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Abstract

A new decoding method is presented for analog encoders enabling major improvements in both accuracy and resolution. A

simulation study and experiments with real, industrial-grade, equipment demonstrate the performance improvement of the proposed

method, revealing that the new method can generate position estimates with accuracy about three times better than that of standard

methods. Moreover, in some special cases, the resulting position accuracy can reach sub-nanometer levels, thus enabling further size

reduction in the semiconductor industry. The proposed algorithm also yields velocity estimates better by about two orders of

magnitude than those obtained with standard methods.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Linear analog encoder is a very common sensor in the
semiconductor industry. Its main use is as a feedback
sensor in X–Y or X–Y–Z tables that hold the wafer
against a vision instrument like a high-resolution camera
or an electronic microscope. In such applications the
resolution requirements are extremely stringent, reach-
ing few nanometers or even less than one nanometer.
Existing decoding algorithms are limited because they
are based on solving the geometrical problem only and
do not attempt to improve the accuracy by applying
some filtering strategy.

The analog encoder generates sine and cosine signals
that are related to its linear translation. Like in any
other real-world device, the encoder’s measured signals
are corrupted by common error sources, such as
electronic noise or quantization error, which, in turn,
reduce the accuracy of the encoder. The noise issue
becomes even more important when bearing in mind
that the encoder, a position sensor by its nature, is also
commonly used to estimate velocities by a straightfor-
ward numerical differentiation of its output. To the best
of the authors’ knowledge, the idea of implementing
state filtering techniques to confront the effects of the
measurement error sources has not appeared in the open
literature up to this date. Furthermore, only a few
published works relate to the general problem of
encoder measurement noise alleviation. Yang, Rees,
and Chuter (2002) address only deterministic error
sources, arising from mechanical installation errors, in
an analog encoder. They develop a mathematical model
of the resulting error and use a Kalman filter,
implemented off-line, to estimate the model parameters.
This model, in turn, is used to recalculate the measured
position. The work of Venema (1994) is of a similar
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nature, using the filtering algorithm off-line for the sole
purpose of calibrating the analog encoder. Other
researchers (Hagiwara, Suzuki, & Murase, 1992; Mayer,
1994) deal only with the issue of calculating the encoder
angle from the sine and cosine signal by applying inverse
trigonometric functions.

This paper deals with the accuracy issue of analog
encoders by applying on-line filtering to the measured
signals. Using the extended Kalman filtering (EKF)
framework, a novel decoding algorithm is developed
and verified. The new algorithm enables improved
position estimation and a dramatic improvement in
velocity estimation, relative to commercially available
existing algorithms.

The remainder of this paper is organized as follows.
In the next section the operational principles of an
analog encoder are described and the measurement
model is constructed. The system model is then
developed and both models are put together within the
framework of an EKF. The following section presents a
simulation study through which the filter’s performance
is verified, and a discussion of the results. Some of the
more interesting and promising aspects of the proposed
decoding method are pointed out. Next, the proposed
algorithm is experimented with real industrial hardware
and confronted with a conventional algorithm. Con-
cluding remarks are offered in the final section.

2. Encoder model

2.1. Principle of operation

The encoder’s principle of operation is schematically
depicted in Fig. 1. A scale, having gold-made triangular
facets, reflects the light of an infra-red LED light source,
through an index grating, unto a photo-detector. Due to
the periodic pattern of both the scale and the index
grating, sinusoidal interference fringes are produced on
the detection plane of the photo-detector. Whenever the
moving parts are in motion, i.e., the light source, the
index grating and the photo detector move relative to
the static scale, the fringes move along the detection
plane. Using a special assembly, the photo detectors
provide signals related to the motion of the fringes. An
electronic circuit amplifies and combines the photo
detectors’ signals to generate two sinusoidal waveforms
of equal amplitude and period (equaling the scale
period), separated by a 90 degrees phase shift. The
interested reader is referred to (Webster, 1999; Re-
nishaw, 1998) for further details.

2.2. Measurement model

The most accurate scales now commercially available
have resolutions of a few micrometers. To obtain

sub-micron resolution, as required by production
systems, the analog signals must be sampled and
decoded. The measurement vector z 2 R2 can be
described as follows:

z9
zð1Þ

zð2Þ

" #
¼

V sinð2pf sxðtÞÞ

V cosð2pf sxðtÞÞ
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, (1)

where f s is the scale spatial frequency, V is the signal
amplitude and xðtÞ is the position.

Most manufacturers use the following equation to
estimate the position from the measured signals
(Venema, 1994):

x ¼
atan2ðzð1Þ; zð2ÞÞ

2pf s

, (2)

where atan2ð�; �Þ is the 4 quadrant inverse tangent
function. Some manufacturers increase the estimation
accuracy by normalizing the signals and applying an
arcsine or an arccosine function, depending on the signal
absolute value, as follows:
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This procedure increases the signal-to-noise ratio (SNR)
by taking the information from the more sensitive
regions in the signal harmonic.

All of the above algorithms do not apply any filtering
procedure to the signal, i.e., they do not use any prior
information regarding the signal to weigh it against the
current measured information. In the presence of
measurement noise, the algorithm’s output, i.e., the
estimated position, becomes noisy as well. Furthermore,
the estimated velocity signal, calculated by numerically
differentiating the (noisy) position signal, is subject to
much higher noise levels.

To account for the sampling operation that trans-
forms the continuous signal xðtÞ to its sampled version
xðk þ 1Þ; and for the contamination of the measurement
by the measurement noise, Eq. (1) is rewritten as

z ðk þ 1Þ ¼ h ðxðk þ 1ÞÞ þ v ðk þ 1Þ

¼
V sinð2pf sxðk þ 1ÞÞ

V cosð2pf sxðk þ 1ÞÞ

" #
þ v ðk þ 1Þ, ð4Þ

where v ðk þ 1Þ is the measurement noise. There are
several sources for measurement noise (Venema, 1994),
but the most dominant one is introduced by an
electronic noise within the sampling operation (ground
noise of the analog-to-digital (A/D) converter). The
measurement noise is assumed to be a white, zero-mean
Gaussian stationary sequence:

v�N 0;Rð Þ. (5)
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