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A B S T R A C T

Vertical scanning interferometry (VSI) is a non-invasive and effective method for three-dimensional (3D) mea-
surement and surface characterization. A fast and accurate surface recovery algorithm based on interference
signal pre-filtering and statistical phase compensation is proposed for VSI working at the long coherence length.
The simulated and experimental results demonstrated that the proposed algorithm is more robust than con-
ventional methods such as white light phase shifting interferometry (WLPSI) and Hilbert transform in terms of
intensity noise and positioning noise at the condition of a light source with a long coherence length. The
measured standard deviation (SD) using the proposed algorithm for the standard step sample is 1.5 nm, while the
SDs measured by conventional WLPSI and Hilbert transform are 171.4 nm and 30.7 nm respectively, which
demonstrated the high accuracy of the proposed algorithm under the condition of a long coherence length.

1. Introduction

The rapid development and extensive applications of optical com-
ponents and micro-electromechanical system (MEMS) devices demand
advanced measurement techniques with extreme accuracy [1–3], in
order to ensure their performance and reliability as well as to optimize
the manufacturing process [4]. Optical metrology techniques, such as
vertical scanning interferometry (VSI), phase shifting interferometry
(PSI), focus variation microscopy and confocal microscopy, have been
widely employed for surface profile measurement and dimension
metrology [5,6]. PSI and VSI are the two primary optical interferometry
methods that have high-resolution, widefield and nondestructive char-
acteristics [7]. Single-wavelength PSI has the issue of unidentifiable
zero-order fringe because of the periodic intensity response [8]. As a
result, the single-wavelength PSI suffers from 2π ambiguity despite the
measurement precision can reach up to λ/1000 [9], which limit its
application in the measurement of only smooth surfaces. To overcome
the phase ambiguity for measuring non-smooth structures,
multiple-wavelength PSI has been proposed to extend the unambiguous
range via equivalent wavelength [10,11], which in turn complicates the
illumination system [12]. In contrast, VSI using a broadband light source
with short coherence length has been more extensively applied in the

measurement of discontinuous structures and rough surfaces. The
interference signal of VSI only appears within the coherent length and
presents the maximal modulation value when the optical path difference
between the reference and object beams is zero [13]. The position of
coherence envelope peak is regarded as position of zero optical path
difference (ZOPD). Therefore, VSI scans the object vertically and ana-
lyses the peaks of coherence envelopes for each pixel, after which the
surface height distribution can be reconstructed by positioning the
vertical position of envelope peaks without phase ambiguity [13,14].

White LED has been widely utilized in VSI because it has greater
power, longer lifetime, low heat dissipation and compactness [15],
compared with tungsten-halogen lamps. However, the wide spectrum
introduces some typical problems due to dispersion effects and lateral
chromatic aberrations [16,17], such as measurement errors in the en-
velope evaluation and ghost steps in the phase evaluation, especially for
tilted and curved surface [6,18,19]. Moreover, the bimodal feature of a
white LED affects the envelope curve of interference signal, which brings
a great challenge to envelope peak extraction [20,21]. Although short-
ening the bandwidth of a white LED using a bandpass filter may alleviate
the aforementioned issues, the increased coherence length means that
the fringe packet and the full width at half maximum (FWHM) of en-
velope curve are wider, which increases the difficulty of positioning the
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envelope peak and ZOPD, especially when multiple error sources exist in
the system, such as light source fluctuation, the uncertainty of piezo-
electric transducers (PZT), floor vibrations and air turbulence. Accord-
ing to the theory of envelope-peak-sensing, the surface recovery
algorithms of VSI can be divided into direct and indirect methods.
Typical direct methods involve interpolation method, centroid method
[22] and spatial frequency domain analysis method [23], while the
representative indirect methods include polynomial fitting method [24],
Fourier transform method [25], Hilbert transform method [26] and
wavelet transform method [12]. Although the envelope peak position is
strongly related to the position of ZOPD, the position of the envelope
peak is not exactly the same as the ZOPD’s. Since the white light
interferogram includes both fringe and coherence envelope features, the
improved approach called white light PSI (WLPSI) combines VSI and PSI
to obtain the position of ZOPD nearest to the envelope peak. Shen et al.
[13] proposed nine- or eleven-steps phase-shifting algorithms based on
local linear conditions of envelope function to determine the position of
ZOPD. Vo et al. [1] combined white light phase shifting and fast Fourier
transform envelope-peak-sensing to solve the problem of positioning
error in the maximum modulation and batwing effect at the step edges.
Chen et al. [8] introduced a white light phase-shifting measurement
method based on the optimal sampling point and the centroid of mod-
ulation for accurate surface reconstruction under the scanning error of
PZT. However, the aforementioned algorithms, developed for interfer-
ence signals with short fringe packet, suffer from the degeneration of

accuracy and robustness at the condition of a long coherent length.
In this paper, we use a green LED instead of a white LED to alleviate

the dispersion effects as well as the impact of bimodal spectral distri-
bution on envelope peak extraction. To tackle the challenge of envelope
peak extraction at the situation of a wide fringe packet induced by the
green LED, we proposed a robust surface reconstruction algorithm by
combining the simplified moving sine wave fitting (MSWF) based pre-
filtering and statistic-based phase compensation. The speed of the pro-
posed algorithm can reach to sub-microsecond for one pixel using a
laptop. Moreover, the proposed algorithm is suitable for VSI system
working at a long coherence length and able to suppress the noise and
interference.

2. Background theory

Fig. 1 shows a Mirau-type VSI system, where the light emitted from
the incoherent light source is modulated by the Köhler illuminator and
then reflected by the beam splitter into the Mirau interferometric
objective. In the objective, the light is divided into reference and object
beams through the internal splitter. The reflected object and reference
beams are recombined followed by passing through the beam splitter
and tube lens to produce an interference fringe pattern in a charge
coupled device (CCD) camera. Subsequently, the PZT is driven to move
the objective vertically for generating a series of interferograms at
different optical path differences. The interference signal at each point is
demodulated by an VSI algorithm to obtain the vertical positions on the
sample surface.

In VSI, the resulting intensity response of a point on the sample along
the vertical scanning direction is given by

I(z) = IB + γIBg(z)cos
[
4π
λ0

(z − z0)+φ0

]

, (1)

where IB is the background intensity, γ is the fringe contrast, g(z) is the
envelope function of the interference signal, λ0 is the center wavelength
of a light source, z is the vertical scanning position, z0 is the position
where the envelope is maximum and φ0 is a phase offset introduced by
the optical system and surface materials. When a light source with a
Gaussian spectrum is used, g(z) is given by

g(z) = exp
[

− 4π2
(

z − z0
lc

)2]

, (2)

Fig. 1. Schematic diagram of a representative VSI system.

Fig. 2. Illustration of the bias between the envelope peak and the
ZOPD position.
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where lc = λ20 /Δλ is the coherence length of the light source with a
spectral bandwidth Δλ. The coherence length lc is associated with the

FWHM of the envelope curve. The modulation amplitude difference
between the zero-order fringe and its neighboring order fringes is small
under a long lc, which will reduce the visibility of zero-order fringe and
the peakedness of the envelope curve. Therefore, the positioning accu-
racy of the envelope peak is more susceptible to the scanning step error,
low-frequency vibration and other disturbance sources. As a result, the
position of envelope peak may bias from the position of the ZOPD (also
known as local zero-order fringe peak position) because of the posi-
tioning error of envelope peak and systematic phase offset φ0, see the
schematic in Fig. 2. Hence, the positioning accuracy of envelope peak
must be improved at first, after which phase compensation should be
introduced to accurately determine the position of ZOPD nearest to the
envelope peak.

3. Method descriptions

We proposed an algorithm to extract the surface height from the VSI
signals with wide fringe packet by accurately locating ZOPD position,
and the flowchart of the proposed algorithm is shown in Fig. 3. The
algorithm consists of three steps: Step 1, filter the original VSI signals of
all pixels using simplified MSWF; Step 2, extract the envelope curve of
filtered signals, and position the envelope peak by parabola fitting and
calculate the phase of envelope peak by phase shifting; Step 3, Count
and correct the phase distribution of envelope peak, then compensate
the distribution of peak position by corrected phase distribution and
obtain the accurate surface topography. The details of the proposed al-
gorithm are presented in the following sections.

3.1. Signal filtering using simplified moving sine wave fitting

The interference signal at a point along the vertical scanning direc-
tion is an amplitude-modulated sine wave. In a full-length interference
signal {I0, I1, I2, ..., Im− 1} with sequence length of m, the amplitude and
baseline shift of a section Ik = {Ik, Ik+1, Ik+2, ..., Ik+n− 1} are approximately
constant especially under a long coherence length. Hence, each value in
Ik can be expressed as

Ik+i = Akcos(iΔθ + φk) + ck + εk+i,

i = 0, 1, ..., n − 1; k = 0, 1, ...,m − n, (3)

where Ak, Δθ, φk, ck and εk+i represent the amplitude, the phase step, the
initial phase, the baseline shift and the intensity error, respectively. Eq.
(3) can also be rewritten as

Ik+i = akcos(iΔθ) − bksin(iΔθ) + ck + εk+i, (4)

in which ak = Akcosφk and bk = Aksinφk. Thus, the amplitude Ak and
initial phase φk can be expressed as
{

Ak =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ak
2 + bk

2
√

φk = atan2(bk, ak)
. (5)

The parameters ak, bk and ck can be estimated directly from noisy
data by least-square based sine wave fitting [27,28]

When Ik contains several sinusoidal periods integrally, Eq. (6) can be
simplified as

⎡

⎣
ak
bk
ck

⎤

⎦ =

⎡

⎣
n/2 0 0
0 − n/2 0
0 0 n

⎤

⎦

− 1

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

∑n− 1

i=0
Ik+icos(iΔθ)

∑n− 1

i=0
Ik+isin(iΔθ)

∑n− 1

i=0
Ik+i

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

2
∑n− 1

i=0
Ik+icos(iΔθ)

/

n

− 2
∑n− 1

i=0
Ik+isin(iΔθ)

/

n

∑n− 1

i=0
Ik+i

/

n

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (7)

In VSI, the phase step Δθ of interference signal is π/2, and n will be
the multiple of 4. The parameters ak and bk can be calculated by
⎧
⎪⎪⎨

⎪⎪⎩

ak =
2
n
(Ik − Ik+2 + Ik+4 − Ik+6 + ......+ Ik+n− 4 − Ik+n− 2)

bk = −
2
n
(Ik+1 − Ik+3 + Ik+5 − Ik+7 + ......+ Ik+n− 3 − Ik+n− 1)

. (8)

We extract one intensity value from every section of interference
signal, and the extracted intensity from section Ik can be expressed as

Ikʹ = akcos
((n

2

) π
2

)
− bksin

((n
2

) π
2

)
, k = 0, 1, ...,m − n. (9)

According to Eq. (8), Eq. (9) can be rewritten as

Ikʹ =
2
n
cos(pπ)⋅

(
∑p− 1

j=0
Ik+4j −

∑p− 1

j=0
Ik+4j+2

)

, k = 0,1, ...,m − n + 1, (10)

where p = n /4 is the number of contained periods in section Ik. The
recurrence formula for accelerating calculation is expressed as [29]

Ik+4
ʹ = Ikʹ +

2
n
cos(pπ)

[(
Ik+4p − Ik+4p+2

)
− (Ik − Ik+2)

]
, k

= 0,1, ...,m − n − 3. (11)

The principle of the interference signal filtering based on the
simplified MSWF is shown in Fig. 4, in which the length n of each section
is the size of moving window. Eqs. (10) and (11) are used to process each
successive section and to acquire the filtered interference signal. Using
this method, not only the intensity noise εk+i can be filtered efficiently,
but also the low-frequency drift can be removed since the local baseline
shift ck of section Ik is ditched in Eq. (10).

⎡

⎣
ak
bk
ck

⎤

⎦ =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

∑n− 1

i=0
cos2(iΔθ) −

∑n− 1

i=0
sin(iΔθ)cos(iΔθ)

∑n− 1

i=0
cos(iΔθ)

∑n− 1

i=0
sin(iΔθ)cos(iΔθ) −

∑n− 1

i=0
sin2

(iΔθ)
∑n− 1

i=0
sin(iΔθ)

∑n− 1

i=0
cos(iΔθ) −

∑n− 1

i=0
sin(iΔθ)

∑n− 1

i=0
1

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

− 1⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

∑n− 1

i=0
Ik+icos(iΔθ)

∑n− 1

i=0
Ik+isin(iΔθ)

∑n− 1

i=0
Ik+i

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (6)

H. Zhao et al. Optics and Lasers in Engineering 186 (2025) 108769 

3 



3.2. Envelope peak extraction based on parabola fitting

The three consecutive points in a filtered interference signal can be
expressed as
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Iʹk− 1 = Ak− 1cos
(

φk −
π
2

)
= Ak− 1sinφk

Iʹk = Akcosφk

Iʹk+1 = Ak+1cos
(

φk +
π
2

)
= − Ak+1sinφk

, (12)

where we have

Ak− 1 ≈ Ak ≈ Ak+1. (13)

Hence, the amplitude Ak and initial phase φk of Iʹk can be expressed as

Ak =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
Iʹk− 1

2 + 2Iʹk2 + Iʹk+1
2)/2

√

, (14)

φk = atan2(Iʹk− 1 − Iʹk+1,2Iʹk). (15)

According to Eq. (14), the amplitude envelope curve can be calcu-
lated. In order to reduce computation time, we do not take logarithm for
the amplitude envelope. The shape of the envelope Akmax =

{
Akmax − fw , ...,

Akmax , ...,Akmax+fw
}
around the peak value Akmax of the amplitude envelope

is close to a parabola, thus parabola fitting was utilized in this paper. fw
is the half-width of fitting range, which should be properly chosen for
balancing computation time and calculation precision. The parabolic
equation is given by

f(k) = α1k2 + α2k+ α3, (16)

the fitted coefficients of envelope section Akmax obtained by least squares
approach can be expressed as

⎡

⎣
α1
α2
α3

⎤

⎦ =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

∑fw

k=− fw

k4 0
∑fw

k=− fw

k2

0
∑fw

k=− fw

k2 0

∑fw

k=− fw

k2 0
∑fw

k=− fw

1

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

− 1⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

∑fw

k=− fw

Akk2

∑fw

k=− fw

Akk

∑fw

k=− fw

Ak

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (17)

Hence, the parabola peak that represents the envelope peak can be
positioned at

kpeak = kmax −
α2

2α1
. (18)

In general, kpeak is calculated as decimal. kpeak can be rewritten as

Fig. 4. Schematic diagram of the MSWF process.

Fig. 3. Flowchart of the proposed algorithm.
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kpeak = kint + kdec, (19)

where, kint and kdec represent the integer part and the decimal part of the
envelope peak position kpeak, respectively. kint =

⌊
kpeak + 0.5

⌋
, where ⌊

⋅⌋ denotes round down.

3.3. ZOPD locating by phase compensation of envelope peak position

The wrapped phase at envelope peak position kpeak can be obtained
by combining Eq. (15) and Eq. (19), i.e.

φkpeak =
〈
atan2

(
Iʹkint − 1 − Iʹkint+1,2Iʹkint

)
+

π
2
kdec

〉
, (20)

where, 〈⋅〉 denotes wrapping the angles to the interval [ − π,π], which is
necessary after compensating the phase of kint using kdec due to the range
of atan2 is [ − π,π].

Theoretically, the position of envelope peak kpeak relative to ZOPD
obey normal distribution due to random error of peak positioning,
especially for sample with smooth and flat surface. If the positioning of
envelope peak is accurate enough to ensure that the distribution width
of the position of envelope peak kpeak relative to ZOPD is smaller than 4,
namely one period of 2π in phase, the wrapped phase φkpeak at the en-
velope peak will also be normally distributed, but φkpeak may be wrongly
wrapped in [− π, π] because of phase offset φ0. In the imaging area of
camera, the wrapped phase φkpeak of envelope peak position in all pixel
coordinates can be used for generating a histogram, as shown in Fig. 5.
The top position φoffset of the histogram is approximately the phase offset
φ0 in Eq. (1). In order to minimize the number of wrongly wrapped φkpeak
at each pixel, φoffset must be subtracted from φkpeak , and then rewrapping
φkpeak − φoffset. Thus, the symmetric distributed φʹ

kpeak can be obtained by

φʹ
kpeak =

〈
φkpeak − φoffset

〉
. (21)

Obviously, if the original distribution width of φkpeak is less than 2π,

all the wrapped φkpeak caused by φoffset eccentricity can be corrected.
Otherwise, the 2π phase jump will appear in a few pixels.

Therefore, the ZOPD position of a point on (x, y) can be calculated by

kZOPD(x, y) = kpeak(x, y) −
(
φoffset +φʹ

peak(x, y)
)2

π, (22)

where φoffset is not necessary for the recovery of relative height but it is
meaningful for determining exact ZOPD position without systematic
deviation. Finally, the surface height can be expressed as

h(x, y) = kZOPD(x, y) ×
λ0
8
. (23)

4. Simulation

In order to compare the performance of the proposed algorithm with
conventional five-bucket WLPSI and Hilbert transform algorithms, nu-
merical simulation was carried out. The discrete intensity signal of a
point in a white light interferogram can be expressed as [1]

Ik = 100+ 100exp

[

−
(k − 200)2Δz2

σ2

]

cos
[
4π
λ0

(k − 200)Δz+φ0

]

, (24)

where σ = lc /2π, k is the step number, Δz is the scanning interval 65 nm,
λ0 is the center wavelength 520 nm, φ0 is an additional phase term,
which is set to π/2. The envelope peak of the simulated signal locates at
k= 200, and the corresponding surface height is 13 µm. Algorithms were
implemented using MATLAB installed on a laptop (i5–10210 U CPU, 16
GB RAM). For an intensity signal with whose length of 400, the
computation time of the proposed algorithm, conventional WLPSI and
Hilbert transform algorithm is 0.657 µs, 0.269 µs and 34.618 µs,
respectively. The Hilbert transform is very time consuming due to the
convolution operation [30], while the two others are much faster.

Fig. 5. Illustration of the phase correction for wrongly wrapped φkpeak .

Fig. 6. Statistical distribution of the envelope peak under different σ. (a) and (b) are the simulated VSI signals at σ = 500 nm and σ = 2500 nm, respectively. (c), (d)
and (e) are the histograms of envelope peak positions extracted by the proposed algorithm, the conventional WLPSI and the Hilbert transform.
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4.1. Effect of coherence length on measurement accuracy

The FWHM of envelope curve is determined by the coherence length,
which affects the positioning accuracy of envelope peak. To validate
this, random noise at the level of 5 % generated within the range [− 2.5,
2.5] is added to the modelled discrete VSI signal. As can be seen in Fig. 6
(a) and 6(b), the FWHW of the envelope curve is wider under a higher σ,
and the FWHW is directly proportional to σ. One hundred thousand sets
of VSI signals are generated for repetitive calculation. Figs. 6(c-e) show
the normalized histogram of envelope peak positions calculated by the

proposed method, WLPSI and Hilbert transform, respectively. It can be
observed that the peak positioning accuracy of three methods decreases
when σ increases, particularly the conventional WLPSI. The conven-
tional WLPSI presents the best accuracy of peak positioning only in the
shortest coherence length. For Hilbert transform, the extracted position
of envelope peak is regarded as the ZOPD position, which is then used
for surface height recovery directly, while the envelope peak positions
need to be corrected further to determine the ZOPD position in the two
other algorithms, i.e., our proposed algorithm and the conventional
WLPSI.

Table 1 shows the SDs of the calculated heights by the three afore-
mentioned algorithms at different σ. As has been estimated, SD increases
with σ for conventional WLPSI and Hilbert transform. Because the
positioning accuracy of envelope peak using conventional WLPSI de-
creases dramatically under higher σ, the extracted envelope peak may
deviate from ZOPD position heavily, which may reduce the calculation
accuracy of five-bucket phase shifting for extracting wrapped phase of
envelope peak. As a result, the positioning accuracy of ZOPD is very low
even the phase compensation is applied. However, the SD decreases
when σ increases for the proposed method. This can be explained as
follows: The moving window size n of the simplified MSWF and the
fitting range of the parabola fitting can be selected appropriately under
different σ, in order to maintain the positioning accuracy of envelope
peak as much as possible. Besides, the phase of envelope peak φkpeak can
be calculated more precisely because of the higher degree of approxi-
mation in Eq. (13). After trying different window sizes for the interfer-
ence signals generated under different σ, we empirically found that the
distance between two inflection point in the Gaussian envelope curve
can be regarded as an appropriate size for the moving window, which
can be calculated by

n = 4⋅

⌊ ̅̅̅
2

√
σ

4Δz
+0.5

⌋

. (25)

Fig. 7 shows the SDs of the reconstructed heights at different σ when
using the simplified MSWF with different window size n. The arrow “↓”
indicates the optimum window size n calculated by empirical Eq. (25),

Table 1
SDs of the calculated heights by using the three algorithms at different σ.

σ (nm) SDs (nm)

Proposed method Conventional WLPSI Hilbert transform

500 0.2905 2.6161 3.2757
1000 0.2070 11.7075 4.3481
1500 0.1664 20.7408 5.7124
2000 0.1442 23.4080 6.6011
2500 0.1295 27.3189 7.5081

Fig. 7. SDs of the calculated heights by using the proposed algorithm with
different moving windows.

Fig. 8. Simulated results under different noise levels. The simulated VSI signals under (a) 10 %, (b) 20 % and (c) 30 % random noises, respectively. (d), (e) and (f) are
the corresponding filtered signals using simplified MSWF with window size n = 8. (g), (h) and (i) are the corresponding errors using three different algorithms.
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where the window size n is as small as possible and SD is also small.

4.2. Effect of intensity noise and baseline drift on the measurement
accuracy

To investigate the anti-noise capability of the three aforementioned
algorithms, the discrete VSI signals superimposed with random intensity
noise at different levels are generated under σ of 1500 nm, as shown in
Figs. 8(a-c). The corresponding filtered signals are shown in Figs. 8(d-f),
it can be seen that the simplified MSWF with window size n = 8 is still
effective for fitting the signals at σ = 1500 nm with 30 % random noise.
The VSI signal is rough and the zero-order fringe peak cannot be
recognized directly at higher noise levels, in which case the positioning
accuracy of envelope peak will be affected, and ultimately influence the
accuracy of surface height reconstruction. After calculating 10 times of
surface height by using different algorithms, the corresponding results of
absolute height errors in simulations are shown in Figs. 8(g-i). There is a
slight change in the absolute height errors introduced by the conven-
tional WLPSI and Hilbert transform methods once 10 % noise was
added, while the measurement results achieved by the proposed method
remain almost constant. When the noise level increases to 30 %, the
absolute height errors introduced by the conventional WLPSI and Hil-
bert transform methods increase significantly. In contrast, the proposed
algorithm remains at a high accuracy even the noise level is increased up
to 30 %. Table 2 shows the SDs of obtained height by different algo-
rithms under different noise levels. The proposed algorithm shows
strong noise immunity compared with the other two algorithms. It
should be emphasized that although a wider moving window of
simplified MSWF can be applied to filter the noise with much higher
levels, the moving window should not be too wide otherwise the flat top
will appear in the envelope curve.

Under 5 % random noise and σ = 1500 nm, a series of VSI signals is
generated with linear, sinusoidal and mixed drift, as shown in Figs. 9(a-
c). Fig. 9(d) represents the VSI signal after filtering the signal in Fig. 9(c)

using the simplified MSWF. The SDs of heights obtained by the three
algorithms are shown in Table 3. It can be observed that the results of
proposed algorithm unaffected by the low-frequency baseline drift on
the strength of simplified MSWF. However, the conventional WLPSI is
distinctly affected by the sinusoidal and mixed drift, while the Hilbert
transform is affected by the linear and mixed drift slightly.

4.3. Effect of PZT’s positioning noise on the measurement accuracy

In a VSI system, the PZT drives the objective to scan at a certain
phase interval. As a result, the positioning error of the PZT scanner af-
fects the calculation of the envelope peak from the interferogram

Table 2
SDs of the calculated heights by using the three algorithms under different levels
of random intensity noise.

Noise level SDs (nm)

Proposed method Conventional WLPSI Hilbert transform

0 % 0 0 0
5 % 0.1672 20.8774 5.8107
10 % 0.3394 26.9825 11.2260
15 % 0.5056 28.5006 16.7590
20 % 0.6907 30.8412 23.2956
25 % 0.8445 36.5085 29.5882
30 % 1.0226 43.3844 37.6374

Fig. 9. Simulated VSI signals with different types of baseline drift: (a) linear; (b) sinusoidal; (c) mixed. (d) is the filtered signal of (c).

Table 3
SDs of the calculated heights by using the three algorithms under different types
of baseline drift.

Drift type SDs (nm)

Proposed method Conventional WLPSI Hilbert transform

/ 0.1672 20.8774 5.8107
Linear 0.1669 21.7675 6.2317
Sinusoidal 0.1656 25.1639 5.7850
Mixed 0.1683 26.1236 6.2678

Fig. 10. (a) Random error of scanning interval and (b) the scanning position as
a function of the step number.
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sequence [8], which will further degenerate the reconstruction accuracy
for surface height. The random errors of PZT are shown in Fig. 10(a)
under the maximummechanical position noise at level of 5 % within the
range of [− 2.5 %Δz, 2.5 %Δz], and the scanning position of PZT is
shown in Fig. 10(b). Different levels of positioning noise and a 5 %
random intensity noise were added into a series of simulated VSI signals.
The SDs of the reconstructed heights by the three aforementioned al-
gorithms are shown in Table 4, in which we can find that the SDs of the
three algorithms increase with the noise level of PZT positioning.
However, our algorithm still outperforms the other two even if the noise
level is as larger as 5 %. As for the higher level of PZT positioning noise,
the uncertain scanning step and inaccurate spatial sampling shifts and
disrupts the fringe packet in the signal sequence, which is hard to be
compensated by most of the algorithms. Here we should emphasize that
the positioning noise of some commercial PZT scanner can reach up to

0.1 nm, which is much more accurate that the modelled cases (i.e., 5 %
positioning noise level) in Table 4. Therefore, we claim that our algo-
rithm is more robust for PZT positioning error than the other two
algorithms.

5. Experiments

An VSI system consisting of a Mirau-type objective (NA 0.4,
Magnification 20 ×) and a CMOS camera (IDS, UI-3160 CP-M-GL) is
used to capture the interferogram. The objective is mounted on a PZT
scanner (PI, P-725.4CDE2) with travel range of 400 µm and position
noise of 0 .1nm. The PZT scanner is controlled by a PZT digital controller
(PI, E-754K.1CD). A green LED (CCS, HLV3–22GR-4S) with unimodal
spectral distribution is applied for illuminating the sample, whose
normalized intensity spectrum is shown in Fig. 11. The center wave-
length λ0 was measured to be 546 nm and the coherence length lc was
estimated at 10.5 µm. The scanning interval Δz is set as 68.25 nm, and
the size of moving window n as well as the half-width of parabola fitting
range fw are set as 36 and 15, respectively.

In order to show the accuracy of the constructed VSI system with our
proposed algorithm, a 12 µm standard step sample (11.97 ± 0.05 µm)

Table 4
SDs of the calculated heights by using the three algorithms under different levels
of random positioning noise.

Noise level SDs (nm)

Proposed method Conventional WLPSI Hilbert transform

0 % 0.1789 20.8285 5.8512
1 % 2.5965 21.4979 5.8187
2 % 5.2331 24.0744 7.6799
3 % 7.8454 26.6736 9.9350
4 % 10.2832 29.5434 12.2023
5 % 13.0243 31.0264 13.9755

Fig. 11. Normalized spectral power distribution of the White and Green LED.

Fig. 12. Reconstruction results for a standard step sample using (a) the proposed method, the (b) conventional WLPSI, and the (c) Hilbert transform.

Table 5
Comparison for the reconstructed heights of the standard step sample using the
three algorithms.

Results Proposed method
(μm)

Conventional WLPSI
(μm)

Hilbert transform
(μm)

1 11.9791 11.8821 12.0123
2 11.9778 12.0287 12.0173
3 11.9816 11.9779 11.9854
4 11.9792 11.9861 12.0142
5 11.9790 11.6594 11.9764
6 11.9796 12.0963 12.0406
7 11.9771 12.0498 12.0301
8 11.9824 12.2932 12.0530
9 11.9792 11.7799 11.9488
10 11.9803 11.8133 11.9814
Average
height

11.9795 11.9567 12.0059

SD 0.00151 0.17135 0.03065
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calibrated by the Mahr company was measured by 10 times in a static
environment. The 3D profile as well as a cross-section of the profile by
the aforementioned three algorithms are shown in Fig. 12. It can be seen
that the proposed algorithm demonstrates the most accurate results. As a
comparison, the profiles reconstructed by the other two algorithms show
many discontinuities and burrs, which is especially the case for con-
ventional WLPSI. Table 5 presents the evaluated height values according
to ISO 5436–1 as well as the average heights and the SDs. Apparently,
the proposed algorithm demonstrates the most accurate averaged height
(11.9795 µm) as well as the smallest SD (0.00151 µm)when compared to
the others, which verifies the accuracy and repeatability of the proposed
algorithm in this paper. Here we should emphasize that the recon-
structed height by the proposed method may be further improved by
calibrating the center wavelength λ0 of the green LED.

A silicon wafer with a 0.38 nm Sa and a 1.07 nm Sq, determined by a
commercial VSI (ATOMETRICS, EX230) according to ISO 25,178, was
measured to evaluate the three algorithms. The reconstruction results
after leveling are shown in Fig. 13. Obviously, there are dense burrs with
whose height are tens or hundreds of nanometers in the 3D profile using
WLPSI and Hilbert transform, which is caused by the inaccurate

detection of envelope peak under a wider envelope curve. Hence, the
two algorithms can hardly measure a structure with nanoscale height
distribution. In contrast, the 3D profile fluctuates within ±5 nm using
the proposed algorithm, and the Sa as well as the Sq of reconstructed
surface are 0.35 nm and 0.79 nm, respectively. In addition, an in-house
etched rectangular groove with a 229.9 nm depth (according to ISO
5436–1) measured by the commercial VSI was remeasured using the VSI
system. The reconstruction results after leveling are shown in Fig. 14. It
can be seen that the conventional WLPSI and the Hilbert transform
cannot accurately reconstruct the profile of the rectangular groove. This
indicates the envelope peak detection method in the conventional
WLPSI and the phase compensation in the determination of ZOPD fail at
the condition of a light source with a long coherence length. While for
the Hilbert transform without phase compensation, the detection of the
envelope peak is inaccurate to reconstruct the profile of the groove. As a
comparison, the proposed algorithm accurately reconstructed the profile
of the groove, whose measured depth is 227.8 nm. The aforementioned
results demonstrate that the proposed method outperforms the con-
ventional algorithms in terms of robustness and accuracy at the condi-
tion of a light source with a long coherence length.

Fig. 13. Reconstruction results of a single crystal silicon wafer using the (a) proposed method, the (b) conventional WLPSI, and the (c) Hilbert transform. (d) is the
2D cross-section profile.

Fig. 14. Reconstruction results of an in-house etched groove using the (a) proposed method, the (b) conventional WLPSI, and the (c) Hilbert transform. (d) is the 2D
cross-section profile.
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6. Conclusion

In this paper, a robust surface recovery algorithm is proposed for a
green LED-based VSI. The simulated results demonstrate that the pro-
posed algorithm is much more accurate in ZOPD positioning and much
more robust against noises over the conventional WLPSI and Hilbert
transform at a long coherence length. A VSI system is constructed to
verify the performance of the proposed algorithm by measuring three
samples, i.e., a 12 µm standard step sample, a silicon wafer, and an in-
house etched groove. Our measured results show that the height of the
standard step sample is 11.9795 μm, the roughness Sa of the silicon
wafer is 0.35 nm, and the groove depth of the in-house etched groove is
227.8 nm, which are comparable to the measured values by a com-
mercial VSI system. Furthermore, the measured SDs for the standard
step sample using the proposed algorithm, conventional WLPSI and
Hilbert transform are 1.5 nm, 171.4 nm and 30.7 nm respectively. This
demonstrates the high robustness of our algorithm against random and
system noises when using a light source with a long coherence length.
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