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In this paper, we study the incremental signal produced by an optical encoder based on a nondiffractive beam
(NDB). The NDB is generated by means of a diffractive optical element (DOE). The detection system is composed
by an application specific integrated circuit (ASIC) sensor. The sensor consists of an array of eight concentric
annular photodiodes, each one provided with a programmable gain amplifier. In this way, the system is able to
synthesize a nonuniform detectivity. The contrast, amplitude, and harmonic content of the sinusoidal output
signal are analyzed. The influence of the cross talk among the annular photodiodes is placed in evidence through
the dependence of the signal contrast on the wavelength. © 2015 Optical Society of America
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1. INTRODUCTION

Optical encoders are rotation or linear displacement sensors
that reach submicrometric resolution and are used in a wide
variety of equipment such as printers, lathes, radars, robots, sat-
ellites, etc. There are several optical encoder designs, but all of
them rely on the movement of an optical head with respect to a
fixed scale [1–15]. The optical head includes one or more light
sources that shed some kind of structured light beam, which is
shaped by the scale. The shaped light beam, transmitted or re-
flected by the scale, is then detected by an array of photode-
tectors or by a monolithic photodetector with a secondary
scale pattern as a mask. Finally, an electronic circuit generates
a signal related to the variation of the collected light that enc-
odes the displacement of the optical head relative to the scale.
More specifically, incremental encoders typically use four detec-
tors to produce four identical sinusoidal signals, 90° out of
phase of each other. This makes it possible to determine the
moving direction and reduce the effects of any light intensity
change [16,17].

In general, optical encoders are multiple grating systems;
the most frequent configurations of grating systems are
Moiré [1,2], Lau [3,4], and generalized grating imaging [4,5].

The scale is usually a chrome on glass grating. However, steel
tape gratings are used for measuring displacements longer than
3 m. The influence of the steel roughness on the encoder per-
formance for the aforementioned grating configurations has
been studied [6]. Besides these common optical encoders, there
are others based on interferential diffractive [7–9] and alterna-
tive [10–13] designs.

There are continual contributions to the field of optical en-
coders based on achieving improvements in one of the follow-
ing key aspects: resolution, stability, size, and cost. For example,
in some of the more recent referenced papers, the emphasis is
on the size and cost through a design using embedded gratings
and a passive alignment system [14] and through clever inte-
gration of the structured light source and the four photodetec-
tors with their masks on a monolithic Si substrate [15].

In 2008, we proposed an optical encoder based on a non-
diffractive beam (NDB) [13] and presented some experimental
results and a theoretical model to understand, analyze, and op-
timize its performance [18,19]. The main characteristic of this
design is its excellent stability, which is due to the propagation
invariance of the NDBs, thus allowing higher tolerances under
variations in the distance between the scale and the moving
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head. The proposed design also allows high resolution thanks to
its low harmonic content in the output signal, which allows
precise electronic interpolation.

This work is intended to demonstrate that the optical
encoder based on NDBs is able to accomplish the two other
wishful characteristics of an optical encoder: low cost and small
size. For that purpose, we study one of the four necessary in-
cremental signals produced by the proposed encoder head
implemented on a 20 μm pitch grating scale. The NDB is
generated by an amplitude mask diffractive optical element
(DOE), and the detection system is a specially designed pro-
grammable CMOS integrated circuit sensor [20].

In the next section, we introduce the basis of the operating
principle of the encoder design that generates the incremental
signals. Then, we describe the experimental setup and, in par-
ticular, the characteristics of the DOE and the programmable
CMOS integrated circuit sensor. Section 4 presents the exper-
imental results together with an exhaustive analysis of each.
Finally, we summarize the conclusions of this work.

2. OPERATION PRINCIPLE OF THE ENCODER

The scheme of the NDB encoder is shown in Fig. 1. A beam
from a laser diode (LD) impinges on the DOE, which is de-
signed to produce a zero-order Bessel beam, that is, the NDB.
The NDB is transmitted through the scale, which is a 20 μm
pitch Ronchi grating. After this, the diffracted beam impinges
on the photodetector (PD). The LD, DOE, and PD constitute
the moving head, and the scale is fixed.

To obtain an analytical expression for the output signal,
we will describe the electric field at the photodetector in the
theoretical framework of the scalar diffraction theory through
the propagation of the angular spectrum of plane waves.
Polarization effects, therefore, are not included, as is usually
done in theoretical treatments of double grating systems,
and they are not a main cause of metrological errors in optical
encoders [21]. Regarding the polarization in connection to the
NDB, according to Bouchal and Olivik [22] the influence
of the z polarization of the light in the Bessel beam is negligible
for the angles involved here.

The electric field at the photodetector plane is given by [19]

E�x; y; z;Δx� ∝ FT−1ffFT�tG�x − Δx�� ⊗ FT�J0�x; y��g
·H�f x ; f y; z�g: (1)

The equation indicates that the zero-order Bessel beam
J0�x; y� produced by the DOE propagates in the z direction
without changing its profile until it reaches the grating whose
transmittance is the grating transmittance tG�x� shifted by an
amount Δx, which is the relative movement between the op-
tical head and the grating. The transmitted field in the fre-
quency domain is the convolution of the respective Fourier
transforms (FT). Then, the propagation of the transmitted field
is modeled in the frequency domain by the linear filter
H�f x ; f y; z� [23] with a finite bandwidth:

H�f x; f y; z� � exp

�
i2π

λ

z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − �λf x�2 − �λf y�2

q �
: (2)

Therefore, the signal obtained at the photodetector output
will be proportional to

s�z;Δx� ∝
ZZ

‖E�x; y; z;Δx�‖2d �x; y�dxdy; (3)

where we have integrated the intensity at the detector, assuming
it has nonuniform detectivity, d �x; y�. This integral can be
solved in the frequency domain using the Parseval theorem:

s�z;Δx� ∝
ZZ

‖ffFT�tG�x − Δx�� ⊗ FT�J0�x; y��gH�f x ; f y�g

⊗ FT�
ffiffiffiffiffiffiffiffiffiffiffiffiffi
d�x; y�

p
�‖2df xdf y: (4)

In the discussions held in [20] about the functional forms of
the FT involved in Eq. (4), it was clear that the best functional
form of d �x; y� would be one that the FT of its square root had
circular symmetry and no tails, which is, clearly, a circ function
in the frequency domain, which is a besinc function in the spa-
tial domain [23]. Therefore, the signal will be improved if we
use a detector with a besinc2 detectivity:

d �x; y� �
�
2
J1�π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � y2

p
∕a�

π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � y2

p
∕a

�2
; (5)

where a is a parameter that determines the detector size.
Under these ideal conditions, a sinusoidal electronic signal

s�Δx� with the same period as the grating is obtained. Thus, a
relative head displacement of one grating period generates one
period of the signal. In this way, the intrinsic resolution of the
system is the grating pitch. However, this resolution could be
electronically improved if a set of four 90° phase-shifted sinus-
oidal signals with low harmonic distortion are generated, say,
s1; s2; s3, and s4. As is usual in optical encoders, two zero mean
quadrature signals are obtained from them, sA � s1 − s3 �
A sin�2π Δx

p � and sB � s2 − s4 � A cos�2π Δx
p �, where p is the

grating period. With these two signals, the relative displace-
ment is determined:

Δx � p
2π

tan−1
�
sA
sB

�
: (6)

Therefore, an electronic unit can be used to accurately mea-
sure relative displacements as small as a hundredth of the gra-
ting pitch, depending on the quality of the signals sA and sB .
The relative phase-shifts, amplitudes, offsets, and harmonic
distortions of the signals s1; s2; s3, and s4 play a relevant role
in the accuracy of the electronic interpolation of the displace-
ments [21].

Fig. 1. Scheme of the optical encoder based on a nondiffractive
beam.
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The aim of the rest of this work is to exhaustively analyze
the signal s�Δx� obtained with the experimental configuration
of Fig. 1.

3. EXPERIMENTAL SETUP

The scheme of the experimental setup mounted in the labora-
tory is shown in Fig. 1. The laser diode, the DOE, and the
photodetection integrated circuit constitutes the encoder head
and were fixed in the experiment. The relative displacement
Δx between the scale and the head was controlled by a linear
motorized stage with 0.2 μm resolution where the scale was
attached. The distance z between the scale and the photodetec-
tor could be varied, and two different laser diodes with wave-
lengths of 635 and 405 nm were used.

The two key elements in the configuration are the DOE and
the photodetector. Hence, they are described with more detail
in the two following subsections.

A. Diffractive Optical Element
There are several types of NDB [24], but, in a previous work
[19], we showed that the best performance of the encoder is
achieved with a zero-order Bessel beam. This NDB can be
produced with an axicon and a slit-lens system, for example
[25–27]. For reasons of cost and size of the component, we
decided to use a DOE consisting of an amplitude binary mask
of concentric rings, as shown in Fig. 2.

The pitch of this radial grating is 40 μm and has only five
rings, being the diameter of the more external ring 0.8 mm.
The center is black to avoid the interference between zero-
and first-order diffracted fields at the propagation axis. The
interference of the first-order diffracted rays produces the
zero-order Bessel beam at the propagation axis, and its intensity
pattern is independent of the wavelength of the incident light.

The fields produced by illuminating this DOE with a plane
wave at different distances were calculated using the propaga-
tion of the angular spectrum and compared with the exact
zero-order Bessel beam. The results are shown in Fig. 3 for
λ � 635 nm. The simulated NDB has a correlation coefficient
of 0.9 (after 18 mm of propagation distance) with the theoreti-
cal NDB function,h

J0
�
2.405

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � y2

q
∕r0

�i2
; �7�

for r0 � 15.5 μm, where r0 is the first zero of Eq. (7). The
value of r0 is chosen depending on the grating pitch in order

to be in the range of the optimal performance of the NDB
encoder [18].

Figure 4 shows the images of the theoretical (for r0 �
15.5 μm), simulated, and experimental NDBs at a propagation
distance of 18 mm from the DOE, for λ � 635 nm.

B. Photodetector
The photodetector was an application specific integrated circuit
(ASIC) specifically designed for this NDB encoder configura-
tion, fabricated in a 0.5 μm CMOS process. A scheme of the
photodetection ASIC is shown in Fig. 5. The ASIC detection
area consists of a set of eight concentric annular photodiodes.
The photodiodes were fabricated as highly n-doped implants
on active areas over the epitaxial p-doped substrate. The photo-
current generated at each annular photodiode is multiplied by a
programmable weighting factor using current mirrors, and the
contributions of each detector are added to produce a signal
(IOUT in Fig. 5). The weighting factors can be programmed
by a string of configuration data that is stored in a chain of shift
registers. This arrangement enables us to synthetize different
detectivities: for example, the besinc2 detectivity required for
this application. A complete technical description of this pro-
grammable photodetector as well as its response curve can be
found in [20].

The profile of the function given by Eq. (5) is represented at
the left in Fig. 6 for different values of the size parameter a. To

Fig. 2. Binary amplitude DOE designed to produce de NDB.
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Fig. 3. Correlation coefficient between the simulated NDB pro-
duced with the DOE of Fig. 2 at different propagation distances
and the theoretical zero-order Bessel beam (λ � 635 nm).

Fig. 4. (a) Theoretical zero-order Bessel NDB. (b) Simulated NDB
produced by the DOE of Fig. 2. (c) Image of the NDB produced in
the lab by the DOE of Fig. 2.
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implement a detectivity proportional to this function, we pro-
posed to discretize it by using eight circular pixels, that is, eight
concentric photodiodes, taking into account the circular sym-
metry of the besinc function. Each pixel has a configurable gain
factor between 0 and 63, and the output current is the concur-
rent sum of all the weighted photocurrents. Each graph at the
right of Fig. 6 shows the discretized version of the exact profile
of the besinc2 function represented at the left.

4. EXPERIMENTAL RESULTS AND ANALYSIS

We present in this section the experimental signals obtained
with the setup shown in Fig. 1, that is, the photocurrents at
the photodetector output as a function of Δx, the relative

displacement between the grating and the encoder head. The
NDB optical encoder signal was measured using different
values of the configuration and experimental parameters: syn-
thesized detector size a, scale–photodetector distance, detector
misalignment, and wavelength. As previously stated, our focus
is to characterize the electric signal obtained with the scheme
configuration of Fig. 1. However, in the final design of the
encoder, four similar 90° phase-shifted signals will be required,
as previously mentioned.

The first analysis is the dependence on the detector size.
Figure 7 shows the photocurrents for 10 different synthesized
detectivity functions at the programmable photodetector, as ex-
plained in the previous section. We first show the results for the
blue laser diode with λ � 405 nm (Figs. 7–12).

The distance between the scale and the sensor is z �
0.5 mm in the particular case in Fig. 7, however, the character-
istic photocurrents remains the same for other z values. We
were unable to achieve lower values of z because of the sensor
chip packaging. As long as the detector size is increased, the
mean value of the photocurrent also increases, as expected.
Figure 8 shows the signal amplitude and contrast versus the
detector size. This graph clearly shows the trade-off between
the contrast and the amplitude of the signal to find an optimal
detector size.

The experimental results of Figs. 7 and 8 were carried out
for several distances z between the grating and the detector. The
variation of the signal amplitude with the distance is plotted
in Fig. 9, and in Fig. 10 the signal contrast is represented as
a function of z.

The effect on the photocurrent of the detector misalignment
in the x direction (Fig. 1) with respect to the center of the NDB
is represented in Figs. 11 and 12. In the first figure, the signals
for the synthesized detector size of a � 108.5 μm are shown
for misalignments up to 35 μm at z � 1.135 mm. The signals
preserve their sinusoidal shape, but their amplitudes and con-
trasts diminish, as is shown in Fig. 12.

Vertical misalignments between the NDB and the photo-
detector of the same magnitude than lateral misalignments

Fig. 5. Diagram of the sensor used in this work, showing the inde-
pendent programmable gain system for each of the eight annular con-
centric photodiodes and the output signal, which is the concurrent
sum of the eight weighted photocurrents.
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Fig. 7. Photocurrents at the photodetector versus displacement for
blue light together with their respective sinusoidal fit. The curves cor-
respond to 10 different values of the synthetized detector size (from
bottom to top: a � 15.5, 46.5, 77.5, 108.5, 139.5, 170.5, 201.5,
232.5, 263.5, and 294.5 μm).
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of Figs. 11 and 12 cause much lower changes in the photocur-
rents, a result previously stated in one of our previous
works [19].

These experimental results obtained with the blue laser were
consistent with the numerical simulations. Anyway, in order to
study the cross-talk effects of the photodetection between the
annular photodiodes in the integrated circuit, we will now
present the results that were obtained using a red laser beam.
As later explained in this text, red light has a higher penetration
depth in silicon, leading to cross-talk problems among detectors
due to the diffusion of minoritary carriers generated below the
depletion regions of the photodiodes. The experimental pro-
cedure was the same as the one carried out with the blue laser.

Figure 13 shows the photocurrents at the photodetector for
different synthesized detector sizes using the red laser. The re-
sults were obtained with the same parameters from Fig 7.

The contrasts (Fig. 14) of the signals in Fig. 13 are lower
than their equivalents in Fig. 8. For example, the maximum
contrast is 0.12 for red light and 0.32 for blue light.

According to the simulations through the propagation of the
angular spectrum, these contrast values for red light were not
actually expected. To understand the cause of this drop, we
repeat the experiment using a CCD camera to capture the im-
ages at the plane of the photodetector chip as a function of the
displacement Δx. Figure 15 shows two of those images, corre-
sponding to displacements that give maximum and minimum

Fig. 8. Contrast and amplitude of the signals in Fig. 7.
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Fig. 9. Signal amplitudes versus detector-scale distance for blue light
and different values of a (from bottom to top: a � 15.5, 46.5, 77.5,
108.5, 139.57, 10.5, 201.5, 232.5, 263.5, and 294.5 μm).
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The different values of a (from top to bottom) are a � 46.5, 15.5,
77.5, 108.5, 139.5, 170.5, 201.5, 232.5, 263.5, and 294.5 μm.

Fig. 11. Photocurrent signals at different misalignments for the
synthesized detector size of a � 108.5 μm.

Fig. 12. Amplitude and contrast of the signals in Fig. 11 versus
misalignment.
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photocurrents. Then, we associate a gain factor to each pixel
according to the corresponding gain factor of each annular pho-
todiode that synthesizes a particular size of the besinc2 detec-
tivity function. The sum over all the pixels must give, therefore,
a number proportional to the expected photocurrent at the chip
for the same synthesized size parameter at the same Δx. With
these values, we then calculate the contrast as a function of the
synthetized size parameter (Fig. 16).

Comparing the contrasts represented in Figs. 14 and 16, the
following details are highlighted: the maximum contrast in
Fig. 16 doubles the higher contrast in Fig. 14; the differences
are important for the smaller values of the parameter a, and, as
long as the synthesized detector size increases, the differences
between the contrasts diminish. We attribute these differences
to the differences in the cross talk for different wavelengths.

CCD technologies make use of low-doped deep epitaxial
layers where charge generation and collection occur, and the
large voltage drive (10–15 V) results in electric field action
in regions extending up to 7–10 μm in the substrate. In con-
trast, the CMOS process is made of a thin epi-layer on low-
resistivity substrate and uses a low-voltage drive, thus giving
an electric field action extending only to 1.2 μm in the silicon
depth; consequently, charges will have to diffuse to be collected.
The penetration depths of blue (405 nm) and red (635 nm)

photons are 0.17 and 3.3 μm, respectively [28]. Therefore,
the red photons are generating electron-hole pairs in all the
substrate, in a much deeper zone than the junction and the
depletion region. These carriers can reach any photodiode by
diffusion and cause, consequently, the programmed gain factors
of the eight photodiodes to not synthesize adequately the in-
tended detectivity function. This behavior is not observed for
blue light because its penetration depth is only 0.17 μm. The
fact that the differences for red light between the contrasts ob-
tained with the sensor chip and with the CCD diminish, as
long as the synthesized detector size increases, is also consistent
with the cross talk: an increasingly large synthesized detector
size appears to be more and more like a monolithic photodetec-
tor, which, of course, has no cross talk.

In addition, the contrast for blue light versus a (Fig. 8) has
the same functional shape than the one for the red light taken
with the CCD camera; however, the contrast for red light is still
a little lower. This is due to the fact that the distance z at which
the contrast has a maximum is not the same for different wave-
lengths [18].

The electronic interpolation ability of the encoder is related
to the harmonic content of the signal. Figure 17 shows the
spectral amplitude of one of the photocurrent signals of
Fig. 7, thus indicating that it is always below 1% of the spectral
amplitude at the grating frequency (50 mm−1). The simulation
through the propagation of the angular spectrum (not shown in
Fig. 17) provides good estimation of the harmonic content [13]
but predicts null intensity at frequencies other than multiples

Fig. 13. Same as Fig. 7 but using a red laser diode.

Fig. 14. Contrast of the signals in Fig. 13.

Fig. 15. Images at the photodetector plane (z � 0.5 mm) for dis-
placements corresponding to maximum (left) and minimum (right)
photocurrents.

Fig. 16. Contrast of the signals obtained with the CCD images for
a red light at z � 0.5 mm.
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of the grating frequency; therefore, the spectral noise of the
experimental results reveals that the grating used in the lab
had some minor imperfections.

5. CONCLUSIONS

We present in this work an implementation of an optical
encoder based on a nondiffractive beam, which generates an
appropriate incremental signal. This implementation is done
with a 20 μm Ronchi grating and includes two specially de-
signed elements: a diffractive optical element (to produce the
quasi-nondiffractive beam) and a programmable gain CMOS
structured detector (to synthesize the most convenient detec-
tivity function).

The setup was mounted, and a comprehensive analysis of
its performance was done. The system generates an incremental
signal with good contrast and low harmonic content. Different
sizes of besinc2 detectivity functions were programmed on the
CMOS photodetector, thus allowing us to experimentally
verify the most suitable detector size. The stability of the signal
under variations of the detector-grating distance is superior to
the standard mounting tolerances in that direction (0.1 mm
typically) due to the intrinsic propagation invariance of the
NDBs. In addition, the detector can be placed as close as
needed to the grating.

The signal contrast significantly decreases when red light
is used instead of blue light. It was stated that the cross
talk between the annular photodiodes is responsible for this
effect.

The intrinsic resolution of the system is equal to the grating
pitch, which 20 μm; however, according to the obtained signal
characterization, it is estimated that an electronic interpolation
up to a hundredth of the grating pitch is attainable. The reason
is that, for a 0.1 mm variation in the detector-grating distance,
the change in the signal amplitude is less than 5% (depending
on the chosen working distance); for that amplitude variation,
the maximum interpolation error is 0.2 μm [21]. The harmonic
content of the signal is less than 1%, the maximum interpo-
lation error it produces is less than 0.05 μm. In order to

properly calculate the interpolation ability of the optical
encoder based on a nondiffractive beam, it is necessary to
produce the four 90° phase-shifted incremental signals because
the interpolation error depends also on the offset and the phase
shifts of these four signals. The pitch, yaw, and roll tolerances
also must be evaluated with the complete optical head design
that will be able to produce the four signals.

It was shown (Fig. 12) that a few tens of micrometers of
misalignment produce a signal amplitude variation that would
undermine the interpolation ability. Thus, the most expensive
part of this encoder is the man-hours needed to align the de-
tector with the laser diode and the DOE. In order to reduce this
cost, we are now working on the development of a pixelated
detector with self-centering capabilities.

According to the conclusions of the two preceding para-
graphs, the future work will be directed to integrate in the
encoder head the four NDB and detectors to obtain the two
quadrature signals with zero mean and to automatize the
detector alignment with respect to the NDB axis.

Funding. Agencia Nacional de Promoción Científica y
Tecnológica (National Agency for Science and Technology,
Argentina) (PICT2008-0077, PICT2013-0951).
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