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ABSTRACT In this paper, a novel self-mixing interferometer based on reflective phase modulation (RPM)
method has been developed to perform micro-displacement reconstruction with nanometer accuracy.
Broaden harmonic components spectrum of the self-mixing signal is produced by employing a high-
frequency vibrating reflective mirror as the phase modulation device. Phase demodulation is implemented
applying the orthogonal demodulation algorithm subject to the signal spectrum, in which orthogonal signal
can be extracted from the harmonic components of the expanded Bessel function. The principle and signal
processing approach are introduced in detail, and the simulation results indicate that the reconstruction
error can be reduced as the number of reflections increases. A series of experiments at different vibration
amplitudes show that the reconstructed errors are all less than 10 nm with modulation frequency of 1 kHz.
And the minimum error of 3 nm has been achieved at the measured amplitude of 229 nm, which demonstrates
the technical-superiority and high-performance of the method.

INDEX TERMS Phase modulation, self-mixing interference, micro-displacement measurement.

I. INTRODUCTION

From 1967, Peek firstly exploited the self-mixing inter-
ferometer (SMI) to measure variations in the optical path
length and the behavior of lasers [1]. Due to its characteris-
tics of inherent simplicity, compactness and self-alignment,
SMI has been extensively used in many fields, such as
distance [2], [3], displacement [4]-[6], velocity [7], [8],
parameters of laser [9], [10], tomography [11], and biomed-
ical signals [12]. As one fringe corresponding to half a
wavelength displacement, it is convenient to reconstruct the
target’s vibration by fringe-counting method [13]. Another
approach for reconstruction of external vibration is based on
the phase unwrapping method [14], [15], which is able to
achieve high reconstruction precision without depending on
the number of fringes. However, in the actual experiments,
the SMI system may be affected by various environmental
factors such as noise and speckle effect, which will cause
signal intensity fluctuation. In this case, the displacement
of the external target can’t be reconstructed accurately by
using the phase unwrapping method. In order to eliminate
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the effect of the signal intensity fluctuation on the phase
unwrapping method, the phase modulation is introduced into
SMI technology. In 2006, Guo and Wang [16] employed an
electro-optic modulator (EOM) in an external cavity with a
temporal-carrier phase-shifting technique that can effectively
restore the vibration displacement of the target. However,
when the modulation frequency is high, the triangular wave
signal is prone to distortion, which causes measurement
error and limits the measuring range. To solve this problem,
Xia et al. [17] developed a sinusoidal phase-modulating SMI,
which processed the interference signal in the frequency
domain. The complete information of the interference signal
was maintained and the sensitivity of the system to noises
has been reduced. In 2017, Jiang et al. [18] combined the
multiple self-mixing interference (MSMI) modulation with
the four-quadrant integral technique, obtaining displacement
reconstruction with higher accuracy. The sinusoidal phase
modulation using EOM can greatly suppress the influence of
low frequency and high frequency noises, thus provide a bet-
ter signal-to-noise ratio (SNR). However, it requires high per-
formance of polarized optical devices to eliminate the effect
by the polarization state of light and increases the system’s
cost.
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In this paper, we present a novel reflective phase mod-
ulation (RPM) method to reconstruct the displacement by
placing a piezoelectric transducer (PZT) with high-frequency
vibration in the external cavity. The high-frequency PZT
plays as phase modulation device. This method effectively
combines phase modulation with multiple reflection tech-
nique [19] for the micro-vibration measurement. The phase
of the modulated signals is calculated by extracting the first
and second harmonic signals in the frequency domain, and
the displacement of the vibrating target can be reconstructed
according to it. Due to the combination of multiple reflection
technology, the proposed method is able to realize high-
precision displacement reconstruction for weak vibration far
less than half a wavelength. In addition, this method has the
superiority of scalable precision by increasing the number
of reflections that make it have potential applications in
sub-nanometer precision measurement.

Il. THEORETICAL ANALYSIS

Self-mixing interference (SMI) is a phenomenon that part of
laser light reflected or back-scattered by the external target re-
injects the resonant cavity and re-coupled to the laser’s cavity,
which results in fluctuations of power and the frequency of
the laser. The academic theory of SMI has been thoroughly
researched and discussed by [20]-[22]. According to the
three- facet Fabry-Pe’rot model, the transmitted power P can
be expressed as:

P = Py (1 + mcos ¢r) 1

The laser phase is subject to the feedback given by the phase
equation:

¢r = ¢po — C sin (¢pF + arctan o) 2)

in the Eq.(1) and (2), Py is the laser power without optical
feedback, and m is the modulation index. Meanwhile, « is line
width enhancement factor and C is optical feedback factor
which indicates the level of the external optical feedback.
¢o (¢o = 2kL = 4L /1) and ¢F respectively represent the
optical phase of the laser without and with light feedback,
where k is the wave number, A is the wavelength and L is
the variation of distance from the LD to the target. In the
weak feedback region (0 < C < 1), the phase equation has
a single solution, which means laser is in a single-mode
state. As a result, ¢ varies little, it can still be approximated
as a phase signal without optical feedback. In other words,
dF ~ ¢o.

In Ref. [19], by employing a simple external reflecting
mirror, the light re-injected back into the laser after zigzag
reflections between two reflecting mirrors. In this case, the
optical path augments with the same displacement of the
target, inducing the improvement of measurement preci-
sion. And the gain of optical path G (N, 6) can be derived
through the geometric calculation of the optical path, it can be
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given as:
1, N=1
G(N,6) = — o
(N.6) : Z dic B
COS() —c 1C05N1
3)

where N (N > 2) is the number of reflections and 6 is the
laser incident angle. Actually, the optical path gain G (N, 0) is
the actual optical path generated by the vibration of the target
divided by the original vibration displacement. After deeply
analyzed, it has been concluded that the closer the value of 6
is to 10°, the larger the maximum measurable displacement
and the smaller the error [19]. Thus, the value of the incident
angle is set to be 10° in our next simulations and experiments.

In this paper, a novel RPM method is designed based on
the above external reflecting mirror model, the diagrammatic
sketch of system is shown in Fig. 1. In the design, the tar-
get M vibration is S (f) = Asin (27fy + B), an external
mirror My is driven to vibrate as H (t) = Bsin 2nf, + )
simultaneously, where A, B and fj, f,, are the amplitudes and
the frequencies of M|, M, respectively. In the schematic,
ray propagation analysis shows that compared with the path
of the laser re-injecting into the resonant cavity when the
external mirror M3, is static, the actual advance in optical path
is no longer related to the vibration of M; alone, then the
actual optical path L(N, 0) can be figured out by geometric
calculation:

L®2,0)=2cosO xS+ H “4)

Laser beam

I@%._

FIGURE 1. Schematic of reflective phase modulation method optical path.

Accordingly, as the number of reflections increases,
the same analysis can be easily adapted to obtain the follow-
ing formula:

0
L(3,0)=(20059+1)*S+20055*H 5)

After reflected by My, the first incident angle of the light on
M is 65, which is defined as the angle between the incident
light and the normal. For example, as shown in Fig.1, when
the light is incident perpendicular to M», the incident light
coincides with the normal, thus 6, = 0. In principle, as long
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as there is a laser perpendicular to Mj or My during the
reflection process, the beam can be reflected between the two
mirrors with any propagating number. Through a series of
angle analysis with larger reflections number and inductive

recursion, we get the expression:
o — (N—-2)%6 ©)

TN

Finally, a general formula can be derived by combining

Eq. (4)-(6):
LIN,O)=GWN,0)*S+GWIN —1,0)«H (7

Under the circumstances, laser power can be written as:

P =Py{l +mcos|[pr + ¥ ()]} (®)
with:
4
qu:T*G(N,G)*S ©)]
4
w(t):T*G(N—l,Qg)*H (10)

At this point, we treat v () as the sinusoidal phase modula-
tion term, the sinusoidal phase modulation depth is & = 4T” *
G (N — 1, 62) = B. Expanding Eq. (8) by the Bessel function
after DC blocking and normalization processing [13], [23],
we obtain:

P = cos (¢F) Jo (h) + 2 cos (¢F)

X len (h) cos [(2n) 2mfit + y)] — 2sin (¢F)

n=1

X Y Ja-i (Wcos[@n—1) Qafut +y)] (1D

n=1

Here, J,, (h) is the first type Bessel function of order n
with the independent variable b, Jy, (h) and J,—1 (h) are
the even and odd orders, respectively. As can be seen that
the AC component of the SMI signal is composed of the
fundamental frequency f,, and its harmonics, and the odd
harmonics fluctuate with sin (¢F) while the even harmonics
fluctuate with cos (¢F). Furthermore, ¢r can be solved by
comparing the amplitudes of two considerable low-order fre-
quency components shown as the following expression [17]:
J2 (h) % Cy (t)} (12)
Ji (h) * Ca (1)

Here, Cj (¢) and C; (¢) respectively represent the ampli-
tudes of first and second harmonics. Obviously, after an
unwrap process, we obtain continuous value of ¢g. Ulti-
mately, the variation information of the external target M
can be deduced by combining Eq. (9) and Eq. (12):

Ja (h) * Cy (t)jl}(< A
Ji(h) % Cy () 47« G (N, 0)

The flow chart used to perform the displacement recon-
struction is shown in Fig.2.

¢F = arctan |:

S (t) = arctan |: (13)

VOLUME 8, 2020

Extract first- |1
harmonic

————— rlrw*

I

I

I

I

! _*‘ =
! n \ ! Coft) b
L J... 3 Extract second- | IFFT [|= i =) 71T 1) }
|
|

T
|
A 4

4 \MM | -
harmonic ”“M”m N \H\NJHH‘\‘ |

I

I
h 4
I
A e

I
Reconstruct the :
(llsplacement S(t) :

I le Phase unwrapping | g, =arctan J, (h)*Cl(t)
process J, (h)*Cz (t)

FIGURE 2. Flow chart of the method.

Ill. SIMULATION RESULTS

Based on the above description of the reflective phase modu-
lation system, a series of simulations with different param-
eters have been carried out to verify the feasibility of the
method. Primarily, the simple harmonic motion signal of
M; and Mj is simulated at A = 0.4 wum, fy = 10Hz,
B =1 um, f,, = 1000Hz, . = 650nm,0 = 10°,a = 6,
C = 0.2, and N = 2. The displacement reconstruction
process is consistent with the flowchart Fig.2. Simulated
result is shown in Fig.3. Fig.3(a) is the phase-modulated
SMI signal when target M and external reflecting mirror M
vibrating simultaneously. After Fourier transform processing,
the frequency spectrum of signal is illustrated in Fig.3(b).
It is obvious that the spectrum of the signal is distributed
to fundamental frequency components and harmonic compo-
nents locating in integer multiples of 1000, which is consis-
tent with the results obtained by theoretical analysis. After
extracting the first and second harmonics by two filters in
the frequency domain, it is easy to obtain the wrapped phase
by inverse Fourier transform and mathematical computation
as in Eq. (11), the calculation result is shown in Fig.3(c).
Ultimately, the variation information of the external target,
as shown in Fig.3(d), can be measured from wrapped phase
and the reconstructed result (in blue) is very close to the real
displacement (in red) set by the simulation. Then, several
simulations with different amplitudes are carried out and the
results verified the feasibility of this method.

In order to further illustrate the relationship between accu-
racy of system and the number of reflections N, we per-
form simulations that increase the number of reflections N
to 3 without changing other parameters. Fig.4 shows the
comparison of simulation results for N = 2 and N = 3.
Figs.4(a)-4(d) and Figs. 4(e)-4(h) show the signal frequency
spectrum, extracted phase, the reconstructed displacement,
and the displacement reconstruction error for these two
cases, respectively. Fig.4(a) and Fig.4(e) clearly demonstrate
that the increase in the number of reflections N results in
a broadening spectrum of harmonic components. Conse-
quently, a higher reconstruction accuracy will be obtained.
As can be seen from Fig.4(d) and Fig.4(h), the reconstruction
error with N = 3 is about 5Snm which is almost half of
that with N = 2. Further simulations of larger number of
reflections N indicate that reconstruction accuracy is scalable
with the increase of N.
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FIGURE 3. Realization of interference signal processing. (a) Simulated
phase modulating SMI signal with N = 2. (b) Frequency spectrum of SMI
signal. (c) Extracted phase from SMI. (d) Reconstructed displacement.
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FIGURE 4. Displacement reconstruction results with N =2 and N = 3.
(a) Frequency spectrum of SMI signal (N = 2). (b) Extracted phase from
SMI signal (N = 2). (c) Displacement reconstruction of SMI (N = 2).

(d) Displacement reconstruction error of SMI (N = 2). (e) Frequency
spectrum of SMI signal (N = 3). (f) Extracted phase from SMI (N = 3).
(g) Displacement reconstruction of SMI (N = 3). (h) Displacement
reconstruction error of SMI (N = 3).

To illustrate the superiority of the proposed RPM method,
the simulation has been conducted when the external vibra-
tion amplitude is reduced to A/5(A = A/10). Fig.5(a) is
the simulated sinusoidal displacement of the external tar-
get. Fig.5(b) shows the generated SMI signal spectrum by
EOM phase modulation method. It can be seen clearly that
the weak vibration results in excessively narrow harmonic
components. Consequently, it will lead to the error of the
extracted phase and failure of reconstruction, as shown in
Fig.5(d) and Fig.5(f). Apparently, employing the proposed
RPM method with N = 3 results in a broadening spectrum
of harmonic components, as shown in Fig.5(c). As a result,
the weak vibration far less than half a wavelength can be
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FIGURE 5. Simulation results of different methods with A = 1/10.

(a) Simulated displacement of the external target. (b) Frequency spectrum
of SMI signal with EOM phase modulation. (c) Frequency spectrum of SMI
signal with RPM method. (d) Extracted phase from SMI of EOM phase
modulation. (e) Extracted phase from SMI of RPM method.

(f) Displacement reconstruction of EOM phase modulation.

(g) Displacement reconstruction of RPM method.
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FIGURE 6. Simulation results for arbitrary wave motion.

successfully reconstructed by the RPM method, which cor-
responding to Fig.5(g). In addition, the simulation of random
displacement reconstruction is performed in order to better
show the RPM method could be powerful in such a case.
As shown in Fig.6, the real displacement (in red) and the
reconstructed displacement (in blue) for the method show a
strong overlap. It illustrates that the proposed RPM method
is not limited to the displacement reconstruction of sinusoidal
vibration, and is applicable for other forms of wave motion as
well.

IV. EXPERIMENTAL SETUP AND RESULTS

In order to confirm the validity of the proposed phase
modulation method, a series of experiments have been per-
formed. The experimental setup is shown in Fig.7. We use
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FIGURE 7. Setup of the experiment system.

a LD (FU650AD5_C9N) as the light source, emitting up
to 5 mW at 650 nm on a single longitudinal mode, driven
by a constant current supply. The external cavity is com-
posed of two PZTs (driven by AFG3022 signal generator)
pasted with mirrors M| and Mj respectively. The PZT, with
higher frequency plays the role of phase modulation, and
the low-frequency PZT| represents the target to be mea-
sured. The angle between M1 and M; is adjusted carefully
to achieve multiple reflections under the premise that the
collimated beam re-enters the laser cavity. The changes of
laser power are detected by a power-monitor Photodetec-
tor (PD) packaged in the LD and transformed into current,
which will be amplified by a transimpedance amplifier and
acquired by a computer via Data acquisition card (DAQ
card) (ISDS205A). A commercial interferometer (LV-ISO1,
SOPTOP) with 0.15 nm resolution was used to test the dis-
placement of the same target (PZT ) for comparison.

As the same of simulations, Sinusoidal motions are per-
formed with two PZTs. Two experiments with different driv-
ing voltages were carried out. The PZT; is driven with a
driving voltage of 15 Vpp and frequency of 1 kHz, while
the frequency of PZT) is set to 10 Hz with different driving
voltages. Then, the external mirror M, is adjusted vertically
to make the laser beam reflect two times and ensure the
laser beam reflected back to the laser cavity. Fig.8 shows
experimental results with the different driving voltage (7V
and 15V) of PZT . Figs.8(a)-8(d) and Figs. 8(e)-8(h) show the
phase-modulated SMI signal, the signal frequency spectrum,
extracted phase and the reconstructed displacement for these
two cases, respectively. It can be seen from Figs.8(b) and
Figs.8(f) that, since the frequency of the modulation mirror
remains unchanged, the center of the first and second har-
monic components are 1kHz and 2kHz respectively. In addi-
tion, the frequency spectrum is obviously broaden caused by
amplitude increasing.

In order to illustrate the superiority of the proposed
RPM method, the comparable experiments by using the
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FIGURE 8. Experimental results with the driving voltage 7V and 15V of
PZT,. (a) Phase-modulated SMI signal (7V). (b) Frequency spectrum of
SMI signal (7V). (c) Extracted phase from SMI (7V). (d) Reconstructed
displacement (7V). (e) Phase-modulated SMI signal (15V). (f) Frequency
spectrum of SMI signal (15V). (g) Extracted phase from SMI (15V).

(h) Reconstructed displacement (15V).

EOM phase modulation are carried out. The vibration fre-
quency of the target (PZT;) is set to 10Hz, and the driv-
ing voltage is 15 Vpp. The modulation frequency of EOM
is 1kHz, and it’s driving voltage is set to half-wave volt-
age of 6.75 Vpp. Fig.9(a) shows the obtained SMI signal
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FIGURE 9. Experimental displacement reconstruction results with
different methods. (a) Frequency Spectrum of EOM phase modulation.
(b) Frequency spectrum of RPM. (c) Reconstructed displacement.

(d) Reconstruction error.

204157



IEEE Access

L. Lu et al.: High Precision SMI Based on RPM Method

25 : . . - : : : : : : :
—=— RPM
—e— EOM
20} .
L .
£
s
R .
5k o
0 . . . . . . . s . .

4 5 6 7 8 9 10 11 12 13 14 15 16
Driving Voltage (V)

FIGURE 10. Experimental errors of the proposed RPM (in blue) and EOM
phase modulation methods (in red) with different driving voltages.

spectrum generated by EOM phase modulation method. The
corresponding reconstructed displacement is shown as the
red curve in Fig.9(c). Then, the PZT, with driving voltage
of 15Vpp and frequency of 1kHz is used for the reflective
phase modulation. Fig.9(b) shows the SMI signal spectrum by
using the proposed RPM method. It can be observed that the
spectrum of harmonic components is significantly broadened
due to multiple reflections. The reconstructed displacement
with RPM method is shown as the blue curve in Fig.9(c).
The green curve in Fig.9(c) represents the real displacement.
As can be seen from Fig.9(d), the maximum reconstruction
error of RPM method (in blue) is 5.9nm, while that of EOM
phase modulation method (in red) is 15.7nm. The experimen-
tal results indicate that employing RPM method has higher
accuracy as compared with that by the EOM phase method.

In addition, several experiments with different vibration
amplitudes were performed. The driving voltage of PZT] is
changing from 5 to 15 Vpp with a step interval of 1 Vpp, and
other parameters are kept the same as those in the preceding
experiment. In order to ensure the reliability of the exper-
iment, the reconstruction displacement under each driving
voltage is measured repeatedly. The average value of errors
by the proposed RPM and EOM phase modulation methods
are shown in Fig.10, respectively. It can be observed that the
errors of RPM method are all within 10nm. The comparison
indicates that the reconstruction accuracy of RPM is higher
than that of EOM phase modulation method.

V. CONCLUSION

In conclusion, we have demonstrated a novel reflective phase
modulation (RPM) method to realize high precision displace-
ment reconstruction. The phase modulation is conducted by
using a high-frequency vibrating reflective mirror that can
perform multiple reflections simultaneously. Simulations and
experiments both illustrate the superiority of the method.
Moreover, the spectrum of harmonic components can be
further broadened by increasing the number of reflections,
so that the displacement of weak vibration far less than half
a wavelength can be accurately reconstructed. Therefore, the
proposed method has the advantages of scalable precision,
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broad measuring range and low cost, which makes it particu-
larly important in the fields of high precision and nanoscale
vibration monitoring.
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