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Abstract: Laser Doppler vibrometry (LDV) is a non-contact vibration measurement technique based
on the Doppler effect of the reflected laser beam. Thanks to its feature of high resolution and flexibility,
LDV has been used in many different fields today. The miniaturization of the LDV systems is one
important development direction for the current LDV systems that can enable many new applications.
In this paper, we will review the state-of-the-art method on LDV miniaturization. Systems based on
three miniaturization techniques will be discussed: photonic integrated circuit (PIC), self-mixing,
and micro-electrochemical systems (MEMS). We will explain the basics of these techniques and
summarize the reported miniaturized LDV systems. The advantages and disadvantages of these
techniques will also be compared and discussed.
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1. Background and Working Principle of LDV

Based on the Doppler effect of optical waves, light beams can be used to measure
the movement information of a solid, a fluid, or a gas flow by retrieving the Doppler
shift of reflected light [1]. However, due to the small coherence length of natural light
sources, a real optical Doppler movement sensor has only been realized after the invention
of the laser, which can generate light beams with much longer coherence lengths [2]. To
retrieve movement information, the Doppler shift of the reflected light is transformed
to a detectable beating frequency by mixing the reflected signal with a reference signal
coming from the same laser source. From the measured beating frequency, the velocity
of the target can be retrieved. If the velocity of the target does not change rapidly in
the time domain, this technique is usually called laser Doppler velocimetry. It is also
called laser Doppler anemometry (LDA) when the measurement target is wind [3] or laser
Doppler flowmetry (LDF) when this technique is used for measuring the blood flow in the
microcirculatory system [4]. However, for a wide range of applications, the target vibrates.
The technique to retrieve the instantaneous vibration information is usually called laser
Doppler vibrometry [5]. Although based on the same theory, these two names (vibrometry
and velocimetry) usually correspond to two different sensor configurations, which are
shown in Figure 1. A laser Doppler velocimetry system usually sends two light beams from
the same laser source to the moving target in the same region (Figure 1a). The angle bisector
of two beams is usually set to be perpendicular to the moving direction of the target. By
detecting the beating frequency of the combined optical field using a photodiode (PD), one
can retrieve the velocity of the target [6]. On the contrary, laser Doppler vibrometry only
sends one light beam to the target, and the corresponding reflected light is then captured by
the sensor and mixed with a reference light signal inside of the sensor (internal interference).
This method retrieves the out-of-plane movement of the target rather than the in-plane
movement. However, sometimes “velocimetry” also uses the internal interference method.
One example is the laser Doppler velocimetry used for blood perfusion measurements [7].
In the following part of this paper, we will only discuss the miniaturization of laser Doppler
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vibrometers, which uses the internal interference method. Therefore, the abbreviation LDV
will only stand for this type of vibrometry.
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12], buildings [13–15], wind turbines [16,17], airplanes [18], and PCBs [19]. Another im-
portant focus is the biomedical field, where LDVs are used in otology [20], cardiology [21], 
and photo-acoustic imaging [22]. Except for these two major fields, LDV is also used in 
applications such as public safety (e.g., rockfall risk evaluation [23] and land-mine detec-
tion [24]), pest prevention [25], remote sound recording [26], sound instrument character-
ization [27–29], microphone/ultrasound transducer characterization [30,31], and MEMS 
characterization [32]. 

One important advantage of LDV sensors over conventional sound sensors is the 
flexibility of LDV systems. For example, an LDV system can change the measurement 
location on the target by simply moving the direction of the laser beam, while more com-
plicated procedures are required for conventional sound sensors. However, free-space-
optics-based LDV systems are still not compact enough for many applications. For exam-
ple, in physiology, the continuous detection of the eardrums is needed to assist hearing 
abilities, which requires a very compact LDV sensor to be installed in the ear canal. In 
structural health monitoring applications, a miniaturized LDV would enable a sensing 
system carried by a mobile device such as a drone that can reach locations that are not 
easily accessible (e.g., middle of a long-span bridge) [33]. Therefore, a lightweight and 
compact LDV sensor is required to meet the payload requirements of drones. In large-
scale continuous building structure monitoring [13], LDV miniaturization is also required 
so that they can be installed permanently in the field. In these cases, the term “miniaturi-
zation” means that the size of the LDV sensor head should be on a centimeter or millime-
ter scale. In addition, the miniaturization of LDV also enables simultaneous multi-location 
vibration sensing [12] because many LDV sensors can be placed close to each other. This 
will lead to instantaneous full-field vibration measurements. As a reference, scanning 
LDV systems are currently used for full-field modal testing. Compared to the scanning 

Figure 1. Schematic diagram of laser Doppler sensors using external interference (a) and internal
interference (b). The external interference is usually used in laser Doppler velocimetry and the
internal interference is usually used in laser Doppler vibrometry.

LDVs are widely used for non-contact displacement or velocity measurements that do
not require an absolute distance from the target. One major field that uses LDV is structural
health monitoring and modal testing [8,9] for various structures, e.g., bridges [10–12],
buildings [13–15], wind turbines [16,17], airplanes [18], and PCBs [19]. Another impor-
tant focus is the biomedical field, where LDVs are used in otology [20], cardiology [21],
and photo-acoustic imaging [22]. Except for these two major fields, LDV is also used
in applications such as public safety (e.g., rockfall risk evaluation [23] and land-mine
detection [24]), pest prevention [25], remote sound recording [26], sound instrument charac-
terization [27–29], microphone/ultrasound transducer characterization [30,31], and MEMS
characterization [32].

One important advantage of LDV sensors over conventional sound sensors is the
flexibility of LDV systems. For example, an LDV system can change the measurement
location on the target by simply moving the direction of the laser beam, while more
complicated procedures are required for conventional sound sensors. However, free-space-
optics-based LDV systems are still not compact enough for many applications. For example,
in physiology, the continuous detection of the eardrums is needed to assist hearing abilities,
which requires a very compact LDV sensor to be installed in the ear canal. In structural
health monitoring applications, a miniaturized LDV would enable a sensing system carried
by a mobile device such as a drone that can reach locations that are not easily accessible
(e.g., middle of a long-span bridge) [33]. Therefore, a lightweight and compact LDV
sensor is required to meet the payload requirements of drones. In large-scale continuous
building structure monitoring [13], LDV miniaturization is also required so that they can
be installed permanently in the field. In these cases, the term “miniaturization” means
that the size of the LDV sensor head should be on a centimeter or millimeter scale. In
addition, the miniaturization of LDV also enables simultaneous multi-location vibration
sensing [12] because many LDV sensors can be placed close to each other. This will lead to
instantaneous full-field vibration measurements. As a reference, scanning LDV systems
are currently used for full-field modal testing. Compared to the scanning LDV technique,
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the instantaneous multi-channel LDV reduces the measurement time and realizes transient
movement measurements.

The contents of this review are organized as follows. In Section 2, the working
principle of a typical LDV system is introduced. In Section 3, we will list several currently-
used technologies that can enable centimeter or millimeter scale LDVs and describe the
corresponding LDV demonstrations. Challenges and future studies of miniaturized LDV
will be discussed in Section 4. The final section is the conclusion.

2. Working Principle of LDV

A typical configuration of a single-beam homodyne LDV system is described first. The
core part of a typical LDV system is an optical interferometer, which can be a Michelson
interferometer (MI) or a Mach Zehnder interferometer (MZI). MZI is the most common
configuration used in commercial LDVs today, and its schematic diagram is shown in
Figure 2. In this system, a coherent laser beam is generated from one laser source and is
then split into two different beams. One light beam is called the measurement beam, which
is sent to the test spot on the target. A portion of the optical power (reflected measurement
signal) is reflected to the sensor. In the reflection process, the vibration information of the
target is transformed into the Doppler frequency shift fD(t) of the reflected measurement
signal. When the reflected light beam and the measurement beam are in the same line, fD(t)
is proportional to the instantaneous velocity of the target in the direction of the reflected
light beam v⊥(t) with the following relation:

fD(t) =
2v⊥(t)

λ
,

where λ is the light’s wavelength. The corresponding phase change θ(t) of the reflected
light is expressed as follows.

θ(t) = 2π

t∫
0

fD(τ)dτ.

The out-of-plane displacement of the target is proportional to the phase change, with
the following relation: d⊥(t) = θ(t) · λ/4π. Therefore, the optical field of the reflected
signal can be expressed as follows:

M(t) = µ · b · exp(i2π f0t + iθ(t) + iθ0)

where b is the incident field amplitude, µ is the effective reflectivity of the target that only
considers the light power coupled back to the LDV receiver, f0 is the original frequency of
the optical signal, and θ0 is a constant phase associated with the system. The other beam is
called the reference light beam (or local oscillator). For a simple LDV configuration shown
in Figure 2a (homodyne), the reference signal has the same frequency as the light in the
laser source, which is expressed as follows:

R(t) = a · exp(i2π f0t + iθ1)

where a is the phasor amplitude of the reference beam, and θ1 is a constant phase associated
with the reference signal. Since the photodetector (PD) has a bandwidth that is far too low
to transduce the ultrafast phenomena at the optical frequency, the phase shift caused by the
movement of the target cannot be detected directly from the reflected beam. To retrieve
the phase shift, the reference and reflected signals are interfered before being sent to a
photodetector (PD). The phase shift can then be retrieved from the beating signal in the
corresponding photocurrent since the beat frequency falls in the working band of PDs. The
obtained photo-current after a simple 3 dB optical combiner can be written as follows:

i(t) =
η

2
|M(t) + R(t)|2 ≈ η

2
|µb|2 + η

2
|a|2 + µη|ab| cos[θ(t) + θ0 − θ1],
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where η is the responsivity of the PD. From this formula, it is observed that the photocurrent
is modulated due to the Doppler frequency shift in the reflected measurement signal. As
a result, the Doppler shift buried in the high carrier frequency of the reflected signal f0
(e.g., for a red light at 632.8 nm we have: f0 = 474 THz) is converted to electrical signals in
which the carrier frequency is considerably reduced (<100 MHz). These phase changes can
be retrieved with different demodulation methods (depending on the exact configuration
of the LDV system).
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Figure 2. Schematic diagram of (a) homodyne interferometer and (b) heterodyne interferometer. A
beam splitter (BS) creates the reference and measurement arms of the interferometer. The heterodyne
interferometer has an optical frequency shifter (OFS) in the reference arm. One can also use polariza-
tion beam splitters and quarter-wave plates in the LDV system to improve the coupling efficiency
of reflection and the isolation of the laser source. However, they are not mentioned in the plotted
system in this figure to simplify the schematic of the system.

In many homodyne systems, a so-called 90◦ optical hybrid is used as the combiner to
discriminate the movement sense (forward or backward) of the target [34]. The working
principle of this method is briefly explained in the following part. When a measurement
signal M(t) and a reference signal R(t) are combined in a typical 90◦ hybrid, four optical
outputs will be generated, and they can be expressed as follows:

s1(t) =
1
2

M(t) +
1
2

R(t) · exp
(

1× i
π

2
+ iθc

)
,

s2(t) =
1
2

M(t) +
1
2

R(t) · exp
(

2× i
π

2
+ iθc

)
,

s3(t) =
1
2

M(t) +
1
2

R(t) · exp
(

3× i
π

2
+ iθc

)
,

s4(t) =
1
2

M(t) +
1
2

R(t) · exp
(

4× i
π

2
+ iθc

)
,

where θc is a constant phase shared by all four ports. Their corresponding photocurrents
are as follows.

i1(t) =
1
4

η|µb|2 + 1
4

η|a|2 + 1
2

µη|ab| · sin[θ(t) + θ0 − θ1],
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i2(t) =
1
4

η|µb|2 + 1
4

η|a|2 − 1
2

µη|ab| · cos[θ(t) + θ0 − θ1],

i3(t) =
1
4

η|µb|2 + 1
4

η|a|2 − 1
2

µη|ab| · sin[θ(t) + θ0 − θ1],

i4(t) =
1
4

η|µb|2 + 1
4

η|a|2 + 1
2

µη|ab| · cos[θ(t) + θ0 − θ1].

Then, the differential signals of the two balanced photocurrents are obtained as follows.

I(t) = i4(t)− i2(t) = µη|ab| cos[θ(t) + θ0 − θ1],

Q(t) = i1(t)− i3(t) = µη|ab| sin[θ(t) + θ0 − θ1].

It can be seen that these I and Q signals have a quadrature phase relation. The Doppler
phase information can then be retrieved by calculating the following function:

θ(t) = arctan
[

Q(t)
I(t)

]
+ 2mπ + θ1 − θ0

where m is an integer. The next step is to unwrap the obtained phase in the time domain
and convert it to a displacement signal. Similarly to the 90◦ hybrid, one may also use a
120◦ hybrid [35] to perform a similar job, but the phase calculation will be a bit different
from the arctan method.

However, most commercial LDV systems use the heterodyne detection configuration,
which is shown in Figure 2b. In this configuration, an optical frequency shifter (OFS) is
placed in one arm of the LDV. The most popular OFS is the Bragg cell, which is also called
an acousto-optic modulator (AOM). This device uses the acousto-optic effect to create a
stable frequency shift in optical signals. In addition to this method, the optical frequency
shift can also be generated by using a special modulation by a pure phase modulator.
The corresponding technique is called the serrodyne technique [36]. In this method, the
phase of the light signal proceeding through the modulator is modulated into a sawtooth
profile in the time domain. By keeping the peak-to-peak phase modulation at 2kπ, where
k = 1, 2, 3 . . ., the harmonics of the modulated optical signal will only have one strong
peak. This can be considered an optical frequency shift. The amplitudes of the other
harmonics are strongly suppressed, where the suppression ratios are mainly determined
by the speed of the phase jump between the two peaks. A general rule to generate a good
serrodyne-based frequency shift is that the bandwidth of the driving signal, and the driver
should be at least 50-times larger than the value of the frequency shift fo f s [37].

If we assume the OFS is applied to the reference signal, the photocurrent signal can be
expressed as follows.

ihet(t) ≈
1
2

η|µa|2 + 1
2

η|b|2 + ηµ|ab| cos
[
−2π fo f st + θ(t) + θ0 − θ1

]
It can be seen that the carrier frequency of photocurrent fo f s is not zero. The value fo f s

is usually tens of megahertz if only one AOM is used. Thanks to this frequency shift, it is
not necessary to use a 90◦ hybrid to discriminate the movement direction. Two important
advantages make heterodyne LDVs more popular than the homodyne LDVs: 1. In the
heterodyne case, the low-frequency noise from electronics (e.g., 1/f noise) is separated from
the useful signals thanks to the high carrier frequency [38]. Therefore, heterodyne LDV
usually has a higher detection resolution. 2. Homodyne LDV suffers from the nonlinearities
of PDs and front-end electronics. The higher-order harmonics created by the nonlinearity
of the PDs are mixed with the real harmonics of the useful signals [39]. This results in a
distortion in the demodulated LDV signals. The heterodyne method, however, can separate
the spurious harmonics associated with the PD nonlinearities from those in the real signals.
Therefore, heterodyne LDV has weaker distortion in the output signals. However, in many
applications, super high detection resolution is not needed. Homodyne LDV systems can,
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therefore, be the preferred choice because of their relatively easier configuration. Moreover,
it is also easier to implement a miniaturized homodyne LDV than a heterodyne LDV,
mainly because a miniaturized optical frequency shifter is not simple to implement.

A typical demodulation method of the heterodyne signal is an arctangent phase
demodulation method in the digital domain [6]. In this method, the photocurrent sig-
nal is first converted to a voltage signal Vhet(t) via a transimpedance amplifier (TIA).
Then, two copies of the obtained voltage signal are multiplied with two local references
VI(t) = cos

(
2π fo f st

)
and VQ(t) = sin

(
2π fo f st

)
to obtain the following:

Vhet(t)×VI(t) = RTIA · ηµ|ab| cos[θ(t) + θ0 − θ1] + VI

(
fo f s

)
+ VI

(
2 fo f s

)
,

Vhet(t)×VQ(t) = RTIA · ηµ|ab| sin[θ(t) + θ0 − θ1] + VQ

(
fo f s

)
+ VQ

(
2 fo f s

)
,

where VI

(
fo f s

)
, VI

(
2 fo f s

)
, VQ

(
fo f s

)
, and VQ

(
2 fo f s

)
are signals with carrier frequencies

of fo f s or 2 fo f s, and RTIA is the transimpedance of the TIA. By applying a proper low-pass
filter to these two signals and removing the components at the higher frequencies, one
can obtain two signals ηµ|ab| cos[θ(t) + θ0 − θ1] and ηµ|ab| sin[θ(t) + θ0 − θ1]. With an
arctan algorithm followed by a phase unwrapping procedure, one can obtain θ(t). These
calculations are usually realized in the digital domain. In addition, there are also some other
demodulation methods, such as phase-locked loop (PLL), fringe counting, and Fourier
transform [6]. We will not explain them in detail in this paper since they are not the main
focus of this review.

To discuss the size of the LDV sensor, it is useful to split the optical part of the LDV
sensor into an interferometer part and an antenna part (Figure 3), where the antenna part
includes the necessary lenses used to collect reflection light to the interferometer. The
miniaturization of these two parts is based on different rules. The size of the antenna part
is strongly related to the required reflection strength. To ensure good effective reflectivity
from a diffusely scattering surface, the optical system needs to have a large numerical
aperture (NA), as seen from the target side. This means either a large aperture size or a
small working distance is needed. The size of the interferometer part, however, does not
depend on the reflection target surface. It is mainly related to the technology or platform to
realize the interferometer. In this review, the discussion is focused on the miniaturization
of the interferometer part. One thing to note is that many optical-fiber-based LDV systems
have been realized and reported. Although fiber interferometers are very flexible and easy
to use, their sizes are generally not down to the centimeter or millimeter range. Therefore,
they will not be discussed in this review.
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3. Compact Techniques for the Interferometer

In this section, three main techniques that can be used to realize compact LDVs will be
discussed. They include photonic integrated circuits (PICs), laser feedback interferometry
(self-mixing), and micro-machined free-space optical interferometers (optical MEMS).

3.1. PIC-Based LDV

LDV can be realized on various PIC platforms which are available today. The most
popular PIC platforms include silicon-on-insulator (SOI) [40,41], GaAs [42,43], InP [44,45],
lithium niobate [46], silica-based planar lightwave circuit (PLC) [47], silicon-nitride [48,49],
and polymers [50]. In these platforms, light is not propagating in free space but is guided in
very compact single-mode waveguides. A typical dimension of the cross-section of an SOI
waveguide is 450 nm × 220 nm. These small waveguides can be bent to a very small radius
without significant optical loss [51]. As a result, the footprint of the PIC can be greatly
reduced. This bend radius is ultimately determined by the refractive index contrast (RIC)
between the waveguide material and the cladding material. A higher RIC value means
better confinement of the guided optical mode in the waveguide and a smaller acceptable
bend radius. For example, the RIC of an optical fiber is relatively small (e.g., 0.36% [52]).
Therefore, the bend radius of most optical fiber cannot be smaller than millimeters. On the
contrary, the RIC of a deeply etched waveguide in the SOI platform is 3.48/1.45, which is
high enough to reduce the bend radius to around 2 microns in the SOI platform. Among
these aforementioned platforms, the SOI platform shows the highest RIC at 1550 nm.

Another important figure of merit of these platforms is the optical loss in PIC, which
mainly includes the loss in a single-mode waveguide and the loss between a single-mode
fiber and the optical interconnect components of the PIC, i.e., grating couplers and butt
couplers. The waveguide loss is mainly caused by optical scattering at the imperfect
boundaries of the waveguide core and cladding. Therefore, reducing the electric field at the
waveguide walls can suppress optical waveguide loss. Generally speaking, PIC platforms
with lower RIC values have larger mode diameters and, therefore, lower normalized field
strengths. As a result of the reduced normalized field strength at the waveguide boundaries,
they have lower waveguide losses. However, as mentioned above, the minimum bend
radius of the waveguide is larger than that with a higher RIC due to the lower RIC. To reduce
optical loss while keeping a small bend radius, one can also improve the waveguide’s
boundary quality during the fabrication process [53] or use special waveguide designs such
as shallowly etched optical waveguides to reduce the area of scattering boundaries [54]. It
is known that silica platforms have very low waveguide losses (<0.1 dB/cm) thanks to their
low RIC values, while the ridge waveguides (deeply etched) in SOI with higher RIC values
have higher waveguide losses. Note that when the optical power in the waveguide is much
higher (e.g., when the optical power in an SOI ridge waveguide is larger than 10 mW), and
the nonlinear optical loss caused by, e.g., two-photon absorption, will become significant
and should be considered [55]. Dielectric platforms (SiN, silica) suffer much less from this
limitation than semiconductor platforms (SOI, InP, and GaAs).

Butt couplers and grating couplers are usually used to couple light from single-mode
fibers to the PIC. They are also used as the optical antennas in the LDV PIC to transmit and
receive signals to and from the target [34]. Butt couplers couple light from the waveguide to
free space at the edge of the PIC. If the mode size of the waveguide is much smaller than the
mode size of a single-mode optical fiber (which is the case for most of the PIC platforms),
butt couplers need a spot-size converter on the end of the waveguide to ensure a good
coupling efficiency [56]. Grating couplers couple light from the waveguide out of the plane
to free space using the diffraction effect of a grating [57]. The coupling efficiency of butt
coupling is generally better than that of a grating coupler. However, grating couplers are
very popular in PIC because they do not have a location limitation: they can be positioned
anywhere on the chip. Furthermore, grating couplers also enable wafer-level testing that
cannot be realized by butt couplers.
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Based on the waveguide structures, various photonic components can be realized
on one chip. These include the necessary components needed by an LDV interferometer:
optical splitter, combiner, directional couplers, and 90◦ hybrid. In addition, LDV also
requires some active optical components, such as laser source, phase modulators, PDs, and
OFSs (heterodyne). In conventional LDVs, light reflected to the laser source will reduce
the stability of the laser signal. Therefore, optical isolators are also required. Currently,
none of the PIC platforms have all the necessary components for LDV and, therefore,
dominates over the other platforms. For example, SOI does not have high-performance
monolithically integrated laser sources due to the indirect bandgap of crystalline silicon.
Therefore, many different integration methods have been applied to implement these
components. For example, Germanium PDs are integrated on the SOI platform using
monolithic integration [58], while III-V material-based laser diodes can be implemented on
the SOI platform using a heterogeneous integration method [59] or a hybrid integration
method (e.g., using the micro-optical bench [60]).

These components have different performances in different PIC platforms, while
several components are absent in some platforms. A summary of these platforms is shown
in Table 1. Among these platforms, the SOI platform is the most popular platform for
various applications, thanks to its compatibility with CMOS fabrication technologies and
the fully developed passive and active component repository. Therefore, the SOI platform
is currently the most suitable system for realizing a PIC-based LDV.

Table 1. A table showing the most typical properties and basic components of different PIC platforms.
The table is not meant to be comprehensive but provides typical examples reported in the literature.

Core
/Cladding

Silicon
/SiO2 (SOI) GaAs/Al0.3Ga0.7As InGaAsP

/InP
Si3N4
/SiO2

Silica or PLC LiNbO3
/SiO2

Polymer

RIC
(at 1550 nm) 3.48/1.45 3.43/3.28 3.25/3.16 2/1.45 1.47/1.45 [47] 2.13/1.45

(extra)
1.58/1.5
SU-8 [61]

waveguide
loss (dB/cm)

2 (ridge)
0.3 (rib)

[54]

1.6 (ridge)
[42]

2 (p-doped)
[44]
0.4

(localized
Zn-diffusion)

[62]

0.042
(LPCVD strip)

[63]

<0.06
(doped) [64]

0.53
(ion-exchange)

[65]

0.3 (ridge)
[66]

0.35
(RIC = 1.455/1.45

[67])

Minimal bend
radius (µm)

5
(0.03 dB/90◦)

[68]
2

(0.4 dB/90◦)
[69]

25
(suspended,

10 dB/cm) [70]

10
(deeply etched,

0.5 dB/90◦)
[69]

300
(0.1–

0.2 dB/cm)
[48]

2000
[47]

>200
(1.2 dB/cm)

[71]

1000
(<0.1 dB/90◦

@850 nm)
[72]

Grating
coupler loss

(dB)

1.6 dB (with
poly-silicon
overlay) [73]

0.9 dB
(apodization)

[74]

4
(suspended

grating
coupler) [70]

No report for
InP substrate

2.5
(with reflector

[75])
No report 12

[76]
8 dB
[77]

Butt coupler
loss (dB)

<2
(to lensed fiber)

[78]

1.5
(to lensed fiber)

[42]

<2
[79]

<1
[56]

0.4
[47]

6
[76]

0.8
[80]

Laser sorce
Hetero

integration
[59]/MOB [60]

Monolithic Monolithic
[81]

Hybrid [59]
and Hetero

Integration [82]

Hybrid
integration

Hybrid
integration

Hybrid
integration

Optical
isolator

MOB/monolithic
[83] No report Monolithic

[84]
Monolithic

[85]
Hybrid

integration No report
Hybrid

integration
[86]

90◦ optical
hybrid Monolithic [87] No report Monolithic

[88]

Only
simulation
report [89]

Monolithic
[90] Monolithic [91] Monolithic [92]
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Table 1. Cont.

Core
/Cladding

Silicon
/SiO2 (SOI) GaAs/Al0.3Ga0.7As InGaAsP

/InP
Si3N4
/SiO2

Silica or PLC LiNbO3
/SiO2

Polymer

Frequency
shifter

Monolithic
(SSBM [93],
serrodyne

[36,94])

Monolithic [95] No report No report No report
Monolithic
(Serrodyne

[96])
No report

PD Monolithic
(Ge PD [58]) Monolithic Monolithic

[81]
Hetero

Integration [97]

Hybrid
integration

[47]

Hybrid
integration [98]

Hetero
integration

[99]

Phase
modulator

Monolithic
(TO [100],
PN [40])

Monolithic
[101]

Monolithic
[102]

Hetero
integration
[103,104]

Monolithic
(TO, UV [47])

Hybrid
(LiNiO3 [47])

Monolithic
[76]

TO [61]
EO [105]

Other
components SOA [106] SOA

[81]

In the following part, most of the reported PIC-based LDV systems will be described.

3.1.1. Homodyne PIC-Based LDV

Different homodyne vibrometer systems have been demonstrated in the past decades
on a silica platform. In 1995, Helleso reported an interferometric displacement sensor
made by integrated optics on glass [107]. In a more recent paper, Merzouk et al. reported
a homodyne vibrometry system based on the silica platform [108]. With this technique,
one can form an optical waveguide that supports a light mode with a size of ≥3 µm. The
refractive index contrast of the waveguide in this platform is less than 0.1. As a result, the
insertion loss of the waveguide is relatively low (<0.1 dB/cm). However, the minimum
bend radius is still relatively large due to the small index contrast, which is in the mm
range. The schematic design of this component is shown in Figure 4. Light is coupled to the
PIC from an optical fiber and is then split into the measurement signal and reference signal
by a Y-splitter. The measurement signal propagates to an inverted Y splitter; thereafter, it is
sent out of the PIC to the moving target with the help of a collimating lens. The reflected
light from the mirror travels back to the collimating lens and then to the inverted Y-splitter.
Then, the reflected light is combined with the reference signal in the Interference Free-
Propagation Zone (IFPZ). IFPZ can generate two quadrature signals that are connected
to two fibers and sent to the corresponding PDs. In addition, two monitoring signals,
which are proportional to the reference signal and measurement signal, are also retrieved
from PIC. With the quadrature signals and two monitoring signals, the displacement of
the target can be demodulated. The power spectral density of this device at 10 kHz is
reported to be 100 fm/sqrt(Hz) in static conditions (with 140 µW optical power in the
output measurement signal). However, this platform does not have active components,
such as phase modulators and PDs. Therefore, one can only use fibers to connect the chip
to external PDs.

textls[-15]A different platform used for demonstrating homodyne interferometry is
GaAs/AlGaAs. The III-V semiconductor system allows the integration of both passive and
active components. In [109], the on-chip system consisted of a DBR-laser, phase shifters,
and waveguide couplers. The reported designs include a single Michelson interferometer
and a double Michelson interferometer, which are shown in Figure 5. The single Michelson
interferometer cannot tell the movement direction of the target, while the double Michelson
interferometer can tell the movement direction by placing a phase shifter in one refer-
ence beam to create two photocurrent signals with a 90◦ phase difference. The reported
displacement resolution of this system is 20 nm.
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Different types of vibrometers have been demonstrated on the SOI platform. An SOI-
based homodyne LDV configuration with general purposes has been demonstrated [34]
(Figure 6). In this device, a 1550 nm light signal from an external laser source is coupled to
the SOI-PIC via a single-mode fiber and a grating coupler. In PIC, the light signal is split
into a measurement signal and a reference signal by a 1 × 2 multi-mode interference (MMI)
coupler. The measurement signal is coupled out of the PIC to free space via a transmitting
grating coupler. After the measurement signal is reflected from a target, a receiving grating
coupler couples the reflected light to PIC. The layout of the transmitting and receiving
grating couplers ensures that the centers of both grating couplers are close to each other.
The reflected measurement light is combined with the reference signal in a 2 × 4 MMI
coupler, which works as a 90-degree hybrid [87]. These four optical signals are then sent
out of the PIC via four fibers to two external balanced-PDs. Finally, two quadrature signals
(I and Q) are obtained. A fiber array with five ports is connected to the grating couplers
in PIC to transport light from the laser sources to the PIC and from the PIC to the PDs.
The footprint of the device is around 0.5 mm × 2.5 mm. This footprint is not optimized,
because the fiber array reserves a big area of the PIC. If the light beam can be coupled out
of the PIC from the bottom side of the PIC, the footprint of the design can be even reduced.
The reported displacement resolution of this LDV at 31 Hz is around 6 nm.
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Based on this single-beam design, a double- and six-beam homodyne LDV has also
been reported. The dual-beam PIC-based LDV has been used to demonstrate the mea-
surement of the pulse wave velocity (PWV) of the common carotid artery [34]. To realize
the PWV measurement with a much simpler alignment procedure, a six-beam LDV has
been developed in the CARDIS project [110]. The schematic of the six-beam on-chip LDV
system is shown in Figure 7. In the demonstration of the six-beam LDV, integrated Ge
photodetectors (PDs) are used. A laser source is heterogeneously integrated by using a
micro-optical bench (MOB) technique. In this six-beam design, a 1 × 2 splitter distributes
the laser power into the measurement and the reference arms. Hereafter, in both the ref-
erence and measurement arms, a 1 × 6 splitter is used to separate the measurement or
reference signal into six channels. The six optical signals in the measurement arm are sent
out of the PIC via six transmitting grating couplers. A compatible lens system is developed
to ensure that the focus and separation of the six measurement beams meet the specification
requirements of the application. After reflections from the target, six receiving antennas in
the PIC couple the corresponding optical reflection back into PIC. The captured reflection
light in each channel is combined with the corresponding reference light in a dedicated 90◦

hybrid that is connected to four on-chip Ge PDs. The resolution of these homodyne LDVs
is determined by electronic noise. When light with an optical power of <50 µW is sent to a
vibrating target covered by a retro-reflective patch with glass beads (50 µm diameter) using
an optical system with a magnification of 16.7, the obtained displacement resolution of
each beam is around 15 pm/sqrt(Hz) [111]. After the reflector is replaced by a properly
aligned gold mirror to enhance optical reflection, the displacement resolution went down
to 1 pm/sqrt(Hz). In this report, the measurable frequency band of the vibration is from
DC to 50 kHz.

Mere et al. [112,113] demonstrated a vibrometer that is used to measure cantilever
vibrations (Figure 8). In this configuration, light is sent to the PIC via a grating coupler.
In the sensing grating, the measurement light is coupled out to the cantilever and is then
coupled back to the grating on the same waveguide. Meanwhile, a part of the light is
coupled to the bottom direction of PIC and is then reflected by the interface between the
silica and substrate silicon. The reflection is coupled back to the same waveguide so it can
be considered the reference signal in this LDV. The reference light and the measurement
light are combined in the waveguide and sent out through the output grating, after which
the light is collected by a photodiode. It is reported that this device has a displacement
resolution of 156 fm/sqrt(Hz) with a 12.5 dBm input optical power. This demonstration,
however, is limited to measuring the vibration of a close-by and well-aligned cantilever.
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3.1.2. Heterodyne PIC-Based LDV

Most of the earlier demonstrations of heterodyne LDV used LiNbO3 platforms [114,115]
due to the platforms’ excellent electro-optical and acoustic-optical properties. In the early 1990s,
Toda et al. demonstrated a heterodyne LDV on LiNbO3 with the serrodyne technique [114].
In LiNbO3, the electro-optical effect is used to create phase-shifters by applying a modulated
voltage signal across electrodes that are placed near the waveguide. The reported resolution
of this sensor is 3 nm.

Other demonstrations used the acoustic-optical properties of LiNbO3 to realize a
heterodyne interferometer [46,115]. A schematic as shown in [46] is depicted in Figure 9.
In these demonstrations, on-chip electrodes are used to excite surface acoustic waves
(SAW) to realize an acoustic-optic TE-TM converter that distributes the power of the
initial TM-mode into both TE and TM modes. The TE mode of this converter has a
frequency shift agreeing with the acoustic frequency. TE and TM modes are separated in
a subsequent polarization splitter forming both the reference and measurement arms of
the interferometer. Hereafter, electro-optical TE-TM mode converters are used to rotate the
back-reflected waves by 90◦ without an additional frequency shift. Thanks to this additional
polarization conversion, the reflected light signals are all coupled into the output arm of the
polarization splitter rather, and very limited power is sent back to the laser source. Since
both waves are orthogonal in the output arm, an additional TE-TM converter was used
to generate interfering polarization components, which are separated in the subsequent
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polarization splitter, after which the two polarization components proceed to different
photodetectors. Light in the measurement arm was reflected by the target white light in
the measurement arm is reflected from a terminating mirror; therefore, the photodetectors
detect the intensity modulation induced by the frequency shift of the acoustic-optical
frequency shifter and the vibrating target frequency. The reported resolution is 105 pm
with a 3 kHz detection bandwidth.
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Jestel et al. demonstrated a heterodyne interferometer on a silica platform using
thermo-optic (TO) modulators to create phase modulation for using the serrodyne tech-
nique. Only a frequency shift of 2 kHz was realized in the reflected signal [116]. Similarly,
a TO-based heterodyne LDV has also been demonstrated in the SOI platform [36] with the
same frequency shift. Since phase modulation is proportional to the thermal power in these
modulators, the driving voltage signal in the time domain is set to be proportional to the
square root of time in each period. TO-based heterodyne LDV has the disadvantage of a
low-frequency shift, so it can only be used for special applications.

The SOI platform also has a high-speed phase modulator (PN junction). However, the
phase modulator has spurious absorptions during modulation [93]. Therefore, spurious
harmonics exist when the waveguide is modulated with a serrodyne technique. Some
methods can be used to remove the spurious harmonics. One method is the single-sideband
suppressed-carrier (SSB-SC) modulation method. In this method, the light is split into
different branches with a phase modulator in each of them. By using the difference in the
phase relation of the different harmonics, additional phase modulators in each branch are
used to cause positive interference for a single harmonic. A schematic depiction of such a
system based on a four-branch phase modulator array is observed in Figure 10. Based on
this frequency shifter, Cole et al. demonstrated a heterodyne LDV in the SOI platform [93].
It shows a sideband suppression of over 15 dB. However, the generated optical frequency
shift is only at 50 Hz. There is also a strong distortion in the demodulated signal, which
may suggest that the sideband suppression is still not enough in the demonstrated device.
Another method to generate a frequency shift is to use a switch serrodyne technique [94] on
a PN-junction-based phase modulator, as seen in Figure 11. In this technique, the entire 2π
phase shift in a serrodyne period is split and sent to two separate phase modulators, each
of which only generates a π phase shift. To connect the two-phase modulations in the time
domain, a fast-switching circuit controlled by another PN junction-based phase modulator
is used to switch the optical signal from one phase shifter to another. Meanwhile, a constant
π phase shift is applied to one of the arms using the thermo-optic effect to ensure the phase



Sensors 2022, 22, 4735 14 of 25

modulation is continuous after switching. In this case, the spurious amplitude modulation
associated with a large phase modulation will be strongly suppressed. It is reported that
the side-band suppression can reach 36 dB.
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Figure 11. Schematic diagram of an optical frequency shifter based on the switch-serrodyne method.

3.1.3. Comparison of Reported PIC-Based LDVs

We have compared the reported LDVs miniaturized on different PIC platforms. A
summary of these PIC-based LDV is shown in Table 2.

Table 2. A summary of different PIC-based LDV systems.

Authors (Year) Homodyne/Heterodyne PIC Material
/Light Wavelength Reported Resolution Notes

Izutsu/
1982 [117] Homodyne LiNbO3/0.63 µm <10 nm MI + Mirror reflection, the output power is in

the range of µW.

Gleine/
1988 [118] Homodyne Silica/632.8 nm no report Double Michelson interferometer

Ura/
1988 [119] Homodyne Silica/0.78 µm 10 nm Use a special grating coupler, laser input

power = 3 mW

Valette/
1990 [120] Homodyne Silica/770−790 nm 100 nm

Helleso/
1994 [121] Homodyne Silica/830 nm 0.7 nm Double-MI, laser input power = 1 mW

Hofstetter/
1997 [109] Homodyne GaAs/AlGaAs

/820 nm 20 nm

Monolithically integrated laser and PDs;
Input laser power >5 mW;
Single MI PIC has a length of 1.95 mm;
Double MI PIC has a length of 2.6 mm.

Li/2013 [34]
2018 [111]
2020 [21]

Homodyne SOI/1550 nm

15 pm/sqrt(Hz)
retro-reflection

<1 pm/sqrt(Hz)
mirror reflection

Laser input power = 8 mW;
Output power <50 µW;
6 beam PIC has a size of 2.5 mm × 5 mm
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Table 2. Cont.

Authors (Year) Homodyne/Heterodyne PIC Material
/Light Wavelength Reported Resolution Notes

Merzouk/
2016 [108] Homodyne Silica/1542 nm

100 fm/sqrt(Hz)
@8 Hz

400 fm/sqrt(Hz)
@100 Hz

MZI, with mirror reflection; output optical
power = 140 µW. The 100 fm/sqrt(Hz) was
obtained in a deep underground station and
was not reproduced.

Mere/
2018 [112]
2020 [113]

Homodyne SOI/1550 nm 156 fm/sqrt(Hz)
MZI, only for cantilever; laser input
power = 4 mW, output power = 7 µW.
Displacement sensitivity = 10 µW/nm

Jestel/1990 [116] Heterodyne Silica/0.63 µm 1 nm MI, serrodyne on TO modulator;
fo f s= 2 kHz

Toda/1991[114] Heterodyne LiNbO3/0.63 µm 3 nm Serrodyne, fo f s= 200 kHz, laser input
power = 100 µW

Tian/1994 [115] Heterodyne LiNbO3/1545 nm 45 pm MI, laser input power = 400 µW; Acousto−
optic frequency shifter; fo f s= 171 MHz

Rubiyanto/
2001 [46] Heterodyne LiNbO3/1561 nm 105 pm MI, acousto− optic frequency shifter, fo f s=

171 MHz

Li/
2013 [36] Heterodyne SOI/1550 nm <1 nm MI, serrodyne on TO modulator;

fo f s= 2 kHz

Cole/
2015 [93] Heterodyne SOI/1550 nm 2 nm MZI, sin gle− sideband modulators;

fo f s= 50 Hz

3.2. Self-Mixing LDV

The self-mixing LDV uses an interference technique different from the standard LDV.
The technique is called laser feedback interferometry (LFI) [122,123] or optical feedback
interferometry (OFI) [124]. The self-mixing effect was first reported by King et al. in
1963 [125] and was then used in a laser Doppler velocimetry system by Rudd et al. in
1968 [126]. A typical self-mixing LDV sensor has a simpler configuration compared to the
standard LDV described above. It only consists of two major components: a laser diode
and a PD that is placed next to the laser and detects its optical power (see Figure 12). Some
self-mixing designs do not even have the PD and use the laser terminal voltage as the
monitoring signal [127], which makes the device smaller than a PIC-based LDV system.
During measurement, light from the self-mixing LDV is sent to the target and then reflected
back to the laser source by the test target. The feedback light is reinjected to the laser
source and introduces a perturbation in the laser’s cavity, which leads to a change in the
measurable parameters of the laser, e.g., the optical power and the laser terminal voltage.
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However, the monitoring signals of self-mixing LDVs are much more complicated
than those of standard LDVs. One apparent phenomenon of a self-mixing LDV system is
the direction-dependent saw-tooth shape in the monitoring signal [127].The shape of the
saw-tooth changes as a function of the feedback power [128], which is normally described
by the injection parameter (or feedback parameter) C. It is calculated as follows:

C = κ
τext

τlaser

√
1 + α2,

where the following

κ = ε(1− R2)

√
R
R2

is the coupling strength coefficient of external reflection, R is the reflectance of light at
the laser facet, R2 is the reflectance of the target, ε is the loss of reflected light caused
by, e.g., mode mismatch, α is the linewidth enhancement factor of the laser, τext is the
round-trip time of flight in the external cavity, and τlaser is the round-trip time of flight
in the laser cavity. To be more specific, there are five different performance regimes in
self-mixing interferometry [122,129] (see Figure 13) that correspond to different monitoring
shapes. For self-mixing LDVs, we only discuss the phenomenon in regimes I–III. They are
the weak optical feedback regime I (C ≤ 1), moderate optical feedback regime II (C > 1),
and strong optical feedback regime III (C >> 1). When the reflection is even stronger, the
system will be working the regime IV or V, where the self-mixing technique will not be
applicable. To be in the self-mixing regime, the feedback power should be reduced by more
than 35 dB.

These complex phenomena are usually explained by the three-mirror cavity model [131,132]
or the Lang–Kobayashi model [133]. In the three-mirror cavity model, the reflection target is
considered an extra mirror of the laser cavity. The change of the optical power in the laser is
a mutual effect of the three-mirror cavity. In the Lang–Kobayashi model, the electric field in
the laser cavity is considered a slowly varying electric field. The amplitude and phase of this
field are assumed to be disturbed by external feedback. The information of the external cavity
(e.g., length) is described in the coupled term of the external feedback. Both models provide the
same results. A detailed description of these theories can be found in [122].

Due to the complex relationship between reflection and output signal, various approx-
imation methods are developed for different purposes. If self-mixing is used to measure
the displacement of a target and the resolution is larger than λ/2, one can use a fringe
counting method to count the number of fringes in the monitoring signal. The direction
of the movement can be determined by the shape of the signals when the measurement
is operated at the C > 1 regime. If the vibration is smaller than λ/2, it is also possible to
retrieve the vibration signal of the target by using the linear region of the response curve
of the self-mixing LDV. However, it is required to place the vibration center in the center
position of the monitor signal. This can be realized by tuning the wavelength of the laser.
Another method to measure the vibration information is based on retrieving the frequency
shifts of the photocurrent signals. This can be realized by either using spectrum analyzers
or frequency demodulators. Spectrum analyzers are only used to measure slowly varying
vibrations. Frequency demodulators can measure vibrations at higher frequencies, but
the optical reflection usually needs to be kept low (regime I) to ensure good measurement
accuracy. The detailed frequency demodulation method of a self-mixing device can be
found in [134].

However, these methods have a limited dynamic range. To increase the dynamic range,
one can retrieve the displacement signal based on the solution to the equations derived
from the aforementioned three-mirror theories [135] or based on the minimization of a cost
function [136]. However, these methods are very difficult for real-time reconstruction.
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One method to improve the recovery dynamic range is to use a two-mode (e.g., two
orthogonal modes) operation for the laser source. In this design, one laser mode is used
to measure the target’s vibration, and the other mode is used for generating a quadrature
signal (I and Q) [137,138]. However, this is not used in a laser diode, because generating
two orthogonal modes with the desired properties (e.g., stable frequency separation) is
difficult [130]. Therefore, this technique has not been established in miniaturized self-
mixing LDVs.

A closed-loop vibrometry based on analog feedback has been reported in [139]. In this
study, the feedback loop uses the interferometric photocurrent signal as the error, which is
converted to a modulation in the driving current of the laser diode. Since the wavelength
is proportional to the driving current, the wavelength can be changed accordingly to
compensate for the interferometric phase change caused by the movement of the target.
The target displacement is retrieved from the modulated driving current signal. This
vibrometer shows a noise equivalent velocity of 100 pm/sqrt (Hz) and a 180 µm peak-to-
peak maximum measurable vibration. Magnani et al. demonstrated a digital closed-loop
feedback [140] self-mixing vibrometer. However, this method requires the knowledge of
the absolute distance of the target from the sensor to measure the displacement/velocity.
Therefore, other methods [123] should be used to retrieve the target distance, which renders
the complete system more complicated.

Self-mixing can be combined with a frequency shifter, e.g., an acousto-optical modu-
lator (AOM), to perform a heterodyne self-mixing effect [141] (Figure 14). As mentioned
in the section, using the heterodyning method in self-mixing can improve the SNR of the
LDV signal and suppress nonlinear harmonics. Additionally, using AOM can also realize
multi-beam vibration detections with a single laser diode. This multipoint detection is
realized by converting the vibration signals in the spatial domain to the frequency domain
with the help of the multiple diffraction beams of AOM [142].
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3.3. Micromachined Free-Space Interferometer of LDV

The optical interferometer used for LDV can also be realized with miniaturized free-
space micro-opto-electromechanical systems (optical MEMS) [143]. The micromachined
Michelson interferometer has been demonstrated in a silicon-on-insulator (SOI) platform
for various applications such as a Fourier transform spectrometer [144,145]. In refer-
ence [146,147], micromachined MIs are used for displacement measurement, which is close
to the function of LDV. This MI is shown in Figure 15. This design has a footprint that is
smaller than 1 cm2 and it has a probe with 4 mm length, 550 µm width, and 400 µm depth.
The light is sent into the interferometer using an optical fiber placed on a fiber groove
carved in the chip, while the combined signal is sent to another fiber via which the light
signal finally reaches the photodetector. The displacement resolution is around 0.04 nm,
which is limited by electronic noise. However, this design cannot be used to determine the
direction of the movement. MEMS-based MZIs are also demonstrated [148]. However, this
design was not designed to detect the vibrations of external targets. Therefore, no real LDV
has been demonstrated in optical MEMS.
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Figure 15. Photograph of the micro-machined optical interferometer micro-probe together with SEM
photography zooming on the Michelson interferometer integrated at its end. The different elements
are described along with the transmission and the reflection ports. Magenta arrows designate the
injected light, red arrows designate the path of the light beam reflected from the movable mirror (the
movable mirror is not present in this figure), and cyan arrows designate the path of the light beam
reflected from the reference mirror. Reprinted with permission from Ref. [146].

To realize a proper LDV that can discriminate the movement directions, either the
90-degree optical hybrid or the frequency shifter is needed. To the best knowledge of the
authors, these components are still missing in optical MEMS. Therefore, no LDV has been
demonstrated in the MEMS up until now. To realize a MEMS-based LDV, the following
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challenges should be addressed: Firstly, light diffraction is very strong in the MEMS
system since the beam diameter is usually very small. Therefore, MEMS components
for collimating or focusing light beams should be developed. Deep etching depth is
also needed to ensure a good optical throughput for expanded optical beams. Secondly,
more advanced optical components, such as a 90◦ hybrid for homodyne LDV, need to
be developed in the optical MEMS system. Thirdly, light is sent into and out of the
interferometer system via optical fibers [143], which limits the compactness of the entire
system. Therefore, methods for integrating laser sources, optical isolators, photodetectors,
and optical frequency shifters will be developed in the optical MEMS system to ensure the
compactness of the entire system.

The implementation of a multi-beam LDV is a further step of MEMS-based LDV after
the realization of a single-beam LDV. More optical components such as 1 × N optical
splitters are needed in this case, which leads to more challenges. The 1 × N optical splitter
solution may be realized with cascaded beam splitters or a group of beam splitters facing
in different directions. Another solution is to combine the optical MEMS with an AOM, in
which the multiple diffraction beams of the AOM can be used as a multi-beam LDV (such
as [142]). Generally speaking, there are still many challenges to conquer in implementing a
multibeam MEMS-based LDV.

4. Comparison of Different Compact LDVs and Summary

In the previous session, we discussed the three platforms that can realize miniaturized
LDV systems. It can be seen that optical waveguide-based PIC technology is the best
technology for the LDV platform. Thanks to the development of SOI PIC, it is considered
the best PIC platform for LDV today. However, SOI PIC also has the disadvantage of high
optical loss and high nonlinear loss for high optical power. In addition, several components,
such as the laser source and optical isolators, should still be integrated on PIC by means
of hybrid or heterogeneous methods, which increases the fabrication cost of the entire
system. Additionally, although there are already some methods to realize on-chip OFSs
for heterodyne LDV, high-performance OFSs are still needed in the PIC system. The self-
mixing LDV is a very compact LDV system, which does not require many components.
However, due to the complex phenomenon of the self-mixing effect, the performance of
self-mixing, such as the dynamic range and accuracy, is limited. Methods such as the
closed-loop feedback system have been demonstrated for a vibration measurement with
good resolution. However, the maximal detectable displacement is still limited (<1 mm).
Additionally, the distance information of the target needs to be required; hence, the entire
system becomes more complicated. However, self-mixing LDV can be used for specific
applications, which do not need a large dynamic range and detection accuracy. The MEMS
system is still not mature enough for an LDV system today. The major problem with the
MEMS system is the lack of basic components for LDVs. However, the MEMS optical
system also has great advantages such as supporting higher optical power compared
to PIC systems. The MEMS-based optical interferometer normally has a large working
bandwidth. Therefore, it is easier to use one interferometer design for various laser sources.
The comparisons of these systems are summarized in Table 3.

Finally, one important issue that limits the use of miniaturized LDV systems is dis-
cussed: the phase noise of the laser source. The laser phase noise is very important to
the performance of the LDV system, especially for long-distance measurements. This is
because the large optical path length difference of the two arms in the LDV converts the
laser phase noise into the intensity noise in the photocurrents of the LDV system. To ensure
high-quality LDV outputs for various measurement distances, commercial LDV systems
usually use very stable laser sources to suppress the phase noise in the laser beams. The
linewidths of these lasers are in the order of kHz or sub-kHz range. In miniaturized LDV
systems, however, most used laser sources are diode lasers, such as distributed feedback
(DFB) lasers, for which its linewidths are generally near several MHz. The main reason
to use laser diodes in the miniaturized LDVs is the compact sizes of these diodes. The
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relatively large linewidth of the compact laser diodes is one of the reasons why most
current miniaturized LDV systems’ performances are not as good as conventional LDV
systems. The good news is that several ultra-low linewidth laser sources with sub-kHz
linewidths have been demonstrated in PIC systems recently [149]. Therefore, it is feasible to
realize a miniaturized LDV system with compact sub-kHz laser sources in the near future.
However, realizing this system is not without challenges. The main challenge here would
be integrating the sub-kHz laser sources, optical isolators, and the PIC/MEMS together in
one compact system.

Table 3. Comparison of different technologies for the miniaturization of LDV systems.

Optical MEMS PIC Self-Mixing

Pros
support strong optical
power, support multiple
wavelength measurements

compact, low cost,
hybrid integration of
laser and isolator is
possible, can realize
multibeam sensing

very low cost, simple structure,
support strong optical power, no
need of an isolator

Cons

cannot tell vibration
directions, not enough
mature components, no
laser sources, no isolator,
not easy to
implement multibeam

relatively strong loss
in the PIC (not too
much optical power),
no monolithic laser
sources, requires
an isolator

reflection power shouldn’t be too
strong (need variable attenuator),
complex demodulation when the
reflection power is strong

Required
components

laser source, isolator,
frequency shifter, 90◦

hybrid, PD,
collimating beams

laser source, isolator,
frequency shifter

distance measurement device,
feedback system

Future work

realize 90-degree optical
hybrid and integrated PDs,
reduce cost; multiple
beam/wavelength

improve optical
power, implement an
integrated frequency
shifter, higher number
of beams;

find proper applications;
improve demodulation algorithms.

Size compact compact very compact
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25. Zorović, M.; Čokl, A. Laser vibrometry as a diagnostic tool for detecting wood-boring beetle larvae. J. Pest Sci. 2015, 88, 107–112.
[CrossRef]

26. Abe, K. Self-mixing laser Doppler vibrometry with high optical sensitivity: Application to real-time sound reproduction. New J.
Phys. 2003, 5, 8. [CrossRef]

27. Bissinger, G.; Oliver, D. 3-D laser vibrometry on legendary old Italian violins. Sound Vib. 2007, 41, 10–15.
28. Zoran, A.; Welch, S.; Hunt, W. A platform for manipulation and examination of the acoustic guitar: The Chameleon guitar. Appl.

Acoust. 2012, 73, 338–347. [CrossRef]
29. Ryan, T.; O’Malley, P.; Glean, A.; Vignola, J.; Judge, J. Conformal scanning laser Doppler vibrometer measurement of tenor

steelpan response to impulse excitation. J. Acoust. Soc. Am. 2012, 132, 3494–3501. [CrossRef]
30. Suh, G.; Kim, H.; Yôiti, S. Measurement of resonance frequency and loss factor of a microphone diaphragm using a laser

vibrometer. Appl. Acoust. 2010, 71, 258–261. [CrossRef]
31. Zipser, L.; Franke, H. Laser-scanning vibrometry for ultrasonic transducer development. Sens. Actuators A Phys. 2004, 110,

264–268. [CrossRef]
32. Rembe, C.; Muller, R. Measurement system for full three-dimensional motion characterization of MEMS. J. Microelectromech. Syst.

2002, 11, 479–488. [CrossRef]
33. Garg, P.; Nasimi, R.; Ozdagli, A.; Zhang, S.; Mascarenas, D.; Taha, M.; Moreu, F. Measuring Transverse Displacement Using

Unmanned Aerial Systems Laser Doppler Vibrometer (UAS-LDV): Development and Field Validation. Sensors 2020, 20, 6051.
[CrossRef] [PubMed]

34. Li, Y.; Baets, R. Homodyne laser Doppler vibrometer on silicon-on-insulator with integrated 90 degree optical hybrids. Opt.
Express 2013, 21, 13342–13350. [CrossRef] [PubMed]

http://doi.org/10.1088/0967-3334/22/4/201
http://doi.org/10.1006/mssp.1998.1209
http://doi.org/10.1016/j.ymssp.2013.02.010
http://doi.org/10.1016/j.ndteint.2004.06.012
http://doi.org/10.1155/2018/9385171
http://doi.org/10.1155/2002/968509
http://doi.org/10.1061/(ASCE)ST.1943-541X.0001087
http://doi.org/10.3390/rs12071120
http://doi.org/10.1007/s10518-009-9137-2
http://doi.org/10.1016/j.ymssp.2012.04.012
http://doi.org/10.1177/0954406216679612
http://doi.org/10.1016/j.ast.2003.06.001
http://doi.org/10.1088/1757-899X/156/1/012005
http://doi.org/10.1016/S0378-5955(03)00332-0
http://doi.org/10.1364/BOE.394921
http://doi.org/10.1088/1742-6596/1149/1/012028
http://doi.org/10.1007/s10340-014-0567-5
http://doi.org/10.1088/1367-2630/5/1/308
http://doi.org/10.1016/j.apacoust.2011.10.004
http://doi.org/10.1121/1.4754522
http://doi.org/10.1016/j.apacoust.2009.09.007
http://doi.org/10.1016/j.sna.2003.10.051
http://doi.org/10.1109/JMEMS.2002.803285
http://doi.org/10.3390/s20216051
http://www.ncbi.nlm.nih.gov/pubmed/33114288
http://doi.org/10.1364/OE.21.013342
http://www.ncbi.nlm.nih.gov/pubmed/23736586


Sensors 2022, 22, 4735 22 of 25

35. Priti, R.; Zhang, G.; Lioiron-Ladoucheur, O. 3 × 10 Gb/s silicon three-mode switch with 120◦ hybrid based unbalanced Mach-
Zehnder interferometer. Opt. Express 2019, 27, 14199. [CrossRef]

36. Li, Y.; Verstuyft, S.; Yurtsever, G.; Keyvaninia, S.; Roelkens, G.; van Thourhout, D.; Baets, R. Heterodyne laser Doppler vibrometers
integrated on silicon-on-insulator based on serrodyne thermo-optic frequency shifters. Appl. Opt. 2013, 52, 2145–2152. [CrossRef]
[PubMed]

37. Johnson, L.; Cox, C. Serrodyne optical frequency translation with high sideband suppression. J. Lightwave Technol. 1988, 6, 109–112.
[CrossRef]

38. Waz, A.; Kaczmarek, P.; Abramski, K. Laser–fibre vibrometry at 1550 nm. Meas. Sci. Technol. 2009, 20, 105301. [CrossRef]
39. Kowarsch, R.; Rembe, C. Heterodyne interferometry at ultra-high frequencies with frequency-offset locked semiconductor lasers.

Meas. Sci. Technol. 2021, 31, 075201. [CrossRef]
40. Wang, J.; Long, Y. On-chip silicon photonic signaling and processing: A review. Sci. Bull. 2018, 63, 1267–1310. [CrossRef]
41. Dong, P.; Chen, Y.; Duan, G.; Neilson, D. Silicon photonic devices and integrated circuits. Nanophotonics 2014, 3, 215–228.

[CrossRef]
42. Wang, J.; Santamato, A.; Jiang, P.; Bonneau, D.; Engin, E.; Silverstone, J.; Lermer, M.; Beetz, J.; Kamp, M.; Höfling, S.; et al. Gallium

arsenide (GaAs) quantum photonic waveguide circuits. Opt. Commun. 2014, 327, 49–55. [CrossRef]
43. Dietrich, C.; Fiore, A.; Thompson, M.; Kamp, M.; Hofling, S. GaAs integrated quantum photonics: Towards compact and

multi-functional quantum photonic integrated circuits. Laser Photonics Rev. 2016, 10, 870–894. [CrossRef]
44. Smit, M.; Leijtens, X.; Ambrosius, H.; Bente, E.; Van der Tol, J.; Smalbrugge, B.; de Vries, T.; Geluk, E.J.; Bolk, J.; van Veldhoven, R.;

et al. An introduction to InP-based generic integration technology. Semicond. Sci. Technol. 2014, 29, 083001. [CrossRef]
45. Smit, M.; Williams, K.; van der Tol, J. Past, present, and future of InP-based photonic integration. APL Photonics 2019, 4, 050901.

[CrossRef]
46. Rubiyanto, A.; Herrmann, H.; Ricken, R.; Tian, F.; Sohler, W. Integrated optical heterodyne interferometer in Lithium Niobate. J.

Nonlinear Opt. Phys. Mater. 2001, 10, 163–168. [CrossRef]
47. Takahashi, H. High performance planar lightwave circuit devices for large capacity transmission. Opt. Express 2011, 19, B173–B180.

[CrossRef]
48. Blumenthal, D.; Heideman, R.; Geuzebroek, D.; Leinse, A.; Roeloffzen, C. Silicon Nitride in Silicon Photonics. Proc. IEEE 2018,

106, 2209–2231. [CrossRef]
49. Rahim, A.; Ryckeboer, E.; Subramanian, A.; Clemmen, S.; Kuyken, B.; Dhakal, A.; Raza, A.; Hermans, A.; Muneeb, M.; Dhoore, S.;

et al. Expanding the Silicon Photonics Portfolio with Silicon Nitride Photonic Integrated Circuits. J. Lightwave Technol. 2017, 35,
639–649. [CrossRef]

50. Dangel, R.; la Porta, A.; Jubin, D.; Horst, F.; Meier, N.; Seifried, M.; Offrein, B. Polymer Waveguides Enabling Scalable Low-Loss
Adiabatic Optical Coupling for Silicon Photonics. IEEE J. Sel. Top. Quantum Electron. 2018, 24, 8200211. [CrossRef]

51. Selvaraja, S.; Sethi, P. Review on Optical Waveguides. In Emerging Waveguide Technology; IntechOpen: London, UK, 2018.
52. Corning, S.M.F. 28e Optical Fiber Product Information; Corning: New York, NY, USA, 2005.
53. Slevaraja, S. Wafer-Scale Fabrication Technology for Silicon Photonic Integrated Circuits. Ph.D. Thesis, Ghent University, Ghent,

Belgium, 2011.
54. Bogaerts, W.; Selvaraja, S. Compact Single-mode Silicon Hybrid Rib/Strip Waveguide with Adiabatic Bends. IEEE Photonics J.

2011, 3, 422–432. [CrossRef]
55. Chen, X.; Panoiu, N.; Osgood, R. Self-phase-modulation in submicron silicon-on-insulator photonic wires. Opt. Express 2006, 14,

5524–5534.
56. Luque-González, J.; Halir, R.; Wangüemert-Pérez, J.; de-Oliva-Rubio, J.; Schmid, J.; Cheben, P.; Molina-Fernández, I.; Ortega-

Moñux, A. An Ultracompact GRIN-Lens-Based Spot Size Converter using Subwavelength Grating Metamaterials. Laser Photonics
Rev. 2019, 13, 1900172. [CrossRef]

57. Taillaert, D.; Laere, F.V.; Ayre, M.; Bogaerts, W.; van Thourhout, D.; Bienstman, P.; Baets, R. Grating Couplers for Coupling
between Optical Fibers and Nanophotonic Waveguides. Jpn. J. Appl. Phys. 2006, 45, 6071–6077. [CrossRef]

58. Koester, S.; Schaub, J.; Dehlinger, G.; Chu, J. Germanium-on-SOI Infrared Detectors for Integrated Photonic Applications. IEEE J.
Sel. Top. Quantum Electron. 2006, 12, 1489–1502. [CrossRef]

59. Liang, D.; Bowers, J. Recent Progress in Heterogeneous III-V-on-Silicon Photonic Integration. Light Adv. Manuf. 2021, 2, 59–83.
[CrossRef]

60. Duperron, M.; Carroll, L.; Rensing, M.; Collins, S.; Zhao, Y.; Li, Y.; Baets, R.; O’Brien, P. Hybrid Integration of Laser Source on
Silicon Photonic Integrated Circuit for low-cost Interferometry Medical Device. In Proceedings of the Optical Interconnects XVII,
San Francisco, CA, USA, 20 February 2017; p. 1010915.

61. Lin, X.; Ling, T.; Subbaraman, H.; Guo, L.; Chen, R. Printable thermo-optic polymer switches utilizing imprinting and ink-jet
printing. Opt. Express 2013, 21, 2110–2117. [CrossRef]

62. D’Agostino, D.; Carnicella, G.; Ciminelli, C.; Thijs, P.; Veldhoven, P.; Ambrosius, H.; Smit, M. Low-loss passive waveguides in a
generic InP foundry process via local diffusion of zinc. Opt. Express 2015, 23, 25143–25157. [CrossRef]

63. Luke, K.; Dutt, A.; Poitras, C.; Lipson, M. Overcoming Si3N4 film stress limitations for high quality factor ring resonators. Opt.
Express 2013, 21, 22829–22833. [CrossRef]

http://doi.org/10.1364/OE.27.014199
http://doi.org/10.1364/AO.52.002145
http://www.ncbi.nlm.nih.gov/pubmed/23545970
http://doi.org/10.1109/50.3974
http://doi.org/10.1088/0957-0233/20/10/105301
http://doi.org/10.1088/1361-6501/ab796f
http://doi.org/10.1016/j.scib.2018.05.038
http://doi.org/10.1515/nanoph-2013-0023
http://doi.org/10.1016/j.optcom.2014.02.040
http://doi.org/10.1002/lpor.201500321
http://doi.org/10.1088/0268-1242/29/8/083001
http://doi.org/10.1063/1.5087862
http://doi.org/10.1142/S0218863501000516
http://doi.org/10.1364/OE.19.00B173
http://doi.org/10.1109/JPROC.2018.2861576
http://doi.org/10.1109/JLT.2016.2617624
http://doi.org/10.1109/JSTQE.2018.2812603
http://doi.org/10.1109/JPHOT.2011.2142931
http://doi.org/10.1002/lpor.201900172
http://doi.org/10.1143/JJAP.45.6071
http://doi.org/10.1109/JSTQE.2006.883160
http://doi.org/10.37188/lam.2021.005
http://doi.org/10.1364/OE.21.002110
http://doi.org/10.1364/OE.23.025143
http://doi.org/10.1364/OE.21.022829


Sensors 2022, 22, 4735 23 of 25

64. Duchesne, D.; Ferrera, M.; Razzari, C.; Morandotti, R.; Little, B.; Chu, S.; Moss, D. Efficient self-phase modulation in low loss,
high index doped silica glass integrated waveguides. Opt. Express 2009, 17, 1865–1870. [CrossRef]

65. Wang, F.; Chen, B.; Pun, E.; Lin, H. Alkaline aluminum phosphate glasses for thermal ion-exchanged optical waveguide. Opt.
Mater. 2015, 42, 484–490. [CrossRef]

66. Chang, L.; Li, Y.; Volet, N.; Wang, L.; Peters, J.; Bowers, J.E. Thin film wavelength converters for photonic integrated circuits.
Optica 2016, 3, 531–535. [CrossRef]

67. Kim, J.; Choi, C. Polymeric PLC-type thermo-optic optical attenuator fabricated by UV imprint technique. Opt. Commun. 2006,
257, 72–75. [CrossRef]

68. Selvaraja, S.; Bogaerts, W.; Absil, P.; van Thourhout, D.; Baets, R. Record low-loss hybrid rib/wire waveguides for silicon photonic
circuits. In Proceedings of the 7th International Conference on Group IV Photonics, Beijing, China, 1–3 September 2010.

69. Takenaka, M.; Takagi, S. InP-based photonic integrated circuit platform on SiC wafer. Opt. Express 2017, 25, 29993. [CrossRef]
[PubMed]

70. Jiang, P.; Balram, K. Suspended gallium arsenide platform for building large scale photonic integrated circuits: Passive devices.
Opt. Express 2020, 28, 12262–12271. [CrossRef] [PubMed]

71. Rao, A.; Patil, A.; Chiles, J.; Malinowski, M.; Novak, S.; Richardson, K.; Rabiei, P.; Fathpour, S. Heterogeneous microring and
Mach-Zehnder modulators based on lithium niobate and chalcogenide glasses on silicon. Opt. Express 2015, 23, 22746–22752.
[CrossRef] [PubMed]

72. Zuo, H.; Yu, S.; Gu, T.; Hu, J. Low loss, flexible single-mode polymer photonics. Opt. Express 2019, 27, 11152–11159. [CrossRef]
73. Vermeulen, D.; Selvaraja, S.; Verheyen, P.; Lepage, G.; Bogaerts, W.; Absil, P.; van Thourhout, D.; Roelkens, G. High-efficiency

fiber-to-chip grating couplers realized using an advanced CMOS-compatible Silicon-On-Insulator platform. Opt. Express 2010, 18,
18278–18283. [CrossRef]

74. Marchetti, R.; Lacava, C.; Khokhar, A.; Chen, X.; Cristiani, I.; Richardson, D.; Reed, G.; Petropoulos, P.; Minzioni, R. High-efficiency
grating couplers: Demonstration of a new design strategy. Sci. Rep. 2017, 7, 16670. [CrossRef]

75. Zhang, H.; Li, C.; Tu, X.; Song, J.; Zhou, H.; Luo, X.; Huang, Y.; Yu, M.; Lo, G. Efficient silicon nitride grating coupler with
distributed Bragg reflectors. Opt. Express 2014, 22, 21800–21805. [CrossRef]

76. Boes, A.; Corcoran, B.; Chang, L.; Bowers, J.; Mitchell, A. Status and Potential of Lithium Niobate on Insulator (LNOI) for Photonic
Integrated Circuits. Laser Photonics Rev. 2018, 12, 1700256. [CrossRef]

77. Prokop, C.; Schoenhardt, S.; Laegel, B.; Wolff, S.; Mitchell, A.; Karnutsch, C. Air-Suspended SU-8 Polymer Waveguide Grating
Couplers. J. Lightwave Technol. 2016, 34, 3966–3971. [CrossRef]

78. Mu, X.; Wu, S.; Cheng, L.; Fu, H.Y. Edge couplers in silicon photonic integrated circuits: A review. Appl. Sci. 2020, 10, 1538.
[CrossRef]

79. Soares, F.; Baier, M.; Gaertner, T.; Grote, N.; Moehrle, M.; Beckerwerth, T.; Runge, P.; Schell, M. InP-Based Foundry PICs for
Optical Interconnects. Appl. Sci. 2019, 9, 1588. [CrossRef]

80. Xu, X.; Ma, L.; Jiang, S.; He, Z. Circular-core single-mode polymer waveguide for high-density and high-speed optical intercon-
nects application at 1550 nm. Opt. Express 2017, 25, 25689. [CrossRef] [PubMed]

81. Isaac, B.; Song, B.; Pinna, S.; Coldren, L.; Klamkin, J. Indium Phosphide Photonic Integrated Circuit Transceiver for FMCW
LiDAR. IEEE J. Sel. Top. Quantum Electron. 2019, 25, 8000107. [CrossRef]

82. Cuyvers, S.; Haq, B.; Op de Beeck, C.; Poelman, S.; Hermans, A.; Wang, Z.; Gocalinska, A.; Ellamei, M.; Corbett, B.; Roelkens,
G.; et al. Low Noise Heterogeneous III-V-on-Silicon-Nitride Mode-Locked Comb Laser. Laser Photonics Rev. 2021, 15, 2000485.
[CrossRef]

83. Zhang, Y.; Du, Q.; Wang, C.; Fakhrul, T.; Liu, S.; Deng, L.; Huang, D.; Pintus, P.; Bowers, J.; Ross, C.; et al. Monolithic integration
of broadband optical isolators for polarization-diverse silicon photonics. Optica 2019, 6, 473–478. [CrossRef]

84. Shimizu, H.; Goto, S. InGaAsP/InP evanescent mode waveguide optical isolators and their application to InGaAsP/InP/Si
hybrid evanescent optical isolators. Opt. Quantum Electron. 2009, 41, 653–660. [CrossRef]

85. Yan, W.; Yang, Y.; Liu, S.; Zhang, Y.; Xia, S.; Kang, T.; Yang, W.; Qin, J.; Deng, L.; Bi, L. Waveguide-integrated high-performance
magneto-optical isolators and circulators on silicon nitride platforms. Optica 2020, 7, 1555. [CrossRef]

86. Conradi, H.; de Felipe, D.; Kleinert, M.; Nuck, M.; Zawadzki, C.; Scheu, A.; Keil, N.; Schell, M. High Isolation Optical Isolator: A
new Building Block for PolyBoard Photonic Integrated Circuits. In Proceedings of the 2018 European Conference on Optical
Communication (ECOC), Rome, Italy, 23–27 September 2018; pp. 1–3.

87. Halir, R.; Roelkens, G.; Ortega-Moñux, A.; Wangüemert-Pérez, J. High-performance 90◦ hybrid based on a silicon-on-insulator
multimode interference coupler. Opt. Lett. 2011, 36, 178–180. [CrossRef]

88. Inoue, N.; Yagi, H.; Masuyama, R.; Katsuyama, T.; Yoneda, Y.; Shoji, H. InP-based Photodetector Monolithically Integrated with
90◦ Hybrid for 100 Gbit/s Compact Coherent Receivers. SEI Tech. Rev. 2014, 79, 66–71.

89. Yu, J.; Mu, J.; Chen, K.; de Goede, M.; Dijkstra, M.; He, S.; García-Blanco, S.M. High-performance 90◦ hybrids based on MMI
couplers in Si3N4 technology. Opt. Commun. 2020, 465, 125620. [CrossRef]

90. Sakamaki, Y.; Nasu, Y.; Hashimoto, T.; Hattori, K.; Saida, T.; Takahashi, H. Reduction of phase-difference deviation in 90◦ optical
hybrid over wide wavelength range. IEICE Electron. Express 2010, 7, 216–221. [CrossRef]

91. Hoffmann, D.; Heidrich, H.; Wenke, G.; Langenhorst, R.; Dietrich, E. Integrated Optics Eight-Port 90 Hybrid on LiNbO3. J.
Lightwave Technol. 1989, 7, 794. [CrossRef]

http://doi.org/10.1364/OE.17.001865
http://doi.org/10.1016/j.optmat.2015.02.007
http://doi.org/10.1364/OPTICA.3.000531
http://doi.org/10.1016/j.optcom.2005.07.027
http://doi.org/10.1364/OE.25.029993
http://www.ncbi.nlm.nih.gov/pubmed/29221034
http://doi.org/10.1364/OE.385618
http://www.ncbi.nlm.nih.gov/pubmed/32403724
http://doi.org/10.1364/OE.23.022746
http://www.ncbi.nlm.nih.gov/pubmed/26368243
http://doi.org/10.1364/OE.27.011152
http://doi.org/10.1364/OE.18.018278
http://doi.org/10.1038/s41598-017-16505-z
http://doi.org/10.1364/OE.22.021800
http://doi.org/10.1002/lpor.201700256
http://doi.org/10.1109/JLT.2016.2593025
http://doi.org/10.3390/app10041538
http://doi.org/10.3390/app9081588
http://doi.org/10.1364/OE.25.025689
http://www.ncbi.nlm.nih.gov/pubmed/29041233
http://doi.org/10.1109/JSTQE.2019.2911420
http://doi.org/10.1002/lpor.202000485
http://doi.org/10.1364/OPTICA.6.000473
http://doi.org/10.1007/s11082-010-9373-3
http://doi.org/10.1364/OPTICA.408458
http://doi.org/10.1364/OL.36.000178
http://doi.org/10.1016/j.optcom.2020.125620
http://doi.org/10.1587/elex.7.216
http://doi.org/10.1109/50.19116


Sensors 2022, 22, 4735 24 of 25

92. Jiménez, I. Design of an Integrated Coherent Receiver with Polarization Diversity. Master’s Thesis, Polytechnic University of
Catalonia, Barcelona, Spain, 2014.

93. Cole, D.; Sorace-Agaskar, C.; Moresco, M.; Leake, G.; Coolbaugh, D.; Watts, M. Integrated heterodyne interferometer with on-chip
modulators and detectors. Opt. Lett. 2015, 40, 3097–3100. [CrossRef]

94. Spuesens, T.; Li, Y.; Verheyen, P.; Lepage, G.; Balakrishnan, S.; Absil, P.; Baets, R. Integrated Optical Frequency shifter on a silicon
platform. In Proceedings of the CLEO: Science and Innovations, San Jose, CA, USA, 5–10 June 2016; p. SF2G.1.

95. Ibrahim, S.; Bhandare, S.; Sandel, D.; Zhang, H.; Noe, R. Non-magnetic 30 dB integrated optical isolator in III/V material. Electron.
Lett. 2004, 40, 1293–1294. [CrossRef]

96. Poberezhskiy, I.; Bortnik, B.; Chou, J.; Jalali, B.; Fetterman, H. Serrodyne Frequency Translation of Continuous Optical Signals
Using Ultrawide-band Electrical Sawtooth Waveforms. IEEE J. Quantum Electron. 2005, 41, 1533–1539. [CrossRef]

97. Yu, Q.; Gao, J.; Ye, N.; Chen, B.; Sun, K.; Xie, L.; Srinivasan, K.; Zervas, M.; Navickaite, G.; Geiselmann, M.; et al. Heterogeneous
photodiodes on silicon nitride waveguides. Opt. Express 2020, 28, 14824–14830. [CrossRef]

98. Miyazaki, N.; Ooizumi, K.; Hara, T.; Yamada, M.; Nagata, H.; Sakane, T. LiNbO3 Optical Intensity Modulator Packaged with
Monitor Photodiode. IEEE Photonics Technol. Lett. 2001, 13, 442–444. [CrossRef]

99. Song, F.; Xiao, J.; Xie, A.; Seo, S. A polymer waveguide grating sensor integrated with a thinfilm. J. Opt. 2014, 16, 015503.
[CrossRef]

100. Pruessner, M.; Stievater, T.; Ferraro, M.; Rabinovich, W. Thermo-optic tuning and switching in SOI waveguide Fabry-Perot
microcavities. Opt. Express 2007, 15, 7557–7563. [CrossRef]

101. Wang, Z.; Liao, J.; Sun, Y.; Han, X.; Cao, Y.; Zhao, R. Chip scale GaAs optical phased arrays for high speed beam steering. Appl.
Opt. 2020, 59, 8310. [CrossRef] [PubMed]

102. Stepanenko, M.; Yunusov, I.; Arykov, V.; Troyan, P.; Zhidik, Y. Multi-Parameter Optimization of an InP Electro-Optic Modulator.
Symmetry 2020, 12, 1920. [CrossRef]

103. Alexander, K.; George, J.; Verbist, J.; Neyts, K.; Kuyken, B.; van Thourhout, D.; Beeckman, J. Nanophotonic Pockels modulators
on a silicon nitride platform. Nat. Commun. 2018, 9, 3444. [CrossRef] [PubMed]

104. Phare, C.; Lee, Y.; Cardenas, J.; Lipson, M. Graphene electro-optic modulator with 30 GHz bandwidth. Nat. Photonics 2015, 9,
511–514. [CrossRef]

105. Han, X.-Y.; Wu, Z.-L.; Yang, S.-C.; Shen, F.-F.; Liang, Y.-X.; Wang, L.-H.; Wang, J.-Y.; Ren, J.; Jia, L.-Y.; Zhang, H.; et al. Recent
Progress of Imprinted Polymer Photonic Waveguide Devices and Applications. Polymers 2018, 10, 603. [CrossRef]

106. Lammlin, M. GaAs-Based Semiconductor Optical Amplifiers with Quantum Dots as an Active Medium. Ph.D. Thesis, Technical
University of Berlin, Berlin, Germany, 2007.

107. Helleso, O.; Benech, P.; Rimet, R. Interferometric displacement sensor made by integrated optics on glass. Sens. Actuators A Phys.
1995, 47, 478–481. [CrossRef]

108. Mezouk, W.; Cagneau, B.; Gardillou, F.; Hilouane, K.; Chassagne, L. Highly compact and easy-to-use optical chip interferometer
with picometric performances. Rev. Sci. Instrum. 2016, 87, 103103. [CrossRef]

109. Hofstetter, D.; Zappe, H.; Dandliker, R. Optical Displacement Measurement with GaAs/AlGaAs-Based Monolithically Integrated
Michelson Interferometers. J. Lightwave Technol. 1997, 15, 663–670. [CrossRef]

110. Available online: http://www.cardis-h2020.eu/ (accessed on 1 June 2022).
111. Li, Y.; Zhu, J.; Duperrron, M.; O’Brien, P.; Schuler, R.; Aasmul, S.; de Melis, M.; Kersermans, M.; Baets, R. Six-beam homodyne

laser Doppler vibrometry based on silicon photonics technology. Opt. Express 2018, 26, 3638–3645. [CrossRef]
112. Mere, V.; Kallegaa, R.; Naika, A.; Pratapa, R.; Selvaraja, S. Silicon Photonics based On-chip Vibrometer. In Proceedings of the

MOEMS and Miniaturized Systems XVII, San Francisco, CA, USA, 30–31 January 2018; Volume 105450.
113. Mere, V.; Dash, A.; Kallega, R.; Pratap, R.; Naik, A.; Selvaraja, S. On-chip silicon photonics based grating assisted vibration sensor.

Opt. Express 2020, 28, 27495. [CrossRef]
114. Toda, H.; Haruna, M.; Nishihara, H. Integrated-Optics Heterodyne Interferometer for displacement measurement. J. Lightwave

Technol. 1991, 9, 683–687. [CrossRef]
115. Tian, F.; Ricken, R.; Schmid, S.; Sohler, W. Integrated Acousto-Optical Heterodyne Interferometers in LiNbO3. In Laser in der

Technik/Laser in Engineering; Springer: Berlin/Heidelberg, Germany, 1994; pp. 725–728.
116. Jestel, D.; Baus, A.; Voges, E. Integrated-opitc interferometric microdisplacement sensor in glass with thermo-optic phase

modulation. Electron. Lett. 1990, 26, 1144–1145. [CrossRef]
117. Izutsu, M.; Enokihara, A.; Sueta, T. Optical-waveguide micro-displacement sensor. Electron. Lett. 1982, 18, 867–868. [CrossRef]
118. Gleine, W.; Muller, J. Integrated Optical Interferometer on silicon substrates. In Proceedings of the Micro-Optics, Hamburg,

Germany, 5 April 1989.
119. Ura, S.; Suhara, T.; Nishihara, H. Integrated-Optic Interferometer Position Sensor. J. Lightwave Technol. 1989, 7, 270–273. [CrossRef]
120. Valette, S.; Renard, S.; Jadot, J.; Gidon, P.; Erbeia, C. Silicon-based Integrated Optics Technology for Optical Sensor Applications.

Sens. Actuators A Phys. 1990, 23, 1087–1091. [CrossRef]
121. Helleso, O.; Benech, P.; Rimet, R. Displacement Sensor Made by Potassium Diffusion on Glass. J. Lightwave Technol. 1994, 12,

568–572. [CrossRef]
122. Taimre, T.; Nikolic, M.; Bertling, K.; Lim, Y.; Bosch, T.; Rakic, A. Laser feedback interferometry: A tutorial on the self-mixing effect

for coherent sensing. Adv. Opt. Photonic 2015, 7, 570–631. [CrossRef]

http://doi.org/10.1364/OL.40.003097
http://doi.org/10.1049/el:20045901
http://doi.org/10.1109/JQE.2005.858467
http://doi.org/10.1364/OE.387939
http://doi.org/10.1109/68.920745
http://doi.org/10.1088/2040-8978/16/1/015503
http://doi.org/10.1364/OE.15.007557
http://doi.org/10.1364/AO.396524
http://www.ncbi.nlm.nih.gov/pubmed/32976417
http://doi.org/10.3390/sym12111920
http://doi.org/10.1038/s41467-018-05846-6
http://www.ncbi.nlm.nih.gov/pubmed/30150757
http://doi.org/10.1038/nphoton.2015.122
http://doi.org/10.3390/polym10060603
http://doi.org/10.1016/0924-4247(94)00945-E
http://doi.org/10.1063/1.4963899
http://doi.org/10.1109/50.566688
http://www.cardis-h2020.eu/
http://doi.org/10.1364/OE.26.003638
http://doi.org/10.1364/OE.394393
http://doi.org/10.1109/50.79546
http://doi.org/10.1049/el:19900740
http://doi.org/10.1049/el:19820588
http://doi.org/10.1109/50.17766
http://doi.org/10.1016/0924-4247(90)87093-X
http://doi.org/10.1109/50.285339
http://doi.org/10.1364/AOP.7.000570


Sensors 2022, 22, 4735 25 of 25

123. Li, J.; Niu, H.; Niu, Y. Laser feedback interferometry and applications: A review. Opt. Eng. 2017, 56, 050901. [CrossRef]
124. Zhao, Y.; Perchoux, J.; Campagnolo, L.; Camps, T.; Atashkhooei, R.; Bardinal, V. Optical feedback interferometry for microscale-

flow sensing study: Numerical simulation and experimental validation. Opt. Express 2016, 24, 23849. [CrossRef]
125. King, P.; Steward, G. Metrology with an optical maser. New Sci. 1963, 17, 180.
126. Rudd, M. A laser Doppler velocimeter employing the laser as a mixer–oscillator. J. Phys. E Sci. Instrum. 1968, 1, 723–726.

[CrossRef]
127. Shimizu, E. Directional discrimination in the self-mixing type laser Doppler velocimeter. Appl. Opt. 1987, 26, 4541–4544.

[CrossRef] [PubMed]
128. Koelink, M.; Slot, M.; de Mul, F.; Greve, J.; Graaff, R.; Dassel, A.; Aarnoudse, J. Laser Doppler velocimeter based on the self-mixing

effect in a fiber-coupled semiconductor laser: Theory. Appl. Opt. 1992, 31, 3401–3408. [CrossRef] [PubMed]
129. Tkach, R.; Chraplyvy, A. Regimes of Feedback Effects in 1.5-µm Distributed Feedback Lasers. J. Lightwave Technol. 1986, 4,

1655–1661. [CrossRef]
130. Donati, S. Developing self-mixing interferometry for instrumentation and measurements. Laser Photonics Rev. 2011, 6, 393–417.

[CrossRef]
131. de Groot, P.; Gallatin, G.; Macomber, S. Ranging and velocimetry signal generation in a backscatter-modulated laser diode. Appl.

Opt. 1988, 27, 4475–4480. [CrossRef]
132. Wang, W.; Boyle, W.; Grattan, K.; Palmer, A. Self-mixing interference in a diode laser: Experimental observations and theoretical

analysis. Appl. Opt. 1993, 32, 1551–1558. [CrossRef]
133. Lang, R.; Kobayashi, K. External Optical Feedback Effects on Semiconductor Injection Laser Properties. IEEE J. Quantum Electron.

1980, 16, 347–355. [CrossRef]
134. Toa, Y.; Wang, M.; Xia, W. Carrier-separating demodulation of phase shifting self-mixing interferometry. Opt. Laser Technol. 2017,

89, 75–85.
135. Merlo, S.; Donati, S. Laser Diode Feedack Interferometer for Measurement of Displacements without Ambiguity. IEEE J. Quantum

Electron. 1995, 31, 113–119.
136. Plantier, G.; Bes, C.; Bosch, T. Behavioral model of a self-mixing laser diode sensor. IEEE J. Quantum Electron. 2005, 41, 1157–1167.

[CrossRef]
137. Donati, S. Laser interferometry by induced modulation of cavity field. J. Appl. Phys. 1978, 49, 495–497. [CrossRef]
138. Giallorenzi, T.; Bucaro, J.; Dandridge, A.; Siegel, G.; Cole, J.; Rashleigh, S.; Priest, R. Optical fiber sensor technology. IEEE J.

Quantum Electron. 1982, 18, 626–665. [CrossRef]
139. Giuliani, G.; Bozzi-Pietra, S.; Donati, S. Self-mixing laser diode vibrometer. Meas. Sci. Technol. 2002, 14, 24–32. [CrossRef]
140. Magnani, A.; Melchionni, D.; Pesatori, A.; Norgia, M. Self-mixing digital closed-loop vibrometer for high accuracy vibration

measurements. Opt. Commun. 2016, 365, 133–139. [CrossRef]
141. Zang, D.; Millerd, J. Heterodyned Self-Mixing Laser Diode Vibrometer. U.S. Patent 5,838,439, 17 November 1998.
142. Fu, Y.; Guo, M.; Phua, P. Spatially encoded multibeam laser Doppler vibrometry using a single photodetector. Opt. Lett. 2010, 35,

1356–1358. [CrossRef]
143. Sabry, Y.; Khalil, D.; Bourouina, T. Monolithic silicon-micromachined free-space optical interferometers onchip. Laser Photonics

Rev. 2015, 9, 1–24. [CrossRef]
144. Yu, K.; Lee, D.; Krishnamoorthy, U.; Park, N.; Solgaard, O. Micromachined Fourier Transform Spectrometer on Silicon Optical

Bench Platform. Sens. Actuators A Phys. 2006, 130, 523–530. [CrossRef]
145. Saadany, B.; Omran, H.; Medhat, M.; Marty, F.; Khalil, D.; Bourouina, T. MEMS tunable Michelson interferometer with robust beam

splitting architecture. In Proceedings of the 2009 IEEE/LEOS International Conference on Optical MEMS and Nanophotonics,
Clearwater, FL, USA, 17–20 August 2009.

146. Nouira, H.; Wallerand, J.-P.; Malak, M.; Obaton, A.-F.; Salgado, J.; Bourouina, T. Miniature silicon Michelson interferometer
characterization for dimensional metrology. Sens. Actuators A Phys. 2015, 223, 141–150. [CrossRef]

147. Malak, M.; Marty, F.; Nouira, H.; Vailleau, G.; Bourouina, T. All-silicon Michelson instrument on chip: Distance and surface
profile measurement and prospects for visible light spectrometry. Appl. Phys. Lett. 2013, 102, 141102. [CrossRef]

148. Omran, H.; Medhat, M.; Mortada, B.; Saadany, B.; Khalil, D. Fully Integrated Mach-Zhender MEMS Interferometer with Two
Complementary Outputs. IEEE J. Quantum Electron. 2012, 48, 244–251. [CrossRef]

149. Huang, D.; Tran, M.; Guo, J.; Peters, J.; Komljenovic, T.; Malik, A.; Morton, P.; Bowers, J. High-power sub-kHz linewidth lasers
fully integrated on silicon. Optica 2019, 6, 745. [CrossRef]

http://doi.org/10.1117/1.OE.56.5.050901
http://doi.org/10.1364/OE.24.023849
http://doi.org/10.1088/0022-3735/1/7/305
http://doi.org/10.1364/AO.26.004541
http://www.ncbi.nlm.nih.gov/pubmed/20523400
http://doi.org/10.1364/AO.31.003401
http://www.ncbi.nlm.nih.gov/pubmed/20725303
http://doi.org/10.1109/JLT.1986.1074666
http://doi.org/10.1002/lpor.201100002
http://doi.org/10.1364/AO.27.004475
http://doi.org/10.1364/AO.32.001551
http://doi.org/10.1109/JQE.1980.1070479
http://doi.org/10.1109/JQE.2005.853364
http://doi.org/10.1063/1.324672
http://doi.org/10.1109/JQE.1982.1071566
http://doi.org/10.1088/0957-0233/14/1/304
http://doi.org/10.1016/j.optcom.2015.12.002
http://doi.org/10.1364/OL.35.001356
http://doi.org/10.1002/lpor.201400069
http://doi.org/10.1016/j.sna.2005.12.022
http://doi.org/10.1016/j.sna.2014.12.031
http://doi.org/10.1063/1.4801778
http://doi.org/10.1109/JQE.2011.2170825
http://doi.org/10.1364/OPTICA.6.000745

	Background and Working Principle of LDV 
	Working Principle of LDV 
	Compact Techniques for the Interferometer 
	PIC-Based LDV 
	Homodyne PIC-Based LDV 
	Heterodyne PIC-Based LDV 
	Comparison of Reported PIC-Based LDVs 

	Self-Mixing LDV 
	Micromachined Free-Space Interferometer of LDV 

	Comparison of Different Compact LDVs and Summary 
	References

