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Abstract. Laser interferometers and grating interferometers based on optical interferometry are
widely used in displacement measurement of precision machining and testing equipment, such
as the measurement system of integrated circuit equipment, due to their high precision, noncon-
tact, and large dynamic measurement range. The ghost reflection in optical elements may lead to
the periodic nonlinear error of the interferometer and also reduce alternating current/direct cur-
rent. We propose a general method for automatic ghost reflection interface identification. It can
analyze the influence weight of ghost reflection for each interface of any interferometer. In addi-
tion, the manufacturing cost of the interferometer is effectively reduced by optimization algo-
rithms that enable ghost reflection avoidance in the interferometer design. Experimental results
prove the influence weight of ghost reflection at different positions in the interferometer and
provide the parameter selection of the most suitable interface reflection of the interferometer.
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1 Introduction

Optical interferometry technology is widely used in displacement measurement, such as micro-
electromechanical systems, atomic force microscopy, gravitational wave detection, and inte-
grated circuit equipment. It shows the advantages of high precision, noncontact, and large
dynamic measurement range. The interferometer is one of the most commonly used precision
instruments for ultraprecise displacement measurement. Using different interference signal
processing models, the interferometer can be categorized as either homodyne or heterodyne
interferometer; according to the reflection of optical components that use mirrors or diffraction
grating, it may also be divided into laser interferometer or grating interferometer.1–5

The principle of the interferometer is that the Doppler effect produced by the displacement of
the object to be measured is brought into the interference signal through the interfering beams,
which go through a specific structure lens group. The phase shift of the interference signal can be
obtained through a certain phase demodulation calculation, and the measurement results of the
object displacement can be calculated based on the displacement calculation model.6,7 However,
the nonideal factors in this process will affect the quality and accuracy of the measured signal of
the interferometer.8,9 The error phase shift leads to the superposition of Doppler frequency shift
and error phase, so the calculated phase cannot accurately reflect the displacement of the
object.10 As an inevitable stray beam, ghost reflection affects alternating current (AC)/direct
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current (DC) and produces measurement error, so suppressing the ghost reflection of the inter-
ferometer is of great significance.

The ghost reflection is related to the refractive index of adjacent media. The interface reflec-
tance of common optical elements in interferometer ranges from 0.5% to 5%, which can be
reduced to lower than 0.25% by coating in specific materials and wavelength ranges.11

Researchers found that an optical system with 340 interfaces produces about 57,000 first-order
ghosts.12 The trend of multi-axis, integration, and high optical subdivision to achieve higher
resolution causes the structure of the interferometer to become increasingly complex, and the
number of interfaces increase rapidly.13,14 When the number of interfaces in the interferometer
increases, the number of ghost reflection light generated at each interface increases sharply.12

In the imaging system, the optical path passes through the designed optical element in turn
according to the sequence, and the analysis is relatively simple. In the interferometer, the laser
may split and backtrack many times through the same optical element, such as a polarization
beam splitter. In addition, the ghost of the imaging system is stray light that focuses outside the
target signal; however, the ghost reflection in the interferometer will be directly superimposed on
the target optical path, which makes it more difficult to analyze. In the field of imaging system,
there are a large number of studies focus on the stray beam generated by a ghost reflection.15–17

Few studies have systematically examined the influence weight of ghost reflection on interfer-
ometers.15,18 Shapiro and Boyd15 studied the ghost reflection process based on physics and found
that some ghost reflection beams pass through the optical element and enter the detector with the
measured interference beam, such that the received intensity of interference beams can be
regarded as the superposition of the main beam and the stray ghost reflection beam. Hu
et al.18 studied the second-order Doppler frequency shift of a specific mirror and the corner cube
retroreflector (CCR) model and found that the second-order frequency shift is caused by the
second-order ghost reflection, while the second-order frequency shift of the mirror is generated
by the first-order ghost reflection, and when the reflectivity of quarter wave plate (QWP) is set to
0.15%, the nonlinear error caused by ghost reflection in this structure is in nanoscale. Ghosting
can also cause signal overlap, thus affecting the AC/DC of the interference signal, introducing
high electronic noise in the measurement results, and even causes interferometer failure.19 Thus,
ghost reflection is of great significance in interferometer design. At present, the analysis of ghost
reflection is almost dependent on automation methods, which relies heavily on the ability of
designers; therefore, it is easy to miss some interfaces for complex systems. In addition, there
is little previous research on ghost reflection error analysis of interferometers with a general
structure, and thus few applicable methods to refer to. Therefore, a general and automatic ghost
reflection analysis method is needed.

In interferometer measurement system, it is very important to research and develop a general
method to automatically identify the position and energy of stray light generated by ghost reflec-
tion, to realize the quantitative analysis of the periodic nonlinear error of the measurement signal
by ghost reflection. Thus, developing an optimization algorithm to improve design efficiency of
ghost reflection is an effective method.20

In this paper, a general automatic method of identification is proposed that can be used in any
interferometer to identify the ghost reflection and further analyze the effect of different reflec-
tions on the accuracy of the measurement. Finally, according to the analysis results, the manu-
facturing requirements of ghost reflection interface are given considering the measurement
accuracy and manufacturing cost, and the balance between performance and cost is achieved.
The effect of ghost reflection on interferometer signal and measurement resolution is analyzed.
To reduce the operation complexity of the proposed method, a program is applied, which con-
tains a convenient human–computer interaction and it greatly improves the analysis efficiency of
ghost reflection in interferometer design. The experimental results show that the proposed
method accurately reflects the influence weight of ghost reflection on an interferometer case
and shows the method to be efficient. As a result, on the premise of ensuring the performance
is basically unchanged, the manufacturing cost is reduced by 45%. Our optimizations can be
applied to most interferometer structures. The researchers need to establish a model in the
ZEMAX ray tracing software. After interacting with the model in ZEMAX and the MATLAB
program, by changing component numbers and object interface numbers in order and technical
specifications according to the needs, the location identification of ghosts and the weight
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analysis of measurement values can be realized. In addition, when they need to carry out the
actual manufacturing cost control in optimization, the algorithm can achieve the lowest cost
optimization under specific technical specifications.

2 Principle

2.1 Analysis and Optimization Method of Ghost Reflection

As shown in Fig. 1, the method has three steps. First, the interferometer interfaces have enu-
merated that laser through in the component for the identification to avoid missing the interface.
Second, the interface weight analysis is carried out by specifying the reflectivity of every inter-
face in turn and calculating the influence. Finally, the optimized design is achieved according to
the optimal cost as the goal.

2.1.1 Identification method of ghost reflection interfaces

Ghost reflection can be divided into the following three types in the interferometers. The first one
is the light leakage due to ghost reflection, in which the detector does not acquire the stray beam
caused by ghost reflection. It generates energy loss of the laser beam and reduces AC/DC, but
does not import periodic nonlinear error. The second type of stray beam is caused by acquisition
of the ghost reflection by the detector along with the reference beam. It does not follow the
designed optical path, which will change the equivalent optical path. However, due to the highly
integrated design, the periodic nonlinear error it causes can be ignored, and it only exists in a few
specific types of interferometers. The last kind of stray beam caused by ghost reflection is the
measurement beam passing through the object to be measured. When the beam does not contain
displacement information or nonideal displacement information acquired by the detector, it will
cause periodic nonlinear error, which affects the measurement accuracy.

Therefore, the identification of ghost reflection first needs to determine each interface. In the
method, the model was established based on ZEMAX ray tracing software, and all the interfaces
were first sorted according to the sequence of laser passing. Every interface of the optical
element that the laser passes will be recorded and analyzed in order. Therefore, this method
solves the problem that the key ghost reflection interface may be missed by manual analysis
for complex structures and the interface position is displayed by serial number.

2.1.2 Ghost reflection influence analysis

The identification of ghost reflections mentioned above requires periodic nonlinear error and
AC/DC comparisons to analyze the effects of ghost reflections at each interface to achieve the
identification. By assigning different reflectivity to each interface, all interfaces are used in the
interface reflectivity setting. The ideal case of zero reflectivity is used as the control group. By
comparing the model with the set of ghost reflectivity and by comparing the performance of the
interferometer under different reflectivity of the interface, the influence weight of the measure-
ment is quantitatively analyzed. By comparing the performance under different reflectivity,
the interface with severe ghost reflection is identified, and the interface position is displayed by
serial number, thus providing guidance for designers. The method is general and suitable for

Fig. 1 Steps of the method for automatic ghost reflection interface identification.
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any type of interferometers. In this study, we only take the two most representative interferom-
eters of homodyne and heterodyne as examples. For other types, we can modify the model
according to the principle of interferometer. The analysis method for the periodic nonlinear error
and AC/DC of the interferometer is as follows.

Because the two beams are produced by the same laser, the frequency, f, the amplitude,
A, and the initial phases, θ1, θ2 are the same for both. The two beams are expressed as

EQ-TARGET;temp:intralink-;e001;116;663

E1 ¼ Aeif2π½fþfdðtÞ�tþθ1g;

E2 ¼ Aeið2πftþθ2Þ: (1)

Phase discrimination by four detectors is an available method applied to the homodyne inter-
ferometer. It is well known that the homodyne optical structure can split the incident beam into
four parts to form four interference fringes, and the phase difference of each group of interference
fringes is 90 deg.

For the heterodyne interferometer, when the frequencies of the two beams are adjusted by
the acousto-optic modulator, the frequencies of the two beams are set as f1 and f2. The two
beams are expressed as

EQ-TARGET;temp:intralink-;e002;116;528

E1 ¼ Aeif2π½f1þfdðtÞ�tþθ1g;

E2 ¼ Aeið2πf2tþθ2Þ: (2)

The stray light generated by the ghost reflection is partially leaked, and the ghost reflection
beam entering the detector is expressed as

EQ-TARGET;temp:intralink-;e003;116;453

Eg ¼ Eg0 þ Eg1 þ Eg2 þ Eg3 þ : : :

¼ Ag0eif2πf1tþθ1g þ Ag1eif2π½f1þfdðtÞ�tþθ1g þ Ag2eif2π½f1þ2fdðtÞ�tþθ1g

þ Ag3eif2π½f1þ3fdðtÞ�tþθ1g þ : : : ; (3)

where Eg0 represents the optical vector without Doppler effect, Eg1, Eg2, and Eg3 represent the
optical vector with first-, second-, and third-order Doppler effect. Only the Doppler effect lower
than third-order is expressed in the model. Ag0, Ag1, Ag2, and Ag3 represent the amplitude of
the ghost reflection, and θ1 represents the phase of the ghost reflection.

To the two interference signals used for measurement, after the superposition of the two
beams, the synthesized intensity of the beam remains unchanged and the intensity is affected
by the initial phase. The intensity is expressed as

EQ-TARGET;temp:intralink-;e004;116;299I ¼ ðE1 þ E2ÞðE1 þ E2Þ ¼ A2
1 þ A2

2 þ 2A1A2 cosðθ1 þ θ2Þ: (4)

When considering ghost reflection, it can be regarded as three-light interference

EQ-TARGET;temp:intralink-;e005;116;253I ¼ ðE1 þ E2 þ EgÞðE1 þ E2 þ EgÞ: (5)

The phase demodulation can be realized by the operation of difference comparison. Two
orthogonal signals are obtained by subtracting two sets of signals with phase difference of
180 deg. The variation φ of the phase of S polarized and P polarized is expressed as the light
intensity I1 − I4

EQ-TARGET;temp:intralink-;e006;116;170φ ¼ ΔθP − ΔθS ¼ arctan

�
I4 − I2
I1 − I3

�
; (6)

where ΔθS and ΔθP represent the variation of the phase of S polarized and P polarized, respec-
tively. The phase shift of the measured beam is obtained by the homodyne phase calculate
method.

When considering ghost reflection, the nonideal interference signals are coupled into light
intensity, producing error in the known phase discrimination method.
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When the mirror fixed on the moving object moves along the Z direction, the phase infor-
mation introduced in the measurement beam is obtained as

EQ-TARGET;temp:intralink-;e007;116;711φ ¼ 2π

Z
fdðtÞdt: (7)

In this interferometer model, the calculated displacements are expressed as

EQ-TARGET;temp:intralink-;e008;116;655zðtÞm ¼ φ

2nπ
λ ¼ φ

8π
λ: (8)

After calculating the displacement by intensity, the measurement error is expressed as

EQ-TARGET;temp:intralink-;e009;116;603Error ¼ zðtÞr − zðtÞm; (9)

where zðtÞr represents the actual set displacement of the motion table, zðtÞm represents the
calculated displacement, n represents the optical subdivision, in this model n ¼ 4, λ represents
the wavelength of the laser.

The AC/DC of the interference signals should be considered in the measurement of the inter-
ferometer. It directly affects the quality of the AC signal used for phase calculation. When it is
not high enough, it will lead to high electronic noise and even failure of measurement. The
rotation angle generated by the mirror moving leads to the spot separation, and the angle between
the interfering beams and the AC/DC of the signal will be affected. The spot separation makes
that the two beams have no interference occurred, and the angle between the beams will form
interference fringes. The interference signal used for phase calculation is the integral of the inten-
sity in the coupling area of the detector. The appearance of the interference fringes will lead to
an increase in the direct flow of the interference signal and the decrease of the AC amount.
The decrease in AC/DC will lead to an increase in measurement uncertainty, and the high
DC component will also increase the requirements for photoelectric detectors and other devices.
AC/DC of interference signal is expressed as

EQ-TARGET;temp:intralink-;e010;116;392

AC

DC
¼ IAC

IDC
¼ maxðIÞ −minðIÞ

maxðIÞ þminðIÞ : (10)

In the analysis of interfacial reflections of ghosts, the optical elements in an interferometer
can be considered as three types: splitting, refractive, and polarization control elements, and can
generally be classified as objects with more than two interfaces and two interfaces. Figure 2
shows a schematic diagram of the ghost generated by laser through two types of optical elements,

Fig. 2 Schematic diagram of optical path structure of laser through (a) more than two interface
optical elements and (b) two interface optical elements.
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in which the solid blue line represents the ideal light path and the dashed red line represents
the ghost reflection.

2.1.3 Optimization method

Due to that the ghost reflection of each optical interface of the interferometer system will lead to
the reduction of AC/DC and cause a periodic nonlinear error, thus affecting the measurement
accuracy. Therefore, it is necessary to increase the transmittance of each interface as much as
possible to suppress the nonideal optical path. Coating is a common way, but different antire-
flection film correspond to the manufacturing process and difficulty is directly related to the cost.
With the premise of determining the technical specification of the interferometer, the upper limit
of ghost reflectivity of each interface determines the cost of the interferometer. Because different
interfaces in a complex interferometer have different weights for the measurement of the inter-
ferometer, it is necessary to develop an algorithm. Considered the production cost, the upper
limit of ghost reflectivity of each optical interface that meets the technical specification of the
interferometer is given. The influence of the interface of different optical elements on the meas-
urement signal and the measurement accuracy is coupled, and as the number of optical elements
increases, the influence of different interface reflectivity on the measurement results increases
exponentially. For complex systems, to optimize the reflectivity of each interface efficiently, the
genetic algorithm is used to optimize the ghost reflectivity of each interface of the known system.
The single objective of the optimization is to minimize the manufacturing cost of each trans-
mission interface of the system. The two constraints are that the measurement error is not higher
than the required precision and the AC/DC value is not lower than the given technical speci-
fication. The two technical specifications are similar to some extent, but not positively correlated.

The investigation shows that the interface ghost reflectivity range of the optical element is
0% to 5%. We investigate commercial coating quotes from related optical companies, the
relationship between reflectivity and manufacturing cost is nonlinear, which can be fitted by
a piecewise function. The corresponding relationship between the reflectivity and manufacturing
cost is expressed as

EQ-TARGET;temp:intralink-;e011;116;387gðxÞ ¼
8<
:

1013.2x2 − 2371xþ 1913.6; 0.1 < x ≤ 1

77.86x2 − 523.99xþ 995.24; 1 < x ≤ 3

77.86x2 − 523.99xþ 995.24; x ≥ 3;

(11)

where x represents the reflectivity and the unit is %, gðxÞ represents the manufacturing cost of
the current interface reflectivity at an appropriate size and the unit is ¥.

Due to the limitation of manufacturing cost and manufacturing capacity, the technical spec-
ifications of most optical products with lens groups are limited by ghost reflectivity. By discretiz-
ing and parameterizing the decision variables, the optimization problem is transformed into a
nonlinear programming problem. Because the actual reflectivity of each interface is discontinu-
ous, 12 discrete points are taken in the interval of 0.1% to 5%; the above values are common
coating specifications and can represent the actual situation better, which are defined as set
D = [0, 0.001, 0.005, 0.01,0.015,0.02, 0.025, 0.03, 0.035, 0.04, 0.045, 0.05].

The decision variable X is expressed as

EQ-TARGET;temp:intralink-;e012;116;207X ¼ ðx1; x2; : : : ; xkÞT; xi ∈ D (12)

The optimization objective FðXÞ represents the manufacturing cost of the interferometer
optical element at variable X, where k is the number of interfaces.

The objective min FðXÞ of optimization and the constraints ErrorX and AC∕DCX are
expressed as

EQ-TARGET;temp:intralink-;e013;116;126

min FðXÞ ¼ min Fðx1; x2; : : : ; xkÞ ¼ gðx1Þ þ gðx2Þ þ : : : gðxkÞ ¼ min
Xk
i¼1

gðxiÞ; (13)

EQ-TARGET;temp:intralink-;e014;116;64gðxÞ ¼ −10.353x5 þ 143.29x4 − 758.58x3 þ 1974.6x2 − 2734.2xþ 1941.1; (14)
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s.t.

EQ-TARGET;temp:intralink-;e015;116;723

8<
:

ErrorX ¼ fθðXÞ ¼ fθðx1; x2; : : : ; xkÞ ≤ Errormax; xi ∈ D

AC∕DCX ¼ hθðXÞ ¼ hθðx1; x2; : : : ; xkÞ ≥ AC∕DCmin; xi ∈ D
xi ∈ D; D ¼ ½0; 0.001; 0.005; 0.01; 0.015; 0.02; 0.025; 0.03; 0.035; 0.04; 0.045; 0.05�:

(15)

After constructing the optimization model, the genetic algorithm is initialized. Heuristic pop-
ulation initialization was adopted. The first generation generated the 12 populations above and
88 random populations with equal reflectivity to form an initial population of 100 groups X.
Based on the amount of data and experience, we chose to set the number of the initial generation
at 100 samples, of which we chose 12 samples that are set to the same known reflectivity as
a subjective optimization behavior; to effectively determine the interferometer manufacturing
range, the remaining 88 samples are selected to ensure that the genetic algorithm optimization
comprehensive.

The objective function value FðXÞ of the initial population is calculated. (The technical speci-
fication is calculated after ZEMAX ray tracing, and the objective function is calculated when the
constraint condition is satisfied.) According to it, the fitness function of the initial population is
set. (The optimal proportional selection method is adopted, andM individuals (M ≤ 10) with the
minimum objective function FðXÞ satisfying the constraint condition are selected.) The objective
function values are arranged from large to small and assigned 1 −M. The probability that the
individual is selected can be expressed as

EQ-TARGET;temp:intralink-;e016;116;467Pi ¼ Mi∕
XM
j¼1

Mi: (16)

The retained individual was selected as the parent and the mother, and its chromosomes were
extracted for crossover (Pc ¼ 0.6) to produce offspring (exchange xi). The chromosome of the
offspring is mutated (Pm ¼ 0.6), and the reservation with high fitness is screened. In the algo-
rithm, subjective optimization is that when the known variable group does not satisfy the con-
straint condition, it no longer crosses and mutates in the direction of increasing variables, and
when the objective function FðXÞ of the known variable group and the known variable group is
not higher than the existing variable group, it is no longer crossed and mutated in the direction of
variable reduction (cost increase). And elite selection is used to retain the optimal individual in
each iteration process.

Repeat the above steps until a new population is generated, and the termination condition is
to complete the cycle after a given evolutionary generation or the optimal individual in the pop-
ulation is continuously not improved. The optimization process of interferometer manufacturing
cost parameters based on the genetic algorithm is shown in Fig. 3.

2.2 Implementation of Analysis and Optimization Method of Ghost Reflection

The implementation of the method above requires a model based on ZEMAX ray tracing soft-
ware. Therefore, a model is used for verification, which is established based on the cosimulation
of ZEMAX ray tracing software in a nonsequential mode and MATLAB to verify the technical
specification of the laser interferometer, including displacement measurement accuracy and
angular tolerance performance.

2.2.1 Automatic ghost reflection interface identification

As shown in Fig. 4, the optical path structure of a typical interferometer is a quadruple optical
subdivision interferometer based on the parallel reflection characteristics of the CCR.4 The
measured optical path passes through the object to be measured twice, and the upper and lower
layers of the optical path are realized after passing through the CCR. The structure is compact,
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but it puts forward higher requirements for tooling and alignment. The geometric analysis of the
optical path is carried out, including (1) representing the first ghost, (2) representing the second
ghost, and (3) representing the third ghost.

The simulation model of the laser interferometer is shown in Fig. 4. The wavelength of
the laser in the model is set to 780 nm, the diameter of the laser beam diameter is 1 mm,
and the initial energy is 1 J. The frequency of the incident beam is expressed by f as the
diameter of the photodetector is 1 mm. The mirror for measuring beam can move along the
Z direction and rotate along the X, Y, and Z directions at a suitable speed under the control
of MATLAB.

Fig. 4 (a) Schematic diagram of optical path structure of quadruple optical subdivision laser
interferometer system. QWP, quarter wave plate; PBS, polarizing beam splitter; CCR, corner
cube retroreflector; M, mirror; LP, linear polarizer. (b) Simulation optical configuration model with
ZEMAX.

Start

Whether to meet the 
number of iterations

Population initialization and 
genetic parameter setting

Screening and elimination

Objective function 
calculation

and constraint condition 
comparison

Crossing and 
variation

Y

N

End

Get the optimal individual

Fig. 3 Optimization process of influencing factor parameters based on genetic algorithm.
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2.2.2 Interface weight analysis of ghost reflection

For heterodyne interferometer, ZEMAX simulation has no time concept and no heterodyne
frequency. That is, the software cannot provide heterodyne interferometry directly based on
phase demodulation, nor can it be used to simulate ghost reflection error. Although ZEMAX
ray tracing software has no time series, its initial phase can be changed. Based on the interactive
extension of ZEMAX and MATLAB, by self-determining a time series and giving the initial
phase a change over time, the following phase changes can be obtained through reasonable
parameter settings to simulate the heterodyne interferometer dynamic signal:

EQ-TARGET;temp:intralink-;e017;116;458

θ1 ¼ 2πΔft;

θ2 ¼ 0; (17)

where Δf is the frequency difference of the two beams, t is the time, and 2πΔft is the phase
difference of the two beams. Assuming that the initial phase of one of the beams is 0, the initial
phase of the other beam is 2πΔft.

By substituting Eq. (17) into Eq. (1), it can be concluded that by giving the initial phase a
constant time variable, ZEMAX ray tracing software can be used to provide simulation method
in heterodyne interferometry. Figure 5 shows the relationship between signal strength and phase
of the simulation model under ideal conditions.

The displacement measurement accuracy can be obtained by the difference between the
actual set motion displacement of the reflector and the measurement results collected by the
interferometer. First, the reflector in ZEMAX ray tracing software is driven by MATLAB to
move at a known speed. After each displacement of the reflector, the intensity of the light of
the detector is acquired and the data are stored. Then, the phase of the interference signal is
inversed by the intensity of the light acquired by the detector. And the interference phase is
converted into the measurement displacement to obtain the calculated displacement. After sub-
tracting the calculated displacement from the known movement displacement, the measurement
error Δz can be obtained. Figure 6 shows the measurement error curve when the ghost reflection
of each interface is not considered in this structure, and the measurement error is about 0.12 nm.
This error comes from the model establishment of other error sources except ghost reflection,
such as tooling error and environmental error.

To provide the simulate of the angular tolerance with the interferometer structure, it is repre-
sented by AC/DC. First, the reflector in ZEMAX ray tracing software is driven by MATLAB to
rotate along three axes at a certain angle, and the intensity of the light of the detector is collected
after each rotation, and the data are stored. Then, the AC/DC is calculated using Eq. (8) offline
through the collected intensity of the light of the detector data. By judging the range of AC/DC
value, the angular tolerance can be obtained. As shown in Fig. 7, in the range of�1.5 mrad, when
the ghost reflectivity of each interface is not considered, the variation line of AC/DC with the
three direction axes is obtained. It can be seen that in the above rotation angle range, the minimum
value of AC/DC is higher than 50%, and the average value is higher than 80%. Therefore, in this
structure and working condition, the rotation angle tolerance is �1.5 mrad at least.

Fig. 5 Simulation result of the intensity and phase difference.
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As shown in Fig. 8, the AC/DC and measurement error changes of the known model under
different ghost reflectivity are set by App Designer from 0% to 5%. It can be seen from Fig. 8(a)
that with the increase of the ghost reflectivity from 0% to 2%, the average value of AC/DC
received by the detector decreases, but it is not obvious. When the ghost reflectivity exceeds

Fig. 7 Simulation result of the signal contrast with angular deflection varying in three directions of
rotation.

Fig. 8 (a) The relationship between simulation result AC/DC and ghost reflectivity ranges varying
from 0% to 5% with all the interfaces. (b) Simulation result of the measurement error with reflec-
tivity ranges varying from 0% to 5% with all the interfaces. (c) The variation curve of measuring
accuracy with reflectance is fitted by third-order polynomial.

Fig. 6 Simulation result of the measurement error with displacement. (a) The displacement mea-
sured by the interferometer and the actual set motion displacement within 1 s. (b) The difference
between the actual set motion displacement of the reflector and the measurement results collected
by the interferometer.
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2%, the AC/DC of the interferometer under this structure decreases sharply, indicating that the
structure can meet better interference signal quality within the range of ghost reflectivity below
2%. It can be seen from Fig. 8(b) that with the increase of the ghost reflectivity from 0% to 2%,
the measurement error calculated by the intensity of the light of the acquisition detector increases
significantly and almost exponentially. When it exceeds 2%, the growth rate of the interferometer
measurement error under this structure slows down, but the error value is high, indicating that the
measurement error is more sensitive to reflectivity than AC/DC. The curve fitting of measure-
ment error with the change of reflectivity is performed, as shown in Fig. 8(c), and the functional
relationship shown in the following equation is obtained. Through this equation, the measure-
ment error of this structure interferometer under different reflectivity interfaces can be basically
deduced

EQ-TARGET;temp:intralink-;e018;116;444y ¼ −23353x3 þ 1606.8x2 þ 12.17xþ 0.0999: (18)

It can be seen from Fig. 8(b) that when the ghost reflectivity is 0.5%, the measurement error
of the interferometer is 0.2 nm. The influence weight of each boundary on the measurement error
is tested by simulation with this reflectivity. By setting the ghost reflectivity of 0.5% on the App
Designer interface, the weight analysis button of each interface is selected, and the backend
program is called by the control variable method to modify the ghost reflectivity of each interface
in ZEMAX. When only considering the first-order ghost, the influence of the reflectivity of
different interfaces on the measurement error is obtained, as shown in Fig. 9. It can be seen
from the diagram that the ghost reflection at QWP has the greatest influence on the measurement
error of the structure, accounting for almost half of the measurement error. The second place is
the mirror group [MG is made up of polarizing beam splitter (PBS) and CCR], and the influence
accounts for 36%. The influence of linear polarizer (LP) is 17%, which is the smallest.

2.2.3 Optimization algorithms and guides for the interferometer design

Automatic ghost reflection interface searches and optimization design are proposed for the
method. Based on the ZEMAX ray tracing software, the physical model of the optical path
is established in this method, which can realize the function of optical tracking and the detection
of interference intensity of the light. MATLAB software can be connected in ZEMAX ray
tracing software so as to control the motion of the object to be measured in ZEMAX, acquire
the intensity of the light of the detector, perform displacement calculation and error comparison,
and change simulation parameters in ZEMAX, such as interface reflectance. In the part of
optimization design, a genetic algorithm is applied to control the direction of optimization in
MATLAB. The App Designer interface is a human–computer interaction used for automatic
ghost reflection interface search and optimization design. By editing the visual interface,
MATLAB functions are called and results are displayed. It greatly facilitates the operation of
designers. The functional implementation module of this method is shown in Fig. 10.

The influence of ghost reflectivity on the measurement signal quality and measurement accu-
racy is simulated by controlling ZEMAX ray tracing software by MATLAB. It is known that
the ghost reflection interface is the source of ghosts. To find the influence weight of ghost

Fig. 9 Influence of different interface on measurement error weight proportion.
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reflection on the interferometer more conveniently, an App Designer interface for human–
computer interaction is established. App Designer is an environment for building MATLAB
applications. As shown in Fig. 11, the interface is more comfortable than GUIDE after optimi-
zation and updating. By calling the MATLAB function and modifying parameters in the visual
interface, it is more convenient to control ZEMAX ray tracing software and simulate the inter-
ferometer. First, setting all interfaces at the App Designer interface with the same ghost reflec-
tivity, the ghost reflectivity is tested according to the actual reflectivity film of the optical element
used in the actual manufacturing, such as 0.3% or 5%. Then, when the weight analysis function
of different interfaces is selected in the program interface, the control variable method is used to
perform the optical tracking simulation on each interface with two standards as the measurement

Fig. 11 Diagram based on App Designer development for human–computer interaction program
interface.
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Fig. 10 Automatic ghost reflection interface search and optimization design function module
diagram.
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accuracy and AC/DC, so as to obtain the interface that affects the interferometer most seriously.
Subsequently, it can be optimized by optimizing the component coating process or structural
compensation. The program interface can also input the technical specification parameters of
the interferometer according to the measurement requirements and output the range of ghost
reflectivity of each interface that meets the given requirements after the optical tracking
simulation in the program interface.

Without considering the manufacturing cost, when the reflectivity of all interfaces is the
minimum, the measurement error of the interferometer obtained in the simulation is about
0.29 nm, in the range of �1.5 mrad, the minimum value of AC/DC is higher than 50%.
With guaranteed technical specification that measurement error is about 0.31 nm and in the range
of �1.5 mrad, the minimum value of AC/DC is higher than 50%. After optimization with the
goal of reducing costs, several key interfaces for ghosting maintain high costs, and other inter-
faces reduce manufacturing costs obviously. Figure 12 shows that the optimization method
maintains the measured technical specification within the acceptable range, but the manufactur-
ing cost is reduced by about 45%, and after 10 iterations, on the premise of ensuring the technical
specification, the overall optical element cost of the interferometer is significantly reduced,
the optimization effect is improved by about 14% compared with the conventional genetic
algorithm.

3 Quadruple Optical Subdivision Experiment

To verify the effectiveness of the above method, a traditional interferometer structure for ghost
reflection identification and optimization, the structure is more integrated, quadruple optical sub-
division is a suitable sample for method validation. The influence of stray light caused by ghost
reflection in the interferometer on the measurement signal AC/DC and measurement accuracy
was verified by experiments.

In the experiments, a typical quadruple optical subdivision interferometer was built as shown
in Fig. 13. A linearly polarized 780 nm laser beam is incident on a PBS. Then the beam is divided
into two parts: one beam passes through a QWP and points to a reference mirror, which was fixed
and kept absolute static; and the other passing through another QWP enters the target mirror
which was fixed on a precision stage. Both beams pass through QWP twice, and their polari-
zation changes 90 deg, and they pass PBS in the opposite way before. Then two beams pass
through the CCR and exit in parallel. Finally, the beams are incident on the reference mirror and
the moving target mirror through PBS again. After returning, the beams interfere at the position
of PBS. Finally, the interference beam enters the photodetector. The displacement in the experi-
ment was realized by a precision piezoelectric platform (P-587, PI Inc.). The target to be mea-
sured was a plane mirror fixed on the upper precision piezoelectric motion platform.

Fig. 12 Objective function curve of parameter optimization.
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To verify the influence of ghosts generated by the above ghost reflectivity on the AC/DC
measurement signal and measurement accuracy of the interferometer, the interference signal
obtained by the above interferometer is transmitted to the photoelectric detector for photoelectric
conversion, and the digital oscilloscope is used to display the waveform of the interference
signal. The interference signal waveform with the ideal condition is shown in Fig. 14(a). By
converting the output signal into the measurement phase through the phase plate, the phase is
resolved by the phase plate, and the obtained measurement phase is offline processed by
MATLAB software to obtain the displacement. The measurement accuracy of the ideal situation
is shown in Fig. 14(b). The measurement error in Z direction is 0.51 nm. The error comes from
the motion error of the micro stage and the measurement error of the interferometer, which is in
good agreement with the simulation results. Figure 14 shows the displacement measurement
results of the grating interferometer with a sampling rate of 5 kHz. The experimental results
were obtained within 1 s.

The errors affecting the interferometer include environmental errors, instrument errors, and
so on. In this study, when changing the ghost reflection of the interferometer, it is assumed that
other factors affecting the accuracy remain constant. To verify the influence of optical element
interfaces with different reflectance on the measurement indexes of the interferometer, different
types of PBS, QWP, CCR, and LP for different wavelength segments were used to build the
interferometer with the same structure to verify the influence of ghost reflection. By testing
different types of optical elements, the reflectance of QWP and MG is 0.3% and LP is 1% when
the optical elements with the most ideal reflectance are used. The ghost reflectance of QWP and
MG group is 1% and LP is 2%. Table 1 shows the experimental parameters of four different
interface with nonideal reflectance experiments with the above optical elements.

Fig. 13 Overall perspective of experiment setup.

Fig. 14 (a) The interference signals obtained. (b) The measurement error obtained.
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Figure 15 shows the measurement errors in experiments with four different parameters in
Table 1. It can be seen that the influence of QWP and MG with different transmittance (the
MG in this structure only has PBS and CCR) and LP on the measurement accuracy of the inter-
ferometer is basically consistent with the trend of simulation results. By comparing experiments
1 and 2, it can be seen that the ghost reflection at QWP has the greatest influence on the meas-
urement error of the structure. When the reflectance increases from 0.3% to 1%, measurement
error increases by 216%. The second most influential is MG (in this structure, MG only has PBS
and CCR). When its reflectance increases by the same amount, the measurement error increases
by 139%. When the reflectance of LP increases from 1% to 2%, the measurement error increases
by 6%. Therefore, the interferometer can take the interface reflectivity shown in experiment 4 to
achieve a measurement error within 0.54 nm and the lowest manufacturing cost, thus providing
guidance for the interferometer. With the premise of the lowest manufacturing cost, by analyzing
the influence weight of ghost reflectivity on the interferometer measurement signal and meas-
urement resolution, the nonideal position that mainly affects the interferometer measurement is
identified and also verifies the rationality of the proposed optimization method.

4 Conclusions

We studied the influence of ghost reflection on the interferometer signal and measurement error
used for the precision measurement of equipment such as a lithography machine workpiece table
and proposed a general method for automatic ghost reflection interface identification based on

Table 1 Error with reflectivity in different experiment number.

Optical element QWP MG (PBS) LP

Total Error (nm)Experiment number Reflectivity (%)

1 0.3 0.3 1 1.6 0.51

2 1 0.3 1 2.3 1.61

3 0.3 1 1 2.3 1.22

4 0.3 0.3 2 2.6 0.54

Fig. 15 Measurement errors of the different interface with nonideal reflectance.
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ZEMAX ray tracing software for research. To modify parameters in the visual interface, a pro-
gram is applied based on App Designer to find the source of ghost reflection and analyze the
influence weight. Finally, a typical interferometer model is used to verify the effectiveness of
the proposed method. The results show that the ghost generated by the ghost reflection will affect
the measurement signal and measurement accuracy of the interferometer. And the proposed
method accurately reflects the influence weight of ghost reflection on interferometer interfer-
ometry. The interferometer can achieve a measurement error within 0.54 nm and maintain the
lowest manufacturing cost. It can be proved that the ghost reflectance of the main optical ele-
ments in the interferometer will affect the measurement error, and QWP has the greatest impact
on the structure of the interferometer.
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