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Preface

As every electronics engineer knows, there's more to
designing a circuit or a system than just coming up with a
circuit diagram and plugging in components of the right
value. Engineering a product that works entails a whole
raft of assoclated techniques—making measurements,
interpreting data, making calculations, choosing materials,
controlling environment, laying out and packaging the
right components, and interconnecting them swiftly and
without error. All of these steps take time and money —the
two traditional enemies of engineers trying to make a
contractual deadline or answer a marketing department’s
cry for help.

This book is intended to help electronics engineers save
time and money in accomplishing the many adjunct tasks
that comprise design. It is a compilation of articles from
Engineer's Notebook, a regular and highly popular feature
in Electronics magazine. There are 48 chapters containing
293 articles with a wealth of valuable tips that can shorten
design time, increase engineering productivity, and free
engineers from routine tasks for more creative work. It
takes a how-to approach that is generously illustrated with
charts, diagrams, calculator programs, tables and nomo-
grams.

Representing the accumulated experience of hundreds
of design engineers, this volume is an invaluable resource
that can be called upon again and again.



1. Easy steps to printed circuit boards

Ribbon cable makes coils
for printed-circuit boards

by Jim Edrington and F.E. Hinkle Jr.
Applied Research Laboratories, University of Texas at Austin

A microhenry inductor loop made from flexible ribbon
cable is easy to mount on printed-circuit boards, and its
inductance value is easy to control. This loop is a cross
between the familiar wire-coil inductor and a printed-
circuit inductor. Since the ribbon-cable loop is three-di-
mensional, a larger amount of inductance is possible for
a given area than a printed-circuit coil can provide.
Moreover, the ribbon inductor is much easier to manu-
facture and control than the usual wire-coil inductor.

Figure 1 illustrates the technique of bending the flex-
ible cable into a semicircle and soldering the ends into a
pc board so that the conductors interconnect to form a
multiturn coil with a “D” cross section.

The inductance of a “D” cross-section coil may be
calculated from the formula for a circular coil, with the

|l

T e
N

5 INDIVIDUAL
CONDUCTORS

BOTTOM VIEW,
PC-BOARD LAYOUT

1. Loops good. Flexible ribbon cable is mounted on printed-circuit
board, with individual conductors cross-connected in series, to form
an inductance coil. One loop can be nested inside another to form a
transtormer, and individual turns of the loop can be tapped. These
coils have the amounts of inductance needed for rf tuning.
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2. Sizing it up. Definitions of dimensions used in text are illustrated.
A given ribbon has a fixed number of conductors per inch of ribbon
width (coil length), so n and | are equivalent quantities.

effective radius of the “D” coil substituted for the actual
radius of a circle. For a single-layer n-turn circular coil
with radius a and length 1, the inductance in micro-
henries is

L = n%2a?/(9a+10l)

where a and | are in inches.

For a “D” coil with the dimensions shown in Fig. 2,
the effective circumference, C, is the length of the rib-
bon cable, B, plus the pc-board spacing, S. The effective
radius can be calculated from

rew = C/27 = (B+S)/2n

Thus, the inductance in microhenries of the coil made
with ribbon cable is

L = n2[(B+5)/27R/[9(B+S)/2= + 10]]

where all dimensions are in inches.

The measured and calculated inductances of an ac-
tual “D” coil are plotted versus the length (1) of the coil
in Fig. 3. The coil for this test was made of a 2-inch
length of Ansley Flexstrip with a pc-board spacing of
1.75 in. With 10 conductive strips per inch, the Flexstrip
forms a coil with 10 turns per inch. The calculated val-
ues of inductance proved to be close to the measured
values over a range of coil lengths from 0.5 to 3.0 in.
(n= 5ton = 30).

Since flexible cable of this type can be purchased in
precut sizes, the manufacture of highly repeatable in-
ductors can be simplified. An impedance transformer
can be made by adding a second coil inside the first. A

10 TURNS/IN.Q B=2IN.

s,.

MEASURED

x
-
w
Q
=
<
—
o
=
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1.0 1.5
LENGTH OF COIL_£(IN.)

3. Microhenries. Inductance of ribbon-cable inductor is shown as a
function of coil length, I. Since ribbon has 10 conductors per inch ot
width (coil length), abscissa represents 0 to 25 turns.



multiple tapped inductor is easily formed by bringing
out any of the turns on the printed-circuit board. Since
every turn is terminated on the board, other electrical

components may be wired with the coil. For example,
capacitors may be paralleled with the coil to form tuned
rf circuits. a

Etching your own pc boards
quickly and accurately

by Herman Levin and G. Thomas Oppenheimer
Colorado State University, Fort Collins, Colo.

Putting together an efficient etching tank for laboratory
or prototype production of printed circuits is relatively
simple. There’s no need to buy a commercial kit for a
tank that will require constant stirring and either takes
at least half an hour to etch one board or, if large
enough to work faster and ensure no undercutting, be-
comes very costly.

This froth etcher is designed for fast turnaround of
both single- and double-sided boards on which fine res-
olution is also important. It produces uniformly etched
pc boards in about four minutes with very little under-
cutting. As a bonus, the process automatically aerates
the etchant, greatly extending its life.

Constructing the etcher is quite simple. All that you
need is a heat-resistant glass dish with cover, a tung-
sten-carbide hacksaw blade for notching the dish cover,
some two-part epoxy adhesive, a holder for the boards
being processed, three ceramic aquarium aerators, some
rubber air tubes for holders, and a thermometer. You
cement the aerators to the bottom of the glass dish, and

Observing the etching process is easily done by lifting the heat-
resistant glass etcher cover to which the printed-circuit board is at-
tached. Before the cover is removed, the air supply must be turned
off to prevent any spattering of the etchant.
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a quick-change pc-board holder to the cover. Then you
cement the thermometer and tube holders to the side of
the dish and notch the cover to provide egress for them.
Mix up a batch of ferric chloride in a concentration of
1% pounds of FeCl to every quart of water at a tem-
perature between 100°F and 110°F, and you’re ready to
start etching.
To etch, you simply:

® Place the etcher on a hot plate and fill it with etchant
to a level that just reaches the bottom of the copper-clad
pe board.

s Heat the etchant to its lower operating temperature

The continuous air flow through the aerators creates a surface
froth that scrubs the board with constantly agitated etchant. The slid-
ing clamp holder which is attached to the cover dish permits rapid in-
sertion or reversal of the printed-circuit board.

Aquarium aerators are cemented into the bottom of the heat-
resistant dish, along with sections of plastic tubing to support the
rubber tubing and thermometer. The tubes are connected by T-fit-
tings to a singie tube connected to the main air supply.



Plexiglass holder clamps grip the edge of the pc board, assuring
uniform etch of the entire surface. One clamp is threaded and fitted
with a nylon screw to accommodate boards of various sizes. A rub-
ber band around the clamps provides tension.

(100°F) and turn the hot plate off.

® Place the board to be etched in the holder, cover the
dish, and turn the air supply on, adjusting it to create a
continuing vigorous froth over the total surface of the
etchant.

® After a few minutes—anything from three and a half
to eight minutes, depending on the freshness of solu-
tion—inspect the board, if you want to, by raising the
cover (the air supply must be turned off first to prevent

PLEXIGLASS
BLOCK —_

PLEXIGLASS HOLDER
CLAMPS {ONE FIXED;
ONE MOVEABLE)

RUBBER
BAND

splattering of the etchant).

This system is also easily adapted to etching outsized
boards that don’t fit the glass dish. For these, you re-
place the glass dish with a covered polystryene box, of a
type sold for household storage. You then place the et-
chant container in very hot water, so as to heat the et-
chant before pouring it into the etcher. The etchant, of
course, could be used at room temperature at some sac-
rifice in speed. ]

Soluble masks protect
pc boards from solder

by H. G. Peters and K. Romano
1BM Corp., Owego, N.Y.

Two kinds of water-soluble solder masks can, when ap-
plied to a circuit board before wave-soldering, keep sol-
der out of plated-through holes. These holes must be
kept open to permit dry components—thermally sensi-
tive electrical devices—to be hand-soldered to the circuit
board after the wave-soldering operation. Most previ-
ously known solder-mask or resist materials must be re-
moved with solvent cleaning, which is expensive, or
they leave questionable residues that impede hand-sol-
dering. (Although a fluffy white residue appears when
one of the two new materials is applied in excess, if
allowed to dry for several days, it is easily brushed or
blown off.)

Water-soluble masks are also useful for protecting
large tab areas or other large areas of copper that are
not to be soldered. Masking prevents solder from bridg-
ing between circuit lines on a printed-circuit board,
even when hand-soldering or non-wet components are
not involved. And, when parts of a board are to be

coated with something, water-soluble masks can protect
the areas that are not to be coated when the coating it-
self is not water-soluble; otherwise its application would
wash off the mask material.

However, water-soluble masks do not work well on
tin-lead plated parts, especially when large areas have
to be masked, because the alloy reflows and lifts the
mask from the circuit board.

The two new materials are based on sodium silicate
and gum arabic, or acacia, both in water solution and
both with small quantities of other materials added.
The materials have different characteristics and react
differently in any production process. However, both
meet the primary objective—to prevent solder from wet-
ting the masked areas, whether soldered as soon as the
mask has dried, or days or weeks later. And neither ma-
terial hampers any subsequent production process, nor
permits solder reflow, which could cause bridging be-
tween masked circuit lines.

Like most other water-soluble masking materials, the
new ones meet current regulations of the U.S. Occupa-
tional Safety and Health Administration and state
agencies; they are, in fact, pollution-free. Even if large
quantities of mask materials were accidentally spilled,
no pollution limits would be exceeded because all of the
ingredients have extremely high tolerance levels in
waste water. They are also relatively nontoxic; contin-
ued exposure of production workers to either of the two

3



Mask-maker. Brushing and screening are two of several methods by which new water-sol-
uble masking materials can be applied to printed-circuit boards. The materials keep solder
away from selected areas as the board moves through a wave-solder machine.

materials has no serious or long-lasting effects.

A good solder mask must be pliable to permit normal
handling after masking, and it must adhere to the sub-
strate throughout any subsequent processing steps. In
previous evaluations of gum arabic as a masking mate-
rial, it has adhered poorly after extended shelf life.
However, the new formulation contains a humectant—a
substance such as ethylene glycol—that promotes mois-
ture retention, so that there is no loss of adhesion from
physical abuse, from successive mechanical handling
processes after masking, or from extended exposure to
temperatures as high as 150°F.

The new water-soluble masks can be left on the sur-
face for several months at ambient or elevated tempera-
tures without corroding, as some materials do. Further-
more, they actually improve the insulation-resistance,
which on a series of test boards averaged an order of
magnitude higher than on boards made with the 1BM
standard mask. The lower resistance encountered with
the standard mask—still well up in the thousands or

4

even millions of megohms—is
caused by minute traces of the mask
material, too small to affect solder-
ing, but nevertheless sufficient to es-
tablish a tiny current path.

The constituents of both mate-
rials, which can be purchased from
any chemical supply house at a low
price, are easily mixed in a labora-
tory. The total costs will depend on
production levels, mask-preparation
time, and operator technique.

Water-soluble masks can be ap-
plied by any of several methods,
such as by brushing, spraying, dip-
ping, or screening. All application
methods are relatively simple. How-
ever, when the gum-arabic mask is
silk-screened, long fine strings or
webs of material sometimes form
when the screen is lifted off the sub-
strate. As these webs break and fall
to the substrate, they mask areas
that should not be masked. This
webbing apparently occurs only
with samples of gum that have nor
been stored for a long time in a
warehouse; natural aging of the
gum eliminates the webbing,.

Accelerated aging—heating at
75°C for one week—gives the same
effect by driving off interstitial or
bound water from the gum mole-
cules. If a gum of any age is aged
further by heating, a mask material
made from it leaves no web. Web-
bing is also eliminated immediately
by adding a small amount of potas-
sium chloride to gum of any age;
the chloride eliminates the forces
that cause webbing. Because chlo-
ride addition is minimal, negligible
residues are left after mask removal.

The mask material must not dry while being applied,
but, once on the substrate, the film must dry quickly to
prevent flow of material into non-masked areas. Gum
arabic in water solution satisfies these requirements, but
sodium silicate, if dried too fast, leaves a residue after
soldering and cleaning. Adding a humectant to the
mask formulation makes it dry to a non-flowing tacky
film in three to five minutes and dry completely within
10 minutes.

Water-soluble masks can be used effectively on
plated-through holes as large as 0.25 inch in diameter,
small and large surface areas, and even large tinned
surfaces, although the tin should be precleaned to in-
crease adhesion. The masks can be adapted to nearly
any production process by varying the chemical con-
stituents of the material.



Versatile breadboard
checks out designs quickly

by M.J. Salvati
Sony Corp. of America, Long Island City, N.Y.

At a cost of only around $25, a breadboard system can
be put together that is both versatile and convenient to
use. Nearly any type of component, including inte-
grated circuits and discrete semiconductors, can be in-
terconnected rapidly with ordinary hookup wire. And
since the parts are not soldered and need no special
adaptors, they remain undamaged and can be used
again. The breadboard, of course, can be tailored to suit
specific needs or outfitted with an adjustable power sup-
ply and different connectors for added flexibility.

The heart of the breadboard is its socket, which is
manufactured by El Instruments, Inc. of Derby, Conn.
(A similar socket, which is known as Superstrip, is avail-
able from AP Instruments in Painesville, Ohio.) Al-
though relatively expensive—approximately $17 when
ordered singly—the socket is well worth the investment.

It has 64 rows of plug-in contacts along its length.
Each row contains two groups of contacts, one on either
side of the socket’s midpoint. There are five tie points
for each contact group. Component leads, input and
output wires, and test probes can be simply inserted
into the desired tie point.

Dual in-line packages snap right into the socket be-

1. Basic breadboard. Oscilloscope sweep circuit (on right) can be
rapidly laid out and tested with easy-to-use breadboard. Because
components are plugged in, they can be used again. A circuit can
be breadboarded almost as quickly as it can be drawn.

cause the contact spacing is the same as the pin spacing
of the standard DIPs. Along its lengthwise edges, the
socket has groups of parallel-connected contacts that
serve as power and ground buses. Hookup wire and
component leads can range from AWG #22 to #26.

A basic version of the breadboard is depicted in
Fig. 1, with a design for an oscilloscope sweep circuit al-
ready laid out. The socket is mounted in a minibox on a
3/32-inch-thick Lucite sheet. This increases the separa-
tion between the socket’s contacts and the minibox so
that the breadboard’s capacitance to ground is reduced.

Since the minibox is made of two U-shaped pieces of
aluminum that fit together as a closed box, it completely
shields the circuit being checked and makes it easy to
mount potentiometers, coils, and other components that
are too large to be plugged directly into the socket. Con-
nections to these components are made with 3-inch
lengths of #22 wire having miniature alligator clips at-
tached at one end.

Five binding posts on the back panel are provided for
power input, and several sets of suitable input and out-
put signal connectors are located on the front panel.
Short lengths (2 to 3 inches) of #22 wire are soldered to
the connectors for carrying the signal to and from the
socket. With this arrangement, even many lead changes
or jiggling will not upset the breadboarded circuit.

For the ultimate in breadboarding convenience, two
miniboxes can be fastened together, and the lower
minibox used to house one or more regulated power
supplies, as shown in Fig. 2. This deluxe version, which
costs about $75 to build, offers two sockets, a choice of
supply voltage, and a meter for reading out the level of
the supply voltage. It is built with a pair of miniboxes
measuring 8 by 6 by 3% inches and outfitted front and
back with BNC connectors.

The breadboard has fixed positive and negative 5-
volt supplies, as well as variable positive and negative
supplies that can be adjusted from 9 to 18 v. (The
schematic for these supplies is also shown in Fig. 2.) The
terminals for the regulated voltages are located between
the two sockets, and the meter can be switched between
the two variable supplies. A slide switch at the bottom
of the front panel allows the supplies to be set before
they are applied to the breadboarded circuit.
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Fairchild’s 7800-series voltage regulators are recom-
mended for this application because they are compact,
easy to use, and can handle almost all the power re-
quirements needed by this type of breadboard. More-
over, the internal overload protection of the regulators
is excellent for breadboard purposes.

Naturally, the number and nature of the regulated
voltages should satisfy the user’s most frequent require-
ments. Similarly, the type of input and output connec-
tors, the size and location of the panel holes, and the
number of sockets depend on specific needs. O

2. Super breadboard. A choice of regulated supply voltages gives the breadboard additional flexibility. Here the supply circuit shown is
housed in the bottom minibox. The supply provides fixed +5-volt outputs and variable (from +9 to +18 v) outputs with a meter readout.

VOTAG E S1a +9TO+18 V
REGULATOR (200 mA)

\l;'(;MLETAGE
1.2 kQ

:D— A 20puF

1,000 uF +‘k 1 1.5 kQ

@3V ]
FUSEe 1kQ
1A 1.8 k2

s
VOLTAGE W) Y
15V ‘ :
L > I I REGULATOR. J_ 1o {500 mA)
o+ + 50 uF
0.1 4F
4,000 4F u 6 V)
(16 V)

!
!
|
|
|
|
METER '
0-2V }
|
VoLTASE S8Q_-~ |
. 12kQ N - :
1+ 20uF |
T (25 V) I
1.5 kQ |
) % 1.8 kS s,;L o0 18 v
e (200 mA)
|
) Vourse
e REGQULATOR '
T - ————— — I
| -
i R ¥ s0uF '
4,000 uF S S T 6V) I
(16 V) /[ :, |
¢ -5V
y °J’° (500 mA)

ALL DIODES: SILICON, 1A

RECTIFIER BRIDGES: INTERNATIONAL RECTIFIER 5B4
VOLTAGE REGULATORS: FAIRCHILD uA7805

OP AMPS: 741

S;: 4PDT SWITCH

S,: 2PDT SWITCH




Laminated bus strips
ease pc-board layout

by Ray Jodoin
Rogers Corp., Chandler, Ariz.

Laminated pc-board bus bars can increase the effective
ground-plane area of any two-sided printed-circuit-
board layout and reduce layout time for the circuit. Two
basic types of these bus bars are vertical bus strips (one,
two, or three layers) that mount between rows of inte-
grated circuits, and under-the-DIP strips (two or three
layers) that mount underneath every IC in a row. Both
of these types (shown in the figures) are sold commer-
cially in standard lengths.

In the layout of a two-sided circuit board, one side is
normally dedicated to the ground plane, and the other
side is used for logic interconnections and voltage distri-
bution. The use of a ground plane with any high-speed
system is desirable for several reasons. Because the
ground plane provides a low-inductance path for supply
currents, it helps minimize noise on the power supply
lines. Also, since this configuration of the pc board
minimizes the signal-line impedance, coupling that re-

sults in cross talk is decreased. Moreover, a ground
plane allows signal lines to have a constant character-
istic impedance so that termination techniques can be
used to eliminate ringing,.

With today’s complex integrated circuits, however, it
is difficult to accommodate both signals and voltage
lines within the confines of a single layer; therefore, the
ground plane is sometimes broken up, and short signal
lines, crossovers, and voltage bus are put on the ground-
plane side of the board. As much as 40% of the ground-
plane side of the board can be used for signal lines, but
isolation of large areas of the ground plane must be
avoided to prevent “current crowding” and inductive
problems.

To further conserve space on the board, power can be
distributed by the laminated bus bars. By this technique
a large area of board is freed for line layout, and rout-
ing of lines becomes less complex.

Of course, a ground plane is easily maintained by us-
ing multilayer pc boards, although this approach is in-
evitably more costly and slower to implement than a
system that utilizes a two-sided board. But the use of
bus bars offers several other advantages over the multi-
layer approach:

m Vertical bus strips act as board stiffeners, often elimi-
nating the need for separate mechanical stiffeners.
s Under-the-DIP bus strips offer a large thermal mass

1. ON-boarding the bus. Laminated insulated bus bars save space and simplify layout on printed-circuit boards. Vertical bus strips shown
here mount between rows of integrated circuits and have extra advantage of serving as board stiffeners.



2. Under-the-DIPs. Laminated bus-bar
strips that mount directly under the IC also
provide large thermal mass for heat-sinking.
These off-the-board buses, like those shown
in Fig. 1, are available in a variety of sizes,
shapes, and numbers of layers. They are of
greatest importance in compact high-speed
circuits such as those using ECL ICs.

and act as heat sinks for the integrated circuits.
s Distributed capacitance of up to 1,800 picofarads per
square inch oi bus-conductor area is attainable, thereby
reducing significantly the number of bypass capacitors
required for filtering out high-frequency noise.

Today’s high data rates and fast switching character-
istics make these advantages even more important when
emitter-coupled-logic ICs are used. Two-sided boards
are definitely compatible with ECL systems if proper de-
sign rules are followed. An ECL system performs best in
a terminated-transmission-line environment. This re-
quires the use of a -2.0-volt termination supply (Vrr) in
addition to the -5.2-v Vgg supply. Both voltages can be
distributed on the printed-circuit board by laminated
bus bars.

Series 10,000 ECL can be used with or without a

bus line must be a minimum of 0.1 inch wide per row of
packages and should be pinned out to several connector
pins if an edge connector is used. Vgg should be bused
to pin 8 of each device (pin 12 of a 24-pin package).
Each device should be bypassed between Vcc and Vgg
with a low-inductance 0.01-microfarad capacitor. To
minimize ringing, logic-line interconnects should not be
longer than 6 inches.

When a ground plane is used, it should be pinned to
every seventh connector of the edge connector (if any).
Vie should be bused to pin 8 of each device (pin 12 of a
24-pin package). A low-inductance 0.01-pF bypass ca-
pacitor should be provided for every two to six devices.
Keep logic line interconnects to six inches or less for un-
terminated lines. A 510-ohm resistor to the Vgg bus
should be used. For best results, eliminate ringing with

ground plane. When there is no ground plane, the Vcc  a terminated -2-V transmission-line system. O
DVM locates short circuit ciRculT GROUND PLANE

\ iC / A

on wired circuit board

by Richard A. Rosner
Perkin-Elimer Corp.. Danbury, Conn.

A microvoltmeter or digital voltmeter can be a great
time saver in finding a short circuit on a circuit board
that is wired with a large number of integrated circuits
and bypass capacitors. The situation arises when the
engineer sets his bench power supply to the proper Vec
voltage, plugs in the board, and watches the voltmeter
drop to zero while the ammeter reads full current at the
current-limiter value—the Ve supply is shorted to

ground.
If visual inspection does not reveal the short and none

V3>V >V,

\ Vee PLANE

1. Short subject. A short circuit between the power and ground
planes at point C causes currents to flow along the ground plane to
point A. Since equipotentials have highest values near point C, a
probe that measures voltages on the ground plane relative to point A
indicates the location of the short.
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2. Look here. On this circuit card, signals are carried by 600 wrapped wires above the ground-plane side of the board. A short circuit
from an IC pin to the ground plane at point C was located by measuring ground-plane voltages (shown in millivolts) relative to the negative
supply connection at point A. The positive side of the supply is connected to the power plane below point B.

of the 1cs feels hot to the touch, measurement of the
potential between the power-supply ground connection
and other points on the ground plane will indicate the
location of the short-circuit point in a few minutes.
This technique is effective because a potential differ-
ence of several millivolts can exist from one end of the
ground plane to the other as current flows through it. If
current enters the ground plane at the location of the

short circuit and leaves at the power-supply return, as
shown in Fig. 1, the voltage difference is greatest
between these two points.

Figure 2 shows the voltages measured at several points
on part of a shorted board. The short turned out to have
been caused by a 0.5-millimeter ball of solder splatter
that was held in place (and out of view) by a bundle of
wires.




Liquid crystals isolate
electrical short circuits

by Roger Anderson
Honeywell Information Systems, San Liego, Calf.

Isolating a short circuit on a circuit board or back
panel is relatively simple when only single-circuit paths
are involved. But it grows progressively more difficult as
the number of common voltage and ground paths is in-
creased.

Surprisingly, encapsulated liquid crystals can greatly
simplify finding short circuits in this situation. Besides
saving money and parts, testing with liquid crystals can
also significantly reduce trouble-shooting time. Other
techniques for isolating electrical shorts call for unsol-
dering or clipping component leads, or increasing the
current through the unit being tested until a hot spot or
smoke is detected.

Sheets of encapsulated liquid crystals have been used
successfully to detect: solder bridges on printed-circuit
and wire-wrapped boards; wire shorts on wire-wrapped
boards and back panels; internal shorts of such compo-
nents as capacitors and delay lines; and internal shorts
on multilayer boards from a pin to an etch, from a pin
to a voltage or ground bus, and from one etch to an-
other etch. Encapsulated liquid crystals can also be used
for detecting shorts in cables or harnesses, or wherever
multiple- or common-circuit paths exist.

Liquid crystals are usually derivatives of cholesterol
that exhibit the mechanical properties of a liquid and
certain optical properties of a solid. They have a rather
unusual characteristic—the capacity to reflect different
wavelengths of light with variations in temperature so
that they visibly change color. Liquid crystals have a re-
producible color range within specified temperature
limits.

Since the colors are derived from scattered incident
light, they are most visible when observed against a
dark background, like black ink. The black ink can ab-
sorb any light transmitted through the liquid crystals
and allows the selectively (determined by temperature)
reflected light to be viewed.

Encapsulated liquid crystals can be supplied as Mylar
sheets, and the colors can be seen through the Mylar.

(The capsules containing the liquid crystals are actually
too small, between 20 and 40 micrometers in diameter,
to be seen with the naked eye.)

The sheets have very definite temperature and color
ranges, as shown by the graph in the figure. These par-
ticular sheets can be bought from Edmund Scientific
Co., Barrington, N.J.

All the liquid-crystal sheets exhibit the total spectrum
of colors as temperature changes. Blue colors are associ-
ated with warmer temperatures, reds with cooler. Be-
cause the colors result from scattered (reflected) inci-
dent light, they will be more intense if a bright light
source is used. The number 500274 sheet is best for in-
dicating electrical shorts because it produces a bright
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Sample lot. Every sheet of encapsulated liquid crystals has its own
color response over a given temperature range. The sheets shown
here are sold by Edmund Scientific. The one numbered 500274 is a
good choice for isolating electrical short circuits.

Making shorts colortful. In left photo, a bright blue spot of the liquid-crystal sheet pinpoints a shorted capacitor on a wire-wrapped circuit
board. In the right-hand picture, a shorted wire traces its own path as a blue streak of color across the liquid crystals.

{CPPEETEFRRECERTRY )




blue spot that shows up well against a dark brown back-
ground at the start.

The liquid-crystal sheet must be placed directly on
the circuit under test. The closer the liquid crystals are
to the faulty part, the more readily the short will be de-
tected. To locate faults in hard-to-reach places, the
sheet can be cut into narrow strips that are laid directly
on the suspect components.

By carefully controlling the amount of current ap-
plied to the circuit, it’s possible to locate the short with-
out damaging wires or good components. The current
flow is concentrated through the shorted device and/or

path, and the liquid-crystal sheet changes color pre-
cisely at the location of the short because of the heat the
short generates, as shown by the left photograph.

As little as 12 milliwatts of dissipated power at a
shorted junction will cause a color change in the sheet.
The greater the current that can be safely applied, the
easier it will be to find the short because of the in-
creased heat generated. Even a shorted wire on a back
panel is generally easy to identify, since its position is
traced in color across the entire sheet, as the other pho-
tograph indicates. Special care should be taken not to
exceed the rated current capacities of the wires. O

Current tests ensure
|C-package orientation

by Sylvan E. Shulman
Hughes Aircraft Co., Fullerton, Calif

The symmetry of integrated-circuit packages makes it
all too easy to orient them incorrectly in fixtures of
automated testing systems or on circuit boards. Even
though dual in-line packages may accidentally be ro-
tated 180° from their correct mounting positions and
flat-packs may be rotated or flipped over, they may fit
into a jig or board. Such misalignments cost time and
money to trouble-shoot and rework, but faulty ori-
entation of most transistor-transistor-logic circuits can
be detected routinely by a nondestructive automated
measurement.

These measurements are important because, at in-
coming inspection, the IC packages are loaded into a
chute that feeds them to an automatic tester. If the
package emerges in the wrong position, voltages ap-
plied to the wrong terminals cause wrong results and
may damage the IC.

To realize the importance of testing a stuffed board,

it’s only necessary to remember that the possibility of an
insertion error on a board rises exponentially with the
number of ICs. If a board contains 40 ICs and the inser-
tion error per IC is 1%, then the yield of good boards is
(99%)1°, or 66.8%. Therefore 33.2% of the boards con-
tain an incorrectly inserted IC.

The technique for measuring IC orientation is based
on the current paths furnished by the input clamp diode
in more than 95% of all TTL circuits or the substrate
diode between every transistor collector and ground.
These diodes are shown as D and D: in the typical TTL
gate of Fig. 1. They can carry currents of not more than
100 milliamperes.

In Fig. 1, the integrated-circuit gate is not connected
to any power supplies except a constant-current source.
If the current source drives a |-milliampere current
through the IC from the ground terminal to an input ter-
minal such as terminal 1, the voltage drop across those
terminals is about 0.7 volt. This ground-to-input current
flows through clamp diode D, and is shown as I, in Fig.
1. Similarly, if 1 milliampere is driven through the IC
from the ground terminal to an output port, the voltage
across the terminals is about the same. This current
flows through the substrate diode D, and is I, in Fig. 1.

By contrast, if the constant-current source is connected
to drive 1 milliampere from the Ve terminal to the in-
put, that current, I3, flows through a silicon-diffused re-
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i Level volta,
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Iy Ground to input 1 0.7 +30%
8 (QUTPUT)

I Ground to output 1 0.7 +30%

I3 Vee to input 1 14 +20%
7 (GROUND) Is Vee to output 1 14 £20%

1. Current situation. Current flow from supply terminal to input or output terminal of a typical TTL gate produces a voitage that is ditferent
from the volitage that is produced when current flows from ground to input or output, and this difference can be used to check IC orientation.
The forward voltage drop across a base-to-emitter junction is about 0.7 volt; across a diode, it is about 0.55 V; and across a diffused resistor,
it depends on current. One milliampere through the 4-kQ resistor produces 0.7 V, but through the 1.6-kQ resistor, 1 mA produces only 0.1 V.
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1 14 (Vo) 8 (GND)
I 2. Single IC. Test set sends 1-mA current
7486 7486 through left-corner terminals and monitors
1 mA @ XOR 1mA @ XO0R resulting voltage. If IC is positioned cor-
GATE_ GATE rectly, as at (a), terminal voltage is in range
ey 0.49-0.91 V. If IC is incorrectly positioned,
(G;D) . 1 (Ve 1 as at (b), the range is 1.12-1.68 V, so test
(a) (b) station ejects unit without applying possibly
damaging test voltages.
CURRENT LEVELS
" : FOR STUFFED-BOARD TESTS
cC .
—_— TR
ICinputs | 1€ outpurs [ Probe | Expected
at node at node (mA) (v)
Vw Vu
14 @ 14
TEST Iyzint 2 1 g " . 1 0 1 14
PROBES 7 / : ! R 2 0 1 14
GND
3 0 2 14
55 R
__/ 4.5 0 3 1
— 0 1 1 14
IR 1 1 1 14
} 2 1 1 14
1
PART OF A LARGE ~ 3 1 2 14
CIRCUIT BOARD GND 4,5 1 3 14

3. Stutfed board. To check orientation of IC mounted on circuit board, probes connect current source to Ve terminal of board and to any
node on the board. Voltage across probes is 1.4 V (+20%) if all packages are mounted properly. A lower voltage indicates that some IC is
turned around or upside down—here, gate G, has its ground pin where its V¢ pin should be, so voltage at probes is only 0.7 V. Table shows
current-source levels that should be used in testing orientation of standard TTL integrated circuits; high-power TTL requires more current.

sistor as well as a base-to-emitter junction. Although the
diffused resistor is labeled as 4 kilohms in the circuit dia-
gram, its resistance is strongly dependent on the current
level. At | ma, the drop across the resistor is about 0.7 v;
this value is added to the 0.7-v drop through the base-
emitter junction to make the voltage between the V¢¢
and input terminals about 1.4 V.

Likewise, if the current 1 from the V¢ terminal to
an output terminal is | mA, the voltage across the termi-
nals is again about 1.4 v. In this case, the drop across
the diffused resistor is on the order of 0.1 v. The base-
emitter drop and diode drop add up to 1.3 v. (All of
these voltage values are experimental results.)

For incoming inspection of ICs, when a unit slides out
of the loading chute into an automated test fixture, the
orientation of the package can be checked as shown in
Fig. 2. The 1-mA current source is connected between
the lower left terminal and the upper left terminal of
the package, and the voltage across these terminals is
measured. If the package is positioned properly, the
current flow is from ground to input, and the voltage is
0.7 v. The test station can then power up the chip and
measure performance characteristics.

If the IC has been loaded 180° out of position, the cur-
rent flows from the power-supply terminal to an output,
and the voltage is 1.4 v. When this too-high voltage is
sensed, the tester ejects the IC into a bin for reloading.

A similar sort of test can ensure correct orientation of
all the ICs molinted on a circuit board. The test fixture
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for this stuffed-board test must be a bed-of-nails ar-
rangement that makes contact with every circuit node
on the board. No power is applied to the board except a
current source that drives current from the common
Vce terminal to one or another node. The amount of
current that the source must supply depends on how
many inputs and/or outputs are connected to that node,
as listed in the table of Fig. 3. The tabulated values are
for conventional TTL ICs; high-power TTL requires
larger currents. Correct orientations produce 1.4 Vv
across the current-source terminals; if a package is
misoriented so that current flows into its ground pin, the
voltage is only 0.7 v.

Figure 3 shows a portion of a circuit board that con-
tains a number of ICs, with the current source connected
between V¢c and node N. This node connects one out-
put and two inputs, so the test current is | mA in accord-
ance with the table, and the voltage drop from the V¢c
terminal to node N should be 1.4 v. However, gate 2 has
been mounted incorrectly, with its ground pin and sup-
ply pins reversed. In this position, current flows from
ground to the node, the voltage is only 0.7 v, and the
£0/n0-go tester rejects the board.

Although the discussion here has been limited to TTL
devices, the testing technique is also applicable to
metal-oxide-semiconductor devices. O



Make your own small
switches for pc boards

by Ralph Wilbur
Waest Engineering Co., Santa Monica, Calif.

Testing and troubleshooting both breadboard and pro-
duction circuit boards can often be simplified by per-
manently installing good-quality switches on the boards
at strategic locations. Such switches, inexpensive and
simple to make, take up little room on the boards. To
build them, you’ll need only a few standard terminals
and a piece of spring wire.

A single-pole double-throw switch is constructed on
prepunched or drilled circuit board by using five stan-
dard hollow gold-plated staked terminals and a section
of spring wire. Four of the terminals are arranged in a
square (say, 0.042-inch centers) and staked to a board.
A piece of spring wire is then bent into an appropriate
loop (see Fig. 1). A fifth terminal is trimmed to the base,
as shown in Fig. 2, and sleeved over the short end of the
spring wire. The long end of the wire is then inserted
into one of the staked terminals and soldered into

place. This becomes the shorting slug.

The result of all this is a movable shorting slug
spring-loaded against two other adjacent terminal
bases. Twisting or pushing the wire loop causes the
shorting slug to snap into the detent formed by the
other adjacent terminal base (Fig. 3). Connections can
be made from either side of the board to wire or etched
connectors. O
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2. Shorting slug. Any type of hollow terminal will do, since only the
bottom is used; gold plating stands up quite well.
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1. Shaping up. The shape of the spring wire is less important than
the terminal-spacing and board-thickness dimensions.

3. Small switch. Pushing the spring-loaded wire loop moves the
shorting slug from one set of terminals to the other set.
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2. Microcircuit assembly techniques

Estimating substrate area and
density for hybrid microcircuits

by Lyle F. Pittroff
Helipot Division, Beckman Instruments Inc., Fullerton, Calif.

When converting discrete circuits to their hybrid coun-
terparts, the engineer usually must face either of two
basic questions: how much substrate area will be
needed to accommodate the circuits, or will it fit when
the package and circuit designs have been finalized be-
fore the inquiry or layout-design phase? What’s needed
is a shortcut technique for easily estimating substrate
area and determining component density so that at least
you know you’re in the right ball park. A technique that
Beckman Instruments calls the unit system not only an-
swers these questions, but, in addition, provides a yard-
stick for estimating yield factors in high-density appli-
cations.

The unit system consists of assigning a number of
units of area to each circuit component and then adding
up the total number of units to determine the required
area. One unit is defined as the substrate area required
for one general-purpose, thick-film resistor, rated at 100
milliwatts after trimming to +2% tolerance. The table
shows the number of units normally allocated for other
types of conventional circuit elements. In each case, the
number of units specified includes whatever additional
area is required for terminations, resistor trimming,
wire-bonding pads, and spacing between adjacent com-
ponents.

If the circuit has been defined, but the package has
not been chosen, the substrate area can be estimated.
Start with an optimum one-unit resistor area of 0.015
square inches. Assign the proper number of units to
each component in the circuit, according to the table,
and total the number of units for the circuit. Determine
the substrate area required as follows:

As = (0.015in.2) Ur
where A, is the required substrate area, and Ur is the
total number of units. A potential package choice,
based on available substrate area, can then be made
from the many different styles available.

When the circuit and package designs are both firm,
the component density in square inches per unit can be
estimated. Add up the total number of units for the cir-
cuit, according to the table. Determine the available
substrate area in the package size you intend to use.
Calculate the component density as follows:

D £ As/U’r

A component density of 0.015 in.2/unit is considered
a moderate density level if the supplier of your final
package has the freedom to make pin assignments. Us-
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ing more specialized fine-line screening techniques,
densities to 0.006 in.2/unit have been achieved. Note
that component density is appraised in area per unit, in-
stead of units per area. Area per unit is more directly
correlated to layout dimensioning.

Some components require special consideration be-
cause of their large size or an unusually large number of
leads. Since the unit system is strictly a shortcut method,
a considerable amount of good judgment and common
sense must be applied. The following general guidelines
should be considered:
= It may be easier to deduct the area required for large
capacitor chips before applying the unit system.
® High component densities are easier to achieve in
smaller packages because of proximity to pins.
® Some circuits naturally flow from input to output
without complex feedback interconnections.

s Packaging efficiency is usually greater in larger hy-
brid packages, but yield and testing help set the imit. 3

TYPICAL UNIT SYSTEM
COMPONENT AREAS

Units per
Component type component
RESISTORS (CERMET, THICK FILM)
General purpose (up to 100 mW) .. ....... 1.0 units
Precision, ratio tracking
aspectratio< 4:1,< £1% 2.0 units
CAPACITORS
Screened (cermet) . .................. 270 pF/unit
Chip capacitors 0.1” x 0.1 .. 2.0 units
DIODES, PASSIVATED CHIP
Signal/switching ............ . 0.5 units
Zener/reference . ............... . 0.5 units
Schottky/hot carrier . ................ 0.5 units
TRANSISTORS, PASSIVATED CHIP
Bipolar small signal ................. 0.5 units
Bipolar low/medium power .. ........... 1.0 units
B | 1 P 0.5 units
INTEGRATED CIRCUITS, PASSIVATED
Linear {741, 710, 107, etc.) . 2.0 units
Digital (935, 946, 7400, etc.) ......... 4.0 units
MOS arrays (3101, etc.) . 0.5 units/lead
MSI devices (74145, etc.). . .. 0.5 units/lead
For metric-system applications, the unit system can be used
as shown, except that the one-unit resistor area becomes
9,677 square millimeters.




Hand-soldering DIP circuits
can save testing dollars

by William Mansfield and Herbert Perkins
Datatron inc., Santa Ana, Calif.

Nowadays, integrated circuits are frequently mounted
on printed-circuit boards by dropping their leads
through plated-through holes and then flow-soldering.
Although this method may yield the shortest assembly
time, it is not necessarily che least expensive because the
costs of product inspection and production testing can
run high. Also, isolating faults on defective devices is
extremely difficult, and removing installed devices risks
the possibility of damage to both part and board.

Surprisingly, a return to hand-soldering leads on only
one sic: of the board can mean substantial savings in
nonrecurring engineering costs, as well as the costs of
inspection and production testing. Since most ICs are
supplied in dual-in-line packages, device leads can sim-
ply be bent away from the DIP body by 90°, so that the
resulting flattened package can be easily attached to the
board, as shown in the figure.

Abandoning plated-through holes, moreover, releases
the opposite side of the board for other circuit func-

Ay

S

PC BOARD T~ L ATED-THROUGH
HOLES
(a)

DIP LEAD POSITIONS REPRESENTATIVE ONLY

AN BACKSIDE AVAILABLE
FOR CIRCUIT WIRING AND
OTHER COMPONENTS

HAND-SOLDERED

(b)

tions. All the real estate on the bottom becomes avail-
able for circuit paths, permitting increased density of
both wiring and components. This additional real estate
also enhances reliability because wider line spacing can
be employed to reduce the likelihood of solder bridging.

The cost penalty of hand-soldering a board contain-
ing 50 ICs—an increase in assembly time of approxi-
mately 15 minutes—can be offset by a saving of about
$1.75 a board that results from fewer plated-through
holes. And because layouts are more flexible, charges
for engineering time can be cut by as much as 30%.

All 1C leads are easily accessible for probing so that
production testing and debugging is simpler. And any
single IC lead can be unsoldered and lifted for fault iso-
lation. With plated-through holes, removing an IC from
the board risks debarrelled holes and raised wiring.
Since repair is often unsuccessful, and the entire board
must be scrapped, losses can run as high as $500 to
$1,000 for a single ruined board. The savings from
avoiding a scrapped board offset the cost penalty for
hand-soldering some 100 boards.

Furthermore, plated-through holes are the histori-
cally weak link in the soldering operation, since they
can introduce contaminants or open up during thermal
cycling. Hand-soldering avoids these difficulties, in ad-
dition to providing a secure mechanical connection that
can withstand the stress of exposure to shock, vibration,
and direct pull. a

Hand-soldering has advantages. Plated-through holes (a) require
space on both sides of printed-circuit board and make fault isolation
difficult. By bending !C leads and hand-soldering (as in b), back of
board becomes free for other circuit wiring, and single lead is easily
unsoldered for testing. (Photo shows some mounted devices.) Cost
penalty of hand-soldering is offset by savings in other operations.
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Evaluating power dissipation
in microcircuit design

by Lyle F. Pittroft
Microcircuit Operations, Helipot Div., Beckman Instruments, Fullerton, Calif.

Converting a circuit from the discrete-component con-
cept into a single miniaturized microcircuit is analagous
to the design and development of a larger system. Al-
though specific design problems must be handled on an
individual basis, several key areas must be considered
early in the game.

This Engineer’s notebook covers package-tempera-
ture rise, component ratings, and component compati-
bility; a later notebook will focus on a shortcut tech-
nique for estimating the substrate area required for any
given circuit. This latter article will also discuss compo-
nent density and hopefully answer the question, “Will it
fit?” when circuit designs have been finalized.

Microcircuits shrink the package size, but package
power remains the same, and the power density can be
increased significantly. An estimate of the temperature
rise in a new microcircuit design can be a critical step in
the package-selection process. Two specific areas must
be evaluated:
® Substrate/package temperature rise above the am-
bient or heat-sink maximum operating temperature.
® Individual component/junction temperature rise
above the substrate/package temperature.

A simple review of the thermal model for the package
and those components dissipating significant power will
quickly reveal whether or not the design is in the right
ball park for most hybrid-circuit configurations. With
the fundamental thermal model shown in the first fig-
ure, a steady-state Ohm’s law network analogy ‘can be
used to evaluate component temperature rise.

For the initial approximation, transistors and diodes
dissipating less than 100 milliwatts, resistors, and most
ICs are assumed to be operating at the case temperature.
It is also assumed that all of the heat generated by inter-
nal circuit elements is being conducted away by the case
(there is no radiant energy).

Conventional thermal model designations for a hy-
brid microcircuit are outlined in the second figure. The
package temperature rise is a function of the total
power dissipation (Pr) of all internal circuit elements:

Tr = Tc - Ta = PrOca
where T is the temperature rise between two specified
points, Tc is the case temperature, Ta is ambient tem-
perature, and Oca is the thermal resistance from the
case to ambient without a heat sink.

As a rule of thumb, the thermal resistance, Oca, of a
package in free air (no forced cooling and minimum pin
conduction) causes a temperature rise of about 35°C per
watt of power dissipation per square inch of package
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area (35°C/w/in.2). For example, the temperature of a
circuit dissipating 1 W would rise approximately 35°C
above ambient in a l-inch-square package or 70°C
above ambient in half that package area. This general
rule is conservative and should prove a safe first ap-
proximation for most pc-board applications.

The individual component temperature rise above
the substrate temperature is a function of the compo-
nent’s power dissipation and thermal resistance. Al-
though significant temperature rises are usually limited
to the larger devices, some typical values of chip ther-
mal resistance for smaller semiconductors are given.

The maximum allowable junction temperature (Ty)
for silicon devices depends on the application, and in

THERMAL MODEL/OHM’'S LAW ANALOGY

: oV
ELECTRICAL MODEL

O

Ta

THERMAL MODEL

ANALOGOUS TERMS

Electrical Model

Ground reference. ......... {oV)

Currentsource ............ (1)

Electrical resistance . ... .... (R)

Voltage rise (above O V) . ... (V)
Thermal Model

Ambient temperature ... ... (Ta)

Power source ............ (P)

Thermal resistance ........ (6)

Temperature rise (above Tp). . (T)




CONVENTIONAL THERMAL MODELS FOR
HYBRID MICROCIRCUITS

TJ'I TJ‘I
Ti2 Tr Ti2 Tar
O O I I
[ Je T +f ]
§ Ocs
>
g oCA TS
Fo
Ta Ta
MOPEL PARAMETERS
Ta = Ambient temperature
Ts = Heat sink temperature

= Case temperature

=@, junction temperature (power device)

= Q5 junction temperature {small signal device)

= Resistor R, temperature

= Thermal resistance from power die junction to case

= Thermal resistance from case to ambient (no heat sink)
= Thermal resistance from case to heat sink

= Thermal resistance from heat sink to ambient

= Temperature rise between two specified points

TYPICAL SEMICONDVULTOR QP THERMAL RESISTANCE

Category Typical Device Types Typical 6,
Small signal 2N2484, 2N2605 150°C/W
Low power 2N2219, 2N2905 60°C/W
Medium power 2N3724, 2N4030, 2N2194 44°C/W

some cases, it is limited by system specifications. The
seat-of-the-pants rule is to never allow a junction to ex-
ceed 200°C in general utility applications. High-reliabil-
ity applications often further limit T; to 150°C or 175°C.

Component compatibility is yet another design con-
sideration that must not be overlooked in building hy-
brid microcircuits. Realistically, it is sometimes more
economical or better design practice to leave certain de-
vices in discrete form outside of the microcircuit pack-
age. Large capacitors, for instance, as well as large
power transistors and diodes, large inductive devices,
and special parts head the list of discretes requiring in-
dividual attention.

To judge component compatibility, usually both per-
formance and packaging objectives must be surveyed in
the context of the over-all system. Each application im-
poses its own unique combination of economical, elec-
trical, mechanical, and environmental circumstances.

Even conductors and crossovers are sometimes sub-
ject to the considerations of component compatibility.
Fine-line screening techniques permit very narrow line
widths to be realized, but Ohm’s law still prevails and
halving the line width doubles the line resistance be-
tween two points. Consequently, the layout of high-cur-
rent paths and low-impedance lines may require special
attention. |
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3. Selecting circuit components

Mixed dielectrics improve
capacitor stability

by George Breindel
Ross Laboratories Inc., Seattle, Wash.

Temperature characteristics of circuits like integrators,
RC-dependent timers, free-running oscillators, and
many others depend directly on the temperature stabil-
ity of capacitors. It’s well known that the capacitance of
either polycarbonate or polystyrene capacitors over a
range from -55°C to + 125°C often varies more than
system specifications can tolerate. But improved stabil-
ity can be achieved if a polycarbonate is used in parallel
with a polystyrene.

The figure shows that a typical polycarbonate capaci-
tor has a positive temperature coefficient and a typical
polystyrene capacitor has a negative coefficient of about
the same magnitude. If a 1-microfarad capacitor is
needed in a long-term integrator, then a 0.47-uF poly-
styrene in parallel with a 0.47-uF polycarbonate pro-
vides greatly improved temperature stability.

A further gain in stability can sometimes be realized
by carefully matching the capacitor values to the re-
spective temperature curves. For example, if a particu-

Designing with preferred
component values cuts costs
by Nathan O. Sokal

Design Automation Inc., Lexington, Mass.

Designing with a minimum number of component val-
ues—so-called “preferred” values—can reduce materials
and administrative costs for both manufacturing and
engineering functions. The practice is no longer as com-
mon as it used to be, but it deserves to be revived now
in updated form.

The accompanying tables suggest an order of prefer-
ence to be followed in selecting values of resistance, in-
ductance, capacitance, zener-diode voltage, field-effect
diode current, and the like. Such components are avail-
able in sets of values that result from rounding to two
(or three) digits the values obtained from 102724 (or
102/96), where n ranges from zero to 23 (or 95) for each
decade.

Tables 1 and 2 show the values in each of these series
arranged into four columns to indicate the preferred or-
der of component selection. Column one contains the
first value and every eighth succeeding value. Column
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lar polystyrene capacitor has twice the stability of a par-
ticular polycarbonate, a 0.68-uF polystyrene can be used
in parallel with a 0.33-uF polycarbonate to get 1 pF with
a flatter temperature curve. O

TYPICAL POLYSTYRENE
CAPACITOR (AEROVOX L 123X)

TYPICAL
POLYCARBONATE
CAPACITOR
(AEROVOX K 1462)
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EQUAL-VALUED 7k
POLYSTYRENE AND —
POLYCARBONATE
CAPACITORS

IN PARALLEL

Temperature compensation. Because a polycarbonate capacitor’'s
temperature coefficient is positive and a polystyrene capacitor's is
negative, the two in parallel do better than either one alone at provid-
ing temperature stability in capacitance-dependent circuits such as
RC tuners, oscillators, and integrators.

TABLE |: TWO-PIGIT SERIES (34 VALUES PER DECADE )
10% §

6% SERIES

Fourth
Preference

Wi 11
Eoah, - ’ 1.3
: -_'.;-.,- 16
o s 2.0
x4 24
;. 207 3.0
36
5 43

:_.>’ 54
G 6.2
5 75
9.1

two contains values that are half way between two val-
ues in column one. Column three contains values that
are half way between values in columns one and two,
and column four contains all the rest. The order of pref-



TABLE 2: THREE -6 sERIES (% VALUES FER DRADE)

1% SERIES

Fourth
Preference

1.02
1.07
1.13
1.18
1.24
1.30
1.37
1.43
1.50
1.58
1.65
1.74
1.82
1.91

2.00
2.10
22

232
243
2.55
2.67
2.80
294
3.09
3.24
3.40
3.57

3.74
3.92
4.12
4.32
4,53
4.75
4,99
6.23
5.49
5.76
6.04
6.34
6.65
6.98
7.32
7.68
8.06
8.45
8.87
9.31
9.76

erence in Table 1 may be familiar to engineers with
long memories, but extension of preferred values to in-
clude the three-digit series is an update of this concept.

No restriction is placed on the values available to the
designer; if a certain value must be used, it can be used.
However, when a particular application requires a re-
sistor that can have any value in the range between 100
and 1,000 ohms, for example, a 470-ohm, 20% resistor
should be used rather than one rated at 510 ohms with
5% tolerance.

All of the values in Table 1 are available with 5% tol-
erance. The 5% series are available only with 5% toler-
ance; the 10% series are available with either 5% or 10%
tolerance, and the 20% series are available with 5%,
10%, or 20% tolerance. Similarly, all of the values in
Table 2 are available with 1% tolerance. The preferred
tolerance (and temperature coefficient spread when a
choice exists) is the loosest available one that does the
job reliably. The purchasing or manufacturing depart-
ment can always substitute a smaller tolerance or tem-
perature coefficient if that is advantageous for purchas-
ing or stocking reasons.

Using preferred values results in equipment designs
that require a smaller variety of components, and since
larger quantities of each component are used, they can
be purchased at lower prices. Common use of the pre-
ferred values in different projects and equipments also
reduces overhead costs in placing and tracing orders for
fewer kinds of items, in receiving and inspecting fewer
kinds of items, and in stocking and kitting fewer kinds
of items for use in manufacturing. Field-service costs
are reduced, too, because fewer different items are
needed to be distributed, stocked, reordered, and ac-
counted for in field locations.

The standard range of values for components is gen-
erally the same in specifications for industry as for the
military. As an example, Table 3 shows the standard
ranges for carbon-composition resistors. Components
selected from the standard range are readily available
from more sources and at lower cost than are nonstan-

dard components. (]
M, B SR OOV I
TABLE 3: STANDARD RAMGE OEWALVES Fom
CARBON COMPOSITION RESISTORS , M(L-R: 39008
: Minimum Maximum
P°‘(':;t':}m° Type Resistance Resistance
(ohms) {megohms)
1/8 RCRO5 2.7 22
1/4 RCRO7 2.7 22
1/2 RCR20 2.7 22
1 RCR32 2.7 22
2 RCR42 10 22

19



Comparing the power
of C-MOS with TTL

by Colin Crook

Motorola Semiconductor Products Inc., Phoenix, Ariz.

The low power dissipation of complementary-MOS cir-
cuitry is legendary by now. You’ve been told, time and
time again, that it is lower—considerably lower—than
equivalent TTL designs. How much lower is somewhat
astonishing—as large as an order of magnitude or more.

Here is a set of tables that clearly demonstrates the
vast difference in power requirements between C-MOS
and TTL. This difference results in a significant saving in

overhead for system-support needs, like power supplies
and cooling equipment. The tables make a systems-
level power comparison between C-MOS and TTL by ex-
amining a representative logic system—an industrial
controller and sequencer.

This typical system consists of 500 IC packages: there
are 200 quad NAND gates, 150 dual flip-flops, and 150
4-bit arithmetic logic units. Table 1 gives the device
type numbers used for the C-MOS and TTL systems.

At medium frequencies, the dynamic power of C-MOS
is significant compared to its dc power, so that certain
loading and frequency conditions will be assumed. For
this example, every output node of a gate package is
loaded by 50 picofarads, every output node of a flip-
flop package by 30 pF, and every output node (eight in
all) of an arithmetic-logic-unit package by 15 pF. A rea-
sonable assumption for the operating frequency is that

LOGIC SYSTEM
Device Number of packages C-MOS type TTL type
Quad NAND gate 200 MC14011CP MC7400P
Dual flip-flop 150 MC14027CP MC7473P
Arithmetic logic unit 150 MC14581CL MC74181P

TABLE 2

DC POWER AT 5§ VOLTS: C-MOS vs TTL
Device Per-package power System power Total C-MOS system dc power

C-MOS: C-MOS: X 200
Typ = 25 nW Typ = 5uW
Max = 75 uW Max = 15 mW

Gate Gates = 6 uW 15 mW
s 7 B TTL: X 200 Flip-flops = 7.5 uW 105 mwW
Typ = 40 mW Typ = 8W ALUs = 37.5 uW 525 mW
Max = 110 mW Max = 22W rTOTAL = 50 AW 645 me
C-MOS: C-MOS: X 150 Currentat5V = 10pA 129 mA
Typ = 50 nW Typ = 7.5 uW

) Max = 700 uW Max = 1056 mW

Flip-flop
TTL: TTL: X 150
Typ = 80 mW Typ = 12W
Max = 200 mW Max = 30W
C-MOS: C-MOS: X 150 Gates =8W 2w
Typ = 250 nW Typ = 37.5 uW Flip-flops = 12W 30W

o Max = 3.5 mW Max = 525 mW ALUs = 70.5W 1125 W
= T [ ToTAL = 90.5W 164.5W |
Typ = 470 mW Typ = 70.5W Currentat5V = 18.1A 329 A
Max = 750 mW Max = 112.5W

C-MOS DYNAMIC POWER AT 5 VOLTS

Device Per-package power System power
s At 200 kHz = 1.2 mW Average = 3.6 mW Gates - 720 mW
At 1 MHz = 6.0 mW 200 X 3.6 mW = 720 mW
Flip-flops = 270 mW
Flip-flop At 200 kHz = 0.6 mW Average = 1.8 mW
At 1 MHz = 3.0 mW 150 X 1.8 mW = 270 mW ALUs = 180 mW
ALY At 200 kHz = 0.4 mW Average = 1.2 mW r TOTAL = 1.170W
At 1 MHz = 2.0 mW 160 X 1.2 mW = 180 mW
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half of all the nodes switch at 1 megahertz, and the
other half switch at 200 kilohertz.

Because of its enhanced noise immunity at higher
supply voltages, C-MOS is often operated at 10 volts. For
this reason, we will compare the dc, as well as dynamic,
power consumption of C-MOS at both S- and 10-v sup-
ply voltages to the dc power of TTL at 5 v.

At operating frequencies of 1 MHz or less, the dy-
namic power of TTL is negligible compared to its dc
power. In fact, TTL dynamic power does not become
relevant until the operating frequency exceeds 10 MHz.
Therefore, there is no real need to compute TTL’s dy-
namic power separately.

Table 2 shows the dc power requirements of C-MOS
and TTL when the system supply voltage is 5 V. As you
can see, the entire C-MOS system consumes only 50 mi-
crowatts typically and 645 milliwatts maximum. In con-

trast, the same system built with TTL devices requires
90.5 watts typically and 164.5 w maximum.

In Table 3, the dynamic power of a 5-v C-MOS system
is computed. Here, the total system power consumption
is found to be 1.17w. Table 4 gives the total dc power
for a 10-v C-MOs system; it is 190 uw typically and
2.58 W maximum. The total dynamic power for this
same 10-v C-MOs system is evaluated in Table 5; it is
5.04 w average.

Table 6 summarizes the resuits of all the preceding
tables. Roughly speaking, TTL consumes about 100
times more power than C-MOS, even when worst-case
dynamic operating conditions are taken into considera-
tion for the C-MOS system. O

TABLE 4
C-MOS DC POWER AT 10 VOLTS
System power Total system power
X 200
Gate Typ = 50 nW Typ = 10 uyW EE_ Ly
Max = 300 uW Max = 60 mW Gates = 10 uW 60 mwW
X 150 Flip-flops = 30uW 420 mwW
Flip-flop Typ = 200 uW Typ = 30 uW ALUSs = 150 uW 2,100 mW
Max = 2.8 mW Max = 420 mW
[ TOTAL = 1904w | 258w |
X 150
ALV Typ = 1.0 uW Typ = 150 uW Currentat 10V = 19 puA 258 mA
Max = 14 mW Max = 2,100 mW
C-MOS DYNAMIC POWER AT 10 VOLTS
Device Per-package power System power
At 200 kHz = 4.8 mW Average = 14.4 mW Gates = 2,800 mW
s At 1MHz = 24 mW 200 X 14.4 mW = 2,880 mW
Flip-flops = 1,350 mW
i At 200 kHz = 3.0 mW Average = 9.0 mW
Fileitap At 1 MHz = 15 mW 150 X 9.0 mW = 1,350 mW ALUs = 810mw
At 200 kHz = 1.8 mW Average = 5.4 mW [ TOTAL = 504w |
Al At 1 MHz = 9.0 mW 150 X 5.4 mW = 810 mW
TOTAL SYSTEM POWER: C-MOS vs TTL
Logic b Ac Totals
Typ Max
TTL 20.5wW 164.5W Assume small compared Max = 164.5W
18.1 Aat 5V 329 Aat5V with dc power Typ = 90.5W
Power supply average =
255Aat5V
5-volt 50 uW 645 mW 1.170 W Max = 1.82W
C-MOS 10uA at5V 129mAat5Vv Typ = 117 W
10-volt 190 uW 258 W 504 W Max = 7.62 W
C-MOS 19 uAat 10V 258 mA at 10 V Typ = 504 W
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Examining worst-case fan-out
of standard C-MQOS buffers

by Rob Walker

Fairchild Semiconductor, Mountain View, Calif.

Complementary-MOS buffers are normally used when
an interface is needed between C-MOS and TTL circuitry.
There are two more or less standard types of buffers
that are generally employed—the inverting type 4049
device and the noninverting type 4050 device. Both are
available from a variety of semiconductor manufac-
turers.

A cursory analysis of the data sheet for these buffers
will lead many designers to believe that the maximum
TTL fan-out of the buffers is less than two under worst-
case conditions. Naturally, a buffer fan-out of only one
increases component count and system cost. But if the
tracking effects between TTL and C-MOS devices are
taken into account, the true worst-case fan-out can be
regarded as two TTL loads.

Table 1 shows the usual worst-case specifications
given for the 4049 and 4050 buffers for a low-level out-
put voltage. The available output current decreases with
rising temperature, but increases for a higher supply
voltage. Since one standard TTL load is normally as-
sumed to be 1.6 milliamperes, the natural conclusion is
that the type 4049 or type 4050 C-MOs buffer can’t pos-

sibly drive two TTL loads under worst-case conditions.

However, a closer look at the true worst-case oper-
ating conditions shows this conclusion to be inaccu-
rate—the worst-case fan-out of a C-MOSs buffer can safely
be taken as equal to two when the following factors are
taken into consideration:

s Commercial-grade TTL is only specified to +75°C,
permitting the maximum C-MOS temperature to be re-
garded as +75°C.

® The maximum low-level output voltage of 0.4 v for
TTL is rather arbitrary. For example, Schottky TTL and
low-power Schottky TTL, which are both certainly TTL-
compatible, have a low-level output voltage that is less
than or equal to 0.5 v.

s Commercial TTL is specified over a Vcc supply range
of 4.75 to 5.25 v. It is only reasonable to assume the
c-Mos buffers will be using the same supply.

® The maximum 1.6-mA low-level input current re-
quired by a TTL device is specified at a drive voltage of
only 0.4 v and a supply voltage of 5.25 v. This required
input current drops when the drive voltage is increased
t0 0.5 v and/or the supply voltage is reduced.

Table 2 is a summary of these true worst-case condi-
tions—for a low-level output of 0.5 v, the C-MOs buffer
fan-out is two, which represents a potential 50% compo-
nents savings. What’s more, if low-power Schottky-TTL
devices are used instead of standard TTL devices, the
C-Mos buffer fan-out jumps to more than nine. 0O

SPECIFIED WORST-CASE CONDITIONS

TEMPERATURE —40°C +25°C +85°C
VoL =04V, Vgp 4.5V tor =3.1mA loL = 2.6 mA low =2.1mA
VoL = o4v, Vpp = 5V loL = 3.6 mA low = 3mA loL = 2.5mA

VoL = Low-level output drive voltage

loL = Low-leve! output drive current

Voo = Supply voltage

TABLE 2

PRACTICAL WORST-CASE LIMITS

PARAMETER Vee ®Vpo =475V Vee =Vopp =5.25V
(Ta =0-—75°C)

VQL =04V VQL =05V VoL = 04V VQL =05V
L ATTL) 1.402 mA 1.363 mA 1.6 mA 1.56 mA
loL (C-MOS) 2.39mA 294 mA 2.85mA 341 mA
FANOUT 1.70 mA 2.16 mA 1.74 mA 2.18 mA

Vou = Low-level output drive voltage
lo. = Low-level output drive current

I = Low-level input current
Vee = TTL supply voltage
Voo = C-MOS supply voltage
Fanout = |, / I

Ta = Absolute temperature




Drift-matched IC op amps
can save money

by Larry Choice
Burr-Brown Research Corp., Tucson, Ariz.

Using the right drift-matched IC operational amplifiers
can drastically cut the cost of any multiple op amp cir-
cuit that requires low-offset voltage drift. Several indi-
vidual low-drift IC op amps are presently available with
guaranteed nulled-offset drifts as low as 0.6 microvolt

per degree centigrade over varying temperature ranges.
They cost $16.30 to $50.75 in quantities of 100. Also
available are drift-matched IC op amp pairs which can
provide performance equal to two unmatched units
each with a drift of +0.5 uv/°C, yet are about half the
cost of two of the least expensive unmatched low-drift
units. Moreover, they need no external offset nulling to
achieve low drift.

Just as transistors can be drift-matched, amplifiers
can be matched for minimum “differential’” (between
two devices) offset voltage (AV,s) and minimum “differ-
ential” drift. Unfortunately, today’s dual 1C op amps,
unlike dual transistors, do not in general have good
matching for offset voltage and drift; the best match is

Ra
AN

A;
3500MP
SR e

BVos= Vos1 — Vos2

Vour

FORRy/R3=R,/R;
Vout =[1+ (Ra/R3)][(V2 — V) =8Vy]
ADVANTAGES

HIGH INPUT IMPECANCE
SIMPLEST CIRCUIT

DISADVANTAGES

MINIMUM GAIN =10
{TO PREVENT A, FROM
SATURATING WITH
LARGE COMMON-MODE
VOLTAGES)

DIFFICULT TO VARY GAIN:
A=1+{Rs/Rj3)

Re
AAA
{b) Rz
—AN—— R
R, AN
V, o~ i
= 0311 3500MP —AW\
+ A2 -
Vosz| 3500mP Vour
Vv, A +

AVos=Vos1 — Vos2
FOR R‘ L R1 AND R3 = R2

Vour = [(V2 =V,) —8Ves] [1+(Ra/ R3) + 2R4/Rg )]

ADVANTAGES DISADVANTAGES
HIGH INPUT IMPEDANCE MINIMUM GAIN = 10
GAIN VARIABLE WITH (TO PREVENT A, FROM
SINGLE RESISTOR SATURATING WITH LARGE
(Rg) COMMON-MODE VOLTAGES)
RELATIVELY COMPLEX GAIN
EQUATION:
A=1+(Ry/Rg)+ 2R4/Rg

1. Improved two-amplifier differential circuit needs only one resistor, Rg to vary gain, but resistor values must be matched

COMPARING LOW DRIFT IC OP AMPS

Max. average Min. slew rate No. of external
o Max. initial driftpV/°C_ with unity gain components for Max. input
Unit price offset volta?e No Offset compensation unity gain bias current
Unit 100 —249 inuV @25°C trim  nulled V/usec Temp. range compensation nA@25°C
Burr-Brown
3500E $20 500 1.0 1.0 —25°C 1o +85°C 0 +50
3500MP $16.70 200" 1.0* 1.0 —25°C to +85°C 0 +60
per pair
Precision
Monolithics,Inc.
SSS725A) $50.75 100 0.8 0.6 0.008 typ —55°C to +125°C 4 70
SSS725EJ $16.30 500 20typ 0.6 0.008 typ 0°C to +70°C 4 80
Analog Devices
504L $20.40 500 1.0 0.12 wyp 0°C to +70°C 1 +80
508L $30.00 500 1.0 0.12typ 0°C t0 +70°C 1 +20
* Maximum differential between the two units in the pair.
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VOH

Re
v, +

Vos2

Va

FORR3=R4’R5=RGA

ADVANTAGES

HIGH INPUT IMPEDANCE
UNITY GAIN POSSIBLE

Vour

= AVos = Vos1 ~ Vos2

ND R, = R,

Vour = [1 +(2R1 /R 1[[(V2 = V1) —8Vos] +2Voss

DISADVANTAGES

MOST COMPLEX CIRCUIT
FOR LOW-GAIN OPERATION,

OUTPUT OP AMP NONCRITICAL OUTPUT OP AMP OFFSET
FOR GAIN >10 AND DRIFT MAY BE A
GAIN EASILY VARIED WITH PROBLEM

SINGLE RESISTOR (Rg),
A=1+(2R,/Rg)

OFFSET
VOLTAGE
20mV INDIVIDUAL
OFFSET VOLTAGE
VS TEMPERATURE *
Vost
1.5mV |~
Nos2
84 ~ 10mv
AVos VS TEMPERATURE
OVos = Vos1 — Vos2
— |
05mV A“\',';'AL DIFFERENTIAL
" SLOPE 1 / DRIFY
\
X—"TSLOPE2 X
-25°c 0 +25°C +85°C
TEMPERATURE
*THE MAGNITUDE OF A OFFSET VOLTAGES AND DRIFT SLOPES HAVE BEEN
EXAGGERATED FOR CLARITY.

2. Three-amplifier circuit improves common-mode rejection.

achieved through drift testing combined with computer
selection of pairs. Although the Burr-Brown 3500MP is
the only one presently matched for drift as low as 1
uv/°C, certainly any type of op amp is amenable to
matching. However, for good linearity of the matched
drift, the drift of each unit should be no more than 5
uv/°C. Of course, low input bias currents, internal unity
gain frequency compensation, and output short-circuit
protection are additional performance criteria which
also may be important in matched applications.

The most common use of op amp pairs is in differ-
ential input (instrumentation) amplifiers, which often
require extremely high input impedance and in which
the effects of offset voltage drift may be reduced by
matching. Other applications needing drift-matched ICs
include multiple-pole active filters, dual-reference volt-
age sources, voltage-to-current amplifiers, and matched
dual-channel amplifiers or filters.

To assure optimum drift performance, certain pre-
cautions are necessary: because two separate matched

3. Offset drift matching of the 3500MP reduces differential drift.

op amps are used, the 3500MP is furnished with a metal
heat sink to assure that both chips are at the same tem-
perature. In addition to use of a heat sink, the power
dissipation of both op amps should be kept approxi-
mately the same. For example, just a few degrees inter-
nal temperature differential between chip and the IC
case would add typically 10 pv to AVs.

Input bias currents are always a matter of concern in
any low-drift bipolar op amps. These currents, which
flow through an equivalent input source resistance, gen-
erate additional offset voltage and drift, and this limits
the maximum input impedance that can be used. The
low input bias currents of the 3500MP allow equivalent
source resistance of up to 10 kilohms before drift and
offset are significantly affected.

Using an external potentiometer to null initial offset
voltage can add offset voltage drift. When a matched
pair of op amps is employed, it is advisable to adjust
AV,s = 0 to minimize offset adjustment effects on drift,
and not V51 = 0 = Vo a

How to really look
at low-drift IC op amps

by Stan Harris
Analog Devices, Inc., Norwood, Mass.

There’s more to high accuracy in an integrated-circuit
operational amplifier than low drift with temperature.
Total output error accumulates from a number of
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sources, all of which should be considered when choos-
ing an op amp. An error budget analysis that accounts
for worst-case error voltages attributable to gain, offset
voltage and bias currents, CMRR, as well as other pa-
rameters, will give a much more significant measure of
accuracy than simply comparing microvolts/°C specifi-
cations.

To make the analysis, first assume a circuit configura-
tion—either the actual circuit or some arbitrary circuit.
Then list the specifications that are meaningful for ac-
curate circuit operation, noting the minimum or max-
imum value of each parameter over the required tem-
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perature range. Such min and max values are usually
available from the spec sheets, but if they are not, then
either use experience to assign the value from the given
typical value, or get in touch with the op amp makers to
ascertain a proper value. It may take some spec sheet
interpretation to be reasonably sure that all the parame-
ters of concern are specified in the same way by the
various manufacturers (e.g., warmed-up versus initial
values, CMRR at what Vi,?).

Now go down the list and compute the value of each
input error by considering how the specifications con-
tribute to error in the operating configuration. If, for ex-
ample, an amplifier is intended for accurate dc oper-
ation, the following specs are important and should be
considered: gain, input bias and offset currents, offset
voltage, input offset voltage drift, common-mode and
power supply rejection ratios—and their changes (or val-
ues) over the temperature range. In the non-inverting
circuit shown, the source resistance, Rs, is assumed to

be 50 kilohms, Rs mismatch is 2%, input is 10 volts, and
power supply variation is assumed to be +5%.

Several IC op amps, each of which provides excellent
performance in one or more of the characteristics that
comprise the error budget analysis, are compared. The
error parameters of six different op amp types are de-
tailed for two temperature ranges.

Choosing op amp A from those listed, the errors are
defined and calculated as follows:
® Gain: with a minimum gain of 10%, 10 pVv are re-
quired across the amplifier inputs to generate a 10-v
output voltage. This 10 uV is the gain-error voltage.
= Bias current: a 1% resistor tolerance gives a total re-
sistor mismatch of 1 kilohm. This results in a 10-pV in-
put voltage error, due to the 10-nanoampere maximum
I spec.

» Offset current: the offset current of 1 nA through the
50-kilohm source resistance gives a 50-uV error voltage.

m Offset voltage: most high-accuracy op amps can be
easily offset-voltage-nulled (one op amp used in the
analysis could not be), thus effectively eliminating this
parameter as an efror source.

® Offset-voltage drift: the maximum spec sheet number
multiplied by the appropriate temperature range pro-
duces this error voltage. (In general, a linear inter-
polation will not introduce significant variations from
reality—but it might.)

® CMRR: given a 10-v common-mode signal, the 110
decibel minimum spec results in 32 pv of common:
mode error voltage.

® PSRR: with a 5% power-supply tolerance, a worst-
case change of 1.5 v, multiplied by a maximum PSRR 0

10 uv/Vv, gives an error voltage of 15 uv. C

OP AMP ERROR BUDGET ANALYSIS

Error Ta = +25°C to +45°C Ta =0°C to +70°C
parameter
{min or max) A B C D A B Cc D E

Gain {1x10%) (8x10%) (1x10%) (10x10%) {5x10%) (50x10°)  (est.6x10%)  (80x10%)  (est. 7x10%) (2.5%104}
10V 125 uV Wouv 100 uv 200 uV 20 v 167 uV 125 uV 143 Vv 400 uv

Bias current (10 nA) (2 nA) (80 nA) (50 nA} (75 nA} {15 nA) {est. 2.5 nA) (100 nA) (est. 75 nA) (120 nA)

{n) 10uV 2V 80 uv 50 uV 75 uv 15 uV 2.5uV 100 uV 75V 120 uv

Offset current (1 nA) {02 nA) (5 nA) (30 nA) (10 nA) (1.6 nA) (est. 0.3nA) (7 nA) {est. 45 nA) {15nA)

(los) 50 uv 10uv 250 uV 1500 uV 500 uV 80 uv 15V 350 uv 2250 WV 750 uv

Offset voltage {timto 0) (500 uV) {trimto 0)  (trim to 0) {trim to 0} {trimto 0)  (est. 730 uV)  (5im 10 0) (trim 10 0) (trim to 0)

(Vos) 0 500 uV 0 0 730 uv 0 0 0

Offset voitage (0.5uV/°C) (5.0 uv/°C) (0.6 uV/°C) (1.0 uV/°C) (15 uv/°C) 0.5uv/PC) (5.0uV/eC)  (0.6uv/oC) (1.0 uv/eC) (15uV/°C)

drift (AV s/ O7) 10V 100 uVv 12 v 20 uv 300 uv 35 uv 350 pv 42 uv 0uv 1050 pV

CMRR (110 dB) (96 d8) (120 dB) {est. 96 dB) (90 dB) (100 dB) (96 dB) (115 dB) {est. 90 dB) (90 d8)
32V 160 v 10 uV 160 uV 320 uv 100 uV 160 uv 18 uv 320 uv 320 v

PSRR (0uv/V)  (16pVIV)  (BuV/V) {est. 50 uV/V) (15 uV/V) (15uviV) - (16 uV/V) (T uviv) {est. 60 uV/V)  (15uV/V)
15 uv 24 v 1.5uV 75 uv 22.5 uV 22.5uV 28wV 10.5 uV 90 v 225wV

Noise Difficult to esti b of non-uniform specifi Range approxi ly from 2 uV to 10 uV, not a significant % of the total.

Total 127 wv 921 uv 369.5 uV 1905 uv 1417.5 uV 27125 WV 1448.5 uV 5§33 uV 2948 uV 2662.5 uV

Price {100-lot) $20.00 $14.95 $16.30 $20.00 $2.25




Ac power considerations
in capacitor selection

by John Kropp
Mepco/Electra, Inc., a North American Philips Co., Morristown, N.J.

There are as many different ways of calculating power
dissipation in a capacitor as there are ways to use a ca-
pacitor. The dissipation due to an impressed ac voltage
is often overlooked or considered negligible, resulting in
capacitor degradation, excessive heating, and early fail-
ure. The ac voltage capability of a capacitor is quite dif-
ferent from its dc rating and is a function of its con-
struction. Fortunately, dissipation due to dc leakage
adds to dissipation due to ac components, permitting
them to be calculated separately and superimposed.
Film capacitors are rated in terms of a frequency-de-
pendent equivalent series RC product, which is labeled

the RsC product. And since nonsinusoidal waveforms
can be broken down into their harmonic components,
the dissipation of each significant component can then
be calculated separately and added arithmetically to
obtain a conservative estimate of power dissipation.

Ceramic capacitors are rated in terms of Q (quality
factor) or its inverse, the dissipation factor, from which
the RsC product can be computed. The equivalent
series resistance of electrolytic capacitors can be found
similarly, but this is rarely necessary since ripple current
ratings for electrolytics are generally specified.

The limitation on power dissipation is, of course, the
maximum temperature the capacitor can tolerate. This
is, in turn, a function of the internal structure and case
size, which determines the surface area available for
dissipating the power. The approximate relationship
(assuming free-air convection around the entire surface)
between surface area and temperature rise above am-
bient is:

Trise = ]33(P/A)‘C
where P is the dissipation expressed in watts, and A is
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the surface area of the case expressed in square inches.

The typical frequency curves show how the max-
imum RsC product varies with frequency for poly-
carbonate and polyester film capacitors, how Q varies
with frequency for ceramic capacitors, and how dissipa-
tion factor varies with frequency for electrolytic capaci-
tors. For film capacitors, the temperature curves illus-
trate how the maximum permissible power dissipation
is related to ambient temperature for various capacitor
sizes. The table associated with each temperature graph
gives approximate capacitor dimensions. The Group A
plots are representative of Mepco/Electra series
C280A/C280M units, Group B plots represent series
C280M units, and Group C plots represent series C281
units.

A sample power computation will show how to use
the graphs. Suppose a polycarbonate capacitor of 0.33
microfarad must handle an impressed voltage (Vac) of
180 volts at a frequency (w) of 1 kilohertz in an ambient

temperature of 50°C. Since the power dissipated is:
P = I?Rs

and:
then:

P = RsVa2w2C?
or:

P = (RsC)Va2w?C
The film capacitor frequency curves indicate that the
RsC product is 5 X 10-7 QF. Substituting for this prod-
uct and for the capacitor’s operating conditions in the
last equation yields:
P = (5 X 10-7)(0.33 x 10-6)(27 x 1,000)(180)?
P=0214w
If the Group A capacitors are chosen, those with curve
numbers of 8 to 12 can be used at 50°C, and the min-
imum size capacitor is 0.374 by 0.8666 by 0.571 inch.
When curves for maximum power dissipation versus
ambient temperature are not given for a capacitor, the
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power dissipation must be limited to a value that will
not cause the capacitor’s internal temperature to rise
above its maximum rated value. Some conservative esti-
mates for this maximum internal hot-spot temperature
are: 100°C for ceramic plate capacitors, polycarbonate
capacitors, polyester foil capacitors, and metalized poly-
ester capacitors, 125°C for solid electrolytic capacitors,
and 90°C for conventional aluminum electrolytics.
Other factors can also limit the level of the applied ac

ac voltage rating at line frequency must be respected at
all frequencies since it is determined by dielectric
strength, not power dissipation. Similarly, some capaci-
tors are rated for voltage steepness, a rating that must
be respected, regardless of waveform or dissipation.
(Voltage transients in the order of 20 to 50 volts/
microsecond can cause dielectric breakdown in metal-
ized film capacitors.) Finally, if a capacitor current rat-
ing is given, it must also be observed, no matter what

voltage. For example, in film capacitors, the maximum the result of other calculations. O
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Summing up the front-release
rear-release connector debate

by Terry Leen and John Cameron
Amphenol Connector division, Bunker Ramo Corp., Broadview, Ill.

Historically, the relative merits of front-release and
rear-release connectors have been controversial, both
among connector manufacturers and within users’
plants. Fortunately, the comparative advantages of each
system are now becoming clear, and the choice between
the two can be made objectively.

In the front-release connectors, the contacts are re-
leased from the front and then removed from the back,
generally with metal tools. In the rear-release version,
the tool is generally plastic, and is applied from the
back of the connector—the wire-bundle side.

In both systems, contacts are retained by means of a
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shoulder on the contact and a retention clip in the con-
nector. Contact retention mechanisms can be con-
structed of either metal or dielectric materials.

The design engineer has contended that rear-release
connectors are better, since they offer design simplicity
and an improvement of mating reliability because of
their hard-front socket inserts. Also, the service tool,
being plastic, tends not to damage the connector.

The manufacturing manager, however, has generally
disliked them; typical comments have been: “Sure they
mate nicely, but termination servicing of jacketed bun-
dles of braided wires, which must be pigtailed within Y-
inch to 1-in. from the rear of the connector, is difficult if
not impossible;” “the plastic service tools break con-
stantly;” “I can’t remove oversize wire aecidentally in-
serted;” or “I can’t crimp two wires to a rear release
contact because the tool will not fit over the wire.”

Management’s viewpoint, of course, is to insist that
all factors—initial purchase cost, assembly cost and per-
haps most important, life cost—be considered.

The tables will assist all three groups in getting to-



TABLE I© FRONT-AND REAR -RELEASE CLMNECTORS COMPARED l

ADVANTAGES
Contact identification easier
Low life cost of metal taols
Larger wire diameters passible

Wire shielding may be close to grommet sealing surface,
also is easily serviceable

No auxiliary tools needed for broken wired contacts

Male pins won’t bend on removal

Low initial cost of plastic tools, ready availability for
servicing

Closed-entry hard-front insert design less complex
Contacts serviceable in mated connector
Adaptable to CTJS, Mil-T-81714

Low to moderate connector life cost

FRONT-RELEASE

REAR-RELEASE

DISADVANTAGES
Male pins may bend during removal
High initial cost of metal tools
Closed-entry hard-front insert design adds parts, complexity
Contacts not serviceable in mated connector
Not adaptable to CTJS, Mil-T-81714

Moderate to high connector life cost

Visual contact identification difficult
High life cost of plastic tools
Wire diameters restricted

Wire shielding not very close to grommet sealing service,
as tools need clearance

Auxiliary tools needed for broken wired contacts

Broken tips of plastic tools may lodge inside contact
pockets, preventing contact insertion or removal

TABLE 2-: LIFF COoST™ oF PLASTIC VS, METAL TooL S

Description Plastic Metal
Initial cost (insertion and removal set) 0.55¢ $30
Average tool life (insertions and removals) 100 100,000
Cost / insertion and removal 0.0055¢ 0.0003¢

I THBLE 3:UFE cosT OF TYPICAL a;\mmsw.ﬂwmﬁwl

Reliable life
@ 200°C Material
Material (hours) cost / Ib Cost/ b/ hr
DAP 45 $0.75 $0.0167
GFE 1,500 $1.75 $0.00117
Astrel 360 70,000 $25 $0.00036
Silicone 7,500 $3 $0.0004
Note: All connectors are of similar size and employ front and rear
plastic and metal retention systems,

TABUE A LIFE COST OF COMNMNECTORS

Reliable | Connector
life cost
Connector @ 200°C {mated Failure
design (hours) pair) Cost/pair/hr | mode

Front release
Polymer retention 7,500 $55 $0.00734 Rubber
MIL-C-81511
Front release
Metal retention 1,500 $50 $0.0334 Plastic
MIL-C-26500
Rear release
Polymer retention 7,500 $30 $0.004 Rubber
MiL-C-83723
Rear release
Metal retention 1,500 $30 $0.02 Plastic
MIL-C-83723

gether on the decision. Table 1 summarizes the basic
points of comparison. More specific application life-cost
considerations must be based on the connector mate-
rials and the type of insertion-removal tool.
Insertion-removal tools, normally used with remov-
able-crimp contacts, can be either metal or plastic. Life
costs of typical tools are compared in Table 2.
Connector life is determined, not by the type of reten-
tion system, but by the connector materials. These are
basically metal, rubber, and plastic. The latter two rub-
ber or plastic determine the “reliable life” of a connec-
tor operating at 200°C. (The reliable life of a plastic ma-

terial is defined as the time required for it to lose 8% of
its original weight; the plastic thus loses its strength,
and a contact would be pushed out. The reliable life of
silicone rubber is defined as the time required for it to
lose 50% of its original elongation; the rubber thus loses
its ability to seal).

Table 3 summarizes the life cost of materials used in
connectors. Table 4 summarizes the life cost of typical
connectors of similar size employing front or rear, plas-
tic or metal retention systems. O
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A guide to hybrid-circuit
component compatibility

by Lyle F. Pittroff
Helipot Division, Backman Instruments, Fullerton, Calil.

Hybrid microcircuitry offers the potential of accom-
modating a wide variety of component types and val-
ues, but no process can completely avoid restrictions.
Realistically, it is sometimes more economical or better
design practice to leave certain devices in discrete form
outside of the microcircuit package. Heading the list of
discrete components that require special consideration
are large capacitors, large power transistors and diodes,
specially selected or sorted devices, and large inductive
parts. Each application imposes a unique combination
of economical, electrical, mechanical, and environmen-
tal circumstances. Although evaluation of the complete
system is always essential, a convenient starting point is
a review of the individual components.

Even though conductor patterns and crossovers may
not appear subject to consideration for component com-
patibility, some applications require analyses of their ef-
fects on the circuits. Fine-line screening techniques per-
mit very narrow line widths, but Ohm’s law prevails—
halving the line width doubles the line resistance be-
tween two points. Consequently, paths of high current
and lines of low impedance may require special layout
consideration, and these should be brought to the atten-
tion of the manufacturer. High-conductivity materials
with line resistivity of less than 0.01 ohm per square are
used for these applications.

Screen-printed crossovers may affect the microcircuit
design because the bottom conductor forms a small ca-
pacitor of typically less than 2 picofarads. Insulating
glass between the two conductors has a dielectric con-
stant of approximately 8, and the actual capacitance
value depends on the total area of the crossover design.
In most applications, crossover location and design can
be controlled so that crossover capacitance does not in-
terfere with circuit performance. However, circuits that
are sensitive to capacitive coupling between lines should
be noted accordingly. In addition to controlling cross-
over design, critical circuit areas can be guarded by the
optimum arrangement of conductor patterns.

Resistors and resistor networks often provide the
“value-added” opportunity for the microcircuit manu-
facturer specializing in thick-film materials and process-
ing. This is analogous to the manufacturer of monolithic
ICs who specializes in combining unique semiconductor
geometries into a single component. The basic capabili-
ties of thick-film resistors are shown in Table 1.

Evaluating resistors.

The value of the thick-film resistor is determined by
the film resistivity specified in ohms per square. Film
thickness is not considered a variable during layout de-
sign and manufacture. Key parameters are based upon
uniformly screen-printing the film to a specified thick-
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I TABLE | - BEckMAIN T k- FILM REsiSTOR GAFRBILITIES !

Resistancerange .................. 5 ohms to 100 megohms

Resistivityrange .. ................ 15 to 330 kilohms/sq.

Resistance tolerance ............... +0.5% to+5%
TOMPCO' v oo oo - <jalslasracaiee e st mars
100 ohms t0 100k ..............+200ppm/°C
10 ohms to 100 megohms . ... .. .+ 300 ppm/°C
Voltco
0to100V/in. . ... 0.5t0 1 ppm/V
0t01,000V/in........ovvnvunnnn 1to5ppm/V

Resistor noise
1010 1,000 0hms/sq. ............ —20 dB maximum
tktolOkohms/sq. ............ —10 dB maximum
10 k to 330 k ohms/sq. 0 dB maximum

Power dissipation

Precision resistors. . .. .......... 20 W/sq. in.
1% stability ............000000uun 100 W/sq. in,
2% stability .. .. cos snssesssesves 500 W/sq. in.

ness and sheet resistivity. For example, a film material
having a resistivity of 1,000 ohms per square may be
used to make a 3,300-ohm resistor and a 500-ohm re-
sistor by using length-to-width ratios of 3.3 to 1.0 and
0.5 to 1.0, respectively.

Resistors made of the same film material can provide
close temperature tracking and initial ratio adjustment.
Practical limits of production tolerance on initial ratio
and tracking depend significantly on the aspect ratio be-
tween resistors. Although other factors, such as absolute
value, resistor proximity to each other, and substrate-
area restrictions, affect the tolerance limits, the basic
relationship between aspect ratio and tolerance limits



rﬂau: 2 - BECEMIN CERMET CAPKCITOR APNBILITTES

Capacitance material . ................ 12,500 pF/sq. in.
................. 35,000 pF/sq. in.
................ 80,000 pF/sq. in.
Capacitance tolerance
IDsF I, . . (ovvmsscsseshihs +1 pF
30pF t02500pF ............. a +3%
Capacitance temperature characteristic. . . . . (—55°C to +125°C)
12,500 pF/sq. in. material ........ +15%
35,000 pF/sq. in. material ....... +10%, —30%
80,000 pF/sq, in. material . + 2%, -15%

Power f8etor ... .uv.svmasvice s vapin 2 % maximum

Temperature range ..—65°C to +150°C

Insulation resistance 109 ohms minimum

Maximum working voltage 50 volts

are shown in Fig. 1.

Generally speaking, the ratio and tracking tolerances
shown in the figure are achievable with discrete compo-
nents only by specifying tighter temperature coefficients
and tolerances. Also, choice of resistor values, power
ratings, and tolerances for microcircuit applications
should be based on circuit requirements instead of the
numerical values normally associated with discrete de-
vices. Thick-film resistor tolerances tighter than 0.5%
are considered difficult to achieve, and packaging re-
strictions may further limit initial tolerance.

Capacitor considerations

The most significant consideration for capacitors is
physical size, and this is directly related to economics.
Screen-printed capacitors consist of screen-printed top
and bottom plates and a screen-printed dielectric mate-
rial. Their characteristics are described in Table 2. The
capacitor layout and material considerations allow sig-
nificant flexibility. The substrate area and packaging
constraints normally set the upper value limit. Chip ca-
pacitors are available in many shapes and sizes, and size
is related to the product of the capacitance and voltage
rating. Capacitor values to 0.1 pF and voltage ratings to
200 v are usually compatible with economic considera-
tions and packaging constraints. Commonly used chip
capacitors utilize NPO and K1200 dielectric. Note that

NPO and K1200 chips differ considerably in capaci-
tance per unit volume. For example, a 2,200-pF NPO
chip and a 0.047-pF K1200 chip have about the same
dimensions. Tantalum chips allow significantly higher
capacitance values but also are larger and cost more.

Hybrid microcircuitry encourages great design flexi-
bility in that nearly any combination of smaller-signal
active devices, bipolar, logic or linear ICs, and MOS ICs
can be combined on the same hybrid substrate. Vir-
tually alt passivated semiconductor dice are process-
compatible with standard die-mount and wire-bonding
techniques. The significant differences between a pack-
aged semiconductor device and the chip version are the
criteria for testing and selection.

A key consideration in the conversion to a hybrid de-
sign is to determine what parameters the manufacturer
will be able to buy in chip form on a production basis.
Semiconductor dice are available at a reasonable cost
when purchased to dc wafer-probed parameters. Cus-
tom-probe testing specifications will have a definite ef-
fect on cost and lead time, although this approach is
commonly used where breakdown voltage, leakage cur-
rent, or offset voltage is critical to circuit performance.

The hybrid manufacturer’s task, beginning at the in-
quiry stage, is to evaluate the economies of either spe-
cially testing or lot-qualifying semiconductor devices. In
some cases, it is far more economical to sample an in-
coming lot of devices for temperature or ac parameters
than to take the yield on the finished hybrids, which
have all of the manufacturing cost inputs expended.

Although every rule has an exception, these guide-
lines should be considered early in the design phase:
® Diode reverse-voltage ratings below 200 v are avail-
able in chip form.

s Operational-amplifier offset voltage drift of +10 v/°C
can be guaranteed without special testing.

s Temperature-compensated zeners better than +50
ppm/°C may have to remain outwide the package.

® Average power dissipation in a single transistor
greater than 1 W may require special consideration.

Passivated semiconductor dice are available from
most semiconductor manufacturers in a variety of
forms. Dice are most commonly shipped after they have
been probe-tested, dotted, scribed, and broken from the
original wafers. Depending on the type of chip, the indi-
vidual chips may be shipped in waffle carriers or in vials
of 5,000 or more. Most hybrid manufacturers usually
stock numerous chip devices in substantial quantities. (]
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Bistable action of 555
varies with manufacturer

by Robert W. Bockstahler
General Dynamics Corp., Pomona, Calif.

The 555 integrated circuit, which has myriad uses as a
timer and oscillator, can also function as a bistable flip-
flop in such applications as TTL-compatible drivers for
displays or latch elements for burglar alarms. This flip-
flop operates from many different supply voltages, uses
little power, and requires no external components other
than bypass capacitors in noisy environments.

Pin 2 (the trigger pin of the 555) is an active-low SET
function. Pin 4 (the reset of the 555) serves as an active-
low RESET, and pin 6 (threshold) as an active-high RE-
SET. Both the RESETs can be used, or just one, with the
other connected in its inactive state. The table shows
how the output responds to various input signals.

It is important to know the detailed characteristics of
the particular 555 used as a bistable element because
the circuitry differs from manufacturer to manufacturer,
and certain functions, therefore, interact differently.
The table points out, for example, that the threshold
overrides the trigger on the LM555H, but the trigger
overrides the threshold on the NE555V. O

Vee
PING PING PIN 2 5-16V
NATIONAL SIGNETICS
{RESET) {THRESHOLD) {TRIGGER)
(ACTIVE-LOW) | (ACTIVE-HIGH) [ (ACTIVE-LOw) |  LMSSSH NESGEY  re— o
0.1uF 1uf
ser 1T T—IT
i) 0 1 RESETS (L) | RESETS (L) g =
U . : 0 8 TRIGGER 5 3 OUTPUT
555
il § 0 0 u W 1 —2 neser
U 1 0 0 U RESET . 5
—— THRESHO
1 i i 1 RESETS RESETS i _ "
0.01uf
1 I 0 u ' l I
0 ki 1 0 0 — L
0 I 0 o 0 -
Bistable operation. A 555 timer can be used as a set/reset flip-
1 0 4 ) SETS (1) SETS(J7) flop, with pin 2 as the active-low SET input. Pin 4 can be used as
1 1 I o ﬂ active-low RESET input, with pin 6 inactive (i.e., ow), or pin 6 can
be used as active-high RESET input, with pin 4 inactive (high); in
()} 0 1 0 0 the latter case, an LM555H performs somewhat difterently from
g 4 U 8 5 an NE555V. Flip-flop operation with both pin 4 and pin 6 as con-
trol inputs is also possible; for example, pin 4 might be the RESET
and pin 6 a power-on CLEAR.
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4. Adjusting component values

Accurately trimming
closed resistor loops

by R. M. Stitt

Burr-Brown Research Corp., Tucson, Ariz

Adjusting or tuning circuits could often be considerably
simplified if resistors that are connected in a closed loop
could be measured and trimmed to the desired value.
This is particularly true for thick-film-resistor layouts,
which could be significantly improved if the right ad-
justments could be made.

A circuit that allows measurement and trimming of
closed resistor loops is shown in the figure. (The closed
resistor loop formed by resistors Ry, Rz, and Rj is high-
lighted.) The circuit provides a metered readout. as well
as two light-emitting diodes for visual indication of both
positive and negative deviations from the desired resist-
ance value.

With the connections shown, resistor Rp is the seg-
ment of the loop to be measured. Resistor Rz is placed
in the negative-feedback loop of amplifier Az, and all of
the external nodes of this amplifier are grounded.
Therefore, whatever current in injected into Az’s invert-
ing input must flow through resistor Rz and must ap-
pear at Ag’s output as a negative voltage that is equal to
the input current times the resistor value. If the input
current is -1 milliampere, then Az’s output voltage will
be equivalent to the value of resistor R in kilohms.

Resistor R; simply acts as the load resistance of am-
plifier Az. On the other hand, resistor R; acts as a sum-

ming resistor that is tied to ground, but it makes no con-
tribution to Ag’s output voltage. Since there is no
voltage drop across this resistor, no current flows
through it.

The network consisting of amplifier A;, zener diode
Dz, and resistors R4, Rs, and R forms a voltage refer-
ence for amplifier A,. To assure optimum performance,
the zener regulates its own operating current. Amplifier
A; is connected as a summing amplifier with a milli-
ammeter in its feedback loop, and amplifier A4 per-
forms as a comparator (with hysteresis so that the LEDs
are both dark when a null is reached).

When resistor Rz is equal to the desired resistance
value, that of the standard resistor (Rsrp), the output
voltage of amplifier Az will equal -Vggr, and no current
will flow through the meter. Because the meter is con-
nected inside a full-wave bridge, it will indicate both
positive and negative deviations from the null point as
positive deflections. And since a regulated current flows
in the feedback loop of amplifier A3, any voltage drops
across the bridge diodes will not affect the meter’s read-
ing.

Amplifier A4, the comparator, drives the LEDs so that
they indicate whether the deviation from the null is
positive or negative. Its output current (10 milliam-
peres) is adequate to drive the LEDs directly. The LEDs
clamp each other, preventing their rather low reverse
breakdown voltage ratings from being exceeded.

There are a few restrictions to keep in mind about the
circuit. Amplifier Az, for instance, must be capable of
driving the load formed by the closed loop, and its input
impedance must be high enough for measuring the
value of resistor Rz accurately. For a more sensitive null
indication, the values of summing resistors R7 and Rs

¥

LOOP

é CLOSED
R, R4 ¥ RresisToRr : +
R r/ METER -

{1 mA)

OP AMPS: BURR-BROWN
BRIDGE DIODES: 1N4154
LEDs: HEWLETT-PACKARD HP5082--4880

VRer R;
Ra Rsto
18.7 k2 A Y
BB 3521 Re 1k
AR
10 k&2 8B 3500A
3.01 k2

Trimming circult. Individual resistors in closed resistor loop (R;, Re, and R3) can be trimmed to desired value (Rsp). The resistor to be
trimmed (R in this case) is placec in the negative-feedback loop of amplifier Az. When Rz = Rsrp, the milliammeter indicdtes a null, and both
light-emitting diodes are dark. The LEDs show whether R;'s resistance deviation is positive or negative with respect to the null.
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can be made smaller. But since the output-current rat-
ings of amplifiers A; and A2 must be observed, a more
sensitive meter is required if the circuit’s sensitivity is to
be increased significantly.

Furthermore, the output-current rating of amplifier

A; must be considered when resistor Rsrp is chosen. If
low-value resistors are to be trimmed, the magnitude of
Vrer must be reduced to avoid overloading amplifier
A;. An inverting amplifier with a gain of less than unity
could be inserted at the output of A;. O

Pc board forms custom
variable capacitor

by Robert L. Taylor
| & F Electronics, Nashville, Tenn,

A variable-frequency circuit can exhibit linear mechani-
cal tuning if a specially shaped capacitor is used. Such a
capacitor can be used for rf transmitters and rf receivers

that have linear slide dials, for position transducers that
have direct read-out on a frequency counter, and for
many other applications.

One of the simplest capacitor configurations is a
metal plate sliding under a printed-circuit board that
has been etched to give the desired variation of capaci-
tance (C) with overlap distance (x), as shown in Fig. 1.
The capacitance depends upon the dielectric constant
and thickness of the board and upon the area of
unetched foil that overlaps the plate:

C = ke,A/d

CIRCUIT
BOARD

SLIDING
PLATE

LENGTH
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1. Variable capacior. Circuit-board foil and metal plate constitute
capacitor that can be varied by changing overlap length. Shape of
foil determines relationship of capacitance to overlap. For 1/16-inch
paper-base phenolic board, C is about 20 pF/in.2 of overlap.



2. Etched board. Foil can have any pattern, to provide any increas-
ing function of capecitance with overiap distance (x). For conve-
nience in analysis, foil shown here covers aréa fromy = 0 to
y = y(x). Therefore overlap area is integral of y(x).

where k is the dielectric constant, & is 8.85 X 1012, A is
the overlap area, and d is the board thickness (all quan-
tities expressed in MKS units). For a typical 1/16-inch
paper-base phenolic board, C is about 20 picofarads per
square inch.

The overlap area, A, is a function of the shape of the
foil pattern on the board (Fig. 2)

A =fy(z)dz

and therefore the capacitance is related to the pattern
by

x
C(z) = (ke,/d) _l; y(§) d§

If the foil area is to be shaped so that the resonant
frequency of an LC tank circuit changes linearly with
the overlap length, as represented graphically in Fig. 3,
then

f = %a(LC)/? = -mx + b
. ‘(fnnx "fmin)X/s +fmax

or
C = M/(H - x/s)?
where

s = the maximum overlap length, corresponding to
resonant frequency frin in Fig. 3

L = the inductance in the tank circuit,

H = 1/(1 - fmin/fmu)

M=1/ [4172]_,(fm“ - fmln)zl

To obtain the oscillation frequency fmax When the
overlap is zero, a fixed capacitor must be placed in par-
allel with the variable one. The value of this capacitance
is M/H2, and therefore the variable capacitance must
be reduced by this amount. That is,

3. Linear tuning. To make resonant frequency of LC tank circuit
change linearly with overtap, toil needs shape defined in text.

C(x) = M/(H - x/s)? - M/H?

The foil shape that produces this capacitance relation is
found from

T
C(z) = (ke./d) f y(®) dt
0

or
Hx) = (d/keo) C'(x)

where C'(x) is the derivative of C with respect to x.
Thus the desired foil pattern is

Mx) = 2Md/kes(H -x/s)?

As an example, suppose the resonant frequency of a
1-microhenry tank circuit is to vary linearly from 40 to
20 MHz when the overlap changes from zero to 5 inches.
In this case

finax = 40 MHz

fmio = 20 MHz

L = 10%H

s = 5in.

These values yield

M = 63 pF

H=2

C(x) = 63/(2 - x/5)* - 15.8 pF

y(x) = 1.3/(2 - x/58 in.
where x is expressed in inches, and 1/16-in. paper-base
phenolic circuit board is used.

Other foil shapes can be devised to provide other ca-
pacitance-variation relationships. The function y(x) is
found from the derivative of C(x). Properly constructed,
these capacitors have excelient mechanical stability and
fair temperature stability. C
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Transistor gain
boosts capacitor value

by L. E. Schmutz
Massachusetts Institute of Technology, Cambridge, Mass.

In many applications, designers try to avoid specifying
large capacitors. Besides being expensive, they are usu-
ally leaky, have poorly toleranced values, and are physi-
cally large. But such large-capacitor problems as these
can be circumvented by using the gain of a transistor to
multiply capacitance. A simple circuit will do the job,
allowing a much smaller capacitor to be used instead.

In the circuit of (a), the effective capacitance, which is
shown in color, is the result of the gain of the transistor:

C =BC

where C’ is the effective capacitance value, C is the ac-
tual capacitance value, and 8 is transistor gain. The re-
sistor that biases the transistor must have a large value,
since its actual resistance is divided by the gain of the
transistor.

Rp’ = Re/B

where Ry’ is the effective resistance value, and Rg is the
actual resistance value. (The effective resistance caused
by capacitor leakage is also decreased by transistor
ain.)

’ This capacitance-multiplier circuit is particularly use-
ful in reducing the size of the bypass capacitor in a feed-
back-stabilized cascaded amplifier, like the one drawn
in (b). Cascaded emitter-coupled amplifiers are widely
used in applications requiring high ac gain and good
frequency response. However, they normally require
elaborate biasing schemes to compensate for the lack of
gain uniformity between discrete transistors.

Sometimes, a direct-coupled cascade is employed so
that dc feedback can be used to stabilize the bias for the
transistors. Capacitor C’ then bypasses the ac compo-
nent to ground, maintaining the amplifier’s large signal
gain. But, with this approach, the resistance seen by ca-
pacitor C’ is reduced by the gain of the amplifier, mak-
ing it necessary for C’ to be very large to achieve or-
dinary low-frequency break points.

If the low-end half-power point of circuit (b) will be
10 hertz, the value of capacitor C’ climbs to a whopping
1,270 microfarads. But when the simple capacitance
multiplier of (a) is used instead, the value of the bypass
capacitor (C) can be cut down to 12.7 uF, a 130-fold re-
duction. O
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Capacitance multipller. A iarge effective capacitance (C’) can be
obtained from a small capacitor (C) by using transistor gain to mul-
tiply the actual capacitance value, as shown in (a). The technique is
especially convenient in reducing the size of the bypass capacitor in
a cascaded emitter-coupled amplifier (b). Here, the capacitance
needed is decreased by a factor of 100—from 1 270 to 12.7 uF.



5. Displaying LED versatility

A fail-safe font of
seven-segment digits

by Brian Astle
Optel Corp., Princeton, N.J.

The trouble with most popular seven-segment display
fonts is that a failure in a single segment may transform
one digit into another. For example, if one segment
sticks at “off,” a 7 could be interpreted as a 1, or if it
sticks at “on,” a 0 could appear as an 8. Here is an idea
for a font, which, although it has not been widely tested
and would require some operator training, is fail-safe
and can even be extended to mathematical symbols.

In the odd-parity font, shown in Fig. Ic, each digit
contains an odd number of segments and so has odd
parity. Thus if one segment either goes off or comes on,
the error will be immediately recognized (the common
font has both odd and even parity).

In this new font, the formats for digits 0, 1, and 4 re-
quire learning. The symbol for zero was made to re-
semble an imperfectly closed script zero. This is not

likely to be confused with any other numeral, and offers
an alternative to the slashed zero now used to distin-
guish zero from the letter O. The symbol representing
one was chosen as the full symbol 1, with the upper left
and lower right strokes deleted. Note that the symbol
has full height and width, an aesthetic advantage not
enjoyed by the common font one. The symbol repre-
senting four was derived from the common font symbol
by deleting segment B.

The concept also can be extended to mathematical
symbols. There are 64 odd-parity seven-segment sym-
bols, 22 of which are shown in Fig. 2. The decimal-point
symbol was chosen to be readily distinguishable from
the minus symbol and to be similar to the European no-
tation. The symbol for a power is similar to the vertical
arrow symbol, and also suggests the conventional po-
sitional notation.

The symbol for mult'plication, which is needed to
represent floating-point numbers, was chosen arbi-
trarily. Bases other than 10 are indicated by symbols
that precede the base numbers. The symbols for 10 and
11 provide the extra two symbols needed for counting
in base 12. The symbol for 10 also is useful in represent-
ing floating-point decimal numbers.

Complex numbers require the symbols representing

FONT
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(a) (b)

SEGMENTS USED FONT | SEGMENTS USED
ABCDEF J ABCDE
BC i BCD
ABDEG c ABDEG
ABCDG 3 ABCDG
BCFG 5 CFG
ACDFG g ACDFG
ACDEFG B CDEFG
ABC i ABC
ABCDEFG B ABCDEFG
ABCDFG6 9 ABCFG

{c}

1. Fallure in one segment of seven-segment display (a) could produce misinterpreted digits with the font presently used (b). Proposed odd-
parity font (c), though it requires ielearning, displays meaningless character when one segment fails.
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addition, subtraction, and the square root of -1. It is
sometimes desirable to represent complex numbers in rf
coordinates, and a symbol for the complex plane angle
is reserved to denote the use of these coordinates. When
this symbol appears between two numbers, the first
number represents the distance from the origin. The
second number represents the angle in degrees, unless it
is followed by the symbol for radians.

To complete the set of commonly used symbols, those
for divide and for equal have been included, although
they are not strictly necessary for number representa-
tion. Certain important numbers such as 7 and ¢ are
worthy of representation and are also included.

The author has compiled an additional list of symbols
for some of the more common functions, which he will
make available to those who are interested. O

MINUS - - G
DECIMAL POINT .or, I c
EXPONENTIAL Positional [ AEF
TIMES X U CDE
BASES OTHER THAN 10 Positional L DEF
TEN 10 O ACDEG
ELEVEN 1 ' BCF
PLUS + 4 BCG
SQUARE ROOT OF —1 Viorj J AcoD
COMPLEX PLANE ANGLE L N ABF
DEGREES o Jd ABG
RADIANS rad F EFG
LESS THAN < C DEG
LESS THAN OR EQUALS < L DFG
GREATER THAN > J ¢DG
GREATER THAN OR EQUALS > 4 BDG
PLUS OR MINUS + O ABDFG
APPROXIMATELY ~ d scpDEG
DIVIDE /or+ r BEG
EQUALS = = ADG

Pi * M aAscecF
BASE OF NATURAL LOGARITHMS e E ADEFG

2. Mathematical symbols can be represented in odd-parity, seven-segment font for use in more complex displays.

LEDs watch for
overvoltages

by Don DeKold
Santa Fe Community College, Gainesville, Fia.

A pair of light-emitting diodes, along with a pair of
zener diodes, can serve as a simple visual voltage moni-
tor. For instance, if the two LED/zener combinations are
placed at the output of an operational amplifier, they
will indicate when the magnitude of the op amp’s volt-
age exceeds a certain maximum, and whether this over-
voltage is positive or negative.

For the circuit shown, LED-1 lights if the op amp’s
Voltage monitor. Light-emitting diodes glow when op amp output
voltage exceeds a maximum level, 15.5 voits dc in this case. For a
positive overvoltage, LED-1 lights; for a negative overvoitage, LED-2
lights. Both LEDs light for an ac output of more than 31 V pk-pk.
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output is greater than +15.5 volts dc; about 13.9 v is
dropped across zener-1 and about 1.65 v across for-
ward-biased LED-1. In this case, LED-2 is back-biased,
and no current flows through it or through zener-2.
LED-2 lights for an op amp output of -15.5 v dc, while
LED-1 is back-biased and remains dark.

The internal short-circuit current limiting of the op
amp prevents the current flow through either forward-
biased LED from exceeding 18 to 20 milliamperes. This
current level allows the LEDs to glow brightly enough
for you to see them easily in a well-lit room.

For an ac output signal, both LEDs will light on alter-

nate half cycles when the signal level is more than 31 v
peak-to-peak. If the signal frequency is fast enough,
each LED will appear to be lighted continuously. When
a pair of well-matched zener diodes is used, this feature
lets you detect the op amp’s output offset voltage with-
out a voltmeter. By noting which LED lights first when
the level of the amplified signal is increased, you can
deduce the presence of an offset voltage as well as its
polarity.

The diode loading across the op amp’s output also
serves to limit voltage to the maximum 15.5-v level, but
it does not affect signal voltages that are less than this
amplitude. ()

Different-color LEDs
can switch each other

by F. Gerard Albers
University of Dayton, Dayton, Ohio

The inequality of threshold voltages of light-emitting
diodes of differing colors car be used to minimize the
circuitry needed for a display, especially if the appli-
cation is not a critical one. The voltage drop across a
LED that is conducting, therefore, can control another
LED of a different color.

In the two-color display of (a), the green LED will
light when the switch is open. But when the switch is

approximately 1.5 v, which is slightly below the thres
hold of the green LED. This lamp, then, goes out.

The concept can be expanded to multiple-unit dis
plays, as in (b). The red LED, which is controlled by gate
G, will disable the yellow and green LEDs when it is il
luminated. If the red LED is not conducting, the display
depends on the output of gate Go.

When Gz’s output is low, the yellow LED will conduct
producing approximately a 2.0-v drop at the resistos
node. The green LED remains disabled because its thres-
hold is now approximately 2.1 v because of diode D,
When Gz’s output is high, the yellow LED turns off an¢
the green LED turns on.

The luminous intensity of such a display is quite ac.
ceptable, even in a well-lit room. And the difference ir
luminous intensity between the three LEDs is negligible
The 500-ohm resistor limits gate current and establishes

closed, the red LED lights, producing a voltage drop of the proper voltage drops for the LEDs C
5V +5§ v
LEDs: DIALIGHT
. 500 2
RED, 521-9189
1804 GREEN, 5219206 1

YELLOW, 521-9207

GREEN YELLOW RED

GREEN RED ¥ Clb
2 %
1N648

SN7402

4

{ :

{a)

D2

(b)

Paring display circuitry to a minimum. The different threshold voltages of LEDs of differing colors can be used to select the colors in a dis-
play. For the two-color display of (a), only the green LED conducts when the switch is open, and only the red LED conducts when the switch
is closed. Similarly, a three-color display (b) can be obtained by employing two switches (gates G, and Gz) and a diode (D,).
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LEDs replace CRT
in solid-state scope

by Forrest M. Mims, Il
Albuquerque, N. M.

Thanks to the availability of low-cost light-emitting
diodes, an all-solid-state oscilloscope can now be assem-
bled. Figure 1 is the circuit diagram for a prototype that
replaces the conventional CRT with a 10-by-10 array of
GaAsP red LEDs. Although resolution of the 100-ele-
ment screen is poor, pulses, square waves, triangle
waves, and ramps are easily identifiable.

Input signals to the scope are ac- or dc-coupled to a
536 FET-input operational amplifier. The op amp is con-
nected directly to 10 vertical columns of LEDs in series.
The LEDs in each column are paired with individual re-
sistors connected in series to form a voltage divider. The
result is that each column of LEDs is a voltage sensor
with a bar-graph-style readout.

The 10 LED columns are sequentially scanned by a
sweep circuit composed of a 555 clock, a 7490 decade
counter, and a 7441 one-of-10 decoder. A single NAND
gate provides an optional automatic trigger feature for
synchronizing the sweep with incoming waveforms from
the op amp.

A pocket-sized version of the scope, measuring 4 by 6
by 13 centimeters, has front-panel controls that include
vertical voltage sensitivity, horizontal time sweep, trig-
ger, ac-dc, and power. The voltage sensitivity is adjust-
able from 0.01 volt per division to 1.0 v/division, where
each LED is a division. The sweep is adjustable from
20 microseconds/division to 1.0 second/division. The
amplifier and sweep circuits consume a maximum of 54
milliwatts, and the display consumes a maximum of 308
mWw when all of the LEDs are on.

Figure 2 is a photograph of the scope’s LED screen.
The prototype scope shows only half of a bipolar wave-
form, and the input connections must be reversed to
view the other half. |
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1. Solld-state scope. Waveforms are displayed on 10-by-10 array of LEDs in this scope. Incoming signal is amplified and applied to all 10
columns of LEDs, and decoder completes circuit through each column in sequence to provide scanning. Display shows only the positive half
of an ac waveform. The patter is like a bar graph in that all lights below top of waveform are lighted; thus in a ramp, the bottom two LEDs
might be lit in the first column, the bottom three LEDs in the second column, the bottom four in the next column, and so forth.
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2. LED array. Light-emitting diodes are
mounted on perforated board painted black
to provide good contrast. Holes in board are
0.1 inch apart, so 10-by-10 array occupies
area of approximately 1 by 2 in. Resistors for
voltage divider are mounted right behind the
LEDs, allowing compact packaging. A sec-
ond board of similar size, stacked behind the
LED board, holds the amplifier and scanning
circuitry. Entire scope, including batteries, is
about the size of a pocket calculator. Author
built prototype for less than $40.

Large hexadecimal display
is legible from afar
by A. J. Bryant

Manelco Electronics Ltd., Winnipeg, Manitoba

Better visibility and a wider range of alphanumeric
characters result when the seven segments standard in
light-emitting-diode displays are made up of two LEDs
each and multiplexed with six other LEDs. The arrange-
ment of 20 discrete LEDs described here provides 1.5-
inch numerals and letters that can be read from 30 feet
away with clear distinction between such “twins” as 0
and D.

The display can be particularly useful in micro-
processor applications in process and machine control-
lers, where hexadecimal numbers representing steps or
parameters must be clearly visible from distances of 10
feet or more. Commercial displays do not meet this
need. The numbers 0-9 plus the letters A-F represent
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1. Really big show. Twenty light-emitting diodes arranged in a %-
by-1%-inck array display any symbol in the hexadecimal numbes
system. Th s display can be read at distances as great as 3Q feet.
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the quantities 0-15 in hexadecimal notation.

Figure 1 shows the 20 LEDs in a 4-by-7 array. There
are seven segments made up of two diodes in series and
six individual diodes; the two-diode segments are la-
beled a, b, . . . g, as in any seven-segment display, and
the six individual diodes are labeled 1,2,. . . 6. The 13
different current paths that these segments and individ-
ual diodes provide are controlled by the outputs of a
read-only memory and an on/off multiplexing voltage.
So only two current drivers are required.

When a character is displayed, the multiplexing volt-
age causes the appropriate segments and then the ap-
propriate individual diodes to light, but they go on and
off so quickly that they appear to be on continuously.

Figure 2 shows the display-circuit arrangement and
the program of the ROM. If the symbol B is to be dis-
played, then all of the segment LEDs and individual
diodes 1, 3, and 5 must light. The program shows that
for the letter B, all of the segments are Os (low voltage).
When the on/off multiplexing signal is 0, the inverter
puts high voltage on the segments and they all light.

When the multiplexing signal is a 1, high voltage is
applied to all of the individual diodes. The cathodes of
1, 3, and 5 have been grounded by the ROM, so those
diodes light up; but the cathodes of 2, 4, and 6 are held
high, so they do not light.

For representation of the hex B, the binary ROM in-
puts to Az, Ag, Ay, and A, are 1011, and A, is O for the
segments and | for the individual diodes. Thus the
memory chip is programed so that input 01011 pro-
duces outputs 0000000 on Bs . . . Bo, and input 11011
produces 1111000. Note that output B is not used.

To provide a more even distribution of light in the
multiplex mode, different current drivers can be used
for the segment line and for the line to the individual
diodes, or the duty cycle of the on/off signal can be
changed. Most available ROMs can sink the current re-
quired by the LEDs, but a buffer may be required, de-
pending upon the specific combination. O
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Built-in LED display decoder
simplifies digital-clock logic

by James Blackburn
University of Western Ontario, London, Ont., Canada

Many solid-state readouts are supplied with their own
built-in decoders, which can simplify the logic needed
to produce a blanked display. For example, the Hew-
lett-Packard Co. type 5082-7300 numeric light-emitting-
diode indicator accepts four-line (1, 2, 4, 8) binary-
coded-decimal logic inputs. An input of 1000 generates
a “1” display, while the complement of this signal
0111) results in a blank display. Therefore, the Q and

outputs of a flip-flop can cause H-P’s LED display to
show either a 1 or blank.

This property is particularly useful in simplifying the
logic required for a digital clock to make the transition
from 12:59 to 1:00. Obviously, 13:00 must be inhibited
in favor of a reset to 1:00. Since modulo-10 counters
have integral reset-to-zero functions, the least-signifi-
cant digit of the hours display must be reset to 1 in-
directly. Additionally, the hours’ most-significant digit

must be blanked, causing the clock display to be 1:00.

Because of the display’s built-in decoder, the desirec
reset-to-1 operation can be accomplished with only five
dual-input NAND gates and one J-K flip-flop. The flip
flop drives the most-significant digit of the hours dis
play.

When the time is 12:59, the flip-flop is in the 1 state
and the decade counter’s A and B outputs are higl
while its BD;, C, and D terminals are low. At the end o
the next minute, a negative transition occurs at th
counter’s A; input. Its A output then goes low and is in
verted by gate G;, causing input BDj to go high so tha
the display reading should be 13:00.

Both inputs to gate G2 are now high, producing a lov
at its output, which is inverted by gate Gs. The two in
puts to gate G4 then go high, causing the flip-flop to re
set to the O state and the decade counter to reset to zerc
This generates a blank at the most-significant digit o
the hours display, and, because of the inversion at gat
G,, all is generated at the least-significant hours digit
The clock display now shows 1:00 as the time.

The transition from 13:00 to 1:00 occurs so quickl
that the clock display indicates only a transition fron
12:59 to 1:00. r

.

Digital clock display. Because of its built-in decoder, Hewlett-Packard's solid-state readout reduces the logic required to blank a clock’
display when making the transition from 12:59 to 1:00. The complement of the signal that blanks the readout producesal.
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Driving LEDs directly
from C-MOS logic outputs

by C.D. Patterson
Gandalf Data Communications Ltd., Ottawa, Ont., Canada

If a complementary-MOS logic system requires a num-
ber of light-emitting diodes in its display, the power dis-
sipated in the display may be far more than that for all
the rest of the circuitry.

To get a nice bright display, each LED should receive
more than 15 milliamperes of current. If the require-
ment is for, say, four LEDs, then something like 60 mA
must be provided by the supply. In addition, each LED
must be driven from a high-current C-MOS inverter,
such as a 14019 device wired as a current sink.

One way to cut down on current consumption is to
connect all the LEDs in series in a 20-mA current chain,
as shown in the figure. Each LED can then be controlled
by shorting it out with a transistor.

A pnp transistor will allow a LED to turn on for posi-
tive C-MOS levels, while an npn transistor will allow a
LED to turn on for negative C-MOS levels. Also, since the
transistor can be operated with less than 0.3 ma of base
current, normal C-MOS logic outputs can provide suf-
ficient current for driving the LEDs.

LEDs controlled by pnp transistors should be inserted

LED A

LED B é@ LED 8
r'e
C-MOS 2N3906
LOGIC
INPUTS 2 2209
(% W)
POWER-ON
INDICATOR
LEDC y) LEDC

Current-saving design. Inserting a bipolar transistor between a
c-Mos logic output and a Leb indicator permits the c-Mos logic device to
control the Leo. The current supplied by the c-mos logic-level output
is sufficient to turn on the transistor, which, in turn, causes the Lep to
go out. A pnp transistor is used for positive logic signals, and an npn
transistor for negative logic signals.

at the top of the chain, and those confrolled by npn
transistors at the bottom. This avoids excessive reverse
emitter-base voltages. O

Seven-segment indicator
shows Roman | through V

by Yehia Hussein
Television Studios, Cairo, Egypt

To get away from ordinary numerals for indicating time
modes (or any other five-level state), here is a quickly
recognizable display that uses a standard 7-segment in-
dicator. Roman numerals I, II, III, IV, and V are dis-
played by turning the 7-segment indicator on its side, as
shown in Fig. 1. A decoder/driver, consisting of two ex-
clusive-OR gates and one AND gate, operates directly
from BCD inputs.

The display is implemented for a MAN-4 7-segment
light-emitting diode, driven by transistor de-
coder/drivers from the BCD output of a divide-by-6
counter, as shown in Fig. 2. Transistors Q;, Q2, and Qs
correspond to gate 1 in Fig. 1; Qq, Qs, and Q7 corre-
spond to gate 2; and Q3 corresponds to gate 3.

When the BCD outputs A and C are low, Q; and Q:
are off and therefore Qg is off, so the | segment receives
no current and does not light. When A is high and C is
low, Q. is off, but Q, is on; therefore, current from the
A output flows through Q; to turn on driver Qg, Which
illuminates the | segment. The magnitude of the input
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1. Roman numerals. Seven-segment display element, turned on its
s1.8, provides Roman numerals | through V. Indicator is driven by
‘wo exclusive-OR gates and one AND gate, which operate directly
frcm BCD outputs of a digital counter.



MAN-4 LED
1-SEGMENT
INDICATOR

D,,D, = IN914
Q;,0,, 04, Q5 = 2N2905
03,0, 0; = 2N1308

2. Circult. implementation of Roman-numeral indicator uses three
transistors for each exclusive-OR gate and a single transistor for the
AND gate. BCD data comes from divide-by-six IC. Display element is
a 7-segment LED device. This novel display mode i$ useful for any
system or situation with up to five levels or periods, such as gear po-
sitions, soccer quarters, elevator stops, and the like.

current to the driver is determined by resistor R,. If C is
high and A is low, Q2 conducts, and again the | segment
glows. When both A and C are high, Q, and Q; are
both off; diodes D, and D; ensure the performance of
this exclusive-OR, even when the A and C highs are un-
equal because of current being drawn from C to the
other transistors.

The exclusive-OR gate of Q4, Qs, and Q7 operates in a
similar manner to illuminate the | | segments, but diodes
are not needed because B and C are never high simulta-
neously (see truth table in Fig. 1).

The AND gate, transistor Qg, is a direct-drive circuit
that lights up the horizontal bar to convert | | to I_l,
which approximates Roman numeral V. O

Light-emitting diode
doubles as sensor

by Thomas T. Yen
Statham Instruments Inc., Oxnarad, Calif.

A seldom recognized property of many light-emitting
diodes is that, in addition to emitting light when for-
ward-biased, they can also detect light when reverse-

Vv, Vy >V,

Vs,
Q‘ Rz
LED D,
SENSOR
Qy ' AAA
vz

oUTPUT

INPUT

1

LED Switch. A few components can be added to enable the con-
ventional LED to double as a photodetector.

biased. This emitter/sensor property in a single device
leads to several potential applications.

One of the more intriguing possibilities is an auto-
matic brightness control for a LED display panel. By
momentarily reverse-biasing one of the LED elements (a
decimal point, for example), the emitter-come-sensor
could be made to detect the ambient-light intensity, and
then the intensity level of the display could be adjusted
accordingly.

In another application, the emitter/sensor could serve
as a simple transceiver, to be placed at points on a dig-
ital communications bus. A data link capable of two-
way communications can be constructed simply by us-
ing fiber optics and a single device at each end.

Such applications require a switching circuit similar
to the one shown. When the input is high, Q, conducts,
and a forward bias current flows through D;, which
emits photons. The photocurrent is given by:

V. V.-V,

R R.

When the input is low, Q; turns off, D; becomes a sen-
sor with a reverse bias of V; - V3, and the light current
through R2 develops a voltage at the output.

Initial tests show that both infrared (gallium arse-
nide) and red (gallium arsenide phosphide) LEDs re-
spond to light from a small incandescent source. Once a
diode is selected, it should be tested further to deter-
mine the exact switching speed and sensitivity charac-
teristics. Several LEDs have been tested, including the
Hewlett-Packard Co. 5082-4107 (GaAs) and 5082-4440
(GaAsP) and Daimetric’s DLD-32 and DLD-33, both
red-LED GaAsP types. O

I~
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6. Novel delay lines

Bucket-brigade shift register
generates constant phase delay

by F.E. Hinkle
University of Texas, Applied Research Laboralories, Austin, Texas

A digitally programable constant-phase-delay network
makes an interesting application for a bucket-brigade
analog shift register. The circuit generates a phase de-
lay, in degrees, that is independent of the frequency of
the signal to be phase-shifted.

The analog shift register works in conjunction with a
phase-locked loop so that the input frequency forms the
time delay needed for a constant phase delay. The regis-
ter delays the input by:

T = M/2f,

where M is the number of register-delay elements or
bits, and f, is the frequency of the bit shift (biphase
clock).

Since the frequency for shifting the analog bits is a
function of the input frequency, the delay time will also
be a function of input frequency. A phase-locked loop is
used as a frequency multiplier, with a divide-by-N net-
work in its feedback path. During lock, the frequency of
the phase-locked loop will be an integral multiple of the
input signal being applied to the shift register:

fv - Nﬁn
where N is the divide-by integer in the phase-locked
loop, and fix is the input frequency. When the fre-
quency of the phase-locked loop is applied to the shift
register as the bit-shift frequency, the new time delay of
the register is:

T = M/zNﬁn

The delay time-to-angle conversion for the input sine
wave can be defined as:

delay angle = (1/Tis) X 360° = (1fin) X 360°

where T, is the period of the input waveform. Substi-
tuting for 7 in this equation yields:

delay angle = (M/2N) X 360°

The delay angle of the input waveform, therefore, is in-
dependent of that waveform’s frequency. By using a
programable divide-by-N circuit, the amount of the de-
lay angle can be adjusted in the desired increments. For
this circuit, when M = N = 185, the delay angle is 180°
for all frequencies within the range of the phase-locked
loop. The circuit’s major limitation is the lock-on range
of the phase-locked loop. a
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Controlied phase shift. Bucket-brigade analog shift register and a
phase-locked loop provide a constant phase delay that is indepen-
dent of the input frequency. The phase-locked loop determines the
bit-shift frequency of the register, and a divide-by-N circuit sets the
frequency of the phase-locked loop. The delay can be made variable
by adding a programabile divide-by-N circuit as indicated.



C-MOS decade divider clocks
bucket-brigade delay line

by F.E. Hinkle
The Applied Research Laboratories, University of Texas, Austin, Texas

The bucket-brigade analog shift register is a charge-
transfer device that can delay an input signal by a fixed
or variable time. A TCA350 MOs bucket-brigade shift
register, which has 185 stages, delays the signal by a
time t = 185/2f,, where f. is the clock frequency. The
clock frequency must be considerably higher than the
signal frequency f; for sampling and filtering reasons (f.
must be filtered from f; at the output), so the maximum
signal delay is about 10/f;. A TCA350 was used to de-
lay 1-kilohertz tone bursts, as illustrated in Fig. 1, for
measurements of distortion and insertion loss.

The TCA350 requires two clock-pulse trains of -18
volts; both are at frequency f., but they are separated in
phase by 180°. [The function of the biphase clock in the
charge transfer process is described in Electronics, June
21, 1971, p. 58.] A drain supply of -24 v and an input
bias voltage of -8 v are also required. Figure 2 shows
the circuit for the shift-register delay line, complete with
clock generator and output filter.

In this circuit, an externally generated train of posi-
tive pulses at frequency f;, is applied to the 2N4403
transistor switch/level-converter, which produces nega-
tive pulses suitable for driving the biphase clock gener-
ator. The generator, a divide-by-four circuit that uses an
MCI14017AL c-Mos divider, is biased at -18 v and
therefore can drive the TCA350 directly. It generates

two non-overlapping pulses at f. = f,/4, separated by
180°. An MCI4009AL c-MOs hex buffer inverts the
clock pulses.

The output from the delay line consists of the delayed
input signal superimposed on a clock-generated wave-
form. The output wave that is gencrated by the clocking
pulses has an rms value of 3 v, and its frequency spec-
trum is integral multiples of f.. A filter is needed to re-
ject the clock frequency and its multiples; the more re-
jection the filter provides at f., the better the wideband
signal-to-noise ratio is.

Of course, if fc is so high that the following system
cannot detect it, the filter requirements are not as strin-
gent. For the four-section RC filter shown in Fig. 2, the
clock-frequency energy is down about 50 decibels from
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1. Delay. Dual-trace scope photo shows 2-millisecond delay of
1-kHz tone burst in bucket-brigade delay line. Output has been fil-
tered to remove clock-frequency components. Delay is inversely
proportional to clock frequency; here f, = 46.25 kHz.
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2, Circult. The TCA350 analog shift register is an MOS charge-transfer device that requires two clock inputs. Clocks of required amplitude
and phase relationship are generated by C-MOS divider plus inverters from a conventional input pulse train. Low-pass filter removes clock
frequencies from output waveform. Note dc bias at input of detay line. Cascaded shift registers can delay signals for tens of milliseconds.
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3. Load carefully. Harmonic distortion and insertion loss in circuit
depend upon value of load resistor Ry, as shown. Data assumes that
fs = 1 kHz, f, = 46.25 kHz, and input signal = 0.77 V rms.

the maximum allowable output signal within the low-
pass filter passband. If a more elaborate filter such as a
multipole active filter is used, the clock energy may be
reduced even further.

_ The cutoff sharpness of the low-pass filter determines
the maximum amount of delay realizable because a
sharp cutoff allows a lower f.. With the four-section RC
filter shown, the maximum delay before signal degrada-
tion is about 2 milliseconds. The minimum delay is
about 180 ps. The longest practical delay is about 18 ms.
With such a long delay, however, the signal is less than

500 hertz. Since the delay changes with clock frequency,
the worst-case f. must be determined when calculating
the s/n ratio of the delay line.

The usable dynamic range of the shift register also
depends upon the filter response and acceptable s/n ra-
tio. The dynamic range of the shift register is greater
than 70 dB when a sharp-cutoff filter is used to remove
the clock frequency. The analog shift register tracked
within 1 dB as the input signal level changed from 3 v to
less than 300 pv. The tracking error was measured in a
filter bandwidth of 200 Hz, centered at 2 kilohertz. For
input voltages above 3 V rms, the harmonic distortion
exceeds 4%. For input amplitude levels of less than 0.5
Vv rms, the distortion is less than 0.5%. At higher input
levels, clipping of signal peaks causes a distortion that is
a nonlinear function of the input level.

The output stage of the TCA350 is a source follower
that must be terminated in either a load resistor Ry or a
constant-current load of about 0.5 milliampere. The
relationship between harmonic distortion and load
resistance is shown in Fig. 3; note that there is an opti-
mum value for Ry. The distortion curve reflects a 0.2%
distortion in the input signal plus the nonlinearity of the
bucket brigade. If a current source is used in place of
the load resistor, the current should be adjusted for
minimum distortion.

Figure 3 also indicates that the attenuation of the in-
put signal varies between 4 and 11 dB as the size of the
load resistor is changed. O

Logic approach to time delay
uses only integrated circuits

by John J. Carroll
U.S. Naval Avionics Facility, Indianapolis, Ind.

The checking of systems that use linear pseudo-random
pulse sequences usually requires delayed sequences, as
well. Often the delayed signals are simulated by con-
ventional delay lines, but this approach is bulky and ex-
pensive to implement, and changing the length of the
delay requires switching several delay lines or using a
tapped delay line.

In a more compact and less expensive approach, sev-
eral logic gates can delay the pulse sequence, which is
produced in the conventional way by a modified shift
register, and a second shift register varies the delay in
much smaller increments than are practicable with con-
ventional delay lines.

For example, the pulse sequence may represent the
output of a radar or sonar transmitter; the delayed se-
quence would represent the echo. In the simulation, the
original sequence and the delayed sequence can be pro-
cessed in the same way as the signal and its echo in an
actual system.

In general, a pseudo-random pulse sequence is a cy-
clic group of 2® - 1 pulses containing all possible binary
combinations of n pulses except the all-Os combination.
The cyclic characteristic of the sequence is the distinc-
tion between a pseudo-random and a truly random one.
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Nevertheless, the sequence can almost arbitrarily ap-
proach true randomness. For example, if n = 20, the se-
quence contains more than a million pulses without
repetition. When these are produced at a clock rate of 1
megahertz, the cycling rate is less than 1 hertz. There-
fore, if the 1-MHz sequence is fed through a high-pass
filter with a 10-kHz cutoff, the filter output closely ap-
proximates true random noise.

The pseudo-random pulse sequences are generated
by a shift register (the sequence generator in the figure)
in which the output of the last stage (As) is combined
with the output of one or more other stages in an exclu-
sive-OR circuit. The shift register can be Fairchild’s 9300
or equivalent. The output of the exclusive-OR is the
pseudo-random sequence, which is fed back to the first
stage of the register for recycling.

The exclusive-OR stages can be connected in many
different ways, particularly in long shift registers. One
connection that works particularly well for n = 5 ap-
pears in the figure.

To produce the delayed sequence, the stages of the
shift register are connected through AND gates to a net-
work of exclusive-OR circuits—the sequence delay net-
work shown at the right side of the figure. This can be a
quad exclusive-OR gate—for example Fairchild’s 9014
or equivalent.

The delayed output Ay of the exclusive-OR network is
identical to the original sequence, except that it is de-
layed by a number of clock pulses—the number depend-
ing on the particular gates that are enabled. The ena-
bling of these gates is done by the delay control, as de-
scribed later. (The circuit delay through the shift regis-
ter and exclusive-OR network is assumed to be negli-



gible relative to the intervals between clock pulses, and
therefore, to the minimum delay resolution.)

At any given time, the output of stage A; of the shift
register equals the output of the sequence generator de-
layed by one pulse period. Likewise, the outputs of
other stages of the shift register represent the sequence
generator output, delayed by two, three; or more clock
pulses (depending on the number of stages). Any of
these delays can be made available at the Ax delayed
output by enabling the corresponding gate between the
shift register and the sequence delay network. The cir-
cuit shown provides for delays of as many as five clock-
pulse periods. _

The output Ay can also produce zero delay by ena-
bling gates B3 and Bs, which produce Ay through the
exclusive-OR network from the same stages that pro-
duced the original undelayed signal.

Delays of from five to 31 clock pulses for the circuit
shown (or, in general, up to 2» - 1) are available by
enabling other combinations of the gates. Thus, just as
Ay is the exclusive-OR of A; and As, A; is the exclusive-
OR of A4 and a hypothetical Ag, Az is the exclusive-OR
of As and A7, and so on.

These relationships can be inverted, thanks to the pe-
culiar mathematical properties of the exclusive-OR func-
tion, to express the longer delays in terms of the outputs

of two or more real stages. Thus, As, or the sequence de-
layed by six clock times, is the exclusive-OR of A; and
As4, A7 is the exclusive-OR of A; and As, and so on. For
the higher-numbered subscripts, several substitutions
may be required, yielding, for example, the fact that A,
is the combined exclusive-OR, or odd parity, of A;, Az,
A3, and A,.

The delay control that enables the AND gates consists
of the same number of shift register stages that are used
for the sequence generator. Any delay from 1 to 2n - |
clock times can be generated by pulsing this control
shift register the corresponding number of times. With
this arrangement, several different delay configurations
are possible.

For example, swept delay can begin at some initial
value, gradually increase to a maximum, and then reset
to its initial delay. This is easy to implement by using
the delay control shift register, simply by clocking it at
the appropriate sweep rate.

A more complex generator can be loaded in parallel
with a binary number from an external source that sets
the delay to some arbitrary level without stepping
through a number of intervening values. When the shift
register is long, producing a long pseudo-random se-
quence, this parallel-loading capability can save a lot of
time and trouble. O

Network of exclusive-ORs (right) produces delayed pulse sequence; length of delay is set by delay control, similar to sequence generator.

DELAY CONTROL

8| Bz 83 7

Ba 85

A| . A2 - A3

SEQUENCE
DELAY NETWORK

SEQUENCE GENERATOR
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7. Displays have many forms

Back-and-forth scanner
overcomes slewing-rate limits

by James A. Blackburn
Wilfrid Laurier University, Waterloo, Ont., Canada

An incremental plotter or line printer that can store en-
tire lines in a buffer memory can be made to print the
lines alternately forwards—from left to right—and back-
wards—from right to left. This refinement will sig-
nificantly increase its speed because it will no longer
need the carriage return function with its all-too-finite
slewing rate. In fact, only the minimum character-to-
character print rate will then be affected by the mechan-
ical inertia of the print-head assembly (or, in the case of
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1. Zig-zag scan. Two-dimensional scan in minimum time is
achieved by reversing scan direction on aiternate rows, as indicated
here. Initial address (0,0) is at lower left, and scan halts at (15,15).

an all-electronic display system, by the finite settling
time of the amplifiers).

The technique is applicable to all two-dimensional
scanning that must be performed incrementally. How-
ever, it is particularly efficient when each horizontal line
contains many points, because in such cases the dead
time during carriage return is proportionately large.

The circuit described here generates the required ad-
dress sequences. It was designed as part of a rapid-film-
scanning densitometer. The X and Y addresses can be
sent via digital-to-analog converters to a servo system
for incrementally moving the film holder past a pho-
todetector. Alternatively, the vertical and horizontal
count pulses may be used directly to drive stepping mo-
tors. If an appropriate clock frequency is chosen, the
film may be scanned in the minimum time compatible
with motor torque, sample stage inertia, and step size. A
digitized replica of the image on the film may then be
obtained by logging the densitometer output at each se-
lected address.

The circuit shown in Fig. 2 performs an alternating-
direction scan with TTL integrated circuits exclusively
and is thus capable of high-speed performance. The
clock frequency would normally be selected so that it is
optimum for incremental motion in the X direction. In
the example presented here a 16-by-16-address grid is
employed. Other choices would be relatively easy to im-
plement by cascading counters and/or changing the
max-min address testing.

Briefly, the circuit functions as follows. Switch SW is

TO SERVOMOTORS
‘ - Al

[ X ADDRESS ] | YApDRESS |
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2. Scan-control loglc. Logic circuit for alternating-direction incremental scanner uses 74-series TTL gates, flip-flops, and counters. Flip-
flops are triggered by rising pulse edges, and counters by falling edges. Count pulses could drive stepping-motor controllers directly.
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depressed. This sets all counters to zero, presets the
three D-type positive-edge-triggered flip-flops (7474),
and initializes the R-S flip-flop composed of gates G+
and Gg. Note that the output of G4 is low; therefore
clock pulses are passed freely through Gis. The first ris-
ing edge on the clock stream to occur after SW is re-
leased triggers flip-flop FF, thus enabling the X and Y
counters and Gg. Gate Gy, is now irreversibly enabled
so that the end-of-line test performed by gates G;-G4
directly controls the PRESET function of FF».

As can be seen in the timing diagram (Fig. 3), the
output of G, rises for a half cycle because Gs is ini-
tially high. However, the clock pulse has preceded this
event by an interval equal to the propagation delay of
FF;. Therefore FF; does not toggle, and its Q output re-
mains at logic 1.

Subsequent negative clock edges are passed through
G2 and G, causing the X address to increment stead-
ily. The timing diagram indicates the sequence of events
as the end of the first line is reached. A final negative
clock edge causes a count of 15 to be achieved. The out-
put of G, immediately goes low, toggling G7/Gg. As a
result Gy is enabled and G, disabled, while the outputs
of Gs and Gy, rise, enabling FF2. A half cycle later, the
rising clock-edge toggles FF», enabling Gi3 and dis-
abling Gj2. The next falling edge increments the Y ad-
dress without affecting the X counter. Following this a
positive edge again toggles FF», this time closing Gi3
but opening Gj2. The X address now will decrement
steadily until a zero count is reached, when a similar
logical sequence will route a clock pulse to Y and pre-
pare G7/Gg for upcounting. (Note that FF2 can be tog-
gled by the clock pulses only when the output of Gs is
high—that is, when either a minimum or maximum X
address is obtained.)

coc LI FL JERIVILTLTL

[ NTERSI
FF1:0Q pg’Ang

FF2:Q Ll
% “LILIE LU L

3. Pulse sequences. Timing diagram shows output states of se-
lected gates and flip-flops in circuit that produces back-and-forth
scanning, and the X and Y addresses that control servomotors.

When the fifteenth Y increment occurs, G4 goes high
and enables FF3. From the timing diagram it can be
seen that Gs will already be high at this moment. FF;
does not change state until the next rising edge is ap-
plied to its clock input, at the completion of the last hor-
izontal scan. A final falling clock edge causes Gs to go
high, toggling FF3 and disabling G5 so that no further
clock pulses reach the rest of the circuit. The X and Y
addresses are thus frozen at this terminal count.

Once SW is released, the entire scan proceeds auto-
matically and halts at the final address. Logging an en-
tire image therefore requires no attention from the op-
erator. 0

Chart recorder plots total
of loads in several circuits

by L.W. Herring
LWHA, Dallas, Texas

Occasionally it is desirable to record the load require-
ments of an electrical distribution system or the total us-
age of a number of communications channels during
some period of time. In determining ac distribution
loads, a recording wattmeter can log the data, but plot-
ting the total power consumption for several pieces of
equipment fed from separate power mains or the traffic
through a number of communications channels is more

difficult. Still, if supervisory signals like pilot-light volt-
ages are used to generate current in field-effect transis-
tors, it is easy to develop a signal that can be plotted
with any available chart recorder.

As shown in the figure, the currents from FETs used as
constant-current sources are summed in a fixed resisto
to obtain a voltage signal that indicates total usage rate.
To provide equal weighting for each input, the current
sources can be equal, or they can be set to various val-
ues to provide a scaling effect on the output voltage.
Since the FETs are used as current sources, the input sig:
nals can be any convenient ac or dc voltages between 3
and 25 volts. The input signals are fed to the FET
through diodes that rectify ac and also protect against
negative dc.

As an example, it might be desirable to plot the daily
demand curve for five heat-treating furnaces. Two ol
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INPUT VOLTAGES 5 TO 25 VOLTS (ac OR dc)

A

TYPICAL VALUES

Data combiner. Currents from individual FET constant-current
sources are added in summing resistor to indicate total usage of sev-
eral different units of equipment. Voltage drop across the summing
resistor can then be used to drive chart recorder for plot of usage as
a function of time. Each current source is turned on by some moni-
toring voltage associated with its particular unit, such as a pilot-light
voltage, an on-off relay voltage, or other 5-to-25-V ac or dc voltage.

the furnaces are 100-kilowatt/three-phase units, one is
50-kw/single-phase, and the remaining two are 25-
kw/single-phase. All of the furnaces have 24-v dc in-
dicator lamps that light on a control console when the
furnaces are operating. The lamp voltages can excite
FET constant-current sources that are proportional to
the power ratings of their respective furnaces. The sum
of these currents, passing through a common fixed re-
sistor, produces a yoltage that indicates the total power
to the furnaces. This voltage drives the pen on the chart
recorder.

The first FET, Q,, is connected to the 24-v pilot light
voltage for the first 25-kw furnace. Resistor R; is ad-
justed so that Q, delivers 100 microamperes to resistor
Rs. The second 25-kw furnace pilot voltage is con-
nected to FET Qz, and R is also adjusted for 100 pA into
Rs. A resulting voltage of 0.1 Vv is produced across sum-
ming resistor Rs when either one of the 25-kw furnaces
is on, and 0.2 v is produced when both are on.

The 50-kw pilot lead excites FET Qs, which is set by
means of Rj to deliver 200 A to Rs. Operation of the
50-kw furnace produces twice the voltage drop across
Rg that either 25-kW unit does. Finally, the two 100-kw
furnaces are connected to FETs Qq and Qs, each ad-
justed to source 400 pA.

Each 25 kw of furnace load is represented by a con-
stant current of 100 pA, which produces 0.1 v across
summing resistor R,. If the total current is 700 pA, the
voltage is 0.7 v, indicating a 175-kw load, and this load
can be recorded on any voltage-sensitive chart recorder.

This technique can also be used to plot the number of
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telephone lines in use at any time in an office or plant to
determine whether or not a business is making effective
use of its telephone service. In this example, the 10-v ac
voltages that light line-button lamps are the input sig-
nals. The ac voltages are rectified by diodes Dy, D2, and
so forth before reaching the FETs. Each current source is
adjusted for 100 pA so that whenever a line is in use, the
voltage across the l-kilohm summing resistor Rs in-
creases by 0.1 v.

Any general-purpose depletion-mode junction FET
with Ipss of 1 to 15 milliamperes can be used for the
FETs; the TIS58 has yielded excellent results. Dissipa-
tion and voltages are not critical if the input levels are
kept under 30 V. A 1-kilohm value of Rs was used for
convenience, but its resistance can be scaled along with
the current sources to provide any desired output volt-
ages. The maximum output voltage should not exceed
50% of the lowest input voltage. For example, if the in-
puts are 5, 5, 12, and 24 V, respectively, the maximum
output voltage should not exceed 2.5 v. The standard
input voltage for many chart recorders is 1 v, so that
level is a desirable maximum output from this circuit.

Since the input voltages do not have to all be alike,
24-v dc relay levels, 5-v TTL levels, and 12-v ac signals
can all be used as inputs in the same circuit. The input
capacitors C;-Cs are required only for ac inputs, but
diodes D;1-Ds should be used with both ac and dc in-
puts to protect the FETs. On plots requiring long time
periods with inputs that change rapidly, a capacitor Cs
may be connected across summing resistor Rs to
smooth the graph. O



Addressable cursor enhances
linear bar-graph display

by Robert C. Moore
Johns Hopkins University, Applied Physics Laboratory, Laurel, Md.

A handful of medium-scale integrated circuits can add
an addressable cursor feature to a neon dual linear bar-
graph display. The bar-graph display is a digitally ad-
dressed Burroughs Self-Scan tube which normally dis-
plays two linear bars. The length of each bar is directly
proportional to a voltage or a digital number. The mod-
ification described here, however, makes the entire
length of both bars glow dimly, and the input voltages
or digital numbers produce bright cursor lines across
the bars. With cursor operation, the entire bar is always
visible, and the cursor divides the bar into two fractions

so that it is easy to see at a glance the position of th
cursor relative to full scale. In many display appli
cations, this cursor display is preferable to a bar grapl
that does not have a full-scale reference. Anything tha
indicates fractional displacement (such as a ship’s rud:
der indicator or a gage that shows the level of the liquic
in a container) is indicated more clearly by a cursor dis.
play than by a bar graph.

Each bar is a neon lamp with one large anode anc
201 cathode segments. The first cathode, called a “re-
set” cathode, is used to initiate the neon glow at one enc
of the bar. Cathode 2 is connected to cathodes $, 8, 11
. . . 200. This group of cathodes is called the phase-one
(¢1) group. Similarly, a ¢2 group consists of cathodes 3.
6,9,. ..20l, and a ¢3 group consists of cathodes 4, 7.
10,. . . 199.

By driving these three phases of cathodes with a
three-phase scanning clock, the neon glow can be made
to “walk” along the entire length of the bar. When
cycled fast enough, this scan presents a flicker-free dis-
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1. Scanner. Digital logic produces scanning signals that convert neon dual bar-graph display to dual addressable cursor display. Addresses
ot desired cursor locations are supplied as three-digit BCD codes between (000),, and (200),,. Logic causes scan to pause at selected ad-
dresses for 25% duty cycle, producing a bright line that shows the value of a variable against a background that indicates full-scale value.
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2. Driver and display. Six npn transistors
intertace the TTL logic of Fig. 1 to the neon
bar-graph-display tube. All of the bar-graph
segments glow dimly except for the two ad-
dressed segments, which glow brightly and
show as cursors. Each cursor is one of 201
segments, so the resolution is +0.5%.
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play. At any time during the scan, the glow can be ex-
tinguished by lowering the anode voltage below the ex-
tinction voltage of the tube.

One addressable cathode segment can be made to ap-
pear brighter than the rest if the scan pauses briefly at
that segment, showing it up as an addressable
cursor. The bright segment can be caused to appear at
any of the 201 cathode locations in the bar by control-
ling a digital address. The second bar in the tube is
time-multiplexed with the first to provide a dual ad-
dressable cursor.

Figure 1 shows the digital transistor-transistor logic
required to accomplish the scanning, pausing, and mul-
tiplexing. A 30-kilohertz oscillator drives a modulo 201
BCD segment counter and a reset/three-phase cathode
scanner. The content of the counter is compared with
the input signals that are the addresses of the desired
cursor locations.

When the counter output is the same number as the
cursor address, the cathode scanner is inhibited, and the
neon glow pauses at the addressed segment. When the
divide-by-201 counter again reaches the address, as de-
termined by the comparator, the cathode scanner is en-
abled. When cathode No. 201 is reached, the alternate
anode and address are selected, and the whole process is
repeated.
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The duty cycle of each addressed segment’s glow is
therefore 202/804 = 25.1% while the duty cycle of each
nonaddressed segment is 1/804 = 0.124%. With a 30-
kilohertz clock, each segment is energized for 33.3 mi-
croseconds, a duration more than adequate to ensure
reliable operation of the device. A complete scan of
both bars (including the pauses on the two addressed
segments) is 804 X 33.3 us = 26.8 ms, so the over-all
display rate is 37.3 Hz. Since this rate is faster than the
flicker rate of the human eye, the display is flicker-free.

Figure 2 shows how the TTL MsI circuit of Fig. 1 is in-
terfaced to the dual linear bar-graph tube. Six high-
voltage npn transistors provide level translation from
TTL levels to 70-v and 250-V levels for the neon tube.
The 70-v supply can be derived from the 250-v supply
with a simple 1-watt zener regulator. The 250-v supply
also biases on the “keep-alive” glow, which is hidden
from view by its opaque anode.

For bar-graph tubes with fewer elements, the modu-
lus of the counter can be changed to equal the total
number of cathode segments. A corresponding change
must be made in the range of acceptable input ad-
dresses. For tubes with a single bar graph, the multi-
plexer can be eliminated and the single anode can be
wired permanently on by connecting it through a 75-
kilohm 1-watt resistor to 250 V. O



Decoders convert binary code
for hexadecimal display

by Robert F. Starr

National Oceanographic Instrumentation Center, Washington. D.C

Hexadecimal code symbols can be shown cheaply
and easily on a regular seven-segment display by two
decoder/drivers and some logic circuitry. To keep the
hex digits A through F completely recognizable, the cir-
cuit described here generates both upper-case and
lower-case letters. The 7448 seven-segment decoder/
driver displays a symbol for “6” that is identical to a
“b”. Therefore, the decimal point of the display is acti-
vated for the numbers 0 through 9, and extinguished for
the letters A through F.

The circuit operation is quite straightforward. For
binary inputs to the 7448 from 0000 to 1001 (0 to 9), the

7448 functions normally, displaying the appropriatc
digit on the light-emitting-diode display. As soon as the
binary input exceeds 1001, the LT (Lamp test) input or
the 7448 is brought low, lighting all segments, and ex
tinguishing the decimal point (DP) on the LED. In addi
tion, as soon as the D input (most significant bit) on the
7448 goes high, the 7445 binary-coded-decimal-to-deci
mal decoder/driver turns on.

With the D input of the 7445 grounded, the device
sees only the three least significant bits of the input
When the binary input is 1011, for example, the 744!
sees a 011 (3) and brings the 3 output low. This outpu
is decoded by the diode matrix, which turns off seg
ments a and b of the LED display, forming a “b” on the
display. The process is similar for all other binary input:
from 1010t 1111 (A.c,d. E.and F).

An H-P 5082-7740 LED display is shown here, bu
other types can be used. For most of the larger displays
it may be necessary to pull the seven-segment lines t
5 volts through 220-ohm resistors to achieve the de
sired brightness. C
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Hex signs. Binary inputs produce hexadecimal code on a standard seven-segment display with this circuit. To emphasize distinctions be

tween numerals and letters, a decimal point is activated for numbers

0 through 9, as shown. Cost of parts (not including LED display) is les:

than $5. For more than one digit, the inputs can be multiplexed. Pull-up resistors may 1ot be required for small displays.
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PROM converts binary code
for hexadecimal display

by Franklin E. Withrow Il

Massachusetts Institute of Technology. Cambridge, Mass

When designing and developing microcomputer sys-
tems, most engineers automatically include rows of
lights to present information in binary format. How-
ever, when debugging the system, it can be frustrating
and time-consuming to translate the binary data dis-
played into the hexadecimal format that many assem-
blers use. With a programable read-only memory and a
seven-segment display, binary-to-hexadecimal conver-
sion can be performed simply by hardware at very little
cost over that of a binary display.

Usually. seven-segment displays are used to display
only the numerals 0-9. In addition, they can also dis-
play the needed hexadecimal characters A-F; however,
not all letters can be represented in upper case. The fig-
ure shows the segment patterns displayed for each
hexadecimal digit. One caution that must be exercised

is to note the difference between the number “6™ and
the letter “b”.

To implement the hexadecimal-to-seven-segment de-
coder, a 74188 or N8223 PROM is used. Since the device
has open-collector outputs, the light-emitting diodes in
the display can be driven directly with a suitable cur-
rent-limiting resistor. The PROM outputs should not be
allowed to sink currents greater than 12 milliamperes.
Each of the seven segments in the display is driven by a
separate output of the PROM (one output is unused).
The schematic for a single hexadecimal digit is given in
the circuit diagram.

Locations 0-15 of the PROM are used to store the in-
formation that performs binary-to-hexadecimal conver-
sion. For each word, a 0 in a bit position turns on the
display segment at the output; if the bit is a 1, the seg-
ment is off. If locations 16-31 are left unprogramed (all
0s), the most significant address line performs a lamp-
test function. When this line is high, a word in the range
16-31 is addressed and all segments of the display will
light.

gThe PROM should be programed in accordance with
the procedure outlined on the device’s data sheet. An
automatic programing machine, which reads punched
cards that tell it the desired output word for each ad-
dress, does the programing in seconds. The bit pattern
and function table for the decoder are given in the ac-
companying table. O

TRUTH TABLE AND PROGRAM FOR THE
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1 = HIGH 0= LOW X = DON'T CARE

Remember the hex symbol. Binary inputs to the PROM produce a seven-segment representation of hexadecimal-code symbols. The PROM
costs about $3, and can be programed quickly at practically no cost if an automatic programing machine is available
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Clip-on monitor unit
displays count in IC

by John Okolowicz
Honeywell inc., Fort Washington, Pa.

An integrated decoder/display, mounted on a standard
test clip that fits onto a dual in-line package provides a
quick means for monitoring the state of an integrated-
circuit counter. This monitor is brighter than the LED-
chip monitors now on the market, and can be custom-
made to suit any purpose.

In the setup, the pins that correspond to the outputs of
the counter to be monitored are wired to the inputs of
the on-chip driver. The enable line (pin 5) is then tied to
ground so that the chip always displays the latest state of
the counter.

For each different type of counter or latch to be

mounting a socket on the DIP clip, instead of soldering a
display directly to the clip, a variety of monitor clips can
be made without requiring a large number of display
ICs.

The figure shows a Hewlett-Packard 5082-7340
hexadecimal decoder/light-emitting-diode-display 1C
mounted on a DiP clip; H-P 5082-7300 or 5082-7302
numeric displays may also be used.

This concept works best when the monitored counter
can be single-stepped so that successive intermediate
states are displayed. However, as long as the states are
displayed for a sufficient time to be observed, any
clocking arrangement is adequate.

This display technique provides a quick visual check of
counters or latches with important outputs that need to
be constantly monitored. The concept may be extended
to monitoring of bus addresses or data-bus lines by using
more than one display wired to a DIP clip with 24 or more
pins and wiring only the first three inputs of each display
so that an octal output format is displayed. Alternativ-
ely, all four inputs of each display may be used for a
hexadecimal display. O

monitored, a new assembly must be made. However, by
DIPCLIP
P .1 Sr—
| |
| -
I SN74161 / 42 sos2730 '}
onTeR |- | oecooers |,
| COUNTER o } 4 DISPLAY Vcc
| Qg - t) £l 8 . 6 .
g GND
I acf-- @ ]
| o} = ENABLE ]}
| AG6no @—
g |

State monitor. LED decoder/display unit mounted on DIP clip is easily clipped to IC package to show the count on a counter such as
the SN74161, the state of a latch, or the data on a bus. The unit draws power from the V¢c and ground pins of the package it is clipped to.
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8. Graphical aids to design

Semilog paper is short cut
to finding filter frequencies

by Marc Damashek
Clarke School for the Deaf, Northampton, Mass.

Semilogarithmic graph paper provides a handy way to
estimate center frequencies and band-edge frequencies
in the design of filter banks. It’s also a convenient way
of finding fractional roots and powers of numbers.

Both applications make use of the fact that a straight
line on semilog paper represents the functional relation
that can be stated as:

0))
(2

logy =a + bx
or
Y = yok*
where yis 10* and k is 10P.
For example, an engineer may want to design a filter
bank in which the ratio of successive center frequencies
(fo, f1,. . . fn-1) is constant:

Si=¢cho

2 =ch = o

Ja = cfz = o, etc.
or, in general,

fo =% &)

Equatio;l (3) has the same form as Eq. (2), so a semilog
graph of the frequency of each filter stage, plotted

1. Filter frequencles. As graphic aid in design of filter banks with
constant frequency ratio between stages, line A determines fre-
quencies for a seven-channel system and line B determines them for
a 10-channel system, both covering the range from 80 hertz to 500
Hz. Line A’ determines band-edge frequencies for the seven-chan-
nel system. The error in reading frequency values is about 0.5%.

>
%)
z
2
w
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against the number of that stage, is linear. Therefore the
frequency of the first stage can be plotted at abscissa
zero, the frequency of the last stafe can be plotted at
abscissa (N - 1) where N is the total number of stages in
the filter, and when the two points are connected by a
straight line, the frequencies of all intermediate stages
can then be read at a glance.

Thus in Fig. 1 the line A illustrates how to estimate
center frequencies given a requirement for seven chan-
nels total, with a lowest-channel center at 80 hertz and a
highest-channel center at 500 Hz. The line connecting
points (0, 80) and (6, 500) shows that the intermediate
frequencies are 109, 147, 200, 271, and 368 Hz.

It should be noted that this graphical technique cir-
cumvents the need for some fancy calculation. For in-
stance, it is not necessary to compute ¢, which in this
case is:

¢ = (500/80)1/8 = (5/2)1/3

The method lends itself to quick appraisal of alterna-
tive filter schemes; for example, to find frequencies for a
scheme with 10 channels instead of seven, line B is
drawn connecting the point (0, 80) with the point (9,
500). Even if a calculator were at hand, it could not pos-
sibly give such a meaningful representation of the de-
sired information in so short a time.

The line that connects the points (%, 80) and (6%,
500), which is labeled A’ in Fig. 1, gives band-edge fre-
quencies that equal the geometric means between suc-
cessive center frequencies for the seven-stage filter. This
sort of information is of interest in the design of con-
stant-Q filters.

Use of semilog paper to estimate fractional roots and
powers corresponds to letting yo equal unity in Eq. (2).
Figure 2 illustrates the technique in finding the value of

2. Roots and powers. Lines C and D illustrate use of semilog graph

paper to provide quick solutions for values y and x in equations
y = 7037 and 10 = 3x, respectively.

(2.10, 10)



7037 1f:

y="r
some known relations are:
1=n
and
=n

Therefore y = 7937 is found by drawing a straight line
connecting (0, 1) and (1, 7) on the semilog paper. Where
x is 0.37, y is found to have the value of 2.05.

As a final example, to find x in the equation 10 = 3*
(i.e., to find log310), draw line D to connect the points
(0, 1) and (2, 9), and extend itout toy = 10. Aty = 10,
x = 2.10. a

Graphs aid selection
of a-d converters

by Raymond J. Tarver
Raytheon Co., Equipment Division, Wayland, Mass.

Although analog-to-digital converters are widely used
circuit components these days, they are frequently not
specified properly by designers. In addition to the cor-
rect resolution, accuracy, speed, and temperature stabil-
ity, a-d converters must be able to provide a given sys-
tem dynamic range or signal-to-noise ratio.

Too often, designers neglect to take into considera-
tion how converter quantization noise relates to other
system noises. The result is a poor effective dynamic
range or signal-to-noise ratio. The graphs given here

make it easier to pick the right converter for the job.

For an ideal system, one that has no internal or exter-
nal noise sources, and one in which the required vari-
ations on the signal are actually part of the signal, the
signal-to-quantization noise power ratio is:

(SNR)q = 12[S(1)P/Q? 0)

where S(t) is the signal, and Q is the quantization incre-
ment. This latter variable is given by:

Q = R/N = R/(2u - 1) 2

where R is the range or maximum magnitude of the sig-
nal being quantized, N is the number of available dis-
crete quantization levels, and m is the number of bits
(including the sign bit) provided by the converter.

In the real world, Eq. 1. is equivalent to defining any
additive noise as part of the signal, or having a signal
with noise-like variations. The signal-to-noise ratio of a

real system having internal and external additive noise
is given by:
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SNR = [S(t)R/[[N(t)P+[Na(t)P+[No()B]  (3)

where Nj(t) is the input noise, Na(t) is the internal noise,
and Ngy(t) is the a-d quantization noise. This latter
quantity can be expressed as:

Nqft) = Q/ V12

Naturally, the quantization noise can be made arbi-
trarily small by adding more bits to the a-d converter,
although practical limitations, such as cost and avail-
ability, often limit the number of bits. In any event, if
Nq(t) is reduced to the point where Ni(t) and/or Nj(t)
dominates the signal-to-noise ratio, obviously there is
little reward in decreasing Nq(t) further. This is another
practical limitation on the number of converter bits cho-
sen for a particular application.

Furthermore, cost and availability also enter in the
reduction of Nj(t) and Ny(t). Hence, there must be a
trade-off between the three noise sources. In high-data-
rate radar applications, the remainder of the system is
often designed around what value of Ngy(t) can be
achieved with reasonable risk.

Equation 3 can be rewritten as:

SNR = S%1) /[[Ny(t)2+[Ng(1)P]
where:
[Ne())?2 = [Ni(t)F +[Na(1)]?

"Neft) = kNq(1)
then, for values of k greater than or equal to O:

Let

SNR = S1)/(k2+1)[No()] “)

where k represents the ratio of the root-mean-square
value of fixed noise to the rms value of quantization
noise:

rms fixed noise
rms quantization noise

Equation 4 can be further simplified by normalizing the
signal, S(t), to unit range (R):

SNR = 12/(k?+1)Q? )
Substituting Eq. 2 in this last equation yields:
SNR = 12(2™ - ]1)2/(k?+1) (6)

Graph 1 is a plot of Eq. 6 with k as a parameter. As
the nomograph shows, increasing values of k mean that
more converter bits are needed to preserve a system’s
signal-to-noise ratio or dynamic range.

If dynamic range is defined as the ratio of the peak
signal to the rms noise level, then Eqs. 5 and 6 also de-

. fine the dynamic range as a function of the number of

bits of quantization for a linear unipolar signal. For a
bipolar signal, Eq. 6 is high by a factor of two, since half
the range is expended quantizing the opposite polarity.
Graph 2 is a normalized plot of Eq. 6 that shows the
degradation in dynamic range (or signal-to-noise ratio)
as k departs from its ideal value of k = 0. At about
k = 1, which corresponds to the knee of the curve, the
dynamic range starts to deteriorate rapidly. O
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Convert coordinates and
find SWRs graphically

by Vaughn D. Martin
Magnavox Co., Fort Wayne, Ind.

A relatively simple graphical procedure can reduce the
error probability and the tedium of conventional math-
ematical approaches to finding standing-wave ratios,
and converting admittance values in rectangular coordi-
nates to impedance values in polar coordinates, includ-
ing pbase angles. The procedure requires only the
known impedance, or admittance, and is executed with
a pencil, a straightedge, and a compass. It involves just
three steps and is more than 98% accurate.
For example, consider the circuit diagram (Fig. 1):

R = Zg = 50 0hms

Gr = 20 millimhos

C = 0.92 microfarad

Xc = 1/j(2nfC) = 1/j(5.78 X 10-2) ohms

Bc = 1/Xc = j57.8 millimhos

L = 1.2 millihenry

Xy = j(2nfL) = j75.4 ohms

By = /Xy = 1/j75.4 = —j13.3 millimhos
Y=G +jB =20+ /57.8-j13.3 = 20 + j44.5

In graphical computations, admittance is represented
by the hypotenuse of the right triangle in which conduc-
tance is represented by the base, and susceptance by the
altitude. In many applications, however, admittance is
more useful when expressed in polar coordinates.
Graphical conversion is accomplished as follows:

First, plot a point corresponding to the complex ad-
mittance on the chart (point A). Then, with a compass,
draw an arc of a circle with center at the origin and
passing through point A. The horizontal coordinate of
point B, where the arc intersects the horizontal or con-
ductance axis, is numerically equal to the total admit-
tance; the impedance is indicated on the reciprocal
scale by drawing a vertical line to that scale at point C,
where the direct reading is 20.4 ohms. The phase angle
is determined by the intersection of the graph’s outer
edge at point D with a line from the origin through
point A. This value is about 66°. (Checking mathemati-
cally, the exact value is 65.85°.) The impedance, as de-
termined from the chart, is

Z=204/66°
- ' If the value of the susceptance is negative in the rec-
"5 ms l tangular-coordinate form, the polar version is plotted in
488 ' R c 12 ok the same way, but the sign of the angle is negative.
10 kH2 S L FT - Converting polar to rectangular coordinates is the re-
£5.8° : ! verse of this procedure. The first step is to draw a ver-
0 ms tical line from point C, representing the impedance,
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204, to point B on the X-axis. Then swing a 90° arc
from point B to point E on the vertical axis, wnth the
center point again at the origin. Finally, with a straight-
edge, draw a line from the origin to the known phase
angle (point D) at the top of the graph. The admittance
is read in rectangular form where the arc and this line
intersect (point A).

The same chart can be used to determine the stand-
ing wave ratio (SWR) on a transmission line of known
characteristic impedance Z, for a mismatched load. The
semicircles sweeping out from the 20-millimho point on
the conductance axis are lines of constant SWR for a
transmission line with Z, = 50 ohms. If such a trans-
mission line has a load of 100 ohms, it should have
SWR = 2. The reciprocals of 50 and 100 ohms are 20
and 10 millimhos respectively. The 20 millimho point
on the conductance axis represents the 50-ohm charac-
teristic impedance; the load resistance’s conductance of
10 millimhos, at point F, is one end of the semicircle for
SWR = 2. The other end of the semicircle is at 40 mil-
limhos (point G), corresponding to a load of 25 ohms.

For loads that are not purely resistive, the compass 1s

used again. For example, if the point A is the load ad-
mittance, the arc through that point centered on the ori-
gin, just as in the coordinate conversion, cuts the con-
ductance axis at B, which is about halfway between the
semicircles for SWR = 2 and SWR = 3. This indicates a
SWR of about 2.5, which agrees with the computed im-
pedance of 20.4 ohms (50/20.4 #2.5).

Other sets of semicircles can be drawn for trans-
mission lines of different characteristic impedances. In
each set, the centers are on the conductance axis. The
center of the smallest one is at the point corresponding
to the characteristic impedance; each successively larger
circle is centered at a coordinate which is half the sum
of the two intercepts of that circle with the horizontal
axis. These two intercepts, in turn, are the characteristic
conductance multiplied and divided, respectively, by
the SWR for that circle.

In the chart, for example, the circle for Z, = 50 and
SWR = 3 intercepts the horizontal axis at G-3 and G/3,
or 60 and 6.7, its center is at %2(60 + 6.7) = 33.3. Like-
wise, for Z, = 75 and SWR = 2.5, G = 13.3, the inter-
cepts are at 33.3 and 5.32; the center is at 19.3. O

Graphs give aperture time
required for a-d conversion

by Eugene L. Zuch
Datel Systems Inc., Canton, Mass.

The time required for an analog-to-digital converter to
make a conversion is known as “‘aperture time,” and de-
pends on both the resolution and the particular conver-
sion method employed. For commercially available a-d
converters that use the successive approximation
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method, the aperture time may be 40 microseconds for
a relatively low-cost 12-bit converter, or as little as 4 us
for a more expensive high-speed 12-bit converter. In
many cases a sample-hold circuit is used ahead of an a-
d converter to effectively reduce the aperture times; the
sample-hold can take a very fast sample of the analog
signal and then hold the value while the a-d operation is
performed. (The time interval during which the signal-
hold circuit turns off is then the aperture time, and de-
termines the conversion accuracy. The time for actual
a-d conversion can be longer.)

It is important for the designer to know what aperture
time is required to keep the system error to a tolerable
value in terms of the resolution of his a-d coverter. The
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1. Sampling time. Aperture time for 1-bit accuracy at various resolutions in a-d conversion are shown here. Graph (a) gives aperture time
as a function of signal rate of change for signals that are 10 volts full scale or 10 volts peak to peak. Graph (b) gives aperture time as a func-
tion of frequency for sinusoidal signals. Aperture times for larger allowed error can be found by reading on line for lower resalution, e.g., a 2-
bit error and 8-bit resolution requires the same time as a 1-bit error and 7-bit resolution. Equations for these graphs are found in text.
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Av = T‘-t- ta

AV = AMPLITUDE UNCERTAINTY

T

[~ to = APERTURE TIME
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2. Error. Possibility of error in a-d conversion depends upon aper-
ure time. The greater t, is, the greater the uncertainty in value of an
analog voltage that has been converted to digital level.

maximum aperture time that allows 1-bit accuracy in
conversion of an analog signal to 4 bits, 6 bits, . . . or
16 bits is given here in two useful graphs. The graph in
Fig. 1(a) shows this aperture time as a function of signal
rate of change, for signals that are 10 volts full scale or
peak to peak. Fig. 1(b) gives the aperture time as a
function of the frequency of a sinusoidal signal.

The two graphs are derived with reference to Fig. 2,
which shows a time-varying signal and the amplitude
uncertainty AV associated with anh aperture time t,

ta = AV/(dV/dl)

If the fractional error e is the ratio of AV to full-scale
voltage Vs,

ta = (e Vys)/(dV/dy)

If AV is held to 1 bit, and Vg is resolved into n bits,
thene = 1/(2v), and

tr = Ves/22(dV/dt)

This is the equation for the family of lines in Fig. 1(a),
with Vgg = 10 voltsandn = 4,6,. . . 16.

For a sinusoidal signal, which has a maximum rate of
change at its zero crossing,

AV = t, [d/dt(%)(V sin wt)ho = wVir/2
where V is peak-to-peak signal value. This gives
tr = (2AV)/(wV) = e/nf = 1/(2°nf)

for a 1-bit error and n-bit resolution. This is the equa-
tion for the family of lines in Fig. 1(b).

If the allowed error is to be 2 bits instead of 1 bit,
thene = 2/(2"), so aperture times are doubled. An error
of 3 bits gives e = 4/(2°), and so on; thus a 1-bit in-
crease in error is equivalent to a 1-bit decrease in reso-
lution on the graphs.

As an example of the usefulness of these graphs, as-
sume that a l-kilohertz sinusoidal signal is to be digit-
ized to a resolution of 10 bits. What aperture time must
be used to give less than 1 bit of error? The answer,
readily found from Fig. 1(b), is 320 nanoseconds. For %
bit error the aperture time would have to be 160 ns.
This is surprising, because a 1-kHz signal is really not
very fast, and a 12-bit/320-ns converter is not to be
found commercially available as a module. Therefore, a
sample-hold circuit would be required ahead of a
slower a-d converter. O
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9. Tabular aids to deslgn

Charts calculate tradeoffs
in pc edge connector costs

by Robert R. Marker
Cinch Connectors, Elk Grove Village, Ill.

The cost of a printed-circuit edge connector is based pri-
marily on the insulator and contact material, the num-
ber and type of contact, and the amount of gold plating
used. These factors can be related to a standard refer-
ence connector, and percentage changes in cost for each
option can be estimated.

The charts are based on actual cost figures developed
over a long period of time, but care must be exercised in
their use for cost estimating because other factors, such
as the quantity and delivery time required, can have
equal or greater impact on the price. The charts indi-
cate, however, the possible economies in trading off cost
for performance on several aspects of connector design.

All comparisons are made relative to an arbitrarily
chosen reference connector commonly in use: a 22-posi-
tion, dual-readout edge connector with diallyl phthalate
insulator and wire-wrapping terminals, plus bellows-
type contacts of phosphor bronze, grade A material,
plated with 30 microinches of gold over the entire con-
tact surface.

Cantilever contacts would decrease the connector
cost, since such contacts are made in comb-like form
and the carrier strip allows simultaneous loading of all
contacts into the insulator. However, the cantilever con-
tact will withstand fewer insertions and withdrawals
(typically 50 cycles, versus the bellows contact’s 100
cycles, if both have 30 microinches of gold). The bellows
contact’s longer engagement surface, more gentle en-

TABLE L .

MOLDED NSULATOR CosTS

Material Relative Cost
Diallyl phthalate 100 %
Glass phenolic 93 %
General-purpose phenolic 59 %
Polycarbonate 58 %
Nylon6/6 53.5 %
Modified PPO 53 %
Nylon 12 49 %
Celanex 917 36 %

trance angle, and lower spring force all combine to give
it a longer life.

Vibration will also be more critical, since cantilever
contacts typically withstand up to 500 cycles per second
of sinusoidal vibration, while the bellows type takes up
to 2,000 cps. Figure 1 shows the relative costs of canti-
lever contacts versus bellows contacts. For example, the
22-contact reference connector will cost about 7% less
with cantilever contacts.

Increasing the gold-plating thickness will increase
contact life. Bellows-type contacts must be plated
equally over the entire surface, but cantilever contacts
can be selectively plated. Figure 2 shows relative costs
of contacts that are barrel-plated (the bellows contacts)
and selectively plated (cantilever contacts). The cost fig-
ures apply only to differences in gold thicknesses and do
not cover the economies of simultaneous insertion of
cantilever contacts. Thus, the chart indicates that to in-
crease the life of the bellows contact from 100 to 500
cycles by applying 50 microinches of gold, rather than
30, would increase the cost by 16%. On the other hand,
use of a cantilever contact selectively plated with 100
microinches to provide 500-cycle life would decrease
plating costs to about 86% of the cost of the reference
connector.

Contact material comparisons are shown in Fig. 3.
Phosphor bronze costs about a third as much as beryl-
lium copper, but is not recommended for use above
105°C, since it has a tendency toward stress relaxation.
Beryllium copper can approach 150°C before encoun-
tering similar problems. Thus, from Fig. 3, using beryl-
lium copper for the 22-contact connector will result in
about a 7% increase in connector cost.

Another important factor in edge-connector perform-
ance and cost is the insulator material. The insulator
must provide retention of the contact and electrical sep-
aration of the circuits under a variety of environmental
conditions. Thermosetting compounds (diallyl phthalate
and glass-reinforced or general-purpose phenolic) offer
stability at high temperatures, but are relatively expen-
sive, and can be difficult to mold and brittle in thinner
wall sections. Thermoplastics (such as glass-reinforced
nylon type 6/6, polycarbonate, and modified PPO—pol-
yphenylene oxide) also can be used, but each has ad-
vantages and drawbacks.

Polycarbonate is stable and strong, but degrades
when subjected to the chlorinated hydrocarbon cleaning
solvents commonly used as flux removers. Nylon type
6/6 is resistant to these solvents but is hygroscopic,
causing dimensional and electrical instability in moist



TRBLE 2>
JA/BULATOR PIAGIERIAC FERFORMANCE
(96 ts AT F0/75% RAATIVE HemiBiTV AT #0ED

INSULATION RESISTANCE (MEGOHMS)

Material Before During 30 min, after
Dially! phthalate 20 x 108 20 x 108 20 x 108
Glass phenolic 10 x 10° 1.5x 10° 25x 10°
G.P. phenolic 10 x 108 150 1000
Polycarbonate 20 x 108 20 x 108 20 x 108
Modified PPO 20 x 108 2.3x10° 5x 108
Nylon 6/6 20 x 10° 9.8 1000
Celanex 917 20 x 108 5 x 10° 16 x 108
Nylon 612 20 x 108 1x 108 4 x 108
VOLTAGE BREAKDOWN (VOLTS RMS)

Material Before During 30 min. after
Polycarbonate 3144 2925 3125
Modified PPO 3075 2638 3006
Nylon 6/6 3000 2370 2410
Celanex 917 3183 3119 3160
Nylon 612 3244 3094 3150
(Thermosets not tested, but higher voltage breakdowns}

DIMENSIONAL STABILITY

Material Length — before Length — after
Polycarbonate 4.740 4741
Modified PPO 4.741 4.741
Nylon 6/6 4,727 4.744
Celanex 917 4.730 4732
Nylon 612 4.736 4,739

(Thermosets unaffected)

atmospheres. Glass-reinforced modified PPO is also
susceptible to cleaning solvents, but is easily molded to
close tolerances. New thermoplastic compounds, such as
Celanex 917 and glass-reinforced nylon 612, are inex-
pensive to mold and are not subject to many of the dis-
advantages of other thermoplastics. Thus they can often
be used in place of thermosetting compounds at consid-
erable savings in cost.

Relative costs for molded insulators using various
materials are based on molding in screw injection
presses (see Table 1). Since processing time is a signifi-
cant part of the insulator cost, these figures provide a
much more accurate comparison than material costs
alone would.

As an example, suppose the cost of the 22-position
reference connector is known. For similar quantities
and delivery times, assume that the engineer wants to
estimate the cost of a connector that has the same num-
ber of contacts but uses polycarbonate insulation and
cantilever contacts of phosphor bronze, selectively
plated with 50 microinches of gold.

The cost-savings factor for polycarbonate insulation
is 58%; for cantilever contacts, 93% (7% savings); for 50
microinches of selectively plated gold, 81%. Thus the
cost of this connector would be (0.58)x(0.93)x(0.81), or
about 44%, of the reference connector, according to the
simple multiplication. However, the actual cost prob-
ably would not be precisely 44% of the reference cost—it
would be safer to say around half the cost of the refer-
ence connector. O

> SAVINGS

SAVINGS FROM USE OF COMB-LOADED,
CANTILEVERED CONTACTS INSTEAD OF
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Charts find capacitor
self-resonant frequency

by Robert B. Cowdell
ITT Gilfillan, Van Nuys, Calif.

To decide which of the various kinds of capacitors avail-
able is best suited for a particular filter application, it’s
necessary to know their self-resonant frequencies. Self-
resonance depends both on the type of capacitor used
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CERAMIC
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3
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i

20 fo 6o 8o /00 130 Mo /60 Ifo
seF- pesonanr Feequencey, f, (MHz)

and the amount of lead length required. The charts plot
the self-resonant frequency of several commonly used
capacitor types for various values of lead length and ca-
pacitance.

For low-pass filter work, dry Mylar capacitors are the
most popular because they are inexpensive, rugged, and
fairly small. When capacitance values must exceed 5
microfarads, paper capacitors are a good choice. Ce-
ramic units find use in miniature filters because of their
high volumetric efficiency, and mica units are better
suited for higher-frequency applications 0
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Equation table speeds design
of symmetrical pi attenuators

by John J. Kush
General Electric Co., APO, San Francisco, Calif.

Attenuators are resistance networks used to reduce volt-
age, current, or power in controllable known amounts.

SOURCE |8

Uit

3%y Al
LS 30}

LOAD

Easy. Symmetrical pi attenuator always presents matched load Z to
source. Ratio of resistors Rp and Rg determines amount of attenua-
tion, and Z determines their values. Any one of the four parameters
A, Z, Rp, and Rg can be expressed in terms of any two of the others.
Collection of expressions in Table 1 aids attenuator calculations.

TABLE 1

One common type is the symmetrical pi attenuatc
shown in the figure.

In the symmetrical pi attenuator, the source and loa:
impedances Z are equal, and the two parallel resistor
Rp are equal. Values of Rp and series resistor Rs are se
lected so the impedance of the network with the loas
connected is equal to the source impedance. That is,

Rp [Rs‘!'RpZ/(R?'f'Z)]___
Rp + Rs + RpZ/(Rp+Z)

The attenuator and load form a voltage divider, so i
the terminal voltage of the source is Vi, then the voltag
across the load, Vi, is RpZVy/(RpRs + RsZ + RpZ). The
total power output from the source, Pr, is Vq2/Z
whether the attenuator is in the circuit or not.

When the attenuator is in the circuit, part of the tota
power output from the source is dissipated in the at
tenuator, and the remainder of the power is delivered t
the load. The ratio of the total output power to th
power delivered to the load is the attenuation ratio, A.

A= PT/PL L (VTZ/Z)/(VL"’/Z)
- [Rs+ RpZ/(Rp+ Z)J?
[RpZ/(Rp+ Z))?
The power drop expressed in decibels is

zZ =

dB attenuation = 10 logi0A
A symmetrical pi attenuator is completely describec

RELATIONS OF PARAMETERS FOR SYMMETRICAL PI ATTENUATOR

AS A FUNCTION OF
PARAMETER Z,A Rp, Rg Rp, A Re. 2 Rs, 2 Rs. A
Z(VA+1) z 2VA
_— — | 2+/Z2 +Rg2 Rs
e VA-1 ﬂs[ s] WA- 17
Z(A-1) WA-1)? WA-1NRe2
e 2JA 2/A " Re +2
2 2
Rs 2Ry R Re+Z Y Rs RS
A 1+— |1+ — + — ——— —+ = +1
Rp Rs Rp Re -2 z Z
Rp (VA-1)Rp 2JA
= T ——— S
5 V1+2Rp/Rg VA+1 A-1
dB ATTENUATION =10 LOG A
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TABLE 2: SERIES AND PARALLEL RESISTANCE VALUES FOR SYMMETRICAL Pl ATTENUATORS IN 50-OHM AND 100-OHM LINES

Attenuation Rs / Rp ForZ=50 Q ForZ=100 Q2
dB A VA Rp (22) Rs (Q) Re (D) Rs (2)
0 1.00 1.00 0 - 0 = 0
1 1.26 1122 0.00663 870 5.77 1,740 ns
3 2.00 1.413 0.0602 292 17.6 585 35.2
5 3.16 1.78 0.170 178 30.4 357 60.8
10 10 3.16 0.739 96.2 71.2 192 142
20 102 10.0 4.05 61.1 248 122 495
30 10° 316 14.8 53.3 790 106 1,580
50 10° 316 167 50.3 7,910 101 15,800
100 10'° 10° 5x 10° 50 2.5 x 108 100 5x 108
by any two of the four parameters Rp, Rs, A, and Z;
and any one of them can be expressed in terms of any
other two by use of the equations for Z and A given
above. All 12 of the relationships are collected in Table
1; some of them can be found in standard references,
but others are not readily available.

For example, if you know source and load impedance
Z, and you want a particular value of attenuation A,
you can find what values of Rp and Rg to use from the
two equations in the first column of the Table 1.

Table 2 gives the values of Rp and Rg for attenuators
to be used in 50-ohm and 100-ohm lines, as functions of
dB attenuation. These attenuators are designed for the
specific line impedances; if a different line impedance is
used, the attenuation factor is not correct. O
tem radiation, which all CATV systems must now mget.

: : And although these requirements apply to the CATV
Companng CoaXIaI Cab|e system as agwhole (the gable, connec?grs): splitters, am-
Shleldmg effeCtiveneSS plifiers, and other components), the allowable radiation

levels for coaxial cables must be kept to a minimum for
good shielding effectiveness.

Whether you’re looking for a low-cost coaxial cable
for short runs that will meet the FCC specification, or
merely comparing effectiveness of the different shield-
Radiation from coaxial cables has always been a con- ing configurations, the following curves should prove
cern of design engineers. That concern has been intensi- helpful. The curves supplied by Belden Corp.’s Elec-
fied by the most recent FCC document on cable TV sys- tronic division, Chicago, show the results of shielding
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effectiveness tests on RG/59/U-type CATV drop cable
(for short runs from main cable to a subscriber’s house)
from 5 megahertz to 270 MHz.

The top curve illustrates the relative effectiveness of a
shielding configuration consisting of Belden Duofoil
film-sandwiched aluminum foil, plus a 61% shield cov-
erage of tinned copper braid. The other two curves de-
tail the isolation performance of 59/U-type CATV drop
cables without foil and with different amounts of
tinned-copper-braid shield.

The middle curve details isolation versus frequency

for a cable with 94.5% coverage braid (this kind is usu
ally specified by the military services). The lower curvi
illustrates the shielding effectiveness of the same grad
and style of cable, but with a relatively open 55% cov
erage braid.

All the curves dip in their values of isolation at abou
70 MHz and 200 MHz. These dips result from quarter
wave resonance inherent in the 3-foot cable sample
Changing the sample length does not eliminate thest
resonance dips—it only alters the frequencies at whict
they occur. C

DUAL ALUMINUM
FOIL-FILM LAMINATE

=(§

PLUS 61% COVERAGE
TINNED COPPER
BRAID

300 |

200

94.5% COVERAGE
TINNED COPPER
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TINNED COPPER
BRAID

—~ 100 \
)
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=
<
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PV CRUS S [ (N TS [N ) VN A [N SN (AN S [ /N Y [\ N (N (O (O (A 0 O] 1 | [
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FREQUENCY (MHz)

FREQUENCY ALLOCATION CORRECTION

640 & 1240 kHz Delete reference to Civil Defense

stations,

Change note ““Also aero fixed"

to “‘Aero fixed only.”

Should indicate both aeronautical
mobile and aeronautical mobile
satellite.

Should show meteorological satellite
instead of mobile satellite

Add mobile satellite,
Change amateur satellite to
mobile satellite.

Change note “Meteorological satellite
to ““Mobile satellite.”

(21.870-22.0)MHz

(121.976-123.075)MHz
& (123.575-136)MHz

(137-138)MHz

(225-328.61MHz
(335.4—-399.9)MHz

’e

{406-406.1)MHz

The Electromagnetic Spectrum Chart, published in the Sept. 25, 1972 issue of Electronics, contained several errors. Corrections for the more
significant of these are listed in the table below, which can be clipped and affixed to the bottom of the chart for permanent reference.

FREQUENCY ALLOCATION CORRECTION
466 MHz Change to 460 MHz.
(460-470)MHz Should indicate land-mobile and

meteorological satellite. Delete mobile
satellite allocation. Band is
non-Government only,

See correction to 15.4-16.7-GHz
allocation.

Should show broadcast satellite,
fixed and fixed satellite uplink only.
Delete amateur-satellite designation,

Notes should be applied to bands
between 1535—1660 MHz. Notes
“’Proposed collision-avgidance systems’’
and “’Radar altimeters’ should be
applied to band 1558.5-1636.5-MHz.

(1535—-1660)MHz

(2500-2535)MHz

(15.4—15.7)GHz and
(15.7-17.7)GHz

69



10. Nomograph aids to design

Nomograph shows bandwidth
for specified pulse shape

by Franc E. Noel and James S. Kolodzey
1BM Corp., Poughkeepsie, N.Y.

In a digital communications system, the bandwidth of
the transmission channel determines the sharpness of a
received pulse. For a communication channel where the
received pulses may be treated as gaussian wave shapes,
the system bandwidth required for a specified pulse
shape is:

F = (2/=T)2 In(1/ P)}V?

where, as in Fig. 2, T is the width of the time slot, P is
the normalized height of the gaussian pulse at the ends
of the time slot, and F is the 20 bandwidth of the chan-
nel, where o is the standard deviation of the pulse. The
bandwidth that is given by this expression contains
95.45% of the pulse power.

The choice of the 26 point is an arbitrary decision
based on the fact that the frequency spectrum of the
gaussian pulse is down 8.7 decibels at this point. There-
fore, a linear system with a bandpass flat to this point
provides a reasonable reproduction of the time-domain
pulse.

The bandwidth required to pass a particular pulse is

1. How wide the band? This nomograph shows the bandwidth F that contains over 95% of the energy in the spectrum of a gaussian pulse,
where the duration of the pulse is T and the normalized ampilitude of its end points is P (as shown in Fig. 2).
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2. Pulse parameters. Time-domain representation of gaussian
pulse shows normalized amplitude P at edges of time slot T. A low
value for P gives low spillover into next slot, and therefore low error
rate, but requires large bandwidth in transmission system.

given by the nomograph in Fig. 1. The values of the
time slot, T, and normalized amplitude desired at the
ends, P, are connected with a straight edge to determine
the frequency axis crossover. For example, a time pulse
that is down to 1/€2, or 0.135, at the edges of a 12.5-
nanosecond time slot can be passed with a system band-
width of 102 megahertz. a

A quick solution to conductive
heat transfer problems

by International Electronic Research Corp. staff
Burbank. Calt

Anyone looking for a shortcut to solving the conductive
heat transfer equation should find this nomograph very
useful. It is based on the more familiar units of watts
and inches, and can help solve for any unknown within
the equation. The accuracy of the result depends on
how careful you are in plotting the points.

For example, suppose you wished to find the tem-
perature drop across each segment of a one-inch-square
sandwich of beryllium oxide and aluminum, separated
by a 0.001-in. layer of air, that must conduct 30 watts.

The nomograph can be used to solve for AT across
the 0.12-in. BeO layer once the heat conductivity, k. is
found (table lists typical values).
® Draw a line from 30 on Q scale t0 0.12 on L scale, and
note the point where it crosses reference line I.
® Draw another line from this reference point to 80 on k
scale (exact value depends on the particular type of
BeO). Note where this line crosses reference line 2.
® Draw a third line from this point through 1 on the left
side of A scale—and read 0.78°C on the left of the AT

AT APPROXI/IMATERLY b5 °c

‘ [ THERAL - CONDUCT/ON DATA FoR UABOUS mrm#aj

Thermal
Material E:n;";y' conductivity, k  (Btu/hr-ft-"F}
‘ (W/in.-°C)
Silver 0.380 10.6 241
Copper 0.322 9.7 220
Gold 0.696 75 171
Aluminum, pure 0.098 55 125
Aluminum, 63S 0.100 5.1 116
Magnesium 0.063 4.0 91
Beryllium oxides 0.109 t0 0.136 1.71039 38.7 t0 88.7
Red brass 0316 28 63.7
Yellow brass 0.310 24 54.6
Beryllium copper 0.297 2.1 478
Pure iron 0.284 19 43.2
Phosphor bronze 0.318 1.3 296
Soft steel 0.284 1.18 26.8
Monel 0.318 09 205
Lead 0.408 0.83 189
Hard steel 0.284 0.65 148
Steatite 0.094 0.06 13.6
Pyrex 0.094 0.032 0.728
Grade A Lava 0.085 0.03 0.683
Soft glass 0.094 0.025 0.569
Water 0.0361 0.0167 0.380
Mica 0.1 0.015 0.341
Paper-base phenolic 0.0497 0.007 0.159
Plexiglas 0.043 0.0047 0.107
P-43 casting resin 0.045 0.0046 0.105
Maple 0.025 0.0042 0.096
Pine 0.018 0.003 0.067
Polystyrene 0.038 0.0027 0.061
Glass wool 0.001 0.001 0.023
Air 0.000043 0.0007 0.016
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scale. (If the right side of the A scale were used, then the
right of the AT scale would also have 1o be used).

The AT across the 0.09-in. thick piece of aluminum
and the AT across the 0.001-in. air gap are found in
similar fashion. But there is one correction that must be
made for the air gap case: since the L scale does not ex-
tend to 0.001, a factor of 10 must be used and the line

drawn from 30 on the Q scale to 0.01 on the L scale.
The remaining steps are performed in the same way, ex-
cept for the last. When the line is extended and inter-
sects the AT scale at 430°C., a correction factor of 10
must again be applied. The corect AT is 43°C.

AND EXTEND LINE TILL IT CROSSES THE
AT°C SCALE.
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L SAMPLE SOLUTION
<« Q T2 Q=10wW
L=.25IN.
' K = 100
a A=2
AT =0.284
T )
FINDING AT
NOTES
STEP 1: DETERMINE POWER Q (WATTS). 1.  NOMOGRAPH INCORPORATES CONVERSION OF
STEP 2: DETERMINE THICKNESS L (INCHES). (BTU-FT-"F) UNITS TO WATTS IN °C. (BTU-FT-°F
L J UNITS MUST BE USED WHEN EQUATION IS USED
STEP 3: CONNECT POINTS OF STEPS 1 & 2. THIS FIXES IN PLACE OF NOMOGRAPH)
REFERENCE POINT (1) ON REFERENCE LINE 1. 2. WHEN AT< 1°C, USE AREA Ty G
STEP 4: DETERMINE THERMAL CONDUCTIVITY " LEFT SIDE OF AREA AND AT LINES. WHEN
K (BTU/HR-FT-°F). AT > 1°C, USE AREA & AT NUMBER ON RIGHT
STEP 5: CONNECT REFERENCE POINT (1).w!sm POINT SIDE OF AREA AND AT LINES.
DETERMINED IN STEP 4. THIS FIXE 3. FOR VALUES NOT SHOWN ON Q, L, K, & A LINES
REFERENCE POINT (2) ON REFERENCE LINE 2. AMULTIPLICATION FACTOR MAY BE EMPLOYED.
STEP 6: DETERMINE CROSS-SECTIONAL AREA INCREASING Q OR L BY A FACTOR OF 10
(SQUARE INCHES). INCREASES AT 10 TIMES; INCREASING K OR A BY
STEP 7: CONNECT REFERENCE POINT (2) AND AREA, A FACTOR OF 10 DECREASES AT BY AN ORDER

OF MAGNITUDE.
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Graphic aids simplify
low-pass filter design

>y Robert B. Cowdelt
TT Gilfillan, Van Nuys, Calif.

Jesigning single-element low-pass interference filters
‘or matched or mismatched systems can be reduced to
he use of a few graphs and some simple equations.
With this design technique, even the degrading effect of
:apacitor lead length on filter insertion loss can be eas-
ly determined.

The extent to which lead inductance influences filter
nsertion loss depends on the type of capacitor used.
since dry Mylar capacitors are used in approximately
5% of all filter applications, they will be characterized
1ere. Their popularity can be attributed to their rugged-
1ess, low cost, and small size for the capacitance values
»f interest (0.1 microfarad 10 5 pF).

Both ideal and practical low-pass capacitor filters are
shown in Fig. 1. The practical version, of course, in-
‘ludes a series inductance to account for capacitor lead
ength. Letting:

F = f/f, = normalized frequency ratio
vhere f is the frequency of interest (in hertz) and f, is
he filter cutoff frequency (also in hertz), and:

A = RiL/Rs = mismatch ratio
vhere Ry is the load resistance, and Rg is the source
‘esistance, the insertion loss for the ideal capacitor filter
:an be written as:

LL. = 101log[1 +F2(4A%/(1+ A)?)]

For an ideal low-pass inductor filter, the equation for
nsertion loss is:

LL. = 10 log[1 +F2(4/(1 + A)?)}

I. Only ideal capacitor filters foliow insertion-loss curves plotted
or several values of mismatch ratio A. Self-resonant frequency
surve (color) corrects for lead and internal-foil winding inductances.
deal curves can also be used for ideal inductor filters.
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Capacitor radian cutoff frequency can be expressed as:

wo = 2/RsC
For inductors, this equation is:

wo = 2Rs/L

Insertion loss curves (black lines) for the ideal capaci-
tor filter can be plotted over a range of normalized fre-
quencies for several values of mismatch ratio A, as is
done in Fig. 1. The same curves will be obtained for an
ideal inductor filter, but the values of A must be in-
verted. A nomograph (Fig. 2) can solve both radian cut-
off frequency equations.

The insertion loss of the practical capacitor filter can
be computed from:

LL. = 10log[1 +(F2/(1 - F:?)?)(4A2/(1 + A)?)]
where normalized resonant frequency F, = f/f; and
self-resonant frequency f, = 1/(27LC). The equations
for the practical and ideal cases differ only by the term,
(1 - F+2)?, which is, by definition, the universal reso-

2. Low-pass cutoff frequency t,, source resistance Rg, and L or C
value can be found with straight-edge. Nomograph solves two
radian cutoff frequency equations: w, = 2/RsC and w, = 2Rs/L.
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nance correction factor. For frequencies beyond cutoff,
the practical insertion loss can be expressed as:

LL. = 10 log[F?(4A2%)/(1 + A)?] - 20 log(1 - F+?),
permitting the correction factor to be added to or sub-
tracted from the insertion loss of the ideal filter.

Plotting this last equation yields the universal reso-
nance curve shown in Fig. 1. The departure of this
curve from the ideal curves is the same for any value of
capacitance and under any mismatch condition.

Although the curve’s shape is always the same, its fre-
quency location shifts with the value of capacitor self-
resonant frequency f;, and the curve’s peak always oc-
curs at fr. Therefore, the practical filter’s insertion loss
follows one of the ideal curves (depending on mismatch
ratio) until the self-resonance condition begins to domi-
nate; then filter insertion loss follows the resonance
curve.

A graph of the self-resonant frequency of dry Mylar
capacitors is shown in Fig. 3 for various lead lengths
and capacitance values. The shape of a capacitor, as
well as its voltage rating (which dictates its size), alters
capacitor internal inductance, but produces only a slight
shift in fr. Typically, as lead length increases from 0.1
inch to 3 inches, the self-resonant frequency of a 1-pF
metallized polycarbonate capacitor shifts from 1.3
megahertz to 530 kilohertz for a 50-volt device, and
from 1 MHz to 530 kHz for a 400-v device.

A design example illustrates how to use the graphs
and equations. Suppose a low-pass capacitor filter were
needed to reduce the conducted noise level on a
matched 50-ohm line by 57 dB at 1 MHz. First, mis-
match ratio A must be found:

A =RpL/Rs =508/50Q = 1
From Fig. 1, the intersection of the A = 1 curve and the
57-dB loss line yields the normalized frequency ratio,
F = 700; from this, the filter cutoff frequency is easily
computed:

fo = f/F = 1 MHz/700 = 1.4 kHz
The required capacitor value is found with Fig. 2 by
placing a straightedge through the points f, = 1.4 kHz
and Rs = 50 ohms, which yields a value of C = 4.5 yF.

The ideal-insertion-loss curve of interest is now ob-
tained by overlaying a piece of transparent paper on
Fig. 1 and aligning cutoff frequency f, = 1.4 kHz with
F = 1 on Fig. 2. (Normalized frequency F = 1 should
always be aligned with the desired filter cutoff fre-
quency.) Trace the curve for A = 1 on the work paper
to obtain the response of an ideal 4.5-pF capacitor in a
50-ohm system (see Fig. 4).

This ideal curve now must be modified to account for
capacitor lead length. For illustration purposes, three
different lead lengths will be considered—0.1 inch, 2
inches, and 4 inches. Using the curve for a 4-pF capaci-
tance from Fig. 3 gives self-resonant frequency values
of 640 kHz, 350 kHz, and 245 kHz, respectively.

All the data needed to sketch the practical-insertion-
loss curve is now available. Again, overlay the same
work paper on Fig. | and set the peak of the resonance
curve at the first value of self-resonant frequency (640
kHz), making sure that the slopes of the two ideal curves
coincide. Sketch the resonance curve for the first f;
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value, as well as the other two, as shown in Fig. 4.

Measured data for the 0.l-inch lead length curve
agrees very closely with the computed resuits from 50
kHz to 2.5 MHz. For higher frequencies, computed inser-
tion loss is inaccurate because of reactance effects. O
& Self-resonant frequency curves for other capacitors will appear shortly
in Engineer’s notebook.

3. Self-resonant frequency varies with capacitor type, as well as
lead length. Curves shown are for dry Mylar capacitors.
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4. Design graph is generated by drawing appropriate ideal inser-
tion-loss curve from Fig. 1. Self-resonance curve (color) can also be
drawn, once correct self-resonant frequency is found with Fig. 3.
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Filter bandwidth nomograph
gives sweep-rate limits

by Roger T. Stevens
The Mitre Corp., MclLean, Va.

Because it is convenient, the sweep frequency generator
is commonly employed to obtain the bandwidth and
bandpass characteristics of narrow-band filters. How-
ever, these characteristics will be seriously distorted un-
less the proper sweep width and sweep rate are used.
The nomograph shows the maximum permissible val-
ues of sweep rate and sweep width allowable to assure

that the measured filter bandwidth will be within 1% of
the true bandwidth.

The illustrated filter “characteristics” demonstrate the
effect of too fast a sweep rate. When a filter having an
11-kilohertz bandwidth is tested at the excessively fast
rate of 7 kHz with a 70-kHz-wide sweep, the apparent
filter bandwidth is much wider than the true bandwidth,
and the bandpass curve is highly distorted. But if the
same filter is swept with a 7-kHz-wide sweep at a rate of
41 hertz, the shape of the bandpass curve and the-band-
width produced are the same as would be obtained by
point-to-point measurements.

The explanation as to why this occurs is complex, but
it can be simplified. Roughly speaking, the filter re-
sponds in turn to each instantaneous frequency during a
very slow sweep; but for very fast sweep speeds, the in-
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SWEEP RATE = 7 kHz

SWEEP RATE = 41 Hz

put that is applied to the filter begins to approach an
impulse function, causing the filter to produce an out-
put over the entire frequency spectrum.

The apparent bandwidth, B, of the swept filter is:

B = (4s2+b*)/b
where s is the sweep rate in radians per second, and b is
the true filter bandwidth in radians per second. From
this equation, it can be seen that, as the sweep rate ap-
proaches zero, the apparent bandwidth is the same as
the true bandwidth. For very fast sweeps, the apparent
bandwidth is larger than the true bandwidth.

For most measurement applications, it is desirable to
keep the apparent bandwidth within 1% of the true
bandwidth. By substituting B = 1.01b in the above
equation (to achieve the 1% accuracy) and converting
from radians per second to hertz, the product of the

sweep width (W) and sweep rate (R) becomes:

W x R = 0.01128b2
This equation is represented by the nomograph.

To use the nomograph, simply draw a straight line
connecting the desired points. Remember that the fig-
ures given for sweep rate and for sweep width are max-
imum permissible values, while those given for filter
bandwidth are the minimum permissible values.

As an example, let expected filter bandwidth be 5
kHz, and, to show the significant portion of the band-
pass curve, let sweep width be 20 kHz. The dashed color
line drawn across the nomograph indicates that the
maximum permissible sweep rate is 14.5 Hz. Therefore,
if a commercial sweep generator with a 60-Hz sweep
rate were used to check this filter’s characteristics, the
results would be highly distorted. O
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11. Quick calculation of circuit elements

Quick calculation gives
filter-capacitor value

by Jerry J. Norton
LaBarge Electronics. Tulsa, Okla

The minimum capacitance required for a given amount
of ripple from a rectifier/filter power supply can be cal-
culated simply from the expression:

Ripple voltage/ peak voltage = T/RC

As illustrated in the figure, ripple voltage Eg is the dif-
ference between the peak and valley output voltages,
(Ep - Ev). The ripple period, T, is the inverse of the
power-line frequency for a half-wave rectifier, or half
that value for the full-wave rectifier shown. Resistance
R is the load through which current is being driven.

This short-cut technique for finding C holds to about
25% ripple. It assumes that the charging time for C is
small, compared to its discharge time through R, so that
T is virtually equal to t4. In that case:

(Ep— Ev)/Ep = ER/EP =] —exp(—T/RC)

Note that as T/RC approaches zero, the ripple voltage
also approaches zero, but especially note that for small
values of T/RC, the right-hand side of the equation ap-
proaches T/RC.

Therefore the C value for 10% ripple is found by set-
ting T/RC equal to 0.1, and if ripple must be held to
1%, T/RC must equal 0.01. The error from this approx-

imation is less than the tolerance in the capacitors used.
For example, consider the circuit shown, and use the
following circuit values:
Transformer: 12.6 v center-tapped rms, 50/60 Hz
Peak voltage: 8.9 v
Load:8v,2 A
Diode drop: 0.9 v
Then Ep = 8.9 - 0.9 = 8.0 v peak, the load resistance is
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How much C? For a given amount of ripple in output of recti-
tier/filter power supply, the minimum value of capacitor C is closely
approximated by expression Egx/Ep = T/RC. Output waveform is
shown in (a), and full-wave rectifier circuit is shown in (b). Numerical
values are those of example in text.

8 v/2 A = 4 ohms, and T is 0.01 second for 50 Hz or
0.00833 s for 60 Hz.

For 1% ripple, C = T/0.01R = 250,000 microfarads,
yielding 0.08 v pk-pk ripple. For 10% ripple, C =
T/0.1R = 25,000 pF, giving 0.8 v pk-pk ripple.

Allowing slightly more ripple saves considerably on
capacitance in the filter, and the regulator can handle
that ripple. 0



Power rating calculations
for variable resistors

by Randy Ragan
Mepco/Electra, inc., San Diego, Calif.

A variable resistor’s power rating is influenced not only
by the voltage and current applied, but also by the posi-
tion of its slider and the size of its load. The power rat-
ing limits the maximum uniformly distributed power
that a variable resistor can dissipate at a given tempera-
ture. In effect, the power rating is established by the
maximum hot-spot temperature that the resistive ele-
ment can withstand when the slider is floating. With the
circuit labels noted, the maximum unloaded limit can
be expressed as:

Whmax = E2/Rp

If the variable resistor is used as a rheostat, the volt-
age applied across the unit’s terminals must be limited
to:

Emax = (1 - K)(WmaxRp)'/?
where (1 - K) is the smallest fraction of Rp that will re-
main in the circuit at the minimum resistance setting of
the rheostat. The unit’s slider current rating must also
be respected. For a rheostat, this current is:

ls = E/(l - K)Rp

If the variable resistor is used as a potentiometer and
is loaded, the power rating must be reduced because of
the disproportionate amount of current drawn through
the upper part of Rp and the slider. The degree of de-
rating depends on how large K, the fractional setting,
may be. Usually, it is assumed that there is no heat
transfer from the more heavily loaded part of Rp to the
less heavily loaded part. (This is also true for operation
as a rheostat.)

Actually, there are two limitations on power rating

Varlable resistor. Slider position and slider current rating must be
considered when the power rating is being computed.

l §

when the potentiometer is operated with appreciable
loading: power dissipation and slider current rating
The voltage across the upper part of Rp can be written
as:
E; = E[Rp(K - K?) + Ry (1 -K)}/

{Rp(K - K2) + Ry}
This voltage may not exceed:

Eiman = (1 - K)(WmaxRp)!"2
where W, is the unloaded power rating of the poten-
tiometer. Therefore, the maximum voltage that may be
applied to a loaded potentiometer is:

E = (WmaxRp)2[Rp + Ri(K - K2)J/[Rp + RL/K]
And the current through the slider is:

Is = (E - E1)/RL = E/[Rp(l - K) + RL/K]

This value, of course, must not exceed the potentiome-
ter’s slider current rating.

Besides power rating, noise is another important con-
sideration. For a film potentiometer, noise voltage is
generally assumed to be generated in the signal-return
leg. This voltage, therefore, is in series with the active
portion of Rp and the load. (In practice, only a propor-
tional part of the noise is generated by the active part of
Rp.)

The interface between the slider and the film element
generates a minute voltage because of a thermocouple
(Seebeck) effect. This thermal emf is roughly propor-
tional to temperature and can frequently be considered
negligible. The graph indicates typical noise perform-
ance for carbon-film and metal-film potentiometers. []
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Calculating resistances for
sum and difference networks

by D. Sheingold
Analog Devices Inc., Norwood, Mass.

Whenever signals must be added and/or subtracted, a
few simple computations will yield resistance values
that provide equal resistive loading at the two inputs of
an operational amplifier to minimize offset-current er-
rors. The loading resistance can have any desired value.

Figure 1 shows the general sum or difference net-
work; it produces an output voltage given by

Eo=a,Vi+azVo+. . .
~(b1Vio1 +b2Vie2+. . )

where the Vs are input voltages. The voltages that are to
be added (V1, V2, V3. . .) are applied to the noninvert-
ing terminal of the operational amplifier through resist-
ors Ry, Rz, . . ., and the voltages that are to be sub-
tracted (Vio1, Vioz, . . . ) are applied to the inverting
terminal through resistors Rio1, Rio2, . . . . Shunt re-
sistor Ro or Ry, and feedback resistor Rr complete the
network. The values of all the resistors are found by
these simple rules:

® Decide what composite load resistance, Ry, should be
presented to the input terminals of the op amp. A value
of 5 kilohms for R, provides good bandwidth and low

noise pickup without too much loading of the input
sources or the output.

® Add up the positive coefficients (call this sum Za).

® Add up the negative coefficients (call this sum Zb),
and add 1.00.

® If Za is greater than (1+Zb), the network must in-
clude an Ry (for gain). If Za is less than (1+Zb), the
network must include an Ro (for attenuation). If Za is
equal to (1 +Zb), neither Ry, nor Ro is used.

® Find Rr by taking the larger of Za or (I1+Z2b), and
multiplying it by R;. (The number that multiplies R,
here is called the closed-loop gain or “noise gain.”)

)
Vi —AA
R, i
V; ——vwWA——¢ R
R o
Vy —— _i Eo
R;m
V‘m VWA g VWA
Rio2 H Re
Viez . in,_
Eo=a)Vy+a;Va+a3Vat. .. —(byVigy +bVygo +...)

1. Summing clrcult. Output voltage from operational amplifier is
sum of positive and negative terms that are related to input voltages
by positive or negative coefficients. Signs of terms depend on which
input terminal is fed, and magnitudes of terms depend on voltages
and resistances. Simple procedure determines resistance values that
yield the desired output while making op-amp input terminals see
equal resistive loadings of any desired level. Circuit may include bal-
ancing resistor Ro or Ry or neither, but never requires both.

v .
1 vnvz r

Vo —vv——9

Ry _%_R" —Eo
V3 ————a— 5

Rq
Jp——g . . AW

Rs l H Re
(a) Eo =03V, +2V,+15V3-2V,-Vg

Ry
Vy ————a—
. —
Ro
= Re

(c) Eo=0.1V,+03V,

_l_ A ' Re

{b) Eo =06V, +08V,
Ro
R - +
1 —E

Vy M- > °

)
Vz VW VWA~

Re

(d} Eo‘-0.3V| -l.sz

2. S8ample problems. Examples in text refer to these circuits. Resistor values are calculated on basis of 5-kilohm loading, a value chosen for
convenience, at each input terminal of op amp. The circuit in (a) is the most general adder-subtractor; (b) and (c) are simple adders; and (d)
is an inverting adder. Each example highlights a particular feature of the calculation procedure.
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m Ry or Ry is equal to Rr divided by the absolute value
of (1 +2b - Za).
s The value of each of the other resistances is found by
dividing Rr by the associated coefficient: ie. R1 =
Rg/a1, Rio2 = Ry/bioz, and so forth.

As an example, the resistors for the network in Fig.
2(a) can be found by following the above rules:

Choose Ry, = 5 kQ

Za = 38

(1 +2Zb) =40

(1+2b)-Za =02(AnRois needed.)
Rp = 4 X 5 kS = 20 kQ (Closed-loop gain is4.)
Ro = 20/0.2 = 100 kS

Ry = 20/0.3 = 66.7 kS

Ry = 20/2 = 10 kQ

R3 = 20/1.5 = 13.3 kS

Ry = 20/2 = 10kQ

Rs = 20/1 = 20 k2

As a check, the parallel combination of Ry, Rz, Rs,
and Ro is 5 k2, and parallel combination R4, Rs, and Rr
is also 5 k2. (There is no Ry in the network.) The gains
for Vs and Vs are -20/10 = -2, and -20/20 = -1, re-
spectively. The gain for Vi is the product of noise gain
and attenuation (in the voltage divider that consists of
R; and the parallel combination of Rz, Rs, and Ro); this
product is 4 X 0.075 = 0.3. The gain for V2 is 4 X 0.5
= 2, and the gain for V3 is 4 X 0.375 = 1.5.

A second example is the summing circuit in Fig. 2(b).

Again choose Ry = 5 kS

Za=14

(1+2b) =1+ 0=10

Sa-(1+2b) = 0.4(AnRyis needed.)

Rp = 1.4 X 5k = 7 kS (Noise gain is L4).
Ry = 7/0.4 = 17.5 kQ

Ry = 7/0.6 = 11.7 k§

Ry = 7/0.8 = 8.8 kQ

A check of these results shows that both input termi-
nals are loaded by parallel resistance combinations
equivalent to 5 k<, the gain for Vyis 1.4 X 0428 = 0.6,
and the gain for Vzis 1.4 X 0.57 = 0.8.

Another summation problem is shown in Fig. 2(¢).

Let Ry = 5k

Za =04

(1 +2b) =1

(1 + Zb)-2a = 0.6(AnRo is needed.)

Re = 1 x 5 kQ = 5 kQ (Noise gain is 1.)
Ro = 5/0.6 = 8.3 k&

Ry = 5/0.1 = 50 kQ

Ry = 5/0.3 = 16.7 k2

The load on the inverting terminal is only Rr, which is 5
kS2. The load on the noninverting terminal, consisting of
the parallel combination of Ro, Ry, and Rg, is also 5 k<.
The gain for V; is the product of noise gain multiplied
by attenuation, or 1 X 5.5/55 = 0.1. The gain for Vz is
1'% 7.1/23.8 = 03.

The last example, which is not as trivial as it looks, is
the calculation of resistances for the inverting adder in
Fig. 2(d).

Let Ry = 5 kS

Sa=0

(1 +Zb) =25

(1 + =b)-2a = 2.5(Rois needed.)

Rp = 2.5 X 5kQ = 12.5 k) (Noise gainis 2.5.)
Ro = 12.5/2.5 = 5kQ

Ry = 12.5/0.3 = 41.7kQ

Rp = 12.5/1.2 = 10.4 kQ

A check of these results shows Ry, Rz, and Rr in parallel
have a total resistance of 5 kQ. Gain for V1 is -25 X
0.02 = -0.3, and gain for Vzis -2.5 X 048 = -12. 0O
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12. Calculator-aided desjlr\s

Programable calculator
performs spur analysis

by John R. Coleman
Harris Electronic Systems, Melbourne, Fla.

A programable hand-held calculator can identify
spurious frequencies generated in the mixing of two
signals. For instance, an HP-25 calculator can be used in
place of a spur chart or a digital computer to calculate
these values both accurately and quickly. The same HP-
25 program is used for both up-conversion and down-
conversion, and in contrast to many graphical methods,
the maximum order of spur product need not be
limited.

If frequencies f, and f, are mixed, some of the
resulting frequencies are:

f, = TMf, ¥ Nf,

The arrangement of signs eliminates the trivial situations
in which both terms are positive, and the meaningless
cases where both are negative. M and N, which are
positive integers, are calied the coefficients of a spur, and
the order of the spur is the sum (M +N). The HP-25
program analyzes the situation sketched in Fig. 1. The
lower input frequency, f,, lies in the range from i to fiz;
the higher input frequency, f;, lies in the range from £
10 f5,, and the calculator finds all values of M and N that

Q ﬁu
tn + ol
82 T
f2
f2y 1 L
fs
fi2 +
} fy tar +
LITIE o
SIGNAL SPURIOUS
INPUT OUTPUT
FREQUENCIES FREQUENCIES

1. The ins and outs of spur analysis. In the program for finding
spurious outputs from mixing of two input signais, the two input
frequencies can lie anywhere within the ranges from f,, to f,, and from
11 10 I, Tespectively. The program finds coefficients of any spurious
frequencies that lie in the range from fs1 tO fgo.
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yield frequencies f, in the test range of interest between
fm and faz.

The calculator begins the analysis with the order equal
to 1. When both first-order spurs have been tested, the
calculator tests all second-order spurs. The process
continues until a spur falling in the test range is found or
until the calculator is stopped; to conserve time, the
program tests two products simultaneously. The calcula-
tor displays the coefficients in the form M + N/ 100 for
the sake of brevity so that a —2 X 5 spur is shown as
2.05,asisa 2 X —S5 spur. The user decides, if he wishes,
which coefficient is negative.

The calculator selects one set of positive values for M
and N. Each set defines two mixer products, either or
both of which may be spurs—i.c., in the output pass-
band. The potential spurious product P, results when the
term M, is positive and the term Nf; is negative. P, is
the mirror image of P, in which the term Mf, is negative
and Nf, is positive. Either or both products may be
spurs, and if the calculator finds that P, does not fall in
the output test range, it tests P,. If P, does fall in the test
range, the calculator displays the values of M and N. If
P, and P, are not in the test band, the calculator
proceeds to the next set of values. The program is shown
in the table.

The program is run by following these steps:

N=N+1

L) M=0RDER-N

ORDER=ORDER+1 | 39
N=0

0+

Sy2 = Mfyy — Nz
S21 = Mfyz — Nfy,

N

T2 = =S12 — fes
Ty = =821 — 152

Ta1 =823 — fan
Ty2 = S12 ~ fa2

—¢ 43
[ oispLaY = m+n100 |

2. The light at the end of the program. Flow diagram for spur-
analysis program shows that the calculator displays the coefficients
for spurious outputs. Program then stops, but can be restarted with
R/S button. The complete program is listed in the table.




HP-25 PROGRAM FOR SPUR ANALYSIS WITH
ARBITRARY TEST RANGE

UNE | cooe KEY LINE | coDE KEY
o | - - 25 1331 | GT031
(o | o[ o 2| .
02 | 235107 | stoq 7 | x| ks
03 | 2400 | mcro | [ 28 2| oy |
04 2407 | ReL? 29 32 | cHs
05 41 N 30 2403 | RCL3
06 1541 gx<0 3 41 -
[ 1339 | GT029 2 21 | xoy
08 | 2401 | Rt | | 3 2406 | RCLSG
8 | & | x R =
0 | 2407 | ReL7 | 35 81 | X
1 | 2405 | ReLS 3 1541 | gx<0
12 61 | x 3 1343 | GT043
EN = 38 1301 | GTooO1
14 2400 | RcLO 33 | 234100 | sT040
15 2407 | RCL? 40 3 | CcLRx
16 41 = [ o 2307 | sto7
” 2404 | RCL4 a2 1303 | GTO003
18 61 | X 3 2407 | ReL7
19 2407 | RCL7 4 o | 1
20 2402 | RAcL2 a5 1521 | o%
2 81| x I 2400 | RCLO
2 a Z 4 2407 | RCL7
3 2403 | RCL3 ) a -
u | s | fx<y 49 54 +
REGISTER ASSIGNMENTS
7 N {init =0)
4 f12 5 t22 6 12
ENrm 2 21 3 ey
0 Order { = 0)

Programable calculator
analyzes filter designs

by Tom Martin
Collins Radio. Dallas, Texas

An SR-56 calculator can provide a quick check on low-
pass circuits laid out with the excellent filter-design
programs in its applications library or on any other
active or passive low-pass filter with up to four compo-
nents. The calculator can be programed to analyze the
performance of these filter circuits, giving the gain or

Circuits analyzed. The frequency responses of the active low-pass
filter in a and the passive low-pass filter in b are quickly plotted by
use of the programs given for the SR-56 calculator. The decibel value
of A(f) is displayed at a chosen initial frequency f, and at successive
incremented frequencies (f, +af), (f, +24f)...as the R/S key is
pushed repeatedly.

8 | oad program into the calculator.

® Store the initial value of the order, 0, in register Ro;
store the lower limits for each range, f,, in R}, f;, in R,,
and fg in R;, and store the upper limits for each range,
fizin Ry, fy in Ry, and fy; in R,. Store O (the initial value
of N) in register R;.

B Press f, PRGM, and R/S.

The flow diagram in Fig. 2-shows what the program
does. The first step is to increment N by 1. M is then
calculated and tested, and the test is used to increment
the order of the spur when required. After values are
found for M and N, the end points of the frequency
range of product P, are calculated. The highest possible
frequency for P, is the value S,,. This value is compared
with the lower limit of the output test range.

If the highest frequency of the mixer product P, is still
less than the low end of the test range, then P, cannot be
a spur and the calculator prepares P, for test. In both
cases, the end points of the range of possible frequencies
of thé selected product are then compared with the
output test range limits.

The test values Ty, and Ty, in the next step must have
the same sign for the range of the selected product to be
safely outside the output test range. If not, a spur exists
and the calculator jumps to the display routine. The
display routine retrieves the value for N and divides it by
100. This result is added to M to produce the displayed
number.

The program stops when a number is displayed, but a
push on the R/S button starts it again.

Example:

Low input range: 11 to 12 MHz

High input range: 21 to 22 MHz

Test range: 31 to 35 MHz
Procedure:

Load registers; initialize R, and R, to 0
Results:

3.00 (x3f, ¥ 0fy)

1.02 (f, F 2f;)

501 (x5 F f;) O

~1/Ry R3CyC,

[Eo/Eni = —— =

V1(/R,R5C, C0-47212]2 + ((1/R, + 1/Ry + 1/R3) (2 H/C,)]

A{f) =20 log |Eq /Ep| dB
(a)

03 1 ‘_l z
R, l ¢ Re

souRca 3 T 2 Ic‘ (LOAD)

ATTENUATION GIVEN BY:

Alf) =101og [1~](Z - Rg)/(Z + Rg) [2] dB
(b)




attenuation at an incremental frequency each time the
R/S key is pushed.

The theory of operation for the active-filter analysis is
straightforward. It simply solves the gain-versus-
frequency equations that are shown along with the
circuit diagram in part a of the figure. The program
(Table 1) includes provision for entering a starting
frequency, f,, and a frequency step size, Af. Then simply
pressing R/S repeatedly produces the data for plotting a
linear frequency-response graph.

The passive-filter analysis works by calculating, at
each frequency, the complex impedance that is seen
looking back into the filter network from the load, as

TABLE 1: SR-56 PROGRAM FOR ANALYSIS
OF ACTIVE LOW-PASS FILTER
LOC | KEY Loc KEY Loc| KEY
00 ST0 30 RCL 60 X
01 7 3N 0 61 RCL
02 RCL 32 1/x 62 6
03 2 33 + 63 +/—
04 X 34 RCL 64 *
05 RCL 35 1 65 RCL REGISTERS
06 3 36 1/x 66 0 0 R,
07 X 37 . 67 = 1 R,
08 RCL 38 RCL 68 | x| 2| AR;
09 4 39 2 69 LOG 3 C,
10 = 40 1/x 70 X 4 C,
1 1/x a1 = n 2 5 af
12 ST0 42 + 72 0 6 | temporary
13 6 43 RCL 73 = 7 | temporary
14 * 44 3 74 STO 8 | temporary
15 RCL 45 X 75 8 9 | temporary
16 1 46 2 76 RCL
17 - 47 X 77 5
18 RCL 48 . 78 SUM
19 z 49 X 79 7
20 x% 50 RCL 80 RCL
21 X 51 7 81 8
22 4 52 - 82 R/S
23 X 53 x 83 GTO
24 " 64 | *+ 84 0
25 x2 55 RCL 85 2
26 = 56 9
27 e 57 =
28 STO 58 VX
29 9 59 1/x
STEP PROCEDURE ENTER PRESS DISPLAY
1 enter program, initialize CLR| CMS | RST
2 enter data R, |STO| 0
R, |sTo| 1
Ry, |STO| 2
c, |sro| 3
C, |sT0| 4
Af | STO| 6§
3 | enter initial frequency f, |As Alfy)
E continue R/S A (fy+ Af)
A (fy+ 201)
1
]
Note: For single-frequency analysis, enter the fi and
press RST, then R/S.

illustrated in part b of the figure. This filter impedance
and the load resistance are then used in the equation
given below to calculate the attenuation through the
circuit.

The passive-filter program (Table 2) also provides for
rapid plotting of frequency response curves, using f; and
Af. For filters with fewer than four reactive elements,
zeroes should be inserted in place of the unused element
values. The run time for this program is about 8 seconds
for each frequency. O

TABLE 2: SR-56 PROGRAM FOR ANALYSIS
. OF PASSIVE LOW-PASS FILTER

KEY
00 X 30 7 60 = 9 | PROD
01 1 3 5 61 LOG 9 9
02 X 32 SUBR 62 X 92 RTN
03 2 33 8 63 1 93 x?
04 = 34 1 64 0 94 +
05 SUM 35 RCL 65 - 95 RCL
06 0 36 6 66 R/S 96 9
07 RCL 37 INV 67 CLR 97 x2
08 1 38 SUM 68 ST0 98 =
09 1/x 39 8 69 8 99 RTN
10 SUM 40 X 70 STO0
1" 8 41 2 n 9
12 RCL 42 + 72 RCL
13 2 43 RCL 73 7
14 | SUBR a4 8 74 RST REGISTERS
15 7 45 = 75 X 0 2nf
16 5 46 | SUBR 76 RCL 1 R,
17 RCL 47 9 77 0 2 C,
18 3 48 3 78 - 3 Ly
19 | SUBR || 49 | 14 9| sum|fa] ¢
20 7 50 X 80 9 5 Ls
21 5 51 ( 81 RCL 6 Rs
22 RCL 52 RCL 82 8 7 Af
23 4 53 8 83 | SUBR 8 | temporary
24 | SUBR 54 | SUBR 84 9 9 | temporary
25 7 55 9 85 3
26 5 56 3 86 1/x
27 RCL 57 +/- 87 | PROD
28 5 58 + 88 8
29 | SUBR 59 7 89 +/—
STEP PROCEDURE ENTER PRESS DISPLAY
1 | enter program, initialize CLR|CMS | RST
2 enter data R, STO| 1
c, |sTo| 2
Ly |STO| 3
c, |sTO| 4
Lg |STO| 5
Ry, |STO| 6
Ar | sTO| 7
3 | enter initial frequency 1y R/S A (fy)
4 | continue R/S A (f,+ A1)
R/S A (fy+ 201)
) +
Note: For single-frequency analysis, press CLR, STO 0, STO 8, STO 9;
enter the frequency, press RST, R/S.

84



Short program computes
response of RLC networks

by Werner A. Schnider
Swiss Federal Institute of Technology, Zurich

When designing filters, amplifiers, and other circuits,
the frequency response can be determined with a For-
tran program that is very short and requires much less
computation time than many common circuit-design
programs such as ECAP-1. By introducing current-
controlled current sources, the program can analyze
transistor circuits directly, while with a little modi-
fication it works as well with circuits containing oper-
ational amplifiers. The program stores three matrixes—
basically of resistance, capacitance, and reciprocal in-
ductance—during the whole frequency-response compu-
tation, and from them builds the node-admittance
matrix for each frequency.

The computational procedure for each frequency re-
quires the set-up of a node-admittance matrix, [H), and
the computation of two determinants, |H,l and |Hjl
and the gain V,/V,. The gain is the quotient of the two
determinants—a consequence of the equivalent current
vector having only one non-zero element, correspond-
ing to the input node. In the abstract, each of the two
voltages that determine gain is the matrix product of
the current vector and the inverse of the node-admit-
tance matrix. Computing that inverse usually involves a
great many determinants. But when the current vector
has only one non-zero element, the matrix product be-
comes a scalar product, and, because the gain is a
quotient of two such products, everything cancels out

INPUT DATA CARDS

5,

AR,1,2,1.E3
AR,2,3,60.
AR,3,0,3.75E3,
AC,3,0,90.e~12,
AC3,4,3.E-12,
AR,4,0,1.E3,
AC,4,0,50.E-12,
AR,4,5,10.E3,
AL,5,2,0.56E~3,
AB,3,6,150.,
A..

1.4,
2.E5,7.E6,35,

PROSPAN ACCLINPUT, OUTPUT)

OIMENSION DC(2392.) 580 (20,200 4GMI3UD 4NKBE30) oNKBL30Y 4ECL2y,20)

COMPLEX COyCEs (20,200

DIMENSION A€1J),®(330)

INTEGER R, CoMySLANK, TYPE

DATA RyCyByOLANK,LA/7L IR ENC 2 MBsLM 4aNL/

¢ ITHPUT=ROUTINE,
[

7
L
?

10

L]
2t

11
C Cow

L 1%

(19

5¢

-

we

RINT P
FORMATC1ME, 20 LL1NO) , 250 FREQUENCY RESPONSE ,10{1H®) /)
D0 & Is1,20

DO 0 Jwi,20

DCUI,J)198CLT, J)aEC LT ,J) =4,

NZ=)

CALL NREAD(NK)

CALL NREAD(TYPT,K1,K2,NERT)

TF(TYFELENLALANK) GOTOD 6

PRINT 10,TYPZ,K1,K2,MERT

FORMATEIM ,41,20T8) ,6R,E12.4)

IF(TYPZ.NE. 8} GOTY 3

WEPT amERTOCUIKL)

Ha=NKA (KLY

NEENKBIXL)

NARsNKS (K2

NAABNKA (X2)

TFANR S NE S ANN NBAREL D) ACINA,NAA) 53CINA,NAL) SREFT
TFONB.NE.R.ENDNBINE.G) OC INA NBA)=BC (VA NBB)-WERT
TFINBONE SV ANDNBANEL D) BCINA,NDBA)=3C (NByNIS) ¢ wERT
TFINBNELO.AND (NAANED) SCINA)NALIsACININAR) -WERT
GoTn 2

CoNTIsE

NZs=MZel

NKA (M2 3Ky

NKALNTY K2

IFITYRE ET1R) GMINZIag, 7HERT

TFITYOR €N, F) CALL MATR (K1,X2,8C,GMINZY)

IFI(TYPE.FO,CH CALL MATR (X1,X2,Df, WERT)

IFCTYPELEALA) Hul/WERTY

IF(YYPE . E€0,LN) CELL MATP(K1,X2,LC)W)

s07TH 2

CALL NREAN(KA,KD)

CALL HRIAD(FL,F2,V)

ORINT 20Kk KA,F1,F2,»

FORMETI/914M T/70«BORTSI 210,744 JOHFI=F2aNa, 2614, 4,10
PRINT 11,%2,8K

FORMAT (/7 piH oI6,9H ARAYCHES,10X,14,6N NODES,/7)
PUTATION OF FREQUENCY SESPINSC.

DELO(F2-F1}7UN-1}

N 50 IsgyN

FREN=F1e(l-1)*NEL

OMERA=G,2331852°FPEQ

DN 51 KsgyNK

00 S8 Legy

QEK L) aIHPLXCBC (KoL) yOMEGASDE (KL ) =EC(K,L ) 70MEGA)

CALL CCOET(N, KA XA NK,CO)

CALL CCNITEQ KB, KA,NK,CE)

Cnefgs76n

AMPL oCA0S(C0Y

IF(REM (COV.CN.0.) COaCNeg E-18

PHASEZATANZ (ATMAG(CO) ,REAL (CNY)
PHASFEaFHASE®180,/3.1415926

PRINT §3¢FREQ, ANPL o PHASE

FORMAT (6 FRED® E10. 335X, SHANPL 8, E12,4, 5X, 6MPHASE,£12,4)
A1) =anPL o
PLI) =PNASE

CONTINWE

CALL FPLOT(A,P,N,F1,0FL)

ENp

SUBROUTINE MATRIKL,K2,DC,NERT)
DIMENSION DC(20,20)

IF(KLoNELQ) NCIKL,KL)=NCIKL K1) eWERT
IFIK2,ME.9) DT (K2,K2) =0C (K2,K2) +MERT
TP (KL, EC.0.0R.K2.€2,0) GOTO 9
DKL, M2VaNC (KL ,4K2) ~NERT

OCINR, M )=DCIKZ K1) =NERT

RETURN

(4]

SUSPAUTINE CODEY (0,12, 18,MK, VALUE)
COMPLEN 0024,20),04(20,23),VALUE
NKNs NIy
nO 16 Kei,NK
DN 10 LeiyNK
CAIK, L) =0(K,L)
IF(IZ.EQNK) GOTO 3
N0 2 XaIZ,NKN
D0 2 Le=i,NK
CAIK L) =0(Ke1,L)
IFCIS.E2.NK) GOTO §
00 & Kewy, NK
DO & LeIS,NKN
CACK L) *CALK,L +1)
CONTINUVE
CALL COET(CA,NKM, VAL UE)
VALUE=VALUE® (=1,) %% (17+18)
RETURK
END
»
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except the two determinants mentioned.
So, to establish the node-admittance matrix, number

all the nodes, beginning with zero for the common-in-
put-output port. Place the data cards—either punched
cards or an equivalent data-entry medium—at the be-
ginning of the program. The program includes a sub-
routine, NREAD, that eliminates all requirements for
specific formats. All data elements are separated by
commas.

The first data card specifies the number of nodes
minus 1. It is followed by cards listing the branches with
their elements. The first two characters on each branch
card are alphabetics that specify the type of the passive
element in that branch: AR for a resistor, AC for a ca-
pacitor, AL for an inductor. These are followed by two
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0.56 mH 5 10 kD
— YY) ® —AAN
2 3 pF
1 AAA —AAA— . If4 4
X LAY
1kQ g0 || l 1|'
3.75 k2 /[ 90 pF Bip "L 50 pF 1k2
0 . . I ’e -
B =150
TRANSISTOR EQUIVALENT
Sessessees FREQUENCY RESPONSE ®esossssse
R 1 2 1.0000€003 FRCMIENIGANG
R 2 3 6. 0LLOEOL AWOLITUDE & 2, 4nbEsuc ko86Esi) 6,38804d P.60Eed0 9.31E0) 1,092€001
R 3 O 3. 75006403 PHASE 3 5.5;|::;f l.ht:u 1.cs::u ;.nc:u‘z 1.s~::u 1.1-tc:u
e 3 0 9.0000E-11 1 inimeslarasels Nsnaaneneislhs coalsnsisallosmeeiemal
c 3 . 3,0000E-12 Fe 2, 08074,5 . . . 4 . . U
R & 0 1.0000E403 £n Lo00UA3 . . e .
e & ¢ S.GI0CE-11 RS RE = % 3 5 S 5
A8 8 1.0000E +0 4 AR 3 : v ! .
R 7 5.6000€-04 4o i e »
®So3k b 1.59G0E+02 ra i .
1/0-PORTS 1 [ :: . A. :
Fi-F2-N=  2,0000E09%  7.0000%¢(6 s e ; : : . ' -
Fa 2.2308e.6 . . . . L4 . .,
9 GRANCHES £ NODES Fe B giEne A : R . K
F= 2. Eol . . . . . .
FREQs 2,000€+05 ANPLE  7,2736E400 PHASEs  1.7903E402 s ¢ e T B i
FREQs 4,000€405 ANPLE  7,.3804E400 PMASEs  1.7795E402 # ’ . .
FREQ= 6.00CE+0S ANPL=  T7,559)E¢0¢ OMASEs  1.7664E002 5 ’. R .
FREQs 8.00GE4ES ANPLE  7,B8091E¢dC PHASES 1,7499E402 . LI A
FREQ= 1,000E+06 ANPL=  #,1298E400 PHASE®  1,7207E¢02 X i~ A &
FREQ= 1.200E406 AMPLE  B.516JE+00 PHASE:  1.7017E002 . N o '
FREQs 1.400E406 AWPL=  8.9598F 40 PHASEs 1,6677€002 3 ». :
FREO= 1,600€+06 AWPLE  9.061SE00 PHASEs  1.6296E002 5 Wi A .
FREO= 1.A04E+06 ANPLs  9.9313C406 PUASE=  1.5T48E¢ 02 . R
FREQ= 2.000E006 AWPLs  1,Q382E401 PHASEs 1.5148E¢02 . i e
FREQ= 2.200E406 AWML 1.0732€401 PHASE=  1.4M6MEN02 o g A
FREQe 2.400€606 AMPLS  1.0920€+01 PUASE=  1,3713E¢02 R
FREQ= 2.600€+06 ANPL=  1.0898E001 PHASEs  1.2925E002 BRI
FREQs 2.800E406 AWPLs  1.0650€001 PMASEs 1.2135E¢02 s Y
FREQs 3,000E406 ANPLE  1.0231€431 PMASEs  1.1378E002 . oA
FREQs 3,200E+06 ANPLE  9,6741€400 PMASEs  1.0677E¢02 Fe bondigels P4
FREQe 3.4GOESCS AMPL=  9.0501£¢00 PMASE=  1,0047E¢02 ol L L
FREQs 3.600£406 ANPLs  B.6103E0d0 PHASE:  9.6893E401 AR ot Se
FREQ= 3.800E406 AMELE  7.7396E400 PHASEs  8.9997EeC1 * R LN T Fr O O
FREQ= &,000E+06 AMPLs  7.2076E+08 PHASES A,5716E¢01 7
FREQs 4.200E406 suPL=  6,8730E¢00 PHASEs 8.1968E¢01 P
FREQ= &, 600€406 AMPLe  6,1879E400 PHASE: 7.8653E001
FREQ= 4.600C¢06 AMPLs 5, 7SC3€00C PMASE=  7,3721E001
FREQs 4, 800€+06 AMPLs 5, 3567€+00 PMASES  7,.3106Es01
FRENs $,0008006 AWPLe 5, 20268000 PMASEs  7,0749€001
:::!o- 5.200E406 AnPLe &, 6A37E000 EMASEx  6,8616F0C1
Qs S.48.E0CH AMPLE &, 39SAEeQ0 PHASES 6. 5666E¢01 1 inni i
e St b SRR ol OipfteRsid integers that denote the beginning and ending nodes of
FREQs 5.800E406 AMPL=  3.8986€+20 PHASEs  6.3221E401 i ing-poi i
TRm eiinEes  Mwme D.aMNEee  wsee Cagedtest this branch, and a floating-point number that gives the
FREQs 6.200€¢06  AWPL=  3.4363Ee3( PMASER  6.026SE0G value of the element in ohms, farads, or henries. The
FREQs 6.400E+05 AMPLE  3,3059€¢00 PMASEs  S,8A96Z001 - :
FREOs 6.630€006  ANPLs  3.16,18¢30  PHASER  5.7620E001 program numbers the branches automatically in the se-
FREQs 6.800€406 AMPL=  2,9876E03C PHASCE® 5,68216001
FREQe T.000E008 AMPL=  2,8662€030 PHASES 5,528)Eef1 quence the cards are read.
The branch cards are followed by cards giving the

current-controlled sources with their amplification fac-
tors. Each of these begins with the letters AB, which
identify this type of card. Then two integers specify the
number of the controlling branch and the number of
the controlled branch, and a floating-point number de-
notes the amplification factor. This is followed by the
end card, which has only the letter A, one blank, and a
series of commas, to signify that all the branches and
sources have been listed.

Next comes an input/output card, with two integers
that denote the numbers of the input and output nodes.
The last data card carries two floating-point numbers
that specify the frequency range and an integer that de-
notes the number of frequency steps—up to 100—to be
calculated within the specified range.

The program uses five subroutines, three of which are



available in most scientific computer centers, so are not
listed here. They are NREAD (format-free reading of
data cards), CDET (to compute the determinant of a
complex matrix), and FPLOT (which plots the amplitude
and phase of V,/V,. FPLOT is optional and if it is used,
two arrays called A and R are required for storing the
data to be plotted.

Two other subroutines are MATR, for setting up the
matrixes, and CCDET, which computes the determinant
|Hyy| from the matrix [H] and the specified row and col-
umn. The program can handle any circuit with up to 20
nodes and 30 branches.

Here is an example. In a compensated rf amplifier

(see drawing) the transistor is replaced by a current-
controlled current source and by passive elements. The
new program computes the frequency response of this
circuit in 35 steps between 200 kilohertz and 7 mega-
hertz on the Control Data 6400/6500 in less than 1.4
seconds. This includes use of the FPLOT subroutine and
computation of the plotting values, but not the actual
plotting itself. The same circuit computed with a modi-
fied ECAP took 3.4 seconds. (The output listing and the
plot, prepared on a 1,200-line/min printer, comprise 94
lines, which take another 5 seconds or so to produce.)
The data cards that describe the circuit in this ex-
ample are listed in the table. O

Program analyzes
all-resistive dc circuits

by Mark Jong
Wichita State University, Wichita, Kansas

Networks that are strictly resistive can be analyzed eas-
ily and quickly for dc conditions with a brief but effec-
tive computer program written in Basic. The circuit to
be analyzed can also contain active devices, provided
those devices can be represented by only resistive ele-
ments and voltage-dependent sources.

The standard circuit branch allowed by the program

1. Dc circult analysls. Computer program, which is written in Basic,
is useful for a speedy dc analysis of small resistive networks. The
definitions for a standard circuit branch and the program listing itself
are given here. Dependent sources must be voitage-controlled.

CONTROLLING
BRANCH

STANDARD BRANCH

INITIAL NOOE

_ W

Vg I rJ
+ 1,
Ve Q iy *y —. i L:l
Ex
J "$_i-

TERMINAL NODE

Vi, Vj= BRANCH VOLTAGES

I, Ij = BRANCH CURRENTS

Ex = ELEMENT VOLTAGE

Ji * ELEMENT CURBENT

Vg, Ig= INDEPENDENT SOURCES
Ig=gm*Vj(VOLTAGE-CONTROLLED CURRENT SOURCE}

180 DIM AL7,153,YL15,15),EL15),1015), 350

JO15),V0151,5015),W(15,7),UC15,7) 360
119 PRINT "NUMBER OF NODES ~- 1 av; a7e
111 INPUT N 3gp
128 PRINT "NUMBER GF BRANCHES =*; 30p
121 INPUT B 408
130 MAT A=ZERIN,B) q1e
140 MAT Y=ZER(B,B) 429
15 MAT E=ZERCB) Q3@
168 MAT 1=ZERCB) 448
170 FOR K=1 TO B asp
188 INPUT BI,FI1,T1,R,ELB1),1(B13,Y!,Cl 4ep
198 1IF Fl=@g THEN 210 479
200 LET ACF1,Bl)s) 4a8@
219 IF Ti=0 THEN 23¢ 490
220 LET Af{T!1,Bll=-] 528
232 LET Y[B!1,Bl)=1/R s10
240 1F Cl=@ THEN 260 520
258 LET Y[B!,Cl1)=Y} S3g
268 NEXT X 549
276 MAT S=ZERLE) 553
275 MAT J=ZERCB) 568
28@ FOR K=1 TO B 70
281 LET SIK3I=Y(X,KI*E[X) sag
202 NEXT K 590
298 MAT S=1+S 1]
295 MAT Sw=J-S 618
308 MAT W=ZERCE,N) 2@
318 MAT U=TRN(A) 630
32¢ MAT U=ZERCB,N) 6ap
338 MAT UsYsV €50
348 MAT W=ZERIN,N) 660

MAT W=AnU

MAT U=ZERIN,N]

MAT UsINV(W)

MAT V=ZERIN)

MAT UsAsS

MAT J=ZERIN)

MAT J=UsV

PPINT

PFINT "NODE",' VOLTAGE"
FOR K=} TO N
PRINT X,JI[K)
NEXT K

VAT V=ZER[B)
MAT V=ZERCB,N)
MAT W=TREN(A)
VAT VsWay

MAT J=ZERLB)
MAT J=Y»V

MAT J=J-§
PFINT

PRINT *“BRANCH", "
FOR K=1] TO B
PRINT K, VIK],JIK1, VIK1I&«J(K)]

NEXT K

MAT UsV+E

PRINT

PRINT “ELEMENT"," VOLTAGE",' CURRENT",*" POVER"
FOR K=1 TO B

LET JIK)=Y[K,K)*V(X]

PRINT K, VIKI,JIK), VIX1&J(K)

NEXT K

END

VOLTAGE"™, " CURRENT",' POWER"
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{a)

ouTPUT [ 1 c

Bip = (B/1p) vp
(b)

fe

>

30 k2

KUMSER OF BRANCHES =?1)
171,8,1,10202,1,2,0.¢2
72,152, 100082, C,7,.0,€
13, 1.7, 102202,0,2,8.7
14,1,2,500,0,0,0,8
?5,2,3,12.9,8.7,F
7€,4,2, 40888,0.£,0.1,4
27,3,%,%500,92,0.2.,0
79,5, P, 10,8,0,0.¢
?9,4,5,400080,0,3,2.1,7
7,4,9,5002,2.2,2,8
711.4.8,J0208,P.P.£.8

MODE VOLTAGE
1 <428572
2 +404a286
3 423121
4 -82.022)
s «191866
BRANCH VOLTAGE CURRINT POVER
1 -+ 028572 S.71428E-0S -2.44898E-05
2 «428572 4.28372E-0¢ 1.81674E-26
3 «a28872 4.28S8T2E-86 1.83674E-86
q 2.428S7E-02 4.85713E-£S 1.17959E-26
H &4, | 6SOSE-0) 4. 1650SE-04 1+ T3477E-B6
6 ~82.4246 3. 67932E-04 =3.p3283z-92
7 « 228258 4. 16329E-24 8.673995-05
e 191966 1.91866E-02 3, 68127E-92
9 -82.2122 1.87721E-02 ~1.54314
19 -82.8223 ~1.64P01E-02 1+34%47
i -82.9203 =2. 73421 E-02 « 224248
HLEMENT VOLTAGE CURRENT POVER
1 + 571428 S.T1428E-€8 3.26530E-05
2 «428872 4.28%72E-06 1+BI6THE-DO
3 <A28572 4.28572E-026 1.8J6742-26
a 2.42887E-02 4.85713E~-0S 1+17959E-06
S 4.16508E-2) 4. 1650SE-04 1.73477E-06
[ -02. 4246 -2.06062E-9) «1€9945
7 < 208255 4. 16509E-24 8.67399E-35
L] «191866 1.91866E-22 3.68127E-83
9 ~82.2122 ~2.0%931E-0) + 168971
18 -r2.020) -1+ 64041 E-02 1.J4547
1 -22.0293 ~2.734C 1 E-P3 «224248
READY

2. Program at work. The transistor amplifier in (a) is analyzed for dc
conditions. The T-model equivalent circuit (b) can be used for the
transistors, provided that all dependent current sources are con-
verted into vottage-dependent sources. In the complete amplifier
equivalent circuit (c), all nodes and branches are numbered con-
secutively. The program printout is shown in (d).
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+ Vb —
>
y g 0k
v =
E
501,
(c) | -— l 4®—- A =
40 kQ 501,
\ boe
500 ©2 e
AP . vy
—
S A\ } we 5k 3
v 0Q
L A '
THE TWO TRANSISTOR-DEPENDENT CURRENT SOURCES MUST :
BE CONVERTED INTO VOLTAGE-DEPENDENT SOURCES: A\ vooe O srance
50 4> 50 (V¢/500) = 0.1 V.
AND 601, 0.1V, ‘ _ —
is shown in Fig. 1, along with the program listing
1d) Nodes may be numbered in any order with consecutive
integers beginning with zero. (The program always as-
o sumes that node C is the reference node.) Branches may
NUMBER OF NODES - 1 =23

also be numbered in any order with consecutive inte-
gers, but this set of numbers must begin with the num-
ber one.

The program first asks to know the number of nodes
minus one, and then it requests the number of branches.
(A question mark is typed after each request.) The user
responds by typing in the data requested each time and
pressing the RETURN key on his terminal.

After this preliminary input data is obtained, the pro-
gram asks for the branch data by typing a question
mark each time for each branch. In response, the user
types in the data for each branch in a specific order and
on the same line. He gives the branch number, the ini-
tial node number, the terminal node number, the resist-
ance value, the value of the independent voltage source,
the value of the independent current source, the trans-
conductance of the dependent current source, and the
number of the branch that is controlling the dependent
current source, finally pressing the RETURN key.

The polarity signs allotted to the voltage and current
sources must agree with the sign conventions defined by
the standard branch of Fig. 1. The various data inputs
must be separated by commas.

Once the program has all of the input data, it will
compute the circuit’s output node voltages, as well as all
the branch and element voltages, currents, and power.
The element of a branch is the resistance of that branch.
When there is no current source associated with a
branch, the branch current is the same as the element
current. And when a branch does not have a voltage
source, branch and element voltages are the same.

Figure 2 shows an example analysis of a two-transis-



tor amplifier (Fig. 2a). The simple T-model equivalent
circuit (Fig. 2b) is used to represent each transistor. In
the complete amplifier equivalent circuit (Fig. 2c), the
node numbers are enclosed by triangles, and the branch
numbers are encircled. The program printout (Fig. 2d)
conveniently tabulates the input data, the output node

voltages, the branch data, and then the element data.

On a 16-bit minicomputer with an 8,000-word
memory, the program can handle a circuit having up to
seven nodes and 15 branches. If a machine with more
storage capacity is used, the dimensions of the arrays set
up by statement 100 in the program listing can be in-
creased to accommodate larger circuits.

HP-45 calculator speeds
rf amplifier design

by William J. Martin
Motorola Communications Division, Fort Lauderdale, Fla.

Important characteristics of an rf transistor amplifier
can be evaluated quickly from the two-port scattering
parameters of the transistor by using a Hewlett-Packard
HP-45 scientific calculator. The calculations of stability,
gain, and matching impedances use special programs
for handling the complex terms in the amplifier analysis
on the HP-45.

In using these programs, the designer should enter his
data exactly as shown in the left-hand column and key
it as shown in the center column. The result will appear
as shown in the right-hand column after the last key in
the center column is pressed.

The design of a 500-megahertz amplifier is carried
through here to illustrate the procedure. This amplifier
uses a Fairchild 2N2857 transistor with Vcg = 10 volts
and Ic = 2 milliamperes; manufacturer’s data give the
S parameters in polar form (R,0) as

S1u=0394 [ _-158.7

S512=0048 / 63.5°

S$21=2.084 /| 79.2°

S22=0816 [ -20.4

The first step is to determine whether the transistor is

stable under the given operating conditions. Calculation
of the stability factor, K, requires complex quantity 4,
given by

A = 511522-51282

The program for obtaining A on an HP-45 calculator
is as follows

Sng t

S220 +

Snr t

Sa2r X, >R, Z+

S120 t

Sz +

Si2m 1

S2im X, >R, Z-,
RCLZ, ~P Aq
S Ag

With the S parameters given above, this program yields

A=0251 /| -164.8

Stability factor K is readily calculated from

1+1Al2 - ISu'z - |Szz|2
21821812/

Because K has a positive value greater than unity, and
S11 and S3z are less than unity, the 2N2857 is uncon-
ditionally stable; i.e., no source or load reflection coeffi-
cients exist that can cause instability. If the 2N2857 had
not satisfied the stability criteria, the calculations would
have been repeated for other transistors until a stable
device was found.

To achieve the maximum possible power gain from
this amplifier, the source and load impedances must be
conjugately matched to the transistor. Therefore the
next step in the amplifier design is to find these imped-
ances. First a complex quantity, C;, must be found. It is
given by

Ci = S11-482:*

(The asterisk indicates a complex conjugate.) The
HP-45 routine for C, is

K= = 1.208

Sng t

S1ir —+R, Z+

Ay t

S220 CHS, +

AR ti

Sa22m . X, —»RZ-,
RCLZ, =P Cin
- Cio

In this example, the value of C; is
C1=0202 [ -173.2°

Another necessary quantity is B, given by
By = 1 + (81,12 - 1S;212 - 1AI2 = 0.427

The input reflection coefficient pms that is required to
conjugately match the transistor is

B1*(By? - 4|Cl|2)1/2
PMS= Cl{ 2|C1I2

The plus sign is used before the radical if B, is negative.
The minus sign is used if B is positive (as in this ex-
ample). The value of pus here is

oms=0.719 [/ 173.2°

To compute the output reflection coefficient that is re-
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quired to conjugately match the output of the transistor,
complex quantity C2 must be found.

Cy = S22-4S11*

The HP-45 routine for C; is completely analagous to
that for C, and yields

C2=0.721 [ -22.3
Quantity B is also required. It is given by
By = | + 'Szzlz- |Sn|2 - lAl2 = 1,448

The output reflection coefficient pmL for conjugate
match to the transistor is

Bat(B? - 41C,l2)12
pMIL= Cz‘[ AL ]

The plus sign is used for negative values of Bz, and the
minus sign for positive values of B2. Here

omL=0.910 / 22.3°
Reflection coefficients pus and pmi can be converted to

Matched circult. Source and load impedances shown produce
maximum possible power gain (13.6 dB) from 2N2857 operating at
500 MHz with Vog = 10 volts and Ic = 2 milliamperes. Calculations
of impedances and gain, as well as verification of amplifier stability,
require only transistor S parameters and HP-45 scientific calculator.

source and load impedances, respectively, by a graph-
ical method (plotting on a Smith chart) or by the follow-
ing HP-45 routine, which gives polar, series, and paral-
lel forms for the impedance.

Py t

PR —+R,1,+ P

0 . 1.,-R Z+,4,4
Py t

PR -+RZ-,

2N2857
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i, 4, RCLZ+, —»P,

<>, CHS,{, +,

144, +, < ,50, X MAG

> POLAR
o ]

>, R, Rs

Co Xs

<, *P,{,1.1,COS,

+, 50, X Re
> PARALLEL
Xe

{,+*,SIN, +,50, X

The results, in series form, for this example are

Zsource = (8.19 + j 2.91) ohms
Zioag = (59.23 + j 239.15) ohms

Thus, the circuit shown in the accompanying diagram
provides maximum possible power gain from this am-
plifier at the given values of frequency, voltage, and
current.

The final step in the design analysis is to calculate the
value of this maximum possible power gain. It is given
in decibels as

(RYS
Ky

The plus sign is used in front of the radical if B, is nega-
tive. The minus sign is used if B, is positive. In this ex-
ample the minus sign is used, and

for a Fairchild 2N2857 transistor operated at 500 MHz
with Veg = 10 v and Ic = 2 mA.

This brief presentation has shown HP-45 routines for
only the complex quantities 4, C;, and Z. Routines in
the same format for the other quantities discussed (K,
Bi, B2, pms, and pmL) are available from the author.
Also available are routines for pms’ and pmi’. Quantity
pms’ gives the complex source impedance once the com-
plex output impedance is known (from constant gain
circles if a power gain other than Gmax is desired).
Quantity pmr’ gives the complex output impedance
once the complex input impedance is known (e.g., for
best noise match). ]

IK+(K2 - 1)v2

Gmax=



13. Circuit aids to calculation

Computational module stresses
applications versatility

by Lew Counts and Fred Pouliot
Analog Devices Inc., Norwood, Mass.

Multiplication, division vector calculations, solving for
roots, and finding root-mean-square values are just a
few of the jobs that can be done by a recently intro-
duced multifunction module [Electronics, May 22, 1972,
p. 125]. Sold by Analog Devices for $75 singly, the
model 433 uses logarithmic computing techniques, so
that its accuracy is maintained even with decreasing sig-
nal levels.

The small unit can accept three independent inputs—
Vi, Vy, and V,—of up to 10 volts each. They are related
to the output by:

Vo = Vy(V:/Vy)™

Exponent m is adjustable over a 25:1 range, from 1/5 to
5, by appropriate selection of resistance values in a two-
resistor divider network. This is illustrated in the block
diagram and in the set of typical transfer functions. Pro-
graming resistors are not required for m = 1.0.

Of course, any conventional analog multiplier may be
placed in the external feedback loop of an operational
amplifier for use as an analog divider. However, such an
arrangement increases error terms associated with the
multiplier. Higher noise, offset drift, and over-all error
result when the denominator signal decreases, thereby
reducing loop gain.

For example, a 0.1% multiplier can operate as a 0.1%
divider for a 10-v full-scale denominator input. But if
this amplitude drops to 1 v, divider error increases from
0.1% to 1%. When denominator input levels reach 0.1 v,

over-all error rises to 10%. In contrast, the model 433
functions as a logarithmic unit, so that errors emerge as
a gain error and a fixed offset and are independent of
the denominator signal amplitude.

One of the more sophisticated applications for the
model 433 is computing the length of a two-dimen-
sional vector. Only two external op amps must be out-
boarded, and this minimizes accumulated errors from
amplifier offset, drift, nonlinearity, and noise. Ordinar-
ily, such a vector computation requires a multiplier to
square each input, an amplifier to sum the squared sig-
nals, and a multiplier/op-amp combination to extract

Voitage transfer curves show effect of varying index m from 1/5 tc
5. Of course, whenm = 1, the output is linear.

TO RESISTOR DIVIDER NETWORK
FOR PROGRAMMING INDEX m

(]

" 1
0-10Vv log Vor
Va W/ Va) e T
0"‘0 v LOG
+

Vy log (Vy)
0Ziov

INTERNAL

REFERENCE Vagr + 9V

FOR
CONSTANTS

Y |
Vo = Va? (Ve — Vp) 5

Y = R Ve= (V2 +Vp2) % l

v 2 | MODEL 0 ‘

x | 433 R 'R'. [~ V;=Vo+Vy |

Vo

T
y v,-U v.’m)”
vV, 0
u:mTE

Vo= Va2 /Vp
MODEL R
| 43

Handy logarithmic module has output that is funcfion of three in-
puts: Vo = V(Vs/ V)=, Two resistors set vaiue of uxponent m,

Outboarding one or more op amps permits module to find vectoi
length (top) or solve for root-mean-square sygnal values (bottom).
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the square root of the sum of the squared signals.

The closed-loop operation of the module’s vector cir-
cuit broadens input signal dynamic range because cir-
cuit equations are solved implicitly, maintaining the
output well within the module’s operating range. Nor-
mally, the equations are solved explicitly, producing
signals that quickly exceed a device’s capability. Over-
all circuit accuracy is also improved to within 0.1% by
closed-loop operation. When computing vectors, the ac-
curacy of the model 433 depends primarily on the tem-
perature stability of resistors in the external feedback
loop and how closely their values are matched.

Another closed-loop application of the model 433 is
finding true rms signal values. Here, only a single exter-
nal op amp must be added. The standard approach re-
quires an analog multiplier to square the input signal,
followed by a separate integrator that drives a second
multiplier (in an op amp’s feedback circuit) that finds
the square root for the final output.

As with the vector circuit, closed-loop operation for
true rms computations permits a 100:1 input dynamic
range to be realized for a 0.1% error. To obtain accurate
results, the RC time constant must be large, as com-
pared to the time constant of the input signal. O

ROM-stored sine functions
yield square roots

by Lorenza S. Childress
1BM Corp., Kingston, N. Y.

The iterative method for computers to extract square
roots uses an excessive amount of computer time, but it
usually must be relied upon because of the general need
for square roots. However, in applications where roots
of extremely high numbers are not required, an efficient
method that uses table lookup of the sine function and a
simple circuit can be used. The method is based on the
definition of the sine function and the Pythagorean
theorem.

To illustrate the approach, consider a semicircle
whose diameter. ACB is the sum of two lines—the value
of the number whose square root is to be taken (a) and
a unit value (1). As shown in Fig. 1, the length AC is
unity, and length CB is equal to quantity a. Quantity y
is the perpendicular DC from the semicircle to the base.
The radius, 1, is (a+ 1)/2 and the base of the triangle, x,
is (a+1)/2 - 1. By the Pythagorean theorem, 12 = x? +
y?. Substituting for x and r and solving for y yields y =
al’z, Also,

o y_ Y
sma =< (a+ 172

SO
a+ 1.
al’z = ——2—-511'10

The values of the sine can be stored as a table in a read-
only memory.

Figure 2 shows the circuit implementation of the
method. In addition to the read-only memory, the cir-
cuit requires only an adder, a shift register, and a multi-
plier. The table in the ROM can be addressed by the
value of a. Because the sine function is cyclic, only cer-
tain values are required—those for angles between /2
radians (90°) and 0.2 radians (11.5°), which handle val-
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1. Getting to the root. Pythagorean theorem and sina are used to
calculate the square root of a number a with value between 1 and
100: a2 = [(a + 1)/2] sinw. Text tells how to handte values of a
less than 1 or greater than 100.
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2. Arithmetic block. Schematic diagram of circuit for calculating
a2 = [(a + 1)/2] sine using a table-lookup method. Note that
table in read-only memory is addressed by the value of a.



ues of a between 1.0 and 100. For values of a requiring
angles greater and less than these, modifications can be
used.

Square roots of numbers smaller than one can be cal-
culated by using the cosine function or the sine of the
supplement, that is, a'/? = (sinff)(a + 1)/2, where i is
less than 90°. From the circuit standpoint, however, it
appears to be easier to multiply the values of a by 100
or 102N-b where N is the number of decimal digits. Af-
ter the table lookup, of course, a division is required.
This can be handled as a negative multiply. A similar
technique is used for numbers greater than 100.

For values of a less than one, the equation becomes

P | alQ2N-b _ | .
= [W B 2‘ - SN«

and for values of a greater than 100,

al’? = [|02(\‘-n]1/2[.(&‘;-1’)-“—l]simr

The accuracy of the method depends on the accuracy
of the sine calculation and the register length, or trunca-
tion. The multiply-divide process keeps register length
reasonable with only a slight sacrifice in accuracy. [

al

Differential phase shifter
speeds calculation of FFT

by Richard K. Dickey
California Polytechnic State University, San Luis Obispo, Calil.

The fast Fourier transform is an algorithm by which a
computer can find the spectral components of a repeti-
tive ac signal. And fast though it is, you can nearly
halve the time many computer programs require for the
FFT if you use a differential phase shifter in addition to
the instrumentation that is normally associated with a
computer.
The signal to be analyzed is expressed as

N-1
i) = Z Huexp(jnwnt)
where w; = 27 times the repetition frequency of the

waveform, N is the total number of harmonics used in
the representation of function f{t), and Fourier coeffi-

cient H, is a complex quantity that specifies the ampli-
tude and phase of the n'* harmonic component. The
values of the coefficients are found by measuring the
amplitude of f{(t) at times t = k7, where k = 0, 1, 2
. . (N - 1), and N7 is the period of the wave. Then each
Hn is

Hy = (1/N) ., fikr)exp(~j2nnk/N)

The number of samples is usually taken as a power of 2
i.e., N = 2p, because of the binary nature of computers.

In the simplest version of the FFT, the N samples are
stored in a data field of memory capable of holding N
complex variables. Further operations replace these
original data samples with sets of complex numbers sev-
eral times, until the final transform is generated. (For a
detailed explanation of the FFT, see Electronics, April
15, 1968, pp. 124-129.)

According to the Nyquist criterion only N/2 final
magnitude values can be computed from the original N
points, even though the number of memory locations
required is 2N. The reason is that all variables are as-
sumed to be complex quantities and information would
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be lost if the imaginary components were neglected.

However, the input data is a real quantity, derived
from sampling of a voltage, so the input field consists of
only real numbers. The imaginary components must be
set to zero. Therefore, if the computer is programed for
complex quantities, it spends about half of its time pro-
ceeding unproductively through calculations with zero.

To realize the full capabilities of an N-point trans-
form program on any given computer, the system in the
block diagram can be used. Here the constant phase-
difference (CPD) network produces two outputs of equal
amplitude that differ in phase by 90° at all frequencies
in the band of interest [as described in Electronics, Aug.
21, p. 82]. The two sample-and-hold circuits sample
their input signals simultaneously at a command from
the computer. Then the multiplexer, under computer
control, introduces these samples, one after the other,
via the a-d converter into computer memory. All of the
circuit elements in the diagram except the CPD network
are part of any good computer instrumentation system.

If one output of the CPD network is labeled as a real
number, and the other output as an imaginary number,
then the ensemble of outputs from the network is truly a
complex quantity of the form

i

fir) = E"Anexp[j(nwlt+¢.,)]
for any repetitive input that is nonsinusoidal, where w1,
is 27 times the fundamental frequency, and A, and ¢,
are the amplitude and phase, respectively, of the n'
harmonic. Here the complex coefficient H, has been re-
placed by Anexp(j¢n). If the input signal is a pure sine
wave, this expression reduces to

St) = Arexplj(wit + ¢1)]

With the simple N-point transform on a single-chan-
nel input, the sampling process modifies the original

SAMPLE
AND
HOLD

CONSTANT-
PHASE-DIFFERENCE
NETWORK

SAMPLE
AND
HOLD

wave by introducing an image frequency: if fc is the
sampling rate and f; is the frequency of the input signal,
then the image frequency (f. - f) is produced and is
displayed in the FFT output series. This image is what
limits the allowable input frequency range to half the
sampling rate, so that in the output display the image
spectrum will not be confused with the input signal
spectrum.

When the input signal is converted into a complex
ensemble and sampled, the lower sideband, or image, is
suppressed, allowing the analysis of input frequencies
up to the full sampling rate. Note that the Nyquist crite-
rion is not violated, because at each sampling time, two
samples are taken, sufficient to supply both amplitude
and phase information about the wave at a single time.

Use of the differential phase shifter to produce 2N
words of data from N samples provides the same band-
width and frequency resolution as 2N real samples;
however, the computation time is halved if the program
has been designed to treat all quantities as complex.

As an example of system operation, if a pure sine
wave with zero relative phase, f(t) = Asexp(jwst), is ap-
plied to the input and sampled every 7 seconds for Nt
seconds total sampling time,

N-
Ha = (1/N) 3 Asexp(jkwyr)exp(~j2mnk/N)

N-1
= (I/N) kZ_aA sexpjk(wst-2mn/N)]
The function exp[jk(wst - 27n/N)] takes on various
equally spaced angles, never summing to more than a
value of one, for all values of n except n = Nuwgr/27.
For this value of n, the angle of the complex exponen-
tial is always zero; the corresponding H is equal to As.[(J

MULTIPLEXER

A-D
CONVERTER

Speeding the FFT. Constant-phase-ditference network and associated components shown here feed two samples of data to computer at
each sampling of signal. Simultaneous sampling of the two quadrature-related signals identifies both amplitude and relative phase of each
frequency component of the input wave. The multiplexer enables a singie a-d converter to transmit both values to the computer. The com-
puter program treats one value as a real number and the other as an imaginary number. Thus the bandwidth and frequency resolution ob-
tained are the same as for twice as many real samples, but take about half the time to compute if the routine treats all variables as complex.
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Module converts voltage
to inverse square

by S. Ashok
Rensselaer Polytechnic institute. Troy. N Y

Measurements of junction capacitance as a function of
voltage are frequently used in semiconductor work to
determine the doping profile of materials and the bar-
rier potential of pn and Schottky junctions. The eval-
uation of these parameters actually requires a plot of
the inverse square of the junction differential capaci-
tance against reverse voltage, because the doping con-
centration is given by the slope of 1/C?* with voltage,

DEVICE UNDER
TEST
RAMP CAPAC: ety
GENER- ITANCE |-XC m}"ﬁ:“ 11
ATOR METER i XY
RECORDER
X

1. The secret is in the box. Block diagram shows arrangement for
swept-voltage measurements of capacitance. The box that converts
C to 1/C? produces an X-Y plot that directly indicates the doping
profile ot a semiconductor junction

and the barrier potential is found by extrapolation of
that line.

In the absence of sophisticated doping profilers, the
plotof 1/C? vs V is usually deduced point by point from
swept C-vs-V data. However, the present availability of
precision nonlinear-function modules at low cost en-
ables one to obtain swept plots of 1/C? against V di-
rectly by adding a simple circuit to the standard swept
C-V setup.

Figure | shows the block diagram of the setup to ob-
tain swept 1/C?-vs-V data. The ramp generator applies
a linearly increasing reverse voltage to the device under
test through the bias-input terminals of the capacitance
meter. The recorder output of the meter gives a voltage
that is proportional to the differential capacitance of the
device. The 1/C* module converts this voltage to its in-
verse square so that 1/C? is plotted as a function of V
directly on the X-Y recorder.

The schematic diagram of the 1/C? module is shown
in Fig. 2. It employs a Burr-Brown Model 4302 multi-
function converter IC that gives an output voltage

Vour = V\( Vi Vom

where the exponent m can be adjusted to any value
from 0.2 10 5 by proper choice of R, and R and their
interconnection with the IC. The voltages V,, Vy, and V,
should all be positive. For the 1/C? plotter, V is the
output of the C meter while V, and V, are constant volt-
ages. Varnable resistor Ry controls the “gain™ of the cir-
cuit and may be adjusted to give a V,y of +10 v for
V, = V.. Since semiconductor-junction capacitance de-
creases with reverse voltages, V, should be adjusted to
equal V, at the maximum sweep voltage. This is

2. Here's what's inside. The 1/C* module
of Fig. 1 is a multifunction converter IC, with
appropriate external resistors added to give Hsv -5V
an output signal that's proportional to the in-
verse square of input signal. The propor-
tionality constant is adjusted by R,. ==
14 10 3
R R
H5V ! 2y
REF 25k 439k "
BURR-BROWN 4302 Ve =V, (v_,,,
C-METER V MULTIFUNCTION T W
ouTPuT © ' CONVERTER o
+15V Vv,
REF >
6 13} 12
25 k§2
MULTI-TURN 2 g, R Re
AN\
100 2 100 2
il 1 01% 0.1%
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JUNCTION CAPACITANCE C (pF)

L~ [Vpi=068V

1 2 3
REVERSE VOLTAGE (VOLTS)

3. The plot revealed. X-Y plots of C and 1/C* vs reverse bias are
shown for a GaAs Schottky-barrier diode. The 1/C* piot calculated
from the C-V curve 1s practically coincident with the output of the
1/C* plotter; the discrepancy of about 1.5% seen at the exwremity
(4 volts bias) 1s simply due to scaling error. Extrapolation of the * /C=
plot gives the ditfusion potential V),, and the slope gives the doping

achieved with the multiturn potentiometer Ry.

Typically, capacitance meters give a full-scale output
of about 2 v, so an accuracy in 1/C? of better than 1%
has been obtained for C-meter readings down to a tenth
of full-scale. The accuracy may be enhanced by using
the voltage trimming features of the IC. Sometimes it is
desirable to obtain a plot of 1/C3, and this is readily
achieved by changing R, to 50 ohms.

A sample swept-voltage X-Y plot of C and 1/C* for a
gallium-arsenide Schottky-barrier diode is shown in
Fig. 3. The net doping concentration, in donors per
cubic centimeter, is calculated from the expression:

Doping = 1.1 X 107/(A*)(slope)

where A is the junction area in square centimeters and
the slope is the rate of change of 1/C? in picofarads
with V in volts. Here A was 0.95 X 10~ cm?, so the
doping concentration is 7.1 X 10'¢ per cm?. The extra-
polated 1/C2-vs-V plot yields a diffusion potential of
0.68 v. The deviation from linearity at low reverse volt-
ages is due to traps in the material. ‘
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14. Trouble detectors

Self-powered comparator warns
when signal exceeds limits

by Roger Fell
Analog Devices Inc., Norwood, Mass.

An analog comparator circuit that indicates whether the
signal measured by a digital panel meter is within pro-
gramable limits is powered entirely by that same DPM.
The circuit is particularly useful for system applications
in which the voltages of process-control equipment or
pollution have to be monitored.

The DPM displays all input signals, regardless of the
limits, but flashes the polarity sign or digital display for
inputs outside the desired range. The comparator works
with any DPM that has blanking circuitry for the polar-
ity sign or entire display; the Analog Devices AD2006 is
suggested because it has, in addition to the blanking cir-
cuitry, *15-volt dc and +5-v dc outputs that supply suf-
ficient power for the comparator circuitry.

The reference output of the DPM is used here as a
stable reference voltage for the comparator. It is buf-
fered and attenuated by operational amplifiers A, and
A; to levels of £2.5 v. Potentiometer R, is set for the
lower threshold and R; for the upper threshold, both at
any value within the DPM’s input range.

An analog input between the two thresholds drives
the outputs of op amps A; and A, positive. The diode
network at the outputs of A3 and A4 is a primitive AND
gate, which turns on transistor Q, if both op-amp out-
puts are high. This short-circuits the timing capacitor C,
of the NE555 timer, which is connected as an astable
multivibrator. With pin 6 of the timer held at digital
ground, the output of the timer at pin 3 is forced high.
This signal, at the blanking input of the DPM, unblanks
the polarity sign or display.

When the analog input signal of the DPM is above or
below the preset thresholds, one of the two op-amp out-
puts is driven negative, turning off transistor Q,, and re-
moving the short circuit across C,. This enables the as-
table multivibrator to operate; the resulting square
wave at its output flashes the polarity readout of the
DPM at a rate of about 5 hertz. O
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15V
39 k2
1%
100 k<2
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2k RESET  Vee
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< NE 555
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2N3565 L 1uF LS
L
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Limit checker. Potentiometers define upper and lower thresholds
for permissible range of analog signal. When input is above or below
the threshold range, the timer, connected as an astable multivibra-
tor, begins to flash either the entire display or its polarity sign.
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Multiplexed detectors
isolate water leaks

by F.E. Hinkle
Applied Research Laboratories, University of Texas, Austin

The need to detect water leaks at any number of sites is
common to public utilities, communications links, ware-
houses, chemical plants, and many other industries.
Warning systems are required to indicate not only the
existence of the leaks, but also their location, and the
warning arrangement should be as simple as possible
for reliability, efficiency, and economy.

This warning arrangement is built of several water-
detectors and one master indicator that monitors all of
the detectors simultaneously. Each detector indicates
the presence of water by sounding a unique tone signal
on a loudspeaker at the master-indicator location. The
system uses only two wires for supplying power to all of
the detectors and carrying signals from all of the detec-
tors to the monitor.

Each detector is composed of one complementary-
MOS quad NOR-gate integrated circuit and a few compo-
nents. One of the NOR gates is used as the water sensor,
the second as an inverter, and the other two as an
astable multivibrator. If the input terminals of the
sensing gate are dry, the resistance between them is
greater than 500 kilohms, and the output logic level is

low. Therefore the output from the inverter is high, and
the multivibrator is disabled. But if water connects the
input terminals of the sensor, the resistance between
them is below 100 kilohms, the input to the inverter is
high, and the multivibrator oscillates at a frequency de-
termined by its RC time constant. Each detector has its
own characteristic frequency, given by

fo=1/1.4R,Cy

where the resistance R, is in ohms and the capacitance
Cn isin farads.

The oscillator signal is carried back to the indicator
unit over the two wires that supply dc power to the de-
tector. Since the signal oscillates between 0 and +9
volts with a 50% duty cycle, the average value of the
supply voltage is reduced considerably. Therefore,
diode Dp and capacitor Cp are used to detect the peak
supply voltage and store it. The value of Cp in farads is
chosen to be 1/1000f., where fi, is the lowest frequency
(in hertz) used by any of the detectors. This amount of
capacitance allows less than 0.5-volt ripple on the
C-MOS chips.

To isolate all of the detector oscillators from one an-
other, a diode, Ds, is used at the output of each multi-
vibrator. Collectively, these diodes in the detectors form
a multi-input OR gate.

The indicator unit contains a C-MOS gate that detects
voltage fluctuations on the two-wire interconnect line
and feeds a transistor amplifier to drive the loud-
speaker. Inductor L isolates the detector signals from
the dc-power source. The inductance value is deter-
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WATER 2t | W L N B B = N [
ELECTRODES ; r -
. -— AL !
,——‘ IN914 § INDILATORY
. - 2N8403
aw oR ¢
F— 180 ©2
DETECTOR UNIT NO. 2 0,
<
220 k2 +| IN9Y4 ' AURAL
é 'L | [inDicAToR
Pt RoDES 2 ik =
TR L i
o, INS14 ’
INDICATOR UNIT
o " - T0 (E)TEHER
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Handles water music. A variety of tones from a loudspeaker signals water leaks and their locations. Visual display can also be provided, if
necessary or desirable. Each one of a large number of detectors is identified by its unique frequency. Only two wires are needed to connect
all detectors to the monitoring location; the wires supply power to the detectors, and carry the warning signals back to the indicator.

98



mined by the lowest signal frequency and the maximum
current permitted during the oscillations. If this current
is taken to be 1 milliampere for C-MOS devices used, the
value of L in henries is about 1600/fy. This value of in-
ductance seems large if fy, is a few hundred hertz, but
the low currents permit use of miniature types of coils.
A resistor shunts the coil so that no signal will see an
impedance greater than 10 kilohms.

In operation, the detectors normally are quiescent. If
a leak is detected, the frequency corresponding to the
particular location is generated and transmitted via the
two-wire interconnect cable to the indicator unit. The
indicator emits the tone that identifies the location of
the leak.

In a large system with many detectors, the oscillating
frequencies may be too close together to distinguish be-
tween them, but a visual display, such as an oscilloscope
or frequency counter, can be used to measure the pre-
cise frequency of oscillation.

Because C-MOS integrated circuits are used, the
standby power demand is extremely low. A 9-v battery
can power the complete systen.

This system can be adapted to many other appli-
cations besides water-leak detection. Various types of
sensors can be connected to produce logic-level changes
at the input gate of the detector; only two interconnect
wires would still be required to tie all the detectors to
the indicator unit. O

Flashing lamp reminds you
to turn off equipment

by John Gibson
University of California, Berkeley, Cahl.
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Warning light. Neon panel lamp flashes about every 5 seconds for
as long as equipment is on. The circuit, which is intended for battery-
operated units, keeps current drain to a low 200 microamperes.

Most battery-operated equipment lacks an indicator
light to remind you to turn the unit off. Forgetting to
flick the off switch can be an expensive oversight. For
instance, if a dry-battery supply is left on so that it dis-
charges completely, the highly corrosive fluid that oozes
out of the cells may damage expensive components.
Frequent replacement of run-down batteries can also be
quite costly.

As a solution, you can easily install an incandescent
indicator, but even the lowest-drain (and therefore dim-
mest) incandescent lamp requires appreciable power,
often more than the rest of the equipment needs. On the
other hand, the neon-lamp circuit in the figure holds
current drain to a mere 200 microamperes. Moreover,
the neon lamp flashes approximately every 5 seconds
for a better warning indication.

The circuit employs a blocking oscillator whose out-
put pulses are rectified and then used to pump-up the
I-microfarad capacitor in a staircase-generator fashion.
When this capacitor’s voltage reaches the firing voltage
of the neon bulb, the bulb fires and discharges the ca-
pacitor. The cycle can now repeat.

Any neon bulb having a firing voltage of less than
90 volts can be used. Both the diode and the “firing” ca-
pacitor must be low-leakage devices. Correct trans-
former phasing is essential for proper circuit operation.
The transformer is wired in reverse—that is, its secon-
dary is used as the primary and vice versa. m|

99



Continuous monitor
for seven-segment displays

by Kenneth J. Wellington
Syracuse University, Syracuse, N.Y.

One of the major drawbacks of seven-segment dis-
plays is the ever-present possibility that one of the seg-
ments may fail and go undetected for some time. All the
readings taken in the interim would, of course, be er-
roneous.

Here’s a circuit that solves this problem by testing ev-
ery segment automatically once every second. It is a
full-time monitor that can be used with either incandes-
cent or light-emitting-diode displays operating from a
segment supply voltage of between 5 and 15 volts.

Unlike other failsafe circuits, this one does not re-
quire a separate differential amplifier for each segment
being monitored. Instead, the circuit uses a resistor at
each segment and a single multiple-input NAND gate to
which the segment resistors are connected.

The gate is a complementary-MOs device that has its
high-impedance inputs tied to the open-collector out-
puts of a decoder/driver. The segment resistors perform
as the pull-down resistors for the multiple-input C-MOS
NAND gate.

When the blanking-input/ripple-blanking-output
(BI/RBO) line of the decoder/driver is activated, all
seven of this device’s outputs become open circuits, and
the NAND gate checks the continuity between each seg-
ment and the segment supply voltage. An open filament
or LED will result in a logic 1 at the gate’s output.

The monitoring circuitry for each digit of the over-all
display is identical to that drawn within the dashed
color rule in the diagram. The outputs from all the di-
gits drive the C-MOS NOR gate, whose output is inverted
and shifted to TTL levels by the transistor. The trans-
lated gate output is then stored by the data latch.

A 555-type timer, operated in its astable mode, gener-
ates the waveform for controlling the BI/RBO line of
each decoder/driver in the overall display. The inver-
ters activate the BI/RBO output of each decoder/driver
for 500 microseconds once every second. Since these in-
verters have open-collector outputs, the normal oper-
ation of an individual display’s ripple-blanking is not
affected.

The data latch is strobed at the end of the 500-ps
pulse. Its Q output will normally be a logic 0, but will go
to logic 1 if a segment failure is detected. This output
can be used to turn off the display, turn on a warning
light, or indicate in some other way when a segment has
failed. ]
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Watching for tallures. Open segments in a seven-segment readout are detected by this failsafe circuit, which automatically checks the con-
tinuity of each segment once a second. As long as the segments are operating normally, the output of the latch remains at logic 0. If a seg-
ment fails, this output goes to logic 1. Either incandescent or sofid-state readouts can be monitored by the circuit.
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Gas and smoke detector uses
low-leakage MOS transistor

by Al Pshaenich and Roger Janikowski
Motorola Semiconductor Products inc., Phoenix, Ariz.

With metal oxide semiconductor field-effect transistors
(MOs FETs) that have very low leakage current, combus-
tion gas detectors can now be inexpensively built to run
on battery power. This type of detector consists of ‘an
ionization chamber and a solid-state amplifier. Besides
sounding an alarm in the presence of gas or smoke, the
detector warns when the battery is dying.

An ionization chamber consists essentially of a collec-
tor electrode extending into a metal chamber, which
forms the other electrode. A minute amount of radio-
active material in the chamber emits alpha particles
that bombard the air molecules and ionize some of
them. When an electric potential is placed across the
electrodes, the attracted ions produce an extremely
small current—in the range of 10 to 30 picoamperes.
Combustion-gas molecules that enter the chamber tend
to attach themselves to the ions. The enlarged ions
move more slowly in the electrical field, reducing the

current across the electrodes of the detector.

If the ionization chamber is placed in series with a
high-impedance reference, the pair forms a voltage divi-
der. When the current decreases in the presence of gas
or smoke, the voltage across the reference element de-
creases, and a comparator detects the change.

In the battery-operated detection circuit in the dia-
gram, Q; and Q: form a Mos-bipolar differential ampli-
fier. Qi is a high-impedance buffer, which has an input
leakage current of about 1.0 pa—at least one order of
magnitude less than the chamber current, so that it
doesn’t load the circuit. The reference resistor Ry has an
impedance approximately equal to that of the ioniza-
tion chamber in the absence of smoke, thus setting the
voltage at the FET gate to about 6 volts. The FET source
current is about 30 microamperes, and the gate-to-
source voltage is about 2 v, which places the source—
the terminal connected to Ro—at 8 v. The threshold
control, Ry, is set to back-bias Qq, typically at about 500
millivolts.

Tests with smoke levels at 2% and 4% obscuration
produced a negative voltage shift at the buffer gate of
about 2 v and 3 v, respectively. This is enough to turn
off Q1 and turn on Q: and Qs, which applies a logic 1 at
one input of the NAND gate 1. This gate, together with
inverter 2 and the associated discrete components,
forms a nonsymmeirical astable multivibrator, which

1k2
b.

1N4001 7

Detector. A MOS FET transistor, Q,, with high input impedance monitors the voltage level at a divider, one haif of which is an ionization
chamber. Differential amplifier Q,-Q picks up any decrease in this voltage and triggers a multivibrator that sounds a pulsating alarm. Low
battery voltage triggers a second multivibrator that uses the same horn to sound a "‘beep . . . beep. . . beep' warning.

World Radio Histo
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begins to oscillate when Qs turns on. In the multivibra-
tor, the capacitor charges quickly and discharges slowly;
while it is discharging, it causes the horn to sound via
the inverter 3 and driver transistor Q4. The horn blows
continuously for 2.5 seconds, then turns off for 0.2 sec-
onds while the capacitor recharges. This pulsating
alarm continues as long as smoke is present.

A comparator, consisting of one transistor and two
zener diodes, determines when the battery is low. Diode
D: carries only about 5pA, so that the base voltage at
Qs is about 3 v. The other diode, D3, couples the full
change in battery voltage to the emitter of Qs. These
diodes, which have zener breakdowns of about 4.5 v
and 8.2 v, respectively, turn on and quickly saturate Qs
when the voltage of the expiring battery sags to approx-
imately 10.5 v. This drops its collector from near the
battery voltage, maintained by Dj at the input of inver-

ter 4, to about 2.5 v, which is below the threshold of
NOR gate 5. This is part of another astable multivibrator
that also blows the horn via the same driver. But this ca-
pacitor is larger, and the network charges it slowly and
discharges it quickly, so that the horn makes a 1-second
toot every 23 seconds. This alarm is not only distinctly
different from the smoke alarm, but it also conserves the
energy remaining in the battery.

A single complementary-MOS integrated circuit,
MC14572, can be used to build the four inverters, one
NAND and one NOR, from which the two multivibrators
are assembled. The other components in the multivibra-
tors, and those in the smoke-detection and the battery-
monitor circuits, are discrete. 0
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15. Five noise beaters

Choosing the best suppression
network for your SCR converter

by L.R. Rice
Waestinghouse Power Semiconductor Division, Youngwood, Pa.

Although a wide variety of schemes exists for suppress-
ing the energy transients in semiconductor converters,
unfortunately there is no single circuit that fits all needs.
Instead, the design engineer must select that network
that best suits his particular requirement.

Transients in most power systems arise from rapid
electrical-circuit changes, such as energizing and de-
energizing of a reactive circuit. Conventional RC sup-
pression circuits will limit the magnitude or rate of rise
of transient waveforms, but thyristor circuits generally
require controlling the slope of transients. Diodes use
shaping to reduce recovery losses.

Inductance is a convenient point to start looking for
transient generation. In any practical circuit, a finite in-
ductance exists. This may be caused by the wiring bus,
transformer leakage reactance, or an inductance purpo-
sely designed into the circuit, such as the transformer
windings or a filter choke used in the power supply.

Voltage transients can be caused by interruption of
the power-transformer magnetizing current (either
opening or closing the on-off switch in the primary
winding) by a switching rectifier with an inductive load
across the input, or by load switching. Also a dv/dt
switch transient can be caused by closing of primary
switch or when operating with a fuse, but without a fil-
ter network. Load-generated transients, such as over-
voltage due to switching of motor load and resulting
regeneration, however, pose less of a problem, since
they can be easily suppressed by clamping diodes or a
dissipative network.

In thyristor circuits, an inductor may cause false
anode firing via dv/dt transients. For many circuits,
simple RC filters may not sufficiently suppress the tran-
sient. This is especially true for converters operating
from high-kvA transformerless connections. In these in-
stances, the high device impedance and low bus induc-
tance do not provide enough of a voltage drop, and
dv/dt transients as high as 1,000 volts/microsecond can
occur. [}
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Ten ways to reduce
noise pickup in ICs

by Peter A. Goodwin
Loblolly Associates, Wayland, Mass.

Engineers who struggle to minimize noise pickup in
equipment built with integrated circuitry know that
there is no magic procedure for eliminating interference
caused by lightning hits on power lines, chattering re-
lays, motor-starting transients, electrical discharges to or
near the equipment, radio-frequency fields, and the
like. Instead, they fight noise by meticulous attention to
details of bypassing, grounding, shielding, decoupling,
and circuit layout—all used with understanding of the
particular characteristics of the ICs involved.

TTL devices exhibit low-impedance, current-mode
characteristics and are particularly susceptible to poten-
tial differences between devices caused principally by
conducted interference.

MOs devices exhibit high-impedance, voltage-ori-
ented characteristics and are therefore susceptible to
radiated interference. A secondary susceptibility to con-
ducted interference arises by induction from a neigh-
boring conductor that is carrying the current of an elec-
trical discharge.

Linear integrated circuits have high input imped-
ances and low output impedances, and lack the guaran-
teed-true voltage regions that are characteristic of dig-
ital circuits. Noise spikes can enter a high-gain amplifier
through the supply-voltage bus.
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Noise suppression. Typical application of capacitor to bypass p-
MOS output line that teeds edge-triggered C-MOS device. (Bypass-
ing would be same for n-MOS device and pullup resistor, except that
n-MOS would have V- supply and resistor would connectto V +.)

The following design practices will reduce the sus-
ceptibility of IC equipment to electromagnetic inter-
ference.

1. Bypass everything. An inexpensive general-purpose
ceramic disk capacitor (0.01-microfarad) should be
placed across the supply-voltage bus near each inte-

104

grated circuit. TTL circuits are also improved by the
presence of a 6.8-uF tantalum bypass capacitor for every
15 chips or so. Bypass MOS output lines that feed edge-
triggered C-MOs devices, because only a passive device
exists to provide the pullup or pulldown function. Use
the minimum capacitance that gives acceptable rise
time, and specify a temperature-stable 10% disk capaci-
tor. See the figure for an illustration of typical compo-
nents. No similar problem exists with C-MOs-driven de-
vices, because C-MOS devices feature a totem-pole
output structure.

2. Allow sufficient printed-circuit conductor width. Most
interference is at radio frequencies, which travel on the
surface of the conductors. Conductor width is partic-
ularly important in a TTL environment, where supply
currents are substantial and the rate of change of cur-
rent is on the order of 107 amperes/second. Supply-con-
ductor widths of 100 mils or more are not uncommon in
this environment. Use a ground plane wherever pos-
sible; the ground plane should be connected to the
power-supply return.

3. Distinguish between “earth” and “common” (system
ground or power-supply return). The earth condugtor
should never be used to transfer power. “Earth” and
“common” conductors should be brought into contact
at only one point in the system; otherwise a ground loop
can radiate noise into the circuit.

4. Run a separate supply bus for high-current devices.
This practice keeps transients off the busses that supply
power to the logic circuitry. Remember also that con-
ductors carrying current spikes couple inductively to
neighboring conductors and that those carrying voltage
spikes couple capacitively to their neighbors. Therefore,
be careful in laying out these conductors.

5. Keep pulldown resistors as small as possible unless
power consumption or other considerations are over-
riding factors. This is particularly true in MOS circuits.

6. Don’t overdo the fast-rise signals, even though they
are great for TTL devices. The lower the rise time, the
less interconductor coupling.

7. Don’t let unused inputs float. In the TTL discipline,
connect them to V- or pull them up to V + through a 1-
kilohm resistor, as appropriate. In the MOS discipline,
pull to V- or V+ as appropriate—a floating input is a
true “maybe” condition.

8. In general, use 1% resistors and capacitors in linear-
circuit feasibility models. The exceptions are pulldown
resistors and bypass capacitors, where 20% variations
can obviously be tolerated. After the design is opti-
mized, then investigate the effects of component toler-
ance variations.

9. Remember that decoupling is particularly suited to the
low-current requirements of MOS circuitry. A 1-ohm
series resistor inserted in the supply bus on the supply
side of the input bypass capacitor provides good isola-
tion from high-frequency power variations.

10. Avoid one-shots if pulse-width is critical. The trouble
is, their manufacturing tolerances are loose. Instead of



using one-shots, arrange to derive pulses from the clock.

If all else fails, line filtering and unit shielding offer
attractive although more expensive possibilities. Metal
or conductively coated nonmetallic equipment enclo-
sures provide marked attenuation to external inter-

ference. Windows over displays, dials, and meters can
be covered with copper screening. Line fiiters offer
resistance to power-line-conducted noise, but generally
should be matched to the equipment by enlisting the
aid of the filter manufacturer. 0O

Eliminating stray signals in
remotely gain-switched op amps

by Ernest J. Kacher & Forrest Fox
The Methodist Hospital, Texas Medical Center, Houston, Texas

When the gain switch for a variable-gain amplifier is
physically distant from the amplifier itself, stray signal
pickup and/or capacitance loading can affect circuit
performance. A special switching arrangement, how-
ever, can eliminate both of these problems.

The circuits drawn in (a) show how cable capacitance
can be introduced at the amplifier’s input. While the cir-
cuits of (b) show where noise generators appear when
the amplifier input leads remain open. (In all these cir-
cuits, the amplifier is connected in its non-inverting
mode.)

In contrast, the switching arrangement illustrated in
(c) has no current paths through unused resistors, and it
eliminates switching at the amplifier input. All of the re-
sistors are used with each gain configuration, and all of
the lines to the switch are always connected either di-
rectly to signal ground or to the low-impedance output
of the amplifier.

The maximum allowable cable capacitance, there-
fore, is now determined by the capacitance load that the
amplifier can tolerate, rather than the signal phase shift.
Another advantage of this switching arrangement is
that the circuit’s bias-current compensation remains op-
timum for each gain, as long as the correct value is se-
lected for resistor Ro.

To make use of this type of switching, the resistors re-
quired, as well as the right switching arrangement, must
be determined for the specific set of desired gains: Go,
Gy, . . ., Gy First, arrange the gains in ascending order
according to magnitude (so that G; is less than Gi4.),
but let Go = 1 and G,41 = 00. Since there will be n+1
resistors required, they should be designated as R,,
Rz, . . . . Ryyy. Compute the values of resistors R
through Rp41 sequentially, in terms of resistor Ry:

Gi+1(Gi - Gi-)Ri
Gi-1(Gi+1 - Gi)

where i varies between 1 and n.

Next, arrange the switch so that, starting with the
minimum gain of G, all the resistors connect from the
amplifier’s inverting input to the output. To obtain gain
G,, switch the end of R, from the output to ground,
leaving everything else unchanged. To obtain gain Gy,
switch the end of R, from the output to ground, leaving
everything else unchanged. In general, then, to obtain
gain G, resistors Ry through R; are connected to
ground, and resistors R4 through R,y are connected
to the output.

This same switching technique can be used for an in-
verting amplifier configuration. However, gain Go must
be set equal to zerc, and the values for resistors Rg
through Ry are found sequentially in terms of resistor
R; from:

Riy1=

_ (Gi1+1)(Gi - Gi-yRi
(Gi-1+ 1)(Giv1 - Gi)
where i again varies between 1 and n.

Resistor Ry can be computed as the parallel combina-
tion of all the gain resistors, R, through Ru+1. Or, for

Ris1
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the non-inverting amplifier, it can be determined by:

Ry = [(Gl - 1)/61]R1

And for the inverting amplifier, the value of Ry is:

Ro = [G1/(G1+ 1)]Ry

Circuits (d) and (e) give the resistor values for pro-

ducing gains of 2, 5, and 10 when R; = 1. Amplifier (d)

is noninverting, while amplifier (¢) is inverting.
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Switched-gain amplifiers. Remotely switched variable-gain amplifiers can suffer from the capacitance loading (a) of long wires or can pick
up noise (b) through unused resistor paths. The switching arrangement of (c) doesn’t have these problems because all of the switched points

have low-impedance paths to ground. The noninverting (d) and inverting (e) amplifiers given here provide gains of 2, 5, and 10.
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Circuit layouts minimize
noise in digital systems

by Matthew L. Fichtenbaum
GenRad Inc., Concord, Mass.

Careful design of power and ground structures on
printed-circuit boards and in multiboard systems can do
much toward reducing the effects of noise from
unwanted signal pickup. The layout techniques recom-
mended here, which minimize ground inductance and
stray capacitance, have centributed to the successful
operation of many systems.

In Fig. 1, gates A and B, both of which are in one
integrated-circuit package, drive gates C and D
respectively. The ground path to A and B has some stray
inductance, shown as Ly, and each signal line has
some capacitance to ground, such as C,., on the output
of A.

If A’s output changes from high to low, the charge on
Ciny causes a high instantaneous current to flow into A.
The return path for this current is the ground lead, and
the inductance in this path causes a voltage spike at the
ground terminal. Output B, which should be in the low
state, also carries this spike because the output cannot be
lower than the ground level of the gate. So gate D,

Lgrouno

OUTPUT OF GATEA — )\
GROUND PIN OF A, B —1’\'_
INPUT AT C \
LOGIC
INPUT ATD -+~ THRESHOLD
OUTPUT OF D (ERRONEOUS) ————

1. Shaky ground. Gates A and B suffer unwanted coupling through
inductance L., in the common ground lead. When gate A
discharges C,.,,. an erroneous signal appears at gate D.

driven by B, sees an erroneous pulse at its input.

This effect may be lessened in several ways. Keeping
tracks short, to decrease capacitance C,.,, reduces the
spike amplitude. Although a resistor or inductor in series
with the driver can limit the peak discharge current, they
reduce system speed and can place unacceptable limita-
tions on fanout. A better attack is to minimize the
inductance in the ground lead through the use of a good
ground structure.

An ideal solution is the full ground plane common to
multilayer boards, which maintains minimal inductance
and maximal amount of interconnection. Unfortunately,
multilayer boards are expensive and difficult to justify
for most circuitry.

The ground structure on a double-sided board in Fig.
2 gives a good approximation to a full ground plane. A
Vee bus runs up the right and left edges of the front
surface of the board, and a ground bus runs up both
edges on the back. Horizontal buses connected to the
risers at the edges carry Ve and ground for each IC. The
buses’ widely separated paths keep ground inductance
low. Bypass capacitors, placed between the power and
ground buses that feed a row of ICs, suppress the spikes
in the supply current when an output switches. Because
of the ample interconnection, few bypass capacitors are

SUPPLY
BYPASS VOLTAGE,
CAPACITOR Ve, BUS (ON GROUND 8US
INTEGRATED COMPONENT (ON ETCH SIDE)
CIRCUIT

i

/|

SIDE) \

8 !"L" A R Al b i it X .jT 5
v Vcc‘ v
GROUND GROUND

2. Grounds for confidence. The solid bar represents the supply
voltage bus on the front of the circuit card, and the open bar is the
ground bus on the back. The round holes allow back-to-front
crossover. The grid structure of the bus lines approximates power
and ground planes to keep inductance and noise low.
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3. Cool bus. Stray inductance and capacitance in a multicard system (a) can cause noise problems between cards. The changed signal paths
and ground structure in the arrangement shown on the cards (b) make the system less noisy and more reliable

required; even so, the distance between any i€ and a
capacitor is small, so the spike path is short.

The same sort of noise problems exist in multicard
systems where the logic signals communicate between
cards. In Fig. 3a, the driver gate on card 1 must
necessarily drive the stray capacitance on threc cards
and the motherboard. The resulting ground transients at
the driver couple into other devices on card 1, so there
could be serious noise.

In Fig. 3b, the system has been restructured to reduce
noisc. A ground planc or scveral widely spaced hecavy
ground tracks on the motherboard help keep all card
grounds at the same voltage. Cards 2 and 3 bulfler
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signals from the signal bus with a device necar the bus
connector. This buffering reduces the capacitive loading
on the bus by shortening the length of track directly
connected to it. It also keeps the heavy signal currents in
the multiple loads local to the receiving card. Locating
the driver necar the bus conncector keeps its paths short.
Perhaps most important, the driver receives its ground
through a separate connection directly from the mother-
board. This separatc line keeps ground transients from
affecting other devices on the card. It can dramatically
increasc the likelihood that the system will function
properly, even with the long bus runs encountered when
the card is on an extender. (=)




Coaxial buses help suppress
power supply transients

by Herman Levin, Jeffrey O'Neil, and William Lord,
Colorado State University, Fort Collins, Colo

The engineer using today’s faster logic circuits may face
the problem of power supply switching transients that
have frequency components in excess of | gigahertz.
Adding suppression networks to an adequately de-
signed power supply will have little effect. but suppress-
ing these transients along the power-supply feeder lines
proves a viable technique.

Instead of using large parallel tubes just to satisfy the
system’s current requirements. try them in a coaxial
configuration, and thus attenuate those transients. as
well. A practical approach is to use copper tubes co-
axially configured with polyvinylchloride tubing slipped
over the inner tube and heat-shrunk tightly to it.

An experimental feeder-line section can be made eas-
ily by using copper tubing in sizes readily available
from a hardware store. Connections to the section are

TRANS/ENT SUPPRESSION [N DEEZIBELS FoR A 3-Foo

S ECTION (SOURCE RINISTANCE 502 )

Bus Frequency equivalent of transient

No. 1GHz 100 MHz 10 MHz
1 38 23 35
2 4 27 75
3 43 30 10
4 45 32 12
5 L 22 2

TFPICAL BVS CaVFIGURATIONS

Bus Outer tube Inner tube PVC tubing
No. nominal nominal nominal

1 3 gin Wi L T
2 Ly 2 3'8 1 ,2

3 5 8 1/2 3 4

4 3 4 5 8 3 b

5 1 3/ 1

Nominal size Outside diameter Inside diameter Equivalent B& S
wire size
1/4n 375in 315in 4
3/8 .500 .430 2
/2 .625 .545 1
5/8 .750 .666 0
3/4 875 .785 00
! 1.125 1.025 0000

made at the ends of the inner and outer tubes. For con-
venience, holes can be drilled prior to assembly in the
outer tube at regular intervals. and connections to the
inner tube can be made by drilling small holes through
the sleeve and inner tube and using blind pop-type riv-
ets to attach the leads. Connections to the outer tube
can be made with clamps or presoldered connectors.

When production quantities are involved. most of the
parameters can be optimized: the diclectric material
and ratio of tube diameters can be chosen to increase
the attenuation. and the inner tube connectors can be
made with special feedthrough components for ease of
fabrication.

Standard coaxial cable can be substituted for the cop-
per tubes and sleeving. However, an excessively large
cable would be needed to equal the current-carrying ca-
pacity of the tubes, and making connections to the inner
conductor of standard coux isn’t simple. Moreover, the
ratio of the tube diameters can be adjusted to provide
greater attenuation per unit length of the power supply
feeder line.
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16. Easy amplifier circuitry

Charting power losses
for hybrid-combined amplifiers

by Ronald M. Sonkin
Electronic Navigation Industries Inc., Rochester, N.Y.

If a hybrid junction is used to combine the output
power of several transistor amplifiers that are in phase
and of equal magnitude, then it’s easy to figure the total
output power—simply multiply one amplifier’s power by
the total number. However, in the real world, outputs
are seldom exactly equal in phase 6r magnitude. For
such cases, the designer has to know how much gain
and phase mismatch between amplifiers he can tolerate
and still deliver the required output power. The accom-
panying curves show this latitude.

Hybrid junctions represent a class of four-port net-
works that have the properties of being matched, iso-
lated, lossless, and reciprocal. In the basic hybrid con-
nection for a two-transistor amplifier, a hybrid at the
input splits the power for each transistor, and another
hybrid at the output combines the transistor outputs.

The curves show the resultant loss in power at the
output as a function of differences in phase and magni-
tude. The curves are derived from the scattering matrix
of a magic-T hybrid junction. For example, if the ratio
of the absolute values of the output voltages of the am-
plifiers is 0.8, the output power would drop by 0.05 deci-
bel from the ideal level (where the two magnitudes and
phases are equal). And, if the phases differ by, say, 30°,
then an additional decrease of 0.3 dB would occur (the
two effects are cumulative). For this example, output
power thus would be 0.35 dB less than ideal.

Also shown is a curve that helps estimate the effects
of a failure of one or more output transistors. For ex-
ample, in the simple two-transistor case, if one transis-
tor fails, the output power drops by 6 dB below the ideal
level, since (N-M)/N is 0.5 (N is the total number of
transistors that have their outputs combined, and M is
the number of failed transistors). In this case, the output
from the one transistor still operating is split by the hy-
brid—half to the output and half to the terminating re-
sistor required on the hybrid’s fourth arm. O

BIBLIOGRAPHY
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Capacitance of twisted wire
trims fast FET op amps

by Victor D. Roberts
General Electric Co., Large Lamp Dept., Cleveland, Ohio

High-speed FET-input operational amplifiers that have
a large feedback resistor sometimes need a low-capaci-
tance trimmer that can be adjusted to prevent oscilla-
tion without appreciably decreasing the op amp’s fre-
quency response. Try twisting together two short pieces
of insulated wire to make a cheap and readily available
trimmer capacitor. It’s a technique that has been used
for quite some time by builders of amateur radio equip-
ment for neutralizing rf amplifiers.

Here is a typical application for this handy trimmer
capacitor. A FET-input op amp is connected as a simple
unity-gain inverter with a 1-megohm input impedance,
as noted in the figure. Without a feedback capacitor, the
circuit produces damped 200-kilohertz oscillations when

driven by a fast-rise-time square wave. Employing 1%
turns of AWG #22 vinyl-insulated wire (0.4-millimeter
wall) eliminates these oscillations without degrading the
circuit’s rise time. The twisted wire provides a capaci-

tance of approximately 2 picofarads. 0
1% TURNS
AWG #22
1MQ
1m0
IN—-AAA

ANALOG
DEVICES
404

|

Twisting away osclllations. Short insulated wires make handy trim-
mer capacitor when twisted together. One or two turns can provide
enough capacitance to stop fast FET op amps from oscillating.

Reducing IC FET op amp
input bias currents

by Richard G. Jewell
Nova Devices Inc., Wilmington, Mass.

TEST DATA TAKEN
WITH ANALOG DEVICES
MODEL AD503
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Adding a simple heat sink or operating at reduced volt-
age can significantly improve a field-effect transistor op-
erational amplifier’s input bias current over what the
spec sheet says. Actually, both methods merely reduce
the IC’s junctidbn temperature, but this is of great impor-
tance since FET input bias current doubles with every
10°C rise in temperature.

Either method of reducing the temperature requires
the user to sacrifice very little. A heat sink isn’t very ex-
pensive, if there’s room for it; lowering the operating
voltage has only a small effect on such parameters as in-
put offset, slew rate, and gain. However, the maximum
output-voltage swing will be limited to the operating
voltage chosen.

Using a Wakefield model 209 or an equivalent heat
sink can reduce the warmed-up bias current of an
AD503 by 60%, typically to 1 picoampere. The model
205 reduces the bias current by 40%, and the model 204
provides a 10% decrease. Or reducing the operating
voltage to 5 volts would drop the AD503’s warmed-up
bias current by as much as 70%—to about 0.75 pA.

Although both methods can be used simultaneously
to obtain subpicoampere bias currents, there is a prac-
tical lower limit of about 0.5 pA because of the finite
leakage inherent in the IC’s glass header. O

Trading larger output-voltage swings for lower input bias currents
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Choosing MOSFET bias for
minimum temperature drift

by D. William Baird
Redwood City, Call.

There’s now a way—and an easy way—to calculate what
gate bias voltage will keep temperature drift in MOSFETS
as small as possible. The analysis applies to both satu-
rated and triode regions of MOSFET operation, and
works out the gate voltage value that minimizes any
change in drain-to-source current due to small tempera-
ture excursions.

The analysis for the saturated region starts with the
familiar equation for the drain current,!

In = -K(Vgs - Vr)?
To this, the actual (manufacturer’s, not textbook) gate
and channel temperature characteristics are added. The
overall gain constant K is temperature-dependent:

K(T) = K(To/T)**
where K; is the gain constant that’s independent of
temperature and Ty is the ambient temperature. Both T
and Ty are in degrees Kelvin. The threshold gate volt-
age, Vr, also is temperature-dependent:

Vo = Vo + Ko(Tp - T)
where V7, is the threshold gate voltage at the ambient
temperature, and K is the temperature-dependent gate
characteristic, typically 0.004 for most MOSFETs. The ex-
pression for K(T) and V(T) is substituted into the
equation for Ip,. The resultant equation is differentiated
with respect to temperature, and set equal to zero. This
yields the two values of gate voltage that theoretically
produce no change in drain current with temperature:

Vgz = V1o + Ko + (T - T/3):

Voz = Vro + Ka(To+T/9)

112

For the saturated region, there are two values of gate
bias voltage which theoretically assure that Alp/3T = 0
for small temperature excursions around ambient are:

Vazo = Vo + 4 X 1073(293 - 293/3)

and Vo + 4 x 10-3(293+293/9)

At an ambient temperature of 20° C, Vgzo = Vo +
0.78 and Vo + 1.3

The analysis for the triode region is similar:

Vezo = Vo + 4 X 10-3(To - T/3) + Vps/2
AtT = Tp = 20°C; 293 K,

VGZO = v’l‘o + 4 X 10-3(293 = 293/3) + Vns/2

=V, + 0.78 + Vps/2
where Vpg is the drain-to-source voltage.

These equations were used to calculate Vazo for one
half of a dual MOSFET, Siliconix M108, and the results
verified experimentally. The change in Ip represented
by changes in Vps for a resistive drain load was mea-
sured at several values of Vgs for small temperature
changes around an ambient temperature. This was car-
ried out for three different values of I, (0.5 ma, 0.75
mA. and 0.93 maA) to show that Vg is not a function of
Ip. So that Vgs wouldn’t be affected by variations in Ip,
the gate was grounded and a constant-voltage source
connected between gate and source.

Both halves of the MOSFET match very closely, and
measured threshold voltages were 2.9 v. The zero tem-
perature gate bias voltages for the saturated case were
3.68 v and 4.2 v: for the triode condition, 3.68 + Vy/2.
The 3.68 bias point offers better signal handling range
at smaller I, currents than the other points, and re-
mains constant for changes in Vps.

Finally, differentiating Vzo with respect to tempera-
ture provides the thermal drift rate (- 1.3mv/°C) so that

a compensating circuit? can be selected. 0O
REFERENCES -
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17. Novel uses of timers

timer 2. The output from timer 2 turns on transistor Q;,

i thus grounding the reset terminal of 1 to prevent retrig-
Tlmer ICS ContrOI geringruntil the output of 2 expires. Whean1 goes on,git
life-test Cyc“ng also turns on Qg, which boosts the output current to 2

amperes. Diode D; and zener diode D, form a suppres-
by Joseph E. Fleagle sion network to protect Q. from destructive back volt-
St. Louis, Mo. ages from inductive loads.

Adjustment for direct reading of the on and off times
is straightforward. To set the off time, connect a scope
Life tests on electromechanical devices like solenoids to the output of timer 1 and adjust potentiometer Rg for
and relays can be automated by a simple astable multi- minimum resistance.
vibrator that uses two 555 timers (or one 556 dual While holding the shaft of the pot so that it cannot
timer). The on and off times for the device under test rotate, set the dial to display the time measured on the
are independently adjustable to any value between 10 scope; for example, if the scope shows the output-pulse
milliseconds and 1 second for a wide range of testing duration is 10 milliseconds, adjust the dial to read 10.
rates and duty cycles. These times are adjusted by the Then tighten the set screw. Next, adjust Rg until the dial
settings of 10-turn potentiometers; the dial readings in reads 999, and change R: until the pulse width is 999
milliseconds are accurate to within +5%. Supply-voltage milliseconds. These two adjustments interact slightly, so

fluctuations have negligible effect on the timing. it may be necessary to repeat the steps once again.
When power is initially applied to the circuit, timer 1 The on time is calibrated in the same fashion, using
triggers immediately because the trigger terminal of potentiometers Ry; and Rs. 0

timer | is low, since C; is uncharged, and the trigger ter-
minal of timer 2 is high. Upon expiration of the output
pulse from timer I, the negative-going pulse triggers

+12v
+12V 2V
Ria
a,
MJE2901
R, <éua kS ) 4 A,
; < 2N3567
001 uF
TRIGGER |, “ Tooo‘" 3 b
OFF-TIME PUT C, 1k 1N4001
ADJUST. Rg i ON-TIME et 3 DEVICE
200 k2 Thaes: | TIMER 1 ADJUST. B 200k | TIMER2 UNDER
HOL0 CONTROL A = 0, . N4754 IR
VOLTAGE 2 (39 V)
100 2 5 5
" * ? 2V
Suf + Rs L8 v ?6‘; 1
c
L) ! mscHAnce_L RESEL Ry = _L Re
= 10k = 10 kS L
’ R Rs
50 k22 a2v 50 k§2
ALL RESISTORS ARE 10%, % WATT,
UNLESS OTHERWISE NOTED. Cs Ry ch Re
PIN CONNECTIONS SHOWN ARE FOR | 0.01kF 10k 0.01 uF 10 k2
NESSST (T0-99 PKG).

What a life. Device undergoing life test is cycled on and off by simple astable multivibrator that uses two 555 timers or one 556 dual timer.
The on and off times, which are read directly from dials of potentiometers Rg and Ry, can be set independently to any value from 10 millisec-
onds to 1 second. Diodes shunting device under test protect Q. against back voltages from inductive loads.
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Low-cost IC timer
handles a lot of jobs

by Hans R. Camenzind
Interdesign Inc., Sunnyvale, Calif.

If you’re in the market for a low-cost compact timer, try
a new commercial integrated circuit—you may like it.
This adaptable IC, internally compensated for compo-
nent tolerances and temperature drifts, requires only an
external resistor and capacitor for time delays ranging
from a microsecond to an hour with maximum devia-
tion of only 1%.

Designed by Interdesign Inc, the IC is available from
Signetics Corp., in cither an 8-pin plastic package
(NES55) or an 8-pin metal package (SESSS). The plastic
version costs 75¢ in quantities of 100 and has a timing
accuracy within 5%. The temperature coefficient of both
circuits is typically only 25 ppm/ °C.

In addition to one-shot timing chores, the IC can be
converted simply into a free-running pulse generator.
The IC can be used for simple time delay, missing-pulse
detection, frequency-division, pulse-width and pulse-
position modulation, and test sequencing.

The output of the IC can supply about 200 milliam-
peres to a load, which can be connected either to Veg or
ground. This is achieved by using two high-current
transistors in a inverting output stage, which allows the
load to be connected for either normally on or normally
off operations. At load currents less than 50 ma, the IC

delivers a pulse with a maximum rise and fall time of 50
nanoseconds at any time setting, and the voltage levels
are TTL-compatible.

When connected as a one-shot the timing cycle of the
IC starts when the trigger voltage drops below 1/3Vcc
and continues undisturbed, even if the circuit is trig-
gered repeatedly. This eliminates contact bounce or can
serve as a pulse stretcher.

Initially, the external capacitor is discharged by the
transistor from pin 6 to ground. The negative trigger
sets the flip-flop output to zero, which removes the
short-circuit from across the capacitor and raises the IC
output (pin 3) to Vcc. The capacitor then starts charg-
ing toward Vcc at a rate proportional to the time con-
stant established by RaC. The cycle ends when the ca-

Vec
Ra$ [ SE/NE 556 5[8 ]
3 RESET
7 1 4| TRIGGER
COMPARATOR INVERTER |-
6 I § 2|
| 1], | TRIGGER
c - b2 RESET SET | |
OUTPUT
e T |
L POWER FLIP-FLOP |
: INVERTER
= 21 3 , |
L
} T
OUTPUT W T=11RC

Functional diagram shows setup for one-shot operation; adding an-
other resistor between pins 6 and 7 makes it astable.

I Vec

48

LOAD

SE/NE 555
3 2,6

T

{a) BASIC TIMER. Circuit provides an initial time delay in which
the lamp will turn on 1.1 RAC seconds after the supply voltage
is applied. Circuit resets every time the power is turned off.

Vee
R, (5-15V)
4.8
OUTPUT 3 Ra
SE/NE 555
6,7
MODULATION ___J¢
INPUT \ 2 I c
CLOCK INPUT —8m8

(¢) PULSE-WIDTH MODULATOR. Modulating the control voltage
terminal (pin 5) and triggering the timer with a continuous pulse
train produces an output of different pulse widths.

Vee
- | (5-15V)
4.8 R
OUTPUT 3 e
SE/NE 555
s c
I 1 2
0.01 uF 1
I - - TRANSISTOR TYPE
= INPUT — NOT CRITICAL

(b) MISSING PULSE DETECTOR. A change in frequency or a missing
pulse shifts the output level. For proper operation, the time delay
should be slightly longer than one expected pulse spacing.

é 1
RL Ra ogiiad
4.8
OUTPUT 3 7]
SE/NE 555 Re
MODULATION 5 6
INPUT 1 2

Lo
L

(d) PULSE-POSITION MODULATOR. With the modulating signal
applied to the control voitage terminal and the timer free-running,
the output pulse positions can be varied depending on the
modulating signal.
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»acitor is charged to 2/3Vcc. The time that the IC
‘emains in the high state is given by: T = L.IRAC.

The circuit incorporates a high-input impedance
omparator so that large timing resistors (several
negohms) can be used. The comparator is referenced to
2/3Vcc by three resistors of equal value. When the volt-
age across the external timing capacitor reaches this
evel, the flip-flop is reset, and the capacitor is dis-
sharged. The IC output level is then in the low state.

Both the charging current and the end-of-cycle volt-
age (2/3Vcc) are proportional to the supply voltage,
vhich makes the timing accuracy independent of that
soltage. The circuit operates from 4.5 V to 15 v, with
ess than 1% long-term drift in timing accuracy.

Timing can be adjusted in any of three different
wvays: resistor R provides a four-decade range; capaci-
.or C offers more than an eight-decade coverage, and
applying an external control voltage to terminal 5 pro-
juces a 3:1 timing variation. This terminal also pro-
vides an ideal point in which to add filtering to reduce
noise on the supply-voltage line.

The basic one-shot circuit is easily triggered manually
by a switch that connects the trigger input (pin 2) to
ground to initiate the timing cycle. For example, using a

in series with a 5-megohm variable resistor can provid«
preset timing from a second to an hour.

In addition to monostable operation, the IC timer car
be made to trigger itself and free-run. An extra termina
(pin 6) is provided so that a second resistor (Rg) can be
used to help set the duty cycle. The timing capacitor
charges through both resistors, but discharges only
through Rg. The total period, T = 1.46/(Ra +2Rs)C, it
the sum of the charge time (output high)
0.685(Ra+Rg)C, and discharge time (output low)
0.685RgC. The duty cycle, however depends only on the
timing resistors: it is the ratio of either the charge or dis.
charge time to the sum of both.

A quite different triggering mode is possible by con:
necting pin 4 and pin 2 (trigger input). In this arrange-
ment, the timer is reset each time a trigger pulse i
present, and the output will only go low if the circuit it
not retriggered within the set time. Such a configuratior
could be used as a missing-pulse detector or a pulse-
width discriminator. Other applications requiring any
sort of a timing cycle can be easily accommodated by
the IC timer. Frequency dividers, pulse-position modu-
lators, and pulse generators with a frequency from
0.00001 hertz to 500 kHz and a duty cycle from 0.1% tc

10-microfarad capacitor and a 91-kilohm fixed resistor 30% are possible. C
IC timer’s duty cycle v
can stretch over 99% b -08R, C

1,208 Rg C

by Michael S. Robbins
.0s Angeles, Calif.

The duty-cycle range of the 555-type timer IC can be ex-
tended by providing independent charging and dis-
charging paths for the timing capacitor.

With the circuit (a) suggested by the manufacturer
for an astable rectangular-pulse generator, the duty
>ycle can be adjusted from about 0.01% to almost 50%.
The charging path for the capacitor is the series network
of resistors Ra and Rp to the supply, Vcc; the discharge
path is through resistor Rp to ground.

The addition of two diodes, as done in (b), makes the
sapacitor’s charging and discharging paths independent
of each other so that the timer’s duty cycle can be ex-
tended to more than 99%. The charging path is now
through resistor Ry and diode D, to the supply, while
the discharging path is through Rg and D, to ground.

For the component values shown, the timer’s duty
cycle can be adjusted from less than 10% to greater than
30% with only a 1% variation in the output period,
which, in this case, is 1 millisecond. The output pulse
frequency is 1 kilohertz. O
viore duty cycle. Usual configuration for astable multivibrator (a)
imits output duty cycle to about 50%. Adding two diodes, as shown
n (b), separates the capacitor’s charging and discharging paths, al-
owing duty cycles of greater than 99% to be achieved.

T =0.8(R, + Rg}C

o

:
:
1
I

OUTPUT 3 TIMER Rg
f-t2
U Ll L | \ :
SIGNETICS
-—r e SE/NE555
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Vee
0V
1, =0.8RA C 1
1,=08Rp C Ra
T =08(Ra+Rg)C . 1.2k
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0, 10k
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All-electronic metronome

provides accurate beat rate

by Dennis R. Morgan
General Electric Co. Electronics Laboratory, Syracuse, N.Y.

INCREASE

RATE
ADJUST
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—~ 3uF

(MYLAR)

% 1.5kQ

SOFT {

LOUD

8-Q
EARPHONE
——

(a)

For the engineer who is also a music enthusiast, here is
a precision electronic metronome that can be adjusted
to the desired beat rate, is accurate to within 1 beat per
minute, and can be assembled from standard parts. The
circuit, which can be powered from any garden-variety
9.volt transistor-radio battery, can generate audible
clicks (beats) even beyond the standard metronome
range—from about 15 to 380 times a minute.

A 10-turn potentiometer that has a turns-counting
dial is used to set the metronome’s beat rate. The circuit
can be calibrated so that the setting of this potentiome-
ter is accurate to well within 1 beat per minute over the
standard metronome range of 40 to 208 beats per min-
ute. Furthermore, the circuit is relatively insensitive to
variations in battery voltage, in particular to the re-
duced voltage that results from aging.

The figure shows two versions of the circuit—the one
given in (a) is a pocket-sized metronome that has an 8-
ohm earphone output, and the one given in (b) is a
more powerful metronome with a regular 8-ohm
speaker output. This latter circuit develops a hefty out-
put power level of approximately 0.01 joule.

In both circuits, a constant-current generator (transis-
tor Q) is used to charge capacitor C1. When this capaci-
tor’s voltage reaches the firing point (above 6 V) of the

Rhythm reminder. Electronic metronome circuits are accurate to
within 1 beat per minute over the standard metronome range of 40
1o 208 beats per minute. Circuit (a) has an earphone output, while
circuit (b) has a speaker output. In each case, a 10-turn potentiome-
ter Is used to set the beat rate. Both.circuits are battery-operated. A
typical calibration curve shows the linearity of the output beat rate.
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unijunction transistor (Qz), the capacitor is dischargec
and an output pulse is generated. The capacitor’s charg
ing current, and hence the operating frequency, is di
rectly proportional to the voltage across variable resisto:
Ry, a voltage that varies linearly with the setting of po.
tentiometer Rz. Diode D; compensates for the base
emitter drop of transistor Q.

Either circuit is calibrated by adjusting resistor R; tc
obtain the upper standard beat-rate limit (208 beats pe:
minute) and then adjusting the stop on potentiometer
R2’s turns-counting dial to get the lower standard limit
(40 beats per minute). A typical calibration curve is
given in the figure. (Plenty of patience and a good stop-
watch are also needed for good calibration results.)

Metronome (a) includes a loud and soft control over
volume within its on/off switch. Metronome (b) em-
ploys a pulse stretcher, made up of diode D, capacitor
Cz, and resistor Rs, to increase the available energy
from the 9-v battery. This circuit’s volume control, re-
sistor R4, can be replaced with a fixed resistor to obtain
maximum output, if desired. O

Electronic timer circuit
improves welder performance

by Alex W. Sivan
Orpak Ltd., Tel Aviv, Israel

Point welders are widely used in industry, but many of
them have no timers. Without an automatically con-
trolled welding pulse, only skilled operators can weld
thin metal parts that require a current-pulse duration of
less than a second; if the equipment is automatically
timed, however, almost anyone can weld such parts suc-
cessfully. And even skilled personnel can probably per-
form repetitive production operations more quickly and
efficiently with the aid of a timed current pulse.

A simple timing circuit that can be added to a welder
is shown in the figure. When the ac line voltage is
turned on and switch S; is closed, current through the
relay coil holds K; open and K; closed. When the oper-
ator wants to weld, switch S, is opened, and the current
through the relay coil thereupon decreases so much that
K, closes and K opens.

With K, closed, welding current flows in the second-
ary of Ty, and because K is open, C, charges through
R; and Rz. When the voltage across C; reaches the fir-
ing voltage of the silicon-controlled rectifier (about 2
volts), the SCR carries enough current to let the relay
open K; and close K2 again to stop welding and dis-
charge C,. The SCR continues to conduct until the oper-
ator lets S, close again. The welding current flows for a
time returned by (R, +R;)C; and the line voltage.

One of the most important features of this circuit is
that the welding cycle is immune to noise from the relay
spikes and transformer surges.

Ty
— Hy WELDING
ac Vw POINTS
LINE , K, +
.
TReLAr —AMOAS202
uv \ IO
' 3 1
T Zinq TAG2400 Hia
: ) ScR
+l R, $s5xa
100uF T~ ? 2k$2 ) -
1 S2
\ ¢, L [( Vg
\ LG T sz v
S St |
|¢——— LOW R, ——| «—— HIGH R, ——»|
SWITCH OPEN |-
Sz l I | |
CLOSED - <5 —
SCR GATE wl
VOLTAGE A /l
Ve 0 § b —o-
SCR 02AF-
CURRENT r] | |
Ia 0 —
WELDING on|-
VOLTAGE | | I |
Vw OFF —

TIME —*

Welding made easy. When S, is pushed open, welding current
flows and gate voltage starts to rise. Once gate voitage becomes
high enough to let SCR conduct, welding current ceases. SCR con-
tinues to conduct until operator allows S; to close; thus, duration of
welding puise is determined only by charging time for Vq to reach
SCR firing voltage, not by how long S; is open.

The timing diagrams in the figure illustrate the oper-
ation of the circuit and indicate some typical values of
current and voltage. O



Pair of IC timers
sounds auto burglar alarm

by Michael L. Harvey
Ropat Corp., El Segundo, Calif.

An inexpensive car burglar alarm system can be built
with only two low-cost 555-type timer circuits. The
timers are connected as indicated in the diagram.

Timer A serves two purposes: it provides a time delay
(roughly 1.1RACa) for arming the system and allowing
the driver to exit the car, and it also permits the driver
to enter the car and disarm the alarm. This time delay
eliminates the need for an inconvenient and vulnerable
arming switch on the outside of the car. The on/off
switch for the alarm can be hidden somewhere under
the car’s dashboard.

When the alarm goes “off,” timer B is triggered on by
the falling edge of the output from timer A. After the
initial turn-on, however, the SCR prevents timer B from
triggering until one of the grounding-type sensor
switches fires this timer.
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A i 2 ET i
ON €L
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BUTTON 28 k2
Sl b B g
! FRONT 0.001 uF
o
1 —-—-—-—

SWITCH | SCR \ s
+BAT ——= SWITCHES
Tt I ]

TIMER: SIGNETICS NESS5 - =

Auto watchdog. Timer A produces a safeguard delay, allowing
driver to disarm alarm and eliminating vulnerable outside control
switch. The SCR prevents timer A from triggering timer B, unless
timer B is triggered by strategically located sensor switches.

Timer IC and photocell
can vary LED brightness

by F. E. Hinkle and Jim Edrington
Applied Research Laboratories, University of Texas, Austin

The relative brightness of a light-emitting-diode display
can be varied automatically by combining a cadmium-
sulfide photocell and a 555 timer into a pulse-width-
modulated astable multivibrator. Such variability is ob-
viously important in aircraft and automotive instrumen-
tation, as well as in calculators and digital watches, or
wherever ambient light conditions vary.

The circuit is the standard astable configuration for
the 555, with two modifications: the photocell replaces
one of the timing resistors, so that ambient light con-
trols the duty cycle of the astable oscillator; and diode
D, bypasses the 15-kilohm timing resistor during the
charging of the timing capacitor, increasing the max-
imum duty cycle of the 555 beyond the normal 50%
limit, and allowing the display to obtain full brightness.

As increasing ambient light level decreases the photo-
cell’s resistance, the timer’s duty cycle increases. The
varying duty cycle controls the length of time the dis-
play drivers are on, and this controls the brightness.

This circuit varies the duty cycle from less than 5% in
total darkness to more than 90% in sunlight. Manually
setting control R; establishes the minimum brightness
level in total darkness; if such adjustment is considered
unnecessary in a particular application, R, could be re-
placed with a fixed resistor. O
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Fader. Brightness of LED display is varied by using a photocell in
place of one timing resistor in a 555 timer, and bypassing the other
timing resistor to boost the timer's maximum duty cycle. Result is
brighter display in sunlight, fainter in the dark.



Oscilloscope triggered sweep:
another job for IC timer

by Robert M. McDermott
U.S. Army Korea Support Command, San Francisco, Calif.+

For less than $10, you can add a triggered sweep to up-
grade the low-cost type of oscilloscope. The circuit,
which essentially consists of an IC timer and an op amp,
can be powered from the scope’s supply and fits on a
small pc board that can be placed inside the scope.
When an input signal from the scope’s vertical ampli-
fier rises above the circuit’s trigger-level voltage setting,
the op amp switches, causing its output to go from
+Vee to -Vee. This voltage change is coupled to the
trigger input of the IC timer as a negative spike, which
sets the flip-flop and cuts off the discharge transistor.

The switch-selected timing capacitor, C, now charge
exponentially through timing resistance R until capaci
tor voltage reaches the level of control voltage existin,
at pin 5 of the timer. (Timing period is 0.4RC, and con
trol voltage level is 0.33Vcc.) The circuit’s output fre
quency will be 2.5/RC and, in this case, can be varie
from | hertz to 1 megahertz.

Once capacitor voltage is equal to the timer’s contro
voltage level, the flip-flop resets and the output transis
tor discharges timing capacitor C. Pulses occurring be
fore the flip-flop resets do not affect the circuit’s outpu
voltage. The flip-flop controls the discharge transisto:
and can only be reset by the timer’s comparator, whict
is operated by the capacitor.and control voltages.

Over-all cost can be reduced still further if the vari
able controls for trigger level and input sensitivity arc
replaced with fixed components. C

Add-on triggered sweep. IC timar holds down the cost of adding a triggered sweep to an economy oscilloscope. The circuit's input op amp
triggers the timer, setting its flip-flop and cutting off its discharge transistor so that capacitor C can charge. When capacitor voltage reaches
the timer's control voltage (0.33Vcc), the flip-flop resets and the transistor conducts, discharging the capacitor.
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Adaptive motor starter
delays when necessary

by Alan R. Miller
New Mexico Institute of Mining and Technology, Socorro, N.M.

The potential starting load on the compressor motor of
an air conditioner or freezer is greatest immediately af-

ter the motor has been shut off. But after the motor has
been off for a few minutes, the pressure in the system
has equalized and the motor can safely be started again.
Therefore a starting circuit need not provide delay if the
motor has been off for several minutes, but it should if
the motor has been off only momentarily (as might oc-
cur when lightning causes a brief loss of power, or when
someone improperly turns the thermostat down and
then right back up again).

An RC time-delay network coupled to a unijunction
transistor and a silicon controlled rectifier will prevent
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1. Restart delay. Motor is held off for a minimum time given by R,C, in this circuit arrangement. NAND-gate one-shot muttivibrator starts de-
lay pulse when thermostat goes off, so delay is not added to thermostat off-time. Quad NAND gate keeps component count low, and npn
transistor allows flexibility in gate voltages. The time constant of C, and R; smooths over any contact bounce in the actuating refay.

THERMOSTAT ™ ” = | |
OFF

)
GATE 2 HIGH ==
OUTPUT  Low . =R, C; :]
GATE3 MO

QUTPUT LOW ‘__..._J‘
i T —

oN — JR—
ore | )

i

MOTOR

2. Timing. When thermostat goes off, gate 2 goes low and motor
goes off. Motor then stays off until both thermostat and gate 2 are
high again; gate 2 stays low for time of approximately R,C,, so motor
is off for at least that long, and longer if thermostat is off longer.

the motor from starting too soon after turning off. Un-
fortunately such a circuit also delays starting even after
a long time or under the usual automatic turn-on by the
thermostat.

The starting circuit illustrated in Fig. 1 provides the
necessary time delay by combining R, and C, with a
pair of NAND gates to form a monostable (one-shot)
multivibrator (gates 1 and 2). The output from the
monostable (gate 2) is normally high; but when the sig-
nal from the thermostat goes to zero, the monostable

goes to zero for a time of approximately R;C, and then
returns to its high level-(as shown in Fig. 2). This output
from the one-shot and the signal from the thermostat
are both connected to a third NAND gate (gate 3) that
allows the motor relay to close immediately if the
thermostat has been off for more than the R,C, delay
time. If the input signal has not been off long enough,
the one-shot keeps the output of gate 3 high until the
delay time has elapsed.

The low output of gate 3 could turn on a pnp transis-
tor to actuate the relay, but the gate voltage would have
to be higher than the relay voltage to turn the transistor
off. Use of gate 4 to invert the output from gate 3 allows
the relay to operate with any positive voltage, either
higher or lower than the gate voltage.

Resistor R; limits the base current drawn from gate 4
by the transistor. Any effect of point bounce from the
actuating thermostat is eliminated with a delay pro-
vided by Rz and C;. With C-MOS NAND gates, a starting
delay of 3 to 4 minutes can be obtained with Ry = 3.9
megohms and C; = 100 microfarads.

If the thermostat sends an ac signal, the ac must be
rectified and filtered. However, only a minimum of fil-
tering and regulation is necessary because C-MOS gates
can operate over a large voltage range (3-15 v) and the
time delays are not critical. The 1C and relay power
could even be supplied by the thermostat signal. O
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IC timer automatically
monitors battery voltage

by Edward J. McGowan, Jr.
Stoelting Co., Chicago, .

The 555-type timer IC can conveniently function as the
heart of an automatic battery charger. The circuit is in-
tended to maintain a full charge on a standby battery
supply for an instrument that is always connected to the
ac power line, whether in use or not. This charger uses
the timer’s two on-chip comparators, its set-reset flip-
flop, and its high-current driver amplifier.

The zener diode, Dy, provides a reference voltage for
both comparators through the timer’s internal resistive
divider network. The output of the timer (pin 3)
switches between 0 and 10 volts.

The circuit is calibrated by substituting a variable dc
power supply for the nickel-cadmium batteries. The
OFF adjustment potentiometer is then set for the desired
battery cutoff voltage, which is typically 1.4 v per cell;
and the ON adjustment potentiometer is set for the de-
sired turn-on voltage, around 1.3 v per cell.

Resistor Ry limits the circuit’s operating current to
less than 200 milliamperes under all conditions. Diode
D, prevents the battery from discharging through the
timer when the timer is in its off state. The capacitor
stops oscillation during the circuit’s off transition. The
feedback divider can be decoupled for better load tran-
sient immunity, if desired. O
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Battery charger. integrated timer functions as the command post for
automatic battery-charging circuit. The zener diode sets the refer-
ence voltages for the timer's on-chip comparators. Desired turn-on
and turn-off battery voltages are determined by the potentiometers.

IC timer drives
electric fuel pump

by Sudarshan Sarpangal
ISRO Satelite Systems Project, Bangalore, india

A 555 integrated-circuit timer and a transistor provide
an efficient driving system for a high-speed electric fuel
pump. This arrangement allows the pumping rate to be
adjusted and can be used with any pump of the solenoid-
plunger type.

As the schematic diagram shows, the timer and
components R,, R,, and C form a basic square-wave
oscillator circuit. The output at pin 3 drives transistor Q
on and off and so operates the solenoid-driven plunger of
the pump. Commutating diode D protects the transistor
from surges at turnoff.

The components shown are used to drive a Bendix fuel
pump at 16 strokes per second, with the speed adjustable
by change of R,. If a different pump is used that requires
current of more than 1 ampere, a different transistor
must be chosen. 0

+135V

o
»l
>

1]
2N5954

1.2k82

Adjustable-speed pump driver. This IC timer arrangement drives
the Bendix plunger-type electric fuel pump at a rate of 16 strokes per
second. Adjustment of R, permits other pumping rates.
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18. Special timing circuits

Multiplying scheme offers
alternative to count-down timers

by Elbert L. Cole
Waestinghouse Systems Development division, Baltimore, Md.

Most timing networks, such as those used to synchro-
nize radar and digital communications systems, use a
clock oscillator at the highest timing rate needed, then
divide down the clock frequency to synthesize all of the
various gating pulses and waveforms required in the
system. The clock thus generates the highest pulse rate
in the system; all other waveforms have frequency com-
ponents at clock rates or lower.

An alternative to this conventional timing system has
been proved successful at Westinghouse. A lower clock
frequency is used, and the waveforms required are gen-
erated by multiplying up from the clock frequency.

The frequency-multiplying, or count-up, technique is
of particular advantage when used at frequencies higher
than about 20 MHz, where inexpensive MSI count-down
circuits are not available. The multiplying approach is
also highly desirable when used in subsystems that get
their fundamental timing from a low-frequency clock at
some central location in the system.

Key to the count-up approach is a simple and inex-
pensive multiplying scheme, based on fundamental
properties of the binary-numbering system. The basic
frequency-doubling circuit (Fig. 1), consists of a delay
line, followed by an exclusive-OR gate,” which has the
following truth table:

0 0 1

The timing diagram (Fig. 2) for the multiplication cir-
cuit illustrates the circuit’s operation. As can be seen,
the delay line must be adjusted so that its propagation
delay 7 = 1/4f,, when f, is the frequency of the wave-
form to be doubled.

Any number of frequencies can be generated by cas-
cading the multipliers, limited only by the operating
speed of the circuitry used. Thus, n multipliers will gen-
erate n + 1 frequencies, each of which is a 2" multiple
of fo.

The amount of delay required, of course, varies with
each cascaded stage. Screwdriver-adjustable dual in-
line delay packages are readily available to provide
variable delays from less than | millisecond (corre-
sponding to a clock frequency of 1 kilohertz) to devices
with delays of 0 to 2 nanoseconds (corresponding to fre-
quencies higher than 100 MHz). Integrated-circuit de-
lay-line costs range from about $2 for nanosecond de-
lays to $8 for delays of as long as I millisecond.

* TTL exclusive-OR gates that operate at speeds to sev-
eral tens of megahertz are readily available in TTL pack-
ages at costs well under §1 per gate.

Two important performance parameters for timing
circuitry are frequency stability, which is determined by
the stability of the clock oscillator, and pulse-to-pulse
jitter, a little of which is introduced in each multiplier
stage. For a single multiplier stage, this jitter is typically
500 picoseconds peak-to-peak, and the jitter adds ran-
domly as multiplier stages are cascaded.

The frequency-multiplying scheme has been used in
several operating systems, including a ground station
for the synchronous meteorological satellite network
scheduled for launching early next year, and a drone-
tracking radar for range instrumentation installed at
White Sands Missile Range.

In the radar system, 22 cascaded frequency doublers
are used to multiply a 23-Hz clock frequency up to 96
MHz. The wide range of frequencies generated is needed
in tracking missiles of widely varying speeds. A target
range resolution of less than 5 meters is maintained by
keeping the over-all system-timing jitter below 30 ns. [
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1. Frequency doubler. Basic muttiplier circuit (a) consists of a delay line and a single exclusive-OR gate. Timing diagram (b) illustrates fre-
quency-doubling operation. Any 2= multiple of f, is generated by cascading multiplier circuits.
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Building timing circuits
for noisy environments

by T.C. Matty
Transportation Division, Westinghouse Electric Corp., Pittsburgh, Pa.

It’s true that it’s easy to use pre-packaged one-shot cir-
cuits for timing and time-delay tasks, but be prepared to
cope with problems ranging from excessive charging
current to false triggering from external noise. This type
of circuit is susceptible to false triggering because of its
high gain and use of positive feedback. However, two
extensively used circuits have an inherent noise immun-
ity—the capacitor dump timer and the digital mono-
stable.

The capacitor dump circuit (Fig. 1) is useful where
low cost and moderate accuracy is important, but where
external-frequency or clocking sources are not avail-
able. Noise immunity is achieved by discharging the
energy stored by the timing capacitor through the input
transistor. This makes the input requirements depend
on the energy stored in the capacitor, as well as the in-
put-transistor characteristics. Moreover, the RC timing
circuit forms an inherent low-pass filter that further re-
jects noise signals.

Timing of up to 1 minute is possible with this circuit.
Timing accuracy depends on several factors: the RC
product, the relative variations of the reference voltage
and supply voltage, and the level-sensing transistor Q;.
But since the sense transistor is reverse-biased during
the timing period, its effect is negligible. Of course, a
small amount of leakage current (about 10 nanoam-
peres) flows, but that in most cases can be neglected.
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However, when a zener diode is used for the refer-
ence voltage, a resistor should be inserted in either the
base or emitter circuit of the sense transistor to prevent
excessive zener current from affecting the timing accu-
racy.

This circuit can be improved by eliminating the zener
and using a resistive divider network as the reference
voltage. This now establishes the decision point as the
ratio between the timing RC and the resistor network.
And adding a diode in the base or emitter circuit of the
sense amplifier will compensate the circuit for most
temperature effects. With these additions, the timing
function becomes independent of the supply voltages.
The timing accuracy depends only on the difference be-
tween the base-emitter turn-on voltage of Q; and the
diode voltage drop. It’s therefore important that the
diode be chosen so that its characteristics match the
base-emitter characteristics of the sense transistor. And,
if the accuracy must be maintained over a wide tem-
perature range, these characteristics also should track
over that range.

This type of circuit has been tested over a 100°C
change in temperature with less than a 2.5% total
change in timing. For the diode-compensated case, the
output time is equal to 0.7 RC; when no diode compen-
sation is used, the base-emitter voltage of 0.5 Vv is added,
and the output time will increase by the ratio of the
base-emitter voltage drop to supply voltage.

Another approach that provides high noise immunity
and accurate timing, if clocking frequencies are avail-
able, is the digital monostable circuit. The circuit (Fig.
2) can provide an output pulse duration of one clock pe-
riod for every low-to-high input transition. Another fea-
ture of this circuit is that its output will have a width of
a full clock pulse or no output at all. This feature vir-
tually eliminates outputs caused by noise of false inputs
because an output is generated only when an input is
coincident with the transition of the clock line. Thus, if
the clock input frequency is selected to be the lowest
available or allowed by the system, the probability of
coincidence between a clock-line transition and input is
reduced (assuming that false inputs are random).

For example, if a Poisson distribution is assumed for
noise inputs of sufficient amplitude and width to enable
an input, then the average rate of coincidence is:

P = A7 exp(-A7)

As the clock-pulse width 7 is reduced, the probability is
also reduced and in the limiting case goes to zero. If 7 is
taken as 100 ns (the rise time of the clock) and A as
unity (the average rate of noise inputs), then P can be

INPUT ouTPUT

CLOCK

1. Good nolse immunity. Capacitor dump circuit gives moderate
accuracy without external clocking; improved version uses divider.

2. Improved accuracy. Digital monostable timer offers high noise
immunity with improved accuracy, but needs clocking frequencies.
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calculated.
P = 10-7 exp(-1 X 10-7)
= 10-7 x 0.999999
= 10-7
The calculated value for P is for the probability of
coincidence between the random input and the edge of
the clock input. There are, however, f edges per second
(equal to the clock frequency), and this gives f chances
per second for coincidence to occur. Therefore, the im-
provement in noise immunity is found by multiplying
the probability of occurrence and the rate at which it
might occur to give true probability, or rate R.
R=fp
If, for instance, an enabling noise pulse occurs once per
second, then a standard monostable will generate a
false output once per second. Using a digital mono-
stable with the same noise input, a clock input of |
kilohertz and a rise time of 100 ns, a false output will
occur at the following rate:
R =103 X 10-7
= 10— false outputs/s
This is an improvement of 104, or an 80-dB improve-
ment in signal-to-noise ratio. O
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19. Techniques of coding, modulation, and detection

Design chart identifies
intermodulation products

by Helmut Lobenstein
General Electric Company, Aircraft Equipment Div., Utica, N.Y.

Frequency conversion in receiving, transmitting, or syn-
thesizer systems frequently causes undesirable in-band
mixing products to be produced. A rapid and handy de-
sign aid—the often-forgotten mixer intermodulation
chart—can help the designer predict which of these un-
wanted frequency components will be troublesome to
his system.

This type of chart is generated by considering what
frequency products are created by mixing an rf input at
frequency a with a local oscillator (LO) signal at fre-
quency w, producing an i-f output at frequency f:

B = ltnw tmal
where m is the harmonic number of the rf input fre-
quency and n is the harmonic number of the LO fre-
quency. This equation can be rewritten as:

B/« = l(tma/w) *nl
which has the form of a linear equation (for instance,
y = mx + b), permitting straight lines to represent any
desired harmonic number.

The chart is easy to use. Suppose an rf input o
8-9 gigahertz is to be mixed with an LO frequency o
10.5 GHz, producing an i-f output of 2.5-1.5 GHz. Tc¢
find the intermodulation products that can be expected
first tabulate the data:

a W B a/w Bl/w
89 105  25-15 0.762 0.238
0.857 0.143

On the chart, the frequency ratios of a/w = 0.762 anc
B/w = 0238 intersect the a = w - B line, as the
should, since this is the desired down conversion. An
other lines that cross the w - B line within the rang:
plotted will produce an in-band mixing product. In thi
case, the product:

a = (3w+p)/4
which is the fourth harmonic of the rf input minus the
third Lo harmonic, is produced. The other product pro
duced is:

a = (dw+p)/5
which is the fifth harmonic of the rf input minus the
fourth LO harmonic. The higher the harmonic numbe
of the mixing product, the lower is its power level
There are several ways to determine this levell.

The choice of a mixer significantly influences the har
monics that occur. A simple single-diode mixer, for ex
ample, will produce all the harmonic mixing products
But a single-balanced mixer will suppress one of its in

Local, Local
oscillator oscillator
harmonic harmonic 3 4 5
Signal d {nw) 1 2 3 4 5 Signal (nw) 1 2

harmonic harmonic

{ma) (ma)
1 a wta |[2wta [3wta |4wta |[Bwta 1 | a wta — 3wta _ S5wta
2 2 |
3 3a 3atw |3at2w|3at3w|4wtba|5wt3a 3 3a 3atw = 3wz 3a = 5w ¢ 3a
4 4
5 5a 5atw |5at2w|5at 3w |5atdw|batdw 5 Sa Badih - Bavii3e —_— 5u% 50
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put signals and its even-order harmonics, while a
double-balanced mixer will suppress both input signals
and all of their even-order harmonics. Tables 1 and 2
indicate the intermodulation products generated by
these latter two types of mixers, assuming perfect mixer
balance.

For the example given here, the spurious mixing

products should be more than 80 decibels below the de-
sired output whenever a double-balanced mixer, which
is properly matched for impedance?, is to be used in the
system. O
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One-chip fm demodulator
needs no alignment

by J. Brian Dance
University of Birmingham, England

A complete i-f amplifier and demodulator for an fm re-
ceiver uses a single integrated circuit that requires no
inductors or alignment, and it avoids use of tuned cir-
cuits by employing a phase-locked loop. With a 1-ki-
lohertz modulating frequency and 75-kHz deviation, the
input sensitivity is about 9 microvolts for a 30-decibel
signal-to-noise ratio at 10.7 megahertz. The audio-out-
put voltage is 280 to 480 millivolts, and total harmonic
distortion is 0.4%. However, this demodulator won’t op-
erate satisfactorily when the input signal contains
spurious frequencies, because any beat frequencies
formed with the local oscillator signal or its harmonics
are fed directly to the phase-locked loop and may pre-

vent the circuit from locking onto the desired signal.

The IC used in this circuit, an NE563, contains a high-
gain limiter that amplifies the incoming 10.7-MHz signal
before the latter is mixed with a crystal-controlled local-
oscillator voltage. The resulting difference frequency,
typically 900 kHz, drives the phase-locked loop. If the
maximum frequency deviation of the incoming signal is
75 kHz, the reduction of the signal frequency in this way
increases the relative maximum deviation from about
0.7% to more than 8%. This 10-fold increase in relative
deviation improves signal-to-noise ratio and increases
output-signal amplitude.

In the circuit diagram (Fig. 1), an incoming signal
from the receiver’s front end is fed through C; to the in-
put of the high-gain limiter at pin 7. The input imped-
ance is 135 ohms. The signal, amplified by as much as
60 dB, is taken from pin 5 to the filter F. This filter is a
standard 10.7-MHz ceramic filter (Toko, Vernitron, or
Murata). It must be connected on each side to a circuit
with impedance of about 330 ohms; otherwise, its band-
pass characteristic will be adversely affected. The lim-
iter’s output impedance at pin 5 is about 270 ohms, so
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1. An tm demodulator. Single IC is heart of this i-f amplifier and demodulator for fm receiver. The NE563 IC uses phase-locked 100p to re-
place inductors, tuned circuits, and alignment. Resistors, capacitors, ceramic filter, arid local-oscillator crystal are only external components;
crystal can be replaced with ceramic resonator if preferred. input sensitivity is about 9 uV for 30-dB signal-to-noise ratio.
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the value of Rz should be about 68 ohms. Similarly, the
mixer’s input impedance at pin 2 is about 1,250 ohms,
so the value of R in parallel should be 470 ohms.

The 9.8-MHz crystal, connected between pins | and
16, is part of the local-oscillator circuit. The 900-kHz dif-
ference frequency is fed internally to the phase-locked-
loop section of the NE563. The free-running frequency
of the loop is determined by Cio; it is desirable that this
capacitor have a tolerance of about £5%.

The bandwidth is controlled by the loop filter con-
nected between pins 13 and 14. The filter’s output im-
pedance is typically 6.2 kilohms. If Ro is reduced in
value, the bandwidth, and hence the noise level, is re-
duced.

The low-pass filter, consisting of Rio and C11, pro-
vides the normal deemphasis. C;; should have a value
of 0.01 microfarad for use in the U.S., where the deem-
phasis time-constant is 75 microseconds. For use where
the required time constant is 50 s, C1; should be 0.0068
uF. The filter formed by Ri; and C,2, with time constant
of 1.8 us, attenuates radio frequencies before the signal
is fed to the decoder.

The limiter circuit feeds the stage that provides auto-
matic gain control from pin 4. The potential at pin 4 re-
mains at about 2.7 volts until the input signal exceeds
about 600 pv, and then falls with increasing signal level
until it becomes fairly constant at about 0.65 v for in-
puts exceeding 20 millivolts.

The limiter circuit also provides muting current to pin
8, where the output impedance is about 20 kilohms, The
audio-output stage is switched to the muted state when
the potential at pin 8 falls below about 1.1 v. A signal of
reasonable strength will raise the potential of pin 8
above this value, as will the closing of switch S, under
any signal conditions. If desired, Si, Rs, and R7 may be
replaced by a 47-kilohm potentiometer between pin 8
and ground to provide a variable muting-level control.
Alternatively, if muting is not required, pin 8 may be
left unconnected.

A voltmeter of fairly high impedance, connected from
pin 8 to ground, will indicate the signal strength; the
meter’s deflection is proportional to the logarithm of the
signal strength, but the calibration depends on whether
mute-defeat switch S, is open or closed.

The phase-locked loop drives the automatic-fre-
quency-control circuit, which provides a typical output
swing of 1.5 v for a 200-kHz increase. This afc output is
superimposed upon the steady potential at pin 15.

The circuit in Fig. 1 can be used at frequencies other
than those shown. The limiter bandwidth is about
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2. Loop frequency. Free-running frequency of phase-locked loop is
determined by capacitor C,o. Plot shows value of capacitor for vari-
ous values of free-running frequency. This frequency must be close
to the difference between the incoming-signal frequency and the lo-
cal-oscillator frequency if signal capture is to occur.

22 MHz at -3 dB, and the phase-locked loop itself can
operate at frequencies from less than 1 kHz to several
megahertz. The value of the voltage-controlled oscilla-
tor capacitor (Cio) that should be placed between pins
11 and 12 for various free-running frequencies is
plotted in Fig. 2. It is obviously necessary to ensure that
the free-running frequency is close enough to the input
frequency of the loop for capture to occur.

To avoid the cost of the crystal, the circuit of Fig. 1
can be operated with a Taiyo CR-9.8 ceramic resonator.
This resonator is connected between pins 1 and 16 in
parallel with a 2.2-kilohm resistor and a 5-pF capacitor.
The capacitor C7 is omitted. Satisfactory results are ob-
tained, but the value of the parallel capacitor is fairly
critical if oscillation at spurious frequencies is to be
avoided. Such oscillations produce a distorted output
and may even prevent the wanted signal from being re-
ceived at all,

The circuit requires a power supply of 10 to 15 v ata
current of about 38 mA (42 mA maximum). This current
is enough to make the device feel warm to the touch.
Some drift of the center frequency occurs for about a
minute after the power is first applied. a



LLEDs help tune
FSK demodulators

by C. Clay Laster
Kelly Air Force Base, San Antonio, Texas

Light-emitting diodes make excellent tuning aids for
frequency-shift-keyed (FSK) demodulators. They can re-
place cathode-ray tubes or meters in both single-fre-
quency-shift-keyed demodulators and dual-frequency-
shift-keyed (DFS) demodulators. The LED display can be
easily incorporated in existing demodulators or in yet-
to-be-designed demodulators.

Many conventional FSK and DFs demodulators use
CRTs to provide vector-like displays of the teleprinter
mark (binary 1) and space (binary 0) signals. FSK and
DFS modulation techniques normally make use of fre-
quency shifts on the order of 200 to 800 hertz. One pop-
ular standard is to use a frequency shift of 850 Hz, with
the space centered at 2,125 Hz and the mark centered at
2,975 Hz. The FsK demodulator, therefore, will have se-
lective filters of 2,125 and 2,975 Hz to detect the respec-
tive space and mark signals.

In radio-communications circuits, the mark and space
signals are transmitted as individual signals that shift
below and above the transmitter’s center frequency.
Thus, if a radioteletype signal is transmitted at a center
frequency of 7,100 kilohertz with a total frequency shift
of 850 Hz, the space signal will be transmitted 425 Hz
below the center frequency (at 7,099.575 kHz), and the
mark signal will be transmitted 425 Hz above the center
frequency (at 7,100.425 kHz). For proper signal recep-
tion, the receiver must be tuned so that the space and
mark signals are centered at 2,125 and 2,975 Hz.

With a CRT vector-like tuning monitor, the space sig-

nals are displayed horizontally, while the mark signals
are displayed vertically. When the receiver is tuned tc
the teleprinter signal and the receiver’s beat-frequency
oscillator is adjusted so that the space and mark signals
are centered, the CRT will display the space and mark
vectors.

Light-emitting diodes, along with the appropriate
logic-interface circuitry, can be substituted for this more
expensive and less reliable CRT tuning aid. Three LEDs
when arranged as indicated for the FSK demodulator
provide a display for the tuning function. (Other ar-
rangements may be more desirable in some instances.;
When the receiver is tuned to the signal center fre-
quency, LED-1 lights; when it is below the center fre-
quency, LED-2 lights; and when it is above the cente
frequency, LED-3 lights.

The block diagram shows how this simple LED tuning
aid can be added to a conventional FSK demodulator
The dc outputs from both filter/detector stages are ap-
plied to a resistive divider network that acts as a thres-
hold detector for the LEDs. The isolating diodes are con-
nected as an OR gate to allow these dc signals to be
applied to LED-1 when the demodulator is tuned to the
signal’s center frequency. If the output level from eithe)
filter/detector stage is not sufficient to drive the LEDs
appropriate transistor switches or digital logic ICs may
be used as interface devices.

The same sort of LED tuning aid can be devised fo
DFs demodulators. In this case, five LEDs are required
replace the CRT display. Most DFS demodulators us¢
switchable filters and have individual outputs for eact
teleprinter channel. They also sometimes have combin:
ing circuits (different antennas) for use with space anc
frequency-diversity schemes. In any case, the LED inter
face circuitry can be connected to the individual detec
tor outputs, and the display can be arranged to show the
space-space, space-mark, mark-space, and mark-mar}
combinations. C

CRT DISPLAY FOR DFS DEVWODULATOR

LED DISPLAY FOR FSK DEMOOULATOR

LED DISPLAY FOR FSK DEMODULATOR

~ T~ o~ T~
Ve \ 7 @ 03N
/ x \ / \
LED-2
\e / \ /
SPACE
LED1
TYPICAL FSK DEMODULATOR
]
AUDIO INPUT A[‘,’;ALI'TFE'ER LTER/DETECTOR TELEE&:,’:I‘EE“ dc OUTPUT TO
_—, 1
FROM RECEIVER CIUER KEVING  |——> TELEPRINTER
{  MARK (2975 Ha)
FILTER/DETECTOR

LED tuning aid. Light-emitting diodes can replace the vector-like CRT display commonly used for tuning a receiver to the signal center fre-
quency. Three LEDs do the job tor a single-frequency (FSK) demodulator, while five are needed for a dual-frequency (DFS) demodulator.
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Micro-power phase-locked
loop widens designer’s choice

by David Morgan
RCA Solid State Division, Somerville, N.J.

Monolithic phase-locked loop (PLL) ICs have found
wide acceptance in both analog and digital systems
since they were first introduced. However, these bipolar
ICs, which cover a wide band of frequencies, typically
consume upwards of 100 milliwatts of power.

Now a monolithic complementary MOS phase-locked
loop may change all that. The C-MOS IC used as an fm
demodulator consumes only 600 microwatts of power
when operating at 6 volts and a frequency of 10
kilohertz—less than 1/160 the power needed by its bipo-
lar counterparts.

A basic functional diagram of the CD4046A PLL is
shown in Fig. 1. The PLL structure consists of a low-
power linear voltage-controlled oscillator (vCO) and
provides the designer a choice of two digital-type phase
comparators. Both comparators share a common signal-
input amplifier and a common comparator input. A 5.4-
Vv zener diode is provided for supply regulation, if nec-
essary. The vCO can be connected either directly or
through frequency dividers to the comparator input of
the phase comparators. And an external low-pass filter
is used to handle any configuration changes that are
needed for different applications.

The phase comparators shown in Fig. 2a are driven
by a common self-biasing input amplifier. The phase-

TV PICAL ELETTRIGAL CHARACTERKTICS OF THE
COYoYbA </MOS PHASE -LOCKED tLOP

vCo
Maximum operating frequency 500 kHz2
Linearity 1%

Center frequency
Frequency range
Temperature stability

Programmable with Ry & C
Programmable with R, ,R; & C
500 ppm/°C

Phase comparators
Choice of two functions:
1} Mixing and with center frequency

11) Edge-triggered and with
O-phase tracking

Input amplifier sensitivity 250 mV rms
{ac coupled)
General
Supply-voltage 5-16 V
Power consumption
(C = 0.0001 uF, Vgp =6 V)
fo = 10 kHz 0.6 mW
fo = 100 kHz 2mwW
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1. C-MOS phase-locked loop offers a choice of comparators.

comparator signal input (terminal 14) also can be
directly coupled for signal swings within C-MOS logic
levels— logic 0 is equal to or less than 30% of
(Vpp-Vss), logic 1 is equal to or greater than 70% of
(Vbp-Vss). Smaller input-signal levels must be capaci-
tively coupled to the input signal terminal.

Phase comparator I is basically an exclusive-OR net-
work having the typical triangular phase-to-output re-
sponse. In the absence of signal or noise at the signal in-
put, the average output voltage is one-half the supply
voltage. The capture range, or the span of frequencies
over which the PLL can acquire lock, depends on the
characteristics of the low-pass filter employed and can
be made as large as the lock range.!

When phase comparator I is used, the PLL system can
stay in lock, even with high levels of input signal noise,
but the system may lock into input signal frequencies
that are close to harmonics of the center frequency.
Also, the phase between the comparator and the input
signal varies between 0° and 180° as the signal-input
frequency changes, and is 90° at the center frequency of
the capture range.

Phase comparator II is an edge-controlled memory
network that operates on the leading edges of the signal
and comparator inputs. It comprises four flip-flop
stages, with common reset, control gating, and a tri-
state output circuit. The tri-state output consists of both
p- and n-type drivers sharing a common output, but
both drivers are never on at the same time.

If the input frequency is higher than the comparator
frequency, then the p-type output driver is on contin-
uously; if the input frequency is lower than the com-



parator frequency, the n-type output driver is kept on.
If these frequencies are the same, but the phase of the
input signal lags that of the comparator, the n-type out-
put driver would remain on for a time that corresponds
to the phase difference. If the frequencies are equal, but
the signal phase leads that of the comparator, the p-
type driver is kept on for a time corresponding to the
phase difference.

This type of phase comparator adjusts the VCO input
voltage until input signal and comparator frequencies
are equal in both phase and frequency. When this
stable condition occurs, both driver stages are off. In the
absence of an input signal, phase comparator II adjusts
the vCo to its lowest possible frequency. This compara-
tor has a lower signal-to-noise ratio than phase com-
parator I and could lock on noise signals. However, it
will not lock on harmonics of the VCO signal, as will
phase comparator I.

The vco shown in Fig. 2b, unlike its conventional

phase-locked counterparts, is a square-wave oscillator
with a 50% duty cycle. This allows the unit to directly
interface with other C-MOS devices, such as the PLL’s
digital phase comparator, counters, and so on. Not only
does the C-MOS VCO consume significantly less power
than bipolar types, but an “inhibit” input is provided,
which enables the vCO and the source follower or turns
both off to minimize standby power consumption. The
high input impedance (1012 ohms) of the vCO simplifies
the design of low-pass filters by permitting a rather wide
choice of resistor-to-capacitor ratios.

As in conventional VCOs, the frequency range and
frequency offset are adjustable. Resistor R, and capaci-
tor C; determine the frequency range of the vCO, and
resistor R, will provide a frequency offset, if required. A
source follower allows monitoring of the VCO input volt-
age without loading of the low-pass filter.

REFERENCES
1. Floyd M. Gardner, *'Phaselock Techniques,” John Wiley & Sons Inc., N.Y_, N.Y, 1967

2. Digltal route. Diagram details phase comparator (a) and voitage-controlied oscillator (b) circuits of phase-locked loop.
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Dual-bandwidth loop
speeds phase lock

by A.T. Anderson, D.E. Sanders, and R.S. Gordy
Electronic Communications Inc., St. Petersburg, Fla.

A phase-lock loop with two filters of different band-
widths, and the capability of achieving a gradual transi-
tion from one to the other, can satisfy the conflicting re-
quirements of noise rejection and fast signal acquisition.
Having acquired the signal, the loop then serves as a lo-
cal source that matches the remote source of the incom-
ing signal, which may be intermittent because of imper-
fections in the transmitting channel. Essentially, the
loop is a voltage-controlled oscillator that forces the
output into a fixed phase with the input.

If the input signal has noise or phase jitter riding on
it, the loop will try to follow the disturbance as well as
the signal. Noise ef-

bandwidth for noise-free tracking.

To avoid this compromise, two discrete bandwidths
can be used. A large bandwidth is used until the signal
is acquired; after acquisition, a small loop bandwidth is
switched in. This technique, which is shown in Fig. 1,
has three significant disadvantages.

First is the voltage step which results from switching
the vCO control line, point C, from point A to point B.
The step change in voltage at point C which results
from switching the vCo-control line from point A to
point B can cause loss of lock.

The second disadvantage is the voltage transient that
can result from abrupt switching with real circuit de-
vices even when the voltages at the two inputs are
equal. This transient can also cause the loop to lose
lock. A third disadvantage is that the ratio of large to
small filter bandwidth is limited if a frequency-offset ex-
ists in the phase-lock loop.

A slow bandwidth-switching technique shown in Fig.
2 eliminates these disadvantages. Switchover from point
A to point B is accomplished gradually by varying
resistance R from zero

fects on the loop can
be reduced by low-
pass filtering of the er-
ror. The narrower the

(or a low value) ini-
tially, to a high value
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1. Switchable bandwidth. A phase-lock loop requires two ditferent switched
loop filters for acquisition (lock) and tracking (narrow).
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2, Slow switching technique. Slow bandwidth switching with a variable re-
sistor eliminates the disadvantages of conventional bandwidth-switching.

nation of both filter
outputs, resulting in



wioe — control line and not be affected by the
FILTER Ry rarert voltage at A or C.

B e | An example of a circuit that meets
s ‘ D, this criterion is given in Fig. 3. In this
B it » circuit, a junction FET, Qj, is the vari-
e —+ ol R, 3 able resistance. Initially, no current
DETECTOR | TR d flows in Qg, so Q, is closed (low resist-
RS T ANCE . ) b SWITCH CONTROL S ance). This forces the voltage on C; in
o Ty SIaEly ) the narrow filter to follow C, and
" - charge to approximately the correct

b €2 7R 4 i value during acquisition.
namow L A2 When lock is detected (by an exter-
FILTER— Eg,‘,ﬁ nal circuit), the “lock-detector” input
fres W S . switches from -V to +V. The time-
) T0VCOo WVEORINL constant of the parallel combination of

Rs, Rg and C; causes the current in Q.

3. FET control. Signals from a lock detector gradually vary resistance of Q, from a low to

high value. This smoothly changes the loop filter bandwidth.

gradual reduction of bandwidth from large to small.
The shape of the switch-control waveform, at point D,
can be designed to optimize acquisition under given
conditions such as signal-to-noise and frequency offset,
and can easily be changed as these conditions change.
The gradual change forces the loop to remain in lock at
all times so that the ratio of large to small bandwidth
can be much higher than with conventional switching,
Actual circuitry for Fig. 2 is relatively easily realized,
with the exception of the slow switch and its switch-con-
trol circuitry. A desired feature of these two elements is
that the R should be strictly controlled by the switch-

(initially zero) to increase at an expo-
nential rate in response to the lock’s
signal change. Q; is a current source
and is unaffected by the filter outputs or switch. Current
will flow through R7 and either CR, or CR2, depending
on which side of Q, is more negative. This allows the
voltage on the gate of Q, to follow the more negative
voltage on the drain or source. Therefore, noise at the
drain and source of Q; has no effect on the resistance of
the J-FET, since the resistance of this type of FET is de-
termined by the voltage on the gate in relation to the
voltage on the drain or source. CR; is connected to the
output of A; rather than to the FET source. Voltages at
these points are essentially equal, and location shown
prevents current through CR; from loading the FET.

Low-frequency discriminator
utilizes analog delay

by Satoru Tanaka and William L. Brown
Reticon Corp., Mountain View, Calf.

Low-frequency discriminators, which translate fre-
quency-modulated signals having center frequencies
from a few hundred to a few thousand hertz into direct
analog signals, are vital components in equipment such
as doppler tracking systems and servo motor control
systems. But they have been cumbersome because of
the requirement for very large inductors and capacitors.
That no longer need be true, however, with the advent
of the discrete time analog delay.

The approach employed here (Fig. 1) is a low-fre-

quency equivalent of a technique that is common at
much higher frequencies. The amplitude of the incom-
ing signal is clipped by the limiter, becoming, in es-
sence, a square wave. The square wave is then split in
two; one signal goes directly to one input of a four-
quadrant multiplier; the other is first delayed, then ap-
plied to the other input of the multiplier. The output
voltage of the multiplier is inversely proportional to the

MULTIPLIER

INPUT OUTPUT

1. Principle. Clipped input, muitiplied by a delayed form of itself
produces an averaged output proportional to input frequency.
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3. Result. Output voltage decreases linearly with swept frequency.

phase difference of the two signals. But since the time
delay is fixed, the change of phase imposed by the delay
line is directly proportional to the frequency; therefore,
when the phases are compared in the multiplier, the
output is inversely proportional to the frequency.

The delay line, one of the two key elements of the cir-
cuit, is a monolithic integrated circuit: Reticon Corp.’s
SAD-100, fabricated with MOSs silicon-gate technology
and packaged in a l16-lead dual in-line package. The
SAD-100 is essentially an array of 100 sample-and-hold
circuits. It stores analog information sequentially in an
array of 100 storage capacitors. Each capacitor has two
multiplex switches—one for reading a sample of data
onto the storage capacitor, and one for transferring the
stored data from the storage capacitor to the output. A
dynamic shift register operating as a ring counter se-
quentially activates the two multiplex switches. As the
nth capacitor acquires a new data sample, the data
which was stored 100 clock pulses earlier on the
(n + 1)th capacitor is transferred to the output. No data
is transferred from cell to cell within the array, as is
done with charge transfer devices, in which the multiple
transfer can cause signal degradation.
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The total delay range of the SAD-100 is from 700
nanoseconds to 50 milliseconds; it is controlled by its
sampling frequency. Its delay-to-rise-time ratio is 98, its
video bandwidth exceeds 5 megahertz, and under cer-
tain conditions its signal-to-noise ratio is greater than 65
dB. The SAD-100 is obtainable separately, or as a com-
ponent in a network, designated the SC-100, which in-
cludes clocking and signal extraction circuits.

The four-quadrant multiplier, as a phase comparator,
is used in the conventional way. Its two input values are
+ 1 and -1; it multiplies the two signals to obtain one of
four products: +1 X +1, +1 X -1, -1 X +1, and
-1 X -L. If two square waves that switch between +1
and -1 with identical frequency and phase are contin-
uously multiplied, the product would be +1 at all
times. Likewise, if the signals’ phases are 180" apart, the
product is -1 at all times. Thus, if the phase is contin-
uously shifted between 0 and 180°, the average output is
somewhere between these extremes, proportional to the
phase. If the amplitude is some value other than unity,
a corresponding constant factor is included.

In the actual circuit (Fig. 2), the time delay depends
on the clocking frequency, which is continuously vari-
able from 3 kilohertz to 10 mHz. For this discriminator
the clock was set to produce a delay of approximately
500 microseconds, which shifts the phase of a 1,000-
hertz signal by 180°. Lower frequencies down to 100 Hz
are shifted proportionally. This circuit’s linearity over a
range of 10:1 is better than 99%; its maximum fre-
quency can be shifted as high as 100 kHz by adjusting a
single resistor. No tuned circuits, bulky coils, or capaci-
tors have to be changed.

Figure 3 is a photograph of the output voltage as the
frequency is swept from 100 Hz to 1,000 Hz. The output
does not change noticéably as the input to the limiter is
varied between 0.5 v and 30 v peak-to-peak. O



Varactor pair in new stripline
circuit improves modulation

by Donald Neuf
RHG Electronics Laboratories, Farmingdale, N.Y.

Modulation linearity is a most important consideration
for designers of color television transmitters—any vari-
ation in the phase or amplitude of the transmitted sig-
nal will distort both hue and saturation at the viewer’s
end. Here is a design approach for modulating an fm
transmitter that uses two tandem varactor diodes for
improved linearity and a novel stripline design that pro-
vides tight radio-frequency coupling and diode bias iso-
lation.

With the more conventional single-varactor lumped-
element tuning circuit, the frequency of oscillation nor-
mally varies as the fourth root of the tuning voltage—
hardly a linear relation. However, if the series induc-
tance of the tuned circuit could be changed without
adding stray capacitance, then the frequency could be
made to vary as the square root of the tuning voltage.
The required variable inductance is easily achieved by
adding a varactor diode and an impedance inverter,
such as a quarter-wavelength transmission line (the sec-

ond varactor stage in the pi network, Fig. 1).

The stripline design has two center conductors in dif-
ferent planes (one above the other, instead of the two
side by side as in conventional coplanar stripline). This
arrangement provides the necessary tight coupling with-
out the critical tolerances inherent in the conventional
coplanar structure.

The color TV transmitter must supply typically 250
milliwatts at 7 gigahertz, with a maximum frequency
deviation of *4 megahertz. The transmitter must handle
baseband modulating signals from 0.1 hertz to 10 mega-
hertz and hold the differential amplitude and phase
variation across the 8-MHz deviation range to within
+0.5 dB and *0.5°, respectively.

The varactor-modulated Impatt transmitter was con-
structed in a stripline package with a built-in circulator
(Fig. 2). In addition to isolating the load and providing
an input port for an external locking signal, the circula-
tor simplifies measuring external Q and the optimizat-
ing of the oscillator first as an amplifier.?

A gallium-arsenide Impatt diode was chosen for its
lower noise qualities.2 The Impatt diode has an equiva-
lent Q low enough to provide the desired frequency de-
viation. In general, oscillation occurs at a frequency at
which the net circuit reactance is zero and the negative
diode resistance is equal to the positive source resis-
tance. And although oscillation is possible when the
diode’s negative resistance is greater in magnitude than
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1. A cross-section of the Impatt transmitter (a) details the stripline construction with center conductors in two planes. An equivalent circuit
for the varactor-modulated transmitter (b) illustrates the quarter-wavelength coupling techniques with dc biocking.
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2. A built-in three-port circulator isolates the load from the varactor-
modulated Impatt-diode oscillator, provides a convenient test port,
and can also serve 1o inject an external locking signal. The complete
fm transmitter is shown without the cover (top ground plane) and the
top layer of polyfoam.

the source resistance, an optimum operating point was
chosen where the oscillator has the highest efficiency
and the lowest noise spectrum.3

The oscillator circuit construction uses both sides of a
copper-clad glass fiber board for the stripline dual cen-
ter conductors (Fig. 1). This stripline design offers more
predictable impedance control and higher Q than does
microstrip. A polyfoam material (dielectric constant of
1.2) is then used to support the stripline center conduc-
tors. The stripline design also provides a means of si-
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3. Differential gain and phase are held to within +0.5 dB and +0.5°,
respectively, over any 8-MHz segment within the varactor tuning
range. A bias of 32 to 40 volts (a compromise between diode break-
down and tuning control) provides about a 60-MHz tuning range.

multaneously filtering the second harmonics and isolat-
ing the varactor modulation and dc bias voltages from
the avalanche diode. Equivalent characteristic imped-
ances of the quarter-wavelength sections are deter-
mined by using “odd” and “even” propagation-mode
analyses.*

The avalanche diode is also loaded by a separately
adjustable half-wavelength line. This circuit controls the
second harmonic loading and helps to reduce funda-
mental noise.3

The final package power output, in the 100 to 200
mW range, increases about 1 dB with an increase in tun-
ing voltage. A varactor bias in the 32- to 40-volt range'
produces an rf frequency variation of some 60 MHz. The
total fm noise of the oscillator, measured with a stan-
dard EIA TV noise-weighting filter, was 8 kHzrms. [J

REFERENCES

1. J. Ashley and F. Palka, A Modulation Method for the Measurement of Microwave Os-
cillator Q." PGMTT, November 1970, pp. 1002-1004.

2. M. Gupta, "Noise in Avalanche Transit-Time Devices," Proc. IEEE, December 1971, pp
1674-1687.

3. A Cowiley et al., "‘Noise and Power Saturation in Singly Tuned Impatt Oscillators," IEEE
Joumnat of Solid-State Circuits, December 1970, pp. 338-345

4. G. Matthaei, L. Young and E.M.T. Jones, ‘‘Microwave Filters, Impedance-Matching Net-
works, and Coupling Structures,”” McGraw-Hill, p. 221.

5. F. Sullivan and W. From, “'Second-Harmonic Tuning Eftects on Impatt Diode Oscillator
Noise Characteristics,”” 1971, IEEE-GMTT International Microwave Symposium Record

Data transmission is faster
with ternary coding

by T. Bruins
Cern European Organization for Nuclear Research, Geneva, Switzerland

Although data is usually transmitted in binary form,
much faster bit rates can be realized, even over long dis-
tances, if the data is converted to ternary form. With op-
timized filters and sensitive receivers, for instance, a ter-
nary data transmission system can achieve an effective
‘rate of up to 6 megabits per second over a 1-mile line of
ordinary twisted-pair cable.

Although twisted-pair drivers have been around for
quite some time, they have only been used to carry
binary information. Here, logic 1s and logic Os are de-
fined by the two opposite polarities on the two trans-
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mitter outputs. Decoding these voltage differences into
ordinary TTL levels is normally done with voltage com-
parators. The common-mode noise immunity that this
system offers has made it one of the most popular trans-
mission techniques in recent years.

Strangely enough, however, nobody has considered
the usefulness of a third state, which would still retain a
certain immunity to common-mode noise. This state is
defined by the absence of any voltage difference at the
transmitter outputs. It is primarily useful for sending
ternary-coded data over long distances. In case bit
speeds are of no great importance, binary data could
still be transmitted in the conventional way. The third
state would then be used for status information or for
system synchronization.

There are several ways of implementing a ternary
data transmission system. Over distances of a mile or
more, special-purpose balanced line drivers providing a
choice of differential or single-ended operation must be
used. In these cases, a tristate line driver like National
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Getting more out of a twisted pair. Ternary-coded data can be transmitted at megabit rates through ordinary twisted pairs over long dis-
tances. A single integrated tristate line driver can be used to send the data at low bit rates, as in (a); or two drivers can be employed, as in (b),
for higher bit rates. If desired, the third state can be usea for synchronization purposes or to transmit status or control information.

Semiconductor’s DM8831 unit is a good choice. The
single-ended state may be detected with biased voltage
comparators.

If two comparators are used, biased, for example, to
different polarities, the third state can be decoded with
a mere exclusive-OR logic operation, as shown in (a).
This is a simple scheme for low bit rates. It is partic-
ularly useful if status or control information is trans-
mitted on the same twisted pair as the data but must
nevertheless be distinguished.

For very long lines or for transmission rates of greater
than 1 megabit per second, it is best to use two tristate
line drivers, establishing a grounded symmetrical trans-
mission system. The three states are easily generated
with two line drivers, as in (b). One driver operates dif-
ferentially (at -2% and +2'% volts, instead of the usual
0 and 5 v), while the other driver operates in its single-
ended mode at normal voltage in a complementary
fashion.

To change binary-coded data into ternary-coded data
does not require an excessively complicated conversion
circuit. Consider, for example, that a fully decoded 16-
bit binary word reduces to 10 ternary bits—(1 111 111
111 111 111)pase2 = (1 022 220 020)bases. In this case,
full code conversion provides a bit reduction of 10/16.
This means that a ternary-coded transmission system
that is able to carry 4 megabits per second of binary-
coded data now can effectively carry 16/10 times more
information, or 6.4 megabits per second.

Code conversion can be simplified greatly if the

binary bits are coded in subgroups. If two binary bits
are taken as a subgroup, two ternary bits are required to
convert each subgroup. But if subgroups of three binary
bits are used, again only two ternary bits are needed
(since 11lpase2 = 21pases) and, therefore, 16 binary bits
can be coded into 11 ternary bits.

One application for a ternary transmission system is
the use of ternary parity bits. Since there are three states
(instead of two), two flip-flops (instead of one) are re-
quired. The parity check, then, can just be the modulo-3
addition of the information bits. In this way, a large
number of even errors will be detected, but not all odd
errors.

With k free binary bits as information carriers and
n - k dependent ternary error detection bits, there are
2% information words out of 2k X 3, possible bit com-
binations. Therefore, the ratio of nondetectable errors
to all possible errors will be: (2% - 1)/(2k3n-k - 1), which
approximately equals Y-k, If one single ternary parity
check is used, then two thirds of all possible errors will
be detected, instead of only half the errors, as in the
case of the modulo-2 parity. O
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20. Convertlng between analog and dlgltal

Voltage-to-frequency module
serves diverse applications

by Robert Allen Pease
Teledyne Philbrick, Dedham, Mass.

With the addition of several external components, a
versatile new voltage-to-frequency converter can be
made to yield a broad range of communications and in-
strumentation functions at reasonable cost. The 1-cubic-
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inch model 4701 adopts the charge-dispensing approach
to v-f conversion, and has a unit price of $59 in small
quantities.

The module provides output pulses of about 30 mi-
croseconds width at a repetition rate that’s directly pro-
portional to the analog voltage level. As Fig. 1 shows,
the amplifier functions as a zero crossing detector with a
+ 13-volt quiescent output. When an input signal passes
through the input resistor, the charge dispensing and re-
set circuit senses zero crossing and connects a large-
value discharge capacitor. This capacitor quickly drives
a precision timing capacitor below zero, cutting off the
amplifier and thus resetting it rapidly to a +13-v out-
put.

The negative-going pulse at the amplifier output is
normally inverted in a TTL-compatible circuit. Typical
input and output waveforms are shown in Fig. 2.

Three of the more interesting of circuit functions real-
izable with the v-f converter are: inexpensive digital
voltmeters, ramp generators, and analog-to-digital con-
verters. An inexpensive DVM can be constructed simply
by adding a counter/display to the output of the v-f
converter, taking advantage of the 4701’s linearity,
which is within 0.015%.

Programable, very linear ramp generators based on
v-f techniques (Fig. 3) overcome a major difficulty of
conventional designs—they do not suffer from charge
leakage of the timing capacitor under temperature ex-
tremes. By driving a ripple counter with an R-2R ladder
connected to its output, the 4701 converter generates a
highly linear 10-v ramp that operates at frequencies to
80 hertz. Output impedance is 51 ki2 +5%.

An analog-to-digital converter is constructed from a
4701 and several inexpensive components. In Fig. 4, the
converter output feeds a counter which is reset by a 1-
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3. Better ramp. Voltage-controlled ramp generator doesn‘t share
the charge-leakage problem of conventional generators.
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4. Low-cost conversion. Analog-to-digital conversion is inexpensive with the voltage-to-frequency converter and several other compo
nents. For fast computer processing, the output data is available in parallel from a single strobing.

Hz clock pulse. Just before reset, the peak counted value
of the input frequency is strobed into the storage regis-
ter. The data can be read out of the register (or a follow-

ing parallel-tc-serial shift register) in a few micro-
seconds, so that processing may be performed on
virtually any digital computer on a time-shared basis. (]

Op amp complements
a-d converter output code

by Eugene L. Zuch
Datel Systemns Inc., Canton, Mass.

In many cases where an analog-to-digital converter has
data outputs that are complementary-coded (highest
level represented by 00 . . . 0), the interfacing requires
uncomplemented coding (highest level represented by
11. . . 1), and vice versa. Conversion from one form to
the other can of course be done with logic inverters, but

if the input analog signal is bipolar, a single operational
amplifier can perform all of the inversions.

The approach also works with minicomputers, some
of which require complementary input coding while
others require uncomplemented coding.

Uncomplemented coding is shown in column 3 of the
table, which illustrates the offset binary coding of a +5-
volt bipolar analog signal. A 12-bit a-d converter is as-
sumed here, so the least significant bit is 10 v + 4,096.
or 0.0024 v. In this code the all-Os level (000000000000)
corresponds to an analog value of minus full scale, or -5
Vv; the all-1s level (111111111111) corresponds to plus
full scale less 1 LSB or +4.9976 v.

In the case of complementary coding, shown in col-
umn | of the table, the reverse is true. All-Os corre-

138



20k2
47 pF ~-15v A—+15 V
11 4
—t S OFFSET
' 33 M2 2 ApsusT.
4
¢ AN BIT
499kQ B 2 ppF—1
+0.1% 7 npE—2
‘ 'g = 2
15 —
ANALOG 2 Abc- s 5 DRESCY
INPUT — AN\~ - = HY12BC* 11— 6 o
(£5V) 499k 6 66— 7 OUTPU
$0.1% AM-452* % QR R0ATA
3 = .
+ ), N— Exchanging complements. Inversion of
S-Ll;“ 2 11— 12 bipolar analog signal by op amp, prior to
Ll CONVERT. ! analog-to-digital conversion, yields un-
0.01uF 218 M2 i i -
*DATEL SYSTEMS == ey 1R comg|eme::?d oﬂiet. bma.ry codfmlg. of‘ out
ngslécs%mtg —lSVg&w— +5YV put. ata. 'IS technique is useful in u.wter-
NOT SHOWN 20k facing hybrid data converters to micro-
processors, minicomputers, and the like.
: Column 1 Column 2 Column 3
Input voltage
Scal Complementary Complementary .
? {£ 5 V full scale) offset offset binary °"::‘.,§::“‘"
binary coding with inverted analog 9
+ Full scale + 5.0000 V (Rt 1% 1 I O % O 8 O (|
+ Full scale — 1 LSB +4.9976 V 0000 0000 00OO 1M1 1111 1110 L1877 31y BN
+1LSB +0.0024 vV o111t 1111 1110 1000 0000 0000 1000 0000 0001
0 0.0000 V o111 1111 1111 o111t 1111 1111 1000 0000 000O
= Full scale + 1 LSB - 49976 V 1111 1111 1110 0000 0000 0O0O0O 0000 0000 0001
.—Fullmale - 5.0000 V 1111 1111 1111 0000 0000 0O0OCO

sponds to +4.9976 v while all-1s corresponds to -5 V.
Thus the codes in column I and 3 are simply the logic
complements of one another.

The obvious way to go from one code to the other is
to add a logic inverter to each output line. This is rela-
tively inexpensive, requiring only two hex inverters for
12 output data lines, but it may often be quite incon-
venient because 12 data lines must be connected to 12
dual in-line pins on a circuit board. And if the data out-
put from the converter is tri-state, two strobe connec-
tions must be handled in addition to the data lines.

For bipolar operation, the inverting-op-amp method
requires connection to only one pin of the a-d converter,
the analog input. The gain of the inverting amplifier
must be set close to -1, although small variations can be
taken care of by the a-d converter gain adjustment. The
circuit of Fig. 1 shows a fast integrated-circuit op amp
connected to the input of a fast hybrid 12-bit a-d con-
verter. After the amplifier is connected, the converter is
calibrated for offset and gain, as is normally done for
the coding of a bipolar signal (i.e., offset binary coding).
Because the ADC-HY12BC converter normally has
complementary offset binary coding, use of the invert-
ing amplifier in this case results in offset binary coding.

The table shows how the coding transformation
works. Starting with the complementary offset binary
coding in column 1, inversion of the analog input in ef-
fect rotates the coding about the analog 0 axis, as shown
in column 2. Now, column 2 is almost identical with col-
umn 3, except that column 2 is | LSB higher in analog
value than column 3. In other words, 00 . . . O in col-
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umn 2 corresponds to minus full scale plus 1 LSB, while
00 . . .0 in column 3 corresponds to minus full scale.
But this difference in analog value is easily taken care of
by the offset adjustment of the a-d converter.

The technique works in both directions, from offset
binary to complementary offset binary or the reverse. It
also works between two’s-complement coding, in which
the most significant bit is complemented from its value
in offset binary coding, and complementary two’s-com-
plement coding. (Most newer modular or hybrid a-d
converters have an output that is the complement of the
MSB output for use in two’s complement output coding.)

In applications of the op-amp inversion technique,
the settling time of the inverting amplifier must be
added to the conversion time of the a-d converter. In
the circuit shown, the settling time of the AM-452 am-
plifier is 3 microseconds to 0.01%. Added to the 8-ps
conversion time of the ADC-HY 12BC, this gives a total
conversion time of 11 ps.

The conversion technique is useful in interfacing a-d
converters to microprocessors, minicomputers, or other
digital-input devices. Most of the earlier modular a-d
converters used uncomplemented coding, but many of
the newer converters, such as the new low-priced hybrid
units, use complementary coding. The change derives
from the popularity of the quad current switch tech-
nique and the use of a monolithic successive-approx-
imation register inside the converters. O




DAC differential linearity:
it makes a difference

by Ron Gadway
Burr-Brown Research Corp., Tucson, Ariz.

Though digital-to-analog converters are frequently
found in CRT displays or in digital plotting systems, it’s
not as frequently realized that a specification called dif-
ferential linearity can significantly affect the converter’s
output and the resulting display presentation.

In a d-a converter, linearity error is usually called out
as *% the least significant bit (LSB). There are two ways
in which it is often defined: either as a straight line
drawn between the end points or as a best-fit straight
line drawn between all codes. In either case, linearity er-
ror means that the actual output voltage will not vary
from the ideal output by more than *% LSB.

But don’t count on this specification alone to take
care of linearity problems. If a d-a converter is linear to
+% LsB, as shown in Fig. 1, its differential linearity can
still vary by as much as 2 LsB from one successive dig-
ital input code to the next. Differential linearity can be
thought of as the maximum or minimum increment in
the converter’s analog output for a change between two
successive digital input codes (for example, from
1101100 to 1101101).

Figure 2 shows the outputs of two different d-a con-
verters, one having an unspecified differential linearity
and the other having a specified differential linearity.
Both graphs represent the vector form of the monotonic
output that is produced in response to an increasing
digital input code. Although both outputs are linear to

+1% LsB, only the converter with a specified differential
linearity of +% LSB confines all possible linearity errors
to +% LSB.

In a CRT display application, the imperfections in the
output of the converter having an unspecified differ-
ential linearity will be visible and, most likely, intoler-
able. Therefore, when choosing a d-a converter for a
display, be sure its differential linearity is specified and
meets design requirements.
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Economical approaches
to 16-bit d-a conversion

by David Atkins
Hybrid Systems Corp., Burlington, Mass.

Though modular digital-to-analog converters (DACS),
are constantly improving in performance, they have not
been able to keep up with digital processors in provid-
ing extended resolution and accuracy at a reasonable
price. In some applications, users are forced to spend
$400 to $500 for high-resolution DACs with an accuracy
good enough for 16-bit computers. However, in many
other applications, users can take advantage of lower-
priced, less sophisticated converters, which are not only
readily available, but also can be made compatible with
16-bit machines.

The ultimate in modular DAC accuracy is represented
by the large, slow, and expensive 16-bit converter hav-
ing a relative accuracy of % to *1 least significant bit
(LSB). A converter’s relative accuracy is the total error
produced by the unit after its offset and scale factors
have been adjusted perfectly. Relative accuracy may
also be thought of as end-point linearity, since this
linearity represents the deviation of the DAC’s transfer
function from an ideal straight line drawn through the
zero and full-scale end points of the converter’s analog
output.

When mated with a 16-bit digital processor, a high-
accuracy 16-bit DAC will contribute an error to the sys-
tem equal to its relative accuracy. However, this error is
not the only one that exists in the system, since there
must also be a quantization error of *% LSB (in 16 bits)
inherent in the digital word supplied to the converter.
The total error in converting to an analog voltage, then,
is the sum of the +%-LSB quantization error and the
relative error of the DAC, making the total peak system
error equal to £0.0015%.

But a DAC user with a 16-bit processor will only rarely

need this kind of accuracy at a price of $500. He can get
adequate accuracy by going to alternate, less expensive
approaches. The table summarizes four other methods
of converting digital information from a 16-bit source
into an analog signal with good accuracy and at rela-
tively low cost.

The first method involves a simple, but cost-effective,
modification to the high-performance approach just de-
scribed—buy a 16-bit DAC with a poorer accuracy speci-
fication. Most manufacturers of high-performance 16-
bit d-a converters offer the identical model with a rela-
tive accuracy of 14 or 15 bits (an error of 2 LsBs in 16
bits) at a price reduction of 15% to 25%. The resulting
system error will then be a *'4-LSB quantization error
plus a *2-LSB analog error, or a peak output error of
*214 LsBs (in 16 bits). Of course, the other disadvantages
of the high-performance DAC, namely slow speed and
large size, still remain.

A second, more drastic, alternative is to change the
very nature of the DAC. Just because the digital word is
16 bits is no reason to force the DAC to be 16 bits. A 12-
bit DAC, which is both small and fast, can be used in-
stead, but the user must then decide what to do with the
four LsBs that have no connection to the 12-bit DAC.
One possible solution is to simply drop them (this is
called truncation). A second solution is to use the 4 LSBs
to correct the digital number to the nearest 12 bits (this
is called rounding off).

Rounding off to 12 bits is equivalent to quantizing to
12 bits, so that the digital quantization error becomes
+% LsB in 16 bits plus *'4 LSB in 12 bits, or 20.00075%
+ 10.012%. In addition, a typical 12-bit DAC has a rela-
tive accuracy of % LsB in 12 bits, or £0.012%. There-
fore, when a 12-bit DAC is used with round off, the total
output error for the system becomes t% LSB in 16 bits
plus % LsB in 12 bits plus £% LSB in 12 bits, or
$0.00075% + +0.012% + 0.012% = +0.025%.

This approach produces more error than the previous
two methods, but it costs much less, even though it does
involve an extra processing step or additional hardware.
The operation can be performed with a string of three
4-bit adders or a slower and less costly analog approach

ERROR COMPARISON FOR 16BIT D A CONVERSION
ERROR OF ERROR OF ERROR OF TOTAL PEAK
METHOD DIGITAL PROCESS INTERMEDIATE D-A SYSTEM
{FROM COMPUTER) PROCESS CONVERTER ERROR
HIGH-ACCURACY +% LSB IN 16 BITS +% LSB IN 16 BITS + 1188
16-81T DAC OR _— OR 0R
(COST = $500) +0.00075% + 0.00075% +0.0015%
LOWER-ACCURACY +% LS8 IN 16 BITS +2 LSBs IN 16 BITS + 2% LSBs
16-8IT DAC 0R i OR OR
(COST = $400) +0.00075% + 0.003% +0.00375%
12-BIT DAC +% LSB IN 16 BITS ROUND OFF +%LSB IN 12 BITS
WITH ROUND OFF OR (FROM 16 TO 12 BITS) 0R +0.025%
{COST = $75) +0.00075% +% LSB IN 12 BITS OR £ 0.012% +0.012%
12-817 DAC +% LSB IN 16 BITS TRUNCATION +% LSB IN 12 BITS
WITH TRUNCATION OR (DROP 4 LSBs) OR +0.013%,
(COST = $75) + 0.00075% +0LSB, —1LSBIN 12 BITS +0.012% -0.037%
OR + 0%, — 0.012%
16-BIT DAC WITH +% LSB IN 16 BITS
12-BIT ACCURACY OR —_— +0.01% +0.01075%
(COST = $75) + 0.00075%
DAC = DIGITAL-TO-ANALOG CONVERTER LSB = LEAST SIGNIFICANT BIT




can be used instead. Since rounding off requires that
1 LsB (in 12 bits) be added to the DAC input any time
the 2-13th bit is true, an analog voltage equivalent to
1 LsB can be added to the DAC output each time the
2-13th bit is logic 1.

Truncation is similar to rounding off, but it has a
somewhat different error pattern. Since the unused bits
are simply dropped in truncation, no additional hard-
ware is involved. However, truncation also means that
the 12-bit representation of a 16-bit quantity may be in
error by -1 LsB (in 12 bits), or -0.024%. If the error were
centered by adding % LSB (in 12 bits) and then truncat-
ing, the resuiting error would be *0.012%, which is
equivalent to the error obtained when round off is used.
However, this addition would force the DAC’s zero and

full-scale end points to be in error, and the converte:
would be difficult to calibrate.

The fourth method of mating a d-a converter to a 16
bit processor at reasonable cost lies somewhere betweer
the other approaches. This method makes use of a DAC
having a relative accuracy of 12 bits but a resolution o!
16 bits, like the model DAC328 made by Hybrid Sys
tems Corp. With such a converter, the user can preserve
the low digital error from the computer, while obtaining
an analog accuracy of +0.01%, which is consistent witt
the accuracy of a regular 12-bit DAC. The system erroi
again is the sum of the digital error (+0.00075%) and the
converter error (£0.01%), for a total peak error ol
+0.01075%. Further, it costs no more to use this higher-
accuracy approach than to use a regular 12-bit DAC. [

IC timer converts
temperature to frequency

by Donald DeKold
Santa Fe Community College, Gainesville, Fia.

When wired as an astable multivibrator, the 555-type IC
timer may be used to generate a square-wave output
voltage whose frequency has a one-to-one correspon-
dence with temperature. A negative-temperature-coeffi-
cient thermistor is used in the IC’s charging network.

The circuit’s output frequency varies in a nearly
linear manner from 38 to 114 hertz as temperature
changes from 37°F to 115°F. At no point in this tem-
perature range does the frequency count differ by more
than *1 Hz from the corresponding temperature. Due to
the small parts count, low cost (about $3), and low
power requirements (9.3 milliamperes at 10 volts dc),
this temperature-to-frequency converter makes an inex-
pensive temperature transducer that can be used for
telemetry applications.

The conventional astable configuration for the 555-
type timer employs two fixed resistors. In place of one
of these, the converter circuit uses a thermistor/resistor
series combination. The other fixed resistor is replaced
by transistor Q;, which is turned on during the charging
interval and off during the discharging interval. This
transistor’s near-zero on-resistance and very large off-
resistance result in equal charge and discharge intervals
that depend on only Rr and Rg. Operating frequency
can then be given by:

f = 1/[2(Rr+Rg)C In(2)]
or:

= k/(RT +RR)

Frequency variation with temperature, therefore, is
similar to the voltage variation of a thermistor/resistor
divider network. (This type of divider is often used in a
bridge arrangement to produce a linearized voltage out-
put with temperature.) The divider’s output voltage can
be expressed as:

Vour = [Rr/(Rgr +Rr)]Vs
Since the denominators of this equation and the fre.
quency equation are the same, the frequency/tempera-
ture relationship of the converter circuit will have the
same shape and degree of linearity as that of the voltage
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Temperature transducer. A couple of transistors and a thermistor in the charging network of the 555-type timer enable this device to sense
temperature and produce a corresponding frequency output. The circuit is accurate to within +1 hertz over a 78°F temperature range.
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output of a conventional thermistor/resistor divider.

When a thermistor having an R, value of 5,000 ohms
at 25°C and a resistance ratio of 9.06:1 over the tem-
perature range of 0°C to 50°C is used, the converter cir-
cuit produces a linearity error of less than *1° over a
78°F range. The figure contains a plot of this tempera-
ture/frequency performance.

It is purely coincidental that the frequency count of
the circuit is the same as the useful fahrenheit tempera-
ture range (37°F to 115°F) for which the circuit is nomi-
nally designed. In general, the frequency will be linear
with respect to temperature in any interval of interest,

but the frequency count will probably be different from
the absolute value of the temperature being sensed.

To minimize circuit error, it may be necessary to use
temperature-stable polycarbonate capacitors. For this
circuit, off-the-shelf capacitors having nominal +5% tol-
erances were employed, with the final capacitance being
a number of parallel capacitors hand-selected to give
the correct frequency count at a given temperature.

The IC timer itself contributes negligible error to the
frequency output over temperature. Without adequate
power-supply bypassing, the circuit is somewhat sensi-
tive to supply-voltage variations. O

Time-delay sampling simplifies
settling-time measurements

by Robert E. Gagnon
Raytheon Co., Sudbury, Mass.

Problems arise when the settling time of large-magni-
tude nanosecond step functions has to be measured to
within *1 millivolt, regardless of the driving source. A
differential comparator amplifier plug-in for commer-
cially available oscilloscopes can measure settling time
directly, but the scope’s overload-recovery capability

limits resolution to microseconds. This method falls
short when faster settling times must be measured, be-
cause the scope may be showing its own settling time,
rather than that of the device under test.

One way around these problems is to use a time-
delayed sampling technique that effectively “freezes”
the waveform to be measured. This allows viewing any
portion of the waveform with the oscilloscope on a
repetitive basis and measuring the settling time by sim-
ply using the scope delay and a dc voltmeter. Although
a digital type can be used, a differential voltmeter gives
more accurate results.

To measure the settling time of a digital-to-analog
converter, the DAC under test is cycled periodically be-
tween the voltage levels; the level of interest is then

Measuring settling times with good resolution and accuracy requires a fast one-shot and a sample-and-hold with small aperture time.

|
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sampled at the same rate, but with a fixed amount of
delay (provided by the scope). The resultant output of
the sample-and-hold circuit is a dc level equal to the
amplitude of the step at that point in time. When the
amount of delay is varied, the meter, having been ze-
roed at the level of interest, will move back and.forth
around zero, in effect tracing the DAC’s settling-time
waveform.

The timing and cyclic logic circuits are set so that the
DAC’s output alternates between the two levels at which
settling-time measurements are to be made. The cycling
period should be at least 10 times longer than the DAC’s
expected settling time. This assures that the DAC output
will have completely settled at the final value before the
testing sequence is repeated.

The oscilloscope used to view the waveform is set for
“A-intensified-by-B” operation; the B sweep is triggered
by the timing circuitry after a fixed amount of delay,
controlled by the scope. What is seen on the scope is a
source wave with a small spot or section of it intensified.
The scope delay is then adjusted so that the intensified
spot is positioned almost at the final-voltage level end of
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Settling-time characteristics of a typical waveform.

the waveform. The dc differential voltmeter is then ze-
roed at that level, and the scale set to handle the value
of settling-time voltage tolerance. The scope delay is
then reduced until the voltmeter reading deviates from
the zero setting by an amount equal to the settling-time
voltage tolerance. This value of delay is recorded. The
amount of delay is further reduced (with an appropriate
increase of voltmeter scale to avoid pegging the meter)
until the intensified spot is at a level equal to the initial
voltage level plus 10% of the total change in voltage be-
tween the initial and final voltage step. This can be
done with good accuracy by observing the wave-form.

Measurement resolution and accuracy depend on the
minimum width of the sampling pulse. This is deter-
mined by the output pulse width of the one-shot and
the aperture time of the sample-and-hold circuit. To
handle very fast settling-time measurements, an ECL
one-shot can be substituted for the SN74121 (which is
capable of providing 40-nanosecond pulses).

As long as the delay of the scope + B gate remains
constant, the sample-and-hold circuit samples only a dc
level. Switching transients are minimized by a simple
RC filter. |
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Precision sample-and-hold
stores voltage for a week

by B. K. Lunde and F. A. Schmidt

lowa State University. Ames, lowa

A voltage can be sampled and held for a week or more
with at least 99.9% precision by an analog-to-digital
converter followed by a digital-to-analog converter. The
a-d converter is triggered when the voltage is to be sam-
pled, and its output is used by a d-a converter to set a
programable power supply. The supply then continues
to furnish that voltage for as long as desired.

This circuit is useful in automating the electrotrans-
port process for purifying metals. In this process, a di-
rect current passes through a metal rod, heating it by in-
ternal resistance and producing charge carriers that
sweep impurities along with them to one end of the rod.
The current necessary to reach a specific temperature is
known at the beginning of the run, and the voltage nec-
essary to provide this current should be held for the re-
mainder of the run.

The circuit to do this is shown in the figure. The
timer, a spring-driven or motor-driven clock mechanism
to control some switches, first connects the current con-
trol of the power supply to R, which holds the current
at the desired level of 86.5 amperes. An override con-
stant-voltage control is also used to put an upper limit
on the output voltage of the supply during this time.

After three minutes, when the sample has reached a
stable condition at about 1,600°C, the a-d converter is
triggered to read the voltage across the rod. This voltage

is about 3.1 volts for a rod resistance of 0.037 ohm. The
signals from the a-d converter are fed into a d-a con-
verter, and, after the conversion is complete, the timer
applies the output of the d-a converter to the power
supply. This commands the supply to furnish the same
voltage it was applying at the time of the trigger. The
inverting amplifier is necessary in the system to correct
the polarity, because a control voltage of about -2 v is
applied to the supply to provide a +3.1-V output. For
safety of the sample rod, the timer switches the current
control resistor to Rz, somewhat larger than R;, which
puts an upper limit on the current supplied.

This program of applying a chosen current and then
continuing to furnish the voltage which that current re-
quires is necessary because purification is optimum at a
particular temperature. The most accurate automatic
way of attaining this temperature is to apply a specified
current. The diameter, resistivity, and emissivity of sep-
arate samples of metal vary less from one to another
than the resistance of the assembly, which includes
adaptors and vacuum feed-throughs. It is therefore nec-
essary to specify the current, rather than the voltage, at
the start of the purification experiment. However, it is
desirable to keep the voltage, rather than the current,
constant for the remainder of the run, because, as puri-
fication continues, the sample deforms and the resist-
ance rises. If constant current were applied, the in-
creased resistance would cause enough of an increase in
power and temperature to melt the metal and end the
run prematurely.

The circuit shown holds the voltage across the metal
rod constant and equal to that required for a specified
current at the beginning of the experiment. This voltage
is held for the remainder of the run, about a week, by
the digital number stored in the d-a converter. O

Holds the voltage. A-d and d-a converters
sample and hold a voltage for a week at a 3
time. Timer triggers a-d converter to mea- TIMER %BAL
sure voltage, and d-a converts it back to 7;5‘:{;“ L T0 BE
analog signal that controls output voltage of ) PURIFIED
power supply. This control signal can be ol .
held indefinitely, stored as a precise digital 2 @ ol i
number. Entire process of purifying metal INPUT
i i VOLTAGE-
rod is started by timer. CONTROL
INPUT
PROGRAMABLE
DC POWER SUPPLY
\ ELECTRONIC .
A MEASUREMENTS
TRIGGER ] D-A SCR 10-500
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Inductor simplifies
memory-driver circuit

by Robert Johnson, Paul Feldman, and Edwin Fisher
Honeywel! Information Systems, Billerica, Mass.

Designing memory systems with 4,096-bit n-channel
random-access memories poses a number of problems
with the associated interface circuitry. But a small in-
ductance can at least eliminate the headache of having
an extra power supply in the memory driver.

While most of such RAMs on the market today have
inputs—all addresses, data-in, chip-select, and
read/write—that are compatible with transistor-transis-
tor logic, the clock or chip-enable clock input requires 0
to 12 volts for proper memory operation. Of particular
concern is the memory’s clock input, where a minimum
high level of 11.4 v is required.

A common totem-pole output driver circuit—similar
to the SN75365 or MC3960 initially used with p-chan-
nel RAMs—tied to a number of n-channel-RAM clock in-
puts, is shown in (a). Capacitive loading is typically 390
picofarads per clock driver. When V2 = V3 = Vpp, the
outputs appear degraded, and Vou = Vpp - 1 V at Ion
= 50 pA. Increasing V3 to Vpp + 3 vV changes the out-
put to a more acceptable level, normally Vpp - 0.3 v at
Ion = 100 pA,

However, in n-channel systems, the values of Vpp
and Vcc are usually 12 v and 5 v, respectively. If the
method of increasing V3 is used, Vpp must be raised to
15 v for V3 and then dropped back down to 12 V for V2
and other parts in the system to generate a separate
supply voltage on each array card. The alternative is for
a separate supply voltage to be bused in for V3. These
methods, while feasible, are not very practical because
of increased power consumption and cost.

A way to provide the correct output levels for both
chip and driver with only a +12 Vv supply is to place an
inductor from V3 to Vz. The inductor overcomes the
drawbacks of operating with V3 = V: without adding a
supply greater than Vpp to the system, as shown in (b).
The inductor provides an energy source in the form of a
voltage “kick” whenever the output totem pole is in a
transition state. The increased voltage on V3 supplies
the additional current needed as Eou: changes from low
to high, resulting in a smooth and uninterrupted transi-
tion to Vou.

A small value of L will not provide an adequate volt-
age increase at V3, while too large a value will not re-
cover fast enough at high repetition rates. Values be-
tween 36 and 100 microhenries work well at a pulse
width of 500 nanoseconds and repetition rates of 1 mi-
crosecond or less. a
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Extending the life
of digital recording heads

by Greg J. Ehalt and M. J. Grundtner
Nortronics Co., Minneapolis, Minn.

High-speed digital tape transports with tape speeds of
100 to 250 inches per second and rapid start-stop oper-
ation wear out conventional channel digital recording
heads much too fast. Generally made of aluminum with
Mumetal cores, these heads remain usable for only
about 2,000 hours. Their surface imperfections also tend
to accelerate tape wear, and the signal dropout that re-
sults from deposits of wear debris is very troublesome in
digital computer applications.

Worse still, today’s high-density data storage systems
make it necessary to minimize the space between head
and tape in order to maximize resolution. In commer-
cial systems (except those designed for air-film support),
this has meant living with continuous sliding contact be-
tween tape and head—and with the concomitant prob-
lems of excessive maintenance, a short and unpredic-
table life, and inaccurate data storage.

Analysis of tape microstructure and of worn com-
puter heads has shown that wear is essentially caused
by abrasion. Magnet tape is like superfine emery cloth,
the abrasive particles on its surface being 5 to 10 micro-
inches in diameter. When these come in contact with
the recorder head surface, they either cut into it, remov-
ing chips from it like a machine tool, or make shallow
furrows that may cause fatigue, localized corrosion and
microfracture. The rate of wear depends on the amount
of contact between tape and head surface, which in turn
depends partly on the degree of aerodynamic lift (air
bearing action) as the tape passes over the head and
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partly on the action of the individual magnetic particles,
as affected by binder and tape resilience, particle ang-
ularity, and surface plasticity.

Consequently, any factor that reduces abrasion by
magnetic particles will enhance head life. For instance,
surface chemical reactions producing thin organic or
oxide films on the head surface can buffer the contact
between magnetic particles on the tape surface and the
metal face of the head—but these films are regrettably
not controllable, and their origins poorly understood.
Again, as the abrasive medium and the material being
abraded approach each other in hardness, wear rate be-
comes negligible, and surface cutting no longer occurs.

With all these factors in mind, Nortronics investi-
gated numerous materials for digital head coatings. The
equation used for abrasive wear was V = KWL/3H,
where V = volume of material being removed, W =
load, L = distance slid, H = indentation hardness of
the softer material, and K = wear coefficient.

Several approaches were evaluated (Table 1) in terms
of gap erosion, core material cost, ease of manufac-
turing, core efficiencies, differential wear rates, head
life, crosstalk rejection, and basic wear capability.

Twelve of the hard-coat materials tested were charted
(Table 2) in terms of application method, porosity, ob-
tainable finish after grinding and lapping, and tape
wear. An aluminum oxide alloy applied by plasma
torch was selected for development of a LifeTime Ce-
ramic (LTC) head, because it had low porosity, good
hardness and surface finish, and caused no apparent
tape wear after 10,000 passes of dynamic testing,

The design adopted achieves long life by contouring
or relieving the face of the Mumetal magnetic core to
within 0.010 in. of the gap on either side. The non-
magnetic ceramic coating is then applied to the face of
the head to fill in the relieved areas, and the head is re-
contoured to the desired shape. The LTC coating is sig-
nificantly harder and more wear-resistant than the core
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HARD COAT MATERIALS AND PROZ=SSES
Finish (uin. AA)
. Application : :
Material Porosi Tape wear at 200 ips
method & After grinding with After
400 grit wheel lapping
Aluminum oxide Detonation gun 5—-6% 10 - 12 <=2 Pores fill with foreign matter
{Union Carbide and start tape wear.
type LA 1 or equiv.)
Tungsten carbide Detonation gun 4-5% 12-15 2-3 Pores fill with foreign matter
(Union Carbide and start tape wear.
type LW 1 or equiv.)
Tungsten carbide Detonation gun B—-1% 4-5 1-2 Small wear after 10,000 tape
{Union Carbide passes.
type LW 4 or equiv.)
Tungsten carbide Detonation gun 2-3% 10 - 12 1-2 Small wear after 10,000 tape
{Union Carbide passes.
type LW 5 or equiv.)
Aluminum oxide Oxyacetylene torch 15—-20% 45 — 50 30 - 35 Too rough for use.
{Coors type
Rokide A or equiv.}
Chrome oxide Oxyacetylene torch 15—-20% 45 - 50 30— 35 Too rough for use.
{Coors type
Rokide C or equiv.)
Chrome oxide Ptasma torch 10-15% 40 — 45 25 - 30 Too rough for use.
(Metco type 106 NS
or equiv.)
Chrome oxide Plasma torch 2-3% 10-14 ti=2 Small wear after 10,000 tape
{Union Carbide passes.
type LC 4 or equiv.)
Tungsten carbide Plasma torch 6-8% 10-15 2—-3 Slight marking of tape,
{Union Carbide probably due to porosity.
type LW 10 or equiv.)
Tungsten carbide Plasma torch 10-12% 10-15 6-8 Slight marking of tape,
{Metco type 72 F probably due to porosity.
or equiv.)
Hard chrome Electrolytic plating None =3 1-2 No apparent wear after
apparent (80 grit wheel) 10,000 tape passes.
Core efficiencies at
frequencies of e g =
]
] 2 2
8 § £ 33
Design approach = . i 3 g
§ = E 4 ~ ~ B - €S
= 8 - I I ':v ® 4 ]
g g 548 s s § N El Et
] & L2
g g i3 8 3 £ 3 g i3
Q o w Vi N [=] I o -~
Nortronics hard coat process Good Low Low Good Average Good Good Good, 10
shields
exposed
Ferrite cores Poor Medium Medium Average Good Poor Average Average, 6
Mumetal or shields
aluminum spacers wear below
ferrite
Ferrite cores and nonmagnetic Poor High High Average Good Good Good Average, 7
ferrite spacers shields
recessed
below spacer
Alfenol cores Good High High Average Average Average Average Good 3
Alfesil cores
Sendust cores
Alfenol-tipped cores Good High High Average Average Average Average Good 3
Alfesil-tipped cores
Sendust-tipped cores
Chrome-plated over Good Low High Good Average Good Good Good 8
Mumetal cores
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it surrounds. Because of the differential wear rate, the
height of the core relative to the ceramic rapidly stabi-
lizes at the level of the ceramic surface. With an ade-
quate tape wrap and tension, the tape bridges the core
area at the gap, riding primarily on the hard ceramic
surface. This provides a design whereby the actual head
wear—the pole pieces at the gap—is almost entirely de-
termined by the nonmagnetic surface of the head.

wears out—it has an operational life of perhaps 10 to 15
years. Yet a conventional all-metal digital head lasts
only two or three years. LTC not only should extend
head life ten times, but does not require any changes in
core or shield structure, so that electrical performance
remains unchanged. And for greater efficiency under
limiting conditions, the gap depth of an LTC head may
be reduced without shortening its life. Just as important,

The average digital drive becomes obsolete before it it eliminates expensive field maintenance. O
Listening to magnetic fields voLume
can be useful, as well as fun A%_r oo :Di]
AMPLIFIER

by Calvin R. Graf

Kelly Air Force Base, San Antonio, Texas LOUDSPEAKER
PROBE:
TELEPHONE
PICKUP COIL

Magnetic fields created by an alternating current are l—"l‘-—l

radiated by many electrical and electronic devices, in- 9-v BATTERY

cluding power transformers, motors, electronic wrist-
watches, pocket calculators, lamp dimmers, and electric
clocks. Listening to what these various devices sound
like in the audio-frequency range can be not only inter-
esting, but also quite useful.

With the simple sensing circuit drawn in the figure,
you can detect changing magnetic fields—even the field
created by the tuning-fork oscillations of an electronic
wristwatch powered by as little as 8 microwatts. The
telephone pickup coil functions as the circuit’s antenna,
the loudspeaker as its transducer, and the audio ampli-
fier, which can be of the transistor-radio variety (for
strong magnetic fields), as its receiver. The circuit’s
audio response for magnetic fields ranges from 40 hertz
to 10 kilohertz. All the parts are readily available and
will easily fit into a small hand-held case, loudspeaker
and all. And parts cost is low— only about $10.

What can you do with this magnetic-field sounder?
Well, in your home, you can locate electrical wiring in
walls to within a fraction of an inch. Or, you can find
buried water pipes, either copper or iron ones, to within
a few inches because there is a 60-hertz power fre-
quency induced into a buried water-pipe system.

You can also enjoy the musical sounds made by your
pocket calculator as you press its keys or when the unit
is computing, but yow’ll find it far more informative to
tune in your automobile. You can listen to: the high-
frequency whine of the alternator, the low-frequency
hum of the alternator field, the voltage regulator, the
distributor timing, the firing of an individual spark
plug, the dlick~click of the fuel gage and gas tank sensor,
the engine starter, the windshield-wiper motor, the air-
conditioner’s magnetic clutch or blower motor, and the
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Sounding out magnetic fields. Simple sensing circuit enables you
to eavesdrop on the interesting world of magnetic fieids. An ordinary
telephone pickup coil acts as the circuit’s probe, serving as the an-
tenna for the audio amplifier, which can be a garden-variety transis-
tor radio. You can listen to the sounds created by an automaobile, the
ac line in your home, and many other sources.

left-turn/right-turn directional signal flashers.

Here are a few more ideas. You can check the 30-
pulse-per-second vertical synchronization signal in your
television set, as well as locate and isolate fluorescent
light ballasts. And natural very-low-frequency emis-
sions caused by lightning and other phenomena make
for interesting listening, too—you’ll be able to hear all
sorts of clicks, pops, and tweets.

The magnetic field created by a small permanent
magnet can also be detected (heard) as the field is
moved back and forth across the sensor’s probe. Addi-
tionally, the circuit can be used to amplify both ends of
a telephone conversation by placing its probe near the
induction coil of the telephone receiver. Radiation from
nearby radar sets and microwave ovens can also be
picked up.

The magnetic-field sounder can even aid in determin-
ing the operating condition of an implanted cardiac
pacemaker. Better yet, it could prove very useful to the
wearer of a pacemaker by alerting him to the presence
of electromagnetic interference that might affect the im-
planted device adversely. O



DIP switches and diodes
form programable ROM

by Louis E. Frenzel
Heath Co., Benton Harbor, Mich.

Microprocessor-based equipment depends more on
software than on hardware for its operation, and there-
fore the design of such equipment consists largely of
program development. If the memory in which a pro-
gram is stored can be changed easily and quickly,
program writing and debugging are simplified. The pro-
gramable read-only memory described here speeds up
these program-development processes, and thus facil-
itates physical breadboarding with the microprocessor
in the initial stages of design.

The PROM shown in Fig. 1 is a switchable diode
matrix organized into 16 8-bit words. Each bit is imple-
mented with a single-pole, single-throw switch and a
diode. To simplify construction and minimize size, the
PROM uses the new 8-switch/16-pin dual in-line pack-
ages. Each DIP unit thus represents one 8-bit word.

Instruction words and data words are loaded into the

1. DiP-switch memory. Microprocessor programs can be tested
with read-only memory, consisting of eight-switch DIPs used as 8-bit
binary words. This memory, which is simple to set or change, can be
checked visually. Diodes in the ROM isolate words from one another.
The decoder connects the DIPs 1o the data bus.
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2. Example. This arrangement of a DIP-switch ROM with a 6800 mi-
croprocessor is used for the program shown in the accompanying
box. (Other microprocessors may have ditferent means for address
input.) Programs can be set up, tested, and modified more simply
with the switch memory than with integrated-circuit ROMs or RAMs.

memory by setting the switches; a closed switch pro-
duces a low (binary 0) output, while an open switch
generates a high (binary 1) output.

Instruction words are loaded into sequential memory
locations. Data words can be placed in any convenient
memory location that is available. If the DIP switches
are arranged in address sequence with the switch levers
properly oriented (up = 1, down = 0), the memory
contents can be determined at a glance. The ability to
see the memory content and to change it in seconds will
greatly expedite program development. It becomes pos-
sible to modify and debug a program in a fraction of
the time that would be required if a conventional ROM
or RAM were used.

The use of only 16 words may seem severely limiting
in a ROM, but it is usually more than adequate to test
and exercise a microprocessor. The memory is sufficient
to try all instructions and to test short subroutines. The
flexibility of being able to quickly and conveniently
change a program and to actually see the program
stored in memory makes it easy to design micro-
processor systems and to learn programing.

A 74154 TTL 1-0f-16 decoder is used to address the
memory words. The decoder input lines are connected
to the four lower-order bits of the microprocessor ad-
dress bus or data bus.

The box (top, right) shows a sample program using
DIP-switch ROM with a 6800 microprocessor, as in Fig. 2.
For this application the 16 switches are numbered con-
secutively in hexadecimal notation: 00, 01, 02 . . . 09,
0A, OB, . . . OF. The program contains five instruction
words and two data words. Three of the instructions
(LDAA, ADAA, and STAA) occupy two sequential 8-
bit locations. Instructions DAA and WAI each occupy a
single 8-bit location. The instruction words are loaded
into the first eight DIP switches because the micro-
processor operates on instructions sequentially. The two
data words can go into any of the eight remaining
switches; here the data words are put into the last two
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switches (OE and OF). The data stored for this example
are the numbers 48 and 37, which are set on the
switches as 0011 0000 and 0010 0101, respectively.

The program tells the microprocessor to do the fol-
lowing: first, load its accumulator register A with the
number stored at location OF; next, add the number at
location OE to the number in the accumulator, and store
the sum in A; finally, convert the binary number in A to
its decimal (BCD) equivalent, and store the decimal
number in location 1F. After it has completed all these
operations, the microprocessor is to await an interrupt
signal.

The instruction set provided by the manufacturer of
the 6800 shows how to set the ROM switches to deliver
these instructions to the microprocessor. The first in-
struction, designated LDAA, is set into switch 00 as
hexadecimal 96, which is binary 1001 0110. The second
half of this instruction is stored in switch 01, and gives
the location of the data to be loaded; that location is
hexadecimal OF, or 0000 1111. The next instruction,
ADDA, is found from the 6800 instruction set to be
hexadecimal 9B, or binary 1001 1011. The remaining
steps are similarly set into the DIP switches by use of the
6800 instruction set.

The result of adding 37 to 48 could be displayed by
an output device that showed the content of location
1F. It would show 85, because decimal notation was
specified. 0O

Fom limsvucton| - Gperaton | x| @iary

00 LDAA toad accumulator A

with the contents of 96 | 1001 0110
01 F memory location OF. OF | 0000 1111
02 ADDA Add contents of memory

location OE to the 98 | 1001 1011
03 E number in accumulator A

and store the sum in A, OE | 0000 1110
04 DAA Convert the binary number

in A into BCD. 19 | 0001 1001
05 STAA Store contents of accumu-

lator A in memory location 97 1001 0111
06 1F ) (3 1F | 0001 1111
07 WAI Wait for interrupt. 3E | 0011 1110
08
09
0A
0B
oc
0D
OE 48 Data 30 | 0011 0000
OF 37 Data 25 | 0010 0101

Computer program reduces
fusible-PROM errors

by Shlomo Waser
Monolithic Memories Inc., Sunnyvale, Caiil.

A brief computer program written in Basic saves time
and minimizes errors in the fuse-blowing process used
to store information in a programable read-only
memory. The procedure for programing a PROM em-
ploys momentary current pulses to selectively open fu-
sible links between diodes and the internal memory ar-
ray. Thereafter, whenever an input address selects a bit
with an open fuse, the output voltage is low (0 to 0.4
volt). When a bit with an unblown fuse is selected, the
voltage is high (2.4 V).

The machine used to blow these fuses selectively is
called a PROM programer, which usually has two oper-
ating modes—manual and automatic. Using the manual
mode entails a three-step operation after the machine
has been attached to the PROM:

» The address word is set on the address-line dials.
= The output word to be stored at that address is set on
the output-line dials.
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® A button is pushed to make the machine blow the
fuses that store the output word in memory.

For example, if the PROM is required to have an out-
put of 0110 when location 8 is addressed, the operator
sets the address dial to 1000, sets the output dials to
0110, and pushes the “blow fuses” button. Then he re-
peats the three steps to store the next memory word in
location 9, and so forth.

Because use of the manual mode for PROMs contain-
ing more than 21,048 bits is tedious and highly suscep-
tible to human errors, it is desirable to use the auto-
matic mode whenever possible. The automatic mode is
typically interfaced to a paper-tape reader, which reads
in the tape containing the information to be stored. The
paper tape, which goes through all of the addresses in
order, applies the output word and blows the fuse for
each, at high speed.

Manufacturers who provide PROMs that are pro-
gramed from input information on a paper tape specify
the format to be used. Monolithic Memories specifies
the tape format shown in Fig. 1. The letter S indicates
the start of the storage-instruction data, and the letter E
indicates the end of the whole procedure. The data is di-
vided into fields (the output words). Each output word
is preceded by the letter B for begin and is followed by
the letter F for finish. The actual data to be programed
is either H for high voltage or L for low voltage. The use



“FOR EIGHT QUTPUT DEVICES, THE FORMAT IS 050,040504050,0,

ADDRESS Ag 1 |— Vee SUPPLY VOLTAGE START OF TAPE
ADDRESS Ag 2 — A; ADDRESS
ADDRESS Ay —3 — E; ENABLE BEGIN DATA FIELD
ADDRESS A;—] 4 — E, ENABLE and PROGRAM PIN DATA FIELD (H = HIGH VOLTAGE, L = LOW) END OF TAPE
ADDRESS Ao —1§ i L FINISHED DATA FIELD
ADDRESS A, 6 — 0, OUTPUT
ADDRESS A, —{7 0, OUTPUT
GROUND GND—{8 — 0, OUTPUT eer
04 03 02 01
WORD 0 WORD 1 WORD 2 R 32
256, ETC.)

1. Tape format. Automatic Monolithic Memories PROM programer is fed by a punched paper tape that gives the desired output word for
each input address in sequence. In this tape format, H and L are used instead of 1 and 0 to avoid ambiguity of positive or negative logic.

7447
DRIVER
ADDRESS WORD
(FROM DIGITAL
TIMING-TEST
CIRCUIT)
7447
DRIVER

2. PROM at work. The PROM converts the output from the digital tester into a form suitable for input to the display driver. Text describes
how to generate a tape for programing the PROM automatically. Note that output is in BCD to drive the two seven-segment displays.

. f - 8 S
123 iﬁ?ﬁggnp$92fk E00000101F BLLLLLHLHF
120 OPEN /FILE/,QUTPUT,1 BO0O01000F BLLLLHLLLF
130 J="" ‘B’ 8W "F'/''! OUTPUT FORMAT K0O0010001F BLLLHLLLHF
140 WRITE ON 1:°°'S’''ISTART OF DATA ROOG010100F BLLLHLHLLF
150 FOR I=0 TO 31!START OF LOOP CALCULATIONS
160 T=5+(I%3) I1CALCULATE DECIMAL VALUE ' ‘
170 K=T/10 '
180 B=T+(K%x6)! CONVERT IT TO ECD :
190 WRITE ON 1 IN FORM J:R!OUTPUT TO A FILE .
200 NEXTY I
210 WRITE ON 1:°'°'E‘"1END OF DATA R10001001F BHLLLHLLHF
220 CLOSE 1 R10010010F BHLLHLLHLF
230 END B10010101F RFHLLHLHLHF
B10011000F BHLLHHLLLF
E E
3. Basic program. This little computer program, written in Basic, ( .
calculates the output data to be stored in the memory, which is given a) (b}
by the equation T = 5 + (3 X I), where | is the address location.

Results are converted into the format required by the automatic
PROM programing machine. Line 180 converts the representation to
BCD code; thus, 98 is 1001 1000 {i.e., the first 4 bits are the 9, and
the second 4 bits are the 8).

of H and L avoids the possibility of confusion resulting
from using 1 and 0, which have different meanings in
positive and negative logic.

The program is punched on the paper tape by the
teletypewriter interface from the computer that pre-
pares the program for the PROM. The complete proce-
dure for generating the program and tape is illustrated
by the following example:

Figure 2 shows a PROM used to translate timing infor-
mation from a digital testing circuit into a 2-digit
binary-coded-decimal output to drive a display. The pa-

4. Output. The output file, (a) above, is from the Basic program,
while (b) in the format of Fig. 1 is obtained from (a) by use of the text
editor. Each of the 32 data words represents two binary-code-dec:-
mal digits: the first word is 05, and the last word is 98.

rameter measured by the tester is a time, which is quan-
tized in 3-nanosecond steps from 5 to 98 ns. Therefore,
the 32 possible outputs from the PROM are BCD codes
for 5, 8,11. . . 95, 98. The outputs for successive inputs
(addresses)0, 1,. . .31 are:

T=5+3x1)I=012. .31

Once a functional relationship like this is established,
it is an easy matter to convert it to a program. The Basic
program in Fig. 3 executes the above equation in a loop
controlled by I, the address; it converts the results into
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BCD form, and it files the conversion in a binary format

stitute H for 1 and L for 0. The edited file, shown in Fig.

with control characters S, B, F, and E as shown in Fig. 4b, is punched on the paper tape, which then is used to

4a. This file is then edited by a text-edit routine to sub-

Reducing the power drain of
semiconductor static RAMs

by B.W. Martin and J.A. Roberts
Microsystems International Ltd., Ottawa, Canada

A semiconductor memory requires continuous power to
preserve the integrity of stored data while the memory
is in its standby storage mode. By pulsing the power
supply, the memory’s power drain can be reduced con-
siderably. This approach is particularly advantageous
for static memories because their normally low power
drain can be made even smaller. Most of the power sup-
plied to a static memory is consumed in its storage array
and not in its decoders or read/write circuitry.

As an example, let’s develop a low-drain standby-
power circuit for the widely used type-2102 n-channel
static random-access memory. This device is a 1,024-by-
1-bit array that typically consumes 150 microwatts per
bit. Because most of the power supplied to this RAM is
needed by its storage circuitry, techniques that simply
switch off the power to its peripheral circuitry are of
little use.

As shown in Fig. 1, the RAM’s basic storage cell is a
bistable flip-flop that has a dc path to ground on one
side. To reduce standby power, the current consumed in

control the PROM programing machine. O
Tox
Vee DECODER
| L i
-E —L Vn JL 2
<
[=] =
g &
0 on ] [ o t06m
Vss

1. Memory storage cell. Basic storage cell of n-channel static RAM
is a bistable flip-flop. Node voltage Vy must be greater than the
threshold of transistor Q, to prevent loss of data. When there is no
standby power, leakage current causes voltage Vy to decrease.

this path must be minimized while still maintaining
data integrity.

Because leakage current increases with rising tem-
perature, data integrity is most severely threatened at
elevated temperatures. During the off-time of a power
pulse, node voltage Vn decreases due to leakage cur-
rent, particularly leakage from the node to the sub-
strate. If this node voltage approaches or falls below the

ADDAESSES Ve ADDAESSES
LOWER ADDRESSES: A0 TO A9 TO ALL DEVI
gy ) A0 0 ALL DEVICES S y
ce1 - : . T b_:_m_(j_— cer
D | aw1 'ﬁm_ LL T 1 £ ]
cE2 — — I g
ces 1 T ] + g
< _ I 3 _
e ' : . e =l
' AWe | RAM] | RAM[-¢ "_“m’ ‘ —4—¢
. l:
CES > b . 1 T oo
ces T 1 1 W b—k-w-@:— ces
oo CoHy  Hom .
READ/WRITE N outT N ouT N ouT I out CeiL o
DATATlNES RAMs: TYPE 2102

2. Minimizing standby-power drain. Pulsing standby power for memory array maintains data integrity while significantly decreasing power
consumption. To reduce noise pickup on the pulsed power line, the switching transistors are mounted on the same board as the memories.
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threshold voltage of transistor Q,, the data is lost.

When supply voltage Vcc is 4.75 volts, data integrity
can be maintained if the on-time of Vcc is 5 micro-
seconds and the off-time is 145 ps. At room tempera-
ture, the RAM will draw a typical current of 1.1 milliam-
peres, which represents a power consumption of only
5.2 milliwatts and a power reduction of 96%.

If Ve is decreased to 3.5 v, with an on-time of 10 ps
and an off-time of 70 ps, the integrity of the data can
still be maintained. Now, the average current drawn at
room temperature is 1.5 mA, the power consumed is
5.25 mw, and the power reduction is still 96%. This lat-
ter approach is useful in emergency situations because it
permits a lower standby battery voltage to be used.

In many systems, decoupling capacitors are con-
nected across the memory power rail to reduce noise.
While this is acceptable when the rail voltage is not
pulsed, certain factors should be considered when deal-
ing with a pulsed rail supply.

In the standby mode, the magnitude of the supply-
voltage pulse height and pulse width are critical. A typi-
cal type-2102 RAM has a maximum capacitance of 500
picofarads from the Vcc supply line to ground. The ad-
dition of decoupling capacitors on the order of 0.01 mi-
crofarad could increase the power-rail capacitance to
such an extent that the pulsed power supply cannot
drive the load fast enough to reach the required voltage
in the time allowed by the input pulse.

A practical solution is to mount the switching transis-

tors that are used to get the pulsed power on the sam«
board as the memory; this reduces noise pickup on the
pulsed line. To reduce noise, decoupling capacitors car
be mounted on the unswitched side of the switchin;
transistors, where the Vcc supply voltage remains con
stant.

A typical standby power system for a 6,144-by-4-bi
memory array is shown in Fig. 2. The CE1 through CE¢
inputs are the higher address lines that select the majo:
array row desired. (A major row is selected when a CE
line is logic 0.) Since all other rows are deselected, the
read/write lines to these minor rows are in a read mods
(logic 1). The CE lines also control the Vcc supply
the over-all array so that only the unselected rows are
pulsed at the required duty rate. The lower addres:
lines, AO through A9, run to all the memories in the ar
ray. Therefore, when a particular row is being ad
dressed, the same address will appear at all unselectec
rows. (A changing address has little effect on the powe
consumption of a type-2102 RAM.)

The duty cycles suggested here for the pulsed standby
power are the minimum allowable if the memory is tc
operate over a temperature range of 25°C to 70°C. Ever
shorter duty cycles can be used if the memory is not ex-
pected to encounter high ambient operating tempera:
tures. And if complementary-MOS devices are employec
for the logic gates, additional power savings can be real
ized. Naturally, the duty cycles selected should be ap-
propriate for the specific devices being used. C
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22. Generating wave shapes to order

Approximating waveforms
with exponential functions

by Robert G. Durnal
Systems Development Division, Westinghouse Electric Corp., Baltimore, Md.

Many engineering applications require generating a
waveform that matches a characteristic curve of some
device or physical law. Some examples of such wave-
forms are hyperbolic ground-range radar sweeps, fast
automatic-gain-control functions, and automatic light-

TABLE |: EREOR /N FIEST APPROX 1marIoN

level compensation waveforms for television cameras.
The most useful and easily generated waveform for ap-
proximating such functions is the decaying exponential.
And using the graphical exponential approximation
technique demonstrated here permits an accurate fitted
curve to be obtained in less than two hours.

To illustrate the technique, an approximation will be
developed for a typical waveform—a logarithmic volt-
age function that must be generated to compensate a
particular process. The function is:

V=2 lOglo(tmax/t)

Voltage V must be accurate to within 0.05 volt for val-
ues of time t between tmax and 0.25% of tmax. The curve
should be plotted on semilogarithmic graph paper be-

TABLE 2.: EERDR /N SECONDL APPRIXMA T7ON

o Translated First Difference o Translated Sic.t:'r‘l:!‘. Difference
t approximation error t curve approximation error
max o i ) e v) V) V)
0.05 3.002 2.384 0.618 0.005 5.002 4.233 0.769
0.1 2.40 2.162 0.238 0.01 4.400 4.053 0.347
0.2 1.798 1.777 0.021 0.02 3.798 3.735 0.063
0.3 1.446 1.460 0.015 0.03 3.446 3.468 -0.022
0.4 1.196 1.200 0.005 0.04 3.196 3.240 —0.045
0.5 1.002 0.987 0.015 0.05 3.002 3.047 —0.045
0.6 0.844 0.811 0.033 0.06 2.844 2.880 —-0.037
0.7 0.710 0.667 0.043 0.07 2.710 2.737 -0.027
0.8 0.594 0.648 0.046 0.08 2.594 2612 -0.018
0.9 0.492 0.450 0.041 0.09 2.492 2.502 -0.011
1.0 0.400 0.370 0.030 0.1 2.400 2.405 —0.005
[
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cause the decaying exponental, the function to be used
to approximate voltage V, can then be drawn as a
straight line.

Voltage V is plotted as a solid black curve in Graph 1.
It can be seen by inspection that this curve is inflected—
the direction of curvature reverses at the midpoint. In-
flected curves are difficult to generate with a series of
straight-line approximations, which is the method to be
used here.

The difficulty can be removed by simply adding a
constant along the entire curve of voltage V. The value
of the constant is not critical, but if it is too large, the
curve will flatten out. (As a rule of thumb, the constant
can be one-half to two-thirds the value of the curve at
the inflection point.)

Graph 1 shows, as a solid color line, voltage V trans-
lated by adding a constant offset voltage of 0.4 v. In this
case, the right-hand portion of the translated curve is
nearly linear. The envelope of the +0.05-v limits is rep-

TABLE 3: OVER-ALL ERROR
Translated Third Difference
t/tmax curve approximation error
[\"] v) V)
0.0015 6.0500 5.833 0.217
0.002 5.798 5.696 0.102
0.0025 5.622 5.573 0.049
0.003 5.446 5.450 —0.004
0.004 6.196 5.236 —0.040
0.005 5.002 5.050 —0.048
0.006 4.844 4.887 -0.044
0.007 4.710 4.744 —0.03%
0.008 4.594 4.619 —0.025
0.009 4.492 4.507 —0.015
0.01 4.400 4.408 -0.008
T
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resented by crosspoints (shown in color on the graph) tc
aid in choosing the approximation curve.

The first approximation should cover the greatest
possible range of voltage V. Larger errors can be toler-
ated for higher values of t/tmax, since the tolerance
band is wider for the rightmost section of the curve than
for the leftmost. Additionally, the first approximation
should be drawn below the translated curve to avoid
negative difference errors (between the translated and
approximation curves), which are difficult to plot.

As shown in Graph 1, the first approximation is
drawn for a best fit graphically within the restrictions al-
ready cited. The exponential function of this first ap-
proximation can be written as:

Vi = 2.63exp(-1/0.51tyax) - 0.4
where the voltage intercept is 2.63 v, the added constant
is 0.4 v, and V1 = 2.63/e (here, € represents the base for
the natural logarithm) when t/tma = 0.51.

Table 1 lists the voltage levels of the translated curve
and the first approximation curve for several values of
t/tmax from 0.05 to 1.0. The difference error between
these two curves is computed and then plotted (Graph
2) for values of t/tmax between 0.01 and 0.1, where the
error is largest. Again, the £0.05-v limits are inserted as
an approximating aid.

When the difference-error curve is approximated,
care must be taken not to disturb the accuracy of the
first approximation. Therefore, absolutely zero error is
introduced at t/tmax = 0.1 by locating the straight-line
second approximation at the same point as the first-ap-
proximation difference-error curve. The best fit for the
second approximation is then determined graphically.
Voltage V can now be expressed as a sum of two expo-
nentials and a constant:

V2 =2.63exp(-t/0.51tmax)

+ 1.8exp(~t/0.05tmax) - 0.4
where V: is the entire second approximation. The left-
most portion of this approximation, which is shown in
Graph 2, has a voltage intercept of 1.8 v.

Table 2 shows the voltage levels of the translated
curve and the second-approximation curve for values of
t/tmax between 0.005 and 0.1. The difference errors be-
tween these two curves are within the allowable limits
(of 20.05 V) when t/tyax is greater than 0.01. The sec-
ond-approximation difference error curve, therefore, is
plotted (Graph 3) for t/tmax from 0.001 to 0.01.

The same graphical technique can now be used to ar-
rive at a third approximation for the leftmost portion of
voltage V. The accuracy of the second approximation is
preserved by making the difference error equal to zero
at t/tmax = 0.01. The best fit for the third approxima-
tion of voltage V yields:

V3 =2.63exp(-t/0.51tmax)

+ 1.8exp(~t/0.05t max)
+ 1.88exp(-t/0.006tmax) - 0.4

Table 3 gives the difference errors between the trans-
lated curve and the third straight-line approximation
curve. The desired accuracy of *0.05 v is now met for
the specified 400:1 time range—from t/tmax = 0.0025 to
t/ tmu = 1.0.

The circuit needed to produce voltage V, therefore,
must consist of three exponential generators and a con-
stant voltage. O
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Two tandem pulse generators
provide waveform flexibility

by Sandford Jacobson
Cober Electronics Inc., Stamford, Conn

Whether in testing components like pulse transformers
or in studying how bipolar molecules behave in chem-
ical birefringence and similar phenomena, it’s necessary
to use trains of bipolar pulses, with both positive and
negative polarities relative to ground. The quickest and
most economical method of generating these pulse se-
quences is by connecting two standard pulse generators
in tandem, with opposite polarities.

The tandem generators can also be connected with
like polarities to double the pulse width and thus
double the average power delivered to a load. Series
and parallel arrangements are also possible, giving
twice the voltage or twice the current of a single unit.

A pair of standard 10-volt generators, such as the
Datapulse 101 or the Tektronix 114, can be used to gen-
erate bipolar waveforms at low voltages. For high-volt-
age/high-power requirements, Cober 605-P pulse gen-
erators are excellent.

In setting them up, it is better not to use pulse trans-

1. Bipolar testing. Two high-power pulse generators are con-
nected to test a pulse transformer with pulses of alternating polarity.
Tandem, series, and parallel connection of pairs of generators al-
fows a variety of useful pulse-testing arrangements.

formers but to employ generators capable of providing
both positive and negative outputs, or to select one gen-
erator with a positive output and the other with a nega-
tive output. Reversing pulse polarity with a transformer
degrades the pulse shape, so that the waveforms are not
symmetrical.

This technique for generating bipolar pulses is illus-
trated in Fig. 1. One generator determines the polarity,
amplitude, and width of the first pulse. The other, trig-
gered from the back edge of the first output pulse, pro-
vides the reverse-polarity pulse with its own amplitude
and width. The pulse rate is determined by the first gen-
erator.

In practice, this general technique is somewhat tem-
pered by the internal impedance of the particular gen-
erators used. The maximum outputs are obtained when
the pulse generators have high internal impedance dur-
ing their off stage and provide low internal impedance
during their on stage. In this way, the loading effect of
one generator upon the other is minimized, and max-
imum energy is developed across the load. The 605-P,
with essentially infinite output impedance in the off
state, can provide bipolar pulses of up to 2,200 volts and
11 amperes peak; each generator can produce a pulse
from 50 nanoseconds to 3 milliseconds long at a duty
rate of 1.5%. Figure 2 shows two of these generators ap-
plying a bipolar pulse train to a pulse transformer.

If the two generators are set so that both deliver the
same polarity, and the second is triggered by the first,
the output to the load is a single pulse that lasts twice as
long—up to 6 milliseconds at 3% duty factor.
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2. Tandem cycle. Here two puise generators are connected so that
the second is triggered by the falling edge from the first. If the two
have opposite polarities, as shown, the resulting pulse train is bipo-
lar. If the two have the sarne polarity, the pulse length is doubled.

If the two generators are set so that both deliver the
same polarity and are triggered simultaneously, the out-
put to the load is then a single pulse with current capa-
bility up to 22 A. And if the two generators are con-
nected in series and triggered simultaneously, the
output voltage may be as high as 4,400 v. The voltage
isolation of the upper generator, which is not grounded,
must be sufficient to withstand the sum of the voltages
of the series pair.

For many applications, the two pulse generators need
not be identical or of the same manufacture to be oper-
ated in these various modes. Thus, complicated wave-
forms can be achieved without any degradation of rise
time or fall time by the hookup of pulse generators for

IC timer plus resistor
can produce square waves

by S.A. Orrel
Ellicott City, Md.

An inexpensive square-wave generator can be put to-
gether quickly by using the 555-type timer. With only
one external resistor, this circuit can be made to gener-
ate fairly accurate square waves.

The generator of (a) produces square waves because
the output voltage is essentially 180° out of phase with
capacitor voltage, making capacitor voltage change in a
direction that forces the output to change state. The cir-
cuit of (b) works identically and may be used where it is
necessary to eliminate the slight ringing that occurs with
circuit (a) just prior to positive output transitions.

The output symmetry of the generator depends on
the accuracy of the timer’s internal resistor string which
produces the device’s comparator reference voltages.
These errors can be eliminated by adding the trimming
resistor, Ry, as shown in (c). (The trimmer goes to the
positive supply line or to ground, depending on the cor-
rection needed.) The value of the trimmer is determined
by the timing resistance used, how much asymmetry
can be tolerated, and the specifications of the particular
timer being used.

If a variable pulse width is desired, the circuits drawn
in (d) and (e) may be used. In circuit (d), the output
varies from a symmetrical square wave to a negative
pulse train as resistor Rw ranges from infinity to zero. In
circuit (e), the output varies from a symmetrical square
wave to a positive pulse train. The minimum pulse
width is, of course, a function of the timer’s propagation
delay and capacitor size.

series, parallel, or tandem operation. a
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Choice of generators. Timer IC (a) generates symmetrical square-
wave output. Slight output ringing can be eliminated with circuit (b).
Output symmetry can be adjusted with external trimmer (c), or out-
put pulse width made variable, as in circuits (d) and (e).
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Three integrated circuits plus a few discrete components

Slmple Step-funCtion generator will generate step functions that are useful, for example,

in the life testing or unattended functional checking of

aids in tesﬂng instruments potentiometric recorders, controllers, and transmitters.
The values of individual components in the circuitry
by Michael M. Lacefield can be varied to provide different step timings, output
Honeywell Inc., New Orleans, La. amplitudes, and step-to-step ratios.
With the component values shown in Fig. 1, the cir-
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1. Function generator. Successively lower resistances at the decoder outputs create a stairstep function for testing instruments of various
kinds. A different sequence of resistances, or a set of variable resistors, generates different kinds of step functions.
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2. Varlety. The circuit of Fig. 1 generates many waveshapes, variants of the basic stairstep waveform (a), which ranges from 5 to 120 milli-
volts and lasts anywhere from 16 seconds to 60 minutes. Increasing and decreasing steps (b) test electrical and mechanical balancing func-
tions. Ever-increasing step amplitudes, either with a center zero (c), or all positive (d), test the response to such steps. Ordinary square
waves of large (e) and small (f) amplitudes check positive and negative excursions from setpoints, large-scale process-variable changes, and
mechanical drive assemblies. Waveshapes (¢), (d). and (f) also check for response to full-scale retrace of function.
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cuit generates a stairstep function with 10 equally
spaced, ascending steps of equal height, covering a total
range of either 5 to 12 or 50 to 120 millivolts, depending
on the setting of the range switch and potentiometer R,.
The spacing between steps ranges from 1.6 seconds to 6
minutes, so that the total time for the complete staircase
is 16 s to 60 min, depending on the setting of the poten-
tiometer on the timer.

The circuit is based on the 555 timer configured as an
astable multivibrator. In this configuration, the timer’s
output remains low for about a third of the complete
cycle and high for the other two thirds; the length of the
cycle is determined by the value of the capacitor C, and
the setting of the 2.5-megohm potentiometer; the min-
imum length, as mentioned, is 1.6 s. The 10-kilohm re-
sistor R; is added to the potentiometer wiper so that the
total resistance tapers properly for particular instru-
ments that need it. The light-emitting diode is a visual
indicator that the timer is operating; it is on whenever
the time output is low.

Every negative-going transition from the timer incre-
ments the decade counter, which steps from 0 to 9 re-
peatedly and produces its outputs in binary-coded deci-
mal form, on lines Q4 through Qp. These are translated
into the low state on the 10 individual outputs of the

BCD-to-decimal decoder/driver. Thus the 10 progres-
sively lower resistance values Ry are successively
coupled into the divider network R4:Rip:Rs, so that the
voltage at the summing point S is a stairstep waveform,
developed across Ry. This waveform is fed to the device
under test through the isolation resistor, R;.

The diagram shows a reference voltage Vy, generated
by a mercury cell at 1.45 volts, but any convenient bat-
tery or power supply can be used, provided only that it
meets the requirements of the application and does not
overload the decoder. The decoder’s rating of 70 v and
7 milliamperes leaves plenty of latitude in the choice of
POWET SOUrces.

The component values shown provide fixed 10% in-
crements in the stairstep, which is suitable for testing
most instruments. However, different values of resistors
at Ry will change the increments. In fact, variable resis-
tors can be used if the shape of the waveform is to be
frequently changed—for example, in testing recorder
inking systems, intermittent amplifiers or transmitters,
or worn mechanical servo assemblies. The basic wave-
form and a few variations are shown in Fig. 2. O

Jitter generator tests
bit synchronizer

by M. Harikumar and N. Gopalan Nair
Vikram Sarabhai Space Center, Trivandrum, India

To test bit-synchronizer performance in the presence of
frequency jitter, it is often necessary to produce random
variations in the frequency of a square-wave oscillator.
A sinusoidal voltage can be used to vary the oscillator
frequency within a specified range, but the sinusoidal
variation is a poor approximation of discrete frequency
changes. However, a circuit can be built to shift the out-
put frequency among four levels in a noise-like jitter in
such a way that the known and repetitive properties of
the jitter help in a realistic evaluation of the system per-
formance.

In this circuit, the outputs from all four stages of a
four-stage shift register are summed and applied to a
voltage-tunable oscillator. Each shift-register stage can
have a logic level of either 0 or 1, but the all-zero state is
suppressed. The summed output can range from 1 to 4,
which would result in voltages of 5, 10, 15, and 20 volts
for 5-v logic. The input to the register consists of the
outputs from the third and fourth stages, fed back
through an exclusive-OR arrangement to generate a
pseudorandom sequence of 15 states. The 4-input NOR
gate suppresses the all-zero state after turn-on.

TABLE 1. SEQUENCE OF SHIFT-REGISTER STATES

AND THEIR SUMMED VALUES

Shift-register Sum of outputs
state from register stages
1M1 4
ot11 3
0011 2
0001 1
1000 1
0100 1
0010 1
1001 2
1100 2
0110 2
1011 3
0101 2
1010 2
1101 3
1110 3

The successive shift register states and their sum out-
puts are given in Table 1. It can be seen that the sum-
med output has a binomial distribution, which is an ap-
proximation of a gaussian distribution. The summed
value 1 occurs four times, which is just the number of
possible combinations of four things taken one at a time

a4 a
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1. Frequency |itter. Pseudorandom jitter of frequency from voltage-
controlled oscillator is generated by using the sum of the outputs
from individual stages of a four-stage shift register to tune VCO. Os-
cillator's output frequency has more possible values, with more
noise-like distribution, when more shift-register stages are used.

(Ci*). The value 2 occurs six times, which is Ca*, the
value 3 occurs four times (C3*), and value 4 occurs only
once (C,*). The shift register is activated by clock pulses
that have a repetition frequency of only 1 hertz or what-
ever jitter rate is desired.

The outputs from the individual stages of the shift
register are summed in an adder circuit, producing a
stepped sequence of voltages that is used to tune the
voltage-controlled oscillator. If the synchronizer bit rate
is 500 Hz and a variation of +10% is required, the vCO is
adjusted to oscillate at 450 Hz for the lowest voltage

TABLE 2. FEEDBACK STAGES FOR LONGER

SHIFT REGISTERS
o iR rogtar e

4 3.4

5 2,5

6 5,6
7 6,7

8 4,56,8
9 4,9

10 7,10

from the adder, and to oscillate at 550 Hz when the
summed voltage is a maximum.

In this example, with a 4-stage shift register, the out-
put-frequency variation is limited to four steps. But a
longer shift register can provide more voltage levels for
a better approximation of noise-like properties in the
jitter introduced. Table 2 shows what stages should be
fed back to the input of longer registers. O

oV %CD4002
CLOCK l
INPUT 16
s s A
SHIFT REGISTER 4
:)}} 7 %CD4015
C04030 e )
6 8
RESET
e
%CD4030
5V

AN\
0V
o
) VOLTAGE- JITTERED
CONTROL
CONTROLLED }—— OUTPUT
VOLTAGE OSCILLATOR FREQUENCY

2. Random oscllilator. Output voitages from individual stages of shift register are summed and used to determine output frequency from
VCO. Feedback arrangement in shift register makes summed voltages vary among four levels in pseudorandom, repeating 15-step se-
quence. Four-input NOR gate suppresses all-zero condition in register after turn-on, so that exclusive-OR gates can generate sequence of
voltage levels. Longer registers produce more levels, ionger sequences, and a more nearly gaussian distribution.
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Waveform generator chips
help the circuit designer

by Bill O'Neil
intersil Inc., Cupertino, Calif.

Ready-made monolithic waveform generators are ver-
satile building-block components that can simplify
many circuit-design tasks. For instance, they are easily
inserted into phase-locked loops as voltage-controlled
oscillators because of their inherent frequency and tem-
perature stability and because they ease the job of
matching loop elements.

At least two of these packaged generators-on-a-chip
are now available—the model 8038 from Intersil, and
the model XR-205 from Exar Integrated Systems Inc.,
Sunnyvale, Calif. [Electronics, Feb. 14, p. 127]. Both
units can produce sine, square, and triangular wave out-
puts, as well as a sawtooth output and a pulse train. Ad-
ditionally, both devices can accept modulation voltages,
and they offer a broad operating frequency range from
less than 1 hertz to 1 megahertz.

A block diagram of Intersil’s model 8038 waveform
generator is shown in Fig. 1. External capacitor C is
charged and discharged by current source A, which is
on continuously, and current source B, which is
switched on and off by the flip-flop. While current
source B is off, the capacitor charges with a current of
magnitude I, causing its voltage to rise linearly with
time. When this voltage reaches the switching level of
comparator 1 (two-thirds of the supply voltage), the
flip-flop triggers and switches on current source B.

Since this current source normally carries a current of
magnitude 21, the capacitor is discharged with a net cur-
rent of magnitude I, and the voltage across it decreases
linearly with time. When capacitor voltage reaches the

switching level of comparator 2 (one-third of the supply
voltage), the flip-flop is triggered into its original state,
and the cycle can start again.

Both comparators are made from Darlington transis-
tor pairs to raise input impedance to a high level, per-
mitting the waveform generator to operate with small
timing currents. Furthermore, the comparators only
draw current at or near each switching threshold level
so that any.errors created by loading can be neglected.

To achieve the highest possible operating speed, the
flip-flop is built with transistors that are kept out of sa-
turation by individual Schottky-barrier diodes. Also, the
flip-flop is forced to change state before switching on
current source B to avoid potentional false triggering or
hang-up problems.

Four basic waveforms are readily obtainable from
this fundamental generator circuit. With current sources
A and B set at levels of I and 2I, respectively, capacitor
charge and discharge times are equal, creating a
triangular waveform across the capacitor and a square
wave at the flip-flop output. Both waveforms are fed to
buffer stages.

The levels of the current sources can be varied over a
wide range of values with two external resistors. When
these levels are set at values other than I and 21, a line-
arly rising or falling sawtooth can be generated, along
with a train of pulses having a duty cycle from less than
1% to greater than 99%. In addition, a sine-wave output
is obtained by feeding the triangular wave into a con-
version network.

Either a single power supply (10 to 30 volts) or a dual
power supply (5 to £15 V) can be used to run the gen-
erator. With the single power supply, the average volt-
age levels of the triangular wave and the sine wave are
exactly one-half the supply voltage, while the square
wave alternates between the positive supply level and
ground. The split power supply moves all waveforms
symmetrically about ground.

What’s more, the load resistor for the square-wave

+V
— 2V/3
6
A CoMPARATOR. —Vvr
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“"\10 ‘l r Fup- | —— V/3
‘21 | FeoP
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1. Chip generator. Sine, square, triangular, and sawtooth outputs can be produced, in addition to pulses with a variable duty cycle.
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2. Modulation schemes. Generator outputs can be frequency modulated or swept over 1,000:1 frequency ratio with dc control voltage.

output can be connected to a different power supply al-
together, as long as that supply’s voltage remains within
the waveform generator’s 30-v breakdown capability.
This arrangement permits the square-wave output to be
made compatible with TTL circuits by connecting the
load resistor to a 5-v supply, while the waveform gener-
ator itself is powered from a much higher voltage.

An external dc voltage (measured from the supply
voltage), as well as the traditional external RC timing
network, can be used to control the frequency at which
these waveforms are generated. Altering this dc voltage
produces either frequency modulation or sweeping.

For small (£10%) fm deviations, the modulating sig-
nal can be applied directly, as shown in Fig. 2a, with a
capacitor to provide dc decoupling. The resistor inserted
between package pins 7 and 8 increases device input
impedance, which is nominally 8 kilohms when pins 7
and 8 are shorted together.

For larger fm deviations or for frequency sweeping,
the modulating signal is applied between the positive
supply voltage and pin 8 (Fig. 2b). This means that all
of the bias voltage for the current sources is created by
the modulating signal, permitting a sweep ratio as high
as 1,000:1 to be obtained. However, the supply voltage
must now be regulated, because capacitor charging cur-
rent is no longer a function of the supply voltage, and
the operating frequency becomes dependent on the
power-supply voltage level.

Since the waveform generator exhibits good fre-
quency stability, it can serve as the voltage-controlled
oscillator in a phase-locked loop. Figure 3 illustrates an
fm demodulator circuit, where, along with the wave-
form generator, a phase detector and an amplifier are
the other building blocks in the loop. The circuit pro-
vides a free-running output frequency, offers very low
temperature drift, and produces a large reconstituted
sine wave having the same frequency as the input.

Naturally, the three building blocks must be matched
to each other. For large-amplitude vCO signals, it may
be necessary to use two different supply voltages and to
return the square-wave output to the supply line of the
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3. Fm demodutator. Employing monolithic generator in phase-
locked loop simplifies the job of matching loop building blocks.

phase detector. This prevents the vCO signal from ex-
ceeding the input levels acceptable to the phase detec-
tor. To attenuate the VCO signal, a simple resistive volt-
age divider can be connected between the vCO’s output
and the phase-detector’s input. )

Also, the dc output level of the amplifier must be
compatible with the dc level required at the modulation
input of the waveform generator. A direct solution is to
set up a voltage divider to the generator’s supply (like
the one shown for resistors R and Ry2) if the amplifier’s
output level is lower than desired. Or, if the amplifier’s
output is higher, place the divider between the supply
and ground. One of the divider resistors can even be
used as part of an output low-pass filter. O



23. Logic techniques

DIPs verify strobe
within time window

by Robert A. Dougherty
RAD Technical Consuilting, Dunedin, Fla.

It is often necessary, in testing digital equipment, to as-
certain that the equipment under test can deliver a
pulse (strobe) during’ a particular time interval (win-
dow). The circuit shown here can verify the presence of
a strobe pulse coming from equipment under test dur-
ing a window pulse from the test set; if the strobe does
not appear, an error signal goes high. This circuit oper-
ates with no external clock, and uses only two dual-in-
line-packaged integrated circuits.

As shown in the diagram, one of the ICs is a dual
edge-triggered J-K flip-flop; the other is a quad NOR
gate. Assume that both J-Ks are initially in the reset con-
dition—that is, Q; and Q; are both low. In this case the
falling leading edge of a window complement pulse, W,

sets Q; high. Also, the low condition of W enables gate
Gi. Therefore if a strobe complement pulse, S, appears
while W is low, G, goes high and resets J-K; through
Ga.

The output from inverter G; is the window pulse, W.
Its falling trailing edge clocks the condition of Q,
(which is also J2) to Q, which is the error latch. There-
fore, if Q, is low, the error latch stays low. If Q, is high,
the error latch goes high and remains high until cleared
by the error reset or the master reset.

The master reset initializes both J-Ks. The error reset
clears the error latch through G,.

The timing diagram illustrates the operation of the
circuit. Note that the error latch stays low if a strobe is
totally within the window, or if it overlaps the begin-
ning and/or end of the window. But if a strobe does not
coincide with any portion of the window, the latch goes
high; it can ring a bell, light a light, qr otherwise'indi-
cate that the equipment under test has failed to deliver
a pulse when one was required. O

WINDOW w
COMPLEMENT

(FROM TEST SET)

STROBE

COMPLEMENT
(FROM EQUIPMENT
UNDER TEST)

MASTER RESET

ERROR RESET

i
5

C
C

ERROR

o, —1 I 11

—

LATCH

Checking the windows. Indicating whether digital equipment can deliver a pulse at the proper time, this circuit signals an error if a strobe
pulse does not coincide with a window pulse generated by the test station. Note that 74H103 J-K flip-flops are clocked by falling edge of
pulse. Gates in the 7402 quad NOR are drawn to indicate their function; by DeMorgan's Theorem, a negative NAND is equivalent to a NOR.
Timing diagram shows that error latch goes high on falling edge of window pulse (W) unless strobe pulse has occurred some time during W.
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. . . The number of instr:lhctions in a systetjlhl-instntlct;on :;t
- be i d wi t i i e ength.
Increasing an instruction set ?S’mm’;"?’i%n without ncreasing the word length

without increaSing word |ength one of 16 possible instructions (i.c., 2¢ = 16). If more
than 16 instructions are required for a particular appli-

by C. W. Moser Jr. cation, the instruction word can be lengthened, or the
Westem Electric Co., Winston-Salem, N.C. technique described below can be used.

Figure 1 shows an N-by-4-bit memory in which each

1. Decoder circult. instruction words in memory can have either of 2. More sets. Maximum number of Instructions obtainable from a 4-
two meanings, depending upon state of flip-flop. With this two-set  bit word Is plotted as a function of the number of instruction sets (or
technique, each 4-bit word provides 30 possible instructions. decoders). Optimum area has fewest components per instruction.
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4-bit instruction word can be decoded as one of 30 pos-
sible instructions; these instructions are divided into two
sets of 15 instructions each. A 4-bit instruction word in
the memory can have either of two meanings, depend-
ing on the state of the flip-flop. If the flip-flop is clear,
decoder 2 is disabled and decoder 1 is enabled; there-
fore the instructions in set 1 can be performed.

If it is necessary to perform an instruction that is in
set 2, the flip-flop must be set to provide an enabling
pulse to decoder 2. For this purpose, line No. 15 from
decoder 1 is connected to the set lead of the flip-flop;
thus a 1111 instruction from decoder 1 sets the flip-flop,
disables decoder 1, and enables decoder 2 so that the in-
structions in set 2 can be performed. Similarly, line No.
15 from decoder 2 is connected to the clear lead of the
flip-flop; thus, a 1111 instruction from decoder 2 clears
the flip-flop, disables decoder 2, and enables decoder 1
so that instructions in set 1 can be performed.

If the number of instruction sets is increased, the total
number of possible instructions increases up to a point,
and then actually decreases as more sets are added. Fig-

ure 2 shows the number of possible instructions obtain-
able from a 4-bit word as a function of the number of
instruction sets (or number of decoders). The total num-
ber of instructions decreases for more than nine instruc-

tion sets, because every set must include commands for

enabling every other set. The shaded region of the
graph is optimum in that fewer components are re-
quired per instruction than in the unshaded region.

This technique is most valuable in operations where
one group of instructions (for example, instruction set 1)
is performed many times and the second group is per-
formed after the first group. Of course, this technique
can be applied to systems that use words other than 4
bits long.

In some applications, a decrease in the total number
of bits and an increase in the total number of words can
be realized in comparison with similar applications that
make use of longer words. This technique slightly
lengthens the microprogram and the execution time be-
cause time must be allocated when accessing a different
set of instructions. 0O

Weigh-counting technique
is faster than binary

by Patrick F. Howden
Sydney University, Sydney, Australia

A system of counting that is more condensed and much
faster than binary can easily be implemented with tri-
state integrated circuits. It is based on the fact that all

rational numbers can be represented through a series
such as . . . 243, 81, 27,9, 3, 1, Y3, Yo, Y217, . . . , @s-
suming any of these “weights” can be put on either
“pan” of a “scale.” This weigh-counting scheme is not
related to tertiary counting, though it uses the same
number of digits as does tertiary with a sign bit.

A weight digit is designated by a plus sign in a circle
if it is in the pan opposite the number to be measured,
and by a minus sign in a circle if it is in the same pan.
Then the integers 1 through 15 can be represented as
shown in the table.

As can be seen, n digits of weigh-counting reach

WEIGH-DIGIT FORMAT AND COUNTING RULES

‘27 9 3 1 ADDITION
RULES EXAMPLE
1 ® 0+0=0 ® 6 6 = 5
2 D (=] 0+0=6 +® © O =+6
3 ® O ®+0=0 R e T
& IS Sl ® ® © = 1
5 ® (<) (5] © 4+ © = ® AND CARRY ©
6 ® S o) ® + ® = © AND CARRY ®
7 ® B ©
8 ® O ®©
9 R 2 R )
10 ® O @
1 ® ® ©
12 ® ® O
13 ® ® o
14 ® © ®© '®©
15 ®e © ®© o
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1. Adder. Typical weigh-logic circuit adds digits A and B to produce
sum C and a carry, in accordance with truth table. Biasing and pro-
tection elements are not included in this schematic.
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2. D-a converter. Weigh-system converter
uses 10 resistors with 3-position switches to
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sink or source any combination of 10 differ-
ent currents to summing amplifier. Each
switch can be set for positive, negative, or
zero positions. Thus, for a fixed magnitude
of voltage V, 29,524 positive and negative
® current outputs are possible—a total of
310_ 1 |evels. A binary converter with this
many levels requires 16 bits.
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1(30-1), whereas an n-bit binary system counts only to
2n-1. Therefore seven weights are approximately
equivalent to 10 bits, and 10 weights are equivalent to
15 bits (or 16 bits with sign). This allows a dramatic
compression of registers, counters, and wiring. Power
consumption is also reduced, and speed is increased, es-
pecially if three-state devices are used.

The rules for addition in weigh-digit format are
shown in the table. Subtraction is simple. All weighted
symbols are reversed in the number to be subtracted,
and the result is then added. Long columns of addition
and subtraction can therefore be performed simulta-
neously; the “carries” do not tend to accumulate (as
they do in binary or other addition), but rather cancel
because two oppositely weighted symbols equal zero.

Parallel multiplication is also simple. As shown in the
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table, a negative-weight digit in the multiplier reverses
all the digits in the multiplicand, and multiplication by

successively more significant digits (1,3,9, . . .) merely
shifts the multiplicand to the left by 0,1,2, . ..
places.

Fast low-power digital-logic packages to perform
these arithmetic functions are easy to assemble. Figure
1 shows a typical basic one-digit adder.

Another example is the 10-bit digital-to-analog con-
verter shown in Fig. 2. Only 10 resistors are required to
span 59,048 levels, which is almost 16 bits in binary op-
eration. Resistors R and r set the scale factors, and Syo is
the most-significant-resistor switch. O



Capacitance-coupled logic
fills unusual jobs

by Stephen R. Pareles
Cook College of Environmental Science, New Brunswick, N.J.

Capacitively coupling logic signals may prove to be a
simple way to do several not-so-simple jobs. For in-
stance, capacitive coupling can make short work of bi-
directional pulse-edge detection, as well as comparison
of an analog signal and a digital signal.

With the circuit of Fig. 1 and a single-trace oscillo-
scope, an analog signal and a digital signal can be dis-
played at the same time, allowing the two signals to be
compared or synchronized. The circuit’s output is the
analog signal with superimposed digital cursors.

The capacitor serves as a bidirectional edge-detector
for the buffered arbitrary logic train. Analog-level tran-
sients are produced by the capacitor from this input
logic train. They are positive for leading pulse edges
and negative for trailing pulse edges.

These transients are then cross-coupled with th
analog signal through resistors that provide cross-cur
rent isolation (100-kilohm resistors are sufficient fo
most applications). A capacitance of 500 picofarads i
ideal for slow horizontal sweep rates of up to about 1
hertz. Smaller capacitance values should be used fo
faster sweep rates to prevent the trailing edges of th
transients from becoming observable.

Capacitive coupling can also be used to perform bidi
rectional edge-detection when a logic-level output is de
sired. The detector circuit, which is drawn in Fig. 2, car
even handle variable pulse widths.

Normally, a 74121-type one-shot is only triggered by
a positive transition at point D, following a low condi
tion at points D and Q. When the input first goes high
point Al goes high. Since point A2 is still high, point C
momentarily remains-low. When A2 goes low and (
high, the one-shot is triggered by the positive edge at D
Point B is kept high throughout.

When the input goes low, Al goes low before A2 goes
high, so that C remains high. Point B, however, is mo-
mentarily low. When B goes high again, the one-shot is
triggered by the positive edge at C, as before. The tables
in Fig. 2 detail the circuit’s operation at key points. [

ANALOG INPUT
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100 k2
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2kQ
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500 pF 100 k2
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1. Two-signal display. A capacitor simplifies the task of observing two signals on a single-trace oscilloscope. The circuit's output becomes
the analog input with superimposed digital timing cursors. The two 100-kilohm resistors provide the necessary cross-current isolation.

INPUT _l_I—l_,_l_ ONE-SHOT
B
(1.
"
ouTPUT l I l l l 500 pF C ) °
INPUT Al Q ouTPUT
) 7400
2 AZ
Y M2

POSITIVE INPUT TRANSITION NEGATIVE INPUT TRANSITION

TIME
INPUT|A1 |A2 |C | B |D | Q INPUT|AT A2 C | B | D] QO
tn 0 0|t 1|1 110 1 1101 Tt 110
TRANSITION| 1 1 1101 (0 ]oO 0 g|jocj1y010}]¢C
that 1 110 |1 1 1 | ONE-SHOT 0 [l B | 1 1 | ONE-SHOT

2. Dual edge-detection. Both the leading and trailing edges of the input-pulse train are detected by this capacitively coupled circuit.
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One’s complement adder
eliminates unwanted zero

by John F. Wakerly
Digital Systems Lahoratory, Stanford University, Stanford, Calif.

To enable an adder to subtract, a binary system can use
the one’s complement representation for negative num-
bers. However, since the negative of a number is created
by replacing 1s by Os and Os by s, two forms of zero re-
sult—00 . .. 0 and 11 . . . l1—to the complication of
later zero-checking operations. Fortunately, it’s possible
to eliminate the 11 . . . 1 version if a NAND gate is in-
cluded in the adder circuitry.

In a one’s complement binary system, the most sig-
nificant digit in a positive number must be 0 and in a
negative number must be 1. Thus the eight possible val-
ues that can be represented by 3-bit number are no
longer O, 1, . . . 7. Instead, they are -3, -2, -1, -0, +0,
+1, +2, +3. The following table shows why both +0
and -0 occur:

One’s complement form Value represented
111 -0
110 -1

101 -2

100 -3

o1l +3

010 +2

001 +1

000 +0
More generally, positive zero is represented by
00 . . . 0,and negativezeroby 11 . . . 1.

When two numbers are added in this representation,
any carry from the most significant position is added
into the least significant position—a process termed
“end-around carry.” As it happens (see Fig. 1), positive
zero is produced only when positive zero is added to it-
self.

The standard implementation of a one’s complement
adder uses a conventional binary adder with the carry
output connected to the carry input to achieve the end-
around carry. This direct connection of the carry output
to input in effect turns the adder into an asynchronous
sequential circuit, whose state depends on its previous
state. (A D-type flip-flop is a familiar example of a se-
quential circuit.)

To see this, consider Fig. 2(a), which shows a 4-bit
one’s complement adder that can be implemented with
a single MSI circuit such as a 7483. The two input num-
bers are A = asasa;ap and B = bsbzb;by, the carry in-
put is ¢;, and the carry output is c,. The state of the se-
quential circuit is the state of the carry line C.

In Fig. 2(a), A equals 0110, B equals 1001, and C
equals 0, making the output is 1111 as expected. In Fig.
2(b), A is changed by one bit to 0111, C changes to 1,
and the output changes to 0001. When A is changed
back to 0110, as shown in Fig. 2(c), the carry line C,
which was 1 before the change, produces the sum of
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1111 -0
0011 +3 0000 +0 1111 -0
0010 :2_ 0000 ﬂ 11110 :
0101 +5 0000 +0 —>1 +1
1111 -0

0111 +7 1011 -4

0110 +6 1001 -6 0111 +7
1001 -6 10000 +0 10010 +2
1111 -0 L1 L1 +1
0001 +1 0011 +3

1. One’s complement addition. Examples show the one’s comple-
ment representation in which a negative number is just the bit-by-bit
complement of the positive number; the "‘end-around carry" rule for
addition, and the two forms of zero.

(b)

(c)

2. Unpredictable zero. Standard binary adder has carry output con-
nected to carry input for “‘end-around carry"’ in adding one’s com-
plement numbers. A result that is zero may come out as 1111 (nega-
tive zero) or 0000 (positive zero), depending upon prior condition of
circuit. In both (a) and (c), computation of (6 - 6) is represented by
(0110 + 1001); results are 1111 and 0000, respectively, because
intervening computation in (b) changed state of circuit.
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3. Eliminates negative zero. This 4-bit
one's complement adder has only one form
of zero—0000. The 1111 representation of
zero is eliminated by use of NAND gate and
arithmetic logic unit that has carry-generate
(G) and carry-propagate (P) outputs.

4. More bits. Here a 16-bit one's comple-
ment adder uses NAND gate to assure that
zero appears as 00 . . . 0. NAND-gate ar-
rangement introduces no more delay than
the conventional end-around carry.

MOST SIGNIFICANT

LEAST SIGNIFICANT

74181

74181

[

IH

Cn

0110 + 1001 + 1 = 10000 after the change, so that C
remains | after the change.

Thus the circuit has two stable states, either C = 0 or
C = I, for any input combination having exactly one 0
and one 1 at each bit position (that is, a number and its
one’s complement are being added). Which state the
circuit attains for a particular input combination de-
pends on the state of the carry line C for the previous
operation. Unless the inputs of the adder are set to a
known value (say 0) before each operation, it is quite
impossible to predict which form of zero will be pro-
duced by adding a number and its complement.

Nevertheless, despite its unpredictability, the un-
wanted form of zero (11 . . . 1) can be eliminated very
easily with most Msi and LSI arithmetic logic units
(ALUs) and data path slices. MsI circuits such as any
74181, 745281, and 74S381 ALUSs, and LSI circuits such
as Monolithic Memories’ 6701, Intel’s 3002, and Ad-
vanced Micro Devices’ 2901 data path slices, all have
carry-generate (G) and carry-propagate (P) outputs for
fast carry lookahead, in addition to the normal ripple
carry output (). Examination of the carry-propagate
equations shows that P equals 1 if a number and its
one’s complement are being added, i.e., the sum equals
11 ... 1. Therefore the 11 . . . 1 representation of
zero can be eliminated by producing a carry input of 1
whenever a carry is generated (G = 1) or P equals 1.
For typical devices this process requires a single two-in-
put NAND gate, as shown in Fig. 3 for a 4-bit one’s com-
plement adder using one 74181.

For larger adders, the G and P outputs of the carry
lookahead generator may be used, as shown in Fig. 4
for a 16-bit one’s complement adder using four 74181’s
and one 74182 lookahead carry generator. In all cases
the resulting circuit is no longer a sequential circuit, be-
cause generate and propagate outputs do not depend on
the carry input.

The total propagation delay of a one’s complement
adder using a conventional end-around carry is tapp =
tico + teis, Where tico is the propagation delay from
any data input to the carry output and tcs is the propa-
gation delay from the carry input to the sum output.

For the scheme illustrated in Fig. 3, the delay is tapp
= tipg + tn + tcis, Where tipg is the delay from any
data input to the P and G outputs and ty is the NAND-
gate delay. Typical values for standard 7400-series parts
are tjco = 28 ns, tcy;s = 13 ns, tipg = 17 ns, and ty =
11 ns. Hence the total delay for both schemes is the
same: tapp = 28 + 13 =17 + 11 + 13 = 41 ns.

For larger adders, as in Fig. 4, the delay for both
schemes 1s still approximately the same, since the delay
of the external NAND gate is comparable to the delay of
the internal gate used to compute the ripple carry out-
put from P, G, and ¢; in the ALU or lookahead gener-
ator.

The scheme of Fig. 3 or Fig. 4 automatically converts
all arithmetic results of 11 . . . 1t0 00 . . . 0. How-
ever, it should be noted that in logic operations a result
of 11 . . . 1is not converted. In most applications this
is the desired behavior. O

171



Nonsequential counter design
makes use of Karnaugh maps

by Glen Coers
Texas Instruments, Components Group, Dallas, Texas

The design of a nonsequential binary counter—one that
does not count in a 0-1-2-3-4-5-6-7 sequence—can be
considerably simplified by the use of Karnaugh map-
ping techniques. Such a counter is sometimes needed in
digital systems where certain functions must be con-
trolled in a nonbinary sequence.

To illustrate the technique, we will design a three-bit
counter for a 0-2-4-5-3-7-1-6 sequence. After listing the
desired counter states in their proper sequence, as done
in (a), the present-state and next-state conditions can be
compiled, as shown in (b). Next, three Karnaugh maps,
the ones labeled NSMa, NSM5g, and NSMc in (c), are
used to represent the next-state conditions.

The minterm locations on the next-state maps are de-
termined by the present-state variables. The value for
that location is obtained from the next-state table. Since
three bits are involved, three J-K flip-flops will be
needed to implement the counter.

Six other maps are now constructed—three are to de-
termine the logic functions required at the J inputs of
the flip-flops, while three are for the K inputs of the
flip-flops. These maps, which are drawn in (d), are la-
beled Ja, JB, Jc, Ka, Kg, and K¢, where J4 and Ka rep-
resent the inputs of flip-flop FFa, Jg and Kg the inputs
of flip-flop FFg, and Jc and Kc the inputs of flip-flop
FFc. (TTL flip-flops will be used.)

The locations of the variables that are true are noted
on the J-input maps by Xs, indicating that the state of
the variable can be either logic O or logic 1. (This per-
mits maximum reduction of circuitry.) For example, on
the Ja map, the true locations of variable A are marked
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with an X wherever variable A is logic 1 on its next-
state map, NSMa. These locations are 110, 100, 111,
and 101.

The remaining locations on the J-input maps are
filled in with the remaining values on the appropriate
next-state map. The leftmost four locations on the Ja
map, for instance, are identical to the leftmost four loca-
tions on the NSM, map.

Similarly, the appropriate logic functions can be de-
termined for the K inputs. For these however, the loca-
tions of the variables that are false are filled in with Xs
to mark the “don’t care” (can be either logic 0 or logic
1) positions. And the remaining locations are filled in
with the proper inverted data from the next-state map.
The Ka map, for example, contains Xs whenever vari-
able A is logic 0 on the NSM map, and inverted data
from NSM, in the remaining locations.

The logic functions represented by these J-input and
K-input maps can be reduced by grouping through
Karnaugh mapping techniques. These groups are noted
on the map by the colored enclosures. The variables
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