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ABSTRACT Laser self-mixing interferometry (SMI) has been widely applied in the fields of precision
measurement in scientific research, industry and biomedicine, and most researchers preferentially utilize
laser diodes (LD) as light sources due to their compact structure and low cost. In most SMI cases, detection
sensitivity rather than structure and cost is always the first concern. So in this article, we concentrate on
an influencing factor on detection sensitivity named fluorescence to photon lifetime ratio (FPLR) which is
an inherent parameter of the active material in a laser cavity. Derivation and simulation based on the time
delayed rate equations are followed to validate the significant role played by the FPLR, then experiments
according to different laser types including solid state lasers (SSL) and LDs are implemented to further
prove the factor mentioned. Results demonstrate that SSLs always have higher detection sensitivity to
feedback light than LDs, and is always more suitable to be applied in precision measurement. Additionally,
the Yb:YAG laser is more sensitive than the Nd:YAG one. Increasing the pumping level from the threshold
will decrease the SMI signal’s sensitivity, and reducing laser feedback strength will also decrease the SMI
signal’s sensitivity. The findings from this article are beneficial to studying laser feedback sensitivity and
selecting appropriate laser types in designing SMI sensors or instruments. Though with the disadvantages
of large size and high cost, SSLs may be more suitable light sources in the field of high performance SMI
sensing if miniaturization and cost are not the significant consideration.

INDEX TERMS Laser self-mixing interferometry, fluorescence to photon lifetime ratio, sensitivity, solid
state laser, laser diode.

I. INTRODUCTION
As an emerging optical technique during the last several
decades, laser self-mixing interferometry (SMI) has always
attracted lots of attentions from institutes worldwide [1].
Laser diodes (LD) are always the first choices when imple-
menting SMI measurement mainly because of miniature
configuration, low cost and easy detection with built-in pho-
todiodes (PD) [2], [3]. Till now, LD based SMI has been
widely applied in the sensing fields covering displacement,
distance, velocity, imaging, particle sizing and laser charac-
teristics such as feedback strength factor, line-width enhance-
ment factor and free spectral range [4]. It is a common

The associate editor coordinating the review of this manuscript and

approving it for publication was Md. Selim Habib .

case in the domain of precision measurement that sens-
ing sensitivity rather than compact structure is researchers’
main concern. Therefore, LDs may not be the most suitable
laser sources, and concentration may has been turned from
LDs to solid-state lasers (SSL), primarily due to their large
fluorescence-to-photon lifetime ratio (FPLR), which has been
reported to have influence on detection sensitivity [5]. Laser
type selection may become the first problem encountered
when developing SMI sensors or instruments.

Regarding laser types, different researchers have their own
inclination. Donati and Norgia [6], Usman et al. [7] and
Guo et al. [8] have always preferred to employ LDs to do
SMI measurement or to study relevant phenomena. Liang Lu
from Anhui university has been the supporter of fiber lasers
[9], [10]. He-Ne lasers have sometimes been utilized [11],
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much less frequently than other laser types. Kenju Otsuka
is a forerunner to introduce SSLs to the field of SMI [12].
Then, Shulian Zhang’s team from Tsinghua university began
to devote plenty of time to SSL based SMI [13]–[15]. They
have always underlined the significance of the FPLR in
enhancing detection sensitivity [5], but thorough theoretical
analysis and corresponding experiment validation have rarely
been reported. The paper mainly concerns about SSLs and
LDs, and compare their FPLR and detection sensitivity when
illuminating external targets.

The paper is organized as follows. Next part focuses on
the theoretical background of the FPLR and supplies relevant
simulation results in both frequency and time domains. Then,
some experiments based on different laser types are con-
ducted to serve as practical validation. Finally, Conclusion
is followed to tie the whole article together and provide some
suggestions for selecting a suitable laser type for SMI sensors.

II. THEORETICAL ANALYSIS AND SIMULATION
Considering detection sensitivity is highly dependent on
signal-to-noise ratio (SNR), typical and simple SMI Doppler
signals with external rotating targets are employed to analyze
the concerned sensitivity performance. The resultant Doppler
frequency fD is easily presented in Eq. (1) [16], [17].

fD = 2ωrr cos θ/λ (1)

where ωr is the rotational speed measured in radians, r is the
distance between the laser spot and the axis of the rotating
disc, θ is the incident angle between the moving direction
of the target and the optical axis, and λ is the wavelength of
the laser. If the Doppler frequency approaches the relaxation
oscillation frequency (ROF) of the laser, the SNR can be grad-
ually promoted and then the sensitivity is further enhanced.

Detailed analysis about the sensitivity is correlated with
lasers’ dynamic behavior which can be described by the
famous time-delayed Lang-Kobayashi equations [18]. Con-
sidering only the power spectrum of the slow-varying electric
field is discussed and the characteristics of the frequency
spectrum of the electric field itself is out of the scope of this
article, the phase equation can be omitted for simplification,
as shown in Eq. (2) [14].

dN (t)
dt
= γ1N0 − γ1N (t)− BN (t)|E(t)|2

dE(t)
dt
=

1
2
[BN (t)− γc]E(t)

+γcγext cos [�t − (ω +�)τ ]E(t)

(2)

where N (t) is the population inversion, E(t) is the amplitude
of the laser electric field whose square is the laser intensity
in photon unit, ω is the laser’s angular frequency, and �
is the shifted Doppler frequency in the angular form. γ1
and γc are the decay rates of the population inversion and
the laser cavity, respectively, which are the reciprocals of
the fluorescence lifetime and the photon lifetime, and γc/γ1
indicates the FPLR proposed. γ1 N0 is the pumping rate. B is
the Einstein coefficient, which is the product of laser speed

in air c and the cross section area of the stimulated emission
in the laser material σ . γext is the laser feedback coefficient,
and τ is the round-trip delayed time of the external target.

The stationary solutions of Eq. (2) without laser feedback
is easily obtained.

Ns =
γc

B

Is = |Es|2 =
γ1

B
(η − 1)

(3)

where η = N0/Ns = N0 B/γc is the normalized pumping
rate.
N (t) and E(t) can be written as Eq. (4).N (t) = Ns(1+1n)

E(t) = Is(1+1e)
(4)

where1n and1e are the relative perturbation corresponding
to their stationary values Ns and Es. Substituting (4) into (2)
and neglecting all the second-order terms including 1n1e,
1n2, or 1e2, the final equations to be analyzed can be
described as Eq. (5).

d1n
dt
= −γ1η1n− 2γ1(η − 1)1e

d1e
dt
=

1
2
γc1n+ γcγext cos [�t − (ω +�)τ ]

+γcγext cos [�t − (ω +�)τ ]1e

(5)

Since there are no analytical solutions of Eq. (5), its numer-
ical ones can be derived from an iterationmethodology shown
in Eq. (6).

Wi+1 = Wi + F(Wi)1t, W = 1n, 1e. (6)

where 1t means the step size, and F indicates the right-side
terms of Eq. (5). Smaller step size generally indicates larger
computational cost and more accurate results.

A. SIMULATION IN FREQUENCY DOMAIN
Totally three different lasers, a Nd:YAG SSL, a Yb:YAG SSL
and a LD, are employed to analyze sensitivity under the same
Doppler frequency shifting which is easily introduced by an
external rotating or linearly moving target. All the simulation
parameters are summarized in the following Table 1.

All the numerical simulations are implemented by
Python 3.7, relying on the numpy package to provide numer-
ical methods, the matplotlib package to plot figures, and the
numba package to accelerate the calculation process.

The power spectra of these two SSLs are presented
in Fig. 1. The pumping rate values in these two SSLs are
adjusted to make the ROF be the same to ensure a common
frequency response. The Doppler peak of the Yb:YAG is
about 3 dB higher than that of the Nd:YAG, as predicted
from the fact that the FPLR of the Yb:YAG is larger than that
of the Nd:YAG. Additionally, a higher feedback coefficient
always indicates a higher power spectrum, but the power
differences between these two SSLs nearly hold stationary
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TABLE 1. Simulation parameters of three laser types.

as the feedback coefficient changes. Obviously, the spectrum
under higher feedback level tends to exhibit harmonic peaks
or parametric peaks, as reported in [14].

The power spectra of the LD under different feedback
coefficients is shown in the following Fig. 2. The power
spectra look quite similar except power difference, and the
ROF peaks of the LD appear around GHz level, far away
from those in SSLs. Therefore, the SNR enhancement in
LDs caused by general Doppler peak can be negligible when
compared with SSLs.

It can be concluded from the these results that SSLs
always have higher sensitivity to optical feedback than LDs
due to their pronounced difference in the FPLR which can
be up to several orders of magnitude, and in the field of
SSLs, the Yb:YAG can be somewhat more sensitive than the
Nd:YAG for the similar reason.

B. SIMULATION IN TIME DOMAIN
Unlike frequency analysis above, time domain observation
is more convenient to be applied to validate the sensitivity.
As shown in the typical SMI power equation in Eq. (7), P0
and1P are the direct and alternating components of the SMI
signal, respectively, and φF is the phase term under laser
feedback [19], [20].

P = P0 +1P = P0 [1+ m cos(φF )] (7)

P0 indicates the power level, and the quotient of 1P and P0
is shown in Eq. (8).

1P/P0 = m cos(φF ) (8)

The amplitudem or the peak-to-peak value 2m can be adopted
to characterize the sensitivity performance. Obviously, under
the same operating condition, larger amplitude indicates
higher sensitivity. For a segment of a SMI signal, itself can
be regarded as P and its mean value corresponds to P0. The
sensitivity indicatorm or 2m can be easily obtained. Compar-
ing Eq. 4 and Eq. 7, 1e corresponds to the term m cos(φF )
here, and the peak-to-peak amplitude 2m can be utilized for
subsequent analysis.

All the parameters listed in Table 1 are adopted in time
domain simulation, except that the shifting frequency � is
changed to 2π × 1 × 104 rad/s (10 kHz) as the Doppler

frequency caused by the target in the experiments will be no
more than 10 kHz and the pumping rate γ1 N0 of each laser
type is changed to 1.1, 1.2, 1.3 and 1.4 times of the threshold
one. All the numerical simulations are also implemented by
Python 3.7, and the results are demonstrated in following
Fig. 3. It can be easily observed that for all three laser types,
the sensitivity reduces as the relative pumping rate increases
and as the feedback level decreases. Higher pumping rate
moves the ROF peak more far away from the Doppler peak
(10 kHz here), inducing less enhanced signals and smaller
2m values. Less amount of feedback light coupled into the
laser cavity definitely produces smaller signals. Of course,
due to the difference in the FPLR, SSLs always have higher
sensitivity to optical feedback than LDs, and the Yb:YAG is
also more sensitive than the Nd:YAG, which coincides with
the simulation results in frequency domain.

III. EXPERIMENTAL VALIDATION
The Experimental setup utilized to validate the concept men-
tioned above is depicted in the following Fig. 4.

Twomicrochip SSLs are adopted, one with the laser crystal
of Nd:YAG and another with Yb:YAG. Both of them have
round shapes with the diameter of 10 mm and the thickness
of 0.75 mm. The differences exist in doping concentration
and coating. The Nd:YAG one shows the doping concen-
tration of 1.2% while the Yb:YAG one shows that of 15%.
The pumping facet of the Nd:YAG one is coated by a high
transmittance film at 808 nm and a high reflectance film at
1064 nm, and the emitting facet is coated by a high reflectance
film at 808 nm and a 5% transmittance film at 1064 nm.
While in the Yb:YAG, the pumping facet is coated by a
high transmittance film at 940 nm and a high reflectance
film at 1030 nm, and the emitting facet is coated by a high
reflectance film at 940 nm and a 5% transmittance film at
1030 nm. Furthermore, a vertical cavity surface emitting laser
(VCSEL), belonging to LD family, is also used to make
the whole experiment more complete. It has the threshold
current of 2 mA and the general output power of 2 mW.
A neutral density filter (NDF), with a rectangular shape and a
gradually decreasing transmittance along one side, is inserted
in the configuration to adjust the feedback strength. The
external target is a PZT stage (Thorlabs, PE4) driven by a
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FIGURE 1. Power spectra of the Yb:YAG and Nd:YAG SSLs. (a:
γext = 1× 10−6; b: γext = 5× 10−6; c: γext = 1× 10−5.)

high voltage piezoelectric controller (Thorlabs, MDT694B).
The external signal comes from a function generator, making
the PZT vibrating in sinusoidal waveformswith the frequency
of 100Hz or 200Hz (upper bound of the bandwidth of the
PZT) and the amplitude varying from 1.5 µm to 4.5 µm dur-
ing the whole experiment. Sinusoidal waveforms are utilized
here as they are the fundamental components of any kind of
vibration, and the instantaneous Doppler frequency is easily
calculated to be less than 10 kHz asmentioned in section II-B.
The signal conditioning circuit only has a current-to-voltage
converter, without any amplifying or filtering, to maintain the
signals’ original waveform. The trans-impedance gain of the

FIGURE 2. Power spectrum of the LD.

FIGURE 3. Simulative 2m values of three laser types under different
conditions.

FIGURE 4. Experimental setup.(LD: Laser diode; VCSEL: Vertical cavity
surface emitting laser; BS: Beam splitter; NDF: Neutral Density Filter; PZT:
Piezoelectric transducer; PD: Photodiode; DAQ: Data acquisition).

circuit is not that significant in this study since it has the same
effect on both the DC and AC components of SMI signals
and will be canceled as shown in Eq. (8). All the SMI signals
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FIGURE 5. SMI signals of the Nd:YAG laser for example at 3 µm 100 Hz
vibration.[(a). Ip = 1.1 A without the NDF; (b). Ip = 1.1 A with the NDF at
position 1; (c). Ip = 1.1 A with the NDF at position 2; (d). Ip = 1.1 A with
the NDF at position 3; (e). Ip = 1.2 A without the NDF; (f). Ip = 1.3 A
without the NDF; (g). Ip = 1.4 A without the NDF.)]

are sampled through a data acquisition card (USB-61902,
JYTEK, China) to a PC for subsequent calculation which also
depends on Python 3.7.

First of all, some exemplar SMI signals acquired from
experiments are presented in the following Fig. 5, and only
those of the Nd:YAG laser are shown just because different
laser types have similar SMI fringe shapes. Where Ip is
the pumping current. Figs. 5(a) to 5(d) can be utilized to
observe the influence of feedback level, as NDF positions 1, 2
and 3 have decreasing transmittance, and Figs. 5(a), 5(e), 5(f)
and 5(g) can be used to explore the impact of pumping level.

Here, the peak-to-peak value 2m is utilized for comparison
without the NDF, which is demonstrated in Fig. 6. Consid-
ering nearly linear relation between current and power in
LDs, the pumping current values of three laser types are set
to 1.2 times of the threshold current, which are 2.7 A for
the Yb:YAG one, 1.2 A for the Nd:YAG one and 2.4 mA
for the VCSEL. Under each vibration condition, totally ten
segments are truncated from the SMI signal for evaluation,
and each segment has 2000 data points. Where the horizontal
tick labels are the PZT’s vibration amplitude and frequency,
the error bars are the results of ten times of calculations,
and the dot is the mean value and the line segment is the
standard deviation. As depicted in Fig. 6, SSLs always have
pronouncedly larger signal amplitude than that of the LD
under the same vibration condition, and between these two
types of SSLs, the Yb:YAG’s signal amplitude can be some-
what larger than that of the Nd:YAG, which coincides with
the simulation results mentioned above.

Then, the influence of pumping power in SSLs or injection
current in LDs are further discussed, as shown in Fig. 7.
Considering the upper voltage bound of the sampling card
is 10 V, the same relative pumping level (1.1, 1.2, 1.3 and

FIGURE 6. 2m values comparison under different vibration conditions,
without the NDF and with the same pumping level.

FIGURE 7. 2m values under 4.5 µm 100 Hz vibration, without the NDF
and with different pumping or injection current values. (a: Yb:YAG;
b: Nd:YAG; c: LD).

1.4 times the threshold current) can not be uniformly set
for all three laser types. In the Yb: YAG laser, for example,
1.3 times the threshold current reaches 2.93 A, which will
cause the corresponding SMI signal grow beyond 10 V and
can not be sampled. Thus, four more suitable pumping cur-
rent values are selected for the Yb:YAG laser to reflect the
effect of the pumping level on the signal sensitivity. Where
the error bars have the same meaning as in Fig. 6, and the
points in the red circles correspond to the same pumping
level of Fig. 6. Obviously, increasing pumping level indicates
gradually decreasing signal sensitivity. It can be deduced that
the highest sensitivity must occur around the pumping level
just above the threshold.

Finally, the influence of feedback levels are discussed, and
the results are depicted in Fig. 8. Three NDF positions with
decreasing transmittance aremarked and adopted to adjust the
feedback level for three laser types. It can be concluded that
a lower feedback level corresponds to lower signal sensitivity
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FIGURE 8. 2m values comparison under 4.5 µm 100 Hz vibration, with the
same pumping level and different feedback levels.

since noise starts to be more prominent if less laser beam
coupled back into the cavity. In addition, SSLs are still more
sensitive than the LD and the Yb:YAG is still more sensitivity
than the Nd:YAG.

What is observed in Figs. 7 and 8 for each laser type
highly accords with the conclusions published in literatures
[21], [22], and all the experimental phenomena exhibited
above agree well with the simulation results in the last
section. Therefore, it can come to the conclusions that
• SSLs are more sensitive to laser feedback than LDs due
to high FPLR, and the Yb:YAG laser is more sensitive
than the Nd:YAG one.

• For SSLs or LDs, increasing the pumping level from the
threshold will decrease the SMI signal’s sensitivity.

• For SSLs or LDs, reducing laser feedback strength will
also decrease the SMI signal’s sensitivity.

IV. CONCLUSION
Considering detection sensitivity in SMI precision measure-
ment, we compare the sensitivity performance of three laser
types, including a Yb:YAG SSL, a Nd:YAG SSL and a LD.
It can be verified through both the simulation based on per-
turbation rate equations and the experiment regarding the
peak-to-peak value 2m that SSLs are more sensitive to laser
feedback than LDs, and the Yb:YAG is more sensitive than
the Nd:YAG. The phenomena may depend on the intrinsic
parameter of laser materials, which is named FPLR. Larger
FPLR values bring about higher SNR and larger 2m values.
Additionally, increasing pumping level or decreasing feed-
back level means decreasing signal sensitivity. Therefore,
instead of LDs, SSLs may be more suitable to be applied in
the field of SMI precisionmeasurement if miniaturization and
cost are not the primary concerns, and what is proposed in the
paper may provide guidance in developing high performance
SMI sensors or instruments.
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