

1+ t-2T
v,_( ps) P ( )

r - H (4-25)
tr
the net value of the input voltage is the sum.
.t (1 + ps) py (t-2T)
Vi=—+ (4-26)
tr tf

The peak value of the input voltage in Figure 4-17d is
determined by substituting values and letting t equal 4T.

Vi= 14 (0.8) (—O,Si (4T - 2T)

(a-27)

=1-04(05)=08YV

After this peak point, the input ramp is no longer
increasing but the reflection is still arriving. Hence the
net value of the input voltage decreases. In this example,
the later reflections are too small to be detected and the
input voltage is thus stable after time 6T. For the general
case of repeated reflections, the net voltage V1(t) seen at
the driven end of the line can be expressed as follows,
where the signal caused by the generator is V1(t).

= Vi
for0o <t<2T

V;(t)

= Vyy + (1 + ps) o Vigror)
for 2T <t < 4T

Vi

Vi Vi + (1 + ps) oL Vigr-or)

+ (1 + pg) pspi?Vigat) (4-28)

for 4T < t < 6T

Vi = Vi + (1 + pg) pp Vygrar)
+ (1 + ps) pspi®Virar)
+ (1 + pg) ps?01%Vyt67)

for 6T < t < 8T, etc.

The voltage at the output end of the line is expressed in
a similar manner.

Vig =0
foro<t<T
Vi = (1 + pu) Vgt
for T < t<3T
Vg = (1% p) Viger)
+ (1 + pL) pspr Viar) (4-29)
for 3T < t < 5T
Vi = (1 + o) Vet
+ (1 + p) pspViear)
+ (1 + pp) ps?0.? VigrsT)
for 5T < t < 7T, etc.
Ringing

Multiple reflections occur on a transmission line when
neither the signal source impedance nor the termination
(load) impedance matches the line impedance. When
the source reflection coefficient ps and the load
reflection coefficient pL are of opposite polarity, the
reflections alternate in polarity. This causes the signal
voltage to oscillate about the final steady state value,
commonly recognized as ringing.

When the signal rise time is long compared to the line
delay, the signal shape is distorted because the indi-
vidual reflections overlap in time. The basic relationships
among rise time, line delay, overshoot and undershoot
are shown in a simplified diagram, Figure 4-18. The inci-
dent wave is a ramp of amplitude B and rise duration A.
The reflection coefficient at the open-ended line output
is +1 and the source reflection coefficient is assumed to
be-0.38, i.e., Ro=Zo/9.

Figure 4-18b shows the individual reflections treated
separately. Rise time A is assumed to be three times the
line delay T. The time scale reference is the line output
and the first increment of output voltage Vo rises to 2B
in the time interval A. Simultaneously, a positive reflec-
tion (not shown) of amplitude B is generated and travels
to the source, whereupon it is multiplied by -0.8 and

4-19
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Fig. 4-18  Basic Relationships Involved in Ringing
a. Ramp Generator Driving Open-ended Line
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returns toward the end of the line. This negative-going
ramp starts at time 2T (twice the line delay) and doubles
to -1.6B at time 2T + A.

The negative-going increment also generates a reflec-
tion of amplitude -0.8B which makes the round trip to
the source and back, appearing at time 4T as a positive
ramp rising to +1.28B at time 4T + A. The process of
reflection and re-reflection continues, and each succes-
sive increment changes in polarity and has an amplitude
of 80% of the preceding increment.

In Figure 4-18c, the output increments are added
algebraically by superposition. The starting point of each
increment is shifted upward to a voltage value equal to
the algebraic sum of the quiescent levels of all the pre-
ceding increments (i.e., 0, 2B, 0.4B, 1.68B, etc.). For time
intervals when two ramps occur simultaneously, the two
linear functions add to produce a third ramp that prevails
during the overlap time of the two increments.

It is apparent from the geometric relationships, that if
the ramp time A is less than twice the line delay, the
first output increment has time to rise to the full 2B
amplitude and the second increment reduces the net
output voltage to 0.4B. Conversely, if the line delay is
very short compared to the ramp time, the excursions
about the final value Vg are small.

Figure 4-18c shows that the peak of each excursion is
reached when the earlier of the two constituent ramps
reaches its maximum value, with the result that the first
peak occurs at time A. This is because the earlier ramp
has a greater slope (absolute value) than the one

that follows.

Actual waveforms such as produced by ECL or TTL do
not have a constant slope and do not start and stop as
abruptly as the ramp used in the example of Figure 4-18.
Predicting the time at which the peaks of overshoot and
undershoot occur is not as simple as with ramp excita-
tion. A more rigorous treatment is required, including an
expression for the driving waveform which closely
simulates its actual shape. In the general case, a peak
occurs when the sum of the slopes of the individual
signal increment is zero.

4-21

Summary

The foregoing discussions are by no means an ex-
haustive treatment of transmission line characteristics.
Rather, they are intended to focus attention on the
general methods used to determine the interactions
between high-speed logic circuits and their intercon-
nections. Considering an interconnection in terms of
distributed rather than lumped inductance and capaci-
tance leads to the line impedance concept, i.e., mis-
match between this characteristic impedance and the
terminations causes reflections and ringing.

Series termination provides a means of absorbing
reflections when it is likely that discontinuities and/or
line impedance changes will be encountered. A dis-
advantage is that the incident wave is only one-half the
signal swing, which limits load placement to the end of
the line. ECL input capacitance increases the rise time at
the end of the line, thus increasing the effective delay.
With parallel termination, i.e., at the end of the line, loads
can be distributed along the line. ECL input capacitance
modifies the line characteristics and should be taken
into account when determining line delay.
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Introduction

All of Fairchild’s ECL input and output impedances are
designed to accommodate various methods of driving
and terminating interconnections. Controlled wiring
impedance makes it possible to use simplified equivalent
circuits to determine limiting conditions. Specific guide-
lines and recommendations are based on assumed
worst-case combinations. Many of the recommendations
may seem conservative, compared to typical observa-
tions, but the intent is to help the designer achieve a
reliable system in a reasonable length of time with a
minimum amount of redesign.

PC Board Transmission Lines

Strictly speaking, transmission lines are not always
required for F100K ECL but, when used, they provide
the advantages of predictable interconnect delays as
well as reflection and ringing control through impedance
matching. Two common types of PC board transmission
lines are microstrip and stripline, Figure 5-1. Stripline
requires multilayer construction techniques; microstrip
uses ordinary double-clad boards. Other board con-
struction techniques are wire wrap, stitch weld and
discrete wired.

Fig. 5-1 Transmission Lines on Circuit Boards

a. Microstrip
'<—w—>}

SIGNAL
TRACE t

!

AC GROUND

////W/////// )
/

AC GROUND

b. Stripline

c. Composite Microstrip

I,

i

Stripline, Figure 5-1b, is used where packing density is a
high priority because increasing the interconnect layers
provides short signal paths. Boards with as many as 14
layers have been used in ECL systems.

7 AC GROUND

N

Microstrip offers easier fabrication and higher propaga-
tion velocity than stripline, but the routing for a complex
system may require more design effort. In Figure 5-1a,
the ground plane can be a part of the Vee distribution as
long as adequate bypassing from VEE to Vcc (ground) is
provided. Also, signal routing is simplified and an extra
voltage plane is obtained by bonding two microstrip
structures back to back, Figure 5-1c.

Microstrip

Equation 5-1 relates microstrip characteristic impedance
to the dielectric constant and dimensions.! Electric field
fringing requires that the ground extend beyond each
edge of the signal trace by a distance no less than the
trace width.

oo (60 N\ (4
0 (\/0.4755,4- 0'.67) (0.67(0.8w+t))

87 n 5.98 h (5-1)
(\/e,+1.41 ) (0-3W+f)
where h = dielectric thickness, w = trace width,

t = trace thickness, er = board material dielectric constant
relative to air.
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Equation 5-1 was developed from the impedance
formula for a wire over ground plane transmission line,
Equation 5-2.

_ (.60 4h
2= (Je) " ()
where d = wire diameter, h = distance from ground to
wire center.

(5-2)

Comparing Equation 5-1 and 5-2, the term 0.67 (0.8 w + t)
shows the equivalence between a round wire and a rec-
tangular conductor. The term 0.475 ¢r + 0.67 is the ef-
fective dielectric constant for microstrip, considering that
a microstrip line has a compound dielectric consisting of
the board material and air. The effective dielectric con-
stant is determined by measuring propagation delay per
unit of line length and using the following relationship.

8 = 1.016 ® \/e, ns/ft (5-3)

where é = propagation delay, ns/ft.

Propagation delay is a property of the dielectric material
rather than line width or spacing. The coefficient 1.016 is
the reciprocal of the velocity of light in free space.
Propagation delay for microstrip lines on glass-filled
G-10 epoxy boards is typically 1.77 ns/ft, yielding an
effective dielectric constant of 3.04.

Fig. 5-2 Microstrip Impedance Versus
Trace Width, G-10 Epoxy
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Using er = 5.0 in Equation 5-1, Figure 5-2 provides
microstrip line impedance as a function of width for
several G-10 epoxy board thicknesses. Figure 5-3 shows
the related Co values, useful for determining capacitive
loading effects on line characteristics, (Equation 4-15).

System designers should ascertain tolerances on board
dimensions, dielectric constant and trace width etching
in order to determine impedance variations. If conformal
coating is used the effective dielectric constant of
microstrip is increased, depending on the coating
material and thickness.

Fig. 5-3 Microstrip Distributed Capacitance
Versus Impedance, G-10 Epoxy
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Stripline
Stripline conductors are totally imbedded. As a result,
the board material determines the dielectric constant.
G-10 epoxy boards have a typical propagation delay of
2.26 ns/ft. Equation 5-4 is used to calculate stripline
impedances.1-2

60

as (E)n

where b = distance between ground planes,
w = trace width, t = trace thickness,
w/(b-t) <0.35 and t/b < 0.25.

4b
QWWWEW+U> -4
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Figure 5-4 shows stripline impedance as a function of
trace width, using Equation 5-4 and various ground
plane separations for G-10 glass-filled epoxy boards.
Related values of Co are plotted in Figure 5-5.

Fig. 5-4 Stripline Impedance Versus Trace Width,
G-10 Epoxy
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Fig. 5-5 Stripline Distributed Capacitance Versus
Impedance, G-10 Epoxy
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Wire Wrap

Wire-wrap boards are commercially available with three
voltage planes, positions for several 24-pin Dual In-line
Packages (DIP), terminating resistors, and decoupling
capacitors. The devices are mounted on socket pins and
interconnected with twisted pair wiring. One wire at each
end of the twisted pair is wrapped around a signal pin,
the other around a ground pin. The #30 insulated wire is
uniformly twisted to provide a nominal 93 () impedance
line. Positions for Single In-line Package (SIP) termi-
nating resistors are close to the inputs to provide good
termination characteristics.

Stitch Weld

Stitch-weld boards are commercially available with three
voltage planes and buried resistors between planes. The
devices are mounted on terminals and interconnected
with insulated wires that are welded to the backside of
the terminals. The insulated wires are placed on a con-
trolled thickness over the ground plane to provide a
nominal impedance of 50 Q. The boards are available

for both DIPs and flatpaks. Use of flatpaks can increase
package density and provide higher system performance.

Discrete Wired

Custom Multiwire* boards are available with integral
power and ground planes. Wire is placed on a controlled
thickness above the ground plane to obtain a nominal
impedance line of 55 (). Then holes are drilled through
the wire and board. Copper is deposited in the drilled
holes by an additive-electrolysis process which bonds
each wire to the wall of the holes. Devices are soldered
on the board to make connection to the wires.

Parallel Termination

Terminating a line at the receiving end with a resistance
equal to the characteristic line impedance is called
parallel termination, Figure 5-6a. F100K circuits do not
have internal pull-down resistors on outputs, so the
terminating resistor must be returned to a voitage more
negative than VoL to establish the LOW-state output
voltage from the emitter follower. A -2 V termination
return supply is commonly used. This minimizes power
consumption and correlates with standard test specifica-
tions for ECL circuits. A pair of resistors connected in
series between ground (Vcc) and the VEe supply can

*Multiwire is a registered trademark of the Multiwire Corporation.
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Fig. 5-6 Parallel Termination

a. Parallel Termination
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provide the Thevenin equivalent of a single resistor to
-2V if a separate termination supply is not available,
Figure 5-6b. The average power dissipation in the
Thevenin equivalent resistors is about 10 times the
power dissipation in the single resistor returned to -2 V,
as shown in Figures 6-10 and 6-13. For either parallel
termination method, decoupling capacitors are required
between the supply and ground (Chapter 6).

F100K output transistors are designed to drive low-
impedance loads and have a maximum output current
rating of 50 mA. The circuits are specified and tested
with a 50 () load returned to -2 V. This gives nominal
output levels of —0.955 V at 20.9 mA and —1.705 V at
5.9 mA. Output levels will be different with other load
currents because of the transistor output resistance.
This resistance is nonlinear with load current since it is
due, in part, to the base-emitter voltage of the emitter
follower, which is logarithmic with output current. With
the standard 50 Q) load, the effective source resistance
is approximately 6 () in the HIGH state and 8 (1 in the
LOW state.

The foregoing values of output voltage, output current,
and output resistance are used to estimate quiescent
output levels with different loads. An equivalent circuit
is shown in Figure 5-6¢. The ECL circuit is assumed

to contain two internal voltage sources EoH and EoL
with series resistances of 6 () and 8 () respectively.
The values shown for Eon and EoL are —0.85 V and
—1.67 V respectively.

The linearized portion of the F100K output characteristic
can be represented by two equations:

For VOH: VOUT = -850 -6 IOUT
For Vo,: Vour = —1670 -8 loyr

where lourt is in mA, Vourt is in mV.

If the range of lourt is confined between 8 mA to 40 mA
for VoH, and 2 mA to 16 mA for VoL, the output voltage
can be estimated within =10 mV (Figure 5-6d).

An ECL output can drive two or more lines in parallel,
provided the maximum rated current is not exceeded.
Another consideration is the effect of various loads on
noise margins. For example, two parallel 75 () ter-
minations to -2 V (Figure 5-6d) give output levels of
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approximately —1.000 V and —1.716 V. Noise margins are
thus 35 mV less in the HIGH state and 11 mV more in
the LOW state, compared to 50 () load conditions.
Conversely, a single 75 () load to -2 V causes noise
margins 38 mV greater in the HIGH state and 11 mV less
in the LOW state, compared to a 50 () load.

The magnitude of reflections from the terminated end of
the line depends on how well the termination resistance
RT matches the line impedance Zo. The ratio of the
reflected voltage to the incident voltage Vi is the
reflection coefficient p.

RT_ZO

TPT R Z, ©9)

The initial signal swing at the termination is the sum
of the incident and reflected voltages. The ratio of
termination signal to incident signal is thus:

Vi
Vi

2Ry

=1+er=R 72z

(5-6)

The degree of reflections which can be tolerated varies
in different situations, but to allow for worst-case
circuits, a good rule to thumb is to limit reflections to
15% to prevent excursions into the threshold region of
the ECL inputs connected along the line. The range of
permissible values of Rt as a function of Zp and the
reflection coefficient limitations can be determined by
rearranging Equation 5-5.

Rr =2 T, (5-7)

Using 15% reflection limits as examples, the range of
the R1/Zo ratio is as follows.

1.15

0.85

Rr

0.85 R
=T 135 > =L > 0.74
Zy

> T8 7 (5-8)

The permissible range of the Rt/Zo ratio determines
the tolerance ranges for Rt and Zo. For example, using
the foregoing ratio limits, Rt tolerances of = 10% allow
Zo tolerance limits of +22% and —19%; Rr tolerances of
* 5% allow Zg tolerance limits of +28% and —23%.

5-9

An additional requirement on the maximum value of Rt
is related to the value of quiescent loH current needed to
insure sufficient negative-going signal swing when the
ECL driver switches from the HIGH state to the LOW
state. The npn emitter-follower output of the ECL circuit
cannot act as a voltage source driver for negative-going
transitions. When the voltage at the base of the emitter
follower starts going negative as a result of an internal
state change, the output current of the emitter follower
starts to decrease. The transmission line responds to
the decrease in current by producing a negative-going
change in voltage. The ratio of the voltage change to
the current change is, of course, the characteristic
impedance Zo. Since the maximum decrease in current
that the line can experience is from IoH to zero, the
maximum negative-going transition which can be
produced is the product loH Zo.

If the loH Zo product is greater than the normal negative-
going signal swing, the emitter follower responds by
limiting the current change, thereby controlling the
signal swing. If, however, the lon Zo product is too small,
the emitter follower is momentarily turned off due to
insufficient forward bias of its base-emitter junctions,
causing a discontinuous negative-going edge such as
the one shown in Figure 5-14. In the output-LOW state
the emitter follower is essentially non-conducting for
VoL values more positive than about —1.55 V. Using this
value as a criterion and expressing loH and VoH in terms
of the equivalent circuit of Figure 5-6¢, an upper limit on
the value of Rt can be developed.

AV = IOHZO > 1.56 - IVOH]

VirRo = EonRr

Ro + Ry

Eon = Vrr

) Z,> 156 -

(Eon = V1) 2o — (1.55 = [Vrrl) Ro
155 = |Egnl

Ry < (5-9)

Fora VTt of =2 V, Ro of 6 () and EoH of —-0.85 V,
Equation 5-9 reduces to

Ry < 1.64Z,+ 3.86 0

For Zo = 50 (), the emitter follower cuts off during a
negative-going transition if Rt exceeds 86 (). Changing
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the voltage level criteria to —1.60 V to insure continuous
conduction in the emitter follower gives an upper limit of
77 () for a 50 Q line. For a line terminated at the receiv-
ing end with a resistance to —2 V, a rough rule-of-thumb
is that termination resistance should not exceed line
impedance by more than 50%. This insures a satisfactory
negative-going signal swing to ECL inputs connected
along the line. The quiescent VoL level, after all reflec-
tions have damped out, is determined by Rt and the
ECL output characteristic.

The input impedance of ECL circuits is predominately
capacitive. A single-function input has an effective value
of about 1.5 pF for F100K flatpak, as determined by its
effect on reflected and transmitted signals on trans-
mission lines. In practical calculations, a value of 2 pF
should be used. Approximately one third of this capaci-
tance is attributed to the internal circuitry and two thirds
to the flatpak pin and internal bonding.

For F100K flatpak circuits, multiple input lines may ap-
pear to have up to 3 to 4 pF but never more. For example,
in the F100102, an input is connected internally to all five
gates, but because of the philosophy of buffering these
types of inputs in the F100K family this input appears as
a unit load with a capacitance of approximately 2 pF. For
applications such as a data bus, with two or more
outputs connected to the same line, the capacitance of a
passive-LOW output can be taken as 2 pF.

Capacitive loads connected along a transmission line
increase the propagation delay of a signal along the line.
The modified delay can be determined by treating the
load capacitance as an increase in the intrinsic dis-
tributed capacitance of the line, discussed in Chapter 4.
The intrinsic capacitance of any stubs which connect
the inputs to the line should be included in the load
capacitance. The intrinsic capacitance per unit length for
G-10 epoxy boards is shown in Figures 5-3 and 5-5 for
microstrip and stripline respectively. For other dielectric
materials, the intrinsic capacitance Co can be determined
by dividing the intrinsic delay 6 (Equation 5-3) by the
line impedance Zo.

The length of a stub branching off the line to connect an
input should. be limited to insure that the signal continu-
ing along the line past the stub has a continuous rise,

as opposed to a rise (or fall) with several partial steps.
The point where a stub branches off the line is a low

impedance point. This creates a negative coefficient of
reflection, which in turn reduces the amplitude of the
incident wave as it continues beyond the branch point. If
the stub length is short enough, however, the first re-
flection returning from the end of the stub adds to the
attenuated incident wave while it is still rising. The sum
of the attenuated incident wave and the first stub reflec-
tion provides a step-free signal, although its rise time will
be longer than that of the original signal. Satisfactory
signal transitions can be assured by restricting stub
lengths according to the recommendations for untermi-
nated lines (Figure 5-10). The same considerations apply
when the termination resistance is not connected at the
end of the line; a section of line continuing beyond the
termination resistance should be treated as an untermi-
nated line and its length restricted accordingly.

Series Termination

Series termination requires a resistor between the driver
and transmission line, Figure 5-7. The receiving end of
the line has no termination resistance. The series resistor
value should be selected so that when added to the
driver source resistance, the total resistance equals the
line impedance. The voltage divider action between the
net series resistance and the line impedance causes an
incident wave of half amplitude to start down the line.
When the signal arrives at the unterminated end of the
line, it doubles and is thus restored to a full amplitude.
Any reflections returning to the source are absorbed
without further reflection since the line and source
impedance match. This feature, source absorption,
makes series termination attractive for interconnection
paths involving impedance discontinuities, such as
occur in backplane wiring.

A disadvantage of series termination is that driven inputs
must be near the end of the line to avoid receiving a

2-step signal. The initial signal at the driver end is half
amplitude, rising to full amplitude only after the reflec-

. . B

Fig. 5-7 Series Termination
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tion returns from the open end of the line. In Figure 5-7,
one load is shown connected at point D, away from the
line end. This input receives a full amplitude signal with
a continuous edge if the distance / to the open end of
the line is within recommended lengths for unterminated
lines (Figure 5-10).

The signal at the end has a slower rise time than the
incident wave because of capacitive loading. The
increase in rise time to the 50% point effectively in-
creases the line propagation delay, since the 50% point
of the signal swing is the input signal timing reference
point. This added delay as a function of the product of
line impedance and load capacitance is discussed in
Chapter 4.

Quiescent VoH and VoL levels are established by resistor
Re (Figure 5-7), which also acts with VEg to provide

the negative-going drive into Rs and Zo when the

driver output goes to the LOW state. To determine the
appropriate Re value, the driver output can be treated as
a simple mechanical switch which opens to initiate the
negative-going swing. At this instant, Zo acts as a linear
resistor returned to VoH. Thus the components form a
simple circuit of Rg, Rs and Zo in a series, connected
between VEg and Vow. The initial current in this series
circuit must be sufficient to introduce a 0.38 V transient
into the line, which then doubles at the load end to give
0.75 V swing.

0.38
Zy

Vor = Vee
Rp+ Rs + 25 =

Ire =

(5-10)

Any loH current flowing in the line before the switch
opens helps to generate the negative swing. This current
may be quite small, however, and should be ignored
when calculating RE.

Increasing the minimum signal swing into the line by
30% to 0.49 V insures sufficient pull-down current to
handle reflection currents caused by impedance discon-
tinuities and load capacitance. The appropriate Re value
is determined from the following relationship.

Vo = Ver _ 049
Re+ Rs + 2y~ Zo

(5-11)

For the Re range normally used, quiescent VoH averages
approximately 0.955 V and VEg = —4.5 V. The value of Rs
is equal to Zo minus Ro (Ro averages 7 ). Inserting
these values and rearranging Equation 5-11 gives
the following.

Rp<523Z,+7 Q (5-12)
Power dissipation in R is listed in Figure 6-14. The
power dissipation in Re is greater than in Rt of a parallel
termination to -2 V, but still less than the two resistors

of the Thevenin equivalent parallel termination, see
Figures 6-10, 6-13 and 6-14.

The number of driven inputs on a series terminated line
is limited by the voltage drop across Rs in the quiescent
HIGH state, caused by the finite input currents of the
ECL loads. liH values are specified on data sheets for
various types of inputs, with a worst-case value of 265 uA
for simple gate inputs. The voltage drop subtracts from
the HIGH-state noise margin as outlined in Figure 5-8a.

However, there is more HIGH-state noise margin initially,
because there is less loH with the Re load than with the
standard 50 () load to —2 V. This makes Vox more posi-
tive; the increase ranges from 43 mV for a 50 (1 line to

82 mV for a 100 () line. Using this VoH increase as a limit
on the voltage drop across Rs assures that the HIGH-
state noise margin is as good as in the parallel termi-
nated case. Dividing the VoH increase by Rs + Ro (=Z0)
gives the allowed load input current (Ix in Figure 5-8a).
This works out to 0.86 mA for a 50 (1 line, 0.92 mA for a
75 Q1 line, and 0.82 mA for a 100 (1 line. Load input
current greater than these values can be tolerated at
some sacrifice in noise margin. If, for example, an addi-
tional 50 mV loss is feasible, the maximum values of
current become 1.86 mA, 1.59 mA, and 1.32 mA for 50 (),
75 () and 100 () lines respectively.

An ECL output can drive more than one series termi-
nated line, as suggested in Figure 5-8b, if the maximum
rated output current of 50 mA is not exceeded. Also,
driving two or more lines requires a lower Rg value. This
makes the quiescent loH higher and consequently VoH
lower, due to the voltage drop across Ro. This voltage
drop decreases the HIGH-state noise margin, which may
become the limiting factor (rather than the maximum
rated current), depending on the particular application.
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Fig. 5-8 Loading Considerations for
Series Termination

a. Noise Margin Loss Due to Load Input Current

IH —>
;o T Rs 20 -
—DO—'V‘V‘ H— WA TOTAL =Ix
— Re -
VNH LOSS =Ix (Rs + Ro)
VEE =1Ix2Zo

b. Driving Several Lines from One Output

Z4

2

23

VEe

The appropriate Re value can be determined usmg
Equation 5-13 for VEE =-4.5 V.

1 > 1 1 1
RE 62321 RS1 62322“ RS? 62323" ng
(5-13)

Circuits with multiple outputs (such as the F100112)
provide an alternate means of driving several lines
simultaneously (Figure 5-8c). Note, each output should
be treated individually when assigning load distribution,
line impedance, and RE value.

Unterminated Lines
Lines can be used without series or parallel termination
if the line delay is short compared to the signal rise time.

Ringing occurs because the reflection coefficient at the
open (receiving) end of the line is positive (nominally +1)
while the reflection coefficient at the driving end is
negative (approximately —0.8). These opposite polarity
reflection coefficients cause any change in signal
voltage to be reflected back and forth, with a polarity
change each time the signal is reflected from the driver.
Net voltage change on the line is thus a succession of
increments with alternating polarity and decreasing
magnitude. The algebraic sum of these increments is the
observed ringing. The general relationships among rise
time, line delay, overshoot and undershoot are discussed
in Chapter 4, using simple waveforms for clarity.

Excessive overshoot on the positive-going edge of the
signal drives input transistors into saturation. Although
this does not damage an ECL input, it does cause ex-
cessive recovery times and makes propagation delays
unpredictable. Undershoot (following the overshoot)
must also be limited to prevent signal excursions into the
threshold region of the loads. Such excursions could
cause exaggerated transition times at the driven circuit
outputs, and could also cause multiple triggering of se-
quential circuits. Signal swing, exclusive of ringing, is
slightly greater on unterminated lines than on parallel
terminated lines; loH is less and loL is greater with the Re
load, (Figure 5-9a) making Von higher and VoL lower.

For worst case combinations of driver output and load
input characteristics, a 35% overshoot limit insures that
system speed is not compromised either by saturating
an input on overshoot or extending into the threshold
region on the following undershoot.

For distributed loading, ringing is satisfactorily
controlled if the 2-way modified line delay does not
exceed the 20% to 80% rise time of the driver output.
This relationship can be expressed as follows, using

the symbols from Chapter 4 and incorporating the effects
of load capacitance on line delay.

o7 — o8 — / CL
= 2T = 218" = 218 1+ICO

Solving this expression for the line length (/):

_ 1 C, t,\2 C,
lmax = (Co>+<6> 2¢,
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Fig. 5-9 Effect of Re Value on Trailing-
edge Propagation

a. Unterminated Line

T D
w e Z > c
% >

Re
VEe

b. Line Voltages Showing Stair-step Trailing Edges

H =10 ns/div
V =0.3 Vidiv

c. Load Gate Output Showing Net Propagation
Increase for Increasing Values of Rg: 330 (2,
510 O, 1 kQ

1 ns/div
0.3 Vidiv

The shorter the rise time, the shorter the permissible line
length. For F100K ECL, the minimum rise time from 20%
to 80% is specified as 0.5 ns. Using this rise time and

2 pF per fan-out load, calculated maximum line lengths
for G-10 epoxy microstrip are listed in Figure 5-10a. The
length (/) in the table is the distance from the terminating
resistor to the input of the device(s). For F100K ECL the
case described in Figure 5-10a is the only one calculated,
since all other combinations are approximately the
same. For other combinations of rise time, impedance,
fan out or line characteristics (6 and Co), maximum
lengths are calculated using Equation 5-14. For the
convenience of those who are also using F10K ECL,
maximum recommended lengths of unterminated lines
are listed in Figures 5-10b to 5-10e.

Fig.5-10 Maximum Worst-case Line Lengths for
Unterminated Lines

a. F100K Maximum Worst-case Line Lengths for
Unterminated Microstrip, Distributed Loading

Number of Fan-out Loads
Zo 1 2 4
50 1.37* 1.13 0.95
62 1.33 1.07 0.87
75 1.25 0.95 0.75
90 1.18 0.85 0.52
100 1.15 0.82 0.49

*Length in inches
Unitload = 2 pF, 8 = 0.148 ns/inch
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Fig. 5-10b F10K Maximum Worst-case Line Lengths
for Unterminated:Microstrip,
Distributed Loading

Fig. 5-10d F10K Maximum Worst-case Line Lengths
for Unterminated Stripline,
Distributed Loading

Number of Fan-out Loads

Zo 2 3 4 6 8

Number of Fan-out Loads
Zo | 2 3 q 6 8

50 4.15* 3.75 3.45 2.85 2.45
62 3.95 3.50 3.15 2.55 2.10

50 3.30" 3.00 2.70 225 290
62 3.15 2.80 2.50 2.00 1.65

75 3.75 3.25 2.85 225 1.85
90 3.55 3.00 2.60 2.00 1.60
100 | 345 2.85 2.45 1.85 1.45

*length in inches.
Unit load = 3 pF; 6 = 0.148 ns/in,,

Fig. 5-10c F10K Maximum Worst-case Line Lengths
for Unterminated Microstrip,
Concentrated Loading

Number of Fan-out Loads

Zo 1 2 -4 6 8

50 4.40* 3.65 2.60 1.90 1.40
62 4.30 3.45 2.30 1.60 1.15

75 4.20 3.20 205 | 140 0.95
90 4.05 295 1.75 1.05 | 065
100 3.90 2.80 1.60 0.90 0.50

*length in inches.
Unit load = 3 pF; 8 = 0.148 ns/in.,

A load capacitance concentrated at the end of the line
restricts line length more than a distributed load does.
Maximum recommended lengths for fiberglass epoxy
dielectric and a 0.5 ns rise time are listed in Figure 5-10
for microstrip. For line impedances not listed, linear
interpolation can be used to determine appropriate line
lengths. Appropriate line lengths for dielectric materials
with a different propagation constant 6 can be deter-
mined by multiplying the listed values by the fiberglass

epoxy & and then dividing by the & of the other material.

For example, a line length for a material which has a
microstrip 6 of 0.1 ns/inch is determined by multiplying
the length given in the microstrip table (for a desired
impedance and load) by 0.148 and dividing by 0.1.

Resistor RE must provide the current for the negative-
going signal at the driver output. Line input and output
waveforms are noticeably affected if Re is too large, as

75 3.00 2.60 225 1.80 145
90 2.80 2.40 2.05 1.55 1.25

*length in inches.
Unit load = 3 pF; 6 = 0.188 ns/in,,

Fig. 5-10e F10K Maximum Worst-case ‘Line Lengths
for Unterminated Stripline, .
Concentrated Loading

; Number of Fan-out Loads

Zo 1 2 4 | 6 | 8
50 3.45* 2.85 2.00. 1.50 1.10
62 3.40 270 1.80 1.30 0.90

75 330 | 255 [ 160 | 110 | 075
9 |315 | 235 | 140 | 085 | 050
100 |310 | 220 | 125 | 070 | 040

*length in inches. .
Unit load = 3 pF; 6§ = 0.188 ns/in.,

shown in Figure 5-9b. The negative-going edge of the
signal falls in stair-step fashion, with three distinct steps
visible at point A. The waveform at point B shows a step
in the middle of the negative-going swing. The effect of
different Re values on the net propagation time through
the line and the driven loads:is evident in Figure 5-9¢
which shows the output signal of one driven gate in a
multiple exposure photograph. The horizontal sweep
(time axis) was held constant with respect to the input
signal of the driver. The earliest of the three output
signals occurs with an Re value of 330 (. Changing Re
to 510 () increases the net propagation delay by 0.3 ns,
the horizontal offset between the first and second
signals. Changing Re to 1 k() produces a much greater
increase in net propagation delay, indicating that the
negative-going signal at B contains several steps. In
practice, a satisfactory negative-going signal results
when the RE value is chosen to give an initial
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negative-going step of 0.6 V at the driving end of the
line. This gives an upper limit on the value of Rg, as
shown in Equation 5-15.

(Vo = Vee) 2o -
Rg + 2, -
Re = < 6252, (5-15)

initial step = Al e Z, = 0.6

An ECL output can drive two or more unterminated
lines, provided each line length and loading combination
is within the recommended constraints. The appropriate
RE value is determined from Equation 5-15, using the
parallel impedance of the two or more lines for Zo.

An ECL output can simultaneously drive terminated and
unterminated lines, although the negative-going edge
of the signal shows two or more distinct steps when the
stubs are long unless some extra pull-down current is
provided. Figure 5-11a shows an ECL circuit driving

a parallel terminated line, with provision for connecting
two worst-case unterminated lines to the driver output.
Waveforms at the termination resistor (point A)

are shown in the multiple exposure photograph of
Figure 5-11b. The upper trace shows a normal signal
without stubs connected to the driver. The middle trace
shows the effect of connecting one stub to the driver.
The step in the negative-going edge indicates that the
quiescent loH current through RT is not sufficient to
cause a full signal for both lines. The relationship
between the quiescent loH current (through Rt) and the
negative-going signal swing was discussed earlier in
connection with parallel termination.

The bottom trace in Figure 5-11 shows the effect of
connecting two stubs to the driver output. The steps in
the trailing edge are smaller and more pronounced. The
deteriorated trailing edge of either the middle or lower
waveform increases the switching time of the circuit
connected to point A. If this extra delay cannot be
tolerated, additional pull-down current must be provided.
One method uses a resistor to VEE as suggested in
Figure 5-11a. The initial negative-going step at point A
should be about 0.7 V to insure a good fall rate through
the threshold region of the driven gate. The initial step at
the driver output should also be 0.7 V. If the driver output
is treated as a switch that opens to initiate the negative-
going signal, the equivalent circuit of Figure 5-171c can

Fig. 5-11  Driving Terminated and Unterminated Lines

in Parallel

a. Multiple Lines

Q= :
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|Rgl % Re

VEE

b. Waveforms at Termination Point A

|~ NosTUBS

H =5 ns/div
V =0.5 Vidiv

c. Equivalent Circuit for Determining Initial Negative
Voltage Step at the Driver Output
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be used to determine the initial voitage step at the driver
‘output (point X). The value of the current source IRT is
the quiescent lon current through RT. Using Z' to denote
the parallel impedance of the transmission lines and AV
for the desired voltage step at X, the appropriate value of
RE can be determined from the following equation, using
absolute values to avoid polarity confusion.

2
Re = (IV - |V - lavy])e ( ———F—5+
£ = (Weel = IVoul =18V ([apr =177 )

(5-16)

For a sample calculation, assume that Rt and the line
impedances are each 100 (), VoH is —0.955 V, AV is
0.750 V, VEg is—4.5 V and VTT is -2 V. IrT is thus

10.45 mA and the calculated value of Rg is 232 Q. In
practice, this value is on the conservative side and can
be increased to the next larger (10%) standard value with
no appreciable sacrifice in propagation through the gate
at point A.

Again, the foregoing example is based on worst-case
stub lengths (the longest permissible). With shorter
stubs, the effects are less pronounced and a point is
reached where extra pull-down current is not required
because the reflection from the end of the stub arrives
back at the driver while the original signal is still falling.
Since the reflection is also negative going, it combines
with and reinforces the falling signal at the driver,
eliminating the steps. The net result is a smoothly falling
signal but with increased fall time compared to the
stubless condition.

The many combinations of line impedance and load
make it practically impossible to define just what stub
length begins to cause noticeable steps in the falling
signal. A rough rule-of-thumb would be to limit the stub
length to one-third of the values given in Figure 5-10.

Data Busing

Data busing involves connecting two or more outputs
and one or more inputs to the same signal line,

(Figure 5-12). Any one of the several drivers can be
enabled and can apply data to the line. Load inputs
connected to the line thus receive data from the selected
source. This method of steering data from place to place
simplifies wiring and tends to minimize package count.
Only one of the drivers can be enabled at a given time;

Fig. 5-12  Data Bus or Party Line

VY99
" U U U U

Vi

all other driver outputs must be in the LOW state.
Termination resistors matching the line impedance are
connected to both ends of the line to prevent reflections.
For calculating the modified delay of the line (Chapter 4)
the capacitance of a LOW (unselected) driver output
should be taken as 2 pF.

An output driving the line sees an impedance equal to
half the line impedance. Similarly, the quiescent loH
current is higher than with a single termination. For line
impedance less than 100 (), the loH current is greater
than the data sheet test value, with a consequent reduc-
tion of HIGH-state noise margin. This loss can be
eliminated if necessary by using multiple output gates
(F100112) and paralleling two outputs for each driver. In
the quiescent LOW state, termination current is shared
among all the output transistors on the line. This sharing
makes VoL more positive than if only one output were
conducting all of the current. For example, a 100 Q1 line
terminated at both ends represents a net 50 () dc load,
which is the same as the data sheet condition for VoL. If
one worst-case output were conducting all the current,
the VoL would be —1.705 V. If another output with
identical dc characteristics shares the load current
equally, the VoL level shifts upward by about 25 mV.
Connecting two additional outputs for a total of four with
the same characteristics shifts VoL upward another

22 mV. Connecting four more identical outputs shifts
VoL upward another 20 mV. Thus the VoL shift for eight
outputs having identical worst-case VoL characteristics
is approximately 67 mV. In practice, the probability of
having eight circuits with worst-case VoL characteristics
is quite low. The output with the highest VoL tends to
conduct most of the current. This limits the upward shift
to much less than the theoretical worst-case value. In
addition, the LOW-state noise margin is specified greater
than the HIGH-state margin to allow for VoL shift when
outputs are paralleled.
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In some instances a single termination is satisfactory
for a data bus, provided certain conditions are fulfilled.
The single termination is connected in the middle of the
line. This requires that for each half of the line, from the
termination to the end, the line length and loading must
comply with the same restrictions as unterminated lines
to limit overshoot and undershoot to acceptable levels.
The termination should be connected as near as possible
to the electrical mid-point of the line, in terms of the
modified line delay from the termination to either end.
Another restriction is that the time between successive
transitions, i.e., the nominal bit time, should not be less
than 15 ns. This allows time for the major reflections to
damp out and limits additive reflections to a minor level.

Wired-OR

In general-purpose wired-OR logic connections, where
two or more driver outputs are expected to be in the
HIGH state simultaneously, it is important to minimize
the line length between the participating driver outputs,
and to place the termination as close as possible to

the mid-point between the two most widely separated
sources. This minimizes the negative-going disturbances
which occur when one HIGH output turns off while other
outputs remain HIGH. The driver output going off repre-
sents a sudden decrease in line current, which in turn
generates a negative-going voltage on the line. A finite
time is required for the other driver outputs (quiescently
HIGH) to supply the extra current. The net result is a “V”
shaped negative glitch whose amplitude and duration
depend on three factors: current that the off-going
output was conducting, the line impedance, and the line
length between outputs. If the separation between
outputs is kept within about one inch, the transient will
not propagate through the driven load circuits.

If a wired-OR connection cannot be short, it may be
necessary to design the logic so that the signal on the
line is not sampled for some time after the normal
propagation delay (output going negative) of the
element being switched. Normal propagation delay is
defined as the case where the element being switched is
the only one on the line in the HIGH state, resulting in
the line going LOW when the element switches. In this
case, the propagation delay is measured from the 50%
point on the input signal of the off-going element to the
50% point of the signal at the input farthest away from
the output being switched. The extra waiting time re-
quired in the case of a severe negative glitch is, in a

worst-case physical arrangement, twice the line delay
between the off-going output and the nearest
quiescently HIGH output, plus 2 ns.

An idea of how the extra waiting time varies with
physical arrangement can be obtained by qualitatively
comparing the signal paths in Figure 5-13. With the
outputs at A and B quiescently HIGH, the duration of the
transient observed at C is longer if B is the off-going
output than if A is the off-going element. This is because
the negative-going voltage generated at B must travel to
A, whereupon the corrective signal is generated, which
subsequently propagates back toward C. Thus the
corrective signal lags behind the initial transient, as
observed at C, by twice the line delay between A and B.
On the other hand, if the output at A generates the
negative-going transient, the corrective response starts
when the transient reaches point B. Consequently, the
transient duration observed at C is shorter by twice the
line delay from A to B.

Fig. 5-13  Relative to Wired-OR Propagation
A B ‘CD_
Rr
Vi

Backplane Interconnections

Several types of interconnections can be used to
transmit a signal between logic boards. The factors to be
considered when selecting a particular interconnection '
for a given application are cost, impedance discontinu-
ities, predictability of propagation delay, noise en-
vironment, and bandwidth. Single-ended transmission
over an ordinary wire is the most economical but has the
least predictable impedance and propagation delay. At
the opposite end of the scale, coaxial cable is the most
costly but has the best electrical characteristics. Twisted
pair and similar parallel wire interconnection cost and
quality fall in between.

For single-wire transmission through the backplane, a
ground plane or ground screen (Chapter 6) should be
provided to establish a controlled impedance. A wire
over a ground plane or screen has a typical impedance
of 150 () with variations on the order of £33%, depend-
ing primarily on the distance from ground and the
configuration of the ground. Figure 5-14 illustrates the
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Fig. 5-14 Parallel Terminated Backplane Wire

a. Wire over Ground Plane or Screen

D A 1 =15" B DO——
" WIRE OVER GND PLANE OR SCREEN

150 Q

-20V

b. Wire in Contact with Ground Plane

H=5 nsdiv
V =0.4 ns/div

c. Wire Spaced 1/8" from Ground Screen

H =5 ns/div
V=0.4 Vidiv

effects of impedance variations with a 15-inch wire
parallel terminated with 150 Q to -2 V. Figure 5-14b .
shows source and receiver waveforms when the wire is in
contact with a continuous ground plane. The negative-
going signal at the source shows an initial step of only
80% of a full signal swing. This occurs because the
quiescent HIGH-state current lon (about 7 mA) multi-
plied by the impedance of the wire (approximately 90 (1)
is less than the normal signal swing, and this condition
allows the driver emitter follower to turn off. The
negative-going signal at the receiving end is greater by
25% (1 + p = 1.25). The receiving end mismatch causes
a negative-going reflection which returns to the source
and establishes the VoL level. The positive-going signal
at the source shows a normal signal swing, with the
receiving end exhibiting approximately 25% overshoot.

Figure 5-14¢ shows waveforms for a similar arrangement,
but with the wire about 1/8 inch from a ground screen.
The impedance of the wire is greater than the 150 Q
termination, but small variations in impedance along

the wire cause intermediate reflections which tend to
lengthen the rise and fall times of the signal. As a result,
the received signal does not exhibit pronounced changes
in slope as would be expected if a 200 () constant
impedance line were terminated with 150 ().

Series source resistance can also be used with single
wire interconnections to absorb reflection. Figure 5-15a
shows a 16-inch wire with a ground screen driven
through a source resistance of 100 ). The waveforms
(Figure 5-15b) show that although reflections are gen-
erated, they are largely absorbed by the series resistor,
and the signal received at the load exhibits only slight
changes and overshoot. Series termination techniques
can also be used when the signal into the wire comes
from the PC board transmission line. Figure 5-16a
illustrates a 12-inch wire over a ground screen, with
12-inch microstrip lines at either end of the wire. The
output is heavily loaded (fan out of 8) and the combina-
tion of impedances produces a variety of reflections at
the input to the first microstrip line, shown in the upper
trace of Figure 5-16b. The lower trace shows the final
output; a comparison between the two traces shows the
effectiveness of damping in maintaining an acceptable
signal at the output. Figure 5-16¢c shows the signals at
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Fig. 5-15. Series Terminated Backplane Wire

a. Wire over Ground Screen

1000 A N
16" WIRE OVER GROUND SCREEN]

VEe

b. Series Terminated Waveform

H =10 ns/div
V=0.3 Vidiv

the input to the driving gate and at the output of the load
gate, with a net through-put time of 8.5 ns. The circuit in
Figure 5-16a is a case of mismatched transmission lines,
discussed in Chapter 4.

Signal propagation along a single wire tends to be fast
because the dielectric medium is mostly air. However,
impedance variations along a wire cause intermediate
reflections which tend to increase rise and fall times,
effectively increasing propagation delay. Effective
propagation delays are in the range of 1.5 t0 2.0 ns
per foot of wire. Load capacitance at the receiving end
also increases rise and fall time (Chapter 4), further
increasing the effective propagation delay.

Fig. 5-16  Signal Path with Sequence of Microstrip,
Wire, Microstrip

a. Backplane Wire Interconnecting PC Board Lines

12” MICROSTRIPS OUTPUT

12" WIRE OVER
GROUND SCREEN
INPUT
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A
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Z0=1009 Zo = 100 ©

—
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b. Signals into the First Microstrip and at the Loads

" "H =10 ns/div
V=0.4 Vidiv

c. Input to Driving Gate and Output of Load Gate

<—INPUT

=10 ns/div
V =0.4 Vidiv
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Better control of line impedance and faster propagation
can be achieved with a twisted pair. A twisted pair of
AWG 26 Teflon* insulated wires, two twists per inch,
exhibits a propagation delay of 1.33 ns/ft and an imped-
ance of 115 ). Twisted pair lines are available in a
variety of sizes, impedances and multiple-pair cables.
Figure 5-17a illustrates single-ended driving and receiv-
ing. In addition to improved propagation velocity, the
magnetic fields of the two conductors tend to cancel,
minimizing noise coupled into adjacent wiring.

Fig. 5-17 Twisted Pair Connections

a. Single-ended Twisted Pair
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*Teflon is a registered trademark of E.I. du Pont de Nemours Company

Differential line driving and receiving with complemen-
tary gates as the driver and an F100114 line receiver is
illustrated in Figure 5-17b. Differential operation provides
high noise immunity, since common mode input voltages
between -0.55 V and -3.0 V are rejected. The differential
mode is recommended for communication between
different parts of a system, because it effectively nullifies
ground voltage differences. For long runs between
cabinets or near high power transients, interconnections
using shielded twisted pair are recommended.

Twisted pair lines can be used to implement party line
type data transfer in the backplane, as indicated in
Figure 5-17c. Only one driver should be enabled at

a given time; the other outputs must be in the VoL state.
The VaB reference voltage is available on pin 22 of the
flatpak and pin 19 of the dual-in-line package for

the F100114.

In the differential mode, a twisted pair can send high-
frequency symmetrical signals, such as clock pulses, of
100 MHz over distances of 50 to 100 feet. For random
data, however, bit rate capability is reduced by a factor
of four or five due to line rise effects on time jitter.3

Coaxial cable offers the highest frequency capability. In
addition, the outer conductor acts as a shield against
noise, while the uniformity of characteristics simplifies
the task of matching time delays between different parts
of the system. In the single-ended mode, Figure 5-18a,
50 MHz signals can be transferred over distances of

100 feet. For 100 MHz operation, lengths should be

50 feet or less. In the differential mode, Figures 5-18b, c,
the line receiver can recover smaller signals, allowing
100 MHz signals to be transferred up to 100 feet. The
dual cable arrangement of Figure 5-18¢ provides
maximum noise immunity. The delay of coaxial cables
depends on the type of dielectric material, with typical
delays of 1.52 ns/ft for polyethylene and 1.36 ns/ft for
cellular polyethylene.

5-20
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Fig. 5-18 Coaxial Cable Connections References

a. Single-ended Coaxial Transmission 1.
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Introduction

High-speed circuits generally consume more power than
similar low-speed circuits. At the system level, this
means that the power supply distribution system must
handle the larger current flow; the larger power dissipa-
tion places a greater demand on the cooling system. The
direct current (dc) voltage drop along ground busses
affects noise margins for all types of ECL circuits. Volt-
age drops along VEe busses have only a slight effect on
F100K circuits, but they require consideration to obtain
the performance available from the family.

Logic Circuit Ground, Vcc

The positive potential Vcc and Vcca in ECL circuits is
the reference voltage for output voltages and input
thresholds and should therefore be the ground potential.
When two circuits are connected in a single-ended
mode, any difference in ground potentials decreases

the noise margins, as discussed in Chapter 2. This effect
for TTL/DTL circuits, as well as for ECL circuits, is
illustrated in Figure 6-1. The following analysis assumes
some average value of current flowing through the
distributed resistance along the ground path between

Fig. 6-1

Effect of Ground Resistance on Noise Margins

two circuits. For the indicated direction of lg, the shift in
ground potential decreases the LOW-state noise margin
of the TTL/DTL circuits and the HIGH-state noise
margin of the ECL circuits. If Ig is flowing in the
opposite direction, it increases these noise margins,

but decreases the noise margins when the drivers are in
the opposite state. For tabulation of ground currents in
ECL, the designs must include termination currents as
well as Iee operating currents. ECL logic boards which
use microstrip or stripline techniques generally have
large areas of ground metal. This causes the ground
resistance to be quite low and thus minimizes noise
margin loss between pairs of circuits on the same board.

In practice, two communicating circuits might be located
on widely separated PC cards with other PC cards in
between. The net resistance then includes the incre-
mental resistance of the ground distribution bus from
card to card, while the ground current is successively
increased by the contribution from each card. Figure 6-2
illustrates a distribution bus for a row of cards with
incremental resistances along the bus.

TTL/DTL ECL
VoL=VoL +lcRa

Fig. 6-2- Ground Shift Along a Row of PC Cards

GND

INPUT

CARD 1 2 3— — - — — — — k. —
POSITION

r=1 tal Bus R Bet: Positions

i=Average Ground Current per Card

! VoH= Vou +IgRa
IcRg =(VoL - Vou) = Noise Margin Decrease = IgRg =(VoH — Vo)
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The ground shift can be estimated by first determining
an average value of current per card based on the
number of packages, the mix of SSI and MSI, and the
number and types of terminations. With n cards in the
row, an average ground current (i) per card, and an
incremental bus resistance (r) between card positions,
the bus voltage drops between the various positions can
be determined as follows:

between positions 1 and 2: vy, = (n — 1) ir
between positions 1and 3: v, 3= (n - 1) ir +
(n—-2)ir
between positions 1 and 4: vy4 = (n - 1) ir +
(n—-2)ir +
(n - 3) ir
between 1 and n: vy, = ir {(n - 1) +

(n-2)+ (n-3)
+...+ [n—(n-1)]}

=ir[1+2+3
+...+ (n-1)]
n-1
Vip = irxn
1

For a row of 15 cards, for example, the total ground
shift between positions 1 and 15 is expressed as in
Equation 6-1.

14

vigs = irX n=ir(1+2+3+...+ 13+ 14)
1

105 ir

(6-1)

The ground shift between any two card positions j and k
can be determined as follows for the general case.

vig =(n—j)ir+[n-(j+1)]ir+
[n—=(j+ 2)]ir
+...+ {n—[j+ (kij-1)]}ir

=(k-j)nir—ir{j+((G+1)+(+2 (62
+o4 [+ (k--1)]}

k-1 k-1
Vik = (k = j) nir—irX n=r [(k-j)n-3n]
i )

In a row of 15 cards, the ground shift between positions
four and nine, for example, is determined as follows.

irf[(9-4)15-(4+5+6+7+ 8)]
ir (76 — 30) = 45 ir

Vjk

(6-3)

The ground shift between the same number of positions
further down the row is less because of the decreasing
current along the row. Consider the ground shift
between card positions 10 and 15.

vig.1s = ir [(156 — 10)16 -
(10 + 11 + 12 + 13 + 14)] (6-3)

= ir (75 - 60) = 15 ir

These examples illustrate several principles the designer
should consider regarding the ground distribution bus
and assignment of card positions. The bus resistance
should be kept as low as possible by making the cross-
sectional areas as large as practical. Logic cards which
represent the heaviest current drain should be located
nearest the end where ground comes into the row of
cards. Cards with single-ended logic wiring between
them should be assigned to positions as close together
as possible. Conversely, if the ground shift between two
card positions represents an unacceptable loss of noise
margin, then the differential transmission and reception
method i.e., twisted pair, should be used for logic wiring
between them, thereby eliminating ground shift as a
noise margin factor.

Conductor Resistances

Conductors with large cross-sectional areas are required
to maintain low voltage drops along power busses. For
convenience, Figure 6-3 lists the resistance per foot and
the cross-sectional area for more common sizes of
annealed copper wire. Other characteristics and a
complete list of sizes can be found in standard wire
tables. A useful rule-of-thumb regarding resistances and,
hence, areas is: as gauge numbers increase, resistance
doubles with every third gauge number; e.g., the
resistance per foot of #10 wire is 1 m(), for #13 wire it

is 2 m(. Similarly, the resistance per foot of #0 wire is
0.078 m(), which is half that of #2 wire.

For calculations involving conductors having rectangular
cross sections, it is often convenient to work with sheet
resistance, particularly for power distribution on PC
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Fig. 6-3 Resistance and Cross-sectional Area of
Several Sizes of Annealed Copper Wire

AWG Cross-sectional
B&S Resistance Area
Gauge m{} per foot square inches
#2 0.156 5.213 X 10-2
#6 0.395 2.062 X 10-2
#10 0.999 8.155 X 10-3
#12 1.588 5.129 X 10-3
#18 6.385 1.276 X 10-3
#22 16.14 5.046 X 10-4
#26 40.81 1.996 X 10-4
#30 103.2 7.894 X 10-5

cards. Copper resistivity is usually given in ohm-
centimeters, indicating the resistance between opposing
faces of a 1 cm cube. The sheet resistance of a
conductor is obtained by dividing the resistivity by the
conductor thickness. These relationships follow.

Copper resistivity = p = 1.724 X 1076 Q-cm @ 20°C

/ /
Resistance of a conductor = p A = L

where: | = length = thickness w = width

£

Sheet resistance pg = n

QO per

The length/width ratio (//w) is dimensionless; therefore,
the resistance of a length of conductor of uniform
thickness can be calculated by first determining the
number of “squares,” then multiplying by the sheet
resistance. For example, a conductor one-eighth inch
wide and three inches long has 24 squares; its resistance
is 24 times the sheet resistance. Since many thickness
dimensions are given in inches, it is convenient to
express the resistivity in ohm-inch, as follows.

p(Q-in.) = p(Q-cm) + 2.54 = 6.788 X 107 Q-in.

The use of sheet resistance and the “squares” concept is
illustrated by calculating the resistance of the conductor
shown in Figure 6-4. Assume the conductor is a 1 oz.
copper cladding with a 0.0012 inch minimum thickness
on a PC card.

Fig. 6-4 Conductor of Uniform Thickness but
Non-uniform Cross Section

* l4=2" la=1" 13=1.5" +

Wi = 1/4"|<«———R1—> <«—R2—>' !
T’ :<—R3—>!w2=1/2"

- R TOTAL————>| A

. P
Sheet resistance = pg = T

= 5657 X 10~% O per square

The number of squares S for the rectangular sections
are as follows.

The middle average segment of the conductor has a
trapezoidal shape. The average of w1 and w2 can be
used as the effective width, within 1% accuracy, if the
w2/w1 ratio is 1.5 or less. Otherwise, a more exact result
is obtained as follows.

Iy wy _
Sz = Wo—w In (W1) = 41In 2 = 2.77 squares

(6-5)

Total R = R, + Ry, + Ry = ps(S; + S, + S3)

7.561 mQ

As another example, assume that a 1 oz. trace must
carry a 200 mA current six inches with a voltage drop
less than 10 mV.

7 0.01
Rmax = ’;’a" =45 = 0050
_ /
0.05 = ps
(6-6)
=20 pg

/

w = 120 pg = (120) 5.657 X 10~% = 67.9 X 103

~ minimum trace width, w = 68 mils
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At a higher current level, consider the voltage drop in a
conductor 20 mils thick, 1.25 inches wide and 3 feet long
carrying a 50 A current.

6788 X 107 _ »
Ps = “5qg-2 = 3364 X 107° Q per square
V = IR - (50) (3.364 X 10-5) 13—265 (67)

= 0.0484 = 484 mV

Sheet resistances for various copper thicknesses are
listed in Figure 6-5. Standard thicknesses and tolerances
for copper cladding are tabulated in Figure 6-6 and
resistance per foot as a function of width is shown in
Figure 6-7.

Fig. 6-5 Sheet Resistance for Various

Thicknesses of Copper
Sheet
Weight Resistance Sheet
or Q) per Resistance
Thickness square Thickness | ) per square
20z 2715 X 10-4 0.02 in. 3.364 X 10-5
3oz 1.886 X 10-4 0.05 in. 1.358 X 10-5
5 oz. 1.077 X 10-4 1/16 in. 1.086 X 10-5
0.01in. | 6.788 X10-5 1/4 in. 2.715 X 10-6
Fig.6-6 Thicknesses and Tolerances for
Copper Cladding
Nominal Tolerances
Nominal Thickness | Weight By
in. mm oz/ft2 | weight, % in.
0.0007 0.0178 1/2 +10 +0.0002
0.0014 | 0.0355 1 +10 +0.0004
—-0.0002
0.0028 0.0715 2 +10 +0.0007
—0.0003
0.0042 0.1065 3 +10 +0.0006
0.0056 0.1432 4 +10 +0.0006
0.0070 0.1780 5 +10 +0.0007
0.0084 0.2130 6 +10 +0.0008
0.0098 0.2460 7 +10 +0.001
0.014 0.3530 10 +10 +0.0014
0.0196 0.4920 14 +10 +0.002

Fig. 6-7 Conductor Resistance Versus

Thickness and Width
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Temperature Coefficient

The resistances in Figures 6-3, 6-5, and 6-7, as well as
those used in the sample calculations, are 20°C values.
Since copper resistivity has a temperature coefficient of
approximately 0.4%/°C, the resistance at a temperature
(T) can be determined as follows.

Ry = Rgpe [1 + 0.004 (T + 20°)]
At 55°C:
R = Ry [1 + 0.004 (55° — 20°)] = 1.14 Rype

(6-8)

When specifying power bus dimensions for PC cards
containing many IC packages, designers should bear in
mind that excessive current densities can cause the
copper temperature to rise appreciably. Figure 6-8
illustrates the ohmic heating effect of various current
densities.1

Distribution Impedance

Power busses should have low ac impedance, as well as
low dc resistance, to prevent propagation of extraneous
disturbances along the distribution system. As far as
current or voltage changes are concerned, power and
ground busses appear as transmission lines; thus their
impedances can be affected by shape, spacing and
dielectric. The effect of geometry on impedance is
illustrated in the two arrangements of Figure 6-9. The
same cross-sectional area of copper is used, but the
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Fig. 6-8 Temperature Rise with Current Density in
PC Board Traces

TT K
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two round wires have an impedance of about 75 (2 while
the flat conductors have an impedance determined
as follows.

877 d for £<0.7

T Veh h

With a Mylar* or Teflon* dielectric (¢ = 2.3) two mils
thick, impedance of the flat conductor pair is only 0.5 Q.
Power line impedance can be reduced by periodically
connecting RF-type capacitors across the line.

Zy

Fig. 6-9 Effect of Geometry on Power
Bus Impedance

AREA =0.02SQIN.

h=1"

d =0.002" —>| I*—

o

20 =750

Zp =~ 0.75Q
(AIR DIELECTRIC)

*Mylar and Teflon are registered trademarks of
E.l. du Ponte de Nemours Company.
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Ground on PC Cards :

It is essential to assign one layer of copper cladding
almost exclusively to ground. This provides low-
impedance, non-interfering return paths for the current
changes which travel along signal traces when the IC
outputs change state. These currents flow from the Vcca
pins of the IC packages, through the output transistors,
then into the loads and the stray capacitances. These
stray capacitances exist from an output to VEg, output to
ground, and to other signal lines. Thus, displacement
currents through stray capacitances flow in many paths,
but must ultimately return through ground to the output
transistor where they originated. To reduce the length
and impedance of the return path, the ground metal
should cover as large an area as possible and one
decoupling capacitor should be provided for every one
to two IC packages. Additional capacitors may be
needed for multiple output devices. These capacitors
should be ceramic, monolithic or other RF types in the
0.01 to 0.1 uF range.

The load current returning to an IC package through .
ground metal is predictable, both in magnitude and in
the return path. Since the magnetic and capacitive
coupling between a signal trace and the underlying
ground provides the transmission line characteristic, it
follows that the load current flowing through the signal
trace is accompanied by a ground return current equal
in magnitude but opposite in direction. For example, in a
50 () terminator loL is 5.9 mA, loH is 20.9 mA. Then
signal change will cause about 15 mA current change
and, as this current change propagates along the signal
trace, a current of -15 mA advances along the ground
directly underneath the signal trace. Therefore, if there is
an interruption in the ground, the return current is
forced to go around it. The 15 mA current change can
be reduced by terminating the complementary output of
the signal. Then a signal change will direct the current
from true output to the complement output reducing the
A currents in the ground plane. When it is neceésary to
interrupt the ground plane, the interruptions should be
kept as short as possible; every effort should be made
to locate them away from overlying signal lines. When
the ground plane is interrupted for short signal lines
between packages, these lines should be at right angles
to signal lines on the other side to minimize coupling.
VEe and V7T distribution lines can also act as the return
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side of transmission lines, as long as decoupling capac-
itors to ground are placed in the immediate areas where
the signal return current must continue through ground.

Several connections along the edge of a PC card should
be assigned to ground to accommodate backplane
signal ground. These should be spaced at one-half to
one inch intervals to minimize the average path length
for signal return currents and to simulate a distributed
connection to the backplane signal ground.

Not enough emphasis can be placed on the requirement
for a good ground. All input signals are referenced to
internal Vg and the VBa is referenced to Vcc (ground).
Any variation from one side of the board to the other
affects the noise margins. To help eliminate some of the
variations a separate Vcca is provided on F100K ECL
circuits to power the output drivers and leave the Vcc
going to-internal circuitry unaffected.

Backplane Construction

In order to take complete advantage of the speeds
inherent in F100K ECL it is desirable to construct the
backplane as a multilayer printed circuit board.
Generally, two internal layers are devoted to ground and
VEE and the signals occupy:the outside layers. Where
power densities are very high, it may be necessary to
supplement the power layers with external busses

(see Backplane Interconnections; Chapter 5).

If it is necessary to use wires to augment the intercon-
nection provided by the traces, less critical signals should
use the wires. The wires will exhibit an impedance which
can be calculated with the wire-over-ground formula

z,= % fdﬁ (6-9)

Lo
\/Z 910

where d is diameter, h is distance to ground, and e is
dielectric constant. k

Bear in mind that if the ground plane is buried inside the
board, then both h and ¢ are made up of multiple
components.

Termination Supply, VTT

A separate return voltage for the termination resistors
offers a way to minimize power dissipation in systems
extensively using parallel termination techniques. A -2 V

V71T value represents an optimum speed/power trade-off,
allowing sufficient termination current to discharge load
capacitances while minimizing the average power con-
sumption. Figure 6-10 shows the average values of
current, IC power dissipation and resistor power dis-
sipation for various values of the termination resistor Rt
returned to -2 V. Average values are determined by cal-
culating the output HIGH and output LOW values, then
taking the average. These 50% duty cycle values are
useful in determining the current drain on the -2 V
supply and the contribution to dissipation on the logic
boards. Peak values of termination current are approx-
imately 60% greater than the average values listed.

DC regulation of the -2 V supply is not critical; a
variation of + 5% causes a change in output levels
of £ 12 mV for 50 () terminations or = 7 mV for
100 () terminations.

The high frequency characteristics of the V1t
distribution are extremely important. Ideally, a solid
voltage plane should be devoted to VTT. If this is not
feasible, the V1T distribution should form a grid using
orthogonal traces. In any case, decoupling capacitors
to ground should be used to reduce the high
frequency impedance.

Fig. 6-10 Average Current and Power Dissipation
for Parallel Termination to-2 V
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If the terminators used are in Single In-line Packages
(SIP) or Dual In-line Packages (DIP) as opposed to
discrete resistors, particular attention must be given to
decoupling in order to maintain a solid V1T voltage
inside the package. This is necessary to avoid crosstalk
due to mutual inductance to V7. SIPs have been
developed which have multiple VTT connections and
on-board decoupling capacitors.

Vee Supply

The value of VEE is not critical for F100K since all
circuits in the family operate over the range of -4.2 V
to -5.7 V. Decoupling capacitors to ground should

be used on each card, as previously discussed in con-
nection with the ground on PC cards. In addition, each
card should use 1 to 10 uF decoupling capacitors near
the points where VEE enters the card.

The current drain for the VEg supply for each circuit type
can be determined from the data sheet specifications.
For VEE values other than -4.5 V, the current drain

varies as shown in Figures 6-11 and 6-12 for SSI and
MSI elements respectively. These graphs are made from
data from the F100101 and F100179.

Fig. 6-11  Supply Current Versus Supply Voltage
for F100101
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Fig. 6-12 Supply Current Versus Supply Voltage
for F100179
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Series dividers used to obtain Thevenin equivalent
parallel terminations increase the current load on the
VEE supply, as do the pull-down resistors to VEg used
with series termination. Average VEe current and resistor
dissipation for Thevenin equivalent terminations are
listed in Figure 6-13 for several representative values of
equivalent resistance. The average values apply for 50%
duty cycle. Peak current values are approximately 11%
greater. Dissipation in the IC output transistor is the
same as in Figure 6-10. Average dissipation and |ge
current for several values of pull-down resistance to VEe
are listed in Figure 6-14. The REg values are appropriate
for series termination of transmission lines with
impedances listed in the Zo column, determined from
Equation 5-12. Peak current values are approximately
12% greater than average values.

Figures 6-10, 13 and 14 show that the Thevenin
equivalent parallel termination method leads to ten times
as much dissipation in the resistors as in the single
resistor returned to -2 V. Similarly, the dissipation in

REe for series termination is three times the dissipation in
the parallel termination resistor to -2 V.
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Fig. 6-13 Series Divider for Thevenin
Equivalent Terminations

Vcc=GND
R1
R2 Rt
VEg=-45V Vir=-2V
Rt R1 Q Rz 0 IEE (avg) | PD (avg) MW
[0) =1.80RT =225RT mA Resistors
50 90 113 28.2 109
62 112 140 22.7 879
75 135 169 18.8 727
82 148 185 17.2 66.5
90 162 203 15.7 60.5
100 180 225 14.1 54.5
120 216 270 1.7 454
150 270 338 94 36.3
Fig. 6-14 Average Current and Power Dissipation
Using Pull-down Resistor to VEg
Rs Zy
IR Re
Vgg=-45V
P mw
4 Re IEE (avg) D (avg)
0 (9] mA IC Output RE
50 269 9.8 129 25.8
62 331 7.9 104 20.6
75 399 6.5 8.6 16.8
90 477 54 71 139
100 530 49 6.5 12.7
120 634 41 54 10.6
150 791 3.2 4.2 8.1
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Thermal Considerations

System cooling requirements for ECL circuits are based
on three considerations: (1) the need to minimize
temperature gradients between circuits communicating
in the single-ended mode, (2) the need to control the
temperature environment of each circuit to assure that
the parameters stay within guaranteed limits, and (3) the
need to insure that the maximum rated junction
temperature is not exceeded.

Temperature gradients are of no practical concern with
F100K circuits since they are temperature compensated,;
their output voltage levels and input thresholds change
very little with temperature, as discussed in Chapter 2.
With uncompensated ECL circuits, output voltage levels
and input thresholds vary with temperature. This causes
a loss of noise margin when driving and receiving circuits
are operating at different temperatures. Loss of HIGH-
state noise margin occurs when the receiving circuit is at
the higher temperature, amounting to approximately

1 mV/°C of temperature gradient. When the driving cir-
cuit is at the higher temperature, the LOW-state margin
decreases by approximately 0.5 mV/°C of gradient. The
system designer must consider noise margin loss, due to
temperature gradients.

Each dc parameter limit on the F100K data sheets
applies over the entire 0°C to +85°C case temperature.
For uncompensated ECL circuits, parameter limits have
different values for different ambient temperatures.
Further, ambient temperature specifications are based
on a minimum air flow rate of 400 linear feet per minute.
Thermal equilibrium must be established for incoming
test results of uncompensated ECL circuits to be valid.
The time required to attain equilibrium can vary con-
siderably, depending on the internal dissipation of the
particular IC type and details of the thermal arrange-
ment. Normally, an adequate waiting time is three to five -
minutes after power is applied.

The maximum rated junction temperature of F100K
circuits is +150°C. An individual IC junction temperature
can be determined by multiplying power dissipation by
the junction-to-air thermal resistance 6a and adding the
result to the ambient air temperature. The power dissi-
pation is VEe times Igg, from the data sheet, plus the
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dissipation in the output transistors from Figure 6-10

or 6-14. Thermal resistance is shown in Figure 6-15 as

a function of cooling air flow rate. This figure applies
when the IC is mounted on a board with the air flowing
in a plane parallel to the board and perpendicular to the
long axis of the IC package. When air temperature, flow
rate and package power dissipation are known, junction
temperature is determined as follows.

T)= Ta+ Ppb, (6-10)

Fig. 6-15. Junction-to-Air Thermal Resistance Versus

Air Flow Rate
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Conversely, when the maximum rated junction tem-
perature (+150°C), the package power dissipation, and
the air temperature are known, the minimum flow rate
can be determined by first determining the maximum
thermal resistance.

(150° = T,)

Maximum 64, = R
D

(6-11)

For this value of 6a the minimum flow rate is
determined from Figure 6-15.

When the system designer plans to depend on natural
convection for cooling, it is recommended that thermal
tests be conducted to determine actual conditions. The
effectiveness of natural convection for cooling varies
greatly. For instance, on a densely packed logic board in
a horizontal attitude in still air, the effective ambient
temperature for an IC varies with its position. An IC in
the middle of the board is subjected to air that is partially
heated by surrounding ICs. Additionally, the tempera-
ture of the board rises due to heat flow through the
component leads. These effects can cause a much
higher junction temperature than might be expected.

Reference

1. Harper, C.A., Editor, Handbook of Wiring, Cabling
and Interconnecting for Electronics, McGraw-Hill,
1972.
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Introduction

The purpose of this chapter is assist personnel involved
with incoming inspection and qualification testing, by
discussing the various methods and techniques used in
testing ECL devices.

Testing includes verifying functionality, checking dc
parametric limits and measuring ac performance. These
tasks are particularly difficult for ECL devices in light

of the broad range of products: RAMs, PROMs, gate
arrays, and logic circuits. Correlation between supplier
and user is extremely important. Recognizing the
differences between high-volume instantaneous testing,
as performed by the supplier, and the user’s concern

for long term performance in a given operating environ-
ment, Fairchild guarantees the data sheet limits as
specified, although testing may be performed by
alternate methods.

Tester Selection

Although many makes and types of automatic test
systems are available and in use today, not all are
capable of testing ECL RAMs, PROMs, logic and
gate arrays.

Logic and gate array testers require dc accuracy, sub-
nanosecond ac test capability, and the ability to change
software for each device. Software capability and the
number of test pins available are major considerations
in choosing a gate array tester. Functional, dc and
threshold tests are successfully performed on auto-
matic test equipment, but subnanosecond propagation
delays are difficult to measure accurately.

The use of dedicated testers to perform high-volume
memory testing is very common. Testers containing
hardware addressing capability are usually the most
efficient. Although basic dc testing is similar for any
device type, RAM and PROM functional testing usually
require special addressing capabilities to test for pattern
sensitivity. The pattern generators and output compara-
tors must have minimum skew to obtain maximum
tester accuracy. Functional and ac tests are per-
formed simultaneously; then, dc and threshold tests
are performed.

The following considerations must be taken into
account when selecting a tester.

Noise

Since the voltage swing on ECL input and output levels
is only about 800 mV, it is very important that the power
supplies and voltage drivers be extremely clean and
free of spikes, hum, or any other type of noise.

DC Resolution

The threshold measurements (ViH(min), ViL(max)) require
that input voltage be extremely accurate and repeatable,
i.e., if the ViL(max) is specified as -1.475 V, a voltage
source of —1.475 £ 5 mV is not adequate to accurately
test the part. Ideally, the driver and the output
comparators should have an accuracy of £1 mV.

Current Capability

Since ECL is noted for high current requirements,
power supplies for VEg should be capable of supplying
current with a 25% reserve over the highest powered
parts. This reserve should be included because power
supplies tend to get noisy when approaching the cur-
rent clamp. Some ECL LS| parts dissipate over 4.5 W;
therefore, with a Veg of —4.5 V, the power supply must
provide well over 1 A.

Edge Rates

When testing edge-triggered sequential logic parts such
as flip-flops and shift registers, it is important that the
rise and fall times of the clock pulses be fast, clean and
free from overshoot. If the clock edges are not adequate,
the deficiency can be overcome using a Schmitt trigger
as shown in Figure 7-1.

The 68 (1 resistor provides hysteresis by positive feed-
back, thus improving the edge rates. When energized,

Fig. 7-1 Typical Schmitt Trigger Circuit

RELAY TELEDYNE
VEe 5-712 5V
2x FORM
“C” CONTACTS
1kQ 5.6 k(1 1kQ
< <

S

TO DEVICE
UNDER TEST

SIGNAL
FROM
TESTER

68 ()




Chapter 7
Testing Techniques

the relay provides a path to bypass the Schmitt trigger,
so the input currents of the device under test can
be measured.

Functional Testing

The functional operation and truth table for all device
types are checked using automatic test equipment. For
memory devices, pattern sensitivity and ac character-
istics are also tested automatically. Functional testing is
usually performed before dc testing. Logic parts are
functionally tested in all modes of operation. The inputs
are driven using typical Vin and ViL values. The outputs
are compared against relaxed Von and VoL limits. The
VIR, ViL, VoH, and VoL limits are tested during dc testing.

DC Testing

An automatic tester is used to test all dc parameters
listed on the individual data sheet for each input and
output. The device may have to be preconditioned to
obtain the correct output logic state. The cable length
should be kept to a minimum to insure signal integrity.

Threshold Measurements

Threshold measurement on an automatic tester is
probably the most difficult dc test and the test most
prone to oscillation. When testing, take one input at a
time to threshold; all other inputs remain at full ViH or
ViL levels. If all inputs were at threshold simultane-
ously, the device would tend to oscillate. For example,
to test a flip-flop, make sure the output is LOW before

Fig. 7-2 VIN/Vour Transfer Characteristics

test, take the data pin to HIGH threshold, and apply the
clock pulse. Verify that the HIGH has been transferred
to the output. Next, apply LOW threshold to the data
input and clock it through; use hard levels on the clock
(full ViH and ViL). Check that the output pin goes LOW.

Bench Testing

Occasionally, it is necessary to obtain data not

easily available from an automatic tester. This is
accomplished by testing devices in a universal test
board. The typical test circuit board is double-clad
copper. All input/output pins go to single-pole, triple-
throw switches so that Vi1, ViL or a 50 () terminating
resistor can be connected. Leadless 0.05 uF capacitors
decouple all pins to Vcc (+2 V) at the socket pins.
Access to the device under test is made via banana
sockets to the X-Y plotter.

ViN/Vourt Plot—The input ramp supply is0O V to -2 V
varied by a multi-turn potentiometer. The input voltage
(ViNn) versus output voltage (Vour) is plotted on an

X-Y recorder using the test set-up shown in Figure 7-2.

Vout/lout Plot— The output voltage (Vout) versus
output current (louT) can be plotted using the test setup
shown in Figure 7-3.

—
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Fig. 7-3 Vout/lout Characteristics
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AC Testing

Because few automatic measurement systems have
sufficient accuracy to perform subnanosecond testing,
ac testing of ECL is one of the most difficult tests to
accomplish. To obtain subnanosecond accuracy usually
requires special test fixtures and equipment. The
physical location of the test fixture, the input driver and
the output comparator is very important.

Depending upon the accuracy and repeatability of the
automatic tester, a bench setup may be required for
correlation. Comparing an air line with known propaga-
tion delay to the test setup is recommended.

AC Test Fixtures

Test fixture design plays a pivotal role in‘insuring that
undistorted waveforms are applied to the Device Under
Test (D.U.T.) and that the device output can be
monitored correctly.

Board Construction and Layout

ECL ac bench test fixtures are built on a double-clad
printed circuit board or on a multilayer printed circuit
board with semi-rigid coax, Figures 7-4 and 7-5. The
power planes are shorted at the device and brought out
to banana sockets with the decoupling capacitors at the
device. Transmission lines of 50 ) are maintained from
soldered-on BNC or SMA connectors to the D.U.T.
Sense lines from the D.U.T. output and input pins to the
connectors must be of electrically equal length. For

input pins, care must be taken to insure that the force
and sense lines are brought directly to the point that
makes contact with the D.U.T. For output pins, only the
output sense lines are used to monitor the signals. The
force lines are disconnected at the device to minimize
signal distortion. Special care must be taken to minimize
crosstalk and stray capacitance in the area of the D.U.T.
For correlation, flatpaks are not tested in sockets but
are clamped to the traces of a multilayer PC board. Dual
in-line devices are plugged into individual pin sockets
instead of normal test sockets. Due to equipment limita-
tions.and for correlation, the amplitude, offset, rise and
fall time are set up with no device in the test socket.

The bench test fixture to measure toggle frequency
utilizes the principles described in the preceding para-
graph except that the feedback path between the output
and data input is as short as possible.

Output Termination

All outputs should be terminated with 50 ( 1% resis-
tors. This is especially important for complementary
outputs. When bench testing, the device is offset by
+2 V; VEg is=2.5 V, Vcc, Veea is+2 V. Then the 50 ()
input impedance of the sampling oscilloscope acts as
the termination resistor to 0 V. The input and output
coaxial cable to the oscilloscope should be cut to
exactly the same electrical length.
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Decoupling

Not enough emphasis can be put on the importance of
good decoupling on the D.U.T. because oscillations can
give erroneous test results. A sampling scope should be
used to make sure that oscillation is not occurring.

The value of capacitors used depends on the type of
tester used and the frequency of test. Some testers use
pulse test; in other words, for each individual test in a
program, VEE is powered up and down. On this type of
tester, electrolytic-type (i.e., large value) capacitors
cannot be used because of the time constant needed to
charge the capacitor.

Always start with the minimum decoupling needed to
achieve good results, perhaps merely a capacitor
between Vcc and VEg. Capacitors should be placed

as close as possible to the D.U.T. to eliminate as much
inductance as possible. Only low-inductance capacitors
should be used; leadless monolithic ceramic capacitors
are very effective.

There are no rigid decoupling rules, and each device
type may have it own decoupling requirements. A
typical decoupling technique that works well on most

Fig.7-4 Multilayer Test Fixture (Top View)
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F100K devices is to place 0.01 to 0.1 uF monolithic
ceramic capacitors in the following locations.

® |f no offset is used:
between VEe (-4.5 V) and Vcc, Vcca (0 V)
between V1T (-2 V) and ground (0 V)

® [f +2 V offset is used:
between Vce, Veca (+2 V) and ground (0 V)
between VEg (2.5 V) and ground (0 V)

® |n most cases, Vcca and Vcc should be shorted as
close to the D.U.T. as possible. However, if the
Vcea and Vee pins are physically separated, indi-
vidual decoupling capacitors may be necessary.

® For dc tests only place a 0.001 uF capacitor:
between an input pin and VEE
between an output pin and Vcca

Decoupling problems will appear mainly at threshold
test. If certain outputs fail try the decoupling technique,
described in the preceding paragraph, on those outputs
and the associated inputs. With testers that use the
power-hold method, such as the Sentry®, large electro-
lytics can be used in parallel with smaller (0.01 uF) disk
capacitors for the high-frequency bypass.

Fig. 7-5 Multilayer Test Fixture (Bottom View)
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Introduction

F100K ECL is manufactured to strict quality and reliabil-
ity standards. Product conformance to these standards
is insured by careful monitoring of the following func-
tions: (1) incoming quality inspection, (2) process
quality control, (3) quality assurance, and (4) reliability.

Incoming Quality Inspection

Purchased piece parts and raw materials must conform
to purchase specifications. Major monitoring programs
are the inspection of package piece parts, inspection of
raw silicon wafers, and inspection of bulk chemicals
and materials. Two other important functions of incom-
ing quality inspection are to provide real-time feedback
to vendors and in-house engineering, and to define and
initiate quality improvement programs.

Package Piece Parts Inspection

Each shipment of package piece parts is inspected and
accepted or rejected based on AQL sampling plans.
Inspection tests include both inherent characteristics
and functional use tests. Inherent characteristics
include physical dimensions, color, plating quality,
material purity, and material density. Functional use tests
for various package piece parts include die attach,
bond pull, seal, lid torque, salt atmosphere, lead fatigue,
solderability, and mechanical strength. In these tests,
the piece parts are sent through process steps that
simulate package assembly. The units are then destruc-
tively tested to determine whether or not they meet the
required quality and reliability levels.

Silicon Wafer Inspection

Each shipment of raw silicon wafers is accepted or
rejected based on AQL sampling plans. Raw silicon
wafers are subjected to non-destructive and destructive
tests. Included in the testing are flatness, physical
dimensions, resistivity, oxygen and carbon content, and
defect densities. The test results are used to accept or
reject the lot.

Bulk Chemical and Material Inspection

Bulk chemicals and materials play an important role in
any semiconductor process. To insure that the bulk
chemicals and materials used in processing F100K
-wafers are the highest quality, they are stringently tested
for trace impurities and particulate or organic conta-
mination. Mixtures are also analized to verify their
chemical make-up.

8-5

Incoming inspection is only the first step in determining
the acceptability of bulk chemicals and materials. After
acceptance, detailed documentation is maintained to
correlate process results to various vendors and to any
variations found in mixture consistency.

Process Quality Control

Process quality is maintained by establishing and main-
taining effective controls for monitoring the wafer fabri-
cation process, reporting the results of the monitors,
and initiating valid measurement techniques for improv-
ing quality and reliability levels.

Methods of Control

The process quality control program utilizes the fol-
lowing methods of control: (1) process audits, (2) envi-
ronmental monitors, (3) process monitors, (4) lot
acceptance inspections, (5) process qualifications, and
(6) process integrity audits. These methods of control,
defined below, characterize visually and electrically the
wafer fabrication operation.

Process Audit— Audits concerning manufacturing
operator conformance to specification. These are
performed on all operations critical to product quality
and reliability.

Environmental Monitor-Monitors concerning the
process environment, i.e., water purity, air temperature/
humidity, and particulate count.

Process Monitor— Periodic inspection at designated
process steps for verification of manufacturing inspec-
tion and maintenance of process average. These
inspections provide both attribute and variables data.

Lot Acceptance— Lot by lot sampling. This sampling
method is reserved for those operations deemed as
critical and, as such, requiring special attention.

Process Qualification— Complete distributional analy-
sis is run to specified tolerance averages and standard
deviations. These qualifications are typically conducted
on deposition and evaporation processes, i.e., epi,
aluminum, vapox, and backside gold.

Process Integrity Audit— Special audits conducted on
oxidation and metal evaporation processes (CV drift—
oxidation; SEM evaluation — metal evaporation).
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Data Reporting

Process quality control data is recorded on an attribute
or variable basis as required; control charts are main-
tained on a regular basis. This data is reviewed at
periodic intervals and serves as the basis for judging
the acceptability of specific processes. Summary data
from the various process quality control operations are
relayed to cognizant line, engineering and management
personnel in real time so that, if appropriate, the neces-
sary corrective actions can be immediately taken.

Fig. 8-1 Process Flow Chart
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Process Flow

Figure 8-1 shows the integration of the various methods
of control into the wafer fabrication process flow. The
process flow chart contains examples of the process
quality controls and inspections utilized in the manufac-
turing operation.

Process Controls (Examples)

Environmental
Chemical supplies
Substrate examination
(resistivity, flatness,
thickness, crystal
perfection, etc.)

D. Photoresist evaluation
E. Mask inspections

ow»

A. Process audit

Process audit/qualification
Environmental

Process monitors
(thickness, pinhole and
crack measurements)

C V Plotting

Calibration

ow»

mm

Process audits
Environmental

Visual examinations
Photoresist evaluation
(preparation, storage,
application, baking,
development and removal),
Etchant controls

Exposure controls
(intensity, uniformity)

oowm>

mm
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Fig. 8-1 Process Flow Chart (contd.)
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Quality Assurance

To assure that all product shipped meets both internal
Fairchild specifications for standard product and
customer specifications in the case of negotiated specs,
a number of QA inspections throughout the assembly
process flow (Figure 8-2) are required.

Many of the assembly operations follow the require-
ments of MIL-M-38510 (General Specification for
Microcircuits). The test methods employed and listed
are described in MIL-STD-883 (Test Methods and

Fig. 8-2 Generalized Process Flow
Operation Method

Die Forming/Scribe

Plate

Internal Visual (2nd OPT) 2010/B

QA—Internal Visual (2nd OPT) 2010/B
Optional

Die Attach

QA —Die Shear Strength 2019

Ultrasonic Bonding

QA—Ultrasonic Bond Strength 2011
Internal Visual (3rd OPT) 2010
QA—Internal Visual (3rd OPT) 2010

Seal — Solder or Glass

External Visual (4th OPT) 2009
QA— External Visual (4th OPT) 2009
High Temperature Storage 1008/C, E
Temperature Cycling 1010/C
Constant Acceleration 2001/E

Procedures for Microelectronics). Most of the internal
specifications, as a result, closely follow the procedures
of the military specifications.

For ease of reference, and for clearer understanding of
the operations performed, the MIL-STD-883 methods
are stated when applicable. A flow, much more detailed
than the one presented in Figure 8-2, governs the

assembly of the devices and the performance of the
environmental, mechanical, and electrical tests.

Operation (cont'd.) Method (cont'd.)
Plating (Tin/Gold) — Lead Finish
QA—Plating Inspection/Solderability 2003

Lead Clip and Form

Seal, Fine (Hermeticity Check) 1014
5X10-8
cc/sec

Seal, Gross (Hermeticity Check) Bubble Test—

Fluorocarbon
Mark and Pack
QA — External Visual 2009

QA —Seal, Fine (Hermeticity Check) 1014

5X10-8
cc/sec
QA —Seal, Gross (Hermeticity Bubble Test—
Check) Fluorocarbon
Electrical Test
Quality Conformance (Group A} 5005

QA—Plant Clearance

Distribution Store



Quality Assurance and
Reliability

Reliability

A number of programs, among them qualification
testing, reliability monitoring, failure analysis,
and reliability data collection and presentation,
are maintained.

Qualification Programs

All products receive reliability qualification prior to the
product being released for shipment. Qualification is
required for (1) new product designs, (2) new fabrica-
tion processes or (3) new packages or assembly
processes. Stress tests are run in accordance to test
methods described in MIL-STD-883B. Test results are
evaluated against existing reliability levels, and must be
better than or equal to current product for the new
product to receive qualification.

New Product Designs— Receive, as a minimum, +125°C
operating life tests. Readouts are normally scheduled at
168 hours, 1168 hours and 2168 hours. The samples
stressed are electrically good units from initial wafer
runs. Additional life testing, consisting of high-
temperature operating life test, 85/85 humidity bias

tests and bias pressure pot (BPTH) tests, may be run as
deemed necessary. Redesigns of existing device layouts
are considered to be new product designs, and full
qualification is necessary.

New Fabrication Processes — Qualifications are de-
signed to evaluate the new process against the current
process. Stress tests consist of operating life test,
high-temperature operating life test, 85/85 humidity

bias test and/or biased pressure pot (BPTH) test. In
addition, package environment tests may be performed.
Evaluations are performed on various products through-
out the development stages of the new process. Units
stressed are generally from split wafer runs. All process-
ing is performed as a single wafer lot up to the new
process steps, where the lot is split for the new and the
current process steps. Then the wafers are recombined,
and again processed as a single wafer lot. This allows
for controlled evaluation of the new process against the
standard process. Both significant modifications to
existing process and transferring existing products to
new fabrication plants are treated as a new process.

New Packages or Assembly Processes — Qualifications
are performed for new package designs, changes to
existing piece parts, changes in piece part vendors, and

significant modification to assembly process methods.

In general, samples from three assembly runs are
stressed to a matrix in accordance to MIL-STD-883B,
Method 5005, group B, group C, subgroup 2, and group D
(Table 8-1). In addition, +100°C operating life tests,
85/85 humidity bias tests, biased pressure pot (BPTH)
tests and unbiased pressure pot tests are performed.

Reliability Monitors

Reliability testing of mature products is performed to
establish device failure rates, and to identify problems
occuring in production. Samples are obtained on a
regular basis from production. These units are stressed
with operating life tests or package environmental tests.
The results of these tests are summarized and reported
on a monthly basis. When a problem is identified, the
respective engineering group is notified, and produc-
tion is stopped until corrective action is taken.

Current testing levels are in excess of 14,000 units per
year stressed with operating life tests, and 23,000 units
per year stressed with package environmental tests.

Failure Analysis

Failure analysis is performed on all units failing reliabil-
ity stress tests. Failure analysis is offered as a service to
support manufacturing and engineering, and to support
customer returns and customer requested failure
studies. The failure analysis procedure used has been
established to provide a technique of sequential analysis.
This technique is based on the premise that each step of
analysis will provide information of the failure without
destroying information to be obtained from subsequent
steps. The ultimate purpose is to uncover all underlying
failure mechanisms through complete, in-depth, defect
analysis. The procedure places great emphasis on
electrical analysis, both external before decapsulation,
and internal micro-probing. Visual examinations with
high magnification microscopes or SEM analysis are
used to confirm failure mechanisms. Results of the
failure analysis are recorded and, if abnormalities are
found, reported to engineering and/or manufacturing.

Data Collection and Presentation

Product reliability is controlled by first stressing the
product, and then feeding back results to manufacturing
and engineering. This feedback takes two forms. There
is a formal monthly Reliability Summary distributed to all
groups. The summary shows current product failure
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rates, highlights problem areas, and shows the status of
qualification and corrective action programs. Less formal
feedback is obtained by including reliability personnel at

reliability aspects of various products. As a customer
service, product reliability data is compiled and made
available upon request.

all product meetings, which gives high visibility to the

Table 8-1 Package Environmental Stress Matrix

Test

MIL-STD-883

Method

Condition

Group B
Subgroup 1
Physical dimensions

2016

Subgroup 2
Resistance to solvents

2015

Subgroup 3
Solderability

2003

Soldering temperature of 260 + 10°C

Subgroup 5
Bond strength
(1) Thermocompression
(2) Ultrasonic or wedge

2011

(1) Test condition C or D

(2) Test condition C or D

Group C

Subgroup 2
Temperature Cycling
Constant Acceleration

Seal

(a) Fine

(b) Gross
Visual examination
End-point electrical

parameters

1010
2001

1014

Test condition C (-65°C to +150°C)

Test condition E (30 Kg), Y1 orientation and X1 orientation

Test condition D (20 Kg) for packages over 5 gram weight or with
seal ring greater than 2 inches

Group D
Subgroup 1
Physical Dimensions

2016

Subgroup 2
Lead integrity
Seal

(a) Fine
(b) Gross
Lid torque

2004
1014

2024

Test condition B2 (lead fatigue)
As applicable

~ As applicable
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Table 8-1 Package Environmental Stress Matrix (cont'd.)

Subgroup 3
Thermal shock 1011 Test condition B (-55°C to +125°C) 15 cycles minimum
Temperature cycling 1010 Test condition C, (-65°C to +150°C) 100 cycles minimum.
Moisture resistance 1004
Seal 1014

(a) Fine
(b) Gross
Visual examination
End-point electrical
parameters

Subgroup 4
Mechanical shock 2002 Test condition B (1500g, 0.5 ms)
Vibration, variable 2007 Test condition A (20 g)

frequency
Constant acceleration 2001 Same as group C, subgroup 2
Seal

(a) Fine

(b) Gross
Visual examination
End-point electrical

parameters

Subgroup 5
Salt atmosphere 1009 Test condition A minimum (24 hours)
Seal 1014 As applicable

(a) Fine
(b) Gross
Visual examination

Subgroup 6
Internal water-vapor 1018
content

Subgroup 7
Adhesion of lead finish 2025
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Fairchild Franchised United States and
Semiconductor Distributors Canada
Alabama Hamilton Electro Sales Connecticut

Hall Mark Electronics

4900 Bradford Drive

Huntsville, Alabama 35807

Tel: 205-837-8700 TWX: 810-726-2187

Hamilton/Avnet Electronics

4692 Commercial Drive

Huntsville, Alabama 35805

Tel: 205-837-7210 TWX: 810-726-2162

Arizona

Hamilton/Avnet Electronics

505 South Madison Drive

Tempe, Arizona 85281

Tel: 602-231-5100 TWX: 910-950-0077

Kierulff Electronics

4134 East Wood Street

Phoenix, Arizona 85040

Tel: 602-243-4101 TWX: 910-951-1550

Wyle Distribution Group

8155 North 24th Avenue

Phoenix, Arizona 85021

Tel: 602-249-2232 TWX: 910-951-4282

California

Anthem Electronics, Inc.

21730 Nordhoff Street

Chatsworth, California 91311

Tel: 213-700-1000 TWX: 910-493-2083

Anthem Electronics, Inc.

4125 Sorrento Valley Bivd.

San Diego, California 92121

Tel: 714-279-5200 TWX: 910-335-1515

Anthem Electronics, Inc.

174 Component Drive

San Jose, California 95131

Tel: 408-946-8000 TWX: 910-338-2038

Anthem Electronics, Inc.

2661 Dow Avenue

Tustin, California 92680

Tel: 714-730-8000 TWX: 910-595-1583

Arrow Electronics

9511 Ridge Haven Court

San Diego, California 92123

Tel: 714-565-4800 TWX: 910-335-1195

Arrow Electronics

521 Weddell Avenue

Sunnyvale, California 94086

Tel: 408-745-6600 TWX: 910-339-9371

Avnet Electronics

350 McCormick Avenue

Costa Mesa, California 92626

Tel: 714-754-6111 (Orange County)
213-558-2345 (Los Angeles)

TWX: 910-595-1928

Bell Industries

Electronic Distributor Division

1161 N. Fair Oaks Avenue
Sunnyvale, California 94086

Tel: 408-734-8570 TWX: 910-339-9378

Hamilton/Avnet Electronics

3170 Pullman Avenue

Costa Mesa, California 92626

Tel: 714-641-1850 TWX: 910-595-2638

**This distributor carries Fairchild die products only.

10912 West Washington Bivd.
Culver City, California 90230
Tel: 213-558-2121 TWX: 910-340-6364

Hamilton/Avnet Electronics
4103 North Gate Blvd.
Sacramento, California 95348
Tel: 916-920-3150

Hamilton/Avnet Electronics

4545 Viewridge Avenue

San Diego, California 92123

Tel: 714-571-7527 TWX: 910-335-1216

Hamilton/Avnet Electronics

1175 Bordeaux Drive

Sunnyvale, California 94086

Tel: 408-743-3355 TWX: 910-339-9332

**Sertech Laboratories

2120 Main Street, Suite 190
Huntington Beach, California 92647
Tel: 714-960-1403

Wyle Distribution Group

124 Maryland Street

El Segundo, California 90245

Tel: 213-322-8100 TWX: 910-348-7140

Wyle Distribution Group
Military Product Division
17872 Cowan Avenue
Irvine, California 92714
Tel: 714-851-9953

Telex: 910-595-1572

Wyle Distribution Group
18910 Teller Avenue
Irvine, California 92715
Tel: 714-851-9955

Wyle Distribution Group

9525 Chesapeake

San Diego, California 92123

Tel: 714-565-9171 TWX: 910-335-1590

Wyle Distribution Group

3000 Bowers Avenue

Santa Clara, California 95051

Tel: 408-727-2500 TWX: 910-338-0541

Colorado

Arrow Electronics

2121 South Hudson

Denver, Colorado 80222

Tel: 303-758-2100 TWX: 910-331-0552

Bell Industries

8155 West 48th Avenue

Wheatridge, Colorado 80033

Tel: 303-424-1985 TWX: 910-938-0393

Hamilton/Avnet Electronics

8765 E. Orchard Rd., Suite 708
Englewood, Colorado 80111

Tel: 303-740-1000 TWX: 910-935-0787

Wyle Distribution Group

451 East 124th Avenue

Thornton, Colorado 80241

Tel: 303-457-9953 TWX: 910-936-0770

Arrow Electronics

12 Beaumont Road

Wallingford, Connecticut 06492

Tel: 203-265-7741 TWX: 710-476-0162

Hamilton/Avnet Electronics
Commerce Drive, Commerce Park
Danbury, Connecticut 06810

Tel: 203-797-2800 TWX: 710-546-9974

Harvey Electronics

112 Main Street

Norwalk, Connecticut 06851

Tel: 203-853-1515 TWX: 710-468-3373

Schweber Electronics

Finance Drive

Commerce Industrial Park

Danbury, Connecticut 06810

Tel: 203-792-3500 TWX: 710-456-9405

Florida

Arrow Electronics

1001 Northwest 62nd Street

Suite 108

Ft. Lauderdale, Florida 33309

Tel: 305-776-7790 TWX: 510-955-9456

Arrow Electronics

50 Woodlake Drive West

Building B

Palm Bay, Florida 32905

Tel: 305-725-1480 TWX: 510-959-6337

**Chip Supply

1607 Forsyth Road
Orlando, Florida 32807
Tel: 305-275-3810

Hall Mark Electronics

1671 West McNab Road

Ft. Lauderdale, Florida 33309

Tel: 305-971-9280 TWX: 510-956-3092

Hall Mark Electronics

7233 Lake Ellenor Drive

Orlando, Florida 32809

Tel: 305-855-4020 TWX: 810-850-0183

Hamilton/Avnet Electronics

6801 N.W. 15th Way

Ft. Lauderdale, Florida 33309

Tel: 305-971-2900 TWX: 510-956-3097

Hamilton/Avnet Electronics

3197 Tech Drive, North

St. Petersburg, Florida 33702

Tel: 813-576-3930 TWX: 810-863-0374

Schweber Electronics

2830 North 28th Terrace

Hollywood, Florida 33020

Tel: 305-927-0511 TWX: 510-954-0304

Georgia

Arrow Electronics

2979 Pacific Drive

Norcross, Georgia 30071

Tel: 404-449-8252 TWX: 810-766-0439

Hall Mark Electronics

6410 Atlantic Bivd., Suite 115
Norcross, Georgia 30071

Tel: 404-447-8000 TWX: 810-766-4510
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Canada

Hamilton/Avnet Electronics

5825-D Peachtree Corners East
Norcross, Georgia 30092

Tel: 404-447-7500 TWX: 810-766-0432

llinois

Arrow Electronics

492 Lunt Avenue

Schaumburg, lllinois 60193

Tel: 312-893-9420 TWX: 910-291-3544

Hall Mark Electronics

1177 Industrial Drive

Bensenville, llinois 60106

Tel: 312-860-3800 TWX: 910-651-0185

Hamilton/Avnet Electronics

1130 Thorndale Avenue

Bensenville, lllinois 60106

Tel: 312-860-7780 TWX: 910-227-0060

Kierulff Electronics

1536 Landmeier Road

Elk Grove Village, lllinois 60007

Tel: 312-640-0200 TWX: 910-227-3166

Schweber Electronics

1275 Brummel Avenue

Elk Grove Village, lllinois 60007

Tel: 312-364-3750 TWX: 910-222-3453

Indiana

Arrow Electronics

2718 Rand Road

Indianapolis, indiana 46241

Tel: 317-243-9353 TWX: 810-341-3119

Graham Electronics Supply, Inc.

133 S. Pennsylvania Street
Indianapolis, Indiana 46204

Tel: 317-634-8202 TWX: 810-341-3481

Hamilton/Avnet Electronics

485 Gradle Drive

Carmel, Indiana 46032

Tel: 317-844-9333 TWX: 810-260-3966

Pioneer Electronics

6408 Castle Place Drive

Indianapolis, Indiana 46250

Tel: 317-849-7300 TWX: 810-260-1794

Kansas

Hall Mark Electronics

10815 Lakeview Drive

Lenexa, Kansas 66215

Tel: 913-888-4747 TWX: 910-749-6620

Hamilton/Avnet Electronics

9219 Quivira Road

Overland Park, Kansas 66215

Tel: 913-888-8900 TWX: 910-743-0005

Maryland

Hall Mark Electronics

6655 Amberton Drive

Baltimore, Maryland 21227

Tel: 301-796-9300 TWX: 710-862-1942

Hamilton/Avnet Electronics
6822 Oak Hall Lane
..Columbia, Maryland 21045
. Tel: 301-995-3500 TWX: 710-862-1861

Pioneer Electronics

9100 Gaither Road

Gaithersburg, Maryland 20760

Tel: 301-948-0710 TWX: 710-828-9784

Schweber Electronics

9218 Gaither Road

Gaithersburg, Maryland 20760

Tel: 301-840-5900 TWX: 710-828-9749

Massachusetts

Arrow Electronics

Arrow Drive

Woburn, Massachusetts 01801

Tel: 617-933-8130 TWX: 710-392-6770

Gerber Electronics

128 Carnegie Row

Norwood, Massachusetts 02062

Tel: 617-329-2400 TWX: 710-336-1987

Hamilton/Avnet Electronics

50 Tower Office Park

Woburn, Massachusetts 01801

Tel: 617-273-7500 TWX: 710-393-0382

Harvey Electronics

44 Hartwell Avenue

Lexington, Massachusetts 02173

Tel: 617-861-9200 TWX: 710-326-6617

Schweber Electronics

25 Wiggins Avenue

Bedford, Massachusetts 01730

Tel: 617-275-5100 TWX: 710-326-0268

**Sertech Laboratories

1 Peabody Street

Salem, Massachusetts 01970

Tel: 617-745-2450 TWX: 710-347-0223

Michigan

Arrow Electronics

3810 Varsity Drive

Ann Arbor, Michigan 48104

Tel: 313-971-8220 TWX: 810-223-6020

Hamilton/Avnet Electronics

2215 29th Street S.E.

Space A5

Grand Rapids, Michigan 49508

Tel: 616-243-8805 TWX: 810-273-6921

Hamilton/Avnet Electronics

32487 Schoolcraft

Livonia, Michigan 48150

Tel: 313-522-4700 TWX: 810-242-8775

Pioneer Electronics

13485 Stamford

Livonia, Michigan 48150

Tel: 313-5625-1800 TWX: 810-242-3271

Schweber Electronics

12060 Hubbard Avenue

Livonia, Michigan 48150

Tel: 313-525-8100 TWX: 810-242-2983

Minnesota

Arrow Electronics

5230 West 73rd Street

Edina, Minnesota 55435

Tel: 612-830-1800 TWX: 910-576-3125

**This distributor carries Fairchild die products only.

Hamilton/Avnet Electronics

10300 Bren Road East

Minnetonka, Minnesota 55343

Tel: 612-932-0600 TWX: 910-576-2720

Schweber Electronics

7422 Washington Avenue S.

Eden Prairie, Minnesota 55344

Tel: 612-941-5280 TWX: 910-576-3167

Missouri

Hall Mark Electronics

13789 Rider Trail

Earth City, Missouri 63045

Tel: 314-291-5350 TWX: 910-762-0672

Hamilton/Avnet Electronics

13743 Shoreline Court, East

Earth City, Missouri 63045

Tel: 314-344-1200 TWX: 910-762-0684

New Hampshire

Arrow Electronics

1 Perimeter Road

Manchester, New Hampshire 03103
Tel: 603-668-6968 TWX: 710-220-1684

New Jersey

Arrow Electronics

Pleasant Valley Avenue

Moorestown, New Jersey 08057

Tel: 609-235-1900 TWX: 710-897-0829

Arrow Electronics

285 Midland Avenue

Saddle Brook, New Jersey 07662

Tel: 201-797-5800 TWX: 710-988-2206

Hall Mark Electronics

Springdale Business Center

2091 Springdale Road

Cherry Hill, New Jersey 08003 °

Tel: 609-424-0880 TWX: 710-940-0660

Hamilton/Avnet Electronics

10 Industrial Road

Fairfield, New Jersey 07006

Tel: 201-575-3390 TWX: 710-734-4388

Hamilton/Avnet Electronics

#1 Keystone Avenue

Cherry Hill, New Jersey 08003

Tel: 609-424-0100 TWX: 710-940-0262

Harvey Electronics

45 Route 46

Pinebrook, New Jersey 07058

Tel: 201-575-3510 TWX: 710-734-4382

Schweber Electronics

18 Madison Road

Fairfield, New Jersey 07006

Tel: 201-227-7880 TWX: 710-734-4305

Sterling Electronics

774 Pfeiffer Bivd.

Perth Amboy, New Jersey 08861
Tel: 201-442-8000 Telex: 138-679

New Mexico

Arrow Electronics

2460 Alamo Avenue S.E.
Albuquerque, New Mexico 87106

Tel: 505-243-4566 TWX: 910-989-1679
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Bell Industries North Carolina Pioneer Electronics

11728 Linn Avenue N.E. Arrow Electronics 261 Gibraltar Road

Albuquerque, New Mexico 87123
Tel: 505-292-2700 TWX: 910-989-0625

Hamilton/Avnet Electronics

2524 Baylor Drive, S.E.

Albuquerque, New Mexico 87106
Tel: 505-765-1500 TWX: 910-989-0614

New York

Arrow Electronics

900 Broadhollow Road
Farmingdale, New York 11735

Tel: 516-694-6800

TWX: 510-224-6155 & 510-224-6126

Arrow Electronics

20 Oser Avenue

Hauppauge, New York 11787

Tel: 516-231-1000 TWX: 510-227-6623

Arrow Electronics

P.O. Box 370

7705 Maltlage Drive

Liverpool, New York 13088

Tel: 315-652-1000 TWX: 710-545-0230

Components Plus, Inc.

40 Oser Avenue

Hauppauge, New York 11787

Tel: 516-231-9200 TWX: 510-227-9869

Hamiiton/Avnet Electronics

5 Hub Drive

Melville, New York 11746

Tel: 516-454-6000 TWX: 510-224-6166

Hamilton/Avnet Electronics

333 Metro Park

Rochester, New York 14623

Tel: 716-475-9130 TWX: 510-253-5470

Hamilton/Avnet Electronics

16 Corporate Circle

E. Syracuse, New York 13057

Tel: 315-437-2642 TWX: 710-541-1560

Harvey Electronics
(mailing address)

P.O. Box 1208

Binghampton, New York 13902
(shipping address)

1911 Vestal Parkway East

Vestal, New York 13850

Tel: 607-748-8211 TWX: 510-252-0893

Harvey Electronics

60 Crossways Park West

Woodbury, New York 11797
-Tel: 516-921-8920 TWX: 510-221-2184

Schweber Electronics

Jericho Turnpike

Westbury, L.I., New York 11590

Tel: 516-334-7474 TWX: 510-222-3660

Summit Distributors, Inc.

916 Main Street

Buffalo, New York 14202

Tel: 716-884-3450 TWX: 710-522-1692

938 Burke Street
Winston Salem, North Carolina 27102
Tel: 919-725-8711 TWX: 510-931-3169

Hall Mark Electronics

5237 North Bivd.

Raleigh, North Carolina 27604

Tel: 919-872-0712 TWX: 510-928-1831

Hamilton/Avnet Electronics

2803 Industrial Drive

Raleigh, North Carolina 27609

Tel: 919-829-8030 TWX: 510-928-1836

Pioneer Electronics

103 Industrial Drive

Greensboro, North Carolina 27406
Tel: 919-273-4441 TWX: 510-925-1114

Ohio

Arrow Electronics

7620 McEwen Road

Centerville, Ohio 45459

Tel: 513-435-5563 TWX: 810-459-1611

Arrow Electronics

6238 Cochran Road

Solon, Ohio 44139

Tel: 216-248-3990 TWX: 810-427-9409

Hamilton/Avnet Electronics

954 Senate Drive

Dayton, Ohio 45459

Tel: 513-433-0610 TWX: 810-450-2531

Hamilton/Avnet Electronics

4588 Emery Industrial Parkway
Warrensville Heights, Ohio 44128

Tel: 216-831-3500 TWX: 810-427-9452

Pioneer Electronics

4800 E. 131st Street

Cleveland, Ohio 44105

Tel: 216-587-3600 TWX: 810-422-2211

Pioneer Electronics

4433 Interpoint Bivd.

Dayton, Ohio 45424

Tel: 513-236-9900 TWX: 810-459-1622

Schweber Electronics

23880 Commerce Park Road
Beachwood, Ohio 44122

Tel: 216-464-2970 TWX: 810-427-9441

Oklahoma

Hall Mark Electronics

5460 S. 103rd East Avenue

Tulsa, Oklahoma 74145

Tel: 918-665-3200 TWX: 910-845-2290

Oregon

Hamilton/Avnet Electronics

6024 S.W. Jean Road

Building C, Suite 10

Lake Oswego, Oregon 97034

Tel: 503-635-8157 TWX: 910-455-8179

Pennsylvania

Arrow Electronics

650 Seco Road

Monroeville, Pennsyivania 15146

Tel: 412-856-7000 TWX: 710-797-3894

9-5

Horsham, Pennsylvania 19044
Tel: 215-674-4000 TWX: 510-665-6778

Pioneer Electronics

259 Kappa Drive

Pittsburgh, Pennsylvania 15238

Tel: 412-782-2300 TWX: 710-795-3122

Schweber Electronics

101 Rock Road

Horsham, Pennsylvania 19044

Tel: 215-441-0600 TWX: 510-665-6540

Texas

Arrow Electronics

13715 Gamma Road

Dallas, Texas 75234

Tel: 214-386-7500 TWX: 910-860-5377

Arrow Electronics

10700 Corporate Drive, Suite 100
Stafford, Texas 77477

Tel: 713-491-4100 TWX: 910-880-4439

Hall Mark Electronics

12211 Technology Bivd.

Austin, Texas 78759

Tel: 512-258-8848 TWX: 910-874-2031

Hall Mark Electronics

11333 Page Mill Drive

Dallas, Texas 75243

Tel: 214-343-5000 TWX: 910-867-4721

Hall Mark Electronics

8000 Westglen

Houston, Texas 77063

Tel: 713-781-6100 TWX: 910-881-2711

Hamilton/Avnet Electronics

2401 Ruttand Drive

Austin, Texas 78758

Tel: 512-837-8911 TWX: 910-874-1319

Hamilton/Avnet Electronics

8750 Westpark

Houston, Texas 77063

Tel: 713-780-1771 TWX: 910-881-5523

Hamilton/Avnet Electronics

2111 W. Walnut Hill Lane

Irving, Texas 75062

Tel: 214-659-4111 TWX: 910-860-5929

Schweber Electronics

4202 Beltway Drive

Dallas, Texas 75234

Tel: 214-661-5010 TWX: 910-860-5493

Schweber Electronics

10625 Richmond, Suite 100

Houston, Texas 77042

Tel: 713-784-3600 TWX: 910-881-4836

Sterling Electronics

4201 Southwest Freeway

Houston, Texas 77027

Tel: 713-627-9800 TWX: 910-881-5042
Telex: STELECO HOUA 77-5299
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Utah Canada

Bell Industries Future Electronics Inc.

3639 West 2150 South 4800 Dufferin Street

Salt Lake City, Utah 84120
Tel: 801-972-6969 TWX: 910-925-5686

Hamilton/Avnet Electronics

1585 West 2100 South

Salt Lake City, Utah 04119

Tel: 801-972-2800 TWX: 910-925-4018

Washington

Arrow Electronics

14320 N.E. 21st Street

Bellevue, Washington 98005

Tel: 206-643-4800 TWX: 910-443-3033

Hamilton/Avnet Electronics

14212 N.E. 21st Street

Bellevue, Washington 98005

Tel: 206-453-5844 TWX: 910-443-2469

Radar Electronic Co., Inc.

168 Western Avenue W.

Seattle, Washington 98119

Tel: 206-282-2511 TWX: 910-444-2052

Wyle Distribution Group

1750 132nd Avenue N.E.

Bellevue, Washington 98005

Tel: 206-453-8300 TWX: 910-443-2526

Wisconsin

Hall Mark Electronics

9657 South 20th Street
Oakcreek, Wisconsin 53154
Tel: 414-761-3000

Hamilton/Avnet Electronics
2975 South Moorland Road
New Berlin, Wisconsin 53151

Tel: 414-784-4510 TWX: 910-262-1182 .-

Downsview, Ontario, M3H 5S8, Canada
Tel: 416-663-5563

Future Electronics Inc.

Baxter Center

1050 Baxter Road

Ottawa, Ontario, K2C 3P2, Canada
Tel: 613-820-8313

Future Electronics Inc.
237 Hymus Blvd.

Pointe Clare (Montreal), Quebec, HIR 5C7, Canada

Tel: 514-694-7710 TWX: 610-421-3251

"Hamilton/Avnet Canada Ltd.

6845 Rexwood Road, Units 3-4-5
Mississauga, Ontario, L4V 1R2, Canada
Tel: 416-677-7432 TWX: 610-492-8867

Hamilton/Avnet Canada Ltd.

210 Colonnade Road

Nepean, Ontario, K2E 7L5, Canada
Tel: 613-226-1700 Telex: 0534-971

Hamilton/Avnet Canada Ltd.

2670 Sabourin Street

St. Laurent, Quebec, H4S 1M2, Canada
Tel: 514-331-6443 TWX: 610-421-3731

Semad Electronics Ltd.

620 Meloche Avenue

Dorval, Quebec, HOP 2P4, Canada
Tel: 604-299-8866 TWX: 610-422-3048

Semad Electronics Ltd.

105 Brisbane Avenue

Downsview, Ontario, M3J 2K6, Canada
Tel: 416-663-5670 TWX: 610-492-1337

Semad Electronics Ltd.

864 Lady Ellen Place

Ottawa, Ontario K1Z 5M2, Canada
Tel: 613-722-6571 TWX: 610-562-1923
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Alabama lowa North Carolina
Huntsville Office Cedar Rapids Office Raleigh Office

500 Wynn Drive, Suite 511
Huntsville, Alabama 35805
Tel: 205-837-8960

Arizona

Phoenix Office

2255 West Northern Road, Suite B112
Phoenix, Arizona 85021

Tel: 602-864-1000 TWX: 910-951-1544

California

Los Angeles Office*

Crocker Bank Bldg.

15760 Ventura Blvd., Suite 1027
Encino, California 91436

Tel: 213-890-9800 TWX: 910-495-1776

San Diego Office*
4355 Ruffin Road, Suite 100
San Diego, California 92123
Tel: 714-560-1332

Santa Ana Office*

1570 Brookhollow Drive, Suite 206
Santa Ana, California 92705

Tel: 714-557-7350 TWX: 910-595-1109

Santa Clara Office*

3333 Bowers Avenue, Suite 299
Santa Clara, California 95051

Tel: 408-987-9530 TWX: 910-338-0241

Colorado

Denver Office

7200 East Hampden Avenue, Suite 206
Denver, Colorado 80224

Tel: 303-758-7924

Connecticut

Danbury Office

250 Pomeroy Avenue
Meriden, Connecticut 06450
Tel: 203-634-8722

Florida

Ft. Lauderdale Office

Executive Plaza, Suite 112

1001 Northwest 62nd Street

Ft. Lauderdale, Florida 33309

Tel: 305-771-0320 TWX: 510-955-4098

Orlando Office*

Crane’s Roost Office Park

399 Whooping Loop

Altamonte Springs, Florida 32701

Tel: 305-834-7000 TWX: 810-850-0152

Georgia

Norcross Office

3220 Pointe Parkway, Suite 1200
Norcross, Georgia 30092

Tel: 404-441-2730 TWX: 810-766-4952

lllinois

Itasca Office

500 Park Bivd., Suite 575
Itasca, lllinois 60143

Tel: 312-773-3300

*Field Application Engineer

373 Collin Road N.E., Suite 200
Cedar Rapids, lowa 52402
Tel: 319-395-0090

Indiana

Indianapolis Office

7202 N. Shadeland, Room 205

Castle Point

Indianapolis, Indiana 46250

Tel: 317-849-5412 TWX: 810-260-1793

Kansas

Kansas City Office

8600 West 110th Street, Suite 209
Overland Park, Kansas 66210
Tel: 913-649-3974

Maryland

Columbia Office

1000 Century Plaza, Suite 225
Columbia, Maryland 21044

Tel: 301-730-1510 TWX: 710-826-9654

Massachusetts

Framingham Office

5 Speen Street

Framingham, Massachusetts 01701
Tel: 617-872-4900 TWX: 710-380-0599

Michigan

Detroit Office*

21999 Farmington Road

Farmington Hills, Michigan 48024
Tel: 313-478-7400 TWX: 810-242-2973

Minnesota

Minneapolis Office*

4570 West 77th Street, Room 356
Minneapolis, Minnesota 55435

Tel: 612-835-3322 TWX: 910-576-2944

New Jersey

New Jersey Office
Vreeland Plaza

41 Vreeland Avenue
Totowa, New Jersey 07511
Tel: 201-256-9006

New Mexico

Albuquerque Office

North Building

2900 Louisiana N.E. South G2
Albuquerque, New Mexico 87110

Tel: 505-884-5601 TWX: 910-379-6435

New York

Fairport Office

815 Ayrault Road
Fairport, New York 14450
Tel: 716-223-7700

Melville Office

275 Broadhollow Road, Suite 219
Melville, New York 11747

Tel: 516-293-2900

Poughkeepsie Office

19 Davis Avenue

Poughkeepsie, New York 12603

Tel: 914-473-5730 TWX: 510-248-0030
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1100 Navaho Drive, Suite 112
Raleigh, North Carolina 27609
Tel: 919-876-9643

Ohio

Cleveland Office

6133 Rockside Road, Suite 407
Cleveland, Ohio 44131

Tel: 216-447-9700

Dayton Office

5045 North Main Street, Suite 105
Dayton, Ohio 45414

Tel: 513-278-8278

Oklahoma

Tulsa Office

9810 East 42nd Street, Suite 127
Tulsa, Oklahoma 74145

Tel: 918-627-1591

Oregon

Portiand Office

8196 S.W. Hall Bivd., Suite 328
Beaverton, Oregon 97005

Tel: 503-641-7871 TWX: 910-467-7842

Pennsylivania

Philadelphia Office*

2500 Office Center

2500 Maryland Road

Willow Grove, Pennsylvania 19090
Tel: 215-657-2711

Tennessee

Knoxville Office

Executive Square Il

9051 Executive Park Drive, Suite 502
Knoxville, Tennessee 37923

Tel: 615-691-4011

Texas

Austin Office

8240 Mopac Expressway, Suite 270
Austin, Texas 78759

Tel: 512-346-3990

Dallas Office

1702 North Collins Street, Suite 101
Richardson, Texas 75081

Tel: 214-234-3391

Houston Office

9896 Bissonnet-2,, Suite 595

Houston, Texas 77036

Tel: 713-771-3547 TWX: 910-881-8278

Canada

Toronto Regional Office

2375 Steeles Avenue West, Suite 203
Downsview, Ontario M3J 3A8, Canada
Tel: 416-665-5903 TWX: 610-491-1283



Fairchild Sales International
Semiconductor Offices

Australlia Japan

Fairchild Australia Pty Ltd. Fairchild Japan Corporation

Suite 1, First Floor Pola Bldg.

366 White Horse Road
Nunawading, Victoria 3131
Tel: 3-877-5444 Telex: 36496

Austria and Eastern Europe
Fairchild Electronics

A-1010 Wien

Schwedenplatz 2

Tel: 0222 635821 Telex: 75096

Benelux

Fairchild Semiconductor
Ruysdaelbaan 35

5613 Dx Eindhoven

The Netherlands

Tel: 00-31-40-446909 Telex: 00-1451024

Brazil

Fairchild Semiconductores Ltda.
Caixa Postal 30407

Rua Alagoas, 663

01242 Sao Paulo, Brazil

Tel: 66-9092 Telex: 011-23831
Cable: FAIRLEC

France

Fairchild Camera & Instrument S.A.
121, Avenue d'ltalie

75013 Paris, France

Tel: 331-584-55 66

Telex: 0042 200614 or 260937

Germany

Fairchild Camera and Instrument GmBH
Daimlerstrasse 15

8046 Garching Hochbruck

Munich, Germany

Tel: (089) 320031 Telex: 52 4831 fair d

Fairchild Camera and Instrument GmBH
Oeltzenstrasse 15

3000 Hannover

W. Germany

Tel: 0511 17844 Telex: 09 22922

Fairchild Camera and Instrument GmBH
Poststrasse 37

7251 Leonberg

W. Germany

Tel: 07152 41026 Telex: 07 245711

Hong Kong

Fairchild Semiconductor Products
135 Hoi Bun Road

Kwun Tong

Kowloon, Hong Kong

Tel: 3-440233 Telex: 11780-73531

Italy

Fairchild Semiconducttori, S.P.A.

Via Flamenia Vecchia 653

00191 Roma, italy

Tel: 06 327 4006 Telex: 63046 (FAIR ROM)

Fairchild Semiconducttori S.P.A.
Viale Corsica 7

20133 Milano, Italy

Tel: 296001-5 Telex: 843-330522

1-15-21, Shibuva
Shibuya-Ku, Tokyo 150, Japan
Tel: 03 400 8351 Telex: 242173

Fairchild Japan Corporation
Yotsubashi Chuo Bldg.
1-4-26, Shinmachi

Nishi-Ku, Osaka 550, Japan
Tel: 06-541-6138/9

Korea

Fairchild Semiconductor Korea Ltd.
11th Floor, Life Bldg.

1-1042, Yuido, Young Dong

Po-Ku, Seoul, Korea

Tel: 783-3795 Telex: FAIRKOR 22705

(mailing address)
Central P.O. Box 2806

Mexico

Fairchild Mexicana S.A.

Blvd. Adolofo Lopez Mateos No. 163
Mexico 19, D.F.

Tel: 905-563-5411 Telex: 017-71-038

Scandinavia

Fairchild Semiconductor AB
Svartengsgatan 6

S$-11620 Stockholm

Sweden

Tel: 8-449255 Telex: 17759

Singapore

Fairchild Semiconductor Pty. Ltd.
101-B Block 1, Boon Keng Road
Kallang Basin, Singapore 1233

Taiwan

Fairchild Semiconductor Ltd.
Hsietsu Bldg., Room 502

47 Chung Shan North Road
Sec. 3 Taipei, Taiwan

Tel: 573205 thru 573207

United Kingdom

Fairchild Camera and Instrument Ltd.
Semiconductor Division

230 High Street

Potters Bar

Hertfordshire EN6 5BU

England

Tel: 0707 51111 Telex: 262835

Fairchild Semiconductor Ltd.

17 Victoria Street

Craigshill

Livingston

West Lothian, Scotland-EH54 5BG

Tel: Livingston 0506 32891 Telex: 72629

GEC-Fairchild Ltd.

Chester High Road

Neston

South Wirral L64 3UE
Cheshire, England

Tel: 051-336-3975 Telex: 629701
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A Schlumberger Company

Fairchild reserves the right to make changes In the circuitry or specifi
cations in this book at any time without notice. Manufactured under
one of the following U.S. Patents: 2981877, 3015048, 3064167, 3108359,
3117260, other patents pending. Fairchild cannot assume responsibility
for use of any circuitry described other than circuitry entirely embodied
in a Fairchild product. No other circuit patent licenses are implied
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