BY ROBERT D. PASCOE

New devices and circuits reduce complexity and lower cost
in interfacing analog and digital signals.

HE DIFFERENT worlds of analog

and digital electronics must fre-
quently be interfaced. In the past, the
means for accomplishing this was ex-
tremely complex and quite expensive.
During the last few years, however, new
devices and circuits for interfacing the
two types of circuits have made it possi-
ble to reduce complexity and bring down
cost considerably.

There are essentially two types of cir-
cuits or devices that can be used to in-
terface analog and digital circuits. One is
for converting analog signals into digital
signals and is known as an analog-to-
digital (A/D) converter. The other con-
verts digital signals into analog signals
and is called a digital-to-analog (D/A)
converter. Here is how both types of cir-
cuits operate.

D/A and A/D. The diagram shown in
Fig. 1A illustrates a D/A converter. This
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Fig. 1. Digital-to-analog (D/A)
and analog-to-digital (A/D)
converters are just opposites.
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circuit can accept a number of input
lines whose signal voltages are a com-
bination of 1's (high) and 0's (low) and
transforms them into equivalent analog
voltages at the output. As an example, a
digital value of 1111 (15 in decimal)
might represent an analog output of 15
volts, while 0000 might represent 0 volt.
Any digital value between 0000 and
1111 can, hence, be used to generate
between 0 and 15 volts at the output in
1-volt steps. In this example, the resolu-
tion of our four-bit D/A converter would
be 1 volt.

The A/D converter shown in Fig. 1B
transforms an analog voltage to an
equivalent digital value. Using our four-
bit example from above, the A/D con-
verter would change a 15-volt input into
the digital value of 1111 (all highs on the
output lines), down to 0 volt with a digital
value of 0000 (all lows on the output
lines).

The two diagrams shown in Fig. 1 il-
lustrate the basic principles of operation
of the D/A and A/D converters. Now, let
us take a look at how this conversion is
actually accomplished.

D/A Converters. While there are a
number of ways by which D/A conver-
sion can be accomplished, we will limit
our discussion to only the two most pop-
ular. The first approach is illustrated by
the circuit in Fig. 2, where a resistor net-
work and op-amp voltage amplifier are
employed. In this circuit, the digital in-
puts are represented by switches S1

through S4. If a switch is open, a logic 0
is generated; if it is closed, a logic 1 is
generated. Note that in this case, a 1is
the value of V, while a 0 is represented
by no voltage being applied (by the giv-
en switch) to the inverting (—) input of
the op amp.

If we assume a value of 500,000
ohms for R and 5 volts for V, the follow-
ing calculations can be made: 1) If S1 is
closed and S2, S3, and S4 are open, i,
= 5 volts/500,000 ohms = 10 wA and
~Vou (don't forget that the op amp is
operated as an inverter) 10 pA x
100,000 ohms (the value of the feed-
back resistor, which is R/5 = 500,000
ohms/5 = 100,000 ohms) = —1 volt. 2)
If S4 is closed and S1, 82, and S3 are
open, l, = 5 volts/62,500 ohms
(500,000 ohms/8) = 80 pA and Vg, =
80 pA x 100,000 ohms = —8 volts.

More than one switch can be closed at
any given time, of course. If S1 and S4
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Fig. 2. This 4-bit D/A converter
uses a resistor network
and an op amp circuit.
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were closed and S2 and S3 were open,
lin = 10 pA + 80 pA = 90 pA and -V
=90 pA x 100,000 ohms = —9 volts.

Since there are four switches shown
in Fig. 2 and each switch can be either
open or closed, a total of 16 combina-
tions exist. With this setup, the switches
can be made to provide an output from
the op amp of from 0 to —15 volts in 1-
volt steps.

Instead of using mechanical switches,
the input terminals, here the switch
sides of the resistors in the network, can
be connected to the outputs of binary
bistable multivibrators or TTL decade
counters. In the case of the 7490 de-
cade counter, the A, B, C, and D outputs
replace S1 through S4, respectively.
Since the 7490 counts to 9 and then re-
sets to 0, the D/A converter circuit will
generate 0 to —9 volts at its output. The
logic-1 output of the 7490, or any other
logic element tied to the D/A converter’s
input, may not be exactly 5 volts, which
means that the value of the feedback re-
sistor will have to be changed to com-
pensate for the lower input level to retain
the 0-to-9 volt output.

The advantage of the resistor-network
approach is that the network uses only
one resistor for each bit of information.
However, the digital bit that has the most
“weight” (S4) would have to supply
much more current than any of the other
switches. To illustrate, if a 10-bit D/A
converter were constructed, the most-
significant bit (MSB) would have to sup-
ply 1024 times more current than the
least-significant bit (LSB).

To summarize, the weighted resistor
network is constructed with N number of
resistors whose values are R, R/2,
R/4 . . . R/2N, with each device con-
nected to the network “seeing” a differ-
ent resistance value. The LSB device
would supply a current of V/R, while the
MSB device would supply a current of
N(V/R). Each digital input, however, re-
quires only one resistor.

Another type of D/A converter, shown

54

Fig. 3. In this D/A binary
ladder only two different
values of resistors are used.

Fig. 4. Using a 7490 TTL
decade counter to

replace mechanical switches
to get staircase output.
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in Fig. 3, is commonly referred to as a
“binary resistance ladder.” In this con-
verter, each digital bit supplies the same
amount of current. It can be determined
mathematically that the resistance
“seen” by each digital bit is 3R. Hence,
each digital bit supplies the same mag-
nitude of current. The ladder is made up
of only two resistance values—R and
2R.

If the voltage output of the op amp in
Fig. 3 is the same as in Fig. 2, the value
of feedback resistor Ay must be selected
so that, in conjunction with the R and 2R
combinations, it causes the op amp to
have a gain of 24/5. Thus, if V were 5
volts, the combination of digital inputs
would produce the same output range
asin Fig. 2.

Switches S1 through S4 in Fig. 3 can
be replaced with solid-state devices, as
in the previous circuit. For example, if
the outputs of a 7490 were connected to
the inputs of the binary ladder and the
7490 were clocked, the circuit shown in
Fig. 4A would produce the ladder output
shown in Fig. 4B.

Two important terms used to describe
the behavior of a D/A converter are mo-
notonicity and linearity. Monotonicity is

&

simply a continuously increasing output
voltage for an increasing digital value up
to the maximum for the ladder or resistor
network. Linearity is the linear change in
output voltage for increasing values of
digital inputs. (The ladder steps should
be equal.)

To sum up, the binary ladder is con-
structed using only two different values
of resistance—R and 2R. Each device
connected to the inputs of the ladder
“sees” a constant 3R value of re-
sistance. The Nth bit, or MSB, is re-
quired to supply the same level of cur-
rent as the LSB.

A/D Converters. Perhaps the most
common use of the A/D converter is in
digital multimeters, where an analog in-
put voltage must be converted to a digi-
tal signal to drive the circuits that ulti-
mately provide the numeric display.
There are many methods for making this
conversion, four of which will be dis-
cussed here.

A simple four-bit, 0-to-9-volt DMM
concept is illustrated in Fig. 5. The circuit
employs a binary ladder, four-bit decade
counter, decoder, seven-segment LED
numeric display, and an op amp as a
comparator. In the following discussion,
we will assume that the reset clock gen-
erates a short pulse every 20 ms, while
the clock generates a count pulse every
0.01 ms (10 us). The binary ladder is
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Fig. 5. At (A) 15 simple
0-9-volt digital voltmeter
with its output waveform
shown below at (B).
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Fig. 6. The dual-slope converter

integrates in both directions.

Anintegrator (op amp with capacitor

in feedback) is used as input to op amp comparator.

similar to that shown in Fig. 3 so that the
output voltage from it is incremented by
1 volt for increasing digital values with a
range of 0 to 9 volts.

Because the counter is clocked
through all 10 states in 100 ms, it can
count in a maximum time of 100 ps and
the analog value is displayed for 19.9
ms (20 ms — 0.1 ms). For this particular
circuit, the maximum time for conver-
sion, or the time the counter takes to
convert the maximum analog value and
display it, is 100 us. The average time
for conversion is 100 ws/2 = 50 ps,
while the update, or display time, is
approximately 19.9 ms. This means that
every 19.9 ms, a new conversion oc-
curs.

In Fig. 5A, let us assume that an ana-
log potential of 5 volts is applied to the
noninverting (+) input of the op amp and
that a reset pulse has been generated.
At this instant, the output of the D/A con-
verter is O volt (see Fig. 5B). The output
from the op amp is maximum positive
(supply voltage) and is passed through
the forward-biased D1 diode to activate
the clock generator. The clock begins
operating and supplies count pulses to
the decade counter. The ABCD outputs
of the decade counter start “piling” up a
voltage in the binary ladder until at the
count of 0101 (5 decimal), the binary
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ladder potential to the inverting input of
the op amp very slightly exceeds, by a
few millivolts, that of the reference volt-
age on the noninverting input. At this in-
stant, the op amp slews very rapidly to a
maximum negative output and forces
the clock to stop working. The counter
remains at the 0101 count until a reset
pulse is generated, at which time, the
counter stops and the cycle repeats.
This process is illustrated in Fig. 5B. Be-
cause the display time is far longer than
the count time, the display on the read-
out does not flicker.

For the device shown in Fig. 5, it is im-
portant to understand that the accuracy
of the system is 10%, or 1 volt. This is
because the D/A ladder is a four-bit sys-
tem that has a least-significant value of
1 volt. For greater resolution and, hence,
greater accuracy, more bits can be add-
ed to the system. The greater the num-
ber of bits, therefore, the better the reso-
lution and the higher the accuracy.

As a point of interest, the Fig. 5 circuit
has a display for one full digit. It can be
converted to provide a three-digit dis-
play by “weighting” the outputs of a
number of counters. Then, the three full
digits would display values from 000 to
999.

The circuit shown in Fig. 6 is a dual-
slope converter. It employs an integrator

(an op amp with a capacitor in the feed-
back loop) as the input device to an op-
amp comparator. If we assume that the
analog input potential is 5 volts and that
the counter has just been reset, the out-
put of the circuit is at point 0 in Fig. 6B.

In this circuit, the decade counter has
1000 possible states. Electronic switch
S1 normally connects the input analog
voltage to the integrator, which starts to
charge the feedback capacitor in a linear
fashion until the decade counter has cy-
cled through its 1000 counts. At this in-
stant, the MSB changes froma9to a0,
causing S1 to change the integrator in-
put from the analog voltage being mea-
sured to a reference voltage, V. This is
time T1 in Fig. 6B.

The integrator now integrates the neg-
ative reference voltage until it reaches
0 volt. At this time, T2, the comparator
switches states and turns off the clock
via AND gate G1 to prevent any further
change in state in the decade counters.
The counter then remains at this particu-
lar count until the next reset pulse is
generated to start a new cycle. The total
conversion time is the sum of T1 and T2,
hence the reason for calling this system
“dual slope.”

The analog input voltage is Vi, =
(N/1000)Ve, where N is the display
count. If N were 185 and Vg were 10
volts, Vi, = (185/1000) x 10 = 1.85
volts.

The great advantage of dual-slope
conversion is its simplicity. Needless to
say, dual-slope conversion is very popu-
lar in the design of many types of digital
multimeters.

The A/D converters discussed so far
must be clocked through their states,
which could possibly be 2N states,
where N is the number of bits. If a count-
er like that shown in Fig. 5 used 10 bits,
the total number of states would be 210,
or 1024. If the clock pulses occurred ev-
ery 1 ps, the maximum conversion time
would be 210 x 1 us, or approximately 1
ms. While 1 ms does not appear to be a
very long time, in some applications it
could prove excessive.

One method of reducing the conver-
sion time is to use a circuit called a
“successive approximation counter,"
the logic for which is shown in Fig. 7.
This system has a conversion time
equal to the clock-pulse time times the
number of bits. Using the example
above, the conversion time for this cir-
cuit would be 10 x 1 ps = 10 ps. Com-
paring this to 1 ms, you can see that the
successive approximation counter’s
conversion time is considerably shorter
than for other types of A/D converters.
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Flig. 7. Successive
approximation converter
uses bit-comparison
technique and is

faster than ladder.

Fig. 8. Simultaneous
A/D converteris fast
but requires several
comparators

and resistors.

In the Fig. 7 circuit, the analog voltage
at the input is transformed by the D/A
converter by comparing the input volt-
age to the voltage generated by the bi-
nary ladder at a rate of one bit at a time.
The MSB is compared first, followed by
each successively lower significant bit,
until the LSB is compared. As an exam-
ple, assume that a four-bit successive
approximation counter is used. The four
flip-flops (8,4,2,1) would be turned on
and off, starting with the MSB and end-
ing with the LSB. Now, let us assume a
5-volt analog input. The MSB is turned
on, which causes the output of the lad-
der to be 8 volts. Because 8 volts is
greater than 5 volts, this flip-flop turns
off. This starts the cycle.

The cycle continues with the next sig-
nificant bit's flip-flop being turned on.
Since this flip-flop generates a 4-volt
output, which is less than 5 volts, this
flip-flop remains on. The next lower bit,
2, is turned on, causing the output of the
ladder to be 6 volts (4 volts + 2 volts).
Because 6 volts is greater than 5 volts,
the 2 flip-flop is turned off. Finally, the
LSB flip-flop, 1, turns on, making the lad-
der output 5 volts (4 volts + 1 volt).
Since the 5-volt output of the ladder is
the same as the 5-volt input to the sys-
tem, this last bit is left on. The output
states of the four flip-flops are 0101,
which represents 5 volts. Note here that
the converter used a comparison of only
four bits to convert the input voltage.

The circuitry for the successive
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approximation counter is more complex
than for other types of A/D converters.

Simultaneous A/D conversion, shown
in Fig. 8, falls into the “big-bang” school
because everything happens simultane-
ously. Note that this circuit uses a num-
ber of op-amp comparators with one in-
put of each comparator tied to decreas-
ing dc voltages on a resistor network.
The upper comparator here is refer-
enced to 9 volts and the resistors are se-
lected so that each comparator going
down the line is referenced 1 volt lower.
The outputs of all comparators are fed to
a decoder that drives a 0-to-9 display.

If the analog input is 5 volts, compara-
tors 1 through 5 would have a positive
output, while the other comparators
would have a 0 (or negative) output. The
decoder converts this combination of 1's
and 0's as required to display on the
readout a numeral 5.

The disadvantage of using simultane-
ous A/D conversion is the large number
of comparators and the associated re-
sister network and decoder required.

In Conclusion. In this article, we have
discussed a number of methods com-
monly used to interface the analog and
digital worlds of electronics. Needless to
say, we have only scratched the surface
of A/D and D/A conversion techniques.
However, the circuits and systems we
have discussed should give you a basic
understanding of how A/D and D/A con-
verters in general work. el
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