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Director of Advanced Development

Itek Encoder
Division of Litton Industries

27 Christina Street, Newton, Massachusetts 02161

ABSTRACT

A family of absolute optical shaft encoders has been configured which is based upon an
electro-optical multiplexing architecture. When interfaced to a microprocessor, the
resulting “smart” encoder can perform several allied data processing functions and can
replace many types of electro-mechanical components. Encoder architecture, interfacing,
and several allied signal processing examples are discussed.

INTRODUCTION

Improved electro optical (EO) components such as gallium arsenide light-emitting diodes
(LED) and high gain, low leakage detectors incorporated in the 1970’s, permitted
evolutionary performance improvement of optical shaft encoders. When combined with
inexpensive custom VLSI from the 1980’s, and microprocessors, revolutionary encoder
improvements are possible.

The Itek MicroSeries® encoder family achieves an unusually compact design by using a
unique electro-optical multiplexing architecture which combines complementary
characteristics of EO components, VLSI, and microprocessors.

Users are now provided with shaft encoders capable of greater resolution and accuracy in
smaller sizes, increased life and reliability, and highly integrated allied signal processing
functions (“smart” encoders). It is possible for a single encoder with an integrated
microprocessor to perform many functions and replace several traditional
electromechanical components.



This paper will discuss the encoder architecture, interfacing, and several applications.
Examples will show how the “smart” encoder can be used to replace synchros, resolvers,
potentiometers, limit switches, commutators, and other types of traditional electro
mechanical antenna data and servo devices.

BASIC ENCODER ARCHITECTURE

Before showing how a “smart” encoder works, a brief background introduction into basic
encoder operation is presented. A more thorough description may be found in References
1 through 3.

Optical encoders measure shaft rotation by detecting the light that passes through a
rotating code disc and a fixed slit or group of slits as shown in Figure 1.

An absolute encoder has several concentric tracks on the code disc (Figure 2) that provide
a parallel whole word readout of shaft angle without the necessity of counting pulses as in
an incremental encoder with index (two tracks). The code patterns on the absolute disc are
a form of storage. Readout is thus preserved after power interruption.

Encoder signal processing is divided into two basic sub systems; the fine track which
governs resolution and accuracy, and the cycle count, which determines the address of the
fine track at which the encoder is positioned. The digital words from the two subsystems
are linked in a synchronizing circuit to provide an unambiguous binary output. The fine
track signal processing will be discussed first.

It is characteristic of many high resolution small diameter encoders that resolution of the
encoder is higher than the resolution of the code disk through a process called fine track
multiplication or interpolation.

The finest track is read out to produce spatially generated, DC coupled, sine and cosine
waves of exceptional fidelity which are interpolated (angular subdivided) to produce up to
6 bits per cycle. The fine track circuits operate independently of the remaining coarser bit
encoder circuits and completely determine encoder accuracy.

The encoder uses a push-pull (balanced) readout system (Figure 3) which uses one
illuminator with a very wide beam pattern to floodlight four detectors. The absolute level
of the signal is not as important as the signal balance about the reference voltage and the
amplitude ratio between sine and cosine. Since the same illuminator covers all four
matched detectors at a given station, the readout remains balanced over wide extremes of
temperature, power supply voltage, and component aging.



The fine track readout signals are “born” as analog and are processed in interpolation
circuits to yield several bits of digital resolution. The priciple of interpolation can be
explained by examining the basic X4 multiplier (Figure 4) which utilizes only the sine and
cosine signals. Each state of the digitized X2 sine wave corresponds to the clear/opaque
patterns on the disk, and therefore, has a width of 180 cycle degrees. The cosine, which is
phased 90E to the sine, bisects each state so that the resulting X4 wave has four equal
width states per code cycle, each 90E long. By synthesizing vectors with 45E phasing from
the analog sine and cosine signals in operational amplifiers, the 90E states can be further
subdivided to produce an X8 multiplier as shown in Figure 5. By forming additional
synthesized vectors with appropriate amounts of phase shift, up to 64 equal states (X64)
can be obtained. Thus, a 2.3 inch (58.4 mm) encoder with a 2048 cycle disk (2 ) readily11

produces 17 bit resolution and accuracy with X64 (2 ) multiplication.6

The fine track code repeats itself N times per revolution (typically 1024 cycles in a 1.6
inch (40.6 mm) diameter encoder, and 2048 times in a 2.3 inch (58.4 mm) diameter
encoder). Additional code supplied by the coarser tracks is read to uniquely define the
address of the specific cycle in which the encoder is positioned, thus completing the code.

The natural binary code has locations where several bits transition at the same time; the
most pronounced location is where all bits change from 0 to 1 or vise versa. If these
transitions are not perfectly synchronized, a substantial error or ambiguity will result. The
worst case would be if the MSB transitioned out of step, resulting in a ±180E encoding
error. Perfect synchronization is optically and mechanically impossible to achieve, so two
principal techniques have been devised to resolve the ambiguity problem, V-Scan and
Gray code. The encoder family uses both types of code to form the cycle count subsystem;
details are explained in Reference 2. Briefly, V-Scan provides large stable signals, but
requires two detectors per bit (lead and lag), while Gray code requires only a single
detector, but provides small, potentially unstable signals when the code elements are small.
Advantage is taken of the best features of each code format by using natural-binary
V-Scan for the finer bits, where alignment is most critical, and Gray code for the coarser
bits, where alignment is less critical for the larger elements.

ELECTRO-OPTICAL MULTIPLEXING

As noted in Figure 2, absolute encoders have several tracks. While the digitizing circuits
for the coarse tracks are not as sophisticated as for the fine track, the fact that there are so
many can add considerable complexity to the encoder electronics.

Since there are 11 or 12 coarse tracks, in encoders prior to multiplexing, the circuitry for
the coarse tracks was far more extensive than for the fine track circuits. The MicroSeries®
family takes a radical departure from conventional design practices by using electro-optical



multiplexing to derive the cycle counting bits, and synchronizing the fine track and cycle
counting bits.

Electro-optical multiplexing techniques greatly reduce the amount of encoder circuitry.
Simplified multiplexing is made feasible by virtue of the fact that silicon photodetectors
have extremely small dark currents and are virtually perfect open circuits when they are
not illuminated.

Figure 6 shows the optical multiplexing diagram for the uS_/23 Family. The fine track
circuits are specialized in nature and operate independently from the coarse tracks. The
coarse tracks, which determine the absolute address of the fine track, are obtained from a
detecting array which is illuminated by four light emitting diodes. Four phases of timed
multiplexing are used. In the first phase, the LED above the left hand column is turned on
for approximately 25 microseconds. All of the photodetectors in the left hand column
(1 NB lead and lag, 2NB lead and lag) are illuminated and the outputs of these detectors
appear on the lines Channel 1 through Channel 4. These signals are routed to the internal
custom VLSI chip where they are digitized. At the end of Phase 1, LED 1 is turned off,
and LED 2 is now turned on (Phase 2) and the lines Channel 1 through Channel 4 now
produce information on the 3rd and 4th natural binary bits. At the conclusion of LED 2
operation, LED 3 and then 4 are turned on in timed sequence, producing bits Gray 1 to
Gray 4 and then Gray 5 to Gray 8. These bits are also all routed to the custom VLSI chip
where they are digitized.

BASIC INTERFACE

The encoder contains a custom VLSI mixed analog-digital chip which digitizes both the
fine track (to X64 multiplication) and the coarse track signals. The basic interface is a 7
wire signal set (3 input Enable signals and a 4 wire Data Output set). The custom chip
decodes the 3 wire Enable input code, turns on the proper LED, digitizes the detector
signals, and multiplexes them on to the 4 output data lines. Note that the 4 wire data
coming from the encoder is in “MicroSeries® Code Format” and must be converted to
binary code to be useful. The interface circuits must supply the 3 Enable signals, receive
and store the 4 Data signals generated in each phase, and then format the received code
into natural binary. Interfacing can be done with external logic, a custom Itek Decoder and
Control Chip, or a microprocessor.

Logic or the decoder chip will provide shaft data, but not the variety of features that can be
obtained when a microprocessor is used. Accordingly, only a “smart” interface using a
microprocessor will be discussed.



MICROPROCESSOR INTERFACE

A block diagram showing the interface of the encoder with a microprocessor is shown in
Figure 7. The optics section of the encoder contains the code disc and reading stations, the
LED’s and LED drivers, and the photodetectors. The electronics in the encoder contains
the custom VLSI multiplier chip for interpolating and digitizing the fine track and all cycle
counting bits.

The microprocessor must generate the Enable sequence shown in Table 1 with the timing
given in Figure 8. The Enable signals are decoded by the VLSI encoder electronics to
pulse the LED’s. Enable state 0 disables the outputs, thereby allowing other use of the four
data lines by the microprocessor for multiplexing multiple axis encoders. Enable states 2
and 3 are auxiliary phases used to submultiplex additional fine track interpolation digital
data in LED phase 1. The Enable sequence can be repeated every 200 microseconds
(5 kHz maximum update rate).

The microprocessor receives and stores the data in 4 bit bytes and using an Itek
microprocessing algorithm, converts the special encoder code data into 13 to 17 bit binary
words, depending upon the encoder model selected.

A “SMART” ENCODER EXAMPLE

As an example of how a “smart” encoder can be configured and used, a case study from a
recent engineering project makes for a very informative example. In this project, a small
1950’s field transportable radar, which was built with several electromechanical data
pickoff devices, was modernized/upgraded to an encoder using a microprocessor and a
few support chips.

The type of functions provided are an excellent example of how a modern component can
greatly simplify existing control functions. The capabilities of the microprocessor encoder
can be advantageously utilized by system designers either to retrofit old equipment or in
designing new equipment. The purpose of this section is to show by illustrative example
how flexible and versatile the encoder is.

Table II summarizes the functions provided, comparing the shows a list of
electromechanical components and their microprocessor system replacements. Basically
speaking, the electro mechanical system required a Size 15 synchro CX, a rotatable sub
base for the synchro, gearing for a mechanical turns counter, a 6V DC to 115V/400 HZ
inverter, considerable numbers of mechanical linkages, a 4 track brush commutator with a
slip clutch, and a potentiometer whose output drives relay switched attenuators.



The new equipment consists of a 13 bit size 16 (40.6 mm) encoder, a small printed circuit
card containing an INTEL 8748 microprocessor and three support chips. The user mounts
on the control panels two 4 digit LED displays, a 4 decade BCD coded thumbwheel
switch, two serial to parallel shift registers, a D/A converter, and a potentiometer.

Azimuth angle position readout is the basic requirement. Two displays in artillery mils
units are required, one at the radar, and one at a remote indicator. The display at the radar
was via a mechanical turns counter geared to the antenna shaft. A traditional size 15CX
synchro transmitter was used as the pickoff for the remote display. The remote indicator
utilized an electromechanical servo with a follow up CT synchro receiver, driving a turns
counter on the servo output shaft. Angle readout is now provided by a 13 bit MicroSeries®
encoder and microprocessor based electronics. Microprocessor controlled firmware
formats the 13 bit binary encoder output to the required 6400 state BCD Artillery Mils
format. The BCD serial data information from the microprocessor is read out into a shift
register and presented on a 4 decade LED display. Two shift registers and displays are
used, one each local and remote.

The reader may wonder why a deliberate code transformation was designed in - why isn’t
the encoder designed to read BCD directly? BCD code is very inefficient compared with
binary. Each 4 wire group of BCD code conveys only 10 of 16 possible states; this makes
the BCD encoder electro-optically and electromechanically 16/10 more complex than a
straight binary coded device with the same resolution. Since a microprocessor is needed
for other functions, and most supporting devices work with binary code, the choice of
binary code encoder and a firmware converter results in a much less complex system.

An auxiliary function that must be provided relates to position offset. When the radar is
first set up at a new field location, it is often desired to align the azimuth readout to a
known earth’s coordinate position. For example, true North is usually defined as 0000. In
the electromechanical system, the base of the mechanical counter and synchro CX body
were both mounted on a rotatable sub base. A mechanical linkage and wormwheel drive
was used to reference the CX and counter to the desired reference angle. This arrangement
effectively formed a mechanical differential which subtracted angles.

In the replacement microprocessor system, the operator is provided with a 4 decade
thumbwheel switch. The displayed encoder output word is offset to provide a coordinate
alignment by subtracting the BCD switch setting from the “raw” encoder word.

Another function that must be provided is control of the motor that causes the radar to scan
back and forth in a search mode. The electromechanical system used a 4 track commutator
disk with the width of the commutator tracks made equal to the desired scan angle. A
switch is used to select the desired range from a short scan of 500 mils (approximately



28E) to a long scan of 2000 mils (approximately 112E). The commutator disk was coupled
to the output shaft by a slip clutch, and an additional differential rotation mechanism so
that the center of scan could be placed in any desired position. Relay logic was used to
control the motor.

The microprocessor system performs the scan function by further processing the azimuth
position angle word. The microprocessor receives the center of scan command as an 8 bit
word from an A/D converter which is in turn driven from a control panel potentiometer
with 0/5V output; this corresponds to 360E rotation. The microprocessor reads the existing
4 position Scan Angle Select switch, and determines which scan is selected. From a
knowledge of center of scan and desired scan angle, upper and lower scan limits are
formed. The instantaneous azimuth position is tested against these limits and the state of a
CW/CCW motor drive line is controlled, forming a simple bang-bang servo.

The azimuth position code is also used to form an analog sweep for the operator display.
Forming the sweep with a D/A converter is a relatively straight forward function, but the
capabilities of the microprocessor provide savings in an unexpected way. As mentioned
earlier, the radar has 4 scan angles ranging from 500 to 2000 mils. These cause 4 distinct
mechanical rotations. The cathode ray tube display requires a constant amplitude sweep,
independent of scan range, to deflect the spot all the way across the screen. In the
electromechanical system, the sweep pot scale factor in volts per mil was set sufficient to
give adequate output (full deflection) on the short range. On higher ranges, attenuators
were switched in. For example, the sweep pot output on the 2000 mil range must be
reduced to 500/2000 of the output on the 500 mil range.

The new digital system is much simpler. The sweep word output is maintained at 8 bit full
scale on all ranges. The digital sweep is multiplied by an appropriate scan selected scale
factor to provide a constant amplitude output independent of range.

Thus, for every function provided, the encoder with microprocessor provides far simpler
hardware with greater reliability.

A very important consideration in battery operated field equipment is power consumption.
The existing old electronics system draws over 25W, a substantial amount of which is
required for a 6V DC to 115V/400 HZ converters to run the synchros. The microprocessor
draws about 1W. Since the multiplexed encoders need only be powered when they are
interrogated (approximately 100 times a second) their average power consumption is low.
Most of the power is consumed by the 8748 microprocessor which is a TTL device.
CMOS microprocessors are now available, which could reduce the power even more.



The examples presented discussed replacing a CX synchro, potentiometers, mechanical
counters, differentials, and commutators. A D/R or D/S converter could have been used to
replace a resolver or synchro respectively. The linear sweep that was developed could
easily have been made a non linear sweep by a D/A converter with non-binary resistor
weighting networks or other function modules. The system provides 100 updates per
second using a 5 MHz crystal connected to the 8741 microprocessor. All of the operations
discussed, including data acquisition, formatting and the auxiliary functions use 32 of 64
RAM locations and approximately 600 of 1024 ROM locations. There is adequate
capacity to build additional functions including a second axis (elevation) which was at one
time included, and then deleted. There is adequate capacity to form a servo summing
junction which could compare encoder position against a command, find the servo
actuating error, and make digital calculations analgous to lead and lag compensation.
Completing the servo would only require a D/A converter and power amplifier.

An important point to consider is that with the older electromechanical functions,
packaging was complicated in terms of all the knobs, gears and linkages that had to be
accommodated. Many of the controls had to be located “where they would fit” to avoid
complex coaxial through shafts, right angle shaft turns, etc. As a result, there was less than
desired freedom in optimizing the control panels. With the new electronic components,
connections are by wire, rather than hard mechanical linkage. When, for example, a
thumbwheel switch bank replaces a differential mechanism, control panels are far easier to
lay out to provide greater ergonometric efficiency.

SUMMARY

The updated radar system is an excellent example of how a microprocessor controlled
encoder can replace several older electromechanical components, at the same time
providing much greater performance, higher reliability, and lower cost. The encoder is
equally useful for both retrofitting older systems or for new designs. The microprocessor
has enough capacity for additional real time control/processing, data formatting, operator
alarm functions, etc.
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 Figure 1

An optical encoder measures shaft rotation by detecting light that passes
through a rotating code disc. For simplicity, only the fine track is shown.

Figure 2

Code Disc from Typical Small Diameter Absolute Encoder



 Figure 3

Fine Track Readout System

Figure 4

The X4 multiplier



 Figure 5

X8 Multiplier Timing Diagram



 Figure 6

Electro-Optical Multiplexing



 Figure 7

Microprocessor Interface

 Figure 8

Enable Sequence Timing



TABLE I

MULTIPLEXED DATA OUTPUT AS A FUNCTION OF ENABLE STATE



TABLE II

SMALL RADAR SYSTEM FUNCTION/EQUIPMENT SUMMARY

FUNCTION ELECTROMECHANICAL SYSTEM ENCODER WITH INTEGRATED
MICROPROCESSOR                   

RADAR ANGLE POSITION GEARTRAIN AND MECHANICAL 13 BIT SIZE 16 ENCODER, USING
READOUT IN ARTILLARY TURNS COUNTER uPROCESSOR CONTROLLER
MILS WITH BINARY/MILS FIRMWARE

CONVERTER, SHIFT REGISTER,4
DIGIT LED DISPLAY

REMOTE ANGLE POSITION SIZE 15 SYNCHRO CX PICKOFF ON SHIFT REGISTER 4 DIGIT LED
READOUT RADAR DRIVING REMOTE SERVO DISPLAY

WITH SIZE 15 CT FOLLOW-UP,
MECHANICAL TURNS COUNTER, 6V
DC TO 115V/400 HZ INVERTER

POSITION OFFSET USED TO COUNTER, GEARTRAIN, AND 4 DECADE BCD CODED
ALIGN RADAR WITH SYNCHRO ON ROTATABLE SUB BASE THUMBWHEEL
EXTERNAL COORDINATES USING A KNOB AND WORMGEARING SWITCH/;PROCESSOR

AS A MECHANICAL DIFFERENTIAL FIRMWARE SUBTRACTION
ROUTINE

SCAN ANGLE RANGE 4 TRACK COMMUTATOR DISK WITH uPROCESSOR FIRMWARE;
CONTROL RELAY CONTROLS “BANG-BANG” SCAN ROUTINE

SCAN ANGLE CENTER MECHANICAL ADJUSTMENT USING POT DRIVING 8 BIT 1/A/D
SELECTION SLIP CLUTCH AND GEARS TO CONVERTER, PROCESSOR

ROTATE COMMUTATOR DISK FIRMWARE ROUTINE

SWEEP GENERATOR WITH POT WITH RELAY SWITCHED GENERATED IN uPROCESSOR
CONSTANT AMPLITUDE ATTENUATORS USING FIRMWARE ROUTINE
INDEPENDENT OF SCAN
RANGE

POWER SUPPLY 6V BATTERY OPERATED WITH V BATTERY OPERATED; 1W AVG
115V/400HZ INVERTER; 25W AVG POWER
POWER

 1/ COULD “TIME SHARE” OFFSET ANGLE THUMBWHEEL SWITCHES BY USING DATA ENTRY PUSH
BUTTON SWITCH.


