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Laser Doppler vibrometry (LDV) is a nhon-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.

laser Doppler vibrometry miniaturization photonic integrated circuit

| 1. PIC-Based LDV

Laser Doppler vibrometry (LDV) can be realized on various photonic integrated circuit (PIC) platforms which are
available today. The most popular PIC platforms include silicon-on-insulator (SOI) L2, GaAs B4l |np B8], jithjum
niobate [, silica-based planar lightwave circuit (PLC) &, silicon-nitride 229 and polymers 2. 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 x 220 nm. These small waveguides can be bent to a very small
radius without significant optical loss 2. 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% [13)).
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 14 or use special waveguide designs such as shallowly etched optical waveguides to reduce
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the area of scattering boundaries 3. 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 SOl 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 €. 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 14, 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 18],
Grating couplers couple light from the waveguide out of the plane to free space using the diffraction effect of a
grating 22, 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.

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 LDVSs, 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 2%, while 11I-V material-based
laser diodes can be implemented on the SOI platform using a heterogeneous integration method 21 or a hybrid

integration method (e.g., using the micro-optical bench [22}).

| 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) 231241 or optical feedback interferometry (OFI) 23, The self-mixing effect was first
reported by King et al. in 1963 [28] and was then used in a laser Doppler velocimetry system by Rudd et al. in 1968
(271, 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 1). Some self-mixing designs do not even have the PD and use the laser terminal
voltage as the monitoring signal 28 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
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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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Figure 1. A typical configuration of a self-mixing LDV.

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 28l The shape of the saw-tooth changes as a function of the feedback power 22, which is

normally described by the injection parameter (or feedback parameter) C. It is calculated as follows:

T,
C = p—= v 1+ a® where the following

Tlaser

R
k=¢g(1l - Rs) R_?,

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, € is the loss of reflected light caused by, e.g., mode mismatch, a is the linewidth
enhancement factor of the laser, text is the round-trip time of flight in the external cavity, and tlaser 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 (2339 (see Figure 2) that correspond to different monitoring shapes. For self-mixing LDVs, the
researchers only discuss the phenomenon in regimes I-lll. They are the weak optical feedback regime | (C < 1),
moderate optical feedback regime Il (C > 1), and strong optical feedback regime Ill (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.
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Figure 2. The five different regimes of laser feedback. Adapted from Refs. B34,

These complex phenomena are usually explained by the three-mirror cavity model 233! or the Lang—Kobayashi
model B4, 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 23],

Due to the complex relationship between reflection and output signal, various approximation methods are
developed for different purposes. If self-mixing is used to measure the displacement of a target and the resolution
is larger than A2, 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 A/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 B2,
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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
[38] or based on the minimization of a cost function 2. However, these methods are very difficult for real-time
reconstruction.

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) B89, 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 B,

Therefore, this technigue has not been established in miniaturized self-mixing LDVs.

A closed-loop vibrometry based on analog feedback has been reported in 29, In this research, 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/sqgrt (Hz) and a 180 um peak-to-peak maximum measurable vibration. Magnani et al.
demonstrated a digital closed-loop feedback 24 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 1 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 modulator (AOM), to perform a
heterodyne self-mixing effect 42 (Figure 3). 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 [43],
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Figure 3. A schematic configuration of a self-mixing heterodyne LDV.
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| 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) ©4 The micromachined Michelson interferometer has been
demonstrated in a silicon-on-insulator (SOI) platform for various applications such as a Fourier transform
spectrometer 421481 |n reference 4748l micromachined Mlis are used for displacement measurement, which is
close to the function of LDV. This design has a footprint that is smaller than 1 cm? and it has a probe with 4 mm
length, 550 um width, and 400 um 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 2. However, this design was not designed to detect the vibrations of external targets. Therefore, no
real LDV has been demonstrated in optical MEMS.

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 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 44!, 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 x N optical splitters are needed in this case, which leads to more
challenges. The 1 x 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 [43)). Generally speaking, there

are still many challenges to conquer in implementing a multibeam MEMS-based LDV.
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