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Micro-displacement reconstruction using a laser self-mixing grating
interferometer with multiple-diffraction

Abstract

In this paper, we demonstrated an improved laser self-mixing grating interferometer (SMGI) with auto-
collimation design which can avoid the disturbance from the light feedback of the zero-order diffraction
beam. In order to obtain higher optical subdivision, SMGI with multiple-diffraction is implemented. Both
theoretical analysis and experimental work show that the proposed system for displacement
measurement can achieve high sensitivity and low measurement uncertainty. Using the proposed system,
different forms of micro-displacement signals applied on the target (grating) have been reconstructed
with accuracy of a few nanometers. The work presented in this paper provides a good way to achieve
robust and high precision measurement with compact system configuration.
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Abstract: In this paper, we demonstrated an improved laser self-mixing grating
interferometer (SMGI) with auto-collimation design which can avoid the disturbance from the
light feedback of the zero-order diffraction beam. In order to obtain higher optical
subdivision, SMGI with multiple-diffraction is implemented. Both theoretical analysis and
experimental work show that the proposed system for displacement measurement can achieve
high sensitivity and low measurement uncertainty. Using the proposed system, different
forms of micro-displacement signals applied on the target (grating) have been reconstructed
with accuracy of a few nanometers. The work presented in this paper provides a good way to
achieve robust and high precision measurement with compact system configuration.
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1. Introduction

Nano-scale positioning and scanning stages have become increasingly important in
nanotechnology applications. To achieve high resolution positioning, the displacements of
such stages must be acquired for feedback control of the stage position, which is one of the
most important factors influencing the stage performance. Many kinds of sensors have been
designed to measure the displacements of stages, such as capacitance transducers and laser
interferometers [1]. Optical heterodyne interferometers and grating interferometers are
commonly used for displacement sensing in the feedback control system [2]. However, the
optical configuration of such interferometers is very complicated and it is not easy to operate
because there are many optical components, such as polarizer, polarizing beam splitter, and
wave plates in the system.

Self-mixing interference (SMI), owing to its unique compactness, robustness and cost-
effectiveness has attracted more and more attention in recent years [3—5]. It has proved to be a
powerful tool in the precision measurement of displacement, velocity, thickness, angles and
refractive index etc [6—13]. Identical to the conventional two-beam interferometers, the
measurement standard of SMI is the laser wavelength A. The measurement accuracy is
strongly dependent on the laser wavelength stability. However, the laser wavelength can be
affected by the optical feedback in SMI, which will cause unavoidable measurement error.
Though the optical feedback level is always controlled in a weak level to minimize the
wavelength undulation, the influence cannot be neglected in precision measurement. Besides,
the variations in temperature, humidity, air pressure and air flow in the environment will lead
to deterioration in the measurement accuracy.

By introducing a diffraction grating in SMI, we have reported a novel self-mixing grating
interferometer (SMGI) [14, 15]. Theoretical analysis and Experimental results show that the
proposed SMGI adopts the grating pitch rather than the wavelength as the measuring
standard, removing the measurement error caused by the wavelength undulation and
providing better immunity against environmental disturbances. Furthermore, compared to
traditional SMI, SMGI system does not require an optical attenuator to control the optical
feedback strength due to the limitation of the diffraction efficiency. In our previous work [14,
15], a SMGI with double diffraction system is proposed in which a beam emitted from the
laser diode is incident onto a grating perpendicularly and the double diffracted beam returns
back to the laser cavity, self-mixing interference effect occurs. However, in addition to the
measuring light, the zero-order diffraction beam also returns back to the laser cavity.
Although it does not introduce an additional phase change in SMGI signal, it will decrease the
signal to noise ratio (SNR) of the signal.

In this paper, we report improved works based on the SMGI system. Firstly, we introduce
an improved SMGI system with novel auto-collimation design which makes the overall
measurement system more compact and easier to operate. The laser beam is incident onto a
reflective holographic grating with a fixed angle which makes the measuring light diffract
back along the same path of the incident light and cause self-mixing interference effect. It can
avoid the feedback of the zero-order diffraction beam so as to improve the SNR of the SMGI
signal. Secondly, the new work makes use of multiple-diffraction to enhance the
measurement resolution. The multiple-diffraction is implemented by using a plane mirror to
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make the measuring light reflect and diffract between the mirror and grating for several times.
Theoretical analysis is presented and the results coincide with the experimental observations.
Thirdly, an application of micro-displacement sensing is presented with high precision by the
proposed SMGI system.

2. SMGI with auto-collimation design

Reflective Holographic
Grating

jode ycidett pea™
[t D L & v
.‘_ mlh L{‘ﬁr&c‘c

\._;1 ofd-cr

peat®
Fig. 1. Schematic diagram of the SMGI with auto-collimation design.

The schematic diagram of the proposed SMGI system with auto-collimation design is shown
in Fig. 1. It consists of only a laser diode (wavelength denoted by 4) and a reflective grating
(pitch denoted as d). The grating is a sinusoidal amplitude holographic grating that only
generates Oth and + 1st diffraction orders [16]. In addition, ruled gratings suffer from periodic
errors, such as ghosting, and relatively high amounts of scattered light, which could
negatively affect sensitive measurements. Holographic gratings are designed specially to
reduce or eliminate these errors [17]. A beam emitted from the laser diode is incident onto its
external target that is a grating. The incident angle of the laser beam denoted by 8 is fixed
during the measurement which is determined by

A
f=arcsin| — |. 1
2 (n
As known, the diffraction law can be written as
d(sin@+sin B )=qgd, q=*112.. (2)

Where 0 is the incident angle; S, is the gth-order diffraction angles; g is the diffraction order;
Substituting Eq. (1) into Eq. (2), we can get

B,=6. (€)

Thus the 1st-order diffraction beam returns back along the original path of the incident beam
as shown in Fig. 1. Self-mixing grating interference occurs when a laser beam is incident onto
a reflective holographic grating with a fixed angle 6; the lst-order diffracted beam is
diffracted back into the laser cavity and mixes with the light inside the laser cavity. Due to the
limitation of the diffraction efficiency, the intensity of the feedback light to the laser diode
can be kept at a weak level. Unlike a traditional SMI, this configuration no longer needs an
external attenuator to control the feedback level. Obviously, this design can make the overall
system more compact.

When the grating moves with speed as v in vertical direction indicated in Fig. 1, the
diffracted light will generate a frequency shift due to Doppler Effect [18]. The frequency shift
of the incident light (frequency denoted by f;) and the 1st-order diffracted light (frequency
denoted by f}) is expressed as below

A = fi-fy =21, Esin 6. 4)
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Where ¢ = fy is the light speed in vacuum. Substituting Eq. (1) into Eq. (4), the frequency
shift is simplified as

A =v/d. )

The phase change due to the movement of the grating can be expressed as

@, (6) =27\t = 27x(1) | d. (6)

Where x(f) = vt is the displacement of the grating. According to self-mixing effect, a change

in light phase will cause the change in both laser intensity and its frequency [19]. The system

model for the proposed SMGI can be summarized as follows

27x(t)
d

ot =,7-Csin(wr+ +arctan ). )

1) = 10[1+mcos(m+@>]. (8)

Where 7 is the external cavity round-trip time; /I, is the laser output intensity without
feedback; w and w, are the angular frequency of the laser with and without feedback,
respectively; C is the optical feedback strength; m represents the modulation coefficient.
Figure 2 is the simulation results of the proposed SMGI with auto-collimation design. Figure
2(a) is the simulated sinusoidal displacement of the grating (d = 0.83um) with amplitude at
4um (p-p). Figure 2(b) is the corresponding SMGI signal. It can be seen that each fringe in
SMGI corresponds to the change in the grating displacement with d, and the inclination of the
fringes indicate the direction of the grating movement.

ra

Displacement (um)
(=]

30 40 50 60 70 80 90 100
t fms)

[ Signal fa.u)
=Y

i

SMGTSi

0 10 20 30 40 50 60 70 80 90 100
t(ms)

Fig. 2. Simulation results of the SMGI signal (vibration amplitude at 4pum p-p).

Fringe counting method is commonly used for displacement measurement in SMI
technology. In traditional SMI configuration, each fringe corresponds to the change in target
displacement with A/2. But, a fringe change corresponds to the grating pitch d in SMGI.
Hence, we say, the measurement resolution for displacement using the proposed SMGI
system depends on the grating pitch d but not the laser wavelength /. The grating pitch can be
manufactured with high accuracy and it does not disturbed by ambient temperature or optical
feedback. Hence, the proposed system is more robust compared to the traditional SMI
configuration.

Compared with the SMGI system we proposed previously in [14, 15], in this paper, the
proposed configuration with auto-collimation design has following advantages: First, it just
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consists of a laser diode and a diffraction grating, which is more compact. Second, the SNR
of the interference signal is higher due to the lower light loss. And the influence of the zero-
order back-diffracted light is eliminated. Third, the optical path is easier to adjust. In addition,
for further improving the fringe resolution, we introduced a SMGI with multiple-diffraction
presented as below.

3. Design of a SMGI with multiple-diffraction

Reflective Holographic
Grating

Ix(r)

Fig. 3. Schematic diagram of the a SMGI with multiple-diffraction.

Schematic diagram of a SMGI with multiple-diffraction system is shown in Fig. 3. The laser
beam from a laser diode is incident onto a reflective holographic grating at a fixed angle. A
mirror is fixed at a special position to make the measuring light reflect and diffract between
the mirror and grating for several times. Assuming that the number of diffraction times is N,
the phase change of the SMGI due to the displacement of the grating x() is expressed as Eq.
(9) due to the grating Doppler Effect

0, ()=2Nzx(t)/d. )

By introducing multiple-diffraction, //N optical subdivision in SMGI signal can be obtained
as follows

|Ap, (6)| =[2NmAx(t) / d] = 27t & |Ax(t)| =d / N. (10)

Here we designed two types of beam path between the mirror and the grating as shown in Fig.
4.

Reflective Reflective
Holographic Grating Holographic Grating
8, B,
B1 B1
8, 8,
B2 B2
8:=B3 8;
Bs
(a) Nis odd (b) N iseven

Fig. 4. Schematic diagram of the beam path between the grating and the mirror.
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As seen in Fig. 4, a mirror is fixed at a special position and the angle between the mirror
and the grating is denoted as a. The laser beam is incident on a reflective holographic grating
at a fixed angle #,. The Ist-order diffracted light hits on the mirror and reflected by the
mirror. The reflected light is diffracted by the grating again, and then to the mirror, to the
grating, to the mirror, repeatedly. In Fig. 4, 8; (i = 1, 2, 3...n) is the incident angles, 5; (i = 1,
2, 3...n) is the diffraction angles. Counting from the first diffraction, the incident angle is 6,
0,...0, respectively. Similarly, diffraction angle is 1, f3,...5, respectively.

Here, two types of beam path between the mirror and the grating are designed as shown in
Figs. 4(a) and 4(b). In Fig. 4(a), the measuring light is reflected and diffracted between the
mirror and grating for several times, finally the measuring light is incident on the grating at
the incident angle &, which satisfies the relationship in Eq. (1), and the diffracted light returns
back along the same path of the incident light. It returns into the laser cavity and self-mixing
grating interference occurs. In this case, the number of diffraction times is N = 2n-1. When
the angle between the grating and the mirror is fixed as a, other angles in Fig. 4(a) can be
determined by the following equations

sin@, +sinf8 =A/d, i=12.n
6.,+p3 =20 i=12.n-1 . (11
6, = B, =arcsin(4/2d).

Another type of beam path is shown in Fig. 4(b). The measuring light is reflected and
diffracted between the mirror and grating for several times, finally the measuring light hits on
the mirror perpendicularly and it returns back along the same path of the incident light and
then back into the laser cavity, self-mixing grating interference occurs. In this case, the
number of diffraction times is N = 2n. When the angle between the grating and the mirror is
fixed as a, other angles in Fig. 4(b) can be determined by following equations

sin@, +sinf8, =A/d, i=12.n
6., +p =2a, i=12.n-1 . (12)
B, =c.

Theoretical analysis shows that by introducing multiple-diffraction, the fringe resolution
can be improved to d/N. Hence, the smaller grating pitch d used, the more diffraction times
introduced, the higher displacement measurement resolution can be achieved.

4. Experimental Results

4.1 Experimental observations of a laser SMGI with multiple-diffraction

Reflective Holographic
Grating

: Nanopositioning
Stage

Low Noise / b
v AD tage
Amplifier PC Controller

Fig. 5. Experimental Setup of a SMGI with multiple-diffraction.
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Experimental observations have been conducted to confirm the validity of the SMGI with
multiple-diffraction. Figure 5 is the experimental setup. The output power and wavelength of
the laser diode (HL6320G) is 10mW and 635nm respectively. The reflective sinusoidal
amplitude holographic grating with pitch 0.83um is mounted on a 2-D nanopositioning stage
(PI, P621.2CD) with closed-loop positioning resolution 0.4nm. The interference signal
monitored by the photodetector in the LD package is sent through a low noise voltage
amplifier (SR560) and then digitized with a 2 MS/s, 16-bit analog-to-digital converter board
(NI 6361).

Figure 6 is the experimental observations of the SMGI signal with multiple-diffraction
corresponding to the design of beam path in Fig. 4(a) when N is odd case. During the
experiments, the output of the integrated feedback sensor of the nanopositioning stage shows
that the grating vibrates at amplitude 3um peak to peak. Figure 6(a) is the voltage signal
corresponding to the grating displacement obtained from the sensor monitor of the stage
controller. Figures 6(b)-6(d) are the corresponding SMGI signals with N =1, 3, 5. For these
three cases, according to Eq. (9), each interference fringe corresponds to the displacement as
0.83um, 0.277um, 0.166um respectively. The experimental results coincide with the
theoretical analysis presented in section 2 for the case with odd N.

Figure 7 show the experimental results for the even N case with beam path in Fig. 4(b).
During the experiments, the output of the integrated feedback sensor of the nanopositioning
stage shows that the grating vibrates at amplitude 3um peak to peak. Figure 7(a) is the voltage
signal corresponding to the grating displacement obtained from the sensor monitor of the
stage controller. Figures 7(b)-6(d) are the corresponding SMGI signals with the number of
diffraction times N = 2, 4, 6. According to Eq. (9), an interference fringe is corresponding to
the displacement as 0.415um, 0.208um, 0.138um respectively. And the experimental results
again agree well with the theoretical analysis in section 2.
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Fig. 6. Experimental observations of the SMGI signal with multiple-diffraction (N =1, 3, 5).
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Fig. 7. Experimental observations of the SMGI signal with multiple-diffraction (N =2, 4, 6).

As indicated in Eq. (10), higher value of N can achieve higher optical subdivision, that is,
higher fringe resolution can be gained. However, due to the limitation of the diffraction
efficiency, higher N will cause weaker optical intensity back to the laser cavity. Thus, a
compromised N should be chosen to guarantee both the fringe resolution and the SNR of the
signal. In our work, the highest fringe resolution of d/6 has been obtained which we can
achieve satisfied SMGI signal quality. This can be further improved by enhancing the laser
power and carefully refining the system’s electronics and mechanics.

4.2 Application of micro-displacement reconstruction

e,
-"J’ecrfp@
%ry
Phi
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Stage
® N Mirror
&\o
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Fig. 8. Displacement measurement configuration using SMGI with multiple-diffraction.

In order to verify the performance of the SMGI with multiple-diffraction, application of
micro-displacement reconstruction has been conducted. Here we take the SMGI with
diffraction times N = 5 as an example which is shown in Fig. 8. In order to obtain higher
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displacement resolution, an experimentally controlled phase modulation is introduced by an
electro-optic modulator (EOM, New Focus 4002) situated between the grating and the laser
diode. The angle between the polarization direction of the laser beam and the electro-optically
active axis of the EOM is 0°. Then the EOM can provide pure phase modulation with
extremely low amplitude modulation. Assuming that the phase modulation function is
asin(2nfyt), where a is the modulation depth, f;, is the modulation frequency. Considering that
the beam pass through the EOM twice in the external cavity, the modulated SMGI signal can
be written as

1(t) = Iy {1+ mcos[ @, + ¢, (1) + 2asin27 £,1) ]} . (13)

Where @, is the initial phase of the SMGI signal; ¢,(¢) is the phase change corresponding to
the displacement of the grating. Expanding Eq. (13) in a Fourier series, harmonics at
frequency f,, and 2f;, have following expressions

1(f,,,1) = 2ml sin(@, (1) + ¢))J, (2a)sin(27 £,,1) = 4 (1) sin(2x £, ). (14)
1(2f,,,1) = 2ml, cos(@, (1) + §))J, (2a) cOS(47 f,,1) = A, (1) cos(47 f,,1). (15)

Where J,(2a) is the nth-order Bessel function. Then we can calculate the phase variation
Apy(f) from A,(¥) and A>(¥) using the relationship in Eq. (16)

A(pg(t)=Aarctan|:Al—(t)~M}. (16)

4,() J,(2a)

Figure 9 is the signal processing diagram of the phase extraction we have proposed [20]. The
phase Ag,(#) obtained from Eq. (16) is wrapped within the region of -7 and 7 and it requires a
phase unwrapping process to return it to a continuous phase signal that is free from 27 jumps.
It mainly includes the following steps: (1) Calculate the difference between the current
sample and its directly adjacent left-hand neighbor; (2) If the difference between the two is
larger than + m,then subtract 27 from this sample and also from all the samples to the right of
it; (3) If the difference between the two is smaller than —n, then add 2= to this sample and also
to all the samples to the right of it. After unwrapping the phase, the displacement of the
grating can be determined by

d
Ax(t)=——A@, (). 17
(1) 22N @, (1) (17)
Band Pass Removal
Filter IFFT of Carrier
ID i L0
F l lﬁwm Phase Phase
"" Determination Unwrap
e 125t \|\] |

Gf:::':;gn T —»{%* Ag, (1)

- e Jaft || u g .
P
g

A )

Band Pass IFFT Removal
Filter of Carrier

Fig. 9. Signal processing diagram of the phase extraction.
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Before taking a measurement, we used a simple method to ensure that the grating plane is
parallel to moving axis of the nanopositioning stage. A laser beam is incident onto the grating
plane perpendicularly and the zero-order diffracted light returns into the laser cavity. When
the stage is moving, if the grating plane is parallel to the moving axis, no interference signal
can be observed since the Doppler frequency shift of the zero-order diffractive beam is 0. If
the grating plane is not parallel to the moving axis, interference signal can be observed due to
the variation in optical path of the feedback light.

By making the grating vibrate at different waveforms, we are able to reconstruct them by
the proposed configuration. First, the stage is controlled to move at a sinusoidal form with
frequency 10HZ and amplitude (peak to peak) at 600nm, 1000nm, 2000nm and 3000nm
respectively. Figure 10 shows the reconstructed displacements. Table 1 shows the
displacement amplitude applied on the stage, the results measured by the proposed system
and the corresponding measurement errors. Second, the stage is controlled to vibrate at a
triangular signal with frequency 10HZ and amplitude (peak to peak) at 200nm, 1000nm and
3000nm respectively. Figure 11 and Table 2 show the related results. From above
experimental results, we can see that the proposed SMGI with multiple-diffraction can
effectively measure the displacements with high accuracy.
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Fig. 10. Reconstructed sinusoidal movements of the grating (10HZ).
Table 1. Measurement results of the sinusoidal movements
Controlled Measurement results of three periods (nm) (p-p) Maximum
di Error (nm)
isplacement
(p-p) (nm) Period 1 Period 2 Period 3
600 604 599 601 4
1000 1005 1001 998 5
2000 2002 2000 1999 2
3000 3000 3003 2996 4




Research Article Vol. 25, No. 25 | 11 Dec 2017 | OPTICS EXPRESS 31404

Optics EXPRESS

Amplitude (p-p)
200nm

2500

2000 — 1000nm
— 3000nm

1500

1000

500

-500

Measurement results (nm)

-1000

-1500

2000 L L L L L
o 0.05 01 0.15 02 0.25 03

t(s)
Fig. 11. Reconstructed triangular movements of the grating (10HZ).

Table 2. Measurement results of the triangular movements

Controlled Measurement results of three periods (nm) (p-p) Maximum
. Error (nm)
displacement
(p-p) (nm) Period 1 Period 2 Period 3
200 206 198 202 6
1000 1002 1001 998 2
3000 3008 3004 2997 8

5. Discussion
5.1 Measurement sensitivity

Based on Eq. (9), the measurement sensitivity of our system can be written as

dg, 2Nrx
dc  d
It is obvious that the higher number of the diffraction times N, the smaller grating pitch d
used in the optical system, the higher measurement sensitivity s will be achieved. Assuming
that the grating pitch d is 0.83um, the measurement sensitivity s is 0.43°/nm when N = 1.
However, the measurement sensitivity can be improved to 2.58°/nm when N = 6.

(18)

5.2 Measurement uncertainty

The uncertainty of the grating pitch |Ad| and phase |Ag,| will influence the measurement
accuracy of the proposed system. The error of the grating pitch could be coming from the
tolerance and the non-uniformity of the grating. The uncertainty of the extracted phase may
come from the electrical noise, environment vibration, and the airstream turbulence. The
phase fluctuation could be maintained less than 1° under well-controlled conditions, such as
the active-isolated table, electric isolation system, and the shelter. From Eq. (17), the
theoretical measurement error of the SMGI with multiple-diffraction is given by the following
expression

_d @,
x| =~ — Ag,|+ S oladl (19)

Assuming that |Ad | and |Ag,| are better than Inm and 1° during the measurement, the
theoretical error could be better than 3.5nm at the displacement of lpym when N = 1.
However, the maximum theoretical error decreases to 1.6nm when N = 6. It is obvious that
the more times the measuring light diffracted, the higher measurement accuracy will be
achieved in the measurement.
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5.3 Measurement Speed

In the measurement system we proposed, the measurement speed was limited mainly by two
factors. One is the modulation frequency of the EOM f;, and another is the sampling rate of
the A/D convertor f;. From Fig. 9, it can be seen that the phase is extracted from the first
harmonic and the second harmonic of the modulated SMGI signal. The sampling rate f;
required in the experiments should satisfy the relationship f>2f;, according to the Nyquist
theorem. As for the modulation frequency f;,, the occurrence of measurement error due to
band overlapping in the frequency domain should be considered. As shown in Eq. (14) and
Eq. (15), 4, (t) and 4, (t) have instantaneous frequency dg,/(2ndt) which is proportional to the
speed of the grating. Therefore, the first harmonic and the second harmonic centered at f;,, and
2., present a spectral width proportional to the maximum velocity of the external target. To
avoid overlapping problems, ¢, can only have spectral components limit to f;, /2 which can be
expressed as

d
4P < ﬂ (20)
2rdt 2
Substituting Eq. (9) into Eq. (20), the following relationship can be obtained
Voo =Soud /2N. 21

From Eq. (21) we can see that the maximum measurable velocity vy, is determined by the
modulation frequency f,, when the sampling rate of the A/D convertor is high enough.

5.4 Measurement Range

The maximum measurable amplitude of the proposed system is related to the maximum
measurable velocity and the grating size. Assuming that the grating vibrates as x =
Xosin(2mfyf), where x, and f; are the amplitude and frequency of the movement. From Eq. (21),
the maximum measurable amplitude x(,.x can be calculated as

Xomax = Jud 1 47TNF,. (22)

Therefore, the maximum measurable amplitude of the proposed system mainly depends on
two factors, one is the grating size and the other is also the modulation frequency f;,.

The minimum measurable amplitude of the proposed system, also called the measurement
resolution, is limited by the precision of the phase extraction and the error of the grating pitch.
Figure 12 is the measurement result of the sinusoidal displacement with amplitude Snm (p-p)
when N = 5. It can be seen that the system proposed can discriminate displacement under
10nm.

Measurement result (nm)

0 01 02 03 0.4 05 0.6

t(s)

Fig. 12. Measurement result of the grating displacement with amplitude Snm (p-p).
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6. Conclusion

SMGI adopts the grating pitch rather than the wavelength as the measurement standard,
removing the measurement error caused by the wavelength undulation and providing better
immunity against environmental disturbances. In this paper we demonstrate an improved
SMGI with auto-collimation design which can avoid the feedback of the zero-order
diffraction beam. And the configuration is more compact and easier to operate than the SMGI
we proposed previously. Furthermore, we introduced multiple-diffraction to the proposed
system to achieve high measurement sensitivity and low measurement uncertainty. Micro-
displacements in different forms have been successfully reconstructed with high accuracy to
verify the performance of the proposed system. This work provides a potential displacement
sensor with high resolution, simple mechanical structure, and good reliability.
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