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Abstract: A grating interferometer, called the “optical encoder,” is a commonly used tool for precise displacement measurements.
In contrast to a laser interferometer, a grating interferometer is insensitive to the air refractive index and can be easily applied to
multi-degree-of-freedom measurements, which has made it an extensively researched and widely used device. Classified based on
the measuring principle and optical configuration, a grating interferometer experiences three distinct stages of development:
homodyne, heterodyne, and spatially separated heterodyne. Compared with the former two, the spatially separated heterodyne
grating interferometer could achieve a better resolution with a feature of eliminating periodic nonlinear errors. Meanwhile, nu-
merous structures of grating interferometers with a high optical fold factor, a large measurement range, good usability, and multi-
degree-of-freedom measurements have been investigated. The development of incremental displacement measuring grating in-
terferometers achieved in recent years is summarized in detail, and studies on error analysis of a grating interferometer are briefly

introduced.
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1 Introduction

During the past century, science and technology
have significantly advanced, reaching an unprece-
dented level, and will progress further. As an example,
the length of the scale of precision machining and
measurement devices has been driven by an increas-
ing trend toward precision, breaking through the na-
nometer, sub-nanometer, and even picometer scales
from the scale of several microns achieved in 1900
(Riemer, 2011; Yuan et al., 2017). The improvement
in scale has led to many sophisticated products, such
as high performing mechanical components and high
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density integrated circuits (ICs), which are corner-
stones of today’s nano-era and information age.
Semiconductor technology might be the most
advanced technology that best reflects the level of
precision. At present, there are billions of electronic
devices in the world that together make up the Inter-
net of Things (IoT), and countless semiconductor
chips are constantly working with high reliability and
accurately performing simple or complex functions.
Since the birth of the first IC in 1958, ICs have been
miniaturized, complicated, and commercialized
(Kilby, 2000; Lee, 2007). Beginning at 764 um,
which was the size of the first commercial planar
transistor in the early 1960s, the critical dimensions
(CDs) of ICs reached the submicron scale by the turn
of the century. Because CDs have been reduced under
10 nm throughout the years, a new prediction called
“more than Moore” has been recently proposed, and
the microstructure of ICs has gradually turned from
planar designs to denser three-dimensional (3D) de-
signs (Ramm et al., 2010; Badaroglu et al., 2014;
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Richardson et al., 2017). All of these technological
innovations have allowed today’s portable smart
electronic devices to be developed; however, at the
same time, they have placed extremely demanding
requirements on the lithography. A wafer stage, a key
component in the lithography machine, is used to
carry and move the wafer or to keep it at a predeter-
mined position for exposure. In general, a wafer stage
will have 3—6 degrees of freedom (DOF) of motion.
The accuracy requirements of translational motions
will increase as the CD decreases (Damm et al., 2001;
Lan et al., 2007). For instance, currently used dou-
ble-exposure techniques now permit a CD overlay
error of no more than 15% with approximately 20%
allocated for the stage metrology (Schmidt, 2012).
Meanwhile, the moving speed of the wafer stage is at
a level of several meters per second. Achieving high-
precision sub-nanometer displacement measurements
of multi-DOF motions at such a high speed is a sig-
nificant challenge for metrology. It is important that
the multi-DOF measurement results of the wafer
stage be used as the inputs of the control system,
closely relating to its motion control accuracy and
even exposure quality. Therefore, the multi-DOF
high-precision nano-positioning and measurement
system of the high-speed wafer stage is an indispen-
sable part of a lithography machine.

In general, to achieve such a high-precision
nano-scale relative displacement measurement,
common solutions, including the use of a laser inter-
ferometer, a grating interferometer (GI, also called an
“optical encoder”), a capacitive sensor, or a linear
variable differential transformer (LVDT), can be
divided into two categories: optical and electrical
methods. As shown in Table 1, among the solutions
mentioned above, electrical methods are used for
mainly short-range measurements within several
millimeters because of the principle limitation.
However, optical methods are advantageous in
measuring the accuracy, resolution, and range, and

have become the preferred methods for high-
precision displacement measurements.

A comparison of the two classical optical tech-
niques for precise displacement measurements,
namely, the use of a laser interferometer or a GI, has
continued to be made (Teimel, 1991; Kunzmann et al.,
1993; Badami and de Groot, 2013). At present, the
displacement measurement accuracy of both methods
can reach the sub-nanometer or picometer scales (Bai
etal., 2017; Deng et al., 2018; Hori et al., 2018). Both
methods are categorized as optical interference
methods, and have many similarities in principle and
structure. The main difference of them lies in the
measuring benchmarks.

Table 2 shows that the measurements using a
laser interferometer are based on the wavelength,
which is traceable but sensitive to the air refractive
index. Thus, high-precision air refractive index
compensation is required (Jang and Kim, 2017). In
contrast, the pitch of the grating is insensitive to
barometric pressure and humidity. In addition, the
application of materials with low thermal expansion
coefficients, such as invar and glass ceramics, can
greatly decrease the thermal expansion caused by
temperature fluctuations (Hsu et al., 2013; Hossein
et al., 2016). Therefore, a GI maybe suitable for in-
dustrial measurements owing to its insensitivity to
environmental disturbances. In a lithography machine
with a decline of the CD, the correlation analysis
shows that over 80% of the total errors are related to
the influence of the air fluctuations on a laser inter-
ferometer (de Groot et al., 2016). A GI, as a substitute
for a laser interferometer, has already been used in
photolithography to monitor the critical platform
motion during the wafer exposure step (Shibazaki
et al., 2009).

With regard to the measurement range, a laser
interferometer is absolutely superior. Arms used in a
laser interferometer for a gravitational-wave meas-
urement can reach tens of meters or even several

Table 1 Solutions for high-precision relative displacement measurements

Category Method

Feature

Optical

Laser interferometer Extremely high range; traceability; sensibility to air refraction index

Grating interferometer Ranging from several millimeters to meters; resistance to ambient turbulence; influence of

ruling errors
Electrical ~ Capacitive sensor

LVDT

Insensibility to air refraction index; short range in millimeters; influenced by side effects
Insensibility to temperature; lower resolution than other comparable methods; restriction

from large sized cores and armature
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Table 2 A comparison between grating interferometers and laser interferometers

Grating interferometer

Laser interferometer

Measuring The benchmark is at a scale of several hundred
nanometers to micrometers; not affected by air

benchmark

The benchmark is the wavelength of the laser, which
can be used as a length reference in a vacuum

refractive index; the use of zero thermal expansion environment.

materials can resist temperature changes.
Affected by the ruling error and needs to be
calibrated.

Length and The length ranges from tens of millimeters to tens
of meters (Dr. Johannes Heidenhain GmbH,
2018); the two-DOF synchronous measurement

dimension

can be realized through planar grating.

Harsh environmental requirements; the effects of air
refractive index (temperature, humidity, and
pressure) need to be compensated for.

It is easy to measure the displacement at the meter scale;
the length of the arms can reach up to the kilometer
scale.

The structure of a multi-DOF measurement is complex.

The size of the planar grating is within 100-200 m.

Measurement Measurement accuracy of the sub-nanometer

accuracy level can be achieved through phase

subdivision and calibration.

In addition to a phase subdivision, the measurement
accuracy of the sub-nanometer or even picometer
scales can be achieved through an air refractive index
compensation and the creation of a vacuum

environment.
kilometers in length, such as the most famous LIGO 5 140
(GoBler et al., 2010; Cho, 2016). However, an en- § oo et e,
hancement of the optical configuration for multi-DOF E 100 - ™ Linear optical encoders e
measurements of a laser interferometer is not as & 2o I
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laser beams. Clearly, as the benchmark of a laser 2 238 %8
interferometer, the wavelength is parallel with the é 20 |90 130 I =
laser beam, which means that a laser interferometer Ho 1004 2006 2011
must have several sub-systems placed around the Year

measured stage for measuring the motions in different
directions (Gao, 2010; Lazar et al., 2010; Gao et al.,
2013). However, the grating pitch is always located
vertically or at a certain angle to the incident lasers.
Therefore, with a single grating, GIs can achieve up to
six-DOF measurement in a compact area (Schwenke
et al., 2002; Cosijns and Jansen, 2014).

These advantages of a GI mentioned above have
resulted in increasing attention from researchers,
manufacturers, and users. As Figs. 1 and 2 show,
relevant investigations provide a confirmation that in
both North America and Japan the proportion of
grating encoders has shown a continuous and signif-
icant upward trend since 1994 (Lee and Lee, 2013;
Gao et al., 2015).

At the same time, researchers are deeply ex-
ploring and improving the use of GIs in several as-
pects. We summarize the use of Gls in recent years in
terms of the principal optical structure for a good
performance and multi-DOF measurements, and an
error analysis, while particularly focusing on the in-
cremental GIs at nanometer and sub-nanometer
resolutions.

Fig. 1 Market share of linear displacement measuring
sensor in the VDC company in North America (reprinted
from Lee and Lee (2013), Copyright 2013, with permis-
sion from Springer Nature)
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Fig. 2 Japan society of professional engineers: changes in
the proportion of precision positioning sensors (reprinted
from Gao et al. (2015), Copyright 2015, with permission
from Elsevier)

2 Principle and optical structure

The term grating interferometer was not new
when the laser was invented (Ronchi, 1964). However,
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a laser and its good coherence have achieved a good
performance combined with a GI. Similar to laser
interferometers, the development of GI has experi-
enced an exploration from homodyne and heterodyne
interferometry to spatially separated heterodyne
interferometry.

2.1 Homodyne grating interferometer

As the earliest and the most widely used inter-
ferometry, homodyne interferometry uses a single-
frequency laser source. A Michelson-type homodyne
GI is shown in Fig. 3a. The single-frequency laser
beam with a frequency of fis divided into two parts by
a non-polarized beam splitter (NPBS), which enters
the measuring and reference arms and becomes the
measuring and reference beams, respectively. The
measuring beam is diffracted by the measuring grat-
ing, and the reference beam is diffracted by the ref-
erence grating. These two diffracted beams are de-
flected by the refractive components and transmitted
to a photodetector module after converging in the
NPBS. The single photodetector shown in Fig. 3b can
realize only homodyne interference displacement
measurements without distinguishing the direction of
motion (Ellis, 2014). To achieve direction sensitivity,
a quadratic phase detector module and a quadrature
phase detector module, as shown in Figs. 3¢ and 3d,
respectively, are required.

Reference grating
/1. _ Refraction components
g1 Measurement grating
PBS

N
Single—frequency Iase; f
i =3 A

sessnamnay
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To detector module |, f;-Afk
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Fig. 3 A homodyne grating interferometer in a Michel-
son-type structure: (a) an optical structure of reading
head; (b) a single photodetector; (c) a quadratic phase
detector module; (d) a quadrature phase detector module
NPBS: non-polarized beam splitter; P: polaroid; PD: photo-
detector; QWP: quarter wave-plate; HWP: half wave-plate

Similar to the reference and measurement mir-
rors in a Michelson-type laser interferometer, a

Michelson-type GI contains a fixed reference grating
and a moving measuring grating. In general, owing to
the outward divergence of the diffracted beams, an
additional pair of refractive components is usually
placed to turn the divergent beams into parallel beams,
reducing the spatial volume of the optical configura-
tion. Common refractive devices include a convex
lens (Gao and Kimura, 2007), mirrors (Wang et al.,
2014), a transmission grating that has the same period
as a measuring grating (Kimura et al., 2012; Ito et al.,
2014; Shimizu et al., 2014; Lin et al., 2017; Zherdev
etal., 2017), and prisms (Kimura et al., 2010a, 2010b;
Li et al., 2013). Strictly speaking, the function of the
reference grating is to simply generate the reference
beams in specific spatial locations corresponding to
the measuring beams. Therefore, it is possible to re-
place the reference grating and refractive devices
using a group of optical components, such as prisms
or corner-cube retro-reflectors (Zhu et al., 2014,
2018).

When the measuring grating moves, the diffrac-
tion beams generated on its surface will incur fre-
quency shifts because of the optical Doppler effect,
resulting in a phase difference between the reference
beam (reference signal) and the measuring beam
(measurement signal) (Cloud, 2005; Wise et al.,
2005).

As shown in Fig. 3a, the wave equation of the
beam emitted by the laser is expressed as

E, = Acos(2afi + @), (1)

where A is the amplitude and ¢ is the initial phase.
When the beam passes through a fixed reference
grating, the frequency characteristic does not change,
and the wave equation of the reference beam is ex-
pressed as

E = Acos(2nft + @,), )

where 4, and ¢, are the amplitude and phase, respec-
tively. Through the modulation of a moving measur-
ing grating, we can obtain the wave equation of the
measuring beam as

E_ =Amcos[21r(f+Afk)t+¢)mJ

3)
= A, cos(2nft +2nKs/g + ¢, ),
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where s is the measured displacement, g the grating
constant, and ¢, the additional phase caused by the
optical path of the measurement arm. The optical fold
factor K will be discussed in Section 3.1.

When two beams synthesize the interference
beam, the wave equation is E+FE,,, and the electrical
signal collected by the photoelectric detector is the-
oretically proportional to the interference intensity
(E~+Ey)*. Owing to the limitation of the device re-
sponse band, the photoelectric detector actually ob-
tains information with a lower frequency, expressed
as

Toc A’ + A +24 4 cos(2nks/g). (4

Therefore, the actual motion phase can be ex-
tracted by orthogonal phase signals, and the length
and direction of the grating displacement can be cal-
culated. Although the quadrature phase detector
module in Fig. 3d is complex and bulky in its struc-
ture, it can eliminate DC bias by providing differential
signals and has become a common detector form of a
homodyne GI (Fan et al., 2006; Kimura et al., 2012;
Lin et al., 2015; Li et al., 2017).

A homodyne GI has been widely used because of
its simple structure and the few laser sources required.
However, it is sensitive to stray light, and the phase-
sensitive detector requires a complex optical structure
containing multiple PDs (Ellis, 2014).

2.2 Heterodyne grating interferometer

To solve the problem of homodyne GI, hetero-
dyne technology is applied to grating interferometry,
resulting in a heterodyne GI. In contrast to the only
frequency used in the homodyne interferometry, the
term “heterodyne” signifies a dual-frequency laser
source.

As shown in Fig. 4, a heterodyne GI can form a
Michelson-type structure. The dual-frequency laser
orthogonally emits a polarized laser with frequencies
of f and f; (assuming f;>f). First, the beam is divided
into two parts in the NPBS, where the reflected beam
is interfered by the detector and a reference signal is
formed after being measured by PD,. Then the
transmission beam is divided into two parts based on
the polarization at the interface of a polarized beam
splitter (PBS), which respectively enter the reference
and measuring gratings. Similar to the diffraction

discussed in Section 2.1, the measuring beam’s
K™-order diffraction beam with a Doppler frequency
shift returns to the PBS through the refractive com-
ponent and converges with the corresponding refer-
ence beam. Finally, the measuring beam obtained
through the interferometer is collected by PD,,. For a
heterodyne GI, the frequency difference of fi—f, can
be regarded as the carrier of displacement information,
which makes it possible to discern the direction using
a single PD (Ellis, 2014). However, it should be made
clear that the value of the carrier frequency deter-
mines the theoretically measurable range of Doppler
frequency shifts, or in other words, the range of the
moving velocity.

Reference grating
_. Refraction components
Measurement grating

Dual-frequency

laser
e N
P&
PPDr= fpgmg f+Af | | | +ek"-order beam
Fig. 4 A heterodyne grating interferometer in a

Michelson-type structure

Wave equations corresponding to the two fre-
quency components of an orthogonal dual-frequency
polarized laser can be expressed as

E, = Acos(2nfit + ¢,), (5)
E, = A,cos(2nfyt + @,), (6)

where A, and A4, are the amplitude coefficients, and ¢,
and ¢, are the initial phases. Passing through a ref-
erence prism, wave equations of the two components
in the reference arm are expressed as

Elr = AerOS(2nflt + q)lr)’ (7)
E, =4, cos2nf,t + @, ). (8)

Thus, the intensity of the reference beam de-
tected by PD, is E|,+FE»,, expressed as

I, o A} + 43 +24, 4, cos| 2n(f, - £,)t]. (9)

Wave equations of the two components in the
measuring arm are respectively expressed as
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E,, = A,cos[2n(f +4%) i+, ], (10)
E,, = 4,,cos(2nfyt +¢,,.). (11)

2m

Similarly, intensity acquired by PD,, can be ex-
pressed as

I ocA’ +A4; +24, A, cos [ZE(fl'—fz )i+ 27 Ks/g]. (12)

The function of the signal processing module is
to demodulate the corresponding displacement in-
formation from the measuring signal I, (Eq. (12)),
using the carrier information /. in Eq. (9) as a
reference.

Compared with a Michelson-type structure
(Wang et al., 2014; Zhu et al., 2014, 2018), another
structure with a single grating is more commonly used
(Lee et al., 2007; Lin et al., 2015b; Yan et al., 2015).
Because the grating diffraction produces multiple
orders of diffracted beams with different Doppler
frequency shifts, the measuring signal can be obtained
through the interference between diffracted beams in
different orders of a single grating. As Fig. 5a shows,
the +first-order diffraction beams of a normally in-
cident beam converge and generate an interference
beam. In Fig. 5b, the beam emitted by the laser source
is divided into two parts, and then the diffraction
beams of these two beams interfere with each other.
These two methods with a single-grating structure can
form differential signals to improve the resolution.
Details will be described in Section 3.1.

— [\
bPD PBS E ga
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— |\
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PD AN
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M

Fig. 5 A heterodyne grating interferometer in single-
grating structures with a vertical incident beam (a) and
with symmetrical oblique incident beams (b)
L: dual-frequency laser; G: grating; M: mirror; PBS: polarized
beam splitter; AN: analyzer; PD: photodetector

As mentioned above, one of the advantages of a
heterodyne Gl is that it can distinguish direction using
a single PD. In addition, the high signal-to-noise ratio
(SNR) brought by the carrier signal greatly improves

the measurement accuracy. However, compared with
a homodyne GI, a heterodyne GI is more demanding
in terms of the dual-frequency laser source and the
demodulated part of signal processing. More com-
plicated than a single-frequency laser, a heterodyne
GI usually requires an internal modulation laser, such
as a dual-frequency Zeeman laser (Asano et al., 2001;
Wang et al., 2014; Lin et al., 2015b) or a semicon-
ductor laser with a modulated voltage (Hsieh et al.,
2014). Substitutions include an external modulation
laser equipped with an electro-optical modulator
(EOM) (Lee et al., 2007), an acousto-optical modu-
lator (AOM) (Heilmann et al., 2004; Guan et al., 2017;
Xing et al., 2017), and other devices. In addition,
demodulation of the signals needs to be programmed
in the signal processing module.

In addition to these devices and algorithm re-
quirements, the combination of a heterodyne inter-
ferometry and a GI brings about a large problem
called a “periodic nonlinear error.” Because of the
optical mixing phenomenon caused by the imperfect
splitting performance of the PBS, a periodic nonlinear
error of several to tens of nanometers is found in a
heterodyne grating interferometer (Lin et al., 2000;
Hsieh et al., 2010; Fu et al., 2018b).

For instance, when the leakage of an actual PBS,
shown in Fig. 4, is taken into account, the resulting
wave equations of the transmitted and reflected
beams can be expressed as

E, = Acos2nf,t + @)+ a,cosnf,t + ¢,,), (13)
E =acos2nfit + ¢, )+ Acos2nf,t +¢,.). (14)

where 4, 4,, a;, and a, reveal the extents of a polari-
zation leakage.

Therefore, after a Doppler frequency shift, the
interference of two beams with optical mixing will
generate a measurement signal with periodic nonlin-
ear errors, expressed as

1ol + A, A, cos| 2n( fi— fo+ A, )t ]+ (Aa+ Aa,)
~cos[2n(f1— £ )t}ratar cos[2n(fl— fi= A, )t]
(15)

The existence of the periodic nonlinear errors is
a barrier, preventing the resolution of a GI from fur-
ther developing to the sub-nanometer level.
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2.3 Spatially separated heterodyne grating inter-
ferometer

Common approaches used to break through the
limitation of periodic nonlinear errors include passive
compensation and active elimination. Because of the
similarity in principle, the periodic nonlinear error
compensation method used for heterodyne laser in-
terferometers is suitable for heterodyne GIs (Hou
et al., 2009; Kim et al., 2012; Xie et al., 2017). As a
theoretical elimination of the periodic nonlinear er-
rors, a spatially separated heterodyne GI was first
proposed by Hu et al. (2014) and Tan et al. (2014).
Configurations of spatially separated heterodyne Gls
are shown in Fig. 6. In addition to the Michelson-type
and normally incident single-grating structures,
Zhang et al. (2017) designed a Littrow configuration
of a spatially separated heterodyne GI, and Guan et al.
(2017) proposed a single-grating structure with a pair
of symmetrical oblique beams. Because the two
beams are split at different locations, optical mixing
caused by the imperfect performance of the PBS can
be avoided. Optical configuration of the spatial sep-
aration is a key to eliminating periodic nonlinear
errors, and its effect was practically tested.

As shown in Fig. 7a, a comparative experiment
using frequency spectrum analysis verified that the
measuring signal of a spatially separated heterodyne
Gl is close to the ideal PBS in Eq. (12), avoiding the
optical mixing in heterodyne common-optical-path
structures in Eq. (15) (Xing et al., 2017). When the
grating is at rest, the frequency difference is equal to
5 MHz. The spectral peak corresponding to the

nonlinear error of the common-optical-path structure
as the grating moves can be clearly seen in the left
curve of Fig. 7b. The elimination of nonlinear errors
in the spatially separated structure is shown in the
right curve of Fig. 7b.

Typical COP grating interferometer

Mirrors
Pr_ism BS BS
mirror
To PD
- BS
PBS N
- To PD

Spatially separated grating interferometer
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-20 ) -20
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Fig. 7 A comparison of nonlinear errors between spatially
separated structures and common-optical path structures
using frequency spectrum analysis: (a) experimental set-
up; (b) spectrum curves acquired using a signal analyzer:
common-optical path structure (left) and spatially sepa-
rated structure (right) (reprinted from Xing et al. (2017),
Copyright 2017, with permission from the Optical
Society)

Polarization maintaining
optical fiber

Modulated
laser source «

Fig. 6 Spatially separated heterodyne grating interferometer structures: (a) a Michelson-type structure; (b) a single-
grating structure with a pair of vertical incident beams (reprinted from Xing et al. (2017), Copyright 2017, with per-

mission from the Optical Society)
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As a recently proposed concept, the spatially
separated heterodyne grating interferometer still re-
quires further investigation and application. For in-
stance, because the separation of beams complicates
the optical configuration, a delicate and stable optical
design is important for wide application. Power loss
caused by AOM and fiber needs further consideration
for an optimum.

3 Structures for good performance

Basic principles and structures of three types of
Gls have been introduced above; however, it is in-
sufficient to realize precise displacement measure-
ments using these basic optical configurations. In
recent years, researchers have delivered a variety of
studies on advanced optical structures of Gls to obtain
a good performance. The major performance im-
provements include a high resolution, a large range,
and good usability.

3.1 Optical structures for high resolution

According to the equations given in Section 2,
the relationship between grating displacement and
phase change in an interference signal can be ex-
pressed as follows:

Ap=2nKs/g. (16)

A main way to improve the resolution is to in-
crease the phase change caused by the same dis-
placement, specifically, to decrease the grating con-
stant g or to increase the optical fold factor K (the
electrical interpolation factor in the signal processing
module will be discussed in Section 5.3). With an
improvement in fabrication, the grating enters a gen-
eration of holographic grating from ruling grating,
and the grating pitch and ruling error are further de-
creased. Grating used in the early interferometer was
typically tens of microns. However, in recent years,
the constant of high-density gratings has reached a
micron scale, which can easily achieve 1000
lines/mm or higher (Schwenke et al., 2002; Deng et
al., 2018). Decreasing the grating pitch is the simplest
way to improve the resolution of a GI (Jiang et al.,
2013), but it is limited by the grating equation. For the
same beam source, the reduction of grating constant

will result in an increase in the diffraction angle, and
is eventually constrained by the right angle limitation.
Thus, the main approach to improve the optical res-
olution focuses on increasing the optical fold factor.

In general, grating diffraction will produce dif-
fracted beams in positive and negative orders with
opposite Doppler frequency shifts and a zeroth-order
diffracted beam without a Doppler frequency shift.
Therefore, interference by diffracted beams of dif-
ferent orders can form a single structure (e.g., inter-
ference by the zeroth- and first-order beams) or a
differential structure (e.g., interference by +first-order
beams) (Hsieh et al., 2011). A differential structure is
the most commonly used method to improve the res-
olution, because it can improve the optical fold factor
without increasing the optical components. For in-
stance, compared with the single structure in Fig. 4,
optical fold factors are doubled in differential struc-
tures (Fig. 5).

In the case of a multi-order diffracted beam, the
interference of a high-order diffracted beam can be
used to increase the optical fold factor. For example,
the optical resolution can be raised to 2xm with the
interference by a pair of +m™-order diffracted beams.
Specifically, as shown in Fig. 8, in a triple grating
combined with an interferometer, the optical fold
factor is four when it is interfered with +second-order
diffracted beams (Hsu et al., 2017, 2018). In addition,
Chu et al. (2008) achieved an optical fold factor of 10
by zfifth-order diffracted beams. However, the

N
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Fig. 8 Differential structure with +second-order dif-
fracted beams in a triple grating combination interfer-
ometer (reprinted from Hsu et al. (2017), Copyright 2017,
with permission from the Optical Society)
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greatest deficiency of this approach lies in the low
efficiency of a high-order diffracted beam, generating
interference signals with an unwarranted low SNR.
As an available compensative approach, the diffrac-
tion efficiency of certain diffraction orders could be
strengthened by a blazed or special designed grating
(Post, 1971; Williams et al., 2017).

Based on a differential optical structure, an en-
hancement of the optical resolution through a multi-
fold increase in diffraction of +first-order diffracted
beams is another commonly used approach. Multi-
fold diffraction means that the diffracted beams are
reflected to the grating and diffract each time. Theo-
retically, the more diffractions the beams experience,
the larger the optical fold factor is. In general, because
of a limitation of the grating diffraction efficiency, the
diffraction order is typically set to two. As shown in
Fig. 9, there are several methods used to realize
double-diffractions, including mirrors (Lee and Jiang,
2013; Zhao et al., 2015), convergent lens and mirrors
(Lee et al., 2004; Kao et al., 2005a; Hsu et al., 2009),
reflection prisms (Wang et al., 2004; Jiang et al., 2011,
2012), and retroreflectors (Kao et al., 2005b; Fan
et al., 2006; de Groot and Schroeder, 2012; Feng et al.,
2013; Deck et al., 2015). In addition, specially de-
signed optical components have been proposed for
large fold factors. For example, Deng et al. (2018)
designed a special prism, called a “high optical sub-
division module” (HOSM), implemented in an
eight-fold optical configuration with four diffractions
of the differential beams. However, the design and
manufacture of a special prism brings about certain
difficulties. Lu et al. (2016a) achieved a fold factor of
up to 24 by diffracting the diffraction beams 12 times
in an optical configuration using several prism mir-
rors. Because a convergent lens and mirror are com-
plex structures and difficult to adjust, both mirrors
and reflecting prism used need to adjust their incident
angle. In addition, specially designed prisms are ex-
pensive, and thus a retroreflector has become the most
commonly used method for double diffraction. A
retroreflector can be used to make U-turns of the
incident beams, leading to an easy adjustment and
resistance to unexpected tips and tilts of the grating,
which will be further discussed in Section 3.4.

At present, the commonly used grating pitch is
approximately 1 pum. With a four-fold optical
configuration and a high electrical interpolation factor

(e.g., 4096), the resolution of a GI can be easily im-
proved to below 0.1 nm.
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Fig. 9 Common designs of a double-diffraction struc-
ture: (a) mirror; (b) lens and mirror; (c¢) prism mirror;
(d) corner-cube prism

M: mirror; G: grating; L: lens; P: prism mirror; C: corner-
cube prism

3.2 Optical structures for large measuring ranges

In addition to an increased resolution, the
measuring range is another crucial parameter that
requires improvement. Although grating products can
reach a length of several meters, the ruling area of a
high-precision grating is still restricted to hundreds of
millimeters. The range of precision of a high-density
planar grating is even smaller. Apparently, such a
range cannot meet the increasing measurement de-
mand, and enlarging the measuring range is an im-
portant subject.

The most direct way to enlarge the range is to use
large gratings. However, as the grating size increases,
the effect of the out-of-flatness will become increas-
ingly significant with a rapid increase in fabrication
difficulty and manufacturing cost.

Thus, researchers have focused on alternatives to
large-range gratings. As an effective substitution, a
mosaic grating scale is used to array several small
gratings together and achieve a large-scale range with
a significant reduction in costs (Hosono et al., 2011;
Kimura et al., 2011; Shimizu et al., 2014). To ensure
the signal continuity, mosaic grating requires multiple
probes to concurrently take measurements. When a
gap occurs, it should be ensured that at least one probe
stays in the ruling zone. Theoretically, this mosaic
method can be used to realize an infinite extension.
However, how to ensure the grooves of each grating
to be coplanar and parallel is a major problem with
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this approach. In addition to the design of a proper
adjustment mechanism, a phase-difference reference
window is an error compensation method (Lu et al.,
2016b).

3.3 Optical-mechanical structure for

usability

good

In addition to the resolutions and measuring
ranges discussed above, stability, alignment tolerance,
and miniaturization of the reading head should be
considered in a practical application. The improve-
ment of these aspects will help a GI achieve good
usability and obtain stable and reliable measurement
results.

Grating shearing interferometer is a widely
studied structure in improving stability. In general, a
broad beam is obtained with a beam expander and
focuses on the grating plane using a convex lens.
Because the incident beam fills the region of a cone,
the diffracted cone-shape beam at all levels diverges
outwardly and overlaps. The spatial overlap indicates
the good stability of this type of GI. Hsieh et al. (2010)
proposed a polarized quasi-common-optical-path
(QCOP) heterodyne GI based on the principle of a
shearing interferometer.

QCOP grating interferometer is characterized by
changing the polarization state using a unique semi-
circular half-wave plate. Similarly, Wu et al. (2010)
proposed the use of homodyne and heterodyne
common-optical-path (COP) grating shearing inter-
ferometers based on a Littrow structure, which have
the ability to resist environmental disturbances owing
to the characteristics of the COP structure (Wu et al.,
2010, 2011, 2013a, 2013c; Lee and Lu, 2011). It
should be pointed out that only a small portion of the
diffracted beam is taken out using a diaphragm.
Therefore, a high-power laser is required to guarantee
the intensity of the interference signal. Tao et al.
(2015) used a collimating lens to collect a multi-order
diffracted beam and constructed a reversal shearing
structure, which has good beam intensity use and
linearity. Based on the same principle of interference
in overlapping areas of broad beams, Hsieh and Chen
(2016) proposed a grating interferometer that uses a
Wollaston prism to split the beams. Some mentioned
grating shearing interferometer structures are shown
in Fig. 10.
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Fig. 10 Several grating shearing interferometers: (a) a
COP shearing grating interference structure (reprinted
from Wu et al. (2013a), Copyright 2013, with permission
from Elsevier); (b) a reversal shearing grating interfer-
ence structure (reprinted from Tao et al. (2015), Copy-
right 2015, with permission from the Optical Society); (c)
a Wollaston splitting structure (reprinted from Hsieh and
Chen (2016), Copyright 2016, with permission from the
Optical Society)
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In the case of actual measurements, it is difficult
to guarantee that grating will not shift or rotate on the
unmeasured DOFs. A misalignment error and posi-
tion deviation between grating and optical-reading
head will lead to angular and position mismatches and
finally affect the intensity of the interference signal.
To reduce the systematic errors caused by the as-
sembly, a fiber-delivered structure is used. A fiber-
delivered GI uses optical fibers to connect laser
source, reading head, and photodetectors, which re-
duces the need for a spatial light alignment with an
additional advantage of moving the heat sources, such
as lasers and photodetectors, away from the optical
components susceptible to temperature changes

(Wang et al., 2014; Xing et al., 2017; Zhu et al., 2018).

In recent years, based on the fiber-delivered config-
uration, researchers have been exploring an all-fiber
GI with a very short spatial optical path. This type of
GI is slightly affected by only environmental dis-
turbances and takes up only a small amount of space.
As shown in Fig. 11, Wei et al. (2015a, 2015b) de-
signed an all-fiber GI with a 3x3 coupler for optical
interference. Siaudinyté et al. (2018) proposed a
two-DOF Littrow-type grating interferometer using
monolithic fiber-fed sensor heads. Although the use
of couplers to produce interference beams provides a
small-space interference approach, the optical inten-
sity transmission efficiency of optical fibers and the
influence of fibers and couplers on the interference
signal phase still require further study.

Grating

PD;4

3x3 couples
PO, P C PD
P.1
o a1
Q

: o]

Fig. 11 An all-fiber grating interferometer with 3x3 cou-
plers used to attain an interference beam (reprinted from
Wei et al (2015a), Copyright 2015, with permission from
Chinese Laser Press)

Signal
process

In contrast, the use of a special optical structure
can enhance the effect of interferometer in resisting
an unexpected tip and tilt of the grating, for instance,
in the double-diffraction structure mentioned above.
Retroreflectors (Feng et al., 2013; de Groot et al.,

2016), mirrors (Wu et al., 2003, 2007), and lenses
with planar mirrors (Wu et al., 1999, 2007; Lee et al.,
2004; Hsu et al., 2009) are all used to improve the
alignment tolerance of a GI. When grating produces
an unexpected tip and tilt, the output and incident
beams can be kept parallel because of the use of such
a double-diffraction structure. Although a position
mismatch may occur, a double-diffraction structure
indeed avoids an angular mismatch, improving the
alignment tolerance of a GI. As shown in Fig. 12,
Chang et al. (2019) designed and quantitatively ana-
lyzed a one-DOF spatially separated heterodyne
grating interferometer with a double-diffraction
structure for a high alignment tolerance, and they
investigated the relationship between the geometric
size of the optical paths and alignment tolerance.

In addition, another common structure used to
improve the alignment tolerance is a Littrow structure,
which is a type of autocollimator structure (Fan et al.,
2007; Kao et al., 2008; Cheng et al., 2009a; Prince,
2011; Liesener, 2013). A Littrow angle is an angle at
which a non-zeroth-order diffracted beam overlaps
with the incident beam of the grating. As Fig. 13
shows, a Littrow structure converts the tip and tilt of
the grating into the deviation of the output beam. Kao
et al. (2008) detailedly analyzed the geometric prin-
ciple of a Littrow structure to improve the alignment
tolerance. Wu et al. (2013d) proposed an optical
structure combining a Littrow angle with a double-
diffraction structure, and designed a GI with
high-tolerance characteristics. In particular, a Littrow
structure is not sensitive to an offset of the grating in
the vertical direction. As long as the grating has a
sufficient length to keep the laser spots inside the
ruling area of the grating, the beam is not affected by a
vertical deviation. This feature is applied to a multi-
DOF GI to enlarge the measuring range in the vertical
direction (Lin et al., 2015) (details will be discussed
in Section 4.2).

Moreover, Akiyama and Iwaoka (1986) de-
signed a Michelson-type Littrow structure with only a
PBS and a grating. Lv et al. (2018) proposed a
Littrow-type heterodyne grating interferometer for
2D measurement. This structure is convenient in
terms of miniaturization.

Miniaturization is not only a method to reduce
the mechanical size and to increase the usability, but
also a way to reduce the effect of a misalignment by
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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
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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) ,

)
(Stand—off)‘*\( o, ;8 Onain ;
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(Rolf)
%,

(Offset) (In-plane)

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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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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