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Choosing A System
Most of us are not faced with the decision of choosing a
system for real world applications when we first start
working in this field because we just drift into using

- whatever equipment is available to us. Eventually we need a
. different (or an additional) system, or someone asks our

advice on setting up a system. At this time we have to
either determine what equipment is best suited for this
application, or take the easy way out and just duplicate
what we are currently using.

It is human nature to remain loyal to a product with
which we are familiar and which has given us good service
in other applications, but a computer system that is great
for word processing or spread sheets may not be a good
choice for measurement and control. Of course, the opposite
is also true, a system which is good for measurement and
control may be useless for general office work.

The first step in selecting a computer for any application
is to decide what functions the system will have to perform,
and how much money is available (it is never enough). Then
comes the challenge of locating equipment that will meet the
functional requirements without exceeding the funds
available for the project. For most of us, the cost is a
primary consideration when choosing a system.

We have recently acquired an additional system to

g supplement the Apple II. We have been using the Apple for

word processing, maintaining the mailing list database, and
running the phototypesetter. The first decision was whether
the second system should be another Apple or an entirely
different system. Some of the things we considered were: 1)
Languages available, 2) Utility programs available, 3)
Ability to add wide range of Input/output ports, 4) Disk
storage, 5) Capability of future expansion, and 6) System

" cost.

Languages— The Apple comes with Basic and there are
several good assemblers available, but we were not happy
with the implementation of some of the other languages, and
were not sure about the availability of Cbasic or C. These
languages plus most others commonly used on micros are
widely available for CP/M and there is usually a choice of
different features from various vendors.

Utility Programs—The two systems with the widest
variety of utility programs are the Apple and CP/M. We
were not interested in fancy word processors, spreadsheets,
data bases, graphics, mice, integrated programs, windows,
or any of the other current fads; but rather a powerful ‘open’
operating system, assemblers, compilers, stepper motor
controllers, linear optimization, computer aided drafting,
A/D and D/A, circuit design, etc.

1/O Ports— While it is possible to add I/0 to even the
simplest micros such as the Sinclair, many of the current
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micros are really not intended to interface to anything other
than a printer. Multiple ports are desirable when interfacing
the numerous motors and sensors in a robotic device or in
N/C machining, and we felt that the two systems with the
most flexible I/O capability are the Apple and the S-100
system operating under CP/M.

Disk Storage— We wanted to be able to use double sided
double density eight inch disks with a capacity of 1.2
megabytes on a removable media, be able to read and write
various 5% inch disk formats for exchanging data with
others, and the ability to add a hard disk in the future. The
$-100 system is the only one we located which can do this
easily with off-the-shelf components.

Capability of future expansion—The Apple shows
continued growth in our area of interest, but some of the
enhancements (such as an 80 column card) are expensive and
do not always work with all software. We would like to
upgrade to a 16 bit system, and while 16 bit cards are
available for the Apple we feel that as long as we are
getting another system it would be better to start with
something else rather than to buy an Apple with the
intention of upgrading it to 16 bits. The IBM PC is
interesting, but we do not agree with their choice of CPU
and most of the software is business oriented rather than
control oriented. The S-100 system is very flexible for
development or evaluation work as cards with Z-80, 8086,
68000, and other CPU’s are available. There are also 8087
math processor cards, graphics cards, multi-user and
multiprocessor systems and much more available for the S-

100 system. continued on page 15
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OPTOELECTRONICS, Part Two

by Roger Johnson

Previously we discussed how light is generated,
detected, and quantified. Some circuitry using LEDs and
LCDs were shown as well as techniques needed to drive the
particular display. Now let’s take a look at how
optoelectronics detects and uses light in a practical way.

The four most common detectors of light are the cadmium
sulphide (CdS) cell, the solar cell, the photodiode, and the
phototransistor. All of these devices are wavelength
selective depending on the manufacturing materials and
methods used in their fabrication.

The CdS cell is a two lead device whose resistance
changes with incident light intensity. Bright light gives a
few hundred ohms and darkness represents a few megohms.
Figure 1 shows some applications using the CdS cell. Its
main disadvantages in opto work are its low sensitivity, non-
linear output, and slow response time. It is also very
temperature sensitive.

Figure 2 shows the schematic symbol for a solar cell, a
battery symbol with the Greek letter “lambda” indicating
light input. These are used mainly in providing electricity
from sunlight. There are two figures of merit for solar cells:
conversion efficiency and cost per watt. Today the best
conversion efficiencies are about 10%. That compares to
about 20% for the internal combustion engine. In
commercial quantities the cost is about $10 per watt, a very
high figure.

Figure 2 also shows a solar powered battery back-up and
trickle charger circuit. When the voltage from the cells
drops below about 9.7 volts, then D1 becomes reverse biased
and the battery takes over by conduction through now
forward biased D2. With sunlight on the cells, the battery is
trickle charged constantly through the 100 ohm resistor.
These cells will produce 0.2 amps of current at a regulated

output voltage of 5 volts at a cost of $50 per watt. This
compares to about $2 per watt cost of a normal line operated -
power supply. However, when the cost warrants it, solar is a
good choice.

Figure 3 shows the phototransistor. Light striking the
base region creates electron-hole pairs which causes and
controls the collector current. Some devices have a separate
base lead for establishing a quiescent base current.
Phototransistors produce more current than photodiodes
but at the expense of speed. Typical values are a few
milliamps of collector current for incident power levels of a
half milliwatt or so. Rise and fall times are about 10
microseconds.

In both phototransistors and photodiodes, a current flows
in the absence of any light. This is called dark or leakage
current and will always set the ultimate detectivity of a
system. This current is the result of random, thermal
collisions of electrons with bulk silicon in the base or
depletion region. Practically, you'll always want to design
your optoelectronics to be detector noise limited as opposed
to amplifier noise limited. More on this later.

As Figure 3 shows, all that is needed for a phototransistor
to operate is a collector resistor. Be sure not to exceed the
Vce rating for your phototransistor. Typical collector-to-
emitter “never exceed” voltages are around 30 volts. Let's
say that a 1 med LED produces 0.2 ma of collector current
when it is 2.5 em (1 inch) away. The collector resistor should
be:

R (5-04)0.2ma 23K

What if we wanted to drive a TTL gate with this? We can't,
since a TTL input requires 1.6 ma of sinking current at 0.4
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volts minimum input voltage. By adding a cheap 2N2222
transistor we can do it. See how the equations in Figure 38
are used to determine the component values.

Many manufacturers make a photoswitch which is nothing
more than an LED and phototransistor housed in a case. A
slot between the
a two allows a flag
schematic symod 1o yin . to pass through
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flag via time spent
in the slot com-
bined with length

piece of paper or
metal, and most
commonly, an optical limit switch. If you want, you can easily
make your own photoswitch by soldering an LED and photo-
transistor to a DIP (dual inline package) component header.
If the flag moves slowly through the slot, a possibility
exists of multiple transitions on the output caused by the
flag being in the active region of the transistor. A common
solution is the use of Schmitt trigger gates such as the 7414s
and 74LS14s or the use of a comparator with hysteresis.
These are shown in Figures 4a and 4b. The circuit in 4b is
more adjustable because it allows for independent variation
of the trip point and the amount of hysteresis. This is useful
in electrically and mechanically noisy environments. Figure
4c shows two photoswitches arranged to have a flag fly
between them. The flag is longer than the distance between
the photoswitches. By letting the two signals drive a D-flop
it is easy to determine the direction of movement of the flag.
By monitoring one of the signals, you can note when the
flag moves through, how long it took and what direction
it moved. A novel application would be to arrange two CdS
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cells about 6 inches apart. These would be the two inputs
to a circuit which could be placed at a store entrance
to see what the flow of people in and out of the building
is like.
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Figure 3: The Phototransistor

Figure 5 shows this circuit taken a bit further. Here, an
optical encoder sits in the gap of the photoswitches
providing a continuous measurement of shaft velocity and
rotation direction. This type of encoder is called the
incremental type as opposed to the absolute type. An
absolute encoder has a unique digital code for every angle
increment. An incremental encoder only has two channels or
tracks, but with the use of counting eircuitry it is easy to
know where we are. An absolute encoder is only used where
it is crucial to know the position of the shaft after power-up
following the interruption of power. Optical encoders are
used in robotics for joint angle, wheel velocity and position
feedback. The problem with the circuit is vibration of the
encoder disc, a common problem with anything mechanical.
This translates into wildly oscillatory electrical noise at the
output of the encoder’s photoswitches. The CLOCK input is
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Figure 5: Circuit showing a dual-track optical encoder which drives
an up/down counter and display. Although simpie, it only produces
puises at the basic encoder resolution. and it sutfers from edge
transition probiems (jitter) of the encoder disc.

also the input to the counter, and the counter would
continue to register counts even though the encoder were
stopped (because of mechanical vibration, the counter
continues to accumulate counts).

Figure 6 shows the solution to the problem in the form of
an electronic protractor. The solution is to high speed
sample the two encoder outputs and also take a look at the
last two samples. The latch, wired as a two channel, 2 bit
shift register, accomplishes this nicely. A PROM coded
appropiately makes the rest easy. We now have four
outputs, the current and the previously sampled A and B
signals from the encoder. These 16 combinations result in
four forward, four reverse, four no change and four illegal
states. The illegal states occur if the encoder is turning so
fast that a state is skipped over.

To make a protractor, though, we need a few other inputs
to the PROM. We also have to know if the counter is at zero
and if the minus sign is off or on. Example: If CW rotation is
to be an increasing angle as shown on the display, and if we
are at minus 3 and rotating CW, then the counter must be

forced to count down in absolute value until zero is reached,
at which time the PROM turns off the minus sign and
signals the counter to start counting up. The circuit actually
multiplies the resolution of the encoder by producing up and
down pulses for every state. You can halve or quarter the
resolution by counting only every other state or evefy
fourth state respectively.

Encoders are expensive. The one used here has 900 counts
per turn and hence the circuitry allows for 0.1 degree
resolution. It costs about $100, but do not fear. Manufacturers
are producing modular or kit encoders for around $25 t0$50.
They don't have the resolution that their expensive counter-
parts do, but they fit a lot of application areas. Table 1 gives
a partial list of modular encoder suppliers.

Two interesting applications that the author has used for
the protractor are shown in Figure 7. The shop protractor
finds use in sheet metal and drafting work. The electronic
level is used in (of all places} race car wheel alignment. It is
important to measure the caster and camber of the car’s
tires quickly. Conventional measuring techniques used
plumb wires and rulers. With the electronic level, all one
has to do is power-up the system when the bubble vial
attached to the case indicates level. When the unit is turned
on, all subsequent measurements are referenced from
gravity through the use of the pendulum. Figure 8 is a photo
of the protractor with the encoder exposed.

Photodiodes are similar to phototransistors except they
are a pn junction device. They are less sensitive but
hundreds of times faster than phototransistors. Normal
sensitivities (or responsivity as it is sometimes called) range
from about 0.05 to 0.7 amps per watt of input optical power.

A photodiode is modeled as a current source, a shunt
resistance and a shunt capacitance. When no voltage is
applied across the pn junction in Figure 9, the depletion
region is narrow. Reverse bias voltage widens the depletion
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Manutacturer Encoder Name region until it reach-
es the back n+
contact (at high re-
verse bias). The diode
is now said to be
operating in the fully

depleted mode. Only

a priori JNIDISC
21318 125th SE

Kent. WA 98031

206-630-2144

Hewlett-Packard HEDS-500 and

3000G Hanover St. HEDS-1000 . .

Paio Alto. CA 94394 th.e depletion region

415-857-8000 will support an elec-
trical field.

U.S. Digitai SOFTPOT When light strikes

5405 Garden Grove Bivd.
Westminster, CA 92683
174-895-4556

the diode, electron-
hole pairs accumulate
in the n and p re-
DYNAPOT gions respectively,
causing a potential
difference. If the
light is strong e-
Litton Encoder Division MODELS 715 nough to overcome

20745 Nordhott Street and 81 the self-generated
Chatsworth. CA 91311 electrical field, re-

213-341-6161 combination of the
charge carriers oc-
curs at a rate great enough to cause current to flow.
Figures 10a, b, and ¢ show the three ways a PIN (Positive-
Intrinsic-Negative) photodiode can be used. All modes have
their advantages and disadvantages. Figure 10d shows the
current versus voltage curves for a photodiode at different
levels of illumination. The load lines represent the
volt/ampere characteristics of a load connected to the diode
in the manner shown.
eLoad line a, photovoltaic mode. The load resistor is
greater than the shunt resistance of the diode. Because
R, varies widely in production batch processing, this is a
poor way to design a circuit that would depend on this
parameter. Its logarithmic response may be useful in
photographic applications.
eLoad line b, photoamperic mode. Here the diode is still
at zero bias, but now the current flows mostly in R, ,, an
element we control. Output is linear and low noise. Response
is slow due to the high capacitance of the depleted region.
Remember, as the reverse bias voltage increases, the width
of the depleted region increases and its capacitance
decreases. This brings us to:

Sensor Technology
21012 Lassen Street
Chatsworth. CA 81311
213-882-4100

Table 1

_ eLoad line ¢, photoconductive mode. Here the diode is
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Figure 7: Digita! Protractor.
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reverse biased and
the junction capaci-
tance is very small.
Thus higher fre-
quency operation is
possible. But leakage
current  increases
roughly as the square
root of the bias volt-
age. Consult the
maufacturer’s data
sheet for detailed
information. This is
the way most photo-
diodes are operated.
Figure 10 shows
typical circuit top-
ologies.

Now we have all
the tools needed to
design a complete
optoelectrical system.
We can calculate or
measure the power from a source. We can find out what the
power is at the surface of a detector located away from the
source. But there is one final point that has to be discussed.
It is the demon of most optoelectronic systems — noise. Since
there are many ways for a signal to get corrupted as it travels
from source to detector, it is perhaps the most important
concept to understand. For if we know how much calculated
noise there is going to be, we can plan ahead for the rest of
the unanticipated sources of noise by cranking up the gain
there, filtering here and aiming over there. The good news
is that there are only two major sources of noise with which
we have to be concerned: Shot noise and thermal noise.

oML FROTRACTOR

Figure 8: Digital protractor.

Shot Noise
Shot noise is that noise associated with the discreteness
of the electron. At low current levels this becomes more and

-
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Figure 9: The PIN photodiode PIN stands for Postive-Intrinsic-Negative.
PIN photodiodes are fast (switching times on the order of nano-
seconds), have a responsivity of about 0.3 microamps/microwatt
and can be operated three ways as described in the text.
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more noticeable as “hash” or white noise on an oscilloscope.
When a solid state pn junction is reverse biased there is
leakage current flowing. It is small, but contributes to Shot
noise according to an equation derived from solid state
physics.

Ieakage, currem inampes

Toyr=v2qi,B q %\%ﬁ\%m‘ Mge’ bs)

B= bondw: d*h mc 5\{5+em

As an example, what Shot noise current exists for a
photodiode with 10 na of leakage current operating over a
10 KHz bandwidth?

Toror= V206107000 = 56x10 *amps
=5.6 PA(P\coo.mps)

Most of the time you will see the noise given as amps per
root Hertz. It is up to you to calculate the noise by including
the bandwidth of your application.

Thermal Noise

There is voltage across a resistor just sitting on a table!
This is due to the random thermal vibrations of the
electrons in the resistor material. It is the electrical
equivalent of the Brownian motion of molecules in a liquid or
gas. As an analogy, a glass of water may appear to be quiet
and still, but a close microscopic examination would reveal
lots of active and vibrating water molecules. There is no
useful flow of water in the glass, just as there is no useful
voltage across the resistor. The thermal noise, or Johnson
noise as it is sometimes called, is random in nature. This
noise figure is also derived from equations in physics.

k = Boltzmans constant
( 123 ¢ 1072%)
Fempernure in Kelvin
(K = Centr e+ 273)
R= resistance€ in ohms
3= bondwidth in Hertz

Vinerma= VI KTR

For photodiodes, noise at low reverse bias is
predominantly thermal and at high bias it is mostly Shot.
However, amplifier noise can completely swamp out these
two noise sources, so be sure to check the noise figures of
the particular op amp that is used.

These two noise figures are uncorrelated and random.
One does not affect the value of the other. Because of this,
their values do not add algebraically, but according to:

N; 2 +o+0\ noise
N, = NZE N NS NNy = the ndividual

‘ no\se “‘erms in
eidher volts or amps.

Another way to talk about these noise terms is that they
are “white noise " sources. This means that they have equal
amplitude throughout the frequency spectrum.

Hardware Design and Noise Calculations
for an
IR Transmitter and Receiver
We will now go completely through a design problem
which consists of an IR transmitter and receiver for remote
controlled applications, What will not be covered are the
communication protocols used. It is up to you to design for
ASCII, binary, or any other format you might want. Also,
we will not concern ourselves here with sophisticated
detection methods such as phase locked loops(PLL) or fourth







