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OPTICAL ENCODER WITH BURST
GENERATOR FOR GENERATING BURST
OUTPUT SIGNALS

CROSS-REFERENCE SECTION

This application claims the benefit under 35 U.S.C. § 120
of U.S. application Ser. No. 11/114,389 filed Apr. 26, 2005
and issued on Jul. 11, 206 as U.S. Pat. No. 7,075,057,which
claims the benefit under 35 U.S.C. § 120 of U.S. application
Ser. No. 10/284,608 filed Oct. 31, 2002 and issued on May
24, 2005 as U.S. Pat. No. 6,897,435 B2, which claims the
benefit under 35 U.S.C. 119(e) of US provisional application
No. 60/336,038 filed Nov. 2, 2001, now lapsed.

BACKGROUND OF THE INVENTION

As encoders have become more and more sophisticated
and high precision, their setup and alignment has become
more and more critical. Some encoders are completely
sealed units and are thusly aligned and calibrated at the
factory under ideal conditions. On the other hand, many
other encoders, such as those sold by the assignee of the
present invention, are delivered to customers as components
or subsystems. There are several benefits of to this approach,
however it does preclude full factory setup/alignment.
Therefore, various means have been developed to aid cus-
tomers during the installation and setup of this class of
encoder.

Typical early attempts at helping customers set up these
encoders comprised not much more than providing a set of
test points in the electronics and a systematic written pro-
cedure to follow. More recently, various sensing circuits
have been included in the encoder electronics that provide
some indication of proper alignment and/or inform the user
about calibration adjustments.

The prior art alignment aids do not provide any automatic
calibration features. At best they seem to give a general
indication of signal strength (i.e., is the electrical sinusoid
too weak or too strong). For optimal operation, the relative
phase between the quadrature signals should be as close to
90 degrees as possible, their relative gains should be equal-
ized, and their individual offsets should be set to zero. To the
extent possible, these calibration operations should be trans-
parent to the user (that is, not require the user to make fine
electrical adjustments).

In addition to these calibrations, modern encoders also
have index (or reference) marks. The output index pulses
should occur every time the scale is in the same position
relative to the encoder head. Thus another problem
addressed by this invention is the need to calibrate the index
pulse generation system such that the index pulse is gener-
ated at the same scale location to within an LSB of the
encoder measurement.

SUMMARY OF THE INVENTION

Circuitry and firmware logic built into the processing unit
allow a user to quickly setup an encoder by simply running
the encoder scale under the head a few times. Indicator lights
on the connector notify the user of processor and encoder
status.

During the self-calibration cycle the encoder processor
can automatically adjust itself in terms of amplifier gain and
offset and signal quadrature phase shift. Also, the disclosed
method automatically places the index pulse near the center
of'the index window with a 1 LSB repeatability with respect
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to the “zero-location” fringe. Also, the disclosed apparatus
communicates its status to the user with a simple LED
display so all of these operations are performed without
external test or monitoring equipment.

In one aspect, the invention provides a method of cali-
brating an optical encoder of the type that generates two
analog quadrature signals, x, y. The method includes a step
of generating a plurality of digital samples, x,, y,, of the
analog signals X, y, i having integer values from one to an
integer n larger than one. The method also includes gener-
ating a plurality calibrated samples X,, Y, according to the
equation

Xi = (x; + Ox; + Py X y;) X Gx;
Yi = (yi + Oy;) X Gy;

Gx; and Gy, being scaling coefficients, Ox,; and Oy, being
offset coeflicients, and P, being phase coefficients. The
method also includes generating a plurality of magnitude M,,
and phase, ®@,, samples according to the equations

M; =+ X?+Y?
Y;
@, = ATAN[Z_],

M, and @, defining one sample of a phasor V,, according to
the equation

Vi=M; exp(j0;),

j being the complex number square root of negative one.
The phasor V, may be represented by a line segment in a
two-dimensional coordinate system. The phasor has a first
end and a second end. The first end lies at the origin of the
coordinate system. The second end is displaced from the first
end by a length equal to the magnitude M,, in a direction
defined by an angle relative to the x axis equal to the phase
@, . The method also includes providing initial values for the
scaling coefficients, Gx, and Gy, the offset coefficients, Ox,
and Oy,, and the phase coefficients, P,. The method also
includes adjusting the values of the scaling coefficients, the
offset coeflicients, and the phase coefficients so that

Gx,,, equals either Gx; or Gx; plus or minus an incremen-

tal adjustment,

Gy,,, equals either Gy, or Gy, plus or minus an incremen-

tal adjustment,

Ox,, , equals either Ox, or Ox, plus or minus an incremen-

tal adjustment,

Oy,,, equals either Oy, or Oy, plus or minus an incremen-

tal adjustment, and

P,,, equals either P, or P, plus or minus an incremental

adjustment.

The incremental adjustments to the coefficients are made
s0 as to move the second end of the phasor closer to a circle
of predetermined radius (such as a unit circle) centered
about the origin of the coordinate system. More specifically,
the incremental adjustments to the coefficients may be made
so that a distance between the second end of a hypothetical
phasor V', and the unit circle is less than or equal to a
distance between a second end of the phasor V, and the
circle. The hypothetical phasor V', is determined by the
following equations:
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X{ = (% + Oxiy1 + Py X)X Gxiyy

Y/ = (i + 0y, ) X Gy

i 5
M‘/ = X‘_/z + }/‘_/2

v ]
X/

V/ = Mexp(ja).

@ = ATAN

10
In one alternative of the method, the coefficients Gx, and
Ox;, may be adjusted once while V, lies in one half of the
circle, and may not be adjusted again until V lies in the
other half of the circle, k being greater than i. In another
alternative, the coefficients Gx; and Ox,, may be adjusted 15
once while V, lies in the left half of the circle, and may not
be adjusted again until V, lies in the right half of the circle,
k being greater than i. In another alternative, the coefficients
Gy, and Oy,, may be adjusted once while V, lies in one half
of the circle, and may not be adjusted again until V, lies in 20
the other half of the circle, k being greater than i. In another
alternative, the coefficients Gy, and Oy,, may be adjusted
once while V, lies in the upper half of the circle, and may not
be adjusted again until V, lies in the lower half of the circle,
k being greater than i. In another alternative, the coeflicient 25
P, may be adjusted once while V, lies in a quadrant of the
circle, and may not be adjusted again until V, lies in a
different quadrant of the circle, k being greater than i. Also,
the values of the coefficients may be adjusted according to
the following table:

4

The method also includes generating a count. The count
increases by one every time the phase, when measured
modulo two pi, crosses from a fourth quadrant of a unit
circle to a first quadrant of the unit circle. The count
decreases by one every time the phase, when measured
modulo two pi, crosses from the first quadrant of the unit
circle to the fourth quadrant of the unit circle. The fourth
quadrant extends from angles 3/2 pi to 2 pi. The first
quadrant extends from angles zero to pi/2. The method also
includes generating two burst output signals in A quad B
format by: generating an integer number representative of
the count and the phase ®;; generating a running sum by
counting transitions in the A quad B burst output signals,
using known standard methods of counting transitions in A
quad B format signals; generating a signed difference value
representative of a difference between the integer number
and the running sum; and generating transitions in the A
quad B burst output signals until the signed difference value
is zero.

In this method, the samples of phase ®, may be repre-
sented as binary numbers having Dmax bits, Dmax being a
pre-determined integer. The integer number may be repre-
sented as a binary number having d bits, d being a pre-
determined integer. The integer number has D least signifi-
cant bits and d minus D most significant bits, D being a user
selectable integer that is greater than zero, less than d, and
less than Dmax. The integer number may be generated by
setting the D least significant bits of the integer number
equal to the D most significant bits of the phase ®,, and by
setting the d minus D most significant bits of the integer

Angle Angle
(in degrees) (in degrees) Magnitude > unit circle radius Magnitude < unit circle radius
From: To: Space Offset Phase Gain Offset Phase
348.75 11.25 0 Gx=0Gx-10x=0x-1 — Gx=Gx+1 Ox=0x+1 —
11.25 33.75 1
33.75 56.25 2 — — P=P-1 — — P=P+1
56.25 78.75 3
78.75 101.25 4 Gy=Gy-10y=0y-1 — Gy=Gy+1 Oy=0y+1 —
101.25 123.75 5
123.75 146.25 6 — — P=P+1 — — P=P-1
146.25 168.75 7
168.75 191.25 8 Gx=Gx-10x=0x+1 — Gx=Gx+1 Ox=0x-1 —
191.25 213.75 9
213.75 236.25 10 — — P=P-1 — — P=P+1
236.25 258.75 11
258.75 281.25 12 Gy=Gy-10Oy=0y+1 — Gy=Gy+1 Oy=0y-1 —
281.25 303.75 13
303.75 326.25 14 — — P=P+1 — — P=P-1
326.25 348.75 15

if Magnitude = unit circle radius then no coefficients are adjusted

wherein the increment value “1” is one least significant bit.

In another aspect, the invention provides method of >
processing signals generated by an optical encoder. The
method includes generating samples of phase, ®,, according
to the equation

60

@ = ATAN{;],

where X, and Y, are samples of quadrature signals received s
from the encoder, and where i is an integer having values
from one to an integer n.

www fastio.com

number equal to the d minus D least significant bits of the
count. Alternatively, D may be the smallest integer satisfy-
ing the equation D=Dmax+log(S)/log(2), where S is a user
selectable scale factor. The method may include generating
a scaled phase ®,, equal to a product of the phase @, and the
user selectable scale factor S. The integer number may be
generated by setting the D least significant bits of the integer
number equal to the D least significant bits of the scaled
phase ©,, and by setting the d minus D most significant bits
of'the integer number equal to the d minus D least significant
bits of the count.

In another aspect, the invention provides a method of
generating an index signal for an optical encoder. The
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encoder generates quasi-sinusoidal quadrature signals
indicative of a position of a scale relative to a sensor head.
The encoder also generates a window signal. The window
signal is characterized by a high value whenever an index
mark of the scale is aligned with the sensor head. The
window signal being characterized by a low value whenever
the index mark is not aligned with the sensor head. The
method includes setting a first number equal to the value of
the phase when the window signal transitions from a low
value to a high value; and setting a second number equal to
the value of the phase when the window signal transitions
from a high value to a low value. If a difference between the
first number and the second number is greater than pi and
less than 3 pi, then a phase index may be set equal to value
that is between the first and second numbers. The method
includes generating the index signal whenever the window
signal is characterized by a high value and when the phase
is substantially equal to the phase index. The phase index
may be set equal to a median value between the first number
and the second number. The steps of recording the phase
values when at transitions of the window signal and of
setting the phase index may be performed only after receipt
of a calibration command. An indication to a user may be
provided when the window signal is characterized by a high
value. The indication to the user may be provided by
activating a light source.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 shows a block diagram of encoder processing
electronics constructed according to the invention.

FIG. 2 shows a block diagram of the phase processor
shown in FIG. 1.

FIG. 3 illustrates calibration adjustments made according
to the invention.

FIG. 4 illustrates calculation of an index point according
to the invention.

FIG. 5 shows a block diagram for calculating the index
point according to the invention.

FIGS. 6A and 6B show top and side views, respectively,
of connectors housing processing electronics constructed
according to the invention.

FIG. 7 illustrates A quad B signals and an index pulse.

FIG. 8A illustrates motion of a scale in an encoder.

FIGS. 8B and 8E illustrate sine and cosine signals,
respectively, generated by an encoder.

FIGS. 8C and 8F illustrate the A and B, respectively,
portions of an A quad B signal generated by an encoder.

FIGS. 8D and 8G illustrate the A and B, respectively, of
a burst A quad B signal generated according to the invention.

FIG. 9 shows a block diagram of a method for generating
the signals shown in FIGS. 8D and 8G according to the
invention.

FIG. 10 illustrates a method according to the invention by
which the user interface logic communicates with the user.

DETAILED DESCRIPTION OF THE
INVENTION

FIG. 1 shows an optical encoder system 10 comprising a
sensor head 50 that observes the relative motion of a scale
60 and associated signal processing electronics 100. As
discussed below, the processing electronics 100 automati-
cally calibrates the encoder’s position measuring circuits
and index pulse generating circuits. The electronics 100 are
preferably implemented in a miniaturized form factor that
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includes firmware programmable logic, however, other
implementations of the electronics 100 are embraced within
the invention.

The Sensor Head

The sensor bead 50 and scale 60 preferably cooperate in
a known fashion to produce two families of signals. One
family of signals provide information about the displace-
ment of scale relative to the sensor head. These signals are
the quadrature signals 70. The second family of signals is the
index window signals 80; these signals indicate when a
specific location on the scale 60 passes by the sensor head
50.

In one preferred implementation the analog quadrature
signals internal to the sensor head 50 have a generally
sinusoidal strength variation that is related to the displace-
ment of the scale 60. These “x” and “y” signals are ideally
shifted from one another by 90 degrees of phase. These
analog signals are typically sampled and converted to digital
values in sensor head 50 by Analog-to-Digital converter 55;
the digital output values 70 are denoted by “x,” and “y,”
respectively in FIG. 2, where the subscripted “i” indicates
that these values are sampled values. As shown in FIGS. 1
and 2, signals 70 are transmitted to phase processor 101
where their instantaneous phase, among other things, is
determined. FIG. 2 shows a block diagram of the phase
processor 101, the functional modules of which are
described below.

Autonomous Calibration

The sampled values pass into calibration module 115 that
applies Scaling (Gx, and Gy,), Offset (Ox, and Oy,), and
Phase (P,) calibration values using the formulae:

X=(x40x+4Pxy;)xGx;

Y=(y+0y,)xGy; (6]

where X, and Y, are the post-calibration quadrature sig-
nals 73. Similar formulae have been used in the prior art.
These alternative formulae did not converge properly under
all conditions and/or failed to accommodate the Phase
calibration values. Formulae (1) are preferably combined
with the incremental Coefficient Generator 155 discussed
below to achieve proper convergence of the calibration
values under all initial and subsequent conditions.

Collectively, the Scaling, Offset, and Phase calibration
values arrive at circuitry 115 as Calibration Values 77 as
shown in FIG. 2. In the preferred embodiment, the calibra-
tion circuitry 115 is implemented along with all other parts
of the phase processor shown in FIG. 2 in a field program-
mable gate array (FPGA) using a firmware program stored
in non-volatile memory (not illustrated) within the process-
ing electronics 100. In the figure the various processing
functions are shown as separated blocks for clarity only. Of
course, a less integrated phase processor is also embraced
within the invention.

Phase Estimator

Post-calibration quadrature signals 73 are processed in the
phase estimator 125 to form estimates of the vector magni-
tude, M, 76, and phase, @, 75, of a phasor that corresponds
to the two quadrature signals. The magnitude and phase
estimates may preferably be generated using so called
CORDIC mathematics. CORDIC mathematics is known in
the prior art but other processing approaches could also be
used.

The phase estimator accepts the two post-calibration
signals 73 and evaluates the magnitude and phase according
to the formulae:
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