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An improved self-mixing grating interferometer based on the Littrow structure has been proposed in this Letter to measure
displacement. The grating is integrated inside the interferometer to reduce the impact on the vibration parameters of the
object caused by the grating attached to the vibrating object. The�1st diffracted light returns to the laser cavity after being
reflected by the target object, and self-mixing interference occurs. The displacement can be reconstructed by processing
the self-mixing signals. The feasibility of the proposed interferometer is demonstrated by experimental measurements, and
results show that it can achieve micro displacement measurement with the maximum absolute errors of less than 50 nm.
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1. Introduction

The laser self-mixing interferometer (SMI) has been widely used
in many measurement fields because of its noncontact, simple
structure, easy collimation, high sensitivity, and small measure-
ment errors, including absolute distance[1], displacement[2–7],
velocity[8], vibration[9], and biomedicine[10,11]. The main forma-
tion process of a laser SMI is that part of the light emitted by the
laser is reflected or scattered by vibrating objects, and the feed-
back light interferes with the light in the laser resonant cavity[12].
This interference light affects the change process of output
power and output frequency; in turn, the laser SMI is formed.
Displacement measurement based on the laser SMI is the most
widely used approach in this application. However, the laser
light source is easily affected by the external environment.
Thus, when SMI occurs, the wavelength of the light source also
drifts slightly, thereby reducing the measurement accuracy.
Therefore, traditional SMI often has large measurement errors.
The grating interferometer (GI) based on the grating Doppler

effect was developed. GI is based on the grating pitch as themea-
surement reference; it has low requirement on the stability of the
light source, which reduces the impact of the wavelength fluc-
tuation of the light on the measurement accuracy to a certain
extent[13–19]. Generally, GI is used to measure the in-plane dis-
placement of the targets. It cannot be used to measure the out-
of-plane displacement until Kao et al. proposed a GI based on
the Littrow structure (or self-collimation structure)[15], which
ensures that the interference optical path of the grating will

not deviate or cause system failure when the grating to be mea-
sured is displaced out-of-plane. In 2015, Guo et al. introduced
gratings into laser SMI systems[20,21]. They proposed a new type
of self-mixing GI (SMGI), in which the laser wavelength is
replaced by the grating pitch as the measurement standard,
and the SMGI can realize displacement reconstruction with
p=2m (where m is the diffraction order, and p is the grating
pitch) resolution. Moreover, compared with the traditional
SMI system, the SMGI system can transform the feedback level
in a weak regime without using an optical attenuator.
Nevertheless, the signal-to-noise ratio (SNR) is reduced because
the zero-order diffracted light is also returned to the laser cavity
excluding the measured light. In 2017, the improvement work
based on the SMGI system was reported, and the self-collima-
tion design was added. Thus, the feedback of zero-order dif-
fracted light is avoided, and the SNR of the SMGI signals is
improved[22]. Although the structure of the interferometer is
more compact, the grating needs to adhere to the vibrating
object, which is inconvenient in practical applications; in addi-
tion, changing the vibration parameters of the vibrating target is
possible, resulting in inaccurate measurement.
We propose an improved SMGI based on the Littrow struc-

ture in this Letter. The displacementmeasurement using the gra-
ting pitch instead of the wavelength of the light source as the
measurement standard is realized under the condition that
the grating is integrated inside the interferometer. This structure
can reduce the impact on vibration parameters. Furthermore,
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limited by the diffraction efficiency of the grating, an external
attenuator is unnecessary to maintain the feedback level in a
weak regime. Evidently, the structure is simple, compact, and
easy to operate. In addition, the integral reconstruction method
can be used to demodulate the phase of the vibrating target, and
then the displacement of the target can be obtained using the
relationship between the phase and the displacement. This pro-
posed interferometer realizes accurate micro displacement
reconstruction with its simple and compact structure.

2. Theoretical Analysis

The meanings of some major constant parameters in the follow-
ing equations are shown in Table 1. The classical SMI model is
deduced from the Fabry–Perot (F-P) model, in which SMI
occurs when part of the light emitted by the laser is reflected
or scattered by the vibrating object and returns to the laser cav-
ity. According to the self-mixing effect, the feedback light is
coupled with the light in the cavity, and the coupled light mod-
ulates the frequency and intensity of the output light[23]. The
SMI phase equation can be represented as follows:

φ0�t� = φF�t� � C sin�φF�t� � arctan α�, (1)

whereφ0�t� andφF�t� denote the phase without optical feedback
and the phase with optical feedback separately, C stands for the
feedback level parameter, and α is the line-width enhancement
factor[24].
Given the weak feedback regime,C < 1[3,9,10,20], the change in

laser frequency caused by optical feedback is small in this case.
φF�t� is changed negligibly and is approximate to φ0�t�, that is,
φ0�t� ≈ φF�t�. Thus, the SMI output power equation can be
written as

P = P0f1� ξ cos�φ0�t��g, (2)

where P0 and P represent the laser output power without optical
feedback and the power with feedback, respectively. ξ stands for
the parameter of the modulation coefficient of SMI. In our pro-
posed interferometer, the phase change is composed of two
parts, namely, the phase change caused by optical path length
variation and the phase change caused by grating Doppler effect.
The former is represented by φL, and the latter is represented
by φg .
Figure 1 is the schematic diagram of the proposed interferom-

eter, which is composed of a laser diode (LD), a reflective holo-
graphic grating, and a photodetector (PD). As we all know, the
ruled grating will produce ghosting and a relatively large amount
of diffracted light, which will have a negative impact on the mea-
surement accuracy, while holographic gratings can reduce or
even eliminate these errors[25]; hence, the use of reflective holo-
graphic gratings is selected in this Letter. The grating equation is
expressed as

d�sin θm � sin θi� =mλ, m = 0, ± 1, ± 2, ± 3 : : : , (3)

wherem indicates the diffraction order, θm is the reflected angle
of themth diffracted light, θi is the incident angle of the light, d is
the grating pitch, and λ is the laser wavelength.
The Littrow structure means that the mth diffracted light

returns along the optical path of the light incident on the grating,
that is to say

θm = θi: (4)

Substituting Eq. (4) into Eq. (3), we can obtain the Littrow
condition of the reflection grating diffraction as

sin θi =
mλ

2d
: (5)

In our proposed interferometer, the �1st diffracted beam is
reflected back to the laser cavity to form SMI, as shown in
Fig. 1, so

Table 1. Physical Meaning of Symbols in Equations.

Symbol Physical Meaning Value in This Letter

C Feedback level parameter 0 < C < 1

α Line-width enhancement factor 4.6

m Diffraction order m = 1, 2, 3 : : :

θm Reflected angle of the mth diffracted light

θ 1 Reflected angle of the �1st diffracted light

θi Incident angle of the light

d Grating pitch 1/1200 mm

λ Laser wavelength 650 nm

c Speed of light 3 × 108 m=s
Fig. 1. Schematic diagram of SMGI.

Vol. 19, No. 10 | October 2021 Chinese Optics Letters

101402-2



m =�1,

θi = θ1: (6)

The light emitted by the laser is incident on the vibrating
object at a fixed angle θi. Then, the reflected light from the
vibrating object is incident on the grating at the same angle
θi. The �1st diffracted beam returns to the laser cavity along
the same path of the incident light. When the object moves
x�t� in the horizontal direction, as shown in Fig. 1, the light inci-
dent on the grating scans the grating and then produces the SMI
effect. Thus, the �1st diffracted light exhibits a phase change,
which is caused by the grating Doppler effect and the optical
path difference in motion. It can avoid the zero-order diffracted
beam feedback, thereby improving the SNR[22].
According to the Doppler effect, when the grating moves at a

speed v, the frequency of the diffracted light changes accord-
ingly[26]. When the laser is incident on the grating and the gra-
ting moves at a speed v, as Fig. 2 shows, assuming that the
frequency of the incident light received by the grating at point
A is f A, then we can get

f A = f 0

�
1� v sin θ11

c

�
, (7)

where f 0 denotes the original frequency of the laser, θ11 is the
incident angle, and c is the speed of light.
The corresponding frequencies of the �1st diffracted

beam are

f 1 = f A

�
1� v sin θ12

c

�
, (8)

where θ12 represents the �1st diffraction angle.
Simultaneously using Eqs. (7) and (8), we can obtain

f 1 = f 0

�
1� v sin θ11

c

��
1� v sin θ12

c

�

=
f 0
c2
�c2 � cv�sin θ11 � sin θ12� � v2 sin θ11 sin θ12�: (9)

The higher-order items are ignored to obtain

f 1 = f 0 �
v
λ
�sin θ11 � sin θ12�: (10)

The Littrow structure indicates that the�1st diffraction angle
is equal to the incident angle of the light, that is, θ12 = θ11 = θ1.
Therefore, Eq. (10) can be written as

f 1 = f 0 �
v
λ
2 sin θ1: (11)

According to Eqs. (5) and (6), Eq. (11) can be rewritten as

f 1 = f 0 �
v
d
: (12)

Then, the Doppler shift of the �1st diffracted light can be
written as

Δf = f 1 − f 0 =
v
d
: (13)

We can obtain the phase change of the �1st diffracted beam
caused by the displacement x�t� due to the grating Doppler
effect, as follows:

φg = −2πΔf t = −
4π tan θ1x�t�

d
: (14)

Meanwhile, the phase change caused by optical path length
variation is

φL =
4πΔL
λ

=
8πx�t�
λ cos θ1

, (15)

where ΔL is the optical path difference caused by the displace-
ment x�t�, as shown in Fig. 1.
From Eq. (5), we can get

λ = 2d sin θ1: (16)

Equation (16) is substituted into Eq. (15) to get

φL =
8πx�t�

2d sin θ1 cos θ1
: (17)

According to Eqs. (14) and (17), the total phase change of the
proposed interferometer can be expressed as

φ�t� = φL � φg =
4πx�t�
d tan θ1

=
4πx�t�
d tan θi

: (18)

Equation (18) indicates that the laser wavelength has no direct
influence on the phase change of the proposed interferometer.
Thus, it can withstand more environmental interference
and reduce the measurement error caused by wavelength
fluctuation.Fig. 2. Grating diffraction principle diagram.
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φ�t� is obtained by the integral reconstruction method[27],
using the same deformation of the self-mixing signal derivative
and trigonometric function integration to extract the phase,
thereby eliminating the cosine term and avoiding phase expan-
sion. The algorithm flow chart is shown in Fig. 3.
According to Eq. (18), we can obtain the displacement signal

x�t� as follows:

x�t� = d tan θi
4π

φ�t�: (19)

3. Simulation Results

To verify the availability of the proposed interferometer in a
weak feedback regime, simulation experiments are carried
out, and the simulation results are shown in Fig. 4. The simula-
tion parameters in Fig. 4 are set as follows. The peak-to-peak
amplitude is 1 μm with harmonic vibration, and the vibration
frequency is 5 Hz. The sampling frequency is 50 kHz, and the
sampling number is 50,000. The wavelength of the LD, which
works under weak feedback with C = 0.1, is 650 nm, and the
line-width enhancement factor α is 4.6. The pitch of the diffrac-
tion grating is 1/1200 mm.
Figure 4(a) represents the interference signals. Figure 4(b)

displays the phase of the measured signals obtained by the inte-
gral reconstructionmethod. Figure 4(c) shows the simulated dis-
placement in red and the reconstruction displacement in blue.
In Fig. 4(d), the fringes represent the errors between the

reconstruction and simulated displacements. The figure shows
that the maximum absolute errors are approximately 7.36 nm.

4. Experimental Setup and Results

We carried out a sequence of experimental tests to verify the
effectiveness of this interferometer. As shown in Fig. 5, the
experimental setup consists of a low-cost semiconductor LD
(QL65D5SA, QSI) with a wavelength of 650 nm used as the light
source, a PD that is packaged in the LD to detect the current
variation, and a reflective holographic grating with the grating
pitch of 1/1200 mm. The LD, which is driven by a constant cur-
rent driver (LD1255R, Thorlabs), is fixed on the 360° adjustable
rotating table with an accuracy of 0.1°. A piezoelectric trans-
ducer (PZT, P753.1CD, PI) is used as an external target, and

Fig. 3. Flow chart of integral reconstruction algorithm.

Fig. 4. Simulation harmonic vibration signals (C = 0.1, α = 4.6).
(a) Interference signals. (b) Phase of the measured signals obtained by
the integral reconstruction method. (c) Simulated target displacement
(red) and reconstruction displacement (blue). (d) Errors.

Fig. 5. Experimental setup.
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it can reach a resolution of 0.05 nm under closed-loop control.
The grating, which is fixed on a clamp holder, is placed facing
and parallel to the PZT to ensure that the incident angle of the
light emitted from the LD to the target is equal to the incident
angle of the reflected light from the target to the grating. A trans-
conductance amplifier is used to amplify the detected current
and convert it into a voltage. Subsequently, the voltage signals
can be obtained using the data acquisition card (USB-4431,
NI) and then the data are processed on a personal com-
puter (PC).
Subsequently, a sequence of experiments has been performed

to verify the proposed interferometer, as described in the follow-
ing section.
To put this interferometer to the test, the PZT is controlled to

generate a sinusoidal motion. The parameters are set as follows.
The peak-to-peak amplitude of the motion is 1 μm, and the
vibration frequency is 5 Hz. The sampling rate of the acquisition
card is 50 kHz. The experimental results are shown in Fig. 6.
Figure 6(a) displays the SMGI signals. Figure 6(b) shows the fil-
tered signals that can be acquired by processing the interference
signals through a low-pass filter. In Fig. 6(c), the red and blue
fringes indicate the theoretical displacement of the target and
the reconstruction displacement, respectively. As shown in
Fig. 6(d), the maximum absolute errors are approximately
37.48 nm.
Next, to verify the reliability of the proposed interferometer

under the same condition, the PZTmoves in a sinusoidal motion
with a peak-to-peak amplitude of 2 μm. The frequency is from
2Hz to 5Hz, and the step size is 1 Hz. The sampling frequency is
50 kHz, and the sampling number is 50,000. Each experiment is
carried out five times, and the errors are shown in Table 2. It
manifests that the maximum absolute errors are not more than
50.00 nm.
Finally, to illustrate that our proposed interferometer can

reconstruct the displacement of random vibrations accurately,
the smooth random signals were selected for experimentation.
The results are shown in Fig. 7. Figure 7(a) reveals the

interference signals. The signals after the low-pass filter are
shown in Fig. 7(b). The reconstructed displacement is repre-
sented by the blue curve, and the theoretical displacement of
the target is denoted by the red curve, as shown in Fig. 7(c).
Figure 7(d) demonstrates that the maximum absolute errors
are approximately 49.89 nm.
From Eq. (19), the theoretical measurement errors of the pro-

posed SMGI can be expressed as

jΔx�t�j = d tan θi
4π

jφ�t�j � φ�t� tan θi
4π

jΔdj

� dφ�t�
4π

�sec θi�2jΔθij: (20)

Evidently, the measurement accuracy of the interferometer is
affected by the errors of the phase jΔφ�t�j, the grating pitch
jΔdj, and the incident angle jΔθij. First, the accuracy of the
extracted phase may be affected by the temperature of the
environment, mechanical vibration, and electromagnetic inter-
ference. Among them, temperature has a non-negligible influ-
ence on the measurement, and the temperature controller can
be used to reduce the influence on the extracting phase.
Similarly, mechanical vibration has an important influence on

Fig. 6. Experimental results of sinusoidal vibration. (a) Interference signals.
(b) Filtered interference signals. (c) Reconstruction displacement (blue)
and theoretical target displacement (red). (d) Errors.

Table 2. Errors of Sinusoidal Vibration.

Peak-to-Peak
Amplitude (μm)

Frequency
(Hz)

Maximum Absolute
Error (nm)

Average Absolute
Error (nm)

2 2 46.47 13.04

3 44.27 12.45

4 46.65 15.69

5 46.91 14.09

Fig. 7. Experimental results of random vibration. (a) Interference signals.
(b) Filtered interference signals. (c) Reconstruction displacement (blue)
and theoretical target displacement (red). (d) Errors.
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the experiment. All optical equipment should be fixed on an
optical isolation platform to reduce the influence of mechanical
vibration on the experiment. Then, the optical equipment used
in the experiment was grounded to reduce the influence of
electromagnetic interference on the experiment. Second, the
error of the grating pitch may be caused by grating inhomoge-
neity and environmental corrosion, which we can reduce by
using an environmental controller or a protective cover.
Eventually, by using a rotating table with an accuracy of 0.1°,
the deviation of the incident angle can be controlled.

5. Conclusion

In conclusion, we propose an improved SMGI by combining the
SMI and GI. The grating does not need to be attached to the
vibrating target and can be integrated inside the interferometer
to reduce the impact on the vibration parameters of the vibrating
target and thereby reducing the measurement errors; it is also
more convenient in practical application. A sequence of experi-
ments is conducted on harmonic and random vibration of the
target, and the maximum absolute errors are less than 50 nm.
The simulation analysis and experimental results show that
the proposed interferometer has good performance inmicro dis-
placement measurement. This interferometer provides a benefi-
cial exploration for displacement measurement.
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