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1.0 Introduction
A variety of techniques for performing analog to digital con-

version are presented. The COP420 microcontroller is used

as the control element in all cases. However, any of the

COPS family of microcontrollers could be used with only

minor changes in some component values to allow for dif-

ferent instruction cycle times.

Indirect analog to digital converters are composed of three

basic building blocks:

# D/A Converter

# Comparator

# Control logic

In a software driven system the D/A converter and compar-

ator are present but the control logic is replaced by instruc-

tion sequences. There are a variety of software/hardware

techniques for implementing A/D converters. They differ pri-

marily in their approach to the included D/A. There are two

primary approaches to the digital to analog conversion

which can in turn be divided into a number of sub-catego-

ries:

# D/A as a function of weight closures

Ð R/2R ladder

Ð Binary weighted ladder

# D/A as function of time

Ð RC exponential charge

Ð Linear charge/discharge (dual slope)

Ð Pulse width modulation

These techniques should be generally familiar to persons

skilled in the electronic art. The objective here is to illustrate

the application of these established methods to a low cost

system with a COPS microcontroller as the intelligent con-

trol element. Circuit configurations are provided as well as

the appropriate flow charts and code to implement the func-

tion.

Some mathematical and theoretical analysis is presented as

an aid to understanding the various techniques and their

limits. However, it is not the purpose here to provide a defin-

itive theoretical analysis of the analog to digital conversion

process or of the various techniques described.

2.0 Simple Capacitor Charge Time
Measurement
2.1 BASIC APPROACH

General

Perhaps the simplest means to perform an analog to digital

conversion is to charge a capacitor until the capacitor volt-

age is equal to the unknown voltage. The capacitor voltage

and the unknown are compared by means of a standard

analog comparator. The unknown is determined simply by

counting, in the microcontroller, the amount of time it takes

for the charge on the capacitor to reach a value equal to the

unknown voltage. The capacitor voltage is given by the

standard capacitor charge equation:

VC e V0 a [V1 b V0] [1 b e**(bt/RC)]

where: VC e capacitor voltage

V0 e ‘‘dischage voltage’’ Ð low level voltage

V1 e high level voltage

The most obvious problem with this method, from the stand-

point of software implementation, is the nonlinearity of the

COPSTM microcontrollers is a trademark of National Semiconductor Corporation.
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relationship. This can be circumvented in several ways. First

of all, a routine to calculate the exponential can be imple-

mented. This, however, usually requires too much code if

the exponential routine is not otherwise required in the pro-

gram. Alternatively, the range of input voltages can be re-

stricted so that only a portion of the capacitor charge curve

Ð which can be approximated with a linear relationship or

with some minor straight time curve fitting Ð is used. Final-

ly, a look up table can be used which will effectively convert

the measured time to the appropriate voltage. The look up

table has the advantage that all the math can be built into

the table, thereby simplifying matters significantly. If arith-

metic routines are going to be used, it is clear that the rela-

tionship is simplified if V0 is 0V because it then drops out

the equation.

BASIC CIRCUIT IMPLEMENTATION

The circuit in Figure 1 is the basic implementation of the

capacitor charge method of A/D conversion. The selection

of input and output used is arbitrary and is dictated by gen-

eral system considerations. V0 is the ‘‘0’’ level of the G

output and V1 is the ‘‘1’’ level of the output. The technique

is basically to discharge the capacitor to V0 (which is ideally

ground) and then to apply V1 and increment an internal

counter until the comparator changes state. The flow chart

and code for this implementation are shown in Figure 2.

ACCURACY CONSIDERATIONS

The levels reached by the microcontroller output constitute

one of the more significant problems with this basic imple-

mentation. The levels of V1 and V0 are not VCC and ground

as would be desired. The level is defined by the load on the

output, the value of VCC, and the device itself. Furthermore,

these levels are likely to change from device to device and

over temperature. To be sure, the output values will be at

least those given in the data sheet, but it must be remem-

bered that those values are minimum high voltages and

maximum low voltages. Typically, the high value will be

greater than the spec minimum and the low value will be

lower than the spec maximum. In fact, with a light load the

values will be close to VCC and ground. Therefore, in order

to obtain any accurate result for a voltage measurement the

exact values of V1 and V0 need to be measured and some-

how stored in the microcontroller. Typical values of these

voltages can be measured experimentally and an average

could be used for final implementation.

The other problem associated with the levels is that the

capacitive load on the output line is substantial and far in

excess of the values used when specifying the characteris-

tics of the various COP420 outputs. The significant effect of

this is that it will take longer than ‘‘normal’’ for the output to

reach its maximum value. In addition, it is likely that there

will be dips in the output as it rises to its maximum value

since the capacitor will start to draw charging current from

the output. All of this will be fast relative to the other system

times. Still it will affect the result since the level to which the

capacitor is attempting to charge is not being applied uni-

formly and ‘‘instantaneously’’. It can be viewed as though

the voltage V1 is bouncing before it stabilizes.

TL/DD/6935–01

Crystal oscillator values chosen to give 4 ms cycle time with divide

by 16 option selected on COP 420 CKO/CKI Pins

VCC e a5V

FIGURE 1. Basic Capacitor Charge Technique
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TL/DD/6935–55

FIGURE 2A. Typical RC Charge A/D Code

TL/DD/6935–2

FIGURE 2B. Charge Flow Chart
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A more general problem is that of the tolerance of RC time

constant. The value of the voltage with respect to time is

obviously related to the RC value. Therefore, a change in

that value will result in a change in the voltage for a given

time period t. The graph inFigure 3 illustrates the effect of a
g10% variation in the RC value upon the voltage measured

for a given time t. If one cares to work out the math, it

comes out that the error is an exponential relationship in

much the same manner as the capacitor voltage itself. The

maximum error induced for g10% RC variation is g3.9%.

Remember also that we are measuring time. Therefore vari-

ation in the RC value will have a direct, linear effect on the

time required to measure a given voltage. It is also neces-

sary that the time base for the COP420 be accurate. A vari-

ation in the accuracy in the operating frequency of the

COP420 will have a direct impact on the accuracy of the

result.

Given the errors mentioned so far and assuming that no

changes are made in the hardware, the accuracy of the

technique then is determined by the resolution of the time

measurement. This is improved in two ways: increase the

RC time constant so that there is a smaller change in ca-

pacitor voltage for a given time period or try to minimize the

loop time required to increment the counter. Lengthening

the RC time constant is easier but the cost is increased

conversion time. The minimum time to increment a 5 to 8 bit

binary counter and test an input is 13 cycle times. For a 9

to 12 bit binary counter this minimum time is 17 cycle times.

Note also that the minimum time to perform the function

does not necessarily correspond to the minimum number of

code words required to implement the function. At a cycle

time of 4 ms, the 13 cycle times correspond to 52 ms.

2.2 ACCURACY IMPROVEMENTS

Several options are available if it is desired to improve the

accuracy of this method. Three such improvements are

shown in Figure 4. Figure 4A is the smallest change. Here a

pullup resistor has been added to the G output line and the

G line is run open drain internally, i.e., the internal pullup is

removed. This improves the ‘‘bounce’’ problem mentioned

earlier. The G line will go to the high state and remain there

with this setup. However, the addition of the resistor does

little more than eliminate the bounce. The degree of im-

provement is not great, but it is an easy way to eliminate a

minor source of error.

Figure 4B is the next step. A 74C04 is used as a buffer. The

74C04 was chosen because of its symmetric output charac-

teristics. Any CMOS gate with such characteristics could be

used. The software can easily be adjusted to provide the

proper polarity. The COP420 output drives a CMOS gate

which in turn drives the RC network. This change does

make significant improvements in accuracy. With a light

% error in measured voltage (for a given

period) as a result of a g10% variation in

RC value

TL/DD/6935–3

FIGURE 3
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load the CMOS gate will typically swing from ground to VCC
and its output level is not as likely to be affected by the

capacitor discharge.

Figure 4C is the best approach, but it involves the greatest

component cost. Here two G outputs are controlling analog

switches. Ground is connected to the RC network to dis-

charge the capacitor, and a positive reference is used to

charge the capacitor. This reference can be any suitable

voltage source: zener diodes, VCC, etc. The controlling volt-

age tolerance is now clearly the tolerance of the reference.

Precise voltage references are readily obtainable. Figure 4C
also shows an analog switch connected directly across the

capacitor to speed up the capacitor discharge time. When

using this version of the basic scheme, remember to include

the ‘on’ resistance of the analog switch connected to VREF
in the RC calculation. Failure to do so will introduce error

into the result.

Note that the LM339 is a quad comparator. If these compar-

ators are not otherwise needed in the system, they can be

used in much the same manner as the CMOS gate men-

tioned above. They can be used to buffer the output of the

COPS device and to reset the capacitor, or whatever other

function is required. This has the advantage of fully utilizing

the components in the system and eliminates the need to

add another package to the system.

2.3 CONCLUSIONS

This approach is an inexpensive way to perform an A/D

conversion. However, it is not that accurate. With a 10%

VCC supply and a 10% tolerance in the RC value and 10%

variation in the oscillator frequency the best that can be

hoped for is about 25% accuracy. If a 1% reference voltage

is used, this accuracy becomes about 15%.

Under laboratory conditionsÐholding all variables constant

and using precise measured values in the calculationsÐthe

configuration ofFigure 2 yielded 5 bit accuracy over an input

range of 0 to 3.5V. Over the same range and under the

same conditions, the circuit of Figure 4B yield 7 to 8 bit

accuracy. It must be emphasized that these accuracies

were obtained under controlled conditions. All variables

were held constant and actual measured values were used

in all calculations. It is unlikely that the general situation will

yield these accuracies unless adjustments are provided and

a calibration procedure is used. This could defeat the low

cost objective.

TL/DD/6935–4

A
TL/DD/6935–5

B

TL/DD/6935–6

C

FIGURE 4
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3.0 Pulse Width Modulation (Duty
Cycle) Technique
3.1 MATHEMATICAL ANALYSIS

The pulse width modulation, or duty cycle, conversion tech-

nique is based on the fact that if a repetitive pulse waveform

is applied to an RC network, the capacitor will charge to the

average voltage of the waveform provided that the RC time

constant is sufficiently large relative to the pulse period. See

Figure 5.

In this technique, the capacitor voltage VC is compared to

the voltage to be measured by means of an analog compar-

ator. The duty cycle is then adjusted to cause VC to ap-

proach the input voltage. The COPS device reads the com-

parator output and then drives one of its outputs high or low

depending on the result, i.e., if VC is lower than the input

voltage, a positive voltage (V1) is applied to charge the ca-

pacitor; if VC is higher than the input voltage, a lower volt-

age (V0) is applied to discharge the capacitor. Thus the

capacitor voltage will seek a point where it varies above and

below the input voltage by a small amount. Figure 6 illus-

trates the capacitor voltage and the comparator output.

Some mathematical analysis here will be useful to help clari-

fy the technique and to point out its restrictions. Referring to

Figure 6, we have the following:

VA e V0 a [VB b V0] [e**(bt1/RC)]

VB e VA a [V1 b VA] [1 b e**(bt2/RC)]
e V1 a [VA b V1] [e**(bt2/RC)]

solving for t1 and t2 we have:

t1 e bRC In[(VA b V0)/(VB b V0)]

t2 e bRC In[(VB b V1)/(VA b V1)]

let:

VA e VIN b d1

VB e VIN b d2

substituting the above, the equations for t1 and t2 become:

t1 e bRC InÀ[1 b (d1/(VIN b V0))]/
[1 ad2/(VIN b V0))]Ó

t2 e bRC InÀ[1 b (d2/(VIN b V1))]/
[1 bd1/(VIN b V1))]Ó

the equations reduce by means of the following assump-

tions:

1. d1 e d2 e d

2. lVIN b V0l n d

lVIN b V1l n d

applying these assumptions, we get the following:

t1 e bRC In[(1 a x)/(1 b x)] where x e bd/(VIN b V0)

t2 e b RC In[(1 ax)/(1 b y) where y e d/(VIN b V1)

because of the assumptions above, the x and y terms in the

preceding equations are less than 1, therefore the following

expansion can be used:

In[(1 a z)/(1 b z)] e 2[z a (z**3)/3 a (z**5)/5 a . . . ]

TL/DD/6935–7

VC e

(V1 b V0) c T1

T1 a T2

TL/DD/6935–8

FIGURE 5

Capacitor Voltage

TL/DD/6935–9

Comparator Output

TL/DD/6935–10

FIGURE 6
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substituting we have:

t1 e b2RC[x a (x**3)/3 a . . .]

t2 e b2RC[y a (y**3)/3 a . . .]

under assumption 2 above, the linear term completely

swamps the exponential terms yielding the following result

(after substituting back into the equation):

t1 e 2dRC/VIN b V0) t2 e b2dRC/(VIN b V1)

therefore:

t1/(t1 a t2) e (V1 b VIN)/(V1 b V0)

t2/(t1 a t2) e (VIN b V0)/(V1 b V0)

solving for VIN:

VIN e [t2/(t1 a t2)] [V1 b V0] a V0

or VIN e V1 b [t1/(t1 a t2)] [V1 b V0]

It follows from the above results that by measuring the times

t1 and t2, the input voltage can be accurately determined.

As will be seen the restrictions based upon the assumptions

above do not cause any serious difficulty.

General Accuracy Considerations

In the preceding calculations it was assumed that the differ-

ential output above and below the input voltage was the

same. If the comparator output is checked at absolutely reg-

ular intervals, and if the intervals are kept as small as possi-

ble this assumption can be fairly easily guaranteedÐat least

to within the comparator offset which is only a few millivolts.

As we shall see, this aspect of the technique pre-

sents few, if any, difficulties. In addition, there is an RC net-

work at the input of the comparator. The time constant of

this network must be long relative to the time between

checks of the comparator output. This will insure that the

capacitor voltage does not change very much between

checks and thereby help to insure that the differences

above and below the input voltage are the same.

The next major approximation has to do with the difference

between the input voltage and either V1 or V0. We have

relied on this difference being much greater than the

amount the capacitor voltage changes above and below the

input voltage. This approximation allows the nonlinear terms

in the logarithmic expansion to be discarded. In practicality,

the approximation means that the input voltage must not be

‘‘close’’ to either V1 or V0. Therefore, it becomes necessary

to determine how closely the input voltage can approach V1

or V0. It is obvious that the smaller the difference d can be

made, the closer the input voltage can approach either ref-

erence. The following calculations illustrate the method for

determining that difference d. Note, using either V1 or V0

produces the same result. Thus V e V1 e V0.

For at least 1% accuracy

x a (x**3)/3 k 1.01x

therefore x k 0.173

since x e d/l(VIN b V)l we have d k 0.173l(VIN b V)l.
Using the same analysis for 0.1% accuracy in the approxi-

mation we get d k 0.0548l(VIN b V)l. By applying this rela-

tionship, the RC time constant can be adjusted so that, with-

in the time interval, the capacitor voltage does not change

by more than d V. The user may then select, within

reason, how close to the references he can allow the input

voltage to go.

The next consideration is really just one of simplification. It

is clear that if V0 is zero, it drops out of the first equation

and the relationship is simplified. Therefore, it is desirable to

use zero volts as the V0 value. The equation then becomes:

VIN e V1t2/(t1 a t2).

It is obvious by now that the heart of the technique lies in

accurately measuring the times t1 and t2. Clearly this re-

quires that the time base of the COP420 be accurate. Short

term variations in the COP420 time base will clearly impact

the accuracy of the result. In addition to that there is a seri-

ous problem in being able to check the comparator output

often enough to get any accuracy and resolution out of sim-

ply measuring the times t1 and t2. This problem is circum-

vented by measuring many periods of the waveform. Doing

this gives a large average, which improves the accuracy and

tends to eliminate any spurious changes. Of course, the

trade off is increased time to do the conversion. However if

the time is available, the technique becomes restricted only

by the accuracy of the external components. Those of the

comparator and the reference voltage are most critical.

It is clear from the equation above that the accuracy of the

result is directly dependent upon the accuracy of the refer-

ence voltage V1. In other words, it is not possible to be

more accurate than the reference voltage. If, however, all

that is required is a ratio between the input voltage and the

reference voltage, the accuracy of the reference will not be

a controlling factor provided that the input voltage tracks the

reference. This requires that the input voltage be generated

from the reference voltage in some form, e.g., a voltage

divider with VIN coming off a variable resistance.

Finally, we have noted that the difference d must be small. If

the capacitor had to charge or discharge a long way toward

VIN, the nonlinearity of the capacitor charge curve would be

significant. This therefore requires that the conversion begin

with the capacitor voltage close to the input voltage.

Note that the RC value is not part of the equation. Therefore

the accuracy of the time constant has no effect on the result

as long as the time constant is long relative to the time

between checks of the comparator output.

The final point is that the reference voltages, whatever they

may be, must be hard sources. Should these voltages vary

or drift at all, they will directly affect the result. In those

configurations where the references are being switched in

and out, the voltage should not change when it is switched

into the circuit.

3.2 BASIC IMPLEMENTATION

General

The objective, then, is to measure the times t1 and t2. This

is accomplished in the software by means of two counters.

One of the two counters counts the t2 time; the other coun-

ter counts the total time t1 a t2.

It is necessary to check the comparator output at regular

intervals. Thus the software must insure that path lengths

7



through the test and increment loops are equal in time. Fur-

ther it is desirable to keep the time required to increment the

counters as short as possible. A trade off usually comes into

play here. The shortest loop in terms of code required to

implement the function is rarely the shortest loop in terms of

time required to execute the function. The user has to de-

cide which implementation is best for him. The choice will

frequently be governed by factors other than the A/D con-

version limits.

It must be remembered that we are now dealing with analog

signals. If significant accuracy is required, we are handling

very small analog signals. This requires the user to take

precautions that are normally required when working with

linear circuits, e.g., power supply decoupling and bypassing,

lead length restrictions, crosstalk, op amp and comparator

stabilization and compensation, desired and undesired

feedback, etc. As greater accuracy is sought these factors

are more and more significant. It is suggested that the read-

er refer to the National Semiconductor Linear Applications

Handbook and to the data sheets for the various compo-

nents involved to see what specific precautions should be

taken both in general and for a specific device.

The Base Circuit

Figure 7 shows the diagram for the basic circuit required to

implement the duty cycle conversion scheme. The flow

chart and code required to implement the function are

shown in Figure 8. Note that the flow chart and code do not

changeÐexcept for possible polarity change on output to

allow for an inverting bufferÐfor any of the improvements in

accuracy discussed later. The only exception to this is the

technique illustrated in Figure 10 and the variations there

are minor.

The code and flow chart in Figure 8 implement the tech-

nique as described above. The large averaging technique is

used as it would be too difficult to measure the times t1 and

t2 in a single period. The total time, t1 a t2, is the viewing

window under complete control of the software. This win-

dow is a time equal to the total number of counts, deter-

mined by desired accuracy, multiplied by the loop time for a

single count. A second counter is counting the t2 time. Spe-

cial care is taken to insure that all paths through the code

take the same length of time since the integrity of the time

count is the essence of the technique. The full conversion

scheme would use the subroutine in Figure 8. Normally the

subroutine would be called first just to get the capacitor

charged close to the input voltage. The result obtained here

would be discarded. Then the routine would be called a sec-

ond time and the result used as required.

In the configuration in Figure 7, there is an RC network in

both input legs of the comparator. This is to balance the

inputs of the device. For this reason, R1 e R2. C1 is the

capacitor whose voltage is being varied by the pulse wave-

form. C2 is in the circuit only for stabilization and symmetry

and is not significant in the result. The comparator tends to

oscillate when the a and b inputs are nearly equal without

capacitor C2 in the circuit.

As would be expected, the basic circuit has some difficul-

ties. By far the most serious of these difficulties is the output

level of the G line. To be sure of the high and low level of

this output the levels should be measured. The ‘‘1’’ level will

be between the spec minimum of 2.4V and VCC (here as-

sumed to be 5V). The ‘‘0’’ level will be between the 0.4V

spec maximum and ground. With light loads, these levels

are likely to vary from device to device. Furthermore, we

have the same ‘‘1’’ level problem that was mentioned in the

simplest technique: the capacitive load is large and the ca-

pacitor is charging while the output is trying to go to the high

level.

VCC e a5V

VIN e 0 b3.5V

TL/DD/6935–11

FIGURE 7. Basic Duty Cycle A/D
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There is also a problem with the low level. When the output

goes low, the capacitor begins to discharge through the out-

put device of the COP420. This discharge current has the

effect of raising the ‘‘0’’ level and thereby introducing error.

Note that we are not talking about large changes in the

voltages, especially the low level. Typically, the change will

only be a few millivolts but that can translate into a loss of

accuracy of several bits.

Under laboratory conditionsÐholding all variables constant

and using precise measured values in the calculationsÐthe

circuit of Figure 7 yielded 5 bit g 1 bit accuracy over

the range of V0 (here measured to be 0.028V) to 3.5V (the

maximum specified input voltage for the comparator with VS
e 5V). Increasing the number of total counts had very little

effect on the result. In the general case, the basic scheme

should not be relied upon for more than 4 bits of accuracy,

especially if one assumes that V1 e VCC and V0 e 0. As

shall be seen, it is not difficult to improve this accuracy con-

siderably.

TL/DD/6935–45

FIGURE 8A. Duty Cycle A/D Code
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TL/DD/6935–12

FIGURE 8B. Duty Cycle A/D Flow Chart

3.3 ACCURACY IMPROVEMENTS

General Improvements

Figure 9 illustrates circuit changes that will make significant

improvements in the accuracy of the technique. InFigure 9A
a CMOS buffer is used to drive the RC network. The output

of the COP420 drives the CMOS gate, which here is a

74C04 because of its output characteristics. The main thing

that this technique does is to reduce the difficulties with the

output levels. Typically, V0 is 0V and V1 is VCC. We also

have a ‘‘harder’’ source for the voltages Ð the levels don’t

change while the capacitor is charging or discharging. Now,

even more clearly than before, the accuracy of VCC is the

controlling voltage tolerance. The accuracy of the result will

be no better than the accuracy of VCC (for a system requir-

ing absolute accuracy).

Under laboratory conditions, the circuit of Figure 9A yielded

the accuracies as indicated below for various total counts.

The accuracy increased with the total count until the count

exceeded 2048. There was no significant increase in accu-

racy with this circuit for counts in excess of 2048. (Remem-

ber that these results were obtained under controlled condi-

tions). We may then view the results obtained with 2048

counts as the upper limit of accuracy with the circuits of

Figure 9A. The results were as follows:

Total
Resultant Accuracy

Count

512 8 g 1/2 bits

1024 9 g 1bits

2048 9 g 1/2 bits

4096 9 g 1/2 bits

10



TL/DD/6935–13

A

TL/DD/6935–14

B

TL/DD/6935–15

C

FIGURE 9. Improvements to Duty Cycle A/D
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The circuit of Figure 9B makes a significant change to im-

prove accuracy. Now the COP420 is controlling analog

switches and switching in positive and negative references.

Therefore the accuracy of the reference voltages is the con-

trolling factor. Generally this will improve the accuracy over

that obtained with Figure 9A. With the circuit of Figure 9B,

with V0 e 1V (negative reference), and V1 e 3V (positive

reference), 9 bit accuracy was achieved with a total count of

1024. V0 and V1 were arbitrarily chosen to place the input

voltage approximately in the center of the allowable com-

parator input range with VS e 5V. Remember, the accuracy

of the references is controlling. The result can be no more

accurate than the references. Furthermore, these refer-

ences must be hard sources; i.e., they must not change

when they are switched into the circuit as that contributes

error into the result.

InFigure 9C, capacitive feedback was added to the compar-

ator circuit and the series resistance to VIN was decreased.

The feedback added hysteresis and forced the comparator

to slew at its maximum rate (significant errors are introduced

if the comparator does not change state in a time shorter

than the cycle time of the controller). Both of these changes

resulted in increased accuracy of the result. With V0 e 0,

V1 e 5V (VCC) and VCC held steady at 5.000V, an accuracy

of 10 bits g 1 bit was achieved over the input range of 0 to

3.5V.

It is obviously possible to use any combination of the config-

urations in Figure 9 for a given application. What is used will

depend on the user and his specific requirements.

Figure 10 illustrates a further refinement of the basic ap-

proach. This configuration can be used if greater accuracies

are needed. The major change is the addition of a summing

amplifier to the circuit for the purpose of adding a fixed off-

set voltage to the input voltage. This has the effect of mov-

ing the input voltage away from the negative reference

(which is 0V here). This offset voltage should be stable as

the changes in it will directly affect the result. The offset

voltage should be chosen so as to place the effective input

voltage (the voltage at the comparator input) approximately

in the center of the range between the two references. The

precise value of the offset is not critical nor is its source.

The forward voltage drop across a germanium diode is used

as the offset inFigure 10, but this offset can be generated in

any convenient manner. The forward voltage drop of the

germanium diode is approximately 0.3V. Given this and the

negative reference of 0V and a positive reference of 2.5V,

the input voltage is restricted to a range of 0 to 2V. There-

fore, the effective input voltage (at the comparator input) is

approximately 0.3V to 2.3V Ð well within the limits of the

two references. The circuit also includes provision for an

autozero self calibration procedure.

Note that the resistors in the summing amplifier should be

matched. The absolute accuracy of these resistors is not

significant, but their accuracy relative to one another can

have a significant bearing on the result. The restriction is

imposed so that the output of the summing amplifier is ex-

actly the sum of the input voltage and the offset voltage.

This requires unity gain through the amplifier and that the

TL/DD/6935–16

VCC e a5V

*Resistors should be matched 0 s VIN s 2V

FIGURE 10. Improved Duty Cycle A/D with Autozero
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impedance in each summing leg be the same. These effects

can become very serious if one is trying for significant accu-

racyÐe.g., if 12 bit accuracy is being sought 1% matching

of those resistors can introduce an error of 1% maximum.

While 1% accurate is fairly good, it is significantly less than

12 bit accuracy. Related to this effect is a possible problem

with the source impedance of the input voltage. If that im-

pedance is significant in terms of its ratio to the summing

resistor, errors are introduced just as if the resistors are

mismatched. ‘‘Significant’’ is determined in terms of the de-

sired system accuracy and the relative impedance values.

The comparator section is using some feedback to provide

hysteresis for stability and a low series resistance is used

for the input to the comparator.

Most significantly, this configuration allows a true zeroing of

the system. Through the additional analog switches shown,

the COP420 can easily perform an autozero function by

tying the input to ground and measuring the result. Thus the

system offsets can be calculated, stored and subtracted

from the result. This improves the accuracy and is also more

forgiving on the choice of the comparator and op amp se-

lected. Furthermore, the offset can be periodically recom-

puted by the COP420 thereby compensating for drift in sys-

tem offsets. Nonetheless, the accuracy of the reference is

the controlling factor. It is NOT possible to obtain an abso-

lute (as opposed to ratiometric) accuracy of 12 bits without

a reference that is accurate to 12 bits. The LM136 used in

Figure 10 is a 1% reference. Although not inherently accu-

rate to 12 bits, the voltage of the LM136 may be trimmed to

exact value by means of a variable resistor. The data sheet

of the LM136 illustrates this connection. Under laboratory

conditions, the circuit of Figure 1 yielded 11 bit g1 bit accu-

racy with a total count of 4096 over the input range of 0 to

2V. Figure 11 indicates the flow chart and the code required

to implement the technique of Figure 10.

TL/DD/6935–46

FIGURE 11A. Duty Cycle A to D, Improved Method
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TL/DD/6935–17

FIGURE 11B. Flow Chart for Improved Duty Cycle A/D

4.0 Dual Slope Integration
Techniques
4.1 Mathematical Background

(Some of this background information is taken from National

Semiconductor Linear Applications Note AN-155. The read-

er is referred to that document for other related general

information.)

The basic approach of dual slope integration conversion

techniques is to integrate a voltage across a capacitor for a

fixed time, and then to integrate in the other direction with a

known voltage until the starting point is reached. The ratio

of the two times then represents the unknown voltage.

Some of the math below in conjunction with Figure 12 will

illustrate the approach.

TL/DD/6935–18

TL/DD/6935–19

FIGURE 12. Dual Slope IntegrationÐBasic Concept

IX e C
dV

dt
e VX/R

VX e RC
dv

dt#T1

§
VXdt e #V

§
RCdV

VX T1 e RCV

V e VX T1/RC e IXT1/C

Similarly:

IREF e C
dV

dt
e VREF/R

VREF e RC
dV

dt#T1 a TX

T1
VREFdt e #§

V
RCdV

VREFTX e bRCV

V e bVREFTX/RC

bVREFTX/RC e VXT1/RC

VX e bVREFTX/T1

Two important facts arise from the preceding mathematics.

First of all, there is a linear relationship involved in determin-

ing the unknown voltage. Secondly, the negative sign in the

final equation indicates that the reference and the unknown,

relative to some point (which may be 0V or some bias volt-

age), have opposite polarity. Thus, if it is desired to measure

0 to a5V, the reference voltage must be b5V. If the input is

restricted to 2.5 to 5V, the reference can be 0V as the inte-

grator and comparator are biased at a2.5V (then the 0V is

in fact b2.5V relative to the biasing voltage, and the input

range is 0 to 2.5V relative to the same bias voltage).

There are some difficulties with dual polarity conversion us-

ing the dual slope method. It is clear from the math above

that if the input voltage will be dual polarity, it is necessary

to have two referencesÐone of each polarity. The midrange

biasing arrangement briefly described above eliminates

14



the need for two different polarities but does not help very

much since two references are still requiredÐone at the

positive value and one at the bias value. Ground is the other

reference. Further, the need to select one of two references

further complicates the circuitry involved to implement the

approach. Also, the dual requirement brings up a difficulty

with the bias currents of the integrator and comparator.

They could add to the slope in one polarity and subtract in

the other.

The only real operational difficulty in dual slope systems is

establishing the initial conditions on the integrating capaci-

tor. If this capacitor is not at the proper initial conditions,

accuracy will be severely impaired. Figure 12 indicates a

switch across the capacitor as a means of initializing it. In a

software driven system, the initialization can be accom-

plished by doing two successive conversions. The result of

the first conversion is discarded. It is performed only to ini-

tialize the capacitor. The second conversion produces the

valid result. One need only insure that there is not significant

time lapse between the two conversions. They should take

place immediately after one another.

This approach obviously lengthens conversion time but it

eliminates many problems. The alternative to this approach

of two successive conversions is to take a great deal of care

in insuring the initial state of the integrating capacitor and in

selecting op amps and comparators with low offsets.

4.2 THE BASIC DUAL SLOPE TECHNIQUE

Figure 13 indicates an implementation of the basic dual

slope technique. This is a single polarity system and thus

requires only the single reference voltage. The circuit of Fig-
ure 13 is perhaps not the cheapest way to implement such a

scheme but it is representative and illustrates the factors

that must be considered.

Consider first the means of initializing the integrating capaci-

tor C1. The routine here connects the input to ground and

does a conversion on zero volts as a means of initialization.

SubsequentlyÐand this is typical of the more usual tech-

niqueÐtwo conversions are performed. The first conversion

is to initialize the capacitor. The second conversion yields

the result. Some form of initialization or calibration proce-

dure is required to achieve optimum accuracy from dual

slope conversion schemes.

The comparator in this circuit is used in the inverting mode

and has positive feedback as recommended in the LM111

data sheet. The voltage reference is the LH0070, which is a

0.01% reference. A resistive voltage divider on the lH0070

creates the 5V value. The use of the voltage divider brings

up two difficulties (which can be overcome if the LH0070 is

used at its full value, thus eliminating the divider, and the

result properly scaled in the microcontroller or series inte-

grating resistor increased). First, the impedance of the refer-

ence must be small relative to the series resistance used in

the integrator. If this were not the case, the slopes would

VS e a15V
bVS e b15V

VCC e a5V

VIN e 0 TO b5V

TL/DD/6935–20

FIGURE 13. Basic Dual Slope Integration A/D Scheme
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show an effect due to the difference in the R value between

the applied reference voltage and the unknown input. (By

the same token, the output impedance of the source supply-

ing the unknown must also be small relative to that series

integrating resistor). Secondly, the bias currents of the inte-

grator may be such as to affect the reference voltage when

it is coming from a simple resistor divider. Both problems

are reduced if small resistor values are used in the divider.

Note also that current mode switching would reduce the

problem as well. It should be pointed out that the errors

introduced by these problems are not gross deviations from

the expected value. They are small errors that will not make

much difference in the majority of applications. They are,

however the kind of errors that can make the difference

between a system accurate to 10 bits and one accurate to

12 bits (assuming all other factors are the same).

Figure 14 shows the flow chart and code required to imple-

ment the basic dual slope technique as shown in Figure 13.

Under laboratory conditions an accuracy of 12 bits g1 bit

was achieved. The method is slow, with the maximum con-

version time equal to 2 x TREF. Notice that the accuracy of

VCC and that of the integrating resistor and capacitor are

not involved in the accuracy of the result. The accuracy of

VREF is, of course, controlling if absolute accuracyÐrather

than ratiometric accuracyÐis desired. The absolute accura-

cy of the circuit can be no better than the accuracy of the

reference. If ratiometric accuracy is all that is required, there

is no particular problem. The accuracy is merely relative to

the reference. The R and C values do not impact the accu-

racy because the integration in both directions is being done

through the same R and C. Results would be quite different

if a different value of R or C was used for one of the slopes.

TL/DD/6935–47

FIGURE 14A. Dual Slope A/D Code
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TL/DD/6935–21

FIGURE 14B. Basic Dual Slope A/D Flow Chart

4.3 MODIFIED DUAL SLOPE TECHNIQUE

General

The basic idea of the modified dual slope technique is the

same as that of the basic approach. The modified approach

eliminates the need for dual polarity references and is also

more forgiving in the selection of the op amp and compara-

tor required. Figure 15 illustrates the basic idea.

TL/DD/6935–22

TL/DD/6935–23

FIGURE 15. Modified Dual Slope Ð Basic Concept

The math analysis is much the same:

IX e C
dV

dt
e (VX b VMAX)/R

VX b VMAX e RC
dV

dt

(VX b VMAX)T1 e RC

V e (VX b VMAX)T1/RC

Similarly:

IREF e C
dV

dt
e (VREF b VMAX)/R

(VREF b VMAX)TX e b VRC

V e b (VREF b VMAX)TX/RC

(VMAX b VREF)TX e (VX b VMAX)T1

VX e VMAX a (VMAX b VREF)TX/T1

The main difference between this and the basic approach is

the offset voltage VMAX. The main restriction is that all input

voltage values (VX) are less than VMAX. It is also apparent

that the total count is proportional to the difference between

VMAX and VX. The only significant effect of this is, however,

to slightly complicate the arithmetic required to arrive at a

value for VX.

Given that the input voltage VX is always less than VMAX,

the modified dual slope technique is automatic polarity. This

fact comes straight out of the equation above. Thus dual

polarity references are not required. However, two precise

voltages are required: VMAX and VREF. However, the VMAX
value can be used for a zero adjust as indicated in Figure
16. This means that the VMAX value need not be so precise

as it will be adjusted in a calibration procedure to produce a

zero output. This adjustment amounts to a compensation for

the bias currents and offsets. Thus the COP420 can use the

supposed value of VMAX with VMAX later being ‘‘tweaked’’

to give the proper result at zero input. In addition, the initiali-

zation loop for the integrating capacitor includes the com-

parator. Thus the intial condition on the capacitor becomes

17



not zero but the sum of the offset voltages of the compara-

tor and op amp. Thus the choice of these components is not

critical in a modified dual slope approach.

An Example of the Modified Dual Slope Approach

Figure 16 illustrates an implementation of the modified dual

slope technique. The system is calibrated by holding VIN to

ground and then adjusting VMAX for a ‘‘0’’ result. Capacitor

C1 is the integrating capacitor. Capacitor C2 is used only to

cause a rapid transition on the comparator output. C2 is

especially useful if an op amp is being used as the compara-

tor stage. Resistor R1 is just part of the capacitor initializing

loop. An LH0070 is being used to generate the reference

voltage and the VMAX value. The discussion previously

about these being hard sources is equally relevant here. In

fact, this problem was much more significant in this particu-

lar implementation and made the difference between a 10

and 12 bit system. As shown, the technique was accurate to

10 bits. Another bit was obtained when the VMAX and VREF
values were buffered. It must be remembered that when

trying to achieve accuracies of this magnitude board layout,

parts placement, lead length, etc. become significant fac-

tors that must be specifically addressed by the user.

There are some other considerations in using this tech-

nique. The amount of time required to count the specified

number of counts starts to become a significant factor. If it

takes ‘‘too long’’ to do the counting, the capacitor can

charge to either supply voltage depending on which direc-

tion it is integrating. This causes the wave shape shown in

Figure 15 to flatten out. This effectively limits the input

range for all accuracy is lost once that waveform flattens

out. In fact, this was the limiting factor on the accuracy in

Figure 16 as shown. Given the amount of time required for

an increment of the counter for TREF (or TX), it was not

possible to reach the 4096 counts required for 12 bit accu-

racy before the waveform flattened out. Decreasing the total

count solves the problem at the expense of accuracy. It is

therefore desirable to keep the loop time required for an

increment as fast as possible. The code to implement Fig-
ure 16 is shown in Figure 17 and reflects that concern. The

other way to solve the problem is to use a large value for R

and C. This is the easiest solution and preserves accuracy.

Its cost is increased conversion time.

Both the basic and modified dual slope schemes can be

very accurate and are commonly used. They tend to be rela-

tively slow. In many applications, however, speed is not a

factor and these approaches can serve very well. There are

various approaches to dual slope analog to digital conver-

sion which try to improve speed and/or accuracy. These are

usually multiple ramping schemes of one form or another.

The heart of the approach is the basic scheme described

above. It is not the purpose here to delve into all the possi-

ble ways that dual slope conversion may be accomplished.

The control software is not significantly different regardless

of which particular variation is used. The basic ramping con-

trol is the same as that indicated here.

VS e a15V

bVS e b15V

VCC e a5V

b4V k VIN k a4V

TL/DD/6935–24

FIGURE 16. Modified Dual Slope Integration
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The number of components required to implement a dual

slope scheme is not related to the desired accuracy. The

approach is generally tolerant as to the op amps and com-

parators used as long as proper care is given to the initiali-

zation of the integrating capacitor.

Precise references are not required if a ratiometric system is

all that is required. Cheaper switches can be safely used.

The dual slope scheme controlled by a COPS microcontrol-

ler can be a very cost effective solution to an analog to

digital conversion problem.

TL/DD/6935–48

FIGURE 17A. Modified Dual Slope Code
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TL/DD/6935–25

FIGURE 17B. Modified Dual Slope Flow Chart

5.0 Voltage to Frequency Convert-
ers, VCO’s
5.1 BASIC APPROACH

The basic idea of this scheme is simply to use the COP420

to measure the frequency output of a voltage to frequency

converter or VCO. This frequency is in direct relation to the

input voltage by the very nature of such devices. There are

really only two limiting factors involved. First of all, the maxi-

mum frequency that can be measured is defined in the mi-

crocontroller by the amount of time required to test an input

and increment a counter of the proper length. With the

COP420 this upper limit is typically 10 to 15 kHz. The other

limiting factor is simply the accuracy of the voltage to fre-

quency converter or VCO. This accuracy will obviously af-

fect the accuracy of the result.

Two basic implementations are possible and their code im-

plementation is not significantly different. First, the number

of pulses that occur within a given time period may be

counted. This is straightforward and fairly simple to imple-

ment. The crucial factor is how long that given time period

should be. To get the maximum accuracy from this imple-

mentation the time period should be one second. Such a

time period would allow the distinction between the frequen-

cies of 5000 Hz and 5001 Hz for example (assuming the V

to F converter was that accurate or precise). Decreasing the

amount of time will decrease the precision of the result. The

alternate approach is to measure (by means of a counter)

the amount of time between two successive pulses. This

period measurement is only slightly more complicated than

the pulse counting approach. The approach also makes it

possible to do averaging of the measurement during conver-

sion. This will smooth out any changes and add stability to

the result. The time measurement technique is also faster

than the pulse counting approach. Its accuracy is governed

by how finely the time periods can be measured. The great-

er the count that can be achieved at the fastest input fre-

quency Ð shortest period Ð the more accurate the result.

Figure 18 illustrates the basic concept. Figure 19A shows

the flow charts and code implementation for both of the

approaches discussed above. Note that whatever type of V

to F converter is used, the code illustrated in Figure 19A is

not significantly changed. In the code of Figure 19A, the

interrupt is being used to test an input and thereby decreas-

es the total time loop.

TL/DD/6935–26

FIGURE 18. V to F Converter Ð Basic Concept
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TL/DD/6935–49

FIGURE 19A. V to F by Counting Pulses

TL/DD/6935–50

FIGURE 19C. A to D with VF Converter/VCO by Measuring Period

TL/DD/6935–27

FIGURE 19B. V to F by Counting Pulses
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TL/DD/6935–28

FIGURE 19D. V to FÐMeasure Period

5.2 THE LM131/LM231/LM331

The LM131 is a standard product voltage to frequency con-

verter with a linear relationship between the input voltage

and the resultant frequency. The reader should refer to the

data sheet for the LM131 for further information on the de-

vice itself and precautions that should be taken when using

the device. Figure 20 is the basic circuit for using the

LM131. Figure 21 represents improvements that increase

the accuracy (by increasing the linearity) of the result. Note

that these circuits have been taken from the data sheet of

the LM131 and the user is referred there for a further dis-

cussion of their individual characteristics. With the LM131

the frequency output is given by the relationship:

FOUT e (VIN/2.09) (1/RTCT) (RS/RL)

It is clear from the expression above that the accuracy of

the result depends upon the accuracy of the external com-

ponents. The circuit may be calibrated by means of a vari-

able resistance in the RS term (a gain adjust) and an offset

adjust. The offset adjust is optional but its inclusion in the

circuit will allow maximum accuracy to be obtained. The

standard calibration procedure is to trim the gain adjust (RS)

until the output frequency is correct near full scale. Then set

the input to 0.01 or 0.001 of full scale and trim the offset

adjust to get FOUT to be correct at 0.01 or 0.001 of full

scale. With that calibration, the circuit of Figure 20 is accu-

rate to within g0.03% typical and g0.14% maximum. The

circuit of Figure 21 attains the spec limit accuracy of
g0.01%.

5.3 VOLTAGE CONTROLLED OSCILLATORS (VCO’s)

A VCO is simply another form of voltage to frequency con-

verter. It is an oscillator whose oscillation frequency is de-

pendent upon the input voltage. Numerous designs for

VCO’s exist and the reader should refer to the data sheets

and application notes for various op-amps and VCO devic-

es. The code in Figure 19 is still applicable if a VCO is used.

The only possible difficulty that might be encountered is if

the relationship between frequency and input voltage is

non-linear. This does not affect the basic code but would

affect the processing to create the final result. A sample

circuit, taken from the data sheet of the LM358, is shown in

Figure 22. The accuracy of the VCO is the controlling factor.

5.4 A COMBINED APPROACH

Elements of the period measurement and pulse counting

techniques can be combined to produce a system with the

advantages of both schemes and with few problems. Such

a system is only slightly more complicated in terms of its

software implementation than the approaches mentioned

above. Note that in a microcontroller driven system, no ad-

ditional hardware beyond the voltage to frequency convert-

er is required to implement this approach. Basically, the mi-

crocontroller establishes a viewing window during which

time the microcontroller is both measuring time and count-

ing pulses. The result can be very precise if two conditions

are met. First, when the microcontroller determines that it

needs the conversion information, the microcontroller does

not begin counting time or pulses until the first pulse is re-

ceived from the VFC (first pulse after the microcontroller

‘‘ready’’). Note, the COPS microcontroller could provide a

‘‘start conversion’’ pulse to enable the VFC if such an ar-

rangement were desirable. The time would be counted for a

fixed period and the number of pulses would be counted.

After the fixed period of time the controller would wait for

the next pulse from the VFC and continue to count time until

that pulse is received. The ratio of the total time to the num-

ber of pulse is a very precise result provided that all the

system times are slow enough that the microcontroller can

do its job. The speed limits mentioned previously apply

here. It is clear that the total time is not fixed. It is some

basic time period plus some variable time. This is a little

more complicated than simply using a fixed time, but it al-

lows greater accuracies to be achieved. Also, the approach

takes approximately the same amount of time for all conver-

sions. It is also faster than the simple pulse counting

scheme.
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VCC e a5V

VS e a15V

VIN e 0 b10V *Use stable components

TL/DD/6935–29

FIGURE 20. Basic LM331 Connection

VS e 15V to 5V
bVS e b 15V to b5V

VCC e 5V

VIN e 0 to b10V

*Stable components should be used

TL/DD/6935–30

FIGURE 21. A to D with Precision Voltage to Frequency Converter

VCC e a5V TL/DD/6935–31

VIN e 0–5V

FIGURE 22. A to D with VCO
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6.0 Successive Approximation
6.1 BASIC APPROACH

The successive approximation technique is one of the more

standard approaches in analog to digital conversion. It re-

quires a counter or register (here provided by the COP420),

a digital to analog converter, and a comparator. Figure
23A/B illustrates the basic idea with the COP420. In the

most basic scheme, the counter is reset to zero and then

incremented until the voltage from the digital to analog con-

verter is equal to the input voltage. The equality is deter-

mined by means of the comparator. Figure 24B illustrates

the flow chart and code for this most basic approach. The

preferred approach is illustrated inFigure 25A/B. This is the

standard binary search method. The counter or register is

set at the midpoint and the ‘‘delta’’ value set at one half the

midpoint. The ‘‘delta’’ value is added or subtracted from the

initial guess depending on the output of the comparator.

The ‘‘delta’’ value is divided by 2 before the next increment

or decrement. The method repeats until the desired resolu-

tion is achieved. While this approach is somewhat more

complicated than the basic approach it has the advantage

of always taking the same amount of time for the conversion

regardless of the value of the input voltage. The conversion

time for the basic approach increases with the input voltage.

The preferred approach is almost always faster than the

basic approach. The basic approach is faster only for those

voltages near zero where it has only a few increments to

perform.

The accuracy of the approach is governed by the accuracy

of the digital to analog converter and the comparator. Thus,

the result can be as accurate as one desires depending on

the choice of those components. Digital to analog convert-

ers of various accuracies are readily available as standard

parts. Their cost is usually in direct relation to their accura-

cy. The reader should refer to the National Semiconductor

Data Acquisition Handbook for some possible candidates

for digital to analog converters. It is not the purpose here to

compare those parts. The COPS interface to these parts is

generally straightforward and follows the basic schematics

shown in Figure 23. The user should take note and make

sure the input and output ports of the converter are compat-

ible Ð in terms of voltages and currents Ð with the COPS

device. This is generally not a problem as most of the parts

are TTL compatible on input and output. The precautions

and restrictions as to the use of any given device are gov-

erned by that device and are indicated in the respective

data sheets.

TL/DD/6935–32

TL/DD/6935–33

FIGURE 23A. Basic Parallel Implementation FIGURE 23B. Basic Serial Implementation

TL/DD/6935–51

FIGURE 24A. Code for Basic Approach of Successive Approximation
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TL/DD/6935–34

FIGURE 24B. Basic Approach, Successive Approximation

TL/DD/6935–52

FIGURE 25A. Binary Search Successive Approximation Code

TL/DD/6935–35

FIGURE 25B. Binary

Search Successive

Approximation Flow Chart
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6.2 SOME COMMENTS ON RESISTOR LADDERS

If the user does not wish to use one of the standard digital

to analog converters, he can always build one of his own.

One of the most standard methods of doing so is to use a

resistor ladder network of some form. Figure 26 illustrates

the basic forms of binary ladders for digital to analog con-

verters. The figures also show the transition from the basic

binary weighted ladder in Figure 26A to the standard R-2R

ladder Figure 26C.

Consider Figure 26A. The choice of the terminating resistor

is made by hypothesizing that the ladder were to go on ad

infinitum. It can then be shown that the equivalent resist-

ance at point X in that figure would be equal to 128R, the

same value as the resistor to the least significant bit output.

This fact is used to create the intermediate ladder of Figure
26B. This step is done because it is usually undesirable to

have to find the multitude of resistor values required in the

basic binary ladder. Thus, the modification in Figure 26B
significantly reduces the number of resistor values required.

As stated earlier, the resistance looking down the ladder at

point X in Figure 2 is equal to the resistor connected to the

binary output at that point; here the value is 2R. Remember-

ing the objective is to minimize the number of different val-

ues required, if we simply use the same R-2R arrangement

as before with a termination of 2R we get an effective resist-

ance at point Y of Figure 26B or 0.5R. This means that a

serial resistance of 1.5R is required to maintain the integrity

of the ladder. If we carry this on through 8 bits, the circuit of

Figure 26B results. From this it is only a small step to create

the standard R-2R network. The analysis is the same as

done previously.

There is absolutely no restriction that the ladders must be

binary. A ladder for any type of code can be constructed

with the same techniques. Ladders comparable to Figures
26A and 26B are shown in Figure 27 for a standard 8421

BCD code. With the BCD code, the input must be consid-

ered in groups of digits with four bits creating one digit. This

is the direct analog of 1 binary digit per unit. We need four

inputs to create one decimal digit. Thus the resistor values

in each decimal digit are 10 times the values in the previous

decimal digit just as the resistor value for each successive

binary digit was twice the value for the preceding binary

digit. Note that this analysis can be easily extended to any

code. The termination resistance is calculated in the same

mannerÐassume the decimal digit groupings extend out to

infinity. It can be shown that the resistance of the ladder at

point X in Figure 27A is 480R. Thus Figure 27A represents

the basic 8241 BCD ladder for three digit BCD number. This

termination resistance will vary with where it is placed. Basi-

cally this resistance is equal to nine times (for a decimal

ladder) the parallel resistance of the last digit implemented.

(This relation can be shown mathematically if one desired,

the multiplier is a function of the type of ladder usedÐmulti-

plier e 1 for binary systems, 9 for decimal systems, etc.)

Thus the termination resistance would be 48R if the network

were terminated after the 2nd digit and 4.8R if the network

were terminated after the 1st digit implemented. In
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Figure 27B we are attempting to use only the resistor values

for one decimal digit. This means that the last terminating

resistor must be a 4.8R by the analysis above. Thus at point

X inFigure 27B we must have an equivalent of resistance of

4.8R. The equivalent resistance at point Y of Figure 27B,

looking down from the ladder, is 0.48R. Thus the other se-

ries resistance must be 4.32 R (4.8R–0.48R). Thus the net-

work of Figure 27B results.

Generally, ladders can be very effective tools when under-

stood and used properly. They can be significantly more

involved than indicated here. There are a number of texts

and articles that cover the subject very nicely and the read-

er is referred to them if more information on ladder design,

the use of ladders, and advanced techniques with ladders is

desired.

One final note is of some interest. The ladders may be read-

ily constructed for any type of code to create the analog

voltage. Note that there is no restriction that the code, or

the ladder network, be linear. Thus, effective use of ladder

networks may significantly reduce system difficulties and

complexities caused by the fact that the analog to digital

conversion is being performed on a voltage source that

changes nonlinearly, for example a thermistor temperature

probe. By using the properly designed ladder network, the

nonlinearity can effectively be eliminated from consideration

in the code implementation of the analog to digital conver-

sion.

The accuracy of ladders is a direct function of the accuracy

of the resistors and the accuracy of the voltage source in-

puts. This is obvious since the analog voltage is in fact cre-

ated by means of equivalent voltage dividers created when

the various inputs are on or off. It is also essential that the

ladder sources be the precise same value at all inputs to the

ladder network. If this is not the case, errors will be intro-

duced. In addition, the output impedance of the voltage

source should be as small as possible. The success of the

ladder scheme depends on the ratios of the resistance val-

ues. Inaccuracies are introduced if those ratios are dis-

turbed. Some possible implementations of the successive

approximation approach with a ladder network used for the

digital to analog conversion are indicated in Figure 28.
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Note that these are functional diagrams. Feedback or hys-

teresis for comparator stabilization are not shown. The

reader should be aware that his particular application may

require that these factors be considered. Figure 28A is the

simplest scheme and also the least accurate. With little or

no load, the high output level of the L buffer should be very

close to VCC and the low level close to ground. Also the

output impedance of the buffers must be considered. There-

fore, rather large resistor values are usedÐboth to keep the

load very small and to dwarf the effect of the output imped-

ance. With the configuration in Figure 28A, four bit accuracy

is about the best that can be achieved. By being extremely

careful and using measured values, an additional bit of ac-

curacy may be obtained but care must be used. However,

the schematic of Figure 28A is very simple. Figure 28B rep-

resents the next step of improvement. Here we have placed

CMOS buffers in the network. This eliminates the output

impedance and reduces the level problems of the circuit of

Figure 28A. The CMOS buffer will swing rail to rail, or nearly

so. The accuracy of VCC and the resistor network is then
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controlling. Using 1% resistors and holding VCC constant,

the user should be able to achieve 7 to 8 bit accuracy with-

out much difficulty. Remember, however, that VCC is one of

the controlling factors. If VCC is g5%, there is no point in

using 1% resistors since the VCC tolerance swamps their

effect. Figure 28C is the final and most accurate approach.

Naturally enough, it is the most expensive. However, one

can get as accurate as one desires. Here, an accurate refer-

ence is required. That reference is switched into the net-

work by means of the analog switch. Alternately, ground

may be connected to the input. Now the user need only

consider the accuracy of the reference and the accuracy of

the resistors. However, the on impedance of the switches

must be considered. It is necessary to make this on imped-

ance as low as possible so as not to alter the effective

resistor values.

7.0 ‘‘Offboard’’ Techniques
7.1 GENERAL COMMENTS

This section is devoted to a few illustrations of interfacing

the COP420 to standard, stand alone analog to digital con-

verters. These standard converters are used as peripherals

to the COPS device. Whenever the microcontroller requires

a new reading of some analog voltage, it simply initiates a

read of the peripheral analog to digital converter. As a re-

sult, the accuracies and restrictions in using the converters

are governed by those devices and not by the COPS device.

These techniques are generally applicable to other A to D

converters not mentioned here and the user should not

have difficulty in applying these principles to other devices.

It should be pointed out that in almost every instance, the

choice of COP420 inputs and outputs is arbitrary. Obviously,

when there is an 8-bit bus it is natural, and most efficient, to

use the L port to interface to the bus. Generally, the G lines

have been used as outputs rather than the D lines simply

because the G lines are, in many instances, somewhat easi-

er to control. The choice of input line is also free. If the

interrupt is not otherwise being used, it may be possible to

utilize this feature of IN1 for reading a return signal from the

converter. However, this is by no means required. If there is

a serial interface it is clearly more efficient to use the serial

port of the COP420 as the interface. If a clock is required,

SK is the natural choice.

7.2 ADC0800 INTERFACE

The ADC0800 is an 8-bit analog to digital converter with an

8-bit parallel output port with complementary outputs. The

ADC0800 requires a clock and a start convert pulse. It gen-

erates an end of conversion signal. There is an output en-

able which turns the outputs on in order to read the 8-bit

result.

The reader is referred to the data sheet for the ADC0800 for

more information on the device. The circuit of Figure 29
illustrates the basic implementation of a system with the

ADC0800. The interface to the COP420 is straightforward.

The appropriate timing restrictions on the control signals are

easily met by the microcontroller.

Adjust zero adjust

with VIN e b5V

Adjust full scale

with VIN e a5V

VCC e a5V
bVG e b12V

TL/DD/6935–41VIN e b5 to a5V

FIGURE 29. Simple A/D with ADC0800
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Figure 30 is the flow chart and code required to do the

interfacing. As can be seen, the overhead in the COP420

device is very small. The choice of inputs and outputs is

arbitrary. The only pin that is more or less restricted is the

use of SK as the clock for the converter. SK is clearly the

output to use for that function as, when properly enabled, it

provides pulses at the instruction cycle rate.

7.3 ADC0801/2/3/4 INTERFACE

The ADC0801 family of analog to digital converters is very

easy to interface and is generally a very useful offboard con-

verter. The interface is not significantly different from that of

the ADC0800, but the ADC0801 famliy are a much better

device. The four control signals are somewhat different, al-

though there are still four control lines. Here we have a chip

select, a read, a write, and an interrupt signal. All are nega-

tive going signals. Start conversion is the ANDing of chip

select and write. Output enable is the ANDing of chip select

and read. The interrupt output is an end convert signal of

sorts. The device may be clocked externally or an RC may

be connected to it and it will generate its own clock for the

conversion. In addition the device has differential inputs

TL/DD/6935–53

FIGURE 30A. A to D with ADC0800

TL/DD/6935–42

FIGURE 30B. ADC0800 Interface Flow
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which allow the 8-bit conversion to be performed over a given window or range of input voltages. The reader should refer to the

ADC0801 family data sheet for more information. Figure 31 indicates a basic interface of the ADC0801 family to the COP420.

Again, the interface is simple and straightforward. The code required to interface to the device is minimal. Figure 32 illustrates

the flow chart and code required to do the interface.

TL/DD/6935–43

FIGURE 31. COP420ÐADC0801 Family Interface

TL/DD/6935–54

FIGURE 32A. COP420/ADC0801 Family Sample Interface Code
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FIGURE 32B. COP420/ADC0801 Family Interface Flow

8.0 Conclusion
Several analog to digital techniques using the COPS family

have been presented. These are by no means the only

techniques possible. The user is limited only by his imagina-

tion and whatever parts he can find. The COPS family of

parts is extremely versatile and can readily be used to per-

form the analog to digital conversion in almost any method.

Generally, those techniques where the COPS device is do-

ing the counting or timekeeping are slow. However, those

techniques are generally slow inherently. The fastest meth-

ods are those where the conversion is being done offboard

and the COPS device is merely reading the result of the

conversion when required. Also, an attempt has been made

to illustrate the lower cost techniques of analog to digital

conversion. This, by itself, restricts most of the techniques

described to about 8-bits accuracy. As was mentioned sev-

eral times, the greater the accuracy that is desired the more

accurate the external circuits must be. Ten and twelve-bit

accuracies, and more, require references that are accurate.

These get very expensive very rapidly. There is nothing in-

herent in the COPS devices that prevents them from being

used in accurate systems. The precautions are to be taken

in the system regardless of the microcontroller. The only

problem is that, in those accurate systems where the COPS

device is doing the timekeeping and counting, this increased

accuracy is paid for by increased time to perform the con-

version.

Several devices have been used in conjunctions with the

COPS device in the previous sections. It is again recom-

mended that the user refer to the specific data sheets of

those devices when using any of those circuits. It must

again be mentioned that the standard precautions when

dealing with analog signals and circuits must be taken.

These are described in the National Semiconductor Linear

Applications Handbook and in the data sheets for the vari-

ous linear devices. These precautions are especially signifi-

cant when greater accuracy is desired.

The COPS family of microcontrollers has shown itself to be

very versatile and powerful when used to perform analog to

digital conversions. Most techniques are code efficient and

the microcontroller itself is almost never the limiting factor. It

is hoped that this document will provide some guidance

when it is necessary to perform analog to digital conversion

in a COPS system.
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