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Abstract: To realize large range, high precision and multi-dimensional measurement with a relatively simple
structure, a grating-based precise measurement system is designed for five-dimensional measurement including
simultaneous measurement of displacement and angle. Based on symmetrical Littrow structure and heterodyne
interference principle, two-dimensional displacement measurement along gratings vector direction and normal
direction is realized by using one-dimensional diffraction grating with high groove density. Whats more, the
angle errors of pitch, yaw and roll of grating are measured by using high precision position sensitive detectors
considering the angular variation between + 1™ order diffraction light and grating. Experimental results indicate
that the proposed grating-based precision measurement system can achieve high precision and large range dis—
placement measurement with resolution better than 4 nm. It can also realize high precision angle error meas—
urement with resolution better than 1”. Moreover, because the displacement measurement range is only limited
by the size of grating, its measuring range is greatly increased. The grating-based precision measurement sys—
tem is very important for high precision measurement of displacement and angle in the field of precision meas—
urement.
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1 Introduction

With the advancement and development of sci—
ence and technology, the modern processing and
manufacturing field such as semiconductor manufac—
turing, precision machining, photolithography, etc.
has put forward more and more stringent require—
ments for precision measurement technologyhé].
The precision measurement technology that can take
into account large range, high-precision and multi—
dimensional measurement has become a powerful
guarantee for the rapid development of modern pro-
cessing and manufacturing industry. At this stage,
precision measurement technology that can meet
large range, high-precision and multi-dimensional
measurement mainly includes laser interferometer
and grating-based precision

[6-8] . ..
tem "7 . Grating-based precision measurement sys—

measurement  sys—

tem is much less sensitive to environmental changes
than the laser interferometer, and has greater advan—
tages in environmental control and measurement
costs than the laser interferometer °*°’ .

The methods of realizing multi-dimensional
measurement with grating-based precision measure—
ment system are mainly as follows: one-dimensional
grating replaced by two-dimensional grating"'?*';
and the optical path structure by use of Michelson

interferometer |1

The manufacturing of two-di—
mensional gratings is more difficult than that of one—
dimensional gratings, so the accuracy and size of the
gratings are hard to guarantee. The optical path
structure of Michelson interferometer can measure

the displacement along the grating”s normal direc—

doi: 10. 3788/C0.20201301. 0189

tion. However, due to the limitation of the measure—
ment principle, the range is limited by the size of
the detector and the beam diameter. The measure—
ment range is small, at most only a few millimeters,
and the system is more complicated. Subsequently,
the researchers adopted the Littrow optical path

structure [15-7]

, and two-dimensional displacement
measurement along the grating”s vector and normal
directions can be realized by using one-dimensional
grating. The measurement range of both dimensions
is limited only by the size of the grating, which
greatly increases the range of the system. The above
are the ways to extend the dimension of displacement
measurement of the grating-based precision measure—
ment system. In 2009, two four-quadrant photodiode
detectors were introduced by Liu et al ™. That real—
ized five-dimensional measurement. Due to the limi-
tation of structure and principle, the displacement
measurement range of this system is very small, only
+41 pm along the grating’s normal direction in the
experiment. In 2011, Gao et al™ . used a Position
Sensitive Detector ( PSD) which realized three-di—
mensional angular variations measurement of grat—
ings. In 2013, the team proposed a grating-based
precision measurement system for six-dimensional
measurement in combination with the two-dimension—
al grating and Michelson interferometer structure " .
Similarly, the displacement measurement range of
the system is small due to the limitation of measure—
ment principle and structure, the range is only
1.2 pm along the grating”s normal direction in the
experiment. Moreover, the system is too complicat—
ed, which reduces the reliability and stability of the

system.
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The grating-based precision measurement sys—
tem for five-dimensional measurement is proposed in
the paper. This system introduces an angle measure—
ment unit on the basis of Littrow-eonfigured two-di—
mensional grating displacement measurement system
to realize simultaneous measurement of displacement
and angle. The system has a simple structure and a
large displacement measurement range. The paper e—
laborates the principle of displacement and angle
measurement and performance test has been conduc—
ted for the system through experiments. The experi—
mental results indicate that the system can achieve
high-precision, high—resolution, large range two-di—

mensional displacement, and high—precision, high—

resolution three-dimensional angle measurement.

2 Principles

2.1 Structure of reading head

The reading head of the precision measurement
system contains the displacement measurement unit
and angle measurement unit. As shown in Fig. 1,
the displacement measurement unit includes a beam
splitter ( BS) ,
( PBS,, PBS,) ,

QW,) , two attenuation plates ( A,, A,) , two plane

two polarization beam splitters

four quarter-wave plates ( QW, ~

mirrors ( M,, M,) , two partially reflecting mirrors
(S;,S,) and two polarizers ( P,, P,) .

The laser emitted by the dual4requency laser
with a certain frequency difference and polarization
directions perpendicular to each other is divided into
the same two beams by the BS and then enters the
left and right PBS, respectively. Take the light
beam on the left as an example: after entering the
PBS, , the laser is divided into transmissive light ( P—
polarized light)
light) . P-polarized light becomes right-eircularly po—
larized light through QW,, which is reflected by S,

and incident on the grating at a Littrow angle. The

and reflective light ( S—polarized

diffracted light returns in the same way, and it be-

comes S—polarized light and is reflected by PBS, after

passing through QW,. It enters receiver R, through
P,. After passing through QW,, M, and QW,, S-
which fi-

nally enters the receiver R, through P, after transmis—

polarized light becomes P-polarized light,

sion of polarization beam splitters.

" Grating

Fig. 1

Schematic diagram of grating-based precision
measurement system
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In order to make the coherent light intensity
close, an attenuation plate A, is added between QW,
and M,. Because the transmission direction of P,
and the vibration direction of the beam are 45°, the
vibration directions of the two light beams passing
through P, are parallel to each other and interference
occurs. Similarly, the two light beams on the right
side will also interfere into the receiver R,.

The angle measurement unit is composed of two
identical convex lenses ( L,, L,) and two position
sensitive detectors ( PSD,, PSD,) . Part of the dif-
fracted light is transmitted through partially reflecting
mirrors ( S;, S,) into the angle measurement unit.
The PSD plane is placed at the focal point of the
lens, and the laser is focused on the detector plane
after passing through the lens. The detector detects
the position of the focused spot in real time.

2.2 Principle of displacement measurement

When the grating moves, phase changes will be
introduced by two interference signals as follows on
the basis of the principle of grating Doppler frequen—

cy shift 2,
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o, = - 41T;1n0Ax + 4TFKOSHAZ, (2) where, d represents the grating period.

where, ¢, and ¢, represent the phase changes intro—
duced by the left and right measurement beams due
to the grating movement, @ is the Littrow angle of the
laser incident on the grating, A is the wavelength of
the laser, Ax is the displacement along the grating’s
vector direction ( x direction) and Az is the dis—
placement along the grating”s normal direction ( z di—

rection) .
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Fig. 2 Schematic diagram of the relationship between
spot position and the rotation angle of the grat—
ing

B2 EBEfE S CHI eSS M EOC R IR R

According to eq. (1), eq. (2) and Littrow—

configured grating equation 2dsinf = mA(m =1, 2,
3--+) , the grating displacements in these two direc—

tions can be calculated as follows:

- e - ) (3)

Ax

2.3 Principle of angle measurement

When the grating has an angular error, the dif-
fracted light will be yawed due to the change of the
incident angle, causing the spot position on the PSD
to change. According to the matrix analysis method
of geometric optics'™' , we can know the relationship
between the rotation of the grating and the spot posi—
tion on the PSD, as shown in Fig. 2.

When there is a change in the pitch angle of the
grating, the two diffracted beams will move along the
grating groove direction at the same time, so the two
spots will move by the distance x, and x, respectively
in the same direction of the x axis of the PSD, and
%, =%,; when the grating has a yaw error, the two
diffracted beams will move along the grating’s vector
direction at the same time, so the two spots will
move by the distance y, and y, in the same direction
of the y axis of the PSD, and y, =y,; when the grat—
ing has a roll error, the two spots will move z, and z,
in opposite directions in the first/third quadrant or
second /fourth quadrant of PSD plane coordinate sys—
tem, respectively, and | z, | = | z, |. There-
fore, the following pitch angle, yaw angle and roll
angle of the grating can be obtained from the geomet—
ric relationship:

X, +x
6, =~ % 5
_n T
y 4f
g ooimn iy -+
) 4f 4f

()

0 (6)

(7)
3 Experiments and Testing
In order to verify the performance of the preci—

sion measurement system, an experimental platform

was set up and a series of tests were performed. The
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tests include angle measurement test and displace—
ment measurement test. Fig. 3 is a schematic dia—
gram of experimental device for angle measurement.

The laser emitted by a He-Ne dual-requency laser
with a wavelength of 632. 8 nm is incident on the
reading head of the grating-based precision measure—
ment system. Two light beams emitted by the read-
ing head enters into the reflective grating with a peri—
od of 555 nm and a size of 50 mm x25 mm X6 mm
at a Littrow angle. Part of the two diffracted light
passes through the partially reflecting mirrors and is
incident on a lens with a focal length of 400 mm,

and is converged by the lens to two PSDs at the focal
plane. PSD uses OBP-U-9H produced by Newport.

In the test, the accuracy of the angle measurement
was checked through a photoelectric autocollimator
DA20 ( with an accuracy of 0. 02”) produced by
Taylor Hobson. The grating and two plane mirrors
are fixed on a rotating platform which is composed of
three Newport angular platforms, and the three plat—
forms are equipped with the Newport’s miniature pi—

ezoelectric linear actuators.

Dual-frequency
laser Reading head

[

Grating \ I

Roll AYA
Yaw iﬁ’ l
Baehi : Collimator

Plane mirror (roll measurement)

Rotating
platform

Collimator
(pitch and yaw measurement)

Fig.3 Diagram of experimental device for an—

gle measurement
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Fig. 4 is a schematic diagram of experimental
device for displacement measurement. Different from
the angle measurement test, the displacement meas—

urement results of the dual-requency laser interfer—

ometer and the grating-based precision measurement
system are compared. Newport”s precision one-di—
mensional linear displacement platform xml210-s is

used to replace the rotary platform.

Reading head

Beam splitter prism
1]

Dual-frequency Grating
laser Lasgr interferometeg

) easuring alpmg
Beam splitter the xrdijection
prism j

the z direction)

Plane mirror Plane mirror

Fig.4  Diagram of experimental device for displacement
measurement
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Fig.5 Rotation angle measurement results in three di—

rections by proposed system at rest
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Fig. 5 shows rotation angle measurement results
in three directions by the grating-hased precision
measurement system at rest. For easy observation,
the measurement results of the pitch angle and roll
angle are translated by 2" along the positive and neg—
ative directions of the Y axis, respectively. It can be
seen from the figure that the measurement results of
the three angles are all stable, and the vibration am—
plitude is small. The vibration at high frequencies is

mainly caused by electronic noise. The 3¢ values
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are 0.77", 0. 68" and 0. 72", which can show that
the system can also realize high precision angle error

measurement with resolution better than 1”.
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Fig.6 Measurement results of pitch angle for 10” change

K6 ARFAN A 107 A 25 2R

—*+—Grating-based interferometer
— Collimator
Difference

Ju* | . | ‘1ﬁ

10 20 30 40 50 60
Time/s

—
8]

Yaw(arcsec)
(=] [}8) = N oo 5
o

Fig.7 Measurement results of yaw angle for 10" change
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Fig.8 Measurement results of roll angle for 10” change
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The miniature piezoelectric linear actuator is
adjusted so that the minimum displacement is 5-
step, and then makes it do back and forth move—
ment. As the displacement measurement unit will
not work when the angle changes greatly, the angle
change range shall be controlled within 10”. The
measurement results of pitch angle, yaw angle and
roll angle of grating-based precision measurement
system and photoelectric autocollimator are shown in
Figs. 6 ~8( Color online) .
solid blue line with the symbol of " +

In the three figures, the
" represents
the angle measurement results of the grating-based
precision measurement system, the solid red line re—
presents the measurement results of the photoelectric
autocollimator, and the solid yellow line represents
the difference between the two measurement results.
It can be clearly seen from the figures that the meas—
urement results of the rotation angles in the three di—
rections by the two systems are consistent. The
difference of the measurement results fluctuates a—
round O, and the 3¢ values are 1. 18", 1. 11" and
1. 07", respectively. The difference is mainly caused
by electronic noise, environmental vibration and un—
cleaned cosine errors. The experimental results
prove that the grating-based precision measurement
system can achieve high-precision angle measure—
ment in the range of 10” and has good measurement
repeatability.

Figs. 941 ( Color online) shows the measure—
ment results of pitch angle, yaw angle and roll an-
gle, respectively. The miniature piezoelectric linear
actuator is adjusted so that the minimum displace—
ment is 25-step, and then compares it with the
measurement results of the photoelectric autocollima—
tor. In the figures, the solid red line with the symbol
of " +" represents the measurement results of the
grating-based precision measurement system, the
solid blue line represents the measurement results of
the photoelectric autocollimator, and the solid green

line represents the difference between the two meas—

urement results. It can be seen from the figures that
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the angle change is less than 1” when the piezoelec—
tric actuator move every 25 steps. The measurement
results are not symmetrical due to the influence of
factors such as hysteresis error, but both systems can
detect the angle change, and the measurement re—
sults are consistent. The difference of the measure—
ment results fluctuates around 0, and the 3¢ values
are 0. 83", 0.74" and 0. 78", respectively. The ex—
perimental results prove that angle measurement res—
olution of the grating-based precision measurement
system is better than 1", and the system can achieve
high—-precision high-resolution angle measurement

and meet the needs of precision machining.
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Fig. 11  Measurement results of roll angle for 1” change
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Figs. 12-45( Color online) show the displace—

ment measurement results where Fig. 12 and Fig.

i

A i i Difference
7

13 are the displacement measurement results for 5

mm in the x direction and the z direction respective—
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Fig.9 Measurement results of pitch angle for 1” change
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Fig. 10 Measurement results of yaw angle for 1” change
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ly. In the figures, the solid red line with the symbol
of " +" represents the displacement measurement
results of the grating-based precision measurement
system, the solid blue line represents the measure—
ment results of the dual4drequency interferometer,
and the solid green line represents the difference be—
tween the two measurement results. It can be seen
from Fig. 12 that the measurement results for 5 mm
displacement in x direction of the grating-based pre—
cision measurement system and dual{requency inter—
ferometer are consistent. 3¢ value of the measure—
ment results difference is 30.62 nm. It can be seen
from the small figure that a lowHrequency vibration
between the two measurement results is mainly
caused by the surface shape of the grating, the
groove error and environmental fluctuations. Because
the poor grating surface shape and groove will result
in phase differences to the left and right parts of the
displacement measurement unit of the grating-based
precision measurement system, as a result, there is
an error in the measurement results. It can be seen
from Fig. 15 that measurement results of the two sys—
tems for 5 mm displacement in z direction are consist—

ent, and 30 value of the measurement results differ—
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ence is 20.44 nm. Similarly, lowHrequency vibration
is mainly caused by the surface shape error of the
grating, the groove error and the change of the sur—
rounding environment. Due to the use of the Littrow
structure, the displacement measurement range of the
system in both directions is limited only by the grat—
ing size. Moreover, the one-dimensional grating can
be made very long, so the system can easily realize
the displacement measurement in the millimeter
range. As the grating size increases, the range will
increase,, which is much larger than the displacement
measurement range of current multi-dimensional

measurement system based on Michelson structure.
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Displacement/mm
&

E
3 %
-4t g J
sl a
-40 - .
1 2 3 4 5
6 ) Time/s l | |
0 1 2 3 4 5

Time/s

Fig. 12 Measurement results for 5 mm displacement in

x direction
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Fig. 13 Measurement results for 5 mm displacement in

z direction
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Fig. 14 and Fig. 15 show the displacement
measurement results in x direction and z direction,
respectively. In the figures, the solid red line with
the symbol of " + " represents the displacement
measurement results of the grating-based precision
measurement system, the solid blue line represents
the measurement results of the dualHrequency laser
interferometer, and the solid green line represents
the difference between the two measurement results.
It can be seen from the above two figures that the
grating-based precision measurement system can re—
solve displacement changes less than 4 nm. The
measurement results of the grating-based precision
measurement system and dual4requency interferome—
ter are consistent, and 3¢ value of the measurement
results difference is 1.67 nm and 2. 65 nm, respec—
tively. It can be seen from eq. (9) that the dis-
placement measurement value in z direction is not
only related to the grating period, but also to the in—
cident angle. Therefore, it is more affected by the
environment than that in x direction, the displace—
ment curve at rest is more volatile and the error is

larger than that in x direction.

14 - . . i
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Fig. 14 Measurement results for 4 nm displacement in x

direction
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4 Conclusions

In this paper, grating-based precision measure—
ment system for five-dimensional measurement that
can simultaneously realize two-dimensional displace—

ment measurement and three-dimensional angle

measurement is proposed. The system solves the
problems of the complex structure and small range of

the current grating —based multi —dimensional meas —
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urement system. It has the advantages of simple
structure, large displacement range, high accuracy
and high resolution. The basic structure and meas—
urement principle of the system are elaborated, and
a series of tests are performed for angle measurement
and displacement measurement. The experimental
results show that three-dimensional angle measure—
ment with the resolution of the grating-based preci-
sion measurement system is better than 1”. For an
angle change of 10", the 3¢ value of the difference
from the measurement results of the photoelectric au—
tocollimator is about 1”; for an angel change of 1",
the 30 value of the difference from the measurement
results of the photoelectric autocollimator is about
0.8". The resolution of two-dimensional displace—
ment measurement is better than 4 nm. For the 4 nm
displacement change, the 3o value of the difference
from measurement results of the dualHdrequency laser
interferometer is about 2 nm. For the 5 mm dis-
placement change, the 3¢ value is better than
31 nm. The system with simple structure and strong
practicability is very important to the field of preci—

sion and ultra-precision machining.
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