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CONVERTERS 
Discover the basics of some of the most widely used 
D!A and AID conversion techniques. 

STEPHEN J. BIGELOW 

vers ion, as well as the important 
ch a racteris tics of certa in types of 
app roaches. We'll also sh ow you 
some simple circuits with inex­
pensive, off-the-sh elf parts you 
can easily b u ild you rself. 

Digital-to-analog converters 

WE LIVE IN A WORLD OF CONTINUALLY 

varying analog dimensions, 
whether we're dealing with s igh t, 
sound, temperature, voltage, or 
current. Most physical and elec­
trical parameters that we per­
ceive change in a continuous 
manner, taking on an infin ite 
number of values. Although our 
real-world consists mostly of ana­
log signals, they can be difficult 
to manipulate. Digital signals, on 
the other hand, can be controlled 
by simple logic circuits, or by mi­
croprocessors. Complex opera­
tions can be more easily per­
formed by digital rather than 

i3 analog circuits. When digital cir­
~ cuits need inputs from the ana­
a: log world or must output data to 
1-
0 it, digital-to-analog (D/A) and 
w 

Dig ital- to-an a log converters 
(DAC's) translate binary words 
from computers or oth er discrete 
circuitry into proportional ana­
log-voltage levels. D/A converters 
can be used to drive analog de­
vices such as meters, motor con­
trollers, or audio circuitry. Per­
haps the most drama tic example 
ofD/A conversion is in a compact 
disk (CD) player. A DAC is used to 
convert the digital data recorded 
on the CD into the high-fidelity 
audio signal that you hear. Let's 
look at important D/A concepts. 

Th e resolut ion of a D/A con ­
verter is the n u mber of individu­
al analog voltage levels that th e 
output is capable of gen erating. 
Th at is directly related to the 
number of input b its that forms 
th e binary word. A 4-bit DAC has 
4 inpu t bits with a resolution of 
4 . Th e n u mber of d istinct and 
different analog output levels the 
IC is capable of generating will be 
2n (24 ) or 16 levels . That means 
th e analog ou tput can be repre­
sen ted by u p to 16 voltage levels. 
An 8-bit DAC can p rovide an an a­
log outpu t at up to 28 or 256 dis­
crete levels . A 12-bit DAC can 
represent a digital word in 2 12 or 
4096 levels . As you can see, th e 
more bits an AID converter pro­
vides, the more accu rately it can 
generate an analog signal, as 
shown in Fig. 1. 

__~ analog-to-digital (AID) converters 
6 become an essential interface. 
o We will explain some basic 
~ techniques of D/A and AID con-

58 

Settling time is the term used 
for the time required for the ana-



log output to stabilize after the 
binary input changes. It is usu­
ally specified as the time taken 
for the output to stabilize within 
± Y2 the least significant bit 
(LSB) of the expected value after 
the binary input changes. What 
that means in practical terms re­
lates to the actual value of the 
LSB itself. If an 8-bit DAChas a 0 
to 10-volt output range, then the 
LSB is worth 1% 8 or 0.039 volts. 
Half of that value is 0.0195 volts. 
The settling time would be the 
time required for the output to 
reach 0. 0195 volts of the expected 
value. Settling time is typically 
under lO f.LS. 

Accuracy is another important 
factor in D/A converters. In sim­
plest terms, the accuracy of a 
DAC is usually specified as ± 
anywhere from 112 to 2 times the 
LSB. Let's consider that more 
closely. For a DAC with an ac­
curacy of ± one times the LSB, 
the voltage output can vary by as 
much as + or - the value of one 
bit. If the DAC has a 0- to 5-volt 
output with 12 bits of resolution, 
the LSB would be % 12 or 0.00122 
volts. For any binary input, the 
output voltage may be higher or 
lower than the expected value by 
0.00122 volts. If that same DAC 
has ± 112 times the LSB accuracy, 
an output could only deviate ± 
o .oot22f2 or ±0.00061 volts. The 
smaller an accuracy value is, the 
more closely the output will 
match the expected output. 

Several methods have been de­
veloped over the years to deal 
with digital-to-analog con­
version. We will look at two gener­
ally accepted methods: binary 
weighted and binary ladder D/A. 

Binary-weighted resistor D/A 
The binary-weighted tech­

nique is the oldest and simplest 
method of converting digital bits 
into an analog signal. For the cir­
cuit in Fig. 2, a binary word is 
applied to a series of gates that 
drive analog switches. When a 
binary 0000 is applied to the 
gates, all analog switches are 
open so no voltage is applied to 
the op-amp. The output is then 
0 volts. When a binary 0001 is 
applied, S1 closes and - 10 volts 
is applied to Rl. Since the op­
amp input represents a virtual 
ground, there is effectively lO 
volts across the 8K resistor. 
That causes 10 V/8000 n. or 

IDEAL ANALOG OUTPUT 

FIG. 1-FINER RESOLUTION OF THE OUTPUT VOLTAGE in a DAC is provided by using a 
larger number of bits. 

101010 ---------------------

FIG. 2-A BINARY WEIGHTED D/A converter offers a simple example of basic DAC 
operation, 

1. 25 rnA, to flow through the 
800-ohm feedback resistor, Rp 
By Ohm's law, the voltage across 
RF would be 800 ohms x 1. 25 
rnA, or 1 volt. 

When the binary word 
changes to 0010, S1 opens and 

S2 closes. That causes 2.5 rnA 
(10 V/4000 ill to flow through 
R2. The voltage across RF is 
then 800 ohms x 2.5 rnA, or 2 
volts. A binary 0100 would re­
sult in 4 volts at the output, and 
a binary 1000 would cause 8 

'­c 
~ 
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FIG. 3-A-BINARY LADDER provides a 
simple, reliable, and accurate method of 
D/ A conversion. 
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(/) FIG. 4-A MONOTONIC DAC will reach 
o every analog step correctly for each dig­
~ ital input word. 
a: 
~ 
o volts at the output. Notice how w uJ the value of input and feedback 
0 resistors are carefully chosen to 
o create a binary progression. 
ii Each switch can be closed in 
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combination to generate an 
analog output from 0 to 15 volts 
{000o-= o v, 0111=7 v. and 
1111 = 15 V) in 1 volt incre­
ments. 

Although a binary-weighted 
resistor DAC is straightfor­
ward, it's not practical for ap­
plications requiring much 
more than 4 bits of resolution 
since the range of resistor val­
ues required would be tremen­
dous. A ladder network needs 
only two values of resistance. 

Ladder network D/A 
The ladder-network technique 

is capable of producing binary 
weighted voltages with only two 
values of resistance arranged in a 
type of voltage-divider network 
known as a binary ladder, shown 
in Fig. 3. Although that circuit 
may appear intimidating at first 
glance, the ladder operates in 
much the same way as Fig. 2. A 
series of gates are used to drive 
analog switches. When a binary 
0000 is sent to the gates, all ana­
log switches are open so there is 
a 0-Voutput from the op-amp. A 
binary 1000 will activate the 
most significant bit {MSB). 
That closes S1 resulting in 5 
volts at the output. An input of 
0100 will close S2 and yield 2.5 
volts at the output. A binary sig­
nal of 0010 will close S3 and 
place 1.25 volts at the output. 
And finally, an input of0001 will 
close S4 to produce 0.0625 
volts at the output. Notice that 
each output is in a binary pro­
gression. That allows the out­
put to vary from 0 to 10 volts in 
0.625-volt increments {24 or 16 
steps). 

The primary advantage of the 
binary ladder design {and the 
reason for its tremendous pop­
ularity) is its use of only two 
resistor values. As a result, it is 
a very simple matter to add vir­
tually any number of bits sim­
ply by adding additional re­
sistor "rungs" to the ladder. The 
binary ladder has proven so 
successful that it can be found 
as the key segment of almost 
every DAC manufactured today. 

Binary ladders also tend to be 
more accurate than binary 
weighted circuits since it's 
much easier to find precision 
resistors in two values {such as 
lOK and 20K) than the many 
diverse values that would be re-

quired in a binary weighted cir­
cuit. Conventional 0 /A convert­
ers integrate resistors and am­
plifiers onto a single IC, such as 
Precision Monolithic's DAC-08. 

Now that we've discussed the 
basic approaches ofDAC opera­
tion, we can examine a final im­
portant specification of monot­
onicity. As you know, the analog 
output voltage of a DAC will prO:­
gress in steps as the binary in­
put word increments, as shown 
in Fig. 4. Ideally, each incre­
ment in the binary input will 
cause a known, predictable step 
in the output voltage. In some 
devices, however, the switching 
and amplifier components do 



not allow enough current to 
flow under all conditions. That 
can cause the DAC to "skip" 
steps at certain bit levels. While 
a monotonicity problem on a 
low-weight bit may have little 
impact on the output, the 
effects become more significant 
as the weight of the bit in­
creases. A DAC is said to be mo­
notonic if it does not miss any 
steps across the entire range of 
binary inputs. Now let's look at 
more involved ND converters. 

Analog-to-digital converters 
An analog-to-digital converter 

(ADC) is used to translate a con­
tinuous analog signal into a 
finite number of digital bits. The 
resulting digital "word" becomes 
the binary representation of the 
analog level at the moment it was 
converted. 

The resolution of an ADC is 
very much like its DAC counter­
part-it is the number of bits 
with which the ADC will repre­
sent the analog signal. An ADC 
with 4 bits will have a resolution 
of 4 bits, and can represent an 
analog signal with up to 24 or 16 
binary words. An 8-bit ADC can 
represent an analog signal with 
up to 28 or 256 discrete words. A 
12-bit ADC can represent.an ana­
log signal with as many as 2 12 or 
4096 individual binary words. 
You probably get the picture. The 
more bits of resolution by now an 
ND converter can provide, the 
more accurately it will represent 
the analog signal, as shown in 
Fig. 5. 

Conversion time is another im­
portant aspect of NO converters. 
As you will see, the conversion of 
an analog signal into a digital 
word is not an event, but a pre­
cise, deliberate process. As a re­
sult, it requires some finite 
amount of time to sample the 
analog input, digitize it, then 
make the binary result available 
at the output. The conversion 
time is the period of time re­
quired to complete that process. 
It can range anywhere from mi­
croseconds (for very fast convert­
ers) to milliseconds (for slower 
devices). Since ND conversion is 
a precise synchronized process, a 
clock source is also needed in 
most devices. 

Sampling theory 
Since an ADC requires a cer-
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b DIGITAL REPRESENTATION 

FIG. 5-THE RESOLUTION OF AID CONVERTERS is directly affected by the number of 
bits. 

v v 

. ~~ 
2 SAMPLE RECONSTRUCTED 

Hz POINTS SIGNAL 

t 

OA~~~~L v lA lA 
'"""""~ ~ ~ . 

8 SAMPLE RECONSTRUCTED 
POINTS SIGNAL 

FIG. 6-THE MORE SAMPLE POINTS 
taken from an analog signal, the more 
closely a reconstructed signal will resem­
ble the original. 

tain amount of time to perform a 
conversion, there are only just so 
many samples of a signal a con­
verter can digitize in any given 
time. For example, if an ADC 
makes one conversion in 1 ms, it 
could then theoretically make 
1000 conversions in 1 second 
(11.001 s). The maximum con­
version rate is equal to the re­
ciprocal of the conversion time. 

To digitize a faithful represen­
tation of the analog input, the 
converter takes samples at a min­
imum of twice the maximum fre­
quency component of the analog 
input signal. That sampling rate 
is also known as the Nyquist rate. 
Consider an analog sine wave of 
10 Hz applied to an ideal ADC in 

v,N BINARY 
OUTPUT 

D, Do 

0-2V 0 0 

2-4V 0 1 

4-6v 1 0 

6-8V 1 1 

LOGICAL 
GATING 

NETWORK 

COMPARATOR 
OUTPUT 

MSB MB LSB 

0 0 0 

0 0 1 

0 1 1 

1 1 1 

FIG. 7-THE FLASH AID CONVERTER ot­
ters speed and simplicity of operation at 
low resolutions. 

Fig. 6. The minimum sampling 
rate is 2[, or 20Hz. which yields 
two digital-data points for each 
cycle. When the digital data is 
reconstructed by a DAC, the new 
analog signal bears a re­
semblance to the original. (A fil­
ter on the DAC output smooths 

'­c 
~ 
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the sharp peaks of the recon­
structed signal.) If 10 Hz is the 
maximum frequency entering 

the ADC, the maximum allowa­
ble conversion time is l/20 Hz, or 
500 ms. If the maximum input 

frequency is raised to 10 kHz, the 
ADC needs to sample at 2[, or 20 
kHz to maintain the same two 
data points per cycle. That means 
the converter has to perform .con­
versions in l/20,000 Hz, or 500 
f.LS just to keep up with the input 
signal. 

To improve the fidelity of the 
digitized signal, we could take 
more samples in the same period 
of time. A sample rate of 8 points 
per cycle requires a sample rate of 
8 times the maximum frequency 
component of the input signal. 
An input of 10 Hz must be 
sampled at 80Hz. so the convert­
er would have to convert a point 
in l/80 Hz or 12.5 ms. A 100-kHz 
signal needs to be sampled at 800 
kHz. The ADC then converts a 
sample in l/800,000 Hz, or 1.25 
f.LS. That is extremely fast for 
most AID converters, although 
there are some types which can 
approach 1-f,LS conversion times. 
If the ADC cannot sample fast 
enough to keep up with the sig­
nal, information contained in 
the analog input signal will be 
lost. 

The relationship between in­
put frequency, conversion time, 
and sample rate is a very impor­
tant one. A variety of methods 
have been developed over the 
years to perform the digitizing of 
analog signals. Many are still in 
use today in one form or another. 
We will examine six of those tech­
niques: flash, single slope, dou­
ble slope, single counter, track­
ing counter, and successive 
approximation. 

Flash conversion 
The flash converter is the fast­

est type of AID converter that is 
available (Fig. 7). It uses a bank of 
parallel comparators to process 
the analog input. Flash convert­
ers are also referred to as parallel 
converters. A series of resistors 
form a voltage-divider network 
across each comparator. The 
maximum input voltage that can 
be translated depends on the val­
ue ofV cc· The output signal from 
each comparator is either on or 
off, and is compatible with digital 
logic. 

With no input voltage, the out­
put of each comparator is logic 
low. As the input voltage in­
creases, the output of each com­
parator will cascade high as the 
input exceeds each reference 



voltage set by the voltage-divider 
network. A network of digital 
gates is used to convert the array 
of comparator signals into a bin­
ary word which is made available 
at the converter's output. 

Our example in Fig. 7 provides 
only two bits of resolution. A 2-
bit ADC is not very practical for 
most applications, but it demon­
strates the key concepts needed 
to build a flash converter. As you 
may have noticed from the cir­
cuit in Fig. 7, it takes 2n- l com­
parators to support the resolu­
tion of the converter. Our 2-bit 
ADC example requires 22 -1, or 3 
comparators; a 4-bit converter 
needs 24 -1, or 15 comparators; 
an 8-bit flash ADC needs 28 -1, 
or 255 comparators, and so on. 
This vastly increasing complexity 
is a great disadvantage in flash 
devices-not only in the need for 
additional comparators, but also 
in the unwieldy gating circuitry 
as well. 

The main advantage to flash 
converters, of course, is simple 
speed. Since the analog input is 
applied to every comparator si­
multaneously, the conversion 
time is merely equal to the propa­
gation delay of the comparators 
and gating circuitry. A flash con­
version can be accomplished in 
just a few microseconds. 

Single-slope ADC 
A more efficient method of ND 

conversion is the single-slope N 
D, also known as the single-ramp 
ND (Fig. 8). In the single-slope 
circuit, the cycle begins with the 
counter reset and the ramp volt­
age at zero . The comparator's 
output at that point is low, so no 
clock signals are allowed to reach 
the counter. When an input volt­
age is applied to the converter, 
the comparator's noninverting 
input (+)will exceed the voltage 
at the inverting (-) input, so it's 
output will be high. That will en­
able the AND gate, which will allow 
clock pulses to reach the binary 
counter. At the same time, a tim­
ing circuit drives the voltage 
ramp up, which quickly in­
creases the reference voltage on 
the comparator's inverting in­
put. When the reference-ramp 
voltage just exceeds the input 
voltage, the comparator's output 
falls low again. The clock pulses 
stop and the timing circuit 
latches the count at the binary 

BINARY COUNTER 

..,_-1-t-+---i BINARY ( 
~-+-+----1 LATCH ) 

BINARY 
OUTPUT 

D/A CONVERTER 

REFERENCE 
VOLTAGE 

FIG. 1D-A D/ A CONVERTER can be used to provide the voltage ramp needed to operate a 
single-counter AID converter. 

counter and resets the counter 
for the next conversion. 

The single-ramp circuit is little 
more than a controlled counter 
with a voltage-feedback loop. The 
circuit is timed in such a way 
that when the reference-ramp 
voltage equals the applied input 
voltage, the binary count exist­
ing on the counter at that mo­
ment is the digitized value of the 
analog signal. Note that the 
speed of the clock and the rate of 
the voltage ramp must both be 
set correctly for the counter to 
function properly. 

The time required to perform a 
conversion will depend upon the 
level of the analog input. Since 
the counter and reference ramp 
both start from zero at each con­
version, it will take longer to 
match a higher level of analog in­
put than a low level. The se­
quence of operations can take 
place very quickly. The reference­
ramp voltage can change faster 
than 1 volt per ms to reach the 
input voltage. For example, if an 
input of 2 volts is applied to the 
circuit in Fig. 8, it would take 
2 x 1 volt/ms, which equals 2 ms 
for the ramp voltage to equal the 
input. The actual binary count 
after 2 ms depends on the speed 
of the clock. A faster clock speed 
will yield a higher count, and vice 
versa. 

Since the clock can operate in­
dependent of the voltage ramp, 

unique opportunities for other 
outputs besides straight binary 
become available. Some 
customized instrument IC's use 
single-slope techniques to con­
vert an analog input directly to 
binary coded decimal (BCD) to 
drive 7-segment displays . That 
type of flexibility is a strong ad­
vantage. The primary disadvan­
tage of using single-slope tech­
niques is the tendency toward 
unstable operation over time. 
Without some form of syn­
chronization between the clock 
and ramp generator, any drift in 
clock speed or ramp voltage per­
formance will cause errors in the 
output word. That's why single­
slope converters are not used in 
high precision applications. 

Dual-slope ADC 
The dual-slope conversion 

technique offers the advantage of 
conversion stability at the ex­
pense of conversion speed. The 
reference-ramp generator circuit 
eliminates the effects of compo­
nent drift over time (Fig. 9). 

The input signal of a dual-slope 
converter is fed into an inte­
grator. When a positive input sig­
nal is applied, the integrator's 
output voltage ramps in the 
negative direction. The negative 
voltage forces the output of the 2: 
comparator high. That in turn ~ 
activates the clock input to the <.0 

counter which will begin to incre- ~ 
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FIG. 11-A BINARY UP/DOWN COUNTER enables the AID converter to track changes in 
the analog input for the tracking-counter AID. 

ment. The integrator will ramp 
for only a fixed period of time. 
After that fixed "input-time," the 
control circuit clears the counter 
and switches the converter's in­
put to a fixed negative-reference 
voltage (- V REF). With a negative 
voltage now applied to the inte­
grator, its output ramps back in 
the positive direction. The coun­
ter begins a new series of counts 
until the integrator's output 
reaches zero. At that point, the 
comparator's output becomes 
low. That action shuts off the 
clock pulses to the counter. Con­
trol circuitry detects that change 
and latches the count to the out­
put, then clears the counter. As 
with the single-slope converter, 
the final digital count represents 
the analog-input voltage. 

The rate of integration depends 
on the magnitude of the input 
voltage, as well as the value of R1 
and C1, so a low input voltage will 
reduce the integrator's output 
less than a high input voltage 
during the same fixed -input 
period of the conversion cycle . 

~ When a fixed negative reference 
~ voltage is applied (the values of 
g: R1 and C1 remaining constant), 
o the time required for the inte­
w u:l grator to return to zero is then 
0 directly proportional to the origi­
o nal magnitude of the input volt-
2i age. Any variations, therefore, in 
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the integrator circuit due to time 
or temperature will automatically 
be canceled out. That allows the 
du al-slope converter much more 
stability for high-precision ap­
plications. Similar to the single­
slope technique, dual-slope con­
verters can be used to convert the 
input signal d irectly to BCD (or 
any other viable code) as well as 
regular binary. Most quality dig­
ital voltmeters use dual-slope 
conversion to translate the input 
directly to BCD. 

The disadvantage of dual-slope 
conversion is the extended 
period of time needed to make a 
conversion. A dual-slope convert­
er may require more than 100 ms 
to translate a high input voltage. 

D/A feedback converters 
D/A converters may also be 

used to provide the reference 
feedback signal to the com­
parator. There are two basic types 
that we will examine: single­
counter and tracking-counter 
types. Let's take a brief look at 
each one. 

The single-counter AID con­
verter is a variation of the single­
slope approach. Its operation is 
identical in all aspects but one­
a D/A converter is used to read 
the count from the binary coun­
ter and provide a feedback volt­
age to the comparator instead of 

an integrator or other voltage­
ramp source (Fig. 10). 

When an analog input is ap­
plied to the comparator, its out­
put becomes high. That allows 
clock signals to reach a binary 
counter. As the counter incre­
ments, the voltage output of the 
DAC increases at the negative in­
put to the comparator. When the 
DAC level just exceeds the input, 
the comparator shuts down . A 
control circuit latches the binary 
count to the output, as well as 
resets the counter for the next 
conversion. 

Although single-counter con­
version is a faster method than 
the dual-ramp approach , it does 
require the use of a high-preci­
sion DAC to provide a steady, 
accurate feedback signal to the 
comparator. It also requires the 
counter to start from zero at each 
conversion. That can waste a bit 
of time through each cycle, es­
pecially if the voltages to be con­
verted are near their maximum 
levels. 

The tracking-counter tech­
nique can yield conversions 
much faster than the single­
counter. That is possible by the 
use of a binary up/down (U/D) 
counter instead of just an up 
counter like the ones used in our 
previous examples. The counter 
can increment or decrement de­
pending on the state of the com­
parator's output. That permits 
the binary word to literally track 
the changes in the analog signal 
(Fig. 11). 

The cycle begins with an ana­
log signal to the comparator. The 
count on the binary U/D counter 
may be at any value. That means 
that the DAC feedback voltage 
may be greater or less than the 
analog input. If the feedback volt­
age is greater than the analog in­
put, the comparator's output will 
be low and the control circuits 
will gate the clock pulses to the 
count-down input of the counter. 
That will decrement the binary 
counter's output and reduce the 
feedback voltage at the com­
parator. When feedback voltage 
drops below the analog input, the 
comparator's output will go high 
and control circuits will cause 
the binary count to latch to the 
output. Gating will send clock 
signals to the up input of the 
counter (which is not reset) and 
cause it to begin counting up 



FIG. 12-A SUCCESSIVE APPROXIMATION REGISTER (SAR) speeds up the process of 
A/D conversion. 
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FIG. 13-QUANTIZING ERROR can enter 
the A/D conversion as the analog signal 
changes during the conversion cycle. No 
quantizing error exists for a DC voltage (a) 
because there is no change in voltage, 
some quantizing error occurs with low­
frequency signals (b), and a higher degree 
of quantizing error is produced with high­
frequency signals (c). 

again looking for another change 
of state. If the input signal re­
mains constant, the output word 
will tend to oscillate by 1 x LSB as 
the converter tries to center it­
self. That potential oscillation 
problem is the greatest disadvan­
tage of tracking-counter ADC's. 

As you might imagine, this 
type of converter can be much 
faster than the single-counter 
technique, but it is best suited 
for digitizing fast-changing ana­
log inputs. Signals which change 
quickly are less likely to allow the 
converter to oscillate. 

Successive-approximation ADC 
Of all the techniques that we 

have covered up to now, the suc­
cessive approximation (SA) ap­
proach has become the tech­
nique of choice for low-cost, 
moderate-resolution, high-speed 
ND converters. Successive ap­
proximation is a clever and 
powerful technique that can be 
used to digitize an analog signal 
quickly and efficiently with no os-

quantizing error. 

cillation. The process of con­
version is a bit more involved 
than the counter techniques that 
we have discussed. 

The heart of the SA converter is 
a device called the successive ap­
proximation register (SAR). This 
serves a very different purpose 
than the counters we have seen 
(Fig. 12). 

The conversion cycle begins 
when an analog signal is applied 
to the converter and a start con­
version pulse is placed on the 
SAR. The first clock pulse into 
the SAR turns on the MSB out­
put. That in turn sets the DAC 
output to 50% of its voltage out­
put. The SAR looks at the com­
parator's output to see if the DAC 
output is greater or less than the 
analog input. If the DAC voltage 
is greater, the comparator will be 
off, so the SAR will turn off the 
MSB and call it a zero. If the DAC 
voltage is less than the analog in­
put, the comparator will remain 
on, so the SAR will leave the MSB 
on and call it a one. It does all of 
this in one clock pulse. On the 
next clock pulse, the SAR will 
turn on the second most signifi­
cant bit and re-check the results 
from the comparator. Once 
again, if the new DAC signal is 
greater than the input voltage, 
the comparator output will be off, 
so the SAR will turn off the bit 
and call it zero. If the new DAC 
signal is less, the comparator will 
remain on, and the SAR will leave 
the bit on as a one. 

The SAR will examine each bit 
in this ·fashion (MSB to LSB) un­
til all bits have been examined. 
Since one bit is evaluated in one 
clock pulse, an 8-bit ADC will 
process the conversion in only 8 
clock pulses. When the LSB is fi­
nally processed, the SAR will 
send out an end of conversion 
(EOC) signal which will latch the 
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resulting binary word directly to 
the output. 

Successive approximation 
converters are perhaps the most 
efficient type of AID converters 
available. They are capable of ex­
tremely fast conversions at high 
resolutions. Many converters of 
this type can process 12 bits of 
resolution in less than 10 1-LS. 

Quantizing error 
Now that you have a better idea 

of how AID converters operate, we 
will discuss the characteristic of 
quantizing error. Quantizing er­
ror is caused by changes in the 
analog-input level during the 
conversion process. 

Remember that the analog sig­
nal of an ADC is applied to a com­
parator. When a cycle is started, it 
requires some finite amount of 
time (microseconds to millise­
conds) to produce a digital out­
put. If the input voltage changes 
during the conversion, the final 
binary output will represent the 
voltage level at the end of the cycle 
instead of the beginning. When 
there is no change in input volt­
age, such as in a DC voltage, no 
quantizing error enters into the 
conversion, as shown in Fig. 13-
a. The faster the signal change, 
or "slew r;:tte," the greater the 
quantizing error will be (Figs. 13-
b, 13-c). 

One common way of avoiding 
quantizing error is to use a sam­
ple and hold circuit before the 
analog input to the comparator. 
Figure 14 shows such a circuit. 
An electronic switch is closed to 
take a rapid sample of the analog 
input signal. The sample capaci­
tor C 1 charges to the value of the 
input signal and the electronic 
switch will open. That eliminates 
the effects of quantizing error 
since the capacitor will retain the 
value of the analog sample re­
gardless of how the overall analog 
signal may be changing. When it 
is time for another conversion, 
the circuit will take another sam­
ple. Now lets take a look at some 
actual circuit applications. 

~ Basic D/A application 
z Figure 15 shows a simple D/A 
~ converter application using a 
G Motorola MC1408 DAC. The oper­
~ ation of the circuit is very 6 straightforward. A TTL-level 8-
0 bit binary word is applied to the 
c?_ DAC inputs D0 through D7 . 
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FIG.15-A UNIPOLAR 0 /A application circuit. An 8-bit binary word is applied to the OAC 
input. A binary ladder is used in the MC1408 to translate the signal into a current output, 
an op-amp is then used to convert the current into a voltage signal. 

FIG. 16-IN A BIPOLAR 0 /A application circuit the output can vary from a negative to a 
positive voltage. 

Since no clock or outside timing 
is required, the conversion takes 
only the settle time of the 
MC1408 (about 300 ns). The 
MC1408 uses a binary ladder to 
switch and translate the signal 
into a current output. An op­
amp, such as the LM741, can be 
used to convert the current sig­
nal into voltage. 

The resolution of that circuit is 
8 bits, which means that the ana­
log output can vary from 0 to 10 
volts through 28 or 256 individu­
al steps. A binary word of OOh 
(hexadecimal) causes an output 
of 0 volts. A half-scale input of 
7Fh generates 5 volts at the out­
put. A full-scale input of FFh 
causes 10 volts at the output. 

That circuit can easily be used 
just about anywhere a basic DAC 

is needed to interface a digital 
signal to an analog circuit. The 
digital word may be provided 
from a conventional computer 
port, a digital counter, or any 
other discrete TTL circuit. The 
analog output may be con­
ditioned to drive meters, indica­
tors, amplifiers, or other analog 
circuits. 

Bipolar D/A application 
The previous example shown 

in Fig. 15 showed a unipolar cir­
cuit, meaning that the output is 
only in one polarity. If a bipolar 
output is needed (one that varies 
from a negative to a positive volt­
age) the circuit can be ch anged 
as shown in Fig. 16. 

Connecting the input of the op­
amp to the reference resistor R2 
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TABLE 1-POPULAR 8-BIT CONVERTERS 

Double-Buffered 
MultiplyiljlQ 

i 

8 bits 

Conversion Settling 
Time Time 

40ms 

100jLS 

300ns 

300ns 

150ns 

Supply 
Voltages 

+5)/ :+8 

+8 

-''5, +8 

:t3to±18 

9"5V 

+t,5't 
,. 

+5, -15 

5, 
-5 to -15 

±4.5to:t18 

+ S to +15 

Price* 

$7.00 

$4.00 

$4.00 

$7.00 

$5.00 

$5.oo· 

$8.00 

$8.50 

$1 ,50 

$1.50 

$3.00 

$3.00,~ 

$1 .50 

$5,00 

*All prices listed are approximate. Contact your local distributor for current prices and product specifications. 

FIG. 17-A 2-DIGIT BCD-to-analog converter circuit can be made using an array of DAC's. 

changes the circuit's frame of ref­
erence so that the amplifier's out­
put will swing from -10 volts to 
+ 10 volts. In order to do that, the 
values of Rl , R2, and RF must be 
chosen very carefully. When a OOh 
is sent to the MC1408, its current 
output will be 0 rnA, but the bias­
ing of the op-amp will make the 
voltage output -10 volts. As the 
binary input increments to 7Fh, 
the analog output will rise to 0 
volts. A binary word of FFh will 
raJse the output to + 10 volts. 

The circuit in Fig. 16 repre­
sents a basic 0/A sub-circuit. It 
can be used in just about any sit­
uation where 8 bits of resolution 
and 300 ns of settling time are E 
appropriate, and a bipolar out- ~ 
put is required. CD 

continued on page 76 ~ 
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The FCC has revised and updated the 
commercial license exam. The NEW 
EXAM covers updated marine and 
aviation rules and regulations, 
transistor and digital circuitry. 
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contains vital information. VIDEO 
SEMINAR KITS ARE NOW AVAILABLE. 
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AC TO DC CONVERTERS 

continued from page 67 

BCD-to-analog conv~rter 
The input signal to the 

MC1408 does not have to be pure 
binary. An array of DAC's can be 
configured to convert a 2-digit 
BCD input into a corresponding 
analog output voltage. Figure 17 
shows a circuit that can be used 
as a BCD-to-analog converter. 

Notice that only the lower four 
bits of each DAC are used to ac­
cept the BCD signal. The four 
most significant bits are 
grounded. The TTL signal can be 
provided through discrete 
sources (such as thumbwheel 
switches) as well as BCD coun­
ters or other binary circuits. The 
most significant digit DAC drives 
the op-amp directly. The output 
from the least significant digit 
DAC is divided by 10 through a 
resistor network and added to 
the signal from the most signifi­
cant digit to produce the 0- to 10-
volt output. The value of the feed-

(/) back resistor RF can be adjusted 
o to vary the output range from 0 
~ up to 10 volts. 
g: A BCD input of 00 will yield 0 
~ volts out. As the BCD input in­
Ld creases to 50, the output voltage 
0 will climb to 5 volts. An input of 
~ 99 will give an output of 10 volts. 
a: Since the input ranp;e is now only 
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BP182-MIDI interfacing enables any so 
equipped instruments, regardless of the 
manufacturer, to be easily connected to­
gether and used as a system with easy com­
puter control of these music systems. 
Combine a computer and some MIDI instru­
ments and you can have what is virtually a 
programmable orchestra. To get your copy 
send $6.95 plus $1.25 for shipping in the 
U.S. to Electronic Technology Today 
Inc., P.O. Box 240, Massapequa Park, 
NY 11762-0240. 

100 steps (00 to 99), the analog 
output will travel from 0 to 10 
volts over 100 steps instead of the 
256 steps that all 8 bits would 
normally offer. Although a BCD 
to analog convertor sacrifices 
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FIG. 18-AN AID converter circuit using 
the successive approximation technique. 

LINEAR IC EQUIVALENTS 
& PIN CONNECTIONS 

LineariC 
Equivalents 
and Pin 
COnnections 

BP141-Shows equivalents & pin con­
nections of a popular user-oriented 
selection of European, American and 
Japanese liner IC. 's 320 pages, 8 x 10 
inches. $12.50 Plus $2.75 shipping. 
ELECTRONIC TECHNOLOGY TODAY 
INC., PO Box 240, Massapequa Park. 
New York 11762-0240. 

some resolution, it can provide 
interesting advantages where 
special inputs are required. 

Basic AID application 
A basic AID converter can be 

built using a Texas Instruments 
ADC0808 as shown in Fig. 18. 
That is also a generic circuit 
which can be used to interface an 
analog voltage to a computer port 
or other digital circuit. 

The ADC0808 uses the suc­
cessive approximation method of 
AID conversion. In normal opera­
tion, an analog voltage (from 0 to 
+ 5 volts) is applied to the IC at 
V1N. When a conversion is re­
quired, a TTL-level start con­
version signal is applied to the 
converter. In that case, a momen­
tary pushbutton is used to pro­
vide the pulse. Any other TTL 
logic pulse may be used to start 
the conversion as well. A fast 
square-wave clock source (of 
about 500 kHz) steps the ADC 
quickly through its conversion 
process. When the conversion is 
complete, the IC will latch the 
digital result onto the output 
pins and generate an end of con­
version signal. 

Since that is a 0 to + 5-volt 
ADC, a 0-volt input will generate 
a binary OOh at the output. An 
input of 2 .5 volts output 7Fh, 
and a full 5 -volt input output 
FFh. R-E 




