






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Long-Term Drift, due mainly to resistor and semicon-
ductor aging can affect all those characteristics which
temperature change can affect. Characteristics most
conimonly affected are linearity, monotonicity, scale,
and offset. Scale change due to reference aging is usually
the most important change.

Supply Rejection relates to the ability of a DAC or ADC
to maintain scale, offset, TC, slew rate, and linearity
when the supply voltage is varied. The reference must, of
course, remain constant unless considering a multiplying
DAC. Most affected are current sources (affecting
linearity and scale) and amplifiers or comparators
(affecting offset and slew rate). Supply rejection is
usually specified only as a % FS change at or near full
scale at 26°C. ‘ .

Conver;ion Rate is the speed at which an ADC or DAC
can make repetitive data conversions. It is affected by
propagation delay in counting circuits, ladder switches

and comparators; ladder RC and amplifier settling times;_

amplifier and comparator slew rates; and integrating time
of dual-slope converters. Conversion rate is specified as a

number of conversions per second, or conversion time is

specified as a number of microseconds to complete one
conversion (including the effects of settling time). Some-
times, conversion rate is specified for less than full
resolution, thus showing a misleading (high) rate.

Clock Rate is the minimum or maximum pulse rate at
which ADC counters may be driven. There is a fixed
relationship between the minimum conversion rate and
the clock rate depending upon the converter accuracy
and type. All factors which affect conversion rate of an
ADC limit the clock rate.

Input Impedance of an ADC describes the load placed
on the analog source.

Output Drive Capability describes the digital load driving
capability of an ADC or the analog load driving capacity
of aDAC; it is usually given as a current level or a voltage
output into a given load.

CODES

Several types of DAC input or ADC output codes are in
common use. Each has its advantages depending upon
the system interfacing the converter. Most codes are
binary in form; each is described and compared below.

Natural Binary (or simply Binary) is the usual 2" code
with 2, 4, 8, 16, . . ., 2" progression. An input or output
high or 1" is considered a signal, whereas a ‘0" is
considered an absence of signal. This is a positive true
binary signal. Zero scale is then all ‘‘zeros’ while full
scale is all “‘ones.”

Complementary Binary (or Inverted Binary) is the
negative true binary system. It is identical to the binary
code except that all binary bits are inverted. Thus, zero
scale is all “ones’ while full scale is all “zeros.”

Binary Coded Decimal (BCD) is the representation of
decimal numbers in binary form. It is useful in ADC
systems intended to drive decimal displays. Its advantage
aver decimal is that only 4 lines are needed to represent
10 digits. The disadvantage of coding DACs or ADCs in
BCD is that a full 4 bits could represent 16 digits while
only 10 are represented in BCD. The full-scale resolution
of a BCD coded system is less than that of a binary

coded system. For example, a 12-bit BCD system has a
resolution of only 1 part in 1000 compared to 1 part in
4096 for a binary system. This represents a loss in
resolution of over 4:1.

Offset Binary is a natural binary code except that it is
offset (usually %2 scale) in order to represent negative and
positive values. Maximum negative scale is represented to
be all “zeros” while maximum positive scale is represented
as all “ones.” Zero scale (actually center scale) is then
represented as a leading “‘one’’ and all remaining '‘zeros.”
The comparison with binary is shown in figure 11.

Twos Complement Binary is an alternate and more
widely used code to represent negative values. With this
code, zero and positive values are represented as in
natural binary while all negative values are represented
in a twos complement form. That is, the twos comple-
ment of a number represents a negative value so that
interface to a computer or microprocessor is simplified.

The twos complement is formed by complementing each .

bit and then adding a 1; any overflow is neglected. The
decimal number -8 is represented in twos complement
as follows: start with binary code of decimal 8 (off
scale for. £ representation in 4 bits so not a valid code in
the * scale of 4 bits) which is 1000; complement it to
0111; add 0001 to get 1000. The comparison with offset
binary is shown in figure 11. Note that the offset binary
representation of the t scale differs from the twos
complement representation only in that the MSB is
complemented. The conversion from offset binary to
twos complement only requires that the MSB be inverted.

m
10
101
100

o v

OUTPUT CODE

010 -
001

000

0 % % %
ANALOG SCALE

(a) Zero to + Full-Scale

on o m
010 010 110

001 001 101

000
100

101 111 on

e Yho ¥4

110 110 010
11 161 001

100 000
A_QFFSET BINARY

TWOS COMPLEMENT BINARY
SIGN + MAGNITUDE

(b) * Full-Scale

FIGURE 11. ADC Codes

14-5

SI9uaAu0) V/@ pue q/v Bulhjioads.  9GI-NV




AN’-1_56 . Specifying A/D and D/A Converter's

Sign Plus Magnitude coding contains polarity information
in the MSB (MSB = 1 indicates a negative sign); all

other blts represent magnitude only. This code is com- ‘

pared to offset binary and twos complement infigure 11.

Note that one code is used up in providing a double
code for zero. Sign plus magnitude code is used in
certain instrument and. audio systems; its advantage is
that only one bit need be changed for small scale changes
in the vicinity of zero, and plus and minus scales are
symmetrical: A DVM might be an example of its use.

CONTROL .
Each ADC must_accept and/or provide digital control

signals telling it and/or the external system what to do -

and when to do it. Control signals should be compatible
with one or more types of logic in common use. Control
signal timing must be such that the converter or con-

nected system will accept the signals. Common control .

signals are listed. below,

. Start Conversion (SC) is a digital signal to an ADC which

initiates a single conversion cycle. Typically, an SC signal
must be present at the fall (or rise) of the clock waveform
toinitiate the cycle. A DAC needs no SC signal; however,
such could be provided to gate digital inputs to a DAC.

End of Conversion (EOC) is a digital signal from an ADC

which mforms the external system that the digital output

data is valid. Typically, an EOC output can be connected
to an SC input to cause the ADC to operate in continu-
ous conversion mode. In non-continuous conversion
systems, the SC signal is a command from the system to )
the ADC.' A DAC does not supply an EOC signal.

Clock signals are required or must be generated within
an ADC to control counting or successive approximation
registers. The clock controls the conversion speed within
the limitations of the ADC. DACs do not require clock
signals.

CONCLUSION

Once the user has a working knowledge of DAC or ADC
characteristics and specifications, he should be able to
select a converter to suit a specific system need. The
likelihood of overspecification, and therefore an un-
necessarily high cost, is likewise reduced. The user will
also be aware that specific parameters, test conditions,
test circuits, and even definitions may vary from
manufacturer to manufacturer. For practical production
reasons, parameters may not be tested in the same
manner for all converter types, even those supplied by
the same manufacturer. Using information in this note,
the user should, however, be able to sort out and under- -
stand those specifications (from any manufacturer)
pertinent tohis needs. '
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Data Acquisition System
Interface to Computers

INTRODUCTION

The need of interfacing several analog data channels to
computers has not escaped the attention- of the data
system firms. There are presently available a number of
data acquisition units (DAUs) which will directly inter-
face 8-64 analog data channels to one or more types of
computers or microcomputers, and more appear on the
market almost monthly. Some of these DAUs are even
constructed to plug into the mainframe of the computer
for which they are designed. Nearly all of these com-
mercially available DAUs are of more or less ‘conven-
tional design, operating in either a random 'channel
address or sequential address mode. Figure 1 shows a
typical functional- diagram of such a random channel
address DAU. lts advantages are simplicity, straight-
forward design, and comparatively ow cost (depending
upon performance and -special features). In operation,
the computer addresses a specific channel, the analog
multiplexer (MUX) is set to the desired channel, a
sample and hold (S&H) circuit acquires and holds the
analog signal, an analog-to-digital converter (ADC)
digitizes the signal, a ready signal is returned to the

computer, and the data is presented to the data bus via -

TRI-STATE® bus drivers. If the data is 12-bit and the
data bus is 8-bit, the data word must be broken into two
bytes and addressed separately. The prime disadvantage
of these DAU designs is that the computer must either
enter a wait mode while data is readied or it can proceed
with its assigned task, watch for a data-ready flag signal,
and return for the data.

National Semiconductor
Application Note 159
Jim-Sherwin

April 1976

From the standpoint of microprocessor system design,
it is clearly desirable to access input data as if it were
main memory. It is further desirable that input data
access time be equivalent to that of main memory so that
the processor need not enter a wait mode while data is
readied for input. One attractive method of accomplish-
ing this is to use one A/D converter (of a type containing
TRI-STATE output data latches) on each input data
channel. Henceforth | shall refer to this as parallel
conversion. Figure 2 shows such a system containing only
an address decoder and multiple A/D converters with all
outputs wired in parallel onto the data bus.. Note the
absence of S&H modules. ’ '

The advantages of this DAU system 'are the immediate
data access and its simplicity. However; one’s first
thought on considering a parallel-conversion system
might be that the cost of ADCs would exclude their
consideration on a one-per-channel basis. But, although
this may have been true in the past, currently available
monolithic and hybrid ADCs are priced such that this
system concept is entirely feasible. Furthermore, the

converter price trend is definitely downward as more

monolithic units are released, so the economic feasibility
can only improve in the next few years, thus extending
the application to an ever larger segment of the market.
The ideal qbnverter for use in the system of Figure 1
includes converter, comparator, and buffered TRI-STATE
output data latches in one package. The unit would

16-CH TRI-STATE
16-CH DATA TO
ANALOG . =S S&H > 12-BIT DRIVERS
ANAL , MUX > > 25¢ DRIVERS PROCESSOR
A A } A ' A
CLOCK AND
TIMING LOGIC
ADDRESS
. FROM
ADDRESS PROCESSOR’
COMPARATOR
& CONTROL CONTROL
TO/FROM
> PROCESSOR

FIGURE 1. Random-Addressed Multiplexed DAU
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AN-159 Data Acquisi Vion System Interface to Computers

TO PROCESSOR
DATA BUS

ADDRESS |
DECODER

AND
CONTROL

; FROM PROCESSOR
ADDRESS BU:

FIGURE 2. Parallel Data Conversion Concept

operate in the continuous convert mode with the last
data remaining in the. output latches until the next
completed -conversion shifts new data.into the latches.
Valid latest data is thus always available for readout on
the data bus except for a brief period when the data is
being updated. . In contrast, a converter without buffered

. output latches does not hold data after a start-conversion

signal and so must be operated in the command mode
with a wait for data after the converter is started.

Inspite of the advantages of.the parallel-conversion
DAU, thereis (at present ADC priceés) a more cost-
effective way of providing the same immediate memory-
access mode of operation, particularly for 12-bit data.
Figure 3 shows a multiplexed DAU with self-contained

“memory which will interface to computer systems |h the

memory-access mode without a wait period.

The total package count of this system is lower than that
of the parallel-conversion DAU, the cost/channel is lower,

~and the required space‘ and power is lower. A disadvan-

tage 'is that the accessed data may be as much as 800us
old, compared to a possible 1-4us with parallel conver-
sion. The key to the success of the system is the
dedicated on-card 16x12 .- RAM. Neither. does .the
system require a special ADC’ design with buffered
output data latches. Main memory could, of course, be
used instead, but then some machine time would be
utilized as memory write time. This way, the latest
data is always ready and waiting in the DAU (peripheral)
memory, and software is considerably simplified.

Before exploring any of the three systems in more
detail, it is worth considering the system limitations,
the economics, and the probable market segment which
could be served by the three types of DAU described.

The required data bandwidth has obvious strong effects
on system cost and realization. The bandwidth of a
sampled data system is limited by Shannon’s sampling

criterion and other practical considerations to, say,
1
fmax = —————
Stcunversion
which is 4kHz for a 50us conversion cycle time.

However, when no S&H module is used ahead of the

ADC, as in a parallel-conversion DAU, conversion must

- .take place within the time it takes the input signal to

change by =% LSB or 1 partin 2"+ For sine waves, the
maximum rate of change is determined as follows:

Av .

C 2= gk, o
.At . pk R s
but
v ‘=’ _z_vpk,
max " 2!1“1'1
.therefore .
2vpk '
p
= 27f v,
n+1 At , ma," Pk
and :
2-(n+1)
fmax = .
T teonv

For the same 50 s conversion time and an 8-bit accuracy
requirement of £% LSB, fiax is 12Hz." Figure 4 compares
data bandwidth of 8- to 14-bit systems with and without

. S&H. The economic effect of adding an S&H module

ahead of each ADC in a parallel-conversion DAU is
obvious (possibly doubling the cost per channel of an
8-bit system) as is the cost of significantly increasing
conversion speed except.by use of tracking converters
(advantageous only in parallel-conversion systems).

The conventional random-addressed DAU can serve any
part of the data acquisition market where the task of the
computer is light enough that the system can afford to
enter a wait mode at data request. This wait period can
be as low as 10-20us if sufficient money is available for
fast S&H-circuits .and fast ADCs, as high-speed compon-
ents are traditionally quite expensive. Lower cost
systems may require a wait period of 100-200us before
data is available. At the expense of more complex soft-
ware, the computer could remain busy during the period
of data preparation, and would return for the data when
it was made ready. The data bandwidth may be deter-
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FIGURE 3. Multiplexed Immediate-Data-Access DAU

mined from Figure 4. Sixteen channels of 10Hz data " 1000
could be available if each channel were sampled once
every 20ms. This is a data throughput rate of 16ch x
1/20ms = 800Hz.. The higher cost DAUs of this type
have capability of 50-100kHz throughput rates. However,
if the computer waits while data is made ready, it will be
completely occupied with gathering data when the
maximum throughput rate is utilized.

-
o
=]

UL
N,

70’&)&\\ N
oal \ \\

1 - 10 00
CONVERSION TIME (ps)

The parallel conversion DAU without S&H ‘circuits is
destined to operate on low-bandwidth data as'indicated
in Figure 4. To be economically feasible the ADCs must
be of low cost. This means an 8- or 10-bit successive
approximation register (SAR) or a 12-bit integrating
monolithic ADC must be used. New ADC designs using
tracking counters could increase data bandwidth capa-
bility over that possible with SAR counters. For purely
economic reasans, then, use of parallel-conversion DAU
systems will be limited to low bandwidth data — 10-30 Hz
on 8-bjt, 2-5Hz on 10-bit, and less than 1Hz on 12-bjt
systems. These bandwidth figures for 8- to 10-bit systems
could be considerably improved, say by 8-10 times, if
tracking converters were used in place of SAR converters.
This definitely suggests that there is a need for low-cost

-

MAX DATA BANDWIDTH (Hz)
a .
/A
/
&

s19jndwio) 0} adeivju] walsAg uonisinboy eyjeq 6SL-NV

FIGURE 4. Data Bandwidth vs. Cunversibr; Time

or data throughput rate principally by the S&H and ADC
operating times, its cost per channel is only slightly

tracking converters. Note that S&H circuits are not
needed in the parallel-conversion systems.

The multiplexed DAU with- memory can serve any

higher than that of the conventional DAU, and it allows
the computer to operate in the most efficient manner.

A compafison of system costs must include the following

segment of the data market. It is limited in-bandwidth for a 16-channel system.

Parallel Conversion Random Addressed Multiplexed Multipléxed with Memory

[

1 A/D Converter

1 S&H Module

1 16-Channel Multiplexer
16 Anti-Aliasing Filters -
116x12 RAM

More complex control circuits

1 A/D Converter
1 S&H Module )

" 1 16-Channel Multiplexer
16 Anti-Aliasing Filters

16 A/D Converters

16 Anti-Aliasing Filters

Control Circuits .

Additional power for extra'convert‘ers‘
Lower data bandwidth | )
Simple software

More complex control circuits
Longer data access time
Possibly more complex software "High-speed data access

. Simple Software
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FIGURE 5. Conventional DAU for 8080

The future trends in DAU designs will include an
increasing number of parallel-conversion DAUs, especial-
ly as cost reductions appear on monolithic ADCs with
TRI-STATE output circuits {or latches). We should also
start to see some tracking converters in the low-cost
monolithics with TRI-STATE .output data latches.’
Expect to see multiplexed DAUs with memory appearing
in the near future. Its simplicity from a circuit and
software standpoint cannot long go unnoticed.

RANDOM ADDRESSED DATA ACQUISITION UNIT

A conventional, random-addressed, 16-channel, 12-bit

DAU is diagrammed in Figure 5. The analog section .

contains a 16-channel analog multiplexer, a sample-and-
hold block, and a 12-bit ADC. A more complete system
might contain a differential multiplexer and/or a differ-
ential (or instrumentation) amplifier preceding the S&H
block. The data output circuits are arranged to interface
an 8-bit data bus as found on an 8080 or 6800 micro-
computer (uC). Since the data word is 12 bits, the uC
must accept it in two 8-bit bytes. Normally the uC would
address the DAU with two consecutive address locations
corresponding to a 0 and a 1 at the address LSB to load
the two bytes of data. The DM8123 multiplexers are
ideally suited to this use. They have TRI-STATE output
circuits, and the channel-select input may be directly
driven from the address LSB. If a 16-bit address bus were
being interfaced, such as in the PACE uC, the output
multiplexers would be -replaced with DM8097 or equi-
valent TRI-STATE output buffers (see Figure 11). In
both instances, low-power versions of these parts, the
DM81L23 and DM80L97, could be used to -drive a
lightly loaded data bus. .

single system and uses up to 64 pages of memory
position. If this is not satisfactory, two address compara-
tors ORed together (DM8163) could select from 12 bits
of address. The magnitude comparator(s) plus the four
address lines to the 16-ch MUX make up the complete
address decoding. The output of the magnitude compara-
tor(s) indicates when this DAU has been addressed, and
the four address lines to the MUX select the 1-of-16
channels of this DAU.

This circuit is designed to interface the 8080 uC. Thus,
a memory read command MRDC must be received, and

_an ‘acknowledgement XACK must be issued to indicate

‘when data is ready. Operation is’ as follows: A valid

address on address lines A-F causes comparator output
Q to go low. This gates the inputs of the quad D latch to
accept the 1-of-16 address word from address lines 1-4.
At the occurrence of MRDC the address is clocked into
the quad D latch and presented to the 16-ch MUX which
selects the addressed channel. When Q and MRDC are
both low, the output of OR gate A goes low, which
enables the XACK signal buffer. If the address LSB is 0
(byte 1 of a 2-byte data request), OR gate B output goes
low to trigger a one-shot.

The one-shot circuits are a simple means of timing the
sample period and the converter start commands. There
are other methods (see Figure 15) of accomplishing this
timing without the "hazards associated with one-shot
circuits; however, the simplicity of this scheme lends

“itself to easy understanding of the timing required. The

first one-shot generates a sample pulse of 5-30us as
required for the S&H to acquire and settle to 0.01% of

" value. Its Q output presets the single D latch @=1).

The address decoding. is accomplished with a DM8161

6-bit magnitude comparator looking at the six most
significant address bits. These 6 bits are compared with
an address code hard wired into a DIP header.which can
be different for each DAU card in a system. Comparing
only 6 address bits allows a possible 64 cards in a

The trailing edge of this.pulse returns the S&H to HOLD
condition and triggers the next one-shot to generate a
start conversion command of about 3us. When the ADC
completes conversion, its CC output goes low, thus
clocking a 0 into the single D latch to reset its Q output
low. Both inputs to OR gate C now being low will
enable the output MUX and return a low on the XACK
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line indicating to the uC that data is ready. Address
LSB = 0 selects the 8 LSB of the data word for presen-
tation to the data bus. A subsequent address with LSB
= 1 selects the 8 MSB of the data word, but will not
trigger the one-shot or preset the D latch because the
output of OR gate B will remain high. Since the output
of OR gates A and C will be low, XACK is returned and
the output MUXs are enabled to present byte 2 of the
data word on the data bus. When MRDC returns high,
the output circuits are disabled. If the 6-bit comparator
does not see a valid address, no action is taken by the
DAU.

This represents the simplest possible DAU for interfacing
to computers. The interface to the 8080 is one of the
simplest. Only minor modifications are required to
interface, for example, the 6800 or PACE uCs (see
Figures 9 and 11). The only timing anomaly in the logic
system shown is that when the XACK buffer is enabled
there will be a 10-40ns pulse of 0 output. The computer,
however, does not act on an XACK signal at this time
and so will enter a wait mode until XACK is returned
later on.

The analog signal section has purposely been omitted
from this discussion of interfacing to processors because
its details will depend upon analog signal levels, the
possible requirement for differential channels, the pos-
sible need of an instrumentation amplifier following the
multiplexer, and S&H timing requirements. The analog
section of the DAU may be made up of various com-
ponents, depending upon the required performance and
. operating conditions. A pair of 8-channel multiplexers
will give the flexibility of connecting as differential
8-channel or as single ended 16-channel whereas a single
. 16-channel MUX with space and wiring on the board for
another 16-channel MUX would allow for either 32
channels or. 16 differential channels. A pair of AM3705s
could be used for lowest cost where analog signals are no
greater than £5V. The S&H circuit could be monolithic
LF198, hybrid LH0023, LHO043 or LHO053, made up
of individual discrete and integrated circuits, or it could
be any of several available modules.

The ADC used in this system may be of a conventional
design with speed and accuracy being the only important
technical considerations. No special TRI-STATE output
or output data latches are needed as the data is latched

. in the register until a new start conversion (SC) command

is given. The ADC could be made up of an AD1200 ADC
building block plus DM2504 or MM74C905 successive-
approximation register, it could be an' AD1210 plus
LHO071 reference and appropriate MOS-TTL and TTL-
MOS buffers, or it could be any one of a number of
other ADCs on the market.

Total power is about 2.8 watts and cost is about $9.50
per channel for components as indicated in Table 1.
Note that output drivers are standard TTL circuits
whereas low power TTL may be used for lower power
dissipation where a lightly loaded data bus is to be
driven.

PARALLEL-CONVERSION DATA ACQUISITION
UNIT

Parallel data conversion is likely the simplest possible uC
data system concept which will effect immediate access
to latest input data as if it were main memory. [t may be
treated as main memory by the processor and is only
slightly more complex than the simplified system of
Figure 2. The individual ADCs in Figure 2 include TRI-
STATE output for direct wire ORing on the data bus.
However, to make each capable of driving a heavily
loaded sy'lstem bus would require significant and un-
necessary power dissipation in each ADC. Accordingly,
except in minimally loaded systems, a separate set of
TRI-STATE TTL output data buffers would be added to
Figure 2. Small differences in the address decoder and
control circuits will exist, depending upon which uC
system will be used.

The control circuits are exceptionally simple, being
required primarily to accept the memory read command
and to return a memory ready signal. The most complex
part of the control circuits is that required of uC systems
which accept data in two 8-bit bytes rather than in one
16-bit byte, yet even this added complexity is minimal.

Table 1. Conventional DAU Power & Cost

1-— 16-Channel MUX

17— S&H

1— ADC

2 — DM8123 Quad 2-Input MUX

1 — DM8161 ' Hex Comparator
1—-DM86LI3 Quad D-Latch

1 — DM74LS221 " Dual One-Shot v
1 — DM74LS132 Quad Schmidt NAND
1 — DM7432 o : Quad OR Gate

1 — DM74LS74 Dual D F-F

1 — DM8094 TRI-STATE 4 x Buffer

Pp (mW) $ (100s)

300 19.55

" 500 74.50
600 40.00
800 2.56
250 2.56
30 1.28
30 3.00
60 2.00
100 49
20 3.00
144 ~ 7
2834 150.05

$9.38/Channel
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AN-159 Data Acquisition System Interface to Computers

Table 2. Microprocessor Systém Characteristics

8080 PAC!

Address Word Length 16-bit

bus
Data Word Length 8-bit

Address & Data Polarity
data and address bits are 0 = true.

Address Strobe None

16-bit data/address

NADS = 0 to set

E 6800
16-bit

SC/mMP
12- or 16-bit

8-bit 8-bit

All chips are 1=true; however, if Intel system bus drivers and receivers are used, 8080 system

VMA =1 NADS =0

memory address

latches (concurrent with)’
Memory Read Strobe MRDC = 0 to read IDS =1 to input’ R/W =1 to read NRDS = 0 to read
data . ' data data data
1MHz 1MHz

Maximum Clock Rate 2MHz 2MHz

Since uC systems differ somewhat from one another, it
is worth our effort to look at the hardware and software
details and the system timing requirements of several of
them when considering a DAU interface. From this
consideration we can establish the desired function and
characteristics of the ADCs, DACs, address decoders,
cont(ol components, and uC interface signals. The
following exercises include interfacing parallel conversion
DAUs of 8- and 12 bits to the Intel 8080, the National
PACE, and the Motorola 6800 microcomputer systems.
Interface to other systems such as National’s SC/MP will
be similar. All request, control, and answer signals are
considered along with the required signal polarities and
timing relationships. Table 2 summarizes the important
characteristics of these three systems.

8080 Interface

The 16-channel, 8-bit parallel-conversion DAU shown in
Figure 6 will interface with an 8080 uC system without
a wait period in the memory-read cycle. This system can
be built with existing components for about $10 per

channel. It is a minimal system, capable of driving only
a lightly ‘loaded data bus, as the MM5357 ADCs can
drive but a single TTL load. When heavier loads must be
driven, two quad TRI-STATE output buffers will be
needed. The ‘address decoding uses a 4-line to' 16-line
decoder which selects the addressed -channel from the
four least significant (LSB) of -address bits. A 6-bit
address comparator compares the six most significant
(MSB) address bits with a code hard-wired into the code-
select-header. The comparator output gates the 4:16
decoder only if the proper memory page (1 of 64) is
addressed. The comparator output, gated by the memory
read command MRDC, inhibits the clock to prevent data
change in the output latches during the data access
period. Concurrence of the correct address and MRDC
also returns a data-ready acknowledgement to the uC
via the TRI-STATE output of a buffer. No other logic
is required; however, inverters are necessary in the ADC
enable lines due to a sense mismatch in the 4:16 decoder
output and the ADC enable inputs. The system is truly
as uncomplicated as indicated in Figure 2.

MM5357 -MM5357 MM535
ADC ADC - eooce AD3C7
REF CLK EN ’
1 P 1 ] l
1 Py
vn coer— I
— D
EN5-6 DCML76$‘I:.§132
DM8098
- et TRI‘EEQTEE INHIBIT
DM8131 Q G G DM74L154A I
MAGNITUDE : ol 'NVERTER
COMPARATOR H DECODER L
TTTTTTL TTTT_1 I
FEDCBAT 3 21 0 mMRDC XACK

' ADDRESS BUS

* NOTE: USE TWO DM?74L04 HEX INVERTERS
PLUS FOUR OF THE SIX INVERTERS
OF THE DM8098

FIGURE 6. 16-Ch, 8-Bit Parallel-Conversion DAU for 8080
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‘_J LH0071
REF

. DM8123 0
41 DM74L154A TR&-S;QTE e
3 st :
= 2INPUT  fm2
2—] DECODER g mox' 22
i G p—
SEL  EN
FROM | 0 1o R
ADDH 803"
BUS | | DM8093
B— DM8131 >
[o=m DM8123 =4
D s8It e TRISTATE f=5
MAGNITUDE QUAD
Ewq COMPARATOR 2aneur 8
Foee _ . mux [’
I -

MRDC

XACK

FIGURE 7. 16-Ch, 12-Bit Parallel-Conversion DAU for 8080

As 12-bit data is likely of greater interest in the market,
the remainder of the discussion will consider the logic
necessary to handle 12-bit data. Accordingly, Figure 7
shows a 16-channel, 12-bit parallel-conversion DAU for
the 8080. No part number designation appears on the
ADCs because they are hypothectical units possessing
the characteristics considered desirable in this applica-
tion. The converters contain the DAC switches, ladder
network, comparator, up/down counter (for tracking
conversion), control logic, and TRI-STATE buffered
outputs. They operate continuously with the output
data buffer updated at the end of each conversion. Such
a converter containing CMOS logic could settle in less
than 1-4us (after an initial but longer acquisition period)
without being costly to construct, and would thus
provide 12-bit accuracy to *% LSB at a data bandwidth
of 10-20Hz. A single external buffered reference could
suffice for all converter channels. An external gated
clock could drive all converters. Address decoding is the
same as outlined for the 8-bit system. The LSB address
bit is used to select byte 1 or byte 2 of the 12-bit

output data word by means of the two DM8123 quad,
TRI-STATE, 2-input multiplexers. Address bits 1-4 are
decoded into 1-0f-16 select bits to enable the TRI-
STATE output of the selected ADC. Since the 1-0f-16
output select of the DM75L154A decoder is O true, it is
desirable that the ADC enable input be O true. Otherwise,
16 inverters would be required. The control timing may
be considered in reference to the 8080 timing require-
ments shown.in Figure 8.

The DM8131 address comparator provides an output to
gate the 4:16 decoder and to enable the DM8093 quad
TRI-STATE line driver. This occurs (+30ns) only if the

address is valid for this data card. If the address is valid, _

the 4:16 decoder accepts the address and the DM8093
is set to accept the MRDC command at inputs 5 and 6
(+250ns). The decoder output to the ADC enable lines
is available (+180ns), and valid data is available from the
selected ADC (+330ns). As the data card must return a
data ready signal (+440ns) to prevent extending the
memory access cycle, the DM8093 transmits the MRDC

ADDRESS BUS STABLE ADDRESS I -
MRDC | I -
" ' DATABUS DATA l
REQ'D
XACK E ®<—REQD %

ADC ENABLE

DATA OUT m %
TN NN WU A NN AN R A N SN TSN E N |
200 400 600 800 1000 1200 1400
TIME (ns)

FIGURE 8. Timing and Control for 8080
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AN-159 Data Acquisition System Interface to Computers

or

or

or

or

or

or

back out to the uC on the XACK line (+300ns) in
advance of the time required. A0 is placed on the XACK
line for the duration of the MRDC command. The
MRDC signal also enables the output multiplexer enable
lines (+300ns) via the DM8093. This signal also inter-
rupts the clock drive to the ADCs to prevent a change in
data output during the remainder of the memory read
cycle. A desirable built-in design feature of the ADC for
this application might be a cloc_kinhibit or data transfer
inhibit operating from the EN input. Valid data is
.present on the data bus (+460ns) at least 200ns before
it is required. Valid data remains stable until the end of
the MRDC command when XACK and data output lines

_return to their normal high-impedance states.

Data is placed on the data bus in two 8-bit bytes as
controlled by the LSB address code. A 0 selects the 8
LSB data, and a 1 selects the MSB data. Two consecutive

memory addresses will then read the entire data word in
two bytes. As there are only 12 data bits, zeros are
placed on the remaining data lines. For 2s complement
binary data coding of * input analog signals, the 12th
bit would be inverted and extended to the remaining
data lines so that signals would appear as valid data to
the microprocessor.

Total address decode, control, clock, and output drive
logic circuitry is contained in six DIP circuits (only one
of 24 pins). To this must be added a code-select header,
a reference, and 16 converters. Total power required is
4.2 watts for 16 channels of 12-bit data from 5V analog
signals of 10Hz bandwidth (see Table 3). Low Power
TTL output drive capability would reduce power drain
by 370mW. Total cost of parts (assuming a future price
of $25/ADC) would run to about $26 per channel
(see Table 4). ) :

Table 3. Power Required, 16-Channel, 12-Bit

. Pp (mW)
8080 6800 PACE
16— ADC ) 3200
1 — LH0071 Reference 45
1 — DM74LS132 4 x 2-Input NAND Schmidt ' 60
1 — DM74L154A 4:16 Decoder 24
1 - DM8131 6-Bit Comparator 250
1 - DM8093 4 x Buffer 170
1 — DM8099 6 x NAND Buffer ' 175
3 — DM8097 6 x Buffer 975
2 - DM8123 4 x 2-Input MUX ' 400 400
1 —DM86L13 4 x D-Latch 30
4199 4154 4584
Table 4. Cost of Components, 16-Channel, 12-Bit
$ (100s) <
8080 6800 PACE
16 — ADC 400.00 '
1 — LH0071 Reference 5.00
1 — DM74LS132 4 x 2-Input NAND Schmidt 2.00
1 — DM74L154A 4:16 Decoder 2.46
1—-DM8131 6-Bit Comparator 2.56
1 — DM8098 6 x Inverter 1.65
1 — DM8099 6 x NAND Buffer 1.70
3 — DM8097 6 x Buffer 5.565
2 - DM8123 4 x 2-Input MUX 2.56 2.56
1— DM86L13 4 x D-Latch- 1.28
416.23 416.28 418.85
=~ $26/Channel
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6800 Interface

For other uC systems, the logic will change slightly.
Figure 9 shows the logic section of the DAU of Figure 7
modified as necessary to interface with the 6800 uC.
The 6800 timing and control signals are shown in Figure
10. With the 6800, the address information, the valid
memory address VMA signal, and the read/write W/R
signal all come up approximately simultaneously and
remain for about one clock period of 1us {(min.). The
data need not appear on the data bus until 100ns
thereafter. The valid address decoding .is accomplished

by ANDing the VMA and R/W signals together in a
TRI-STATE 2-input AND gate. When enabled by the
comparator output, this gate returns a READY signal to
the uC and enables the output multiplexers. The
appropriate data byte is selected by the LSB address bit
as with the 8080 system. The necessary 10ns data hold
time is provided by the ADC and output multiplexer
disable delays. The remainder of the DAU is identical to
that of Figure 7. Cost and power required are also
similar to those of the 8080 system interface.

5 LH0071
16-ADCs e B
CLOCK
4 DM74L164A 2DM74L5132 ThMe12s. o
(3— pecover | INHIBIT 2neor 2
2 — G MUX _2
] — G — 3
SEL  EN
FROM | © TO
ADDR p DATA
AUS BUS
A — EN p—
B ey DM8131. SEL EN
C et 6-BIT DM8123 4
D= MAGNITUDE TRI-STATE =5
E COMPARATOR QUAD R
F : 2INPUT |5
1 3 MUX
1 DM8099
= R/W VMA READY :
FIGURE 9. 16-Ch, 12-Bit Parallel-Conversion DAU for 6800
ADDRESS BUS A VALID ADDRESS %
VMA %

RIW %

DATA BUS

READY N 7 m

-

| wwmam

DATA REQ'D

—

7

A

1 | S R |

[ I N
200 400

800 1000 1200 1400

" TIME (ns)

FIGURE 10. Timing and Control for 6800
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AN-159 Data Acquisi ion System Interface to Comp'u'ters

PACE Interface

Figure 11 shows the logic section of the DAU of Figure
7 modified to interface with a PACE uC. The PACE
timing is shown-in Figure 12, Since the PACE uC has but
a single address/data bus, address latches are required for
address decoding. The DM8131 address comparator
contains : output latches, but the DM74L154A 4:16
decoder does not, so a quad latch is inserted ahead of the
4:16 decoder. The latches all set on the rising edge of
the NADS signal provided by PACE during the time that

address information is on the bus, and drop out on the

next NADS signal. Comparator output applied to gate
the 4:16 decoder provides an enable ADC signal lasting
until the falling edge of the next NADS pulse. The IDS
signal ANDed with the comparator output enables the
TRI-STATE output buffers and inhibits the clock. An
additional MSB inverter would be needed for + analog
signals in order to provide the 2s complement code.
Total address decode, control, clock, and output drive
circuitry is contained in seven DIP packages, one more
than required for the 8080 system interface. Total power
and cost are comparable to those given for the 8080
system interface. ) '

ADC CHARACTERISTICS

The ADC for use on a parallel-conversion DAU must
contain TRI-STATE output data latches. Otherwise it
may be conventional. The MM5357 was designed for
direct connection to a data bus, therefore it contains the
necessary output latches. At this writing there are other
ADCs with the TRI-STATE: output latches appearing on
the market, and more can be expected. The MM5357 is
nearly ideal for use in an 8-bit parallel-conversion DAU.
It would be even more suitable to this use if it were a
tracking converter, and the polarity of its enable input
and of its data output were of opposite polarity. The
data polarity is of lesser importance as the bus drivers
probably needed may as well be inverting as non-inverting
except for common usage. The enable polarity should
match the decoder output to obviate the need for 16
inverters (3 logic packages, though of little cost). See the
later discussion of ADC hardware for additional thoughts
on this subject.

This parallel-conversion data systém has data bandwidth
limited to about 10Hz for 8-bit SAR converters, but
may be increased to 150-300Hz with 8-bit tracking

A -
. )
LH0071 . =
REF | PP _16-ADC’s M8097  f1
TRISTATE L2
HEX 5
BUFFER [~
0 se— EN e 5
1 === DM86L13
2= “QUAD
3 = D LATCH g
DM8097 =7
cLK TRI-STATE fmg.
9 TO
T0 BUFFER A 23;ARIE s
B —
_UNIBUS N g ADD
A %DM74L5132
B DM8131 - —C
¢ 6-BIT @ _DM8097 k.p
o R H
E 91 BUFFER | F
F _ _ O~ m _ :
— s Q EN
4
NADS IDS = EXTEND
FIGURE 11. 16-Ch, 12-Bit Parallel-Conversion DAU for PACE
ADDRESS E VALID ADDR E OUTPUTS HI-Z a
]
DS " % % : -
DATA
DATA - REQ'D —
EXTEND : % } %

ADC ENABLE"

DATA OUT

4 a wm

T N U DU TN NN SHNN BRSNS SN S SN A N
400 800 1200 1600 2000 2400 2800
TIME (ns)

FIGURE 12. Timing and Control for PACE
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converters. 12-bit data bandwidth will be 1/16 that of
the 8-bit systems. On the other hand, no S&H module
is required. Data rates could be considerably increased if
S&H modules were added to each channel; however;
. costs per channel would more than double. For use with
S&H modules, SAR logic converters would be faster
than tracking types, allowing data bandwidths of over
600Hz/channel for 12-bit data.

MULTIPLEXED DATA ACQUISITION UNIT WITH
MEMORY

A muitiplexed data acquisition system containing
memory is probably the most cost-effective way of
providing an immediate data-access interface to proces-
sors. The processor may address the peripheral data-
acquisition unit to obtain immediate data without
entering a wait mode, just as if it were accessing main
memory. Latest valid data is always present within the
DAU memory which is updated at a rate determined by
_the channel multiplexer rate and ADC conversion speed.
There is no need to write subroutines into processor
software or firmware to address and request data from
the peripheral, resume its assigned processing task while

watching for a flag set by the peripheral indicating that
data is ready, and returning to accept data from the
peripheral.

The multiplexed DAU with memory shown in Figure 3
takes care of routinely updating its memory by sequen-
tially sampling each data channel, digitizing the channel
signals, and writing data into its self-contained memory.
When the DAU is interrogated, the sequential process is
momentarily interrupted, the RAMs are addressed by the
processor, and data is read out to the data bus. The
memory can be three each DM8599 16x4-bit RAMs.
These have TRI-STATE outputs, so can connect directly
to the data bus. Note that the RAM inverts the data bits
from the ADC. The RAMs are available in low-power
TTL to drive a lightly loaded data bus, or they are
available in Schottky versions for driving higher speed
systems. In fact, almost the entire logic system could be
realized in Schottky circuits, which should allow inter-
facing even the new fast bipolar uCs without a wait cycle.

The MUX sequencing circuits are shown in Figure 13.
When the uC is not accessing memory on the DAU, the
16 data channels are scanned in continuous sequence.

2 EA AM3705 LF2908 ADI200 3 EA DM8599
, * 1“%;),(, N K > DM2504 A BG;A
16-CH ©  HOLD 5C cLK TE WE WE
ANALOG
DATA 4 ? 3 Ar, 4 Ar
cLi
)
y L 1 v
a TRIG Q TRIG Q @ TRIG
ONE-SHOT A ONE-SHOT ONE-SHOT A
(3us)  TRIG (10us) TRIG (200ns) TRIG
. DM74L8221 B | |% DM74Ls221 B8 | | % DM74LS221 B
_r)'—l—-w_‘—o 45V
= " INHIBIT FROM
= START-UP CONTROL LOGIC
4.BIT ADDRESS
DM86L93
4-BIT

BINARY

COUNTER
FIGURE 13. Sequencing Logic with OS

MEMORY WRITE

—
I

RAM & MUX ADDR oLD “

NEW ADDRESS

S & H CONTROL I SAMPLE I HOLD I
! ' L —
START CONVERSION
TRIG B (15t OS) . - L _}
o ___ﬂr_______—_*_———qp_—
WE u
11 | I I 1 i | 1 | 1 | I 2 {
o 2 4 6 8 10 12 50

FIGURE 14. Timing for One-Shot Sequencing
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Data on.each channel is sampled and held in the S&H
module while the ADC converts the analog data: to
digital. At the completion of conversion, the digital
output of the ADC is written into the RAMs before the
multiplexer selects the next channel. The timing and
sequencing of channels _is accomphshed with a 4b|t
binary (+ 16) counter and three one-shot pulse genera-
tors. Where one-shots are undesnrable an alternate
approach using shift register timing could provide the
same function. A valid address output from the address
comparator. switches the RAM address input from the
+16 counter to the address bus input, thereby addressing
the RAM to the desired channel for data readout. If the
data "conversion sequence is in the memory write
condition, the gate applied to ‘WE prevents switching the
MUX to the ‘address bus of. returning an XACK signal
until the memory has been loaded. Thereupon, the
sequence is interrupted as outlined above. The inter-
ruption of the sequence lasts for about 1300ns (8080
system) while the address is valid.

The sequential data conversion cycle is shown in the
timing SIgnaIs of Figure 14. The conversion-complete CC
output of the ADC triggers a ‘one-shot to generate a
200ns memory write pulse. The trailing edge of this.
pulse advances the address + 16 counter to the next
channel and triggers a second one-shot to produce a 10us
sample period. At the completion of the sample period,
the S&H goes into hold mode and a third one-shot
generates a 3us start conversion SC pulse. When the
DAU is in the command read mode, a O appears at B .

trigger input to the first one-shot. If a CC signal occurs
during the time the O is present on the B input, the one-
shot will not be triggered until the B input returns to a-1.

An alternate sequencing circuit without one-shot circuits
is shown in Figure 15 with timing relationships in

“Figure 16. It makes use of a shift register and exclusive-

OR gates to generate the gates needed to write into
memory, sample and hold, and start conversion. The
ADC clock is generated at twice the desired clock
frequency and divided by 2 in a D flip-flop. In this
manner, the ‘minimum gate width is 1/4 .of the ADC
clock period (620ns in this example). The CC signal is
clocked into a D flip-flop .with a delay of 620ns. The
delayed output clears the shift register (SR) and is
clocked into the SR after an additional 620ns delay.
An exclusive-OR of the SR input and Q1 output
generates a 620ns gate to write data into the RAMs.
The trailing edge of this WE gate clocks the + 16 counter
to advance the MUX and RAM address to the next
channel. Exclusive-ORing of SR Q1 and Q7 produces an
8.75us sample gate. (If the acquisition and settling time
of the S&H is greater than 8.75us, additional circuit
complexity is required.) ‘Exclusive-ORing of Q7 and Q8
produces a synchronized 1.25us gate to start the ADC.
This circuit may not be the most versatile or elegant for
the purpose. For those applications with longer S&H
acquisition times or other requirements, some alternate
circuit may be designed if that of Figure' 15 is
unacceptable.

16.CH wen b gl san || aoc ' q DATA
ANALOG» MUX _ _ o our
HOLD € _cik SC) .
‘ _ i \
7 \Y q -O—4
R E——— Y . D {¢— -
Q OF ADDR _DH DUAL & .
G a ADDRESS
. COMPARATOR GATED 10 M TUX
CLR Q Ll
CLR <] A 4 V‘ y 4
[ Q708 Q1 SA SBCLR CLK
INIT G a . 4-BIT
o SR OURTER
oL -——T-> cLK o cLK

FIGURE 15. Sequencing Logic with SR

CLK

LK

CLK/2 TO ADC

;

! & |
SR INPUT j
@ . 7
N0l = WE T

RAM & MUX ADDR

o X

NEW ADDRESS

Q1 ® a7

i

SAMPLE | HOLD

START CONVERSION

FIGURE 16. Timing for S-R Sequencing
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The p-computer interfaces shown in Figures 17 and 18
are similar to that of Figure 5. The PACE interface is seen
to be slightly less complex than that of Figure 17 for
8-bit data-bus machines. A single DAU card with plug-in
or strap options could be built to interface any of the
three uCs considered. Such a universal circuit is shown
in Figure 19. This circuit also includes an option to
provide binary output for unipolar analog signals or
complementary binary output for % signals. In the case
of binary output, the 13-16th data bits are set to 0. In
the case of complementary binary, the sign bit is
extended to the 13-16thdata bits for valid recognition by
the uC. :

The total dissipation is 3.5 watts and cost is $11 per
channel as shown in Table 5. Both are only slightly
greater than those for the conventional DAU.

The ADC desired for this application is similar to the
conventional ADC except that the ADC data output
should be complementary to compensate for the data
_inversion within the RAMs. The AD1210 or AD1200 are
thus ideal choices for an ADC in the multiplexed DAU
with memory. .

SEQUENCING
LOGIC

CONVERTER CHARACTERISTICS

Each approach to the DAU requires different character-
istics of the ADC. Table 6 summarizes the requirements
for each of the three DAU types. The sequential or
addressed DAU types require similar ADCs. If the
conventional addressed DAU must utilize bus drivers,
the desired ADC characteristics are identical to those for
the sequential DAU with memory. Only the parallel-
conversion DAU is seen to require buffered TRI-STATE
output latches.

By far the most important characteristic of an ADC for
use in a parallel-conversion DAU is that it have buffered
TRI-STATE output latches. It is desirable that it also
have the other characteristics checked in Table 6. Items
1 and 2 are by far the most important of the desired

characteristics. The need for item 1 has been discussed."

TTL compatible control and data signals are desirable so

that TTL-MOS and MOS-TTL interface buffers are not .

required between the ADC and-the rest of the system.
Dual output strobing makes it possible to wire-OR
interface directly to an 8-bit data bus or to use only an
8-line buffer without the need for the output multi-

RAM WE
ADDR  INHIBIT .

RAM
ADDRESS

DATA
I
1
a
oMm8131
6BIT
COMPARATOR
[YIY XX
01234 co
ADDRESS
FIGURE 17. Address Comparator and Control for 8080 (6800)
SEQUENCING 3 EA DM8599 DATA
LOGIC  WE 16 x4 03
RAM WE RAM
ADDR INHIBIT
DATA
1 25
O
FI >°" DATA
88
INo SEL |ABbR
T0
RAMS
DATA
DM8097 y
DMB86L13 a . cF
QUAD oMm8131 5 BUFFER
D LATCH COMPARATOR BN
cLKk S
0123 ABCDEF NADS IDS EXTEND
ADDRESS

FIGURE 18. Address Comparator & Control for PACE
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AN-159 Data Acquisi ion System Interface to Computers

. o ] 1
o s . CsaH f—din ; 16 x4 RAM 2
16.CH H ’ 3 ME WE 48
ANALOG 4 T . 8
IN 28T 5 J ”” @
ADC g . ) ) §
5 . == 8 ——r ]
oLoek . '_ < . DM8599 s 8
DM74LS132 I cLK - u _l T’; WE ”” 7 ‘
t 1 ,—J 2C:8 . 8 0
]  — —— . DMB599 A2 $
— - CLK QA,AQ qaaQA, ME WE B 3
] owmssLe3 | ‘ DATA
coinSen P DMS54LS221 )
B , B B}
-
—FDO—— 2cC
] = A A T
DM81L23 (\ {) 3 pmeog7 3f————""E 6
4% 2IN. MUX . 4 | Se—-3 1
Ng - rl‘ F 5 _  Sp—————XACK (8080)
_No EN SEL EN14 EN56 EADY(6800)
. EXTEND (PACE)
i - >
ousaura” °f | e, ° £
READ ONLY _y.| ' "4 x D LATCH COMPARATOR 1
FOR PACE CLK S NOT REQ'D
| 1 | 4 H FOR 8080
I 1 1 3 -—
| 1
8080 0 cD GND N.C.  N.C. MADC
USRI 188 o (13 i 2 / A e
N - SHORT CIRCUIT
NS ONLY FOR
ADDRESS ' PACE ;
FIGURE 19. 'Multiplexad Immediate-Data-Access DAU
Table 5. Power & Cost, 16-Channel, 12-Bit Sequential with Memory
Pp (mW) $ (100s)
1— . 16-Channel MUX ' » 300 ) 19.55
1- : S&H 500 74.50
1-— ) -ADC . 600 40.00
1— LHO070 : ‘ Reference 45 5.00
3-DM8599 © 256-Bit RAM 1200 15.36
1 — DM8097 ' 6 x Buffer o 325 1.65
1— DM8131 " 6-Bit Comparator . 250 : 2.56
1-DM81L23 o 4 x 2-Input MUX ‘ 20 : 2.00
1 — DM74LS27 3x 3-Input NOR 17 3.00
1— DM7402 4 x 2-Input NOR © b5 .35
1— DM74L32 ) 4 x 2-Input OR 12 .64
1— DM86L93 : . +16 Counter : 25. . 2.1
2 — DM74LS221 2 x One-Shot ) ’ - 60 6.00
1 — DM74LS132 4 x NAND Schmidt 60 2.00
1— DM86L13 4 x D-Latch 30 1.28
- 3500 176.00
$11/Channel
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plexers shown in Figure 5 et. al., although a separate
buffer is required in most systems. Tracking operation
provides the higher speed useful in a conversion circuit
without an S&H. Inhibiting data transfer to output data
latches when the output is enabled prevents changing the
output code while data is being read from the data bus.
This function can be accomplished with an external gate,
but could be convenient if handled within the ADC
logic. Straight binary (not complemented) output is
desired for all uC interfaces (except the 8080 when
operating with Intel system bus drivers and receivers).
As it may be necessary to add TRI-STATE line drivers
to drive the data bus, data inversion can be handled by
inverting buffers when required. The availability of both
Q and Q outputs on the MSB simplifies data readout as

The National MM5357 is the choice for an 8-bit ADC
having buffered TRI-STATE output latches and TTL
compatibility when converting £5 or 0-5V analog inputs.
If converting 0-10V inputs, it becomes 10V CMOS:
compatible. Several monolithic ADCs of 8 to 12 bits
have been announced. These monolithic converters and
future versions of them promise to bring converter
prices down to a level which will make parallel-conversion
economically feasible. Several hybrid converters have
also been announced with attractive prices; however, it is
the monolithics which promise the lowest ultimate cost.
Features of several of these new products are compared
in Table 7. Although only the MM5357 and the AD7550
are suitable in present form, their prices and character-
istics show that the desired attributes are and will be

binary or 2s complement without adding an external
inverter. Table 6 has been arranged in the approximate
order of preference for parallel-conversion DAU use; the
preference will be different for multiplexed data.

possible at the needed prices.

The future ADC most suited for use ip a parallel-
conversion DAU might appear as in Figure 20. This

Table 6. Desired A/D Converter Characteristics

Parallel Sequential Addressed

Conversion w/ Memory w/o Memory
Buffered TRI-STATE Output Data Latches X ? 2
TTL-Compatible Control & Data Signals . X X X
Dual Output-Enable (Bits 0-7 & Bits 8-11) X ' X
Counter Logic UP/DN SAR SAR
Internal Comparator X X X
Both Q & Q Outputs on MSB ’ x X X
Binary Output Polarity Data™ Data Data®

Busy Output (TRI-STATE w/ Enable) ) , x
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Internal Clock X X

Continuous Recycle when CC = SC X

Inhibit Data XFR to Latches when Enabled X

’ * Unimportant if Buss drivers used.

Table 7. Low-Cost Monolithic and Hybrid ADCs
National Analog Devices Teledyne National Analog Devices
MM5357 AD7570L 8702 AD1210 (Hybrid)' AD7550
Number of Bits 8 10 12 12 13
Cost (in 100s). $7.95 $69.00 (1-49) $29.50 $24.95 $25.00
Conversion Method Potentiometric R-2R Differential Charge R-2R Integrating
Balancing
Logic Type PMOS SAR CMOS SAR CMOS iIntegrating CMOS SAR CMOS Quad Slope
Conversion Time 25us 20us + Comp. 20ms 130us 40ms
Settling
Logic Interface at 5V - TTL TTL TTL TTL TTL
Analog Sig. 0-10V CMOS TTL/CMOS TTL CMOs ~ TTL/CMOS
External Circuits Required Ref + Clock Ref + Comparator  Ref Ref + Clock Ref
Qutput Buffered Latch?  Yes: No Yes No Yes
TRI-STATE Output? Yes Yes No No Yes
Separate Output Enables? NA Yes Not Strobed No " Yes
Output Code Inverted Normal Normal Inverted 2s Complement
Power Dissipation 170mW Dynamic 10mW Standby 20mW Dynamic 140mW Dynamic  10mW Dynamic
+ Dynamic :

+ Comparator
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FIGURE 20. Tracking ADC for Parallel-Conversion DAU

design meets all the goals of Table 6. It could run at a
clock rate of 0.25-1MHz (1-4us conversion time)
because it is a tracking converter, it contains TRI-
STATE buffered output data latches, the separate high
and low bit-enable lines allow two-byte operation of an
8-bit data bus, the output latches will not change state
when the output is enabled, and the CC and SC
terminals may be strapped for continuous conversion
without missing a clock period. An 8- or 10-bit converter
and possibly a 12-bit converter of this type could be
built on a single chip without much difficulty. If not,
a hybrid or two-chip design is practical. Where speed is
not of importance, monolithic 10- or 12-bit converters
can be built with integrating or voltage-to-frequency
conversion techniques. The -integrating technique pos-
sibly allows the greatest accuracy with the least circuitry,
and is a prime contender for the application. As the
integrating ADC utilizes both linear and digital circuits,
it is normally of multi-chip design. However, as tech-
nology advances, it will become increasingly practical to
produce the low-drift, low-offset amplifiers, integrators,

* and current sources required of a 12-bit ADC on a single

reasonably small chip along with the necessary logic.

Hi-Z Digital Input Circuits
Strobed Data Input Latches
Dual Input Data Strobes ‘(Bits 0-7 & Bits 8-11)

“Optio.nal Internal Inversion of MSB

Internal Output Amp & FB Resistors
Internal Reference

A two-chip approach would likely be the choice today.
We will certainly see some of these desired design *
features appearing on ADCs in the near future.

As far as ADCs and DACs are concerned, the entire
makeup of their internal logic sections is different from

. that of conventional converters of today (except for the

MM5357 and AD7550). Tables 6 and 8 outline the
desired characteristics of ADCs and DACs for parallel-
conversion and multiplexed systems. Figures 20 and 21
indicate the logic -required. The ADC of Figure 20 is
suitable for relatively high speed data acquisition without
S&H circuits,- while that of Figure 21 is suitablé for
slowly varying data only.

DATA DISTRIBUTION SYSTEMS

Until now, the discussion has centered entirely around
the data acquisition end of the system. At first thought,
the data distribution may seem almost trivial. However,
there is still the address recognition and decoding plus
the control functions. The conventional data distribu-
tion unit (DDU) has used a single DAC, a multi-channel
analog demultiplexer, low-pass filters and possibly S&H

Table 8. Desired D/A Converter Characteristics

Multiplexed
System

Parallel
Conversion

~ X X X X X
X =~ X X X X
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FIGURE 21. V-F ADC for Parallel-Conversion DAU

circuits on each channel reconverted to analog form.
Such a system could benefit from a DAC with input data
latches and separate (double-byte) input gating' or
strobing controls while a parallel-conversion DDU has
even more need of these input characteristics.

The parallel-conversion DDU shown in Figure 22 would,
if constructed with available DACs, require 12-bit input
data latches ahead of each DAC. The characteristics
desired of a DAC for this use are listed in Table 8. High
impedance digital inputs prevent loading the data bus
while a strobed input data latch allows entering data
only in the addressed DAC and holding it until updated

. (thus performing the function of DAC and S&H).
Separate input data strobes for low and high bits are
used for the same reason as with the ADC, for alternate
enabling on successive input data bytes. Figure 23 out-
lines the desired DAC for use in a parallel-conversion
DDU.

The DDU address decoding and complexity is similar to
that of the DAU. Input data strobing separated as 8 LSB
and the remaining MSB is an advantage when used on
8-bit data bus systems. The cost per channel is essentially
that of the DAC used. Likewise, for power dissipation.
Practicality will be entirely dependent on ultimate cost
of the converters. Advantages over a demultiplexed
system are that only minimal output filters are required
and that an output amplifier per channel is not required
(already exists in each DAC).

CONCLUSION

Each type of DAU described exhibits unique advantages
as indicated in the comparisons of Table 9.

Further reduction in the costs of monolithic converters
will make the parallel-conversion type of DAU attractive
where low-speed data is handled. For 8-bit data, this

type of DAU is extremely attractive at this time because
the DAU cost per channel is essentially that of an ADC
which is as low as $8 in lots of 100.

It would seem that the multiplexed DAU with memory
exhibits all of the advantages of the conventional
random-addressed DAU plus all those of the parallel data
conversion DAU except that the data in any specific
channel may be older. Offsetting this single comparative
disadvantage are significantly lower cost per channel,
lower power requirements, and no requirement for
special ADCs with buffered output latches. The multi-
plexed approach with memory is only slightly more
complex or costly than a standard DAU, yet it brings
the great advantage of high-speed immediate data access
with significant cost savings over the parallel conversion
technique.

Although the character of an ADC or DAC used in a
parallel-conversion data system differs markedly from

those used in the usual multiplexed data system, the -

processor interface requirements are similar or identical.
The sense of uC bus control signals is of relatively minor
importance so long as they are standardized among the
several uC units available. Positive-true data and address

signals are possibly a slight advantage over zero-true -

signals when TRI-STATE circuits are used. For the
multiplexed system described, data inversion through
the RAM would suggest the advantage of complementary
binary output data from an ADC.

Conventional ADCs and DACs available today (except
the MM5357 and AD7550) do not have the character-
istics needed for parallel-conversion systems. However,
this picture is changing as more units are designed for
direct data bus interface. Fortunately, however, the
multiplexed DAU with memory does not require the bus
oriented type of ADC. There is at least one available
DAC which includes the dual-strobed input data latches
suggested for direct data bus interface; | would expect to

. see others appearing in future designs, both monolithic
and hybrid.
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DAC BITS 0-4 PARALLEL WITH BITS 8-11 ';Bg¥
DATA
L T !
DAC . DAC DAC
—_ — sessccne I !
STROBE __ STROBE STROBE ___
VR 07 811 SEL VR 07 811 SEC VR 07 811 SEL
l H0071
. VREF
16.8EL LINES .
TO DACs \
. Q [ 1L .
DMB131 DM74L154A
6BIT - . . 416 "
COMPARATOR _ DECODER )
- 5| é
ABCDEF 4 3 221 0 XACK ——(8080= WR NC MWTC

~ READY ——{6800}~ R/W VMA NC
" TO ADDRESS BUS

FIGURE 22. Parallel-Conversion DDU for 6800'or 8080

VR = DAC Vo
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6 = DATA }—9 \sinARY
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BINARY' ) 4= DATA | 3 — 11
. INPUTY 3 —] LATCHES
2 w—
1 o—
0 —

FIGURE 23. DAC for Parallel-Conversion DAU . v

Table 9. Comparison of Three Types of DAU

AN-159 Data Acquisition System Interface to Computers

Features of DAU 16-Channel, ‘ ‘ Conventional " Parallel-Conversion " Multiplexed
12-Bit Random-Addressed Without S&H ~ With Memory
Approx. Component Cost (100s) $9.38" K $26 : $11
(based on a $25 ADC) ‘ _
Approx. Power Dissipation o .2.8wW R 4.3W . 3.5W
Data Bandwidth/Channel 200Hz 10Hz (tracking: " 200Hz
tecony = 50us ) i teony = 4us) S
tacq (S&H) = 10us )
Data Accéss Time 60;15‘ ' <0.5us . ) ' o < 0.5}15
Software : 60us delay or subroutine as memory access - . as memory access
and return on flag . Lo :
Logic Interface Complexity 9DIP 6 DIP 13DIP
No. of 1C Packages ) ) ‘ ‘
ADC Requirement . i - - TRI-STATE buffered

output data latches
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IC Voltage Reference has
1 ppm per Degree Drift

A new linear IC now provides the ultimate in highly
stable voltage references. Now, a new monolithic IC the
LM199, out-performs zeners and can provide a 6.9V
reference with a temperature drift of less than- 1 ppm/°
and excellent long term stability. This new IC, uses a
unique subsurface zener to achieve low noise and a highly
stable breakdown. Included is an on-chip temperature
stabilizer which holds the chip temperature at 90°C,
eliminating the effects of ambient temperature changes.
on reference voltage.

The planar monolithic IC offers superior performance
compared to conventional reference diodes. For example,
active circuitry buffers the reverse current to the zener
giving a dynamic impedance of 0.5§2 and allows the
LM199 to operate over a 0.5 mA to 10 mA current range
with no change in performance. The low dynamic im-
pedance, coupled with low operating current significantly
simplifies the current drive cifcuitry needed for opera-
tion. Since the temperature coefficient is independent of
operating current,- usually a resistor is all that is needed.

Previously, the task of providing a stable, low temperature
coefficient reference voltage was left to a discrete zener
diode. However, these diodes often presented significant
problems. For example, ordinary zeners can show many
millivolts change if there is a temperature gradient across
the package due to the zener and temperature compen-
sation diode not being at the same temperature. A 1°C
difference may cause a 2 mV shift in reference voltage.
Because the on-chip temperature stabilizer maintains
constant die temperature, the IC reference is free of
voltage shifts due to temperature gradients. Further,
the temperature stabilizer, as well as eliminating drift,
allows exceptionally fast warm-up over conventional
diodes. Also, the LM199 is insensitive to stress on the
leads—another source of error with ordinary glass diodes.
Finally, the LM199 shows virtually no hysteresis in
reference voltage when subject to temperature cycling
over a wide temperature range. Temperature cycling the
LM199 between 25°C, 150°C and back to 25°C causes
less than 50uV change in reference voltage. Standard
reference diodes exhibit shifts of 1 mV to 5 mV_ under
the same conditions.
"
EMITTER
DIFFUSION

ZENER

CATHODE
P- BASE
ZENER — — DIFFUSION
anopE < > — 3

| | — -—
L
DEEPP* — | SUBSURFACE
DIFFUSION BREAKDOWN

Nt

/J\ ISOLATION

- T
BURIED LAYER
FIGURE 1. Subsurface Zener Constriiction
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Robert C. Dobkin
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SUB SURFACE ZENER IMPROVES STABILITY

Previously, breakdown references made in n;lonolithi.c
IC’s usually used the emitter-base junction of an NPN
transistor as a zener diode. Unfortunately, this junction
breaks down at the surface of the silicon and is there-
fore susceptible to surface effects. The breakdown is
noisy, and cannot give long-term stabilities much better
than about 0.3%. Further, a surface zener is especially
sensitive to contamination in the oxide or charge on the
surface of the oxide which can cause short-term in-
stability or turn-on drift. '

The new zener moves the breakdown below the surface
of the silicon into the bulk yielding a zener that is stable
with time and exhibits very low noise. Because the new
zener is made with well-controlled diffusions in a planar
structure, it is extremely reproducible with an initial
2% tolerance on breakdown voltage.

A cut-away view of the new zener is shown in Figure 1.
First a small deep P+ diffusion is made into the surface
of the silicon. This is then covered by the standard base
diffusion. The N+ emitter diffusion is then made com-
pletely covering the P+ diffusion. The diode then breaks
down where the dopant concentration is greatest, that is,
between the P+ and N+. Since the P+ is completely
covered by N+ the breakdown is below the surface and
at about 6.3V. One connection to the diode is to the
N+ and the other is to the P base diffusion. The current
flows laterally through the base to the P+ or cathode of
the zener. Surface breakdown does not occur since the
base P to N+ breakdown voltage is greater than the
breakdown of the buried device. The buried zener has
been in volume production since 1973 as the reference
in the LX5600 temperature transducer.

CIRCUIT DESCRIPTION )
The block diagram of the LM199 is shown in Figure 2.
Two electrically independent circuits are included on the
same chip—a temperature stabilizer and a floating active
zener. The only electrical connection between the two

ISOLATION
DIODE

FIGURE 2. Functional Block Diagram

HyuqQg 9a1baq 1od wdd | sey aouaiajay abejloa 9|
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AN-161

circuits ‘is the isolation diode inherent in any junction-
isolated integrated circuit. The zener may be used with
or without the temperature stabilizer powered. The only
operating restriction is that the isolation diode must
never become forward biased and the zener must not be
biased above the 40V breakdown of the isolation diode.

The actual circuit is shown in Figure 3. The temperature
stabilizer is composed of Q1 through Q9. FET Q9
provides current to zener D2 and Q8. Current through
Q8 turns a loop consisting of D1, Q5, Q6, Q7, R1 and
R2. About 5V is applied to the top of R1 from the base
of Q7. This causes 400uA to flow through the divider
R1, R2. Transistor Q7 has a controlled gain of 0.3 giving
Q7 a total emitter current of about 500uA. This flows
through the emitter of Q6 and drives another controlled
gain PNP transistor Q5. The gain of Q5 is-about 0.4 so
D1 is driven with-about 200uA. Once current flows
through Q5, Q8 is reverse biased and the loop is self-
sustaining. This circuitry ensures start-up.

The resistor divider applies 400 mV to the base of Q4
while Q7 'supplies 120uA to its collector. At temperatures
below the stabilization point, 400 mV is insufficient to
cause Q4 to conduct. Thus, all the collector current from

Q7 is provided as base drive to a Darlington composed of

Q1 and Q2." The Darlington is connected across the
supply and initially draws 140 mA (set by current limit
transistor Q3). As the chip heats, the turn on voltage for
Q4 decreases and Q4 starts to conduct. At about 90°C
the current through Q4 appreciably increases and less
drive is applied to Q1 and Q2. Power dissipation decreases
to whatever is necessary to hold the chip at the stabiliza-
tion temperature. In this manner, the chip temperature
is regulated to better than 2°C for'a 100°C temperature
range.

The zener section is relatively straight-forward. A buried
zener D3 breaks down biasing the base of transistor Q13.~
Transistor Q13 drives two buffers Q12 and Q11. External
current changes through the circuit are fully absorbed
by the buffer transistors rather than D3. Current through
D3 is held constant at 250uA by a 2k resistor across the
emitter base of Q13 while the emitter-base voltage of
Q13 nominally temperature compensates the reference
voltage. ) )

The other components, Q14, Q15 and Q16 set the
operating current of Q13. Frequency compensation is

accomplished with two junction capacitors.

Lo

[5]v .

e

D2
6.3V

15 pF

30k
V3

FIGURE 3. Schematic Diagram of LM199 Precision Reference
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PERFORMANCE

A polysulfone thermal shield, shown in Figure 4, is
supplied with the LM199 to minimize power dissipation
and improve temperature regulation. Using a thermal
shield as well as the small, high thermal resistance TO-46
package allows operation at low power levels without
the problems of special IC packages with built-in thermal
isolation. Since the LM199 is made on a standard IC
assembly line with standard assembly techniques, cost is
significantly lower than if special techniques were used.
For temperature stabilization only 300 mW are required
at 25°C and 660 mW at ~55°C.

404

FIGURE 4. Polysulfone Thermal Shield

Temperature stabilizing the device at 90°C virtually
eliminates temperature drift at ambient temperatures
less than 90°C. The reference is nominally temperature
compensated and the thermal regulator further decreases
the temperature drift. Drift is typically only 0.3 ppm/°C.
Stabilizing the temperature at 90°C rather than 125°C
significantly reduces power dissipation but still provides
very low drift over a major portion of the operating
temperature range. Above 90°C ambient, the temperature
coefficient is only 15 ppm/°C.

- A low drift reference would be virtually useless without

equivalent performance in long term stability and low
noise. The subsurface breakdown technology yields both
of these. Wideband and low frequency noise are both
exceptionally low. Wideband noise is shown in Figure 5
and low frequency noise is shown over a 10 minute
period in the photograph of Figure 6. Peak to peak
noise over a 0.01 Hz to 1 Hz bandwidth is only about
0.7uV.

Long term stability is perhaps one of the most difficult

,measurements to make. However, conditions for long-
term stability measurements on the LM199 are con-
siderably more realistic than for commercially available
certified zeners. Standard zeners are measured in +0.05°C
temperature controlled both at an operating current of
7.5 mA +0.05uA. Further, the standard devices must
have stress-free contacts on the leads and the test must
not be interrupted during the measurement interval. In
contrast, the LM199 is measured in still air of 25°C to
28°C at a reverse current of 1 mA +0.5%. This is more
typical of actual operating conditions in instruments.

When a group of 10 devices were monitored for long-
term stability, the variations all correlated, which-in-
dicates changes in the measurement system (limitation of
20 ppm) rather than the LM199.

200
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FIGURE 5. Wideband Noise of the LM199 Reference
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FIGURE 6. Low'Frequency Noise Voltage

Because the planar structure does not exhibit hysteresis
with temperature cycling, long-term stability is not im-
paired if the device is switched on and off.

The temperature stabilizer heats the small thermal mass
of the LM199 to 90°C very quickly. Warm-up time at
25°C arid ~55°C is shown in Figure 7. This fast warm-up
is significantly less than the several minutes needed by
ordinary diodes to reach equilibrium. Typical specifica-
tions are shown in Table~|. '

1

TA=25C 1o
0 ot =
R
TA=-55C
s A
E 7
= !
g / -
5 -2
=]
-3 ’
,' VH =15V
-4 1 I

0 4 8 2 - 16 20
HEATER ON TIME ~ (SEC)

FIGURE 7. Fast Warmup Time of the LM199

Table I. Typical Specifications for the LM199

Reverse Breakdown Voltage 6.95V
. Operating Current 0.5 mA to 10 mA
Temperature Coefficient 0.3 ppm/°C
Dynamic Impedance . . 0.5Q

RMS Noise (10 Hz to 10 kHz) Tuv

Long-Term Stability <20 ppm
Temperature Stabilizer Operating Voltage 9V to 40V
Temperature Stabilizer Power Dissipation

(25°C) 300 mW
Warm-up Time 3 Seconds

uuQg 9ai1baq 1ad wdd | sey aouaiajoy eﬁ'equ 2l
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IC Voltage Reference has 1 ppm per Degree Drift

APPLICATIONS

The LM199 is easier to use than standard zeners, but the
temperature stability is so good—even better than pre-
cision resistors—that care must be taken to prevent
external circuitry from limiting performance. Basic oper-
ation only requires energizing the temperature stabilizer
froma 9V to 40V power source and biasing the reference
with between 0.5 mA to 10 mA of current. The low
dynamic impedance minimizes the current regulation
required compared to ordinary zeners.

The only restriction on biasing the zener is the bias
applied to the isolation diode. Firstly, the isolation diode
must not be forward biased. This restricts the voltage at
either terminal of the zener to a voltage equal to or
greater than the V.

A dc return is needed between the zener and heater to
insure the voltage limitation on the isolation diodes are
not exceeded. Figure 8 shows the basic biasing of the
LM199. S )

The active circuitry in the reference section of the LM199
reduces the dynamic impedance of the zener to about
0.582. This is especially useful in biasing the reference.
For example, a standard reference diode such as a 1N829
operates at 7.5 mA and has a dynamic impedance of
15Q. A 1% change in current (75uA) changes the
reference voltage by 1.1 mV. Operating the LM199 at
1 mA with the same 1% change in operating current
(10uA) results in a reference change of only 5uV. Figure
9 shows reverse voltage change with current.

Biasing current for the reference can be anywhere from
0.5mA to 10 mA with little change in performance. This
wide current range allows direct replacement of most
zener types with no other circuit changes besides the
temperature stabilizer connection. Since the dynamic
impedance is constant with current changes regulation

+15V ' +15V

S
Sk
<>

]

STABILIZED |/

{7 ~ 90°C) 4
R

Tj=25°C ——
pd
2 /
1 /
0 2 4; 6 8 10
REVERSE CURRENT (mA)

a2 e e o~

w

REVERSE VOLTAGE CHANGE (mV)

FIGURE 9. The LM199 Shows Excellent Regulation
Against Current Changes

is better than discrete zeners. For optimum regulation,
lower operating currents are preferred since the ratio of
source resistance to zener impedance is higher, and the
attenuation of input changes is greater. Further, at low
currents, the voltage drop in the wiring is minimized.

Mounting is an important consideration for optimum
performance. Although the thermal shield minimizes
the heat low, the LM199 should not be exposed to a
direct air flow such as from a cooling fan. This can cause
as much as a 100% increase in power dissipation degrading
the thermal regulation and increasing the drift. Normal
conviction currents do not degrade. performance.

Printed circuit board layout.is also important. Firstly,
four wire sensing should be used to eliminate ohmic drops
in pc traces. Although the voltage drops are small the
temperature coefficient of the voltage developed along
a copper trace can add significantly to the drift. For
example, a trace with 1 resistance and 2 mA current
flow will develop 2- mV drop. The TC of copper is
0.004%/°C so the 2 mV drop will change at 8uV/°C, this
is an additional 1 ppm drift error. Of course, the effects
of voltage drops in the printed circuit traces are elimi-
nated with 4-wire operation. The heater current also
should not be allowed to flow through the voltage
reference traces. Over a —55°C to +125°C temperature

9V TD 40V

< . b3
3 75k Sk

I

TEMPERATURE TEMPERATURE TEMPERATURE
STABILIZER STABILIZER STABILIZER
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Iy Iy
595 AN 6.95V. K 6.95V

I

-9V T0 l
h‘ -33v

b

+15V

1ll-a
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L <
> 7.5k
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<
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STABILIZER

Ny
6.95V

FIGURE 8. Basic Biasing of the LM199
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range the heater current will change from about 1 mA
to over 40 mA. These magnitudes of current flowing
reference leads or reference ground can cause huge errors
compared to the drift of the LM199.

Thermocouple effects can also cause errors. The kovar
leads from the LM199 package form a thermocouple
with copper printed circuit board traces. Since the
package of the 199 is heated, there is a heat flow along
the leads of the LM199 package. If the leads terminate
into unequal sizes of copper on the p.c. board greater
heat will be absorbed by the larger copper trace and a
temperature difference will develop. A temperature
difference of 1°C between the two leads of the reference
will generate 'about 30uV. Therefore, the copper traces
to the zener should be equal in size. This will generally
keep the errors due to thermocouple effects under about
15uV.

The LM199 should be mounted flush on the p.c. board
with a minimum of space between the thermal shield
and the boards. This minimizes air flow across the kovar
leads on the board surface which also can cause thermo-
couple voltages. Air currents across the leads usually
appear as ultra-low frequency noise of about 10uV to
20uV amplitude. .

It is usually necessary to scale and buffer the output of
any reference to some calibrated voltage. Figure 10
shows a simple buffered reference with a 10V output.
The reference is applied to the non-inverting input of the
LM108A. An RC rolloff can be inserted in series with
the input to the LM108A to roll-off the high frequency
noise. The zener heater and op amp are all powered °

from a single 16V supply. About 1% regulation on the
input supply is adequate ‘contributing less than 10uV of
error. to the output. Feedback resistors around the LM308
scale the output to 10V.

Although the absolute values of the resistors are not
extremely important, tracking of temperature coefficients
is vital. The 1 ppm/°C drift of the LM199 is easily
exceeded by the temperature coefficient of most resistors.
Tracking to better than 1 ppm is also not easy to obtain.
Wirewound types made of Evenohm or Mangamin are
good and also have low thermoelectric effects. Film
types such as Vishay resistors are also.good. Most
potentiometers do not track fixed resistors so it isagood
idea to minimize the adjustment range and therefore
minimize their effects on the output TC. Overall temp-
erature coefficient of the circuit shown in Figure 10 is
worst case 3 ppm/°C. About 1 ppm is due to the
reference, 1 ppm due to the resistors and 1 ppm due
to the op amp. ’

Figure 11 shows a standard cell replacement with a
1.01V -output. A LM321 and LM308 are used to mini-
mize op amp drift to less than 1uV/°C. Note the
adjustment connection which minimizes the TC effects
of the pot. Set-up for this circuit requires nulling the
offset of the op amp first and then adjusting for proper
output voltage.

The drift of the LM321 is very predictable and can be
used to eliminate overall drift of the system. The drift
changes at 3.6uV/°C per millivolt of offset so 1 mV to
2 mV of offset can be introduced to minimize the
overall TC.

+15V
< 9%
> 7.5k
b3 VWv
TEMPERATURE
STABILIZER
" Ve -5
595V AN
FIGURE 10. Buffered 10V Reference .
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FIGURE 11. Standard Ceil Replacement
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IC Voltage Reference has 1 ppm per Degree Drift

AN-161

For circuits with a wide input voltage range, the reference
can be powered from the output of the buffer as is shown
in Figure 12. The op amp supplies regulated voltage to
the resistor biasing the reference minimizing changes due
to input variation. There i$ some change due to variation
of the temperature stabilizer voltage so extremely wide
range operation'is not recommended for highest pre-
cision. An additional resistor (shown 80 k) is added to
the unregulated input to insure the circuit starts up
properly at the application of power. )

A precision power supply is shown in Figure 13. The
output of the op amp is buffered by an IC power
transistor the LM395. The LM395 operates as an.NPN
power device but requires only 5uA base current. Full
overload protection inherent in the LM395 includes
current limit, safe-area protection, and thermal limit.

A reference which can suppiy either a positive or a
negative continuously variable output is shown in Figure

-14. The reference is biased from the 15V input supplies

as was shown earlier. A ten-turn pot will adjust the
output from +V; to =Vz continuously. For negative
output the op amp operates as an inverter while for
positive outputs it operates as a non-inverting connection.

Op amp choice is important for this circuit. A low drift
device such as the LM108A or a LM108-LM121 combina-
tion will provide excellent performance. The pot should
be a precision wire wound 10 turn type. It should be.
noted that the output of this cirCuit is not linear. -

CONCLUSIONS

A new monolithic reference which exceeds the perform-
ance of conventional zeners has been developed. In fact, -
the LM199 performance is limited more by external
components than by reference drift itself. Further, many
of the problems associated with conventional zeners
such as hysteresis, stress sensitivity and temperature
gradient sensitivity have also been eliminated. Finally,
long-term stability and noise are equal of the drift
performance of the new device.
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FIGURE 12. Wide Range Input Voltaés Reference
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FIGURE 14. Bipolar Output Reference
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IC Zener
Eases Reference Design

description

A new IC Zener with low dynamic impedance and wide
operating current range significantly simplifies reference
or regulator circuit design. The low dynamic impedance

provides better regulation against operating current .

changes, easing the requirements on the biasing supply.
Further, the temperature coefficient is independent of
operating current, so that the LM129 can be used at any
convenient current level. Other characteristics such as
temperature coefficient, noise and long term stability
are equal to or better than good quality discrete Zeners.

The LM129 uses a new subsurface breakdown IC Zener
combined with a buffer circuit to lower dynamic
impedance. The new subsurface Zener has low noise and
excellent long term stability since the breakdown is in
the bulk of the silicon. Circuitry around the Zener
supplies internal biasing currents and buffers external
current changes from the Zener. The overall breakdown
is about 6.9V with devices selected for temperature
coefficients.

The Zener is relatively straightforward. A buried Zener
D1 breaks down biasing the base of transistor Q1.
Transistor Q1 drives two buffers Q2 and Q3. External
current.changes through the circuit are fully absorbed by
the buffer transistors rather than by D1. Current through
D1 is held constant at 250 uA by a 2k resistor across the
emitter base of Q1 while the emitter-base voltage of Q1
nominally temperature compensates the reference
voltage.

<

> 50 Q7
<

<

15gF 2%

YT

FIGURE 1. IC Reference Zener

National Semiconductor
Application Note 173
Robert C. Dobkin
November 1976

The other components, Q4, Q5 and QB6, set the operating
current of Q1. Frequency compensation is accompllshed
with two junction capacitors.

All that is needed for biasing in most applications is a
resistor as shown in figure 2. Biasing current can be
anywhere from 0.6 mA to 15 mA with little change in
performance. Optimally, however, the biasing current
should be as low as possible for the best regulation. The
dynamic impedance of the LM129 is about 1 and
is independent of current. Therefore, the regulation of
the LM 129 against voltage changes is 1/Rs.

Lower currents or higher Rs give better regulation. For
example, with a 15V supply and 1mA operating
current, the reference change for a 10% change in the
15V supply is 180 uV. If the LM129 is run at 5 mA,
the change is 900 uV or 5 times worse. By comparison,
a standard IN821 Zener will change about 17 mV. All
discrete Zeners have about the same regulation since
their dynamic impedance is mversely proportlonal to
operating current.

If the Zener does not have to be grounded, a bridge
compensating circuit can be used to get virtually perfect
regulation, as shown in figure 3. A small compensating
voltage is generated across R1, which matches the
dynamic impedance of the LM129. Since the dynamic
impedance of the LM129 is linear with current, this
circuit will work even with large changes in the unreg-
ulated input voltage.

v+

Vout

LM129

FIGURE 2. Basic Biasing
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IC Zener Eases Reference Design

AN-173

Other output voltages are easily obtained with the
simple op-amp circuit shown in figure 4. A simple non-
inverting amplifier is used to boost and buffer the Zener
to 10 V. The reference is run directly from the input
power rather than the output of the op-amp. When the
Zener is powered from the op-amp, special starting
circuitry is sometimes necessary to insure the output

comes up in the right polarity. For outputs lower than

the breakdown of the LM 129 a divider can be connected
across the Zener to drive the op-amp.
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FIGURE 3. Bridge Comp
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FIGURE 5. Bipolar 