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Abstract: In response to the current demand for high-precision planar displacement measurements in ad-
vanced manufacturing equipment, this paper proposes an xz dual-axis grating interferometer. The system ad-
opts a biaxial Littrow incident light path structure, established using a biaxial beam splitter mirror and right-
angled prism mirror. The relationship between the parallelism of the outgoing beam, the beam spacing, and
the position and angle of the incident light is analyzed. Experimental results verify the feasibility and meas-
urement performance of the proposed interferometer. The grating interferometer achieves a displacement res-
olution of 4 nm along the x-axis and 7 nm along the z-axis. After correction using the Heydemann algorithm,
the periodic nonlinear error is reduced to £5 nm. Over a travel range of 10 mm, the measurement accuracies
are +30 nm along the x-axis and £100 nm along the z-axis, respectively. Finally, the influence of the surface

error introduced by the non-coincident incident structure on the measurement results is discussed.
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1 Introduction

Advanced manufacturing equipment, such as
ultra-precision machine tools and high-end litho-
graphy machines, typically involves the worktable
primarily executing planar two-freedom move-
ments, with vertical displacement and angular devi-
ations across the remaining three-degrees-of-free-
dom (three—DOF) existing as accompanying err-
ors"?l. Compared with laser interferometry, grating
interferometry uses the grating pitch as a referen-
ce and has a shorter exposed optical path length,
which does not change with the travel distance, of-
fering superior resistance to environmental disturb-
ances™'”, In addition, the grating interferometer has
a probe head that is aligned vertically along the
scale grating and thus a layout that is more flexible
and compact, making it easier to integrate into ma-
chine®"l. As early as 2009, ASML, used a grating
interferometer for measurement with six-DOF in
their NXT series of lithography machines. In these
machines, multiple measurement heads are distrib-
uted in the detection space according to needs, with
a single measurement head capable of simultan-
eously measuring two-DOF for displacement in the

xz/yz planes. The six-DOF for the position and

doi:10.37188/CO.EN-2025-0019

CSTR:32171.14.CO.EN-2025-0019

posture of the grating are calculated by combin-
ing the interferometric measurements for multiple
axest'*!"],

In the multi-probe multi-DOF grating interfero-
meter system, the detection performance of each
probe fundamentally affects the overall accuracy of
the multi-DOF displacement measurement. Early
grating interferometers adopted a scheme in which
the laser was perpendicularly incident on the scale
grating. Gao"™, Hsieh!"?), Li®*41 and other research
groups conducted extensive studies on this topic. A
notable development in this area is Kimura’s subn-
anometer two-axis surface encoder™ 2], which sim-
ultaneously measures displacement in and out of the
grating plane. This system has achieved measure-
ment errors of 300 nm along the x-axis and 150 nm
along the z-axis, with resolution of approximately
0.5 nm for both axes. Building on this foundation, a
research group from Tsinghua University™! pro-
posed a heterodyne two-axis grating interferometer
system. By incorporating the principle of hetero-
dyne interference to enhance the anti-interference
ability of the system, they eliminated the need for a
four-step phase-shift system to realize the displace-
ment direction, resulting in a simpler and more com-

pact design. The system achieved measurement ac-
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curacy of 6.37 nm and 3.69 nm in the x- and z-direc-
tions, respectively. Moreover, a research group at
Guilin University of Electronic Science and Techno-
logy used a pyramid prism to diffract light twice

within a similar structure!?”2%,

thus improving the
optical subdivision factor and increasing the resolu-
tion of the system. They also analyzed and com-
pensated for the nonlinear error in the system, redu-
cing the peak value of the nonlinear error from
17 nm to 7 nm.

It has been found that in vertically incident
grating interferometers, when the scale grating
moves in the z-direction, the reference and measure-
ment spots readily separate, resulting in a contrast
reduction of the interference signal and a small
measurement range of out-of-plane displacement™”,
To solve these problems, scholars have proposed the
Littrow configuration, which is characterized by
self-collimation of the grating at a right angle to the
incident light, causing the first-order diffracted light
of the grating to coincide with the incident light.
This improves the off-axis tolerance of the grating
and provides new possibilities for large-range out-
of-plane measurements*>%, De Groot earlier pro-
posed a high-performance homodyne two-DOF
grating interferometer®], which uses multiple grat-
ings—all in the Littrow configuration—for x/z two-
DOF displacement measurement. Utilizing the
zeroth- and second-order diffracted light for syn-
chronous displacement measurements, the measure-
ment error introduced by the grating calibration is
reduced. Wang’s research group proposed an ultra-
precision, spatially separated heterodyne Littrow
planar grating encoder®, integrating optical com-
ponents such as beam splitter and pyramid prism to
make the optical path in the read head more com-
pact. This system achieved a theoretical resolution
of 50 pm in the x-axis and 25 pm in the z-axis.
Moreover, the corner cube prism used in the system
increased the angular tolerance and off-axis toler-
ance. Lin proposed a three-axis grating interfero-

meter capable of high-resolution and long-range dis-

placement measurements® %, Through double-grat-
ing beam splitting, the light source was divided into
four beams of parallel light that entered the interfer-
ometer. A refraction grating set before the measure-
ment grating folded the light such that it struck the
measurement and reference gratings under the Lit-
trow configuration. This system realized a theore-
tical z-axis displacement measurement range of
1263 mm. However, owing to the low-groove-dens-
ity of the grating (8 um), the theoretical resolution
was only 4 nm. To improve the utilization of light
energy, a four-step relief structure was adopted in
the refractive grating design, which increased the
overall difficulty of processing.

This paper designed a xz two-DOF homodyne
grating interferometer based on the Littrow incid-
ence condition. By using a biased beam splitter to
obtain parallel dual detection beams, the intensity
ratio of the reference and measurement beams can
be optimized simply by rotating the light source
posture, without compromising the intensity of the
detection beams. This allows for a simple and effi-
cient acquisition of the highest quality interference
signals. A symmetrical bilateral Littrow optical path
structure is constructed using a right-angle reflec-
tion prism in combination with a plane mirror. This
ensures autocollimation incidence even with grat-
ings of arbitrarily high line densities. While enhan-
cing the angular tolerance of the grating read head,
this structure is highly conducive to integration and
miniaturization. Finally, a prototype was built in this
paper. The displacement measurement performance
of the x-axis and z-axis was tested separately, and
the error influence when the detection beams are

non-coincident was analyzed.

2 Measurement principles

2.1 Principle of measuring biaxial displacement
Figure 1 is an optical path diagram of the ho-
modyne biaxis grating interferometer. The linearly

polarized light emitted by the laser diode is divided
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into two parallel beams after passing through the
non-polarizing beam splitter (NPBS), which is
placed at 45°. After the two parallel beams enter the
polarization beam splitter 1(PBS1), the P-polarized
component is transmitted as the reference light, and
the S-polarized component is reflected as the meas-
urement light. Because the Littrow diffraction angle
of the grating positively correlates with the groove
density, to adapt to the high-groove-density grating
used in this study and avoid the problem of single
refraction grazing incidence on the reflector. The
Littrow configuration is constructed combining the
quadratic refraction mode with a right-angled prism
reflector. Here, the diffracted light on the right side,
reflected by M2, is designated as the -1st-order dif-
fracted light, and the diffracted light on the left side,
reflected by M3, is designated as the +1st-order dif-
fracted light. The +1st-order diffracted beams re-
turn along their original paths and pass through the
quarter-wave plate 1(QWP1) twice to become the P-
polarized components. The reference light, after be-
ing reflected by M1 and returning along its original
path, becomes S-polarized after passing through
QWP2 twice. The *1st-order diffracted beams are
then combined with the reference light at the polar-
ization beam splitter, resulting in interference. The

two interference signals are expressed as:

>

(D

IX+] = UX+] . UX+1 = ZUg(l +COS(.Q+¢))
IX—] = UX—] . UX—l = ZUS(I +COS(—Q+¢))

where Iy.; and Uy., are the interference signal in-
tensity and electric field intensity of the +1st-order
diffracted light, Iy, and Uy, are the interference
signal intensity and electric field intensity of the
—1st-order diffracted light. Q = Ax-2n/g represents
the phase change due to the Doppler frequency shift
introduced by the grating’s displacement along the
x-axis, and g is the grating pitch used. ¢ =4z
2n/gcos6 represents the phase change in the optical
path due to the grating’s displacement along the z-
axis, 6 is the diffraction angle under the Littrow

configuration.

$£19%
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Fig. 1 (a) Optical path diagram of the xz homodyne two-
DOF grating interferometer. (b) Displacement solve
principle

The two interference signals then enter the
four-step phase-shift structure comprising BSI,

PBS2, and PBS3, after QWP3. The four array de-

tectors receive sinusoidal signals with phase differ-

ences of 0°, 90°, 180°, and 270°. After processing,

four standard sine and cosine signals are obtained:

S = LY i~ O
S e e TR I
S AT et
S = 10+ 1180 =<9

The corresponding interference phase is ob-
tained by applying the arctangent function and
phase unwrapping to the two interference signals.

The displacement in the x- and z-directions is ex-

pressed as:
Ax:i- arctan S x4 —arctan Skt :i-!)
47 AN S4 2n
Az = g arctan Sxi + arctan Sx-1 =
4m-cotd S S
8
. . (3)
2m-cotd ¢

2.2 Generation of parallel light beams

The interferometer optical path structure pro-
posed in this paper enables the simple and direct
generation of dual parallel probe beams through the
laser diode and NPBS. However, the position where
the beam is incident on the NPBS, as well as the

refractive index, size, and bias angle of the NPBS
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itself, affect the parallelism and beam spacing of
the dual parallel beams. An analysis of the afore-
mentioned factors is presented here. As shown in
Fig. 2(a) (color online), we let the length of the
right-angled side of the NPBS be 1. When the hori-
zontal probe laser is incident on the NPBS at an
angle 6;, the corresponding refracted angle is
6, = arcsin(n,/(n, -sin#,)), and the angle of the
emerging beam 6; is expressed as:

6; = arcsin(@ sin (arcsin(@ sin@l))) =6, ,

n n

where n; and n, are the refractive indices of air and
the NPBS, respectively, and the angle 6, between
the light emerging from the upper end and the hori-
zontal axis is expressed as:

T T
O,==—-6,—6;==-20, . (5
1= 570 —0=7 I

It is seen from the above formula that when the
incidence angle is 45°, the angle between the outgo-
ing light and horizontal plane is 0°. For the lower
end of the outgoing light beam, it is as if the light
passes through a parallel plate of glass, and the out-
going light beam thus remains parallel to the incid-

ent light beam.

Horizontal
axis

Fig.2 (a) Relation between the NPBS bias angle and the
exiting light deflection angle. (b) Relation between
incident height, NPBS refractive index and exit
height

Next the spacing between the two output
beams is considered. As shown in Figure 2(b) (col-
or online), the 6, is set to 45°. The vertical distances
from the incident light and the emerging light at the
upper end to the beam splitter surface are denoted
hy and h,, respectively. Using Snell's law and the
sine theorem, the distance /; from the vertex O of
the beam splitter to the detection point P is ex-

pressed as:
\an, sin(g +92)
= ————
sin(g —92)

As triangles OMP and ONQ are similar, the

height £, of the final emerging beam is expressed as:

sin T_ arcsin \/§n1
4 2)’12
h2 = l —]’ll . (7)

sin n+arcsin \/inl
2 2n2

The NPBS used in this system has a size of

6)

15 mm and is made from H-K9L optical glass, with
a refractive index of approximately 1.52. Consider-
ing the compactness of the subsequent optical path
and the size of the photosensitive area of the array
photodiode, the height of the incident beam 4, is set
at 1.5 mm, the corresponding outgoing beam height
hy is approximately 3.5 mm, and the spot spacing of
the double-parallel beam is approximately 7 mm.

As the reference optical path uses a plane mir-
ror for reflection and the measurement optical path
uses the diffracted light from the grating, if the light
intensity on the measurement path is the same as
that on the reference path after PBS1, the light in-
tensity on the reference path is much greater than
that on the measurement path on the final receiving
surface owing to the diffraction efficiency of the
grating, which reduces the contrast of the interfer-
ence signal. To improve signal contrast, the light
source is rotated to change its polarization state,
thereby altering the light splitting ratio after PBSI.
This ensures that the light intensities on the refer-

ence and measurement paths are as consistent as
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possible when the beams recombine at PBS1. The
holographic grating used in this experiment has a
diffraction efficiency of approximately 15% for
+1st-order diffraction under the Littrow configura-
tion. Experimental tests have shown that when the
light source polarization angle is approximately 72°,
the light intensity is equal in the two arms, and the

fringe contrast is optimal.

3 Performance tests

3.1 Experimental equipment

To verify the displacement measurement per-
formance of the proposed grating interferometer, the
precision comparison system shown in Fig. 3(a) is
set up. The system comprises two parts: the grating
interferometer and laser interferometer. In the grat-
ing interferometer, the light source is linearly polar-
ized with a wavelength of 670 nm (CPS-670F,

Laser interferometer

2‘@\

Scale grating | .
_Refraction
structure

¢ shift structure
.. t,“‘_; T

Thorlabs). A high-precision linear stage (XML-
210s, Newport) moves the scale grating, and the in-
terference signals generated by the grating interfero-
meter are detected and collected by a photoelectric
detector (S5981/-10, Hamamatsu) in conjunction
with a data acquisition card (PCI-6229, NI). A laser
interferometer (with a 5517-D light source and
10706B interferometer components, Keysight) is
placed alongside the displacement stage for compar-
ison with true displacement values. To reduce the
effects of Abbe error on the measurements, the posi-
tion of the laser interferometer is adjusted so that the
measurement axis of the laser interferometer is es-
sentially collinear with the surface of the measure-
ment grating. The experimental environmental tem-
perature and humidity are measured using an envir-
onmental detector (TSP01, Thorlabs), and the re-
fractive index of air is corrected using an empirical

formula for wavelength adjustments.

b . —
(b) % 0.5 — Grating interferometer
g o
= i
g —051/,
< L .
: Sampling point
> ! ! — Square wave
3
2
= Or
g |
< _3 1 I L L L
' Sampling point
. | ampling p
§ : —&— Laser interferometer
2 200 1
8 M
= |
& . .
2

Sampling point

Fig. 3 (a) Photograph of the setup. (b) Synchronous trigger schematic

To ensure synchronous data collection by the
two data acquisition cards, as shown in Fig. 3(b), the
square wave signal from the PCI-6229 itself is used
as the sampling clock. When the rising edge of the
reference square wave is detected, both the N1230A
and PCI-6229 are triggered to collect data from the
laser interferometer and grating interferometer sim-
ultaneously, ensuring good temporal synchroniza-
tion between the data collected by the two data ac-

quisition cards.

3.2 Experimental tests
3.2.1 Displacement measurement and accuracy
test

We first verify the measurement accuracy of
the proposed system under short range conditions
by running the displacement table through a dis-
tance of 500 um at a speed of 10 pm/s. The meas-
urements are shown in Fig. 4(a) (color online).
These results contain a linear error of approxim-

ately 200 nm, which is primarily due to the cosine
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error introduced by the grating installation and the
calibration error in the grating’s groove density.
This linear error is an inherent system error, which
can be directly compensated for and removed
through calibration. This is not discussed in detail

here.

<)
S
=3

(a) === Grating interferometer
ferometer

Laser er
—— Residual error
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Fig.4 (a) 500 um motion and residual error. (b) Partial

magnification of residual error

After correcting the liner error, the residual er-
ror is shown by the blue line in Fig. 4(a). The over-
all error band is approximately +£50 nm. Upon
zooming in, as shown in Fig. 4(b) (color online), the
error has obvious periodicity, which is attributed to
direct current (DC) bias, amplitude deviation, and
phase error between the two interference signals. By
applying the Heydemann correction algorithm to the
non-orthogonal interference signal, the specific val-
ues of DC, amplitude, and phase errors are obtained,
and the fitted values are then used to correct the ori-
ginal signal in real time and thus obtain a more ac-
curate orthogonal signal. Figure 5(a) (color online)
shows the Lissajous circles of the signal before and
after correction, whereas Fig. 5(b) (color online)
shows the residual error before and after correction.
The error band is reduced from the original +50 nm
to +5nm, demonstrating the effectiveness of the

compensation.

5 8 B
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I
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Fig. 5 (a) Lissajou figure before and after correction. (b)
Comparison of residual error before and after cor-

rection

3.2.2 Resolution test

Next the displacement resolution of the system

is tested. The grating interferometer used in this
study has an optical subdivision. Combined with the
16-bit data acquisition card, when the effective sub-
division multiple is 4096, giving theoretical resolu-
tions of 68 pm for the x-axis and 82 pm for the z-ax-
is. However, because of the environmental disturb-
ance and electronic noise and other factors, the dis-
placement measurements of the grating interfero-
meter can not reach the theoretical resolution.
Therefore, a step test is conducted to assess the res-
olution. Figure 6 (color online) shows the results of
the step tests on the xz dual axes. Figures 6(a) and
6(c) are the original signals of the step tests on the
x-axis and z-axis, respectively. Figures 6(b) and 6(d)
are the results of the step tests on the x-axis and
z-axis, respectively. By zooming in on parts of
Figures 6(a) and 6(c), it can be seen that the amp-
litude of the electronic noise in the x-axis direction
is approximately 0.019 V, and the amplitude of the
electronic noise in the z-axis direction is approxim-
ately 0.025 V. The experiments show that the pro-
posed grating interferometer can resolve step dis-

placements of 4 nm along the x-axis and 7 nm along

the z-axis.
£ 40
> @ £ 7o
g 02 : M"‘
Ei 20
E 03 : 8 iy
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> —0.1F© \E 60 f (d) oN
3 VAN M
2 02} ) g 401
£ 03 il g 20f M""'M
£ -03F X s
< el e | E o "l ,
0 20 40 0 20 40
Time/s Time/s

Fig. 6 (a) The original signal of the x-axis step test. (b)
Results of the step test along the x-axes. (c¢) The ori-
ginal signal of the z-axis step test. (d) Results of the

step test along the z-axes

3.2.3 Repeatability analysis and stability test
To measure the repeatability accuracy of the
grating interferometer, the displacement table is

moved back and forth 10 times along the x-axis
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between the origin and the 500 um position. Fig. 7
(color online) shows the box-plot and the normal
distribution curves of the grating interferometer and
laser interferometer. In the box-plot, the horizontal
lines of the box plot represent the average of the
10 measurements of the laser interferometer and
grating interferometer. The length of the box plot
represents the standard deviation (10°) of the meas-
urements. The whisker lines above and below the
box indicate the maximum and minimum measure-
ments. The results show that the repeatability of the
grating interferometer is better than 40 nm on x-ax-
is, with the distribution of multiple measurements

closely matching that of the laser interferometer.

g 500.1
3
g
S 4999
=
Z 4998 |
-5 .

499.7

Grating Laser
interferometer interferometer

Fig. 7 Repeatability test results

3.2.4 Long range measurement experiment

After determining the short-distance measure-
ment accuracy, resolution data, and repeatability ac-
curacy of the grating interferometer, the displace-
ment measurement accuracy over a long range is
assessed, demonstrating the advantages of the inter-
ferometer system designed in this paper in the z-
direction measurement range. The grating is moved
10 mm along the x- and z-axis at a speed of
0.2 mm/s, respectively. After the linear error in the
measurement results is revised and the periodic non-
linear error is corrected by the Heydemann correc-
tion algorithm, the measurements along the x- and
z-axes as shown in Figures 8(a) and 8(b) (color on-
line). Taking a sliding average (with a window
width of 200 data points), the error of the two meas-
urement axes is controlled at approximately £30 nm
for the x-axis and +100 nm for the z-axis, respect-
ively.

Similarly, we conducted multiple 10 mm dis-

placement tests on the x-axis and z-axis to verify
their repeatability. The results are shown in Figure 9
(color online). In the x-axis test results, the distribu-
tion of results from the grating interferometer is
close to that of the commercial laser interferometer.
In the z-axis test results, the distribution of results
from the grating interferometer is slightly worse
than that of the commercial laser interferometer, but

overall, they are still relatively close.
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Fig. 8 (a) Measurement for displacement of 10 mm along
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Fig. 9 (a) The results of the 10 mm displacement repeatab-
ility test on the x-axis. (b) The results of the 10 mm

displacement repeatability test on the z-axis

Considering that the two beams of the meas-
urement path in the experiment are incident on dif-
ferent positions of the grating surface, the interfer-
ence phases of the two diffracted lights correspond-
ing to the measurements are different under the in-
fluence of the grating surface shape error, which in
turn introduces displacement measurement devi-

3738, The surface shape error specifically in-

ation!
cludes: grating substrate error and grating line error.
The relationship between the diffracted light wave-
front 4 and the substrate error H and line error W is
as follows:

’

A:2Hcos(9m+W% . (8)

The diffracted light wavefront 4 canbe ob-
tained through a surface figure interferometer

(Zygo-118). A’ is the wavelength of the light source
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of the surface figure interferometer, and 6, is the
corresponding Littrow angle when the light source
wavelength is A’. Through Equation (8), the sub-
strate error H and the line error W can be determ-
ined as follows:

W= [A(+1)—4(-1)]d

2mA
o= A(+1)+4(-1)

4cos0,,

9

Furthermore, the displacement measurement
error L., introduced by the grating surface figure
can be solved through the wavefront information H
and W corresponding to the two measurement

beams, with the specific expression being:

d
Lerror =[A1 +A2]2_/1, = (Hl _H2)+

2tané,,
1
E(Wl +Wy) . aom

Figure 10(a) (color online) shows the grating
used in the experiment, while Figures 10(b) and
10(c) (color online) present the +1st order diffrac-
ted wavefront results obtained using the Zygo inter-
ferometer. The red rectangular areas in the figures
indicate the actual scanning regions of the detection
spots in the experiment. By substituting the diffrac-

ted wavefront information into Equation (7), the line

errors and substrate errors corresponding to the two
detection spots scanning across the measurement
line can be obtained, as shown in Figures 11(a) and
11(b) (color online). Further substitution into the
formula reveals the impact of the combined effects
of grating substrate error and line error on the dis-
placement measurement results when the two meas-
urement beams are non-coincident and incident on
the grating. The error magnitude is around 6 nm, as
depicted in Figure 11(c) (color online). Compared to
the overall displacement deviation of 30 nm in
Figure 8(a), this error accounts for approximately
20%. Under static conditions, the displacement
noise of the grating interferometer is about 5 nm.
During installation, the Abbe arm length between
the laser interferometer measurement line and the
grating interferometer measurement line is ap-
proximately 1 mm. Using an autocollimator (TA
US 300-57, Trioptics) to measure the pitch and
yaw angles of the corresponding linear displa-
cement stage in this interval, the angles are found
to be around 6 prad in both directions, with the cor-
responding Abbe errors being approximately
6 nm each. The remaining error mainly originates

from other environmental errors and electronic

noise.
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4 Summary

This paper reported the design of a Littrow-
type dual-axis homodyne grating interferometer
based on a high-groove-density grating. Using an

offset beam splitter prism in conjunction with right-
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angled prisms and reflective mirrors, a simple and
easily integrated dual-beam diffraction probe optic-
al path—suitable for the simultaneous measurement
of xz dual-axis displacement—was constructed. Ex-
perimental results show that after correcting for
periodic nonlinear errors using the Heydemann al-
gorithm, the short-term error is reduced to 45 nm.
The grating interferometer achieves a displacement

resolution of 4 nm along the x-axis with a mea-

surement error of £30 nm within a 10 mm stroke; on
the z-axis, it achieves a displacement resolution of
7 nm with a measurement error of +100 nm within a
10 mm stroke. In future work, the design of the grat-
ing interferometer proposed in this paper will be it-
erated, with the interferometer mirror group being
integrated and miniaturized, and the modeling and
error analysis of a multi-probe multi-dimensional

grating interferometer system will be completed.
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