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Abstract. This work proposes to measure the topography of microstructure surfaces using a self-mixing interference (SMI) configuration. The theoretical measurement model is built using beam-expanded plane wave
method and considering SMI effect. The interference patterns for different objects are obtained based on
the presented model. In addition, an algorithm for reconstructing the three-dimensional surface is implemented
and applied onto an object with spherical surface. The presented work shows the potential application for topography measurement using a compact SMI configuration. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10
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1 Introduction
The profile measurement of an object is needed for many
applications, such as quality control in a production line,
biomedicine, robotics, measurement of mechanical wear,
and the recording of surface shape data for the determination
of the three-dimensional (3-D) deformation or strain analysis
in holographic interferometry.1 There are several known
methods used for profile measurement: triangulation,
fringe projection (so-called moire), interferometric methods,
speckle interferometry, and so on. This paper will restrict its
attention to interferometric methods.
Compared to the traditional interferometry, self-mixing
interferometry, also called optical feedback interferometry,
has drawn more and more attention due to its unique features
of compactness, low cost, simple implementation, and high
sensitivity. An SMI system needs only a laser [normally a
laser diode (LD)], a lens, and an external target. Generally,
the laser is set at a bias current above its threshold. When the
external target exists, a fraction of the light backscattered by
the target re-enters the laser cavity. Then, both the frequency
and intensity of the emitted laser are modulated. The modulated laser intensity is usually called SMI signal. An SMI
signal can be detected by a monitor photodetector packaged
in the rear of the LD. The SMI-based applications have been
found in various applications of sensing and instrumentation,
such as the measurement for absolute distance, displacement,
vibration, laser parameters, etc.2–5
The SMI-based imaging can be classified into two
classes. In one class, the LD is set to operate at a steady
state,6–9 using SMI in a confocal microscope configuration.
The laser is operated at a constant bias current. The optical
feedback from a target surface will cause the change in bias
current. This change can be directly related to the change in
surface profile. The imaging can also be achieved using SMI
by linear frequency sweeping.10,11 In this case, the bias current is modulated by a triangular function. The optical feedback can cause periodical fluctuation on the triangular

waveform. The average frequency variation between the
fringes in the increasing and decreasing period of the triangular waveform is proportional to the distance between the
laser and the external target. Square-wave modulation
scheme is proposed for SMI imaging in THz laser.12 This
modulation scheme can achieve high frame-rate imaging.
In another class, the laser operates in a relaxation oscillation state. In this case, the dynamical response of a laser is
highly sensitive to frequency-shifted optical feedback.
Three-dimensional images can be obtained from the amplitude (reflectivity) or phase (profilometry) of a laser output
signal by moving the target in three dimensions using micrometric motorized stages or by moving the laser beam using a
galvanometric scanner.13,14
The resolution of imaging formed in above techniques is
determined by the laser beam spot size. To overcome this
limit, plenoptic microscope and synthetic aperture methods
are explored in works,15–17 leading to spatial resolution
exceeding the diffraction limit.
However, all the above SMI-based imaging is based on
point-by-point scanning, which is time-consuming. In this
paper, we present a beam-expanded, SMI for microsurface
topography. First, the related theory and simulation are presented for describing the interference pattern obtained at
charge-coupled device (CCD) plane. Then the reconstruction
algorithm for obtaining 3-D profile of an object is implemented to verify the proposed method.
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2 Theoretical Modeling
The system schematic diagram is shown in Fig. 1. An elliptical Gaussian beam emitted by LD is beam expanded and
collimated into a parallel plane wave. The beam is split
into two beams by a 20/80 beam splitter (BS). One beam
is called as reference beam indicated by “R” as shown in
Fig. 1. The other one is called as object beam indicated
by “O” carrying the intensity and phase information of
the object. The two beams are interfered on CCD screen,
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φOF − φRF ¼

EQ-TARGET;temp:intralink-;e006;326;741

4πυF ½L þ zðx; yÞ
;
c

(6)

where LR is the distance R beam traveled and L is the distance between the facet of the LD and the object with
zðx; yÞ ¼ 0. Then, Eq. (2) can be rewritten as
Iðx; y; zÞ ¼ a2R þ jaO ðx; yÞj2 þ 2aR jaO ðx; yÞj cosðφOF − φRF Þ

EQ-TARGET;temp:intralink-;e007;326;683

¼ a2R þ jaO ðx; yÞj2 þ 2aR jaO ðx; yÞj cosf2k½L þ zðx; yÞg:
(7)
Fig. 1 System schematic: LD, laser diode; BS, beam splitter; OB,
object; R, reference beam; O, object beam; CCD, charge-coupled
device; and PC, personal computer.

and the interferogram (or called interference pattern) is collected by a personal computer (PC). Further image processing and reconstructing can work out the surface topography
for an object.
Considering the plane wave, the complex amplitudes of
the R and O beams are expressed as follows:
uR ðx; y; zÞ ¼ aR expð−iφR Þ

EQ-TARGET;temp:intralink-;e001;63;509

uO ðx; y; zÞ ¼ aO ðx; yÞ exp½−iφO ðx; y; zÞ;

(1)

where aR and φR are the real amplitude and phase of the R
beam, respectively, and aO ðx; yÞ and φO ðx; y; zÞ are the
amplitude and phase of the O beam, respectively. So the
interference intensity received by CCD is expressed as18
Iðx; y; zÞ ¼ juR ðx; y; zÞ þ uO ðx; y; zÞj2

EQ-TARGET;temp:intralink-;e002;63;415

¼ ½uR ðx; y; zÞ þ uO ðx; y; zÞ
× ½uR ðx; y; zÞ þ uO ðx; y; zÞ
¼ a2R þ jaO ðx; yÞj2 þ 2aR jaO ðx; yÞj cosðφO − φR Þ:
(2)
Considering the SMI effect, the laser frequency υ0 will be
modified as5
υf ¼ υ0 −

EQ-TARGET;temp:intralink-;e003;63;292

C
sinð2πτυf þ arctan αÞ;
2πτ

(3)

where υ0 and υf are the laser frequency with and without
optical feedback respectively, C is the optical feedback level,
α is the linewidth-enhancement factor, and τ is the laser
roundtrip time in the external cavity, which is determined
by the external cavity length and light speed, expressed
by 2½L þ zðx; yÞ∕c, where c is the light speed. In the
following simulations, in this work, we set C ¼ 2, α ¼ 3,
υ0 ¼ 7.41 × 1014 Hz, i.e., λ0 ¼ 0.405 μm. In this case, the
phase of the R and O beams under optical feedback, denoted
by φRF and φOF , can be expressed as
φRF ¼

2πυF LR
;
c

(4)

φOF ¼

4πυF ½LR ∕2 þ L þ zðx; yÞ
;
c

(5)

EQ-TARGET;temp:intralink-;e004;63;140

EQ-TARGET;temp:intralink-;e005;63;101
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Note k ¼ 2π∕λF is the wave vector for the LD with SMI
effect, where λF ¼ c∕υF is the light wavelength with optical
feedback. The OB surface topology [zðx; yÞ] included in the
phase difference φOF − φRF can be reconstructed from the
interference pattern Iðx; y; zÞ.
2.1 Theoretical Result for the Flat Surface
If the measured surface is a flat one and perpendicular to the
optical axis or z-axis, the term L þ zðx; yÞ will be a constant
and no interfering fringes can be obtained. When the flat surface has a tilt angle with respect to the optical axis, and, thus,
creates an intersecting angle θ between the O and R beams,
the phase difference becomes
φOF − φRF ¼ 2k½L þ zðx; yÞ ¼ 2k½L þ y sinðθ∕2Þ:

EQ-TARGET;temp:intralink-;e008;326;468

Substituting aR ¼ aO ðx; yÞ ¼ 1, L ¼ 20 cm into Eqs. (3)
and (7), the interferogram for θ ¼ 10 deg is obtained and
shown in Fig. 2(a). They are a group of parallel fringes
with same interval. The interval between two adjacent bright
lines is Δy ¼ λF ∕2 sinðθ∕2Þ ¼ 2.32 μm. Within each fringe,
the intensity changes from dark to bright gradually. The
details can be seen from Fig. 2(b) for the selected two
fringes. The features of such interference pattern can also
be seen from Fig. 2(c) that is the waveform for the intensity
distribution along y-direction with x ¼ 0. Clearly, the fringe
is a saw-tooth like form.
2.2 Theoretical Results for the Spherical Surface
If the measured object is a spherical surface with a radius R,
on the condition of paraxial approximation, the phase difference is φOF − φRF ¼ 2k½L − ðx2 þ y2 Þ∕2R for a concave
surface and φOF − φRF ¼ 2k½L þ ðx2 þ y2 Þ∕2R for a convex surface, and L is the distance between the facet of
LD and the vertex of the spherical surface.
Supposing aR ¼ aO ðx; yÞ ¼ 1, L ¼ 20 cm, R ¼ 10 cm,
and ignore the constant term, the interfering intensity is simplified from Eq. (7) and expressed as
Iðx; yÞ ¼ cosf2k½L  ðx2 þ y2 Þ∕2Rg;

(9)

EQ-TARGET;temp:intralink-;e009;326;190

where “þ” and “−” are related to the convex and concave
surface, respectively. The corresponding interferogram for
the concave and convex surface can be calculated and
shown in Figs. 3 and 4, respectively. From these two figures,
we can see the interferogram with concentric rings, which
become denser from the central to the outside. But in the
central area, the interfering field is different for both
cases. We can find some ripple in the fringe shape, clearly
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Fig. 2 (a) Interferogram in the x − y plane, (b) detailed interferogram in the x − y plane, and (c) intensity
distribution with x ¼ 0.

Fig. 3 For the concave surface: (a) interferogram in the x − y plane, (b) intensity distribution in the x − y
plane, and (c) intensity with x ¼ 0.

due to the speckle pattern caused by the superposition of the
random phases of the beams.19
In the two figures, when the phase difference φOF −
φRF ¼ 2jπ where j is an integer, the bright fringes
appear and the dark fringes are corresponding to
φOF − φRF ¼ ð2j þ 1Þπ. So we can conclude that the radius
of the bright rings is r2 ¼ 2RL − jRλF and r2 ¼ jRλF − 2RL
for the concave and convex surfaces, respectively. For the
Optical Engineering

concave surface, with the increase of the fringe order j, the
radius decreases. But for the convex one, the changing trend
is the opposite.
2.3 Theoretical Result for the Surface with Arbitrary
Topography
Suppose the measured surface as an arbitrary surface with a
radius of curvature satisfying the functional distribution
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Fig. 4 For the convex surface: (a) interferogram in the x − y plane, (b) intensity distribution in the
x − y plane, and (c) intensity with x ¼ 0.

Fig. 5 For the asymmetrical curve surface: (a) surface topography and (b) contour plot.

zðx; yÞ ¼ 2 × 10−6 × x3 þ 2 × 10−6 × y3 þ 10−6 × x2

EQ-TARGET;temp:intralink-;e010;63;245

þ 10−5 × y2 þ 5 × 10−5 × x þ 3 × 10−5 × y:
(10)

3 Reconstruction of the Microsurface
Given an intensity distribution of an interference pattern
Iðx; yÞ, we can reconstruct the surface of an object through
Fresnel transformation.18 The transformation is represented as




i
2πd
π 2
2
exp −i
ðξ þ η Þ
Γðξ; ηÞ ¼
exp −i
λ0 d
λ0
λ0 d


Z∞ Z∞
π
×
ðx2 þ y2 Þ
uR ðx; yÞIðx; yÞ exp −i
λ0 d
−∞ −∞


2π
× exp i
ðxξ þ yηÞ dxdy;
(11)
λ0 d

EQ-TARGET;temp:intralink-;e011;326;198

The interfering patterns can also be calculated. According
to the above distribution, the surface topography is plotted in
Fig. 5. It is an asymmetrical curved surface. The surface can
be flat, concave, or convex. At the same time, the contour
lines are shown in Fig. 5(b). From Fig. 5(b), the asymmetry
can be observed clearly.
Substitute Eq. (10), aR ¼ aO ðx; yÞ ¼ 1, and L ¼ 20 cm
into Eqs. (3) and (7), the interfering field can be calculated
in Fig. 6. The interferogram is asymmetrical. The fringes are
sparse in the center and get denser in the outside. The shape
is very much like the contour plot in Fig. 5(b).
Optical Engineering

where d stands for the distance between the reconstruction
plane and the CCD and d ¼ L.
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Fig. 6 For the asymmetrical surface: (a) interferogram in the x − y plane, (b) intensity distribution in the
x − y plane, and (c) intensity with x ¼ 0.

From Eq. (11), the intensity and phase of the reconstructed surface can be calculated by Iðξ; ηÞ ¼ jΓðξ; ηÞj2,
φðξ; ηÞ ¼ arctan Im½Γðξ;ηÞ
Re½Γðξ;ηÞ, where Re and Im denote the real
part and the imaginary part, respectively. The phase is calculated directly by subtracting the reference and object
beam phases modulo 2π from the digital hologram.18
Using the convex surface described in Sec. 2.2 as an
example, substitute the intensity distribution Iðx; yÞ
described in Eq. (9) and uR ðx; yÞ ¼ 1, L ¼ d ¼ 10 cm,
R ¼ 10 cm, and λ0 ¼ 0.405 μm into Eq. (11). Then, by calculating the phase of the object beam, the profile topology
zðx; yÞ can be reconstructed. The calculation in MATLAB®
2016 takes only several seconds. The original object surface

is plot in Fig. 7(a). Figures 7(b) and 7(c) show the unwrapped
object beam phase and the reconstructed surface, respectively. It can be seen that the 3-D surface can be reconstructed successfully. The reconstruction error shown in
Fig. 7(d) is well-controlled within 0.05 μm.
4 Conclusions
The existing SMI-based imaging all is based on point-bypoint scanning, which is time-consuming. In this paper,
we present a beam-expanded, SMI configuration for microsurface topography. First, the related theory and simulation
are presented for describing the interference pattern obtained
at CCD plane for different objects, and then the algorithm for
reconstructing object profiles is developed using Fresnel
transformation. The current work shows a potential configuration with compact structure and interference resolution for
achieving microsurface measurement.
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