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We propose a simple and compact reading head with the Littrow configuration that will increase measurement
range and reduce the complexity of a two-dimensional grating-based interferometer. The reading head contains
only a beam splitter, two polarizing beam splitter modules, and two mirrors. The theoretical resolutions in two
directions are 0.27 nm and 0.18 nm, respectively. In comparison with a dual-frequency laser interferometer, the
proposed interferometer can measure displacement from 3 nm to 10 mmwith high accuracy. The 3σ values in two
directions for the difference are 1.67 nm and 1.35 nm for a displacement of 9 nm. Repeatability for a displacement
of 1 μm is better than 2 nm. © 2018 Optical Society of America

https://doi.org/10.1364/AO.57.009455

1. INTRODUCTION

Precision displacement measurement technology plays a very
important role in semiconductor manufacturing, precision ma-
chining, microscopic techniques, photolithography, and other
fields [1–5]. Laser interferometry [6,7] and grating-based inter-
ferometry [8] are the main techniques used to achieve a large
measurement range and high measurement accuracy. However,
the laser interferometer always suffers from errors and noise,
most likely resulting from variations in temperature, air humid-
ity, and carbon dioxide concentration [9]. In contrast, the gra-
ting-based interferometer is less affected by the environment
because the structure of the reading head is symmetrical and
the optical path is short [10], and this has become one of the
most important factors in the rapid development of grating-
based interferometry.

At present, most grating-based interferometers can measure
displacement in only one dimension. Generally, a one-
dimensional grating is used to measure displacement in the vec-
tor direction of the grating, but a grating-based interferometer
that can measure multi-dimensional displacement with high
accuracy is preferable. The two-dimensional grating is usually
used to measure displacement in two dimensions (in the two
vector directions of the two-dimensional grating) [11–13]. Due
to limitations on the size of the two-dimensional grating, the

measurement range of the two-dimensional grating-based
interferometer is very small. To measure displacement in a
direction normal to the grating, a reference grating or a refer-
ence mirror must be introduced to the system [14–17]. This
increases the complexity of the system, and the measurement
range normal to the grating is limited by the size of the detec-
tors and optical elements in the reading head. Although
Guan et al. [18] measured displacement in a direction normal
to the grating without a reference arm, the measurement
range was still limited by the size of the detector. Agilent
Technologies has put forward some proposals in patent [19]
that use a one-dimensional grating to measure two-dimensional
displacement in the Littrow configuration. With this method,
the measurement range of the system in two directions is lim-
ited only by the length of the one-dimensional grating, which is
helpful in enlarging the measurement range. However, the
structure of the reading head has no integrated design, and
no experiments or analyses have been reported to test the per-
formance of the system. Lu et al. [20] verified the performance
of the system designed using this method and analyzed the co-
sine error of the system. However, the structure of the system is
too complex. The complex structure makes installation and de-
bugging more difficult, which is not good for improving the
accuracy of the system. It also restricts the application scope
of the system, and this makes it more difficult to expand the

Research Article Vol. 57, No. 31 / 1 November 2018 / Applied Optics 9455

1559-128X/18/319455-09 Journal © 2018 Optical Society of America

https://orcid.org/0000-0001-8826-8017
https://orcid.org/0000-0001-8826-8017
https://orcid.org/0000-0001-8826-8017
mailto:wayne_lzu@163.com
mailto:wayne_lzu@163.com
mailto:liwh@ciomp.ac.cn
mailto:liwh@ciomp.ac.cn
mailto:liwh@ciomp.ac.cn
https://doi.org/10.1364/AO.57.009455
https://crossmark.crossref.org/dialog/?doi=10.1364/AO.57.009455&domain=pdf&date_stamp=2018-10-26


system for three-dimensional measurements. Šiaudinytė et al.
[21] proposed a grating interferometer with the Littrow con-
figuration containing a commercially available, minimized
Michelson interferometer and three fiber-fed measurement
heads. The diameter of the reading head is only 4 mm, which
is smaller than many commercially available encoder heads.
The system uses a grating with a period of 8 μm, and the mea-
surement range is up to 450 mm. However, the resolution and
accuracy of the system are low due to the use of a homodyne
and grating with low line density, and installation of the system
is difficult due to the small incident angle. Therefore, it be-
comes necessary to design a simple and compact grating-based
interferometer with high accuracy and resolution, and the char-
acteristics of convenient installation and wide application.

In this paper, we describe a reading head for a two-
dimensional grating-based interferometer using the Littrow
configuration that has the advantages of small size, simple struc-
ture, high accuracy, and high resolution. The reading head and a
one-dimensional grating with a grating period of 555.6 nm and
electronic subdivision of 1024 make up the two-dimensional
grating-based interferometer. Our experiments demonstrated
that, compared with the laser interferometer, the system has
the ability to measure displacement in two directions with high
accuracy and long range. It also has good repeatability and sta-
bility. We analyzed the measurement errors caused by the yaw
angle, which significantly affects the accuracy of the system.
Because of the simple structure of the reading head, the scope
of application of the system is wider. It is easier to expand the
system to measure three-dimensional displacements, which is
very important for precise measurement of displacement.

2. MEASUREMENT PRINCIPLE

Figure 1 illustrates the optical configuration of our proposed
grating-based interferometer. For convenience, the z axis is
selected to be in the direction normal to the grating, and the
x axis is in the vector direction of the grating. The grating-based
interferometer consists of main five parts: a dual-frequency
laser, a reading head, a grating, two receivers (R1 and R2),
and a signal processing system. The reading head includes a
beam splitter (BS), two polarizing beam splitters (PBS1 and
PBS2), four quarter-wave plates (QW1 −QW4), and four mir-
rors (M1 −M4). The orthogonal linear polarized beam emitted
by the dual-frequency laser at a certain beat frequency is split
into two beams by the BS. One beam is incident to PBS1
and the other is incident to PBS2. PBS1 (PBS2) reflects the

s-polarized reference beam. The direction of polarization is
changed by 90° after passing through QW2 (QW4), M2

(M4), and QW2 (QW4). The beam is then transmitted
through PBS1 (PBS2) and enters R1 (R2). PBS1 (PBS2) trans-
mits the p-polarized measurement beam, which then passes
through QW1 (QW3) and is incident on the grating at the
Littrow angle after being reflected by M1 (M3). The diffracted
light is returned along the original path. The direction of polari-
zation of the measurement beam is changed by 90° throughM1

(M3) and QW1 (QW3) and is then reflected by PBS1 (PBS2)
and also enters R1 (R2). There is a polarizer P1 (P2) in R1 (R2).
The transmission axis of polarizer P1 (P2) is 45 deg to the
polarization direction of incident light. After passing through
the polarizers in the receivers, the measurement and reference
beams interfere in the detector. For convenience, the propaga-
tion paths of the beams are given as follows:

Measurement beam 1: Laser − BS − PBS1 −QW1 −M1−
Grating −M1 −QW1 − PBS1 − P1 − R1

Reference beam 1: Laser − BS − PBS1 −QW2 −M2 −QW2−
PBS1 − P1 − R1

Measurement beam 2: Laser − BS − PBS2 −QW3 −M3−
Grating −M3 −QW3 − PBS2 − P2 − R2

Reference beam 2: Laser − BS − PBS2 −QW4 −M4 −QW4−
PBS2 − P2 − R2

The following is the principle of displacement
measurement.

The complex amplitude of the orthogonal linear polarized
beam emitted by the dual-frequency laser at a certain beat
frequency is

E � E0

�
ei�−2πf 1t�φ0�

ei�−2πf 2t�φ 0
0�

�
, (1)

where f 1 and f 2 are the frequencies of the orthogonal linear
polarized beam, φ0 and φ 0

0 are the initial phases and they are
constants, and E0 is the amplitude.

When the beams pass through the optical elements and
enter the receivers, the electrical fields of measurement beams
and reference beams are�

Em1 ∝ E0ei�−2πf 1t�φ0�ϕ1�

Er1 ∝ E0ei�−2πf 2t�φ 0
0� , (2)

�
Em2 ∝ E0ei�−2πf 1t�φ0�ϕ2�

Er2 ∝ E0ei�−2πf 2t�φ 0
0� , (3)

where Em1 and Em2 are the electrical fields of measurement
beam 1 and measurement beam 2, Er1 and Er2 are the electrical
fields of reference beam 1 and reference beam 2, and ϕ1 and ϕ2

are phase changes caused by grating shifting.
The interference signals detected by the R1 and R2 are

I 1 � jEm1 � Er1j2 ∝ cos�2πΔf t � Δϕ� ϕ1�, (4)

I 2 � jEm2 � Er2j2 ∝ cos�2πΔf t � Δϕ� ϕ2�, (5)

where I 1 is the interference signal detected by R1, and I 2 is the
interference signal detected by R2; Δf is f 1 − f 2, and Δϕ
is φ0 − φ

0
0.

When the grating moves, the phase changes ϕ1, and ϕ2 can
be extracted. According to the Doppler shift, the phase changes
ϕ1 and ϕ2 can be expressed asFig. 1. System configuration for 2D displacement measurement.
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ϕ1 �
4π sin θ

λ
Δx � 4π cos θ

λ
Δz, (6)

ϕ2 � −
4π sin θ

λ
Δx � 4π cos θ

λ
Δz, (7)

where θ is the Littrow angle, λ is the wavelength of the laser,Δx
is the displacement along the x axis, and Δz is the displacement
along the z axis.

From Eqs. (6) and (7) and the grating equation 2d sin θ �
mλ (m � 1, 2, 3…), the displacement of the grating in x and z
directions can be written as follows:

Δx � d
4πm

�ϕ1 − ϕ2�, (8)

Δz � �ϕ1 � ϕ2�
d

4πm cot θ
, (9)

where d is the grating period.
The readings of the system after subdivision are given by

ϕ1 � k1
2π

N
, (10)

ϕ2 � k2
2π

N
, (11)

where k1 and k2 are the readings of the system after subdivision,
and N is the multiplier of the electronic subdivision.

Then the displacements in x and z directions can be written
as follows:

Δx � d
2mN

�k1 − k2�, (12)

Δz � d
2mN cot θ

�k1 � k2�: (13)

It can be seen from Eqs. (12) and (13) that the resolution of the
system is d∕�2mN � in the x direction and d∕�2mN cot θ� in
the z direction.

3. SYSTEM PERFORMANCE TEST

A. Experimental Setup
To test the performance of the two-dimensional grating-based
interferometer, we designed an experiment to compare our pro-
posed interferometer with the dual-frequency laser interferom-
eter. Figure 2 is a schematic diagram of the experimental
configuration. An He–Ne laser (λ � 632.8 nm) was used as
the light source. The beam was divided into three paths by
the beam splitters (BS1 and BS2) and mirrors (M1 −M3).
One of the beams entered the reading head of the grating-
based interferometer, and the other two entered the two dual-
frequency laser interferometers LI1 and LI2 (10706B,
KEYSIGHT). M4, M5, and the one-dimensional grating were
fixed on a precision linear stage (PLS) (Q-545, Physik
Instrumente). The range of the PLS was 13 mm. The grating
was made by our laboratory with a size of 50 mm × 25 mm ×
6 mm and a period of 555.56 nm. The blaze angle was 40.4
degrees, and the diffraction efficiency was about 65% at
632.8 nm. On one hand, the reason for using this grating is
that it can improve optical resolution. On the other hand,
the incident angle is favorable for installation. LI1 andM4 were

used to measure displacement of the PLS in the x direction,
while LI2 and M5 were used to measure displacement in the
z direction. Receivers R1 and R2 were responsible for receiving
interference signals from the two-dimensional grating-based
interferometer. Receivers R3 and R4 received the interference
signals from LI1 and LI2, respectively. R1 − R4 (Remote
Receiver 10780F, KEYSIGHT) transformed the interference
signals into electrical signals and input them to the computer.
We then processed the data to obtain the displacement
measurement values in x and z directions.

To make the reading head smaller and more compact, we
used the two PBS modules, shown in Figs. 3 and 4, which in-
tegrated a PBS, two QW plates, and a mirror to replace PBS1
and PBS2, QW1 −QW4, and M2 and M4 in Fig. 2. This
greatly reduced the size and complexity involved in adjusting
the system. Because the PLS was a one-dimensional linear dis-
placement stage, the displacements in x and z directions needed
to be measured separately in the actual experiment. The actual
optical path diagrams are shown in Figs. 3 and 4. In the two
figures, the solid red line represents the propagation path of the
laser. Figure 3 shows the experimental setup for measuring
the displacement in the x direction. The laser was split into
two beams by a BS (BS1). One beam was reflected into the

Fig. 2. Schematic diagram of the experimental configuration.

Fig. 3. Experimental setup for displacement measurements in the x
direction.
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dual-frequency laser interferometer by a mirror (M3). The
other directly entered the reading head of the grating-based
interferometer. The reading head contained only a BS (BS2),
two PBS modules, and two mirrors (M1 and M2). The grating
was fixed on a three-dimensional adjustable frame that was in-
stalled on the displacement stage. The vector direction of the
grating was parallel to the direction of motion of the PLS. The
surface of the mirror (M4) was perpendicular to the grating’s
surface. Figure 4 shows the experimental setup for measuring
displacement in the z direction. Unlike in Fig. 3, in Fig. 4, the
vector direction of the grating is perpendicular to the direction
of motion of the PLS. The surface of the mirror (M4) was par-
allel to the grating. To reduce the influence of ambient changes
in temperature, air flow, and other mechanical vibration, the
whole experimental device was built on an air floatation stage
that was placed in the laboratory’s inner workroom (a closed
working space built inside the laboratory), and the reading
heads of the two systems were covered.

B. Millimeter Range Tests
To demonstrate that the proposed grating-based interferometer
was capable of measuring displacement in two directions, we
first carried out millimeter range tests in both x and z direc-
tions. The range of the PLS was set to 10 mm and the speed
to 10 mm/s. Figure 5 shows the displacement measurement
results and the difference in the x direction. The legend LI re-
fers to the laser interferometer, and GI refers to the proposed
grating-based interferometer. It is worth noticing that both
displacements were 10 mm, and the curve obtained using

our proposed interferometer corresponded closely with the
curve obtained with the laser interferometer. The velocity
stability of the PLS was not ideal, resulting in slight fluctuations
in the displacement curve. However, we were able to detect
these unwanted sections with the grating-based interferometer,
and they matched the laser interferometer almost perfectly. The
graph of the displacement difference shows that it fluctuated
around 0. The 3σ values for the difference were 60.19 nm.
The discrepancy resulted mainly from grating’s surface error
and the yaw in the PLS. The surface error (flatness of grating
surface) and line error (pitch deviation of grating) of the grating
both affect displacement measurement of the system, because
the surface error and line error affect the diffraction wave fronts.
It then changes the phase of the interference signal. The load
capacity of the PLS was limited. The load was unevenly distrib-
uted on the displacement stage, which exacerbated the yaw in
the PLS. The yaw in the PLS had different effects on the two
systems because of the differences in measurement methods.
Figure 6 shows displacement measurement results and the
difference in the z direction. Measurement results for the
two systems corresponded closely. The displacement difference
fluctuated around 0. The 3σ values for the difference were
54.12 nm. The discrepancy resulted mainly from the grating’s
surface error and yaw in the PLS.

C. Micrometer Range Tests
To demonstrate the repeatability of our proposed interferom-
eter, the PLS was driven to produce a displacement of 3 μm in
1-μm steps. The dual-frequency laser interferometer was also
used to simultaneously measure the movement of the stage
for comparison. The experimental results are shown in
Figs. 7 and 8. Figure 7 shows measurement results and the dif-
ference in the x direction. As can be seen in Fig. 7, the two
displacement curves were in good agreement. The 3σ values for
the difference during the movement of the PLS are 10.10 nm,
11.33 nm, and 11.00 nm. The 3σ values for the difference at
rest are 2.75 nm, 4.27 nm, 2.92 nm, and 3.46 nm. Figure 8

Fig. 4. Experimental setup for displacement measurements in the z
direction.

Fig. 5. Measurement results and the difference in the x direction.

Fig. 6. Measurement results and the difference in the z direction.

Fig. 7. Measurement results and the difference for a displacement
of 3 × 1 μm in the x direction.

9458 Vol. 57, No. 31 / 1 November 2018 / Applied Optics Research Article



shows measurement results and the difference in the z direc-
tion. The 3σ values for the difference during the movement
are 9.69 nm, 11.21 nm, and 10.80 nm. The 3σ values for
the difference at rest are 2.57 nm, 3.36 nm, 3.17 nm, and
4.46 nm. The difference was caused mainly by high-frequency
electronic error, environmental changes, and yaw in the PLS.
Experimental results show that the repeatability of our interfer-
ometer is better than 2 nm in x and z directions.

D. Nanometer Range Tests
The theoretical resolutions of our proposed interferometer in x
and z directions were 0.27 nm and 0.18 nm, respectively. To
test the resolution of the grating-based interferometer in actual
displacement measurements, the PLS was driven to produce a
displacement of 9 nm in 3-nm steps. The experimental results
are shown in Figs. 9 and 10. Figures 9 and 10 show measure-
ment results and the difference in x and z directions. As can be
seen from the figures, the grating-based interferometer had a
displacement resolution of 3 nm, and the two displacement
curves were in good agreement. The displacement difference
fluctuated around 0. The 3σ values for the difference were
1.67 nm in the x direction and 1.35 nm in the z direction.
The difference in the displacement measurement was caused

mainly by high-frequency electronic error and environmental
changes. Figure 10 shows that environmental changes cause
the curves of the two systems to fluctuate when at rest, which
limits the system resolution. The minimum step for our PLS
was 3 nm. However, the results demonstrated that our pro-
posed interferometer has the potential to resolve smaller
displacements.

E. Stability Tests
To demonstrate the stability of our system, the stage was held
stationary, and the displacement was measured within 5 s and
30 min. Figure 11 shows the measurement results for stability
tests within 5 s in x and z directions. The figure shows that
high-frequency noise, environmental vibration, and the vibra-
tion prevent the curves of the two systems from being ideal
straight lines. The displacement for both systems fluctuated
around 0. The 3σ values for the grating interferometer were
1.73 nm in the x direction and 2.24 nm in the z direction.
Figure 12 shows measurement results for stability tests within
30 min in x and z directions. As we can see in Fig. 12, the
stability of our system in both x and z directions is better than
that of the laser interferometer.

The above measurement results demonstrate that our pro-
posed interferometer can carry out from nanometer to milli-
meter displacement measurements with high precision in
both x and z directions. The system also showed good repeat-
ability and stability. We set up a reading head consisting of a
BS, two PBS modules, and two mirrors, which was very simple
and compact. In addition, three-dimensional displacement
measurements can be carried out with the two-dimensional
grating by replacing the beam prism with a two-dimensional
grating and adding two identical PBS modules and mirrors,
extending the application range while keeping the size of the
reading head small.

Fig. 8. Measurement results and the difference for a displacement
of 3 × 1 μm in the z direction.

Fig. 9. Measurement results and the difference for a displacement
of 3 × 3 nm in the x direction.

Fig. 10. Measurement results and the difference for a displacement
of 3 × 3 nm in the z direction.

Fig. 11. Measurement results for stability tests within 5 s in the x
direction (left) and z direction (right).

Fig. 12. Measurement results for stability tests within 30 min in the
x direction (left) and z direction (right).
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4. DISCUSSION

The yaw between the reading head, grating, and displacement
stage has a significant impact on measurement accuracy of the
grating-based interferometer. An analysis of the influence of the
yaw angle on displacement measurements will assist in improv-
ing measurement accuracy of the system, as shown in detail
below.

A. Case 1: Yaw Angle (α) Between the Grating and
the Displacement Stage
In Fig. 13, there is no yaw angle between the grating and
the reading head, but a yaw angle (α) occurs between the
grating and the displacement stage. When the displacement
stage moves in the x direction a distance of Δx, the displace-
ment of the system in the vector direction of the grating is
given by

Δx 0 � Δx cos α, (14)

where Δx 0 represents displacement of the system in the vector
direction of the grating.

Displacement of the system in the direction normal to the
grating is given by

Δz 0 � Δx sin α, (15)

where Δz 0 is displacement of the system in the direction
normal to the grating.

Measurement errors of the grating-based interferometer in x
and z directions are given by

Δxerror � Δx�1 − cos α�, (16)

Δzerror � Δx sin α, (17)

where Δxerror is the measurement error of the grating-based
interferometer in the x direction, and Δzerror is the measure-
ment error in the z direction.

Similarly, when the displacement stage moves in the z
direction a distance of Δz, measurement errors of the
grating-based interferometer in x and z directions are given by

Δxerror � Δz sin α, (18)

Δzerror � Δz�1 − cos α�: (19)

This case will introduce cosine errors to the system in both
directions. Measurement errors increase with an increase in
the yaw angle, which significantly affects the accuracy of
displacement measurement. But the errors will be linear, which
makes them easier to find and reduce.

B. Case 2: Yaw Angle (β) Between the Grating and
the Reading Head
In Fig. 14, there is no yaw angle between the grating and the
displacement stage, but a yaw angle (β) occurs between the
grating and the reading head. Because the yaw angle is very
small, differentiating both sides of the grating equation
d �sin θi � sin θq� � mλ will give

cos θidθi � cos θqdθq � 0, (20)

where θi is the angle of incidence, and θq is the angle of
diffraction.

In the Littrow configuration, θi � θq , and so Eq. (20) can
be written as

dθi � −dθq: (21)

Therefore, the incident beam and the diffracted beam no longer
coincide. The absolute value of the variation in the angle of
diffraction is the same as the angle of incidence. Equations (6)
and (7) can be written as

ϕ 0
1 �

2π

λ
�sin�θ� β� � sin�θ − β��Δx

� 2π

λ
�cos�θ� β� � cos�θ − β��Δz, (22)

ϕ 0
2 � −

2π

λ
�sin�θ − β� � sin�θ� β��Δx

� 2π

λ
�cos�θ − β� � cos�θ� β��Δz: (23)

After simplification, measurement errors of the grating-based
interferometer in x and z directions are given by

Δxerror � Δx −
d
4π

�ϕ 0
1 − ϕ

0
2� � Δx�1 − cos β�, (24)

Δzerror � Δz −
d

4π cot θ
�ϕ 0

1 � ϕ 0
2� � Δz�1 − cos β�: (25)

Fig. 13. Sketch of yaw angle between the grating and the displace-
ment stage.

Fig. 14. Sketch of yaw angle between the grating and the reading
head.
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This case also will introduce cosine errors to the system in both
directions. Measurement error increases with an increase in the
yaw angle, which affects the accuracy of displacement measure-
ment. However, when there is an angle between the diffracted
beam and the incident beam, the spots of the two beams will be
separated on the detector. If the angle increases to a critical
value, the interference field cannot be detected, so the system
cannot measure displacement. The beam diameter of the laser
in our experiment is 3 mm. In the worst case, the two spots are
completely separated, i.e., the distance between them is 3 mm.
Because the receiver used in this experiment employs an optical
fiber of a length of 2 mm, the angle between the diffracted
beam and the reference beam is about 1.5 mrad. At this
magnitude, if the grating moves 1 mm, the difference between
the ideal value and the measured value is about 1 nm. In this
case, the error can be ignored.

C. Case 3: Yaw Angle (γ) Between the Grating and
the Reading Head Because of Yaw in the Stage
The above two cases assume an ideal linear displacement stage.
In fact, there will be yaw in the movement of the displacement
stage, which will result in displacement measurement errors.
Figure 15 is a schematic diagram of the yaw angle (γ) between
the reading head and the grating caused by yaw in the stage.
The ideal position of the grating is on the x axis. Two beams are
incident on points A and B on the grating’s plane in the Littrow
configuration. When there is a yaw angle (γ) between the gra-
ting and the reading head, the actual position of the grating
moves from the x axis to the green dotted line ON. Point
O is the position of the axis of rotation. The incident points
of the two beams also move to points A 0 and B 0, through which
two straight lines (l 1 and l 2) parallel to the x axis have been
drawn in the figure. These two lines intersect the lines drawn
normal to the grating at points P and Q. As can be seen in
Fig. 15, any rotation in the grating has two effects on the
two incident beams. The first is that the grating moves from
the x axis in the z direction to positions l1 and l2, respectively.
The second is that the grating rotates by an angle γ at points A 0

and B 0, respectively. These two effects result in the change in
the optical path. Calculation shows that the change in the op-
tical path caused by a rotation of the grating is much less than
the change caused by a translation of the grating, and can thus
be ignored. From this, the effect of yaw in the grating on the
system can be treated as the two incident beams on the grating
translating to different positions by distances equal to the
lengths of line segments AP and BQ.

The lengths of line segments AP and BQ are given by

lAP �
lOA sin γ cos θ

cos�θ� γ� , (26)

lBQ � �lOA � lAB� sin γ cos θ

cos�θ − γ� , (27)

where lOA and lAB are the lengths of line segments OA and AB,
and lAB is the distance between the two light spots.

Equations (6) and (7) can be written as

ϕ 0 0
1 � 4π sin θ

λ
Δx � 4π cos θ

λ
Δz � 4π cos θ

λ
lAP, (28)

ϕ 0 0
2 � −

4π sin θ

λ
Δx � 4π cos θ

λ
Δz � 4π cos θ

λ
lBQ : (29)

When the angle γ is very small, after simplification, displace-
ment measurement errors in the x and z directions can be
expressed as

Δxerror �
lAP − lBQ
2 tan θ

≈
lABγ

2 tan θ
, (30)

Δzerror �
lAP � lBQ

2
≈
�
lOA � lAB

2

�
γ: (31)

Equations (30) and (31) indicate that the displacement mea-
surement error in the x direction caused by yaw in the displace-
ment stage is related to the distance between the two spots, the
yaw angle, and the Littrow angle, and the displacement mea-
surement error in the z direction is related to the distance
between the two spots, the yaw angle, and the position of
the axis of rotation. If the yaw angle is 10 μrad and the distance
between the two spots is 6 mm, the error in the x direction is
about 40 nm. This will significantly affect the accuracy of the
displacement measurement. To improve the accuracy of the
system, we can use a displacement stage with higher accuracy,
reduce the distance between the two spots, and use a grating
with a higher line density. If the axis of rotation is located at the
center of the two spots, the error in the z direction is close to 0.
Although superposition of the two spots will minimize the
errors in both x and z directions, it will lead to polarization
and frequency mixing errors caused by zero-order diffraction
light. For this reason, it is important to keep the two light spots
separated by a certain distance.

In the above analyses, the errors we have discussed are linear
errors. Since the grating-based interferometer we proposed is a
heterodyne interferometer measurement system, there will be
nonlinear errors in the system. Nonlinear errors in a grating-
based interferometer can be manifested in periodic and
nonperiodic nonlinear errors. On one hand, similar to the
heterodyne laser interferometer, the periodic nonlinear errors
are caused mainly by nonorthogonality and ellipticity of the
laser source and misalignment and imperfections of the polar-
izing optical elements [22,23], because the dual frequency laser
and polarizing optical elements are used in the grating-based
interferometer. The laser and polarizing elements used in the
experiment are provided by Agilent. By checking the instruc-
tions, we can learn that the nonlinear error of this part is
less than 4.2 nm. On the other hand, unlike the laser interfer-
ometer, there is a grating as a ruler in the grating-based

Fig. 15. Schematic diagram of yaw angle (γ) between the reading
head and the grating.
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interferometer. The diffraction efficiency of p-polarized light
and s-polarized light will be different because of the polarization
characteristic of the grating. It will also cause frequency mixing
and polarization mixing, which leads to periodic nonlinear
errors. The nonperiodic nonlinear error is caused mainly by
the surface error and line error of the grating [24]. The quality
of the diffraction wavefront is directly affected by the surface
and grooves of the grating [25,26]. If there are random errors in
the surface and grooves, it will introduce the error phases to the
signal, which causes nonperiodic nonlinear error. Because the
grating used in the experiment is not very ideal, the nonlinear
errors caused by the grating would be greater than those caused
by polarizing optical elements and lasers, especially the nonperi-
odic nonlinear error caused by the grating surface error and line
error. It would account for a large proportion of nonlinear
errors. Our next work will focus on analyses of the contribution
of the grating’s diffraction efficiency, polarization characteris-
tics, surface quality, and groove quality to the nonlinear errors
of the grating interferometer and method to reduce and
compensate the errors, which will further improve accuracy
of the system.

5. CONCLUSION

In this study we propose a simple and compact reading head for
a two-dimensional grating-based interferometer. The system
uses a high-density grating to achieve high resolution, hetero-
dyne to achieve high accuracy and stability, Littrow configura-
tion to achieve 2D displacement measurement and a simple
structure. The reading head contains a BS, two PBS modules,
and two mirrors. The grating-based interferometer can measure
the displacement in both x and z directions with theoretical
resolutions of 0.27 nm and 0.18 nm, respectively. We carried
out several experiments to compare the feasibility and perfor-
mance of the proposed interferometer with the dual-frequency
laser interferometer. The results show that our interferometer
can measure displacements from 3 nm to 10 mm with high
accuracy. The system also has good repeatability and stability.
The 3σ values for the difference are 1.67 nm in the x direction
and 1.35 nm in the z direction for a displacement of 9 nm.
Repeatability of our interferometer for a displacement of
1 μm is better than 2 nm. We also analyzed the errors caused
by yaw angles between the grating, reading head, and displace-
ment stage and proposed methods to reduce these errors. With
the proposed structure, the reading head can be easily inte-
grated further by using smaller optical elements, which will pro-
duce a grating-based interferometer that is easy to install and
that can be used in a wider range of applications. This simple
structure is also easy to extend for three-dimensional displace-
ment measurements. This grating-based interferometer with its
simple structure, small size, and easy installation should play an
important role in the field of precision measurement. In future
work, we will integrate the various parts of the reading head and
analyze influences of grating errors on measurement to further
improve accuracy of the system.
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