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Abstract. A planar encoder using conjugate optics is proposed for sens-
ing the 2-D displacement of a 2-D grating. A Doppler frequency shift of
diffracted light is generated when the grating moves. The optical conju-
gate path can compensate for the error arising from the relative tilt be-
tween the optical head and the scale (head-to-scale tilt). Additionally, the
optical head is easily integrated, having high tolerance in component-to-
component placement. The 2-D displacement system with the 2-D grat-
ing, which has period of 1.6 um in both the X and Y directions, provides
a signal period of 0.4 um by using a double-diffraction configuration. This
system and associated electronics provide interpolation with a factor of
400, corresponding to a measurement resolution of 1 nm. © 2005 Society
of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1839227]

Subject terms: displacement sensor; Doppler frequency shift; two-dimensional
displacement.
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1 Introduction and gives the system high tolerance in component-to-

As nanometer-resolution technology has dramatically ad- COmPonent placement.
vanced, studies of biological systems, materi@isch as
DNA or protein, and manipulative systems have entered
the nanometer regime. All of these applications require pla-
nar substrate stages for sample scanning. These stages, wi
high resolution and_a long traveling range, _generally use , 4 Configurations and Operational Principles
heterodyne laser displacement measuring interferometers

(DMIs) to locate their positions. DMI sensors provide high As shown in Fig. 1a), a laser beam is normally incident on
resolution in sensing displacement. However, they have the@ 2-D grating with the same period in both directions. The
disadvantage of being bulky and expensive, and are diffi- grating is located in theX-Y plane. The incident plane-
cult to integrate into compact systems. The accuracy of wave isU;,=Aqexp(—ikz), whereA, is the amplitude of
high-performance planar stages depends on the alignmenthe incident light, anck=2=/\ is the wave number. The
of the workpiece platform with the interferometer’s mir- wave vector of the incident light can be written ks,
rors. = —kz, wherez is the unit vector in theZ direction. The

A planar encoder, which comprises a 2-D grating plate gjrection of light diffracted by the 2-D grating can be writ-
and an optical head, is easy to assemble for measuring 2-Digp, 5810

displacement. Most recently, several different planar en-

coders have been designed by using the Mdiminciple

or diffractive principles: Some of these designs, such as

those based on the Moinarinciple, are of limited resolu-  sjng=

tion. The optical components in many diffraction devices

need to be very precisely assembled. A couple of reports on N

the reading configuration of integrated optical grating _ (m™+n%)™"A

scales for sensing one-dimensional displacement have been p '

published®® Chiang and Lee proposed a rotary or linear

encoder based on retroreflectioh The retroreflection in

these encoders provides an interference scheme with equal The 2-D grating equatiofil) determines the direction of

path lengths. Consequently, interference fringes of high vis- the (m,n) diffraction order for the grating. The diffracted

ibility and contrast will be seen. field is denoted byJ;(m,n). The four first diffraction or-
In this paper, a new design for a 2-D optical encoder ders,m=+1 andn==*1, are considered. Then the dif-

with a high head-to-scale tolerance is described. We pro-fracted light fieldU, , which includes those four orders, can
pose a retroreflection design with optical conjugate path for po expressed as

measuring 2-D displacement. The conjugate configuration
can compensate the errors arising from head-to-scale tilt

#h Theory

(iFvp)™  [(m/p)*+(n/p)*]™?
(v>2<+v)2,+v§)1/2 ET)N

)

U;=U1(1,D+Uq(1,-1)+Uy(=1,)+Uy(—-1,-1),
0091-3286/2005/$22.00 © 2005 SPIE (29
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Fig. 1 Diffraction from a 2-D grating. (a) The incident light is diffracted into four first diffraction orders.
(b) The four orders are retroreflected by conjugate optics, generating double diffraction.
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whereA, is the amplitude of the first diffraction orders and
sing=1/2\/p. According to Eq.(1), the four first diffrac-
tion orders (n=*1 andn==*1) are in the four quadrants
of the Cartesian coordinate system. As indicated in Fig.
1(b), these four diffraction orders are retroreflected by con-
jugate optics and return to the 2-D grating to produce
double diffraction. Each set of conjugate optics consists of
a collimating lens and a reflective mirror. The mirror is

placed on the back focal plane of the lens. For instance, the

field U4(1,1) in Eq.(2) is retroreflected by the conjugate
optics and returns to the 2-D grating to produce a doubly
diffracted fieldU,(1,1), which can be written as
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Uy(1,1)=U»(1,1;1,)+U»(1,1;1-1)+ U»(1,1;,—1,1)

+U,(1,1;—-1,— 1), (33
Uy(1,1;1,D=A, exr{ —iky112
2m(X+y) F{ 27(x+y)
—1 expl
=A,expikz), (3b)

Uz(l,l;l,_ 1):A2 ex% _iklyl;ly_lz

2m(X+Yy)
|

F{ 2m(X—Y)
exp i
p

= A, exf —i/2ky sin 6+ikz(cos 29)*],
(30

27(X+y)
p

Uz(l,l,_ 1,1):A2 eXF{ - iklyl;,lylz_i
.2w(x—y)}
- —

X exr{
p

=A, exf —i2kxsin 6+ikz(cos 29)1?],
(3d)

Uz(l,l,_ l,_ 1) :A2 eX[{ - ikl’l;,l',lz

2m(X+Yy)
o

F{ 2m(X+Y)
exg —i——

=A, exd —i2k(x+y)sin+ikz(1

—4 sir? 6)Y2]. (3¢
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The double diffraction is denoted bym(n;m’,n’),
where (m’,n’) represents the order of the double diffrac-
tion and (n,n) represents the order of the original diffrac-
tion that produces it. Similarly, the field,(1,—1) in Eq.

(2) is retroreflected by the other conjugate optics and re-
turns to the 2-D grating to produce the fidlt(1,—1) of
the double diffraction, which can be written as

Us(1,—1)=U5(1,-1;1,D+Ux(1,—1;1,—1)+Uy(1,

—1;-1,)+Ux1,-1;—-1,—1), (43
U,(1,—1;1,)=A, exfi2ky sin 6+ikz(cos 26)?],

(4b)

Uy(1,—1;1,-1)=A,expikz), (40
Uo(1,—1;—-1,)=A, exd —ivV2k(x—y)sin 6+ ikz(1

— 4 sirf 9)Y7], (4d)

Uy(1,-1;-1,—1)=A,exq —i+2kxsing
+ikz(cos 20)Y2]. (4e)

Next, we consider the change of angular frequency in
the interference caused by the Doppler effettwhen the
2-D grating moves. In Fig.(b), we denote the wave vector
of the first diffracted fieldJ;(1,1) byk,, the wave vector
of the double diffractionU,(1,1;—1,1) by k,, and the
wave vector of the incident light blg,. According to Eq.
(3), the wave vector of the light can be expressed as

Kin= —kz,

klziksinﬂfﬁ— iksin¢9§/+kcos¢92, (5)
V2 V2

k,= — 2k sin @ X+ k(cos 20)V%.

The change of the angular frequency is given by

Aw;=(ky=Kijp) - Vgt (ko ki) - Vg, (6)

whereV is the velocity of the 2-D grating and is written as
Vg=VgX+Vg,y. From Eq.(6), we have

1 1
—ksingx+ —

2 V2

—\/2k sin 6 X+ k(cos 29) %
( )

Aw,= ksin@y+kcoshz+Kkz | - (Vg

+Vgy¥) +

1 1
+ —ksingx+ —

V2 V2

+Vg,¥) =2k sin6 Vg, .

ksingy+kcosfz|- (Vg

()

the doubly diffracted fieldJ,(1,—1;—1,—1) by k,, and
the wave vector of the incident light b, . According to
Eq. (4), the wave vector of the light can be expressed as

kin: - k%,

1 .1 . -
=—ksindx——=ksindy+kcosé z,

V2 V2

k,= —\/2k sin @ X+ k(cos 20) Y%,

ky ®

The change of the angular frequency can be described as

Awy=—2ksingVy,. 9)

The doubly diffracted fielddJ,(1,1;—1,1) andU,(1,
—1;—1,—1) propagate in the same direction, so the am-
plitude distributions can be expressed as

Ei=Azexpli[(W+Awy)t+ ¢ol}, (10

E,=A, expli[ (W+Aw,)t+ ¢gl}. (11

The light intensityl, of the superposition of the two
beams is given by

IyOC|E1+ E2|2: |A2|2[2+2 COSAWZ—AWl)t]
=|A,|[2+2 cog2\2Vy ksinot)]
=|A,2[2+2 cog2/2ksinH Ay)]

8 Ay)
p
whereAy is the displacement in the direction. Likewise,

the light intensity of interference due to the displacement in
the X direction can be expressed as

T AX)
p

whereAx is the grating displacement in thédirection. As

mentioned, the 2-D displacement can then be obtained.

=|A,? , (123

2+2 cos(

8
Ix:|A2|2

: (12b

2+Zcos<

2.2 Head-to-Scale Tolerance

When the planar encoder is applied in a position control
system, such as a planar motor, any wobble can cause some
tilt between the encoder head and the scale grating. As
shown in Fig. 2, the scale grating lies on tKeY plane.

The angle between the incident light and the normal to the
grating isA», and the azimuth angle 8¢. If this tilt con-

dition is considered, the wave vectors of the incident light
and diffracted beams in E@5) become

Similarly, in Fig. 1b), we denote the wave vector of the Kin=—(ksinA» cosAg)x—(ksinAz sinA &)y
first diffracted fieldU,(1,—1) by k,, the wave vector of —(kcosA )z,
Optical Engineering 023603-3 February 2005/Vol. 44(2)
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The normal

Incident light
of grating

An

Fig. 2 Tilt between incident beam and 2-D grating. The angle be-
tween the incident light and the normal to the grating is A». The
azimuth angle is A&

1 R
—sinf | x+k

V2

—sSinAnsinA¢

kl—k( —SiNA 7 CcosA¢é+

1
+ —siné#

V2

y+kiz2, (13

ko= k(SinA 7 COSA £— /2 SiN@) X+ K,,2.

The change of angular frequency from the Doppler effect
can be rewritten as

Aw1=(k1*kin)~Vg+(k2+ kl)Vg=

1k.6A
—=KSINO X
J2

1 .. A a . .
+ Eksm 0y+kcosdz—Kkz |- (VgX+Vgyy)

R . 1 R
+| —/2k sin 6 X+ k(cos 20) Y% + Eksinax

BS

)

collimator

Xldirection

Y difection

“*——Double diffraction

njugate optic

Quarter

waveplate,
First diffraction

First diffraction

Fig. 3 Scheme of experimental setup for planar encoder. A He-Ne
laser is the light source, and a beamsplitter cube divides the light
into two beams for X- and Y-direction measurements.

1 N
ki=k| —sinAnpcosAé+ —=sind | x+k| —sinAysinA¢
V2
! i 0|y+kq,Z (15)
— —sin z,
2 YT Kiz
ko=K(SiNA 77 COSA £— 2 Sin@) X+ kp,Z.
The change of angular frequency is
Awy=—12ksing V. (16)

Equations(13) and (15) imply that the two doubly dif-
fracted beams propagate in the same direction when the
wobble causes a tilt between the encoder head and the scale
grating. From Eqgs(14) and(16), such a tilt does not affect
the changed w; andA w, of the angular frequency. There-
fore, the tilt can be automatically compensated without any
effect on the measurement of displacement in this configu-
ration. However, the size of the optical components does
affect the head-to-scale tolerance.

1 - R - -
+ Eksinaerkcos&z “(VguX+Vgyy)
=v2ksing Vg, . (14
Similarly, Eq.(8) becomes : : : : : i : : : : :
] 2.00vA - EM0.0ms A Chl S 2,72V
kin=—K(sinA 77 cosA £)X— k(sinA 5 sinA &)y i i i i, T EPYR00000S
—k(cosA 7)z, Fig. 4 Enveloping sinusoidal signal formed by three interferences.
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3 Experiment

3.1 Experimental Setup

Figure 3 shows the experimental setup. A 2-D grating with
a period of 1.6um, a depth of 150 nm, and a duty ratio of
0.5 was used. When a He-Ne laser beam with fiber guiding
was incident on the grating, several diffracted beams were
generatedas shown in Fig. }1. including, for example, the
first orders(1,1), (1,-1), (—1,1), (—1,—1), the second or-
ders(0,2), (2,0, and so on. As mentioned in Sec. 2.2, the

mirror

First diffraction

four first-order diffracted beams were retroreflected by the Incident light P X
optical conjugate system and generated double diffractions. o ,/' Grating
The double diffractiongl,—1;—1,—1) and(1,1;—1,1) were Double .-

very close to the original second-order2,0) diffracted diffraction . .
beam, and would yield an extra undesired interference, as Second diffraction
shown in Fig. 4. In order to avoid such interference, we order

resorted to shifted optics that separates the original second-

Fig. 5 Conjugate optics with shifted optical axes.

order diffracted beam from the doubly diffracted beams,
and avoids interference between the doubly diffracted beam
and the original second-order diffractions, as shown in Fig.
5. Therefore, only a pure sinusoidal signal of the interfer-
ence between the double diffractions was left.

Let us consider the first diffraction orde¢%,1) and (1,
—1), which are retroreflected by conjugate optics. The con-
jugate optics comprises a doublet lens with focal length 8
mm and a planar mirror. The light reflected by the mirror is
incident again on the 2-D grating, which generates double
rection. Then these double diffactiof- 1+ 1.1 and _AS Shown in Fig. Ta), the double difraction, which
(1,1;-1,1) interfere with each other. A piezotransducer pla- propagates along thié axis, 15 c_j|V|ded Into four beams by
nar stage was used to move the 2-D grating. Figure 6 Showsbeamsplltters._ Pol_anzers are inserted into the pat_hs_of the
the generated sinusoidal signals when the stage mc)Ved‘our_beams with different a2|muths. The phase.varlatlon .o.f
alongAB andBC in a hexagonal path. The solid sinusoidal the_; light ;hat penetrates the_polanzer Iocqted with a specific
curve represents the-axis displacement, and the dashed azimuth in th_e path of the circularly polarized beam can be
sinusoidal curve represents theaxis displacement. calculated with the Jones calculus. For example, as shown

For measurement purposes, the two orthogonal sinu-in Fig. 7(b), the doubly diffracted beam is perpendicular to
soidal signalgsine and cosineare produced by phase-shift ~Ppolarizer 3, which has an azimuth of(Borizontally polar-
signals with a polarization and retarder pl&tés shownin  ized. The intensityl ; of the interference between the hori-
Fig. 3, a quarter-wave plate is inserted into one path of the zontal components of the two doubly diffracted beams is
conjugate optics. The quarter-wave plate is inserted into thegiven by

path of the first diffraction ordefl,—1), and the(1,—1)
beam is retroreflected by the conjugate optics. Therefore,
the (1,—1) beam passes twice through the quarter-wave
plate. The first diffraction orderél,1) and (1,—1) are re-
flected by the grating and induce two doubly diffracted
beams with orthogonal polarizations.

NPT (PUNUDUIE [PUDCIINY PRI

R TR SR T : .
500mVA Ch2[ 500mVA M200ms A Ch2 7 1.30

Fig. 6 Sinusoidal signals as the stage moves along AB and BC in a hexagonal path.
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The doubly diffractive light
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®

Fig. 7 (a) Scheme for phase-shift module. (b) The horizontal and
vertical components of the doubly diffracted beams.
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Similarly, the doubly diffracted beams pass through po-
larizer 1 with an azimuth of 90 deyertically polarized.
The intensityl, of the interference between the vertical
components of the two doubly diffracted beams, and the
interference intensitiek; for the +45-deg component and
|, for the —45-deg component, can be expressed as

"2
_ =0

I22

v
2+200§< ¢+ >

n2
=0

I3—7(2+2 CoS¢),

(18

n2
|4=7°[2+2 cog b+ m)].
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Fig. 8 (a) Circles measured by the capacitance displacement sen-
sor (solid) and the planar encoder (dotted). (b) The differences be-
tween the measurements and the standard deviation of the repeat-
ability measurements.

From these equations, four signals are obtained, which
have phase shifts of 90 deg with respect to each other. The
encoder head gives a signal period of uh, which is
one-quarter of the scale pitch 148n. An electronic inter-
polation by using the IK228 (Heidenhain Ing. with an
interpolation factor of 400 gives a measurement resolution
of 1 nm.

3.2 Results and Discussion

A piezo positioning system from PI Inc. with a scanning
range of 20um was used to measure the accuracy of the
planar encoder. A flexure stage with a high mechanical
stiffness and excellent guidance accuracy provides nanom-
eter resolution, linearity of 0.1%, and repeatability 0%

nm by means of an internal capacitance displacement sen-
sor. We measured a circle with radius Afn. In the Fig.
8(a), the dotted circle was measured by the encoder, and the
solid circle by the capacitive sensor. The readings of the
encoder and sensor are denoted Ry,Y.) and X.,Y.),
respectively. The difference between the two measure-
ments, [ (Xe— X) %+ (Ye— Vo) 2]1Y2 is plotted in Fig. &),
where the horizontal axis gives the pixel number for the
pixels sampling the circle. The maximum difference be-
tween the measured values is 51 nm. This difference in-
cludes the intrinsic periodic error of the 2-D gratings, an
inherent nonlinearity of this positioning system, and noise
of the electronic circuit. As shown in Fig.(18, the circle
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was measured 10 times to check the repeatability of the %ef\i}" 'CEtﬁaEnghaOrggngSKTeEggO';‘ngi\%ffggt—fetlééggﬁéﬁon optics for
encoder. The standard deviation of the repeatablllty mea- " yse in a disk drive pbsiﬁon measurement system,” U.S. Patent No.
surements is better than 7 nm. 5,442,172(1995. _

In this experiment, the aperture of the conjugate optics is 8 C. C.Wu, Y. C. Chen, C. K. Lee, C. T. Hsieh, W. J. Wu, and S. S. Lu,

. . . Design verification of a linear laser encoder with high head-to-scale
3.5 mm, the diameter of the incident beam is 1 mm, the  olerance,’Proc. SPIE3779 73-82(1999. _
aperture of the detector is 3 mm, and the distance betweenlg. JHVg Céooﬁm%wtroddglctfn ftoOFO_urllerH OPtlcsMg}%rﬁW-Héll (196?0.
; ; PR . H. J. CaulfieldHandbook of Optical Holograp ap. 2, pp. 40—

the.gratmg an_d t_he conjugate optics is 8 mm. The tolerance 43, Academic Presd979.
region of the incident beam is about 1.5 mm. The head-to- 11. M. G. Moharam and T. K. Gaylord, “Analysis and applications of

scale tolerance can be calculated as optical diffraction by gratings,’Proc. IEEE73, 894-937(1985.
12. M. Bass and E. W. Van Strylandiandbook of OpticsVol. 2, Chap.

L 30, p. 18, McGraw-Hill(1994.

An==*sin"1(0.75/8 = +5.4 deg. (19 13. W. J. Wu, C. K. Lee, and C. T. Hsieh, “Signal processing algorithms
for Doppler effect based nanometer positioningph. J. Appl. Phys.,

4 Conclusions 14. Iza.mL.lK3c£>3|7i01[302usl051,7“25%r%”lgugltgi)a-neous phase shift interferometé&hbc.

A planar encoder with a high head-to-scale tolerance has,g, ﬁ(F;IE()lSPC%Cl é%gun%gz(ég?t:ib'User’s ManuaHeidenhain Corp(Mar.

been developed. In this encoder, conjugate optics has been  2002.

used, which has two advantages. First, the double diffrac-

tion gives a signal period 0. 4m, which is only one-quarter

of the scale period1.6 um). An electronic interpolation

with a factor of 400 leads to a measurement resolution of 1

nm. Second, the head-to-scale relation does not affect the

interference between the diffractive beams and conse-

quently gives a large tolerance for the measuring system.

The uniformity of the grating pitch, the diffractive effi-

ciency of the grating, and the interpolation erf@vhich

depends on the dc offset, the amplitudes of the sinusoidal

signals, and the phase difference between those sjgalals

affect the_perfo_rmance of th-e planar encoder. T_hiS equal- Electro-optical Engineering, National Chiao-Tung University, where

path configuration can provide almost 100% f_rlnge CON" her research mainly concerns the development of position sensors

trast. Therefore, we can use a low-coherence light source,anq precision dimensional metrology.

such as a diode laser. Further efforts can be directed toward

improving the diffractive efficiency of the cross grating and

integrating the conjugate optics module with the detection

module and the laser source module.
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