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We propose herein a new optical sensor head designed in Littrow con-
figuration for laser linear encoder which can directly measure X-direction
and Z-direction displacement of a linear stage using one-dimensional
(1-D) gratings. Given the benefits of Littrow configuration, the measuring
range along Z-direction is extremely enlarged compared with traditional
encoders. Finally, the optical configuration was successfully constructed
and its measurement performance was evaluated and analysed. Under
non-environmentally controlled conditions, the maximum positioning
error in a movement of 2.0mm was 0.261 um with a standard deviation
of 0.134pum in the X-direction and 0.211um with a standard deviation
of 0.070 um in the Z-direction.
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1 INTRODUCTION

Laser linear encoder, using a scale grating to generate interference signals
proportional to grating displacement, is capable of measuring micro displace-
ment and can be less sensitive to environment disturbances compared with
traditional laser interferometer [1]. Linear encoder based on principle of
Morié fringes has already been adopted in industry for long-stroke measure-
ment, but its resolution and accuracy is limited due to its large grating
pitch [2]. In recent years, laser linear encoder’s resolution has achieved nano
scale [3-5]. When it comes to two-dimensional (2-D) positioning, however,
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traditional sensors using a pair of one-dimensional (1-D) sensors in a cross
configuration are quite inconvenient and the alignment tolerance is critical
and subjected to metrology errors [6]. In a word, it is quite important to
develop a 2-D displacement sensor with high resolution and high accuracy.

Among the grating based on two degrees of freedom laser linear encoders
developed so far, their scale grating is whether 1-D or 2-D gratings. Most of
the linear encoders using 1-D gratings are able to measure displacement
along the grating vector direction (X-direction in Figure 1) and the grating
normal direction (Z-direction in Figure 1) [7-11]. Still, the measuring range
along the grating normal direction is limited, as the grating motion may
change the path of the laser, making the encoders unable to work. While
the encoders using 2-D gratings do not display such problems [12-16].
Their measuring range only depends on the size of the gratings; however,
when measuring a large-scale in-plane motion, as shown in Figure 1(a), 2-D
scale gratings have to be made as large as the measuring area, making the
scale gratings quite heavy and not convenient as well. What is more, 2-D grat-
ings are also much more expensive than 1-D gratings as the manufacturing
difficulty on large size 2-D gratings is much greater than that on 1-D strip
gratings.

Among the linear encoders described above, those designed in a Littrow
configuration are able to work normally in a variety of translational motion
cases, making them well suited for measuring multi-degree-of-freedom trans-
lation. On this basis we proposed a new laser linear encoder designed in
Littrow configuration which can directly measure two degrees of freedom
using 1-D gratings. Given the benefits from Littrow configuration, the mea-
suring range along the grating normal direction has substantially enlarged.
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Schematic diagram showing measurement of large-stroke plane motion for (a) the 2-D grating
sensor and (b) the 1-D grating sensor.
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By putting the scale grating on the side of the measuring target, as shown in
Figure 1(b), we can achieve the same measuring function and the size of the
gratings does not have to be too large. We describe the configuration as well
as its measuring performance based on our experimental data and results.

2 OPTICAL CONFIGURATION

The two degrees of freedom laser linear encoder, is consist of four different
subsystems: optical sensor head; 1-D scale grating; and two groups of circu-
lar polarization configurations, as shown in Figure 2.

Figure 3 shows the optical structure of the sensor head. The optical sensor
head is composed of a polarization beam splitter (PBS), a beam splitter (BS),
two quarter-wave plate (QW) and several mirrors placed at specific positions.
All these optical elements are surrounded by a centre PBS. We create an X, ¥,Z
coordinate system whose z-axis is always aligned along the laser beam direc-
tion. The x-axis is horizontal, aligned along the transmitted polarization
direction of the PBS and the y-axis is vertical, aligned along the reflected
polarization direction of the PBS, as shown in Figure 3. The laser source
emits a linearly polarized laser beam whose polarization direction is adjusted
to be 45° in the XOY plane of the coordinate system. At first, the laser beam
is split into a reflected laser beam (R) and a transmitted laser beam (T) after
passing a BS and R beam reflected by Mirror 1 turns into the parallel direc-
tion with transmitted laser beam (T). These two laser beams both pass through
the centre PBS and are divided into two beams respectively. The R beam
divides into reflected laser beam (R-R) and transmitted laser beam (R-T)

Circular
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Optical Sensor Polarization
Head Interferometer 2

FIGURE 2
Schematic diagram of the optical configuration.
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FIGURE 3
Schematic diagram of the optical sensor head.

while the T beam divides into reflected laser beam (T-R) and transmitted laser
beam (T-T).

The two reflected beams, R-R and T-R, are both S-polarized. They pass
through QW1 whose fast axis is set at 45 ° in the coordinate system and
turned into circularly polarized laser. Then they are, respectively, reflected
by Mirror 2 and Mirror 3. Mirror 2 is set vertical respected to the direction
of the T-R beam, so that the T-R beam is reflected back in the incident direc-
tion, passing through QW1 again and then the centre PBS and incidents into
Circular Polarization Configuration 2. As the direction of the beam changes
after reflection, the angle of the QW 1’s fast axis has changed into 135.0° in
the coordinate system as shown in Figure 4. R-R beam is reflected by Mirror
3 and turns into a direction where the scale grating is in Littrow configuration.
So it diffracts back, passing through QW1 and then the centre PBS and inci-
dents into circular polarization configuration 1.

The R-T and T-T beams are both P-polarized. They pass through QW2
whose fast axis is also 45.0° in the coordinate system, same to QW 1. Then
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these two laser beams are both reflected by Mirror 4 and turned into a direc-
tion where the scale grating is also in Littrow configuration. They diffract
back and pass through QW2 again. Then they are reflected by the centre
PBS and, respectively, incident into Circular Polarization Configuration 1
and Circular Polarization Configuration 2.

The circular polarization configuration is a classical phase solution struc-
ture widely used in homodyne laser interferometer [17]. It is composed of
two PBSs, a BS, a half-wave plate, a quarter-wave plate, a compensation
plate and four detectors. QW3 is a quarter-wave plate whose fast axis is 45.0°
in the coordinate system as shown in Figure 5(a). HW4 is a half-wave plate
whose fast axis is 22.5° in the coordinate system as shown in Figure 5(b).
CWS5 is a compensation plate in order to make the length of the path
same. The circular polarization configuration will divide the laser beams inci-
dent into four pieces which finally form four interferometer fingers with
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FIGURE 5
Directions of the wave plates for (a) the fast axis of QW3 and (b) the fast axis of HW4.

respectively 90.0° phase difference. Further information will be introduced
below. Using two groups of circular polarization configurations, we can get
two groups of phase signals which can be used to solve the displacement of
the scale gratings.

3 MEASUREMENT PRINCIPLE

The polarization state of the optical structure can be expressed using Jones
Matrix. The laser beam is set 45.0° in the coordinate system. Its polarization
state can be written as

_

“=%

1

. Eye™ (1)

where e is optical vector of laser beam, E is its amplitude and @ is its phase
angle. The subscripts represent different laser beams according to their trajec-
tories such as e is the optical vector of the laser generated by the laser source,
same as follows.

As we can see, the laser is split into four beams: R-R; R-T; T-R; and T-T
after passing through the optical sensor head. Table 1 lists the mathemati-
cal expression of Jones Matrix of corresponding optics. Loss of laser
power passing through these components as well as diffraction is not taken
into consideration as it will not change polarization state; thus the mathe-
matical expression of the grating in Littrow configuration is the same to
mirrors.
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TABLE 1
Polarization of optics in sensor head.

Polarization of the Optics Mathematical Expression

Mirror 1, 2, 3 and 4

BS(T) \/5 1
al
BS(R) \/E »
2 J
PBS(T) 1
i
PBS(R) 0
.
QW1(45°), QW2(45°) By
rotation of fast axis % '1 1 1}
—i

QWI1(135°), QW2(135°) \/z
rotation of fast axis —1.

Scale grating [_ 1 ]
1

The path of R-R beam in the optical sensor head is: R-R: BS(R)—>M1—PBS(R)
—->QWI1(45°) ->M3->G(+1)->M3—-QW1(135°)—PBS(T). Its polarization
can be expressed as

iAD —
€R-R — JPBS(T)‘IQWI(I35°)JM3‘]G(+1)6 o ‘]M3‘IQW1(45°)‘IPBS(R)JM1JBS(R) €
1

i
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where J is the mathematical expression of the Jones Matrix and its subscript
represents the corresponding optical component listed in Table 1, and A8 is
the phase change of diffraction beams in a Littrow configuration introduced
by grating displacement and its subscript represents different diffraction
orders, the same below.
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The path of the R-T beam in the optical sensor head is: R-T:
BS(R)->M1—-PBS(T) —»QW2(45°) —M4—->G(-1)->M4—-QW2(135°)—
PBS(R). Its polarization can be expressed as

Ad .
€R-1 = ‘]PBS(R)JQW2(]35°)JM4JG(71)e1 1JM4JQW2(45°)‘IPBS(T)JMI‘IBS(R)e()

_1[0 3)
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The R-R and R-T beams both eventually incident into Circular Polarization
Configuration 1. The polarization state of the combined beam is

iAf
e

+1

i[()OJ%]
ep_ptep = E Ny Eqe “4)

The path of the T-R beam in the optical sensor head is: T-R: BS(T)—>PBS(R)
—->QW1(45°) ->M2—-QW1(135°)—PBS(T). Its polarization state of the
beam can be expressed as

1)i

- . "
er R = JPBS(T)JQW1(135°)JM2JQW1(45°)JPBS(R)‘IBS(T)eO = E[O Eoel 0 S

The path of the T-T beam in the optical sensor head is: T-T: BS(T)—PBS(T)
—->QW2(45°) ->M4—>G(-1)->M4—QW2(135°)—>PBS(R). The polarization
state of the beam, same to R-T beam, is

— iAG —
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The T-R and T-T beams both eventually incident into Circular Polarization
Configuration 2 and the polarization state of the combined beams is

1
A0

i(90+§)
er_gter_ = E

Eye @)

As has been mentioned before, the circular polarization configuration is
able to adjust the polarization state of the laser beams incident and solve the
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difference of the phase. The polarization direction of the laser beams are
respectively S-polarization and P-polarization. Assume the polarization states
of the two incident beams are

e, :\1 E,e"
s = ol 5
®)
|9
ep=|,|Ere

where E; is the amplitude of the optical vector of the S-polarization beam and
6, is its phase angle. So it is with P-polarization beam. As shown in Figure 6,
the beams incident first pass through a quarter-wave plate (QW3) whose fast
axis is also set 45° in the coordinate system. The polarization state changes
and can be written as

2= 1 Epeie" 2 Epeie”fiEseief
DI D2
PBS1
+ D3
HW4
L[ ]
W3 H H PBS2
> H b b D4

BS CWS5

FIGURE 6
Schematic diagram of the circular polarization configuration.
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Then, the laser beams pass through a BS and the transmitted amplitude of
each laser beam attenuates but the polarization state does not change. Then
passing through a recompensed plate and PBS2 the beams are, respectively,
received by Detector 2 and Detector 4. The vector mathematical expression
of the laser beam is given by

E,= l(E ¢ -iE e"g”)
2\ ?
(10
£ 1 E &% iE o
4= pe "-iEe

The mathematical expression of the power of the laser beam can be obtained
from

E>+E}?+2EE, cos[@x -6, +3]

1
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where [ is the power of the laser spot detected by corresponding detector.
The reflected beams of the BS pass through HW4 whose fast axis is set
22.5° in the coordinate system. The polarization state changes into

; 3 ; 3
0. 0, l[ﬁﬁ-zﬂ'] l[(')p-‘rzﬂ']
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The mathematical expression of the lasers power can be given by

I i(Es2 4—Ep2 +2EE, cos(&s —9p>)
(13)
I3 i(ESZ +E+2EE, cos(@s -0, +7r))

By simple operation we can eliminate the interference of signal amplitude
and DC noise and solve the phase difference of the incident beams:

I, -1
0,—0,=tan""' [#] (14)
1= 1
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In the two degrees of freedom linear encoder, the polarization state of the
incident beams are, respectively, shown in Equation (4) and Equation (7).
Using two circular polarization configurations, we can solve the Doppler
phase change of the scale grating:

a, =A0, —A6_,
a, =A0_,

5)

where a1 and o2 are the phase calculation results of Circular Polarization
Configuration 1 and Circular Polarization Configuration 2, respectively. The
Doppler phase caused by scale grating’s motion is different in different direc-
tions. We set X-direction as the grating vector direction and the Z-direction
as the grating normal direction. The Doppler phase caused by the motion of
the scale grating along the X-direction is

AO_ | =21
d (16)

Ady, = - d

where d is the pitch of the grating and sx is its displacement along X-
direction. While the Doppler phase caused by the motion of the scale grating
along the Z-direction is

s.(1+cosv)

A0, =A0,, =2 (17)

where yis the diffraction angle and s, is the displacement of the grating
along the Z-direction. By detecting the phase differences output by
circular polarization configurations we can solve the displacement of the
scale grating:

Q
s, =—
Y A4gx

Q,

(18)

¢ 27r(1+c05'y)d

In a word, the laser linear encoder is able to measure two degrees of
freedom. Given the Littrow configuration, the encoder can always work as
long as the laser spots are on the scale gratings and its measuring area is
discussed below.



42 J-Z. Cul et al.

4 THE MEASURING AREA OF THE LINEAR ENCODER AND ITS
ALIGNMENT TOLERANCE

The linear encoder is able to measure two degrees of freedom motion and
its measuring area is affected by the parameters of the system. As the
optical sensor is designed in Littrow configuration, the translation of the scale
grating will not change the diffraction beams’ direction and position. So the
linear encoder is always able to work as long as the laser spots are on
the scale gratings.

As has mentioned before, three diffraction beams are respectively reflected
to the scale grating which is in Littrow configuration. Two of them (R-R
and T-T) are minus one diffracted order while the other one (R-T) is plus one
diffracted order. We create a XY Cartesian coordinate at the intersection
point of R-T and T-T beam as shown in Figure 7. The x-axis and the grating
vector are in same direction and the y-axis and the grating normal direction
are in same direction. In Figure 7, yis the diffraction angle, D is the distance
between R-R and T-T beams along the y-axis and L is the length of the
gratings in this direction. The laser beams in the coordinate system can be
expressed by the functions

R-T beam A Y T-T beam R-R beam

< =
/
7
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/
/ > x
/
J
/
)\ /
N /
N S
Tl
Y wi
Scale / ¥———-4————
5 N\
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FIGURE 7
Analysis of the measuring area.



DESIGN AND CONSTRUCTION OF A TWO DEGREES OF FREEDOM LASER LINEAR 43

y = xcotvy
y=(x—D)cot~ (19)
y = —xcoty

Assume the edge point on the left side of the scale gratings in the coordinate
system is (x0, y0). The diffraction beams’ spots are all on the gratings when
the following inequalities are established:

Xy < %0 <xy+1
coty

Xy < Yo
coty

+D<x,+1 (20)

coty

These inequalities become a closed area that is the motion range of the left
edge point on the scale grating. By considering the length of the grating, we
get the actual measuring area surrounded by dotted lines shown in Figure 7.
One can see the area is a parallel hexagon. Its horizontal width is affected
by L and D. By employing longer gratings and reducing the distance of
the parallel beams we can get wider measuring area. Its vertical width along
the y-axis can be written as

Ay—[L—% cotry (21

where Ay is the width which is also the maximum z-axis displacement of the
grating. Besides employing longer gratings and reducing the distance of the
parallel beams, we can also choose proper wave length and grating pitch
to make the diffraction angel ysmaller in order to get larger measuring area.
The angle relationship is cotangent. So the measuring range along y-axis can
be extended to a larger size.

As to the alignment tolerance, it only needs to consider the rotation of the
grating including roll, pitch and yaw. Optical ray tracing in optical software
was adopted to study the alignment tolerance of the linear encoder and its
simulation model is shown in Figure 8. The model was simplified without
quarter-wave plates and circular polarization configurations which have little
influence on it. Schematic diagram of position of misaligned beam spots
under different run out conditions yielded by the optical ray tracing are shown
in Figure 9. The separation by all the photodiodes between the two beams
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FIGURE 8
Simulation model of the laser linear encoder configuration.
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FIGURE 9

Positions of the misaligned laser beam spots under different run out conditions.
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captured should be less than one fourth of the diameter of the beam which is
0.9mm in the actual setup. As we can see, the position of T-R beam is not
influenced by different run out conditions .The T-R and T-T beam is always
separated under different run out conditions. Roll was found to cause R-T and
R-R beam to move together and the alignment tolerance turned out to be 3.71
arc min. Pitch and yaw were found to cause R-T beam and R-R beam to
separate from each other and the alignment tolerance were 3.10 arc min and
1.42 arc min, respectively. As we can see, the alignment tolerance of laser
linear encoder can at least meet the application needs.

5 EXPERIMENTAL CONFIGURATION AND SYSTEM
PERFORMANCE

Performance of a commercial fibre interferometer (FPS3010; Attocube, Inc.)
was compared with the laser linear encoder to evaluate the measurement
accuracy of the latter. Figure 10 shows the experimental structure for verifica-
tion and Figure 11 is a photograph of the experimental configuration which
we used to install optical components of the linear encoder including PBSs
(PBS0110/PBS0125; Union Optic, Inc.), BS (BS012; Thorlabs, Inc.), mirrors
(LLMO0012-45/ LLM0025-45; Union Optic, Inc.), QWs (WPZ4320; Union

Attocube

A 4

Mirror

Elmo 1

A
A 4

Elmo 2

A 4

\ 4

Detector

FIGURE 10
Schematic diagram of the experimental configuration for verification of the laser linear encoder.
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FIGURE 11
Photograph of the experimental configuration of the laser linear encoder.

Optic, Inc.) and HWs (WPZ2310; Union Optic, Inc.). Compensation plates
were not necessary and were not employed. The experimental configuration
is specially designed and machined and its machining accuracy was mea-
sured by three-coordinate measuring machine which was proved to meet the
design requirements. The wave length of the laser is 1.55 um which is con-
structed by a laser source (1550FSZ; Sichuan Tengguang; Inc.). The diameter
of the laser beam is approximately 0.9 mm. We employed a commercial grat-
ing (GR25-0616; Thorlabs, Inc.) as the scale grating whose pitch is approxi-
mately 1.660um. The scale grating was mounted on an adjustable mount
(KM100C; Thorlabs, Inc.) which is on a table stacked by two one degree of
freedom manual displacement tables (MS1S/M; Thorlabs, Inc.) whose larg-
est range of displacement is about 6.0 mm. The adjustable mount which can
yaw and roll is used to align the grating with the linear encoder. As the grating
should be set in Littrow configuration, the diffraction beams should be
adjusted coincident with the incident beams. The laser is 1.55 wm and is invis-
ible. We employed a laser viewing card (VRC2; Thorlabs, Inc.) to help adjust
the grating.

The detectors (PDA10CS-EC; Thorlabs, Inc.) conversed the interferom-
eter fingers into analogue signals and the signals were respectively intro-
duced into two analogue drivers (Cor-7/230; Elmo, Inc.) whose subdivision
multiple was set 4096. Thus the readout solution of the linear encoder was
0.407nm in the X-direction and 0.214nm in the Z-direction. The results
were directly introduced into two computers to be recorded. As shown in
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Figure 10, we stack a mirror on the back of the scale grating and another one
on the side face of it. As the collimators of the fibre interferometer have to
be aligned to the mirrors, the displacement range was limited to 2 X 2 mm?.

We measured a stepping motion along the X- and Y-direction for 2.0 mm.
In the X-direction, the maximum positioning error is 4.270 um with a stan-
dard deviation of 1.250 um and in the Z-direction it is 2.660 um with a stan-
dard deviation of 0.691 um. It can be seen that the measurement errors were
dominated by the cosine error which is caused by inevitable misalignment
between the measuring directions of the fibre interferometer and the linear
encoder. Figure 12 shows the residual errors after least-squares line fitting in
the X- and Z-direction. As we can see, the maximum positioning error turned
out to be 0.261 um with a standard deviation of 0.134 um in the X-direction
and 0.211 um with a standard deviation of 0.070 um in the Z-direction. The
experiment was conducted under non-environmentally controlled conditions.
Figure 13 shows the experiment results of noise level measurements in the
laboratory. The noise level of the proposed system for linear displacement is
about 51.700nm (3% standard deviation) in X-direction and 65.200 nm in the
Z-direction. For the two degrees of freedom measuring test, the movement
tables were respectively moved in its max range and the interference signals
were not lost when the grating was moving in two degrees of freedom.

The measurement environment, in fact, is quite unstable and the readout
solution of the linear encoder is totally submerged in the environmental
noise. Figure 14 shows the ambient noise level measured by fibre interferom-
eter in the X-direction. Figure 14(a) is measurement time-domain diagram
and Figure 14(b) is measurement frequency domain diagram. As we can see,
the vibration amplitude of the result is close to 50.000 nm which is consistent
with the result of laser linear encoder. Its energy is mainly concentrated in
low frequency which indicates that ambient vibration and temperature
changes may introduce most of the measurement error. The experiment
should be controlled and structure of the measuring device should be made
more robust and compact to get better performance. Low-pass filters should
also be used to filter circuit noise. In a word, the measuring principle of the
two degrees of freedom linear encoder has been verified and its performance
can be improved by several methods.

6 CONCLUSIONS

We proposed a new optical sensor head designed in Littrow configuration
for laser linear encoder which can directly measure X- and Z-direction dis-
placement of a linear stage using one-dimensional (1-D) gratings. The mea-
suring range along the Z-direction is extremely enlarged compared with
traditional encoders. The optical configuration was successfully constructed
and the measurement performance was evaluated and analysed. The system
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FIGURE 12

Graphs showing the position error between encoder and interferometer in (a) the X-direction and
(b) the Z-direction.
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Graphs showing the noise level measurements of the laser linear encoder in (a) the X-direction
and (b) the Z-direction.
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Graphs of the ambient noise level measured by the fibre interferometer in the X-direction for
(a) the measurement time domain and (b) the measurement frequency domain.
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has resolutions of 51.700nm in the X-direction and 65.200nm in the
Z-direction. It was confirmed that the linear encoder is able to measuring
large scale motion in two degrees of freedom. Further study on environment
disturbance and mechanical structure will be done in order to get better
measurement performance.

NOMENCLATURE

d Pitch of the grating (m)

D Distance between R-R and T-T laser beams along the y-axis (m)
e Optical vector of the laser beam

E Amplitude of the optical vector

1 Power of the laser (W)

J Mathematical expression of the Jones Matrix
L Length of the grating (m)

s Displacement of the grating (m)

Greek symbols

Y Diffraction angle (°)

o Phase angle of the optical vector(°)
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