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Order your Applell now.

Use this order form to get your Apple II fast. As a special offer for
those who order now, we will include free a custom vinyl carrying case
(a $50 value). And we will also pay shipping charges to anywhere in the
continental United States.

Apple II Price List.

RAM Apple II Calif. Residents Applell ~ Calif. Residents
Complement System Add . Board-only Add
4K $1,298.00 $ 84.37 g 50800 . | B3sEE
8K 1,398.00 90.87 698.00 . 4537 1
12K 1,498.00 97.37 70800 = 5187
16K 1,698.00 110.37 ooy
20K 1,778.00 115.57 1,078.00

24K 1,878.00 122.07 s

32K 2,158.00 140.27 145800 @

36K 2,258.00 146.77 ~1,558.00

48K 2,638.00 171.47 . 1,938.00

Memory is offered at a 20 % savings when ordered with the system—or board—as reflected in the prices above.

Additional RAM can be easily added-in at a later date as your needs develop.
One set 4K chips (4K bytes) $125
One set 16K chips (16K bytes) $600

Prices and specifications subject to change without notice.

applec computer Inc.

20863 Stevens Creek Blvd., B3-C
Cupertino, California 95014
(408) 996-1010

ST G N S B D W A a0 [ el T e ) DT T I
Order Form

O Please send me an Apple II System O Cashier’s check or money order enclosed.
O Board Only (Please allow 2 additional weeks for personal checks.)
with K bytes of RAM (4K minimum) at §_____________ Please charge to my
California Residents add 6.5% tax O BankAmericard
Total $ 0 VISA
Name OO0 Master Charge
Afidress Card Number
City e
State Zip Expiration Date

Bhige Signature
Shipping Address (if different)

Mail to: Apple Computer Inc., 20863 Stevens Creek
Blvd., B3-C, Cupertino, California 95014

Circle 272 on inquiry card.




Douglas R Kraul
4373 Ashwoody Trl
Atlanta GA 30319

Designing Multichannel

Analog interfaces to and from the per-
sonal computer system can present a diffi-
cult dilemma to the small systems user: The
analog interface usually is a very expensive
proposition, especially if more than one
input and one output are needed. Schemes
like that suggested by Roger Frank /page 70
of the May 1976 issue of BYTE], can
greatly reduce hardware complexity, anhd
thus cost, since much of the interface
burden is left to the software of the com-
puting system. Direct extension of this
principle to the case of multiple input
voltages and multiple output voltages can,
however, result in a hardware cost that at
the least rises linearly with the number of
needed outputs and inputs. One alternative
scheme requires an additional bit of input to
the computer and one additional voltage

DIGITAL
TO ANALOG
CONVERTER
ANALOG
MULTIPLEXER o
"
PORT
e, TR (2 OUTPUT | oac A
6 [ >—6
5 [>———5
ANgige ) 14 VOLTAGE
INPUTS - : 3 COMPARATOR
: = INPUT
2 [>——2 ourtput + 10
PORT
[} D—_ ] B
INPUT
o[> ,  SELECT OUTPUT
.

Figure 1: Block diagram symbolizing the hardware that is needed for a
multiplexed analog to digital converter for eight inputs. The three outputs
from 10 port B select the analog channel. The output from the multiplexer is
fed to the negative side of a voltage comparator. An analog output from a
digital to analog converter is fed to the positive side of the comparator. When
the analog value from the converter is greater than the value being tested, the
voltage comparator will output a 1. Using successive approximations the

input voltage can be determined.
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comparator for each additional analog to
digital input up to a total of 8. On the
output side each additional voltage output
leads to an additional 8 bit output port and an
additional 8 bit digital to analog converter.
This results in a situation where a many
input, many output analog interface requires
an inordinate amount of hardware, which
means money to the user. (We should not
kid ourselves by saying that large numbers of
analog channels are rarely needed. Many
worthy applications, like control of analog
music synthesis, automated test facilities or
control of robots would easily push the
number of channels needed beyond the
point of no return for the previously sug-
gested schemes of interface.) Thus one must
turn to a modified philosophy of interface
design in order to meet the necessary goal of
a less expensive analog interface.

Fortunately digital techniques provide us
with a method of solution to the problem:
time multiplexing. Time multiplexing is
simply the process by which one device can
be made to function as many logical devices.
To the user these virtual devices appear as if
they were full fledged dedicated devices.
Thus our objective is to find some technique
by which one analog to digital converter and
one digital to analog converter can be made
to function in many seemingly simultaneous
conversions.

Basics of Time Multiplexed Interfaces

The basic . principles are illustrated first
for the analog to digital case. Figure 1
illustrates the hardware that allows multi-
plexed analog to digital conversions. An
output port, A, from the computer is used
to provide the necessary eight bits to drive
the digital to analog converter (DAC). The
output of the digital to analog converter is
connected to the minus input of the voltage



Analog Interfaces

comparator. The output from the com-
parator provides an input to the computer
by way of the most significant bit of an
input port to the computer. This structure
thus far is identical to the scheme proposed
by Roger Frank. The difference is that the
positive input to the comparator is no longer
connected directly to the voltage to be
converted. Rather the comparator is con-
nected to the voltage to be converted by
way of an analog multiplexer.

The analog multiplexer here is performing
the needed function that allows one analog
to digital converter to deal with many
channels. A typical application might use an
8 to 1 multiplexer. Thus any one of the
eight voltage inputs might become the volt-
age to be converted if the multiplexer selects
it.

The selection is accomplished by a binary
code applied to the select input of the
multiplexer. In an 8 to 1 device the binary
code 011 would pick the input labeled 3.
The code which selects the input was set by
the computer through an output port. For
our 8 to 1 example three bits would be
needed, possibly originating from the lower
three bits of an 8 bit output port.

This change results in almost no change in
the software that would service the analog to
digital conversions. In fact, the only neces-
sary modification is to preload the channel
selection word, which chooses the voltage to
be converted in the proper output port.
Then the analog to digital conversion routine
can be called.

Time Multiplexed Digital to
Analog Conversion

Multiplexing of the analog to digital
conversion really only solves half of the
analog interface problem. The problem of
economically generating multiple analog out-

puts from the converter still remains. We can
apply the versatile analog multiplexer to
solve this problem as well. (However, there
are complications that can mask the simplic-
ity of the method.)

The basic hardware of the multiplexed
digital to analog converter output is shown
in block form in figure 2. Once again the
source of the digital to analog converter’s
word is an 8 bit output port from the
computer. The output is now connected to
multiplexed sample and hold circuits. Much
like the multiplexer used in the analog to
digital conversion system the multiplexed
sample and holds connect the output of the
digital to analog converter to the desired
analog output which is chosen by the select
inputs to the multiplexer. The difference
between the plain analog multiplexer and

SAMPLE
AND HOLD ANALOG
CIRCUITRY MULTIPLEXER

ANALOG
OUTPUTS

| | OUTPUT
SELECT
oc)—<]‘o
STROBE

DIGITAL
TO ANALOG
CONVERTER

8 G_Qﬁ < INPUT

10
PORT

|

Figure 2: Block diagram of the basic hardware needed for a multiplexed
digital to analog converter for eight channels of output. Three bits of output
from 10 port B select the channel that is to be used. When a strobe is enabled
the chosen channel is activated. Each analog channel has a sample and hold
circuit which must be updated periodically due to the leakage of the

capacitor.
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Figure 3: Functional schematic of a typical sample and hold circuit. The
input switch can be mechanical or electronic. In the case of a multiplexed
interface it is an analog switch.

the multiplexed sample and hold is memory.

The multiplexed sample and hold has the

ability to remember the voltage that was

applied to the desired output (for a while).

Before proceeding, some background

information on sample and hold circuits in

general will prove instructive. A functional

schematic of a sample and hold circuit is

shown in figure 3. The major components of

the sample and hold circuit are an electronic

input switch, a memory capacitor and a high

impedance buffer. The sample and hold
? circuit works as follows: The voltage to be

remembered is applied to the input. The

A:=NUMBER switch is closed, allowing the voltage to be
CHASEELS applied to the capacitor. The switch is then

opened and the input voltage can now be
! changed because the output of the sample
and hold now reflects the formally applied

SELECT s s < 5

CHANNEL & voltage. This discussion assumes ideal com-

SET OUTPU

VEOLTAGE g ponents. There are a number of error
l sources. The majority revolve around the

memory capacitor.
ENABLE The remembered voltage is stored as an
STROBE

electric charge in the memory capacitor.
I Because of this any variation of charge with
time, ie: current, causes an error in the
DISABLE remembered voltage. This explains the need
STROBE ‘ . : v
for a high input impedance in the buffer
] amplifier so that it doesn’t drain away too
much charge. A measure of a sample and
A:i=A-| hold circuit’s ability to retain the voltage to
within a certain percentage is its hold time.
Another problem associated with the
memory capacitor is acquisition time. This
arises from the fact that charge cannot be
delivered instantly to the capacitor. A finite
amount of time is needed to deliver enough
charge to change the capacitor to the new
voltage. Thus we have two design para-
meters: hold time and acquisition time.

RETURN

Figure 4: Flowchart of a The multiplexed design is not much
typical 10 driver for a different from the principles outlined above.
digital to analog system. The sample switch is merely replaced by our
This program is called peri- friend, the analog multiplexer. The output
odically to update the to be changed is selected, the strobe then
value that is being held by enabled (closing the switch) and after the
the sample and hold acquisition time, disabled (opening the
circuitry. switch). The select word and the strobe will
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possibly originate from the lower four bits,
for an 8 output system, of an output port
from the computer.

This type of interface does represent a
burden on the computer. The reason for this
burden is the very finite hold time of the
capacitor. No sample and hold circuit can
retain its value forever. The time can be
increased by using a larger capacitor, but a
limit is reached because a larger capacitor
leads to longer acquisition times. Thus, the
sample and hold device must be updated
periodically if the outputs are to remain
accurate. This situation is not unlike that of
dynamic memories which are effectively two
state sample and hold circuits.

Use of the Multiplexed Digital
to Analog System

Obviously this type of interface will
require much more computer intervention.
The software, though, is not difficult. A
possible 1O driver is flowcharted in figure 4.
For an 8 output system an 8 entry data file
is needed to hold the current output values.
Periodically (perhaps cued by the interrupt
system) with a period less than the hold time
a routine is executed to update the eight
outputs. The main loop of this routine
consists of the following: The value of the
output presently being updated is sent to the
digital to analog converter interface. The
output is then selected and strobed. This
action then repeats until all eight outputs
have been updated.

What Time Multiplexing Buys You

For the small systems user minimizing
hardware is essential. The potential saving of
a time multiplexed analog interface is high.
The reason for this in general is the reduced
hardware. Another not so apparent reason is
the ease of expansion.

The most obvious hardware savings
occurs in the digital to analog converter.
This is because eight channels can be had for
the cost of one converter, one 8 to 1 analog
multiplexer, eight memory capacitors, eight
output buffers, and two output ports. This is
contrasted to the eight converters, and the
eight output ports from the computer
needed by the conventional brute force
approach. On the input side the gain is not
as obvious. Here we have replaced eight
comparators with one comparator and a
multiplexer. Both cases require an output
port, an input port and a digital to analog
converter. A check of prices reveals, though,
that eight comparators cost more than one
multiplexer.

The clincher is when one considers up-
dating the system to more than eight chan-



nels. The output channel needs only to
increase the number of sample and hold
devices which is cheaper by factors of eight.
The brute force scheme required one more
converter and one more output port per
additional channel. Table 1 compares the
number of components needed for a con-
ventional and a multiplexed system based on
16 channels.

The multiplexed analog to digital con-
version process has an even more spectacular
success. In the dedicated hardware approach
each channel requires one comparator and
one bit of input to the computer. The
increment for the multiplexed approach is
only one multiplexer per eight additions,
and one bit of output. Table 2 compares the
needed components, based on 16 channels.
Thus overall we see that the multiplexed
approach offers a multitude of hardware
savings.

What Time Multiplexing Costs You

This design technique is typical of many
that trade hardware for software. Obviously
since we have taken so much out of the
hardware, the software and computer effi-
ciency will degrade. It is perhaps a truism
that if the interface is designed intelligently
these problems can be minimized.

The analog to digital interface suffers the
least. The main problem here is the amount
of time spent doing the conversion routine.
If fast changing inputs or a multitude of
moderate inputs are to be converted then
the computer is severely loaded. However,
many applications only require moderate
conversion rates. Foremost of these are
interfaces to human operators. Maximum
conversion rate needed here is around
100 Hz. Typically, this is around 0.001 Hz
to 0.1 Hz. Examples of this are the propor-
tional controls in games and operator set
parameters. Control signals in electronic
music also fall in these categories. Thus this
type of interface can work well in many

GLOSSARY

Acquisition Time: The time required for a sample
and hold circuit to change from its previous value
to its new value within a prescribed tolerance.

Analog Multiplexer: A solid state device that
allows a multitude of connections to be accessed
by a common line. The action is like an N position
switch.

Comparator: An analog device whose output is
logical 1 if the plus input is greater than the minus
input and logical O if the situation is reversed.

Digital to Analog Converter (DAC): A device
whose output analog signal (current typically) is
proportional to a digital word at its input.

Component Dedicated Multiplexed
Digital to analog
converter 16 1
10 ports 16+16 bits 2
8 to 1 multiplexer 0 2

Table 1: Comparison of the amount of
hardware that Jjs needed for the direct
method of digital to analog converter versus
the multiplexed method of interfacing. The
table is constructed for an interface con-
sisting of 16 channels.

Component Dedicated Multiplexed
Digital to analog
converter 1 1
10 ports 3 2
Voltage comparators 16 1
8 to 1 multiplexers 0 2

Table 2: Comparison of the amount of
hardware needed for direct methods of
analog to digital interfacing versus the multi-
plexed method of interfacing. The table is
constructed for an interface consisting of
16 channels.

typical applications if the rates and the
numbers are not excessive.

The digital to analog interface suffers
from a similar situation. Here the main
problems are extremely slow changing out-
puts or large numbers of fast outputs. Here
again an analysis of likely applications re-
veals that a great number of output signals
reside in the frequency spectrum between
1 Hz and 100 Hz. Sample and hold circuitry
can be economically designed with hold
times in the excess of one second. Also the
whole refresh process can be made transpar-
ent to the main program if it is done under
interrupt control by causing the update
routine to be executed at the rate of the
fastest output in response to the request of a
programmable timer. As with the analog to

High Input Impedance Buffer: A device whose
input draws little current from any other devices
connected to it. It is important in a sample and
hold circuit since currents cause the voltage held in
the memory capacitor to discharge.

Hold Time: Amount of time that passes before the
output from a sample and hold circuit changes
from the originally held value by a prescribed
tolerance.

Sample and Hold: Analog memory device which
stores a voltage as electrical charge in a capacitor.

Time Multiplexing: Process of combining several
measurements for transmission over one signal
path. In our case, this signal path is the 10 port
structure of a processor.
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Figure 5: Schematic of the multiplexed analog to digital and digital to analog
interface. The parts were mostly chosen for speed and cost considerations.
The integrated circuits are mostly CMOS. All resistances are measured in
ohms and all resistors are 1/4 W. Be sure to bypass each power pin with a
0.01 uF capacitor to help eliminate any stray spikes originating from power

surges.

digital cases this type of interface works well
with a moderate number of medium speed
outputs or a multitude of low speed outputs.
Note that outputs which can be changed at a
rate up to that of the acquisition time (if
only one channel is used) can be had by
using fewer channels in the output program
loop. Outputs that meet these requirements
are some automatic testing signals, mechani-
cal devices and control signals for electronic
music.
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A Complete Design Example

To illustrate these principles in more
concrete terms a complete interface is des-
cribed in figure 5. The 8 channel interface
represents hardware well within the realm of
most small systems users. It is optimized for
signals from 0.1 Hz to around 100 Hgz,
though lower and higher rates are possible at
the expense of efficiency. This type of
interface is wuseful in interactive games,
testing of equipment and electronic music.
Parts used are neither exotic nor expensive.

Figure 5 contains the complete circuit.
The following comments on component
selection are in order. The digital to analog
converter was chosen for cost reasons.
However, almost any state of the art current
output converter can be used. Note that a



multiplying converter can provide for scaling
of the output by a voltage, possibly from
another interface. The LM318 operational
amplifier was chosen to be the current to
voltage converter to minimize response time
of the DAC. As such, only an operational
amplifier of similar speed should be sub-
stituted unless you can tolerate slower
response. Also care must be taken to isolate
the amplifier from stray signals, or it could
become unstable and oscillate. The multi-
plexer chosen for both converters is one of
the CMOS variety. In order to meet the
specifications on this device and give an easy
design, the voltages of this system are re-
stricted to =5 V. This allows for adequate
range for most 8 bit applications. 10 V full
scale means one bit is 39.1 mV. This can be
scaled down if needed.

The sample and hold capacitor was
chosen to satisfy the acquisition and hold
time requirements. Changing its value can
tailor the system to individual needs. Always
use polystyrene capacitors since their char-
acteristics are essential to a good interface. |
used the new CMOS operational amplifiers
for the buffers because of their high imped-
ance and low cost. Notice that they operate
on the same power supplies as the analog
switches.

The comparator was chosen for its low
cost and speed. Similar devices could be
substituted. The necessary power supplies
are £15V and *5V. The £15V could be
reduced to £12 V if convenient.

The software for such an interface is not
difficult. Roger Frank’s article and figure 4
contain the basics. A complete routine
written for an MOS Technology 6502 based
system is shown in listing 1.

Summary

A multichannel analog interface can be
designed with a minimum of hardware if a

Listing 1: Typical program written for a 6502 based system to update eight
digital to analog conversion channels. The program sequentially addresses
each channel, outputs the desired voltage to be held, disables the channel, and
steps to the next channel. This is done once for each time that the program is
called. This program could be set up as an interrupt handler which responds
to a clock strobing an interrupt line.

Label Op Operand Commentary

UPDATE LDX #07 initialize pointer;

LOOP LDA ,zpa, X BUF get next byte for output;
STA DAC output byte;
TXA accumulator:=pointer;
STA CONT select channel and enable sample and hold;
ORA 04 turn sample and hold strobe off;
STA CONT turn selected sample and hold off;
DEX pointer:=pointer—1;
BPL LOOP if pointer >=0 then go to LOOP;
RTS else return from subroutine;

Data Definitions

BUF: A string of output bytes
DAC: Address of DAC output port
CONT: Address of control port

few software vs hardware trade offs are
made. Though the multiplexed approach
does impose some software burdens, for
most applications the variation of the
outputs and inputs is slow enough to make
this type of interface transparent under the
interrupt system. This type of interface
should make many real world applications
possible to the limited budgets of most
experimenters.m
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COMPUTER MUSIC WIiTH OR WIiTHOUT

EQUALLY TEMPERED DIGITAL TO ANALOG CONVERTER

Based on a multiplying principle, the 8780 generates the
exact exponential stair-step function required to make
the simplest linear response oscillators and filters
produce equally tempered musical intervals, 6 bits of 0CE
data generate over 5 octaves control voltage, Compatible ~capabilities and control
with PATA synthesizer modules, easily interfaced to any

processor with or without hand-shaking logic.

#8780 D/A CONVERTERKIT., $34. 95 (+$1 postage)

THE PAIAHIGH LEVEL LANGUAGE FOR COMPUTER
MUSIC DATA ENTRY (We call it a keyboard)

Annkey rollover scanning matrix encoder tied to
a 37 note AGO keyhoard provides 6 bits of date and
both STROBE and STROBE control outputs. Input

control lines to the encoder include SCAN (starts &

stops the encoder clock), RESET, START & RANDOM

making the keyboard universally applicable to all

computer/processors from the largesttothe smallest.
#8782 ENCODED KEYBOARD. . $109. 95 (+ freight 20 1bs)

-=I~ _THE COMPUTER

WITH A COMPUTER ¢ 3 WITHOUT A COMPUTER
Both the 8780 D/A and E o An infinite hold, DIGITAL
the 8782 Encoded Key- Sample & Hold and the heart
board easily interface to = of an entire system of mod-
any processor providing 6’ ;lieei t?}i ﬁielitbgeh“‘/tﬁgr?&zd

including: Memories,
Polytonic output modules
. and others,

never before possible w@th

DETAILS
ON THESE & MORE
IN OUR FREE CATALOG

@

ELECTRONICS, INC.
DEPT. 6-B 1020 WEST WILSHIRE BLVD.

OKLAHOMA CITY, OK 73116

23 Circle 265 on inquiry card.
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