
Cylindrical–type nanometer-resolution
laser diffractive optical encoder
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A new, to our knowledge, design for a cylindrical-type diffractive optical encoder is proposed. The
wave-front aberrations induced by the power of the rotation disk in this encoder can be canceled out
completely. Wave-front-aberration cancellation and desensitization to the grating misalignment are
achieved by means of positioning the virtual point source, which was induced by the cylindrical grating
with respect to two sets of modified telescopes with a magnification ratio of one: 13 telescopes. For
evaluating the performance envelope of this newly designed optical system a CODE V-based optical-design
software program was adopted to simulate the performance of the optical system. From tolerance-
analysis results it was found that this newly developed cylindrical encoder system has the capability to
compensate for most aberrations and, in addition, possesses a high tolerance for optical-component
misalignment. For verifying the performance of the developed system the cylindrical diffractive encoder
system was cross-referenced with a Hewlett-Packard Model HP-5529 laser interferometer positioning
signal. The experimental results confirm the merits of this newly developed cylindrical encoder.
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1. Introduction

Classified by the shape of the grating used, rotary-
and cylindrical-type diffractive optical encoders can
both be used to measure the angular displacement of
a moving object. Both types of diffractive optical
encoder use a diffractive grating as the metric scale
for measuring the displacement of an object with a
nanometer-level resolution. The displacement of
the diffractive grating relative to the encoder head
modulates the phase of the diffracted light beams and
generates interference fringes for the receiving optics
to detect. Therefore a diffractive optical encoder1–8

is one of the most important of the key components
for ultrahigh-precision positioning equipment such
as mastering systems for optical storage systems or
for servo track writers used in magnetic storage sys-
tems.

A rotary diffractive optical encoder9–11 uses a ra-
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dial grating as the metric scale. As the grating pitch
of a radial grating varies linearly along the radial
direction, an incoming beam with a finite spot size
will experience strong wave-front-aberration effects
within the region of the diffracted light beams.
These wave-front aberrations can present major
difficulties in creating feasible interferometric
configurations that are needed for high-performance
laser encoders. Various optical designs have been
proposed to minimize and compensate for radial-
grating-induced wave-front aberrations. Review
and analysis of these designs have prompted the de-
velopment of a new cylindrical-type diffractive optical
encoder.

In this study the optical components of this new, to
our knowledge, design for an optical encoder system
are arranged such that the wave-front aberrations
induced by the power of the rotation disk can be
canceled out completely. Furthermore, the system’s
performance degradation, which is due to misalign-
ment between the moving grating and the rest of the
encoder head, which is stationary, is drastically re-
duced. Wave-front-aberration cancellation and de-
sensitization to the grating misalignment are
achieved by means of positioning a virtual point
source ~VPS!, which was induced by the power of the
otating disk on which a grating is located, with re-
pect to two sets of modified telescopes with a mag-
ification ratio of one: 13 telescopes.12 Each of the
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13 telescopes comprises a spherical lens, a right-
angle prism, and a rotation disk with a grating.
This feature makes the installation of the encoder
and the grating much easier because of the larger
system-misalignment tolerance available. In addi-
tion, it provides the system with the capability to
generate high-quality output signals even when the
structures being measured are rotated at high speed
and the vibrations of the grating and the structure
add significant noise to the signals as a result of the
misalignment.

To evaluate the performance envelope of the newly
design optical system, we adopted CODE V-based13 op-
tical design software to simulate the performance of
the optical system. From the tolerance-analysis re-
sults it was found that this newly developed cylindri-
cal encoder system has the capability to compensate
for most aberrations, and, in addition, possesses a
high tolerance for optical-component misalignment.
To verify the performance of the developed system,
we cross-referenced the cylindrical diffractive en-
coder, which was constructed by use of discrete com-
ponents placed on top of a conventional optical table,
with a Hewlett-Packard Model HP-5529 laser inter-
ferometer14 positioning signal. The experimental
results confirm the merits of the newly developed
cylindrical encoder and offer proof of its high-
precision position-detection capabilities, its high
optical-component misalignment tolerance, and its
excellent wave-front-aberration immunity.

2. Cylindrical-Type Diffractive Optical Encoder

Cylindrical-type diffractive optical encoders15,16 use
linearly shaped diffraction gratings mounted on the
circumference of the rotation disk as the metric scale.
The rotation of the diffraction grating relative to the
encoder head modulates the phase of the diffracted
beam and generates an interference fringe so the
receiving optics can produce quadrature signals and
deduce the angular position of the rotation disk.
When collimated laser beams impinge on the grating

Fig. 1. Wave-front aberration induced by a rotating disk.
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the diffracted beams will suffer wave-front aberra-
tion, such as astigmatism, that is induced by the
power of the rotation disk on which the diffraction
grating sits ~Fig. 1!. The diffracted-beam wave-
front aberration induced by the power of the rotation
disk will degrade the interference fringe’s signal-to-

Fig. 2. ~a! New design for a cylindrical-type diffractive optical
ncoder. Close-up views of a cylindrical diffractive optical en-
oder system for ~b! a 11-order diffracted beam and ~c! a 21-order

diffracted beam.
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noise ratio and also make system performance sen-
sitive to optical-component misalignment.

For compensating the wave-front aberration the
new cylindrical-type diffractive encoder’s optical de-
sign, shown in Fig. 2~a!, uses two sets of modified 13
telescopes to locate the VPS. The collimated laser
beam then impinges on the reflective diffraction grat-
ing and diffracts along the 11-order and the 21-order
diffraction beams along the L1 and the L3 directions,
respectively. From Fig. 2~b!, we can see that the
resultant 11-order diffraction beam is diffracted
along the direction of the angle d1, which can then be
calculated from the grating equation and the geomet-
ric relation, as given by

d1 5 Fsin21Sl

p
1

d
RD 1 sin21Sd

RDG , (1)

where l is the wavelength of the measuring laser, p is
the pitch of the reflective diffraction grating, d is the
ffset distance between the incidence point and the
enter point, and R is the radius of the rotational
isk. The optical system is arranged such that the
ominal center line of a spherical lens S1, the one-

eighth-wave plate W1, the right-angle reflector R1,
and the optical axis A1 are all aligned along the di-
rection of the angle d, given by the following condi-
tion:

d 5
1
2 Fsin21Sl

p
1

d
RD 1 sin21Sl

p
2

d
RDG . (2)

Fig. 3. Diagram of the optical simulation for a 11-order diffracted
beam in which the designed grating pitch is 1.6 mm, the wave-
ength is 632.8 nm, and the radius of the rotation disk is 110 mm.

Fig. 4. Diagram of the optical simulation for a 21-order diffracted
beam in which the designed grating pitch is 1.6 mm, the wave-
ength is 632.8 nm, and the radius of the rotation disk is 110 mm.
The spherical lens is located at a distance f from
PSO1, and the right-angle reflector is also located at

a distance f from the spherical lens, where f is the
ocal length of the spherical lens. The roof edges of
ight-angle reflectors R1 and R2 are oriented parallel

to the grating line of the diffraction grating. Fur-
thermore, VPSO1 is located along the optical axis at a
distance L, as measured from the central point and
given by

L 5
sin~py2 2 d!

sin a
@d 1 R~1 2 cos u!tan d#

1 R~1 2 cos u!sec d, (3)

here a 5 1y2@sin21~lyp 1 dyR! 2 sin21~lyp 2 dyR!#
1 sin21~dyR! and u 5 sin21~dyR!. The spherical
lens, the right-angle prism, and the rotation disk
with the grating together make up the 13 modified
telescope. In this structure the 11-order diffracted
beam passes through the spherical lens, is colli-
mated, then passes through the one-eighth-wave
plate, and is reflected back by the right-angle reflec-
tor. The reflected light beam then passes again
through the one-eighth-wave plate and the spherical
lens. The resultant beam is then focused toward
VPSO1 in the direction of angle d2, which is given by

d2 5 Fsin21Sl

p
2

d
RD 2 sin21Sd

RDG (4)

and is incident upon the same reflective diffraction
grating. Thus the rediffracted beam is again colli-
mated when its propagation direction moves in the
direction of LR toward the signal detector in the op-
posite direction of the original incident beam L0 @Fig.
2~a!#.

Likewise, as can be seen from Fig. 2~c!, the 21-
order diffraction beam diffracts from the reflective

Fig. 5. Quality of the rms wave front of a 11-order returning
beam for which the rms and the peak-to-valley wave-front errors
are 0.005 and 0.025 wave, respectively.

Fig. 6. Quality of the rms wave front of a 21-order returning
beam for which the rms and the peak-to-valley wave-front errors
are 0.005 and 0.025 wave, respectively.
1 August 1999 y Vol. 38, No. 22 y APPLIED OPTICS 4745
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diffraction grating along L3 in the direction of angle
d3 and can be given by

d3 5 Fsin21Sl

p
2

d
RD 2 sin21Sd

RDG . (5)

The optical system is arranged so that the nominal
center line of the spherical lens S2, the one-eighth-
wave plate W2, and the right-angle reflector R2 are
disposed along the optical axis A2 and aligned in the

irection of the angle d, where

d 5
1
2 Fsin21Sl

p
1

d
RD 1 sin21Sl

p
2

d
RDG . (6)

The spherical lens is located at a distance f from
PSO2, and the right-angle reflector is also located at

he distance f from the spherical lens, where f is the
ocal length of the spherical lens. Additionally,
PSO2 is located along the optical axis at a distance

L from the central point, as given by

L 5
sin~py2 2 d!

sin a
@d 1 R~1 2 cos u!tan d#

1 R~1 2 cos u!sec d. (7)

he 21-order diffraction beam passes through the
ollimating spherical lens, then passes through the
ne-eighth-wave plate, and is reflected back by the
ight-angle reflector to pass through the one-eighth-
746 APPLIED OPTICS y Vol. 38, No. 22 y 1 August 1999
ave plate and the spherical lens. The resultant
eam is then focused toward VPSO2 in the direction of

angle d4, as given by

d4 5 Fsin21Sl

p
1

d
RD 1 sin21Sd

RDG , (8)

and is incident upon the reflective diffraction grating.
The rediffracted beam is again collimated and coin-
cides with the 11-order return beam in the direction
LR directed toward the signal detector.

In this newly designed system the wave-front ab-
errations caused by the power of the rotation disk on
the diffracted light beams are Fourier transformed17

by the modified 13 telescopes’ optical layout. The
returning beams are again Fourier transformed and
diffracted a second time by the same grating. Be-
cause the light beams diffracted from the grating
have a wave front that is antisymmetric about the
central point of the reflective diffraction grating, the
returning light has a wave front that is complex
conjugated to the preceding light beams that were
diffracted from the same grating. Therefore, the
11-order and the 21-order returning light along the
LR direction will be collimated again after the second
diffraction from the same grating. With the optical
layout presented in this newly developed encoder the
wave-front aberrations induced by the power of the
rotation disk can be canceled out completely. Fur-
thermore, the system can tolerate a much larger
Fig. 7. Quality of the rms wave front versus the disturbance in
the grating rotation.
Fig. 8. Quality of the rms wave front versus the disturbance in
the grating offset.
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range of misalignment of the optical components and,
as a result, can tolerate much larger mounting errors
of the diffraction grating.

3. Optical Simulation

CODE V-based optical design software was adopted for
modeling the optical system and evaluating the per-
formance envelope of the newly design optical sys-
tem. In our model the radius of the rotation disk
and the pitch of the linear sinusoidal grating were
attached to the circumference of the rotation disk at
110 mm and 1.6 mm, respectively. From Eq. ~2! the
proper layout of the spherical lens and the right-
angle prism can be calculated. The distances from
the spherical-lens front surface to VPSO1 and VPSO2
are given in Eqs. ~3! and ~7!.

Figures 3 and 4 show the optical design model of
the 11-order and the 21-order diffraction beams, re-
spectively, after optimization of the optical system.
The rms wave-front quality of the 11-order and the
21-order returning beams is shown in Figs. 5 and 6.
To examine the compensating capability of the design
system, we added some disturbance to the rotation
disk. Figures 7 and 8 reveal the rms wave-front

Fig. 9. Offset of the diffracted beam in the x direction that was
nduced by a tilting disturbance about the y or the z axis. The
ffset of the diffracted beam is negligible in the x direction for cases
f offset disturbance along the x, the y, and the z directions and for
ases of tilt about the x axis.
quality of the designed optical system versus the dis-
placement and the rotation disturbance of the rota-
tion disk. From the simulation results it can be seen
that the system is quite robust to misalignment of the
rotation disk with respect to the encoder head. Be-
cause the diffractive optical encoder uses the 11-
rder and the 21-order output diffracted beams to
Fig. 10. Offset of the diffracted beam in the y direction ~a! as
induced by an offset disturbance along the y or the z direction and
~b! as induced by a tilt disturbance about the x axis. Note that the
offset of the diffracted beam in the y direction is negligible for cases
of an offset disturbance along the x direction and for cases of tilt
disturbance about the y or the z axis.
1 August 1999 y Vol. 38, No. 22 y APPLIED OPTICS 4747
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obtain interference fringes for detecting angular dis-
placement, it is very important to know the relative
orientations of the 11-order and the 21-order dif-
fracted beams at the output end. Figures 9–12
show the relative orientations of the 11-order and
the 21-order returning beams as measured at a dis-
tance of 200 mm from the grating after the distur-
bance of the rotation disk described above. From
the tolerance-analysis results it was found that this
newly developed cylindrical encoder system has the
capability to compensate for most aberrations as well
as maintain a high tolerance to optical-component
misalignment.

4. Experimental Results

Figure 13 shows a schematic of the experimental
setup. A 1.6-mm-pitch reflective holographic grat-
ing was mounted on the circumference of the rotation
disk, which had a radius of 110 mm. A He–Ne gas
laser with a wavelength of 632.8 nm was used as the
measuring light source. After proper alignment of
the optical system, as described in Section 3, the
quadrature signal was obtained by the signal detec-
tor ~Fig. 14!. To verify the performance of the sys-
em, we mounted a reflector from the Model HP-5529
748 APPLIED OPTICS y Vol. 38, No. 22 y 1 August 1999
nterferometer on top of the rotation disk and aligned
t with the edge of the grating. When the disk ro-
ates at a small angle with respect to its center, the
ncoder system and the Model HP-5529 interferom-
ter, both of which are controlled by their own sepa-
ate PC systems running in a Microsoft Windows
nvironment, take the displacement data with an ex-
Fig. 11. Tilt of the diffracted beam about the x axis that is induced
by the tilt disturbance about the y or the z axis. The tilt of the
diffracted beam about the x axis is negligible for cases of offset

isturbance along the x, the y, or the z direction and for cases of
ilting about the x axis.
Fig. 12. Tilt of the diffracted beam about the y axis ~a! as induced
by an offset disturbance along the y or the z direction and ~b! as
induced by tilt disturbance about the x axis. Note that the tilt of
the diffracted beam about the y axis is negligible for cases of offset
disturbance along the x direction and for cases of tilt about the y or
the z axis.
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ternal trigger signal. Because both controlling PC
systems execute their sampling programs under an
event-driven system such as Microsoft Windows, the
sampling-action start times of the two PC systems do
not coincide exactly because the PC’s operating sys-
tems dictate the start of the sampling action. This
timing discrepancy appears as a horizontal shift be-

Fig. 13. Diagram of the experimental set

Fig. 14. Quadrature signals detected by the signal detector.

Fig. 15. Experimental results for two sets of data: the proposed
cylindrical diffractive optical encoder and the Hewlett-Packard
Model HP-5529 laser interferometer.
tween the two sets of data shown in Fig. 15. In a
geometrical sense, the encoder system output and the
Model HP-5529 interferometer should take the same
value. The experimental data shown in Fig. 15 in-
dicate that the maximum discrepancy in vibration
induced by disk rotation between the two systems is
less than 5 mm. With all the optical components still

ounted on top of a regular optical table and not
educed into a compact package, the system is not
mmune to external vibration, noise, air-flow fluctu-
tions, and so on. The 5-mm error obtained appears
o be satisfactory even though more-detailed experi-
ents are currently underway.

5. Conclusions

A newly designed optical system with a high toler-
ance for misalignment between the moving grating
and the rest of the encoder head, which is stationary,
has been presented. Wave-front-aberration cancel-
lation and desensitization to grating misalignment
are achieved by means of positioning the VPS, which
was induced by the cylindrical grating with respect to
two sets of a modified 13 telescopic optical layout.
From tolerance-analysis results it has been proven
that this newly developed cylindrical encoder system
has the capability to compensate for most aberrations
and, in addition, possesses a high tolerance to optical-
component misalignment. The performance of the
designed system was cross-referenced with a Model
HP-5529 laser interferometer positioning signal.
The experimental results have confirmed the merits
of the newly developed cylindrical encoder and have
proved its high-precision position-detection capabili-
ties, high optical-component misalignment tolerance,
and excellent wave-front-aberration immunity.
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