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In this Letter, we propose a simple structure of an orthogonal type double Michelson interferometer. The orthogonal detec-
tion method overcomes the problems of uneven ranging sensitivity and the inability of traditional interferometers to deter-
mine the displacement direction. The displacement measurement principle and signal processing method of the orthogonal
double interferometer are studied. Unlike the arctangent algorithm, the displacement analysis uses the arc cosine algo-
rithm, avoiding any pole limit in the distance analysis process. The minimum step size of the final experimental displacement
system is 5 nm, which exhibits good repeatability, and the average error is less than 0.12 nm.
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1. Introduction

Since the beginning of the 21st century, with the rapid develop-
ment of microelectronics manufacturing, ultraprecision
machining, aerospace, and other fields, high-precision and high-
sensitivity microdisplacement measurements have received sig-
nificant attention[1–3]. Currently, thesemeasurement techniques
are roughly divided into two categories: nonoptical and optical
methods. Nonoptical methods include capacitive and inductive
sensors[4–6]. Although these methods can achieve high-
resolution, high-precision, and low-power microdisplacement
measurements, their measurement range is only from tens of
nanometers to micrometers[7]. In contrast, optical methods,
including grating interferometry and laser interferometry[8–11],
are widely used in microdisplacement measurements owing to
their laser monochromaticity and good coherence[12,13]. The
most advanced lithography machine, produced by advanced
semiconductor material lithography (ASML), uses two-
dimensional grating measurement technology. The grating dis-
placement measurement is based on the grating pitch, which
has low sensitivity to the external environment, and the
repeated positioning accuracy can reach several nanometers[14].
However, in the grating production process, an ultraprecise laser
interferometer is still required for positioning and motion lock-
ing[15]. Therefore, in modern ultraprecision processing, laser
interferometry is widely used, owing to its advantages of trace-
ability, high measurement accuracy, fast response time, and
being noncontact.
The Michelson interferometer is the most typical laser inter-

ferometer. The measurement beam is reflected by the target and

interferes with the reference beam, and the intensity of the inter-
ference signal varies periodically according to λ=2. Although it
can achieve nanometer-level measurement accuracy, only a one-
way output signal of light intensity can lead to nonlinear changes
with the change in the distance. This may result in uneven rang-
ing sensitivity and the inability to judge the direction of target
displacement. To solve the above problems, researchers have
conducted considerable improvement work on traditional
interferometers.
Chu et al.[16] proposed a signal subdivision method that can

be used in laser interferometers. The combination of a double
threshold method and tangent subdivision method overcomes
the inconsistency in the sensitivity of the ratio-amplitude subdi-
vision method within a signal period. However, the signal-to-
noise ratio of the fringe signal directly determines the signal
subdivision accuracy, thus limiting system performance. Xu
et al.[17] designed a nanopositioning system using a polarization
laser interferometer. The photoelectric sensor of the traditional
single-frequency laser interferometer is replaced by a polarim-
eter and equipped with polarization beam-splitting elements,
polarizers, etc. The displacement is converted into the rotation
angle of the synthesized light in the vibration direction using
the interference optical path, and the discrimination of the
displacement direction is realized. The minimum step size of
the system reaches 5 nm. When building the single-frequency
polarization laser interferometer, the polarizer requires strict
adjustment at 45° in both directions; otherwise, phase errors
will be introduced[18], and the intensity noise generated by the
laser spontaneous radiation will also affect the interferometric
system[19]. The use of phase compensation and orthogonal

Vol. 21, No. 10 | October 2023

© 2023 Chinese Optics Letters 101201-1 Chinese Optics Letters 21(10), 101201 (2023)

mailto:yujinlong@tju.edu.cn
https://doi.org/10.3788/COL202321.101201


detection technology can effectively reduce the impact of non-
ideal system construction and laser intensity noise[20–22] and
improve the measurement accuracy and stability of laser inter-
ferometers. Cui et al.[23] studied a novel single-frequency laser
interferometer for nanometer measurement and constructed a
four-way quadrature detection structure. They also eliminated
the polarization mixing cross talk with the minimum number
of quadrature phase error sources and reduced the interferom-
eter period nonlinearity error to 0.2 nm by offset correction.
However, the arctangent algorithm in the phase resolution proc-
ess is restricted by the pole limitation. Therefore, the signal
amplitude carrying phase information needs to be quantized,
sampled, and electronically subdivided to obtain the phase
change, and the electronic subdivision accuracy limits the sys-
tem resolution.
In this study, taking advantage of orthogonal detection, an

orthogonal dual Michelson interferometer displacement mea-
surement system is built, wherein two mutually orthogonal out-
put signals are used to distinguish the displacement direction.
This solves the shortcomings of the uneven ranging sensitivity
of the traditional Michelson interferometer. The arc cosine algo-
rithm is used for signal demodulation, which overcomes the
problem of poles in the arctangent algorithm.

2. Experimental Setup and Principle Analysis

A schematic of the orthogonal double Michelson interferometer
is shown in Fig. 1. A semiconductor laser (with a line width
of 100 kHz and power stability within ±3% for more than 8 h
of continuous operation) produces linearly polarized light
with a wavelength λ of 1550 nm. The laser is guided to a
polarization-maintaining fiber collimator (with central wave-
length of 1550 nm, working distance of 300 mm, and insertion
loss of 0.7 dB) through an optical fiber. The light emitted by the
transmitting collimator is separated by a nonpolarizing beam
splitter (NPBS, composed of two right-angle prisms, with a split-
ting ratio of 50:50 and insensitivity to polarization) in sequence
to form a measurement beam and two reference beams. The two
reference beams are reflected by reference mirrors 1 and 2 and
then reach the receiving collimator through NPBSs 1 and 2.

The measurement beam is reflected by the target mirror and
then passes consecutively through the two NPBSs, forming
two measurement beams that interfere with the two reference
beams at receiving collimators 1 and 2. The receiving collimator
couples the interference light into the fiber, and the photodetec-
tors (PD1 and PD2) convert the two interference light signals in
the two receiving collimators into electrical signals. The dis-
placement of the target mirror relative to the x direction is ana-
lyzed using the interference signal after passing through the
amplifier and digital to analog (A/D) module. A P66.X60K
one-dimensional x direction piezoelectric nanopositioning stage
(with internal high-resolution and fast-response strain sensors
with closed-loop resolution of up to 2 nm) is selected to drive
the target mirror.
The calibration mirror is fixed on the nanopositioning stage

together with the target mirror. The picometer precision laser
interferometer (Attocube Systems AG brand IDS3010, with
strong ranging capability[24,25]) is used to calibrate the distance
measurement results of the dual-interferometer system.
For the light coming out of the emitting collimator, the light

field can be expressed as

E = E0ej�ωt�φ0�, �1�

where ω is the laser frequency, φ0 is the initial phase of the light,
and E0 is the amplitude of the optical field. The optical fields
of the first reference light and the measured light at receiving
collimator 1 are

Er =
1
2
E0

���
R

p
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where Er is the light field of the reference light and Es is the light
field of the measured light, assuming that the reflectivity of all
mirrors is R. φ1 and φ 0

1 are the phase changes produced by
the reference light and the measured light passing through dif-
ferent optical paths, respectively. These two beams interfere at
receiver collimator 1, and the intensity of the interference light
received by PD1 is

I1 = �Er � Es��Er � Es�� =
5
16

E2
0R� 1

4
E2
0R cos�φ 0

1 − φ1�,
�4�

where φ 0
1 − φ1 is the phase difference Δφ1 between the first

reference light and the measured light. Similarly, the intensity
of the interference light received by PD2 can be obtained as

I2 =
1
4
E2
0R� 1

4
E2
0R cos�φ 0

2 − φ2�, �5�

where φ 0
2 − φ2 is the phase difference Δφ2 between the second

reference light and the measured light. ΔL1 and ΔL2 are the
optical path differences between the reference light and theFig. 1. Experimental setup for the orthogonal dual interferometer.

Vol. 21, No. 10 | October 2023 Chinese Optics Letters

101201-2



measured light that interfere at receiver collimators 1 and 2,
respectively. The relationship between (ΔL1, ΔL2) and (Δφ1,
Δφ2) is

Δφ1 =
4πΔL1

λ
, �6�

Δφ2 =
4πΔL2

λ
: �7�

By adjusting the position of reference mirror 2 so that the dif-
ference betweenΔL1 andΔL2 is λ=8� Nλ=2, N = 0, 1, 2, 3, : : : ,

jΔL1 − ΔL2j =
λ

8
� N

λ

2
: �8�

Assuming that the target mirror is at a certain position A,
Eqs. (6) and (7) are substituted into Eqs. (4) and (5), respectively,
and the interference light intensities I1 and I2 at position A can
be simplified by DC offset correction and normalizing the mag-
nitude as follows:

IA1
= cos

4πΔL1
λ

, �9�

IA2
= cos

4πΔL2
λ

: �10�

Assuming ΔL1 > ΔL2, substituting Eq. (8) into Eq. (9) yields

IA1
= cos

�
4πΔL2

λ
� π

2
� 2Nπ

�
= sin

4πΔL2
λ

: �11�

Comparing Eqs. (10) and (11), it can be seen that when the
target mirror is at a certain position, the interferometric light
intensity output from the two detectors varies orthogonally.
Similarly, when the target mirror is moved Δx from position

A to position B, the two interfering light intensities at position B
can be simplified as

IB1
= sin

4π�ΔL2 � 2Δx�
λ

, �12�

IB2
= cos

4π�ΔL2 � 2Δx�
λ

: �13�

A schematic representation of the orthogonal detection
method is shown in Fig. 2.When the target reflector is displaced,
the output current is corrected for DC offset, and the amplitude
is normalized to obtain blue and red lines that vary orthogonally,
as shown in Fig. 2(a).
Using Eqs. (10) and (11), the phase ϕA is demodulated when

the target mirror is located at position A,

ϕA = arccos

 
IA1�������������������

I2A1
� I2A2

q
!
: �14�

Similarly, the phase ϕB is

ϕB = arccos

 
IB1������������������

I2B1
� I2B2

q
!
: �15�

Using Eqs. (14) and (15), we obtain the displacement

Δx =
λ

8π

���� arccos
�

IB1������������������
I2B1

� I2B2

q �
− arccos

�
IA1�������������������
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q �����: �16�

Assuming that all the noise introduced by the system is trans-
formed into intensity noise with a coefficient of α, the light
intensity of the two interferometric signals can be expressed as

I 0A1
= �1� α�IA1

, (17)

I 0A2
= �1� α�IA2

: �18�

Evidently, by substituting Eqs. (17) and (18) into Eqs. (14), the
phase can still be demodulated. The effect of the noise on
the interferometric system can be effectively eliminated using
the orthogonal detection and inverse cosine demodulation
algorithms.
The direction of the displacement can also be determined

by measuring the two interferometric signals while measuring
the displacement. In Fig. 2(b), the normalized interferometric
signals I 01 and I 02 are represented on the x and y axes of the
Lissajous graph, respectively. When the target mirror moves
along the x= − x motion direction, the points in the Lissajous
graph move counterclockwise/clockwise along the circular path
to determine the direction of movement. When the displace-
ment Δx is equal to the laser wavelength, a complete circular
path is achieved.

3. Experimental Results

3.1. Displacement direction discrimination

When the target mirror performs a sinusoidal vibration with a
peak-to-peak value of 20 μm and a frequency of 5 Hz, the two

Fig. 2. (a) Two quadrature signals generated; (b) Lissajous graph.
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interference signals received by PD1 and PD2 are processed to
obtain the mutually orthogonal sine/cosine curves, as shown in
Figs. 3(a) and 3(b), respectively. When the target mirror moves
along the x direction, the phase of the red line leads. When the
target mirror moves along the−x direction, the phase of the blue
line leads, as shown in Fig. 3(c). The two interference signals
before and after the change in the displacement direction were
used to draw the Lissajous figure, as shown in Figs. 3(d) and 3(e).
Due to the sinusoidal vibration of the target with a peak value of
20 μm (much greater than the wavelength of the laser of
1550 nm), the Lissajous figure appears as multiple complete cir-
cular paths. The direction of rotation of the points in the graph
indicates the direction of motion of the object.

3.2. Nanometer-scale displacement measurement results

For comparison with the ranging results of the traditional inter-
ferometer, only the NPBS1, reference mirror 1, target mirror,
and receiving collimator 1 were used to form the traditional
interferometer. The target mirror moved 20 nm every 200 ms
for 18 times. The traditional interferometer only provides an
output interference signal I1. The waveform of the processes sig-
nal is represented by the blue line in Fig. 4(a). The data for each
200 ms interval were averaged to obtain the yellow points in
Fig. 4(a). The phase change Δφ produced by each displacement
is represented by the blue dots in Fig. 4(b). Evidently, at the
extreme point of the interference cosine curve, the phase change
produced by the 20 nm displacement is much smaller than the
maximum slope of the cosine curve; that is, the ranging sensi-
tivity changes with a change in displacement.
Consistent with the ranging conditions of a conventional

interferometer, the orthogonal double interferometer adds an
output signal. When the target moves, two mutually orthogonal
interferometric signals are output by PD1 and PD2, as indicated
by the red and blue lines in Fig. 4(c). The data were averaged

every 200 ms to obtain the yellow line shown in Fig. 4(c). The
phase change Δφ produced by each displacement is obtained
using Eqs. (14) and (15), as shown by the red dots in Fig. 4(b).
Evidently, the phase change obtained by the orthogonal dual-
interferometer system fluctuates around 10° during the 18 dis-
placement measurements. It can be seen that the orthogonal
type dual-interferometer system has better measurement consis-
tency, which is relatively uniform and solves the disadvantage of
the range sensitivity of the conventional interferometer system
varying with displacement.
Substituting the phase change produced by each displace-

ment into Eq. (16), the measured displacement of the dual-
interferometer system is plotted, as indicated by the yellow
points in Fig. 4(d). The measured displacement of the calibra-
tion interferometer is shown as the blue points in Fig. 4(d).
Considering the measurement results of the calibration interfer-
ometer as a benchmark, the displacement error of the dual-
interferometer system is plotted, as indicated by the red dots
in Fig. 4(d). The experimental results show that, in the case of
a displacement step of 20 nm, the dual-interferometer system
using orthogonal detection has a high consistency with the mea-
surement results of the calibration interferometer. The single
measurement error fluctuates within ±5 nm. Subsequently, the
limiting step of the orthogonal dual-interferometer system
was explored.
Figures 4(e) and 4(f) show two sets of measurement results

for the orthogonal dual interferometer and the calibration

Fig. 3. (a) Interference signal received by PD1; (b) interference signal received
by PD2; (c) interference signal variation diagram when the displacement
direction is changed; (d) Lissajous figure when moving along the x direction;
(e) Lissajous figure when moving along the −x direction.

Fig. 4. (a) Conventional interferometer single-channel data acquisition;
(b) phase difference resulting from each displacement; (c) orthogonal
dual-interferometer two-way data acquisition; (d) 20 nm step displacement
measurement results; (e) 10 nm step displacement measurement results;
(f) 5 nm step displacement measurement results.
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interferometer with displacement steps of 10 and 5 nm, respec-
tively. The blue points represent the measurement values of the
calibration interferometer, the yellow points represent the mea-
sured displacement values of the orthogonal double interferom-
eter system, and the displacement error curve is drawn as
indicated by the red point. The displacement recovered using
the orthogonal dual-interferometer system has a good linear
relationship with the displacement measured by the calibration
interferometer, and the errors of multiple measurements are
basically within ±2.5 nm.
Table 1 lists the displacementmeasurement results for steps of

20, 10, and 5 nm. The average error increases with the increase
of the displacement step. As shown in Fig. 5(a), owing to the
installation error of the orthogonal dual interferometer and
the calibration interferometer systems, it is shown that there
is an angle θ between the measurement optical axis and the cal-
ibration optical axis. L is the measured displacement of the cali-
brated interferometer when the target moves from position 1 to
position 2. L cos θ is the measured displacement of the dual-
interferometer system when the target moves from position 1
to position 2. When the displacement step size increases, the
cosine error increases. Owing to changes in the environmental
factors and device performance, the average error did not show
a strict equal proportional increase.

The system resolution is limited due to environmental fluctu-
ations as well as system noise and other factors. Under the same
experimental conditions, the two interferometric signals were
acquired when the target reflector was stationary, as shown in
Fig. 5(b). The phase fluctuation when the target is stationary
can be demodulated using Eqs. (14) and (15), and the root mean
square error of the phase at this time is calculated to obtain the
fluctuation of the displacement, which is the system resolution.
After acquisition and calculation, the range resolution of the
dual-interferometer system was obtained as 700 pm.
The experimental results show that the developed double

interferometer system has good repeatability for the measure-
ment of nanoscale fine displacements and can be reliably used
in the field of nanoscale displacement measurement.

4. Conclusion

A dual-interferometer high-precision microdisplacement mea-
surement system using orthogonal demodulation was designed
to solve the problems of uneven ranging sensitivity and the
inability of the traditional interferometer to determine the dis-
placement direction. The inverse cosine algorithm was used for
displacement analysis. In the experiment, the minimum step
length of the displacement system was measured as 5 nm.
The experimental results exhibited a good linear relationship
with the measurement results of the calibrated interferometer.
The average error is 0.12 nm, and the repeatability is good.
The experimental results show that the developed orthogonal
double interferometer can realize a microdisplacement mea-
surement of 5 nmwith good repeatability, a simple system struc-
ture, and practical value.
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