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Fig. 12 An optical configuration with mechanical fixture
of a high-alignment spatially separated heterodyne grat-
ing interferometer (a), a spectrum curve roll angle and its
spectrum peak curves of the measurement beam for
testing the alignment tolerances in roll angle (b), a yaw
angle (c), and a pitch angle (d)

shortening the length of the optical path. Currently,
the size of the miniaturized GI reading heads is gen-
erally dozens of millimeters (Jourlin et al., 2002; Fan
et al., 2007; Makinouchi et al., 2011; Liu and Cheng,
2012; Hsu etal., 2013). Cheng and Fan (2011) re-
duced the mechanical size by bonding prisms into a
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Fig. 13 Schematic of +tm™ Littrow angles and a symmet-
ric Littrow structure

monolithic form while reducing the impact of the air
gap. Liesener (2013) invented a type of compact
monolithic encoder head with a hexagonal or pen-
tagonal prism retro-reflector to replace independent
corner-cube components. Shankar et al. (2007) used a
natural interference region of diffracted beams to
obtain the interference signal. Although the position
of the PD is limited, the mirror or prism used to de-
flecte the beams is omitted, thus reducing the com-
plexity and size of the optical system and improving
the stability to a certain extent (Shankar et al., 2007).
Guo et al. (2015, 2016, 2017) and Guo and Wang
(2015) proposed a self-mixing grating interferometer,
whose simple optical structure has the advantage of
miniaturization, where the measurement error can be
controlled to within several nanometers. With the
development of a micro-opto-electro-mechanical
system, the use of a microstructure grating is a
common approach for miniaturization of an optical-
reading head. The size of the optical-reading head can
be significantly reduced by integrating optoelectronic
components, because the grating, PD, and optical
components can be integrated into a single micro-
structure (Karhade et al., 2008; Shin and Kim, 2010,
2011). Zhao et al. (2011) achieved a resolution of less
than 1 nm using a Michelson-type GI with a phase-
sensitive diffraction grating in a microstructure.

In this section, miscellaneous methods for the
improved performance of the GIs are summarized and
classified into high resolution, large range, and good
usability. However, it is worth emphasized that the
categories are not mutually exclusive. For instance, as
mentioned above, the double-diffraction configura-
tion has the ability to double the optical fold factor
and increase the alignment tolerance. By combining
these enhancements with the basic structures intro-
duced in Section 2, researchers could create different
optical configurations of Gls to fulfill their project
requirements.
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4 Multi-DOF measurement approaches

With computerized numerical control, a coor-
dinate measuring machine, a lithography machine, a
Joule balance, and many other complicated apparat-
uses, a one-DOF linear measurement is far from suf-
ficient. For a rigid body, the Cartesian coordinate
system has six spatial DOFs (Fan et al., 2014), namely,
three translational DOFs and three rotational DOFs
along the x-, y-, and z-axis. To meet the actual meas-
urement requirements, many optical structures for
multi-DOF  measurements have been proposed.
According to the measured DOFs, these can be clas-
sified into in-plane, out-of-plane, and rotational
measurements.

4.1 In-plane displacement measurement

If the measurement direction of a linear GI is
defined as the x axis shown in Fig. 14, the plane at
where the grating is located is usually defined as the
x-y plane.

(Out-of-plane) ,
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Fig. 14 Spatial six-DOF of a rigid body

The word “in-plane” indicates the x-y plane. The
method for upgrading a one-DOF x-displacement
measurement to a two-DOF x-y displacement meas-
urement is to use two sets of perpendicular grooves to
reflect the displacements in the corresponding direc-
tions. These grooves can be on different gratings
(Renkens et al., 2006; Fan et al., 2011a; Kwan, 2011),
in different areas of the same grating base (Wei et al.,
2018), or in the same area of the same grating base,
that is, the planar grating (Hsu et al., 2008). It is dif-
ficult to avoid assembly errors of different gratings,
and a special fabrication is needed for ruling the
grooves in different directions on the same base.
Therefore, a planar grating is an optimal approach for
realizing a two-DOF in-plane measurement. Fig. 15
shows several planar grating interferometers for
two-DOF in-plane displacement measurement.
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Fig. 15 Several two-DOF grating interferometer (GI)
structures using planar gratings: (a) a two-DOF hetero-
dyne GI (reprinted from Hsu et al. (2008), Copyright
2008, with permission from Elsevier); (b) a two-DOF
heterodyne GI with retro-reflectors (reprinted from Feng
et al. (2013), Copyright 2013, with permission from SPIE);
(c) a two-DOF QCOP heterodyne grating shearing inter-
ferometer (reprinted from Hsieh et al. (2011), Copyright
2011, with permission from OSA)
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According to the diffraction characteristics of a
planar grating, diffracted beams will be generated in
the x- and y-axis in the corresponding order. By
choosing the diffracted beams in both directions and
using an appropriate optical structure, displacement
measurement signals in the x- and y-axis can be ob-
tained. In fact, the various grating interferometers
described in Section 2 have been developed to realize
in-plane two-DOF measurements using a planar
grating, such as two-DOF Littrow configurations
(Hsuetal., 2008; Chung et al., 2011; Fan et al., 2011a,
2011b, 2012a), two-DOF double-diffraction config-
uration (Feng et al., 2013), two-DOF differential
single-grating configuration (Hsu et al., 2008; Wu
et al., 2008; Fan et al., 2012b; Lin et al., 2015a), and
two-DOF grating shearing interferometers (Hsieh,
etal., 2011; Lee JY etal., 2011; Wu et al., 2013b; Lin
etal., 2015a).

However, planar gratings are limited by current
manufacturing techniques, and it is difficult to rule
areas of larger than one- or two-hundred millimeters
at present. A large-scale grating is restricted by the
out-of-flatness and pitch deviation, which results in
an increase in measurement uncertainty (Gao and
Kimura, 2010). Meanwhile, ruling directions of the
planar grating are theoretically parallel to the x- and
y-axis in the measuring plane. However, the misa-
lignment angle in the actual assembly will mix the
displacement of both directions to a certain extent,
which needs to be avoided or compensated for in the
signal processing module. Nonetheless, in a two-DOF
GI proposed by Lin et al. (2018), the angle between
the axis and grating groove was set to 45°, and four
diffracted beams of (1, £1) were used to form
compound differential signals with displacements in
the x- and y-axis. The left and right items of the
marker represent the diffracted orders in the x- and
y-axis, respectively, which means that the selected
diffraction beams contain displacement information
of these two directions at the same time.

4.2 Out-of-plane displacement measurement

In contrast to an in-plane measurement, a verti-
cal z-axis displacement measurement is often called
an “out-of-plane measurement.” Because the grating
groove is orthogonal to the z axis, it cannot be directly
used to measure the z displacement. This means that
the reference of the x-y displacement in the plane is

the grating pitch in the corresponding direction,
whereas the z displacement outside the plane must use
other benchmarks. For instance, a linear grating is
assembled along the z axis or along the direction of
the laser wavelength. For the former, a three-DOF
measurement approach (Pan et al., 2013) is imple-
mented using three linear gratings. In addition to the
assembly error, mutual influence between the grating
size and measurement range needs to be considered.
The latter, as a combination of a laser interferometer
and a grating interferometer, raises two main methods,
which will be discussed later.

With the first method, all measurement beams
contain phases of in-plane and out-of-plane motions.
However, the phases of in-plane motions are differ-
ential, and the phases of out-of-plane motion are
common. Thus, the signal processing module can
decouple the displacement in different directions
from these interference signals (Gao and Kimura,
2007; Kimura et al., 2010b, 2012; Ito et al., 2014; Lin
et al., 2015, 2017; Lu ZG et al., 2016). As shown in
Fig. 16a, with the three-DOF homodyne GI proposed
by Lin et al. (2015), phase change caused by the
Doppler frequency shift in the x- and y-axis is re-
flected in the wave equation of the +first-order dif-
fracted beam as a differential form, whereas the
change in the optical path caused by the z displace-
ment has a common effect on all diffracted beams at
the same time.

The other approach is to build a laser interfer-
ometer structure to measure the z displacement using
a zeroth-order diffracted beam, which remains the
carrier frequency (Hsieh and Pan, 2013, 2015; Lu
et al., 2016; Zhang et al., 2016). Fig. 17b shows this
type of two-DOF GI proposed by Lu ZG et al (2016).
To measure the out-of-plane displacement, a homo-
dyne Michelson-type interferometer with a quadratic
detector module has been built.

These two methods use the principle of a laser
interferometer to realize a three-DOF measurement.
However, the use of a wavelength benchmark brings
about a sensitivity of the z-axis measurement results
to the air refractive index, and improves the envi-
ronmental requirements. In addition, the optical
structure for measuring the x-y displacements requires
as small a grating shift along the z axis as possible,
which greatly limits the range of a z-axis measuring
laser interferometer (generally smaller than a few
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Fig. 16 Grating interferometers using benchmarks of
wavelength and grating pitch for in-plane and out-of-
plane measurements: (a) a three-DOF Littrow-type GI
with common z-displacement signals (reprinted from Lin
et al. (2015), Copyright 2015, with permission from SPIE);
(b) a two-DOF GI with an independent z-displacement
interferometer (reprinted from Lu ZG et al. (2016), Cop-
yright 2016, with permission from IOP Publishing)
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millimeters). To solve this problem, Lin et al. (2015,
2017) combined a three-DOF homodyne GI with a
Littrow structure to enlarge the z range of larger than
1 m.

4.3 Rotational measurement

As a diffraction optical element (DOE) capable
of generating multiple beams with a specific dif-
fracted angle, the grating is often combined with an
autocollimator for angle measurements (Kim et al.,
2000, 2002; Bae et al., 2001; Liu et al., 2004; Saito
et al., 2009; Gao et al., 2011). Therefore, many re-
searchers have combined the diffraction grating dis-
placement measurement with autocollimator angle
measurement into the same optical path to realize
multi-DOF measurements (Huang et al., 2007; Liu
et al., 2009; Lee CB et al., 2011, 2012; Liu and Cheng,
2012; Li et al., 2013). Although an autocollimator has
been fully investigated, the linearity of a position
sensitive device (PSD) is still a barrier to improve the
angle measurement accuracy. In addition, with these
methods, the measurement of angular displacement is
not traceable.

For instance, in a three-DOF structure that
measures translational displacement along the x-y
direction and the rotation angle along the z axis, two
probes with a separation distance of L are used. One
of them is a one-DOF probe for measuring the y dis-
placement, whereas the other is a two-DOF probe for
measuring both x and y displacements. According to
the geometric relationship, the angle along the z axis
can be obtained through a small-angle approximation,
expressed as
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; Focusing lens
Detection part 1 p1 D1
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Fig. 17 An all-grating-interferometer-based method for six-DOF measurements using three probes: (a) a six-DOF ho-
modyne GI with three differential three-DOF probe (reprinted from Li et al. (2014), Copyright 2014, with permission
from SPIE); (b) a six-DOF QCOP heterodyne GI (reprinted from Hsieh and Pan (2015), Copyright 2015, with permission

from OSA)
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Li et al. (2014) and Hsieh and Pan (2015)
achieved all-interferometric six-DOF measurements
using three three-DOF probes. As shown in Fig. 17,
these three probes have an L-shaped layout. The
translational and angular displacements of the planar
grating at six DOFs can be obtained by decoupling the
interference signals attained. Compared with a
six-DOF laser interferometer, the optical configura-
tion of a GI can be conveniently miniaturized
(Schwenke et al., 2002).

However, how to calculate the position and
posture of the grating from the raw data of these
probes is important in the all-interferometric six-DOF
GI. As an upgrade of the small-angle approximation,
a suitable mathematical model and a complete de-
coupling algorithm are demanded. Wang (2017) de-
rived and built a mathematical model based on a
three-DOF x-y-6, grating interferometer, similar to
that shown in Fig. 18, for the mask stage in a lithog-
raphy machine.

(Va)

Fig. 18 Schematic of a two-probe x-y-0, three-DOF
measurement

The development from a one-DOF linear meas-
urement to a six-DOF spatial positioning could be
seen as an inevitable trend of GIs. In addition to the
studies on the optical configurations, researchers are
now focusing on the algorithms of multi-DOF Gls,
especially on the error-free ones. It is not an easy task,
because all the measured axes should be decoupled
and almost all errors should be considered and
modeled.

5 Error analysis

Many optical configurations of a GI for high
resolution, high accuracy, and small errors have been
mentioned above. Although effective, it is undeniable
that such a precise and complicated grating inter-
ferometer still suffers from several errors.

5.1 Benchmark errors

As a benchmark, errors in the grating itself have
direct effects on the measurement results. These fac-
tors have many aspects, including a ruling error,
thermal expansion coefficients of the grating pitch,
non-orthogonality of the planar grating, and an
out-of-flatness error. Four factors are related to the
material and fabrication of the grating. Under the
current manufacturing conditions, there are still sev-
eral ways to detect and evaluate these grating errors.
In addition to the commonly used SEM and SPM,
Feng et al. (2012) proposed a method to measure the
orthogonality of a planar grating by combining the
optical diffraction with an autocollimator principle.
Gao and Kimura (2010) and Shimizu et al. (2012)
proposed approaches to evaluate the out-of-flatness
and pitch deviation using a Fizeau interferometer.

Hsu et al. (2013) mentioned that the pitch ther-
mal expansion coefficients of their holographic grat-
ing are within 0.1 nm per degree of Celsius. This
indicates that, to achieve an accuracy at the picometer
or a higher scale, an environment with a temperature
turbulence of below 0.01 °C is needed. For a calibra-
tion of the grating, a precise environment, a laser
interferometer with a high accuracy, and other ser-
vicing facilities are necessary (Jakstas et al., 2005;
Shu et al., 2010; Yu et al., 2015).

5.2 Geometric errors

For a single-DOF measurement as discussed in
Sections 2 and 3, geometric errors are embodied in
other five DOFs. As shown in Fig. 14, when the
measured motion is along the x axis, the deviations
along the y and z axes are called an offset and a
stand-off error, respectively, and the rotations around
the x, y, and z axes are defined as the roll, pitch, and
yaw angles, respectively. These errors can be static
assembly errors and dynamic movement errors,
whereas the former is a systematical error which can
be calibrated and compensated for and the latter is a
random error caused by actual movements of a guide
rail (Xia and Fei, 2010). These errors will influence
the intensity of the interference signal by creating an
angular and positional mismatch of the diffracted
beams.

Several optical structures for a high alignment
tolerance have been discussed above. Taking a
Littrow structure as an example, further analysis
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reveals that, for a structure which is insensitive to
only a stand-off error (Shang et al., 2016), a yaw
angle in 1 arc will bring about an error within several
nanometers (Fan et al., 2012b).

In fact, no optical structure can avoid the above
five geometric errors at the same time. Therefore,
designers have to decrease the impact of various er-
rors in an opto-mechanical structure. For example, a
coplanar design following the Abbe principle is to
reduce the Abbe error (Holzapfel, 2008; Deng et al.,
2018). A corresponding compensation algorithm can
be adopted in the signal processing module to achieve
an accurate result (Lin et al., 2013).

For a single-probe multi-DOF measuring GI, it
can be seen that parts of the five error-DOFs in single-
DOFs become the measured DOFs. Thus, the mutual
influence among these measured DOFs should not be
ignored. Taking the alignment tolerance discussed in
Section 3.3 as an instance, in an optical configuration
of a GI measuring translational and rotational DOFs,
the significance of a high alignment tolerance is
shown to keep the influence of the signal quality
caused by the rotational DOFs out of the translational
DOFs. For another explanation, this can be under-
stood as maintaining the signal quality of the transla-
tional DOFs while increasing the measuring range of
the rotational DOFs.

Geometric errors in the mentioned all-
interferometric multi-probe grating interferometer are
complicated. In addition to these errors in a single
probe, a large multi-probe layout with assembly er-
rors will bring about additional errors, which needs to
be further studied.

5.3 Errors in signals and signal processing

For an ideal homodyne GI, the quadrature sig-
nals obtained by the photodetectors should be in
perfect sinusoidal forms. In an ideal heterodyne GI,
the frequency of the carrier’s signal should be stable,
and the quadrature signals after demodulation are
perfect. However, a real photodetector’s performance
is far from ideal, which suffers from noises caused by
parasitic parameters of the photodiode, amplifier, and
printed circuit board. The temperature fluctuation
influences the components and changes the features
of the photodetector. Due to the existence of these
noises, a high SNR is required for the resolution of
interferometers, which could be attained by careful

design of the photodetectors.

In addition to noise, there are many types of
signal errors, such as an unequal amplitude, DC bias,
non-orthogonality of a quadrature signal, periodic
nonlinear errors caused by heterodyne frequency-,
polarization-, and polarization-frequency mixing
(Hsieh et al., 2010; Lin et al., 2013; Olayee and
Firoozjah, 2015; Olayee et al., 2017; Xing et al.,
2017), non-periodic nonlinear errors caused by the
grating ruling error, and linear errors caused by a
wavelength drift of a dual-frequency Zeeman laser
(Wang et al., 2010).

In addition to those mentioned above, many
other widely used methods to reduce or eliminate
these errors are applying a compensative algorithm to
the signal processing module. For example, Lissajou
graphs can be corrected using the Haydemann method
or enhanced algorithms to obtain standard quadrature
sinusoidal signals (Fan and Cheng, 2010; Hu et al.,
2010, 2015; Shishova et al., 2017). In addition, an
autocorrelation method was used to directly process a
quadrature signal with noise (Bi and Liu, 2016), and a
curve fitting method was used to smooth the results
(Cheng et al., 2009b).

A main function of the signal processing module
is to solve the phases from the quadrature sinusoidal
signal after filtering, and then to unwrap the dis-
placement from the phases. A method to improve the
resolution during this process is an electrical inter-
polation (also called a ‘“subdivision”). Common
methods include a zero-crossing comparator (Ye et al.,
2014), filling pulse (Wang et al., 2011, 2012), lookup
table (LUT) (Dobosz, 1999), and FFT operation (Cali,
2015). As a recently prevailing method, an arctangent
algorithm is an effective way to calculate the phase
from sinusoidal signals acquired by analog-to-digital
converters (ADC). Here, electrical interpolation fac-
tors can be as large as 40 000 (Makinouchi et al.,
2011), but typically range from 2'* to 2'® (Holzapfel,
2008). Cai (2015) and Zhao (2016) proposed a
real-time double-channel quadrature demodulation
algorithm for heterodyne, and spatially separated
heterodyne interferometry realized using an FPGA
and 16-bit ADCs; the algorithm had already been
further used to measure the nonlinearity in the area of
interferometry (Fu et al., 2018a). Regardless of how
large the factor is, the electrical interpolation
determines the minimum phase change that can be
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identified in the signal processing module, introduc-
ing a quantization error. In addition, in the signal
processing module used for multi-DOF measure-
ments, a data delay between each axis will bring about
non-synchronous errors.

6 Conclusions and prospects

As one of the main methods for precision dis-
placement measurement, GIs have been widely used
in scientific research and industrial manufacturing. A
homodyne GI with low cost, a heterodyne GI with a
high SNR, and a spatially separated heterodyne GI
without periodic nonlinear errors have their own
specialized measurement applications.

In the development of a next-generation GI with
high accuracy, a large range, and good usability, in-
genious structures, such as the double-diffraction
structure and a Littrow angle, have been fully studied.
Structures such as an all-fiber GI and a mosaic grating
have been proposed and thoroughly studied. Alt-
hough new optical structures are expected to be de-
veloped, the characteristics of the grating itself will be
improved with the development of fabrication tech-
niques, such as a high density, a small uniform error,
good alignment, small out-of-flatness, large groove
areas, and more importantly, the improved efficiency
of the diffracted light.

In terms of the multi-DOF measurements, for a
measurement of less than six DOFs, the spatial six
DOFs of the grating will be divided into measured
and erring DOFs. How to improve the sensitivity of
the former and restrain the influence of the latter are
problems that must be considered by researchers
and designers. For a multi-probe all-grating-
interferometer based measurement method for six
DOFs, although there is no erring DOF, decoupling
among all DOFs still requires further mathematical
modeling and experimental verification.

Finally, with the development of electrical de-
vices and technologies, the signal processing module
for a GI (and even the entire interferometer) will
consider a good signal filtering performance, a wide
frequency response bandwidth, a large electrical in-
terpolation factor, and a small asynchronous error.

In any case, grating interferometers, who have
rapidly grown over the past two decades, are now
achieving an accuracy level at the picometer scale. In

the future, this potential measurement approach will
continue to meet the ever growing scientific and in-
dustrial needs.
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