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a b s t r a c t

A simple synthetic-wavelength self-mixing interferometer is proposed for precision displacement
measurement. Choosing the frequency difference of the orthogonally polarized dual frequency He–Ne
laser appropriately, we introduce synthetic wavelength theory into self-mixing interference principle
and demonstrate a feasible optical configuration by simply adjusting the optical design of self-mixing
interferometer. The phase difference between the two orthogonally polarized feedback fringes is ob-
served, and the tiny displacement of the object can be measured through the phase change of the
synthetic signal. Since the virtual synthetic wavelength is 106 times larger than the operating wave-
length, sub-nanometer displacement of the object can be obtained in millimeter criterion measurement
without modulation, demodulation and complicated electrical circuits. Experimental results verifies the
synthetic wavelength self-mixing interferometer's ability of measuring nanoscale displacement, which
provides a potential approach for contactless precision displacement measurement in a number of sci-
entific and industrial applications.

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, laser self-mixing effect has been widely in-
vestigated and applied in the field of displacement measurement
[1–4] due to its inherent simplicity, compactness and self-align-
ment, as well as the same fringe resolution as in traditional two-
beam interferometry [5–7]. The self-mixing interferometer is able
to measure displacement very precisely when the displacement is
more than half-wavelength, which plays important role in scien-
tific application for large-scale displacement measurement [8,9].
With the development of nano-electro-mechanical systems
(NEMs) technique, the motion of the mechanical component of
such tiny devices has reduced to nanometer-scale. As the most
competitive technique for non-contact displacement measure-
ment, extending the resolution of the self-mixing interferometer
into sub-nanometer range is highly desirable [10,11]. However,
when the displacement is smaller than half-wavelength, the
structure of self-mixing interferometer would become more
complicated and expensive because of the extra careful design of
an optical system and complicated electrical circuits imposed on it.
In this case, to simplify its structure, reduce the cost and achieve
high resolution, it is essential to introduce a new subdivision

method to make full use of merits of the self-mixing
interferometer.

Compared with the other subdivision methods, the approach of
synthetic wavelength can be applied more easily to improve re-
solution by simply adjusting the optical configuration of Michelson
interferometer; thereby avoiding the tedious modulation, demo-
dulation and complicated electrical circuits. Synthetic wavelength
measurements were first reported in 2002, where two individual
wavelengths of light have been employed to measure small dis-
tances relative to the 'reduced' wavelength [12,13]. Through this
dual-wavelength interferometric technique, sub-nanometer mea-
surement accuracy has been achieved. However, when applied in
NEMs, the cooperative mirror in Michelson interferometer such as
cube-corner retro-reflector necessitated in the technique could not
suit the tiny size of such microstructures any more.

Therefore, in this paper, a simple scheme based on the syn-
thetic wavelength self-mixing interferometer (SSI) for high-pre-
cision non-contact displacement measurement is proposed. Pre-
vious researches on the self-mixing interference effect in ortho-
gonally polarized dual frequency He–Ne laser show that the mode
competition will affect the phase relationship between the two
self-mixing interference signals. If the frequency difference be-
tween two modes is greater than the line width of homogeneous
broadening gain curve of laser (about 100–300 MHz), the phase
relationship of two intensity modulation curves will be mainly
determined by phase difference of two modes, and mode
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competition can be neglected [14]. In this case, the intensity curves
of the two orthogonal modes are independent and synthetic wa-
velength configuration can be brought into the self-mixing inter-
ferometer to get rid of the disadvantage of complicacy and high
cost in non-contact tiny displacement measurement. An experi-
mental system is designed and nanometer measurement experi-
ment is conducted subsequently. In this system, an orthogonally
polarized dual frequency He–Ne laser with a frequency difference
of 1 GHz is employed in optical configuration to avoid mode
competition. Experimental result of nanometer measurement is in
conformity with the theoretical value, which validates the prin-
ciple and indicates that the SSI can measure nanometer displace-
ment with a modest sampling rate within a range of 500 nm. The
sources of error influenced on the measurement accuracy and
resolution are discussed and evaluated. The analysis shows a new
method of nanometer displacement measurement in self-mixing
interference is realized.

2. Theoretical analysis

Fig. 1 shows the theoretical schematic diagram of synthetic
wavelength self-mixing interferometer. The reflectivity of the rear
and front mirrors of laser are r1 and r2, respectively. M1 and M2 are
plane mirrors with same reflectivity of r . M1, M2, together with
the front mirror form dual feedback external cavities, whose
lengths are present as +L d and +l d.

The illuminant displayed in Fig. 1 is a birefringent dual fre-
quency He–Ne laser. As is known to us all, light entering and
passing through a quartz crystal will be decomposed into two
orthogonal elliptically polarized components, ordinary and extra-
ordinary beams, having different transmission velocities. Experi-
ments manifest that, the two polarization directions and phase
difference are related to the angle and the projection of the ac-
tivity vector on to the light traveling direction. Because of the
existing of the phase difference, a single mode of a laser can be
split into two orthogonally polarized modes [15,16]. Adjusting the
angle, we get different frequency difference of the laser. As men-
tioned earlier, if the frequency difference between two modes is
greater than the line width of homogeneous broadening gain
curve of laser (about 100–300 MHz), burning holes of the two
modes can be considered independent. Moreover, the self-mixing
interference of one frequency does not confuse the other. Hence,
self-mixing interference of a birefringent dual frequency He–Ne
laser can be simply theoretically described in this case.

In the basic theory of self-mixing interferometry modeled as a
three-mirror Fabry–Perot etalon [17], the oscillating condition of a
dual frequency laser with self-mixing interference can be given as
[18–20]
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where Ge and Go are the laser total normalized gains, ae and ao are
the total normalized internal losses, ωe and ωo are the optical
angular frequencies of e light and o light, τis the laser beam round-
trip time in internal cavity, τe and τo represent the laser beam
round-trip time in external cavities. Since >r r1 and >r r2 , both of
r1 and r2 are approximate 1 and ( − ) ≪r r r1 / 12

2
2 , the norm-

alized threshold gains change can be transfor-
med as α φΔ = − { + [ ( − ) ] } ≈ω τG r r r eln 1 1 / cose

i
e2

2
2 1

e e and
α φΔ ≈G coso o 2 , where αe and αo are intensity optical feedback

factors , φ1and φ2 denote the phase of the external cavity which are
related to the instantaneous distance between the laser and the
mirrors, as φ ω τ π λ= = ( + )L d4 /e e1 1,φ ω τ π λ= = ( + )l d4 /o o2 2. Based
on the effect of multiple reflections in the external cavity [21], the
steady-state fluctuations of the emitted optical power of the laser
can be given as
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where Ie0 and Io0 represent the average intensities of two ortho-
gonally polarized lights without optical feedback, ηe and ηo are the
coupling coefficient , me and mo are the undulation coefficient
depending on intrinsic laser parameters and the reflectivity of the
mirrors. Supposing that the self-mixing interferometry operates in
the weak optical feedback regime, the frequency of laser is un-
perturbed [22] and the output intensities of two orthogonally
polarized lights with self-mixing interference can be simplified as
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where λ λ λ λ λ Λ= − = c/ /3 1 2 2 1 is the synthetic wavelength (c and Λ
represent the light velocity and frequency difference of two or-
thogonally polarized lights respectively). Supposing λ= πC l4 / 2 as a
constant, Eq. (4) can be rewritten as φ π Λ λΔ = [( ⋅ ) − ] +d c L C4 / / 1 ,
where Λ and λ1 are constants as system parameters, and C is set to
zero in this work. To make the synthetic wavelength intuitive, we
define a synthetic signal
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Actually, Is can be obtained from Ie and Io by electronic method
such as a multiplier, and ms represents the coupling intensity
coefficient. When L is fixed, we can just concern about the re-
lationship between d and Is, so the period of synthetic signal is λ3.
If the increment of L is set as ΔL, Is will be changed as ′Is . So Eq. (5)
can be written as
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′Is can be considered as the shifted signal of Is. Given Δd as the
shift of Is, ΔL can be expressed by
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Fig. 1. Theoretical diagram of synthetic self-mixing interference. M1 and M2, plane
mirrors; PBS, polarizing beam splitter cube; ND, Neutral Density Filter;PD1 andPD2,
photo detectors.
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