
Journal of the Chinese Institute of Engineers, Vol. 24, No. 4, pp. 419-429 (2001) 419

*Correspondence addressee

DIFFRACTIVE LASER OPTICAL ENCODER WITH HIGH

TOLERANCE TO HIGH-SPEED MECHANICAL RUNOUT

Chyan-Chyi Wu1, Chih-Kung Lee2*, Shui-Shong Lu1, Wen-Jong Chen1, Ching-Sang Yang2,
and Chi-Tang Hsieh3

1Department of Mechanical Engineering,
National Taiwan University,
Taipei, Taiwan 106, R.O.C.

2Institute of Applied Mechanics,
National Taiwan University,
Taipei, Taiwan 106, R.O.C.

3AHEAD Optoelectronics, Inc.
Taipei, Taiwan 235, R.O.C.

Key Words: high-speed mechanical runout,  error analysis,  1-x
telescope, conical diffraction.

ABSTRACT

This paper is concerned with the design of a laser linear encoder
with high head-to-scale alignment tolerance.  It adopts 1−x telescope
design that can increase by 6 to 20 times the head-to-scale tolerance of
existing encoders of the same class.  The optical design of the laser
encoder can avoid effects from differences in polarization diffraction
efficiencies.  In other designs the non-uniformity of the temperature
field within the head-to-scale range yields a nonzero initial phase and
thus decreases the measurement accuracy of the system.  The misalign-
ment of the polarizers for the circular polarization interferometer con-
figuration makes for both inclined and elliptical quadrature signals in
the output.  For an encoder system which adopts an arctangent
algorithm, this effect may lower the measuring resolution.  The resolu-
tion of our laser encoder design is verified by experiments.

I. INTRODUCTION

Laser encoders, which provide accurate linear
and angular displacement information with resolution
down to the nanometer range, are commonly used in
today’s high-tech applications.  Many state-of-the-
art linear laser encoders exist today.  For example,
Canon made a compact laser optical encoder by uti-
lizing the cat’s eye design (Nishimura et al., 1990a;
Nishimura et al., 1990b).  In Europe, Heidenhain pro-
posed a diffraction encoder of the integrated optical
type (Olivier and Francois, 1990).  Besides, IBM

proposed a wavefront reconstruction optics so as to
use the laser encoder as an actuator position sensor
(Chiang and Lee, 1995).  Mitutoyo proposed a linear
encoder with improved detection signal insensitivity
to optical grating gap variation (Souji, Hideki and
Seiji, 1990) and corrected the adverse polarization
effect on the diffracted beams induced by the grating
scale (Masreleiz, 1992).

The main bottleneck in making wide applica-
tions of the laser encoders lies in the fact that the
optical head of a laser encoder must not only be
aligned with micrometer precision but also be held
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to tight tolerances during system operation.  The high-
speed operation capacity of production machines is
very important for current high-tech industries such
as semiconductors, DVDs and hard disks.  Typically,
higher operating speeds of the machines corresponds
to worse mechanical runouts.  As shown in Fig. 1,
there exist five axes of mechanical runout between
the optical head and the operating machine.  The
mechanical runout of the specimen, i.e., the machine,
where the grating scale is mounted, will directly in-
fluence the optical signals and may cause the opto-
electronic signals to decay or even to disappear.  In
addition, information decoded may lead to erroneous
measurement results when the runout is present.  The
IBM laser optical encoder design, which was pro-
posed to tackle the high-speed mechanical runout
problem the Canon encoder encounters, is shown in
Fig. 2.  The main difference between the optical de-
sign of these two encoders is that the Canon encoder
adopts a cat’s eye reflector and the proposed encoder
design derived from improving the IBM laser encoder
utilizes a design termed 1−x telescope.  The cat’s eye
reflector is made by coating only the center portion
of the back plane of a 1/4 pitch GRIN lens, which has
the advantage of being small in size and easy to align.
On the other hand, the 1−x telescope design concept
shown in Fig. 2 is achieved by placing the front focal
plane of the wavefront reconstruction lens at the mid-
point location where the incident and return light
beams impinge on the reflective grating.  In addition,
the mirrors in Fig. 2 are placed at the back focal plane
of the wavefront reconstruction lens.  Due to the ge-
ometry of the GRIN lens, the cat’s eye reflector can
never be aligned to have the 1−x telescope configu-
ration unless the front surface of the GRIN lens is
placed in intimate contact with the reflective grating.

Principles of the optical system design are de-
scribed in detail herein by describing the optical paths
in detail first.  Then the error analysis of the head-to-
scale mechanical runout will be given.  Experimental

results obtained by comparing the signal output ob-
tained from the newly proposed laser encoder with
that of an HPTM laser interferometer are to be exam-
ined as well.

II. THEORY OF LASER ENCODER

In Fig. 3, a linearly polarized light emitted from
a diode laser is collimated and aligned to make sure
that the two light beams split by the polarization beam
splitter (PBS) will have equal intensity.  After p-wave
(TM wave) transmitting through the PBS and travel-
ing along the left half of the optical path, the quarter
waveplate converts the p-wave into a circularly po-
larized light beam.  Similarly the s-wave (TE wave)
traveling along the right half of the optical path is
converted into a circularly polarized light beam as
well.  These two orthogonal circularly polarized light
beams diffracted by the reflective grating twice are
then encoded with the displacement information of
the specimen on which the grating is attached.

The p- and s- polarized light beams are recom-
bined at the PBS.  The optical configuration shown
in Fig. 3 will make sure that the polarization states of
these two light beams are orthogonal to each other.
These two orthogonally polarized light beams will
become right and left circularly polarized after pass-
ing the quarter waveplate.  The combination of these

Fig. 1 Schematics of the mechanical runouts that may influence
the performance of the encoders.  The runouts are defined
from the optical head to the stage and thus may be differ-
ent from traditional stage runout definitions

Fig. 2  Schematic of the IBM laser linear encoder

Fig. 3  Schematics of the newly proposed linear encoder
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two circularly polarized light beams forms effective
linearly polarized light beams whose azimuths are
functions of the grating displacement.  These two
polarized light beams produce the quadrature signals
from the photodetectors, then the phase decoding al-
gorithm is employed for the signal processing (Lee
et al., 1999; Wu et al., 1999).  More specifically, the
polarizing plates located in front of the photodetec-
tors PD1 and PD2 are arranged to have a 45° angle
with respect to each other within the polarization
state space.  The light intensities measured by PD1
and PD2, forming the quadrature signals, I1 and I2,
respectively are given by the following equation

I1=DC1+A1cos(η), (1)

I2=DC2+A2sin(η−δ), (2)

where DC1 and DC2 are the amplitudes of the DC
components, A1 and A2 the amplitudes of the AC
components, η is the relative phase difference of the
two beams due to the displacement of the grating
scale, and δ the additional phase difference between
the two photo detectors receiving the I1, I2 signals.
A grating scale displacement of ∆x causes a double
Doppler shift (Drain, 1980; Durst and Whitelaw,
1976) which is related to the phase difference η for a
first order diffraction by the following equation

η=8π∆x/d, (3)

where d is the grating pitch.  The phase difference
between these two beams depends on the position of
the diffraction grating. As the diffraction grating
moves, the phase relationships of these two beams
change, causing them to constructively or destruc-
tively interfere.  By Eq. (3), the peak-to-peak period
of the interfering beams within the encoder is d/4.
By  i n t e rpo l a t i on  o f  t he  quad ra tu r e  s i gna l
electronically, for example, the measuring resolution
of the laser encoder system can be improved to better
than 0.1 nm with a grating pitch of 1.6 µm and 4096
digitization resolution.

III. 1−X TELESCOPE DESIGN

The 1−x telescope design adopted in this opti-
cal head can be described by using the matrix optics
approach as follows (Guenther, 1990):
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where (h0, α0) represents the corresponding position
and direction angles of the diffracted beam from the
moving grating scale surface, and f is the focal length
of the lens as shown in Fig. 4.  By Eq. (4), it can be
shown that the output beam, transferred by the 1−x
telescope optical system, traces along the opposite
direction to the diffracted beam, and its output posi-
tion located at -h0 is symmetric to the optical axis of
the 1−x telescope optical system with the position of
the diffracted beam.  Thus three advantages for the
1−x telescope can be clearly identified by using the
results shown in Eq. (4).  First, it assures that a sec-
ond time diffracted beam can trace along an optical
path that is parallel to the original one.  Second, it
provides the returned light beams with offsets avoid-
ing the returned beams going back into the laser cav-
ity to de-stabilize the laser.  Third, even for the
defocused case, which shows up under an additional
spacing between the optical head and the grating
scale, the output direction of the returned beam can
still be held on an opposite line that is parallel to its
original one.  Therefore, this optical design makes
the newly developed encoder system more robust than
others.

IV. ERROR ANALYSIS

The I1 and I2 signals trace out a trajectory in the
intensity space.  The position and shape of the signal
trajectory depend on the DC1, DC2, A1 and A2 levels
and thus influence the output accuracy of the signal
processing using the arctangent algorithm.  The head-
to-scale and photodetector module alignment errors
will be detailed herein.

1. Effect of Differences in Polarization Diffraction
Efficiency

For past laser encoders, errors stemming from
the different diffraction efficiencies for incident light
beams of different polarization states are one of the
main design issues (Hutley, 1982; Masreliez, 1992).
Although Mitutoyo’s design claims that it can

Fig. 4  Schematics of the 1−x telescope
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correct the effect of differences of polarization dif-
fraction efficiency (Masreliez, 1992), it adopts an im-
proper physical concept that the efficiencies of the
grating diffraction have reversibility and thus may
cause a system measurement error.  In comparison,
as the proposed laser encoder adopts a circular polar-
ization interferometer configuration and thus is in-
dependent of polarization differences of diffraction
efficiency, the quadrature signals are of the same
amplitude.  It can be shown clearly that incident light
beams after two diffractions from the grating scale
(Fig. 3) lead to a resultant electric field E located in
front of the second NPB that consists of left-circu-
larly and a right-circularly polarized components with
the same amplitude (see Appendix 1 for proof).  The
corresponding quadrature signal can be shown as fol-
lows

I1=DC+AC.cos(4.∆ω.t), (5)

I2=DC+AC.sin(4.∆ω.t), (6)

where DC, AC are the amplitudes of the DC, AC com-
ponents of the quadrature signal respectively, t the
time interval of the grating scale movement and

AC=DC=G[kp(θ)kp(0)+ks(θ)ks(0)]2, (7)

where G is a proportional constant, ∆ω  is the Dop-
pler angular frequency shift and the kp(θ), kp(0),
ks(θ) and ks(0) are the first order diffraction efficien-
cies with respect to the θ and 0 incident angles for
p- and s-polarizations respectively.  From Eqs. (5)-
(7), it is clear that the optical design of the newly
developed laser encoder does not distort the output
signal and the output resolution of the phase decod-
ing is free from the effect of differences in the dif-
fraction efficiencies for incident light beams with
different polarization states.  That is, the laser en-
coder remains in optimum operating condition even
for cases where the difference in diffraction efficien-
cies exists for incident light with different polariza-
tion states.

2. Effect of Temperature

It is very difficult to keep this system tempera-
ture completely balanced; i.e. optical path differences
(OPD) do exist between path1 and path2, which are
optical paths respectively along the left and right op-
tical paths.  Temperature variation influences the
measurement accuracy with an additional phase γ for
the phase decoding and it can be shown easily by us-
ing Jones calculus as follows

η=4.∆ω.t+γ, (8)

where t is the time interval during the grating scale
movement, γ, the temperature variation induced phase
error can be represented as follows

   γ = 4π
λ [ ∆n ⋅ dl

path1
– ∆n ⋅ dl

path2
] , (9)

where λ is the wavelength of the laser source, ∆n, is
the index change induced by the temperature varia-
tion within the optical system with respect to the stan-
dard ambient temperature 20°C, dl is the infinitesi-
mal path along path1 or path2 and

∆n=n(x, z)–n0, (10)

where n(x, z) is the index distribution caused by the
temperature variation, and n0 is the reference index
at 20°C constant ambient temperature.  Out of the la-
ser encoder, only the head-to-scale region is exposed
directly to the ambient environment and thus we can
reasonably assume that the region within the optical
head has a uniform temperature field.  For example,
consider a head-to-scale region of 1mm spacing,
path1 with a uniform temperature variation, path2
with  the  same temperature  as  the  reference
temperature, 20°C, which is the ambient temperature
and a laser source with a wavelength at 633nm.  By
Eqs. (8-10) and the empirical refractive index
formula, which is a function of temperature variation
(Smith, 1990), we can estimate an error sensitivity of
the displacement measurement, 1.1721nm/°C as
shown in Fig. 5.  Thus the temperature variation is
radically significant for the measurement accuracy of
the laser encoder system.

3. The Polarization Misalignment of the Detector
Modules

It should be noted that errors do occur when the
two PBSs in front of the corresponding photodetec-
tors are misaligned at wrong relative polarization
angles.  By Jones calculus the misalignment angle ξ
can be related to the polarization misalignment error
which shows up as an additional phase difference δ
in the quadrature signals in Eq. (2), and

δ=2.ξ. (11)

(see Appendix 2 for proof).  This is true especially
because the polarization misalignment ε(η) at detec-
tor modules induced error is a periodic error with re-
spect to the phase η of the quadrature signal.  As the
arctangent algorithm is applied, the error ε(η) can be
easily written down as follows

  ε(η) = tan– 1[
sin(η – δ)

cosη
] – η , (12)
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and

ε(η+π)=ε(η). (13)

By Eq. (13), it is clear that the polarization misalign-
ment at the detector modules does induce an error with
a period π.  Since this error is periodic, it can im-
prove the resolution of the system down to near 1pm
for the corresponding quadrature signal processing
by using the periodic average technique (Gürsel,
1993).  Even for the additional phase difference of
one degree, which is equivalent to an angle differ-
ence of 0.5° stemming from the polarization misalign-
ment of the detector module, there will exist a dis-
placement measurement error larger than 1 nm which
will make the measurement fail as shown clearly in
Fig. 6.

4. The Head-to-Scale Mechanical Runout

There are five key degrees of freedom for the
local grating scale relative to the optical head as
shown in Fig. 1.  The 3-D diffraction theory of the
grating scale, i.e., the conical diffraction, is used to
analyze the high-speed head-to-scale mechanical
runout problem and leads to (Petit, 1980)

   u xn = sinθcosφ + nλ
d

, (14)

   u yn = 1 – sin2φ – (sinθcosφ + nλ/d)2 , (15)

uzn=sinφ, (16)

where uxn, uyn and uzn are the x-, y- and z-directional
cosines of the diffracted beams respectively, φ is the
inclined angle between the incident light beam and
its projection light beam vector in the x-y plane, and

θ is the angle between the incident wave vector and
the y-axis as shown in Fig. 7.  With Eqs. (4) and (14)-
(16), α0 of the beam incident into the 1-x telescope
and its position of output beams onto the grating h
can be determined easily.  For optical components 3
mm in size, the head-to-scale alignment tolerances
are shown in Table 1 using LightToolsTM raytrace
calculations (Hayford et al., 1997; Canon Catalog,
1996).

For the system shown in Fig. 1, the roll and yaw
are the runout components that are most difficult to
minimize due to the nature of the stage movement.
That is, the high-speed motion of the stage naturally
leads to high roll and yaw runout.  It is clear from the
data shown in Table 1 that the newly developed laser
encoder improves the most critical runout by a factor
of 6 to 20.  This significant improvement leads to a
laser encoder that is much easier to implement and
has a much higher performance.

V. OPTICAL SIMULATIONS AND
EXPERIMENTAL RESULTS

The main difference between the configuration

Fig. 5 The optical path difference induced by the difference be-
tween the operating temperature and the reference tem-
perature 20°C

Fig. 6 Displacement error induced by the polarization misalign-
ment of the detector module.

Fig. 7 The coordinate system used to examine conical diffrac-
tion
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of the present laser encoder and the IBM laser en-
coder design is that one instead of two 1−x telescopes
is needed in the laser encoder configuration (Chiang
and Lee, 1995; Hsieh and Lee, 1998; Lee and Hsieh,
1998).

Figure 8 shows the experimental setup used to
measure diffraction efficiency.  The linear grating
used has a pitch of 1.6 µm, and is a sinusoidal sur-
face relief type.  In addition, the depth of the grating
is 150 nm and the light source wavelength used is
632.8 nm.  Fig. 9 shows the measured and the
calculated results.  Fig. 10 represents a good agree-
ment regardless of TE/TM waves or the Wood’s
anomaly between results by the GSolverTM program
calculation and the published experimental data
respectively.  Note that solid lines are TM waves and
dash lines are TE ones.  It is clear from Figs. 9 and
10 that there exists good agreement between the re-
sults simulated by using the rigorous coupled wave
theory and experimental results (Grating Solver De-
velopment Co., 1991).  The design point of the grat-
ing scale lies on the [kp(θ)kp(0)+ks(θ)ks(0)]2 that is
proportional to the AC component amplitude of the
quadrature signal.  During the course of developing
the laser encoder presented in this article, the rigor-
ous coupled wave theory was used to determine the
optimum grating depth in order to lead to higher dif-
fraction efficiency and a better S/N ratio.  Fig. 11
shows the proposed design point comparison of the
grating scale with Canon’s encoder.  It is clear that
the proposed design point, 190 nm, will give more

than four times the relative signal amplitude than the
Canon’ design.

There is no suitable instrument which can be
used for subnanometer resolution calibration.  To fur-
ther verify the system performance of the newly de-
veloped laser encoder system, its performance was
compared with HPTM 5529A distance measuring in-
terferometer (Fig. 12), i.e., same stage movement was
measured by using both the newly developed laser

Table 1 Comparison of the Head-to-scale alignment tolerances of the proposed encoder and the Canon
design

Alignment tolerance The proposed encoder Canon encoder
Roll ±60 arc min ±3 arc min
Pitch ±20 arc min ±20 arc min
Yaw ±3 degrees ±20 arc min

Stand-off ±1.2 mm ±0.2 mm
Offset ±2 mm ±0.3 mm

Fig. 8 The schematic of experimental setup used to measure the
diffraction efficiency for the first order diffracted light
beams.

Fig. 9 The diffraction efficiency at various incident angles for a
case where the grating scale is of a sinusoidal surface re-
lief type, 1.6 µm pitch, and 150 nm grating depth with
gold coating: (a) and (b) show the calculated and mea-
sured diffraction efficiencies for TE and TM waves
respectively.
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encoder and HPTM 5529A.  The experimental data ob-
tained is shown in Fig. 13, which clearly demonstrates
the performance of this newly developed laser
encoder.  The discrepancy between the signals
obtained from the laser encoder and the HP interfer-
ometer can be traced to the oscillations of the mount-
ing fixtures that hold the optical components of the
tabletop laser encoder presented.  It is expected that
the performance will be significantly improved either
by enhancing the mounting fixtures or by setting
up a miniature laser encoder prototype in the near
future.

VI. CONCLUSIONS

A linear laser encoder that adopts the 1−x tele-
scope concept was developed to provide a solution to
counter the errors induced by practical mechanical
runout of the specimen.  The optical principle and
the design concept of this newly developed system
were also examined.  Influence of laser encoder per-
formance by the grating characteristics including the
incidence angle, the surface profile, the grating depth,
etc. was also detailed.  The error from grating dif-
fraction efficiency discrepancies of the incident light
beams of different polarization states was evaluated.
The effect of temperature and the polarization mis-
alignment of the photodetectors are very important
for measurement accuracy and resolution.  It was

found that the grating scale should be viewed as a
fundamental parameter of the optical design for lin-
ear laser encoders.  The underlying reason that the
newly developed laser encoder can have a much bet-
ter head-to-scale alignment tolerance was also

Fig. 10 The efficiencies as functions of angles of incidence in ±1
orders for a 730 lines per millimeter sinusoidal grating
with depth of 200nm: (a) +1 order; (b) -1 order. (The pub-
lished experimental results are from Hutley and Bird,
1973)

Fig. 11 The design point of the grating scale for the proposed en-
coder (shown as ntumems at near 190nm depth) can give
more than four times the relative quadrature signal am-
plitude of the Canon’s design

Fig. 13 Comparisons of the measured stage displacement between
HP 5529A interferometer and the newly developed laser
encoder

Fig. 12 The experimental setup for the performance test of the
laser linear encoder



426 Journal of the Chinese Institute of Engineers, Vol. 24, No. 4 (2001)

detailed.  Experimental data obtained by using both a
newly developed tabletop laser encoder and an HP
distance measuring interferometer was found to be
in good agreement.
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NOMENCLATURE

a sum of the multiplications of the diffraction
efficiencies (dimensionless)

α0 direction angles of the diffracted beam from
the moving grating scale surface (rad)

A1 amplitude of the sinusoidal AC component of
beam 1 (W/m2)

A2 amplitude of the sinusoidal AC component of
beam 2 (W/m2)

b sum of the multiplications of the diffraction
efficiencies (dimensionless)

d the grating pitch (m)
D transfer matrix for quarter waveplate when the

light wave goes backward (dimensionless)
DC1 amplitude of the DC component of beam 1

(W/m2)
DC2 amplitude of the DC component of beam 2

(W/m2)
dl the infinitesimal optical path along path1 and

path2 (m)
E1 electric field (volt/m)
E2 electric field (volt/m)

  E 2
′ electric field (volt/m)

G the proportional constant (sec/m2)
I1 light intensity measured by PD1 (W/m2)
I2 light intensity measured by PD2 (W/m2)
I2

′ light intensity measured by PD2 (W/m2)
n the order of the diffraction (dimensionless)
p p-polarization component of the wave (volt/m)
R transfer matrix for quarter waveplate when the

light wave goes forward (dimensionless)
s s-polarization component of the wave (volt/m)
T polarization transmission matrix (dimen-

sionless)
U1 polarization vector (volt/m)
U2 polarization vector (volt/m)
uxn the direction cosine of the nth order diffracted

beam with respect to the x-axis (dimensionless)
uyn the direction cosine of the nth order diffracted

beam with respect to the y-axis (dimensionless)
uzn the direction cosine of the nth order diffracted

beam with respect to the z-axis (dimensionless)
V1 polarization vector (volt/m)
V2 polarization vector (volt/m)
W1 polarization vector (volt/m)
W2 polarization vector (volt/m)
∆x grating scale displacement (m)

Greek Symbols

β the designed incident angle of the encoder (rad)
δ the additional phase difference between the two

photo-detectors receiving the I1, I2 signals (rad)
∆ω the Doppler angular frequency shift (1/sec)
φ angle of incidence between the incident light

beam vector and its projection on the x−y plane
(rad)

η relative phase difference (rad)
γ phase lag (rad)
θ angle of incidence in the incident plane (rad)
θ1 the diffracted angle of the first order of the

diffracted beams (rad)
θi the angle of incidence (rad)
θm the diffracted angle of the mth order of the dif-

fracted beams (rad)
ω angular frequency of the laser source (1/sec)
ξ the polarization misalignment angle (rad)
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APPENDIX

1. Proof of Effect of Differences in Polarization
Diffraction

When p- and s-waves go forward through quar-
ter waveplates which have the same fast and slow axis
directions in the polarization space, they do see opti-
cal elements with the same transfer matrix D from
the physical point of view:

   
D = 1/ 2 i/ 2

i/ 2 1/ 2
, (A1)

where i=  – 1 .  Note that for the return paths, the fast
and slow axes certainly exchange and the transfer
matrix must be changed to R:

   
R = 1/ 2 i/ 2

– i/ 2 1/ 2
, (A2)

After being diffracted by the grating scale, the out-
put beams toward quarter waveplates which are lo-
cated at the right half and left half of optical paths
respectively, have polarization states, V1 and V2, re-
spectively as follows:

    
V 1 =

k p(θ)k p(0)

k s(θ)k s(0)i
, (A3)

and

    
V 2 =

k p(θ)k p(0)

k s(θ)k s(0)i
, (A4)

where kp(θ), kp(0), ks(θ) and ks(0) are the first order
diffraction efficiencies with respect to the θ and 0
incident angles for p- and s-polarizations respectively.
Thus we can calculate the polarization states of path1
and path2, by the simple matrix operation before their
hitting at PBS again as follows:

   U 1 = RV 1 = b
– ai

, (A5)

   U 2 = RV 2 = a
– bi

, (A6)

where U1 and U2 are the polarization vectors in path1
and path2 respectively and

   a = 1
2

[k p(θ)k p(0) + k s(θ)k s(0)] , (A7)

   b = 1
2

[k p(θ)k p(0) – k s(θ)k s(0)] . (A8)
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After U1 and U2 enter PBS the second time, the po-
larization selection effect gives s-component of U1

and p-component of U2 as its outputs.  Thus these
two linear polarized waves which pass through the
quarter waveplate within the circular polarization in-
terferometer configuration have the following elec-
tric fields, W1 and W2

    W 1 = DU 1e
i(ω + 2∆ω)t = a

– ai
e i(ω + 2∆ω)t , (A9)

    W 2 = DU 2e
i(ω – 2∆ω)t = a

ai
e i(ω – 2∆ω)t , (A10)

where W1 and W2 are electric fields from path1 and
path2 respectively, ω is the frequency of laser source,
∆ω is the Doppler angular frequency shift, and t is
the propagation time of light wave.  By Eqs. (A9) and
(A10), we can find that both W1 and W2 are circularly
polarized waves which have the same amplitude as
the electric field.  Note that the polarization trans-
mission matrix T of a polarizer for a transmission
angle, ψ, with respect to an axis parallel to the hori-
zontal component of the corresponding electric field,
can be represented as

   
T =

cos2(ψ) sin(ψ)cos(ψ)

sin(ψ)cos(ψ) sin2(ψ)
. (A11)

For PD1 which couples with a polarizer which has a
transmission direction at ψ=0°, the received electric
field E1, can be represented as

    
E 1 = ae i(ω + 2∆ω)t + ae i(ω – 2∆ω)t

0
. (A12)

Similarly, the electric field E2 which is received by
PD2 with a polarizer of a transmission direction at
ψ=45°, can be represented as

    
E 2 = 1

2
(a – ai)e i(ω + 2∆ω)t + (a + ai)e i(ω – 2∆ω)t

(a – ai)e i(ω + 2∆ω)t + (a + ai)e i(ω – 2∆ω)t
. (A13)

Therefore, the intensities I1 and I2 which are received
by the PD1 and PD2, can be easily shown as follows

I1=2a2+2a2cos(4∆ω.t). (A14)

I2=2a2+2a2sin(4∆ω.t). (A15)

Eqs. (A14) and (A15) show that the proposed optical
design can avoid the effect of differences in the po-
larization diffraction efficiencies.

2. Polarization Misalignment

Now consider the polarization misalignment
case in which there is a deviation angle at ξ, for the
polarizer in front of the PD2.  From Eqs. (A9) and
(A10), we can assume two circularly polarized waves
to transmit polarizers in front of PD1 and PD2.  With
the aid of Eq. (A11), the electric field  E 2

′  which is
received by PD2, is as follows

    
E 2

′ = ae iω (1 – sin(2ξ))cos(2∆ω ⋅ t) + cos(2ξ)sin(2∆ω ⋅ t)
cos(2ξ))cos(2∆ω ⋅ t) + (1 + sin(2ξ)sin(2∆ω ⋅ t)

.

(A16)

Thus, the signal I2
′  which is received by PD2, can be

represented as follows

I2=2a2+2a2sin(4∆ω.t+2ξ). (A17)

By Eq. (A17), we show the relation between the po-
larization misalignment and the phase deviation of
the quadrature signal.
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對機具高速運動偏擺具高對位公差之繞射式雷射
線性光學尺

吳乾埼 1　李世光 2　呂秀雄 1　陳文中 1　楊青桑 2　謝啟堂 3

1國立台灣大學機械工程學系
2國立台灣大學應用力學研究所

3華錦光電股份有限公司

摘　要

本文提出一個具有高頭—尺對位公差的光學尺設計，該設計採用單倍率望

遠鏡架構，可使頭—尺間對位公差較同等級的Canon光學尺提高 6至 20倍。

本文所提光學設計，能避免光柵尺對p線性偏極光與 s線性偏極光繞射效率的

差異的問題。頭—尺間些微的溫度場不均勻，使正交訊號的初始相位不為零，

降低光學尺系統的準確性。圓偏極光干涉儀架構中偏振板透振方向對位不準，

會產生斜橢圓正交信號，對於使用反正切解相位演算法的量測系統，其量測解

析度會降低。

關鍵詞：高速機具運動偏擺，誤差分析，單倍率望遠鏡，錐狀繞射。


