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ABSTRACT

2.

Optical encoders are preferred in Space mechanism
applications which require high resolution and accuracy.
The size minimization (diameter, mass) becomes a
stringent driver for future missions whereas applicable
standards require bulky high reliability electronics.
Therefore some encoders, designed in the 2000s and
incorporating C.O.T.S. cannot be upgraded while
maintaining the same interface requirements.

2.1. Background

To overcome that concern, a new mixed-signal ASIC is
developed by ID-MOS (FR), under CODEHAMP
specification, with the support of CNES. It will
compensate the lack of space by an increased
integration, guarantee independence from ITAR and
EAR regulations and immunize the encoder to SEE.
In parallel, CODECHAMP developed, with the support
of Airbus Defence and Space (FR–Th Blais and F Di
Gesu), a new accuracy measurement mean for high
resolution optical encoders. It is a basic weight
pendulum, not requiring any auxiliary metrology, which
provides the high frequency spatial error over a limited
angular range (typically 20°).

The high resolution optical encoder is a contactless
angular sensor particularly suited to space mechanisms.
It comprises:
- A stator mechanical part
- A rotor mechanical part
- A reflector rigidly connected to the stator
- A Printed Circuit Board (PCB), including
emitters and receptors, rigidly connected to the
stator
- A glass disk rigidly connected to the rotor
- A glass reticule rigidly connected to the stator
2.1.1
Operating principle
Encoder position is read by a patented technique [1].
Beams emitted by infrared LEDs after being calibrated
by the reticule are reflected twice by the reflector and
are modulated as they pass successively through the
reticule and the disc. This creates light signals which are
converted into currents by photoreceptors.
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Among the many solutions for measuring an angular
position in space mechanisms, optical encoder is the
most accurate.
However, with a standard design, a model tolerant
radiation environment, compliant with platform
constraints and long lasting missions is a very expensive
product. Moreover some encoders, designed in the early
2000s, meeting the dimensional specification due to the
use of Component Of The Shelf (C.O.T.S) are not
upgradable to current standards because of the high
reliability requirement. This makes the space saving on
electronics of major interest.
Beyond the previous issue, the accuracy control of this
encoder class by usual means requires a heavy and
specific equipment which is generally not available for
the user.
In response to these two major challenges,
CODECHAMP has developed two original solutions
described in this paper.
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Figure 1. Operating principle of high resolution
optical encoder
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The optical encoder acquires bits from the signals by
three different reading principles depending on their
weight. By design, the encoder output is the
combination of the Least Significant Bits (LSBs), the
intermediate weight bits and the Most Significant Bits
(MSBs).
2.1.2
Fine track (LSBs)
LSBs are obtained by a patented processing of the fine
track signals [2].
Future ASIC

and calculates the average value of all the read-heads
[3].
2.1.4
Average
A patented process is used to minimise the influence of
mounting eccentricity [4].
LSBs and intermediate weight bits determine the
encoder overall accuracy. To minimize the impact of the
disc eccentricity and the reticule misalignment, the
encoder includes two diametrically opposed read-heads
or four read-heads 90° from each other.
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Figure 2. Fine track reading principle (two read-head
example)
The finest track of the disc generates two or four groups
of four quarter period shifted sinusoidal currents. A first
transimpedance amplification stage converts them into
four sinusoidal voltages which are then transformed into
a pair of sine and cosine voltage by a second differential
amplification stage.
The ADC stage converts them into digital data which are
processed by two or four arctangent blocks working
simultaneously.
The final value of LSBs is the average of all block
outputs.
2.1.3
Intermediate weight tracks
Intermediate weight bits are obtained by reading tracks
that generate trapezoidal differential signals. As for the
LSBs, each read head produces its own signals.

Figure 4. Angular error induced by disc eccentricity and
reticule misalignment
For a single read-head the angular error induced by
eccentricity and misalignment is
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Figure 3. Intermediate weight tracks reading principle
They are processed by analog comparators followed by
a patented algorithm which synchronize the bits together
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Its order of magnitude in radians is the eccentricity
radius (ED + ER) divided by the reading radius (R). Its
typical value is ±1.4mrad.
For two opposite read-heads the residual error after
average is
∆θ 0 + ∆θ180
2
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2

pBN

0°

Reticule optimal position

Current ASIC

+

R

Reticule actual position

Future ASIC

BN+1

∆θ0

ER

180°

Digital voltage

ED

2

2 ⋅ R2

Its order of magnitude in radians is half the square of the
eccentricity radius divided by the reading radius. Its
typical value is ±1µrad.
The average of two read-head decreases drastically the
eccentricity error.
The average of four read-heads reduces in a similar way
the angular error induced by defect of circularity of the
disk.

2.1.5
Heavy weight tracks
Most significant bits are obtained by reading heavy
weight tracks which generate trapezoidal signals with
stiff edges. Unlike other weight bits, the encoder has
only one reading group of MSBs.

2.3. Space saving
The expected space saving due to the high level of
integration of the ASIC is assessed on two pancake
hollow shaft encoders designed for space application.
The first case is a 150mm outer diameter encoder
including four read-head designed in the early 2000s
with C.O.T.S.
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Figure 5. Heavy weight track reading principle
These signals are processed by analog comparators
operating in common mode with an external reference
and the synchronization algorithm.
2.2. Description
In order to increase the level of integration, a new ASIC
is being developed by ID MOS under CODECHAMP
specification with the support of CNES.
In addition to the already existing features, it includes
the analog amplification chain, analog comparators,
ADCs, RS422 interface and the clock oscillator.
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All non-digital functions are implemented by discrete
components which leads to a rather crowded PCB (Fig.
7).
Designing such an encoder, with high reliability ceramic
components, complying with current standards, has
proved impossible. Fig. 8 stresses that this requires far
more space than available on the PCB.
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Figure 6. Functions embedded in the future ASIC
The main advantage of this ASIC is space saving, in
addition it allows ITAR free designs and possible use of
photodiodes.

Figure 8. Layout of an equivalent PCB with high
reliability components

Using the highly integrated ASIC rather than discrete
components, the encoder design is possible again with a
little bit of extra space (Fig. 9).

Figure 11. Layout of an equivalent PCB with the future
ASIC

Figure 9. Layout of an equivalent PCB with the future
ASIC
The second case is a 252mm outer diameter modern
design encoder including four read-head. All non-digital
functions are implemented by discrete high reliability
components requiring a lot of space.

Current inner diameter is 84mm, with the new ASIC it
would increase to 137mm. This extra space can be used
to improve internal cleanliness especially by the
addition of baffles.
In both cases decreasing the number of discrete
components opens the way for a cost reduction.
2.4. ITAR and EAR free
The functions that are so far performed by components
subject to EAR or ITAR regulation will be integrated
into the ASIC. The new encoder design will therefore be
ITAR and EAR free.
2.5. Single Event Effect (SEE) free
On current encoders Single Event Transient (SET)
induce some operating disturbances. To overcome that
issue ID-MOS focuses the new ASIC design on total
immunity to Single Event Latch-up (SEL), Single Event
Upset (SEU) and SET. The implementation of this key
component enables the removal or replacement of
external sensitive components and opens the way to a
design completely free of SEE.
2.6. Photodiodes

Figure 10. PCB of the second application implemented
with high reliability components
In this case the benefit on the higher integration is
assessed by the maximum possible increase of the inner
diameter of the encoder.

Besides phototransistors, the new ASIC can handle
photodiodes being currently developed by Optoi (IT).
They are less sensitive to radiation environment and
insensitive to ageing and temperature variations, which
will improve long term stability of encoder accuracy.

3.

ACCURACY MEASUREMENT

3.1. Encoder spatial error
Accuracy of an optical encoder is assessed by measuring
its error, i.e. the difference between the angular position
indicated by the optical encoder output and the actual
rotor position.
The error spectrum comprises low frequency and high
frequency components. Low frequency component is
very weak thanks to the use of the multiple read-head
average and is no longer an issue for CODECHAMP
encoders.
Accuracy level is defined by the peak to peak value of
error derived from a space sampling.
3.1.1
High frequency error
High frequency error is of particular interest since it is
strongly related to the fine track signals and may partly
be corrected.
High frequency error amplitude spectrum
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harmonic error component (H2, circled in light blue on
Fig. 13) with a sine phase.
Additional phase shift, which is the difference between
the actual SIN-COS phase shift and π/2, creates a first
harmonic error component with a cosine phase.
In the same way as the fundamental, the resulting
amplitude and phase is given by a vector sum of the two
components.
The second, third and seventh harmonics (H3, H4 and
H8, circled in red) are induced by the signal distortion
due to light diffraction effect. H4 and H8 refer to
common mode while H3 refers to differential mode.
Remaining peaks (circled in grey) are due to crosstalk of
the fine track with other channels and to complex
intermodulation.
3.2. Set-up
The new device developed according to the inventive
concept of Airbus Defence and Space (FR –Th Blais and
F Di Gesu) is intended for the measurement of high
frequency error component over a limited angular range.
It consists of a simple metal bar fixed to the rotor so to
create a weight pendulum whose oscillation period is
controlled by the relative height of the gravity centre
with respect to encoder rotation axis (Fig. 14).
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Figure 12. High frequency error amplitude spectrum
with corresponding bits
Its fundamental frequency (or period) is the same as that
of the fine track (B12 on Fig. 12).
The fundamental and the first harmonic are induced by
adjustment imperfections of the fine track signal (Fig.
13).
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Figure 14. Weight pendulum setup
Oscillation speed is controlled by the relationship given
in Eq. 3
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Figure 13. Signal adjustment imperfections
More specifically, the relative offset, which is the
difference between the average signal level and the
reference voltage divided by the signal amplitude drives
the error fundamental (H1, circled in blue on Fig. 13).
SIN offset generates a cosine component and COS offset
generates a sine component. Vector sum of the two
components gives the resulting amplitude and phase.
Differential amplitude, which is the relative amplitude
difference between SIN and COS, produces a first
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Encoder output data are time-recorded at the maximum
encoder rate (≈15KHz) during oscillations. Then these
data are processed to extract encoder high frequency
(HF) error by a specific algorithm, developed by
CODECHAMP.
In this configuration, the true angular variation (versus
time) is a damped sine wave, only described, in the
temporal domain, by low frequency components.
Consequently, high frequency variations in the encoder
output data results from encoder high frequency error.

The algorithm aim is to separate data low frequency
components (the true angular position) from high
frequency components (the encoder HF error) and to
compute HF error versus true angular position.

5

6

7

Figure 15. Error extraction algorithm scheme.
Fig. 15 shows the seven step algorithm.
1.
2.

3.
4.

5.
6.

Encoder output 𝜃𝜃 ′ data are recorded. These
data are the algorithm input.
A centered moving average (width = 500
samples) is applied on 𝜃𝜃 ′ to extract low
frequency (versus time) angular variations 𝜃𝜃1 .
𝜃𝜃 ′ is delayed of 250 sample to remain
synchronized with 𝜃𝜃1 . HF error estimation
𝜀𝜀1 (𝜃𝜃1 ) is computed by subtracting 𝜃𝜃1 to 𝜃𝜃 ′ .
A linear (vs angular position 𝜃𝜃) bias is
computed thanks to linear regression,
subtracted to 𝜀𝜀1 (𝜃𝜃1 ) and added to 𝜃𝜃1 .
A new moving average (500 samples) and
delay (250 samples) is applied to correct data
for a speed dependent offset.
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remove samples recorded at very low speed.
An interpolation is done to compute error for
each encoder position (resolution = 25 bits)

1. Encoder output 𝜃𝜃 ′ (𝑡𝑡).
2. A bias linear with 𝜃𝜃1 clearly appears on 𝜀𝜀1 (𝜃𝜃1 ) .
3-3’. The bias is corrected but there is an offset
proportional to angular speed.
4-4’. Error repeatability is improved and oscillations
of curve 𝜀𝜀3 (𝜃𝜃3 ) are very close except for low angular
speed
5. Speed defects are cancelled. Data 𝜀𝜀3 (𝜃𝜃3 ′ ) are ready
for interpolation.
6. There is some noise on the curve 𝜀𝜀4 (𝜃𝜃4 ).
7. Noise is rejected. The true error 𝜀𝜀 ′ (𝜃𝜃) can be used
to create correction map.
Figure 16. Remaining error after each algorithm step
3.3. Application example
This method has been applied as part of the activity
related to the Meteosat Third Generation Scan Assembly
(MTG-SCA). A software correction of the HF error
showed that, for a given temperature, at begin of life, the
residual error can be reduced to close zero (lower than
1µrad on Fig. 17). This confirms the inherent
repeatability of the optical encoder technology.

Finally a new moving average (34 samples) and delay
(17 samples) is done to mitigate interpolation noise.
Each algorithm step is illustrated in Fig. 16.
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Figure 17. MTG-SCA encoder HF error before (red
curve) and after (black curve) applying the correction
map. (T = 20°C)
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4.

CONCLUSION

This paper presents the response to two major
challenges in the field of space angle encoder:
• The development of a new ASIC designed to
obtain a PCB miniaturization, and an encoder
free of ITAR and EAR and of SEE.
• The development of a simple device intended
to the accuracy measurement of high resolution
optical encoders which does not include
specific hardware.
The ASIC design has been validated and prototypes are
expected by the end of the year.
The new measurement mean, although fully operational,
can be further improved to be totally transparent to the
user.
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