

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Some of the important facts about Exar's semi-custom 121
development program are listed below.

Development Cost: Typical development costs for initial

prototypes are in the range of $3,500 to $5,000.

Development Time: Typical development time to complete

steps 5, 6, and 7 of development program is 8 weeks.

Additional Design Cycles: If additional design cycles are

needed, the typical cost is $1,500 to $2,000 per design
iteration, which includes the cost of additional prototypes.

3) at a nominal charge of $1,000 to $2,000 depending on
complexity.

2L
DESIGN KIT

'

BREADBOARD
EVALUATION

Y Y

SEMI-CUSTOM FULL CUSTOM
DESIGN DESIGN
{XR-400 CHIP)
Figure 9

Flow Chart of Exar's Custom I2L Program

Full Custom I%L Design:

If the circuit complexity is in excess of the capability of

XR-400 Master Chip, Exar can tool-up for a full-custom IC layout

and design.
boarding get used as logic "cells" in the circuit layout.
full-custom design and fabrication cycle takes about 16 to 20 weeks.

Typical
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A Simple Design Example:

The 256 gquad-output 121, gates on the XR—-400 Master Chip are
arranged in 32 8-gate cells. A complex logic array can be par-
titioned into subsections, and each of these subsections can then
be laid out in one or more of these "cells". Figure 10 shows a
typical layout example for a toggle flip-flop on one of the 8-gate
cells of the I2L Master Chip. The logic diagram of the flip-flop
is shown in Figure 10(a), in terms of its NAND gate implementation.
Figure 10(b) shows the layout of the same flip-flop on the XR-400
Master Chip. Note that, in the cell layout, the circles corres-
pond to the outputs. When the interconnection pattern is drawn,
only the contact windows under the "darkened" contact areas of
the layout are opened, to activate the gates. 1In this manner,
metal interconnections can be routed over the unused parts of the
gates. With this approach at least 80% of the available I2L gates
on the XR-400 Master Chip can be interconnected with a single
metal interconnection layer.

cLock |£ iﬂ_ ciﬁ ?ﬁ‘r N Aﬁ/:" =IG) o
= TN o
BRI e oy i (IR iR
D fiEEEE=a=x=a=x=a1l
s =0 - L G L t_J

(a) (b)

Figure 10

Logic Diagram of a Toggle Flip-Flop
and Its Layout on XR-400 Master Chip
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9. A LOW COST 4 1/2-DIGIT A/D CONVERTER
BY LEE EVANS AND DAVE FULLAGAR
Intersil
Cupertino, CA 95014

INTRODUCTION

The dual-slope integrating A/D converter has long been
recognized as the most attractive conversion technique where
high accuracy is the prime requirement. Although relatively
slow, a dual-slope converter has high noise immunity and
demands only one close tolerance component -- a current or
voltage reference. All the other components in the system
are non-critical and inexpensive.

Despite the advantages mentioned above, the dual-slope
converter does represent a considerable design challenge. If
put together from readily available components such as FET
switches, operational amplifiers, and logic circuits, a host
of problems will be encountered. In all probability, one will
end up with a circuit which may or may not perform as desired,
which will cost $30 to $100 to build, and which will most
certainly have required more than nine man-months of engineering
effort.

An alternative approach is to use one of the monolithic
or two-chip circuits which have become available in the last
couple of years. However, these are of relatively low per-
formance and very inflexible. Provided the limited perform-
ance is acceptable, and provided the system configuration fits
in with the requirements, they may do the job -- albeit at
greater cost than the circuits to be described.

Clearly, there is a need for an alternative approach --
one which provides the user with flexibility and high per-
formance without demanding a substantial development effort.
This is the thinking which lies behind Intersil's recent
introduction of a family of five dual-slope building blocks.

A New Approach

The key component in the new converter system is an
analog signal conditioner, the 8052. This monolithic chip
contains all the linear components required in a high per-
formance converter, i.e., a FET-input buffer, an integrator,
a comparator, and a voltage reference. This circuit is
designed to interface with any one of four purpose-built
digital ICs:

1. The 8053 - consists of a 6-switch array with
switch drivers. This circuit, when combined with
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the 8052, provides the maximum degree of
flexibility, but requires additional logic to
complete the system.

2. The 7101 - This chip contains all the additional
logic circuitry (including the hex switch array)
required to build a complete 3 1/2-digit voltage
converter. The scale can be selected to be
+2.000 or 0.2000V, with auto-zero and auto-
polarity. Output is parallel BCD.

3. The 7103 - for 4 1/2-digit applications, with
multiplexed BCD output. Other features as for
7101.

4. The 7104 - 16-bit logic system providing binary
output for inputs of £3.2768V (l6-bits in 0.1lmV
increments). For use with digital processors.

As well as providing high performance, these circuits
are low cost. The 8052/8053 pair, for example, is priced at
$10 (1000 pieces) and a complete 4 1/2-digit converter can be
built for the cost of most 3 1/2-digit designs.

A reliability advantage is also realized by this
approach since the system component count is low and inter-
facing difficulties are minimized.

The dedicated circuits (7101, 7103 and 7104) will be
the subject of another application note; the remainder of
this note will be concerned with describing specific applica-
tions for the 8052/8053 combination. However, before plunging
into circuit details for complete converter systems, it is
important to review some fundamental principles.

A Review of Basic Principles

A dual-slope conversion can usually be divided into
three distinct phases (See Figure 1):

1. Auto-zero phase: during this time, the errors
in the analog components (offset voltage, etc.)
will be automatically nulled out by grounding
the input and closing the feedback loop such that
error information is stored on the auto-zero
capacitor. The manner in which this is done with
the 8052/8053 will be described later.

2. Signal Integration phase: the input signal is
integrated for a fixed number of clock pulses.
For a 3 1/2-digit converter, 1000 to 2000 pulses
is typical; for 4 1/2-digits, 20,000 is typical.
On completion of the integration period, the

-113-



voltage V' in Figure 2 is directly proportional
to the input signal.

3. Reference Integration phase: at the beginning
of this phase, the integrator input is switched
from Vi to VRgp. The polarity of the reference
is such that the integrator discharges back towards
zero. The number of clock pulses counted between
the beginning of this cycle and the time when the
integrator output passes through zero is a digital
measure of the magnitude of Vyyx. This can be seen
by studying Figure 2. For display applications,
the counter output is converted to BCD format.

In practice, a number of difficulties must be over-
come in a real-life circuit. Firstly, in order to handle
both positive and negative inputs, the circuit must be able
to sense the polarity of the input. Then the appropriate
reference (positive or negative) can be applied. If the wrong
polarity reference is applied, then the integrator will continue
to move away from ground during the third phase of the conversion.
Similarly, great care must be exercised for close-to-zero inputs;
whatever circuitry is used to detect the polarity of the input
(in order to apply the correct polarity reference) must be
immune to false triggering. Ohterwise, there is, once again,
the danger that the integrator will not return to zero during
the final phase of the conversion. One well-known company's
first venture into the panel meter field overlooked this
problem: for inputs close to zero, the output would overrange!

Secondly, the charge injection of the switches must be
considered. For example, the switch used to change the
integrator input from V EF to Vyy causes some erroneous charge
to be dumped into the integration capacitor. This must be kept
to an absolute minimum to maintain conversion accuracy.

Other factors which demand consideration include the
input current and noise characteristics of the buffer, the
leakage of the switches, and the speed of the switches vis 3
vis the clock frequency.

THE 8052/8053 SYSTEM

In the 8052/8053 pair, solutions to the problems
discussed above have been engineered into the two chips.
They are intended to interface with one another and eliminate
all the critical or tricky parts of a dual-slope converter
design. At the same time, the user retains full control over
the output format, the design of which is far less critical.
Several designs for complete converters are given in the
application notes which follow.
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The 8052 and 8053 functional diagrams are shown in
Figure 3. A summary of the key specifications for the two

circuits is given in Tables 1 and 2.

8052 8052A
Buffer and Integrator Amplifiers
Input Offset Voltage (max.) 50mv 50mv
Input Current (max.) 50pA 10pA
CMRR (min.) 704B 704B
Non-linear component of CMRR 1104B 110dB
Voltage Gain (min.) 20,000 20,000
Comparator
Voltage Gain 4,000 4,000
Voltage Reference
Output Voltage 1.85V 1.85V
Temperature Coefficient 40ppm/©C 20ppm/oC
TABLE 1: 8052 Specifications Summary
8053 8053A
Switch ON-resistance (max.) 2500 ohms 2500 ohms
Total Leakage: SW 1,2,5,6 (max.) 30pA 10pA
SW 3,4 (max.) 30pA 10pA

TABLE 2: 8053 Specifications Summary
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How They Work

The basic principles of the dual-slope technique have already
been reviewed; now let's look- at the 8052/8053 in detail. Fig-
ure 4 shows a functional diagram for a complete A/D converter.
In Figures 5 through 7, this functional diagram has been greatly
simplified to illustrate the swifch position during the three
phases of a conversion:

1. Auto-zero phase: (state 00 on state flip-flop)

Referring to Figure 5, switches 1, 2, and 3 are ON. The
input to the capacitor Cj is grounded; the voltage across
it is VRgr. The negative feedback loop through Sw3
causes a voltage to be applied to the non-inverting
integrator input such that the integrator output is held
at about -1.2V.

2. Signal Integration phase: (state 01)

Switches l, 2, and 3 are now opened; Sw4 is closed

(Figure 6). If Vyy is equal to ground, the integrator
output will not change. But if Vypy does not equal zero,
the integrator will generate a ramp whose slope is pro-
portional to ViN. The duration of the integration will be
a given number of clock pulses, as explained earlier.
During this period, the auto-zero capacitor holds the
error information derived during the auto-zero phase of
the conversion. At the end of phase two, the sign of the
ramp is latched into the polarity flip-flop.

3. Reference Integration phase: (states 10 and 11)

In the final phase of the conversion, the switch driver
decoder uses the output of the polarity flip-flop to

decide whether to close Sw5 or Sw6. If the input was
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positive, Sw6 is closed and a voltage which is one
VREF more negative than during auto-zero is impressed
on the buffer input (Figure-7a). If the input was
negative, Sw5 is closed and a voltage which is
VREF more positive than during auto-zero is
impressed on the buffer input (Figure 7b). The
reference capacitor C; generates the equivalent

of a tve or -ve reference from a single voltage
source with negligible error. The reference
returns the output of the integrator to zero.

The time, or number of counts, required to do this
is proportional to the input voltage. Since the
reference cycle can be twice as long as the signal
integrate cycle, the input voltage required to give

full scale reading = 2VRgF.

The circuit, as described to this point, is not new; it
has been used successfully for several years. However, the
8052/8053 has made three major contributions td the accuracy
of this circuit. These are: low charge injection, monolithic

FET~-input amplifiers, and the use of a zero crossing flip-flop.

Achieving Low Charge Inijection

During auto-zero, there is no problem in charging the capacitors
to the correct voltage. The problem is getting the switches off
without changing this voltage. As the gate is driven off, the

-gate-to-drain capacitance of the switch injects a charge on the

reference or auto-zero capacitor, changing its voltage. A
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designer using discrete components is forced into critical
board layouts, where charges of opposite polarity are
injected to compensate or neutralize the driver injection.
This balance will be upset by any unit-to-unit variation of
switch capacitance so, at best, the final design is a com-
promise. In the 8052/8053, the critical layout has been
done on the semiconductor chip and need -not concern the user.
Also, since a silicon-gate process is used for the switches,
the unit-to-unit variation is extremely low. The net result
is an error due to charge injection that is so low it is

difficult to measure~-less than 5uV referred to the input.

The Advantages of J-FET Op-amps

Both the buffer and integrator use junction FET inputs in a
guarded circuit that reduces the voltage across the FET to 3
or 4 volts. At this voltage level, input leakage currents of
lpA are typical. For typical component values, 1lpA leakage,
contributes less than luV of error to the circuit. In theory,
MOS FETs would contribute less leakage, but their increased

noise would swamp out any improvement by orders of magnitude.

Purpose of the Zero-Crossing Flip-Flop

The problem that the zero-crossing flip~flop is designed to
solve is shown in Figure 8. The integrator output is approach-
ing the zero-crossing point where the clock will be stopped and

the reading displayed. The pulses superimposed upon this ramp
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will cause a false reading by stopping the count prematurely.
For a 40,000 count instrument, the ramp is changing approxi-
mately .25mV per clock pulse (10 volts maximum integrator
output divided by 40,000 counts). The clock pulses have to
be less than 100uV peak to not cause significant errors. The
circuit layout to achieve this can be time-consuming at best
and impossible at worst.

The suggested circuit gets around this problem by feeding
the zero-crossing information into a J-K flip-flop instead of
using it directly; this can be seen by referring back to
Figure 4. The flip-flop interrogates the data once every
clock pulse after the transients of the previous clock pulse
and half clock pulse have died down. Any false zero-crossings
caused by clock pulses are not recognized. Of course, the
flip-flop delays the true zero-crossing by one count in every
instance. 1I1f a correction was not made, the display would
always be one count too high. The correction is to change the
four states of the converter one count early. In other words,
instead of chanaing states at the beginning of count 0000, the
states are changed at the beginning of count 9999. Since this
pulse is always available as "carry" from a synchronous counter,
no extra decoding is required. A bonus feature of this circuit
is that latching the counter output becomes very simple with no
potential race condition existing. The designer has one com-
plete clock pulse to transfer the counter data to the latches

and decouple them before a false reading will occur. The
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timing diagram for a signal ~~ 0 volts is shown in Figure 9.

BUILD THESE CIRCUITS

One of the significant advantages of the 8052/8053 system is

the design flexibility offered by the "building block" approach.
This feature will be illustrated by the circuits which follow.
They have all been designed to provide a problem-free solution

to a particular conversion requirement.

A. A Versatile 4%~digit Converter

Figure 10 shows the complete circuit for a 4%-digit
(+£2.000V full scale) A-D with LED readout and parallel
BCD lines. 1In addition to the 8052/8053, this circuit
uses 6 low-cost CMOS packaged for control and 5 TIL 306
as a combination LED readout, synchronous counter, and
BCD latch. In this circuit, the clock runs continuously
driving the 5 decade counters in the TIL 306's. The
carrxy from the fourth decade is used to trigger the
state F~-F. Thus, each of the four states lasts for
10,000 counts. At the beginning of state 10, the fifth
decade is cleared. None of the other counters need to
be cleared since they automatically roll to 0000 at this
point. When the zero-crossing F-F detects the end of the
measurement, ‘a latch pulse is initiated.. The R-C time
constant of this pulse is selected long enough (50nSec)

to assure the latches turn on, but short enough (3uSec)
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to assure that the latches are decoupled before the
next clock pulse. Selecting a typical time constant
of 400nSec assures proper latching with wide variance
in component value.

In order to give a visual indication of overload,
the LED displays are blanked during state 00 if an
overload exists. If overloaded, the instrument will
blink a reading of 19999. A non-blinking reading of
19999 is a valid reading for the instrument.

By tying the clear terminals of the state flip-flop
and the four decade counters to a common bus, the
instrument can be synchronized to external events.

If the bus is low, the instrument is held in auto-zero
with the last measurement cycle at the beginning of
state 00. The data valid pulse indicates the end of
measurement cycle. For free-running condition, the

bus is held high at +5 volts.

Generating a Family of A-D Converters

In Figure 10 the lines marked "MBS" and "MSB-1l" are
connected to Qp and Qp of the 4-bit state flip-flop
respectively. This forces a change in state for each
carry pulse (10,000 counts) from the decade counters.
If the lines were moved to Q¢ and Qp respectively, two
carry pulses (20,000 counts) would be required to

change states. Since full scale is two states long,
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the maximum_count now becomes 40,000 (actually 39,5999).
Similarly, if QOp and Q¢ are used, the maximum count is
now 7,999 (one less decade‘counter would be used in
this case). The ability to easily change maximum
count (full scale) is most useful where the A-D
converter is measuring‘physical constants such as
temperatures, distances, weights, etc. It allows the
designer to match the digital reading of the instru-
ment to the analog range of the transducer. Since the
analog input required to generate full scale output is
2VRpF in every case, an almost endless variety of
scale factors can be generated easily from one basic

design. Table 3 summarizes how the family of DVM's is

generated.
Total Number
v Of Decade Connect Connect

Full Scale REF Counters MSB-1 to MSB to
+2000.0mV +.1000V 4 On Op
+2,000V +1.000V 4 Qa Qg
+400.0mV +.2000V 4 Op Oc
+4.000V +2.000V 4 QB Oc
+800.0mV +.4000V 4 QOc Qp
+2.0000V +1.0000V 5 Qp Op
+4.0000V +2.0000V 5 . 0p Qc
+3.2768V +1.6384V 4% Qc Op

*Number of 4-bit binary counters

TABLE 3

Specific circuits demonstrating this principle are shown in
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Figures 10 and 1l1. An 800mV full scale A/D can be
obtained from the 2.0000V instrument shown in Figure 10
with the three following modifications:

1. Delete middle LED counter.

2. State decode moved to Qp and Q.

3. Reference voltage adjusted to 0.4000V.

Figurekll is the specific circuit for a 16~bit binary
A-D. Here the decade counters and displays have been
replaced by synchronous 4-bit counters and latches. To
give a full scale reading of +3.2768 volts,the reference
is adjusted to 1.6384 volts.

Figure 12 shows the circuit for a 40,000 count
instrument. This circuit conforms to all of the "family"
rules with the exception that it uses a =-2.0000 volt
reference. If a positive reference was used, Pin 3 of
the 8053 would have to swing to +6V (+4 volt input +2
volt reference). Since this exceeds the +5 volt supply.,.
the switch would forward bias into the substrate. It
can easily accommodate the +2 to -6 volt swing required
of a negative reference. The only change required by a
negative reference is that the drive to Pin 6 (+ reference
driver) and Pin 10 (- reference driver) be interchanged.
Also, since the internal reference is not used, no

connections are made to Pins 3, 6, and 7 of the 8052.

-123-



Achieving Lowest Cost

In a 4%-digit (20,000 count) instrument where the
family generating capabilities of the four-bit
counter is not required, a dual D flip—~flop can be
substituted for this function with some reduction in
parts costs. Also, a "+1" LED, driven by a dual D
flip-flop, can replace the fifth TIL 306. Figure 13
shows a circuit with these two substitutions made.
(Note Figure 13 is titled 4%-digit DVM 8052/8053,
20,000 count with Parallel BCD.)

If the parallel BCD capabilities of the TIL 306
are not required, a further reduction in parts cost
can be achieved‘by nsing the circuit of Figure 14.
In this circuit, the MM74C926 performs the counting,
latch, and 7-segment decode function of the TIL 306
such that it can be used with any LED displays. Some

modification of the clock and latch circuit is required

'since the 74C926 uses a ripple counter with a carry at

0000 instead of a synchronous carry at 9999. When a
zero-crossing signal is detected and the latch-enable
is initiated, a signal is simultaneously fed to the
clock drive circuitry to delay the clock, and therefore
the count, until the previous count can be latched.

The latch time-constant is shorter than the clock-delay
time-constant to assure that the latch is transferred

and disabled before the clock resumes counting. A 1luS
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time delay in the output of the clock driver assures
that the slight delay (100nS) between the clock pulse
and the clock-delay pulse does not clock the counter.
Blinking is provided to give a visual indication of
overload. However, the display will flash .0000 instead

of 1.9999 due to the nature of the ripple counter.

Capacitor Selection

The reference capacitor and auto-zero capacitor are each
shown as 1.0uF in the applications schematics. These
relatively large values are selected to give greater
immunity to PC board leakage since much smaller capacitors
are adequate for charge injection errors or ieakage errors
from the 8052/8053. The ratio of integrating resistor
and capacitor is selected to give 9 volt swing for full
scale inputs. This is a compromise between possibly
saturating the integrator (at #£14V) due to tolerance
build-up between the resistor, capacitor, and clock and
the errors a lower voltage swing could induce due to
offsets referred to the output of the comparator (see
discussion below). Again, the .22uF value for the
integrating capacitor is selected for PC considerations
alone since the very small leakage at the integrator
input is nulled at auto-zero.

}A very important characteristiés of the integrating
capacitor is low dielectric absorption. A polypropylene

capacitor made by TRW gave excellent results in the
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application. In fact, a good test for dielectric
absorption is to test the subject capacitor in this
circuit with the input tied to reference. This
ratiometric condition should read 1.0000 and any

deviation is probably due to dielectric absorption.

In this test, polycarbonate capacitors typically read
.9992; polystyrene, .9997; and polypropylene, 1.0000.

The increased temperature coefficient Qf the polypropylene
is of no consequence in this circuit. The dielectric
absorption of the reference capacitor and auto-zero
capacitor are only important at power-on or when the
circuit is recovering from an overload. Thus, smaller

or cheaper capacitors can be used here if accurate readings

are not required for the first few seconds of recovery.

The Reference

A stable reference is the most important single component
in ‘a dual-slope converter. Three factors should be
considered when selecting a reference: temperature
coefficient, intended range of operation, and the accuracy
of conversion.

The scale factor temperature coefficient for the
8052/8053 pairvis typically 3ppm/©C. This is the error
term which ultimately limits the temperature performance.
For references with performance more poor than this,
accuracy as a function of temperature will be limited by

the reference.
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The reference provided on the 8052 chip has a
typical temperature coefficient of 20 and 40ppm/©C
respectively for the 8052 ana the 8052A. Maximum
values are about 100ppm/°C; contact Product Marketing

for further information.

Other Design Features

In the designs shown, the output of'the comparator is
clamped to the +5V supply to prevent the positive swing
of the comparator from forward biasing the auto-zero
switch to its substrate and injecting minority carriers
that would be collected as leakage currents. In addition,
a voltage translation network connects the output of the
comparator to the auto-zero switch. The purpose'of this
network is to assure that during auto-zero the output of
the comparator is at or near the threshold of the CMOS
logic (+2.5V) while the auto-zero capacitor is being
charged to VRgF (+1V in the case of 2.0000V instruments).
Otherwise, even with zero signal in, some reference
integrate period wouldvbe required to drive the
comparator output to the threshold region. This would

show up as an equivalent offset error. Once the divider

chain has been selected, the unit-to-unit variation

should contribute less than a few tenths of a count
error in the worst case (40,000 count instrument) and

proportionately less in other instruments. For a 3%-digit
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instrument, the error is unmeasurable.

Finally, the back-to-back dicdes are used to help
noise. In the normal operating mode they offer a high
impedance and long integrating time constant to any
noise pulses charging the auto-zero capacitor. At
start-up or recovery from an overload, their impedance
is low to large signals so the capacitor can be charged

in one auto-zero cycle.

The maximum conversion rate of most dual-slope A/D
converters is limited by the frequency response of the
comparator. Even though the comparator in this circuit
is all NPN with an open-loop gain-bandwidth product of
300MHz, it is no exception. The comparator outplt
follows the integrator ramp with a 3uS delay. At a clock
frequency of 160KHz (6uS period), half of the first
reference integrate period is lost in delay. This means
that the meter reading will change from 0 to 1 with 50uV in,
1 to 2 with 150uv, 2 to 3 at 250uV, etc. This transition
at mid~-points is considered desirable by most users.
However, if the cloqk frequency is increased appreciably
above this, the instrument will flash 1 on noise peaks
even when the input is shorted.

Some circuits use positive feedback or a latch to
solve the problem. However, unless the comparatbr voltage

swing, the comparator gain, and the integrator gain are
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carefully controlled, this circuit can generate

anticipation errors that greatly exceed the 3uS delay
error. Also, it is very susceptible to noise spikes.
A more controlled approach for extending the conversion
rate is the use of a small resistor in the integrator
feedback loop. This feeds a small pulse to the
comparator to get it moving quickly and partially
compensate for its delay.

The minimum clock frequency is established by
leakage on the auto-zero and reference capacitor.
With most devices measurement cycles as long as 10

seconds gave no measurable leakage error.
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10. A Logic Compatible High Current Switch

Marvin K. Vander Kooi
Applications Manager
Siliconix Incorporated
Santa Clara, -California

The new VMOS technology high current logic compatible MOSPOWER™ FET switch
VMP-1 offers a very significant breakthrough in solid state switching. The VMP-1
will replace power Darlington bipolars due not only to its' ease of use, but also
because it can switch ampere level currents 200 times faster than the minority
carrier storage type bipolar devices. In the following pages we will take a look
at VMOS features, structures, pertinent transfer curves and specifications, and

a fairly large number of application examples.

The VMP-1l features:
- Direct CMOS Logic Compatibility
- High Speed Switching (5nsec Typically at 1 amp)
- No Thermal Runaway
- No Secondary Breakdown
- 1000 M Input Impedance
— Zener Protected Gate

- 35 Watt Power Dissipation

Figure 1 shows the ease of using the VMP-1 as a replacement for a conventional

CMOS logic element. The input threshold begins at about 1V in the mA load current

MOSPOWER™ FET
A Logic Compatible
High Current Switch

+15V +15V +15V
1302 ] 1Amp 13eg | 1AuP
=10 nA
—> ~10nA D
- O—GI
s
MODEL ACTUAL
Figure 1
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range and is guaranteed to support 1 amp of drain current at 10 Volts of gate
enhancement. Note the complete lack of external resistors for input biasing,
current limiting, or pull-up. The VMP-1 is a normally OFF device (an enhance-
ment mode FET) when the input is at ground and a fully ON device which draws
no input current when the input is high. The rather arbitrary 1OnA gate
leakage current shown gives the device a "Beta" of 100,000,000 if one compared

it to a Darlington bipolar.

The VMOS or Vertical Metal Oxide over Silicon device shown in Figure 2a
differs from the older lateral MOS structure shown in Figure 2b in that the
critical P type gated body region width for VMOS is an easily controlled
vertical diffusion dimension whereas the conventional MOS device uses a

photolithographically controlled body width. VMOS therefore offers higher

VMQOS Structure Lateral MOS Structure

SOURCE GATE SOURCE GATE DRAIN
O @

/—ALUMINUM

Si02

2a 2b

Figure 2

current densities, higher speed, and lower ON resistance than conventional
lateral MOS with the added bonus of smaller chip area. These considerations
have effectively kept any power MOSFET's off the market until the advent of
VMOS .

The drain to source ON resistance versus gate voltage curve of Figure 3
shows the ON resistance that can be expected for vérious logic input levels.
Unlike a bipolar device the VMOS structure gives a simple resistive charac-

teristic rather than the built in offset voltage found in a bipolar.
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Typically a 2N3055 will exhibit 1.5 to 10mV of offset voltage (with from 2 to
200mA of base drive) even under zero collector load current conditions. The
VMP-1 shows no offset voltage under low load conditions, although both a bipolar

and FET device will exhibit volt range drops for higher load currents.

The typical output characteristics shown in Figure 4 demonstrate the excep-
tional voltage versus current linearity possible with the VMP-1 operated above
its threshold voltage. This curve also indicates the amount of enhancement

voltage normally required to sustain various switching load currents.

Output Characteristics
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‘ Figure 4
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The VMP-1 is presently being offered in a TO-3 package and is rated at 35
Watts for a 25°C case temperature. Figure 5 shows the power derrating curve

for higher case temperature with a fairly conservative maximum junction temper-
o
ature of 150 C.

Power Dissipation
vs Case Temperature
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Figure 5

Experiments to determine the speed of the VMP-1 in high current switching
applications in typical CMOS logic system applications reveal that numbers
approaching the data sheet specification of 1 amp in 5 nano-seconds are easily
attainable. Figure 6 shows the VMP-1 being directly driven from four parallel
sections of a 34011 quad two input NAND gate. The 20 nsec rise and fall times

closely approximate the theoretical limit.

1 Amp High Speed CMOS Buffer

+25V

%2 42

t1 —t,2=20ns
tg1 — tf2=20ns
Figure 6
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Figure 7 shows the actual waveforms observed on the CMOS gate input and the

output drain connection of the VMP-1.

CMOS Logic Plus
VMP-1 Switching Times

INPUT )

V — VOLTAGE (VOLTS)
)

10 \
OETPUlT y
0 40 80 100 120
t — TIME (ns)
Figure 7

Using only a single NAND gate to drive this 1 amp switch results in 20 nsec
fall time delays, but more like 50 nsec rise time delays. This is due to the
difficulty of a single CMOS gate pulling down the approximately 40pF input

capacitance of the VMP-1.

Figure 8 shows the tremendous parts savings and reliability improvement
possible in a microprocessor system application when VMP-1's replace

Darlington bipolars. .
Microprocessor Interface Drivers
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The 72 resistors and 48 bipolar transistors can be replaced by 24 VMOS devices
in this 8000 series Peripheral Interface circuit designed to control printers,
solenoids, displays, actuators, etc., under the command of an 8080 type micro-
processor. The 1000 M2 range input impedances of the VMOS devices not only
allow direct connection to the 8255, but also dramatically cut its power

consumption,

For applications requiring higher load currents than offered by a single
VMP-1 one can simply parallel as many as required. No special care need be
taken to insure even distribution of load current between devices since the
VMP-1's have positive drain to source resistance temperature coefficients.
This varies markedly from the negative temperature coefficient found with
bipolar devices which tend to send the most current to the hottest device

in a thermal runaway type of action. The three VMOS devices shown in Figure 9

Parallel Operation

6 AMP

y
?S

_G_I,th I_GJ"Ag l_e_t,zfs’
1

o

Figure 9

will handle 6 amps of load current as shown and one can continue adding an
almost infinite number of devices at 2 amps more load current per device with
NO INCREASE IN DC DRIVE CURRENT requirement. This means a designer or user
can finally just clamp together more and more power modules without concern
for cascading additional drive circuits, etc., when making higher and higher

current motor control, power supply, or other solid state switching systems.
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The circuit of Figure 10 shows how the VMP-1 can be used with common open
collector 7400 series TTL logic. Decreasing the value of the 10K TTL pullup
resistor will slightly speed up the circuit, but for a lamp type application
such as this anything from 1K to 100K would be adequate.

TTL Logic Compatible
Lamp Driver

+24 Vv

1/4 SN7401 10K 2
VMP1

Figure 10

The fairly inexpensive and minimum parts count 1 KHz logic controlled audio
oscillator shown in Figure 11 demonstrates both the logic compatibility and the

practicality of the VMP~1 in consumer type circuits.

Audio Alarm

4-16 §2
SPEAKER
5V
1/2 CD4011
BE
STRO O

(LOW = OFF) VMP-1

400K

800K -001 uF

f=1kHz

Figure 11
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The CMOS logic controlled analog switch shown in Figure 12 has an ON
resistance of from 20 to 3 for analog signals from OV to 10V. The OFF leakage
is less than 0.5uA. Since the body is tied to the source (necessary in a 3 lead
power type package) the analog current flow should always be from drain-to-source.
Reverse current flow would encounter the forward biased body-drain PN diode

shown in Figure 2a.

Low Resistance
Analog Switch

1
—
SIGNAL D VMP1 S

source © ”I O LoAD
+15V

1/4 CD4011

0 < VgigNAL = +10V

Figure 12

The VMP-1 MOSPOWERTM FET switch offers several new dimensions in high
current, high speed, and high "Beta' capability for power switching designs.
Its elegant simplicity for logic compatible designs and its versatility in
improving on the performance of Darlington bipolars promise a very wide

spread acceptance of this device.
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11. EVOLUTION OF THE IC OP AMP
' JIM SOLOMAN, TOM FREDERIKSEN, AND
NELLO SEVASTOPOULOS
National Semiconductor
Santa Clara, California

Early op amps made use of lateral PNP transistors (Fig. 1) to
solve dc level shifting problems in design. These monolithic
transistors have relatively poor fp resulting in limited overall
frequency response in the op amp. "In addition, bipolar transis-
tors (when biased for good frequency response) make the input
current relatively large.

The Super- NPN transistors first announced in the National
LM108 op amp (Fig. 2), reduced the input current. This was a
major step forward in op amp technology. Unfortunately, lateral
PNP transistors were still needed and therefore, the speed of
the op amp was essentially unchanged.

Slew-Rate enhancement techniques (Fig. 3) have been developed,
but these tend to degrade both V, g and V drift due to the
increased circuitry added at the input sgage. More important
are the problems which arise due to the undesired gain enhance-
ment during slew which can cause transient instabilities.
Finally, a large differential input overdrive is required for
enhancement.

A useful technique for increasing the bandwidth is to feed the
signal around the slow responding stage (Fig. 4). This
"Feedforward" technique was introduced in a monolithic amplifier
by National (LM118). Although the bandwidth is significantly
improved, the settling time and input current are relatively
unaffected.

Today we see two trends in new op amp products (Fig. 5). One

of these is to lower the cost of the standard op amp. National
has led the industry in the introduction of the low-cost Quad

op amps. The other trend is to provide a high performance op amp
for the more demanding applications.

As we have seen, the limitations of the standard linear IC process
allow only an improvement in a single specification at a time.

To overcome these limitations we need some better active devices
to design with.

The BI-FET process (Fig. 6) gives us an improved active device,
an ion implanted P-channel JFET which can be build on the same
chip with standard bipolar transistors. The good control of the
implant results in well matched JFETs. They are also wider band
devices than lateral PNP transistors with roughly the same break-
down voltages. Their input current, however, is orders of magni-
tude less.

Notice that the matching of these FETs (Fig. 7) gives essentially
the same V and Vpog drift as that of the bipolar transistors.
The input elirrent (1 ) is down several orders of magnitude, the
noise performance 1sglmproved -especially for large source resis-
tances, and we have also overcome the bandwidth limitations of
the lateral PNP transistors.
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Most IC op amps can be modeled as a cascade of a transconductance
amplifier and a transimpedance amplifier (Fig. 8). The first
stage converts a differential input voltage into a single-ended
output current. This current is the input to the second stage.
The maximum value of the current determines the rate at which

the voltage across the compensation capacitor (Cg) can change
which is the slew rate of the op amp.

The overall gain is the product of the first stage transconductance
(g) and the second stage transimpedance (1/jvC¢). The bandwidth,
the frequency where this gain is unity @gy) therefore is deter-
mined by the ratio of gm to Cg.

Introducing the second equation into the first (Fig. 9), we see that
slew rate is proportional to the ratio of the maximum first stage
output current (i x) to the first stage transconductance (gp). For
a bipolar transis%ér this ratio is kt/q. For a FET operating at

1l sg’ this ratio is one-half the pinch-off voltage (Vpgy). Therefore,
tBe slew rate of a FET input op amp can exceed that of a bipolar
input op amp by a factor of 20.

The basic design of the LF 156 (Fig. 10) is a differential JFLT input
stage followed by a differential bipolar second stage (for
symmetrical second stage bias current loading). FET current source
loads are used for the first stage to minimize Vpg and Vo drift.

As a result, a common-mode feedback loop is required.

Common-mode feedback loops are interesting. At dc, the compensa-
tion capacitor (lOpF) is an open circuit and the feedback to the
sources of the input FETs is common-mode. For ac inputs, the
compensation capacitor will absorb the output current of the first
stage. Note that the other differential output current is
constrained to be essentially zero (there is no place for current
to be absorbed). Therefore, the entire differential input

voltage is impressed across the gate-source of the non-inverting
input FET. This provides a gain doubling differential to single-
ended conversion.

The performance of the output stage of an op amp has also been
limited by the poor frequency response of the monolithic lateral

or vertical PNPs. A significant improvement in the open loop
output impedance (at both high output currents and hign frequencies)
has been made in the LF156 by use of a FET.

The ability of an op amp to absorb high frequency load transients
or to drive large capacitive loads (and maintain stability) is
determined by the high frequency open loop output impedance (Fig.
11). In order to keep this small, a high frequency FET=-WPH
composite is used for the lower side and the upper NPN output
transistor remains biased "ON" even during output current sinking
to bypass the composite at high frequencies.

Adjusting the offset voltage of the LF 156 (Fig. 12) essentially
does not affect Vgg drift. With conventional op amp Vgg adjust
techniques, external resistances shunt on-chip resistances to
change Vgg. The resulting TCs of the two equivalent resistances

do not match and therefore Vgg drift is degraded. In addition, tae
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signal path is affected and CMRR and gain can be degraded.

The offset adjust schematic of the LF 156 uses a single 25 k
potentiometer to set differential FET currents which modify
dc biasing only and therefore does not degrade the amplifier.

The LF 157 (Fig. 13) is a broadbanded version of the LF 156.
This amplifier is useful in applications requiring: wider
bandwidth, faster slew rate or larger power bandwidths. Using
the conventional feedback configuration the closed loop gain
must be 5 or greater to insure stability.

The LF 157 can be used as a unity gain inverter in the connec-
tion shown in Fig. 14.

This unusual feedback schematic maintains the slew rate and
power bandwidth of the LF 157.

In keeping with the current "National" policy to conserve
energy, a lower current drain version of the LF 156 (the LF 155)
is also available (Fig. 15) Although the input commonmode
voltage range and the output voltage swing become a smaller
portion of the supply voltage, the LF 155 can be operated on 6V
batteries.

The noise benefits of a FET input op amp are most significant
for large source resistance (Fig. 16). This is a result of the
very small magnitude of the input current. The noise current for
a FET is so small it is hard to measure, but it can be calculated
from the standard shot noise equation: in _

— = +/2alg

Vv Hz
The benefits of the new Vos adjust circuitry which is used in
the LF 156 are shown in Flg. 17. A change in Vgg drift of only
0.5uV/°C per mV of adjust is typically achieved.

Notice that the long term Vos drift of the LF 156 approaches
that of the better bipolar op amps (Fig. 18).

The requirements for fast settling time, low bias current and

low offset voltage of the current to voltage converter op amp
which is used at the output of a DAC make the LF356A a good

choice (Fig. 19). As a result of the switching which takes

place at the input of this op amp, transition "glitches" can appear
in the output voltage waveform. A high speed, fast settling op

amp reduces the total time during which there is an output voltage
error due to these transitions.

A less obvious problem is the requirements on the op amp which
drives the apparently dc" bias line for the current switches.
The high frequency open loop output impedance and the settling
time of this amplifier can limit the overall settling time of
the complete DAC.

In a prgcision application, where a large loop gain is required,
the available open loop gain of standard op amps may be insufficient
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even as relatively low frequencies. The large gain pandwidth of
the LF356 is needed in many "apparently" low frequency applica-
tions to increase the loop gain. (Fig. 20).

In this standard three op amp instrumentation amplifier of Fig. 21
the CMRR depends upon the matching of the four resistors which are
tied to the output op amp. The input op amps can degrade the
overall CMRR if they generate a difference between their output
voltages as a result of a common-mode input signal. In addition,

the CHMRR of the output op amp must also be large. Therefore, all
three op amps require large CMRR and in addition all the resistors
need to be well matched for a high quality instrumentation amplifier.

Active filters (see Fig. 22) require a wide gain-bandwidth op amp
building block to provide high Q at high center frequencies

(=%)10 klz). In addition, the low input bias current and high
input impedance of the LF356 allows the use of relatively small
valued, less expensive capacitors which is especially important
at low frequencies.

In voltage tunable oscillators (see Fig. 23) which have a wide
tuning range, the low input bias current of the LF 156 is
required. Tnis easily allows extensions of the low frequency
range. Also, the high frequency limit is extended over that
obtained with standard op amps.
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LF156 COMPLETE SCHEMATIC
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LF157 AS UNITY GAIN INVERTER
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GBW = 2.5 MHz
= ov LF155
TRANSISTOR
BATTERY
e Vourl =~ +5 - (Vgg) SLEW RA;I’E
o ‘VEN =0 28Vl ...CONSERVE ENERGY
® BW =5 MHz
e POWER BW =500 kHz )
' Fig. 15
Fig. 14
INPUT NOISE VOLTAGE INPUT NOISE CURRENT
A 4
150 | gl
~ CA3130 N
5 100 | cMOS E 6
= z
50 741 LF156 3r &
LF156
/JFET (0.01 pA/r/H2)
o _— L i : D 1 1 L ,;
10 Hz 100 Hz. 1kHz 10 kHz 10Hz 100 Hz 1kHz 10 kHz

Fig. 16

THE LF156 HAS LESS DRIFT PER MILLIVOLT OF

OFESET ADJUST THAN ANY OTHER FET OP AMP
LONG TERM DRIFT OF OFFSET VOLTAGE

(Tj =125°C)
[Vgs DRIFTI
3 HYBRID JFET 1AVos !
35 b 2‘5 CcMOS
! JFET
HYBRID
o 25+
B LFA56 MONOLITHIC
Ty JFET T 1t
s o R N VO SO T | 1 AVos LF156 BIFET
0 » NuLL
1 5 10 LM101A BIPOLAR
\Y) 0 . L >
m 1000 2000

HOURS OF OPERATION

CHANGE IN OFFSET DRIFT WITH Vgs NULL
Fig. 18

Fig. 17
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FAST 0.01% ACCURATE 12-BIT DAC

VIRTUAL GROUND
SETTLES IN 1.5us
PREEESY'Y Y W —
2mA h
M“l LF356A e © Voour
+

LM11340 Lm11340
DAC DAC

2mA
b ; NEED Ig << —— =~ 0.254A
$ 33 32 $333 SE'”“”"“‘ B ™™ 8192
-——- 11] = FOR 0.01% ACCURATE
QOUTPUT SETTLES
1.2us AFTER MSB
Fig. 19 APPLIED

20 2n

12.8IT
MULTI. DAC

Yy

o—
400 Hz (0"
>
o

12817
MULTL. DAC

Yy

o=
400 Hz /90" §| l




HIGH IMPEDANCE INSTRUMENTATION AMPLIFIER

v+

VAN
R1 R
GAIN
ADJUST

L= AV LM108A

Fig. 21 =

STATE SPACE FILTER

Ho, @ ADJUST
v IN O—A VAvAv + JvAvAv -
hs b—oOLP
= +
<)
SaDJUsT
1 ) Cod
- HP BP
A A A
GBW
NEED Oxf, < — 2R
10 OP AMP Vout =2 ﬁ-‘i + 11 Av

e LF356 ALLOWS Q ~ 50 AT f, ~ 10kHz © CMAR:100dB

® 500 kHz 10Vp-p POWER BW ELIMINATES
DISTORTION DUE TO SLEW

Fig. 22
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THE LF156 IN A V/F CONVERTER

£ .,
Il
.
v-f
R Vch 1
Vin O—AAN—4 - =
LF156 1]

sv

aQ DM74574
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!
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CLK GND

+— ]
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-5V
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LOW Igjas ALLOWS WIDE RANGE

Fig. 23
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12. 164 CHANNEL FREQUENCY SYNTHESIZER
FOR CITIZENS BAND, 82 CHANNEL TELEVISION
CATV AND MARINE RADIO

Andrew C. Tickle
Director of Advanced Products
NITRON
Cupertino, California

The NC6400 is a single LSI circuit which replaces
most of the standard digital circuits in multichannel
synthesized radio and television applications. 164 fre-
quencies are stored in a 2378 bit on-chip ROM accessed
directly by a keyboard. The frequency range of the chip
is extended up to 1 GHz by using standard external pre-
scaling counters.

MAIN FEATURES

164 mask programmable frequencies

Independent frequencies for transmit and recieve
Keyboard decode

Output to channel number display

Single 5V supply, TTL compatible

APPLICATIONS

Citizens band radio transceivers up to 82 channels
82 Channel TV tuning

Marine radio telephone, 55 to 82 channels

Airborne and navigational radio

Signal generators and testers

DISPLAY VHF ‘f Y UHF
FEl
‘ . : VARACTOR
NC6410 band switching TUNER
o —
KEYBOARD :10/11 <64 | l
IF OUT

BLOCK DIAGRAM SHOWING 82 TV CHANNEL SELECTION
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13. 64x4-BIT NONVOLATILE MEMORY
4-BIT BYTE ALTERABLE

Andrew C. Tickle
Director of Advanced Products
NITRON
Cupertino, California

The NCM7040 is designed for simple interfacing and operation
in systems that must retain data during power outages
without battery backup. Data may be altered or updated
either by operator command or by the system itself. An
external programming system is not required.

MAIN FEATURES APPLICATIONS
Power Off Storage Program Storage Microprocessors
Fully Decoded Preset Frequency Tuning
Single BYTE Alterable Repertory Dialing
Chip Eraseable Machine and Process Control
Tri~Level Outputs POS and Credit Status
TLL and CMOS Compatible Calibration and Error Correction
BLOCK BLOCK
(ROW) GATE
As"'""" ' \! Drivers l N\ 16X16 Array
A‘..__ Address ]
A,—— Decoder - —_
A 4 V
AN € 5
-Ms—— MODE ‘ N
“1————1 Decoder LATCH
caA—1, 11
/ 1/0 Buffers
A -] WORD A
3 {Column)
M R
BLOCK DIAGRAM Dy DIZDI,DII , Dopopopo,
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14. SELECTING, UNDERSTANDING AND
USING 3-TERMINAL REGULATORS
JIM SOLOMAN, TOM FREDERIKSEN, AND
NELLO SEVASTOPOULOS
National Semiconductor
Santa Clara, CA

The following chart illustrates some of the features of three-
terminal and multiple-terminal regulators.

FEATURE 3 TERMINAL MULTIPLE
Vour Fixed  (Same Tolerance) Adjustable
Internal, Non- External, Single Resistor
Current Limit
Programmable Programmable
Practical for +
Foldback Internal

Complex for —
Thermal Shutdown Internal Complex Circuitry

Uses Large Number of
Ease of Application Very Easy
External Components

Note: Foldback current limiting in multiple terminal regulators
(ex. LM104) is more complex because it occurs between -Voyr and
-ViN (instead +VOUT and ground for positive regulators). Con-
sequently, it redqulires more circuitry than simply 2 resistors.

So why a 3 terminal regulator? Simplicity: (1) faster thermal
sensing, better protection; (2) regulator in a power transistor
package; (3) space savings, cost savings.

Three terminal regulators have the pass transistor and the
protection circuitry in the same package. This allows a faster
thermal sensing of the pass transistor and consequently, a better
protection. With multiple terminal regulators, thermal sensing

of an external pass transistor will require added complex circuitry.
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A SIMPLIFIED SCHEMATIC OF A 3 TERMINAL REGULATOR

Vin O . 4

1
<>——j+> f
é—HEAT SOURCE
- ]

VOUT

(=)
/-

lout
PEAK

Vin = Vour

Circuit description:

Q2, R¢, R3, R4, Zener are elements of the protection circuitry of the positive 3 ter-
minal regulator. Current limiting occurs by turning Q2 “ON"’ which removes base drive
from Q1. When V| — VourT is less than approximately 7V, Rc senses the full output
current which, in this case, is about Vgeg/R¢ . This is represented by the flat portion of
the curves. When V| — Vgoyut exceeds 7V the zener breaks down.

The current flowing through R3, R4 and R prebiases transistor Q2 and current circuit
limit will occur at lower output currents. This is represented by the negative slope
portion of the curves. The rate of reduction of current limit {or output peak current)
with increase in V| — VguT is given by:

AloyTPEAK R4

A(Vw—Vour)  R3RcL

Also,the regulator has another transistor (not shown in the above schematic) physically
located close to the pass transistor Q1. It is normally biased “OFF’ for junction temper-
ature less than 150°C. At high junction temperatures (150°C to 190°C) this transistor
turns “ON,"" removes base drive from Q1 and shuts down the regulator.
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SOMETHING ABOUT THERMALS'!

Vinioe) Q=== REGULATOR *—> @

__I__ SWITCH

LOAD

Vour

THERMAL UNIFORM HEATING
REGULATION DUETO Vgee T.C.

i

=20 ms ——=

~=-—— ELECTRICAL REGULATION

In the previous slide, we show the pass transistor of the 3 terminal regulator acting as a
heat source. In fact, few designers realize that many of the specifications limits of high
power regulators are determined by thermal considerations, rather than electronic ones.
If we apply a high current step load to a 3 terminal regulator the voltage output will
typically look as illustrated in the figure above. This response is due to both electronic
and thermal effects, and it will consist of:

1) Initially a negative spike (not shown in the figure) due to the presence of regulator
and circuit lead inductance. The duration of the spike generally is less than a us.
(This spike does not have the energy to destroy TTL's. Ex. 0.1uH, for 100 ns and 1A
load will generate a —1V spike).

2) The negative spike will be followed by the electronic response of the regulator
which will consist of a small negative step of a few us duration. (It will depend on the
load capacitor, and wire bond resistance in the regulator. Note that the LM 123 (3A
regulator) uses electronic compensation to cancel the effects of wire resistance.

3) The exponential decay of the electronic response will be followed by another
exponential with a time constant of 20—40 ms. This is the major thermal response
which results from a thermal gradient established across the die. It will be analyzed
in the following slide.

4) The fourth portion of the regulator response shows a long term settling effect which
is due to uniform heating in the die, header and heat sink. This heating causes a normal
temperature drift effect in the voltage reference which results as small change in the
output voltage.
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A SIMPLE THERMAL MODEL

~SURFACE THERMAL WAVE

DISTANCE

REFERENCE

.

N _T_‘M_‘W:L
T

HEADER — g —Tc

—
>

To study the thermal response of the regulator, we represent a cross section of the die
where the power pass transistor and the reference voltage circuitry are coupled through
a distributed RC transmission line. This line is the electrical analog of a thermal line with
temperature replacing voltage, power replacing current and thermal resistance replacing
electrical resistance:

AT

———— = { (thermal resistance)
POWER

A step increase in power will cause a pass transistor temperature rise T;. Temperature
gradients (voltage drops) then begin to set up across the die as the heat propagates
through the die (transmission line). The various components of the reference circuitry
are no longer at the same temperature and small thermally-induced shifts occur in the
reference voltage. This phenomenon reflects at the output as a change in the output
voltage with respect to a change in power dissipation of the pass transistor. After
approximately five minutes, the die is uniformly heated which causes the last portion
of the regulator response curve (see previous slide).
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WHICH IS THE BEST VRgf ?

ZENER REFERENCE BAND GAP Vger
R2
¢ —O Vger = Veer + W AV gg
R2
01
Vger
RS Ve
e BETTER INITIAL TOLERANCE ® LOWER NOISE

e LOWER INITIAL DRIFT e BETTER TEMPERATURE COEFFICIENT

From the previous discussion, it follows that the voltage reference circuitry greatly
affects regulator performance. The band gap reference (or AVgg reference) uses
the predictable base-emitter voltage difference (AVgg ) of two transistors operating
at different current densities. It offers low noise, and very good long term stability.
Because of the physical spread of components, the AVgg reference is more
sensitive to thermal gradients than temperature compensated zeners. On the other
hand, the zener reference has better initial tolerance than AVgg and better initial
drift. Its major drawbacks are noise and long term stability due to surface
contamination.
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The long term stability of the zener reference can be improved
by using ion implant to create a subsurface breakdown and to pre-
vent surface contamination of the zener. Because of the good
initial tolerance of such a reference, National now offers

t2%, 1oquA regulator (LM340L).

How do you select the proper regulator? You need to know:
(1) v and tolerance, (2) V Range, (3) I (Max) , (4) Tp(Max),
(5) 75 (Max) . IN out

First, pick a T

.(Max). Rule of thumb is Tj(Max) is less than
or equal to 125

Jdegrees C.

Even though the specifications allow T.(Max) = 150°C, we suggest
operating the regulator at a junction %emperature at or less than
125°C for optimum reliability consistent with practical design.

A more detailed discussion of Tj(Max) will follow.

Second, make an initial selection of possible regulators.

Third, narrow the choice by using curves to check IyypPeak.

4 -
T,=125°C
3 | LM123
<
5 2}
[*}
- LM109K
LM109H
. LM340
LM341
| LM78L Lm342 Lmsanl
] 1 -

5 10 15 20

Vin = Vour (V)

Note that these curves show typical performance of positive
regulators. However, they give a very good indication of the
maximum current each device can provide with respect to
Vin - Vour-
THEN COMPUTE Pp FOR HEAT SINK
REQUIREMENT

Pp= [lour X (Viy = Vout)l + [Vin X lg]

DETERMINE IF HEAT SINK IS NEEDED

T, -T
iMAX) A(MAX) .
OsaitoT) = o ‘c/w
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Is the regulator capable of dissipating the required power,
even if it is connected to an infinite heat sink? This is
determined by considering the following inequality:

ega(ror) > ©gc (of the chosen regulator)

If this inequality is not satisfied, a higher power regulator
must be selected.

With the proper regulator selected, determine if a heat sink
is required.

1) If ega(roT) D ©ga (of the chosen regulator) heat sink
is not needed.

2) If ejc(regulator) < 6ga(Tom) < 8ga(regulator) heat sink
is needed and its thermal resistance Bgp can be computed
from:

®sa = Oga(ror) - Ogclregulator) - 6cs

8cgs is the thermal resistance from regulator case to heat sink,
and it depends upon the quality of heat sink mounting. In any
case Bpg is not a necessarily negligible number.

Select proper heat sink using our selection guide or design your
own. Remember: (1) mount cooling fin vertically, (2) anodize
or paint fin surface for better radiation heat flow!

AN EXAMPLE

VouTt = BV +5%, Vin = 15V
louTiMAx) = 0.7A
Tamax) = 60°C; Tj = 125°C

1. FOR 0.7 AMPS
LM340T-05, LM309K, LM340K-05, LM341P, LM309H, LM323K

2. FOR THIS POWER DISSIPATION
Oya(roT) = 9-3°C/W: LM340T-05, LM340K-05,
LM309K, LM323K

‘om 3. USE:
O,a(moT)(°C/W) ©,c(°C/W)  BOca (°C/W)

LM323K 9.3 2 7.3

LM309K 9.3 3 6.3

LM340K-5.0 9.3 4 5.3

LM340T-5.0 9.3 4 5.3

BLACK ANODIZED ALUMINUM

Note: Here for simplicity Ocgs is neglected.

-166~

R




Some Hints on Common Applications

ADJUSTING THE OUTPUT VOLTAGE:

OVour ~ 5V +R2 (I + 5V/R1)

(o Sy 5V
]
— SR jswm
T L3

la R2

By varying the output voltage as shown, the load/line regulation degrades by the
percentage of the adjusted voltage plus the drop across R2 due to Iq variations. That is:

R1+ R2 Alg
) + x R2

Load Regulation Specified Regulator Load Regulation
= X v
R1 1A of Load Change

1A of Load Change 1A of Load Change
For predictable results the regulated current through R 1 should be at least 5 times
the maximum specified 1o, which implies a certain power loss.

A BETTER APPROACH !!!
BUT WE NEED AN OP AMP

POSITIVE
O " REGULATOR

e

- : 1
" )

— =

1}

1
P
———an

The overall performance is improved because the low output impedance of the op amp
compensates for Alg variations. Also the current through R1, R2, R3 can now be very
small (< 1 mA) and consequently there is no loss of available power. If negative
supply is availebie the circuit can be modified so that the regulator adjustable output
range will include ground. {See Vairsge Regulator Handbool for details.)
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BOOSTING POSITIVE REGULATORS
REQUIRES POWER PNP

R
POSITIVE o 0
Viy O—4¢ | REGULATOR Vour

PNP NOT PROTECTED

This is the simplist way to boost a 3 terminal positive regulator (we need an NPN for
negative regulators}. The PNP is not short circuit protected. An unexpected failure
mode can occur in the following way: if the load is removed, the transistor is going to
saturate before turning “OFF " and force approximately the input voltage to the output
of the regulator. The regulator will experience a catastrophic failure. This is not true
for the LM 120 series.

CURRENT SHARING PROTECTS PNP TRANSISTOR

'_82'
R1 REC

POSITIVE
REGULATOR O Vour

T I T

Using a current sharing technique, the short circuit current of the PNPis (R2/R1) 1g¢ |

(regulator) and the external pass transistor is protected. The disadvantage of the circuit is the
use of low value power resistors R1, R2. |
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DUAL SUPPLIES CAN BE TRIMMED

Wi REGULATOR * 0 "Vour
D1 % 240Q
A >
¢ W2 1K

N

Tssg "—i b
COMMON

AWV—4
X
W
te)

8 "—e

|+
|

J
o
1S

NEGATIVE -y
REGULATOR hd e A ouT

-Vin

® NO TRACKING ACTION

By using both the positive and the negative output of a dual supply each regulator
output can be trimmed below its nominal value. Diode D1 is a germanium diode and
helps the positive regulator start with a negative load greater than 600uA (assuming
that the negative regulator has already started). Diodes D2, D3 are for protection
purposes and should be rated at the full output load.
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10 AMP REGULATOR

Rt
A0

LM123

R4
20 mA

—
: J
A0
2w
1
LM123 2 -
3
RS
20 mA
—_—
R3 i
10 p 1V
2w )
2

1
Vin O—@=AN—@- LM123

Co

4.7uF
b 3 SOLID Sk
SOLID =—g— DNTALUM
TANTALUM \

*SELECT FOR 20 mA CURRENT FROM UNREGULATED NEGATIVE SUPPLY -

The overload protection built in the monolithic 3-terminal regulator makes them very
attractive for high current operation if there is an elegant way to parallel them. The
major difficulty to the parallel operation is the problem of current sharing between
devices. Variations in Vg1 will cause some regulators to be in current limit while others
are conducting no current at all. If the current limited devices dissipate enough power,
they will temporarily shut-down and then begin cycling “ON""-“OFF.”” The drawback is
obvious: the reliability of the power supply will degrade.

The above schematic sholvs a way to connect three LM 123 in parallel without having the
problems-already discussed. The price is complex circuitry! The two operational
amplifiers together with resistors R1, R2, R3 control the ground pin potential of the
regulators, such as all three of them conduct current simultaneously regardless of their
output voltage tolerance.
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SWITCHING REGULATOR

POSITIVE o
Viy O———@—=AA/N/ & REGULATOR O Vour
[ > __I_
I_ :: - c LDAD

Self-oscillating mode switching power supplies can be made using 3-terminal regulators.
Positive feedback through resistive divider R1, R2 is applied to the ground pin. With the
input supply ““ON,” the load draws current through the regulator which turns “ON"’
transistor Q. Power is applied to inductor L and the ground pin of the regulator is lifted
by a few mV. As the inductor current increases the regulator supplies less current to the
load to finally turn “OFF’ Q. The ground pin of the regulator pulls down and the
inductor keeps providing load current through D until the output reaches the nominal
regulator voltage where the cycle starts again. Because of the high saturation voltage

of the regulator the efficiency of the power supply can barely reach 80%.
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TRACKING DUAL SUPPLIES

With the 1% tolerance for R1l and
R2, the positive regulator tracks
" POSITIVE the negative within 100 mV. The

REGULATOR 1 O oo base of Q1 is held at a virtual
" S ground and Q2 conducts the quies-

)

1 cent current of the positive reg-
R1

Tk ulator. If -V, o falls, the

-T- W 1 oo ——raorecrion collector-base junction of Q1

Q2 ) forward biases to raise the col-

L lector voltage of Q2 and +Vgpyr
Q1r1 increases until V, reaches again

) its virtual grouné voltage. Cg

l_ ;L is a compensation capacitor and
D~ + $% Zos ~— rmorecrion Dl a germanium diode as already

T 3 T discussed.
o BT, ‘ o

® STARTING UNDER COMMON LOAD ?
e HOWTHEY TRACK ?
BASIC CONNECTION

YOU CAN DO EVEN BETTER:
+Vin
- -
0.22uF
+30V O O +15V P—L_ +BO0ST g 0224
S =
r‘ mg +Re -
INPUT LM125 QuUTPUT 1.0k L_r_
= +SENSE
+V,
-3V O ~O ~15V l_ out
GND
REF =
0

USE NATIONAL’S DUAL
TRACKING REGULATORS O

LM125 300 <
1.0k

LM126

LM127

AS SIMPLE TO USE AS A
3-TERMINAL REGULATOR

b

® FIXED *Vgyrt

¢ +TRACKS —

® YOU CAN ADD: FOLDBACK
CURRENT LIMIT
BOOSTABLE
ELECTRON!IC SHUTDOWN

Note: National Semiconductor now offers a dual tracking adjustable regulator, the
L.M128, with output voltages ranging from =7V t¢ z28V. The low output voltage limit
can be fowered further by using a single operationat ampiifier.
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BOOSTING TO 7A

LM125/LM126/LM127

+Vin

+B0OST

O— &
300 e
Ao
+Vsense
Om

& 9 +V =15
I I+40 ouT

% T
—-O VRer - =
0 I
300 -
I
Reu
. 2 \L :—V.N=-20V
I

With a 2N3715 as the driver and a 2N3772 as the power transistor, the maximum
output current is limited only by the power dissipation of the 2N3772 (150W max).
This implies that the short circuit current of the dual supply cannot exceed 7.5A
for a 20V input voltage. Foldback current limiting protection can be added to make
the full output load 10A and the short circuit current 2.5A. (See Voltage Regulator
Handbook.)
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ELECTRONIC SHUTDOWN

LM125/LM126/LM127

——— O BTN

——e (I

r O *Vour f{ 2N4143

\
~ ' REF
O

) “Vut

® TTL COMPATIBLE SHUTDOWN

By grounding the Vg gg pin the positive and negative outputs are forced to 700 mV and
300 mV respectively. Both outputs are fully active so the full output current can still
be supplied into a low impedance level. A complete electronic power shutdown
requires more external components and it is illustrated in the application section

of the Voltage Regulator Handbook.
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Are 3-terminal regulators really blow-out-proof? Well, almost,
but not quite. Under some conditions the regulators may be in-
advertantly blown-out. However, by understanding the most
common fault modes and avoiding them trouble-free performance

can be achieved.
How to blow up your regulator:

D
F—— - -~
|

| | -—?

v POSITIVE

N REGULATOR I OVour Vin O I ‘ REPGOSILI\I’YSR Vour
I. J_ I ” I .|..

® SHORTING V;y WITH Cout PRESENT e TRYING TO SINK CURRENT

For example, suppose V,y is shorted with Coy1 present. The input voltage will fall
instantaneously to zero, and the output will try to follow it. Since the output capacitor
cannot discharge instantaneously, it will force a reverse voltage across the 6.3V break-
down emitter-base junction of the pass transistor. Regulators with Vot > 6V will be
zapped. If this type of fault is anticipated, a fast diode connected from output to input
will discharge the capacitor and protect the regulator.

In a similar manner, forcing a positive regulator to sink current (or a negative regulator
to source current) will also cause permanent damage to the device.

POSITIVE AA
Vi O]
|
X —
. ——
]
=

POSITIVE o
REGULATOR Vour

1

T

v
wO I REGULATOR I O Vour

® LOSING GROUND PIN e MOMENTARY OVERVOLTAGE
WITH Coutr PRESENT AT THE INPUT

Suppose the ground pin was disconnected with Coyt present and jche CII:CUIt in operation.
(This may occur when inserting a regulator into a live test socket, if the .mput and output
leads make contact before the ground.) VouT will pull-up to V!N , charging the output
capacitor close to the input voltage level. When the ground leg is connected, "che |
capacitor will try to discharge through the regulator zfmd the fault mode previously
described will occur. Momentary overvoltages at the input can cause device fallure if

they exceed the maximum forward (or reverse, if the overvoltages are- negative) .

ratings of the device. The solution to this is to use a large input capacitor, a transient
suppressor, or an input choke. -175-



Agside from unusual circuit conditions as discussed previously,
the single greatest threat to regulator reliability is heat.
Most failure modes are due to die surface related effects,
such as zener voltage drift due to field effect changes caused
by movement of ions in the oxide. The failure rates are
directly related to die temperature. Thus, the cooler you
keep it, the longer it lives.

RELATIVE LIFE EXPECTANCY

-
- C]

-

00l

0L

JHNLYHIdWNIL NOILINNT
2.621

2,061

7

The life on any semiconductor falls off rapidly with temperature. An IC device

running at a steady state T; = 125°C would experience a failure rate approximately 145
times greater than at T; = 70°C. The “acceleration factor”’ from T;=125°Cto T; = 160°C
is 6.3 (and from 70°C to 150°C it is 145 x 6.3 = 9131).

When designing in regulators, a good rule of thumb is to allow a Tj max of 125°C. This
temperature has been found to be a suitable compromise between good reliability and
realistic design practices.

THERMAL CYCLING

%—IJ L S
TP
L L Ll L2

Thermal cycling alsa reduces the life of a regulator. Powering up or switching a load
“ON’' and ““OFF" continuously subjects the die attach material to therma! stress. This
stress tends to work-harden the material and eventually can cause poor die attach.

The increase in thermal resistance due to poor die attach can cause over-heating and
eventual failure of the die.
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THERMAL I .
CYCLES i AT = 50°C (Tymax) = 125°C)
-
100k |-
10k -
1k
GOLD SOFT

EUTECTIC  SOLDER
BONDING BONDING

How important is thermal cycling? It depends on the bonding material used. Soft
solder tends to work-harden more easily than other types, but it gives very uniform
initial bond. Regulators bonded with soft solder are very reliable in applications
where thermal cycling is kept to a minimum, such as power supplies that are turned
““ON"" once or twice a day and continually supply power.

Gold eutectic bonding, on the other hand, shows a tremendous resistance to work-
hardening caused by thermal stress. This bonding material will typically withstand
over one million thermal cycles without die bond failure (for AT = 50°C).
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15. RECENT ADVANCES IN
LINEAR ICs
JIM SOLOMAN, TOM FREDERIKSEN
AND NELLO SEVASTOPOULOS
National Semiconductor
Santa Clara, CA

The temperature stabilizer on the LM199 is electrically
independent of the reference. It operates over a 9V to 40V
range and holds the chip temperature constant at 90°C.

The reference of the LM199 is formed by zener D3 and the
emitter base junction of Ql. Active circuitry buffers the
zener to give a dynamic impedance of 1ln.

A unique thermal shield encloses the LM199. The microcircuit
is actually packaged in a standard TO-46 hermetic metal can.
The thermal shield minimized power dissipation as well as
improving thermal regulation.

A simple buffered reference can provide a 10V reference with
worst case 3 ppm/°C stability. The drift is 1 ppm/°C from
the LM199, 8aV/°C from the LM108A and about 1 ppm from the
resistors.

LM199/LM299 SPECS
® ZENER CURRENT 0.5 TO 10 mA
® DYNAMIC IMPEDANCE 10
¢ NOISE 20uVems
oV, 6.95V +2%
® TEMPERATURE COEFFICIENT 1 ppM/°C
® LONG TERM DRIFT 20 ppM/1000 HRS
REFERENCE
- ° ® ® ® 1]+
50% a0 suss";g;;g;* w2 g BUFFERED REFERENCE WITH

SINGLE SUPPLY

} 1.5

b4

15 pF 30 pF

014
2k
) +H5V
13 Qa6
10k

>
% 2.6k é TEMPERATURE

STABILIZER *

A |
6.95v

4

-178-



TEMPERATURE STABILIZER
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Recently introduced Bi-FET

integrated circuits‘include the

LM198 sample and hold circuit and the LF11331 analog switch

family.

LM198 SAMPLE AND HOLD
BLOCK DIAGRAM

YELLOW-BLACK-ORANGE

o > &

BASIC CONNECTION DIAGRAM

ANALOG
INPUT

ANALOG
INPUT

ANALOG
OuTPUT

5V (SAMPLE}

0V (HOLD) ‘ I
LOGIC
INPUT

LOGIC
INPUT —

LOGIC
REFERENCE

OUTPUT
FOLLOWER

INPUT

FOLLOWER -

@ / )

LOGIC
DRIVER

(7)

The LM 198 is a monolithic sample and hold circuit. It features high accuracy with wide

bandwidth and fast settling. Gain is
inputs are compatible with nearly al

fixed at unity with a typical error of 0.002%. Logic
| logic families, including TTL, PMOS, CMOS and

even £15V op amp outputs. Input impedance is typically 10'°£2, allowing high sample
accuracy with high source impedances. Leakage current on the hold capacitor is very

low = 20 pA). The LM 198 will ope

rate with supply voltages from 5V to £18V. Pin

count has been held to eight, allowing the circuit to fit in a standard 8-pin TO-5 her-

metic package
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LF11331 FAMILY QUAD JFET ANALOG SWITCHES

O~ O/F: O
I
-

NVNV—@

LoGIC
INPUT o

20

CONSTANT -

ron WITH SWING

ZAP-PROOF

JFET SWITCHES

The LF 11331 family contains 4 independent break-before-make JFET analog switches.
In contrast to CMOS devices, these switches have a constant ““ON'’ resistance with
analog swing. The “ON"’ resistance is specified at 2002 max while switch to switch
matching is guaranteed less than 20£2. Other characteristics are similar to those of CMOS
competition, but dangers of latch-up and accidental burn-out are eliminated. With

5 options in the LF11331 family, a variety of input logic controls are availabie. Three

of these options are provided with a single disable pin which opens all switches regardless
of logic input. The other two options are pin compatible with available CMOS parts.
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VaaseLine O—T LM11340 |—' LM11340

QUAD CURRENT SWITCH LM11340

5k

16k

28 277 278 2-5 = 274 23 2.2 27!

se] ] 1] I 1 1 fws —

> > >
% k 10k
80k % 40k % 20k % 10k 80K 40k 2
A 4 @ L 4

8-Bit D/A Converter

LOW THERMAL

100 ns CONVERSION
FEEDBACK TIME I-MODE
12-BIT ACCURACY

AND LINEARITY

The LM11340/LM11341 are high speed 4-bit current switches designed for use in D/A
and A/D converters having accuracies up to 12 bits. The relative binary weighting of
each of the four switch current magnitudes is fixed by an external precision resistor.
The weighted currents are summed internally to produce a single output current pro-
portional to the logic input code, with either binary or BCD output weighting user
selectable. Also, combining the reference transistor with external circuitry provides
compensation for 8 and V, variations with temperature. Both TTL and CMOS compa-
tibility result from an unusually low logic input sink current of 100uA or less.

Logic levels of the LM 11340, which are ground referenced, are independent of base-

line voltage variations. Logic levels of the LM11341 are baseline referenced: maintaining
the correct levels requires a nominal baseline voltage setting of —4.35V.
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LM1907 TACH/SPEED SWITCH

c

L"}_—"‘ -------- _%

- V, = fin X Ve x RC

The LM2907/LM2917 low cost tachometer series provides the most versatile frequency
to voltage converters yet. Features include frequency doubling with only one resistor/
capacitor pair, an output that swings to ground (0.0V!) When the input frequency is
zero, a simple, easy to use expression describing its function:

Vout = fin X Vee X RC, with 0.3% linearity
And a fully protected tachometer input (x28V!); perfect for magnetic variable reluctance
pickups! At the output you have an op amp driving a 28V/50 mA uncommitted NPN
transistor! Your load can be ground referred, referred to V¢ or any voltage above Ve
up to 28V!
But one part can’t fit every need so there are four:
You can have:

® Single or differential tachometer input

® Both uncommitted op amp inputs
® Zener regulated Voo (LM2917)

See data sheet for part numbers.
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LM389 = AUDIO AMP + 3 TRANSISTORS

Sl

NPN ARRAY

=<
z
AJ

The LM389 is an array of three NPN transistors plus a half-watt audio amplifier, all
on the same chip. The amplifier is similar to the LM386. The LM389 has all the
active components necessary to make an AM radio, tape recorder, phono amplifier,
siren, etc. The LM389 reduces board area, cost and inventory. Almost every audio
amplifier needs three transistors with it, and the LM389 is the answer.

The LM148 is the industry’s only true quad 741 containing exactly the same input
and class AB output circuitry as a single 741. Because of this, all applications which
work with the single can be directly applied to the new quad, with no danger of
operating quirks. In addition, each amplifier has a typical current drain of only

0.5 mA/amp (3x lower than the single and lower than all competition having class
AB outputs), has bx lower input bias current than a 741 and has extremely low
crosstalk between amps.

The LM149 is a quad op amp, identical to the LM148 except the compensation
capacitor is reduced by x5. This results in much improved gain-bandwidth, slew rate
and power bandwidth as noted. Strictly speaking, the device is stable only for Ay > 5,
but operation can be easily extended to +1 or —1 by adding one resistor.

LM741 QUAD

e 0.5 mA/AMP CURRENT DRAIN
e AB OUTPUT STAGE

e CORRECT INPUT CHARACTER-
ISTICS

LM149
A “BROAD BANDED" LM148

GBW = 3 MHz

SLEW RATE = 2.5 V/us
POWER BW = 50 kHz
VOLTAGE GAIN = 5 (MIN)
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THE LM149 GIVES 50 kHz PBW AT ANY GAIN

4R

Vin O Vin 0—‘\M—4

| Ay =-av

Ay =+

Use of the LM 149 for various gains. Normally Ay pmin = +5 or —4, but as shown Ay =
—1 or +1 is also possible. Under thcse low gain conditions, the device exhibits the fully
improved slew rate and power bandwidth, but has a higher output dc offset by x5
compared with a normal LM148.
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ACTIVE TONE CONTROL

R2
Vi i a1 100k a1
0.47,F | I 10k BASS 10k

<
24k p.
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||‘ 9-
o
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=
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>
3k 4’ _
750 1/4 LM348 b—O Vour
c3
0.005.F l +
R4 RS
100k 3

TREBLE

FULL OUTPUT SWING TO 20 kHz

Extremely high quality audio applications are finally possible using op amp approaches.
With the LM 149 high THD caused by the normal 741 10 kHz power bandwidth is
eliminated, and less than 0.05% THD is possible beyond 20 kHz.
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OP AMP MACROMODEL FOR COMPUTER ANALYSIS

O VOUT

T@ maVa

ma V2

i
T

e ALLOWS COMPUTER SIMULATION OF COMPLEX SYSTEMS
e REDUCES COMPUTER MEMORY AND RUN TIMES BY X10
e MODELS AVAILABLE FROM NATIONAL FOR LM148/LM149, LF155/LF156/LF157, LM118

Computer simulation of systems using more than one IC has been very costly and often
impractical in the past. The problem can be seen by noting that each transistor

model in a simulation contains approximately 12 elements, each amplifier contains
30—40 transistors and a typical modern system uses at least four amplifiers plus other
circuitry. Simulation of this “average’’ system requires handling of 1800 to 2000
elements, a task that exceeds the memory capacity of many large computers and leads
to costs per run of $500 to $1000. Using National’s new ‘“‘macromodels’’ to represent
the IC’s, complexities can be reduced by greater than x10 and run costs reduced by
x50. Complete dc nonlinear, ac small signal and large signal transient responses are
accurately simulated by the macromodel. See following table and accompanying
paper.
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LM741
LM301
LM308
LM318
LM324*
LM348
LM349
LM355™
LM356 *
LM357 *

100.5
36
3000
2083
40
300.0
300.0
1.0-10°®
2.5-10°
2.5:10°

NOTES:

KQ
2.754
2,918
7.565
1.887

12,28

3.046
3.046
5.512
3.195
3.195

Use Ebers-Moll Transistor Model, spec. only Bo & 1
For diodes use only IS =10

* These amps use pnp input transistors, the rest use npn inputs.

KQ
5.305
5.767
13.26
1.99
26.53
5.895
5.895
6.366
3.537
3.537

TABLE OF OP AMP MACROMODEL PARAMETERS

CE'
pF
10.5
10.5
5.46
2.09
3.0
10.5
21.0
1.34
1.34
2,7

-15

lo

uA
10.05

9.0
4,5

250

1.8
9.0
9.0
30.0
75.0
75.0

Im2
e
188.5

173.4

75.4
502.7

37.7
169.7
169.7
157.1
282,7
282.7

g™ 10

Im4
m{

7.72
7.72
3.86
30.89
3.86
7.72
7.72
57.9
77.2
77.2

6
30

6
10pF
10pF

2pF

LM741 macro can be used for LAA1458, LM747, or LM358 and 301 for 307,

Ry

= 1.3MQ and 93 = 7.72mV for all amps

R3
KQ
1061
92.26
398
39.8
265.3
88.42
88,42
127.3
70.74

70.74

KQ
2.0
2.0
7.77
.970
3.1
2,0
2.0
1.38
1.04
1.04



l6. EXPLODING THE ADDRESS MULTIPLEXING MYTH
BRUCE THREEWITT
Manager, MOS Applications
Fairchild Semiconductor
Mountain View, California

Since the introduction of the 4096-bit read/write RAM, semiconductor memory costs have
been comparable with those of core memories. The transition from core designs to semi-
conductor designs has been painful but inevitable. Part of the pain has been caused by a
lack of one industry-standard 4K RAM. The competitive nature of the semiconductor industry
has hindered the development of a standard memory component until recently. Users have
applied sufficient pressure to the semiconductor industry to cause the proliferation of 4K RAM
versions to cease. The definition of the 4K RAM is beginning to converge around a multi-
plexed address approach and one particular non-multiplexed address approach.

A brief history of these two arenas would help outline the evolution of the present versions
of the 4K RAM. The first Monolithic 4096-bit RAM was introduced in February of 1972.

It was a relatively slow device utilizing an 1103-like cell (3 transistors per cell). This de-
vice, called the 2107A, was offered in a 22-pin package which, at that time, was not a
standard package. The package pin spacing was 0.4 inches, not well-suited for wirewrap
systems or automatic insertion.

The next version was introduced by another company in the same pin-outs based on a single
transistor cell, This device was more nearly speed-compatible with what the computer main-
frame builders required to replace core. Soon thereafter the 2107A was followed by the
21078, still pin-compatible but based on a single transistor cell.

At this point it was clear that at least one multisourced version was emerging as an industry
standard. Furthermore, the single transistor cell appeared to be the favored technique for
achieving the required density. Other advantages offered by the single transistor cell in-
clude better noise immunity, less power, and higher speed. To achieve the requisite speed,
power, and low cost the N-channel MOS Technology seemed necessary. This necessity
limited the contestants in the 4K RAM competition to a few semiconductor manufacturers.
Thus, a combination of circuit and process innovations were required to make the 4K RAM
possible. This use of a new technology contributed to the pain of transition from core, a well-
known magnetic technology, to an esoteric state~of-the-art semiconductor approach for dense,
high=-capacity computer memories.

Meanwhile, another bid was made for an N-channel 22-pin version called the 6605, This
device was introduced by two semiconductor houses in active co-operation to alleviate the
multisource problem. Meanwhile, a novel approach to the architecture of the device allowed
a 16-pin version to be introduced, called the MK4096. The architectural change involved
time -multiplexing the address lines. Since twelve addresses are required to uniquely access
4096 bits, two pairs of six addresses could be supplied to the device. Since the cell matrix
was organized in 64 rows and 64 columns, supplying the row addresses first and the column
addresses next was easily implemented with on-chip latches and simple logic. This multi-
plexing technique caused no penalty in access time because the row address path was con-
siderably slower than the column address path. Thus, while row addresses were propagating
toward the cell matrix, the column addresses were entered and used to select a particular
sense amplifier and prepare the output latch for data.

The advent of the 16-pin 4K RAM caused panic amongst the 22-pin suppliers. They began
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looking for reasons why the address multiplexing would cost more money or consume more
power or result in a major performance penalty. Of course, none of these drawbacks really
apply to address multiplexing as we will see in a later section. Nevertheless, the myth
against multiplexing was born.

To further combat the inroads, the 16-pin 4K RAM was making in the market, competitors
modified their 22-pin approach to make it fit in 18 pins. This package offered some of the
same board space savings as the 16=pin package since it had 0.3=inch pin spacing. In fact,

it is only about 10% bigger than the 16-pin package. To achieve 18 pins, however, re-
quired some significant system performance sacrifices. Figure 1 shows a comparison of the
22-pin, 18-pin, and 16-pin packages. Notice that the 22-pin design only consumes 21 pins.
To reduce the pin count to 18 requires the elimination of the TS pin (the TTL-level chip select),
the combining of the input and output to form an 1/O structure, and the elimination of the Vec
(+5wolt) power supply pin. Vcc is used only on the output buffer to provide an active pull-up.
Its elimination implies a bare drain output structure with an external passive pull-up. These
changes reduce the count to 18 pins.

Two problems are immediately apparent. First, to select an 18-pin RAM requires manipulating
the €hip Enable clock input. This input requires a 12-volt swing. It is not TTL-compatible.
Secondly, an external resistor is required to pull the output to a logic "1". This character-
istic reduces the load=driving capability of the 18-pin RAM. Also, read and write operations
require careful timing to avoid data overlap problems on the 1/O pin. Usually, an external
bidirectional three-state buffer is required to conirol the data interface to the RAM. This
circuitry is shown schematically in Figure 2.

A less apparent problem is that the 18~-pin design does not allow future RAM designs, specifically
the 16K RAM, to use the same pin outs. Also, the same twelve address lines must be distributed
throughout the memory matrix as with the 22-pin design. The cost comparison, later in the
discussion, will show the adverse cost impact of this characteristic in both board space and
component/pin count.

An examination of the reasons for using address multiplexing is now in order. 'In offering the
4K RAM in.16-pins, a large savings in board area is realized compared to the 22-pin approach.
The 16-pin package is only one-half the size of the 22-pin package. Another important area
factor is often overlooked. The multiplexed-address approach requires only one-half the
number of address lines required for the 18~ or 22~pin approaches. In double layer printed
circuit boards, the address traces account for a significant amount of area -- nearly as much

as the memories themselves.

Another benefit from having fewer address lines is that fewer address drivers are needed (half
as many, in fact). This fact results in reduced peripheral components, reduced peripheral
power, and fewer interconnects for higher reliability. Fewer address lines also improves
noise susceptibility since only half as many signals are changing state at any given time.

The 16-pin 4K RAM offers the most RAM per pin currently available. Since the solder
system is a major contributor to reduced reliability, the 16-pin 4K RAM offers the potential
for higher overall system reliability. In addi tion, the automatic insertion and DIP handling
equipment in use today is based on standard 16-pin packages. Since the 4K RAM is aimed
at large volume mainframe use, its 16=pin nature could be of major importance.
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Finally, looking to the future, indications are that the 16K RAM will be offered in the 16-pin_
package with the same pin-outs as the 4K. The highest order address takes the place of the CS
pin. Chips are selected by decoding the TTL~level Row Address Strobe. This technlque can
also be applied to the existing 4K RAM to conserve power.

In all fairness, there are a few liabilities in address multiplexing. The only significant one is

the increased complexity of the timing. Since addresses are entered into the RAM in two sections,
there must be two address strobes. (clocks) to properly synchronize these inputs. However, the
two=-phase timing is made easier by the input voltage and timing characteristics of the two clocks.
First, the clock inputs are low capacitance: one-fifth the clock capacitance of the 18- or

22-pin approaches. Secondly, the input voltages are TTL-compatible. These two factors re-
duce peripheral clock power to one=sixtieth the amount required by the 18- or 22-pin designs.
Some extra logic is required to generate two phases. Since the clocks are TTL-level, though,

this logic is composed of simple, inexpensive TTL SSI circuits.

At first glance, there is a speed penalty for multiplexing since some time is required to switch
from row address to column addresses and back. As we will see later, this penalty is actually
non-existent in typical memory systems.

Fi gure 3 schematically illustrates one approach to address multiplexing. The "MUX" signal
is derived from the clock timing to coincide with minimum address hold time and/or minimum

row -to~column-strobe ~lead-time ( chﬂ' on the 4096 data sheets). Sufficient time must be
allowed to drive the address lines with their associated capacitance (10pF, worst case, per

address input). The amount of time required depends on the particular address driver used and
the number of 4K RAM devices driven by each address driver. Figure 4 shows an alternative
approach using hex three-state buffers. From a logical standpoint, the and=or (multiplex)
function is equivalent to OR-tied buffers with three-state enable controls.

From the previous discussion address multiplexing is clearly not the problem that 18-pin manu-
facturers have claimed. What follows explains how a memory system might be implemented
using the 16-pin Fairchild 4096. This is one of several 16-pin 4K RAM devices in large volume
production at this time. The same system is shown using the 18-pin 4K RAM for comparison

purposes.

Figure 5 is a timing diagram for a typical 4096-based system. The system block diagrams are
shown in Figure 6. Notice that the primary differences lie in the timing circuitry and the
interface between the CPU and the memory address inputs. The 18~ or 22-pin designs require

a two-way multiplex to refresh the memory. The lowest-order six memory address lines are
switched to refresh addresses once every 31.25 usec (64 rows X 31.25 psec =2 msec). The
same scheme is used in the 16-pin approach except that an additional multiplex operation
switches between ROW and COLUMN address and back at the times shown in Figure 5. Notice
that if the timing is done in this way, there is no speed penalty for address multiplexing.

The logic required for the 16-pin approach is indicated in Figure 7a alongside the equivalent
circuitry required for the 22-pin design. The extra logic required to do row and column ad-
dress multiplexing consists of one extra 16-pin package. The area savings offered by a 16-pin
RAM with only six address lines makes up for this one extra package many times over.

In summary, the 16-pin address multiplexing approach offers improved noise immunity, lower
power, lower cost, and improved system reliability without increasing system complexity.
Apparently, major semiconductor manufacturers agree that the 16=-pin approach is viable since
all of them either now offer or will be offering 16-pin 4K RAMs, now the industry standard.
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7. USING THE 8700 SERIES CMOS A-TO-D CONVERTERS
SKIP 0OSGOOD
Linear Products Marketing Manager
Teledyne Semiconductor
Mountain View, California

In recent years the use of computers and other digital techniques
has grown dramatically in systems which must interface with "real
world" physical variables. Examples include industrial control, in-
strumentation, and data transmission and recording equipment. Since
the effectiveness of any digital system is dependent upon the input
it receives, accurate and reliable data converters are becoming in-
creasingly needed to translate analog information into digital signals
for subsequent processing and analysis.

Recognizing both this need and the interest of designers in
reducing system cost and complexity, Teledyne Semiconductor has intro-
duced the 8700 series of monolithic CMOS analog-to-digital converters.
In this paper, we shall discuss the features of these new devices and
how to use them to advantage in system designs.

Teledyne 8700 Series A/D Converters

Teledyne Semiconductor's 8700 Series A/D converters are available
in three versions with 8-bit (8700), 10-bit (8701) and 12-bit (8702)
resolution. Each device features latched, binary-coded outputs and is
constructed as a single-chip complementary metal oxide semiconductor
(CMOS) integrated circuit. Packaging is 24 pin ceramic DIP, and oper-
ation is specified over -40°C to +859C. Conversion is performed using
an integrating, incremental charge balancing technique which has in-
herently high accuracy, linearity and noise immunity.

The 8700 chip includes all of the active devices required to per-
form the analog-to-digital conversion function. As few as six passive
components--four resistors and two capacitors--are all that is needed
to complete the circuit, and only two of these (the input and ref-
erence resistors) have critical tolerance requirements. Unlike other
IC type converters, the 8700 does not require an external clock,
comparator or precision resistor network.

REFERENCE +5V

ANALOG DIGITAL

INPUT ouTPUT
1
(0 to +V) 8700 SERIES (8/10/12 bits)

CMOS A/D

INITIATE T

CONVERSION —_— CONVERSION
CONTROL [ STATUS QUTPUTS
==

-5V

Fig. 1 8700 Series
FUNCTIONAL DIAGRAM
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Functional Description

Figure 1 shows the basic functional configuration of the 8700
series devices. Inputs include the analog signal (which may be any
positive voltage) and a reference. An "initiate conversion control"
is also provided; this may be used to operate the device under system
control or it may be held high (e.g. connected to Vpp), allowing the
converter to free-run. Supply requirements are +5V and -5V, with a
wide 3.5V to 7V tolerance.

The digital data outputs are in the form of an 8, 10 or 12-bit
parallel binary word. Two conversion status outputs are also avail-
able. The "busy" line indicates when a conversion is being performed;
this output normally would be monitored in the system-controlled mode
of operation. The "data valid" output goes low during the approxi-
mately 5ps interval between the end of conversion and the updating of
data in the output latches; the system thus is warned that data read
during this interval may be invalid.

All outputs and control inputs are compatible with CMOS and
IPTTL. \

r— 7= 1
!
! | |—T—° M°

REF | SWITCHING cLock Y crock o

| FUNCTION COUNTER L ' 5

pata o

| . I COUNTER |—+o

AMP OUT O AND 1  BINARY
|| ouTPUT

1 OUTPUTS
LATCHES —g
0
ZERO

CONTROL
7 LOGIC ——o LsB
ADJUST © 1 osusy

INITIATE . o | -0 DATA
CONVERSION | . VALID

L____.___;____I__I ________ ]

VSS IB 1AS

FIG. 2 8700 SERIES INTERNAL ELEMENTS

Incremental Charge-Balancing Conversion Principle

An integrating conversion principle known as incremental charge-
balancing is used in the 8700 series. (See Figure 2) The unknown
analog signal (changed to current by a scaling resistor) flows into
the summing input and is integrated by the op amp. Fixed increments
of a reference current (opposite in sign to the input) are switched
into this input just often enough to keep the integral of the total
input (positive unknown plus negative reference) at or near zero. The
comparator and control logic determine when a reference charge incre-
ment must be added, and the total number of reference increments added
during the conversion cycle is counted in the data counter. This
number is related to the input voltage by the transfer equation for
the device and is latched into the outputs as a binary word at the end
of the cycle, which is defined by the clock and clock counter.
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High Accuracy, Linearity, and Stability

All devices in the family are linear to within %LSB (least signi-
ficant bit), including differential non-linearity error of less than
L51.SB. In the 12-bit 8702 version, this is equivalent to accuracy of
£0.01%. The integrating conversion principle gives inherently mono-
tonic operation, with no missing output codes, as well as excellent
thermal stablllty. Gain temperature coefficient is typically less
than lOppm/ C, and zero drift is typically less than 30uV/CC.

Low Power Consumption

Because of their monolithic CMOS construction, the 8700 Series
devices require less than 20mW of power during operation, allowing
the designer to use them in remote-located and battery-operated sys-
tems where low power consumption is a must.

In applications where only intermittent duty is required from
the converter, a simple addition can be made to the bias circuit, for
even lower power usage during standby. (See Fig. 3) The Rpypg resis-
tor between pins 17 and 18 sets the current through the integrating
amplifier and regulates the conversion rate; recommended value for
this resistor in normal operation is 75K . Where standby power reduc-
tion is desired, a 1 megohm resistor can be connected instead across
these pins, shutting down the op amp and internal clock and reducing
quiescent current from 2mA to about 200uA. (Data in the output latch-
es is unaffected, however, and continues to be available for use by
the system.) The 75KQ resistor then is switched in only when a con-
version is to be performed; turn-on time is negligible.

17
R
BIAS 8700
K$2
= 1 Meg A/D
18

REDUCES POWER CONSUMPTION
DURING STANDBY BY 10X
(Approx. 200uA)

FIG. 3 BIAS CONNECTION FOR STANDBY
POWER REDUCTION

Conversion Speed

Typical of integrating converters, the 8700 Series offers conver-
sion speeds in the 1 to 20 millisecond range. Specifications are as

follows:

Conversion Time Conversions/Second
Model Resolution (typ.) (typ.)
8700 8 Bit 1.25 ms 800
8701 10 Bit 5.00 ms 200
8702 12 Bit 20.00 ms 50
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Choosing External Components

The relationship between the binary output word (Vopr) and the
input voltage is given by the transfer equation

ouT =

RIN X Vger

where A is a constant equal to 528 for 8 bits, 2064 for 10 bits and
8208 for 12 bits. Typically, the reference voltage (Vrgr) and resis-
tor (Rrgp) would be chosen first to provide a reference current of
approximately -20pA. The input resistor then would be selected using
the above equation, and the resulting input current will be approxi-
mately 1lOpA at the full scale input voltage.

Recommended values for other external components are as follows:

Rprag = Bias Resistor = 75KQ@ +10%

Cint = Integrating Capacitor = 68pF +10%

Rpamp = Damping Resistor = 1002 +20%

Cpamp = Damping Capacitor = 270pF +20%

CBYPASS = Bypass Capacitors (2- Optional) 20.1uF

Note that the integrating capacitor is shown at 68pF. Earlier data on
the 8700 Series shows a value of 33pF for Cyyq, but recent testing has
indicated that 68pF gives improved stability and linearity, especially
on the 12-bit device. A glass capacitor is recommended for this

application to assure satisfactory dielectric absorption characteris-
tics.

The Rp and Cp filter circuit is.-recommended to minimize
any spikes génerated ﬁy the reference current switch. Other time
constants can be used, but the response time will be affected.

Vagr © — A ——o
REF SWITCHING | crock

|
| cLocK —T°
. FUNCTION COUNTER - ERIDS
| I l COUNTER l_—-}:_:; BINARY
AND | OUTPUTS
r-—’_-—g

OUTPUT

OPTIONAL

LATCHES

o -
CONTROL L 1 o
. | ‘ LOGIC L+ o s
T L Lo susy
INITIATE 270pF = |

CONVERSION | -0 DATA

Voo - ]
R
20K S 4+—AN—4 Vs I ADAS
100K 2 1KQ 0.1uF T 75K

Vss = =
OPTIONAL ZERO ADJUST

*COMPONENTS CHOSEN FOR Vyy (FULL SCALE) = 10V, Vgge = 6.4V

FIG. 4 EXTERNAL COMPONENTS AND
ADJUSTMENT CIRCUITS
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External Adjustment Circuits

Figure 4 shows a typical selection of components for 10V full
scale input and 6.4V reference. Also shown are optional auxiliary
circuits for trimming the zero location and full scale gain. Because
the digital outputs remain constant outside of the normal operating
range (i.e. below zero and above full scale), it is recommended that
transition points be used in setting the zero and full scale values.
Recommended procedure, using the circuits shown, is as follows:

1. Set the initiate conversion control high to provide free~run oper-
ation and verify that converter is operating.

2. Set Vyy to +%LSB and trim the zero adjust circuit to obtain a
000...000 to 000...001 transition. This will correctly locate
the 2zero end.

3. PFor full scale adjustment, set V ny to the full scale value less
1%L,SB and trim the gain adjust circuit for a 111...110 to
111...111 transition.

As there is no interaction between these adjustments, they should not
have to be repeated.

The Rprag resistor may also be adjusted to obtain better than
the specified temperature stability. However, this adjustment is
difficult as it must be performed over temperature to attain optimum
results; use of the specified 75KQ value for Rprag is recommended
unless extremely severe temperature variations are to be encountered.

-V o—————
7805
REGULATOR

0.01F | Rgep 250K | emmsm—
— 13

Ry TMQ
YIN G o——— AN 14

0to 10V " et L
DAMP 68pF
10082 oF L] 15

I 16
Coamp L [_ 17 s
270pF ~ o 700
P Rgias A/D
75K 18

MULTIVIBRATOR —%®
74C04 i

Rx 2

23
1Meg Cx

7= RyCy 24

FIG. 5 TYPICAL INPUT CIRCUITRY

Typical Input Circuitry

Another typical hook-up for 8700 Series inputs is shown in
Figure 5. For this application, a 5-volt 7805 spot regulator is used
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as the reference voltage, establishing Rrgp at 250KQ for a -20pA
reference current. While virtually any full scale input range can
be used, we have shown a range of 0V to +10V and a 1MQ value for
Ryns giving a full scale input current of +10uA. The exact values
of the input and reference currents are not critical; more important
is their ratio and how it varies with temperature, as any deviation
will add to the full scale gain temperature cocefficient of the cir-
cuit.

The multivibrator circuit shown at pin 21 (initiate conversion

control) can be used for system synchronization to initiate the
converter at rates slower than the normal free-run mode.

RREF

R
410V OFFSET

Vo 2MS2 +5pA

-5 to +5uA —p»

—114 8700
0 to+10uA

FIG. 6 BIPOLAR OPERATION

Bipolar Operation

In addition to unipolar straight binary operation, the 8700
Series devices can also be connected for bipolar offset binary.
(See Fig. 6) An external inverting amplifier, such as a 741 or
Teledyne's 844, is all that is required. This offsets the input by
half scale; for example, a -10V input will correspond to OpA and
+10V (minus 1LSB) will correspond to +10uA. Two's complement coding
can also be generated by inverting the most significant bit (MSB)
output.

An Alternate Approach to System Design

Figure 7 shows the conventional approach to a process monitoring
and control system. Physical variables are monitored by analog
sensors, and the information is transmitted to the computer via an
analog multiplexer and A/D converter. The computer then effects
feedback control of the process through the D/A converter.
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D ANALOG > SAMPLE & N A/D j COMPUTER
OTHER MULTIPLEXER HOLD Y| CONVERTER
ANALOG D

CHANNELS
O v

D/A
CONVERTER

]

FIG. 7 PROCESS MONITOR/CONTROL SYSTEM
(Conventional Approach)

Note that in this arrangement, the analog input channels typical-
ly require an active filter to suppress input noise, that signals are
transmitted as analog voltages, and that a sample-and-hold circuit is
required to match the multiplexer output to the A/D input. If many
analog channels are involved, the A/D must be a high-speed type,
requiring some sacrifice in accuracy, cost or both.

EF
REFERENCE .
[:}::::::::::: CONTROL G
= . N————
PHYSICAL NS
VA?B&FLEDTRANSDUCERD AMPLIFIER |4 cONVERTER :)
OTHER D DIGITAL COMPUTER
CHANNELS MULTIPLEXER
(DIGITAL D
TRANS-
MISSION)
v -
D/A
CONVERTER

l

FIG. 8 PROCESS MONITOR/CONTROIL SYSTEM
(With Low Cost A/D)

With the availability of high accuracy low cost A/D's such as the
Teledyne 8700 Series, the simpler approach shown in Fig. 8 is becoming
more attractive to system designers. Because most process variables
tend to change fairly slowly, high sampling rates are not needed.

The designer can now afford to locate a low-speed integrating conver-
ter at each analog sensor, allowing him to transmit data as digital
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bits instead of analog voltages, with a resulting improvement in
accuracy. The inherently high noise suppression of an integrating
device allows him to eliminate the active filters, and the sample-and-
hold likewise is unnecessary if the converter includes latched out-
puts. Use of a digital, rather than analog, multiplexer offers
further opportunity for cost saving. The result is a system which
will provide better accuracy and performance at a lower overall cost.
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18. ANALOG-TO-DIGITAL CONVERSION TECHNIQUES WITH
THE M6800 MICROPROCESSOR
DON ALDRIDGE
Applications Engineering
Motorola Semiconductor Products Incorporated
Phoenix, Arizona

The MPU (microprocessing unit) is rapidly replacing both digital
and analog circuitry in the industrial control environment. It
provides a convenient and efficient method of handling data:
controlling valves, motors and relays; and in general, super-
vising a complete processing machine. However, much of the
information required by the MPU for the various computations
necessary in the processing system may be available as analog
input signals instead of digitally formatted data. These analog
signals may be from a pressure transducer, thermistor or other
type of sensor. Therefore, for analog data an A/D (analog-to-
digital) converter must be added to the MPU system.

Although there are various methods of A/D conversion, each
system can usually be divided into two sections - an analog
subsystem containing the various analog functions for the A/D
and a digital subsystem containing the digital functions. To
add an A/D to the MPU, both of the sections may be added
externally to the microprocessor in the form of a PC card, hybrid
module or monolithic chip. However, only the analog subsystem
of the A/D need be added to the microprocessor, since by adding
a few instructions to the software, the MPU can perform the
function of the digital section of the A/D converter in addition
to its other tasks. Therefore, a system design that already
contains a MPU and requires analog information needs only one

or two additional inexpensive analog components to provide the
A/D. The microprocessor software can control the analog section
of the A/D, determine the digital value of the analog input from
the analog section and perform various calculations with the
resulting data. In addition, the MPU can control several analog
A/D sections in a timeshare mode, thus multiplexing the analog
information at a digital level.

Using the MPU to perform the tasks of the digital section
provides a lower cost approach to the A/D function than adding
a complete A/D external to the MPU. The information presented
in this note describes this technique as applied to both
successive approximation (SA) A/D and dual ramp A/D. With the
addition of a DAC (digital-to-analog converter), a couple of
operational amplifiers, and the appropriate MPU software, an 8-
of 10-bit successive approximation A/D is available. Expansion
to greater accuracies is possible by modifying the software and
adding the appropriate D/A converter. The technique of
successive approximation A/D provides medium speed with accura-
cies compatible with many systems. The second technique adds
an MC1405 dual ramp analog sybsystem to the MPU system and, if
desired, a digital display to produce a 12-15 bit binary or a
3%-or 4%-digit BCD A/D conversion with 7-segment display read-
out. This A/D technique has a relatively slow conversion rate
but produces a converter of very high accuracy. In addition to
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the longer conversion time, the MPU must be totally devoted
to the A/D function during the conversion period. However,
if maximum speed is not required this technique of A/D allows
an inexpensive and practical method of handling analog infor-
mation. '

Figure 1 shows the relative merits of each A/D conversion
technique. Listed in this table are conversion time, accuracy
and whether interrupts to the MPU are allowed during the
conversion cycle.

MPU

The Motorola microprocessor system devices used are the
MC6800 MPU, MCM68)0C RAM, MCM6830 ROM and MC6820 PIA (peripher-
al interface adapter). The following is a brief description
of the basic MPU system as it pertains to the A/D systems
presented later in this application note.

The Motorola MPU system uses a 16-bit address bus and an

8-bit data bus. The 16-bit address bus provides 65,536
possible memory locations which may be either storage devices
(RAM, ROM, etc.) or interface devices (PIA, etc.). The basic
MPU contains two 8-bit accumulators, one 1l6-bit index register,
a 16-bit counter, a 16-bit stack pointer, and an 8-bit condi-
tion code register. The condition code register indicates
carry, half carry, interrupt, zero, minus, and 2's complement
overflow. Figure 2 shows a functional block of the MC6800
MPU.

The MPU uses 72 instructions with six addressing modes which
. provide 197 different operations in the MPU. A summary of
each instruction and function with the appropriate addressing
mode is shown in Appendix A of this note.

The RAMs used in the system are static and contain 128 8-bit
words for scratch pad memory while the ROM is mask programmable
and contains 1024 &-bit words. The ROM and RAM, along with

the remainder of the MPU system components, operate from a
single +5 volt power supply; the address bus, data bus and
PIAs are TTL compatible.

The MPU system requires a 2¢ non-overlapping clock with a lower
frequency limit of 100 kHz and an upper limit of 1 MHz.

The PIA is the interface device used between the address and
data buses and the analog sections of the A/D. Each PIA contains
two essentially identical 8-bit interface ports. These ports

(A side, B side) each contain three internal registers that
include the data register which is the interface from the data
bus to the A/D, the data direction register which programs

each of the eight lines of the data register as either an

input or an output, and the control register which, in addi-
tion to other functions, switches the data bus between the

data register and the data direction register. Each port to

the PIA contains two addition pins, CAl and CA2, for interrupt
capability and extra I/0 lines. The functions of these lines
are programmable with the remaining bits in the control register.
Figure 3 shows a functional block of the MC6820 PIA.
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Each PIA requires four address locations in memory. Two addresses
access either of the two (A or B sides) data/data direction reg-
isters while the remaining two addresses access either of the

two control registers. These addresses are decoded by the chip
select and register select lines of the PIA which are connected

to the MPU address bus. Selection between the data register and
data direction register is made by programming a "1" or "0O" in

the third least significant bit of each control register. A

logic "O" accesses the data direction register while a logic

"1l" accesses the data register.

By programming "O"s in the data direction register each cor-
responding line performs as an input, while "1l"s in the data
direction register make corresponding Jines act as outputs.
The eight lines may be intermixed between inputs and outputs
by programming different combinations of "1"s and "O"s into
the data direction register. At the beginning of the program
the I/C configuration is programmed into the data direction
register, after which the control register is programmed to
select the data register for I/0 operation.

The printouts shown for each A/D program are the source
instructions for the cross assembler from the Motorola time-
share. Since the MPU contains a 16-bit address bus and an 8-
bit data bus, the hexadecimal number system provides a con-
venient representation of these numbers. Although the assem-
bler output is in hexadecimal, the source input may be either
binary, octal, decimal or hexadecimal. A dollar sign ($§)
preceding a number in the source instructions indicates
hexadecimal, a percent sign (%) indicates binary and an at
sign (@) indicates octal. No prefix indicates the decimal
number system.

Only the beginning addresses of the program and labels are
shown in the source programs. These beginning addresses may
be changed prior to assembling the total system program or the
programs may be relocated after assembly with little or no
modification.

Successive Approximation Technigues

One of the more popular methods of A/D conversion is that of
successive approximation. The technique uses a DAC (digital-
to-analog converter) in a feedback loop to generate a known
analog signal to which the unknown analog input i1s compared.
In addition to medium speed conversion rates, it has the
advantages of providing not only a parallel digital output
after the conversion is completed but also the serial output
during the conversion.

Figure 4 shows the block diagram and waveform of the SA-A/D.

The DAC inputs are controlled by the successive approximation
register (SAR) which is, as presented here, the microprocessor.
The DAC output is compared &to the analog input (Vip) by the ana-
log comparator and its output controls the SAR. At the start
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of a conversion the MSB of the DAC is turned on by the SAR,
producing an output from the DAC equal to half of the full
scale value. This output is compared to the analog input and
if the DAC output is greater than the input unknown, the SAR
turns the MSB off. However, if the DAC output is less than the
input unknown, the MSB remains on. Following the trial of the
MSB the next most significant bit is turned on and again the
comparison is made between the DAC output and the input unknown.
The same criteria exists as before and this bit is either left
on or turned off. This procedure of testing each bit continues
for the total number of DAC inputs (bits) in the system.

After the comparison of each bit the digital output is

available immediately thus providing both the serial output

as well as the parallel output at the end of the conversion.

The serial output provides the MSB first, followed by the remain-
ing bits in order. The total conversion time for the SA-A/D is
the time required to turn on a bit, compare the DAC output with
the input unknown and, if required, turn the bit off, multiplied
by the total number of bits in the A/D system. The conversion
time is hence constant and unaffected by the analog input value:

One SA-A/D discussed in this paper uses an 8-bit DAC (MC1408)
to produce an 8-bit A/D; a second version uses a 10-bit DAC
(MC3410) to produce a 10-bit A/D. Both of these are used in
conjunction with the MPU as an SAR. In addition, the MC1408
is shown with the MC14549 CMOS SAR as a convert-on-command
system under control of the MPU. All of these A/Ds produce a
binary output. However, by adding the appropriate software a
BCD output or 7-segment-display outputs are available. Also
by using a BCD-weighted DAC, the BCD output can be produced
directly.

8-Bit SA Program

The flow chart for the 8-bit MPU A/D system is shown in Figure 5;
Figures 6 and 7 show the software and the hardware external to the
microprocessor. The DAC used is the MC1408L-8, which has active
high inputs and a current sink output. An uncompensated MLM30lA
operational amplifier is used as a comparator while an externally
compensated MLM30lA or internally compensated MC1741 operational
amplifier is used as a buffer amplifier for the input voltage.

The output voltage compliance of the DAC is 0.5 volt; if the
current required by the D/A does not match that produced from the
output of the buffer amplifier through R1 and R2, then the DAC
output will saturate at 0.5 volt above or below ground, thus
toggling the comparator. The system is calibrated by adjusting
Rl for 1 volt full scale, and zero calibration is set by adjusting
R3.

The first MPU instruction for the 8-bit A/D is in line 45 of

Figure 6. After assembly, this instruction will be placed in
memory location $0A00 as defined in the assembler directive of

line 42. The assembled code for this program is relocatable in
memory as long as the PIA addresses and storage addresses are
unchanged. The program as shown requires 106 memory bytes. Source
program lines 45 through 53 configure the PIAs for the proper input/
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output configuration. PIALBD is used for various control functions
between the MPU system and the external hardware. The exact con-
figuration of this PIA is shown in lines 28 through 33 of Figure 6.
PIA1lAD provides the 8-bit output needed for the DAC. Lines 51
through 53 set bit 3 of the PIA control register to access the data
register for the actual A/D program.

Lines 55 and 56 set the conversion finished flag, which consists

of a LED on the hardware schematic, after which the program enters

a loop in lines 63-65 which causes the MPU to wait until the cycle
input line goes high. (This feature could be eliminated if the
program was a subroutine of a larger control program.) In this
case, when a conversion was to be made the control program would

go to the A/D subroutine and return with the digital results. Lines
68 and 69 clear the PIA-A which is connected to the DAC inputs and
an internal memory location. This memory location is used as a
pointer to keep track of which bit of the DAC is currently being
tested. Next, the conversion finished line is reset indicating a
conversion is in process and the carry bit of the condition code
register is set. The memory location POINTR is then rotated right
in line 79, moving the carry bit of the condition code register into
the MSB of that memory location. Line 80 is a conditional branch
that determines if all 8 bits of the DAC have been tested. After
nine rotations of POINTR the carry bit will again be set indicating
all 8 bits have been compared.

Program lines 81 through 83 load the previous DAC value into an
accumulator and the next DAC bit is turned on for the comparator
test. An 8 Us delay produced by the NOP instruction of lines 87
through 90 allows the DAC and comparator to settle to a final value
before the comparator test of lines 91 and 92. ' At this point, if
the comparator was high, the Yes loop is exXecuted, which generates
a simulated clock pulse and a serial output "1". If the comparator
was low, lines 95 through 101 are executed, resetting the bit under
test and generating a simulated clock pulse and a serial output of
"0". The three NOP instructions of the Yes loop equalize the
exXecution time between the high and low comparator loops. After
completion of either the high or low comparator loop, the A
accumulator which contains the new digital number is stored in
PIA1AD and in a RAM memory location labeled ANS. Then the next
bit of the DAC is tested in the same manner and this procedure

is continued until all eight DAC inputs have been tested. When
this has occurred, the program returns to line 55 where the
conversion finished flag is "set" and the MPU awaits the next

cycle input from PIALBD.

The total conversion time is 700 4s for the 8-bit converter
assuming a 1 MHz MPU clock frequency. The simulated clock pulse
is 7 ks wide and can be used to indicate when to sample the serial
output.
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Successive Approximation

Dual Ramp
8-Bit 10-Bit 8-Bit 12-Bit 3%-Digit 4%-Digit 3%-Digit
Characteristic Software Software Hardware Software Software Software Hardware
MC1405
8-Bit DAC |10-Bit DAC | 8-Bit DAC MC14435
External Hardware Op Amp Op Amp SAR* MC1405 MC1405 MC1405 MC14558
Comparator Comparator| Op Amp v(fot 7-segment
Comparator display)
183 us
Conversion Rate 700 us 1.25 ms 60 us 165 ms 60 ms 600 ms (min) for
Constant Constant | for MPU, (max) (max) (max) MPU, plus
plus A/D Variable Variable Variable A/D
Conversion Conversion
Time Time
Interrupt Capability Allowed Allowed Allowed "Not Not Not Allowed
Allowed Allowed Allowed
Number of Memory Locations Required 106 145 42 84 296 328 58
(Including P1A Configuration)
Serial Output Available Yes Yes Yes No No No No
*Successive Approximation Register

FIGURE 1 — Relative Merits of A/D Conversion Techniques
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FIGURE 3 — PIA Functions
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FIGURE 4 — 4-Bit Successive Approximation Converter
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FIGURE 6 — 8-Bit SA Software (Page 3 of 3)
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APPENDIX TWO

Serial/Parallel
Keyboard Processing }
Subroutine IN /

C 4

/
\

a
3

L
-

7

Test Sense Line

Start Bit?

! Yes

Delay 1/2 Bit Time
(4.55 Milliseconds)

|
§

Sense Line

Test

Start Bit?

Assembly Language Program

-

Store PSU (cc is set)

4
L

Branch if cec positive

LY ST .

Load RO, N = 155

Subtract "1" ;
Compare with '"0" (cc is set)
Branch is_cc positive i

| Store PSU (cc is set)

Branch if cc positive

Initialize Counter to 7

b

Load R2, N = 7

Delay 1 Bit Time
(9.1 Miliseconds)

See above
(except use N = 310)

!

Serial to Parallel

B >~ USRI T,

See Figure 13

;L

Return

C

Load RO with R2
Compare with "0'" (cc is set)
Branch if cc positive

e o s Brt
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