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Fundamentals of COS/MOS
Integrated Circuits

The evolution of solid-state cir-
cuits using discrete bipolar transistors
was marked by major advances when
both n-p-n and p-n-p devices became
available and circuit designers were
able to exploit the numerous ad-
vantages to be gained by connecting
them together in ‘“complementary-
symmetry” arrangements. In mono-
lithic IC’s using bipolar transistors, it
has not been possible to exploit the
numerous advantages of comple-
mentary-symmetry circuits because
conflicting technological factors cur-
rently mitigate against the fabri-
cation of optimized n-p-n and p-n-p
bipolar transistors on the same
substrate. However, the comple-
mentary-symmetry circuit advantages
can be harnessed in IC’s by inte-
grating compatible p-channel and
n-channel enhancement-type MOS
field-effect transistors on a mono-
lithic substrate. After considerable
pioneering research and develop-
mental efforts, in 1968 RCA an-
nounced commercial availability of
COS/MOS (Complementary-
Symmetry/Metal-Oxide-Semi-
conductor) IC’s, monolithic inte-

grated circuits containing p- and
n-channel MOS transistors.

COS/MOS circuits, in configura-
tions which encompass both logic
and memory, are excellently suited
to use in digital circuit applications
and are characterized by their micro-
power quiescent operation, moder-
ately fast propagation delay, excel-
lent noise immunity, large fanout
capability, and operation from a
single power supply over a wide
voltage range. The characteristics of
COS/MOS logic and memory circuits
are comparatively immune to vari-
ations in temperature. Both standard
and custom COS/MOS circuits of
medium-scale integration (MSI) and
large-scale integration (LSI) complex-
ity operate with simple single-phase
clocking.

BASIC PRINCIPLES OF
MOS FIELD-EFFECT
TRANSISTORS

Field-effect transistors combine
the inherent advantages of solid-state
devices (small size, low power con-
sumption, and mechanical rug-
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gedness) with a very high input
impedance. Unlike bipolar devices in
which performance depends on the
interaction of two types of charge
carriers, holes and electrons, field-
effect transistors are unipolar de-
vices; i.e., operation is basically a
function of only one type of charge
carrier, holes in p-channel devices
and electrons in n-channel devices.

Basic Structure

Early models of field-effect tran-
sistors used a reverse-biased semicon-
ductor junction for the control elec-
trode. In MOS (metal-oxide-semicon-
ductor) field-effect transistors, a
metal control “gate” is separated
from the semiconductor “channel”
by an insulating oxide layer, as
shown in Fig. 1. One of the major
features of the metal-oxide-semicon-
ductor structure is that the very high
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Fig. 1 — Structure of an MOS field-effect
transistor.

input resistance of MOS transistors
(unlike that of junction-gate-type
field-effect transistors) is not af-
fected by the polarity of the bias on
the control (gate) electrode. In ad-
dition, the leakage currents asso-
ciated with the insulated control
electrode are relatively unaffected by
changes in ambient temperature.
Because of their unique properties,

MOS field-effect transistors are par-
ticularly well suited for use in digital
switching applications, as well as in
linear voltage amplifiers and voltage-
controlled attenuators.

Functional Description

The operation of field-effect
devices can be explained in terms of
a charge-control concept. The metal
control electrode, which is called a
gate, acts as a charge-storage or
control element. A charge placed on
the gate induces an equal but
opposite charge in the semiconductor
layer, or channel, located beneath
the gate. The charge induced in the
channel can then be used to control
the conduction between two ohmic
contacts, called the source and the
drain, made to opposite ends of the
channel.

The MOS type of field-effect
transistor uses a metal gate electrode
separated from the semiconductor
material by an insulator, as shown in
Fig. 1. Like the p-n junction, this
insulated-gate electrode can deplete
the source-to-drain channel of active
carriers when suitable bias voltages
are applied. However, the insulated-
gate electrode can also increase the
conductivity of the channel without
increasing steady-state input current
or reducing power gain.

The two basic types of MOS
field-effect transistors are the dep-
letion type and the enhancement
type. All COS/MOS integrated cir-
cuits are of the enhancement type. In
this type, the gate must be forward-
biased to produce active carriers and
permit conduction through the
channel. No wuseful channel con-
ductivity exists at either zero or
reverse gate bias.
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Because MOS transistors can be
made to utilize either electron
conduction (n-channel) or hole
conduction (p-channel), two distinct
enhancement-type MOS field-effect
transistors are possible. As shown in
Fig. 2, the schematic symbol for an
MOS transistor indicates whether it
has an n-channel or a p-channel. The
direction of the arrowhead in the
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Fig. 2 — Schematic symbols for MOS
transistors (G : gate, D : drain, B : active
bulk or substrate, S : source).

symbol identifies the n-channel
device (arrow pointing toward the
channel) or the p-channel device
(arrow  pointing away from the
channel).

Fig. 3 shows a cross-sectional
view of an n-channel enhancement-
type MOS transistor (reversal of
n-type and p-type regions would
produce a p-channel enhancement-
type transistor). This type of tran-
sistor is normally non-conducting
until a sufficient voltage of the
correct polarity is applied to the gate
electrode. When a positive bias volt-
age is applied to the gate of an
n-channel enhancement transistor,
electrons are drawn into the channel
region beneath the gate. If sufficient
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Fig. 3 — Cross-sectional view of an
n-channel enhancement-type MOS transis-
tor.

voltage is applied, this channel region
changes from p-type to n-type and
provides a conduction path between
the n-type source and the n-type
drain regions. (In a p-channel
enhancement transistor, the applica-
tion of negative bias voltage draws
holes into the region below the gate
so that this channel region changes
from n-type to p-type and again
provides a source-to-drain conduc-
tion path.) The broken line connect-
ing the drain and source in the
schematic symbol for the MOS
transistor (Fig. 2) is representative of
the fact that the channel is open
until conduction is “enhanced” by
application of the appropriate bias.
Effectively, the increase in gate
voltage causes the forward transfer
characteristic to shift along the gate-
voltage axis in the manner shown in
Fig. 4. Because of this feature,
enhancement-type MOS transistors
are particularly suitable for switching
applications.

In enhancement-type transistors,
the gate electrode must cover the
entire region between the source and
the drain so that the applied gate
voltage can induce a conductive
channel between them.
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Fig. 4 — Drain current as a function of
gate-to-source voltage in an MOS
transistor.

If all the conductivity types in
an MOS transistor are reversed, the
resulting device is “complementary”
in characteristics to the original
device. Thus, n-channel MOS devices
are related to p-channel MOS devices
in the same way that p-n-p transistors
are related to n-p-n transistors.

Circuits like the one shown in
Fig. 5 that use both types of MOS
devices are called complementary
circuits. A COS/MOS integrated
circuit in its simplest form consists of
the configuration shown in Fig. 5;

Q+v

INO—2¢

Fig. 5 — Complementary-symmetry invert-
er circuit using MOS transistors.

the active switching elements consist
of two opposite-polarity MOS tran-
sistors connected in series with both
p- and n-channel gate terminals tied

together. If the drain of one tran-
sistor and the drain of the other in
the COS/MOS IC are connected, the
result is a simple complementary
inverter circuit; this circuit is
discussed in detail later.

Design Equations

An MOS device is basically a
voltage-controlled device that
exhibits a capacitive input and
conducts initially when the gate-to-
source voltage is equal to the
threshold voltage, VTH. This thresh-
old voltage point is shown graphi-
cally in Fig. 4.

Current-Voltage Relationships —
Fig. 6 shows the theoretical curve of
drain-to-source current Ip as a
function of drain-to-source voltage
VDs and gate-to-source voltage VGs

I 3

TRIODE +——/—»SATURATION
REGION / REGION
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DRAIN -TO - SOURCE VOLTAGE (Vpg)

Fig. 6 — Drain-to-source current as a
function of drain-to-source voltage in a
p-channel enhancement-type MOS
transistor.

for a p-channel enhancement-type
MOS transistor. The “ideal” equa-
tions for these characteristics in the
various operating regions are as
follows:

1. In the triode region, ie.,

0 < Vps < (VGS — IVTHI), the
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drain-to-source current is defined by
the following relationship:

Ip=

w

KT [2(VGS - IVTHD VDS - VDSZJ

6]

2. In the saturation region, i.c.,

0 < (VGs — IVTHI) < Vps, the
drain-to-source current is given by

w
ID=K7- (VGs-VTH? (2)

3. When the gate-to-source
voltage is less than the threshold
voltage, i.e., VGS < IVTHI, the drain-
to-source current becomes

Ip=0 3)
In Egs. (1) and (2),

_ 4

s @

where p is the effective surface
mobility of the carriers in the
channel, € is the permittivity of the
oxide, tox is the thickness of the
oxide, W is the width of the channel,
and L is the length of the channel.
Threshold Voltage — The
threshold voltage for a p-channel
enhancement-type unit is given by

VTH= VTO
-Kp [(VBS +yl/2- (¢)1/2]
&)

where KB is a function of the carrier
concentration of the substrate, VBS
is the substrate-to-source voltage, ¥ is
the surface potential, and VT(Q is the
negative threshold value for VBg = 0.
The change in VTH as a function of
VBs is plotted for several n-type
substrate resistivities in Fig. 7. The
boundary between the regions in
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Fig. 7 — Change in V1 with Vgg for
several n-type substrate resistivities.

which Egs. (1) and (2) apply
corresponds to the condition Vpg§ =
VGs - IVTHI, and appears as the
dashed line in Fig. 6. The equations
are ideal in that the finite drain
resistance in the saturation region
(0<VGs — IVTHI < VDg), the series
parasitic resistance, the variation of
channel mobility with gate-to-source
voltage, and the drain-to-source
leakage current are all neglected.

Threshold voltage can also be
defined as follows:

toxS
VTH=—¢— + ¥MS* 2Vf

(6)

where YMS is the difference between
metal and semiconductor work
functions, ¥f is the difference in
Fermi potential between the inverted
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surface and the bulk of the semi-
conductor, and

S=yss+yB Q)
where Ygg is the fixed surface-state
charge, and YB is the bulk charge of
silicon.

It can be demonstrated that, by
differentiating Eq. (1), the resistance
R in the region where
VGs — IVTHI < VDs is given ap-
proximately by

R~
ue
or Ves-wvrgy @

The resistance of an MOS struc-
ture is a function of gate-to-source
bias and channel geometry; it is
independent of drain-to-source
potential. Thus, an MOS device can
be used as a fixed or variable resistor,
with the amount of resistance
controlled by the gate-to-source bias.

Input Capacitance — For switch-
ing purposes, it is important to know
the input capacitance. This value can
be represented to the first order by
the capacitance of the oxide, Cox,
which is given by

®

This value is increased by the
capacitance of the gate metallization
which extends beyond the channel,
as well as the case and stray wiring
capacitances. For present MOS tran-
sistors, toy is in the order of 500 to
2500 angstroms and L is in the order
of 0.1 to 1 mil. When L is decreased,
the current capability is increased

and the input capacitance is decreas-
ed; however, the drain-to-source
breakdown voltage is decreased.

Figure of Merit — The figure of
merit wg for an MOS transistor is
given as

Wo=G (10)

where gy, is the transconductance
and is given by

o = olsD
n S e
avGs VDS = constant
(11)
or
= keW -
gm toxL (Vgs - IVTHD (12)

FABRICATION OF COS/MOS
INTEGRATED CIRCUITS

All the COS/MOS circuits dis-
cussed in this Manual are monolithic
integrated circuits. The distinguishing
feature of any monolithic integrated
circuit is that all components re-
quired to perform a particular circuit
function are combined and inter-
connected on a common substrate.
The constituent elements of the
resultant circuits lose their identities
as discrete components, and the
over-all circuits, in essence, become
microminiaturized function blocks.
The monolithic technology, which
makes possible simultaneous fabrica-
tion of conglomerates of solid-state
devices within or on a very small chip
of semiconductor material (usuaily
silicon), is essentially an extension of
the basic planar technology used in
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the fabrication of discrete silicon

transistors.
The manufacture of silicon
monolithic integrated circuits

involves a series of highly critical
operations in which silicon is sub-
jected to carefully controlled, high-
temperature chemical processes. The
lateral physical dimensions of the
chemical reactions in the silicon are
controlied by photolithographic
techniques. High-precision photo-
masks represent the assembly tools,
jigs, and fixtures in the manufacture
of monolithic integrated circuits.

General IC Wafer Processing

Monolithic integrated circuits are
not fabricated singly, but rather “by
the wafer” as a minimum “batch.”
The fabrication process involves a
sequence of diffusion and photo-
lithographic engraving steps. Individ-
ual silicon wafers are cut from a
silicon ingot into slices. Each wafer is
then polished to a mirror finish.
Circuit complexity determines the
size of the chip for a particular
design. Circuits being produced
today use chip sizes up to about 180
mils square. For this range of chip
sizes, the number of chips produced
per wafer varies from the order of
1,000 down to about 100. Because
the cost of processing a wafer is the
same regardless of the number of
chips it produces, it is evident that
small chip area reduces the cost of
the individual chips. In addition,
defects tend to be random in nature;
as a result, the probability of a defect
is larger for a large chip area than for
a small one. Thus, a smaller chip area
increases processing yields and fur-
ther reduces costs.

The first major step in processing
the mirror-finished wafer involves the
formation of a silicon dioxide layer
on the surface of the wafer, as shown
in Fig. 8. This thin layer of silicon
dioxide protects the silicon surface
of the finished integrated circuit, acts
as a barrier to dopants during the

<7 Z SILICON
SILICON DIOXIDE
SUBSTRATE
(a)

"DOPANT" ATMOSPHERE
R I R A D
hZ 4B “Z&. DIOXIDE

SILICON
SUBSTRATE n- OR p-TYPE
(b) REGION
WINDOW

Fig. 8 — (a) Formation of the silicon-
dioxide layer on the surface of a wafer; (b)
layer used as mask.

semiconductor junction-forming
processes, and provides an insulating
substrate for the interconnection
metals. Silicon dioxide is formed on
the silicon wafer by heating it to a
temperature of 1000 to 13000C and
passing oxygen over the surface. The
silicon dioxide layer also serves as a
“pattern mask” in determining the
area through which “dopant™ atoms
may pass freely into the silicon
substrate to form regions of either
n-type or p-type silicon (depending
on the type of dopant material used).

The ability to control the
procedures by which “windows” are
formed selectively in the silicon
dioxide layer is one of the most
crucial in integrated-circuit manufac-
turing. In some instances, the
windows may be in the order of only
0.1 mil square. The windows in the
silicon dioxide define the geometrical
areas in which chemical diffusion
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reactions are localized. These
windows are mechanically positioned
and dimensioned by the use of
photomasks and photochemical pro-
cedures, a system of processing
which is dependent on the photo-
sensitive properties of a type of
lacquer called photoresist.

Fig. 9(a) illustrates the manner
in which an oxide-coated silicon
wafer is covered with a layer of
photoresist lacquer several thousand
angstroms thick. A photomask, in
this case a glass plate having a pattern
of black spots on it, is placed against
the photoresist, and the system is
exposed to ultraviolet light. Illumi-
nated areas of the photoresist tend to
harden (polymerize), while the areas
under the black spots of the photo-
mask remain soft and are removed

ULTRAVIOLET EXPOSURE LIGHT

ARERRER'

Wz ///J,

MASK PATTERN
GLASS MASK
PHOTORESIST
SILICON DIOXIDE

SILICON WAFER

EXPOSURE
a)

WINDOW IN

PHOTORESIST
PHOTORESIST
SILICON DIOXIDE
SILICON WAFER

S AN

DEVELOPED PHOTORESIST
(b)

WINDOW IN OXIDE
S PHOTORESIST

NN
aoat
SILICON DIOXIDE
ETCHED OXIDE SILICON WAFER
(c)
WINDOW IN OXIDE
+D0C oooas

SILICON DIOXIDE
SILICON WAFER

WAFER WITH WINDOWS
{d)

Fig. 9 — Photoresist processing of mono-
lithic integrated-circuit wafer.
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during a subsequent “photo-develop-
ment” operation. Fig. 9(b) shows the
“exposed” patterns of the windows
in the photoresist following the
“photo-development” operation. The
wafer is then subjected to a chemical
etchant (such as diluted hydrofluoric
acid), which dissolves the silicon
oxide in the photoresist windows
without attacking the silicon under-
neath. The desired windows in the
silicon oxide are thus produced, as
shown in Fig. 9(c). The remaining
photoresist is removed chemically in
Fig. 9(d). This “cleaned” wafer with
windows in its oxide coating is then
ready for chemical doping proce-
dures in diffusion furnaces to pro-
duce regions with either n-type or
p-type electrical characteristics in the
areas beneath the windows.

Chemical diffusion processes are
used to introduce the semiconductor
junction-forming dopants into the
bulk silicon. A series of these dif-
fusion cycles is performed in proces-
sing of integrated-circuit wafers.

COS/MOS IC Wafer Processing

The starting material (substrate)
for a monolithic COS/MOS integrated
circuit consists of a uniform single
crystal of n-type silicon; the orienta-
tion of the n-type crystal structure is
about the (100) axis. Diffusion
processing techniques (doping) per-
mit introduction of certain impuri-
ties to desired depths and surface
concentrations. Vertical penetration
of the impurities is controlled by the
diffusion temperature and time;
control of lateral diffusion is made
possible by a combination of the
masking properties of silicon dioxide
and photochemical techniques. The
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silicon-dioxide insulating material on
the surface of the substrate is
selectivity opened (windows are
formed) for each diffusion step. The
oxide is subsequently replaced
except in metal-contact areas.

The following paragraphs sum-
marize the basic processes involved in
the formation and interconnection of
electronic components on a basic
COS/MOS integrated circuit, such as
the one shown in Fig. 10. The
fabrication of a simple n-channel and
p-channel device pair with gate
protection is described.

Fig. 10 — Photograph of a COS/MOS
integrated circuit.

As the initial step in the
formation of a COS/MOS IC, p-type
material is diffused vertically into the
n-type substrate to form p-type
regions (p-wells) in which the
n-channel MOS devices will be
located. This initial step is shown in
Fig. 11. Low-resistance p*-type
pockets, such as those shown in Fig.
12, are diffused into the n-type
substrate to form the source and
drain regions of the p-channel devices

1

p-WELL
n-SUBSTRATE

Fig. 11 — Formation of p-type regions in
which n-channel MOS devices will be
located.

n-SUBSTRATE

Fig. 12 — Low-resistance p*-type pockets
in the n-type substrate.

and guard bands for n-channel
devices. Low-resistance n*-type
pockets, like those shown in Fig. 13,
are diffused into the p-well regions to
form the source and drain regions of

n—-SUBSTRATE

Fig. 13 — Low-resistance n*-type pockets
in the p-well region.

the n-channel devices and guard
bands for p-channel devices. A de-
tailed explanation of guard bands is
given in the subsequent discussions
on COS/MOS Design and Layout.
(The gate-protection network is de-
scribed in detail in the subsequent
section on Basic Building Blocks for
COS/MOS Integrated Circuits.)

As has been described, silicon
dioxide (SiO7) is necessary in
integrated-circuit processing as a
diffusion mask. However, in MOS
processing, SiOp)plays an additional
and more important role as a dielec-
tric used to cover the channel region
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and insulate it from the metal gate.
The processing technology by means
of which a suitable oxide layer is
obtained is the key to fabricating
MOS devices.

It has been found that SiO9
usually contains some ion contam-
ination (most often sodium ions),
and that these ions are positively
charged. The positive charge carried
by the ions can affect the character-
istics of MOS devices significantly. In
many instances this charge is fixed;
in others, it is movable when stressed
with voltage at elevated tempera-
tures. The presence of a movable
charge is very undesirable because it
can cause serious problems in device
stability and reliability. Therefore,
clean-oxide technology has been
developed to eliminate the contam-
ination. This technology has made
possible the fabrication of reliable
n-channel and p-channel enhance-
ment devices and thus is responsible
for the development of the comple-
mentary-symmetry arrangement in
integrated MOS devices.

Another important use of SiO
in MOS integrated circuits is as a
field oxide, a thick oxide that
insulates all non-active regions of the
MOS IC from the interconnection
metal. This insulation is needed to
raise the threshold voltage of the
inactive regions to a level beyond the
operating voltage of the system so
that undesired leakage currents are
eliminated. The threshold voltage of
the field oxide is usually referred to
as the field threshold voltage.

Metallization of Completed Wafers

The series of oxidation and
diffusion operations culminates in an

RCA COS/MOS Integrated Circuits Manual

integrated-circuit wafer that contains
the desired electronic elements.
High-conductivity metallic paths are
then needed to interconnect these
elements. The process by which these
paths are fabricated is called metal-
lization.

The metallization process is
comprised of metal deposition, inter-
connection pattern delineation, and
alloying. Metal deposition is per-
formed by placing the processed
wafer in a vacuum of about 106
torr (109 atmosphere). The source
material (usually aluminum), which
is also in the vacuum chamber, is
then heated above its vaporization
point by means of induction or
resistance heating techniques. As a
result, metal is released by vapori-
zation and condensed on the
integrated-circuit wafer, coating it
completely to a controlled thickness.
The metal-coated wafer is then sub-
jected to photolithographic pro-
cedures, including application of
photoresist lacquer, exposure to
ultraviolet light through a photomask
having the desired pattern, and the
removal of unwanted metal by acid
etching. The resulting interconnec-
tion patterns are similar to that
shown in Fig. 14. Finally, in order to
assure excellent electric contact
between the aluminum and the elec-
tronic elements, the metallized
wafers are heated in a furnace for a
controlled period to permit a slight
alloying of the aluminum with the
semiconductor junctions.

As shown in Fig. 10, the metallic
interconnections terminate at the
edges of the integrated-circuit chip as
pads to which very fine wires
connect the chip to the package
terminals as shown in Fig. 14.
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Fig. 14 — Integrated-circuit chip mounted
with chip connected to package terminals.

Probe Testing of Metallized Wafers

Elaborate automatic equipment
has been developed to test chips
while they are constituents of a
complete wafer. The test procedure
is frequently called “wafer-probing.”
A large number of needle-tipped
probes make simultaneous electrical
contact with the aluminum electrode
pads on each chip. The probing
equipment is designed so that the
wafer is indexed automatically, with
the probes contacting the individual
chips sequentially.

Assembly and Final Testing

After the probe testing of the
wafer is completed, the individual
circuit chips must be separated and
assembled into integrated-circuit
packages. The packaged devices are
then subjected to hermeticity,
environmental, and final electrical
testing. The sequence of events
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employed for these operations is as
follows:

Separation of Chips — The
individual chips in a wafer are
separated by a technique similar to
that used in glass cutting. A fine
diamond point is used to “scribe”
the wafer with its constituent chip
pattern. The actual separation into
chips is accomplished by an opera-
tion called “dicing,” which is simply
a system of mechanical fixturing by
which stress is applied to the wafer in
such a manner that mechanical
separations occur along the scribed
lines. “Sorting” is the rejection of
chips which were found to be
defective in wafer-probing or dicing
operations. Microscopic inspection of
each chip is performed to cull out
circuits with visible imperfections.

Chip Bonding — In this pro-
cedure, the chip is securely mounted
in the package by means of a
silver-filled conductive epoxy.

Lead Bonding — After the chip is
firmly affixed in the package, elec-
trical connections are made to the
terminal-post leads. Aluminum wires
of about 1.5-mil diameter are
commonly used to make these
connections.

Capping and Sealing — The lead-
bonded header is usually subjected to
cleaning and vacuum bake-out
operations prior to sealing. Actual
hermetic sealing is accomplished by a
variety of means, depending to some
extent on the package design. Local
application of heat (e.g., welding) is
used to seal the cap to the package
header. This step is conducted in a
dry atmosphere. In the case of
non-hermetic packages like plastic,
the lead-bonded chip assembly is
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encapsulated in plastic or epoxy
materials.

Hermeticity and Environmental
Testing — Hermeticity testing is used
to confirm the leak resistance of the
package. The helium leak-detection
technique is frequently used. In this
method, completed packages are
placed in an atmosphere of helium
pressure for a period of time. Helium
is able to penetrate through any
imperfections which may exist in the
package. After removal from the
helium pressurization chambers,
sensitive mass-spectrograph  leak
detectors are used to detect helium
“oozing” out of any imperfection in
the package.

Mechanical shock, vibration,
acceleration, and thermal shock test-
ing are used to screen out devices
which have inadequate margins
against anticipated stresses for the
particular class of service in which
the integrated circuit is to be applied.

Final Electrical Testing — Wafer-
probing of COS/MOS integrated-
circuit chips is usually limited to
static parameter tests and dc func-
tional tests because the length of
probe leads and other factors prevent
meaningful ac, rf, or pulse testing.
Consequently, any ac testing re-
quired is performed on packaged
units only. Test equipment presently
used on COS/MOS integrated circuits
is almost entirely automated.

COS/MOS DESIGN
AND LAYOUT

COS/MOS integrated circuits are
normally fabricated on an n-type
substrate which serves as the sub-
strate material for all p-channel MOS
devices as well as pt tunnels, diodes,
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and resistors. A p-type substrate is
provided for the complementary
n-channel MOS devices, nt tunnels,
diodes, and resistors by diffusion of a
lightly doped p-well region into the
original n-type substrate as described
previously in the paragraphs concern-
ing COS/MOS IC Wafer Processing.
The n-channel units exhibit the
higher carrier mobility associated
with electrons; they have approxi-
mately twice the transconductance
of p-channel units with identical
geometry. Therefore, the matching
of a p-channel with an n-channel unit
requires that a p-channel unit with a
given channel length L have approxi-
mately twice the channel width W of
the n-channel unit with which it is to
be matched.

Guard Bands

Protective guard bands surround
separate MOS devices, tunnels, wells,
and diodes or combinations of MOS
devices which are interconnected
through common diffused regions for
the purpose of preventing leakage
between the entities named. All
p-channel devices, tunnels, and
diodes must be surrounded by a
continuous n* guard band which also
serves as a tunnel to help conduct
current from the external supply
voltage VDD across the n-type sub-
strate to every p-channel device tied
to the external supply. Similar
heavily doped p* guard bands sur-
round all n-channel devices, tunnels,
and diodes to help conduct current-
from the external ground supply VS§
across the p-well to every n-channel
device tied to ground. Contact to the
ntype substrate may be made
through the n% guard band and
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returned to the VDD pad; contact to
the p-well substrate may be made
through the p* guard band and
returned to the ground pad. Fig. 15
illustrates a typical p- and n-channel

15

guard bands for interconnecting the
source regions to the Vpp and Vsg
pads, respectively. Guard bands may
be narrow strips or, where space
permits, large diffused areas that

METAL INTERCONNECTS

SOURCE _TO GROUND

p+ GUARD
BAND

CONTACT
n CHANNEL

WELL

STEPPED OXIDE

SOURCE TO Vpp

n+ GUARD
BAND

CONTACT
p CHANNEL

SUBSTRATE

SECTION "A"—"A"

Fig. 15 — Plan and cross-sectional views of a typical MOS complementary-transistor pair.

MOS complementary pair with
appropriate connections to Vpp and
Vss, respectively. Fig. 16 is a cross
section of the complementary pair of
Fig. 15 showing the use of n* and p*

n_CHANNEL MOS

SOURCE TO GND
CONTACT & METAL

DRAIN
ME

n SUBSTRATE

minimize resistance in the Vpp and
Vss supply lines. Guard bands are
also used to assure positive device
cutoff; this cutoff is accomplished by
having the gate metal, as it leaves the

p_CHANNEL MOS

SOURCE TO Vpp
CONTACT & METAL

Fig. 16 — A cross section of the complementary pair of Fig. 15 showing the use of guard

bands.
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end of the channel, cross a guard
band prior to stepping up over the
thick oxide as shown in Fig. 16.

Typical Inverter and
Logic Gate Layout

A typical layout for the basic
COS/MOS inverter circuit is shown in
Fig. 17. The figure shows the single
n-channel MOS transistor and its
complementary p-channel counter-
part with the gates and drains tied to

GATE (INPUT)
SOURCE Voo

DRAIN \(OUTPUT)

p+

AN YD
S O

null
N

N ZEmllZ
N '//

nt+

n %S
Vss

Fig. 17 — Typical layout and circuit
diagram for the basic COS/MOS inverter
circuit.

each other and with metal intercon-
nects between source and VS§ and
source and Vpp, respectively.
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The basic inverter may be
extended, as described in the section
on Basic Building Blocks for COS/
MOS Integrated Circuits, to true
complementary logic. The logical
NOR gate is formed by placing the
n-channel units in parallel and the
p-channel units in series. Figs. 18 and

DRAIN (OUTPUT)

SOURCE Vpp
AN N
INg Nz N

ne AR

GUARDNY:N |

BAND: I
;:I;: =%
\«&g AN

OURCE
BAND GROUND
Voo
IN'——-p——l:i
P
IN2 :-_-I
o]
'_r ouT
3
Vss
Fig. 18 — Typical layout and circuit

diagram for a 2-input NOR gate.

19 illustrate 2- and 3-input NOR
gates. In the figures, the source-to-
VDD and source-to-V§S connections
are made to the nt and p* guard
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bands because these guard bands are
tied directly to Vpp and ground,
respectively. Variations of these lay-
outs are used in the CD4000A dual
3-input gate and CD4001A quad 2-
input gate. If the above arrangement

\\\\\\\\\\\\\\\\
NHNNN
sou RC\\‘ v

T
D \\ NN
;_? 2 IOUTPUT)

BAND
VoD
-
IN} :‘
IN'2 pl »—e
|N73 pll-»—
3> our
Hl A
Vss
Fig. 19 — Typical layout and circuit

diagram for a 3-input NOR gate.

is reversed, i.e., if the p-channel units
are placed in parallel and the n-
channel units in series, NAND gates
result, as in the CD4011A quad 2 and
CD4012A dual 4-input NAND gate
circuits.
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PACKAGES

RCA COS/MOS integrated cir-
cuits are currently packaged in three
distinct configurations: the TO-5-
style glass-metal package, the ceramic
flat pack, and the dual-in-line pack-
age. The dual-in-line package may be
either ceramic or plastic. The TO-5-
style package has 12 leads; the flat
pack and the dual-in-line packages
have 14, 16, or 24 leads. Fig. 15
shows the different types of
integrated-circuit packages and the
JEDEC type number designations for
them.

The letters D, E, K, and T
appended to a device identification
identify the type of package in which
the device is enclosed.

Standard
Pins
Available

Designation Meaning

E Dual In-Line 14,16

Plastic
D Dual In-Line 14,16,24
Ceramic
K Flat Pack 14,16,24
T TO-5 Pack- 12
age

For example, a CD4006AK is a
CD4006A circuit in a ceramic flat
pack, a CD4006AD is a CD4006A
circuit in a dual in-line ceramic
package, and the CD4006AE is the
CD4006A circuit in a dual in-line
plastic package.
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A\ A
14-Lead 16-Lead 24-Lead Dual-in-
Flat Pack Flat Pack Line Ceramic

(JEDEC MO-004-AF)  (JEDEC MO-004-AG) (JEDEC MO-015-AG)

14-Lead Dual-in- 16-Lead Dual-in- 14-Lead Dual-in-
Line Ceramic Line Ceramic Line Plastic
(JEDEC MO-001-AD) (JEDEC MO-001-AE) (JEDEC MO-001-AB)

16-Lead Dual-in- 24-Lead 12-Lead
Line Plastic Flat Pack TO-5-Style
(JEDEC MO-001-AC)

Fig. 20 — RCA COS/MOS IC packages.



Basic Building Blocks for
COS/MOS Integrated Circuits

This section describes several
circuits (building-block units) that
form the basis for the more complex
circuits discussed later in the Manual.
The input-protection circuitry incor-
porated into each RCA COS/MOS
integrated circuit is also described.
Because COS/MOS IC’s are particu-
larly well suited for digital appli-
cations, the basic circuits are
described from that point of view.

INVERTER

The most basic of all the
COS/MOS circuits, the inverter cir-
cuit, consists of one p-channel and
one n-channel enhancement-type
MOS transistor, as shown in Fig. 21.
The substrate of the p-channel device
is at ¥VpD, and the substrate of the
n-channel device is at ground.
Consequently, when the voltage at
the input of the inverter is zero (logic
0), the input is at -Vpp relative to
the substrate of the p-channel device
and at zero volts relative to the
substrate of the n-channel device.
The result is that the p-channel

VoD
s
G
“'" = VDD p |lo|| = GND
"0" = GND | “I" = Vpp
' D
VIN Vout

iy
ﬂD_

Fig. 21 — COS/MOS inverter circuit: f(a)
schematic diagram; (b) logic diagrams.

:;

device is turned on and the n-channel
device is turned off. Under these
conditions, there is a low-impedance
path from the output to Vpp, and a
very-high-impedance path from the
output to ground; therefore, the
output voltage approaches VDD
(logic 1) under normal loading condi-
tions. When the input voltage is
+Vpp (logic 1), the situation is
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reversed: the p-channel unit is OFF
and the n-channel unit is ON (i.e.,
VGS = VDD) with the result that the
output voltage approaches zero (logic

In either logic state, one MOS
transistor is ON while the other is
OFF. Because one transistor is al-
ways turned off, the quiescent power
consumption of the COS/MOS unit is
extremely low; more precisely, it is
equal to the product of the supply
voltage and the leakage current (i.e.,
Pp = VppIL).

The process of creating the
source-drain and p-well diffusions for
the inverter circuit, as shown in Fig.
22(a), also creates parasitic diodes
which are connected to the basic
inverter nodes, as shown in Fig.
22(b). These parasitic elements (D1,

g
=)
N &
b3 S
Y
h-]
T8
T
=i
—1T
i
2
[
@
&
N3
: ol
8

1t
ms R E il 5 ouT
| o™ T +
| p WELL i p WELL |
! (]; {¥~ADDED PROTECTION

CIRCUITRY AT EACH
EXTERNAL GATE LEAD.

L

(b)

Fig. 22 — (a) Cross section of inverter-
circuit chip showing parasitic diodes; (b)
connection of the diodes to basic inverter
nodes.
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Dy, and D3) are back-biased across
the power supply and contribute in
part to the device leakage current
and thus to the quiescent dissipation.
Additional diodes are also diffused
into the over-al] structure, as shown
in Fig. 22(b), to form an input
limiter circuit that provide protec-
tion against static voltages. Any gate
input node that is brought out to a
package terminal is protected by this
network. The operation of the input
protection circuit is described in the
section on Basic Building Blocks for
COS/MOS Integrated Circuits.

RCA COS/MOS products range
from circuits as simple as 2-input
logic gates through the complexity of
a 64stage shift register. These
devices are composed of varying
numbers of interconnected inverter
circuits placed on silicon chips of
varying area. Therefore, the leakage
current ranges widely because it
depends on the number of inter-
connected circuits and the parasitic
diode area associated with each cir-
cujt. For example, the dissipation of
a logic gate (the CD4001) is typically
0.01 microwatt at 10 volts, while the
dissipation of the 64-stage shift
register (CD4031) is typically 10
microwatts at 10 volts, even though
both of these device types are
processed similarly.

Device Switching Characteristics

Because of the complementary
nature of the interconnections of the
series p- and n-type devices in the
basic inverter, the transfer character-
istic of a COS/MOS logic gate is as
shown in Fig. 23. The high input
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Fig. 23 — Transfer characteristic of a
COS/MOS logic gate.

impedance of the gate results in no
dc loading on the output so that the
input and output signals are allowed
to swing completely from zero volts
(logic 0) to VDD (logic 1) when suffi-
cient time settling is allowed. The
switching point is shown to be typi-
cally 45 to 50 per cent of the magni-
tude of the power-supply voltage, and
varies directly with that voltage over
the entire range of supply voltage
specified for COS/MOS devices. The
COS/MOS transfer characteristic of
Fig. 23 illustrates the high noise
immunity of COS/MOS devices; i.e.,
typically 45 per cent of the supply
voltage. Fig. 23 also shows the
negligible change in operating point
as temperature ranges from -550C to
+1250C. Because of the ideal nature
of these switching characteristics,
COS/MOS devices operate reliably
over a much wider range of voltage
than other forms of logic circuits.

AC Dissipation Characteristics

All significant COS/MOS power
dissipation is ac in nature and is a

direct function of load capacitance
C, operating supply voltage V, and
switching rate f.

During the transition from a
logical 0 to a logical 1, both
transistors in the COS/MOS inverter
are momentarily ON with the result
that, instantaneously, a pulse of
current is drawn from the power
supply. The magnitude of this
current depends on the impedance
and threshold voltage of the inverter
transistors, as well as the magnitude
of the power-supply voltage and the
length of time spent in transition
(e.g., the input rise or fall time).
Current is also required to charge and
discharge the output load -capaci-
tance. The dissipation that results
from the current components
described above is directly propor-
tional to the frequency of operation
and amount of capacitive loading and
may be expressed as follows:

Pyc = CV2f (13)

The more often the circuit
switches, the greater the current; the
heavier the capacitive loading, the
greater the resultant dissipation.

AC Performance Characteristics

As indicated above, the node
capacitances located within or ex-
ternal to a given circuit are charged
and discharged during switching
through the channel resistance of the
p- or n-type device. As the magnitude
of VpD increases, the impedance of
the conducting channel decreases;
this nonlinear property of MOS
devices can be observed from a close
scrutiny of the characteristic curves
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shown in Fig. 24. The result of the
increase in channel conductivity is
that the maximum switching speed
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Fig. 24 — Curves demonstrating the
decrease in conducting-channel impedance
with increase in Vpp.

of COS/MOS devices increases with
increasing supply voltage as shown in
Fig. 25(a). The effect of increasing
external load capacitance is shown in
Fig. 25(b).
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Fig. 25 — (a) Curve illustrating increase in
maximum switching speed with decrease
in channel conductivity; (b) effect on
switching speed of increasing external load
capicitance.

TRANSMSSION GATES

The COS/MOS transmission gate
is a single-pole, single-throw switch
formed by the parallel connection of
a p-type and an n-type device. This
switch expands the versatility of
COS/MOS circuits in both digital and
linear applications.

The perfect transmission gate or
switch may be characterized as
having zero forward and reverse
resistance when closed and infinite
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resistance when open; i.e., it has an
infinite OFF/ON impedance ratio.
The COS/MOS transmission gate
approaches these ideal conditions.
The advantages of a COS/MOS
transmission gate can be better
understood by consideration first of
the single n-channel MOS-transistor
transmission gate driving a capacitive
load from a positive voltage source,
as shown in Fig. 26. With 0 volts
applied to the gate of the n-channel
device, no current can flow, and the

A
+vO—_DRAIN SOURCE o _
INPUT ouTPUT |
H
GATE oL
]
i
-—_lr-

CONTROL

VOLTAGE

Fig. 26 — Single n-channel MOS-transistor
transmission gate.

load capacitance CI, remains un-
charged. As the gate voltage to the
transmission gate is made positive
enough to turn the transmission gate
on, however, the load capacitance
begins to charge. However, the load
capacitance can only charge to a level
equal to the gate voltage minus the
threshold voltage of the n-channel
transistor because the single
n-channe] transmission gate operates
as a source-follower circuit in which
premature gate cutoff occurs.
Another aspect of MOS transmission
gates is that they are bilateral; i.e.,
drain and source are interchangeable.
This type of transmission gate also
operates with slow speed in large-
signal applications; i.e., as the device
begins to turn on, the RC time
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constant is large. A COS/MOS trans-
mission gate which overcomes these
disadvantages is made by paralleling
n- and p-channel MOS transistors as
shown in Fig, 27. This arrangement

O
INPUT

cL

Fig.-27 — COS/MOS transmission gate.

overcomes the premature-cutoff
problem associated with the single-
channel transmission gate because
one of the two channels is always
being operated as a drain-loaded
stage regardless of what the input or
output voltage may be. If each MOS
channel of the COS/MOS circuit has
a 2-volt threshold voltage and if O
volts is applied to the gate of the
p-channel unit and 10 volts to the
gate of the n-channel unit, an
increase in input voltage in excess of
8 volts (10 volts — 2 volts) cannot be
switched through the n-channel unit.
However, proper switching can occur
in the p-channel unit because the
magnitude of the voltage from gate
to source (0 volts — 8 volts = -8
volts) is greater than the p-channel
threshold (-2 volts). As a result, the
switch does not turn off prematurely
because the gate-to-source voltages of
both the n- and p-channel units never
equal the threshold voltages of these
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devices. The full 10-volt supply
voltage (VDD - VSs = 10 volts) can,
therefore, be switched. The
COS/MOS transmission gate is also
considerably faster than the single-
channel MOS transmission gate; the
RC time constant is always smaller.
The transmission gate can be
combined with a basic inverter
circuit to form a single switch as
shown in Fig. 28. Only one control
voltage is required because the
inverter provides the control voltage
necessary for the complementary
unit. The circuit of Fig. 28 is useful
in a variety of analog and digital
multiplexing applications.

vppQ+

Prort 3

VssO—

Im
__| np |_
Vss%‘!)i"oo
ouT

Fig. 28 — Combination of transmission
gate and basic inverter to form a switch.

TRANSMSSION GATE AND
INVERTER APPLICATIONS

At present, all COS/MOS inte-
grated circuits are constructed of two
basic building blocks, the inverter
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and the transmission gate. The basic
inverter forms all the NOR' and
NAND gates. Combined with trans-
mission gates, the inverter forms
more complicated circuits, such as
flip-flops, counters, shift registers,
arithmetic blocks, and memories.

NOR Gates

A two-input NOR gate is an
inverter with two n-type units in
parallel and two p-type units in
series, as shown in Fig. 29. Each of
the two inputs is connected to the
gate of one n- and one p-channel
transistor. A negative output is ob-
tained when either the A or the B
input is positive because the positive
input turns off the associated p-
channel transistor, disconnecting the
output from the Vpp supply, and
turns on the associated n-channel
transistor, connecting it to ground
and causing a low output. When both
of the input signals are at ground
potential, both p-channel units are
on and both n-channel units off. In
this case the output is coupled to the
VDD terminal and provides a high
output. Three- and four-input NOR
gates may be formed by placing three
or four n-channel transistors in
parallel and three or four p-channel
transistors in series in an arrangement
similar to that shown in Fig. 29.

NAND Gates

A NAND gate is an inverter with
two p-channel transistors in parallel,
and two n-channel transistors in
series, as shown in Fig. 30. The
output goes negative only if both
inputs are positive, in which case the
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Fig. 29 — A pair of two-input NOR gates: (a) schematic diagram, (b) logic diagram.
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Fig. 30 — A pair of NAND gates: (a) schematic diagram; (b) logic diagram.



26

p-channel transistors are turned off
and the n-channel transistors on. This
condition couples the output to
ground. If either input is negative,
the associated n-channel transistor is
turned off, and the associated p-
channel transistor on; thus the out-
put is coupled to VpPp and goes high.
Again, three- or four-input NAND
gates may be formed by placing three
or four p- and n-channel transistors
in parallel and in series, respectively,
in an arrangement similar to that
shown in Fig. 30.

Set-Reset Flip-Flops

Two NOR gates may be con-
nected as shown in Fig. 31 to form a
set-reset flip-flop. When the set and
reset inputs are low, one amplifier
output is low, and the other high,
and there is a stable condition. If the
set input is raised to a higher level,
- the associated n-channel unit is turned
on so that the output of the set stage
goes high and becomes logic 1 or Q.
Under these conditions the flip-flop
is said to be in the SET state. Raising
the reset input level causes the other

= §
=

stipray | [y

L[ 1T

o

Vss

ALL p-UNIT SUBSTRATES CONNECTED TO Vpp:

ALL n—UNIT SUBSTRATES TO Vgg.
(a)
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output to go high, and places the
flipflop in the RESET state (Q
represents the low output state).
Thus, the circuit of Fig. 31 repre-
sents a static flip-flop with SET and
RESET capability.

D Flip-Flops

A block diagram of a D-type
flip-flop is shown in Fig. 32(a); the
schematic diagram for the flip-flop is
shown in Fig. 32(b). The block
diagram shows a master flip-flop
formed from two inverters and two
transmission gates (shown as
switches) that feeds a slave flip-flop
having a similar configuration. When
the input signal is at a low level, the
TG1 transmission gates are closed
and the TGy gates open. This con-
figuration allows the master flip-flop
to sample incoming data, and the
slave to hold the data from the
previous input and feed it to the
output. When the clock is high, the
TG1 transmission gates open and the
TG~ transmission gates close, so that
the master holds the data entered
and feeds it to the slave. The D flip-

NOR-SET/RESET =8 DEVICES

"1" = RESET

ol

"|" = SET

TRUTH TABLE

RESET
0

SET

SET a 8
1 1 [
] [} 1
1 0 )
[} a a

O - -

NO CHANGE

(b)

Fig. 31 — Set/reset flip-flop: (a) schematic diagram; (b) logic diagram and truth table.
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Fig. 32 — (a) Block, (b) schematic, and (c)
clock-pulse diagrams for a D-type flip-flop.

flop is static and holds its state indef-
initely if no clock pulses are applied,
i.e., it stores the state of the input
prior to the last clocked input pulse.
A clock pulse is the pulse applied to
the logical elements of a sequential
digital system to initiate logical
operations. Both the ‘“‘clock”, CL,
and “inverted clock™, CL, as shown
in Fig. 32(c), are required; clock
inversion is accomplished by an
inverter internal to each D flip-flop.

Fig. 33 shows the logic diagram
and truth table for a D-type flip-flop.

J-K Flip-Flops

The logic diagram and “‘truth”
table for a J-K flip-flop is shown in
Fig. 34. The J-K flip-flop is similar in
some respects to the D flip-flop, but
has some additional circuitry to
accommodate the J and K inputs.
The J and K inputs provide separate
clocked set and reset inputs, and
allow the flip-flop to change state on
successive clock pulses.
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Fig. 33 — Logic diagram and “truth” table for a D-type flip-flop.
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Fig. 34 — Logic diagram and “‘truth” table for a J-K flip-flop.

The JK flip-flop circuit also has
set and reset capability; the inverters
in the master and slave flip-flop each
have an added OR input for direct
(unclocked) setting and resetting of
the flip-flop.

Memory Cells

The basic storage element com-
mon to all RCA COS/MOS memories
consists of two COS/MOS inverters
cross-coupled to form a flip-flop as
shown in Fig. 35. Single-transistor
transmission gates are employed as a
simple and efficient means of per-
forming the logic functions associ-
ated with storage-cell selection; i.e.,
the sensing and storing operations.
The resulting word-organized storage
cell, shown in Fig. 36, is composed

Vbp

]

gL
-

-
L

piam
_U’LE_J 20

Vss

Fig. 35 — The basic storage element
common to all RCA COS/MOS Memories.
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+Vpp

I

Dy Dy

Fig. 36 — A word-organized storage cell:
W is word line, D7 and Do are data lines.

of six transistors; one word line, W;
and two digit-sense lines, D1 and D».
Addressing is accomplished by ener-
gizing a word line; this action turns
on the transmission gates on both
sides of the selected flip-flop. Be-
cause the cell in Fig. 36 has
p-channel transmission gates, a
ground-level voltage is required for
selection. Fig. 37 shows an 8-transis-
tor bit-organized memory cell em-
ploying X-Y selection. A modifica-
tion of this circuit in which the
Y-select transistors are common for
each column of storage elements is
used in large memory arrays.

Vbp

7 £ “75?

n |
nbef 23 e

BT

Dy

o
n

X

Ov

Fig. 37 — Eight-transistor bit-organized
memory cell with X-Y selection.

Dynamic Shift Registers

Fig. 38(a) shows a two-stage
shift register; each stage consists of
two inverters and two transmission
gates. Each transmission gate is
driven by two out-of-phase clock
signals arranged, as shown in Fig.
38(b), so that when alternate trans-
mission gates are turned on, the
others are turned off. When the first

‘transmission gate in each stage is

turned on, it couples the signal from
the previous stage to the inverter,
and causes the signal to be stored on
the input capacitance to the inverter.
The shift register utilizes the input of
the inverter for temporary storage.

When the transmission gate is
turned off on the next half cycle of
the clock, the signal is stored on this
input capacitance, and the signal
remains at the output of the inverter
where it is available to the next
transmission gate, which is now
turned on. Again, this signal is
applied to the input of the next
inverter where it is stored on the
input capacitance of the inverter,
making the signal available at the
output of the stage. Thus a signal
progresses to the right by one half
stage on each half cycle of the clock,
or by one stage per clock cycle.

Because the shift register is
dependent upon stored charge which
is subject to slow decay, there is a
minimum frequency at which it will
operate; reliable operation can be
expected at frequencies as low as 5
kHz.

COS/MOS dynamic shift regis-
ters have all the advantages of other
COS/MOS  devices including low
power dissipation, high noise immu-
nity, and wide operating voltage
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STAGE 2

P
| OUTPUT
n
e

ALL p-UNIT SUBSTRATES CONNECTED TO Vppi
ALL n-UNIT SUBSTRATES TO Vgs.

TG = TRANSMISSION GATE :

INPUT TO OUTPUT IS A BIDIRECTIONAL SHORT
CIRCUIT WHEN CONTROL INPUT 11S LOW AND
CONTROL INPUT 2 IS HIGH; AN OPEN CIRCUIT
WHEN CONTROL INPUT 1 1S HIGH AND CONTROL
INPUT 2 IS LOW.

(b)

Fig. 38 — (a) Two-stage shift register; (b) clock-pulse diagram.

range and, in addition, are superior in
two important ways to the single-
channel (p-MOS and n-MOS) dynam-
ic shift registers. First, the COS/MOS
device easily generates the two-phase
clock signals required internal to
itself with just one supply voltage.
Second, TTL and DTL logic compat-
ibility is maintained on all inputs and
outputs with one supply voltage.

INPUT PROTECTION

The standard input protection
device used in all RCA COS/MOS
IC’s is shown in Fig. 39. Protection is
required to prevent damage to
the MOS input gates that could result
fromcareless handling and/or testing
prior to final installation. Fig. 39
iltustrates the positive, built-in
protection afforded by the diode

» _lv'ro Vpp PIN

TO MOS
WPuT| GATE INPUT
PIN'|
|
|
|
TO Vgg PIN
L . ss

Fig. 39 — COS/MOS-IC protection circuit
showing diode clamps.

clamps in a COS/MOS circuit; this
approach is in contrast to the widely
varying zener-diode breakdown
protection used in bipolar circuits.
Fig. 40 shows several diode-clamp
schemes that may be used to provide
input protection for different opera-
ting conditions.
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(d)

OUTPUT

VoxIDE *Voxipe =VD; + VD,
MAX MAX ON  BREAK-
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n—TYPE UNIT p-TYPE UNIT
()

Fig. 40 — Input circuits designed to limit extraneous voltages to safe levels under all

operating conditions.
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The breakdown voltage of an
MOS gate oxide is in the order of
100 volts; the dc resistance in the
order of 1012 ohms. In contrast to
semiconductor diodes in which the
breakdown limit can be tested any
number of times without damaging
the device, the MOS gate oxide is
shorted as a result of only one
voltage excursion to the breakdown
limit. Because of the extremely high
resistance of the gate oxide, even a
very-low-energy source (such as a
static charge) is capable of deve-
loping this breakdown voltage.

The input resistance R, as shown
in Fig. 39, is nominally between 1
and 3 kilohms. This value, in con-
junction with the capacitances of the
gate and the associated protective
diodes, integrates and clamps the
device voltages to a safe level. Fig. 40
demonstrates how input circuits can
be designed to limit extraneous
voltages to safe levels under all
operating conditions. Because of the
low RC time constants of these
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circuits, they have no noticeable
effect on circuit speed and do not
interfere with logic operation.

In circuits that contain gate-
protection circuits, the power-supply
voltage Vpp should not be turned
off while a signal from a low-
impedance pulse generator is applied
at any of the inputs to the COS/MOS
IC. The reason for this restriction can
be understood with the aid of Fig.
40(a) where the Vpp line is essen-
tially grounded so that a positive
voltage input from a pulse generator is
impressed across diodes Dj. This
voltage, of between 3 and 15 volts,
could cause permanent damage to
the doides or could burn out the
VDD metallization. Therefore, if, in
any system design, any input ex-
cursion is expected to exceed +VDD
or fall below -VsS, the current
through the input doides should be
limited to 50 milliamperes to assure
safe operation.

Fig. 41 shows the over-all
protection circuit (interconnected

Vpp PIN
oo . 4
i 1 e
: n-SUB ~SUB| — p+ I'n-su | n-sus
D D . t 'rc - Dy 05
| 2| P+ 21 P — p WELL
[ WY o
INPUT R OUTPUT
PN | R b —
! P Hh 03 PIN
| L
n+ | —q
! K | Tc n+
: 0y | | P WELL
| p WELL. [
I I
| == L.__ADDED PROTECTION CIRC'JITRY AT
! GROUND PIN | EACH EXTERNAL GATE LEAD.

-

DIODE BREAKDOWNS
Dy=n"TOpWELL 25V MAX

Dy=p* TONnSUB

D3 = nSUB TO p WELL

0V
100V

R = NORMAL p* DIFFUSION IN n SUB ISOLATION

Fig. 41 — Gate-oxide protection circuit used in COS/MOS integrated circuits.
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with a COS/MOS inverter) that is
incorporated  into all RCA
COS/MOS integrated circuits. In
addition to the basic input pro-
tection discussed in the preceding
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paragraphs, all inverter outputs
and all transmission-gate inputs
and outputs are fully protected
by substrate diodes (D3, D4, and
D5), as shown in Fig. 41.



Features and Characteristics of
RCA COS/MOS Integrated
Circuits [CD4000A Series)

The RCA family of COS/MOS
digital integrated circuits includes a
standard line of devices (the
CD4000A series) designed to operate
from voltage supplies of 3 to 15
volts. Each pellet in the series is
supplied in both ceramic and plastic

" dual-in-line

series), dual-in-line ceramic
(CD4000AD-series), and TO-5-style
(CD4000AT-series) packages operate
over the temperature range of -55°C
to +1259C. Devices supplied in the
plastic ~(CD4000AE-
series) packages operate over a

packages so that all devices included temperature range of -40°C to
in the series are available in two +85°C. The storage-temperature
different operating temperature range for all packages is from -65°C
ranges. Devices supplied in the to +150°C. Table I lists the
ceramic  flat-pack (CD4000AK- maximum ratings for the RCA
Table | — Maximum Ratings (Absolute Maximum Values)
CD4000AK,AD AT CDA4000AE

Recommended Operating

Voltage Range 3to 15

(VDD'Vss) (VOItS)

DC Supply Voltage (Volts) 0.5to+15

Dissipation per package (milliwatts) 200

Operating Temperature

Range (°C) 55 to +125 -40 to +85

All Inputs” Vss<VINS VDD

Storage Temperature

Range (°C) -65 to +150

*For types CD4009A and CD4010A, Vgs <Vce <Vpp
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CD4000A series of COS/MOS digital
integrated circuits.

The ratings shown in Table I are
based on the Absolute Maximum
System and are limiting values of
operating and environmental condi-
tions that should not be exceeded by
any circuit of a specified type under
any conditions of operation. Effec-
tive use of these ratings requires close
control of supply-voltage variations,
component variations, equipment-
control adjustment, load variations,
and environmental conditions.

FUNCTIONAL CLASSIFICATIONS
AND LOGIC DIAGRAMS

The RCA CD4000A series of
COS/MOS integrated circuits provides
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the equipment designer with a very
comprehensive line of circuits for a
wide variety of logic-system applica-
tions. This series of circuits includes
arithmetic devices, counter/dividers,
decoders, flip-flops, gates, hex-
buffers, multiplexers, shift registers,
and latches. These circuits feature
low power requirements, wide
operating voltage range, high noise
immunity, fully protected inputs,
excellent temperature stability, and
high fanout capabilities. Table II lists
COS/MOS  circuits currently in-
cluded in the CD4000A series and
indicates the logic function for which
each circuit is normally used. Figs.
42 through 50 show the logic dia-
grams for circuits included in the
CD4000A series.

Table || — RCA CD4000A-Series COS/MOS
Integrated Circuits

Gates

CD4000A Dual 3-Input NOR Gate Plus Inverter
CD4001A Quad 2-Input NOR Gate

CD4002A Dual 4-Input NOR Gate

CD4011A Quad 2-Input NAND Gate
CD4012A Dual 4-Input NAND Gate
CD4019A Quad AND-OR Select Gate
CD4023A Triple 3-Input NAND Gate
CD4025A Triple 3-Input NOR Gate
CD4030A Quad Exclusive—OR Gate
CD4037A Triple AND-OR Bi-Phase Pairs
Flip-Flops

CD4013A Dual “D” with Set/Reset Capability
CD4027A Dual J-K with Set/Reset Capability
Latches

CD4042A Quad Clocked “D"’ Latch
CD4043A NOR R/S Latch (3 Output States)
CD4044A NAND R/S Latch (3 Output States)
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Table 11 — RCA CD4000A-Series COS/MOS
Integrated Circuits — cont’d

Arithmetic Devices

CD4008A Four-Bit Full Adder, Parallel Carry-Out
CD4032A Triple Serial Adder, Internal Carry (Neg. Logic)
CD4038A Triple Serial Adder, Internal Carry (Pos. Logic)

Buffers

CD4009A Hex Inverting Type

CD4010A Hex Non-Inverting Type

CD4041A Quad Inverting and Non-Inverting Type

Complementary Pairs
CD4007A Dual Complementary Pair Plus Inverter

Multiplexers and Decoders
CD4016A Quad Bilateral Switch
CD4028A BCD-to-Decimal Decoder

Counters

CD4017A Decoded Counter/Divider Plus 10 Decoded Dec. Outputs
CD4018A Presettable Divide-by-N Counter

CD4020A 14-Stage Ripple Counter

CD4022A Divide-by-N Counter/Divider, 8 Decoded Outputs
CD4024A 7-Stage Ripple Counter

CD4026A Decade Counter/Divider, 7-Segment Display Output
CD4029A Presettable Up/Down Counter, Binary or BCD-Decade
CD4033A Decade Counter/Divider, 7-Segment Display Output
CD4045A 21-Stage Ripple Counter

Shift Registers

CD4006A 18-Stage Static Shift Register

CD4014A 8-Stage Synch Shift Register Parallel-In/Serial Out

CD4015A Dual 4-Stage Shift Register, Serial-In/Parallel-Out

CD4021A 8-Stage Asynchronous Shift Register, Parallel-In/Serial-Out

CD4031A 64-Stage Static Shift Register

CD4034A Parallel-In, Parallel-Out Shift Register (3 Output States)

CD4035A 4-Bit Parallel-1n, Parallel-Out Shift Register, J-K In,
True-Comp. Out

CD4036A Quad 8-Bit Storage Register (Binary Addressing)

CD4039A Quad 8-Bit Storage Register (4-Line Addressing)

Phase-Locked Loop
CD4046A Micropower Phase-Locked Loop
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Fig. 42 — L ogic diagrams for COS/MOS gate circuits
(continued on page 38).



38 RCA COS/MOS Integrated Circuits Manual

Ka Kp
Ay ] Al*Kg+By-Kp QD_
® >
R >
A2 ‘I- _‘|_
82 |
3 AND-OR
;34 GATES CONNECTED  |— -_——):D-
31 AS ABOVE
As |__ 92CS-17702
B _ J
CD4019A CD4030A
Quad AND-OR Quad
Select Gate Exclusive-OR
Gate
BA
Vee
DI
-
cl Vee
El
|
L D2
c2
E2
[ o
c3 £3
92Cs- 19221
CDA4037A
Triple AND-OR
Bi-Phase
Pairs

{c) Gate arrays

Fig. 42 — Logic diagrams for COS/MOS gate circuits
(continued from page 37).
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Fig. 43 — Logic diagrams for COS/MOS flip-flops and latches.
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Fig. 45 — Logic diagrams for COS/MOS decoders and multiplexers.
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Fig. 46 — Logic diagrams for COS/MOS counters
(continued on pages 42 and 43).
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Fig. 46 — Logic diagrams for COS/MOS counters
(continued on page 43).
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Fig. 46 — Logic diagrams for COS/MOS counters
{continued from pages 41 and 42).
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Fig. 47 — Logic diagrams for COS/MOS shift registers
(continued on page 45).
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Fig. 47 — Logic diagrams for COS/MOS shift registers
{continued from page 44).
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Fig. 48 — Logic diagrams for COS/MOS storage registers (memories).
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Fig. 49 — Logic diagrams for COS/MOS Buffers.
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Fig. 50 — Logic diagram for COS/MOS phase-locked loop.

PERFORMANCE
CHARACTERISTICS

The CD4000A families of logic
and MSI devices offer many unique
performance characteristics not
found in other IC technologies. The
following paragraphs contain tables
and graphs of important performance
parameters. Complete information
concerning any device can be found
in the appropriate data sheet. For the
utilization and applicability of these
performance characteristics, refer-
ence should be made to the sections
in this Manual concerning COS/MOS
Logic-System Design and Applica-
tions.

Quiescent Power Dissipation

Table III illustrates the
extremely low quiescent (dc) power
consumption of the COS/MOS
family. Static or standby power is
normally in the microwatt region.
The quiescent power dissipation
shown is per package with supply
voltages, VDD, of 5 and 10 volts;
Vss is O volts; and T4 is 250C. Both
typical and maximum dissipation
values are given.

Output Drive Current

COS/MOS devices will normally
drive inputs to other COS/MOS
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Table 11l — Quiescent Power Dissipation (Pp) Per Package
(All values in uW except as noted)

Typical Limits (max)
Series Series Series Series
Series 4000AK,AD 4000AE 4000AK,AD 4000AE
Types Vpp=10v| sv 10v 5V v | sv 10V sV

Gates

NOR

CD4000A,01A,02A,25A 0.01 0.005 0.05 0.025 1 0.25 10 25

NAND

CD4011A,12A,23A 0.01 0.005 0.05 0.025 1 0.25 10 25

Dual Conplementary

Pair Plus Inverter

CD4007A 0.01 0.005 0.05 0.025 1 0.26 10 25

Multiplexer

(Bilaterial Switch)

CD4016A 0.1 - 0.1 - 5 - 5 -

AND/OR Select

CD4019A 0.5 0.15 2 05 100 25 1000 | 250

Exclusive-OR

CD4030A 0.1 0.025 1 0.25 10 25 100 25
Buffers

Inverting

CD4009A 0.1 0.05 0.5 0.15 5 15 50 15

Non-Inverting

CD4010A 0.1 0.05 05 0.15 5 1.5 50 15

True/Complement

CD4041A 0.05 0.025 0.2 0.05 20 5 200 50

Triple AND/OR

Bi-Phase Pairs

CD4037A 0.5 0.15 2 05 100 25 1000 |250
Flip-Flops

Dual “D"

CD4013A 0.05 0.025 0.2 0.05 20 5 200 50

Dual J-K

CD4027A 0.5 0.025 0.2 0.05 20 5 200 50
Latches

Clocked “D”

CDA4042A 0.05 0.025 0.2 0.05 10 5 200 50

NOR R/S

CD4043A 0.05 0.025 0.2 0.05 20 5 200 50

NAND R/S

CD4044A 0.05 0.025 0.2 0.05 20 5 200 50
Counters and Registers

7-Stage Binary

Counter

CD4024A 5 1.5 10 25 100 25 1000 |250

14-Stage Binary

Counter

CD4020A 10 25 20 5 250 75 1000 |250

18-Stage Static

Shift Register

CD4006A 0.1 0.05 05 0.15 10 25 100 25
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Table 111 — Quiescent Power Dissipation (Pp) Per Package
(All values in uW except as noted) — cont’d

Typical Limits (max)
Series Series Series Series
Series 4000AK,AD 4000AE 4000AK,AD 4000AE
Types Vpp =10V 5V ov 5V ov 5v v 5V
Counters and Registers
cont’'d

1/N Counter

CD4018A 5 1.5 10 25 100 25 1000 | 250

1/8 Counter

CD4022A 5 15 10 25 100 25 1000 | 250

Decade Counters

CDA4017A,26A,33A 5 1.5 10 25 100 25 1000 | 250

Up/Down Counter

CD4029A 5 1.5 10 25 100 25 1000 | 250

21-Stage Counter

CD4045A 15 3.75 30 75 - - - -

8-Stage Static Registers .

CD4014A,21A 10 25 10 25 100 25 1000 | 250

Dual 4-Stage

Static Register

CD4015A 10 25 10 25 100 25 1000 | 250

64-Stage Static

Shift Register

CD4031A 10 25 20 5 250 50 1000 | 250

MSI 8-Stage

Static Register

CDA4034A 5 15 - 100 25 - -

4-Stage Register

CD4035A 5 1.5 10 25 100 25 1000 | 250
Arithmetic

Full 4-Bit Adder

CD4008A 5 1.5 10 25 100 25 1000 | 250

Serial Adders

CD4032A,38A 5 15 10 25 100 25 1000 | 250
Decoder

BCD-to-Decimal

CD4028A 10 25 100 25 100 25 1000 | 250
Memories

4-word-by-8-Bit NDRO

CDA4036A,39A 5 15 - - - — -

devices; these other devices appear as
purely capacitive loads. Therefore,
except during switching, no output
source or sink current flows. In some
instances, however, COS/MOS
devices are directly interfaced with
other logic forms. Table IV provides
typical and maximum output sink
and source currents for COS/MOS
devices.

Noise Immunity

The noise-immunity data shown
in Table V are expressed in terms of
absolute values referenced above or
below the normal-state level for
which the logic level will change
state. For example, if the device
input is at a logic 1 level of +10 volts
(VDD of 10 volts) and the guaran-
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Table IV — Output Drive Current [Ip(p) (-); Ip(n) (+)]

(All values in mA)

51

Types

Typical

Limits (min)

Series 4000A

Series 4000AK,AD

Vpp =10V

v

5v

ov

ip(p)

Ipin}

Iplp)

Ip(n)

Iplp)

Ipin)

Ip(e)

Ip(n

Iplp) | 1ptn)

Ipin)

Gates
NOR
CD4000A 01A,02A,25A

NAND
CD4011A,23A
CD4012A

Dual Complementary
Pair Plus Inverter
CD4007A

AND/OR Select
CD4019A

Exclusive-OR
CD4030A

Buffers
Inverting
CD4009A

Non-inverting
CD4010A

Triple AND/OR
Bi-Phase Pairs
CD4037A

True/Complement
CD4041A
True Output
Comp. Output

Flip-Flops
Dual “D”
CD4013A

Dual J-K
CD4027A

Latches
Clocked “D"
CD4042A

NOR R/S
CD4043A

NAND R/S
CD4044A

Counters and Registers
7-Stage Binary
Counter
CD4024A

14-Stage Binary
Counter
CD4020A

18 Stage
Static Shift
Register
CD4006A

-1

-1.2
-1.2

-1.3

-2

-1

-1

25
0.6

0.6

25

25

24

25

25

25

0.6

05

-22

-0.5
-05

-1.752

-1.75%

-1

-2.8
-1.2

-1

-0.26

-0.15

05
0.25

15

12

32
16

0.5

0.5

0.5

-05

-0.6
-0.6

-1.8

-0.66

0.9

0.5
0.26

1.2

0.6

05

05

05

03

025

-0.5%

-0.25
-0.26

-1.42

-1.4
-0.6

-0.175

-1.75

0.4
0.25

0.12

0.6

07

0.6

16
08

05

05

04

0.25

0.15

0.125

-0.3
-0.3

-2
-0.9

-0.25

-0.1

0.6

025
013

1.0

0.75

0.6

06

0.6

0.5

0.25

0.25

0.25

0.15

0.125

-0.12
-0.12

-2

-0.7
-0.3

-0.175| 0.2

-0.009| 0.1

-0.009{ 0.1

0.3
0.12

0.6

03

0.35

03

08
04

03

0.3

0.12

0.08

0.06
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Table IV — Output Drive Current [Ip(p) (=); Ip(n) (+)]
(Al values in mA) — cont'd

Typical Limits {min)
Series Series 4000A Series 4000AK,AD Series 4000AE
Types Vpp= 10V sv wv sV 0oV 5V
ip(p) | 1pim | 1pted | 1ptnd | 1pte) | iptn) | 1pte) | Iptn) | ipte) | 1p(n) | Ip(e) | Ip(n)
Counters and Registers
(cont'd)
64-Stage
Static Shift
Register
CD4031A
Q Output -14 8 -0.64 | 2.6 -0.7 - -032 | 1.3 -0.35 - -0.16 | 1.3
@ Output -0.4 04 -0.18 | 0.18 -0.2 0.2 -0.09 | 0.09 -0.1 0.1 -0.045| 0.045
CLp Output -1.6 24 -0.8 08 -0.8 1.2 -0.4 0.4 -0.4 0.6 -0.2 0.6
MS| 8-Stage Static
Register
CD4034A -0.25 | 05 -0.1 0.2 -0.125] 0.26 -0.05 | 0.1 - - - -
1/N Counter
CD4018A
Q5 Output -1 1 -0.4 0.4 -0.35 | 0.35 -0.15 | 0.15 | -0.25 | 0.25 -0.08 | 0.08
Other Outputs -0.4 0.4 -0.15 | 0.1 -0.2 0.2 -0.06 | 0.05 -0.15 | 0.15 -0.03 | 0.025
1/8 Counter
CD4022A
Decode -0.15 | 0.3 -0.075| 0.15 -0.15 | 0.1 -0.03 | 0.05 -0.05 | 0.05 -0.015| 0.025
Carry -0.8 1 -0.4 05 -0.3 03 -0.15 | 0.15 -0.13] 0.13 -0.08 | 0.08
Decade Counters
CD4017A
Decode -0.2 0.4 -0.075| 0.1 -0.1 0.1 -0.03 | 0.05 -0.07 | 0.07 -0.015] 0.025
Carry -1 1 -0.4 0.4 -0.35 | 0.35 -0.15 | 0.15 -0.24 | 0.26 -0.08 | 0.08
CD4026,33A
Decode -0.6 05 -0.28 | 0.24 -0.3 0.25 -0.14 | 0.12 -0.15 | 0.12 -0.07 {0.06
Carry -1 1 0.4 04 -0.35 | 0.35 -0.15 | 0.15 | -0.24 | 0.25 -0.08 {0.08
21-Stage Counter
CD4045A -6 6 -25 25 - - - - -] - - -
Up/Down Counter
CD4029A
Q Output -0.4 12 -0.24 | 0.8 -0.2 0.6 -0.12 | 0.4 -0.1 03 -0.06 | 0.2
Carry -0.2 064 | -0.12 | 0.16 -0.1 032" | -0.06 | 0.08 -0.05 | 0.16 -0.03 | 0.04
8-Stage Static Registers
CD4014A,21A -0.44 | 05 -0.16 | 0.3 -0.2 0.25 -0.08 |0.12 | -0.1 0.1 -0.05 |0.06
Dual 4-Stage Register
CD4015A -0.44 | 05 -0.16 | 0.3 -0.2 0.25 -0.08 | 0.12 -0.1 0.1 -0.05 |0.06
Arithmetic
Full 4-Bit Adder
CD4008A .
Carry -15 15 -05 0.5 -0.75 | 0.75 -0.25 | 0.26 -05 05 -0.13 0.13
Sumb -0.3 05 -0.02 | 0.02 -0.15 | 0.256 -0.01 | 0.01 -0.1 0.2 -0.007 | 0.007
Serial Adders
CD4032A,38A -1.2 24 -0.4 0.09 -0.55 | 0.7 -0.15 | 0.5 -0.27 | 05 -0.1 0.2
Decoder
BCD-to-Decimal
CD4028A -1.9 24 -0.9 1.2 -095 | 1.2 -0.45 | 0.6 -0.48 | 0.6 -022 |03
® Output voltage V,, = 2.5V
b vy tsum) =3v
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Table V — Noise Immunity
(VNIH = -VNIL unless otherwise specified;
all values in volts)

Series Typical Limits

Types Vpp =10V 5V 1o0v 5V
All except as
noted +4.5 +2.25 +3 +1.5
Inverting Buffer,
CD4009A +4.5 +2.25 VNIL =2 VNIL =1

VN|H=—3 VNIH =-1.5

teed noise immunity for the device is
3 volts, the device will not change
state when the input level drops from
+10 to 7 volts because of noise.
Similarly, if the input is at O volts
(logic 0) under the same conditions,
the device will not change state when
noise signals of 3 volts appear at the
input. The interfering or noise
voltage may be of either a slow drift
variety (dc), transient in nature (ac),
or a combination of both.

Unit-Load Characteristics

A unit load is defined for COS/
MOS devices as the load represented
by any single input terminal of a
gate-level device. Because every
COS/MOS input terminal is con-
nected to a pair of insulated gates via
a standard gate-oxide protection
circuit, the unit load is purely capaci-
tive. The typical unit load is 5
picofarads including the package.
Table VI lists the number of unit
loads represented by each signal
input terminal.

Speed and propagation delay
data are given in subsequent tables as

a function of the number of unit
loads.

Table VI — Unit Load
Characteristics (C)
(All values in pF)

Typical
Series Types Inputs|Vpp = 10V |5V
All except as
noted All 5 5
AND/OR
Select
CD4019A ab 5 5
ka.kp 12 12
4-Bit Full
Adder
CD4008A All 10 10
18-Stage Static
Shift Register
CD4006A Clock {30 30
Data |5 5
Propagation Delay and

Clock Frequency

Table VII shows the propagation
delay limits for all COS/MOS devices.
Both tpHL and tpLH propagation



54 RCA COS/MOS Integrated Circuits Manual

Table VIl — Propagation Delay (tpHL, tpLH) — Output Load Capacitance
C_L=15pF
(All values in ns)

Typical Limits (max)
Series Series 4000A Series 4000AK,AD Series 4000AE
Types Vpp =10V 5V 1oV 5v v 5V
HL LH HL LH HL LH HL LH HL LH HL LH
Gates
NOR
CDA4000A,01A,
02A,25A 25 25 35 35 40 45 50 95 55 65 80 120
NAND
CD4011A,23A, 25 25 50 50 40 40 75 75 50 50 100 100
CD4012A 50 25 100 50 75 40 150 75 100 50 200 100
Dual Complementary
Pair Plus Inverter
CDA4007A 20 20 35 35 40 40 60 60 50 50 75 75
Multiplexer
CD4016A !
Turn On 20 20 NOT AVAILABLE
Signal In to
Signal Out 10 10 NOT AVAILABLE
AND/OR Select
CD4019A 50 50 100 100 100 100 225 225 126 125 300 300
Exclusive-OR
CD4030A 40 40 100 100 100 100 200 200 150 150 300 300
Triple AND-OR
Bi-Phase Pairs
CD4037A 75 75 225 225 150 150 450 450 200 200 650 650
Buffers
Inverting
CD4009A 10 25 15 50 30 55 55 80 40 70 70 100
Non-inverting
CD4010A 10 25 15 50 30 55 55 80 40 70 70 100
True/Complement
CD4041A
True Output 40 45 65 7% 75 7% 115 126 100 100 140 150
Comp. Output 30 25 55 45 45 40 100 100 65 60 125 126
Flip-Flops
Dual “D”
CD4013A 75 7% 150 150 10 110 300 300 125 126 350 350
Dual J-K
CD4027A 7% 7% 150 150 110 110 300 300 150 150 400 400
Latches
Quad Clocked “D"
CDA4042A 75 75 150 150 125 126 300 300 200 200 400 400
Quad NOR R/S
CD4043A 75 75 175 175 175 175 350 350 200 200 400 400
Quad NAND R/S )
CD4044A 75 7% 175 175 175 175 350 350 200 200 400 400
Counters and Registers
7-Stage Binary
Counter
CDA4024A 80 80 175 175 125 126 350 350 150 150 400 400
14-Stage Binary
Counter
CD4020A 150 150 450 450 225 225 600 600 250 250 650 650
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Table VII — Propagation Delay (tpHL, tpLH) — Output Load Capacitance
CL =15pF
(All values in ns) — cont’d

Series
Types

Typical

Limits (max)

Series 4000A

Series 4000AK,AD

Series 4000AE

Vpp =10V

sV

wov

5v

wov

sv

HL

LH HL

LH

HL

LH HL

LH

HL

LH HL

LH

Counters and
Registers (cont’d)
18-Stage Static
Shift Register
CD4006A

1/N Counter
CD4018A
- @ Output
Other Outputs

1/8 Counter

CD4022A
Carry
Decode

Decade Counter

CD4017A
Carry
Decogle

Up/Down Counter
CD4029A
Q Outputs
Carry
8-Stage Static
Registers
CD4014A,21A

Dual 4-Stage
Static Register
CD4015A
64-Stage Static
Shift Register
CD4031A

MS! 8-Stage
Static Register
CD4034A

4-Stage Shift
Register
CD4035A
Arithmetic
Full-Bit Adder
CD4008A
At Output
From Sum
Input
From carry input
At Carry
Output
From sum input
From carry input
Serial Adders
CD4032A,38A
At Sum Output
From A,B, or
invert. inputs
From clock input
Decoder

BCD-to-Decimal
CD4028A

126

115
150

240

325
325

120
45

126
250

100

125

115
150

425
100

100

240

g8
g8

325

120
45

320
100

125

250

326
425

250

320
100

75

250

180

1000
1200

1000
1200

1000
1200

225 750

225 750

1300
1300

176

1100

480

1000
1200

1000
1200

1000
1200

750

750

1200

1300
1300

175

1100

700

290

250

1300
1600

g8

1300
1600

1300
- 1600

g8

1300
1700

gs

1000

1000

1600

2400

700

1300
1600

1300
1600

1300
1600

1300
1700

1600

2400

700
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delays are shown. For all sequential
circuits, such as flip-flops, counters,
or registers, delay is from clock input
to Q or Q outputs. Table VII gives
delays for 3 unit loads; i.e., for a
COS/MOS device driving three COS/
MOS unit-load inputs. Propagation
delays for unit loads ranging from 1
to 20 and for supply voltages of 5,
10, and 15 volts are shown in the

RCA COS/MOS Integrated Circuits Manual

curves of Fig. 51.

Table VIII shows typical maxi-
mum clock frequencies (toggle rates)
for all sequential devices; the data in
Table VIII are given for 3 unit loads.
Table IX shows maximum clock rise
and fall times. Fig. 52 shows maxi-
mum input clock frequency as a
function of supply voltage at 3 unit
loads.

Table VIIlI — Sequential Devices Maximum Input
Clock Frequency (Toggle Rate), filmax)—Output
Load Capacitance C|_ = 15 pF
(All values in MHz)

Typical

Limits (min)

Series Series 4000A

Series 4000AK,AD

Series 4000AE

Types |Vpp=10V| 5V

1ov 5V v 5V

Flip-Flops
Dual D"’
CD4013A 10 4

Dual J-K
CD4027A 8 3

Counters and
Registers
7-Stage Binary
Counter
CD4024A 7

14-Stage
Binary Counter
CD4020A 7

4-Stage Shift
Register
CD4035A 5

MSI 8-Stage
Static Register
CD4034A 5

25

25

2.5

25

2.5

45 1.5 3 1
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Table VI — Sequential Devices Maximum Input
Clock Frequency (Toggle Rate) f(max)—Output
Load Capacitance C| = 15 pF
(Al values in MHz) — cont'd

Typical Limits (min)
Series Series 4000A | Series 4000AK,AD | Series 4000AE
Types |Vpp=10v| sv 10V 5V T 5V
18-Stage Static
Shift Register
CD4006A 5 25 25 1 2 0.6
64-Stage Static
Shift Register
CD4031A 4 2 2 0.8 1 0.4
1/N Counter
CD4018A 5 25 3 1 2 0.6
1/8 Counter
CD4022A 5 25 3 1 2 0.6
Decade Counters
CD4017A 5 25 3 2 0.6
CD4026A, 33A| 5 25 3 1.5 2 1
Up/Down
Counter
CD4029A 5 25 3 1.5 2 1
8-Stage Static
Registers
CD4014A21A | 5 25 3 1 25 0.6
Dual-Stage Static
Register
CD4015A 5 25 3 1 25 0.6
Quad Bilateral
Switch
CD4016A 10*
*Control Input Repetition Rate
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Fig. 51 — Propagation delay as a function of load capacitance and number of unit loads
for CD4000A-series devices,; curves apply equally to all device types in a series. (sheet 1
of 6)
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Fig. 51 — Propagation delay as a function of load capacitance and number of unit loads
for CD4000A-series devices, curves apply equally to all device types in a series. (sheet 2

of 6)
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Fig. 51 — Propagation delay as a function of load capacitance and number of unit loads
for CD4000A-series devices; curves apply equally to all device types in a series. (sheet 3

of 6)
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Fig. 51 — Propagation delay as a function of load capacitance and number of unit loads
for CD4000A-series devices; curves apply equally to all device types in a series. (sheet 4
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Fig. 51 — Propagation delay as a function of load capacitance and number of unit loads
for CD4000A-series devices; curves apply equally to all device types in a series. (sheet 5
of 6)
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Fig. 51 — Propagation delay as a function of load capacitance and number of unit loads
for CD4000A-series devices; curves apply equally to all devices of a series (sheet 6

of 6).
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Table IX — Maximum Clock Rise and Fall Times, t(CL) = t{(CL)
(All values in microseconds)

Limits (max.) Limits (max.)
Series ’ Series 4000AK, AD Series Series 4000AK, AD
Types Vpp=10V | 5V Types Vpp=10V | 5V
All Except as 64-Stage Static
Noted 15 15 Shift Register
CD4031A 1 2
Dual’’D""
Flip-Flops 4-Stage Shift
CD4013A 5 15 Register
CD4035A 5 15
7-Stage
Binary Counter Latches
CD4024A 10 15 CD4042A
CD4043A 5 15
CD4044A
CD4006A,
CD40I4A, CD40I5A, CD4OITA, y CDA0I3A
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Fig. 52 — Maximum input clock frequency (toggle rate) as a function of supply voltage
for CD4000A-series devices; curves apply equally to all device types in a series. (sheet 1
of 2)
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Fig. 52 — Maximum input clock frequency (toggle rate) as a function of supply voltage
for CD4000A-series devices; curves apply equally to all device types in a series. (sheet 2
of 2)
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Typical Dynamic Power CD4000A, CD400IA,
Consumption CD4002A,CD4007A,CD40NA
L CD40I2A,CD4023A,CD4025A
Power dissipation in COS/MOS % Vpp=15V
devices is a function of load capaci- L 10°
IS o v
tance (ac fan-out), supply voltage, = 104 el
and switching frequency. A family of % /,/’ v
. . . S 10° e
power-dissipation versus frequency & A’/%{W 5V
curves is given in Fig. 53. Curves are & "¢ o s
. ——C=15¢pF
shown for a fan-out of 3 unit loads §_ 10' /,/,//// ———ct:sOpF
and supply voltages of 3.5, 5, 10,and & ;// Ta=25°C
15 volts. g - I
102 108 10* 105 108 107 108
INPUT FREQUENCY (f;)— Hz
92CS—~17865T
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Fig. 53 — Power dissipation as a function of frequency for CD4000A-series devices;
curves apply equally to all device types in a series. (sheet 1 of 3)
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Fig. 53 — Power dissipation as a function of frequency for CD4000A-series devices;
curves apply equally to all device types in a series. (sheet 2 of 3)
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Fig. 53 — Power dissipation as a function of frequency for CD4000A-series devices;
curves apply equally to all device types in a series. (sheet 3 of 3)
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COS/MOS Logic-System

Successful and efficient logic
design using the CD4000A series of
COS/MOS integrated circuits can be
achieved by following the guidelines
described in this section. Handling of
unused inputs, power-supply polarity
and range considerations, and logic
busing are all discussed. As an aid to
COS/MOS logic-system  design,
special attention is given to the
topics of system power calculation,
noise immunity, interfacing with
other logic forms, and power-source
and filtering requirements.

MAXIMUM-RATING
CONSIDERATIONS

The first rule in the design of a
COS/MOS logic system is to make
certain that no maximum rating of a
COS/MOS integrated circuit will be
exceeded under any condition of
operation. The power-supply voltage
should never be applied to a COS/
MOS integrated circuit in the reverse
polarity. Application of a reverse
voltage greater than 0.5 volt may

Design Rules

damage the integrated circuit. Input
signals should not exceed the power-
supply range unless special precau-
tions are taken to limit current
through the input protective diodes.
The Vcc terminal of the CD4009A
and CD4010A circuits must never be
more positive than the Vpp voltage,
although this terminal can be con-
nected to the same voltage value if
these circuits are to be used as
non-level-shifting buffers.

SHORT-CIRCUIT
CONSIDERATIONS

In most cases, COS/MOS outputs
can be accidentally shorted to either
VDD or Vsg without damage to the
device because the normal saturation
region of the drain-source character-
istic limits the short-circuit current.
However, very-high-current devices
that operate at high voltage, such as
the CD40094A, CD4010A, or
CD4041A, can easily dissipate more
than 200 milliwatts under short-
circuit conditions, as shown in Fig.
54. Shorted outputs can cause ex-
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FOR Ip--0.3%/°C /
%‘ Voo<I5V
/ 125V

7

7.5?/<g ;
oA

V.
SV MAXIMUM POWER

DISSIPATION LINE

(o] 2 4 J 8 10 12 14
DRAIN-TO—SOURCE VOLTAGE (Vpg) =V

<]
o

A

oV

DRAIN CURRENT (ID) — mA
H (2]
N

n
(e}

LAY

Fig. 54 — Maximum dissipation of one
CD4009A or CD4010A COS/MOS inte-
grated circuit.

cessive dissipation, as can direct drive
of the bases of bipolar power tran-
sistors.

UNUSED INPUTS

In a COS/MOS device, all input
terminals must be connected to a
voltage level between Vg (the most
negative potential) and Vpp (the
most positive potential). In circuit
configurations in which input
terminals connect directly to NAND
gates, the unused inputs must be tied
to Vpp (high-level state) or tied
together with another input terminal
to a signal source. Either of these
connections is necessary because the
output of any NAND gate normally
remains in the high-level state for as
long as any input is in a low-level
state; the output changes to a low-
level state only when all inputs are
high.

Conversely, in circuits which
connect directly to NOR gates, the
unused inputs must be tied to Vg§
(low-level state, usually ground) or
connected together to another input
terminal driven by a signal source.
Either of these connections is
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required because the output of a
NOR gate is in the low-level state if
any input is in the high-level state.
The output of the NOR gate goes
high only when all inputs are low.

Floating inputs, (unused inputs)
guarantee neither a logic O nor a logic
1 condition at the output of the
device, but cause increased suscepti-
bility to circuit noise and can result
in excessive power dissipation. Float-
ing inputs to high-impedance
COS/MOS gates can result in linear-
region noise biasing when both the p-
and n-type devices are ON.

INPUT SIGNAL SWING

For optimum performance
results, high-level logic inputs should
be made equal to VDD, and low-level
logic inputs should be made equal to
Vss. COS/MOS data sheets indicate
that a logic 1 output is Vpp — 0.01
volts (positive logic) and a logic O
output is 0.01 volt. However,
because of the high dc noise immu-
nity of COS/MOS, an acceptable
logic 1 is VDD — 0.7 VDD, and an
acceptable logic 0 is Vgs + 0.3 Vss.
Fig. 55 shows the range of switching
transfer characteristics for a COS/
MOS integrated circuit for a supply

voltage Vpp of 10 volts.
won wy
> vDD=|ov/%
8
5
.
3v 7V 10V

INPUT VOLTAGE, Viy

Fig. 55 — Range of switching transfer
characteristics.
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PARALLELING GATE INPUTS

The inputs of multi-input NAND
and NOR gates are sometimes wired
together and connected to a common
source. In the case of NAND gates,
where as many as 4 input pins may
be wired together (CD4012A), a
slight increase in speed occurs when
more than one input is tied to the
same signal, as shown in Fig. 56. More
importantly, however, the output
source current of the device is
increased proportionately to the
number of inputs wired together.

OUTPUT
INPUTS

Fig. 56 — Logic diagram of 4-input NAND
gate with 3 inputs interconnected.

When the inputs of a NOR gate
are tied together in a common input
signal, the gate experiences a higher
sink current and a slight increase in
speed. The speed increase in both
NAND and NOR gates results from
the lower ON resistance of the
paralleled devices. The increase in
speed is minimized by a compen-
sating speed decrease caused by the
added capacitance of the driving
source as well as capacitance internal
to the device itself.

PARALLEL INPUTS AND
OUTPUTS OF GATES
AND INVERTERS

Both source and sink output
current are increased when two or
more similar devices on the same chip
are paralleled as shown in Fig. 57. This
increased drive capability also
increases speed if the increase in

INPUTS

OUTPUT
(a)
INPUTS
OUTPUT
(b)
INPUT OUTPUT
(c)
Fig. 57 — Typical device-paralleling

arrangements: (a) NOR gates, (b) NAND
gates, (c) inverters.

capacitive loading is not excessive.
When devices are paralleled, power
dissipation also increases.

CAPACITIVE LOADING

COS/MOS logic systems should
be designed to minimize capacitive
loading. Capacitive loading decreases
speed and increases power dissipa-
tion. In the design of the system, it
should be realized that one COS/
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MOS unit load imposes a capacitance
of 5 picofarads across the output of
the COS/MOS circuit.

WIRED-"OR"” FUNCTION

In COS/MOS integrated circuits,
common busing is not permitted at
inverter outputs because of the
complementary nature of the basic
COS/MOS inverter circuit. With
COS/MOS integrated circuits, there-
fore, the wired-OR function, which is
sometimes rteferred to as the
virtual-OR or phantom-OR function,
is unrealizable using the outputs of
active (gain stage) inverters and gates.
Fig. 58 shows the effect of the
wired-OR connection on a basic
COS/MOS inverter circuit. Results

+ Voo
o
GND ]
L
+Vpp
o
+Vpp ]

Fig. 58 — Effect of wired-OR connection
on the basic COS/MOS inverter circuit.
(This connection should be avoided.)

equivalent to those provided by the
wired-OR function are obtainable in
COS/MOS logic by use of trans-
mission gates and/or functional logic.
An example of functional logic is the
CD4030A exclusive-OR circuit. The
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logic diagram for this circuit was
shown earlier (in Fig. 42) in the
section on Features and Character-
istics of COS/MOS Integrated
Circuits.

COMMON BUSING
(THREE-STATE LOGIC)

Transmission-gate logic is used
on the outputs of certain COS/MOS
registers, such as the CD4034A
eight-bit register, to achieve
common-bus operation in addition to
bidirectional logic gating. The COS/
MOS transmission gate output may
be a “1”, a “0”, or an open circuit.
Common-bus rules far exceed the
“wired-OR” rules for bipolar logic.
For example, more than 50 COS/
MOS transmission-gate outputs can
be wired together while only a small
number of bipolar outputs can be
tied together because of the greater
leakage of bipolar devices. Other
standard COS/MOS devices with
wired-OR outputs include the quad
NAND and quad NOR latches.

In Fig. 59, common bits of four
register outputs are common-bused.
This type of busing uses the quad
transmission gate (CD4016A) ap-
proach in which only one output is
actively connected to the line at a
given instant. The COS/MOS trans-
mission gate can be employed very
effectively in common busing of
logic levels in complex MSI and
custom designs. .

POSITIVE/NEGATIVE LOGIC
CONVERSION

All data sheets and applications
literature for COS/MOS circuits
reference positive-logic functionality.
Therefore, use of the circuits in
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REGISTER [)77] coaoien []]
23 .2
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Fig. 59 — Common busing of common bits
of four registers using the CD4016A series.

negative-logic systems, while entirely
feasible, may lead to some confusion;
the interfacing of COS/MOS circuits
(positive logic) with p-channel MOS
circuits (negative logic) is a common
example. The confusion can be
avoided by developing an under-
standing of the relationship between
positive and negative logic. This
relationship is described below with
the aid of a voltage truth table, Table
X, in which H represents a high
voltage and L a low voltage, X and Y
represents inputs, and f(x,y) the
output. If the higher level, H, is
assigned the value of logical 1, the
circuit is said to operate under
positive logic. If logical 1 is assigned
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Table X — Voltage Truth Table

Inputs Output
X Y Foey)
L L H
L H L
H L L
H H L

Possible Logic Assignments

Positive: Negative:
H = logical 1 H = logical 0
L = logical 0 L = logical 1

to L, the lower level, the logic is
negative. The corresponding positive
and negative logic tables for the
voltage truth table of Table X are
shown in Table XI.

As illustrated in Table X, a
positive-logic NOR gate and a
negative-logic NAND gate represent
two functions reversed in assignment.
Therefore, a COS/MOS CD4001A

Table XI — Logic Tables

Positive Logic ~ Negative Logic

L=0 H=1 L=1 H=0

NOR Function NAND Function

XY f(xy) X Y fixy)

0o T 11 0

01 0 10 1

10 O 0 1 1

11 0 00 1

fixy)=X®Y flxy)=X+Y
=X+Y =XeoY
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quad two-input NOR gate used in a
negative-logic system acts as a quad
two-input NAND gate. A CD4011A
quad two-input NAND gate acts as a
quad two-input NOR gate in a
negative-logic system.

The CD4024A is a seven-stage
binary counter. In negative logic, the
reset actsas a set and will set on a “0”.
Because the reset acts as a set, the
output is all 1’s instead of 0’s and the
counter becomes a down-counter. By
inverting all inputs and outputs the
counter can be made to operate as it
would in a positive-logic system.

Fig. 60 shows how some typical
COS/MOS circuit symbols are repre-
sented in positive and negative logic
systems.

POSITIVE LOGIC NEGATIVE LOGIC

CD40llA
CD400IA
cL RESET CL RESET
O O O ON,
¢}

¥

CD4024A
RESET
S‘EfT oui')'o"
po ¢ Joe b0 ¢ }oa
cLo-{ , toa co , [-oa
RESET SET
ON "0"

Fig. 60 — Common symbols for COS/MOS
devices in positive- and negative-logic
systems,; symbols apply equally to all
device types in a series.
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NOISE IMMUNITY

COS/MOS devices function reli-
ably in high-noise environments, such
as are found in industrial control and
automotive applications, because of
their exceedingly high noise immu-
nity. The high noise-immunity
characteristics of the devices also
make possible the fabrication of
extremely inexpensive general-logic-
design system packaging configura-

tions.
The exceptionally high ac and dc

noise immunity of COS/MOS inte-
grated circuits is attributable to the
relatively low output impedances
(approximately 600 ohms),
moderate-speed  operation, steep
transfer characteristics, and output
voltages within 10 millivolts of VDD
when driving other COS/MOS cir-
cuits. The high values of noise
immunity are achieved with power
consumptions in the microwatt
range, as compared with much higher
(milliwatt) consumptions and lower
noise immunities (about 1 volt) for
saturated bipolar logic. Because of
their high cross-talk noise immunity,
COS/MOS circuits are useful in
applications requiring long lines or in
circuits with closely coupled wiring.
COS/MOS circuits are also insus-
ceptible to ground-line noise or-noise
produced by improper ground
returns; therefore, it is not necessary
to use large ground or back planes.
Similarly, because of the high
power-supply noise immunity, com-
plex filtering circuits are not
required.

The immunity of a COS/MOS
integrated-circuit logic gate to noise
signals is a function of many
variables, such as individual chip
differences, fan-in and fan-out, stray
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inductance and capacitance, supply
voltage, location of the noise, shape
of the noise signal, and temperature.
Moreover, the immunity of a system
of gates differs from that of any
individual gate. Because of the many
variables involved, a generalized
analysis of the noise immunity of a
logic circuit is a complex process. In
general, it is more practical to
analyze immunity of a system for a
specific set of conditions and then to
generalize or extrapolate the results
to make them applicable to other
sets of conditions.

A general analysis of noise
immunity involves consideration of
immunity to both ac and dc noise.
AC noise is usually considered to be
made up of those noise spikes with
pulse widths shorter than the
propagation delay of a logic gate.
Conversely, dc noise spikes are
considered to have pulse widths
longer than the propagation delay of
one gate. AC noise immunity, which
varies in direct proportion to dc
noise immunity, is largely a function
of the propagation delays and output
transition times of logic gates and,
thus, is a function of the input and
output capacitances.

Because COS/MOS logic gates
typically change state near 50 per
cent of the supply voltage, and
because of the steep transfer
characteristics exhibited during tran-
sitions, exceptionally high input
voltages are required to significantly
change or falsely switch the output
logic state. Typically, then, the input
to a COS/MOS logic gate operating at
a dc supply voltage of 10 volts may
change by 4.5 volts before the
output begins to change state. AC
noise immunity is also extremely

high because of the high static or dc
noise immunity and the moderate-
speed operation of standard COS/
MOS circuits. The high ac noise
immunity also implies high immunity
to crosstalk noise.

DC noise immunity is defined
for COS/MOS integrated-circuit logic
gates according to the terms defined
in Table XII. Knowledge of these
noise-margin definitions, which guar-
antee a noise margin that is 30 per
cent of Vpp, is useful in designing
digital circuits. The inverter transfer
characteristics shown in Fig. 61, and
the output-to-input logic-level
characteristics in Figs. 62 and 63,
illustrate COS/MOS logic-gate noise
immunity. These definitions assure
that the logic level at the output of
the driving device is recognized as the
same logic level at the input to the
load device. The dc noise level at the
junction is equal to or less than the
difference in maximum magnitudes
of the output and input logic levels.

‘Fig. 62 shows guaranteed noise
immunity values obtained from the
definitions of Table XII for Vpp
between 3 and 15 volts. At 5 volts,
for example, as shown in Fig. 63,

VNIL = 10.01 — 1.5] == 1.5 volts

VNIH = [4.99 — 3.5] = 1.5 volts

At 10 volts,
VNIL =10.01 — 3.0] = 3.0 volts

VNIH = 19.99 — 7.0| = 3.0 volts

These equations hold for all COS/
MOS types except the CD4009A.
For this type at 5 volts,
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Table XII — Voltage Logic-Level and Noise-Margin Definitions

Voltage Logic Level

VoL

VOH

V|Lmax The maximum input at low level for which the output logic level

ViHmin The minimum input at high level for which the output does not

Noise Margin

Maximum output at low level with no noise at the input. For an
inverter, VOL(max) is the output level when the input is tied to
VDD, assuming only capacitive loading at the output. For COS/
MOS circuits, VoL = Vss + 0.01 volt.

Minimum output at high level with no noise at the input. For
an inverter, VOH(min) is the output level when the input is
grounded, assuming only capacitive loading at the output. For
COS/MOS circuits, VOH = VDD - 0.01 volt.

does not change state.

change state.

VNIL Low-level dc noise immunity. The difference in magnitude
between the output-voltage level of the driving device in the low-
level state (VQL) and the maximum input low-level voltage
recognized by the driven load device (V|_max).

VNIL = IVoL - ViLmax|

VNIH High-level dc noise immunity. The difference in magnitude
between the output-voltage level of the driving device in the high-
level state (VQH) and the minimum input high-level voltage
recognized by the driven load device (V|Hmin).

VNIL = IVOH - ViHmin|
¢ Voo Von=Vpp— 00!
3 VoH | Vo =Vgg *+ 0.0
> oL~ Vss . B mmmm—m————— = s - VDD
1 \VDD-O,OI v
L LOGIC |
= SWITCHING -
& POINT 0= - == == - - 70% Vpp
=
2 ” | INDETERMINATE
> [y vl REGION
5 |
.ﬂ_. \ +-30% VDD
3 3- -t - - LoGIC O
VoLl o ‘ \\/Iss +00IV
Vss -VNII~] l+-VNTHs VDD 3 5 10 15° sS
Voo  ViLmax  VIHmin YoH
INPUT VOLTAGE (V) — VOLTS Voo —=
Fig. 62 — Guaranteed noise-immunity

Fig. 61 — Inverter transfer characteristic.  values.
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Fig. 63 — Output to input logic-level characteristics.

VNIL = 10.01 — 1.0] = 1.0 volt
VNIH = 14.99 — 3.5] == 1.5 volts

At 10 volts,
VNIL = 10.01 — 2.0| == 2.0 volts

VNIH = 19.99 — 7.0l = 3.0 volts

The 30-per-cent noise margins
apply to all COS/MOS types except
the CD4009A, which has a low-level
noise-immunity margin of 20 per
cent because V[, = 1 volt at VDD =
5 volts and Vi, = 2 volts at VDD =
10 volts; the high-level noise
immunity VNIH is 30 per cent, the
same as for all other COS/MOS
types.

Inverter transfer characteristics
change very little with changes in
ambient temperature over the
temperature ranges allowed for
COS/MOS circuits in both plastic and

ceramic packages. Because of the
excellent temperature stability of the
transfer characteristic, the noise
immunity changes no more than 0.3
volt over the -55°C to +125°C
temperature range with Vpp less
than or equal to 10 volts.

INTERFACING COS/MOS
WITH OTHER LOGIC FORMS

Proper interfacing between dif-
ferent logic families requires that the
circuits selected operate at a
common supply voltage and display
logic-level compatibility. In addition,
the devices must maintain safe
power-dissipation levels and good
noise immunity over the specified
operating-temperature range.

Of great significance is the ease
of interfacing the COS/MOS
CD4000A series with the widely used
TTL and DTL logic families. The
wide operating-voltage range of
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COS/MOS devices also permits direct
interface with HTL (High-Threshold-
Logic) and p- and n-channel MOS
logic circuits. Interfaces with ECL
systems (0- and 5-volt supplies) are
power-supply compatible but require
logic-level conversion.

Saturated-Bipolar Logic

A need arises to interface COS/
MOS logic with higher-speed, satu-
rated bipolar logic when system logic
speeds exceed approximately 10
MHz. Optimum efficiency in system
design is achieved by directly but
alternately interfacing COS/MOS
circuits and DTL or TTL circuits;
i.e., taking full advantage of the
superior COS/MOS logic character-
istics at lower logic speeds and the
high-speed capability of saturated
bipolar logic when required.

Bipolar Driving COS/MOS

Fig. 64 shows a TTL or DTL
gate directly driving one COS/MOS
device input. Limit values of bipolar
drive parameters are shown, as are
the limit parameters of the driven
COS/MOS device. Examination of
Fig. 64 indicates that for the bipolar-
output logic-0 case, the COS/MOS
device is safely driven with a safety
(noise) margin of 1.1 volts
(1.5V-0.4V). The net effect is a
reduction of noise margin from 30 to
22 per cent of VDp when compared
with COS/MOS driving COS/MOS.
For the logic-1 case of TTL driving
COS/MOS, a borderline situation
exists. The minimum no-load logic-1
TTL output is 3.6 volts, while the
COS/MOS minimum logic 1 input
voltage required is 3.5 volts. This
interface is valid, but has essentially
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VoD
h g
Rpg VIN
Vo — )
IN
TTL OR DTL COS / MOS
Logic “0” Case

VDD max = 5.5V VIN min = 1.5V for
guaranteed
switching

Iin = 10 pA

Vo max = .4 (10 pA load)

Logic “1” Case (TTL only)
VDD min = 4.5V VIN min = 3.5V for
guaranteed
switching

IiN = 10 pA

Vo max = 3.6V

Logic “1” Case (DTL only)

VDD min = 4.5V VIN min = 3.5V for

guaranteed

Vo min = 4.5V switching
IiN = 10 pA
Fig. 64 — TTL or DTL gate directly

driving one COS/MOS device input.

no noise margin (0.1 volt). There-
fore, it is recommended that an
external pull-up resistor, Ry, be used
to guarantee the interfacing of TTL
with COS/MOS; Vg would then be
equal to Vpp. Rp affects the logic-0
interface condition in that Vg max is
increased. Determination of an
optimum value for Ry requires
consideration of fan-out, maximum
TTL device current, Vo max, TTL
device leakage in the high state,
power consumption, and propagation
delay. Appropriate network equa-
tions can be developed to permit
calculation of an optimum value of
Rp for a given TTL or DTL logic
family. The logic-1 case of a bipolar
DTL circuit driving a COS/MOS
circuit is a highly satisfactory inter-
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face and full COS/MOS noise margin
is unaffected. Most bipolar logic
families have open-collector-output
family members for use in phantom-
OR logic connections. By utilizing
these devices, optimum values of the
external resistor Rp can be selected
for specific speed and noise-margin
system requirements.

COS/MOS Driving Bipolar

Fig. 65 shows one COS/MOS
gate driving one TTL or DTL gate
input. When the COS/MOS output is
a logic 1, the TTL or DTL load acts
as a reverse-biased diode; maximum

V?DD

Vo ViN

Isink IIN

COS/ MOS TTL OR DTL
Logic “1” Case
VDD min = 4.5V N = 40 pA max.
Vo min = 4.4V VIN max. required = 2,9V
Logic “0"" Case

VDD min = 4.5V

Vo = .8V @ 1.8 mA
Sink Current
(CD4001)

Vo =.8V@7mA
Sink Current
(CD4009/CD4010)

HIN max = 1.6 mA
VIN max = .8V

Fig. 65 — COS/MOS gate driving TTL or
DTL gate input,

load current is 40 microamperes at a
minimum COS/MOS output voltage
of 4.4 volts. Because the minimum
required TTL or DTL input voltage is
2 volts, greater than 50 per cent
noise immunity exists.
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For the logic-0 TTL or DTL
input condition, a maximum input
voltage of 0.8 volt is required at 1.6
milliamperes of sink current. Driving
with 0.8 volt permits essentially no
noise immunity; therefore, a 0.4-volt
drive is recommended. Table XIII
shows COS/MOS output-sink-current
capability at 0.4 and 0.8 volt. Only
the CD4009A and CD4010A buffers
can drive TTL or DTL inputs directly
with the simple logic connections
shown in Fig. 66(a). At an output of
0.4 volt, two TTL or DTL gates can
be driven; at an output of 0.8 volt,
four gates can be driven.

Increased sink-current capability
of COS/MOS NOR devices can be
achieved by paralleling input and
output connections of multiple-input
gates, as shown in Fig. 57. Fig. 66(b)
shows a quad two-input NOR gate
(with inputs paralleled) driving one
DTL or TTL load. This connection
provides 1.8 milliamperes at 0.8 volt.
Fig. 66(c) shows one COS/MOS gate
driving a TTL or DTL load at 1.8
milliamperes and 0.4 volt. In Fig.
66(c), four n-channel transistors are
paralleled as shown in the schematic
diagram of Fig. 67. In a similar
fashion, both inputs and outputs of
three CD4007A inverters may be
paralleled to drive one DTL or TTL
load.

Low-power TTL logic devices
(54 L or 74 L series) can be driven
directly by most COS/MOS devices.
The sink-current requirement of
these devices is only 0.18 milli-
ampere per bipolar input. Table XIII
shows fan-out calculations for eight
COS/MOS types. For example, one
CD4000A device output will drive
three 54 L loads at 0.4 volt.
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Table X111 — Current-Sinking Limits of COS/MOS Devices
Sink Current (mA)
Type Description VoL=04V | VoL=0.8V
CD4000A Dual 3-input NOR Gate
Plus Inverter 0.40 0.8
CD40001A Quad 2-input NOR Gate 0.40 0.8
CD4002A  Dual 4-input NOR Gate 0.40 0.8
CD4007A  Dual Complementary
Pair plus Inverter 0.6 1.2
CD4009A Inverting Hex Buffer 3.0 6
CD4010A  Noninverting Hex Buffer 3.0 6
CD4011A  Quad 2-input NAND
Gate 0.2 0.4
CD4012A  Dual 4-input NAND
Gate 0.1 0.2
CD4009A TTL/DTL INPUT  pa002A
— > ‘__- , OVpp = +4.5V
' i1k
[ Pl m— |-~
| :] | TO OTHER
0 olit | PORTIONS
! T ! 97 O oTL
|
! |.1v b STLAND
! t TTL INPUT
CD40I0A ot (el
DEIRIE Fow SR
(a)
[
l Vgg (GND) |
@} Fig. 67 — COS/MOS circuit with paralleled
inputs driving TTL or DTL circuit.
CD400IA
(b)
Level Shifting
J The two COS/MOS buffers
— (CD4009A and CD4010A) are
designed as level shifters as well as
CD4002A high-sink-current drivers. This

(c)

Fig. 66 — Sink-current enhancement con-
nections for COS/MOS driving TTL and
DTL, circuits apply equally to all device
types in a series.

important feature permits operation
of COS/MOS logic at supply-voltage
values up to +15 volts and direct
interface with TTL or DTL at +5
volts. Fig. 68 shows the schematic
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Fig. 68 — Schematic diagrams of the (a), CD4009A and (b) CD4010A.
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diagrams of the CD4009A and
CD4010A buffers; Vpp is the COS/
MOS logic-level voltage and VC( is
the +5-volt TTL or DTL connection.
Fig. 69 shows the logic-interface
connections for logic-level conver-
sion. The system advantage of this
scheme is manifested in the increased
logic speed of COS/MOS circuits
when operated at higher speeds than
would be possible in an all +5-volt
system.

Vpp=+I0V  Vec=+5V

D

—

pu—

COS/MOS

CD4009A

TTL OR DTL

Fig. 69 — Logic-interface connections for
logic-level conversion.

High-Threshold Logic

HTL (High-Threshold Logic)
operates with a 15 * 1-volt supply
and achieves the 45-per-cent noise
immunity typical of COS/MOS
devices by utilization of a zener
diode (6.7 volts) at the circuit inputs.
HTL outputs are driven from an
n-p-n switching transistor and a
15-kilohm pull-up resistor. There-
fore, when HTL circuits drive COS/
MOS circuits, the inherently high
noise immunity (typically 45 per
cent of supply voltage) of both
devices is maintained. The COS/
MOS-HTL interface requires a
1.2-milliampere sink-current capa-
bility for the COS/MOS output
circuit. Fig. 70 illustrates this inter-
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face and shows the characteristics for
both the logic-1 and the logic-0
COS/MOS-output cases. Both the

Vpp=+15V

Vo VIN

_).t . D,
Isink ILEAKAGE

COS/MOS HTL

Logic — 1 Case

Voutput (min) = 1499V VIN (min) = 8.5V

Logic — O Case

Vo (max) = 0.8V, 1=
16 mA
(CD4009A or VN (max) = 6.5V

CD4010A) ISINK (max) = 1.2 mA

ILEAKAGE (max) = 2 HA

1=12mA
(CD4001)

Fig. 70 — COS/MOS and HTL interface.

COS/MOS and HTL circuits operate
from a common 15-volt supply. For
the COS/MOS logic-1 output case of
Fig. 70, high noise immunity is
achieved by using the CD4009A or
CD4010A buffer.

Emitter-Coupled Logic

COS/MOS and ECL (Emitter-
Coupled Logic) logic forms can be
operated from a common -5 * 1-volt
supply. However, level-shift interface
circuits are required in both
directions.

Fig. 71 illustrates the COS/MOS-
to-ECL logic-1 and logic-0 level inter-
face requirements. Fig. 72(a) illus-
trates a simple voltage-divider inter-
face circuit. The calculation of the
values of resistors R1 and R2 is based
on COS/MOS source- and sink-
current capability and ECL input
loading. This interface suffers from
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Vpp=O0V
Vgg=—5V

Vo VIN
LEVEL
SHIFT

CIRCUIT ||
SEE FIG. 72)

COS/MOS ECL

Logic 1 Logic 0
Vo ov -6V
VIN -0.8v -1.6V

Fig. 71 — COS/MOS and ECL interface.

poor temperature tracking and low
speed. The active level translator of
Fig. 72(b) has a high speed capability
and good temperature tracking.

COS/MOS R| 30_
R2

-5v (b)

Fig. 72 — (a) COS/MOS and ECL voltage-
divider interface circuit; (b) active level
translator.

An active interface circuit is
required to shift from ECL output
logic levels to COS/MOS logic levels.
Figs. 73 and 74 illustrate logic-

1
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Vpp=—OV
Vss =5V

Vo VIN

LEVEL
SHIFT
CIRCUIT

ECL COS/ MOS

SEE FIG.74)

Logic 1
Vo 0.8V
VIN -0.8v

Logic 0
-1.6v
-4.2v

Fig. 73 — Logic interface required to shift
from ECL output logic levels to COS/MOS
logic levels.

interface and level-shift circuits,
respectively. An important considera-
tion in these interfaces, as well as in
the COS/MOS-to-ECL interface of
Figs. 71 and 72, is operation from
the common -5-volt supply.

—-5v

=12V
(BIAS)

Fig. 74 — Level-shift circuit required to
shift from ECL output logic levels to
COS/MOS logic levels,

IC level shifters that translate
between TTL or DTL logic levels and
ECL logic levels are commercially
available. Both +5-volt and -5-volt
power-supply voltages must be
provided when these level shifters are
used. The COS/MOS CD4009A or
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CD4010A hex buffers may be
required to drive the TTL-to-ECL
level-shifter IC’s. In this case, a third
power supply (up to +15 volts) may
be used to power the COS/MOS logic
circuits.

P-Channel MOS

P-channel MOS-transistor logic
levels are -6 volts for low-threshold
and -15 volts for high-threshold
types. Direct interface with cos/
MOS logic circuits is achieved by
operating the COS/MOS circuit at a
Vpp of zero volts and a VSs of
either -6 or -15 volts. COS/MOS
positive and negative logic considera-
tions, as explained earlier in the
discussion on Positive/Negative Logic
Conversion, are helpful in converting
the positive-logic functionality of
COS/MOS devices to the p-channel
MOS-circuit negative-logic conven-
tion.

N-Channel MOS

N-channel MOS-transistor logic
levels are positive and within the
voltage range of COS/MOS devices;
direct interface is therefore possible.

CLOCKING REQUIREMENTS

All sequentially operated COS/
MOS integrated circuits require a
single-phase clock. The amplitude of
the clock pulse should be equal to
the single power-supply voltage
VDD. Fig. 75 shows the clock-edge
requirements for all flip-flops, shift
registers, counters, and latches
included in the CD4000A series of
COS/MOS integrated circuits.

Clock-edge rise and fall times
should not exceed 15 microseconds
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CLOCK EDGE REQUIREMENTS
TRANSITION _ 5 AND J-K FLIP-FLOPS

ALL SHIFT REGISTERS EXCEPT
CD4006A

ALL SYNCHRONOUS COUNTERS

ALL BINARY RIPPLE COUNTERS
NEGATIVE 18-STAGE SHIFT REGISTER,
CD4006A

POSITIVE

P
OPTIONAL\XI STROBED LATCH, CD4042A
/\
A

Fig. 75 — Clock-edge requirement for
CD4000A-series COS/MOS integrated cir-
cuits.

because of circuit cascading consid-
erations, as explained in the next
section. Minimum clock pulse width
and maximum operating frequency
are functions of the supply voltage
and the type of device.

CASCADING CONSIDERATIONS

When sequential COS/MOS cir-
cuits, such as flip-flops and shift
registers, are to be connected in
cascade, the designer must take care
that data are not lost in the transfer
between different devices. Variations
in the range of input switching levels
and flip-flop time constants may
result in a loss of data.

Input Switching Levels

The input switching level of an
active COS/MOS circuit has a 4-volt
range for operation from a 10-volt
power supply, as shown earlier in
Fig. 55. This range of switching levels
is the result of the range of threshold
variations of present MOS technol-
ogy. These variations present no
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problem in dc logic usage; they can,
however, affect error-free cascading
of shift register stages.

The range of switching levels can
cause loss of data between certain
synchronously clocked sequential cir-
cuits, as shown in Fig. 76. For
example, if two or more COS/MOs
flip-flops (CD4013A or CD4027A)
or shift registers (CD4006A,
CD4014A, CD4015A, or CD4021A)
are cascaded, the clock rise time
(t;CL) should be made less than the
total of the fixed propagation delay
plus the output transition time, as
determined from the device data
sheet for the specific capacitive load-
ing condition in effect.

In the CD4031A 64-bit static
shift register, this problem is avoided
by use of a delayed clock output.

Time Constants

The range of COS/MOS switch-
ing points also affects the time
constants of multivibrator circuits.

D Q

Compensation techniques used with
the circuits are discussed later in
the section on Astable and Mono-
stable Multivibrators.

POWER-SOURCE
CONSIDERATIONS

In determination of the power
source for a COS/MOS logic system,
the first step is to ascertain the total
power requirements of the over-all
system. This factor significantly
affects the regulation and filtering
requirements and also indicates
whether battery operation is feasible.

Calculation of System
Power Requirements

Guidelines have been developed
to assist the designer in estimating
system power. The guidelines take
into account the ultra-low power
dissipation of COS/MOS devices in
the quiescent state and the increased
power dissipation with increased

D Q

Q2

— — — — — — —PROPER
\jcrcmuc POINT = 0.7 Vppy
ERROR

Fig. 76 — Error effect that results from a siow clock in cascaded circuits.
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loading (primarily capacitive) and
switching rate. Total COS/MOS
system power is the sum of the
quiescent power plus the dynamic
power, as follows:

PTotal = PQuiescent * PDynamic

As the first step in calculating
system power, the quiescent power
dissipation of all devices used is
summed. Individual device dissipa-
tion may be obtained from COS/
MOS data sheets or from the tables
of quiescent power given earlier in
this Manual in the section concerning
Features and Characteristics of RCA
COS/MOS Integrated Circuits.

Because quiescent power dissipa-
tion is equal to the product of
quiescent device current and supply
voltage, the total quiescent dissipa-
tion (either typical or maximum)
may be obtained by adding all
quiescent device currents and
multiplying this sum by the value of
the supply voltage, VDD. The
quiescent current for a device is
shown in the data sheets at supply
voltages of 5 and 10 volts only; the
quiescent device current can be
interpolated for other values of
supply voltage because the current
curve approximates a linear relation-
ship with voltage.

As the second step in calculating
system power, the dynamic power
dissipation is determined for each
device. These data are available in the
dynamic dissipation versus frequency
curves shown in this Manual in the
section concerning Features and
Characteristics of RCA COS/MOS
Integrated Circuits or on the data
sheet for the device in question. The
individual device values are summed
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to yield
dissipation.
Total system power is then
determined by adding together the
total quiescent and the total dynamic
power dissipation. In high-speed logic
systems, i.e., systems with speeds of
1 MHz or more, most of the
dissipation is dynamic and quiescent
dissipation may be neglected.

total dynamic power

Regulation

COS/MOS devices exhibit reli-
able switching properties over a wide
range of power-supply voltages.
Specifically, CD4000A COS/MOS
devices operate reliably and with
high noise immunity as long as the
power-source voltage (VDD - VSS) is
greater than 3 volts and less than 15
volts. This statement implies that an
unregulated supply may be used
provided that maximum voltage
limits are not exceeded and that
system speed is no greater than the
speed which can be supported by the
COS/MOS device operating at the
lowest value of VDD expected from
the unregulated supply. Maximum
system speed, then, is dictated by the
minimum power-source excursion.

To establish the extent of
regulation required, the power-
supply designer must first determine
the maximum operating frequency
required of his system. Usually one
device in the system is the limiting
element in the chain. As pointed out
earlier in the section on Features and
Characteristics of RCA COS/MOS
Integrated Circuits, a minimum value
of supply voltage (VDD -VsS)asa
function of both required device
speed and the number of unit loads
driven can easily be determined. A
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nominal power-supply voltage mid-
way between the minimum supply-
voltage value and 15 volts is
determined. The percentage of per-
missible power-supply regulation is
then easily calculated.

As an example of the use of the
above considerations, the maximum
clock input frequency (toggle rate)
of a CD4013A flip-flop is typically 4
MHz at 3 unit loads (CL = 15
picofarads) and a minimum supply
voltage of +5 volts. (These values
were taken from data on the
CD4013A (Fig. 52) given in the
section on Features and Character-
istics of RCA COS/MOS Integrated
Circuits. By selection of a nominal
+10-volt supply, +50-per-cent maxi-
mum regulation can be tolerated,
thus guaranteeing the 4-MHz
operation.

Battery Operation

Because of their ability to
operate over a wide voltage range at a
very low level of current drain,
COS/MOS logic circuits can be
operated directly from inexpensive
batteries having a wide voltage
excursion from  “beginning” to
“end” of life. Additionally, the very
high noise immunity of COS/MOS
devices is an advantage in battery
operation because the internal
impedance of batteries is often
greater than the internal impedance
of most power supplies.

The low power dissipation of
COS/MOS devices offers another
important advantage where battery
operation is required. COS/MOS
logic systems can be effectively non-
volitile; i.e., they will not change
state during long periods of time. In
essence, then, the battery powering
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the devices behaves as a shelf-life
battery for quiescent system opera-
tion; holding voltages can be as low
as 2 volts. The system designer can
think of this COS/MOS feature as a
quiescent non-volatile memory
capability in planning various system
applications.

Automotive batteries of a 12-
volt nominal rating can directly drive
COS/MOS logic circuits. Care must
be taken, as with most other
electronic devices, to protect COS/
MOS devices from high-voltage tran-
sients resulting from open-circuited
battery terminals; transients as high
as 100 volts can arise from the high
electric field in an automobile
generator. The wusual means of
protection is the zener-diode pro-
tection circuit.

Zener-Diode-Reference
Operation

Operation from zener-diode
references not only protects COS/
MOS devices from momentary line
transients, but also can provide an
effective power-supply source from
dc sources exceeding 15 volts, such
as a 28-wvolt aircraft supply. The
zener-diode source is also effective
when accurate digital-to-analog con-
verters are designed using COS/MOS
devices.

Proper design of zener regulators
for COS/MOS logic operations must
take into account the transient
nature of most COS/MOS current-
drain requirements. Current drains in
excess of the microampere quiescent
currents are an integral sum of the
switching-transient currents of the
COS/MOS  devices. Knowledge of
peak currents (Ip), switching fre-
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quency, and current rise and fall
times must be judiciously used in
calculating the R and C of the zener
regulating circuit shown in Fig. 77.

Vpp=28V R iov ILoap |cos/mos
O— ’ LOGIC
SYSTEM
I SOURCE
=<C
IDIODEl

Fig. 77 — Zener regulating circuit.

In complex-logic systems, estimates
of R and C from a knowledge of the
average system frequency and the
switching-transient characteristics of
COS/MOS devices may be easily
made. The use of this knowledge in
some arbitrary laboratory adjustment
usually quells the transient-current
problem quickly. The key here is
awareness of the purely transient
nature of most COS/MOS loads.

Filtering

COS/MOS-system power supplies
need be filtered only to the extent
that the magnitude of the ripple, on
a peak basis, does not drop below the
minimum voltage required to support
the switching frequency of the COS/
MOS devices used.

The job of the designer is, then,
to determine the minimum instanta-
neous voltage permissible that will
support the system switching fre-
quency and from that minimum
voltage to determine the maximum
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regulation and/or filtering required
for the specified supply voltage. As
long as the amplitude of the ripple
does not exceed the maximum noise-
immunity range, COS/MOS circuits
will continue to operate as if no
ripple were present. Fig. 78 shows a
plot of peak-to-peak ripple versus
maximum operating frequency at
supply voltages of 5 and 10 volts.

[

>
Vpp=I0V

814 LD
£ N
312 S
>
w0 N
z N
L8
'3
b4

6
Q || Vpp=5V
I 4 —
e ™~ \
U
v 2
<<
g o ) ) 6 8 2 4 6

10 100 1000

FREQUENCY — kHz

Fig. 78 — Peak-to-peak ripple versus
maximum operating frequency for a typi-
cal COS/MOS A-series circuit at supply
voltages of 5 and 10 volts.

The curves show that ripple does not
affect the operation of the COS/MOS
device except in those instances
where ripple approaches the 100-per-
cent mark.

Filtering requirements over and
above those described need only be
related to system-power-bus “cleanli-
ness” as determined by over-all
system performance specifications.
COS/MOS logic is outstanding in this
respect, requiring minimum filter-
design expense, as opposed to
high-current-drain logic forms which
require costly filter design.
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Astable and Monostable

COS/MOS gates provide cost
and size reductions in multivibrator
circuits because their high input
impedance makes it possible to ob-
tain large time constants without the
use of large capacitors. This section
describes several techniques which
may be used to compensate for the
normal threshold variation of MOS
devices in the design of stable multi-
vibrator  circuits. Operating fre-
quencies up to 2 MHz and more can
be attained with the CD4000A series.
The circuits shown can be formed by
use of the individual inverters in
various COS/MOS IC’s, such as the
CD4000A, CD4001A, CD4002A, or
CD4007A.

ASTABLE CIRCUITS

Fig. 79(a) shows an astable
multivibrator circuit that uses two
COS/MOS NOR gates as inverters;
NAND gates or ordinary inverters
may be substituted for the NOR
gates. Fig. 79(b) shows the wave-
forms for the circuit of Fig. 79(a).
This simple circuit requires only one
resistor and one capacitor.

Multivibrators

Basic Circuit Operation

When waveform (1) at the out-
put of inverter B is in a high or “1”
state, capacitor Ctc becomes posi-
tively charged. As a result, the input
to inverter A is high, and its output is
low or “0”. Resistor Ry is returned
to the output of inverter A to
provide a path to ground for dis-
charge of Cyc. As long as the output
of inverter A is low, the output of
inverter B is high. As capacitor C
discharges, however, the voltage
generated [waveform (2) in Fig.
79(b)]  approaches and passes
through the transfer-voltage point of
inverter A. At the instant that this
crossover occurs, the output of A
becomes high; as a result, the output
of B becomes low and capacitor Cyc
is charged negatively (or low). Resis-
tor Ric, connected to the output of
A, then provides a charge path for
the supply voltage. Capacitor Ctc
begins to charge to this voltage.
Again, the voltage approaches and
passes through the transfer-voltage
point of inverter A. At that instant,
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172 CD400IA
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Fig. 79 — (a) Astable multivibrator circuit; (b) voltage waveforms.

the circuit again changes state (the
output of A becomes low and that of
B high), and the cycle repeats.
Because input-diode protection
circuits like the one shown in Fig. 80
are included in COS/MOS IC’s, the
generated drive waveform is clamped
between Vpp and Vgss. Conse-
quently, the time to complete one
cycle is approximately 1.4 times the
RC time constant because one time

constant is used to control the
switching of both states of the
multivibrator  circuit.  Switching
occurs when the charge or discharge
reaches the transfer-voltage level, or
when the time period reaches 70.7
per cent of its discharge. As shown in
waveform (2) of Fig. 79(b), the
transfer-voltage point Vyy is the same
for t] and tp. The time period T for
one cycle can be computed as follows:
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O vpp

Ovgg

Fig. 80 — Diode protection circuit.

T=t1+tp

VDD - Vi
t] = -RC ln(—Dgﬁt—t)

Vi
t2 =—RC anDD

(VDD - Vi) Vir
T=-RC|In ——————+ |p ——

VDD VbD
(14

If the time constant is assumed
to be 1 x 106 second and the
transfer voltage Vir is allowed to
vary from 33 to 67 per cent of VpD,
the period T varies from 1.4 micro-
seconds at a value of Vi; equal to
half of Vpp to 1.5 microseconds at
either the 33- or 67-per-cent value of
VDD. Therefore, the maximum varia-
tion in the time period T is only 9
per cent with a *33-per-cent varia-
tion in transfer voltage from unit to
unit.
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Multivibrator operation can be
made independent of supply-voltage
variations by use of a resistor Rg in
series with the input lead to inverter
A, as shown in Fig. 81(a). The value
of this resistor should be at least
twice as large as that of resistor R¢c
to allow the voltage waveform gen-
erated at the junction of Rg, R,
and Cic to rise to VDD + V. The
waveform is still clamped between
VDD and Vgs, as shown by the
waveforms in Fig. 81(b). The use of

(b)

Fig. 81 — (a) COS/MOS inverter with
resistor in series with one input to make
circuit independent of supply- voltage
variations; (b) voltage waveforms.
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resistor Rg provides several advan-
tages in the circuit. First, because
the RC time constant controls the
frequency, the over-all maximum
variations in the time period are
reduced to less than 5 per cent with
variations in transfer voltage, as
determined by the following equa-
tion:

T=-RC|in —2 +1
(VDD * Vi)

n (VDD — Vi)
2VpD — Vir

@1s5)

Resistor Rg also makes the fre-
quency independent of supply-
voltage variations. Table XIV shows
data measured on typical units with
and without the resistor.
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Fig. 82 — Typical COS/MOS transfer

characteristic as a function of tempera-
ture.

measured on typical units at
temperature extremes. The astable
multivibrator shown in Fig. 79 can

Table XIV — Frequency variations of astable multivibrator with and without
series resistor

Vi @ Period Without Rs - #ms[ Period With Rs - (ms
Unit No. Vm()v=) 10v [Vpp=6V |Vpp =10V | Vpp = 14V W“ Vce = 10V | Vge = 18V
2 4.77 0.735 0.66 0.645 1.04 1.00 1.02
6 5.78 0.715 0.665 0.63 1.06 1.04 1.03
1 5.58 0.695 0.66 0.625 1.03 1.02 1.03
13 5.00 0.70 0.665 0.64 1.03 1.01 1.02
20 5.56 0.70 0.665 0.64 1.04 1.03 1.03

Rtc = 0.4 megohm, Cy¢ = 1000pF, Rg = 0.8 megohm

Transfer Characteristic

Fig. 82 shows a typical transfer
characteristic as a function of
temperature. It can be seen that
there is very little change in the
characteristic from low to high
temperature. Because the multi-
vibrator can also tolerate changes in
the transfer characteristic without
frequency instability, it requires no
thermal compensation. The fre-
quency at —550C is the same as at
+1250C. Table XV shows data

be gated ON and OFF by use of a
NOR or NAND gate as the first
inverter, as shown in Fig. 83.

Table XV — Frequency variations of
astable multivibrator at temperature

extremes
Period (ms)
Vpp =6V Vpp = 10V Vpp = 14V
Unit No. |-550C | +1250C|-550C | +1250C|-550C | +1250C
2 1.04 1.04 1.02 1.01 1.03 1.02
6 1.06 | 1.07 1.06 | 1.04 [1.04 | 103
1 1.03 [ 103 [t.o4 | 102 [1.04 |1.01
13 1.02 | 1.02 1.02 1.02 [103 |1.01
20 1.04 1.03 1.04 1.03 1.04 1.02

Rtc = 0.4 megohm, Cyc = 1000pF, R = 0.8 megohm
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GATING OF OSCILLATOR

Fig. 83 — Astable multivibrator with
NOR- or NAND-gate first inverter to
permit gating of the multivibrator

Compensation for 50-per-cent
Duty Cycles

The variation in transfer voltage

described above affects the output-
pulse duty cycle, as shown in Fig. 84.

| A -1
@ | 1 |
! | L
Vob

Vir= 67% OF Vp

~ H ~

@ < > ) >
Vgg— — v L

‘Vir =33 % OF Vp
1 1 1
@ I | 1 1 ! l
-4 -dJ -4

Fig. 84 — Effect of transfer voltage on
multivibrator frequency.

A true square-wave pulse is obtained
only when the transfer voltage occurs
at the 50-per-cent point. However,
the duty cycle can be controlled if
part of the resistance in the RC time
constant is shunted out with a diode,
as shown in Fig. 85. Because adjust-
ment of this diode shunt to obtain a
specific pulse duty factor causes the
frequency of the circuit to vary, a
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C
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n

Fig. 85 — Astable multivibrator with
duty-cycle control.

frequency-control resistor, R3, is
added to compensate for this varia-
tion. It may also be necessary to
reverse the diode to obtain the
desired duty factor. The frequency
of any of the circuits shown can
be made variable by use of a poten-
tiometer in place of resistor R¢c.

MONOSTABLE CIRCUITS

Fig. 86(a) shows a basic one-
shot circuit that uses a single RC
time constant. This circuit operates
well provided it is adjusted to the
COS/MOS unit used. If no adjust-
ment is made, period T can vary by
as much as —40 per cent to +60 per
cent as the transfer voltage varies by
*33 per cent. These variations are
illustrated in the waveforms of Fig.
86(b).

Compensated Circuit

Fig. 87 shows a compensated
monostable multivibrator circuit that
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VARIATION IN
TIME PERIOD

Fig. 86 — (a) Basic one-shot multivibrator circuit; (b) circuit waveforms.

can be triggered with a negative-going
pulse (Vpp to ground). In the
quiescent state, the input to inverter
A is high and the output low;
therefore, the output of inverter B is
high. When a negative-going pulse or
spike is introduced into the circuit,
as shown in the waveforms of Fig.

88, capacitor C1 becomes negatively
charged to ground and the output of
inverter A becomes high. Capacitor
C2 then charges to Vpp through
diode D1 and inverter A; the output
of inverter B becomes low. As
capacitor C1 discharges negatively, it
charges through resistor R1 to VDD

TVDD

Cy 1

Fig. 87 — Compensated monostable-multivibrator circuit.
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Fig. 88 — Voltage waveforms for the circuit of Fig.

applied,

[waveform (2)]. The output of
inverter A remains high until the
voltage waveform generated by the
charge of Cl passes through the
transfer voltage of inverter A; at that
instant, its output becomes low.
Diode D1 temporarily prevents the
discharge of capacitor C2 which was
charged when inverter A was high
[waveform (3)]. Capacitor C2 then
begins to discharge to ground
through resistor R2 [waveform (4)].
The output of inverter B remains low
until the waveform generated by the
discharge of C2 passes through the

87 with negative-going trigger pulse

transfer-voltage point of inverter B;
at that point, the output returns to its
high state [waveform (5)]. The
advantage of using two inverters
fabricated on the same chip is that
they have similar transfer voltages.
When two equal RC time constants
are used (R1C1 equals R2C2), the
effects of variations in transfer volt-
age from device to device are effec-
tively cancelled out, as shown in Fig.
89. By use of Eq. (14), derived for the
astable oscillator, it can be shown
that the maximum variation in trans-
fer voltage in the time period T is less

© _JL

== V4;=67% OF Vpp

— = — —= Vir=33% OF vpp

I

| |
|

® |

®

—

]
| 1
T

B s |

-— - /V" =67% OF VDD

-
——
\L —_

1™\Vyy =33% OF Vpp

Fig. 89 — Cancelling effects of transfer-voltage variations of two COS/MOS inverters

when two equal time constants are used,
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than 9 per cent. The total time for
one period T1 is approximately 1.4
times the R1C1 time constant.

Unlike the astable circuit, which
shows no variation in frequency over
the temperature range from —550C
to +1259C, the monostable multi-
vibrator shows some change in time
period T. The variation is less than
10 per cent. Table XVI shows data
measured on five units over the
temperature range. At 250C, the
variation in the time period from
unit to unit is quite small, usually
less than 5 per cent at a Vpp of 10
volts.

The output from inverter B in
Fig. 87 can be held in the low or “0”
state as long as the R2C2 time
constant is recharged by another
triggering pulse before the discharge
waveform it generates passes through

RI
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Table XVI — Frequency variations of
monostable multivibrators at three

temperatures
Period @ Vpp = 10V _(ms)
UnitNo. | 550C | +250C | +1250C

2 1.06 1.08 1.00

6 1.015 1.03 0.99

11 1.00 1.02 0.98

13 1.01 1.03 0.97

20 1.02 1.02 0.99

R1 = R2 =1 megohm, C1=C2=0.001uF

the transfer voltage of inverter B.
Diode D2 in Fig. 87 is internal to the
COS/MOS circuit. As discussed for
the astable oscillator, it is part of the
input protection circuit shown in
Fig. 80, and serves to clamp the
input at VDD.

Figs. 90 and 91 show two varia-
tions of the monostable circuit to-

VoD

—AM\-

AR

Cl c2

OUTPUT

K

R2

(a)

o 1

®
|
o _F=—

Vir=67% OF Vpp
Vir=33% OF Vpp
OUTPUT

=67%

o Vir=
® : oS

OF Vpp
OF Vpp

® L]

(b)

Fig. 90 — (a) Monostable multivibrator triggered by negative-going input pulse; (b)

circuit waveforms.
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Fig. 91 — (a) Monostable multivibrator triggered by positive-going input pulse; (b) circuit

waveforms.

gether with their associated wave-
forms. The circuit of Fig. 90 triggers
on the negative-going excursions of
the input pulse, in the same manner
as the circuit of Fig. 87. The output
pulse is positive-going and is taken
from the first inverter. This circuit
does not need an external diode. The
circuit of Fig. 91 triggers on the
positive-going excursion of the input
pulse, and then locks back on itself
until the RC time constants complete
their discharge. The circuits of Figs.
90 and 91 cannot be retriggered until
they return to their quiescent states.

Low-Power Circuit

The monostable circuits dis-
cussed thus far dissipate some power
because one or both of the inverters
are ON during the charging or dis-
charging of the RC time constants.
This power dissipation will be
extremely low provided the one-
shot pulse width is short compared
to the over-all cycle time. Fig. 92
shows the current waveform asso-
ciated with the circuit of Fig. 87.
This waveform is quite wide at the
base, and some current flows for
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Fig. 92 — Current waveforms for the
diode-compensated multivibrator of Fig.
87.
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approximately twice the time period.
Fig. 93(a) shows a circuit using the
CD4007A which dissipates much less
power than the other circuits shown,
but does not have the same stability.
This circuit operates as shown by the
waveforms in Fig. 93(b). In the
quiescent state, the p-channel transis-
tor of the first inverter is biased OFF
while the n-channel transistor (which
derives its control from the output of
the second inverter) is biased ON.
Therefore, the output at C is low,
and that at D is high. When a
negative-going pulse is introduced
into the circuit through capacitor C1,
the RIC1 time constant becomes
negatively charged, and the p-channel
device is turned on. Capacitor C2
then charges to VDD, the output at
D becomes low, and the n-channel
device of the first inverter is turned
off. Capacitor C1 immediately be-
gins to charge to Vpp through R1
[waveform (B)]. The p-channel tran-
sistor remains ON, keeping capacitor
C2 charged to VpD, until the wave-
form generated passes through its
threshold-voltage level and turns it
off. The n-channel transistor of the
first inverter is still OFF because the
output of the second inverter [wave-
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form (D)] is still low. When the
p-channel device of the first inverter
turns off, capacitor C2 begins to
discharge through resistor R2 [wave-
form (C)] to ground. As it dis-
charges, it passes through the
threshold voltage of the second
p-channel transistor so that it begins
to turn on. The voltage waveform at
(D) then begins to rise, and the
n-channel device of the first inverter
turns on and provides a second
discharge path for the capacitor C2.
As a result, the output waveform
changes state from low to high quite
rapidly to complete the cycle.

The major advantage of the
circuit of Fig. 93 is its low power
dissipation. Because the circuit
depends on the p-channel-transistor
threshold, the time period T varies
from unit to unit or with tempera-
ture variations. Some compensation
can be provided if the R2C2 time
constant is made approximately 3
times larger than the RI1C1 time
constant, as shown in Table XVIL
For minimum current in the circuit
of Fig. 93, capacitor C2 can be

Table XVI1 — Frequency variations
of monostable multivibrator with
temperature when R2C2 time
constant is increased

Period with Vpp = 10V (us)
Unit No. -550C +250C +1250C
553 1090 1120 1160
554 1060 1090 1120
810 1030 1030 1020
900 1000 1020 990
939 1080 1100 1050

R1 = 0.35 megohm, Cq = 0.001uF
R2 = 1 megohm, C2 = 0.001uF
R2C2 is approximately 3R1C1
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Fig. 93 — (a) Low-power monostable multivibrator using the CD4007A; (b) circuit
waveforms.

removed so that only stray capaci- condition is shown in Table XVIIL.
tance is present at the input of the Again, the variations from unit to
second inverter. A comparison of wunit are caused by differences in
time-period variations under this p-channel transistor threshold.
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Table XVIII — Frequency variations
of monostable multivibrator with
temperature when C2 consists of

stray capacitance only

Period with Vpp = 10V (us)
Unit No. -650C +250C +126°C
553 870 940 1020
554 900 970 1050
810 900 1000 1080
900 810 880 960
939 780 850 920

R1 = 0.62 megohm, Cq = 0.001uF
R2 = 1 megohm, C2 = strays

APPLICATIONS

COS/MOS multivibrators can be
used in a variety of applications
including voltage-controlled oscilla-
tors, voltage-controlled pulse-width
circuits, phaselocked voltage-
controlled oscillators, frequency
multipliers, and envelope detectors.
Fig. 94(a) shows a voltage-controlled

B
1
: 3 %RIF—RIC /CQC
T i -5
s ey il 1 1

L_"CX'

QUTPUT

TYPICAL VALUES
R,=10,000 OHMS  Cx =0.001 TO 0.004 uF
Rg=100,000 OHMS O < Vp  Vpp

PERIOD OF OUTPUT (MICROSECONDS)
AS A FUNCTION OF Vp AND Vpp

Va (VOLTS) | Vpp (VOLTS)
| 5 | 10 | 15
o |10 | 54 | 48
5 s | 45 | 4l
10 — | 32 | 30
15 | — | — 24

(b)

Fig. 94 — (a) Voltage-controlled oscillator
using one CD4007A, (b) period of outputs
as a function of V4 and Vpp.

Ric= Rj
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oscillator, a circuit similar to that of
Fig. 81(a). (Inverters and n-channel
device are available in a single COS/
MOS package as the CD4007A.) Cyc
is variable (by adjustment of Cx) as is
Ric (by adjustment of Vp). The
value of R¢c varies from approxi-
mately 1 to 10 kilohms. These limits
are determined by the parallel
combination of R1 (10 kilohms) and
the n-channel resistance which varies
from 1 kilohm (RON) to approxi-
mately 1011 ohms (RQFF). When
VA and Vgg are equal, the n-channel
device is OFF, and

R
ZOFF _ R1 = 10 kilohms

because RQFF is much greater than
R1. When VA and VDD are equal,
the n-channel device is fully ON, and

R Ron =~ R 1 kiloh
= = ohm

tc =Ry ON = a7
because RQN is very much less than
R1. The oscillator center frequency
is varied by adjustment of Cy. Fig.
94(b) shows a comparison of the
period of the output waveform as a
function of Vpp and VA.

Voltage-Controlled
Pulse-Width Circuit

Fig. 95(a) shows a further
modification of the circuit of
Fig.81(a) which causes the pulse
width to be modulated, by varying
VA, only when Ry is sufficiently
high. For example, if C is 0.0022
microfarad, then Ry is approxi-
mately 35 kilohms. Lower values of
Ry affect the frequency of oscilla-
tion. If Ry is less than 10 kilohms,
there is a value of VA which will
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TYPICAL VALUES

R¢c.= 10,000 OHMS

Rg =100,000 OHMS

Ry =35,000 OHMS

Ctc = 0.0005 TO 0.0025 uF

(a)

-—-—-B——l

le——pPERIOD ——|

PULSE WIDTH B(MICROSECONDS)
AS A FUNCTION OF V5 AND Vpp

Vpp (VOLTS)
PERIOD (MICROSECONDS)
5V 10V 15V
Va (VOLTS) 4|.5psl 35uS | 33us
PULSEWIDTH
(MICROSECONDS)
o 23 193 17
5 20 177 16.2
10 - 16.2 15.5
15 - - 14.3

Cyc=0.00I5 puF
(b)

Fig. 95 — (a) Voltage-controlled pulse-
width circuit; (b) period and pulse width
of output as a function of V4 and Vpp.

cause the oscillator to cut off. Fig.
95(b) shows the output waveform
and values of pulse width (B) for
various values of VA and Vpp.

Phase-Locked
Voltage-Controlled Oscillator

The voltage-controlled oscillator
(VCO) can be operated as a phase-
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locked oscillator by the application
of a frequency-controlled voltage to
the gate of the n-channel device. Fig.
96 shows the block diagram of an
FM discriminator using the phase-
locked VCO. The first block is the

vco
oUTPUT L fCENTER
i
vCo L
CRCUIT \ (2N be PHASE
OF FIG.94 COUNTER

i |

Fig. 96 — FM discriminator using the
phase-locked voltage-controlled oscillator

same circuit as that shown in Fig. 94.
When the two inputs to the phase
comparator are different, the
comparator produces an output
which is fed to the gate of the
n-channel device (VA). The change
of VA causes the output frequency
of the VCO to change. This change is
divided by 2N and fed back to the
phase comparator.

Frequency Multipliers

Fig. 97(a) shows a frequency
doubler. A 2N multiplier can be
realized by cascading this circuit with
N — 1 other identical circuits. The
leading edge of the input signal is
differentiated by R1 and C1 and
applied to input (a) of the NAND
gate. This action produces a pulse at
the output. The trailing edge of the
input pulse, after being inverted, is
differentiated and applied to input
(b) of the NAND gate. This action
produces the second output pulse
from the NAND gate. The waveforms
for 5 points in the circuit are shown
in Fig. 97(b).
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Fig. 97 — (a) Frequency-doubler circuit using one CD401 1A; (b) circuit waveforms.

Modulation/Demodulation-
Envelope Detection

Pulse modulation is accom-
plished by use of the circuit shown in
Fig. 98(a), a variation of the circuit
of Fig. 81(a). The oscillator is gated
ON or OFF by the signal impressed
at input (1) of the NAND gate.

Waveforms. for the pulse-modulation
circuit are shown in Fig. 98(b).
Demodulation or envelope detec-
tion of pulse-modulated waves is
performed by the circuit shown in
Fig. 99(a). The carrier burst is
inverted by inverter A. Its first
negative transition at point (2) turns
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Fig. 98 — (a) Modulator circuit using one CD4011A; (b) circuit waveforms.

on diode D and provides a charging
path for Cic through the n-channel
resistance to ground. On the positive
transition of the signal at point (2),
the diode is cut off, and Cic dis-
charges through Ryc. The discharge
time constant (RycCic) is much

greater than the time of the burst
duration. Point (3), therefore, never
displays the conditions required for
the switching of inverter B until the
burst has passed. The waveforms for
4 points in the circuit are shown in
Fig. 99(b).
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Fig. 99 — (a) Demodulator (envelope-detector) circuit using one CD4007A; (b) circuit
waveforms.
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Thirty-Two-Bit Adder

This section describes the design
of a COS/MOS arithmetic unit
capable of adding, subtracting, multi-
plying, and dividing as well as per-
forming the logical functions OR,
AND, and Exclusive-OR on two 4-bit
words. Three 4-bit registers permit
either of two words to perform the
desired operation with the third. The
unit consists of COS/MOS devices
including registers, AND-OR select
gates, a full adder, and NOR and
NAND logic gates.

FUNCTIONAL DESCRIPTION
OF ARITHMETIC UNIT

A block diagram of the 4-bit
arithmetic unit is shown in Fig. 100.
The required package count and the
function performed by each package
are shown in Table XIX. A brief
description of each of the COS/MOS
devices used to configure the arith-
metic unit is given below.

Four-Bit Full Adder (CD4008A)

The CD4008A consists of four
full-adder stages with fast look-ahead

carry provision from stage to stage.
The logic diagram for this device is
shown in Fig. 101. Circuitry is
included to provide a fast parallel-
carry-out bit to permit high-speed
operation in arithmetic sections that
use several CD4008A’s.

The CD4008A inputs include the
four sets of bits to be added, A} to
A4 and Bj to By, in addition to the
carry-in bit from a previous section.
CD4008A outputs include the four
sum bits, S to S4, in addition to the
high-speed parallel-carry-out, which
may be used at a succeeding
CD4008A section.

Quad AND-OR Select Gate
(CD4019A)

The CD4019A, as shown in the
logic diagram in Fig. 102, consists of
two 2-input AND gates driving a
single 2-input OR gate. Selection is
accomplished by control bits K, and
Kp. In addition to simple selection of
either channel A or channel B infor-
mation, the control bits can be
applied in combination to accom-
plish a third selection of data.
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Fig. 100 — Block diagram of the 4-bit arithmetic unit.
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Table XIX — Function and Package Count of Devices in Arithmetic Unit

Function Packages
CD4008A CD4019A CD4013A CD4011A CD4001A
A Register (includes 1 2
A, A select capability
and buffered outputs)
B Redgister (includes 3 2
shift capability and
buffered outputs for
B and B)
C Register (includes 2 2
shift capability and
buffered outputs)
SelectB or C 1
Add 1
Perform logic 1 5
Select logic or 1
addition
Overflow detector 1
Clock inhibit 1
Total 1 9 6 1 6
HIGH SPEED|(CARRY- |4 Co
[|PAR.CARRY [ouT)
830" 3 e
SUM 4
AsO-
: fe
33&
Ay sum 2083
3
c
. tes
BZO SUM ;_EOSZ
A 05
6 fee
Bl G SUM 10 51
A 7
e 2 TERMINAL No. 16=Vpp
! TERMINAL No. 8= Vgg
(CARRY IN)

Fig. 101 — CD4008A 4-bit full adder.
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TYPICAL EQUATION AND TRUTH
TABLE FOR 1 OF 4 SELECT
GATES (POSITIVE LOGIC “1” =

Vpp; ‘0" = GND)
D4
13
Dy =(A7 - Ko)+(B1 - Kp)
D3
12
Ko | Ky | D
0 0 0
1 0 A
0 1 B
D2 1 1 |A+B
n
8 = GND
16 = Vpp

Dy

Fig. 102 — CD4019A quad AND-OR select gate.

Dual D-Type Flip-Flop (CD4013A)

The CD4013A consists of two
identical independent data-type flip-
flops on a single monolithic silicon
chip; the logic diagram for one
flip-flop is shown in Fig. 103. Each
flip-flop has independent data, reset,
set, and clock inputs and comple-
mentary buffered outputs. The
CD4013A can be used in shift-
register applications and for counter
and toggle applications by con-
necting the Q output to the data
input. The logic level present at the
D input is transferred to the Q
output during the positive-going

transition of the clock pulse.
Resetting or setting is accomplished
by a high level on the reset or set
line, respectively.

NAND Gates (CD4011A)

The CD4011A consists of four
identical independent 2-input
positive-logic NAND gates. Fig. 104
shows the logic diagram and equa-
tions for this device.

NOR Gates (CD4001A)

The CD4001A consists of four
identical independent 2-input
positive-logic NOR gates. Fig. 105
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flip-flop, (b) circuit truth table.

«

x

Vss

G

lm

CD40IIAD

19
— VoD
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Fig. 105 — CD4001A NOR gate.
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Table XX — Terms and Symbols Used in Arithmetic Unit Drawings

Symbol
INg

SEL B
SELC
Arithmetic
Shift
Logic Shift
B Bus

B Shift

B SR

B SL

B SRI

B SLI

C Bus

C Shift
CSR

CSL

C SRI
CSLI
Arithmetic
Logic

Cin

Cout
Overflow
K]

K [@]

So

S1

S2

S3

Function

Lowest-order bus input

Second-lowest-order bus input

Third-lowest-order bus input

Highest-order bus input

Inhibits A register

Inhibits B register

Inhibits C register

Selects true of A-register data for half output function

Selects complement of A-register data for half outpl.:t function
Selects B-register data for output function with A-register data
Selects C-register data for output function with A-register data
Allows B register to shift in the arithmetic mode

Allows C register to shift in the logical mode

Allows B register to accept data from bus inputs

Allows B register to shift right or left

Allows B register to shift right

Allows B register to shift left

Input to lowest-order bit of B register when shifting right
Input to highest-order bit of B register when shifting left
Allows C register to accept data from bus inputs

Allows C register to shift right or left

Allows C register to shift right

Allows C register to shift left

Input to lowest-order bit of C register when shifting right
Input to highest-order bit of C register when shifting left
Allows logical sums to appear at S outputs

Allows logic functions to appear at S outputs

Carry in to lowest-order bit of adder

Carry out from highest-order bit of adder

Indicates if addition exceeds limit of adder

Generates logical AND of logic circuits

Generates logical Exclusive - OR of logic circuits
Lowest-order output

Second-lowest-order output

Third-lowest-order output

Highest-order output (sign bit)
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shows the logic diagram and equa-
tions for this device.

ARITHMETIC-UNIT OPERATION

The circuit elements included in
the arithmetic unit are shown in Fig.
100; the terms and symbols used are
defined in Table XX. The A register
uses a CD4019A quad AND-OR
select gate to present either the true
or complemented data to the logic
circuits and the adder. Thus, the data
in the A register can be either added
to or subtracted from the B or C
registers.

The CD4019A at the input of
the B register has two control lines to
permit data to be shifted right or
left, or to permit new data to be
accepted from the bus lines. A
detailed interconnection diagram of
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the shift-right/shift-left and arithme-
tic/logic-shift circuit is shown in Fig.
106. The arithmetic-shift mode is
used only on the highest-order bits
and assures that the sign bit does not
change during shifting. On the
lowest-order bits, the left-shift input
for the B register (BLSI) is set to
zero. On all other stages, the BLSI is
tied to the B3 output of the next
lower set of bits,

The C register is identical to the
B register but provides only for
logical shifting. Separate shift-right
and shift-left controls are provided
for the B and C registers (BSL and
BSR for the B register, and CSL and
CSR for the C register). Another
CD4019A is used to select either B
or C register information for the
logic or arithmetic operations.

BRy
NU NU RS, BR, NU NU
1| | Rl L I
ARITHMETIC __| Az Ap A} Ag Bz By 5‘ Bo
SHIFT (ARITHMETIC) ~ CD4019AD "= ogicar)
LOGICAL ARITHMET&C/LWCD SHIFT
SHIFT D3 Dz DI o

NU NU
BR, B[Ro

— LSl
SHIFT LEFT — A3 Az AI Ao 52 B Bg
(SHIFT RIGHT)  CD40I19AD (SHIFT LEFT)
| SHIFT RIGHT/SHIFT LEFT
SHIFT RIGHT o5 By By Do

I

1T

TO B REGISTER

RS
Lsi

= RIGHT SERIAL INPUT
= LEFT SERIAL INPUT

= OUTPUT OF nth BIT
OF "B" REGISTER

NU = NOT USED

Fig. 106 —

Interconnection diagram, shift right/shift left-arithmetic/logic shift.
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The logic diagram for the AND/
OR/Exclusive-OR logic selector is
shown in detail in Fig. 107;
1%4-CD4001A’s and %4-CD4019A are
used per bit (or 5-CD4001A’s and
1-CD4019A per four-bit word). The
control inputs are labeled K []
(K-AND) and K [®] (K-Exclusive
OR). If Bj is an output from the B
register and A1 is a true output from
the A register through the True/
Complement Switch shown in Fig.
100, then logic selection operates as
follows:

RCA COS/MOS Integrated Circuits Manual

When K[-] is high and K[®] low,
the logic generated is A -B. When K
[-] is low and K [®] high, the logic
generated is A 2 B=AB + AB. When
both K [-] and K [e] are high, the
logic is AB+ ApB=AB+ AB+ AB=
A+B.

The adder is a single CD4008A
whose carry input is tied to the carry
output of the adder on the next-
lower-order CD4008A. The -carry
input of the lowest-order bits is 0 for
addition and 1 for 2’s-complement
subtraction. The output buffer is

Ap Bp Az Bgz Agq By
[ ] l || i L]
! I I
! | 1 |
| : { | |
CD40OIA : | CD40OIA | l CD400IA {
| L !
o |l |
004 rj____}J L ___]_l I_L_—-_L_
CD400IA I
L —T_—.J
ArB A2®Bp |AxBp A3@B3| |A3B3 Ag@By |A4-B4
R — O I — i
K
] <!
|
|
| |
' |
[ (R (N DR, (S
ouT | ouT 2 ouT 3 ouT 4
TRUTH_TABLE
k[-] | k[®] | out
0 o 0
| 0 A'B
0 | A®B
I | A+B
Fig. 107 — AND/OR/Exclusive-OR logic selector.



Thirty-Two-Bit Adder

another CD4019A. In this applica-
tion, this device is used to select
either arithmetic or logic outputs and
to provide more output drive.

~ The output of the overflow logic
circuit shown in Fig. 108 goes high if
the adder result exceeds the total bit
capacity of the arithmetic unit. This

FROM LogIc 2383

CIRCUITS

|
S3 |
FROM ADDER |

From Locic 353
CIRCUITS |

|
|
|
I
l
—
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verted, for data to be written into
the register, and for that data to get
to the adder and generate a carry-out
from a 4-bit unit was 782 nano-
seconds. The delay time under
worst-case logic conditions for a
carry-in to generate a carry-out was
87 nanoseconds. The delay time

§3A3 Bz + 5333 §3
OVERF LOW

Fig. 108 — Overflow logic circuit.

overflow occurs only when two
numbers having the same sign bit are
added and the result is a sum having
the opposite sign.

The arithmetic unit can be made
to operate on words of any desired
length by cascading additional cir-
cuits. The interconnection of eight of
the units shown in Fig. 100 to form a
32-bit arithmetic unit is shown in
Fig. 109. The three inhibit signals,
common control signals, and clock-
not signal, all of which are common
to all eight sub-units, are not shown.

PERFORMANCE DATA

In a 32-bit arithmetic unit
constructed in the laboratory, the
delay time under worst-case condi-
tions for the clock-not to be in-

under worst-case logic conditions for
a carry-in to generate a sum at the
adder and for this sum to appear at
the output was 623 nanoseconds.
These numbers result in an addition
time of 1927 nanoseconds (782 + 6 x
87 + 623) for two 32-bit words and
1579 nanoseconds (782 + 2 x 87 +
623) for two 16-bit words.

Since the construction of the
adder used to collect the above data,
improved processing techniques have
increased its potential for faster
operation. It is now possible to
achieve delays from clock to carry-
out of less than 500 nanoseconds,
delays from carry-in to carry-out of
less than 50 nanoseconds, and delays
from carry-in to sum-out of less than
400 nanoseconds. Thus, the worst-
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S Ss Sa2s S29
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Fig. 109 — Interconnection of eight 4-bit arithmetic units of Fig. 100 to form a 32-bit

unit.

case addition time is approximately
1200 nanoseconds for a 32-bit
arithmetic unit and 1000 nano-
seconds for a 16-bit unit.
Calculations based on typical
and maximum device quiescent-

power dissipation at a 10-volt supply
and a +250C temperature indicate a
typical dissipation of 100 microwatts
and a maximum dissipation of 2350
microwatts for a 4-bit arithmetic
unit.
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Counters and Registers

This section shows logic and
schematic diagrams for each of the
counter and register types available,
outlines circuit designs, and discusses
device-design tradeoffs. Performance
criteria are summarized, and applica-
tions by type are described by means
of logic or subsystems diagrams and
waveforms. Possible extensions of de-
sign into other areas of application
are given. Counters and registers pres-
ently available include the following.

CD4006 A—Eighteen-Stage  Static
Shift Register
CD4014A—Eight-Stage Synchronous

Parallel-Input/Serial-
Output Register
CD4015A—Dual Four-Stage Serial-
Input/Parallel Output
Register
CD4017A—Decade Counter and 10
Decimal Decoded Out-

puts
CD4018A—Presettable Divide-by N
Counter
CD4020A—Fourteen-Stage  Binary
Counter

CD4021A—Eight-Stage  Asynchro-
nous Parallel-Input/Serial
Output Register

CD4022A—Divide-by-8 Counter and

10 Decimal Decoded
Out-Outputs
CD4024A—Seven-Stage  Binary

Counter with Buffered
Reset

CD4026A—Decade Counter/Divider
with Seven-Segment Dis-
play Outputs and Dis-
play Enable

CD4029 A—Presettable
Counter

CD4033A—Decade Counter/Divider
with Seven-Segment Dis-
play Outputs and Ripple
Blanking

Up/Down

The applications shown also
utilize other COS/MOS family types,
such as the CD4000A, CD4001A,
and CD4002A NOR gates; CD4013A
dual-D flip-flop; CD4007A dual
complementary pair plus inverter;
CD4009A and CD4010A hex/buffer/
logic-level converters; and the
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CD4011A and CD4012A quad-2 and
dual-4 NAND gates.

CIRCUIT DESIGN

COS/MOS counters and registers
consist of between 100 and 300 MOS
devices, supporting interconnect
tunnels, metal runs, and bond pads,
all on a single monolithic pellet.
Table XXI summarizes the major

RCA COS/MOS Integrated Circuits Manual

operating characteristics of the
counters and registers. Not all possi-
ble applications are shown in this
section; those shown highlight typ-
ical counter and register uses.

Fig. 110 illustrates the basic
static master-slave flip-flop circuit
configuration utilized in all COS/
MOS counters and registers. The
logic level present at the D (data)
input is transferred to the Q output

Table XXI — Typical Features and Characteristics of COS/MOS
Counters and Registers

Features

Operating-Temperature Range

Operating-Voltage Range (V)

Full MOS Gate-Oxide Protection at all Terminals.

Output Buffers Provided

Full Static Operation

-55 to +125°C (Ceramic Package)
-40 to +85°C (Plastic Package)

3to 15

Characteristics (T = +250C) Vpp = 10 Volts Vpp =5 Volts

Clock-Pulse Frequency (MHz) 5 25

Clock Rise and Fall Times (us) 5 5

Quiescent Power Dissipation

per Package (uW) 5 1.5

Noise Immunity — All Inputs 45% of Vpp

Drive Capability ID=05t03mA@ Ip=0.1t0o TMA@
V1=7V V1=4V

Sink Capability ID=05t03mA@ Ip=0.1to1TmMA@

Vo=3V Vo=1V
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2 X|Px| o |%]x*
(NO CHANGE)

INPUT TO OUTPUT IS A BIDIRECTIONAL

SHORT CIRCUIT WHEN CONTROL- INPUT |
IS LOW AND CONTROL-INPUT 2 IS HIGH;
AN OPEN CIRCUIT WHEN CONTROL~INPUT

% — INVALID CONDITION
A - LEVEL CHANGE
X - DON'T CARE CASE

11S HIGH AND CONTROL~ INPUT 2 IS LOW.

Fig.110 - Basic COS/MOS master-slave flip-flop stage.

during the positive-going transition
of the clock pulse. DC reset or set is
accomplished by a high level at the
respective input. Both reset and/or
set functions are easily omitted as
shown in some of the designs. Out-
put lead isolation at the Q and/or Q
outputs is realized by use of inver-
ters. These inverters eliminate all
possibility of MOS gate-oxide dam-
age at the output leads, and also
improve circuit speed, noise immu-
nity, and drive capability. The sizes
of the p-channel and n-channel MOS
devices in the output inverters are
tailored to meet the desired drive-
and sink-current requirements. The
internal clock shaping shown permits

a loosely specified input waveshape
requirement. As shown in Table XXI,
the basic flipflop configuration
operates from a non-critical single-
phase clock input signal. Both 1 and
0 clock-pulse durations can go to
infinity, and rise and fall times of §
microseconds or less are permissible.

SEVEN-STAGE
RIPPLE-CARRY BINARY
COUNTER (CD4024A)

Fig. 111 shows the logic diagram
of the CD4024A, a seven-stage
ripple-carry  binary counter with
buffered reset. Fig. 112 and 113
show the schematic and logic dia-
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TERMINAL No. 7 TO Vss

92CS-19074

Fig.111 - Logic diagram for CD4024AE 7-stage binary counter with buffered reset.

grams for one of the seven counter
stages. Operation is similar to that of
the basic master-slave flip-flop, with
the following exceptions: The D-line
connection is derived from the Q
output of that stage so that it

complements the stage at the nega-
tive clock-pulse transition. The clock-
ing of a stage is derived from the
previous counter stage (ripple carry).
The dc reset function is realized by
raising the ground return path of the

Voo jo
L o
——i
Voo Voo ‘ _ |
é :J r—, —
=
¢ | =
q > .o
Voo Voo — F—Li }_JVDD —] —Voo To
g [ j - - ~1 - _l — STQGE
T &= B 1 7 Jvoo
RESET e —e J e J ,:1_‘
q —— — ~ -
- }von
RESET
TO ALL
= = STAGES '——l—_-
NOTE: SUBSTRATES FOR ALL "p" UNITS ARE CONNECTED TO Vpp
SUBSTRATES FOR ALL "n" UNITS, UNLESS OTHERWISE SHOWN,
ARE CONNECTED TO GROUND.
92CM-19076

Fig.112 - Schematic diagram for pulse shaper and one binary stage of the CD4024A
seven-stage binary counter.
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cL ¢ MASTER

SECTION

INPUTS TO
2nd STAGE

%

* R=HIGH DOMINATES (RESETS ALL STAGES)

4 ACTION OCCURS ON NEGATIVE GOING TRANSITION OF INPUT
PULSE. COUNTER ADVANCES ONE BINARY COUNT ON EACH
NEGATIVE CL TRANSITION (128 TOTAL BINARY COUNT).

L fe—!
STAGE |

EQUATIONS FOR STAGES 3 TO 7

Qout* (62)(0,)(&)(5)

Q30uT * (63)(0,)(02)(& MR)

Qq0uT = (64)(0,)@2)(03)(&)(5)

Qg0uT * (65)(o|)(oz)(o3)(o4)t3|.)(ﬁ)

QgouT = (55)(0,)(02)(03)(04)(05)(6‘1)(?)
Q70yT * (@7)(Q)1Q2)(Q3)(Q4)(Q5)(QE)(CL)R)

Fig.113 - Logic diagram for pulse shaper and one binary stage of the CD4024A

seven-stage binary counter.

Q outputs of all seven stages (both
master and slave sections). This mode
of resetting saves four devices and

associated interconnections per

counter stage. An internal reset

r OSCILLATOR B
CD4002A

driver is provided so that the reset
input presents only one COS/MOS
load.

Fig. 114 illustrates the use of the
CD4024A as a binary frequency

(b) (c) (d) (e} (F)(g) (M)

Jeh el

CD4024AE

=128

f=FREQ.
IN

(a) _E

TRACE

f=FREQ IN=(a)

f/2 =(b)

f/4=(c)| --
/8 =(d)
/16 = (e)
/32 = (f)
f/764 = (g)

/128 = (h)

Fig.114 - (a) CD4024AE binary frequency-divider application; (b) circuit waveforms.
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divider. Multiple CD4024A units can
be stacked for added frequency divi-
sion. The clock input of a subsequent
CD4004A is derived directly from
the last output stage of the previous
CD4024A. Fig. 115 shows how the
CD4024A is used to derive a desired
pulse-output delay time. Varied de-
lay times can be realized by detecting
different CD4024A outputs. A finer
control of delay time is possible if
more than one CD4024A output is

PULSE
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detected. Extremely long and accu-
rate delay times can be realized by
use of an accurate oscillator and
multiple CD4024A units.

Figs. 116, 117, and 118 illustrate
the use of the CD4024A to derive
various divide-by-N counter config-
urations. Figs. 116 and 117 illustrate
two reliable reset methods for count-
ing to the number N (N=60). Reset
mode 1 is shown in Fig. 116. The
type-D flip-flop is set at the coin-

VARIABLE

1,2

1/2-CD40I3A
INPUT X OSCILLATOR _
(a) | D 5
3 8 1" 10 I
2 10 9.9 e ]
9 470l
10
14
b

DEL

K pF]
| (b)
¢!

3,

211 9654

1211 96 543

oL CD4024AE

CD4024AE R

AN

RgQ— IR

100 K

COMMON
RESET

*FOUR CD40OIA'S FOR GATING AND INVERSION

(a)

TRACE (a)=PULSE IN

OUTPUT

TRACE (a)=PULSE IN |

STAGE (ST ,—. STAGE [4TH
VARIABLE | _ND VARIABLE | gTH [
DELAY | 2N —T b—— DELAY |.7H
RD 7
SWITCH SET | 3 Il SWITCH SET

TO (TRACE b)

TO(TRACE b)

(b)

Fig.115 - (a) CD4024AE pulse-delay-control application; {b) circuit waveforms.
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Fig. 116 - (a) Divide-by-60 circuit using the CD4024AE and reset mode 1, (b) circuit
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Fig.117 - (a) Divide-by-60 circuit using the CD4024AE and reset mode 2; (b) circuit

waveforms.
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2-CD40I3A o )
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Fig. 118 - Divide-by-60, divide-by-60, and divide-by-24 sections of a CD4024AE
divide-by-N counter.

*ALL INVERTERS SHOWN ARE 1/6-CD4009A
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cidence of count 59 and the positive
clock transistion. At the next nega-
tive clock transition, a reset pulse is
generated whose duration is half the
clock cycle time. This pulse resets
the CD4024A to zero. Only count 59
need be detected for the reset opera-
tion; no N + 1 count occurs. Reset
mode 2 is shown in Fig. 117. The N
+ 1 count (60) is detected and sets
the R-S (set-reset) flip-flop which,
in turn, resets the CD4024A to the
zero state. The reset pulse width is
half the clock cycle time and is
removed by gating count zero with
the positive clock transition to reset
the R-S flip-flop.

Fig. 118 illustrates a divide-by-
60, divide-by-60, divide-by-24 timer
using the reset scheme of Fig. 116.
Fig. 119 shows the waveforms for
this circuit. Similar use of one

TRACE
CLOCK IN=(a)

SAME
cLook |1 IN 24=(b)
INTO + 24 .
AND - 60 1IN 60=(c)
SECTIONS

TRACE

CLOCK IN=(a)
I IN 60=(c)

IN 3600=(d)
(CLOCK IN
DERIVED FROM
I IN 60)

Fig. 119 - Waveforms for counter circuit
shown in Fig. 118.

CD4024A unit permits any divide by
N from 2 to 128. In applications in
which decimal display outputs are
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required, the CD4017A can be used
to advantage, as described below.

Fig. 120 shows how the
CD4024A is used with a weighted
resistor network to realize analog-to-
digital (A-to-D) conversion. The
CD4010A (non-inverting hex buffer)
is used to reduce the more significant
counter output-1-level impedances
(which have poor tolerances) to well
below the precision-resistor-network
values. Varied ranges of analog sig-
nals can be handled by control of the
resistor network and comparator. As
the CD4024A counter advances, the
voltage input to the comparator rises
until it equals the analog input. The
comparator then switches and in-
hibits further counter advancement,
thus holding the digital representa-
tion of the analog signal in the
counter. Because the CD4024A can
count to 27, or 128, division of an
analog voltage range into 100 parts is
easily realized. (The example in Fig.
120 shows a 1-volt range broken into
10-millivolt steps.)

Fig. 121 shows the CD4024A
used with an R-2R ladder network
for A-to-D conversion. The R-2R
network, while requiring added resis-
tors, utilizes only 2 resistor values,
permits ready expansion to greater
than 7 stages, provides better
resistor-temperature tracking, and al-
lows elimination of the CD4010A’s.
The waveforms for the R-2R net-
work show a stepping input from
zero to 12.8 volts divided into
100-millivolt steps. The CD4010A
buffers may be used to permit lower
R-2R values, if desired. Fig. 122
shows the logic diagram of the
CD4020A 14-stage binary counter.
Applications of the CD4020A are
similar to those of the CD4024A.
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Fig. 120 - (a) CD4024AE and weighted resistor network in an analog-to-digital conversion
application; (b) waveforms at various circuit points.
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Fig.121 - (a) 4024A and R-2R ladder network in an analog-to-digital conversion
application; (b) standard and magnified representations of the input waveform.
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Fig.122 - CD4020A 14-stage binary counter.
DECADE COUNTER counter. The basic flip-flop stages are
PLUS 10 DECODED DECIMAL similar to that described in Fig. 110.
OUTPUTS (CD4017A) Clock, reset, inhibit, and carry out

Fig. 123 shows the logic diagram  signals are - provided. The decade
of the CD4017A, a decade counter counter advances one count at the
plus 10 decoded decimal outputs. A  positive clock-signal transition pro-
five-stage Johnson counter configura- vided the inhibit signal is low.
tion is used to implement the decade  Counter advancement by way of the
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Fig.123 - CD4017A decade counter plus 10 decoded decimal outputs.

cdlock line is inhibited when the
inhibit signal is high. A high reset
signal clears the decade counter to its
zero count. Use of the Johnson
decade-counter configuration permits
high-speed operation, two-input
decimal-decode gating, and spike-free
decoded outputs. Anti-lock gating is
provided to permit only the proper
counting sequence. The ten decimal
outputs are normally low and go high
only at their respective decoded-
decimal time slot. Each decimal
output remains high for one full
clock cycle. The carry-out signal
completes one cycle for every ten
clock input cycles and is used to
clock the following decade directly
in any multi-decade application.

Fig. 124 shows the CD4017A in
a multi-decade counter/decimal dis-
play application. Two typical lamp-
driver interface circuits are shown.
When one-sixth of a CD4009A is

used as the lamp driver, current
ranges up to 20 milliamperes and 7.5
milliamperes can be realized for
COS/MOS supply voltages of 10 volts
and 5 volts, respectively. Fig. 125
illustrates the use of the CD4017A in
a multi-decade frequency-division
application; decimal display is
optional. Figs. 126, 127, and 128
show the use of the CD4017A to
obtain various divide-by-N counter
configurations. Figs. 126 and 127
illustrate two reset methods used in
counting to the number 60; Fig. 128
shows an example of the divide-by-
60, divide-by-60, and divide-by-24
configuration, and Fig. 129 shows
the waveforms for this configuration.
The CD4017A permits easy decimal
display of each divide-by-N section.
The CD4017A can also be used in
applications requiring multiplexing,
demultiplexing, and commutation of
signals.
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2-CD40I7A {a)
CLOCK (a) CLOCK (a) .
SET (b) SET (b) i
RESET (c) RESET (c) (.
fo (d) fo (d) |
(b)

Fig.127 - (a) Divide-by-60 circuit using the CD4017A and reset mode 2; (b) circuit

waveforms.
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PACKAGE COUNT

6—CD40I7A
2—CD40I1A
2—CD400IA
2—CD40I3A
2—CD4009A

Fig.128 - Divide-by-60, divide-by-60, and divide-by-24 sections of a CD4017A
divide-by-N counter.

TRACE
TRACE TRACE
CLOCK IN= (a) .CLOCK IN = (a)
1IN60= (c) 1IN 60 =(c)
1IN 3600 = (d) N N
N e 1IN 24 = (b)
DERIVED FROM SAME CLOCK INTO
11N 60) +24 AND <60
SECTIONS

Fig. 129 - Circuit waveforms for counter circuit shown in Fig. 128.
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DIVIDE-BY-8
COUNTER AND 8 DECODED
OUTPUTS (CD4022A)

Fig. 130 shows the logic diagram
of the CD4022A, a divide-by-8
counter and 8 decoded outputs. A
four-stage Johnson counter is used to
implement the divide-by-8 counter.
The basic flip-flop stages are similar
to that described in Fig. 110. Clock,
clock-enable, reset and carry-out
signals are provided on the divide-by-
8 counter. The divide-by-8 counter is
advanced one count at the positive
clock-signal transition. A high reset
signal returns the divide-by-8 counter
to its zero count. Use of the Johnson
divide-by-8 counter configuration
permits high-speed operation, two-
input decode gating, and spike-free
decoded outputs. Anti-lock gating is
provided to permit only the proper
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decoded outputs are normally low
and go high only at their respective
decoded time slot. Each decoded
output remains high for one full
clock cycle. The carry-out signal
completes one cycle for every eight
clock input cycles, and is used to
clock the following counter stage
directly in multi-stage applications.

Fig. 131 shows the CD4022A in
a divide-by-8 counter/decoder appli-
cation. One CD4022A unit provides
the counting as well as the decoding
function. Fig. 132 shows a divide-by-
64 counter/decoder application. Fig.
133 shows the logic diagram and
waveforms for the counter/decoder.
Again, the partial decode function
performed by the CD4022A signi-
ficantly simplifies the external gating
to complete the 1-in-64 decode func-
tion. Other binary counter/decoder

counting sequence. The eight applications can be realized similarly.
" g - -
(2) 4) 3) (10)
CLOCK
(14)
|
CLOCK 1D QlieliD Q !l 1D Q_‘N»D Qllg
ENABLE c | C | (o] Cc |
(13) Oaﬂ 5l 05r %al,
RESET Ff T T I j?

(15) : D

{

(n (1)
gt o
TERMINAL No. 16 = Vpp
TERMINAL No. 8 = GND

I
g7y

CouT
D (12)

(5) (7)
ngh ngh

Fig.130 - CD4022A divide-by-8 counter and 8 decoded outputs.
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I40——&CLOCK
(j)
13 CLOCK ENABLE  CD4022A Co-O
2
5O{REsET 0" "' 2" s gt Ut gty
= ®)] @[ @y ] ) @[ ] (i)T TRACE
= 2 13 71 4510 CLOCKIN=la) 77—
(a) N ———
L M
— - F
DECODED & U
OUTPUTS R ]
- L
L |
L L
K (R
(b)

Fig.131 - (a) CD4022A divide-by-8 counter/decoder; (b) circuit waveforms.

CLOCK INPUT (a)

C cL
CE* CD4022A CE* CD4022A
I__ =8 _=J__— +64
= R R
_[__— o] 2 34567 Tlo
FTTTTT =7

I

~g-"0"

+64%0" 64 —“1"«] >0 =64~ 3‘1‘ ><>~| —64-'7"

1 64 DECODED OUTPUTS
| (20-CD400IA UNITS)
|
|
|

-8 o
7" (c) "15"(d) “31"(e) 63" (t)

TRACE
CLOCK IN=(Q) |====c— e
"0"=(b) |~ -
"7"=(e)| _-
"15"=(d) -
"31"=(e) .
"63"=(f) -

(b)

Fig.133 - (a) Logic diagram and (b) circuit waveforms for CD4022A divide-by-64
counter/decoder.
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PRESETTABLE AND
FIXED SINGLE-STAGE
DIVIDE-BY-N COUNTERS
(CD4018A)

Fig. 134 shows the logic diagram
of the CD4018A, a presettable
divide-by-N counter. The CD4018A
consists of five flip-flops which can
be configured as a 5-, 4, 3-, or
2-stage Johnson counter with buf-
fered Q outputs from each stage and
counter preset control gating. Clock,
reset, data, preset, and 5 jam inputs
are provided. Q outputs are provided
from each of the five counter stages.
The basic flip-flop stages are similar
to that shown in Fig. 110. Divide-by-
10, 8, 6, 4, or 2 counter configura-
~ tions can be implemented by feeding
the Q5, Q4, Q3, Q2 or Q1 signals,
respectively, back to the data input.
Divide-by-9, 7, 5, or 3 counter
configurations can be implemented
by the use of NOR- or NAND-gate

J) J2
@ T(s)
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packages to gate the proper feedback
connection to the data input line.
Fig. 135 shows the feedback connec-
tions for divide-by9, 7, 5, and 3
functions using the CD4011A NAND
gate as the feedback circuit.

Fig. 136 shows the divide-by-
seven configuration in detail. The
pertinent waveforms for this circuit
are shown in Fig. 137(a), and the
counting sequences for a divide-by-
eight and a divide-by-seven configura-
tion are shown in Fig. 137(b). Divi-
sion of the clock frequency by seven
is accomplished by altering the
counting sequence so as to skip the
“all zeros” state of a divide-by-eight
counter. The divide-by-seven
counting sequence proceeds as in a
normal 4-stage Johnson counter until
count 3 (0001), at which point Q3=
0 and Q4 = 1. At this point, the
CD4011A gates Q3 and Q4 to put a
0 on the data input to the first stage.
Thus, count 4 will be 1000 instead of

Jz Jg Jg
T © a2)

(10)

PRESET
(14)

1 1 I 1
CLOCK S S S S S
O—r5 D Q D QR D Q@ D Q D QR
DATA c . (o (o] c | c 1

o 0 0 0 5]

R Rg R R2 R Rp Rl Rg R R2

(15) l |- 1 |- l | l L T |

RESET

TERMINAL No. 16=Vpp
TERMINAL No. 8=GND 5)

i;; E;;M)
Q Q2

(i (13)
11_64 ias

Fig.134 - CD4018A presettable divide-by-N counter.
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__1/2CD40IIA _
[ 7
FROM H CONNECTED BACK TO "DATA"
CD40I18A =— 1 (SKIPS "ALL-1's" STATE)
N j OF CD40I8A
(a) DIVIDE-BY-9 FUNCTION
—_ /2 CD40lIA _
Qz | _}
FROM H ' CONNECTED BACK TO "DATA"
Cbaolea = ! (SKIPS "ALL-I's" STATE)
A I ] OF CD40IBA
(b) DIVIDE-BY-7 FUNCTION
1/2 CD4OIIA
- T -
Qz | :
FROM : CONNECTED BACK TO "DATA"
CD40I8BA = ! (SKIPS "ALL-1's" STATE)
) 3. = 3 OF CD40I8A
(c) DIVIDE-BY-5 FUNCTION
__1/2cbaolA
Q i 1
FROM X ' CONNECTED BACK TO "DATA"
CD40IBA — ' (SKIPS "ALL-I's" STATE)
A 3 OF CD40I8A

(d) DIVIDE-BY-3 FUNCTION

Fig.135 - External feedback connections for divide-by-9,

CD4011A NAND gate.

(a) Jj J2 J3z Jg Js PE
D
‘l cL CD40i8A
CLOCK it o
l Q Q2 Q3 Q4 Qs
=&
—(e)
M —enaona | M
{I/2-CD40I1A |0
A=y S S
T ICLOCK FREQ+7

Fig.136 - CD4018A/CD4011A fixed divide-by-7 counter.
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7. 5, and 3 functions using the



TESTPOINT | _ _ _ _ _ _ _ _
CLOCK @ | _ o
g o (. 1
G @ |7
s @ |7 L [
Q4 (e)
pata (60 | L[
(a)
Count 61 62 63 64
0 1 1 1 1
1 0 1 1 1
2 0 0 1 1
3 0 0 0 1
4 0 0 0 0
5 1 0 0 0
6 1 1 0 0
7 1 1 1 0
Count 61 52 63 64
0 1 1 1 1
1 0 1 1 1
2 0 o 1 1
3 0 0 0 1
4 1 0 0 0
5 1 1 0 0
6 1 1 1 0

(b)

Fig. 137 - (a) Circuit waveforms; (b) count-
ing sequences for a divide-by-8 and a
divide-by-7 Johnson counter using the
CD4018A.

0000 as in the unaltered divide-by-
eight sequence. The remainder of the
counting sequence proceeds in the
normal 4-stage manner.

Divide-by functions greater than
10 can be achieved by use of
multiple CD4018A packages. The
counter configuration is advanced
one count at the positive clock-signal
transition. A high reset signal clears
the counter to an all-zero condition.
A high preset signal allows informa-
tion on the jam inputs to preset the
counter configuration. Anti-lock
gating is provided to assure the
proper counting sequence. The
CD4018A can also be utilized as a
five-stage parallel input/output hold-
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ing register. Holding-register parallel
entry can be controlled by means of
the preset enable line, resulting in a
five-stage latch operation.

PROGRAMMABLE MULTI-
DECADE DIVIDE-BY-N
COUNTERS

The CD4018A is especially use-
ful in applications requiring low-
power, programmable, divide-by-N
counting. Two such applications are
channel-preset counters in digital fre-
quency synthesizers and program-
counter control.

Fig. 138 illustrates the use of
three CD4018A units in a program-
mable divide-by-N counter, where N
may be any number from 2 to 999
(counter output is equal to clock
frequency divided by N). Extension
to higher N ranges is readily accom-
plished by the use of additional
CD4018A units. The counter is pre-
set to the value of N by use of the
three selector switches. The switches
are arranged so that switch position 9
is equivalent to a O count in the
counter, position 8 is equivalent to a
1 count, position 7 to a 2 count, and
so on. The counter counts up from
the preset value (the N value) to its
maximum count (999) and recycles,
starting again from the preset value.
Fig. 139(a) shows the caunting
sequence; oscillograph photographs
of the waveform at various points in
the circuit of Fig. 138 are shown in
Fig. 139(b). Fig. 139(c) shows the
N-counter output for various values
of N,

The Johnson-counter configura-
tion utilized in the CD4018A design
permits significantly simpler
program-switch (N-select) implemen-
tation than is required in systems
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| WAFER, 12 POSITIONS
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9
8 ’ L
76
v, PRESET
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Fig.138 - CD4018A programmable divide-by-N counter application, N = 2 to 999.
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* These digits, representative of count 9 in each decade, are decoded to give the preset strobe.
(a)

TEST POINT
CLOCK  (a) CLOCK(TEST 0"'009'“’” ————
PRESET STROBE (b) [ ] [ JAM=IN FOR | g of~——— =
COUNT DECODED (c) I %3&2&350 050 : =
“N OUTPUT (d) 1 P EauaLs: |oso '_
(N IS SET FOR 002) 099
(b) (c)

Fig.139 - (a) Counting sequence; (b) circuit waveforms; (c) circuit output for various
values of N for circuit shown in Fig. 138.
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that use a BCD decade-counter ar-
rangement. The program switch is
composed of three standard single-
wafer switches, one for each
CD4018A (one per decade), as
compared with a four-wafer (4-pole)

switch per decade for a BCD decade-
TO "N"-SELECTOR SWITCHES
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sequence and pertinent timing wave-
forms for this circuit are shown in
Figs. 141(a), (b), and (c), respec-
tively. Typical maximum operating
frequency is 4 MHz for the counter
in Fig. 138, and 6 MHz for the
counter in Fig. 140.

UNITS TENS HUNDREDS PRESET
, \ STROBE
| - 41—+ H—H————e
Jun 3y g I3 g J5PE o Iz 9374 I5PE 3 Ip 34 JgP
=] cpaoiea £], cosoiea = CD40I8A
CLOCKl Q) QxQ30405 Q) 95030405 Q) Q030405
T I [ IJ TT1 )
A
CD4000A
i 1
CLOCK FREQ =N
172 CD4OI3A
R N
v
CD40I11A

Fig.140 - CD4018A programmable divide-by-N application (N = 3 to 999).

counter arrangement. Also, the count
decoding is much simpler in that
only two outputs per CD4018A must
be decoded as compared to four for a
BCD arrangement. The Johnson-type
counter can also operate at higher
speeds and provide spike-free de-
coded outputs.

The configuration shown in Fig.
138 permits frequency division by 2
as a result of performing the preset
function during half a clock cycle. In
this mode, the maximum allowable
frequency of operation is reduced,
however. If this reduction in fre-
quency is not acceptable, the logic
diagram shown in Fig. 140 can be
employed. In this circuit, the preset
function is allowed a full clock cycle,
but the range of frequency division is
reduced to 3 to 999. The counting

PROGRAM-SWITCH
(IN-SELECT) OPTIONS

Fig. 142 is a detailed drawing of
a standard Centralab 12-position
wafer switch and the associated resis-
tor network as used in Fig. 138. The
resistors connected to VDD are re-
quired to prevent floating inputs on
the jam lines. In applications that
require lower power dissipation or
where component count or space
considerations become important,
the resistor network can be elimi-
nated by the redesign of the switch.
Two such options are shown in Figs.
143 and 144, two-wafer-per-decade
and single-wafer-per-decade switch
configurations, respectively.
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Fig.141 - (a) Counting sequence; (b) circuit waveforms; (c) circuit output (for various
values of N) for programmable divide-by-N counter shown in Fig. 140.
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Fig.142 - Switch and resistor network used in circuit of Fig.138.
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REAR VIEWS

WAFER |

NOTE:
ST B N 172 ROTOR
REMOVED FROM EACH WAFER) Jj J2 J3 Ja s
12 POSITIONS,SET TO

SHOW COUNT 4

LOGIC LEVEL: CD40I8A
| |“2|"3|"4|~'5|

T T Tel

Fig.143 - Two-wafer-per-decade (modified standard) switch configuration.

NOTES:
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SHOW COUNT 4
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THIS SWITCH IS A l

10-POSITION Jj J2 U3 dg U5
(SIN$LE WAFER)GO

CENTRALAB PA-160,

GRAYHILL 50CY23I33 CD40I8A
OR EQUIVALENT.

Fig. 144 - Single-wafer-per-decade {nonstandard) switch configuration.
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The range of N can be extended
by adding more CD4018A units. In
addition to this type of expansion,
each stage in the programmable
divide-by-N counter can be designed
to count to any base or radix. For
example, the single-stage divide-by-
seven counter of Fig. 136 may be
used as each stage in a multi-stage
programmable counter.

18-STAGE STATIC
SHIFT REGISTER (CD4006A)
Fig. 145 shows the logic diagram
of the CD40006A, an 18-stage static
shift register. The register stages are
similar to those shown in Fig. 110.
The CD4006A consists of four
separate shift-register sections, two
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four-stage sections and two five-stage
sections with output taps at the
fourth stage. Each register section
has independent data inputs to the
first stage. The clock input is com-
mon to all 18 register stages.
Through appropriate connection of
inputs and outputs, multiple register
sections of 4, 5, 8, and 9 stages or
single register sections of 10, 12, 13,
14, 16, 17, and 18 stages can be
implemented using one CD4006A.
Longer shift-register sections can be
assembled by use of more than one
CD4006A. Figs. 146 and 147 show
the schematic and logic diagrams for
one of the 18 register stages. Register
shifting occurs on the negative clock-
pulse transition.

cL —F>o_ cL T—:}o—

[3

cL

i

5-STAGE SHIFT REGISTER

CL—

l_

cL

CL—>_

(o]

ia

4-STAGE SHIFT REGISTER
5 .

LE‘?CL__ Y
l

CcL—

[

e

(o] [o]

L

5—STAGE SHIFT REGISTER SECTION

Da

CL—-—>__

I cn.[—_>_

TERMINAL No.l4 =Vpp
TERMINAL No.7 =GND.

Fig.145 - CD4006A 18-stage static shift register.



140 RCA COS/MOS Integrated Circuits Manual

cL Vob cL Voo
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NOTE:
ALL "P"-UNIT SUBSTRATES ARE CONNECTED TO Vpp
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Fig. 146 - Schematic diagram for one of the 18 register sections of the CD4006A.
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Fig.147 - Logic diagram and truth table for one of the 18 register sections of the
CD4006A.
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DUAL 4-STAGE SERIAL-
INPUT/PARALLEL-OUTPUT
REGISTER (CD4015A)

Fig. 148 shows the logic diagram
of the CD4015A, which consists of
two identical, independent, four-
stage serial-input/parallel-output
registers. Each register has indepen-
dent clock and reset inputs, as well

141

Fig. 149 shows the use of the
CD4015A in an 8-stage serial-input/
parallel-output register application.
This circuit operates as follows: The
CD4015A connected as an 8-stage
register is reset and 1’s are shifted
through the register. The scope trace
in Fig. 150 shows the 1 pattern
loading into the register until 1
reaches the eighth stage and initiates

QA Q24 Q3p Qgp
5) %) 3) (10)
Da o—DoDo—— D Q D Q D Q D Q
) | J | _| | J I
°% o% %% %%
- R R R R
CLp
RA0—‘| ><>+ >0
© QB Q28 Q38 Q4B
3) 12)

(15)
DBWD QJ D o,—‘|

CLB(CL‘) Dc

TERMINAL No. 16=Vpp
TERMINAL No. 8=GND

Rao—[ >o-| >o
(14)

Fig.148 - CD4015A dual 4-stage serial-input/parallel-output register.

as a serial data input. Q outputs are
available from each of the four stages
on both registers. All register stages
are similar to that shown in Fig. 110.
The logic level present at the data
input is transferred into the first
register stage and shifted over one
stage at each positive clock transi-
tion. Reset of a four-stage section is
accomplished by a high level on the
reset line. Register expansion to 8
stages with one CD4015A or to more
than 8 stages with multiple
CD4015A packages is permitted.

reset. After two clock pulses, the
reset is removed and 1’s again shift
into the register. Low-speed-to-high-
speed data queueing and serial/paral-
lel data conversion are typical appli-
cations.

8-STAGE
SYNCHRONOUS PARALLEL-
INPUT/SERIAL-OUTPUT
REGISTER (CD4014A)

Fig. 151 shows the logic diagram
of the CD4014A, an 8-stage synchro-
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Fig.149 - CD4015A 8-stage serial-input/parallel-output register application.

nous parallel-input/serial-output reg-
ister. A clock input and a single
serial data input together with indi-
vidual parallel jam inputs to each
register stage and a common parallel/
serial control signal are provided. Q
.outputs from the 6th, 7th, and 8th
stages are available. All register stages
are similar to that shown in Fig. 110
except that extra transmission gates
permit parallel or serial entry.
Parallel or serial entry is made into
the register synchronously with the
positive clock transition and under
control of the parallel/serial input.

TRACE
CLOCK IN=(a)
Qja=(b)
Q27 =(c)
Q3 =(d) -~
Qgqa=(e)—]
Qg=(f)—
QZB‘(Q)/
Qag =(h)
Qqp=(i)
RA‘RB'(”

l

I
I

|

Fig. 150 - Waveforms/ for circuit shown in
Fig. 149.

When the parallel/serial input is low,
data is serially shifted into the
8-stage register synchronously with
the clock positive transition. When
the parallel/serial input is high, data
is jammed into the 8-stage register by
way of the parallel input lines and
synchronously with the positive
clock transition. Register expansion
with multiple CD4014A packages is
permitted. Fig. 152 shows the photo-
micrograph of the 82-mil by 84-mil
CD4014A pellet.

Fig. 153 shows the CD4014A in
an 8-stage synchronous parallel-
input/serial-output register applica-
tion. In this configuration, the
CD4013A allows a parallel transfer
to be made into the CD4014A
register once every 8 clock pulses.
Use of the divide-by-2 outputs of the
CD4013A as parallel inputs to alter-
nate CD4014A stages permits
changeover from a 10101010 to a
01010101 parallel input pattern
every 8 pulses. A scope trace of the
changeover would show the parallel
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Fig.151 - CD4014A 8-stage synchronous parallel-input/serial-output register.

Fig. 152 - Photomicrograph of the CD4014A pellet.
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Fig.153 - CD4014A 8-stage synchronous parallel-input/serial-output register application.

transfer of the 01010101 pattern
into the register followed by eight
shift pulses and subsequently another
parallel transfer of 10101010 and
eight shift pulses. High-speed-to-low-
speed data queueing and parallel/
serial data conversion are typical
applications.

The CD4014A can be utilized in
pseudo-random code-generation
applications by means of combined
control of the parallel input condi-

PARALLEL

tions and gating of the feedback of
the 6th, 7th, and 8th stages to the
serial input.

3-STAGE
ASYNCHRONOUS PARALLEL-
INPUT/SERIAL OUTPUT
REGISTER (CD4021A)

Fig. 154 shows the logic diagram
of the CD4021A 8-stage asynchro-
nous parallel-input/serial-output reg-

INPUT-1 PI-2 PI-3 Pi-4
PARALLEL/ ™ 0ole) ? (5) ?(4)
SERIAL o_1p.[>ﬂﬁ . . .
CONTROL (9) L
ey e Vo
»——é 1>——é I 1
b W— &b - afH-TelHHp ~ aolHHre Q
INPUT (%_ | h. \ h- h LN
) 0 )
R R R
cmmj > LY LY LT
PI-8 PI-7 PI-6 PI-5
(10) ?(I) ?(IS) Ol14) (13)0
lso— QTD— QTD— 16 QTD—
0 0 0 )
o o) @
R R R R
el | )] Ll
TZRMINAL No. 16 =Vpp
3) (12) 2 TERMINAL No. 8=GND

Q-8

Q-7

Q-6

Fig.154 - CD4021A 8-stage asynchronous parallel-input/serial-output register.



Counters and Registers

ister. Operation is basically the same
as for the CD4014A except that
parallel transfers are made as soon as
the parallel/serial control input goes
high. Parallel transfers are thus made
asynchronously with the clock input.
Serial shifting is still performed
synchronously with the clock input.
The CD4014A thus permits the
parallel transfer to be synchronized
with a different clocking signal than
the serial transfer. In high-speed-to-
low-speed data queueing, for ex-
ample, an externally gated high-speed
clock may control the parallel trans-
fer while the low-speed clock con-
trols the serial shifting.

Fig. 155 shows the CD4021A in
an 8-stage asynchronous high-speed
parallel-input/low-speed serial-output
application, and Fig. 156 shows the
logic diagram for this circuit. In the
example shown, the high-speed por-
tion of the system is simulated by
simplified control logic. A 10-kHz
low-speed clock and a 1-MHz high-
speed clock are assumed. Signal lines
a and b, as well as the eight data
lines, are representative of the infor-
mation transfer requirements be-
tween the high- and low-speed sys-
tems. Timing waveforms are shown
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in Fig. 157 for various points in the
circuit of Fig. 156.

At the low-speed output section,
the CD4021A shifts out stored infor-
mation at a 10kHz clock rate. The
CD4022A counts to eight at the
10kHz rate, and, at count Zero,
sends a high flag signal to the high-
speed system over line (A). The
flag signal indicates that the low-
speed section is ready to accept eight
bits on the data lines. In the simu-
lated high-speed section, a high on
line (A) allows flip-flop A to set on
the positive transition of the 1-MHz
clock. The Q output of flip-flop A is
gated with the 1-MHz clock to form
a gated 1-MHz clock signal on line
(B). This clock signal, along with
count zero at the low-speed section,
puts a single 1-MHz gated clock pulse
at the Parallel/Serial Control of the
CD4021A to permit an eight-bit
parallel transfer of data from the
high-speed system to the low-speed
system.

R-S flip-flops 1 and 2 remove the
flag signal from line (A) after a
1-MHz gated clock pulse on line (B)
has generated the parallel transfer
signal. These flip-flops also prevent
any further activation of line (A) and

GATED I-MHz CLOCK

(A)

I(B) FLAG BIT (oﬂm

I
2 SLOW-SPEED
3 SYSTEM

HIGH SPEED 5

SYSTEM 7 (10-kHz CLOCK)

: (IMHz CLOCK)  [TYTOOTHER |°
N_GROUPS | | sysTEMS.

- N GROUPS | sLowsPEED  |DATA OUT
DATA LINES Iores | outeor T e
N, DATA LINES 2

L out 5 RATE)

Fig.155 - Block diagram of an 8-bit asynchronous high-speed-parallel-input/low-speed-

serial-output application of the CD4021A.
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Fig.156 - Logic diagram of the 8-bit asynchronous high-speed-parallel-input/low-speed-
serial-output application of the CD4021A shown in Fig. 155.
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Fig.157 - Timing waveforms for the circuit of Fig. 156.
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(B) and subsequent parallel transfers
until the CD4022A counts back to
zero. Thus, the eight bits transferred
into the CD4021A are shifted out at
the 10-kHz clock rate before a new
set of data is transferred into the
CD4021A. The extra pulse edge
generated at line (B) (one clock pulse
after the gated 1-MHz clock pulse) is
ignored (see the logic of the low-
speed section). For scope display
purposes, flip-flop B in the high-
speed system is used to change the
pattern transferred every eight
10kHz clock pulses from a
10101010 pattern to a 01010101
pattern.

In an actual system, the high
signal at line (A) represents a flag bit
that enables the high-speed system to
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transfer eight bits of new data at any
time during the count zero (10-kHz
clock-cycle duration). This feature
allows the high-speed system time to
service its many other input and
output lines and to satisfy internal
process requirements at the 1-MHz
rate. At the same time, the high-
speed system is still conditioning the
eight transfer lines [just prior to
activation of line (B)] with a pulse to
enable the parallel transfer of data.
The Re-Sync flip-flop in the low-
speed section helps avoid any gap in
the output data due to the variable
delay possible in line servicing
between the eighth bit shifted out of
the CD4021A and the next parallel
transfer of eight valid bits of infor-
mation.
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Digital Display Systems

The CD4026A and CD4033A
COS/MOS decade counter/dividers
are particularly suited for use in a
variety of digital display systems,
including battery-operated systems
for digital clocks and watches, in
which low power dissipation and low
package count are important. Each
circuit consists of a 5-stage Johnson
decade counter and an output de-
coder that converts the Johnson code
into a 7-segment decoded output to
drive each stage of a numerical
display. The CD4033A has ripple-
blanking input and output (RBI and
RBO) and lamp-test capability. The
CD4026A has display-enable cap-
ability.

CIRCUIT OPERATION
AND PERFORMANCE
CHARACTERISTICS

The inputs to the CD4033A
are clock, reset, clock enable, ripple-
blanking input (RBI), and lamp test
as shown in Fig. 158. The outputs
are carry out, ripple-blanking output
(RBO), and the seven decoded out-
puts (a,b,c,d,e,f,g). A high reset sig-
nal clears the decade counter to its

zero count. The counter is advanced
one count at the positive clock signal
transition if the clock-enable signal is
low. Counter advancement by way of
the clock line is inhibited when the
clock-enable signal is high. A timing
diagram for the CD4033A is shown
in Fig. 159. Antilock gating is pro-
vided on the Johnson counter to
assure proper counting sequence.

The carry-out (Cout) signal com-
pletes one cycle every ten clock
input cycles and is used to clock the
succeeding decade directly in a multi-
decade counting chain. The seven
decoded outputs (a,b,c,d.e,f,g)
illuminate the proper segments in a
7-segment display device used to
present the decimal number O to 9.
The 7-segment outputs go “high” on
selection.

The CD4033A has provisions for
automatic blanking of the non-
significant zeros in a multi-digit deci-
mal number. This feature results in
an easily readable display consistent
with normal writing practice. For
example, the number 0050.0700 in
an eight-digit display would be dis-
played as 50.07. Zero suppression on
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Fig.158 - Logic diagram for CD4033A decade counter/divider with decoded 7-segment

display outputs.

the integer side is obtained by the
connection of the RBI terminal of
the CD4033A associated with the
most significant digit in the display
to a low-level voltage and the connec-
tion of the RBO terminal of the same
stage to the RBI terminal of the
CD4033A in the nextlower-
significant position in the display.
This procedure is continued for each
succeeding CD4033A on the integer
side of the display.

On the fraction side of the
display, the RBI of the CD4033A
associated with the least significant
bit is connected to a low-level voltage
and the RBO of the same CD4033A
is connected to the RBI terminal of
the CD4033A in the next more
significant-bit position. This proce-

dure is continued for each CD4033A
on the fraction side of the display.

In a purely fractional number
(e.g. 0.7346), the zero immediately
preceding the decimal point can be
displayed by the connection of the
RBI of that stage to a high-level
voltage (instead of the RBO of the
next more significant stage). Simi-
larly, the zero in a number such as
763.0 can be displayed by the con-
nection of the RBI of the CD4033A
associated with it to a high-level
voltage. Ripple blanking of non-
significant zeros provides an appreci-
able savings of display power.

The CD4033A has a lamp-test
input which, when connected to a
high-level voltage, overrides normal
decoder operation and enables a
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Fig.159 - CD4033A timing diagram.

check to be made of possible display
malfunctions by putting the 7 out-
puts in the high state.

Fig. 160 shows the logic diagram
of the RCA CD4026A. The
CD4026A is identical to the
CD4033A except that the ripple-
blanking input (RBI) and the ripple-
blanking output (RBO) and lamp-test
capabilities are replaced by a “dis-
play enable” control. An extra c-
segment output (not gated with the
display enable) is available to retain
the ability to implement the divide-
by-12 function. The power dissipa-
tion and output characteristics of the
CD4026A and CD4033A are iden-
tical.

DISPLAY DRIVERS

The decoded outputs of the
CD4026A and CD4033A decade

counter/dividers are applied to the
segments of the digital display
devices through display driving cir-
cuits. The following paragraphs
briefly describe a pair of COS/MOS
integrated circuits and a pair of
bipolar integrated circuits suitable
for use as display drivers.

COS/MOS IC Drivers
(CD4009A and CD4010A)

Figs. 161 and 162 show the
circuit diagrams for the CD4009A
(Inverting Hex Buffer) and CD4010A
(Non-Inverting Hex Buffer), respec-
tively. Six buffers are provided per
package. Figs. 163 and 164 show
VoL output characteristics (n-
channel) and VQH output character-
istics (combined p-and-n-channel
devices) for both types.
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Bipolar IC Drivers
(CA3081 and CA3082)

Fig. 165(a) shows the schematic
diagram of the CA3081 (common-
emitter array). Fig. 165(b) shows
V(CE(sat) as a function of collector
current for one of 7 identical tran-
sistors.

® ®
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Fig. 165 - (a) Functional diagram CA3081;
(b) Vcgfsat) as a function of Ic at T4 =
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Fig. 166(a) shows the schematic
diagram of CA3082 (common-
collector array). Fig. 166(b) shows
hpEg as a function of collector cur-
rent at VCE = 3V.
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INTERFACING DECADE
COUNTER/DIVIDERS WITH
DISPLAY DEVICES

The CD4016A and CD4033A
decade counter/dividers can be used
with most popular types of digital
display devices. The following para-
graphs describe the interfacing
methods for various types of display
devices.

Light-Emitting Diodes
The MAN 3 (Monsanto or equi-

valent) is a low-power monolithic,
7-segment diffused planar GaAsP

RCA COS/MOS Integrated Circuits Manual

light-emitting-diode display. Figs.
167(a) and 167(b) show the equiva-
lent schematic and physical dimen-
sions of the MAN 3. Fig. 168 shows
brightness as a function of forward
current. A fairly bright display (200
foot-lamberts) is achieved at a typical
power dissipation of 8.5 milliwatts
(1.7 volts x 5 milliamperes) per
segment for a 100-per-cent duty-
cycle drive mode. Greater display
intensities can be realized by the use
of higher-forward-current drives for a
duty cycle of less than 100 per cent
(i.e., light-enhancement factor equals
direct current divided by pulsed

VE=LTV(TYP) TO2.0V(MAX); Tp=25°C; Ifg= 5mA
AVE=2mV/°Cs I MAX /SEGMENT =10 mA CONTINUOUS;
TEMPERATURE RANGE: -55° C< T< +85°C

HHHHW

CHARACTER SIZE:
0.115" X 0.064 "
WITH 10° SLANT

— ¥
0.125

Lol |

L
[

o |-

NOTE : FOR ADDITIONAL INFORMATION
SEE MONSANTO'S PUBLISHED
DATA ESP 35 DATED 2/70 (b)

Fig.167 - (a) Schematic diagram and (b) physical dimensions of the MAN-3 display

device.
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Fig. 168 - Brightness as a function of

forward current for the MAN-3 display
device.

current IF(AV) and is greater than
unity, where both direct and pulsed
current result in similar light inten-
sity as seen by the human eye).
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The requirement of lowest
power at greatest light intensity
makes it desirable to multiplex the
display current between characters of
a display, as well as between seg-
ments of a character. Display wiring
may also be simplified by such
multiplexing methods. Displays
similar to MAN 3 characteristics, but
containing multiple 7-segment dis-
play elements are available from
Hewlett Packard and others. For~
example, Fig. 169 shows the approxi-
mate physical dimensions for the HP
5082 Series of LED’s. The character-
istics are similar to those of the MAN
3.

Fig. 170 shows techniques for
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Fig.169 - Package physical dimensions for HP5082.
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the interface of the CD4033A or
CD4026A to the MAN 3 display at
various supply-voltage conditions.
Fig. 170(a) shows a direct-drive
condition at a duty cycle of 100 per
cent for Vpp between 9 and 15
volts. A typical CD4033A can supply
a forward current of 5 milliamperes
per segment with a supply voltage as
low as 9 volts and yields a fairly
bright display. The power supply
dissipation is approximately 45 milli-
watts per segment (9 volts x 5
milliamperes).

For lower system power dissipa-
tion and separate logic and display
supply sources, the RCA-CD4010A

Vop

1 177 CA3082/SEG.

167

COS/MOS hex buffer package can be
used, as shown in Fig. 170(b). In this
case, the power supply dissipation
per segment is less than 25 milliwatts
(5 volts x 5 milliamperes).

For supply voltages as low as 3.5
volts, an n-p-n transistor array inter-
face circuit is required as shown in
Fig. 170(c). External base or emitter
resistors may be used to obtain finer
control of forward current, de-
pending on the n-p-n array selected.
For supply voltages less than 3.5
bolts, both the CD4009A and a p-n-p
transistor array interface-circuit are
required as shown in Fig. 170(d).

Fig. 171 illustrates a method for
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Fig.171 - Character-display drive-multiplexing using the CD4033A and the MAN-3.
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character-drive-multiplexing  using
the CD4033A. Character multiplex-
ing and the use of higher forward-
segment currents at less than 100-
per-cent duty cycle permit light
enhancement factors greater than 1
to be realized. This mode of opera-
tion (compared with the 100-
per-cent duty-cycle mode, for the
same display brightness) permits
savings in display power dissipation.
Fig. 172 shows a similar character
multiplexing arrangement using the
CD4026A. The multiplexing is

-

vVbp

I /7 CA3082/SEG.

RCA COS/MOS Integrated Circuits Manual

accomplished at the logic level, as
opposed to switching the display-
character ground currents. A char-
acter display driver multiplexing cir-
cuit to interface the CD4026A with
the HP5082 series multiple character
display is shown in Fig. 173. A
remetallization (not shown) of the
CD4033A could be used to eliminate
the n-channel device of all segment
outputs. Elimination of the “N”
channel device would permit direct
connection of respective segments of
all characters to the base of one

S
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Fig.172 - Character-display drive-multiplexing using the CD4026A and the MAN-3.
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Fig.173 - Character display drive-multiplexing using the CD4026A and the HP5082

Series.
common set of CA3082 segment
drivers. A common set of segment
ground-return resistors would be
required at the base of each CA3082.
The MAN 1 is a 7-segment
diffused planar GaAsP light-emitting-
diode display. Fig. 174 shows the
equivalent schematic diagram and
physical dimensions of the MAN 1.
Fig. 175 shows the brightness as a
function of forward-current charac-
teristics. Good brightness (275 foot-
lamberts) is obtained at a forward
current of 16 milliamperes, for a
100-per-cent duty-cycle drive mode.
Figs. 176 and 177 show the

CD4033A or CD4026A being inter-
faced with the MAN 1 display at
various supply voltages. The
CD4009A (shown in Fig. 176) is able
to sink 16 milliamperes or more at a
logic-0 output voltage up to 2 volts,
with a supply voltage (Vpp) of 15
volts. This feature permits a drop of
4 volts or more across the MAN 1
diodes. When the CD4009A is used
in this application, care should be
taken not to exceed its maximum
power ratings (100 milliwatts per
buffer stage; 200 milliwatts per pack-
age).

The CD4033A (shown in Fig.
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Fig.174 - (a) Schematic diagram and (b) physical dimensions for the MAN-1.

177) provides a minimum base cur- excess of 12 milliamperes. The for-
rent of 0.4 milliamperes into the ward voltage of the MAN 1 4.0
CA3081 at a supply voltage VDD volts) limits the minimum VDD to
of 5.0 volts, for a forward current in  approximately 5.0 volts.
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Fig.175 - Brightness as a function of forward current for the MAN-1.
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Fig.177 - CD4033A or CD4026A driving the MAN-1 at Vpp >5 volts.

Incandescent Readouts

The Pinlite* Series “0” and “R”
devices are low-power, miniaturized,
incandescent readouts. Fig. 178

*Trademark of Pinlite, Inc.

summarizes the voltage-current
requirements and physical dimen-
sions of these display devices. Fig.
179 shows the CD4033A being inter-
faced with Pinlite devices.

Fig. 180 shows the physical
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Fig.178 - Pinlite, Inc. series 0’ and ““R*" 7-segment display.

dimensions of RCA NUMITRON
devices, DR2000, DR2100, and
DR2200 series. Brightness and seg-
ment current as functions of segment
voltage are shown in Fig. 181.

Fig. 182 shows the CD4033A or
CD4026A being interfaced with
DR2000-series  displays. In the
arrangement shown in Fig. 182(a), if
Vpp is less than 8.0 volts, a
CD4010A buffer must be used be-
tween the CD4033A or CD4026A
segments and the CA3081. In the
arrangement shown in Fig. 171(b),
care should be taken not to exceed
the maximum power dissipation of
the CD4009A (100 milliwatts per
buffer unit, 200 milliwatts per pack-
age).

Low-Voltage Vacuum
Fluorescent Readouts

The TungSol Digivac S/G**
Type DT1704B or DT1705D,
Nippon Electric (NEC)Type
DG12E/LD915, and Sylvania Type
8894 are low-voltage and low-power
vacuum fluorescent 7-segment read-
outs. Fig. 183 shows the physical
dimensions and brightness character-
istics of the TungSol Digivac
DT1704B and DT1705D. A bright-
ness level of 150 foot-lamberts (typi-
cal) is indicated at a plate voltage of
25 wvolts. Fig. 184 illustrates a

**Trademark of Tung-Sol Division
Wagner Electric Corp.
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Fig.179 - Interfacing CD4033A or CD4026A with Pinlite series “0” and “R"* 7-segment

displays.

method of driving these devices with
the CD4033A. The requirements are
100 to 300 microamperes per seg-
ment at tube voltages of 12 to 25
volts depending on the required
brightness level. The filaments re-
quire 45 milliamperes at 1.6 volts,
(ac or dc). With a VgN of 18 volts,
medium brightness in low ambient

light background, will result. The
point of no noticeable glow occurs at
VOFF = 4.5 volts.

DIGITAL TIMER/CLOCK/
WATCH APPLICATIONS

The decoded 7-segment outputs
of the CD4033A can be used to
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control its counting function. Table
XXII shows the truth table for the
CD4033A segment and carry-out
signals. Fig. 185 shows the logic

configurations for counting from 2
through 9 using the CD4033A signal
for count control. The CD4026A can

be utilized in a similar manner.

Table XXl — Truth Table — 7 Segment and Carry Out Signals

COUNTER OF: 1 2 3 4 5 6 7 8 9 10

COUNT 0 1 2 3 4 5 6 7 8 9

DECODED

OUTPUT
a 1 0 1 1 0 1 1 1 1 1
b 1 1 1 1 1 0 0 1 1 1
c 1 1 0 1 1 1 1 1 1
d 1 0 1 1 0 1 1 0 1 1
e 1 0 1 0 0 0 1 0 1 0
f 1 0 1 0 1 1 1 0 1 1
g 0 0 0 1 1 1 1 0 1 1

Count 1 1 1 1 1 0 0 0 0 0
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Fig.185 - Logic configurations to control counting functions of CD4033A.

Digital Display Clock/Watch divide-by-12 digital-display countir{g
Configuration (Divide-by-60, circuit. The input clock-signal rate is
Divide-by-60, Divide-by-12) 1 Hz. The two divide-by-60 counters

cycle synchronously from 0 to 59,
Fig. 186 shows the logic diagram while the divide-by-12 counter cycles
of a divide-by-60, divide-by-60, from1 to 12.



168 RCA COS/MOS Integrated Circuits Manual
SECONDS DISPLAY
.
\ 1Hz CLOCK MINUTES DISPLAY
7 SEG (0-9) T SEG (0-9) u P&.II,EI;TAEE) e
L ||||||‘ 7 SEG (0-9) 7 SEG (0-9)
sEcons—+Ch{ onaonen |-OUT _{co40334 [CouT T [T
INPUT DECADE Ife [CL]6 GQUNT], CLOCK|cD4033A [SOUT _|cD4033a |COUT
DECADE 6
R Bseg OR Cout CA [ ] CQUNT
ORC
SET se6 OR Cout
Voo L 100 |MINUTES d
1= g %m 1\
SECONDS 2. 3 Voo
= |0 + v
RESET 15 o Voo

172 CD40I3A 100 MlNUTES_i_
60 SECONDS COUNTER $Ka RESET -

= 60 MINUTES COUNTER

RATE IF SETTING

IS NOT TO BE
NOTICED

IHz
(HRS UP-
DATE RATE)

TIE BACK TO >IHz
12-HOUR C%UNTER

o—

HOURS DISPLAY

1-CD40I3A

7 SEG (0-9) 10's
~—4—~ Voo OF HRs RESETS |2 COUNTER
THEN PRESETS TO |
/—-—‘—\
cLock| coa033a |Cout 21 g
| DEGADE cLioj= Im
cLocl R i/2 CD40I3A
ENABLE |
Voo
ST, HRS
) _E_,_Q 2 RESET

0|l
R
1/2 CD40I3A

PACKAGE COUNT:
5 CD4033A
3 CD4013A (DUAL
4 CD400IA

F/F)

12 HOURS COUNTER
(1 70 12)
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Fig. 187 shows pertinent wave-
forms of the divide-by-60 and divide-
by-12 sections, respectively. Minutes
and hours updating switches (second

24-hour counter
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Fig.187 - (a) Divide-by-60 voltage waveforms; (b) divide-by-12 voltage waveforms.
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With reference to Figs. 186 and
187(a), the CD4033A-II b segment
goes low at the 59th clock-pulse
input. At the 60th clock-pulse input,
the CD4033A-I goes froma 9 to a0
and the CD4013A-I is clocked to “0”
state, which in turn resets CD4033A-
II from a 5 to a 0. A reset condition
has been realized after 60 clock-input
pulses. The CD4013A-I is then set at
the 5th clock input pulse in prepara-
tion for the next cycle.

With reference to Figs. 186 and
187(b), the c segment goes low at the
12th clock input pulse. The Q output
of the CA4013A-IIl is low from
the 10th clock input pulse. At the
13th clock input pulse, CD4013A-IV
is clocked to the “1” state which in
turn resets CD4013A-V and VI. The
CD4013A-V and VI combination
then generates a one-second-wide
reset pulse to the CD4033A-V and
CD4013A-III reset inputs, as well as
a two-second-wide pulse to the clock
enable input of the CD4033A-V to
advance it to the 1 count. The reset
and advance-to-one operation may be
clocked at a rate much faster than
the seconds clock.

The CD4026A may be used in
place of the CD4033A, if display
blanking is desirable to effect power
savings. For this case, the divide-by-
12 function utilizes the ungated “c”
output for counter gating.

Battery-Powered Digital Clock
Prototype Using the MAN-3
LED Displays

Fig. 188 shows photographs and
Fig. 189 shows the logic diagram for
a prototype of a complete battery-
powered digital clock that uses
MAN-3 LED display devices. A 9-volt
battery is used to drive all of the

169

Fig. 188 - Photographs of battery-operated
LED digital clock.

logic circuitry. Power drain on the
9-volt battery is approximately 7
milliamperes continuous, more than
90 per cent of which is consumed in
the 262-kHz crystal-oscillator config-
uration. Other oscillator configura-
tions and lower crystal frequencies
permit significant reductions of this
current drain. To conserve power,
the MAN 3 display devices are
powered by two series 1.5-volt
batteries. The CD4010A’s permit
translation from the 9-volt logic level
to the lower voltage, higher-current
3-volt display drive levels. While the
display is activated, a maximum of
approximately 120 milliamperes of
display current is required.

Although not wused in the
prototype, the character-display-
multiplexing methods shown in Figs.
171, 172, or 173 may be employed
for greater light enhancement and/or
lower power dissipation.
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Fig.189 - Logic/wiring Diagram for digital clock shown in Fig. 188.

Battery-Powered Digital Clock prototype of a complete battery-
Prototype Utilizing TungSol powered digital clock that employs

Digivac S/G DT1704B Displays TungSol Digivac display devices. As
noted in the discussion of low-

Fig. 190 shows a photograph and  voltage vacuum fluorescent readouts,
Fig. 191 shows the logic diagram fora medium brightness levels are ob-
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Fig.190 - Photograph of a battery-powered digital Clock that uses Digivac display
devices. }
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Fig.191 - Logic/Wiring Diagram for digital clock shown in Fig. 190.
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tained under low to medium ambient
light conditions. A larger display is
achieved by use of the Digivac units
than with the MAN 3 units. The logic
is powered by two series 9-volt cells
at Vpp with a 4.5-volt zener offset
of Vgs (th effective supply voltage
for the logic circuit is 18 volt -4.5
volts = 13.5 volts.) The logic circuit
drives the 150-microampere segment
plate currents of the Digivacs dir-
ectly. The filament power for the
Digivacs is supplied by two parallel
1.5-volt batteries. Filament power is
off until a display is required.

DIGITAL-METER
APPLICATIONS

The CD4033A and CD4026A are
unique in that they have both
counting and decoding on a single
chip. The block diagram of Fig. 192
demonstrates the wuse of the
CD4033A and CD4026A in digital-
meter applications where time multi-
plexing or sampling-and-display func-
tions are employed (to eliminate the
need for holding circuits). An analog
input is converted to a sequence of
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pulses in which the pulse count is
proportional to the analog input
level. Sampling rates may be fast
enough to result in an apparent fixed
display, or they may be slower and
cause noticeable changes in display
during sampling. Longer display
times or display blanking during
sampling may be used to prevent
flicker.

Fig. 193 shows a general block
diagram using the CD4033A or
CD4026A in Digital Counter/Timers.

DISPLAY

i

COUNTER
CD4033A

OR
CD4026A

INPUT
SIGNAL

«CLOCK

GATE [¢—

ACCURATE
TIME BASE

Fig. 193 -
counter/timer
CD4026A.
As in the dc meter applications, time
multiplexing of sampling and display
functions is utilized.

Block diagram of digital
using CD4033A or

CLOCK
GENERATOR DISPLAY
CLOCK
I IN T
COUNTER
ANALOG -y | AMP_ COMPARATOR CD4033A
IN ATTEN. ” OR
CD4026A
[__cock 4
ENABLE RESET
REFERENCE TIMING
GENERATOR 8
(RAMP GEN) CONTROL

Fig.192 - Block diagram of dc meter circuit using CD4033A or CD4026A.
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Digital Frequency Synthesizers

COS/MOS integrated circuits can
be used in the design of low-cost,
low-power digital frequency synthe-
sizers. The synthesizer circuits that
use these devices offer communica-
tions equipment designers the follow-
ing advantages in comparison to
comparable systems that use tuned
circuits and banks of quarts crystals:

1. use of digital MSI functions to
reduce cost and increase reli-
ability;

2. use of only one crystal reference
for all synthesized frequencies;

3. reduction of spurious signals and
unwanted harmonics to yield a
cleaner waveform by the elimina-
tion of tuned circuits (resulting
in lower manufacturing-test costs
and lower maintenance on equip-
ment);

4. a simplified manual control by
replacement of complex, and
often unreliable, mechanical tun-
ing mechanisms with simple
digitally coded switches.

The digital frequency synthesizer
uses a phase-locked loop to produce

desired output frequencies depen-
dent upon the setting of a program-
mable counter. The counter is con-
trolled by dialing up frequencies with
front-panel control switches. The
frequency setting of the switches is
always proportional to a given
programmable divider ratio.

FUNDAMENTALS OF
PHASE-LOCKED LOOPS

Fig. 194 shows the essential
elements of a basic phase-locked
loop. The output frequency of the
programmable divide-by-N counter
locks onto and tracks the phase of
the reference frequency. A phase
difference between the divide-by-N

FREQUENCY—

ATAGL REFERENCE
FREQUENCY
ouTput CODE Q
FREQUENCY l
VOLTAGE — e
+N PHASE
CONTROLLED -
N ron COUNTER COMPARATOR
LOW—PASS
FILTER [YTUNING
VOLTAGE

Fig.194 - Basic digital phase-locked loop.
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counter output and the reference
frequency produces a correction volt-
age at the output of the phase
comparator. The polarity of this
correction voltage is such that it pulls
the voltage-controlled oscillator
(VCO) frequency in the right direc-
tion to cause the divide-by-N output
frequency to phase-track the refer-
ence frequency. Thus, for each
setting of the frequency control
switches, a digital code presets the
divide-by-N count to an integral
number representing a desired output
frequency. For each desired output
frequency, there is a corresponding
unique phase difference and tuning
voltage. At each “tuned condition”,
the  divide-by-N-counter  output
frequency is phase-locked to the
reference frequency, and the two
frequencies are equal.

A low-pass filter is employed in
phase-locked loops to remove time-
variant components from the VCO
control voltage. Otherwise, for ex-
ample, the reference frequency and
its harmonic output from the phase
detector may be of sufficient magni-
tude to cause an audio-rate phase
jitter at the VCO output, which can
result in distortion of the audio
output.

PRACTICAL DIGITAL
PHASE-LOCKED LOOPS

In practical digital phase-locked
loops for communications systems,
VCO-output frequencies are often in
the vhf and uhf bands (that is, from
30 to 400 MHz). In the past, it has
usually been impractical or impossi-
ble to design integrated-circuit
divide-by-N counters that will oper-
ate within this range. For example,
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even high-power ECL circuits will
not permit use of the complex -
divide-by-N function above 100
MHz. Low-cost techniques of reduc-
ing the VCO output frequency are
required so that cost-effective low-
power MSI and LSI arrays can be
employed as the logical divide-by-N
counter. For low-power portable
communications sets, efficient COS/
MOS arrays are employed using
either of two basic techniques for
reducing VCO output frequencies.
These two techniques are prescaling
and heterodyne down-conversion.

Prescaling

In the phase-locked loop shown
in Fig. 195, afixed counter prescales
the VCO output frequency down
by a division factor of K to the
greatest value (fx max) that can be
handled by the integrated-circuit
divide-by-N counter. The reference
frequency (fy) is nominally equal to
the channel spacing frequency (fc).
However, when a prescaling counter
is employed, the value of f; must be
reduce by a division by K. Hence,

f,
fr= (18)

Phase-comparator reference fre-
quencies are normally in the range of
1 to 10 kHz, while the highly stable
crystal-controlled oscillators usually
operate at a frequency (fy) in the
range from 2 to 5 MHz. For this rea-
son divide-by-R counters are em-
ployed where f; = fx/R.

At phase-lock, the divide-by-N
output frequency fp tracks the
reference frequency fty; therefore, fy
= f;. Furthermore, the modulo (N) of
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OFF
cmgg—:{_ FREQUENCY~
OSCILLATOR ONTE
OUTPUT
FREQUENCY (th)
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(fo)
VOLTAGE- (fx) g (fn) (fr) L uge
+"N PHASE + "R
%%gﬁ&‘%,? S—* MIXER COUNTER COMPARATOR COUNTER
DOWN CONVERTER i
(fx)
LOW-PASS REFERENCE
FILTER TUNING VOLTAGE OSCILLATOR

CHANNEL SPACING = f¢

Fig. 195 - Digital phase-locked loop with prescaler.

the divide-by-N counter uniquely
determines the output frequency (fo)
that will satisfy the following equa-
tion:

fo = fn(K)N. (19)

K operates in a fixed-integer
counter, and N operates in a pro-
grammable modulo-N counter in
which the modulo is programmed by
an external frequency-control code.
The range of N is given by

N _ fp max
max fc s (20)
and
. _ o min
N min = f (02))

For specified values of K, N, R,
fx, fo, and f, it is simple arithmetic
to specify completely all digital func-
tions including the phase compara-
tor, which, in most cases, also func-
tions digitally. Further, the divide-
by-N counter can be broken into

decade or binary segments. This
approach leads directly to specifica-
tion of programmable-switch design.
The low-pass filter can then be
specified for optimum rejection of
reference-frequency components.

However, because the fre-
quencies of signals within the loop
shown in Fig. 195 vary over a range
of N, optimum stabilization of the
negative part of the loop is com-
promised by the variation of gain
with frequency. In addition to loop
stabilization, the designer must also
consider several other aspects of
phase-locked loops, including the
following items:

1. loop settling time and switching
time,

2. resolution (which is related to
reference-oscillator accuracy),

3. spectral purity (spurious outputs
and signal-to-phase-noise ratio).

4. loop modulation (practical mode
for transceivers),

5. sweep mode (applicable to test-
equipment usage),

6. system interface (remote code
programming and preset channel
memory).
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-Heterodyne Down-Conversion

Fig. 196 illustrates a digital
phase-locked loop that uses hetero-
dyne down-conversion. In this type
of loop, the input frequency to the
divide-by-N counter (fk) is des-
cribed as follows:

fix = fo - fh. (22)

An offset crystal oscillator is
employed to “mix down” the VCO
output frequency (fp), and the
desired output frequency range of fi
is enclosed by suitable band-pass
filtering. In the scheme shown in Fig.
196, the output frequency is ex-
pressed as:

fo = fn N. (23)
The input frequency to the N counter
is given by

fk =fo - th. (24)

The range of the N counter is de-
fined by the following two equa-
tions:
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k max.
N max = T 25
_ fk min.
N min = f (26)
In many synthesizer systems that
employ heterodyne down-

conversion, more than one value of
offset frequency (ff) is switched in.
For example, if the desired VCO
output frequency band is broken
into two equal ranges, and if values
of f, are switched in for the two
respective bands, the range of N is
exactly half that used in a prescaling
system. The range of N is traversed
twice in tuning across the entire
band. Practical application of this
method is explained in the subse-
quent discussion of an FM-broadcast-
band synthesizer.

In comparison to the prescaling
technique, heterodyne down-
conversion offers two significant
advantages. First, the reference fre-
quency f; is equal to the channel
spacing f¢; as a result, the loop band
pass is wider. Second, the power
consumption is lower; the offset

OFFSET
CRYSTAL FREQUENCY -
OSCILLATOR ONTR
OUTPUT
FREQUENCY (tn)
vouace- | | (fk) (fn) ()
CONTROLLED[4—»{  MIXER LLEN ' " | PHASE r . "R"
OSCILLATOR COUNTER COMPARATOR COUNTER
DOWN CONVERTER ]
()
LOW-PASS REFERENCE
FILTER TUNING VOLTAGE OSCILLATOR

CHANNEL SPACING = f¢

Fig. 196 - Digital phase-locked loop with heterodyne down-converter.
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oscillator and mixer, therefore, can
be extremely efficient.

The disadvantage of the hetero-
dyne technique is that the use of a
second reference crystal and a mixer
may introduce spurious beat and sum
frequencies.

F/M RECEIVER SYNTHESIZERS

FM-broadcast-receiver  synthe-
sizers, either prescaling or down-
conversion types, can be designed to
use efficient COS/MOS integrated
circuits as principal counter ele-
ments. One-hundred FM channels are
spaced 200 kHz apart in the 88-to-
108-MHz band. The channel-1 carrier
frequency is 88.1 MHz; channel 100
is 107.9 MHz. Because the standard
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FM if frequency is centered at 10.7
MHz, the synthesizer must provide
high-side local-oscillator output
frequencies of 98.8 to 118.6 MHz.

Prescaler System
FM synthesizer design para-
meters can be calculated and plugged
into the block diagram shown in Fig.
195. The resulting synthesizer block
diagram and parameter calculations
are illustrated in Fig. 197.

Divide-by-N Counter — The
divide-by-N counter is parallel loaded
to have a unique count (modulus) for
each required synthesizer output-
channel frequency. Each counter
step represents a 200-kHz channel.
For example, as shown in Fig. 197, to
tune the system to 118.6 MHz, a

CHANNEL
SELECT
OUTPUT (10 BITS)
98.8 TO 118.6 MHz
(fo)
VOLTAGE - L TR "N (fn) + "R"
CONTROLLED conterf—L_yl o \Yer . PHASE L) 1 ounten
OSCILLATOR (K=20) |34 TO |(N-494 T0 503)| 10 kHz | COMPARATOR| 044, | (= 256)
5.93 MHz
LOW-PASS ;cRYSTT'BR
0SCiLL
FILTER TUNING VOLTAGE 2,5'; MHz

fc (CHANNEL SPACING) = 200 kHz
k=20

fo _ 118.6 MHz
fio g fMAX. = —= 22

4, = 200 kH2
T

=10 kHz
118.6 MHz
200 kHz

98.8 MHz
200 kHz
_ 2.56 MHz
" 710 kHz

N MAX. = =593

N MIN. =

=494

R

= 256

=5.93 MHz, f, MIN. =

98.8 MHz
——— 2494 M
20 9 Hz

Fig.197 - FM-band synthesizer using prescaler,
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count of 593 is loaded into the
counter, and “divide-by-593” results.
The N counter should be considered
as counting down repeatedly from
593 to zero. Fig. 198 illustrates the
counter organization. For each fre-
quency integer, there is a one-to-one
relation between each switch (one
frequency integer) and the corres-
ponding counter block.

For example, a divide-by-5
counter programs the 200-kHz
integer. Five counts of this counter
step the 1-MHz counter by a “1”
count.

Although the span of the N
counter must be 494 to 593, as
illustrated in Fig. 197, the actual
range of a practical N-counter for
an FM-band digital synthesizer can
be offset as indicated in Table XXIIL.
In this case, six counts (equivalent to
a 1.2-MHz offset) are added to both
the top and bottom of the counter
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range to make the actual count span
from 500 to 599; two simplifications
in the synthesizer design result from
this refinement. First, the 100-MHz
binary count shown in Fig. 198
always starts in the 100-MHz state;
therefore, it does not have to be
under switch control. Second, the
necessary one-to-one correspondence
between switch position and N-count
present state can be achieved. That
is, when switching from channel 5 to
channel 6, as shown in Table XXIII,
the system is in fact switching from
the 88.9-MHz channel to the
89.1-MHz channel. It should be
noted that the two least significant
integers switch over and that, as the
actual local-oscillator injection fre-
quency goes from 99.6 MHz to 99.8
MHz, only one integer switches over.
However, the 1.2-MHz-offset fre-
quencies of 100.8 and 101.0 MHz do
switch over in the two least signi-

Table XXIll — Divide-by-N Counter/Frequency Relationships

LO
FM INJECTION OFFSET
RECEIVER FREQUENCY (fo) REQUIRED FREQUENCY OFFSET
CHANNEL FREQUENCY (fm) {fo = fm +10.7) N (fo + 1.2 MHz) N-COUNT

NO. MHz MHz COUNT MHz (N +6)
1 88.1 98.8 494 100.0 500
2 88.3 99.0 495 100.2 501
3 88.5 99.2 496 100.4 502
4 88.7 99.4 497 100.6 503
5 88.9 99.6 498 100.8 504
6 89.1 99.8 499 101.0 505

: ! ! ! : |

: : E 3 : 5

1 ' ' 1 ! '

' I I | H |

; : | : ! i

5 | 3 i ! :

‘- | i | ! :

! ! H ! |

! : : ; ! '
98 107.5 118.2 591 119.4 597
99 107.7 1184 592 119.6 598
100 107.9 118.6 593 119.8 599
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FREQUENCY SELECT SWITCHES

200 kHz | | MHz | IO0MHz | 100 MHz
SWITCH | SWITCH I swiTch : SWITCH
| 1 | l | lPRESET
INPUT ! 1 1 STROBE
Oy PRESET GATES s
I | 1
| ' !
| I I
#51  [=i0f 1 | +i0] 1 +2
| |
I
I | I
| |
i ] 1
| PRESET COUNT RECOGNITION GATES
| |
| |
I I
| PRESET i
I STROBE '
| LFLiP=FLOP ! OUTPUT
T
! I I 100 MHz
200kHz | IMHz | |oMHz | COUNTER
SECTION | SECTION | SECTION| SECTION

Fig. 198 - Organization of divide-by-N
counter.
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ficant integers. Therefore, the
1.2-MHz offset makes it possible to
use the needed switch-compatible
N counter.

Fig. 199 shows a logic diagram
for the four counting elements of the
N counter illustrated in Fig. 197.
Table XXIV contains the counter
truth tables, and Fig. 200 is a
detailed logic diagram of the divide-
by-5 counter. Table XXV illustrates
that the 9-bit frequency-select code
permits presetting the N counter
to counts ranging from 500 to 599.
The counter “down-counts” to the
“8” state, at which time a preset
strobe count-recognition signal goes
high (output of G2 of Fig. 199).

N
9 - BIT FREQUENCY-SELECT CODE FROM SWITCHES
P ‘ — -
A T T | T 'i T T I_T—?—IVDD
cLock —L - L !
INPUT | A 8 Clg | ¥ Y2 39 95 Y d2 J3 0y 5| HO S Q
O-9P[CL. ~ 5 COUNTER Q CL. ~ 10 COUNTER 62—E+CL. =10 COUNTER 62 s (SR
(SEE FIG. 200) D CD40I8A D  CD40iBA 1/2 CD40I3A
Qc ST P Qs Q, PO Q Q QL
_ M T
fST L‘T &J X 100 MHz
X 200 kHz X 1 MHz X10 MHz BINARY
QUINARY DECADE DECADE 173 CD4023A N
1/3 CD4023A
Gl
C
; 172
j G2 |CcD4002A
i
i
CL. o] 172
_ STFF cD40I3A
Q OuTPUT
' ! —°
ST ST

Fig.199 - Logic diagram for the divide-by-N counter.
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Table XX1V — Divide-By-N Counter Truth Tables

(a) Divide-by-5 (b) Divide-by-10 Counter | (c) Divide-by-2
Counter Counter
X1MHz DEFGH
X200kHz | A B C | X10MHz I J KLM| X100MHz| N
4 011 9 00111 1 1
3 000 8 00011 0 0
2 100 7 0000O01
1 110 6 00000O0
0 111 5 10000
4 11000
3 11100
2 11110
1 11111
0 o1111
B' c

FLIP-FLOPS ARE
CD40I3A GATES

ARE CD400IA
TO
‘ RE%OGNITION
E TE
D Q D~ Q D s Q
A B [o}
—HCLOCK| —CLOCK CLOCK

ADVANCE

i
[=]
m
o
>
o
m

IN
ST &

Fig. 200 - Logic diagram for divide-by-5
counter.

Fig. 201 shows the critical preset
strobe-generation timing sequence.
Following the “high” that appears on
D of STFF (Fig. 199), the strobe
goes high on the next positive
clock transition as shown in Fig. 201.
The strobe presets the entire N

counter to the dialed frequency. The
immediately  succeeding  positive
clock transition is lost as a result of
its being overlapped by the preset
strobe. The second following clock
transition, however, trips the counter
to state N-1. Table XXVI is a wiring
truth table for two frequency-select
switches, S and S. The nine wires
A’ through I' follow the patterns
indicated and interface directly with
the divide-by-N counter of Fig. 199.

Divide-by-N-Counter Implemen-
tation — The divide-by-N counter is
the frequency-control element of the
digital phase-locked loop. It is
logically complex and must operate
at the highest possible frequency
consistent with minimum power for
battery operation. The COS/MOS
low-voltage technology exhibts
several characteristics that allow out-
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Table XXV — Divide-By-N’* Counter Recognition-State Truth Table

TRUTH TABLE CODE
COUNT | A B [+ D E F G H i J K L M N
599 ) 1 1 0 1] 1 1 1 1 1 1 1 1 1
598 1] 0 0 1] ] 1 1 1 1 1 1 1 1 1
597 1 1] 0 0 1] 1 1 1 1 1 1 1 1 1 Nmax, =599 — 6 = 593
501 1 1 0 0 1 1 1 1 1 1 1 1 1
500 1 1 1 0 1 1 1 1 0 1 1 1 1
499 ] 1 1 1] 1] 1 1 1 [1] [} 1 1 1 0 Nmin =500 — 6 = 494
10 1 1 1 1 1 1 1 0 0 1 1 1 1 o
9 0 1 1 1 1 1 1 1
8 0jlofo0 1 1 1 1 1 Recognition State
7 1 0 0 1 1 1 1 1 Generate Preset Strobe
6 11t jol vl Y Effective “O" State
5 1 1 1 1 1 1 1 1
4 0 1 1 0 1 1 1 1
3 o 0 0 1] 1 1 1 1
2 1 0 0 0 1 1 1 1
1 1 1 V] 1] 1 1 1 1
o |1 fafrfolr]rla]a]Y {V YIY]Y {V
COUNT
{ 3 TATE ATE |
STATE STAT STATE STATE STAT ST,
c 10 "|‘_ 9 "*‘ 8 *f‘ "N"(7) "i" "N'(6) "N-1" ""
L.
INPUT J_‘_—IT\—_'—II_F_L——'_L‘-—‘_I
i I 4 : S
H 1
1 AN |I J
]
c ' |
| S
I |
GATE 2 | o e
INPUT | I
I |
STROBE } ! J |-
| CRITICAL | |—;
| DELAYS | STROBE TIMING REFLECTS
| FORMAXIMUM | PRESETTING OF COUNTER
| FREQUENCY TO STATE 599 (I07.9 MHz CHANNEL)

SCALE

| PERIOD =167 NANOSECONDS (6 MHz)

Fig.201 - Divide-by-N preset-state timing.
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Table XXVI — Frequency-Select Switch Table
$1 (kH2) $2 (MHz)
RECEIVER WIRES RECEIVER WIRES
FREQUENCY FREQUENCY
kHz POS. Al B | C MHz POS. D'| E FFl G| HI| I
900 5 |o|o]o 107 20 oo 1]n
700 4 o |1 |0 106 19 |loJolof1]1]n
500 3 1 1 1 105 18 0 0 0 0 1 1
300 2 110 |1 104 17 {o]o|o]o]o]n
100 1 111 ]o0 103 6 |1 ]o]lo|o]o]|n1
102 5 |11 |lofo]o]n
101 14 (1|1 ]1]o]o]n
100 13 1 1 1 1 0 1
99 12 v ]
98 1m o fola ]|
97 10 (oo 1]1|1]o
Note: 9% 9 |ofjolol1f1]o
“@" = GROUND 95 8 0 0 0 0 1 o]
“1"=Vpp 94 7 |lolo]ojo]lolfo
93 6 |1]ojoloflo}o
92 5 |1 {1]|o]lofjol]o
91 4 1 1 1 0 0 0
90 3 |1 j1 |1 |1]ofo
89 2 |11l 1]o
88 1 o111 ]o
standing devide-by-N counter perfor- Characteristics of the above

mance.

Figs. 199 and 200 show COs/
MOS counter logic containing the
following complement of eight low-
voltage devices.

1 CD4023A Triple 3-Input

NAND Gate

1 CD4001A Quad 2-input
NOR Gate

1/2 CD402A Dual 4-input
NOR Gate

3 CD4013A Dual “D”
Flip-Flop

2 CD4018A Presettable

Decade Counter

devices are contained in RCA data
sheet File No. 479. This family of
low-voltage devices (3 volts to 15
volts) exhibits a typical flip-flop
toggle rate (maximum clock input
frequency) of 10 MHz at 10 volts
and a typical gate delay of 25
nanoseconds at 10 volts. In both
cases, a fan-out of 3 (15 picofarads)
is used.

Before examining the perfor-
mance of the N counter, some
additional operating details are of
interest. The four counter sections
shown in Fig. 199 are rippled; that is,
they are not synchronously clocked.
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As a result, speed and, therefore,
COS/MOS power are substantially
less in each succeeding counter sec-
tion from left to right; the divide-by-
2 counter, for example, operates at
one five-hundredth of the input-
clock rate.

Briefly, counter operation is as
follows:

(1) The synchronous divide-by-5
counter (Fig. 200) advances the
1-MHz decade counter once every
five counts; that is, when A goes
from 1 to O as shown in Table
XXIV(a).

(2) The synchronous 1-MHz
decade counter advances the 10-MHz
decade once every 50 counts; that is,
when E goes from 1 to 0 as shown in
Table XXIV(b).

(3) The 10-MHz decade ad-
vances the 100-MHz binary counter
once every 500 counts, that is, when
J goes from 1 to 0.

(4) Preset count-logic-state-
recognition occurs at count 8, as
shown in Table XXIV.

(5) Preset strobe generation
occurs at count 7, as shown in Fig.
201.

The CD4018A decade counter,
which is a 5-stage Johnson-counter
configuration, has two outstanding
characteristics. First, each flip-flop
changes state at one-tenth of the
input rate; hence, the power/speed
ratio is minimized. Second,
frequency-control  switching is
accomplished by use of a single-wafer
Johnson-code switch. A simple mini-
aturized 2-pole 10-position switch,
such as that shown in Fig. 202, may
be used.
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Fig. 202 - Frequency control switch S2
(Ref. Table XXVI).

Divide-by-N-Counter  Perform-
ance — Fig. 203 shows the power
consumption of the divide-by-N
counter as a function of operating
frequency with a Vpp of 15 volts.
The curves show that a frequency of
8.7 MHz is possible. Maximum oper-
ating frequencies for 10 volts and 5
volts are 6.2 MHz and 2.7 MHz, re-
spectively. The maximum operating

2103
£ ] [
S
3 15V gy _ MAX
a DD,
=02 /‘./
: o
2 t
E // MAX
210 ’/)5
S f
@ / MAX
w
=
[e]
.
] 2 4 6 8 10

FREQUENCY - MHz

Fig. 203 - Power consumption of the
divide-by-N counter.
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frequency required by the circuit
shown in Fig. 197 is 5.93 MHz, which
can be obtained with a supply po-
tential of 9.6 volts and with a power
consumption of 47 milliwatts.

Operation of the divide-by-N
counter using only a 3-volt power
supply is possible. In such a case, the
maximum operating frequency is 55
kHz, and the power consumption is
only 40 microwatts.

Fig. 204 illustrates the decrease
in maximum operating frequency as
the temperature is increased. This

10 T
s — Vpp=5V _|
= —1V0D
6 \\ -
z REQUIRED "N'
3 Vo= 10V
= |-COUNTER OPERATING| __Vpp='OV ]
o FREQUENCY | l
z [ —
A e R
w

's0 25 0 25 50 75 100 125

AMBIENT TEMPERATURE—°C

Fig. 204 - Temperature-frequency char-
acteristics of divide-by-N counter.

curve shows that 5.93-MHz operation
can be achieved up to 500C at a
supply potential of 10 volts. The
dynamic signal power remains fairly
constant from —250C to more than
+1000C, with variations well within
10 per cent of the power dissipated
at 500C, as shown in Fig. 205.

For 6-MHz operation at 10 volts,
the critical timing waveforms for
generation of the preset strobe are
shown in Fig. 206. Delay from the
positive edge of the clock pulse of
count 9 (Fig. 201) to the output of
gate 2 (Fig. 199) is 250 nanoseconds.
Maximum allowable delay is 320
nanoseconds, or nearly two clock
periods at 6 MHz. Thus a safe-
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Fig. 205 - Dynamic power dissipation of
divide-by-N counter.

operation margin of 60 nanoseconds
exists.

The complementary nature of
the COS/MOS devices permits a wide
range of operating voltages to be

CLOCK

GATE-2
OUTPUT
STROBE ____/—_—\

CLOCK FREQUENCY — 6 MHz

Vpp— oV
HORIZ. SWEEP — 50 NANOSECONDS/
CENTIMETER
VERT. SWEEP — 10 VOLTS/CENTI-
METER

Fig.206 - Strobe generation timing.

used and yields high noise immunity.
Fig. 207 shows that 6-MHz operation
can be achieved using a 12-volt
supply having 2.3 volts peak-to-peak
ripple.

Quiescent power dissipated by
any COS/MOS logic system is ex-
tremely low. The quiescent power
dissipated at +250C by the N counter
of Fig. 199 is 2 microwatts at a VDD
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Fig. 207 - Ripple-frequency characteristics
of Divide-by-N counter,

of 10 volts. Fig. 208 shows the
increase in quiescent power with
increasing temperature. For the
system described, however, the quie-
scent power figure is academic
because the N counter runs contin-
uously. Some ultra-low-power digital
frequency-synthesizer systems place
the N counter and other loop ele-
ments on standby power period-
ically.

The power consumption of the
COS/MOS divide-by-N counter is
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substantially less than that of a
bipolar divide-by-N counter perform-
ing the identical function. The
popular 54N TTL logic, or the
equivalent, is normally used for high-
speed counting, as shown in Fig. 16,
and 54L logic, or the equivalent, is

used for lower-speed functions.
104
103 /

/
/

|~ Yoo 10y
I — l
-25 0 25 50 75 100 125

AMBIENT TEMPERATURE— °C

S

POWER DISSIPATION — MICROWATTS

Fig. 208 - Quiescent power dissipation of
divide-by-N counter.

Approximately 265 milliwatts at +5
volts is required by the bipolar design
of Fig. 209, compared with only 50
milliwatts for the COS/MOS design
at a Vpp of 10 volts.

FREQUENCY
SELECT CODE

L 54 N [

PRESET GATES 54L ]

v v

v '

INPUT =5 +10 +10 +2
O—»| COUNTER $ COUNTER $| COUNTER | COUNTER
(54 N LOGIC) (54 L LOGIC) (54 L LOGIC) (54 L LOGIC)
l 54N | 54 L I

STROBE
FLIP—FLOP
(54 N LOGIC)

QUTPUT

Fig.209 - Bipolar-logic divide-by-N counter.
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Divide-by-R Counter — The FM
receiver synthesizer system shown in
Fig. 197 requires a fixed reference
counter to divide by 256. To accom-
plish this function, a 2.56-MHz refer-
ence crystal oscillator is counted

down to the 10-kHz phase-
comparison frequency. One
CD4020A 14-stage ripple-carry

counter may be used for this pur-
pose. Fig. 210 shows power con-
sumption as a function of supply
voltage for this counter. For a VDD
of 5 volts, power is below 3 milli-
watts for the 2.56-MHz input.

POWER
SUPPLY
PULSE $ Q7
GENERATOR =
R 15pF
VsS
1
o L
EIOO
b
3
o
=
é 10 CD4020A
S
- /
g /
@ /
» |
a /
@
w
3
[oX]
o] 2 4 6 8 10 12
Voo
Fig. 210 - Power consumption of

divide-by-R counter.

Phase-Comparator — A simple
type “D” flip-flop (COS/MOS
CD4013A) will suffice for a phase
comparator in the digital phase-locked
loop system of Fig. 197. Fig. 211
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Fig.211 - Flip-flop phase comparator.

shows the simple flip-flop phase com-
parator and low-pass filter; Fig. 212
demonstrates the operation of this
phase comparator. A positive charge is
impressed on the low-pass filter when
fn is greater than fy in the case
shown. Also, phase-lock can occur
only during 1800 of the period. In
the case shown in Fig. 212, negative
feedback in the loop exists during
the 1800 when f; is positive. When fp
coincides with the negative half-
phase of f;, positive feedback exists

LOCK

1
f <f
frffr n-'r

T
>t fo=ty

Fig. 212 - Operating waveforms for
flip-flop phase comparator.

in the loop, and lock-up cannot
occur. The waveforms of Fig. 212
show that when fj is equal to fy
lock-up exists, and that when fy is
not equal to fy either an out-of-lock
condition exists or an error-
correction voltage is being produced
during lock-up.

The simple COS/MOS flip-flop
phase comparator of Fig. 211 con-
sumes only 0.1 milliwatt at a Vpp of
10 volts. Although only one flip-flop
is required, a bulky LC filter must be
provided to smooth and store the
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output error voltage. Also, such a
phase comparator is non-centering;
when loss of an input signal occurs, a
maximum error voltage is created.
Another example of a COS/MOS
low-power phase comparator is the
familiar Exclusive-OR gate
(CD4030A). The primary advantage
of this unit is that it produces an
error voltage for frequency centering
when one of the inputs is lost.
Another high-performance phase
comparator is a sample-and-hold cir-
cuit employing COS/MOS, as shown
in Fig. 213. The sample-and-hold
phase comparator substantially re-
duces the 10kHz carrier frequencies,
and thus reduces filter requirements
for the loop and increases the loop
gain-bandwidth product. COS/MOS
integrated circuits are used as the
ramp generator and the sampling
switch, as illustrated in Fig. 213.
Total power consumption at 10-kHz
operation is less than 15 milliwatts.

RAMP GENERATOR BUFFER

Vss
+I0V +10V

+1o v
4

JL o
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Crystal Oscillator — The required
2.56-MHz crystal oscillator can be
implemented with a COS/MOS
inverter-amplifier and feedback net-
work, as shown in Fig. 214. The
inverter is one-third of a CD4007A
integrated circuit. Power consump-
tion is approximately 2 milliwatts at
a VDD of 5 volts.

Down-Conversion System

From the previous discussion of
the prescaling FM receiver synthe-
sizer, it is apparent that the system
consumes relatively large amounts of
power. The system shown in Fig.
196, however, illustrates a hetero-
dyne down-conversion technique
that avoids high-frequency digital
prescaling. Fig. 215 shows a detailed
block diagram of a down-conversion
system in which a divide-by-2 pre-
scaler is also employed to simplify
the design.

SAMPL ING BUFFER

SWITCH

+io v
A

CD4009A
(6 GATES
IN PARALLEL)

'_JQZ

CD40I6A
SWITCH

OUTPUT
ERROR

VOLTAGE

1,

HOLDING
CAPACITOR

fa
JL

Q;,Qp JFETS

Fig.213 - Sample-and-hold phase comparator.
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Fig.214 - Crystal oscillator.

Table XXVII shows how the
heterodyne down-conversion oper-
ates. For frequencies selected be-
tween 88.1 MHz and 97.9 MHz, the
respective local-oscillation  fre-
quencies of 98.8 MHz and 108.6

which is the range of operating
frequencies for the divide-by-N
counter. For the divide-by-N counter
of Fig. 215, the range is determined
as follows:

10.8 MHz _

MHz are down-converted by 98 MHz Nmax.=55naz - >4 (27)
to 0.8 MHz and 10.8 Mhz respec-
tively. The range between those two 0.8 MHz
frequencies is then prescaled by 2 N min. = m =4, (28)
down to 0.4 MHz and 5.4 MHz, ’
CHANNEL
SELECT
CODE
FREQUENCY
9308UL':|::J:TTO 'CONTR(?L
118.6 MHz Lost
(fo) PRESCALER
VOLTAGE- () ="k (f) | "N (fn) PHASE (fp)
CONTROLLEDHH# MIXER COUNTER——»{COUNTER
OSCIL LATOR (K=2) (~a1g5 4)| TOOKHZ [COMPARATOR® Y, 11,
COUNTER
| swn‘cn| l SWITCHI ‘Rf”)
CRYSTAL
98 MHz 108 MHz OSCILLATOR
CRYSTAL CRYSTAL 3.2 MHz
OSCILLATOR| [0SCILLATOR
LOW-PASS
FILTER TUNING VOLTAGE

Fig.215 - Heterodyne down-conversion synthesizer.
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In order to simplify the corres-
pondence between switch settings
and counter-preset states, a 1.2-
MHz, or 6-count, positive offset is
introduced into the divide-by-N
counter design so that the range of N
is actually 10 to 60, as shown in
Table XXVII. For receiver frequen-
cies between 98.1 MHz and 107.9
MHz, 108 MHz is mixed with the
VCO output frequencies to down-
convert to the 0.8-to-10.8 MHz
range. Thus, the divide-by-N counter
is “folded” and actually runs through
the same count sequence for both
ranges of the band, as illustrated in
Table XXVII.

Fig. 215 shows that the hetero-
dyne system requires a divide-by-2
prescaler. Thus, the phase compar-
ison reference frequency is given by

=20 2 100kHz,  (29)

Compared to the prescaling
synthesizer, a 10-to-1 improvement
in loop bandwidth becomes ap-
parent.
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Because the divide-by-N counter
is required to span a count range of
10 to 60, one less decade is required
in the logic of the divide-by-N
counter. Such a divide-by-N counter
operates in a fashion similar to the
one shown earlier in Fig. 199. Power
consumption for this counter is ap-
proximately 40 milliwatts at the
5.4MHz input rate for a Vpp of 10
volts.

Even though the divide-by-R
counter consists of only five stages,
instead of eight stages as needed for
the prescaling system, power con-
sumption again is.concentrated in the
first few flip-flops. The divide-by-R
counter power dissipation is approxi-
mately 9 milliwatts at 3.2 MHz with
a Vpp of 10 volts.

The phase comparator required
by the heterodyne system of Fig.
215 operates at 100 kHz as distin-
guished from the frequency of 10
kHz used in the prescaling system.
Power consumption is approximately
30 milliwatts for a sample-and-hold
circuit design.

Table XXVII — Heterodyne Down-Conversion Operation

LOCAL OSC. PRESET
INJECTION DOWN- fo FREQUENCY N-COUNT
RECEIVER FREQUENCY (fo) CONVERSION | (as in Fig. 215) OFFSET ACTUAL
CHANNEL FREQUENCY (fm) (fm + 10.7 MHz) FREQUENCY N (fo’ + 1.2 MHz) PRESET
NO. MHz MHz MHz MHz COUNT MHz (N +6)
1 88.1 98.8 98 0.8 4 2 10
Y Y v Y
50 97.9 108.6 98 108 54 12 60
51 98.1 108.8 108 0.8 4 2 10
Y i Y ‘
100 107.9 118.6 108 108 54 12 60
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As noted previously, the hetero-
dyne system (Fig. 215) requires a
prescaler of 2 operating at up to
10.8 MHz. Although a COS/MOS
flip-flop can be used at this fre-
quency, lowest power may be
achieved by use of a discrete flip-
flop. Power could be less than 5
milliwatts.

Power consumption for the
heterodyne type of FM synthesizer is
summarized in Table XXVIII. Total
power consumption is shown to be
approximately 146 milliwatts, 58
milliwatts less than the 204 milli-
watts consumed by the prescaling
system.

Preset Channel Memory
One of the many advantages of
digitally tuning communications sets
is the added versatility of control
that emerges. For example, the
digital channel-select word can be
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used to drive a digital display show-
ing channel number and: frequency.
Another technique often employed is
to control the set remotely through a
hard-wired serial bit-stream of data
or through transmission and recep-
tion of a digital word.

When low-voltage COS/MOS
integrated circuits are used to imple-
ment digital tuning, their cost effec-
tiveness permits adding a small preset
channel memory to the system using
the COS/MOS  ultra-low-power
memory capability. For example, a
4-word-by-9-bit memory can be used
to set up, by push button or rotary
switch, four favorite FM stations
within a given reception area.

A suitable preset memory
scheme is shown in Fig. 216. When
S1 is closed, the memory is powered
from the primary system power
source. However, when S is opened
and the set turned off, the small

Table XXVIII — Power Consumption of

Heterodyne Synthesizer
FREQUENCY POWER
RANGE CONSUMPTION
FUNCTION MHz mW

DIVIDE-BY-N COUNTER 0.4t05.4 40
DIVIDE-BY-R COUNTER 1.6 9
CRYSTAL OSCILLATOR 1.6 2
PHASE COMPARATOR 0.1 30
DIVIDE-BY-K COUNTER 0.8t 10.8 5
vCo

(ESTIMATED) 98.81to 118.6 25
MIXER AND OFFSET
OSCILLATOR

(ESTIMATED) 9810 118.6 35

146 Total
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Fig.216 - Digital preset channel-memory concept,

3-volt battery supplies the few micro-
amperes required to hold the mem-
ory in a non-volatile condition. Pre-
set channels are written into the
memory by setting up the selected
channel on the frequency-select
switches and switching the R/W
switch to Write. The channel-select
word is written into one of four
words selected by the preset-switch.
By setting the R/W switch to Read
and the P/M switch to Preset, the
N counter is thereby preset to
retrieve any one of four selected
words. When the P/M switch is in
Manual, the frequency-select
switches control the divide-by-N
counter directly.

Fig. 217 illustrates mechaniza-
tion of a 4-word-by-9-bit preset
channel memory using two COS/
MOS CD4039A scratch-pad memor-
ies. This memory chip is a 4-word-by-
8-bit unit with all of the requisite
control inputs, as shown in Fig. 216
and described in the paragraph
above. The circuit is easily expanda-

9-BIT INPUT
—
READ/WRITE
W% 4-worp ]l— 4—WORD
wa'2—=% xs-BiT X8—BIT
w4 9 MEMORY MEMORY
FEED— [ 2—-CD4039A
THROUGH ,

9-BIT OUTPUT

Fig.217 - Preset channel-memory circuit.

ble in both word-length and bit-
length by direct connections, needing
no additional interfacing gates.

The preset channel memory us-
ing the CD4039A offers many ad-
vantages in system cost, size, and
performance. For example, the pre-
set channel memory shown in Fig.
217 costs less than $10 per chip and
dissipates approximately 0.5 micro-
watt at a 3-volt holding potential.

Either ordinary flash-light bat-
teries or trickle-charge batteries can
be used to provide long periods of
maintenance-free operation.
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Linear Biasing of

COS/MOS Inverters

Although COS/MOS IC’s are
particularly well suited for use in
digital logic applications, they are
also useful in many linear applica-
tions. COS/MOS inverters, when
biased in the linear portion of their
transfer characteristic, can be used in
circuits such as linear amplifiers,
threshold detectors, and oscillators.
COS/MOS amplifiers offer extremely
high input impedance (approxi-
mately 1011 ohms), low-power
operation, excellent linearity, excel-
lent temperature stability, and high
gain. This section describes several
methods of biasing COS/MOS devices
in the linear region.

SINGLE-RESISTOR
BIASING METHOD

Fig. 218 shows a COS/MOS
amplifier circuit consisting of a COS/
MOS inverter (1/3-CD4007A), an
input capacitor for ac coupling, and a
large resistor connected from input
to output. The resistor biases the
COS/MOS IC in the linear region of
its transfer characteristic. Because
the gate current is negligible, no

voltage drop exists across the biasing
resistor, and the amplifier is biased at
the point at which VO = VIN, in the
linear region. The range of transfer
characteristics and typical curves at

Vop
22M
VINC )—’l(——‘ ' Vo
0.22 uF |
L
T
|
|
1
Vss
Fig. 218 - Single-stage resistor biasing

method.

supply voltages of 3.5, 10, and 15
volts (Vs = OV) are shown in Fig.
219. The bias points for the single-
resistor biasing method occur at the
intersection of a transfer curve and
the line satisfying the equation VQ =
VIN.

The gain of an amplifier is equal
to the slope of the transfer character-
istic at the bias point; therefore, to
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obtain maximum gain and linearity,
the bias point for a COS/MOS ampli-
fier should be chosen such that Vg =
VDD/2. Fig. 219 shows that for the
single-resistor biasing method, the
equation can be satisfied only

o
ICAL
s Vpp=+I5V ——-—— MINIMUM
TG N
N \ \\
Qs ‘\ \ A
= 0" VIN
{‘9‘ +0V i
a0 oy
5 N |
o
2,5l \ }
5 r |
E s ! l
3 |35V I |
25 | \
' * \5 \ N
\ \\ A L

o 25 15

2.5 5 7.5 to
INPUT VOLTAGE (Vgy)

Fig. 219 - COS/MOS voltage transfer
characteristics.

through the use of a COS/MOS
inverter that has a transfer character-
istic that satisfies the equation VN =
VO = VpD/2. Thus, an optimum bias
point cannot be established with the
circuit of Fig. 218 if the inverter
used does not have an ideal transfer
curve unless one of the biasing
methods shown in Fig. 220 is used.

TRIMMING-RESISTOR
BIASING METHODS

The amplifiers in Fig. 220 are
biased at Vo = Vpp/2 by trimming
R1 so that the following equations
are satisfied for Vo = Vpp/2. For
Fig. 220(a),

Ro
VIN=VORT+ Ry
Vo =VDD/2
(30a)
_VDD R
"2 Ri*R2
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For Fig. 133(b)

(VDD - VO)R2

VIN=VOo+ Ri Rz

Vo =VpDp/2

VDD Rj (30b)

=2 U*RT3 Ry

As shown in Fig. 219, the loci of Eq.
(30a) are lines which pass through the
origin and whose slope is dependent
on the value of R1 (R2 is a constant;
therefore the slope is greater than or
equal to 1). Thelociof Eq.(30b) are
lines which pass through the point
Vo = 10 volts, VIN = 10 volts (VDD
= 10 volts) and whose slope (less
than or equal to 1) is also dependent

Vpp

Rl

vinO—]

Vo

2]

Vi
(a) Ss

Vop

R2
Rl
VINO-—-l P—%E—OVO
Vss
(b)
Fig. 220 - Trimming-resistor biasing

methods.
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on R1. The bias point is the intersec-
tion of the transfer characteristic at
VO = VDD/2 and the line obtained
from either Eq. (30) or Eq. (31) for
given values of R1 and R2. The
entire transfer plane is covered by
the three biasing methods mentioned
[Figs. 218, 220(a), 220(b).] Thus,
biasing at Vg '= Vpp/2 can always
be accomplished by custom selection
of bias resistor R2 (Fig. 220) for
each amplifier.

The biasing methods shown in
Fig. 220 are especially useful in
digital shaping applications in which
the amplifier is designed to clip. The
bias point can be adjusted to one side
of Vo = Vpp/2 for any desired noise
immunity; i.e., threshold-detection
application. In linear applications,
the single-resistor biasing method is
usually adequate; the lower gain
achieved through the use of the
minimum and maximum transfer
curves is usually acceptable. If the
lower gain is not acceptable, how-
ever, and adjustment of R1 is un-
desirable, additional stages could be
cascaded after the first biased stage
to provide additional amplification.

PERFORMANCE
Performance of the biasing cir-

cuits in Figs. 218 and 220 is not
dependent on one biasing voltage,
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but is dependent on the transfer
characteristic of the amplifier. Excel-
lent bias-point stability is, therefore,
possible. The transfer characteristics
shift slightly (A VIN =~ 0.3 volt) over
a -550C to +1250C temperature
range, but the biasing methods
shown maintain the bias point in the
linear region despite temperature
variations.

As shown in Fig. 219, COS/MOS
IC’s have extremely sharp transfer
characteristics in the linear region.
The steepest slope occurs when VDD
= VTH(n) + VTH(p), Where VTH(n)
and VTH(p) are the n- and p-channel
theshold voltages, respectively. With
this condition satisfied, the transfer
characteristic is approximately a
vertical line. COS/MOS amplifiers,
then, have the greatest gain when
VDD = VTH(n) * VTH(p)- The
transition region is also linear over
the greatest percentage of the supply
voltage under this condition. As
VDD increases above the voltage
range VTH(n) + VTH(p%’ the transfer
region remains linear, but the slope
of the linear region decreases, result-
ing in decreased gain.

The linear biasing concepts
described in this section demonstrate
the versatility of the COS/MOS tech-
nology. Applications to custom and
standard products are limited only
by the ingenuity of the designer.
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Crystal Oscillators

Quartz-crystal oscillators have
long been popular because of their
excellent frequency stability and the
wide range of frequencies over which
they can be used. COS/MOS crystal-
oscillator circuits provide the addi-
tional advantages of low power
consumption and stable operation
over a wide range of supply voltages.

This section describes the design
of COS/MOS crystal-controlled
oscillators. The CD4007A COS/MOS
inverter is used in the design ex-
amples.

BASIC CIRCUIT

The design of a COS/MOS
crystal-oscillator circuit, as the design
of any crystal-oscillator circuit, in-
volves the design of a feedback and
an amplifying section. The basic
circuit configuration is shown in Fig.
221.

To determine the conditions for
oscillation, a small falling input
(VIN1) may be supplied to an ampli-
fier with an inherent 1800 phase
shift between its input and output.
The output of the amplifier (VQ1) is

180
rpuAse SHIFT ‘l
VIN Vout

(GAIN = a)

(ATTENUATION = B)

FEEDBACK
l NETWORK

180° . \
PHASE SHIFT

Fig. 221 - Basic crystal-oscillator cir-
cuit,

then a rising waveform of amplitude
aVIN1. If this signal is then applied
to a feedback circuit which itself
causes an additional 1800 phase
shift, the amplifier input (VIN?2)
is an attenuated rising signal of
amplitude fVQ] whose phase lags
Vo1 by 1800. This rising signal
causes an amplified falling signal
(VO2) of magnitude aVIN2 to ap-
pear at the amplifier output. If
Vg is less than or equalto Vo1,
this cycle continues and sustains
oscillation. However, VN2 is equal
to fVQ1 and V(3 is equal to aVIND;
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therefore, VO3 is equal to afVQ1.
Because oscillation requires that Vo2
be less than or equal to V1, one of
the conditions for oscillation is that
af3 be less than or equal to 1. For
oscillation to begin, however, aff
must be greater than and not equal to
1; thus, oscillators must be designed to
satisfy this criterion. The other
criterion for oscillation, as noted
above, is that the phase shift around
the loop be n360°.

CRYSTAL CHARACTERISTICS

An understanding of crystal-
oscillator circuits requires an under-
standing of the crystal itself or, more
specifically, the equivalent electrical
circuit of a quartz crystal, as shown
in Fig. 222. Typical values of the
parameters used in Fig. 135 are given
in Table XXIX.

Cc
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Fig. 223 - Magnitude of the impedance
of a crystal as a function of frequency.

The crystal parameter values used are
those of a crystal having a series

Re Xe

Fig.222 - Equivalent electrical circuit of a quartz crystal.

Table XXXI — Typical Crystal
Parameter Values

Parameter Frequency

90 kHz | 280 kHz |525 kHz | 2 MHz
Rg (ohms) |15k 1.36k [220 150
L (H) 137 27.7 7.8 0.785
C (pF) 0.0235 {0.0117 |0.0115 ]0.00135
Co (pF) |35 6.18 6.3 3.95

Fig. 223 shows a graph of the
magnitude of the impedance of a
crystal as a function of frequency.

resonant frequency (fg) of 279.569
kHz (280-kHz column in Table
XXIX). Figs. 224 through 226 show
graphs of the impedance angle ( ¢c)
as a function of frequency and the
equivalent resistive (Re) and reactive
(Xe) components of the impedance.
The reactance curve (Xe) of Fig. 224
shows that the crystal appears purely
resistive at two points where Xe = 0.
These two points are defined at the
resonance (fy) and antiresonance (f3)
frequencies. Fig. 224 shows f; to be
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Fig.224 - Equivalent crystal reactance as a
function of frequency.

approximately 279.569 kHz, equal,
at first glance, to the frequency of
minimum impedance fy, (Fig. 223)
and to the series-resonant frequency.
This equality would indeed be true
with Rg = 0. Actually, fy is less than
fs which is less than f;, but these
frequencies may be considered equal
for this discussion because, for typi-
cal values of Rg, the difference
between them is within a few parts
per million. Similarly f, fp, and fy
may be considered equal. Fig. 223
shows that only a small frequency
difference exists between the maxi-
mum and minimum impedance
points. -

It may be shown that

| c \1/2
fazfs 1+C—0 (31)

The ratio C/Cq is typically about
0.003. Then fy is approximately
equal to 1.0015 fg Virtually all
crystal oscillators are designed to

197

operate between fg and fy; therefore
the frequency difference is import-
ant.

Values of Re and X are import-
ant considerations when designing
for maximum oscillator stability. At
the resonance and antiresonance fre-
quencies, Xe = 0. The magnitude of
the crystal impedance Z becomes

1Z| = v/ Re2 + Xe2

=Re (32a)
The impedance at fg = f; is equal to
the impedance of Rg in parallel with
CQ. Because XcQ is much greater
than Rg in a good crystal, |Z| = Rg;
therefore, at series resonance, Rg =~
Ry is shown by Figs. 223 and 225.
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Fig.225 - Equivalent crystal resistance as a
function of frequency.

FEEDBACK NETWORK

Another important consideration
in a stable oscillator design is the rate
of change of feedback-network phase
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angle, ¢, with frequency. One of the
conditions for oscillation is that the
phase angle around the loop be equal
to n3600, If the amplifier phase shift
is 1800, the feedback network must
provide an additional 1800 of phase
shift. Because of inherent propaga-
tion delays, however, the amplifier
phase shift is not precisely 1800.
Furthermore, the propagation delay
in the amplifier is variable as a result
of supply-voltage variations and/or
variations in semiconductor perfor-
mance with temperature changes. To
maintain a 3600 loop phase shift, the
feedback network must provide a
phase change to compensate for any
change in amplifier phase shift. The
result is a frequency shift, which, as
in the case of a stable oscillator, is
small if d¢/df is maximized.

The rate of change of feedback-
network phase angle with frequency
is directly related to the phase-
changing properties of the crystal.
Fig. 226 shows that a high rate of
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Fig.226 - Phase-angle of crystal impedance
as a function of frequency.
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change of impedance angle with
frequency occurs at the resonance
and antiresonance frequencies. The
high d¢/df is a result of the high Q =
woL/Rg of the equivalent circuit.
Maximum d¢/df occurs with maxi-
mum Q or when Rg is a minimum.
With Rg = 0, Fig. 226 appears as two
vertical lines at f; and f,, indicating
infinite d¢/df. For maximum fre-
quency stability, then, it is desirable
that Rg be minimum.

Fig. 223 shows that the imped-
ance of the crystal increases rapidly
as f, is approached. For this reason,
most crystal-oscillator circuits are
designed to operate or at near series
resonance. Operation at antire-
sonance is impractical, not only
because of the extremely high input
impedance, but also because of the
frequency dependence on CQ. Stray
capacitance in the circuit layout is
usually significant when compared
with CQ; therefore, wide variations
in frequency can occur with various
circuit layouts. The frequency
becomes less dependent on CQ as fs,
is approached and is completely
independent of CQ at fg.

RESONANCE AND
ANTIRESONANCE

A method of reducing the fre-
quency dependence on CQ is to
manufacture the crystal to resonate
at the design frequency with a
specified value of external loading
capacitance. A load capacitor CL
could be placed in parallel with the
crystal, thereby effectively increasing
Co and greatly reducing the effect of
circuit stray capacitance if CL is
sufficiently large. The presence of C1,
also decreases the impedance viewed
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across the crystal terminals. Both
considerations make operation at
antiresonance more practical.

Another method of operation is
to place the loading capacitor in
series with the crystal. The effective
resistance Re of the series circuit will
not change; however, the reactance
becomes Xe — XCL. The frequency
of minimum impedance will again
occur when the total reactance is
zero or when Xe = Xcp. Fig. 224
shows a frequency f'3 of about
279.611 kHz at which Xe = XCL =
17.8 kilohms of Cy, = 32 picofarads.
Because Xe—XcL = O at this fre-
quency, the magnitude of crystal
impedance Z becomes

Z=\/Re2+(xe'XCL)2
=Re (32b)

To keep Re small, then, f'3 should be
close to fg. Cp, however, becomes
infinite as fg is approached. There-
fore, f'3 should not be chosen so
close to fg that the large values of C[,
required cannot satisfy the gain and
phase requirements of the oscillator
circuit. Values of Cf, of 20 and 32
picofarads are usually used.

The frequency f'y at which X =
XCL is approximately equal to the
antiresonance frequency of the
crystal with the same value of Cf, as
a parallel loading capacitor. The
crystal impedance at f'3 however,
differs for the two cases. With a
series loading capacitor it has been
shown that |Z] = Re = 1.9 kilohms at
f'a, as shown in Fig. 225. The
impedance (with a parallel loading
capacitor of 32 picofarads) can be
calculated. With Cg = 32 + 6.18 =
38.18 picofarads, |Z| is 155 kilohms
at f'3 or many times greater than 1.9
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kilohms. The d¢/df is also greater for
a series loading capacitor than for a
capacitor in parallel with the crystal.
Therefore, a series loading capacitor
is generally preferred.

Crystals manufactured to reso-
nate at the stamped design frequency,
then, will oscillate with a parallel
loading capacitor at the antiresonant
frequency f'5 of the combination and
with a series loading capacitor at the
series-resonant frequency (again f'a
of the combination). Such crystals
are called antiresonant crystals and
are used in antiresonant oscillator
circuits as distinguished from series-
resonant crystals designed to oscillate
at fg in series-resonant oscillator
circuits. The term ‘‘antiresonant
oscillator circuit” is perhaps a
misnomer. When operating with a
series loading capacitor the circuit
oscillates somewhere between fg and
fa and not at the true antiresonant
frequency of the crystal.

Both types of oscillator circuits
employ the general circuit configura-
tion shown in Fig. 221. However, the
design of the amplifying and feed-
back sections differs. Antiresonant
oscillator circuits with a series load-
ing capacitor are most applicable to
COS/MOS crystal-oscillator circuits
and are the types discussed subse-
quently.

COS/MOS OSCILLATOR
CIRCUITS

A good amplifier for the ampli-
fying section of the oscillator is a
COS/MOS inverter with a large resis-
tor connected from the input of the
inverter to the output as shown in
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Fig. 227. The value of Rf should be
large enough (greater than or equal
to 10 megohms) that the attenuation
and phase of the feedback network
are not appreciably affected. The

Voo

VIO—-4 Vo
R¢

Vss

Fig.227 - Typical COS/MOS inverter with
feedback resistor.

resistor dc biases the output voltage
at the point at which Vo = VIN. This
point is typically at or near one-half
of the supply voltage, as noted from
the typical COS/MOS-inverter trans-
fer characteristics shown in Fig. 228.

(V)15 AMBIENT
A erErnggAgURE
) I A)=25°
255 \ \ V1 V(
12.5 \ N D o
(7]
Lo 10V
- 10
e Y
75
2 v
E 5
3 \
25 N\ \

0O 25 5 75 10 125 15
INPUT VOLTS (V1)
92CsS-17785

Fig.228 - Typical COS/MOS inverter trans-
fer characteristics.
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With Vpp = 10 volts, a *1-volt swing
around the bias point causes an
output swing of approximately 10
volts; thus, the voltage gain (KA) of
the amplifier for a full swing is about
5. The transfer characteristics
become sharper as the supply voltage
is reduced, and the gain at a Vpp of
5 volts increases to about 10. An
oscillator circuit, then, may be
formed using the amplifier described
with a feedback network having an
attenuation constant (8) greater than
0.2.

The feedback circuit should not
only be capable of § greater than 0.2,
but should also maintain a high rate
of change of phase angle with fre-
quency (d¢/df) and be designed so
that the interchanging of any oscilla-
tor component does not cause a
significant shift in the frequency of
oscillation. Fig. 229 shows a crystal
pi-network circuit which will accom-
plish these objectives with the cor-
rect choice of component values.

A COS/MOS crystal-oscillator
circuit may be designed for any
crystal provided the value of its
maximum equivalent resistance at a
specified value of loading capacitance
CL is known. A crystal which
resonates in antiresonant oscillator
circuits at 279.611 kHz with Cp, = 32
picofarads will serve as a design
example. The characteristics of this
crystal were presented in Figs. 223
through 226; an equivalent resistance
of 1.9 kilohms was found at f'3 =
279.611 kHz. If this value is used for
Re, however, the results obtained
would apply only to this particular
crystal. Equivalent resistances of
crystals manufactured to resonate at
the same frequency can vary by an
order of magnitude. The important
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Fig.229 - Crystal pi network.

value of Re is the maximum value of
equivalent resistance.

Design Equations

The design begins with a calcula-
tion of the voltage gain Kp, as
follows:

4(Xe —XCX)+ 1.07 Re
KA = Xe—Xcx — 1.07 Ref

(33)

In COS/MOS oscillator circuits, Cx
can usually be eliminated; then XCx
is zero in Eq. (33). It may, however,
be desirable to include CX in some
cases to allow an increase in the value
of Cs and a decrease in the fre-
quency dependence on the input
capacitance of the COS/MOS in-
verter. With XCyx = 0, however, the
values of Cg obtained are usually
much larger than the individual varia-
tions in inverter input capacitance.
The value of Remax to be used
in Eq. (33) is usually supplied by the
crystal manufacturer and is specified
as 2.5 kilohms for the 279.611-kHz
crystal used in this example. Xe =

Xcy, for CL, = 32 picofarads, and was
found previously to be 17.8 kilohms.
With Re = 2.5 kilohms, X¢x = 0, and
B = 0.75, KA is calculated as 4.67.
This value is substituted in the follow-
ing equation:

Xe — XCx

1+6KA G4

XL (eff) =

X effﬁ is then determined to be
3.96 kil

ohms. XCT is equal to
X1(eff), and is thus also equal to
3.96 kilohms. XC§ is given by

XCs=BXL(eff) KA  (35)

=13.9 Kilohms

The value of R is determined as
follows:

2
R=(Ka -1 )("i&)
= 23 Kilohms (36)

Values of Cs and CT are calculated
from the following relation:
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Xe CL
XCs,T)

Cs.m)= (37)

With Cg = 41 picofarads and CT =
142 picofarads, a check should be
made to assure that 1/C[, = 1/CT +
1/Cs; in this case, 1/31 = 1/41 +
1/142. The circuit, then, should oscil-
late at or near 279.611 kHz with R =
23 kilohms, Cg = 41 picofarads, and
CT = 142 picofarads provided the
amplifier phase lag is equal to or near
the phase lead of the feedback circuit
at f'a.

Because the output impedance
of a COS/MOS inverter is typically 1
kilohm, a value of 22 kilohms should
be used for R (Fig. 229). To obtain
the value of Cy, the value of Cg
should be reduced by the value of
the wiring and input capacitance,
including the increase in C[N due to
the Miller effect, as follows:
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Cy=Cs—10pF  (38a)
when 1.5V Vpp <5V, and
Cy=Cs— 15pF  (38b)

when SV<Vpp<L15V.

In addition, a small trimmer ca-
pacitor for trimming to the design
frequency should be added in parallel
with CT. The trimmer -capacitor
should have a maximum value of
about 30 per cent of the calculated
value of CT, and the actual value of
CT should be chosen so that CT plus
the mid-range value of the trimmer
capacitor equals the calculated value
of CT. The complete COS/MOS
crystal-oscillator circuit incorpor-
ating the 279.611-kHz crystal is
shown in Fig. 230. Standard com-
ponent values close to those calcu-
lated are used.

(19)vop
___I s
< 9 22k 279.611 kHz
(¢ 22m v —e
® O,
0
= ;f' =
l 3 pF 8-50pF 24pF
s

113 oF cpaoo7 (7

Fig.230 - CD4007A COS/MOS crystal-oscillator circuit incorporating the 279.611-kHz

crystal.
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Performance

Figs. 231 and 232 show calcu-
lated results for the phase shift versus
frequency and for $ versus frequency
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Fig. 231 - Feedback-network phase angle
as a function of frequency for the circuit
of Fig. 230.

for the 279.611-kHz oscillator. The
figures show that d¢/df and B are
greatest at 279.611 kHz or when Xg
= XcL. From Fig. 231, the fre-
quency is seen to change by about
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Fig.232 - Feedback-network attenuation
as a function of frequency for the circuit
of Fig. 230.
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1.2 cycles for Ag = 150. The stability
of the oscillator may then be pre-
dicted at 1.2/279.611 = 4.3 parts per
million assuming only a phase change
in the amplifier. The actual stability,
of course, is somewhat less because
of variations in crystal parameters
and component values with tempera-
ture changes.

The values of components in Fig.
230 apply only when the
279.611-kHz crystal is used. Values
of Cs and CT remain close to 41
picofarads and 142 picofarads if C[,
= 32 picofarads, and KA is chosen
from Eq. (33) with 8 = 0.75 and
XCxX = 0. The value of R, however,
will change according to the maxi-
mum equivalent resistance of the
crystal used. The number of different
component values satisfying the
design equations for different oscilla-
tor specifications is virtually infinite;
the component values given in Fig.
230 represent only a typical case.
The design equations have been
derived to allow freedom of design
for desired characteristics.

Supply-Voltage Considerations

The COS/MOS crystal-oscillator
circuit shown in Fig. 230 may be
operated at supply voltages from 5 to
15 volts. For lower current drain, the
circuit may be modified as shown in
Fig. 233 by adding resistors in the
supply and ground lines when a full
Vg§s-to-VDD output-voltage swing is
not required. The value of RY in this
circuit should be reduced by the
amount of the added resistance.

Experimental data on the oscilla-
tor circuits shown in Figs. 230 and
231 are given in Tables XXX and
XXXI.
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OSCILLATOR DISSIPATION
35V Vpp —=4TkA
5.0V Vpp —=105,A

Vpp
(9)
8.2k
P @ 13k0 279.611 kHz
@T 22MQ v —
® O., P
“HBpF 78-50pF “24pF

—J s

1/3 OF CD4007 82k

1

Fig.233 - Crystal-oscillator circuit using the CD40027A; V pp less than 15 volts.

Table XXX — Conditions Causing
Change of Frequency in Circuits of

Fig. 230
Frequency
Change
Condition (Parts/Million)
-400 to +850 change in ambient
temperature:

on COS/MOS unit alone 4

on the complete oscillator 55

{mica capacitors, carbon

resistors)
+25% change in Vpp TA = 260C +3.5
-25% change in Vpp Ta = 26°C -3.5

Table XXXI — Supply Voltage and
Average Supply Current for
COS/MOS Crystal Oscillators

Supply Voltage | Average Supply Current
(Volts) {Microamperes) Circuit
25 23 Fig. 230
3.5 47
5.0 105
6.0 86 Fig. 233
10.0 200

Operating Frequencies

A wide range of frequencies is
attainable with COS/MOS crystal-
oscillator circuits. Frequencies up to
about 10 MHz are possible at a VDD
of 15 volts. Beyond 10 MHz, A¢
becomes too large, and stability
decreases accordingly. The lowest
frequency of operation depends only
on the equivalent resistance of the
crystal. Values of Rg and Re increase
rapidly at the lower frequencies and
require amplifiers with high input
impedance to minimize the attenua-
tion (B) across the feedback network.
Because COS/MOS amplifiers have
high input impedances of approxi-
mately 1011 ohms, much lower
frequencies are possible in COS/MOS
antiresonant-oscillator circuits than
in bipolar-transistor antiresonant cir-
cuits. Frequencies down to 2 kHz
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have been achieved with three in-
verters (one CD4007A) connected in
parallel to provide the greater current
drive required by the crystal at this
frequency. ;
Frequencies lower than 2 kHz
are easily obtained by counting down
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the oscillator frequency. For ex-
ample, a 16.384-kHz oscillator could
be used with a 14-stage binary
counter with the fourteenth stage
counting at one pulse per second. A
functional diagram for this type of
circuit is shown in Fig. 234.

;INVERTER FOR OSCILLATOR CIRCUIT

CticL abeL a
FFI FF2
6.384 kHz AR B
—{CL QI—cL Q
CcL

—=---=CL Q—CL Q a
FF3 2
T0 |FFI3| [FFI4
FFI2 | _| |— _

—= ---=CL Q—CL Q

IHz

Fig. 234 - Functional diagram of a COS/MOS oscillator interconnected with a 14-stage

binary counter.
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Circuits

This section illustrates a variety
of circuit ideas that can be readily
implemented by use of the
RCA-CD4000A series of COS/MOS
integrated circuits. Logic functional
diagrams and operating waveforms
are shown for a broad range of
circuits in which the low quiescent
dissipation, well-defined logic levels,
high noise immunity, and other
features of the CD4000A-series

devices result in significant advan-
tages. Brief summations are given of
the over-all logic function of the
various circuits. Detailed information
on the operation of basic circuit
elements, such as gates, inverters,
flip-flops, counters, and registers,
that may be included in the various
circuit arrangements are given in
earlier sections of this Manual.

LIST OF CIRCUITS

Circuit No. Page
1 Pulse Stretcher 207
2 Transition Detector/Frequency Doubler 208
3 Noise Discriminator 208
4 Three-State Buffer 209
5 Clock-Edge Shaping Circuit 209
6 Low-Power, Low-Frequency Oscillator 210
7 Inverter/ Amplifier Driven by OTA (Open-Loop Mode) 211
8 Inverter/ Amplifier Driven by OTA (Closed-Loop Mode) 211
9 Divide-By-2 Counters 212

10 Divide-By-3 Synchronous Counter with Decoded Outputs 213
11 Divide-By-4 Synchronous Counter 213
12 Divide-By-4 Ripple Counter 213
13 Divide-By-5 Synchronous Counter 214
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14 Divide-By-6 Ripple Counter 214
15 Divide-By-N Counter with N Decoded Outputs 215
16 Shift-Left/Shift-Right Register 215
17 Bus Register System 216
18 64-Bit Ring Counter 217
19 Four-Channel Time-Division Multiplexer 217
20 Function Generator 218
21 Digital Ramp Generator 218
22 Party-Bit Generator 219
23 Eight-Bit Magnitude Comparator 220
24 Two’s-Complement Adder Subtractor 221
25 Phase-Locked Frequency-Synethesized Loop 222

CIRCUIT NO. 1 — PULSE STRETCHER

This circuit illustrates the use of
the CD4011A Quad 2-input NAND
gate as a pulse stretcher. The signals
at terminals S and C are synchro-
nized. The pulse duration of the
signal at terminal S, however, is
much shorter that that of the signal
at terminal C. The feedback loop
from the output (terminal A)
stretches out the pulse at S to equal
the length of the pulse at C. Any
time the pulse at S is not present, the

S O—

c }L —Oa
D

output is zero. The repetition rate of
C can, therefore, be any convenient
multiple of the basic S rate. The
output signal has a pulse duration
equal to that of the signal applied to
terminal C and the same repetition
rate as the signal applied to terminal
S. The circuit waveforms shown
indicate the relationship between
output and input pulses when the
repetition rate of the signal at C is
three times that of the signal at S.

cbaona

L

1

1
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CIRCUIT NO. 2 — TRANSITION DETECTOR/FREQUENCY DOUBLER

INPUT

\
Voo j :: R, ’
°

S

CD4030A

INPUT I
OUTPUT I I

L
[

This circuit shows an arrange-
ment for use of the CD4030A quad
exclusive-OR gate to detect logic-
level changes. A transition from low
to high or from high to low produces
a pulse at the output terminal of the
CD4030A. The duration of the
output pulse can be varied by a
change in the time constant of the

resistance-capacitance network
formed by Rj and Cy. The section of
this Manual on Astable and Mono-
stable Multivibrators explains how
the desired values of resistor Ry and
capacitor Cj are determined. Because
two output pulses are produced for
each input pulse, this circuit is also
useful as a frequency doubler.

CIRCUIT NO. 3 — NOISE DISCRIMINATOR

Dy

INPUT
Ry

o] output

CD400IA

Dz Icz

SIGNAL

I

<€
——
NOISE
INPUT —!—! —
[ :
) ]
I ] I
ouTPUT—L—- L
L NO CHANGE

*’*“u'l‘—'z—'l
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CIRCUIT NO. 3 — NOISE DISCRIMINATOR (cont'd)

In this circuit, the CD4001A
quad two-input NOR gate is used in a
noise-discriminator application. The
circuit discriminates between noise
pulses that last less than a specific
duration tj and pulses that have a
‘duration greater than tj. An input
pulse that has a duration greater than
t] produces an output of pulse

duration t). The time tj is deter-
mined by the time constant of
resistor R and capacitor Cj (i.e., t]
= R1C1). The time t3 is determined
by the time constant of resistor R)
and capacitor C2 (i.e., t2 = RoC2).
Diodes Dj and Do aliow fast

CIRCUIT NO. 4 — THREE-STATE BUFFER

This circuit shows a three-state
buffer with high source- and sink-
current capability that can be
constructed by use of a CD4007A
dual-complementary-pair-plus-
inverter circuit and a CD4001A quad
two-input NOR gate plus inverter.
When the input at F is low, the
output has two binary states equiva-

recovery.
Voo
H’
OUTPUT
S
n

Vss

lent to the input at S. When the F
input is high, the output is in an
open circuit (both n- and p-channel
devices are off) with respect to both
Vss and Vpp. This buffer can be
used to connect several COS/MOS
signal sources to the same line or
data bus.

CD4007A

CIRCUIT NO. 5 — CLOCK-EDGE SHAPING CIRCUIT

This circuit illustrates how a
CD4001A quad two-input NOR gate
may be used to reshape the rise and
fall times of clock pulses that have
slow transition times. Shorter transi-
tion times of the output clock pulse
result from the regeneration action

of the output flip-flop. Comple-
mentary clock outputs are also
available. With this circuit, an input
clock pulse that has rise and fall
times of 100 milliseconds can be
reshaped so that the transition times
are reduced to 100 nanoseconds.
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CIRCUIT NO. 5 — CLOCK-EDGE SHAPING CIRCUIT (cont'd)

INPUT
cLocxo}_I}—
cLocK

OUTPUT
cLocK
CLOCK
INPUT 100 ms = |e —{ |=100ms
(MAX.) (MAX)
OUTPUT ___‘—_—L__ OUTPUT
CLOCK t, =t =100 ns

CIRCUIT NO. 6 — LOW-POWER, LOW-FREQUENCY OSCILLATOR

—CD4007A

-OS

Ry R

OUTPUT

Bd
FiiT

2

AN~

Rrc TCrce

SEE ICAN 6267 FOR CHOICE OF Rg,RYc,CTC*
VALUE OF R DEPENDENT ON FREQUENCY AND
RISE TIME REQUIRED.

— HLl,m

One CD4007A dual comple- frequency of operation is determined
mentary pair plus inverter circuit can by the values of resistors Rg and
be wired as shown in this diagramto RTC and capacitor CTC. These
form a low-power low-frequency values are selected as explained in the
oscillator (astable multivibrator). The section on Astable and- Monostable
current-limiting resistors R1 and R Multivibrators.
result in low-power oscillation. The
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CIRCUIT NO. 7 — INVERTER/AMPLIFIER DRIVEN BY OTA (OPEN-

LOOP MODE)

+6Vv

NON—- INVERTING
INeUT @

1/3CD4007A

This circuit shows an RCA-
CA3080 operational transconduct-
ance amplifier (OTA)* driving one
inverter/amplifier section of the
CD4007A dual-complementary-pair-
plus-inverter circuit in the open-loop

*Detailed descriptive information on
the CA3080 is given in the RCA
Technical Bulletin File No. 475.

mode. For greater current output,
the two remaining amplifiers of the
CD4007A may be connected in
parallel with the single stage shown.
The open-loop gain of the over-all
circuit is approximately 130 dB.

CIRCUIT NO. 8 — INVERTER/AMPLIFIER DRIVEN BY OTA (CLOSED-
LOOP MODE)

-6V

1/3CD4007A
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CIRCUIT NO. 8 — INVERTER/AMPLIFIER DRIVEN BY OTA
(CLOSED-LOOP MODE) (cont’'d)

In this circuit, an inverter/
amplifier section of the CD4007A
dual-complementary-pair-plus-
inverter circuit is driven by an
RCA-CA3080 operational trans-
conductance amplifier (OTA)* in the

*Detailed descriptive information on
the CA3080 is given in the RCA
Technical Bulletin File No. 475.

SEQUENTIAL COUNTERS

Sequential counters are found in
almost all equipment containing
digital logic. They can perform state
control, timing-pulse sequencing,
frequency conversion, and numerous
other functions. Some appplications
require counter designs which cycle
through N states (a module N or
divide-by-N counter). Circuits Nos. 9

unity-gain closed-loop mode. For
greater current output, the two
remaining amplifiers of the
CD4007A may be connected in
parallel with the single stage shown.

through 15 show how various divide-
by-N counters (ripple or synchronous)
can be implemented by use of COS/
MOS integrated circuits. Detailed
explanations of the operation of

CIRCUIT NO. 9 — DIVIDE-BY-2 COUNTERS

CLOCK

| = cLOCK
cL S
Vop
O J Q—+»0OUTPUT
/2 CD4027A
K ob—
R
RESET
RESET

ALL UNUSED INPUTS GROUNDED

These circuits illustrate the use
of onehalf a CD4027A dual J-K
master-slave flip-flop and one-half a
CD4013A dual “D” type flip-flop to

both synchronous and ripple
counters are given in the section on
Counters and Registers.
cL_ s
D Q}— OUTPUT
172 CD4OI3A
Q
R
ot |
form two simple divide-by-2

counters. The CD4013A counter is
made to toggle by returning the Q
output to the D input.
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CIRCUIT NO. 10 — DIVIDE-BY-3 SYNCHRONOUS COUNTER WITH

DECODED OUTPUTS
CD40I3A
cLock SEQUENCE
Ea 1 @2 | o  TIME sLoT
cC s CL s To 0 0 "
D NEXT o | 2,
o G2 STAGE | 0 "3
o S e

IH=

1/4 wen
)CD4OOIA I TIME SLOT

In this circuit, both sections of a
CD4027A dual “D” type flip-flop are
interconnected with one gate unit of

—Q"2" TIME SLOT

"3" TIME SLOT
—0

a CD4001 quad two-input NOR gate
to form a divide-by-3 synchronous
counter with three decoded outputs.

CIRCUIT NO. 11 — DIVIDE-BY-4 SYNCHRONOUS COUNTER

1/2 CD40I3A 1/2 CD40I3A

CLOCK
CL CcL OUTPUT
D Q D Qx—oO
r U Roz—!
O-
RESET

This circuit illustrates the use of
both sections of a CD4013A dual
“D” type flip-flop in a divide-by-4

SEQUENCE
(JOHNSON)
Q; Q) STATE
o o o
o I
o 2
1o 3
o o o

ALL UNUSED SETS GROUNDED

synchronous counter. A high level on
the reset line forces the counter into
the “0” state.

CIRCUIT NO. 12 — DIVIDE-BY-4 RIPPLE COUNTER

In this circuit, the two sections
of a CD4013A dual “D” type flip-
flop are interconnected to form a
divide-by-4 ripple counter. A
comparison of the truth table for this
circuit with that for Circuit No. 11
shows the variation in the logic

sequences for ripple and synchronous
counters that provide the same count
division. As with the synchronous
type shown in Circuit No. 11, a high
level on the reset line forces the
divide-by-4 ripple counter into the
“0” state.
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CIRCUIT NO. 12 — DIVIDE-BY-4 RIPPLE COUNTER (cont'd)

172 CD40I3A 172 CD4013A

CLOCK

SEQUENCE
CL CL OUTPUT Q. Q, STATE
D Q) b —O - - -
(o] (o] (o]
- _ (o] | |
Y % I o 2
I | 3
o [o] [0}
O
RESET

CIRCUIT NO. 13 — DIVIDE-BY-5 SYNCHRONOUS COUNTER

1/2 CD4027A 1/2 CD4027A 1/2 CD40I3A

CLOCKO
\

R '1 R

v oq L
K 6. 4K 62

cC
D Qz——OOUTPUT
1/4 CD400IA

RESETO
ALL UNUSED SETS GROUNDED SEQUENCE
ALL UNUSED GATE INPUTS Q3 2 Q STATE
GROUNDED

o (o] [o] (o]
o [o] | |
(o] | (o] 2
(o] | | 3
| [o] o] 4
(o] o o o

In this circuit, both sections of a
CD4027A dual JK flip-flop, a single
gate unit of the CD4001A quad
two-input NOR gate, and one section
of a CD4013A dual “D” type flip-

CIRCUIT NO. 14 — DIVIDE-BY-6 RI

CLOCK

flop are interconnected to form a
divide-by-5 synchronous counter. As
with Circuits Nos. 11 and 12, a high
level on the reset line forces the
counter into the “0” state.

PPLE COUNTER

L oL SEQUENCE
D ol D . Q) D Q3 O OUTPUT Q3 Q2 Q sTATE
I/ -
172 12
CD40I3A CbaoI3A CD40I3A 000 O
_ - — 00 1 1
a a a

! R 7| 3 o1 0 2

o1 1 3

I 00 4

1o 1 5

ALL UNUSED SETS AND RESETS GROUNDED 000 0
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CIRCUIT NO. 14 — DIVIDE-BY-6 RIPPLE COUNTER (cont’d)

This circuit shows that a single
flip-flop section of a CD4013A dual
“D” type flip-flop can be added in
cascade with the CD4013A divide-

by-4 ripple counter shown in Circuit
No. 12 to obtain a divide-by-6 ripple
counter.

CIRCUIT NO. 15 — DIVIDE-BY-N COUNTER WITH N DECODED OUTPUTS

CLOCK Cout
CLOCK ™ FORN =26
ENABLE CD4017A RESET f=CLOCK = N
j 01 l 2] .. l N
N DECODED
OUTPUTS 0 DECODED QUTPUT _ ALTERNATE Coyt

This circuit illustrates the use of
a CD4017A decade counter/divider
and a CD4001A dual 2-input NOR
gate in a divide-by-N counter that
provides N decoded outputs. When
the Nth decoded output is reached
(Nth clock pulse), the S-R flip-flop
(constructed from two NOR gates of
the CD4001) generates a reset pulse
which clears the CD4017A to its zero
count. If the Nth decoded output is
greater than or equal to 6, the
clock-output (CQUT) line goes high

[cpaot

"~ FORN=2TO10
f=CLOCK = N

9
I
|
|
|
1
!
I
|
i
|
!

J

to clock the next CD4017A counter
section. The *“0” decoded output
also goes high at this time. Coinci-
dence of a low clock and a low
decoded “0” output resets the S-R
flip-flop to enable the CD4017A. If
the Nth decoded output is less than
6, the CQUT line will not go high
and, therefore, cannot be used to
clock the next counter. In this case,
the “0” decoded output may be used
to perform this clocking function.

CIRCUIT NO. 16 — SHIFT-LEFT/SHIFT-RIGHT REGISTER

Shift-left/shift-right
can be performed when two
CD4034A shift registers are inter-
connected as shown in this circuit.

operations For shift-left operation, the P/S
control is high; for shift-right opera-
tion, and P/S control is low.
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CIRCUIT NO. 16 — SHIFT-LEFT/SHIFT-RIGHT REGISTER (cont'd)

SHIFT LEFT SHIFT RIGHT
UTPUT Voj > ouTPUT
111[} nn nnonpan
SHIFT RlGHT,__.lAI/OE _IMG § 3 ?|5 5|78
Ap-Bo/ Y 1
GND—», 1770
AO'BI
GND—>{AL!
+{cLOCK Bo/H o/T
p/s 1]2]3]|a]5]6|7 3|a|s5]6[7]8
[ILILILIRIL ALY [YLILILILY
SHIFT LEFT i CD4034A 6040342 t—«jﬂ{f.},'-en
SHIFT RIGHT
cLOCK .
CIRCUIT NO. 17 — BUS REGISTER SYSTEM
BUS REGISTER SYSTEM
ﬂ 444 1 1 4 11
P/S A7/0-E le— A/OE P/S <—-J
| 1 <> | | fe—
<« 2 | cpa034n | 2 {2  CD4034A 2 [«
-3 3> 3 3>
TAPE_| A 4 e - 4 B 4|
UNIT | «nl 530/' rec. AT/0 o o s REG. s [es ["MEMORY
> 6 6 6 6 le—>
«» 7| AL- 7 > 7 AI1-Bo/ 7 je—>
<« 8 Ao-Bl 8 [+ 8 Ao-Br 8
A/S CLOCK sL A/S CLOCK
\
Frr I
vy ¥ ¥V ¥ Yy v ¥ ¥
SL A/S CLOCK SI A/S CLOC W
Ar-Bo/ A/ Ar-Bo/
«»P/S AG-By AL/OE[e— —*or AO-BI P/s
<+ l i > <+ | |
- CD4034A | 2| < 2 | CD4034A |2
PERIPHERAL _| < 3 3> < 3 3 | ARITHMETIC
UNIT >l a 4 le—s a 4 UNIT
Bo/1 REG Ar/0 « Arso REG. Bo/T
«» 5 5 > <+ 5 5
6 6 > 6 6
-7 7 > 7 7
8 8 <+ 8 8
EXXX2] 1Lw

<+BUS LINES—®

In this circuit, four CD4034A Register-to-A Register, or A Register-
Parallel-In/Parallel-Out shift registers to-Bus or Bus-to-C register transfers
are interconnected to form a bus can be readily achieved. Specific
register system that can effect vari- transfers are realized through proper
ous register transfers. For example, A “parallel ~enable” and “Ar1-Bo/
Register-to-D  Register or -~ D AQ-BI” controls.
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CIRCUIT NO. 18 — 64-BIT RING COUNTER

RESET

CLOCK

CD4002A L o

D CD4OI5A
Q) Qp Q3 Q4

‘_LCL R

Q61 96296394

584

s

This circuit uses a CD4002A
dual four-input NOR gate and eight
CD4015A dual 4-stage serial-input/
parallel-output shift registers to form
a 64-bit ring counter. A reset pulse
must be applied for proper starting
of the ring counter. The reset pulse
causes a “1” to appear at the D input
of the first shift register. After the

first clock, a “1” appears on Q1 and
resets the control, flip-flop. This “1”
now shifts down until it reaches Qggq
which sets the control flip-flop so
that the cycle can repeat. Any
desired length other than 64 can be
obtained by appropriately varying
the number of shift-register stages.

CIRCUIT NO. 19 — FOUR-CHANNEL TIME-DIVISION MULTIPLEXER

4 CHANNEL PARALLEL DATA IN
1

) o o) ?\

cLock
Ink RESET |- —T[>°'|::h '[>°-|::h >
< 7
FoaoiTA cp4oi6a
of f2[3]4[s6 788
T
DECODED
OUTPUTS

This circuit shows a four-channel
time-division multiplexer (TDM) that
uses a CD4017A decade counter/
divider and a CD4016A quad bi-
lateral switch. The CD4017A is

/4- CHANNEL, SERIAL TIME'
MULTIPLEXED, DATA OUT

operated in a counter-of-4 mode. The
decoded outputs of the CD4017A
are used to drive each of the four
transmission gates of the CD4016A
in time sequence.
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CIRCUIT NO. 20 — FUNCTION GENERATOR

L UP/DOWN 1/4 CD40OOIA I—J:.-_
CLOCK O—— S
VoD BINARY/BCD CD40294 o ! )0—‘ & e
PRESENT ENABLE
6ND o oL ) . . . CDA0I3A
] 2 3 4 o B
L (1 9]
2R 2R 2R 2R =
E
R R °
2R
In this circuit, a CD4029A inverted by the CD4001A and used

presettable up/down BCD counter is
interconnected with a CD4013A
“D”-type flip-flop to generate the
“stair-case” waveform shown. As the
CD4029A is clocked up to its final
count, the clock output CQ goes
from a high to a low. This output is

to toggle the D flip-flop. This tog-
gling action changes the mode of
counting from up to down. When the
count gets to 0000, CO again goes
from high to low, and the mode
control goes from down to up.

CIRCUIT NO. 21 — DIGITAL RAMP GENERATOR

This digital ramp generator uses
several COS/MOS digital integrated
circuits (CD4001A, CD4013A,
CD4024A, and two CD4041A’s) and
one bipolar linear integrated circuit
(CA3033A). The CD4024A seven-
stage ripple counter is operated as a
divide-by-28 circuit. This circuit

develops a step ramp voltage across a
resistor ladder network that includes
three sections from each of two
CD4041A quad buffers. The number
of steps in the ramp is directly
related to the count of the CD4024A
counter. This ramp voltage is applied
to the noninverting input of the
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CIRCUIT NO. 21 — DIGITAL RAMP GENERATOR (cont'd)

CA3033A operational amplifier.*
The CA3033A compares the ampli-
tude of this voltage with that of the
analog voltage applied to its inverting
input. When the count of the
CD4024A has been reached for

*Detailed descriptive information on
the CA3033A is given in the RCA
Linear Integrated Circuits Manual

which the level of the ramp voltage
slightly exceeds that of the analog
input, the CA3033A provides an
input to the CD4013A “D” type
flip-flop, and the Q output of this
flipflop resets the CD4024A
counter. The two CD4001A quad
four-input NOR-gate-plus-inverter
circuits are connected to form an
oscillator, NAND gate, and inverter.
These circuits provide the clocking

IC-42 and the RCA Technical for the CD4024A counter and
Bulletin File No. 360 CD4013A flip-flop.
c% CD4024A
" +I28 ANALOG INPUT
R 0 ° 7 6 s 4 (0 TO IRANGE)
T
M3 ST 3
| 10 ' |
. L f 1
3640K 160K 20K4
S1% S1% 1% L
320K 80K 20K 10K
1% 1% 1% I
640
1% 1
10 mV/STEP ool I
= 100 STEPS =1V uF T 470pF
ov = COMPARATOR
1/4-CD400IA GROUND
Lo
5 | 10K
cLl3 — A

I
o I INSI4
R ==

4’ 172-CD40I3A
RESET —

CIRCUIT NO. 22 — PARITY-BIT GENERATOR

This circuit shows the inter-
connection of two CD4030A quad
exclusive-OR gates to form a parity-
bit generator. If the number of “1’s”

in the 8-bit word is odd, an odd
parity bit, i.e., a “1”, is generated.
Otherwise the output is “0”.
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CIRCUIT NO. 22 — PARITY-BIT GENERATOR (cont'd)

> v

8-BIT
WORD PARITY
BIT

o m
>

~

A [PARITY
Vpp| ODD
GND| EVEN

92CS-17415

CIRCUIT NO. 23 — EIGHT-BIT MAGNITUDE COMPARATOR

2/3 CD4009%A < 172 CD40O0IA
xg O————<»{a 0
Ya 4 X<Y
YgO—>>—»l5,4
CD4008A

X7 O——————=P A3

Y7 O—>—»] b3 x>y

Xg O———=P{ a2

Ye
Ye ( )—-I >o—Pp Bp gg
O——» stF— Ox-
Xs Al | /2 cpaooza X=Y

Ys O——-—Do—v B, Cj 172 CD4OIIA

Xgq Ag Co

Y O——‘D°TPB

a A

X3 O—P{ A3

vs 0—> 5y CO9008A
Y3

172 CD4002A
Y| O—[>o—7—->‘a| Ci
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CIRCUIT NO. 23 — EIGHT-BIT MAGNITUDE COMPARATOR (cont'd)

In this circuit, two CD4008A
four-bit full adders, one CD4002A
dual four-input NOR gate, one
CD4001A quad two-input NOR gate,
one CD4011A quad two-input
NAND gate, and one CD4009A
inverting hex buffer are used to
compare the magnitudes of two 8-bit
numbers. The two’s complement of

the number Y1Y7 ... Yg is added to
the second number X;X3 ... Xg.
When X1X3 ...Xg =Y1Y2...Yg,
the X = Y output goes high; when
X1X2...Xg<Y1Y2...Yg, the X
< Y output goes high; when X1X3
... X8 >Y1Y2...Yg the X >Y
output goes high.

CIRCUIT NO. 24 — TWO'S-COMPLEMENT ADDER SUBTRACTOR

XBOMA—‘A4 CD4008A
YsO }D— Bg
)Y(Zo—:)D_:: S 0%
X6 O- ) Ay Sq—0sg
Yso—:)D__ 8, s3—Os;
X5 O— A S2[——Ose
Y5O—:) B s —0O0ss
Xa CD4030A ™ clo
Y4O—:)D— B CD4008A
X30- A3z
Y3O_13D— B3 S4 -Os4
X2 O— Ap S3[—0Os3
YzO—‘:)D_ B s2 —Os;
X; O— A s —O0s
e u) IS D
]
Q)ADD/SUB
0" =ADD

"1"=SUBTRACT

This circuit illustrates the use of
two CD4008A four-bit full adders
together with two CD4030A quad
exclusive-OR  gates to perform
two’s-complement addition and
subtraction. With a “0” on the
Add/Sub line, the number Y{Y> . ..
Yg is not inverted, and the number
X1X2 ...Xg is added to the number

Y1Y2 ... Y8. When “1” is on the
Add/Sub line, the number Y1Y7. ..
Yg is inverted, and the CARRY IN is
made a “1” to make the two’s
complement of the number Y(Y2
... Y8. The number Y1Y...Ygis
added to the number X1X7 ... Xg
to complete the subtraction.
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CIRCUIT NO. 25 — PHASE-LOCKED FREQUENCY-SYNTHESIZED LOOP

CD4046A
l_"—_—_““_’_——’—_‘—_—l
|
fref OSCILLATOR [ fycm =Nfref
REFERENCE | 'S}  PHASE LOW—PASS R |ifvem = Nir
OSCILLATOR DETECTOR FILTER cg‘,’;‘,,‘:,GELED | "
S ———— |
fvem
N =N fvcm
PROGRAMMABLE
COUNTER
CD4029A OR
CD40I7A

This block diagram illustrates the
use of the CD4046A micropower
phase-locked loop in a frequency-
synthesizer application. The five
basic components of the over-all
frequency-synthesized loop include a
reference oscillator, a phase detector,
a low-pass filter, a voltage controlled
multivibrator/oscillator, and a divide-
by-N counter. This loop achieves a
stable state when fycO = Nfpef.
When this condition does not exist,
the phase detector forces a change in

the VCO frequency until it finds the
frequency at which the stable state
occurs. The loop locks when the
stable state is achieved.

This sytem allows the generation
of many discrete frequencies from a
single, highly stable source (fref) and
has application in communications
(frequency-control systems), com-
puter systems (for synchronizing
data tracks and clocking systems), in
instruments (frequency synthesizers
and counters), and filter networks.

Index

Adder ................ 36
FourBitFull . .......... 36
Thirty-TwoBit . . ... .... 105

Adder Subtractor,

Two’s-Complement . . . ... . 221

Antiresonance . . .. ... . ... 198
ArithemeticUnit . . . ... .. .. 105
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Preset Channel Memory .. .. .. 190
Program-Switch Options . . . . . . 136
PropagationDelay . ......... 53
Pulse Stretcher . . . ... ... .. 207
Pulse-Width Circuit . . ... ... 100
Quad AND-OR Select Gate 105
-Ramp Generator, Digital . . .. .. 218
Ratings, Maximum . ... ... ... 69
Readouts, Fluorescent . .. .. .. 162
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Sequential Counters . . . ... .. 212
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Shift Registers . . . . ... 117,139-147
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