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Figure 9 shows a non-monotonic DAC transfer curve. 
For the curve to be non-monotonic, the linearity error 
must exceed ±y. LSB no' matter by how 'little. The 
greater the linearity error, the more significant the 
negative step might be. A non·monotonic curve may not 
be a special disadvantage in, some systems; however, it is 
a disaster 'in closed-loop servo systems of any type 
(including a DAC-controlled ADC). A ±'h LSB maximum 
linearity spec on an n-bit converter guarantees mono­
tonicity to n bits. A converter exhibiting more than ±'h 
LSB non-linearity may ,be monotonic, but is not 
l1ecessarily monotonic. For example, a 12·bit DAC with 
±'h bit linearity to 1 Obits (not ±'h ,LSB) will be mono­
tonic at 10 bits but mayor may not be monotonic at12 
bits unless tested and guaranteed to, be 12-bit monotonic . 

FS USB OIFF 
NON·lINEAR " 

J \/ 
�/�~�/� J1%LSS" 

1% 1 / ILSB 
LSB " \. 

lHSBOlfF 

0011 001,010 011 100 101 110 111 

OIGITAL COOE 

FIGURE 9. �N�o�n�-�M�o�~�o�t�o�n�i�c� (Must be '> 1% LSB Non·Linear) 

Settling Time is the elapsed time after a code transition 
for DAC output to reach final value within specified 
limits, usually ±'h LSB. (See also Conversion Rate below.) 
Settling time is 'often listed along with a slew rate­
specification; if so, it may not include slew time. If no 
slew rate spec is included, the settling time spec must be 
expected to include slew time. Settling time is usually 
summed with slew time to obtain total elapsed time for 
the output to settle to final value. F:igure' 10 delineates 
that part of the total'ehipsed time whIch is considered to 
be slew, and that part which is settlirig time. It is, 
apparent from this figure that' the total time is greater 
for a major than for a minor code change due to 
amplifier slew limitations, but settling time may also be 

,different depending upqn amplifier overload recovery 
characteristics. 

Slew Rate is an inherent limitation of the output 
amplifier in a DAC which limits the rate, of .change of 
output voltage after code �,�t�r�a�n�~�i�t�i�o�n�s�.� Slew �r�a�t�~� is �u�~�u�a�l�l�y� 
anywhere from 0.2 to several hundred volts/Ils.' Delay in 
reaching final vaiu'e of DAC output voltage is the sum of 
slew time and settl!ng time as' shown in figure '10. 

Overshoot and Glitches 'occur whenever a code transition 
occ\Us in a DAC. There are two causes. The 'current 
output of a DAC contains switching glitches due to 
possible asynchronous switching of the bit' currents 
(expected to be worst at half·scale transition when all 
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FIGURE 10. DAC Slew and Settling Time 

bits are 'switched). These glitches are- normally of 
extremely short duration but could be of 'h scale 
amplitude. The current switching glitches are generally 
somewhat attenuated at the voltage output of the DAC 
because the output amplifier is unable to slew at a very 
high rate; they are, however,' partially coupled around 
the amplifier via the amplifier feedback network and 
seen at the output. The output amplifier introduces 
overshoot and some non-critically damped ringing which 
may' be minimized but not entirely eliminated except at 
the expense of slew rate and settling time. 

Temperature Coefficient of the various components of a 
DAC or ADC can produce or increase any of the several 
errors as the operating temperature varies. Zero scale 
offset error can change due to the TC of the amplifier 
and comparator input offset voltages and currents. Scale 
error can occur due to shifts in the reference, changes in 
ladder resistance or non-compensating RC product shifts 
in'dual-slope ADCs, changes in beta or reference current 
in current switches, changes in amplifie'r bias current, or 
drift in amplifier gain-set resistors. Linearity and mono­
tonicity of the DAC, can be affect!!d by differential 
temperature drifts of the ladder resistors and switches. 
Overshoot, settling time, and slew rate can be affected 
by temper.atLire'due to internal change in amplifier gain 
and bandwidth. In short, every specification except 
resolution 'and quantizing error can be affected by 
temperature changes:' 



Long-Term Drift, due mainly to resistor and semicon­
ductor aging can affect all those characteristics which 
temperature change can affect. Characteristics most 
commonly 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 25° C. 

Conversion 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 a DAC; 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 anc;l compared below. 

Natural Binary (or simply Binary) is the usual 2n code 
with 2, 4, 8, 16, ... , 2n 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" wl1ile full scale is all ";leros." 

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 
over 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 l,oss in 
resolution of over 4:1. 

Offset Binary is a natural binary code except that it is 
offset (usually Yo 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 arlCj 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 val id 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 ± 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. 

011 

010 

001 

000 
100 

101 

110 

111 

r 

w .. 

111 

110 

101 

8 100 ... 
~ 011 
5 
a 010 

001 

011 111 

010 110 

001 101 

000 100 

111 011 

110 DID 

101 001 

100 000 

% ~ t 'Is 

ANALOG SCALE 

(al Zero to + Full-Scale 

-% 

t L OFFSET BINARY 
TWOS COMPLEMENT BINARY 

SIGN + MAGNITUDE 

(bl ± Full·Scale 

FIGURE 11. ADC Codas 
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Sign Plus Magnitude coding contains polarity informa~ion 
in the MSB (MSB '= 1 indicates a negative sign); all 
other bits represent magnitude only. This ~ode is com­
pared to 'offset bin'ary and twos complement in'figure 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 cqntrol 
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. CQntrol 
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 anADC which 
initiates a single conversion cycle. Typically, an SC signal 
must be present'atthe fall (or rise) of the clock waveform 
to initiate the cycle. A DAC needs no SCsignal; however, 
such could be provided to gate digital inputs to a DAC. 

End of Conversion '(EOC) is a digital signal from an ADC 
which informs the extern'a'-'system that the digital output 
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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 cqmmand from the system to ' 
the ,ADC.' A DAC does not supply im 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 Iimitati(;lOS, of the ADC. DACs do not require clock 
signal~. , 

CONCLUSION 

Once the user has a working knowledge of DAC or ADC 
char~cteristics, 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, a'nd 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 to 'his needs. 



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 cOt!1puter 
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 r~ndom' channel 
address or sequential address mode. Figure 1 shows a 
typical functional· diagram of such a random channel 
address DAU. Its advantages are simplicity, straight­
forward design, and comparatively low 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. 

16·CH ; .. 
ANALOG 
DATA 

16·CH 
MUX S&H 

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 AID converter (of a type containing 
TR I-STATE output data latches) on each input data 
channel. Henceforth I shall refer to this as parallel 
conversion. Figure 2 shows such a system containing only 
an address decoder and multiple AID 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-~hannel basis. But, although 
this may hav~ 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 converter for use in the system of Figure 1 
includes co~verter, cornparator, and buffered TR I-STATE 
output data latches in one package. The unit would 

12-BIT 
ADC 

CLOCK AND 
TIMING LOGIC 

~ ADDRESS 
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.......................................... ~CO~~~~~~OR PROCESSOR' 

& CONTROL CONTROL 
...... TO/FROM 

.... ____ ... PROCESSOR' 

FIGURE 1. Random-Addrossed Multiplexed DAU 
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FIGURE 2. Paranel Data Conversion Concept 

operate in the continuous convert mode with the last 
data remaining in ihe. output latches until the next 
completed . conversion shif.ts new data ,into the latches . 
Valid latest data is thus always available fo~ 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. 

In '''spite of the advantages of. the parallel-conversion 
DAU; there· is (at present ADC prices) 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 ih 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 m~ch as BOOps 
old, compared to a possible 1-4ps '!'lith 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. Mai~ 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 ~nd 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, 

fmax = 1 
5 tconversion 

which is 4 kHz for a 50ps 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 ±'h LSB or i part in 2n+1. For sine' waves, the 
maximum rate of change is determined as follows: 

I:.v 

, I:.t 

but 

. therefore 

2vpk 
. --~ = 27Tfmax vpk 

2n+1 I:.t, . 

14-B 

FInd. 

2- ln+1l 

1Tteenv 

For the'same 50ps conversion time and an B-bit accuracy 
requirement of ±'h LSB, fmax is 12Hz.: Figure 4 compares 
data bandwidth of'B- to 14-bit systems with and without 
S&H. The economic .effect of adding an S&H module 
ahead of each Abc in a parallel-conversion DAU is 
obvious (possibly doubling the cost per channel of an 
B-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,addre~sed 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 10-20ps 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 100-200J,is 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 da~a when 
it was made ready. The data bandwidth may be deter-



S& H 12·BIT 
ADC 

CLOCK AND 
SEQUENCING LOGIC 

DATA TO 
PROCESSOR 

ADDRESS 
ttl-----I ADDRESS FROM AD~lliSS I' COMPARATOR PROCESSOR 

.. __ & __ C_O_N_T_R_O_L~~¥g~lRROO~ 
PROCESSOR 

FIGURE 3. Multiplexed Immediate·Oata·Access OAU 

mined from Figure 4. Sixteen channels of 10Hz data 
could be available if each channel were sampled once 
every 20ms. This is a data throughput rate of 16ch x 
1120ms = 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 
cO\Tlpletely occupied with gathering data when the 
maximum throughput rate is utilized. 

CONVERSION TIME illS) 

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 witl:l SAR counters., For purely 
economic reasons, then, use of parallel·conversion DAU 
sy~tems will be limited:to low bandwidth data - 10-30 Hz 
on 8·bit, 2-5 Hz on 10-bit, and less than 1 Hz on 12-bJt 
systems. These bandwidth figures for 8- to 10-bit systems 
could be considerably improve'd, say by 8-,10 times, if 
tr'acking converters were used in place of SAR conv~rters. 
This definitely suggests that there is a need for low-cost 
tracking converters. Note that S&H circuits ani not 
needed in the parallel-conversion systems. 

FIGURE 4. 'Oata Bandwidth vs: Conversio~ Time 

or data throughput rate principilily by the S&H and ADC 
operating times, its cost per channel is only slightly 
higher than that of the conventional DAU, and it allows 
the computer 'to operate in the most efficient manner. 

The multiplexed DAU with memory can serve any 
segment of the data market. It is limited in 'bandwidth 

A comparison of system costs must include the following 
for a 16-channel system. ' 

Parallel Coi\Ve~sion 

16 AID Converters 

16 Anti-Aliasing Filters, 

Control Circuits, 

Additional power for extra' conver~ers 

Lower data bandwidth' 

Simple software 

Random Addressed Multiplexed 

1 AID Converter 

1 S&H Module 

1 16-Chann,el Multiplexer 

16 Anti-Aliasing Filters 

More co,~plex control' circuits 

Longer data access time 

Po'ssibly more complex software 
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,Multipl~xed with Memory 

1 AID Converter 

1 S&H Module 

1 16-Channel Multiplexer 

16 Anti-Aliasing Filters 

1 "6,,12 RAM 

More complex control circuits 

'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 paralhil-cohv,ersion 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 futwe. Its simplicity from a circuit and 
software standpoint cannot long go unnoticed. 

RANDOM ADDRESSED t;>ATA ACQUlsrTioN 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-b,it ADC. A more complete system 
might contain a differential multiplexer and/or a differ­
ential (or il"!strumentation) 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 (/-IC). Since the data word is 12 bits, the /-IC 
must accept it in two' 8-bit bytes, Normally the /-IC 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 chaFmel-select input, may be directly 
driven from the address LSB. If a 16-bit address bus were 
being' interfaced, such as in the PACE /-IC; 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 
DM81 L23 and DM80L97, could be used to ,drive a 
lightly loaded dpta bus. ' 

The address decoding, is accomplished with a DM8161 
6-bit magnitude comparator 10Clking 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 

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 sele,ct the 1·of-16 
,channels of this DAU. 

This circuit is designed to interface the 8080 /-IC. 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 
o to go low. This gates the inputs of the quad D latch to 
accept the 1-of-16 address word from address lines 14. 
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 0: and M RDC 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 cpmmands. 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 5-30/-ls as 
required for the S&H to acquire and settle to 0.01 % of 
value. Its 0' output presets the single D latch (0 = 1). 
The trail,ing 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 3/-1s. 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 ilJdicating to the IlC 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 wi II 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 f9r 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 IlCS (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 couid be monolithic 
LF198, hybrid LH0023, LH0043 or LH0053, 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 TR I·STATE output 
or output data latches are needed as the data is latched 
in the register until a new start conversion (SCI 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 
LH0071 reference and appropriate MOS·TTL and TTL· 
MOS buffers, or it could be anyone 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 OATA ACQUISITION 
UNIT 

Parallel data conversion is likely the simplest possible IlC 
data system concept which will eff~ct immediate access 
to latest input data as if it were main memory. It rt:1ay 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 system bus would require significant and un· 
necessary power dissipation in each ADC. Accordingly, 
except in minimally loaded systems, a separate set of 
TR I·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 IlC 
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 IlC 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 

Po (mWI $ (100s) 

1- 16·Channel MUX 300 19.55 

1- S&H 500 74.50 

1- ADC 600 40.00 

2 - DM8123 Quad 2·lnput MUX 800 2.56 

1 - DM8161 Hex Comparator 250 2.56 

1 - DM86L13 Ouad D· Latch 30 1.28 

1 - DM74LS221 Dual One·Shot 30 3.00 

1 - DM74LS132 Ouad Schmidt NAND 60 2.00 

1 - DM7432 Quad OR Gate 100 .49 

1 - DM74LS74 Dual D'F·F 20 3.00 

1 - DM8094 TRI·STATE 4 x Buffer 144 .71 

2834 150.05 

$9.38/Channel 
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Table 2. Microprocessor System Characteristics 

Address Word Length 16·bit 

8080 PACE 

16·bit data/address 
bus 

6800 SC/MP 

16·bit 12· or 16·bit 

8·bit 8·bit 8·bit Data Word Length 

Address & Data Polarity All chips are 1 = true; however, if Intel system bus drivers and receivers are used, 8080 system 
data and address bits are 0 = true. 

Address Strobe None NADS = 0 to set VMA= 1 NADS= 0 
memory address 

(concurrent withr latches 

Memory Read Strobe MRDC = 0 to read 
data, 

IDS = 1 to input RIW = 1 to read NRDS" 0 to read 
data 

Maximum Clock Rate 2MHz 2MHz 

Since J.lC 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, 
control components, and J.lC 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 J.lC system without 
a wait period in the memory-read cycle. This system cim 
be built with existing components for about $10 per 

MM5357 
ADC 

REF CLK EN 

MM5357 
ADC, 

data data 

1 MHz lMHz 

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 J.lC 
via the TR I·STATE output of a buffer. No other logic 
is required; however, inverters are necessary in the ADC 
enable lines due to II 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 
ADC 

FED C B A -= 3 z 1 0 XACK 

~,----------,~~----------~; 
ADDRESS BUS 

* NOTE: USE TWO DM74l04 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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4 DM74L154A 
3 4:16 
2 DECODER 

1 

FROM 0 TO 
ADDR DATA 

BUS BUS 
A 
B 

DMa131 C 6-BIT DMa123 
0 MAGNITUDE TRI-STATE 
E COMPARATOR QUAD 

F 2-INPUT 
MUX 

-= 

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 BOBO. 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 1-4/ls (after an initial but longer acquisition period) 
without being costly to construct, and would thus 
provide i 2-bit accuracy to ±'I:z LSB at a data bandwidth 
of 10-20 Hz. 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 B-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 DMB123 quad, 
TRI-STATE, 2-input multiplexers. Address bits 1-4 are 
decoded into 1-of-16 select bits to enable the TRI­
STATE output of the selected ADC. Since the 1·of-16 
output select of the DM75L 154A decoder is 0 true, it is 
desirable that the ADC enable input be 0 true. Otherwise, 
16 inverters would be required. The control timing may 
be considered in reference to the BOBO timing require­
ments shown in Figure B. 

The DMB131 address comparator provides an output to 
gate the 4:16 decoder and to enable the DMB093 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 DMB093 
is set to accept'the M R DC command at inputs 5 and 6 
(+250 ns). The decoder output to the ADC enable lines 
is available (+1 BOns). and valid data is available frofl) the 
selected ADC (+330ns). As the data card must return a 
data ready signal (+440ns) to prevent extending the 
memory access cycle, the DMB093 transmits the MRDC 

ADDRESS BUS STABLE ADDRESS 

MRDC 

DATA BUS 

XACK + __ REQ'D 

ADC ENABLE 

DATA OUT 

TIME In.) 

FIGURE 8. Timing and Control for 8080 
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back out to the fJ.C on the XACK ,line (+3OOns) in 
advance of the time required. A 0 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 DMB093. This signal also inter­
rupts the clock drive to the ADCs to prevent a change in 
data output during the remainder of the memo~y read 
cycle. A desirable built-in design feature of the ADC for 
this application might be a clock inhibit or data transfer 
inhibit operating from the EN input: Valid data is 
,present on the data bus (+460ns) at least 200ns before 
it is require~. Valid data remains stable until the end of 
the MRDC command when XACK and data output lin'es 

, return to their normal high-impedance states. 

Data is placed on the data bus in two B-bit bytes as 
controlled by the LSB address code. A 0 selects the B 
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 DII' 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 ±5 V 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 $251 ADC) would run to about $26 per channel 
(see Table 4). 

Table 3. Power Required, 16·Channel, 12-8il 

80'80 

16- ADC 

1 - LH0071 Reference 

1 - DM74LS132 4 x 2-lnput NAND Schmidt 

1 - DM74L 154A 4:16 Decoder 

1 - DMB131 6-Bit Comparator 

1 - DMB093 4 x Buffer 170 

1 - DMB099 6 x NAND Buffer 

3 - DMB097 6 x Buffer 

2 - DMB123 4 x 2-lnput MUX 400 

1 -DMB6L13 4x D-Latch 

4199 

Table 4. Cost of Components, 16-Channel, 12-8it 

8080 

16 - ADC 

1 - LH0071 Reference 

1 - DM74LS132 4x 2-lnput NAND Schmidt 

1 - DM74L154A 4:16 Decoder 

1 - DM8131 6-Bit Comparator 

1 - DM8098 6x Inverter 1.65 

1 - DMB099 6 x NAND Buffer 

3 - DM8097 6 x Buffer, 

2 - DMB123 4 x 2-lnput MUX 2.56 

1 - DMB6L13 4x D-Latch' 

416.23 

14-14 

Po (mW) 

6800 

3200 

45 

60 

24 

250 

175 

400 

4154 

$ (100s) 

6800 

400.00 

5.00 

2.00 

2.46 

2.56 

1.70 

2.56 

416.28 

"" $26/Channel 

PACE 

975 

30 

, 45B4 

PACE 

5.55 

1.2B 

41B.B5 



6800 Interface 

For other J.!C 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 !lC. 
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 1 J.!S (min.). The 
data need not appear on the data bus until lOOns 
thereafter. The valid address decoding is accomplished 

FROM 
ADDR 

BUS 

R/W VMA 

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 J.!C and enables the output multiplellers. The 
appropriate data byte is selected by the LSB address bit 
as with the 8080 system. The necessary 10 ns 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. 

SEL EN 
DM8123 

TRI·STATE 
QUAD 

2·INPUT 
MUX 

4 
5 
6 
7 

TO 
DATA· 
BUS 

FIGURE 9. 16·Ch. 12·Bit Parallel·Conversion DAU for 6800 

ADDRESS BUS 
-f"==;.;.1 

VMA 

RIW 

DATA BUS 

READY 

ADe ENABLE 

DATA OUT 

200 400 600 800 1000 

. TIME Ins) 

FIGURE 10. Timing and Control for 6800 
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PACE 'Interface 

Figure 11 shows the logic section of the DAU of Figure 
7' modified to interface with a PACE !lC. The PACE 
timing is shown in Figure 12. Since the PACE!lC 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. Comparat«;lr output applied to gate 
the 4:16 decoder provides an enable ADC signal lasting 
until the falling edge of the nex't 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. ' 

NADS IDS 

ADC CHARACTERISTICS' 

The ADC for use on a parallel-converSion DAU must 
contah, TRI-STAIE 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 TR I-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-conve~sion data system has data bandwidth 
limited to about 10Hz for 8-bit SAR converters, but 
may be increased to 150-300 Hz with 8-bit tracking 

EXTEND 

TO 
DATAl 
ADDRESS 

FIGURE 11. 16-Ch. 12-Bit Parallel-Conversion D.<\.U for PACE 

ADDRESS OUTPUTS HI-Z ' 

NADS 

IDS 

DATA 

EXTEND 

ADe ENABLE" 

DATA OUT 

400 800 1200 1600 2000 2400 2800 

TIME Insl 

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 
600 Hz/channel for 12·bit data. 

MULTIPLEXED DATA ACQUiSITION UNIT WITH 
MEMORY 

A multiplexed 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 

:t 
2 EA AM3705 

16·CH 
MUX 

LF298 
S&H 

. HOLD 

... 

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 seque'n· 
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 add~essed'by'the 
processor, and data is read out to the data bus.' The 
memory can be three each DM8599 16x4·bit RAMs. 
These have TR I·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 versipns 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 !-ICs without,a wait cycle. 

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

AD1200+ ~ ~ DM2504 3 EA DM8599 DATA 
ADC RAM, OUT 

Sc CLK l:e WE ME 
AN~~~2 """2:~~---""" 

,..-----+_---'t C~k 
... ... I 1 

t 
.... 

CC FROM ADC 

MEMORY WRITE 

Q TRIG 
ONE.SHOT 'A 

13~,) TRIG 
% DM74LS221 B 

Q TRIG Q Q TRIG 
ONE.SHOT A ONE-SHOT A. 

110~,) TRIG 1200n,) TRIG 
~ DM74LS221 B % OM74LS221 B 

+5V .~. 
START·UP 

INHIBIT FROM 
CONTROL LOGIC 

"I 
~ 

4·BIT ADDRESS 

FIGURE 13. Sequencing Logic with OS 

DM86L93 
4·BIT 

BINARY 
COUNTER 

RAM & MUX ADDR 3 NEW ADDRESS 

S& H CONTROL --.J SAMPLE 

START CONVERSION ~_ ....... r-
TRIG B 11st aS) .. 1 I· 

L_..J 
--,-------~--------------------------------------~(,~ 

---'r-----------~----~--
u 

--~I_·~--~~~--~~--~~~--~~--~~I,~ 
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 Sl!tH 
module while the ADC converts the analog data' to 
digital. At the completion of conversion, the digital 
outpu,t of the ADC is written into the RAMs before the 
multiplexer selects the next channel. The timing and 
sequencing of channels _ IS acco~plis!1ed 'With a 4:bit 
binarY (+ 16) couriter and thre~ one-shot: pulse genera­
tors: 'Where one-shots' are undesirable, an alternate 
approaph using shift regIster ti~!ng could provide the 
same function. A valid address output from the address 
comparator, switches th'e 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 ihe memory write 
condition, the gate applied to 'WE prevents switching the 
MUX to the address bus or. returning an XACK signal 
until the memory has been loaded. Thereupon, the 
sequence is interrupted as outlined above. The inter­
ruption of the s'equence lasts for about 1300 ns (8080 
system) while the address is 'valid_ ' 

The sequential data conversion cycle' is shown in the 
timing signals 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 cOl!nter to the next 
channel and triggers a second one-shot to produce a lOps 
sample period_ At the completion of the sample period, 
the S&H goes into hoid mode 'and a third one-shot 
generates a 3ps start conversion SC pulse. When the 
DAU is in the command read mode, a 0 appears at B, ' 

trigger input to the first one-shot_ If a CC signal occurs 
during the time the 0 is present on the B input, the one­
shot will not be ,ttiggered until. the B input returns to al. 

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 
AD'C clock is genenitect at twice the desired Cl'ock 
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 0 flip-flop .with a delay of 620ns. The 
delayed output clears the shift register (SR) and is 
clocked in'to 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 HAMs_ 
The trailing edge of this WE gate clocks the'" 16 counter 
to advance the MUX and RAM address to the next 
channel. Exciusive-ORing of SR 01 and 07 produces an 
8.75ps samplEi gate. (If the acquisition and settling time 
of the S&H is greater than 8.75ps, additional circuit 
complexity is required.) 'ExclLJsive-ORing of 07 and 08 
produces a synchronized 1.251.ls 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 
~ircuit may be designed if that of Figure' 15 is 
unacceptable . 

...------, 

ELK ---+lr;;-----:----;~ 
a: OF ADDR ..... "' ...... ..w 

. COMPARATOR 

elK 

ClK/2 TO ADC 

,Ct 

SA INPUT 

01 

07 

FIGURE 1,5_ Sequencing Logic with SR 
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START CONVERSION ==~~==--~~~,~-==== 
FIGURE 16. Titning for S-R Sequencing 
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The /l-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 /lCS 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 O. In 
the case of complementary binary, the sign bit is' 
extended to the 13·16thdata bits for valid recognition by 
the /lC. 

The total dissipation is 3.5 watts and c<;lst is $11 per 
channel as shown in Table 5. Botti 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. " 

01234ABCDEF 
~ 

ADDRESS 

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 TR I-STATE 
output latches. 

By far the most important characteristic of an ADC for 
use in a parallel-conversion DAU is that it have buffered 
TR I-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-MaS 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-
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FIGURE 17. Address Comparator and Control for 8080 (68001 
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FIGURE 18. Address Comparator & Control for PACE 
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Table 5. Power Be Cost, 16-Channel. 12-Bit Sequential with Memory 

Po (mW) 

16-Ch1mnel MUX 300 

S&H 500 

-ADC 600 

Reference 45 

256-Bit RAM 1200 

6 x Buffer 325 

6-Bit Comparator 250 

4 x 2-lnput MUX 20 

3 x 3-lnput NOR 17 

4x2-lnputNOR 55 

4 x 2-lnput OR 12 

716 Counter 25 

2 x One·Shot 60 

4 x NAND E':hm;dt 60 

4 x D·Latch 30 

, 3500 
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C 4 
o 5 
E 6 
F 7 

DATA 

~~~~~~:g~J 
EXTEND (PACE) 

$ (100s) 

19.55 

74.50 
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15.36 

1.65 

2.56 

2.00 

3.00 

.35 

.64 

2.11 

6.00 

2.00 

1.28 

176.00 

$11/Channel 



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 f~om 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 pC interfaces (except the 8080 when 
operating with Intel system bus drivers and receivers). 
As it may be necessary to add TR I-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 MSBsimplifies data readout as 
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. 

The National MM5357 is the choice for an 8-bit ADC 
having buffered TR I-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 
possible at the needed prices, 

The future ADC most suited for use in a parallel­
conversion DAU might appear as in Fig'ure 20. This 

Table 6. Desired AID Converter Characteristics 

Parallel 
Conversion 

Sequential 
w/Memory 

Addressed 
wlo Memory 

Buffered TR I-STATE Output Data Latches x 

TIL-Compatible Control & Data Signals .x 

Dual Output-Enable (Bits 0-7 & Bi~s 8-11) x 

Counter Logic UP/ON 

Internal Comparator x 

Botti Q & Q Outputs on MSB x 

Binary Output Polarity Data" 

Busy Output (TRI·STATE w/ Enable) 

Internal Clock 

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 ADes 

National Analog Devices Teledyne 
MM5357 AD7570L 8702 

Number of Bits 8 10 12 

Cost (in 100s), $7.95 $69.00 (1-49) $29.50 

Conversion Method Potentiometric R-2R Differential Charge 
Balancing 

Logic Type PMOSSAR CMOSSAR CMOS Integratin!! 

Conversion Time 251ls 20ps + Compo 20ms 
Settling 

Logic I nterface at 5 V TTL TIL TIL 
Analog Sig. 0·10V CMOS TIL/CMOS TIL 

External Circuits Required Ref + Clock Ref + Comparator Ref 

Output Buffered Latch? Yes' No Yes 

TRI-STATE Output? Yes Yes No 

Separate Output Enables? NA Yes Not Strobed 

Output Code Inverted Normal Normal 

Power Dissipation 170mW Dynamic 10mW Standby 20mW Dynamic 
+ Dynamic 
+ Comparator 
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x 

SAR 

x 

x 

Data 

x 

National 
AD1210 (Hybrid) 

12 

$24.95 

R-2R 

CMOSSAR 

130lls 

TTL 
CMOS 

Ref + Clock 

No 

No 

No 

Inverted 

140mW Dynamic 

x 

x 
SAR 

x 
x 

Data" 

x 
x 

!. 

Analog Devices 
AD7550 

13 

$25.00 

Integrating 

CMOS Quad Slope 

40ms 

TIL 
TTL/CMOS 

Ref 

Yes 

Yes 

Yes 

2s Complement 

10mW Dynamic 
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FIGURE 20. Tracking ADC for Parallel-Conversion OAU 

design meets all the goals of Table 6. It could run at a 
clock rate of 0.25-1 MHz (1-4lls 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 
B·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 B- or 1 O·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 integr~ting 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. 

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 differeni: from 
that of conventional converters of today (except for the 
MM5357 and AD7550). Tables 6 and 8 outline the 
desired characteristics of AD~s 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 suitable 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 pills' 
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 0/ A Converter Characteristics 

Hi·Z Digital Input Circuits 

Strobed Data I nput Latches 

Dual Input Data Strobes ,(Bits 0-7 & Bits B-ll) 

Optional Internal Inversion of MSB 

Internal Output Amp & FB Resistors 

Internal Reference 

14·22 

Parallel 
Conversion 

x 
x 

x 
x 
x 

Multiplexed 
System 

x 

x 

x 
x 
7· 
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 adva,ntage 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 ampl ifier 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 
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type of DAU is extremely attractive at this time because 
the DAU cost per channel is essentiaily 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 qr identical. 
The sense of Jic bus control signals is of relativE\ly minor 
importance so long as they are standardized among the 
several f-LC units available_ Positive-true data and address 
signals are possibly a slight advantage over, zero-true' 
signals when TR I-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_ The're is at least one available 
DAC which includes the dual-strobed input data latches 
suggested for direct data bus interface; I would expect to 
see others appearing in future designs, both monolithic 
and hybrid_ 
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Table 9. Comparison of Three Tvpes of OAU , 

Conventional 
Random-Addressed 

$9.38 ' 

Parallel-Conversion 
WithoutS&H 

$26 

Approx. Power Dissipation 

Data Bandwidth/Channel 

_ 2.8W 

,200Hz 

4.3W 

10Hz '(tral;king: 
tconv = '4J,1s) tcony = 50J,ls 

tacq (S&H) = 10J,ls 

Data Acci;ss Time 

Software 

Logic Interface ComplexitY 

No. of I C Packages 

ADC Requirement 

60J,ls 

60J,ls delay or subroutine 
and return on flag 

9 DIP 
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<0.5J,1S 

as memory access 

6 DIP 

TRI-STATE buffered 
output data latches 

Multiplexed 
, With Memory 

$11 

3.5W 

200Hz 

<0.5Ms 

as memory access 

13 DIP 



Ie 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 ppmt 
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 0.5n and allows the 
LM199to 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 circuitry 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 LM 199 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 
LM 199 between 25°C, 150° C and back to 25°C causes 
less than 50llV change in reference voltage. Standard 
reference diodes exhibit shifts of 1 mV to 5 mV under 
the same conditions. 

N' 
EMITTER 

DIffUSION 

ZENER ;< 
CATHOOE~ 

ZENER /' .-----, 
ANODE~---~/ 

p-

BURIED LAVER 

FIGURE 1. SUbsurfac'e Zener Construction 

National Semiconductor 
Application Note 161 
Robert C. Dobkin 
June 1976 

SUB SURFACE ZENER IMPROVES STABILITY 

Previously, breakdown references made in monolithic 
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 w~ich can cause short·term in· 
stability or turn·on drift. 

The new z~ner moves the breakdown below the surface 
of the silicon into the· bulk yielding a Zeller 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 th'e dopant concentration is greatest, that is, 
between the P+ and N+. Since the P+ is complll,tely 
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 

P- BASE 
DIFFUSION 

FIGURE 2. Functional Block Diagram 
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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 isol~tion diode must 
nElVer 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 01 through 09. FEt 09 
provides' current to zener 02 and 08. Current through 
08 turns a loop consisting of 01, 05, 06, 07, Rl and 
R2. About 5V is applied to the top of Rl from the base 
of 07. This causes 400llA to flow through the divider 
R 1, R2. Transistor 07 has a controlled gain of 0.3 giving 
07 a total emitter current of about 5001lA. This flows 
through 'the emitter of 06 and drives another controlled 
gain PNP transistor 05. The gain of 05 is'about 0.4 so 
01 is driven' with· about 2001lA. Once current flows 
througH 05, 08 is reverse biased and the loop is' self· 
s'ustaining. This circuitry ensures start·up . 

The resistor divider applies 400 mV to the base of 04 
while 07 supplies 120llA to its collector. At temperatures 
below the stabilizati.on point, 400 mV is insufficient to 
cause 04 to con'duct. Thus, all the collector current from 

4,2 1k 

07 is provided as base drive to a Darlington composed of 
, Oland 02: The Oarli ngton is connected across the 
supply and initially draws 140 mA (set by current limit 
transistor 03). As the chi p heats, the turn on voltage for 
04 decreases and 04 starts to conduct. At about 90°C 
th~ current through 04 appreciably increases and less 
drive is applied to 01 and 02. Power dissipation decreases 
to whatever is necessary to hold the chip at the stabillza· 
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 03 breaks down biasing the base of transistor 013:-' 
Transistor 013 drives two buffers 012 and 011. External 
current changes through the circuit are fully absorbed 
by the buffer transistors rather than 03. Current through 
03 is held constant at 250llA by a 2k resistor across the 
emitter base of 013 while the emitter-base voltage of 
013 nominally temperature compensates the reference 
voltage. 

The other 'components, 014, 015 and 016 set the 
operating current of 013. Frequency compensation is 
accomplished with two junction capacitors . 

L-________ ~~ __ ~--~--__ ~----~----~--~4 v-

OJ 
6.3V , 

2.6k 

L-______ ~--~--------~----------__ ~~_;2 -

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. 

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 
0.7/lV. 

Long term stability is perhaps one of the most difficult 
. measurements to make. However, conditions for long­
term stability measurements on the LM 199 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 ±O.05JJ.A. 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 
2SoC at a r~verse 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 variai:ions all correlated, which- in­
dicates changes in the measurement system (limitation of 
20 ppm) rather than the LM199_ 
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FIGURE 5. Wide band 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 thim the several minutes needed by 
ordinary diodes'to reach equilibrium_ Typical specifica­
tions are shown in Table·1. 
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FIGURE 7. Fast Warmup Time of the LM199 

Table I. Typical Specifications for the LM199 

Reverse Breakdown Voltage 
Operating Current 
TemPerature Coef.ficient 
Dynamic Impedance 
RMS Noise (10 Hz to 10 kHz) 
Long-Term Stability 

6.95V 
0_5 mA to 10 mA 

0.3 ppmtC 
0.5!2 
7/lV 

~20 ppm 
9V to 40V Temperature Stabilizer Operating Voltage 

Temperature Stabilizer Power Dissipation 
(25°C) 

Warm-up Time 
300mW 

3 Seconds 
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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 
from a 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 restrictioh 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 bet~een 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. 

The active circuitry in the reference section of the LM199 
reduces the dynamic impedance of the zener to about 
0.5U. This is especially useful in biasing the reference. 
For example, a standard reference diode such as a 1 N829 
operates at 7.5 mA and has a dynamic impedance of 
15U. A 1% change in current (75MA) changes the 
reference voltage by 1.1 m V. Operating the LM 199 at 
1 mA with the same 1 % change in operating current 
(10MA) results in a reference change of only ,5MV. Figure 
9 shows reverse voltage change with current. 

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

STABILIzeD ~ (Tj-90;~ 

4'25'&-
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to 
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FIGURE 9_ The LM199 Shows Excellent Regulation 
Asainst Current Changes 

is better than discrete zeners. For optimu'm regulation, 
lower operating current~ 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 U resistance and 2 mA current 
flow will develop 2, mV drop. The TC of copper is 
o.o04%fC so the 2 mV drop will change at 8MVfc, 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 

+t5V--.... -----, +.5V-------, 9V TO 40V --1""""----, 

-15V 

.":" 

-9VTO 
-33V 

TEMPERATURE 
STABILIZER 

6,95V 

1,5h 

+.5V--.... ----.... --------, 

TEMPERATURE 
STABILIZER 

1.5h 
9k 

FIGURE Ii. Basic Biasing of the LM199 
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range the heater current will change from about 1 rnA 
to over 40 rnA. 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 LM 199 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 301lV. Therefore, the copper traces 
to the zener should be equal in, size. This will generally 
keep the errors due to thermocouple effects under about 
151lV. 

The LM 199 should be mounted flush on the p.c. board 
with a minimum of space between tile 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 10llV to 
20llV 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 LM 108A to roll·off the high frequency 
noise. The zener heater and op amp are all. powered 

from a single 15V supply. About 1% regulation on the 
input supply is adequate 'contributing less than 10llV of 
erro~ 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 isa good 
idea' to minimize the adjustment range and therefonl 
minimize their effects on the ou'tput 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 
1,01 V -output. A LM321 and LM308 are used to mini­
mize op amp drift to less than 1IlVtC. 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 3.6IlV!"C per millivolt of offset so 1 mV to 
2 mV of offset can be introduced to minimize the 
overall TC. 

+15V--.... ---_ .... --------, 

TEMPERATURE 
STABILIZER 

6.95V 

l,5k 9k 

FIGURE 10_ Buffered 10V Reference 

IOV 

15V-1~---_.--------------_.-------------

1.5V 

6.BV 

LM199 

12k 
lOOk 0.1% 
ADJ 

20k 

2k 
0.1% 

2M 

2k 

30k ~DOPF 

1..--.... ----..-.-15V 

FIGURE 11_ Standard Cell Replacement 
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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 is some change due to variation 
of the temperature stabilizer voltage so extremely 'wide 
range operation' i's not recommended for highest pre· 
cision. An additional resistor (shown 80 kill is added to 
the unreguiated' input to insure the circuit starts up 
properly at the application of power. 

A precisiOn power supply is shown in Figure 't3. The 
output of the op amp is buffered by an Ie power 
transistor the LM395. The LM395 operates' as an ,NPN 
power devi~e but requires only 5pA base current. Full 
overload protection inherent in the LM395 includes 
current limit, safe~area protection, imd 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 +Vz 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 wi II 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 eq~al of the drift 
performance of the new device. ' 
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FIGURE 12. Wide Range Input Voltage Reference 
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Ie 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 LM 129 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 6.9 V with devices selected for temperature 
coefficients. 

The Zener is relatively straightforward. A buried Zener 
01 breaks down biasing the base of transistor 01. 
Transistor 01 drives two buffers 02 and 03. External 
current changes through the circuit are fully absorbed by 
the buffer transistors rather than by 01. Current through 
01 is held constant at 250 pA by a 2k resistor across the 
emitter base of 01 while the emitter·base voltage of 01 
nominally temperature compensates the reference 
voltage. 

Dl 
6.3 v 

30pF 
10k 

2k Z.6k 

FIGURE 1. Ie Reference Zener 
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The other components, 04, 05 and 06, set the operating 
current of 01. Frequency compensation is accomplished 
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 LM 129 is about 1 nand 
is independent of current. Therefore, the regulation of 
the LM 129 against voltage changes is 1IRs. 

Lower currents or higher Rs give better regulation. For 
example, with a 15 V supply and 1 mA operating 
current, the reference change for a 10% change in the 
15V supply is 180/LV. If the LM129 is run at 5mA, 
the change is 900/LV or 5 times worse. 8y comparison, 
a standard IN821 Zener will change about 17 mV. All 
discrete Zeners have about the same regulation since 
their dynamic impedance is inversely proportional 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+ 

k-VOUT 

-=- lM129 

FIGURE 2. Basic Biasing 
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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. 

v+----~~------., 

R. 

In 
RI 

VOUT 

FIGURE 3. Bridge Compensation for Line Changes 

15 V 

R2 
lOOk 

FIGURE 5. Bipolar Output Reference 
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An AC square wave or bipolarity output reference can 
easily be made with an op·amp and FET switch as shown 
in figure 5. When 01 is "ON," the LM108 functions as a 
normal inverting op·amp with a gain of -1 and an output 
of ·-6.9 V. With 01 "OFF" the op·amp acts as a 
giving 6.9 V at the output. Some non·symmetry will 
occur from loading change on the LM 129 in the different 
states and mismatch of R 1 and R2. Trimming either R 1 
or R 2 can make the output exactly symmetrical around 
ground. 

15 V 
JOk 

>-411.----10 V 

FIGURE 4. 10 Volt Buffered Output Reference 

j-:~----~ .... --- OUTPUT 10 V 

R2 
800 

FIGURE 6. High Stability 10V Regulator 



By combining ·the LM129 with an LM117 three·terminal 
regulator a high stability power regulator can be made. 
This is shown in figure 6. Resistor R 1 biases the LM 129 
at about 1 mA from the 1.25 V reference in the LM 117. 
The voltage of the LM 129 is added' to the 1.25 V of the 
. LM 117 to make a total reference voltage of 8.1 V. The 
output voltage is then set at 10 V by R2 and R3. Since 
the internal reference of the LM 117 contri butes only 
about 20% of the total reference voltage, regulation and 
drift are essentially those of the eXternal Zener. The 
regulator has 0.2% load and line regulation and if a low 
drift Zener such as the LM 129A is used overall tempera· 
ture coefficient is less than 0.002%/"e. 

The new Zener can be used as the reference for conven· 
tional Ie voltage regulators for enhanced performance. 
Noise is lower, time stability is better, and temperature 
coefficient can be better depending on the device 
selected. Further, the output voltage is independent of 
power changes in the regulator., 

Figure 7 shows an LM723 using an external LM 129 
reference. The internal 7 V reference is not used and a 
single resistor biases the LM 129 as the reference. The 5k 
resistor chosen 'provides sufficient operating current for 
the Zener over the' 10 V to 40 V input voltage range of 
the LM723. Since the dynamic impedance of the LM 129 
is so low, the reference regulation against line changes 
is only 0.02%/V. This is small compared to the regulation 
of 0.1%/V for the LM723; however, the resistor can be 
replaced by almA to 5 mA FET used as a constant 
current source for improved regulation. When the FET 

v+ 

LM723 

... -----iNI 
v-

LMIZ9 

.J---"'VV'Y-.... - VOUT 

RI 

FIGURE 7. External Reference For Ie 

is used reference regulation is easily 0.001%/V. Output 
voltage is set in the standard manner except that for low 
output voltages sufficient current must be run through 
the Zener to power the voltage divider supplying the 
reference to the LM 723. 

An overload protected power shunt regulator is shown in 
figure 8. The output voltage is about 7.8 V - the 7 V 
breakdown of the LM 129 plus the 0.8 V emitter· base 
voltage of the LM395. The LM395 is an Ie, 1.5 A power 
transistor with complete overload protection on the 
chip. Included on the chip are current limiting and 
thermal limiting, making the device virtually blowout· 
proof. Further, the base current is only 5 /lA, making it 
easy to drive as a shunt regulator. As the input voltage 
rises, more drive is applied to the base of the LM395, 
turning it on harder and dropping more voltage across 
the series resistance. Should the input voltage rise too 
high, the LM395 will current limit or thermal limit, 
protecting itself. 

The new Ie Zener can replace existing Zeners in just 
about any application with improved performance and 
simpler external circuitry. As with any Zener reference, 
devices are selected for temperature coefficient and 
operating temperature range. Since the devices are made 
by a standard integrated circuit process, cost is low and 
good reproducibility is obtained in volume production. 

Finally, since the device is actually an Ie, it is packaged 
in a rugged T0-46 metal can package or a 3·lead plastic 
transistor package. 

R, 

VIN --"""'Nv--.... ---.......... --- VOUT 

LMI29 

LM395 

500 

FIGURE 8. Power Shunt Regulator 
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AID C()nverter Testing 

Attempting to test an analog-to-digital converter can be 
a challenging and rewarding experience. The recent 
increased interest, in converter products has spawned 
renewed interest in test equipment dedicated to testing 
converters. Unfortunately, the broad range of converter 
products available m'akes testing by a single piece of 
equipment difficult at best . 

A crude method of testing would be to monitor an 
analog signal at the converter input using a precision 
DVM and compare that with the converter output. 
This is simple enough to do, but in most cases this 
would prove impractical. For a 10-bit converter, this 
would require plotting 1,024 such readings. Automatic 
equipment can be used, but in all cases will require some 
sophisticated interface hardware and software routines. 
A person favoring auto test equipment can expect to 
pay around $10,000 for the hardware and at least that 
much for the software. What will be described is a 
method which costs a couple hundred dollars in 'com­
ponents and which gives' a device characteristic in a' 
relatively shqrt time period. 

National Semiconductor 
Application Note 179 
Dennis Dauenhauer 
Doug Falco 
April 1977 

Because very little standardization has occurred for 
converter products, the user must' adhere to the old 
adage "cav.eat emptor" or "buyer beware". The ~mly 
universal statement that can be made for definitions of 
terms characterizing cOllVerter products is that they are 
univelsally inconsistent. For this reason, this applica­
tion note will provide a simple method of providing a 
very graphic means of testing several of National's AID 
converter products. It is also recommended that the 
reader refer to Application Note AN-156 for additional 
information concerning converter products definitions. 
Specific parameters which will be focused on in th'is 
paper are zerO error, scale error, non-linearity error, 
differential non-linearity, monotonicity, total unadjusted 
error and quantizing error. 

The block diagram of Figure 1 shows the basic blocks of 
the complete test circuit of Figure 2. A storage scope is 
required to' provide a continuous display. A Tektronix 
7633 or,equivalent is recommended. A typical charac- . 
teristic for the ADCOBOO shown in Figure 3. 

~ ... --- oIFF. 
AMP 
XIDD 

r -:;E~~NI; , 

OUT INTERFACE 
IHIT 
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1 7633 DR EQUIV. 
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1 
1 
1 
1 

'1 
I 
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~----~--------------------------------------~~--------+--+O)~~~· 
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,I '::" 
L ____ J 

STORAGE SCOPE 

FIGURE 1. Block Diagram for AID Tester 
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The ramp generator provides a linear output voltage 
from OV to 10V. This voltage is used as a) the horizontal 
amplifier input to the scope b) as a reference voltage to 
the difference amplifier and c) as the analog input 
voltage to the device under test. 

The storage scope is used as an X-V display with the 
horizontal input functioning as' an input amplifier. The 
vertical input (V-direction) displays the diffe'rence' 
between the converter's analog input voltage and the 
equivalent output voltage of the same converter. The 
equivalent output voltage is generated by the 12-bit 
digital-to-analog converter (DAC1200). The horizontal 
input (X-direction) displays the difference voltage over 
the entire analog input voltage range. For a reference 
voltage set to 10.24V, the range is OV to 10.24V. In 
the case of an 8-bit AID, there would be 256 different 
voltages displayed across the entire range of the reference. 

The test circuit shown in Figure 2 can be used to test 
the ADC0800, ADC1211 or the ADC1210. These are 
8-bit, 10-bit and 12-bit analog-to-digital cqnverters., 

Zero and full scale adjustment circuits are provided to 
allow a more accurate computation of non-linea~ity error. 

The DAC1200D is a 12-bit D/A converter. It is"quite 
adequate' for the' 8-bit and 10-bit parts but may be 
replaced by a higher resolution part if testing 12-bit 
AID converters. The LH0044AH is a precision low noise 
amplifier and the LH0002CH is a buffer amplifier. 
The output of the reference must be adjusted to the 
full scale input voltage to ass'ure'proper output from the 
DAC1200. This is done by adjusting, R-l00. ' 

TESTING 

Figure 3 shows a typical output characteristic for the 
ADC0800, an 8-bit AID 'converter. The reference line 
is set by switching the vertical channel (V-axis ~mplifi\!r) 
to dc and triggering the ramp generator. The adjustment 
is made using the horizontal positioning. The vertical 
range should be set to 5V Idivision. The 50 mV Idivision 
shown is the effective range of the channel taking into 
the account that the difference amplifier has a gain 
of 100. 

,QUANTIZING 
ERROR 

When the initial set-up is completed, it is relatively easy 
to get readings for zero error, scale error, non-linearity 
error, differential non-linearity error, quantizing error, 
and to detect missing codes. 

Zero error is simply the'deviation from the reference 
line to the middle of the quantizing error when the input 
voltage is zero. All errors can be expressed as percent of 
full scale of in LSS's (least significant bits). For a 
0" to 10.24V analog input B-bit converter; 

10V 
1 LSS = -S- = 40 mV = 0.40% FS 

2 " 

Scale error is the same as the zero error except that it 
occurs when the analog input voltage is at full scale. 

In most applications, it is not the non-linearity in 
itself which is importarit, but rather the slope of the 
non-linearity. For instance, in an application using an 
AID to sense gas in a tank and then to compute the 
remaining miles or time based on the current rate of 
usage, you do not want' a large non-linearity slope. 
This gives the typical analog gas gauge effect of getting 
what, appears to be good mileage over a certain range 
and poorer mileage over another range. Specifying non­
linearity error and differential non-linearity error pro­
vides an error band around which to limit this change in 
slope or rate of change. 

Non-linearity error can "be defined in either of 2 ways. 
Shown in Figure 3 is the "best straight line" definition 
for 'non-linearity. This is the ~ore traditional definition 
for non-linearity and is the one use for the ADCOSOO 
because of the inherent unidirectional nature of the 
error._ A more conservative definition of "ideal straight 
line linearity" or more appropriately "total error" is 
twice that of the best straight line error. This linearity 

'error is toe maximum deviation from a straight ,line 
drawn between zero and full scale. The ADC1210 and 
ADC1211, 12-bit and 10-bit AID converters, use this 
definition of non-linearity because the deviation can be 
in either direction. 

~ 
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." IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII~IIIIIII111111111111111111111111111 ,. 

DIFFERENTIAL 
NON,L1NEARITY 

FIGURE 3. Typical Output Characteristic for the ADC0800 
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Differential non-linearity is most noticeable in con­
verters using the successive approximation technique for 
conversion. It occurs when switching in a new resistance 
value for approximating the analog input voltage. It is 
the amount of change in the input voltage required to 
get a change in the digital output. On the scope it shows 
up as a change in non-linearity at one point. Differential 
non-linearity with this test method can be used to check 
for "no missing codes". "No missing codes" means that 
over the reference range, the converter will provide 
2n digital output codes, where N is the resolution of 
the converter. 

Total unadjusted error is the maximum deviation from 
an ideal transfer function for an· AID converter. This 
error does not include quantizing error. The non·linearity 

. error of an unadjusted ADC0800 is in a direction so as 
to decrease the total error. Therefore, the total 
unadjusted error for the ADC0800 will .be either the 
zero error or. the scale error, whiche~er is greater. This 
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characteristic is only peculiar to this form of successive 
approximation type of converter. 

Quantizing' is inherent in the nature of the device. An 
8·bit converter can make only 256 changes in the 
output regardless of the input voltage range. Therefore, 
for any converter there is always 1 LSB of quantizing 
error. This would appear as ±112 LSB of error around a 
straight line approximation of the output characteristic. 

Monotonicity is the ability of the converter to give a 
digital output which is always in the same direction as 
the analog input voltage. The ADC0800 is inherently 
monotonic. 

This paper has focused on the parameters peculiar to 
AID converter products. It should give the user of any 
manufacturer's AID converter a method for easily 
testing and comparing the characteristics of a particular 
AID converter. It provides a low cost means of testing 
parameters which have historically been difficult to test. 
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FIGURE 6. Backside of P.C. Board Layout ' 
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References for 
AID Converters 

Interfacing between lIigital and analog signals is becoming 
increasingly important with the proliferation of digital 
signal processing. System accuracy is often limited by 
the accuracy of the converter and a limitation of the 
converter is the voltage reference. Design can be diffi· 
caul if the reference is external. 

The accuracy of any converter is limited by the tempera' 
ture dirft or long term drift of the voltage reference, 
even if conversion linearity is perfect. Assuming that the 
voltage reference is allowed to add 1/2 least significant 
bit error (LSS) to the converter, it is surprising how 
good the reference must be when even small temperature 
excursions are considered. When temperature changes 
are large, the reference design is a major problem. 
Table I shows, the reference requirements for different 
converters while Table II shows how the same problems 
exist with digital panel meters. 

The voltage reference circuitry is required to do several 
functions to'maintain a stable output. First, input power 
supply changes must be rejected by the reference cir­
cuitry. Secondly, the zener used in the reference must be 
biased properly, while other parts of circuitry scale the 
typical zener voltage and provides a low impedance' 
output. Finally, the reference circuitry must reject 

, ambient temperature changes so that the temperature 
drift of the reference circuitry plus the drift of the zener 
does not exceed the desired drift limit. ' 

While zener temperature coefficient is obviously critical 
to reference performance, other sources of drift can 
easily add as much error as zener - even in voltage 
references with, modest performance of 20 ppm/" C 
temperature drift. Zener drift and op amp drift add 
directly to the drift error, while resistor error is only a 
function of how well the scaling resistors track. Resis· 
tors which have a high TC can be used if they track. 

National Semiconductor 
Application Note 184 
Robert C. Dobkin 
July 1977 

For a 10V output with a 6.9V zener, the drift contribu­
tion of resistor mistracking is about 0.4 since the gain 
is 1.4. The range of temperature coefficient'errors for 
different components used to make a 10V reference 
from a 6.9V zener are sh-own in Table III. Another 
potential source of error, input supply variations, 
are negligible if the input is 1% regUlated, and the 
resistor feeding the zener is stable to 1 %. 

Less frequently specified sources of, error in voltage 
reference zeners are hysteresis and stress sensitivity. 
Stress on either a zener-diode junction or the series­
temperature-compensating junction will cause voltage 
shifts. The axial leads on discrete devices can transmit 
stress from outside the package to the junction, causing 
1 mV to 5 mV shifts. 

Temperature cycling the discrete zener can also induce 
non-reversible changes hi zener voltage., If a zener is 
heated from 25°C to 100° C and then bac~ to 25° C, 
the zener voltage may not return to its original value. 
This is because the temperature cycle has permanently 
changed the stress in the die, changing the voltage. This 
effect can be as high as ~ mV in some diodes and may 
be cumulative with many temperature cycles. The new 
planar IC zeners, such as 'the LM199 (temperature 
stabilized) or the LM 129 are insensitive to stress and 
show only about 50 p.V ~f hysteresis for a 150°C temp­
erature cycle since the package .does not stress the 
silicon chip. 

DESIGNING THE REFERENCE 

If moderate temperature performance such as 20 ppm/ 
°c is all that is needed, 2 different approaches can be 
used in the reference design. In the first, the tempera­
ture drift error is split equally between the zener and the 
amplifier or scaling resistors. This requires a moderately 
low drift zener and op amp with 10 ppm resistors. 

TABLE I. Maximum Allowable Reference Drift for 1/2 Least Significant Bits Error of Binary Coded Converte, 

TEMP CHANGE 
6 8 

BITS 

10 12 14 

25°C 310 80 20 5 1.25 ppmtC 

50°C 160 40 10 2.5 0.6 ppm/"C 

100°C 80 20 5 1,2 0.3 ppmtC 

125°C 63 16 3 1 0.2 ppmtC 

TABLE II. Maximum Allowable Reference Drift for 1/2 Digit Error of Digital Meters 

TEMP CHANGE 
DIGITS 

2 21/2 3 31/2 4 41/2 5 51/2 

25°C 200 100 20 10 2 1 0.2 0.1 ppmfC 
5°C 100 50 10 5 1 0.5 ppmfC 

*O.Ql%tC = 100 ppm/·C, O.OOl%I'C = 10 ppmtC, O.OOOl%tC ~ 1 ppmtC 
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TABLE III. Drift Error Contribution From Reference Components for a 10V Reference 

DEVICE 

Zener 

LM199A 

LM199, LM399A 

LM399 

1 N829, LM3999 

LM129, lN823A, lN827A, LM329A 

LM329, lN821, lN825 

OpAmp 

LM725, LH0044, LM121 

LM108A,LM208A,LM308A 

LM741, LM101A 

LM741C, lM301A,LM308 

Resistors 

1% (RN55D) 

0.1 % (Wirewound) 

Tracking 1 ppm Film or Wirewound 

The second approach uses a very low drift zener and 
allows the buffer amplifier or scaling resistor to cause 
most of the drift error. This type of design is now made 
economical by the availability of low cost temperature 
stabilized IC zeners with virtually no TC. Further, the 
temperature coefficient of this reference is easily up· 
graded, if necessary. The 2 reference circuits are shown 
in Figure 1a and Figure 1b. . 

In Figure 1a, an LM308 op amp is used to increase the 
typical zener output to 10V while adding a worst·case 
drift of 4 ppmfC to the 10 ppm/"C of the zener. 
Resistors R3 and R4 should track to better than 
10 ppm bringing the total error so far to 18 ppm. Since 
the output must be adjusted to eliminate the initial 
zener tolerance, a pot, R5 and R2 have been added. The 
loading on the pot by R2 is small, and there is no track· 
ing requirement between the pot and R2. It is necessary 
for R2 to track R3 and R4 within 50 ppm. 

Rl 
Bk 
1% 

ERROR 
lOV 

OUTPUT DRIFT 

Zener Drift 

0.5 ppm/"C 0.5 ppm/"C 

1 ppmfC 1 ppmfC 

2ppmfC 2ppmfC 

5ppmfC 5 ppm/"C 

10-50 ppm/"C 10-50 ppm/"C 

20-100 ppmfC 20-100 ppm/"C 

Offset Voltage Drift 

1 pV/"C 0.15 ppm/"C 

5pvfc 0.7 ppm/"C 
15pV/oC 2 ppmfC 

30 pV/oC 4 pprrifC 

Resistance Ratio Drift 

50-100 ppm 20-40 ppm/"C 

5-10 2-4 ppm 

-

R6 

0.4 ppm/oC 

In Figure 1b, a low drift reference and op amp are used 
to give a total drift, exclusive of resistors of 3 ppm/" C. 
Now the resistor tracking requirement is relaxed to 
about 50 ppm, allowing ordinary 1% resistors to be used. 
The circuit in Figure 1b is modified easily for applica· 
tions requiring 3 ppm/"C to 5 ppm/"C overall drift by 
tightening the tracking of the resistors. For more accurate 
applications, the Kelvin sensing for both output and 
ground should be used. For even lower drifts, substituting 
a 1 jJ.V /"C op amp, 1 ppm tracking resistors and an 
LM199A zener, overall drifts of 1 ppm/"C can be 
achieved. In both of the circuits, it is important to 
remember that the tracking of resistors can, at worst· 
case, be twice temperature drift of either resistance. 

In both circuits, the zener is biased by a single resistor 
from the supply, rather. than from the reference output. 
This eliminates possible start·up problems and, because' 
of the 1.11 dynamic impedance of the IC zeners, only 

7 

2 

R3* 
14.Bk 

LM30B 
6 DUTPUT 10V 

10k 

'+rr;, 
20 ppmfC 

R21% 

LM329Ar, ~ 1 36k 
(10 ppmfC)" ~ 

RS 
SDk R4* 
WWDR 40k 
CERMET 

* *10 ppm tracking 

FIGURE 1 •• 10V, 20 ppm Reference Using a Low Cost Zener and Low Drift Resistors 
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, FIGURE 2. Low Voltage Reference 

adds about 20 jJ.V of error. Compensation for input 
changes is shown in Figure 1b. 'Conventional zeners do 
not allow this biasing. A conventional 5 ppm reference 
such as the 1 N829 has a dynamic impedance of about 
15ft If it is biased from a resistor from a 1% regulated 
15V supply, the operating current can change by 1.7% 
or 127 jJ.A. This will shift the zener voltage by 1.9 mVor 
60 ppm. With the IC zeners operating at 1 mA, a 1% 
shift in the supply will change the reference by 20 jJ.V 
or 3 ppm. Further, power dissipation in the IC is only 
7 mW, giving low warm-up drift compared to 7.5 mA 
zeners. The biasing resistor for the IC zener need'not be 
any better than an ordinary 1 % resistor since performance 
is independent of current. ,-

When output voltages less than the' zener voltage are 
desired, the IC zeners significantly simplify circuit design 
since no auxiliary regulator is needed for biasing. Figure 
2 sho~s a 5V reference circuit for use with a 15V input. 

In this case, zener drift contributes proportionally to 
the output drift while op amp offset drift adds a greater 
rate. With the '1 OV reference, 15 jJ.V t C from the op amp 
contributed 2 ppm/DC drift, but for the 5V reference, 
15 jJ.vfc adds 3 ppmfC. This makes op amp choice 
more important as the output voltage is lowered. Of 

. course, if a high. output impedance is tolerable, the 
op amp can be eliminated. 
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APPROACHING THE ULTIMATE DRIFT 

To obtain the lowest possible drifts, temperature coef­
ficient trimming is necessary. With discrete zeners, the 
operating' current can sometimes be trimmed to change 
the TC of the reference; however, the temperature 
coefficient is not always linear or predictable. With the 
new IC zeners, TC is independent of operating current 
so trimming must be done elsewhere in the circuit. 
The lowest drift components should be used since 
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6.95V 

TEMPERATURE 
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8k 
1% 

50k 
WW 

136k 
0.1% 

14.Bk* 

40k* 

49.9k 

LM121 

500 pF 100 pF 

..... --"---------...;. ... ..;..----- -15V 

* 1 ppm tracking 

FIGURE 3. Ultra Low Drift Reference 

trimming can only remove a linear component of drift. 
High TC devices can have a highly non-linear drift, 
making trimming difficult. 

Figure 3 shows a circuit suitable for trimming. An 
LM199A reference with 0.5 ppmtC drift is used with 
a 121/108 op amp. ,Resistors should be 1 ppm tracking 
to give overall ,untrimmed drifts of about 0.9 ppm. 
The 121/108 is a low drift amplifier combination where 
drift is predictably proportional to offset voltage. An 
offset can be set for the, 1 08/121 combination to cancel 
the measured drift with 1 pass calibration. 

Trimming procedure is as follows: the zener is discon­
nected and the input of the op amp grounded. Then the 
offset of the op amp is nulled out to zero: Reconnecting 
the zener, the output is adjusted to precisely 10V. 
A temperature run is made and the drift noted. The op 
amp will drift 3.6 p.V tc for every 1 mV of offset, so for 
every 5 p.vtc drift at the output, the offset of the 
op amp is adjusted 1 mV (1.4 mV measured at the out· 
put) in the opposite direction. The output is readjusted 
to 10V and the drift checked. 
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Although this trimming scheme was chosen since only a 
single 'adjustment is usually required, compensation is 
not always perfect. Hysteresis effects can appea~ in 
resistors or op amps as well as zeners. Best results can be 
obtained by cycling the circuit to temperature a few 
times before taking data to relieve assembly stresses on 
the components. Also, oven testing can sometimes 
cause thermal gradients across circuits, giving 50 p.V to 
100 p.V of error. However, with careful layout and 
trimming, overall reference drifts of 0.1 ppmtC to 
0.2 ppmtC can be achieved. . 

There are 2 other possible problem areas to be considered 
before final layout. Good single point grounding is 
important. Traces on a PC board can easily have 
O.ln and only 10 mA will cause a 1 mV shift. Also, since 
these references are close to ,high-speed digital circuitry, 
shielding may be necessary to prevent pick·up at the 
inputs of the op amp. Transient response to pick·up or 
rapid loading changes can sometimes be improved by a 
large capacitor (1 p.F-l0 p.F) directly on the op amp 
output; but this will depend on the stability of the 
op amp. 

:n 
(I) 

m 
(; 
:::::s 
(') 
(I) 
en ..... 
o ... 
» ....... 
c 
n o 
:::::s 
< 
(I) 

it ... 
en 



<t 
o 
CO 
o 
CO 

.s 
Q) 
<J 
CO 
't: 
oS 
c 

~ 
'0 
co 
W 
en 
Q. 
:20 Oe 
... Q) 
Q)~ 

1:: 0 
Q)~ 
>U) 
C ... 
00 
O~ 
CQ) 
...... <J <te 
U)Q. Oe 
:E,~ 
O:E 

o 
o 
N 

I 

Z 
<C 

CMOS AID' Converter Chips 
Easily Interface to 8080A 
Microprocessor Systems' 

SUMMARY 

This paper describes techniques for interfacing National 
Semiconductor's new ADC3511 and ADC3711 micro­
processor compatible analog-to-digital converter chips to 
BOBOA microprocessor systems. The hardware interface 
and the software interrupt service routine will be des­
cribed for sin'gle and mUltiple AID converter data acqui­
sition systems. 

INTRODUCTION, 

The recent introduction of monolithic digital voltmeter 
chips has encouraged designers to consider their use as 
analog-to-digital converters in data acquisition systems. 
While the high accuracy afforded at low cost was 
attractive, certai(1 difficulties in applying these devices 
in digital systems were encountered. Most of these 
difficulties were due to the OVMchip's output s'tructure . 
being oriented towards driving 7-segment displays with 
internally generated digit scanning rates. 'National 
Semiconductor has recently introduced a famiiy of 
monolithic CMOS AID ,converters-2 'of these' devices 
are directed towards LED· .display DPM al'ld DVM 
applications (ADD3501 3·1!2-digit DPM and ADD3701 
3 3/4-digit OPM) while the other 2 (ADC3511 3 1/2-
digit AID and ADC3711 3 3/4-digit AID) have .addres­
sable BCD outputs. These last 2 devices allow easy 
interface to microprocessor and calculator-oriented 
(COPS) systems. 

z 
~ 

" . 

EE" 
+ lDVOC 

Vee 
ANALOG Vee 

1......-...0. " ADC3511CC 

National Semiconductor 
Application Note 200 
Jake Buurma 
March 1978 

Single or multiple channel monitoring of physical 
variables can be achieved with high accuracy despite 
the lack of complexity arid low overall cost. 

AID CONVERSION 

All AID converters in this family operate from a single 
5\1 supply and convert inputs from 0 to ±2V. The con­
verters use a pulse-width modulation technique which 
requires no precision components and exhibits low off­
set, low drift, high linearity and no rollover error. An 
additional advantage is that the voltage reference is of 
the same polarity as the supply. 

Two resolutions are offered:· the 3 1/2-digit types divide 
the input into 2,000 counts plus sign, while the 3 3/4-
digit types provide 4,000 counts plus sign which is 
roughly equivalent to the resolution of a 12-bit plus sign 
binary converter. The 3112-digit converters require 
200 ms per conversion; 3 3/4-digit types require 400 ms. 

The converters handle negative inputs by internally 
switching the inputs and forcing the sign bit low. While 
this technique allows conversion of positive and negative 
inputs with only a single supply. the supply must be 
isolated from the inputs. Without en isolated supply, 
only positive voltages may be converted. 

The basic converter is shown in Figure 1. The actual 
conversion technique is described in Appendix .A. 

23 22 21 211 01 DO OLE 

tj 
Vee 6V 

,. 
20~ 

~ss 

2' 
. fAbC37t1CCI D. r----

OVERF.LOW DO 

CONVERSION OLE COMPLETE 

7.5, I_c START 
'OUT CONVERSION 

~_~_~.=_J,!~ ,F SIGN "N 
'47~~ "FILTER VREF 
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VREF2.DGOV 

VINl-) "INI-) sw.f---
5Ik .3 

VIN(+I VIN(+1 SW2 ~ 
fVFB 

ANALOG 
GROUND 

100. 

GND 

:::;::D.47,F 

FIGURE 1. Basic AID Converter 
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BCD OUTPUT DESCRIPTION 
\ 

The ADC3511 and ADC3711 present the output data in 
BCD form on a single 4-line output port, plus a separate 
sign output. The desired' digit is selected by a 2-bit 
address which is latched by a high level at the Digit 
Latch Enable input (OLE); a low level at DLE allows 
flow thru operation. Since the output is BCD, it is 
compatible with many standard instruments and can 
easily be converted into binary by the processor if this 
format should be desired. Overrange inputs are indicated 
by a hexidecimal "EEEE" plus an Overflow output. 

A new conversion is begun by a positive pulse or high 
level at the Start Conversion (SC) input. The analog 
section of the converter continuously tracks the analog 
input. The Start Conversion command controls only ,.the 
transfer of new data to the output latches, consequently 
the delay from the SC pulse to the Conversion Complete 
(CC) signal may vary from several milliseconds to several 
hundred milliseconds. In interrupt driven systems the 
delay is no problem, since the processor does not exe­
cute delay instructions while waiting for the data. How­
ever, if in-line or program I/O is used where the program 
waits for the data to be ready, the maximum delay 
between SC and CC must be programmed into the wait 
routine. This type of I/O is therefore not as efficient as 
interrupt I/O. 

The CC output goes low immediately after the SC pulse. 
At the end of a conversion, CC goes high and remains 
high until a new conversion is initiated. Continuous 
conversion operation is obtained by tying the SC input, 
to VCC. 

REFERENCE VOLTAGE 

The 2.000V reference is derived from the LM336, 
a recently announced monolithic reference which 
provides 2.5V with low drift at low cost. This active 
reference is adjusted for minimum thermal drift of about 
20 ppmfC by using a third terminal on the device to 
adjust its output to 2.490V. 

Total reference current consumption is low, as the 
LM336 requires only 1 mA of bias current, and the 
resistor divider about 2 mAo The reference circuit is 

Vee 

r--..... --O!1~~EF 
'N914 , 

10k :+{ p WJ3. 

'N"'~ , 

2.49V 
(2N + 11 rnA N = 1,2 ... 8 

FIGURE 2. A/D Converter Reference. The 10k Pot is 
Adjusted to a Voltage of 2.49V on the Output; at this 
Voltage Minimum Drift Occurs. The Reference can 
Supply up to a AID Converters_ 
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shown in Figure 2. One reference can be used for many 
A/D's. The value of the upper series resistor R1 depends 
on the number of converters used. 

A SINGLE CHANNEL CONVERTER 

A complete A/D port is seen in Figures 3 and 4. Figure 3 
shows a Dual Polarity converter and Figure 4 a Positive 
Only Polarity converter. Each port contains an AID 
converter, TRI-STATE@ bus driver, and 2 gates to con­
trol I/O. This A/D port is easily used in single or multi­
channel systems. In multichannel systems a converter 
is used on every channel allowing digital multiplexing 
of the outputs. 

Data from the AID converter in a single channel system 
is easily processed using an OUT command to start a 
conversion and I N commands to read the data after 
the microprocessor has been interrupted by a Conver­
sion Complete. 

As seen in Figure 5, a single channel A/D port uses a 
6-bit bus comparator to decode its assigned peripheral 
address from the lower address bits of the 8080A 
address bus. 

When an interrupt is received, the present status of the 
processor is stored on the stack memory by a series of 
push commands. The interrupt is serviced by reading 
digit 4 (MSD) into the processor and checking the 
overflow bit. If the overflow bit is high, the converter 
input has exceeded its range and an error signal is 
generated, indicating that scaling must be done to 
attenuate the input signal. If the OFL is low; the sign 
bit is then checked to determine the polarity of the 
conversion. If the sign bit is low, a "1" is added to 
the MSB of digit 4. Since this bit would normally be 
low, (maximum converter range allows ,MSB :::; 3 or 
0011) a "1" in this position is used to denote a negative 
input voltage. The 4 bits of digit 4 which now include 
the sign are shifted into the upper half of the first 
byte and the 4 bits of digit 3 are packed into the lower 
half. Similarly, digits 2 and 1 are packed into the second 
byte and both bytes stored in memory. 

Figure 6 and routine 1 are the flow chart and assembly 
language routine used to implement this action. 

a-CHANNEL A/D WITH SOFTWARE PRIORITY 

The basic A/D port can easily be expanded to multiple 
channel systems. An 8-channel system is seen in Figure 7. 
This system interrupts the processor when one of the 
Conversion Complete outputs goes high. The processor 
saves, the current status and reads the status word of 
the A/D system. The status word is then compared to a 
priority table. Each level in the table corresponds to a 
priority level with high priority converters which are 
first in the table. If 2 or more converters have the same 
priority and are ready at the same time, the converter 
with the highest number gets serviced first. 

The program determines which service routine to use by 
the bit position of "l's" in the status word. The routine 
loads the address pointer to. digit 4 of the selected 
converter. The program then calls a subroutine which 
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goes through the propess of checking overflow, sign and 
packs 4 BCD digits into 2 bytes. These 2 bytes are then 
stored in a table in the memory directly above the 
converter addresses. After a channel is serviced, the 

original processor status is restored and the interrupt 
enabled. If additional channels need service, they 
immediately interrupt so the new status word is then 
read and a new priority established. 

I" 

, .2.49V . 232' 20, 1k 

A/DREF~ 
fULL-SCALE 

" ADJUST . 

VREF' 

AVec 

1.5k 
Four 

F'N 

5" ADC351f 
VINI-tl VIN(~1 (ADC3711) 

5" 
VINI_1 VIN{_) 

VFLT 

SW, 

O.41JJF SWI 

VFB 

'ANALOG AGND 
, GROUND 

DFl 

SIGN 

,3 

" 
,I 

,0 
OLE 

START 

'ee 

01 

D' 

O.GND 

UMlOtS95 

cc 

01 

D. 

DIGITAL 
":" GROUND 

DB' 

OB' 

DBl 

OB' 

OBI 

DBO 

O£ 

All 

se-

FIGURE 3. Dual Polarity AID Requires'that Inputs are Isolated from, 
the Supply. Input Rang'a is ±1.999V. 

;" i 
2A9V 232 20 lk 

AlDREF~' 

, fUl~~~~~~T: V' , .' ,ADJUST 

V~EF OFl 

SIGN 

+ AVec ,3 

l.Sk 

" 
,1 

ADCJ511 ,0 
(ADCJ7111 

OLE 

'lOOt v,. <>-""",,,,,,,...,. .... ____ -1 START 

cc 

01 

DO 

G~g~:~ <>--.... - .... ---1 P.GND L-_____ -' 

DMaOLS9S 

ee 

01 

DO 

DIGITAL 
":" GROUND 

DB' 

OB' 

DB3 

DB' 

0B1 

DBD 

O£ 

All 

se-

FIGURE 4. Positive Polarity AID Operating from 5V Supply. Input 
Range is +1.999V. ' 

14·46 



AID PORT 

OE 

SC 
00-V,. 
00-

OBI 

OB6 

0"' 
oaz 

OBI 

DBO 

00 ADD 

Dt AD I 

mr--<J-
AID REF CC f-- UNIFIED 

.us 
J COMPARATOR 

VREF 

r--
mrn f-
IJiiW f-

OBI f-01 
OBB f-D6 

~ 08228 1-- 05 

f!!!..!. f-D4 

r2ll f-D3 
oaz f-D2 
OBI f-Dt 
OBO 1--00 

'---

2=AO 
AI 

~!~A' 
~~ct g A3 

~e A4 

AOS - .q- A5 

A05 

AD7 ~ .. 
" A7 

BOSDA LOWER 
ORDER 

ADDRESS BUS 

INT 

caDBDA 

FIGURE 5. Single Channel AID Interface with Peripheral Mapped I/O 

FIGURE 6. Flow Chart for Single Channel A/D Converter 
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LABEL 

ADIS: 

PLUS: 

OPCODE OPERAND COMMENT LABEL OPCODE OPERAND COMMENT 

PUSH PSW ; AID interrupt IN ADD 2 ; delay 
service, RAL ; rotate 

PUSH H ; save RAL ; into 
PUSH B ; current status RAL ; upper 
IN ADD4 ; input AID digit 4 RAL ; 4 bits 
IN ADD4 ; delay ANI FO ; mask lower bits 
ORA ; reset carry MOV C,A ; save in C 
RAL ; rotate OF L thru IN ADD 1 ; in digit 1 

carry IN ADD 1 ; delay 
JC OFL ; overflow condition ANI OF ; mask upper bits 
RAL ; rotate sign thru OR C ; pack 

carry MOV C,A ; save in C 
JC PLUS ; positive input LXI H,ADMS ; load ptr to AID 
ORI 20H ; OR 1 into MSB, Mem, space 

neg input MOV M,C ; save C in memory 
RAL ; shift INX H ; point next 
RAL ; into position MOV M, B ; save B in memory 
ANI FO ; mask lower bits OUT ADD 1 ; start new conver· 
MOV BA ; save in B sian 
IN ADD3 ; input digit 3 POP B ; restore 
IN ADD3 ; delay POP H ; previous 
ANI OF ; mask higher bits POP PSW ; status 
OR B ; pack into B EI ; enable interrupts 
MOV B,A ; save in B RET ; return to main 
IN ADD 2 ; input digit 2 program 

Routine 1. Single Channel Interrupt Service Routine 

082211 

AID PORTS 
.rO(,J <}---~ 

or 
-0<]----~ 

Sf 

~ 
MEMW 

BOflOA 
DATA 

'-- DB1 r-r;;;--
AID 1 

Ali 

I '-- DB6 f--D6 co 
OIl-- r- OBS r- es 

VREF DO 
r- DB4 f--D4 

I 'i//// DATA BUSij'///'« 
DBJ f--D3 

Dl C- DB2 r- D2 

~ 
Sf 

~f---
C- D" f--D1 

DATA 
C- DBD r- OD 

AID 2 
Ail 
co 

~ AD 15 C- r<J-:- A" 
DI 

VREF DO i! AD 14 6- A14 

: ~ 
lil 

~ AD 13 C- A13 

AD 12 <}- A12 or UNIFIED 

~ Sf I-- .us AD!! r- r<J-:- A" 
COMPo 

DATA AD 10 ~ A" 

AlDB AD D~S95 AD9 A9 

CC t- ~r;r p-
ADSI-- : A' 

DI t-
AD7c-~~ "REF DO ~ Al 

I ADIit- = L..<1- A6 

, ~ ......, 

AID o wk-l-
L.......o 0 ADS';'" ~ 'I. AS 

VREf 
L--.o 1 AD4 ~ ill A A. . M.14C02. ~ 

AJ AOJ .;... 

7 A A 
Al 

\ 
9 ADl "-r 

:) INT 

} 
AD1 <J-:- A1 
ADO <J-~ 

FIGURE 7. 8-Channel AID System with Maskable Priority Interrupt Using Memory Mapped I/O 
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INITIALIZATION 

INTERRUPT SERVICE 

FIGURE 8. Flow Charts of AID Routines 
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LABEL 

lAD: 

TEST: 

FIND: 

GTBIT: 

GTAD: 

OPCODE 

PUSH 
PUSH 

PUSH 

PUSH 

LXI 

MOV 
LXI 

MOV 

-ANA 

JNZ 

INX 

JMP 
LXI 

ORA 
RAR 
JC 
INX 
INX 
JMP 
MOV 

INX 
MOV 

ROTAte TWICE, CLEAR 
LOWER4 BITS,SAVE IN B 

FIGURE 8. Flow Charts of AID Routines (Continued) 

OPERAND COMMENT LABEL OPCODE OPERAND 

PSW ; interrupt from AID XCGH 
W ;saveH& Lon PCHL 

stack 
B ;saveB&Con INAD1: LXI H,AD1 

stack 
D ;saveD&Eon CALL ADIN 

stack 
H,ADWD ; pickup AID status MOV M,A 

word JMP DONE 
6,M ; move word into B INAD2: LXI H,AD2 
H, PRTBL ; pickup priority tbl 

pointer CALL ADIN 
A. B ; place status word MOV M,A 

in accum. 
M ; mask with priority JMP DONE 

, table 
FIND ; match jump to 

Find 
H ; point to lower DONE: POP D 

priority , POP B 
TEST ; try again POP H 
H,RTBL ; pickup routine tbl POP PSW 

pointer EI 
A ; reset carry RET 

; rotate thru carrY 
GTAD ; bit was found PRTBL: DB 04H 
H ; point to 
H ; next routine DB 03H 
GTBIT ; try again 
E,M ; move first byte 

into E 
H ; point to next byte 
D,M ; move second byte 

into 0 

Routine 2. 8-Channel Interrupt Service Routine with Software Priority 

14-50 

COMMENT 

; exchange DE. HL 
; jump to input 

routine 
; pickup pointer to 
AID 1 

; call common input 
routine 

,; start new conversion 
; all done 
; pickup pointer to 
AID 2 

; call input routine 
; start new conver-

sian 
; all done 

; restore D 
; restore B 
; restore H 
; restore PSW 
; enable interrupts 
; return to main 
program 

; 0000C100 AD3 
highest priority 

; 00000011 AD2 & 
AD 1 next priority 



LABEL OPCODE OPERAND COMMENT 

PRTBL: DB 10H ; Q0010000 AD5 
lowest priority 

RTBL: DW 1000H ; routine for AID 1 
DW 100CH ; routine for AID 2 

DW 1060H ; routine for AID 8 
ADIN: MOV A,M ; input MSD plus 

OFL&SIGN 
MOV A,M ; delay 
ORA A ; reset carry 
RAL ; rotate left thru 

carrY,OFL 
JC OFL ; jump to overflow 

if set 
RAL ; rotate left thru 

carry. sign 
JC PLUS .; jump .to plus if set 
OR1 20H ; ORl into BCD, 

MSB for minus 
PLUS: RAL 

RAL 
ANI FO ; mask lower order 

bits 
MOV B,A ; save in B 
OCR H ; point to MSD-l 
MOV A,M ; input MSD-l 
MOV A,M ; delay 
ANI OF, ; mask higher 4 bits 
OR B ;' pack MSD and MSD-l 

LABEL OPCODE 

MOV 
DCR 
MOV 
MDV 
RAL 
RAL 
RAL 
RAL 
ANI 
MOV 
DCR 
MOV 
MOV 
ANI 
OR 
MOV 
SHLD 
MOV 
ACI 

MOV 

MOV 
ACI 
MOV 
MOV 
INX 
MOV 
LHLD 
RET 

OPERAND 

B,A 
H 
A,M 
A,M 

FO 
C,A 
H 
A,M 
A,M 
OF 
C 
C,A 
TEMP 
A, L 
64 

L,A. 

A,H 
o 
H,A 
M,C 
H 
M,B 
TEMP 

COMMENT 

; save in B 
; point to LSD + 1 
; input LSD + 1 
; delay. 
; rotate 
; into 
; upper 
;4 bits 
; mask lower bits 
; save in C 
; point to LSD 
; input LSD 
; delay 
; mask upper bits 
; pack 
; save in C 
; store HL in temp 
; move L in accum. 
; generate lower 

address 
; above memory 
mapped 

; converter addresses 
; include carry 
; to upper bits 
; store C 
; then 
; store B 
; retrieve H L 
; return, 

Routine 2. 8·Cha~·nel Interrupt Service Routine with Software Pri~rity (Continued) 

ADJUSTMENT AND TESTING 

Adjustment and testing of a single channel AID is done 
by monitoring the memory space where the interrupt 
routine stores the data word. The microprocessor is 
forced to loop around a section of program with inter­
rupts enabled. As the input voltage of the converter is 
changed, this data word should also change as the con­
verter updates it. A precision voltage reference is con· 
nected to the input of the A/D and incremental voltage 
steps are applied. The A/D data word should also change 
according to the voltage steps. 

At full·scale input Voltage, the data word should be at its 
maximum value. If not, check the full·scale adjust on 
the A/D by adjusting it so the OFL bit goes high when 
the input is exactly 2.000V. \ 

Multichannel systems are more difficult to check. Start 
by individually checking the full·scale adjustments so 
the converters overflow at 2.000V. Check the software 
priority routine by forcing all status bits of the status 
word high. This corresponds to all converters being 
ready at the same time, a very unlikely worst-case 
condition. The microprocessor should respond by out.' 
putting the address of all 4 digits of the A/D port with 
the highest priority along with the memR strobes, 
then with a memW strobe to start a new conversion. 
The next highest priority converter should then receive 
its a.ddresses and memR strobes and so on down the 
line. 

Once the priority routine has been debugged, each data 
word is monitored as the input to its converter is adjusted. 

_Since a common input routine is used, once 1 channel 
operates, all the other channels should iliso. 

14·51 

Debugging may most easily be done by single stepping 
through the program at these critical areas. No timing 
problems should be encountered since the AID port 
appears to be a standard peripheral or memory. I n the 
ADC3511 and ADC3711 the desired output is merely 
addressed the same as a memory location. 

The memory requirements of the interface depends, 
of course, on the complexity of the system. The single 
channel converter requires approximately 60 bytes of 
program storage plus 2 bytes for data storage and 4 
peripheral addresses. " 

The multichannel system requires about 40 bytes for 
the priority routine. and 10 bytes of program for each 
converter routine. The common input routine r~quires 
about_50 bytes of program and is used by all the con· 
verter routines in the form of a subroutine. 

Memory mapped I/O causes 64 memory locations to be 
used to input an 8-channel system. The data space is 
located directly above the address space for the con­
verters a"nd 16 memory locations are used to store the 
data for 8 converters. 

CONCLUSION 

The ADC3511 and ADC3711 microprocessor compatible 
AID converters eliminate the difficulties previously 
encountered in applying DPM chips to microprocessor 
systems. The low parts count and low cost per channel 
make distributed or remote A/D conversion practical 
for a variety of data acquisition applications. 
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APPENDIX A 

THEORY OF OPERATION 

A schematic for the analog loop is shown in Figure A 1, 
The output of SW 1 is either at VREF or OV, depending 
on the state of ,the D flip·flop, If Q is at a high level, 
VOUT = VREF and if Q is at a low level VOUT = OV. 
This voltage is then applied to the low pass filter com· 
prised of R1 and C1. The output of this filter, VFB, 
is connected to the negative input of the comparator, 
where it is compared to the analog input voltage, VIN. 
The output of the comparator is connected to the D 
inpl!t of the D flip·flop. Information is then transferred 
from the D input to th~ Q and Q outputs on the positive 
edge of clock. This loop forms an oscillator whose duty 
cycle is precisely related to the analog input voltage, 
VIN· 

An example will demonstrate this relationship. As~ume 
the input voltage is equal to 0.500V. If the Q output of 
the D flip·flop is high, then VOUT will equal VREF 
(2.000V) and V,FB will charge toward 2V with a time 
constant equal to R1C1. At some time VFB will exceed 
0.500V and the comparator output will switch to OV. 
At the next clock rising edge, the Q output of the D 
flip·flop will switch to ground, causing VOUT to switch 
to OV. At this time, VFB will 'start discharging toward 
OV with a time constant R1C1.-When VFB is less than 
0:5V, the comparator output will switch high. On th,e 
rising edge of the next clock, the Q output of the D 
flip·flop will switch high and the process will repeat. 
There exists at the output of SW 1 a square wave pulse 
train with positive amplitude VREF and negative ampli· 
tude OV. 

V,N 

., 

fIN6-~""""'1 

VIN = VFB = vREF x (duty cycle) 

f = (duty cycle) x fiN 

The DC value of this pulse train is: 

tON 
Vour = VREF = VREF (duty cycle)' 

tON +tOFF / , 

The low pass filter will pass the DC value and then: 

VFB = VREF (duty cycle) 

Since the closed loop system will always force V FB to 
equal VIN, we can then say that: 

VIN = VFB = VREF (duty cycle) 

or 

VIN 
--= (duty cycle) 
VREF 

The duty cycle is logically ANDed with the input 
frequency fiN. The resultant frequency f equals: 

f = (duty cycle) x, (fiN) 

Frequency f is accumulated by counter no. 1 for a time 
determined by counter no. 2. The count' contained in 
counter, no. 1 is then: 

f (duty cycle) x (fiN) VIN 
count = ---.: =--x N 

(fIN)/N (fIN)/N VREF 

For the ADC3511 N = 2000. 
For the ADC3711 N = 4000. 

RESET 

COUNTER NO.2 (+2NI 

, Count in Counter No.1 = _I _ = (duty cycle) x liN = ~ x N 
, flNIN liNIN VREF 

FIGURE A1. Analog Loop Schematic Pulse ModulationA/D Converter 



~LECTRICAL CHARACTERISTICS 

ADC3511CC, ADC3711CC 4.75 ~ VCC ~ 5.25V; -40°C ~ TA +85°C, fc = 5 cQnv./sec 
(ADC3511 CC): 2.5 conv./sec (ADC3711 CC); unless otherwise ·specified. 

PARAMETER CONDITIONS MIN 
TYP 

MAX UNITS 
(Note 2) 

Non- Linearity (Note 3) 

VIN = 0-2V Full·Scale -0.05 ±0.025 0.05 % of Full·Scale 

ViN = 0-200 mV Full·Scale 

Organization. Error -1 0 Counts 

Offset Error VIN =OV. (Note 4) -0.5 1.0 3.0 mV 

Rollover Error -0 0 Counts 

VIN+. VIN_ Analog Input Current' TA = 25°C -5 5 nA 

Note 1: "Absolute Maximum Ratings" are those values beyond which the safety of the device cannot be guaranteed. Except for 
·'Operating Range" they are not meant to imply that the devices should be operated at these limits. The table of "Electrical Ch'aracteris· 
tics'~ provides conditions for actual device operation.-

Note 2: All typicals are given for TA = 25°C. . ' 
Note 3: For the ADC3511CC: full-scale = 1999 cou~ts; therefore, 0.025% of full-scale = 1/2 counts and 0.05% of full-scale = 1 count. 
For the ADC3711CC: full-scale = 3999 counts; therefore. 0.025% of full-scale = 1 count and 0.05% of full-scale = 2 counts. 
Note 4: For full-scale = 2.000V: 1 mV = 1 count for the ADC3511CC; 1 mV = 2 counts for'the ADC3711CC. 

START CON V 

FREDIN 

FRED OUT 

GND IIo-Vss 

+ 

DIGITAL TIMING 
AND CONTROL. 

COMPARATOR 
tiMING 1 

------
OIGITAL VCC ..... -+-I-------; 

100 

ANALOG vcc~=:j:=~=::;_-1 
VFILTER-

.vIN ..... ..--4~~-+-I 

102 

.103 

• 104 . 

l~~===============:OVERFlOW CONY COMPLETE 
SIGN 

14-___ ...:-_____ --1 C ·VR
., 

~SWI 
SW2 

H---.:H--... .:....-------------_------.............. -VREF 

v" ..... _____ ----1 

FIGURE A2_ ADC3511 3 1/2-Digit AID (*ADC3711 3 3/4-Digit A/D) Block Diagram 
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A Digital Multimeter 
Usin~ the ADD3501 

INTRODUCTION 

National Semiconductor's ADD3501 is a monolithic 
,CMOS IC designed for use as a 3 1/2-digit digital volt­
meter. The IC makes use of a pulse·modulation analog­
to-digital conversion scheme that operates from a 
2V reference voltage, functions with inputs between 
OV and ±1.999V and operates from a single supply. 

The conversion rate is set by an external resistor/cap: 
acitor combination, which controls the frequency 
of an on·chip oscillator. The ADD3501 directly drives 
7-segment multiplexed LED displays, aided only by 
segment resistors and external digit buffers. The 
ADD,3501 blanks the most, significant digit whenever 
the MSD is zero; and, ,during overrange conditions, 
the display will read either +OF L or -OF L (depending 
on the polarity of the input). 

These characteristics make the ADD3501 suitable for 
use in low-cost instrumentation. An example of 'such 
use is the inexpensive, accurate, digital multimeter 
(DMM) presented here-an instrument that measures 
AC and DC voltages and currents, and resistance. 

CIRCUIT DESCRIPTION 

Figure 1 shows the circuit diagram of the ADD3501-
based DMM, and Table I summarizes' its measurement 
capabilities. Since the accuracy of the ADD3501 is 
±O.05%, the DMM's performance is,mainly determined 

, by the choice of discrete components. 

Supporting the ADD3501, is a DS75492 digit driver, 
an NSB5388 LED display, and an LM340 regulator for 
the V CC supply. A 2V reference voltage-derived from 
the LM336 reference-diode circuitry-permits the 
3 1/2-digit system a 1 mV/LSD resolution, (Le., the 
ADD3501's full-scale count of 1999 or 1999 mV). 

DC Voltage Measurement. The DMM's user places the 
(+) and (-) probes across the voltage to be measured, 
and sets the voltage range switch as necessary. This 
switch scales the input voltage, dividing it down so that 
the maximum voltage across the ADD3501's VIN 
and VIN- pins is limited'to 2 V full-scale on each input 
range. The ADD3501 performs an A/D conversion, 
and displays the value of the DMM's input voltage. 
The instrument's input impedance is at least 10 MS'l 
on all DC voltage ranges .. Except for the 2V range, 
the DMM's survival voltage-the maximum safe DC 
input-is in excess of 1 kV. On the 2V range, the 
maximum allowable input is 700V. 

AC Voltage Measurement. Switching th~ DMMto its' 
AC VOLTS mode brings the circuit of Figure 2 into 
function. This circuit operates as an averaging filter 
to generate a DC output proportional to the value of 
the rectified AC input; this ,value, in turn, is "tapped 
down" by R5 to a level equivalent to the input's rms 
value, which is the value displayed by the DMM. 

National Semiconductor 
Application Note 202 
Carson Chen 
July 1978 

Op amp A3 is simply a voltage follower that lowers 
the input-attenuator's source impedance to a value 
suitable to drive into A4. This impedance conversion 
helps eliminate some of the possible offset-voltage 
problems (the A4 input-offset-current source imped­
a,nce I R drop, for example) and noise susceptibility 
problems as well. C1 blocks the DC offset voltage 
generated by A3. 

A4 and A5 comprise the actual AC-to-DC converter; 
to see how it works refer again to Figure 2, and con­
sider first its operation on the negative portion of an 
AC input signal. At the output of A4 are 2 diodes, 
D1 and D2, which act as switches. For a negative in­
put to A4's inverting input, D1 turns on and clamps 

. A4's output to O.7V, 'while D2 opens, disconnecting 
A4's output from A5's summing point (the inverting 
input). A5 now operates as a simple inverter: R2 is its 
input resistor, R5 its feedback resistor, and its output 
is positive. ' 

Now consider what happens during the positive por­
tion, of an AC input. A4's output swings negative, 
opening D1 and closing D2, and the op amp operates 
as an inverting unity-gain amplifier. Its input resistor 
is R 1, its feedback resistor is R3, and its output now 
connects to A5's summing point through R4. D2 does 
not affect A4's accuracy because the diode is inside the 
feedback loop. 

A positive input to A4 causes it to pull a current from 
A5's summing point through R4 and D2; the positive 
input also causes a current to be supplied to the A5 
summing point through R2. Because A4 is a unity­
,gain' inverter, the voltage drops across R2 and R4 are 
equal, but opposite in sign. Since the value of R2 is 
double that of R4, the net input current at A5's sum· 
ming point is equal to, but opposite, the current through 

, R2. A5 now operates as a summing inverter, and yields­
again-a positive output. (R6 functions simply to reduce 
output errors due'to input offset currents.) 

Thus, the positive and negative portions of the DMM's 
AC voltage' input both yield' positive DC outputs from 
A5. With C2 connected across R5 as shown, the circuit 
becomes an averaging filter. As, already mentioned, 
the tap on R5 is set so that the circuit's DC output 
is equivalent to the rms value of the DMM's AC volt­
age input, which is the value converted and displayed 
by theADD3501. 

DC Current Measurement. To make a DC current meas­
urement, the user inserts the DMM's probes in series 
with th'e circuit current to be measured and selects 
a suitable scale. On any scale range, the DMM loads 
the measured circuit with a 2V drop for a full-scale 
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TECHNICAL SPECIFICATIONS 

DC VOLTS 
RANGES 
INPUT IMPEDANCE 

AC RMSVOLTS 
RANGES 

DC AMPS 
RANGES 

AC RMSAMPS 
RANGES 

OHMS 
RANGES 

... ,,--

"­
CORION 

< ±l%ACCURACY 
2V, 20V, 200V, 2 kV 
2V RANGE, >10Mn 

20V TO 2 kV RANGE, 10Mn 

< ±1% ACCURACY 
2V, 20V, 200V, 2 kV 

(40 TO 5 kHz SINEWAVEI 

< ±1% ACCURACY 
200 p.A, 2 rnA, 20 rnA, 200 rnA, 2A 

< ±1% ACCURACY 
200 p.A, 2 rnA, 20 rnA, 200 rnA, 2 A 

< '1% ACCURACY 
200 n, 2 kn, 20 kn, 200 kn, 2 Mn 

Note 1: All VCC connections should use a single VCC point 
and all ground/analog ground connections should use a single 
ground/analog ground point, 

Note 2: All resistors are 114 watt unless otherwise specified, . 

Note 3: All capacitors are ±10%. 

IZlla 

l~]I~f 
Pl 

"" ISfH;n 

" 50kn 
OffSET 
ADJUST 

Note 4: All op amps have a 0.1 p.F capacitor connected across 
the V+ and V- supplies. 

Note 5: All diodes are 1 N914. 

I I I I L 

~.~ 
IZ" 

II <?~~~~~<l~B21l~8 

4---1 ~f+I!III'1 1'81111 
250pf 

22AW 

1111kn 

pq.l'ffi:a~E~--· 

C[ ~ ~ ADOlsal .... 

E!~$~~~~ ~~ ~~;~ 
lui.., •• ',,' .• h" iii I • i 

· ..... 1' ~ II r I r 'I I ' ·!:fflll·I'I'1' 1'1' " I' 1111 
OHMS! 

FIGURE 1. ADD3501 Low Cost Digital Multimeter 
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input. * The ADD3501 simply converts and displays 
the voltage drop developed across the DMM's current· 
sensing resistor. ' 

AC Current Measurement. AC current measurements 
are made in a way similar to DC current measurements. 
The DMM is switched to its AMPS and AC settings . 
The' in-circuit current is again measured by a drop' 
across the DMM's current·sensing resistor, but now the 
AC voltage developed across th is resistor is processed 
by A3, A4, and A5-exactly as described for AC voltage 
measurements-before being transferred to the, 
ADD3501. Again, the DMM displays an rms value 
appropriate for the Ar:; signal current being measured. 

Resistance Measurement. This DMM measures resistance 
in the same way as do most multimeters: it measures the 
voltage drop developed across the unknown resistance 
by forcing a known, constant·current, through it. Suit· 
able scale ~alibration translates the voltage drop to a 
resistance value . 

The resistance measurement requires the generation of a 
constant-current source that is independent of changes 
in Vec, using the 2V, ground:referred refe~ence voltage. 
The circuit of Figure 3 accomplishes this. ' 

I' 
In Figure 3, A 1 establishes a constant·current sink by 
forcing node 'A to VREF, the voltage level at A 1 's 
non·inverting 'input, With' node A held constant at 
VREF (2.000VI. current through R2 is also fixed-,' 

*This drop may be reduced to 200 mV: refer to the last section 
of this application note. 

since 01 's collector current is determined by the alE 
product- thus establishing Vl as 

Vl = Vcc-a(VREF/R1)R2 (1 ) 

Note that VREF is derived from the LM336-a precision 
voltage source. Equation (1) shows, then, that (all 
else remaining constant) Vl varies directly with changes 
in VCC; i.e., V1 tracks VCC. The,Al/01 pair thus 
establishes a voltage across R2 that floats, independent' 
of changes' in the ground·referenced potentials (VCC 
and V REF) that define it. 

Now look at the A2/02 circuitry. The closed·loop 
operation of A2 tries to maintain' a zero differential 
voltage between its input terminals. A2's non·inverting 
input is ,held'at Vl; thus, A2's inverting input is driven 
to Vl. The current through RL (02's emitter current) 
is therefore (Vee - V1)RL. Since V1 tracks VCC, 
then (VCC - V1) - the voltage drop across RL -is 
constant, thus producing ISOURCE (Figure 3)-the 
constant source current needed for the resistance 
measurement. 

Note, that varying RX will not, affect ISOURCE so 
long as the voltage drop across RX is less than (Vl -
VBE2). Should V RX exceed (V1 ..., VBE2), 02 would 
saturate, invalidating' the measurement. The ADD3501 
eliminates this worry, however, because as soon as the 
drop across RX equals or exceeds the 2V full·scale input 
voltage the ADD3501 will display an OFL condition. 

Finally" SWl (Figure 3) is required as part of the 
VOL TS/AMPS/OHMS mode selection' circuitrY; in the 
VOL TS/AMPS position it prevents 02's base-emitter ' 
junction pulling the V- supply to ground through A2. 

TABLE I. DMM PERFORMANCE 

Measurement 
Mode 

DC Volts 

ACVoits 

DC Amps 

ACAmps 
'Ohms 

D.&8J1f 
ACVOL!!>-t 

COMMON 

0.2 2 

- V 

- VRMS 
rnA mA 

mARMS mARMS 
k!< k!< 

Range Frequency 

20 200 2000 Response 

V V V -
VRMS VRMS VRMS 40 Hz to 5 kHz 

mA mA mA 

mARMS mARMS mARMS 40 Hz to 5 kHz 

k!< k!< k!< -

R2 C2 
r-_____ ... 20v·nv-____ ...,.......,~o"~ 

v-

F'IGURE 2. AC/DC Converter 
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Accuracy 

<1%F.S. 

<1% F.S. 

<1%F.S. 

< 1% F.S. 

<1%F.S. 

Overral'!ge 

Display 

±OFLO 

+OFLO 

±OFLO 

+OFLO 

+OFLO 

TOVINio 
fADD3501) 



3 RESISTANCE 
AX lOBE 

MEASUAED 

,r 

FIGURE 3. Constant-Current Sour.ce 

CALIBRATION 

Calibrate the DMM according to the following sequence 
of operations: 

DC Volts 
2V Range 

DC Volts 
2V Range 

Ohms 
2 MS1 Range 

1. Adjust P1 until the cathode voltage 
of the reference c;liode, LM336, 
equals 2.49V. This reduces the 
diode's temperature coefficient to 
its minimum value. 

2. Short the (+) and (-) probe inputs 
of the ADD3501 and adjust P2 
until the display reads 0000. 

3. Apply 1.995 volts across the (+) 
and (-) probe inputs and adjust P3 
until the display reads 1.995. 

4. Select a precision resistor with a 
value near full-scale or the 2 MS1 
range, and adjust P4 until the ap­
propriate value is displayed. 

AC Volts 
2V Range 

5. Apply a known 1.995V rms sinewave 
signal to the DMM and adjust P5 , 
until the display reads the same. 

PC BOARD LAYOUT 

It is imperative to have only one, single·point, analog 
signal ground connection for the entire system. In 
a multi·ground layout,' the presence of ground-loop 
resistances will cause the op amps' offset currents and 
AC response to have a devastating effect on system gain, 
linearity, and display LSD flicker. Similar precautions 
must also be taken in the layout of the analog and 
high-switching-current (digital) paths of the ADD3501. 

A FINAL NOTE 

The digital multimeter described in this note was de­
veloped with the goals of accuracy and low cost. For 
the high-end DMM market segments, however, im-
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provements to the basic circuit of Figure 1 are pos­
sible in the following areas: 

1. Expand the VOLTS mode to include a 200 mV 
full·scale range; 

2. Decrease the full-scale current·measurement loading 
voltage from 2V to 200 mV; and, 

3. Provide a true-rms measurement capability. 
4. Increase 'resolution by substituting the ADD3701-

3 3/4-digit DVM chip-which is interchangeable 
and provides a maximum display count of 3.999. 

The first 2 improvements involve a dividing down 
of the AD 0350 1 feedback loop by a ratio of 10: 1, 
which reduces the 2V full-scale input requirement 
to 200 mV, This not only allows a 200 mV signal 
between the ADD3501's V'N+ and V'N- inputs to 
display a full-scale reading, but implies that the max­
imum voltage dropped across the current-measuring­
mode resistance also will be 200 m V. Note, though, 
that the values of the current-measurement resistors 
must be scaled down by a factor of ten. 

Additionally, a 200 mV full-scale input implies a reso­
lution of 100 /LV/LSD. At such low input levels, the 
DMM may require some clever circuitry to eliminate 
the gain and linearity distortions that can arise from 
the offset currents in the AC-to-DC converter. 

The third possible improvement-the reading of true­
rms values-can be implemented by replacing the AC­

'to-DC converter of Figure 2 with National's LH0091, 
a true-rms-to-DC converter, and appropriate interfa?e 
circuitry. 

REFERENCES: 
1. ADD3501 Data Sheet. 4. Application Note AN-20. 
2. LH0091 Data Sheet. 5. ADD3701 Data Sheet. 
3. LM336 Data Sheet. 
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Section 15 

Physical Dimensions 
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All dimensions in inches(millimeters). 
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000000 
, Z 1 4 5 8 

,:!::, MAX 

0.190 
(4.82GI MIN 

:.~::) TYP 

NS Package HY16C 
16-Lead DIP (J) (Hybrid) 
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----~---II -
0.015-0.020 
~DIA 

l 
~MAX 
(3.810) 

NS Package HY16B 
16-Lead Metal DIP (0) (Hybrid) 

O.'''!..020 

c -, 
3 
CD 
~ 
U) 

0' 
~ 
U) 
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Q) 
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c -CO 
,~ 
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_L .. l_l~ 
o ±U1U OA9D :to.01U (1.524) _D._B1 __ 

, J15.494 -ru" -c-""-r~541 (12.448 j'~~' 

~ 
(U54±D.0511 

5+0·005 
0.02 -0.015 

(. .D.I21) 
\0.&35 -D.3B1 

~ 
f D.J.S 

(2.159) 

U D U ~ m 11 " 17 '5 15 " ~ 

1-1 !-;D.090 
(2.186' 

~02~.-I1-i5.iiBoi 
TVP 

, 
'1 2 3. 4 5 Ii 

' .. ~ n.DSO±D.tI1D -----1 
C,.UD'D . .,D 

(2&.610:1:0.254) 

(28.194±0.254) 1.25010.010 
(31.750_D.Z54) 

0.025 1m 1 ilml i~:J--f'~~!:' MAX GLASS {O.635)RAD 0291 

~ 
(4.445) 

1 2 3 4 

(1.3911 
MAX 

---L 
0.060;;0.005 D.ZOD 

"M~ GLASS 'Bo.D20_0.010 
SEALANT . . ID.'DB-I.718' 

. I:·:::,J j t ~";'D.DDI D.125 
MAX {O.457±O.D51J (3.175) 

BOTH 0.100 to.Olo MIN 
ENDS (2.540±0.2541 

0.160 

L D."D .1 
(15.240)REF-----l ~j 

(2.540::!:0.051) 

I II .DJ.,3 I- -11- 0.017 -0.002 

10A32 +0..078) 
. ~ -0.051 TVP 

: NS Package HY24A . NS Pa~kage J08A. . 
8-Lead Cavity DIP (J) . 24-Lead Epoxy/Ceramic Package .(J) (Hybrid) 

0.025-
(0.6351. 

RAD, 

0.280-0.320 0.160 

~
173"_'.12B' '(~~':' 

O.Doa-ODI2J 
(0,203-0.305) 

~0.3B5±0025*! 0.100. 
(9.779:t0.6351 12.5401 

MAX BOTH ENDS ~J 
NS Package J14A·. 

l4:!-ead Cavity DIP (J) 

l--- 0.590-0.620 --1 

0.025 
(D.6351 

RAD 

D.azs 
(0.635) 

RAD 

0.160 GLASS 1 o.290-'.32D tl' SEALANT 

~~::=~~, JGf~~~~~~~~;;; 
I D.385 'D.02''t" , ... , 

--< (9.719 'D.63" I-- IIM"A'X' j L D.""'.D02 --II-(0.457±0.0511 

0.100:1:0.010 

~ 

NS Package J16A 
'l6-Lead Cavity DIP (J) 

~~~~~~~~~~~~~~~~, GL~ 
I" lii;~:OI 

0.515-0.525 

L-r.T~rr,",orr.T,"rr,",orr.rrcmrr.~Hr~(I3~B1rl3'3351 

r 

0200 
(5.080) 

MAX 0.020-0.070 

H=ii1-
11.008-0.012 ~ I ".02' ~ 

6.25° ... ,015 0.060-0.100 

1--(15.875 -+(1.635)----1 11.524-2.5401 
-(1.381 

I-~I 
IZ.540±0.254)-l 

I . _L D.'" 'D.DD2 
~ II(DA5JiO.DS1) 

j-r~ 
0.125 
(11751 

MIN 

'. NS ~ackage J24A 
24-Lead Cavity DIP (J) 
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0.092 
fzT3i, 

01. 
NOM 

~ 

bffi=;F.FF.~--.i 
0.030 

0.300-0.320 (0.762) 
(1.&20-1.121) MAX 0.13010.005 M=4 13.3"".12)1 

i~--L~'''·'·''5 'J t.t 
0.325-0.015 ~ -/1---, (3.115) 

1· +0.025 I (0.22B-0·!~~5!0015 J ~Il ~(~~~B' 
--- 0.01810.003 MIN 

(8.Z55~:~~) I::) (0451:1:.0.0161 

TV. 
NS Package NOBA 

B-Lead Molded Mini-DIP (N) 

D.ol2 

i2IDi 
DlA NO!'tl 

0.300-0.320 0.030 

MAX 0.065 0.130 10 DOS 117n:.:'''~2) 
_ 11.&511 ~ 

Ro.o,,·o.D15 'J ==r}, 
I I I0.2Z9-~~::110.o1S 1 1- L II 0.01810003 ~ (OM~~I' 

11.90510.381) ~ ~ -1~(0.451iO.076)(t!~5) 
0.325 ~:~: ~yS:O) 

(a.255~:~~) 
NS Package N14A 

l4-Lead Molded DIP (N) 

0.030 

0.092 

IU37) 
DIA NOM 

PIN NO. IIDENT 

0.300-&.328 (0.7621 

0.030 
(0.16Z1 
MAX 

DADO r;.r.o.m MAX:1 8"', 0.010 02S0:t0005 

iW2i ii.35ii1iilli1 
SQUAR' --.i 

I :r: ] 4 

.040 

~ i1.iiiif o 13D:l:.O.o05 

11~&511 _TV' ~D"D.12l) 

0009-0015 13.1151 'J =rt.zo 0.125 
(0.229-0.381) ~ MIN I 0.32S+0.025 I D.045.toDI5 J I-I-lL 0.018:1:.0.003 10.5081 

-l ~ f-- 11.14310.381)...J l- (0.45hO.0161 MIN 

(8.255~:;:~) '(::~~) , 

TV' 

NS Package NOBB 
B-Lead Molded Mini-DIP (N) 

0.030 
(iU62j 

0.300-0.320 
~ MAX 0.065 0.040 0.13010.005 

Pr (1.651) re_~ ________ ~~-+,.~I~.127; 

0.0"·0.015 'J 
10.229-0.381) I [ 0.07510.015 

. 0.325::~~: (1.905±D.311) ~J 0.100 
(2.5401 
TV' 

NS Package N16A 
l6-Lead Molded DIP (N) 

D.'" 0.130:1:0.005 

11.&511 ...... ....,--------...!.!.::....-H---i 17:f ~ 
~ 1"~'~""·""·""~ (0.229-0.38'1 

I .j 0."'.0 .. " I J I_" 0." .. 0.0113' 
U25 ::::: I"" .0381) too ~1t--IOA5" •. D16) 

(1.255 ~::~) (2.~0~ 

NS Package N 1 BA. 
la-Lead Molded DIP (N) 
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0.030 
(0.162) 
MAX 

1.210 

0.082 

if.iffi 
RAD 

0.075' 

D.'" 
(1.5151 

RAD 

NS Package N24A 
24-Lead Molded DIP IN) 

1A1D 

I 
1 

O.540!D.D05 

~I 

j 

0.160±0.005 

".,: I 

1 
0.550tO.D05 

PIN NO.1 IDENT ~~r.r~-r.rr.~~,,"-r.~~~~~rr..,~(13'71D'1211 

o.O&z 
(1.5151 
, RAD 

PIN NO. 1 !DENT 

0.030 

0.100 
(2.5401 
TV' 

NS Package N28A 
28-Lead Molded DIP IN) 

2.070 

0.050 

II O.018.±O.o03 
-II--(OASl ±O.o76) 

I---------------------(~··")----------------------~·~I 
Q393131l&35M3312

MAX 
21 

1 
a.sso±o.ODS 

0.060 iD.iiii :.' . 0.050 

~O.600-D.620~11.524IMAX ~. \.' 11.2101 0.130io.005 

Ir(1U~7")~L~.: ~L. 

r ,,0" ~(:~::=:::::~. .' . ==r1, I--- 0.825-0:015 ---t 0.015±O.o15 I - I I - 0.100 ---If- 0.018iO.003 012510.5081 

(15.875 ... 635) (1.905 .DJ81) ,-- --, r- (U40) . (0.457 '0.076) _ • (3:17&) MIN 
-0.311· . TYP MIN 

NS Package N40A 
.40-Lead Molded DIP IN) 
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0.337-0.350 
(a.5£a-B.BgD)'-1------~ 

0.010-0.025 

(0.254-D.635) 

PINNO.! 
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a.aSDtO.ODS 

0.050-0.080 

(1.270-2.032,---j f­
D.0D4-0.006 ~t+­

(0.102-0.152) IIII 
0010-0025 0050 0005 

10254-06351 I 1 ~I i
(~ ~~:=~D~~~)--

1615141l12111D9 

PIN NO.'............. I 

0300 
(76211) 
MAX 

GLASS 
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l,,·ri2~. b' ..;4~5~5".",., b't .. I 

,_wl 
(0.508-0.889) 

0.015-II.01S II 
(0.381-0.483) ---II-­

TV' 

D.840-0.B611 

w~"' I~. 
lo.508_,.016IJ O.Ol!i-O.DI9~1 

(O.l8t-O.4HZ) l--

0.940-0.960 

(23.815-24.3B4) 

~ 

NS Package W14A 
14-Lead Flat Package (Wl 

0.115-0.185 0.115-0.185 

(4.445-4.699) 1114.445-4.6991 

~I-o--i 1 . 
SEATING L ___ J ~ . 

PLANE -----r 
0.500 0.090 0.025 

MIN NOM MAX 
(12.70) (Z.286) ~ ~ ~ (D.6J5) 

I UNCONTROLLED 

NS Package W16A 
16-Lead Flat Package (Wl 

I-----TV' L--d !t";:,;" 
0.045-0.055 (0.457) ~ ~ (::~~:~ = ::~;~~) TVP 

BEfORE LEAD FINISH 
(1.143-1.397) D.agS-D.lUS 

(2.413-2.667) 

0.045-0.055 

::::'"" .. ~ 
JWt 1:::::=:::::1 
10Q NOM 10Q NDM 

NS Package Z03A 
3-Lead TO-92 Plastic Package (Zl 
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The Data 
Bookshelf: 
To·ols For 
The Design 
Engineer 
National Semiconductor's Data Bookshelf 
is a compendium of information about a . 
product line unmatched in its breadth in 
the industry. The many Data Books 
referenced here represent National's 
entire line of devices, devices that span 
the entire spectrum of semiconductor 
processes, and that range from the 
simplest of discrete transistors to 
microprocessors - those 
most-sophisticated marvels of modern 
integrated-circuit technology. 

Active and passive devices and circuits; 
hybrid and monolithic structures; discrete 
and integrated components ... Complete 
electrical and mechanical specifications; 
. charts, graphs, and tables; test circuits 
and waveforms; design and application 
information ... Whatever you need you'll 
find in the designer's ultimate reference 
source - National Semiconductor's Data 
Bookshelf. 

Ordering 
Information 
All orders must be prepaid. Domestic 
orders must be accompanied by a check 
or a money order made payable to 
National Semiconductor Corp.; orders 
destined for shipment outside of the U.S .. 
must be accompanied by U.S. funds. 
Orders will be shipped by postage-paid 
Third Class mail. Please allow 
approximately 6-8 weeks for domestic 
delivery, longer for delivery outside of the 
U.S. 



Nationa~'s 
Data Bookshelf 
Order Form 

Please send me the volumes of the National Semiconductor DATA BOOKSHELF that I have selected below. 
I have enclosed a check or money order for the total amount of the' order, made payable to National 
Semiconductor Corp. 

Name __________________ Purchase Order # ________ _ 

Street Address ______________________________ _ 

City _________ --'-__ State/Country ____ -'-_~ _ ___'_Zip _____ _ 

Description Available 

__ copies @ $4.00, CMOS Databook, 1978 ........ ; ............... Now ......... Total $ __ _ 

__ copies@$4.00,DataAcquisitic:>nHandb()()k,,1978.: ............ September ... Total $ __ _ 

__ copies @ $4.00, Interface Databook, 1978 .. : .......... : ......... October ...... Total $ __ _ 

__ copies@$4.00,LinearApplicationsHandbook,1978,; .......... October ...... Total $ __ -

__ copies@$4.00,LinearDatabook,1978.: ........... ~ ......... September ... Total $ __ _ 

__ copies @ $3.00, Voltage Regulator Handbook, 1978 ........... : September ... Total $ __ _ 

-copies @ $4.00, Memory Databook, 1978" .............. : ...... Now ......... Total $_----: _ 

__ copies @$4.00, Memory Applications, 1978· .......... :: ....... Now ......... Total $ __ _ 

__ copies @ $3.00, Microprocessor Applications in Business, 
Science and Industry, 1977 ;.: ....... ~ .. :; ... Now ......... Total $ __ _ 

__ copies @ $4.00, SC/MP Microprocessor Applications, 1977 ...... Now ......... Total $_~ _ 

__ copies@$4.00,MOS/LSIDatabook,1977 ...................... Now ..... , ... Total $ __ _ 

-copies @ $3.00, Pressure Transducer l:iandbook,.1977 ..... : ... Now· ......... Total $ __ _ 
. t. 

-copies @ $3.00, Special Function Databook, .1978 ............. November .... Total $ __ _ 

__ copies@$4.00,DiscreteDatabook,1978 ........... ,' ........ , ... Now ......... Total $ __ _ 

__ copies @ $4.00, TTL Databook, 1976 .......................... Now ......... Total $ __ _ 

Send a facsimile of the above form to: 
National Semiconductor Corp., c/o Mike Smith 
P.O. Box 60876, Sunnyvale, CA 94088 

Sub~otal $ __ _ 

California residents' add 6% Sales Tax*$ __ _ 

Grand Total $ __ _ 

Postage will be paid by National Semiconductor Corp. Please allow four to six weeks f0r"delivery. 

'San Francisco Bay Area residents add 6V2% Sales Tax. 




