University of Wollongong
Research Online

L2J(r)1i1v7eisity of Wollongong Thesis Collection University of Wollongong Thesis Collections

2022

Semiconductor laser dynamics induced by optical feedback for photonic
microwave sensing

Bairun Nie

Follow this and additional works at: https://ro.uow.edu.au/theses1

University of Wollongong
Copyright Warning
You may print or download ONE copy of this document for the purpose of your own research or study. The University
does not authorise you to copy, communicate or otherwise make available electronically to any other person any
copyright material contained on this site.

You are reminded of the following: This work is copyright. Apart from any use permitted under the Copyright Act
1968, no part of this work may be reproduced by any process, nor may any other exclusive right be exercised,
without the permission of the author. Copyright owners are entitled to take legal action against persons who infringe
their copyright. A reproduction of material that is protected by copyright may be a copyright infringement. A court
may impose penalties and award damages in relation to offences and infringements relating to copyright material.
Higher penalties may apply, and higher damages may be awarded, for offences and infringements involving the

conversion of material into digital or electronic form.

Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily

represent the views of the University of Wollongong.

Research Online is the open access institutional repository for the University of Wollongong. For further information
contact the UOW Library: research-pubs@uow.edu.au


https://ro.uow.edu.au/
https://ro.uow.edu.au/theses1
https://ro.uow.edu.au/theses1
https://ro.uow.edu.au/thesesuow
https://ro.uow.edu.au/theses1?utm_source=ro.uow.edu.au%2Ftheses1%2F1482&utm_medium=PDF&utm_campaign=PDFCoverPages

UNIVERSITY 52
OF WOLLONGONG @
AUSTRALIA

SEMICONDUCTOR LASER DYNAMICS
INDUCED BY OPTICAL FEEDBACK FOR
PHOTONIC MICROWAVE SENSING

A Thesis Submitted in Partial Fulfilment of
the Requirements for the Award of the Degree of

Doctor of Philosophy

from

UNIVERSITY OF WOLLONGONG

by

BAIRUN NIE

Supervisor: A/Prof. Yanguang Yu
Co-supervisors: A /Prof. Qinghua Guo and Prof. Jiangtao Xi

School of Electrical, Computer and Telecommunications Engineering
Faculty of Engineering and Information Sciences

August 2022




CERTIFICATION

[, BAIRUN NIE, declare that this thesis, submitted in partial fulfilment of the require-
ments for the award of Doctor of Philosophy, in the School of Electrical, Computer
and Telecommunications Engineering, Faculty of Engineering and Information Sci-
ences, University of Wollongong, is wholly my own work unless otherwise referenced
or acknowledged. The document has not been submitted for qualifications at any other
academic institution.

BAIRUN NIE
17 August 2022



Dedicated to

My Famaly



Table of Contents

List of Tables . . . . . . . . . . . iii
List of Figures. . . . . . . . . . . . vii
ABSTRACT . . . . viii
Acknowledgements . . . . . . .. .. X
Publications in Ph.D. Study . . . . . .. .. .. ... xi

1 Introduction 1
1.1 Semiconductor Laser Dynamics . . . . . . . ... .. ... ... .... 1
1.2 Microwave Photonics . . . . . . . . . . ... oo 4
1.3 Aims and Thesis Overview . . . . . . . . . . ... .. .. ... ..., 7

2 Literature Review 10
2.1 Stability Behavior in Semiconductor Laser Dynamics . . . . . .. . .. 10
2.1.1  Three-mirror model . . . . . . . ... ..o oL 10

2.1.2 Lang-Kobayashi model . . . . . .. ... ... ... ... .... 13

2.1.3  Self-mixing interferometry . . . . . . .. ... 17

2.2 Instability Behavior in Semiconductor Laser Dynamics . . . . . . . .. 22
2.2.1 Dynamic route path . . . . .. ... ... 0oL 22

2.2.2  Determine boundary between stability and instability . . . . . . 26

2.3 Photonic Microwave Signals Generation . . . . . . . ... ... .. ... 30
2.3.1 Microwave generation technologies . . . . . .. ... ... ... 30

2.3.2  Period-one oscillation technology . . . . .. .. ... ... ... 34

3 New Approach for Period-one Photonic Microwave and Its Displace-

ment Measurement 38
3.1 Chapter Introduction . . . . . . .. .. ... 38
3.2 Principle of SL with OF System . . . . . . . .. ... ... ... .... 41
3.2.1 Numerical study of SL with OF system . . . . . .. ... .. .. 41
3.2.2  MWP generation in P1 dynamics . . . . .. ... ... ..... 44
3.3 Proposed New Method for Displacement Measurement . . . . . . . .. 49
3.3.1 Determine P1 region and its influence parameters . . . . . . .. 49
3.3.2 Utilizing P1 region for displacement sensing . . . . . .. .. .. 51
3.3.3  Model of laser intensity in P1 dynamics . . . . . . . . .. .. .. 55

3.4 Experiments . . . . . ... 58



TABLE OF CONTENTS i

3.4.1 Implementation of experimental system . . . . . . . . ... ... 58
3.4.2 Experiment results . . . ... ... 65
3.5 Chapter Summary . . . . . . . . ... 70
4 New Approach for Enhanced Displacement Measurement with Re-
laxation Oscillation 72
4.1 Chapter Introduction . . . . . . .. . ... oo 72
4.2 The Behavior of Relaxation Oscillation Frequency . . . . . . .. .. .. 75
4.3 Sensing Signal Processing Algorithm . . . . .. . ... ... ... ... 80
4.4 Experiments . . . . . . .. ... 84
4.4.1 Experiment results . . . . . ... ... L 84
4.4.2 Discussion . . . . . . ... 87
4.5 Chapter Summary . . . . . . . .. .. 90
5 New Approach for Absolute Distance Measurement near Hopf-bifurcation
Boundary 92
5.1 Chapter Introduction . . . . . . . . ... ... 92
5.2 Operating SL with OF at Switching Status . . . . . . ... .. .. ... 95
5.3 Absolute Distance Measurement Principle at Switching Status . . . . . 98
5.4 Experiments . . . . ..o 104
5.4.1 Experiment results . . . . ... ..o 104
5.4.2 Measurement uncertainty . . . ... ... L 106
5.5 Chapter Summary . . . . . . . . . ... 109
6 Conclusion 110
6.1 Research Contributions . . . . . . . .. . . ... ... ... 110
6.2 Future Works . . . . . . . .. 113
References 115
A Vita 137

B List of Abbreviations 138



List of Tables

2.1
2.2

3.1
3.2
3.3
3.4
3.5
3.6

4.1

4.2

The Physical Meanings of the Symbols in the L-K Equations. . . . . .
Comparison of MWP Generation Techniques. . . . . . . . ... .. ..

Specifications of the Laser Diode HLL83256G. . . . . . . .. ... .. ..
Specifications of the Laser Diode Mount TCLDM9. . . . .. .. .. ..
Specifications of the Photodetector PDASGS. . . . . .. ... .. ...
Specifications of the PZT PAS-009. . . . . . .. ... ... ... ....
Specifications of the Oscilloscope DSA70804. . . . . . . . . . .. .. ..
Displacement Results by PZT Controller and Proposed Algorithm. . . .

The Influence of J’s Control Accuracy on Measurement Error with k =
25 x 1073, L=300mm. . . ... .. . ...
The Influence of k’s Control Accuracy on Measurement Error with
J/ g =11, L=300mm. . . . . . ...

111

70



List of Figures

1.1

1.2

2.1
2.2
2.3
2.5
24
2.6
2.7

2.8

2.9

2.10

2.11

2.12

2.13

Schematic diagrams of SLs under external perturbations for nonlinear
dyanmics. (a) Optical feedback scheme. (b) Optical injetion scheme.
(¢) Current modulation scheme. (d) Optoelectronic feedback scheme. . 2
Schematic diagrams of (a) A conventional microwave system. (b) A
typical microwave photonic system. (c) Our proposed principle for mi-

crowave SysteIm. . . . . . . . ... o e 5)
Simplified schematic diagram for the three mirrors model. . . . . . .. 10
T-C diagram with five feedback regimes. . . . . . . .. ... ... ... 17
(a) Relationship between ¢, and ¢q. (b) Relationship between g and
¢o, when C' =03 anda=3.. ... .. ... ... ... .. .. ..., 18
(a) Relationship between ¢, and ¢y. (b) Relationship between g and
¢o, when C'=25anda=3.. ... ... ... ... ... ... 19
(a) Time-varying optical phase induced by a moving target. (b) Corre-
sponding SMI signal when C' =03 anda=3. . ... .. ... ..... 19
(a) Time-varying optical phase induced by a moving target. (b) Corre-
sponding SMI signal when C =25anda=3. . . ... ... ... ... 20
(a) Relationship between ¢ and ¢o. (b) Relationship between g and
¢o, when C'=6anda=3.. ... ... . .. .. ... ... ... 21
(a) Time-varying optical phase induced by a moving target. (b) Corre-
sponding SMI signal when C =6anda=3. . . .. ... ... ..... 21

(a) S: steady state, and x = 0.003. (b) P1: period-one state, and
k = 0.006. (c) QP: quasi-period state, and x = 0.010. (d) C: chaos
state, and k = 0.014. (i) Waveform diagrams for different states. (ii)
Power spectrum diagrams. (iii) Phase space diagrams. . . . . . . . . .. 23
Bifurcation diagram when a = 3, L = 210mm, and J = 1.1Jy,. S:
steady state; P1: period-one state; QP: quasi-period state; C: chaos state. 24
Temporal waveform of the relaxation oscillation of the laser intensity

when the laser is turned on. . . . . . . ... oL 26
Relaxation oscillation frequency as a function of the external cavity
length. . . . . . . 29
Stability boundary described in the 3-parameter space of (k, 7, J),
where 7 = 2L/c. The unstable region is above the surface. . . . . . .. 30

v



LIST OF FIGURES

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14
3.15
3.16
3.17

3.18

Schematic structure of an SL with OF system for displacement sensing.
SL: semiconductor laser; BS: beam splitter; PD: photodetector.

(a) Typical MWP signal generated from P1 state. (b) Corresponding
FFT spectrum of typical MWP signal. (¢) Corresponding STFT spec-
trogram of typical MWP signal. . . . . . ... ... ...
Frequency linewidth (black) and microwave power (red) as the function
of the feedback strength . . . . . . . . . .. ... L.
(a)-(c) show the influence of a on the state boundaries. S: steady state;
P1: period-one state; QP: quasi-period state; C: chaos state; B;: bound-
ary between S and P1; By: boundary between P1 and QP; Bs: boundary
between QP and C. . . . . . . ..
(a)-(c) show the influence of J on the state boundaries. S: steady state;
P1: period-one state; QP: quasi-period state; C: chaos state; Bi: bound-
ary between S and P1; By: boundary between P1 and QP; Bs: boundary
between QP and C. . . . . . .. ..o
Influence of J on the P1 region with a = 3. (a) J = 1.1Jy, and Dy =

120mm. (b) J = 1.3Jy, and Dy = 7T0mm. (c) J = 1.5.Jy, and D3 = 50mm.

Influence of o on the P1 region with J = 1.1.J,. (a) a = 3. (b) a = 4.5.
(C) a=06. . .
Bifurcation diagram for an SL with OF system, J = 1.1Jy,, a = 6, and
L=300mm. . . ... . . . e
Utilizing P1 region for sensing. (a) Displacement of external target.

(b) Corresponding MWP sensing signal in P1 region. . . . .. ... ..
Relationship between fr and AL. . . . . ... ... .. ... ... ...
(a) Numerical solution of I(t) p1— gnyeiope under different feedback strength
k. (b) Comparison between the analytical solution from Equations
(3.17) and the numerical solution from the L-K equations. . . ... ..
The experiment set-up of MWP sensing system. LD: laser diode; BS:
beam splitter; VA: variable attenuator; OSC: oscilloscope; PZT: piezo-
electric transducer actuator. . . . . . .. ... oL
Typical characteristic curves of the laser diode Hitachi HL8325G. (The
red dotted line is the case adopted in the following experimental oper-
ations.) (a) Optical output power versus injection current. (b) Laser
wavelength versus operating temperature. . . . . . . .. ... .. ...
Laser diode and laser diode mount. . . . . . .. .. .. ... ... ...
Fiber coupler, multi-mode fiber, and photodetector. . . . . . . . .. ..
Assembled PZT and linear stage. . . . . . . .. ... ... ... ....
A typical example in experiments, which captured by the oscilloscope.
Green: time domain MWP signal generated from P1 state. Orange: the
corresponding spectrum of frequency domain MWP signal. . . . . . ..
Mapping of dynamical states in the OF system with the parameter space
of J/Jy, and L. S: steady state; P1: period-one state; QP: quasi-period

40

20

64



LIST OF FIGURES

3.19

3.20
3.21
3.22

3.23

4.1

4.2

4.3

4.4

4.5

4.6
4.7

4.8

4.9

4.10

4.11

The core components of experiment set-up for displacement sensing. SL:
semiconductor laser; BS: beam splitter; VA: variable attenuator; PD:
photodetector. (The complete physical structure of the experimental
system is shown in Figure 3.12.) . . . . . . . ... ... ...,
Measurement procedure of the proposed approach. . . . . . . . . .. ..
Pre-test results for the relationship between fr and AL with J = 1.1J,
(46.2mA), L =300mm, and o =4. . . . ... ...
Experiment results. (a) MWP sensing signal £ ,(¢) at initial position.
(b) Spectrum corresponding to the F?_,(t). (¢) MWP sensing signal
E? .(t) at end position. (d) Spectrum corresponding to the E? ,(t).

(a) A linear displacement applied on target by PZT. (b) The corre-
sponding MWP sensing signal. . . . . . ... .. ... 0.

The schematic diagram of MWP displacement sensing system. SL: semi-
conductor laser; LC: laser controller; BS: beam splitter; OI: optical iso-
lator; PD: photodetector; OA: optical attenuator; OSC: oscilloscope;
LMS: linear motor stage; PZT: piezoelectric transducer actuator. . . . .
State diagram in the coordinate plane of (, L) for the MWP displace-
ment sensing system with J = 1.1J;,. S: steady state; P1: period-one
state; QP: quasi-period state. Bp: boundary between S and P1; Bs:
boundary between Pl and QP. . . . . . . . .. ... ... ...
(a) Typical MWP signals generated from P1 state with k = 2.5 x 1073,
J = 1.1Jy,. (b) Corresponding spectrums of typical MWP signals. . . .
(a) Relationship between fr and L with k = 2.5x 1073, J = 1.1.Jy,. (b)
Enlargement of rectangular area 'M’ with L € [410.00mm, 417.80mm]. .
Relationship between fr and AL. (a) Enlargement of area 'a’ with
AL € [4000\g,4001.5)\o]. (b) Enlargement of area b’ with AL €
[5923X0, 5924.5X0].  « « o e
Measurement procedure of proposed algorithm. . . . .. ... ... ..
(a) MWP signals at initial position and end position. (b) The relaxation
oscillation frequencies corresponding to the initial position and the end
position. . . . . . ..
Experimental set-up. SL: semiconductor laser; BS: beam splitter; PD:
photodetector; OA: optical attenuator; LMS: linear motor stage; PZT:
piezoelectric transducer actuator. . . . . .. ..o
Experiment results. (a) Relaxation oscillation frequency variation with
displacements. (b) Spectrum for MWP sensing signal at start position.
(¢) Spectrum for MWP sensing signal at end position. . . . . . . .. ..
(a) The relationship between J and fg. (b) The relationship between
kand fr. ...
The effect of injection current on the state diagram. (a) J/Jy, = 1.3.
(b) J/ = 1.5, o o

vi

66
67

68

69

70

75

76

7

79

90



LIST OF FIGURES vii

5.1

5.2

2.3

5.4

5.5

5.6

5.7

5.8

5.9
5.10

The experimental set-up of SL with OF distance sensing system. SL:
semiconductor laser; LC: laser controller; BS: beam splitter; C: optical

fiber coupler; PD: photodetector; OA: optical attenuator; OSC: oscillo-
scope; Lg: initial external cavity; Lg;: free space distance; Lgo: optical

fiber distance; AL: distance to be measured. . . . . . . .. ... .. .. 96
State diagram for an SLOF sensing system. Red line: Hopf-bifurcation
boundary, where period-one state is above the boundary and stable
state is below the boundary. Blue vertical dash line: critical external
cavity length L.. Black horizontal dash line: constant feedback strength

Kee v v e e e e e e e e e e e e e 97
Phase space images of point A, point B, and point C, with 7 = 200ns
(corresponding L = 30m). (a) k = 0.0011. (b) x = 0.0015. (c¢) x = 0.0065. 98
(a) Bifurcation diagrams. (b) Time-series signals /(t) near hopf-bifurcation
point (that is the switching status). (c¢) Phase space images near Hopf-
bifurcation point. (i) 77 = 200ns (corresponding L; = 30m). (ii)

Ty = 250ns (corresponding Ly = 37.5m). (iii) 73 = 300ns (correspond-

ing Ly = 45m). The inset figures show the enlarged details. . . . . . . . 99
STFT spectrograms corresponding to (a) 73 = 200ns (corresponding

Ly = 30m). (b) 7o = 250ns (corresponding Ly = 37.5m). (c) 13 =
300ns (corresponding L =45m). . . . . . ..o 101
(a) Time-series signals I(t) obtained at the switching status with 7 =
200ns and corresponding L = 30m. (b) Normalized square wave signal

I(t) square—wave Obtained form I(¢). . . . . .. .. ... L 102
(a) The relationship between r versus duty cycle. (b) The relationship
between .J versus duty cycle. (c) The relationship between o versus

duty cycle. . . . . . . 103
(a) Experimental square wave signal I(¢) with L; = 22.500m. (b) Ex-

perimental square wave signal I(t) with Ly = 25.000m. . . . . ... .. 105
Absolute distance measurements results. . . . ... ..o 0oL 106

(a) The distance measurement uncertainty of Lgs by introducing differ-
ent hollow fiber refractive indexes ns. (b) The hollow fiber refractive
index measurement uncertainty of no by introducing different distances
of Loa. « o o o o e 108



SEMICONDUCTOR LASER DYNAMICS INDUCED BY OPTICAL
FEEDBACK FOR PHOTONIC MICROWAVE SENSING

BAIRUN NIE
A Thesis for Doctor of Philosophy

School of Electrical, Computer and Telecommunications Engineering
University of Wollongong

ABSTRACT

As one of the most widely used light sources today, semiconductor lasers (SLs) are
an important part of many optical systems, especially for sensing, communications,
metrology, and storage applications. SLs have the advantages of small size, easy inte-
gration, and miniaturization. The massification of electronic devices has furthered this
agenda, allowing the creation of portable systems capable of supporting optical sens-
ing systems. Essentially, SLs are inherently nonlinear devices, in nonlinear systems,
the folding and stretching behaviors of variables result in different dynamical routes.
It is worth noting that under the conditions of a stable operation, an SL biased by
constant current usually emits laser light with a constant intensity. However, with the
introduction of external optical feedback (OF), the laser light can become unstable.
SL will undergo from steady state, switching status, to period-one (P1) oscillation by
crossing Hopf-bifurcation. In the P1 state, the system produces a modulation of the
laser optical output power for the generation of microwave photonics (MWP) signals.
In this thesis, we operate SL with OF scheme in P1 dynamics, and found that the
proposed system has the great capability to achieve both displacement and absolute
distance sensing applications with high resolution and wide measurement range, by
using time-frequency information, relaxation oscillation information, and nonlinear
dynamic characteristics carried in that SLs emit signals. The contributions of each
chapter in this thesis are described in the following:

In Chapter 3, we propose an SL with OF set at the P1 dynamics to generate the
MWP signal for displacement sensing. Different from the traditional MWP genera-
tion method, the designed laser nonlinear dynamics are used by slightly perturbing
the SL source with the help of external feedback light to make the system work in
the P1 dynamic state, thereby generating regular microwave oscillation. By using the
fourth-order Runge-Kutta method to numerically solve the famous Lang-Kobayashi
differential equation, the boundary of different laser dynamic states is delimited, so
that the system can generate stable and sustainable MWP signals in P1 dynamics. A
set of parameter selection rules for designing an SL based MWP displacement sensing
system is obtained. In addition, a measurement algorithm for recovering the displace-
ment from an MWP sensing signal is developed. By making full use of the sensing
information carried in both amplitude and frequency of the MWP signal, displacement
sensing with high resolution and high sensitivity can be achieved. Both simulations
and experiments are conducted to verify the proposed method and show it is capable of
realizing high measurement sensitivity, and high resolution for displacement sensing.

In Chapter 4, utilizing the rich nonlinear dynamics of an SL with OF, under the



proper controllable system parameters, the system enters the P1 dynamics through
Hopf-bifurcation. In the P1 state, the detailed relationship between the relaxation
oscillation frequency of MWP signals and external cavity length is studied through
solving the Lang-Kobayashi delayed differential equations. The displacement measure-
ment formula is thus obtained. In addition, the relevant signal processing algorithm
is developed by considering mode-hopping, frequency-hopping, and sawtooth-like phe-
nomena that occurred in the relaxation oscillation. The displacement measurement
can be enhanced in a wider sensing range by fully using the relaxation oscillation
frequency relationship. Verification results in simulation and experiment show that
the proposed MWP displacement sensing system based on SL with OF contributes to
designing a prototype of a compact displacement sensor with wide measurement range
and high resolution.

In Chapter 5, OF induced switching status between two nonlinear dynamic states
(stable and P1 states) is observed in the SL with OF system. Without the need for
any electronic or optical modulation devices, the laser intensity can be modulated in
a square wave form due to the switching via utilizing the inherent SL. dynamics near
Hopf-bifurcation boundary. The periodicity in the switching enables us to develop a
new approach for long-distance sensing compared to other SL with OF based absolute
distance measurement systems and lift the relevant restrictions that existed in the
systems. Moreover, the impact of system controllable parameters on the duty cycle
of the square wave signals generated was investigated as well, aiming to maintain the
proposed system robustly operating at the switching status.

KEYWORDS: Semiconductor laser dynamics, optical feedback, photonic
microwave, nonlinear dynamics, period-one oscillation, relaxation oscillation,
displacement measurement, absolute distance measurement.
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Chapter 1

Introduction

1.1 Semiconductor Laser Dynamics

Since the laser was predicted in 1958 [1], and the first ruby laser was invented in
1960 [2]. Soon, it was reported in a gas laser that external optical feedback (OF) can
alter the laser intensity and shift its wavelength [3], which is occurred when a fraction
of light back-reflected or back-scattered by an external target re-enters the laser inside
cavity. At that time, researchers worked on how to suppress this unstable, uncertain
output. For instance, through injection locking technology, external light is injected
into the laser to achieve laser linewidth compression and low noise coherent laser out-
put [4-6]. On the other hand, although external perturbations can cause undesirable
and unpredictable operations in laser systems, they can also cause measurable distur-
bances to operating parameters, which can be used for metrology purposes. Utilizing
characteristics that semiconductor laser (SL) sensitives to external perturbations. SLs
can exhibit rich nonlinear dynamics subject to external perturbations, leading to an
increase in the dynamical dimension of the system. These nonlinear dynamics con-
tribute to a wide range of applications, including photonic microwave generation, laser

sensing, secure communications, fast random bit sequence generation [6-9]. Typical
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Figure 1.1: Schematic diagrams of SLs under external perturbations for nonlinear
dyanmics. (a) Optical feedback scheme. (b) Optical injetion scheme. (c) Current
modulation scheme. (d) Optoelectronic feedback scheme.

perturbation models including optical feedback, optical injection, current modulation,
and optoelectronic feedback are depicted in Figure 1.1(a)-(d), respectively.

Optical feedback scheme in Figure 1.1(a): Returning a small fraction of the lasing
emission into the SL inside cavity may result in rich nonlinear dynamics, with in-
creasing perturbation, the SL gradually crosses the Hopf-bifurcation from the steady
state, into the period-one (P1) oscillation state, quasi-period state, and finally towards
the chaos state. The richness of the dynamics stems from the competition between
the intrinsic relaxation oscillation frequency of the laser and the external cavity fre-
quency [6].

Optical injection scheme in Figure 1.1(b): A laser from another SL can also be
used to destabilize the laser output. The detuning frequency and injection strength
are used to excite the nonlinear dynamics of the SL, which in turn can be designed and
selected for specific needs. Similar with optical feedback, injection of either a polarized

field or a single-mode into a laser emitting in several polarizations or longitudinal
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mode components leads to new mechanisms for chaos instabilities but simultaneously
provides additional ways to control the dynamics [10, 11]. However, optical injection
often involves more than one laser, which increases the cost of the system.

Current modulation scheme in Figure 1.1(c): Current modulation is a perturbation
scheme that introduces a variation of the charge carriers by varying the bias current.
By breaking the equilibrium of charge carriers, current modulation can increase the dy-
namical dimension of the system, and thus inducing instabilities. However, experiment
results showed that the intrinsic noise from quantum fluctuations typically prevents
the observation of a period-doubling cascade to chaos, unless there is a careful tuning
of both the modulation frequency and depth [12,13].

Optoelectronic feedback scheme in Figure 1.1(d): The output of the SL is converted
to an electrical current by a photodiode, then, utilizing amplified and re-applied an
electrical feedback signal to the bias. In this way, the SL experiences a time-delayed
contribution to its dynamics. The feedback may be positive or negative depending
on the polarity of the amplifier in the feedback loop. Nonlinear dynamics typically
arise when the time delay is larger than the laser relaxation oscillation time period
[6]. However, optoelectronic feedback requires a complicated system setup and costly
electronics.

In summary, no matter which of the above schemes, as a typical class B laser, SL
shows instability, and complex dynamic characteristics only when some perturbations
are introduced to increase the dynamical dimensions in the system. SLs are widely
used in numerous applications due to their high efficiency, small size, compatibility
with electronic components, and ease of pumping and modulation by current injection.
These advantages allow many different ways to perturb SLs to exhibit a variety of
nonlinear dynamics tailored to specific applications. In this thesis, with the aid of

the many advantages in SLs mentioned, based on OF scheme, SL will undergo from
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steady state, switching status, to P1 oscillation by crossing Hopf-bifurcation. The P1
dynamics produce an intensity-modulated optical wave and give regular pulsation at
microwave frequencies for microwave photonics (MWP) signals generation. Utilizing
the MWP signals generated in P1 dynamics, we develop and test capable of sensing
applications for SL with OF system. The diversity of MWP are discussed in the next

section.

1.2 Microwave Photonics

Back again to 1960s, when the laser was first invented, at the same time the idea of
modulating the output of the laser in the microwave frequency range was proposed in
1962 [14]. Since then, many microwave generation technologies have been invented and
extensive investments have been made [8,15-18]. In a conventional microwave system,
microwave or intermediate frequency (IF) signals are distributed or processed in the
electrical domain using electronic components, as shown in Figure 1.2(a). To take
benefits from modern photonics, the current MWP technology introduces broadband
electrical-to-optical (EO) and optical-to-electrical (OE) conversions to the system so
that the signals can be transmitted in an optical fiber or processed in the optical
domain using optical devices, as shown in Figure 1.2(b). EO conversion with a band-
width of several or tens of gigahertz can be implemented by a direct-modulated SL
or a continuous-wave (CW) laser source together with an external modulator. For
an SL, the output optical power would increase linearly with the drive current in a
certain range, so EO conversion can be realized if the SL is properly biased and the
drive current to the SL is controlled by a microwave or IF signal. In this thesis, a
method to generate MWP is proposed. In a word, based on SL with OF, the SL is
modulated through external optical feedback, and after OE conversion, the system

directly outputs the MWP signal as shown in Figure 1.2(c), and detailed studies and
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Figure 1.2: Schematic diagrams of (a) A conventional microwave system. (b) A typical
microwave photonic system. (c¢) Our proposed principle for microwave system.

investigations are in the subsequent chapters.

MWP brings together the worlds of optoelectronics and microwave engineering,
opening a door for numerous promising applications [17]. Over the past few decades,
efforts have been made to improve functionality, accuracy, and response time of sens-
ing applications, where high-speed generation, control, and processing of broadband
signals are the key points. With the aids of wide bandwidth, flat response, low-loss
transmission, multi-dimensional multiplexing, ultra-fast analog signal processing, and
anti-electromagnetic interference provided by modern photonics for sensing applica-
tions, the resolution, coverage, and speed have been improved that were difficult to
achieve in the past [17,19]. Furthermore, different microwave photonic sensing appli-
cation architectures have been recently proposed, which demonstrate the remarkable
reconfigurability, versatility, wide-area distribution, and high-resolution imaging capa-
bilities enabled by photonics [19].

Many photonic microwave generation approaches can yield very low phase noise by
adopting high-frequency electronic components. These commonly used techniques can

be summarized as direct modulation [20], external modulation [21], optical heterodyne
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technique with cooperation with optical phase-lock loops (OPLL) [22,23], and opto-
electronic oscillator (OEQ) [24]. All these techniques are all rely on the high-frequency
electronics, which are costly and complex to implement. Thus, some of the photonic
microwave generations without relying on high-frequency electronic components were
also investigated. These approaches are briefly introduced as follows: self-pulsating
laser [25], dual-wavelength laser [26], optoelectronic oscillator [27], passively mode-
locked laser [28-30], and P1 dynamics of semiconductor lasers [31-36].

Among these techniques, photonic microwave generation based on P1 oscillation
dynamics has gained special attention due to its many advantages, such as widely
tunable oscillation frequency, and nearly single-sideband spectrum in optical injection
scheme [37]. As well as narrow frequency linewidth and good frequency stability in OF
scheme [9,31]. The P1 oscillation is one of the many nonlinear dynamics such as period-
doubled, quasi-periodic, and chaotic oscillation under optical feedback effects on SL. P1
oscillation can be achieved when a stable locked laser experiences a Hopf-bifurcation,
in which the intensity of the laser emission is oscillating at a microwave frequency [38,
39]. For photonic microwave generation, the nonlinear dynamical P1 oscillation offers
the following advantages over other techniques: The microwave frequency generated
from P1 oscillation can is broadly tunable, and it is far beyond the laser’s relaxation
resonance frequency, in some distributed feedback laser (DFB) lasers, the generated
frequency can even be up to terahertz band [40,41]. The generation of the optical
microwave signal can be achieved without using any electronic microwave components
[42]. On optical spectra, single-sideband can be generated by adjusting the injection
parameters to minimize the chromatic dispersion introduced microwave power penalty
during the transmission over long optical fibers [43]. Maximal microwave power at
a constant average optical power can be produced because of nearly 100% intensity

modulation depth [43,44], and it is also possible to simultaneously use the bias current
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of the electrically modulated laser to modulate the microwave signal [44].

1.3 Aims and Thesis Overview

The aim of the present work is to describe, develop and test the SL with OF system
capable of sensing applications, including displacement measurement and absolute dis-
tance measurement with both high performances, based on rich nonlinear SL dynamics.
Undamped relaxation oscillation and the beating of laser modes are demonstrated as
the dominant mechanisms giving rise to complex SL dynamics. It is shown that active
OF is essential for the preparation of the whole route path of dynamics for SL. SL
will undergo from steady state, switching status, to P1 oscillation by crossing Hopf-
bifurcation. The P1 dynamics produce an intensity-modulated optical wave and give
regular pulsation at microwave frequencies for MWP signals generation. Subsequently,
the thesis completes a field widely investigation and research on OF effects in SLs for
sensing applications. MWP sensing and measurement based on inherent SL. dynamics
are envisioned to be a promising alternative to conventional pure electronic or optical
solutions. This thesis involves seven chapters and is organized as below:

Chapter 1 briefly introduces the background of this thesis. In Section 1.1, the
background of SL dynamics technology is introduced, which includes the different
external perturbations, advantages/disadvantages, and applications. In Section 1.2,
the background and technological evolution path of the MWP signal are reviewed, and
the P1 dynamics used to generate the MWP signal in this thesis are briefly introduced.

Chapter 2 is the literature review. Firstly, the stable solutions of SL with OF sys-
tem are derived from both three-mirror model and Lang-Kobayashi (L-K) equations
are presented. Then, the rich nonlinear dynamics of SL induced by external OF are
presented, which include P1, period-doubled, quasi-periodic, and chaotic oscillation.

And determine the stability boundary of an SL with OF system between steady state
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and P1 state. Lastly, a summary of the existing MWP generation technology is pre-
sented, especially the scheme of using P1 dynamics to generate MWP, and followed
by an overview of the progress of MWP applications.

Chapter 3 utilizes an MWP generation method based on SL with OF system and
then shows displacement sensing by making full use of the sensing information car-
ried in both amplitude and frequency of the MWP signal. With the aid of a set of
parameter selection rules for designing an SL based MWP displacement sensing sys-
tem, displacement sensing with high resolution can be achieved. The L-K differential
equations are solved by using the fourth-order Runge-Kutta method. In particular,
the boundaries of different laser dynamic states are delimited, which guarantees the
system can generate a stable and sustainable MWP signal. Then, the performance
analysis of the generated MWP signals in P1 dynamics, and the experimental system
implementation for the sensing platform are demonstrated. Simulations and experi-
ments have been carried out to verify the effectiveness of the method, which displays
that the method can achieve a higher measurement sensitivity and high resolution
displacement sensing. [Publication involved: J1, C1]

Chapter 4 focuses on the detailed relationship between the relaxation oscillation
frequency of the MWP signal and the external cavity length in the P1 state, which
is studied based on the L-K delay differential equations. The relevant signal process-
ing algorithms are developed by considering the mode-hopping, frequency-hopping,
and sawtooth-like phenomena that occur in relaxation oscillation. Consequently, the
displacement can be recovered in a wider range by fully using the relaxation oscil-
lation frequency relationship. The verification results show that the proposed MWP
displacement sensing system based on SL with OF scheme is helpful for designing a
prototype of a compact displacement sensor with wide measurement range and high

resolution. [Publication involved: J2]
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Chapter 5 observes OF induced switching between stable and P1 states in an SL
with OF system. Utilizing the inherent dynamics of the SLs, without using any high-
speed electronic devices, photonic microwave signals with square wave envelopes can be
generated by operating the SL with OF system near the Hopf-bifurcation boundary. It
is found that the switching period of the square wave envelope is equal to the external
cavity round trip time, which enables us to develop a new approach for long-distance
measurement. In addition, the influence of system controllable parameters on the duty
cycle are also investigated, a wide tuning range between 0% and 100% is implemented
when system controllable parameters are properly adjusted, this ensures the proposed
SL with OF system is robust for distance sensing. In proof-of-concept experiments,
all test points agree with the theoretical results, showing a good sensing performance.
This work contributes to designing a prototype of a compact distance sensor by using
a square wave modulated photonic microwave signal configuration to realize a long
absolute distance measurement. [Publication involved: J3]

Chapter 6 summarizes the contributions of this thesis and relevant publications
based on this thesis. Then, it provides suggestions of potential future research direc-

tions.



Chapter 2

Literature Review

2.1 Stability Behavior in Semiconductor Laser Dy-

namics

2.1.1 Three-mirror model

The steady state mathematical model of the semiconductor laser (SL) subjected to
optical feedback (OF) can be derived from the classical three-mirror model. The model
consists of a Fabry-Perot (FP) type laser with facet reflection coefficients r; and 7y,

and the target with the reflection coefficient of r3 [45,46]. Therefore, a simplified

rl r2 r3

Internal Cavity External Cavity

Figure 2.1: Simplified schematic diagram for the three mirrors model.
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arrangement based on the schematic diagram shown in Figure 1.1(a) can be used for
carrying out the derivation, which is shown in the following Figure 2.1.
Assuming |ror3| << 1, i.e., there is only one reflection within the external cavity,

the effective reflection coefficient r. ;s at the laser front facet can be expressed as [45,47]:

Terp = Aeprexp(—joers) = 12 + (1 — |rao|*)rs exp(—juwsT) (2.1)

Where, w; is the laser angular frequency with optical feedback and 7 is one round
trip time of the light in the external cavity, and 7 = 2L/c, where ¢ is the speed of light.
Introducing a parameter x for describing the coupling rate of re-injected light into the
internal cavity length, named by optical feedback strength, which is expressed as:

T3

k=n(l-— T22>T_2 (2.2)

Where, 1 is the coupling efficiency which accounts for possible loss on re-injection,
e.g. mode mismatch and finite coherence length. When x << 1, from Equation (2.1),

we can get:

Acrr=ro[l + Kk cos(wsT)] (2.3)

Gepp = Ksin(wsT) (2.4)

As the roundtrip phase in the internal cavity must be equal to a multiple of 2,
the phase condition of compound cavity of the three-mirror model can be described

using the following equation [45,47]:

A¢L = _a(gc - gth)d + Tin(ws - WO) + ¢eff (25)

11
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Where, A¢y, corresponds to a change in the round trip phase compared to 2qm,
where ¢ is an integer. « is called the linewidth enhancement factor, 7;, is the light round
trip time in the internal cavity and wy is the angular frequency of the solitary laser. g,
and gy, are the threshold gain with and without external cavity respectively [45,48].

g, can be express as:

gin = a5 +d " In[(ryry) '] (2.6)

Where, a, accounts for any optical loss in the internal cavity. Additionally, g. must

satisfy the amplitude condition of the compound cavity [61, 92]:

rlA@ff exp[(gc - as)d] =1 (27)

Submitting Equation (2.3) and Equation (2.6) into Equation (2.7), we can obtain:

K
Je — Gih = —3 cos(wsT) (2.8)

Then inserting Equation (2.4) and Equation (2.8) into Equation (2.5) and letting

g = 0, the phase equation of the three-mirror model is shown as below [49]:

WsT = WoT — L rVITa? sin[wsT + arctan(a)] (2.9)

T’L?’l

If we denote ¢, = w,T, ¢pg = wot, and C' = 71+ a?, (where C is feedback
level), it can be finally derived as Equation (2.10) which is so-called the core part of

self-mixing interferometry.

¢s = ¢po — C'sin [p, + arctan(«)] (2.10)

Where ¢, and ¢, are respectively the light phase corresponding to the perturbed

12
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and unperturbed laser angular frequency. Note that although the three-mirror model
explains some interesting results, it lacks some details of the physical setting of the
phenomenon, e.g., the material and associated effects for an SL [49]. Hence, in next

section the well-known Lang-Kobayashi model is introduced.

2.1.2 Lang-Kobayashi model

Equation (2.9) can also be derived from the well-known Lang-Kobayashi (L-K) equa-
tions which are based on Lamb’s equation and modified with the additional equation
for the state concentration [49]. Compared to the three-mirror model, the L-K equa-
tions describe the active material and carry a description of laser oscillator equations
which yield a much more complete description of the dynamic behavior of a single-
mode SL with external OF. The well-known L-K equations [50] were first proposed in
1980 and the model consists of three simultaneous delay differential equations which

are shown as below:

%Et) _ % {G (N (1), E(t)] — Tlp} E(t) + %E(t — ) cos [woT + ¢(t) — [t — 7]
(2.11)
%t) = 2a {G N (1), E(t)] - Tip} - %% sin [wor + 6(t) — ¢t —7)] (2.12)
AN _ TN vy, By B2 (2.13)

dt eV Te

In above equations, there are three variables named as electric field amplitude

E(t), electric field phase ¢(t), and carrier density N(t). ¢(t) is given by ¢(t) =

13
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Table 2.1: The Physical Meanings of the Symbols in the L-K Equations.

SYMBOL PHYSICAL MEANING VALUE
Gn Model gain coefficient 8.1 x 107 Bm3s!
Ny Carrier density at transparency 1.1 x 10%*m=3
€ Nonlinear gain compression coefficient 2.5 x 107%m?
Tp Photon lifetime 2.0 x 107125
Ts Carrier lifetime 2.0 x 107%s
Tin Internal cavity round-trip time 8.0 x 107125
e Elementary charge 1.6 x 107 1°C
vV Volume of the active region 1.0 x 1071m3
Unperturbed optical angular frequency of the SL,
wWo wop = 2mc/ N, where ¢ is the speed of light, Ag is

the wavelength of the SL

Confinement factor

Line-width enhancement factor

Injection current

Feedback strength

External cavity length

Light round-trip time in the external cavity, 7 = 2L/c

I e B R O R |

[w(t) — wolt, where w(t) is the instantaneous optical angular frequency for an SL with
optical feedback, wy is the unperturbed optical angular frequency for a solitary SL.
G[N(t), E(t)] = Gy [N(t) — No| [1 — eT'E*(t)] is the modal gain per unit time. The
physical meanings of the symbols appearing in Equations (2.11)-(2.13) and the values
of the parameters used in this thesis can be found in Table 2.1 [51].

In 1995, the analytical self-mixing interferometry (SMI) or called laser feedback
interferometry by solving the steady state solutions of the L-K equations are reported
in [52]. Introducing E,, ws, and Ny as the steady state solutions of electric filed
amplitude, angular frequency and carrier density, by setting dFE(t)/dt = 0, do(t)/dt =
ws — wp, and dN(t)/dt = 0. Substituting E(t) = E(t — 1) = E;, N(t) = Ny, and
o(t) = (ws — wp)t into Equations (2.11)-(2.13), and ignoring the nonlinear gain, the

well-known stationary solutions can be obtained as below:

WsT = WoT — LoVt a? sinfwsT + arctan(«)] (2.14)

Tin

14
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1 2k cos(wsT)
N, = N, — 2.15
ot TpGN TinG N ( )
— N,

* Gn(N,— No)
Steady solution of SL with OF can be obtained by either the three-mirror model
or the L-K model, Equation (2.14) is exactly the same as Equation (2.9). The L-K
model is time-dependent and can be used to describe the dynamic properties of active
materials. It is found to give a remarkably accurate model of both the weak-level
feedback phenomena and the high-level feedback chaos-related dynamics. Although it
is deduced on the basis of the performance on laser diodes, it predicts many complex
behaviors over short-time scales that have been observed in practice. In contrast to
the dynamic L-K model, there also exists three-mirror model of analyzing the laser
feedback effect, which employs the geometry of the laser feedback cavity and effective
reflectivity. Unlike the dynamic description obtained by adding the feedback effect
component in the rate equations as in the L-K model, the three-mirror model employs
the static analysis method. The three-mirror model is equivalent to the L-K model in
analyzing the phenomena in the laser feedback technology, but the analysis processes
of the two models focus on different aspects. The key point in the three-mirror model
is to treat the reflective target as the third reflective mirror. This reflective mirror
reflects the laser back into the resonant cavity, equivalent to changing the effective
reflectivity of the laser output mirror, which induces modulation of the optical field
inside the laser cavity.
From Equations (2.14)-(2.16) and by considering a moving target, the existing SMI

model can be obtained as below by introducing;:
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Po = woT
Ps = wsT (2.17)
C = (k7/Tin)V1+ a?

Then Equation (2.14) becomes:

¢s = ¢pg — C'sin [p, + arctan(«)] (2.18)

Where ¢y is associated with the external cavity length L, i.e., ¢pg = 4w L /N, where
Ao is the unperturbed laser wavelength.

Equation (2.18) is called the phase equation which is the core part of the existing
SMI model, and is the same equation as derived by the three mirrors model [refer
Equation (2.10)]. By substituting Equation (2.15) into Equation (2.16), the normalized
variation of the SL output power (that is the so called SMI signal g) can be obtained
and described as [52]:

g = cos(¢s) (2.19)

Equations (2.18) and Equation (2.19) constitute the existing SMI model which has
been widely accepted to describe the waveforms of SMI signals [47,52-55]. As seen in
Equation (2.18) and Equation (2.19), there is a straight forward procedure to constitute
g, i.e., 9 — ¢s — g, and also a straight backward procedure, i.e., g = ¢5 — ¢p, to
obtain ¢g, thus retrieving the external cavity information. Therefore, the knowledge
of the theory of generating a SMI signal as well as its waveform is essential to achieve

good performance of the SMI.
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2.1.3 Self-mixing interferometry

In the SMI model, C' is called optical feedback level as described in Euqgation 2.17,
it is an important quantity for characterizing feedback. It was proposed by Acket
in [56] and used to distinguish between the low feedback regime (C' < 1) and high
feedback regime (C' > 1). A more detailed feedback regimes studied by Tkach and
Chraplyvy presented a T-C diagram shown in Figure 2.2 which classified five feedback

regimes [57].

3.2
1.6
0.8
0.4
0.2

Distance of target (m)

0.1

1 1 1 1 1 1 1
90 -80 -70 -60 -50 40 -30 -20 -10 0
Feedback power ratio (dB)

0

Figure 2.2: T-C diagram with five feedback regimes.

Most of the existing work on behavior study is mainly based on the analytical SMI
model, i.e. Equation (2.18) and Equation (2.19). In this SMI model, the parameter C' is
of great significance, which characterizes the waveform shape of the SMI signal. It has
been widely accepted that the operating regime of an SMI system can be divided into
three regimes based on the value of C|, i.e. weak feedback regime for C' < 1, moderate
feedback regime for 1 < C' < 4.6 and strong feedback regime for C' > 1 [46,49].

In weak feedback regime with C' < 1, a unique mapping between ¢, and ¢, can
be found based on Equation (2.18). Even in some work, when the SMI is in weak
feedback, the approximation of ¢s ~ ¢¢ have been taken [58-61]. Figure 2.3(a) shows

the relationship between ¢y and ¢s when C' = 0.3 and a = 3. In weak feedback
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Figure 2.3: (a) Relationship between ¢, and ¢y. (b) Relationship between g and ¢y,
when C' = 0.3 and a = 3.

regime, the SMI signals induced by a moving target have the similar fringe shape as the
traditional two-beam interferometry, and also each fringe in SMI signals corresponds
to half wavelength displacement (Ao/2) for the external target. Figure 2.3(b) shows
the relationship between SMI signal g and ¢y.

Supposing an continuous sinusoidal displacement is applied on the target with
L(t) = Lo+ ALsin(2w ft), where Lo, AL, and f are the initial external cavity length,
the amplitude of the displacement and target vibrating frequency respectively, which
are chosen as L = 0.24m, AL = 1.5\, and f = 400kHz. In this case, the variation
of the initial optical phase can be expressed as: A¢g(t) = 4w ALsin(2w ft)/Ag. Figure
2.4 shows the time-varying optical phase and its corresponding SMI signal. It can be
found the SMI signal in Figure 2.4(b) has the similar fringe shape as the traditional

two-beam interferometry.
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Figure 2.5: (a) Relationship between ¢, and ¢q. (b) Relationship between g and ¢y,
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Figure 2.4: (a) Time-varying optical phase induced by a moving target. (b) Corre-

sponding SMI signal when C' = 0.3 and a = 3.

In moderate feedback regime with 1 < C' < 4.6, three possible ¢y may be yielded
from Equation (2.18), two are stable and one is unstable. In this case, the SMI
signals show hysteresis and producing sawtooth-like fringes. Varieties of SMI-based
applications have set the SMI system in moderate feedback regime, and the behavior
of SMI in this regime have been investigated intensely [52,56,62,63]. Figure 2.5 shows

the relationship between ¢y and ¢ as well as g and ¢y when C' = 2.5 and o = 3.
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Figure 2.6: (a) Time-varying optical phase induced by a moving target. (b) Corre-
sponding SMI signal when C' = 2.5 and a = 3.

Based on the behavior analysis in [52,63], when ¢¢ increases, that ¢, and g will track
the route A — B — B; and it will vary following the route By — A; — A when ¢q
decreases. When ¢q locates between point A and B, ¢y will yields three ¢4, and the
one located on the line A; — B is unstable. Similarly, suppose a continuous sinusoidal
displacement is applied on the target as same as in Figure 2.4(a), then we can get the
corresponding SMI signal g(¢) as shown in Figure 2.6(b).

In strong feedback regime with C' > 4.6, five or seven or even more possible ¢;
may be yielded from Equation (2.8). In this situation, the SMI signals may experience
fringe loss [46,64,65]. Additionally, when C' increases to certain values, the shape of
the SMI signals may closely replicates that of the external movement [46]. In 2009, Y.
Yu et al. [65] studied the behavior of SMI system with a large C', and gave the details
about the mode jumping rules, i.e. for a given ¢q, which ¢, should be chosen. Figure
2.7 shows the relationship between ¢y and ¢, as well as g and ¢y when C' = 6 and o = 3.
Based on the behavior analysis in [65], when ¢q increases, that ¢, and g will track the
route B — By — D — D; and it will vary following the route C; - C — A; — A
when ¢y decreases. Similarly, let’s suppose a continuous sinusoidal displacement is

applied on the target as same as in Figure 2.4(a), then we can get the corresponding
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SMI signal g(t) as shown in Figure 2.8(b).

8 [a.u]

Figure 2.7: (a) Relationship between ¢, and ¢q. (b) Relationship between g and ¢y,
when C' =6 and o = 3.

0 0.5 1 15 2
t [us]

Figure 2.8: (a) Time-varying optical phase induced by a moving target. (b) Corre-
sponding SMI signal when C' =6 and o = 3.
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2.2 Instability Behavior in Semiconductor Laser Dy-

namics

2.2.1 Dynamic route path

With further research on SL with the influence of optical feedback or optical injection,
researchers realized that SL can achieve rich nonlinear dynamics and operated SL
above steady state [66-70]. Of the five regions classified in the T-C diagram in Figure
2.2, four of them involve nonlinear dynamics [71]. With the system parameters change
(e.g. increase external feedback or increase injection current), the SL dynamic route
path will undergo from steady (S) state, period-one (P1) oscillation, quasi-period (QP)
oscillation to chaos (C) oscillation.

When fixed « = 3, L = 210mm, and J = 1.1J;,, where Jy, is the threshold of
the injection current. The dynamic behaviors of the SL output are showed in Figure
2.9(a)-(d) with four different feedback strength x = 0.003, x = 0.006, x = 0.010, and
k = 0.014. The first column is the time domain waveform results. The second column
is the power spectrum corresponding to the time domain. The third column shows
the attractors in phase space. For small optical feedback strength « = 0.003, the
SL output power is constant as shown in Figure 2.9(a-i). For the external feedback
strength of k = 0.006. SL becomes unstable and exhibits a P1 oscillation as shown
in Figure 2.9(b-i). The main frequency of the oscillation is 1.25G Hz which is very
close to the relaxation oscillation frequency at the solitary mode. With the feedback
strength raised at k = 0.010, a QP oscillation appears as shown in Figure 2.9(c-i).
Figure 2.9(d-i) shows a chaotic oscillation at x = 0.014. When the laser output power
shows periodic oscillation, clear spectral peaks can be observed, however, in the chaotic
state, clear spectral peaks are not observable but the spectrum is broadened around

the relaxation oscillation frequency, as shown in Figure 2.9(d-ii).
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Figure 2.9: (a) S: steady state, and k = 0.003. (b) P1: period-one state, and x = 0.006.
(¢) QP: quasi-period state, and x = 0.010. (d) C: chaos state, and x = 0.014. (i)
Waveform diagrams for different states. (ii) Power spectrum diagrams. (iii) Phase

space diagrams.

The attractor is a trajectory in the phase space of the system variables and is
frequently used for the analysis of chaotic oscillation [68]. When the SL output power
at a stable oscillation is constant, the attractor becomes a fixed point in the phase
space of the photon number (laser intensity) and the carrier density. For a P1 signal,
the attractor forms a circle (referred to as a limit-cycle attractor) as shown in Figure
2.9(b-iii). However, the chaotic attractor behaves in a rather different way from fixed
state or periodic oscillation. In chaotic oscillation, the trajectory goes around thick

circles within the closed compact space, as shown in Figure 2.9(d-iii). The chaotic
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Figure 2.10: Bifurcation diagram when o« = 3, L = 210mm, and J = 1.1J;;,. S: steady
state; P1: period-one state; QP: quasi-period state; C: chaos state.

attractor of Figure 2.9(d-iii) is quite different from other periodic attractors and is
referred to as a strange attractor. In fact, the chaotic trajectory goes around in a
multidimensional space and never crosses in phase space.

Figure 2.10 shows the bifurcation diagram of the logistic map when « is changed
continuously from 0 to 0.015 with a step of Ax = 0.0001, other parameters remain
unchanged. The different dynamic states are separated by the dotted lines. From
Figure 2.9 and Figure 2.10, it can be seen that SL with OF exhibits rich nonlinear
dynamics, different states have different waveforms and characteristics. The properties
of an SL can be significantly affected by OF. Make full use of the nonlinear dynamic
characteristics of the laser, with the change of SL associated parameters, an SL may
operate at different dynamical states.

In recent decades, various applications have been reported in different states. In
steady state, an SL with OF can be utilized to detect the Doppler shift, vibration,
velocity measurement, and displacement measurement [52,55,58,63,72]. In P1 state,

a large sideband-rejection-ratio is obtained, with this unique advantage, P1 oscilla-
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tion can be used to generate photonic microwaves and fiber-optic radio communica-
tion [8,18,37,73]. In quasi-period state, SL with the influence from OF will generate
subwavelength, by monitoring frequency shift can achieve multidimensional 2D mea-
surement [74]. In chaos state, due to the broad bandwidth of chaotic oscillation and
pseudo-randomness, it can be implemented in chaotic radar and chaotic secure com-
munication [70,75-77], et al.

In optical nonlinear dynamics, another important physical parameter is relaxation
oscillation. The relaxation oscillation of laser intensity output is one of the important
characteristics to determine the frequency range of the temporal dynamics of lasers.
Figure 2.11 shows an example of relaxation oscillation of the laser intensity when
the laser is turned on [67]. From Figure 2.11, it can be seen that the output of
a continuously pumped laser consists of a series of tiny damped oscillation at the
beginning time, and then gradually enter the steady-state output. This oscillation
takes place with a period that is considerably longer than the photon lifetime in the
class B laser. With the change of system parameters or increased external disturbance,
there will be an undamped relaxation oscillation phenomenon that happened [78,79].
The basic physical mechanism is the interplay between the laser intensity in the cavity
and the population inversion. An increase in the laser intensity causes a reduction in
the population inversion due to the increased rate of stimulated emission. This causes a
reduction in the gain that tends to decrease the laser intensity. Then, the population
inversion starts to increase again and the laser intensity follows the growth of the
population inversion afterward. This oscillatory behavior between the laser intensity
and the population inversion continues for several or tens of cycles and relaxes into
stable values of the laser intensity and population inversion. Thus, this phenomenon

is called relaxation oscillation.
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Figure 2.11: Temporal waveform of the relaxation oscillation of the laser intensity

when the laser is turned on.

It is found that the relaxation oscillation frequency (fz) in SLs is very fast at around
a few GH z due to the short population and photon lifetimes, whereas the relaxation
oscillation frequency in solid-state and gas lasers ranges from kHz to M Hz. The
relaxation oscillation in the intensity of laser output is usually observed just after the
laser is turned on and approaches a steady-state operation. However, perturbations in
the pumping power can also cause relaxation oscillation to appear spontaneously. The
relaxation time is relatively larger than the oscillation time, which makes relaxation

oscillation evident on the oscilloscope trace of the laser output intensity.

2.2.2 Determine boundary between stability and instability

The stability of a system is usually analyzed based on the system determinant. For an
SL with OF its system determinant is obtained based on analysis of the L-K equations

near the stationary solutions [50,80-82] described by:
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Where E, N; and wg represent the stationary solutions of L-K equations without
ignoring the nonlinear gain for electric field amplitude, carrier density and angular
frequency respectively. Note that, if ignoring the nonlinear term associated with FE(t)
in Equation (2.13), i.e., € = 0 the above stationary solutions are same as the ones used
in [51,81], that is Equation (2.14)-Equation (2.16).

Assuming that E(t), w(t) and N(t) exhibit small deviations from above stationary
solutions [denoted by dg(t), d4(t) and dn(t) respectively], the following linear differ-
ential equations can be obtained from the L-K Equations (2.11)-Equation (2.13) in

matrix form:

Lol 0x(t) Su(t — )
Do) | = A s,(t) | +B| 65t —7) (2.23)
d(Sgt(t) (SN (t) O

Where,
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A= Ti:Es Sin((bs) B Oze’:‘FGN(NS - NO)ES _% COS((bS) %OéGN(l — €FE3)
—2GN(Ns — No)E,(1 — 2eT'E?) 0 —+ —GN(1 —eTE2)E?
(2.24)
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The system determinant [denoted by D(s)] of Equation (2.23) is derived as:

D(s)=det(s] —A—e " B)=s*+ X +Y + 7 (2.26)

Where, X, Y, Z are:

X = %[22 cos(9) (1 — €7) +wm + 2]

Y =5 { (T’:ﬂ,)Q(l — e ) 4 o {(% + wp1) cos(¢s) — awri sin(qﬁs)] (1—e*)+ Lwp + W%m}

R

7 = L( K )2(1 — e—s‘r)2 + £ (%WRl + OJIQQQ) [cos(¢ps) — asin(¢s)] (1 —e™*7)

Tin

(2.27)

Where 7r is the damping time of the relaxation oscillation of an SL with OF,
TR = 771+ GNEX(1 — eTE?), wpy = wkel' /[Gn(1 — eTE?)] , wh, = wi(1 — 2eTE?)
and w%% = GNE?G(N,, E,), where wg, is the relaxation resonance angular frequency of
an SL with OF.

Note that, ignoring the nonlinear gain (¢ = 0) through stability analysis with the
steady-state values, the characteristic equation D(s) = 0 should be derived [81]. Due
to it is the fixed D(s) = 0 with s = 0, which does not effect the stability. Hence, for
the case that the solution of D(s) = 0 with s = 5, and Q /27 being the base-band
frequency, the condition of imaginary part for the stability is given by [66, 79, 81],
and for all values of Q) satisfying Equation (2.28), where, 7' = 7, + GyE? and

why = GNE?/7,, where wgy is the relaxation resonance angular frequency of an SL

without OF, according Equation (2.21), Ny = Ny + 1G/]T\f’, therefore, G(Ny, E;) = 1/7,

with Kk =0 and € = 0.
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Figure 2.12: Relaxation oscillation frequency as a function of the external cavity
length.

Equation (2.28) unveils the existence of excited periodic oscillation with a fre-
quency (€2/27) strongly dependent on the external cavity round-trip time and varying
periodically around the free-running angular wgg, which gives an expression for 7 as

a function of Q [81]. And wgy = 27 fro, where the relaxation oscillation frequency

1 GNE?

w\ besides, the relaxation oscillation frequency fr

of solitary laser is frg =
in an SL with OF is described as Equation (2.29) [68], under the OF condition, fg
is equal to excited frequency 2/27. In 1998, as shown in Figure 2.12, the relation-

ship between the relaxation oscillation frequency fr (strictly speaking, it is excited

frequency €2/27 near the relaxation oscillation frequency fro) and the external cavity
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Figure 2.13: Stability boundary described in the 3-parameter space of (k, 7, J), where
T = 2L /c. The unstable region is above the surface.

length L has been experimentally confirmed in a range of 30cm in Ref. [79], this peri-
odic relationship between fr and L shows that relaxation oscillation frequency carries
information associated with the external cavity, thus has potential use for sensing and
instrumentation. Additionally, in Ref. [83], the stability boundary is investigated and
described in the 3-parameter space of (k, 7, J), where 7 = 2L/c, as shown in Figure
2.13, according the system determinant D(s) = 0 of Equation 2.26. It reveals stability
boundary is a surface with periodical fluctuations, the area above the surface is the

unstable region.

2.3 Photonic Microwave Signals Generation

2.3.1 Microwave generation technologies

Microwave frequencies are usually generated by electronic circuits that have multiple

frequency multiplications to achieve the desired frequency. The system is complicated
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and expensive. In addition, for many applications, the generated microwave signals
must be transmitted to distributed remote sites. Due to the high losses associated with
electrical transmission lines such as coaxial cables, wired distribution of microwave
signals in the electrical domain is impractical. The wireless distribution of microwave
signals is ideal for short distances, not long distances, because the propagation loss
of microwaves increases with frequency. The generation of microwave signals through
photonics has aroused extensive research interest due to its advantages of high speed,
low power consumption, low cost and high reliability. Microwave photonic (MWP)
signals can be effectively transmitted and widely distributed through low-loss, long-
distance optical means, thereby circumventing the limitation of microwave distribution
[84]. In this section, the main MWP generation technologies will be analyzed and
discussed.

By using high-frequency electronic components, many MWP generation methods
can produce very low phase noise. These commonly used techniques can be summa-
rized as direct modulation, external modulation, optical heterodyne technology used
in conjunction with optical phase-locked loops (OPLL), mode-locked semiconductor
lasers, period-one (P1) dynamics, and optoelectronic oscillators (OEQ). The expansion
of technologies that rely on electronic resources is as follows:

A1l. Direct modulation

The most direct method is to use an electronic microwave source to directly mod-
ulate the semiconductor laser. The disadvantage of using this technique is that the
modulation bandwidth is limited by the inherent resonance frequency of the laser and
the availability of high-frequency electronic microwave sources. And the modulation
depth is also relatively low. Using optical injection locking can slightly increase this
limit [20, 85, 86].

A2. External modulation
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Using an external modulator to modulate the laser optical output. These ap-
proaches introduced the electro-optic materials such as lithium niobate [87], poly-
mers [88,89], and the semiconductors [90]. MWP signal generation utilizing external
modulation can attain very high frequency and low phase noise microwave signals, but
there is a drawback resulting from the insertion loss of the modulators.

A3. Optical heterodyne

The optical heterodyne technique can easily achieve terahertz photonic microwaves
by beating between two optical beams with certain wavelength spacing, and by hy-
bridizing two optical components with different frequencies on the detector, such the
technique has very wide tunability [22]. However, the inevitable mismatch of optical
phases and fluctuated amplitudes between two noncoherent lasers results in extremely
poor microwave stability, which becomes an Achilles’ heel for applications requiring
high stability [91]. In order to further stabilize the signal, the optical phase differ-
ence between the two optical components is tracked by using a reference frequency
from a stable electronic microwave source to compare the output signal of the detec-
tor [92]. By further introducing sideband injection locking, frequency stability can be
improved [23,93].

The above-mentioned technologies are the technologies that rely on high-frequency
electronic equipment, and these technologies are expensive and complicated to imple-
ment. Therefore, some MWP generations that do not rely on high-frequency electronic
components have also been studied. These methods are briefly described as follows:

B1. Self-pulsating laser

By exciting the relaxation resonance in a two-section laser, through the interaction
between the two parts, self-pulsing can be excited, and the frequency is usually limited
to a few gigahertz [25,94].

B2. Dual-wavelength laser
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In a dual-wavelength laser, the two optical components are generated in the same
optical cavity. Therefore, the stable microwave frequencies can be obtained by the
intrinsic relation of common noise. To achieve the dual-wavelength operation, the
proper seeding from independent lasers [26] or by incorporating gratings for mode-
selection in fiber ring lasers can be used [95,96].

B3. Optoelectronic oscillator

The optoelectronic oscillator (OEQO) can use a very long optical fiber loop to gen-
erate a very stable microwave signal, while multiple loops can be used to suppress
parasitic noise [97,98]. The disadvantage of using OEO is that the construction re-
quires high frequency components such as microwave filters, microwave amplifiers,
photodetectors, and optical modulators. The tunability is limited by these elec-
tronics’ bandwidth. Some of these electronic components can be replaced by opti-
cal components, however, by doing so, the complexity of the implementation is also
increased [27,99-101].

B4. Passively mode-locked laser

Utilizing passively mode-locked laser can produce monolithic photonic microwave
generation with frequency over 100GHz. The microwave linewidth is typically less
than 1M Hz by using this method, [30,102]. The limitation of this method is that
the tunability is usually controlled by the fixed cavity length. Besides, the system is
complex, costly, and the frequency of the microwave signal is difficult to adjust [28].

B5. Period-one dynamics

One of the prominent techniques is based on P1 nonlinear dynamics. Through opti-
cal feedback or optical injection, the laser can be driven to a periodic oscillation state,
especially P1 oscillation. The laser emission intensity oscillates at the microwave fre-
quency. The rich advantages and diversity of P1 dynamics are detailed in the following

section. Although the microwave photon signal generation based on P1 oscillation has
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Table 2.2: Comparison of MWP Generation Techniques.

Electronics ~ Tunability Maximum Frequency Microwave Linewidth ~ Single Sideband Modulation Type Stability Optical Loss
Direct Modulation ~ Moderate ~ Fair 30 GHz Determined by source  Special design required  AM Good  None
Optical Heterodyne ~ Simple Good ~THz Broad Yes None Poor None
OPLL Complicated Fair 330 GHz Narrow (~mHz) Yes None Good  None
Dual-mode Laser ~ Complicated Good 42 GHz Moderate (~MHz) Yes None Poor ~ None
External Modulation  Moderate  Fair 40 GHz Determined by source  Special design required  AM/PM Good  Large
Mode Locking Moderate  Poor 30 GHz Narrow (~Hz-mHz) No None Good  Large
OEO Complicated Poor 75 GHz Narrow (~mnHz) No AM/PM Good  Targe
P1 Dynamics Simple Good 100 GHz Moderate (~MHz-mHz) Yes FM Poor ~ None

many advantages, it is not without disadvantages. Due to the spontaneous emission,
the inherent phase noise in the nonlinear P1 oscillation can impair its application.
For example, phase noise will reduce the signal-to-noise ratio in communications [44].
Phase noise also increases the linewidth of the generated microwaves, which affects the
performance of radio over optical fiber (RoF) applications and the maximum detection
range of the Doppler velocimeter [35,103].

Additionally, the MWP generation techniques mentioned above are listed system-

atically in Table 2.2 from the review work in Ref. [84].

2.3.2 Period-one oscillation technology

It can be seen from Table 2.2 that the advantages of microwave generation based on
P1 oscillation are very prominent. Including simple structure, good tunability, nearly
single sideband, and almost none optical loss. Recently, the use of MWP generated
by nonlinear dynamic P1 oscillation has been studied for microwave generation [18,
33,37,39,40,42,104-106].

In P1 dynamics by using external OF, the P1 oscillation is one of the many non-
linear dynamics such as period-doubled, quasi-periodic, and chaotic oscillation under
external optical disturbance to the SL. P1 oscillation can be achieved when a stable
locked laser experiences a Hopf-bifurcation, which the intensity of the laser emission is

oscillating at a microwave frequency [7,38,39]. The OF scheme includes two character-

34



2.3. Photonic Microwave Signals Generation

istic time scales for controlling dynamics, namely the laser relaxation oscillation time
and the external cavity round-trip time. The former characterizes the energy exchange
rate between carriers and photons, thereby adjusting the oscillation frequency of P1
dynamics. The latter corresponds to external cavity modes, which could be helpful
to stabilize P1 dynamics. Once P1 frequency components are locked to these modes,
the phase noise originating from intrinsic spontaneous emission will be effectively sup-
pressed [7,34,69,107,108]. Then, by reducing the microwave linewidth to much smaller
than the linewidth of the free-running laser, the corresponding P1 oscillation can be
stabilized. However, other external cavity modes that are not occupied by the P1
frequency are usually represented by residual noise peaks near the P1 microwave fre-
quency, which will damage the stability [35,36,107]. In P1 dynamics by using optical
injection, there are two dominant frequencies: one is generated from the optical in-
jection while the other one is emitted near the cavity resonance frequency [104]. The
frequency of photonic microwave generation based on P1 can be broadly tunable by
changing the injection power or frequency detuning. The generated frequency can far
exceed the relaxation oscillation frequency of the injected semiconductor laser. Pho-
tonic microwave generation based on P1 oscillation has been investigated extensively
in conventional single-mode distributed feedback (DFB) laser [39,41]. The results
show that 100G H z with a tuning range of tens of gigahertz photonic microwave signal
can be achieved using P1 oscillation in DFB lasers [109]. Recently, a tunable photonic
microwave with the continuous tuning of the frequency up to 20GHz has also been
achieved experimentally in a quantum dot laser based on P1 oscillation [110].

For photonic microwave generation, the nonlinear dynamical P1 oscillation offers
the following advantages over other techniques. Firstly, The microwave frequency
generated from P1 oscillation by optical injection method is broadly tunable, and

it is far beyond the laser’s relaxation resonance frequency, in some DFB lasers, the
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generated frequency can even be up to terahertz band [40,41]. Secondly, the microwave
frequency of P1 oscillation generated by the OF method has the advantages of narrow
linewidth and easy to produce stable P1 state. Thirdly, the generation of the optical
microwave signal can be achieved without using any electronic microwave components
[42,84]. Fourthly, on optical spectra, single-sideband can be generated by adjusting the
injection parameters to minimize the chromatic dispersion introduced microwave power
penalty during the transmission over long optical fibers [8,43,73,111]. Fifthly, maximal
microwave power at a constant average optical power can be produced because of nearly
100% intensity modulation depth [43,44]. Sixthly, The bias current of the laser can
be modulated electrically or optically at the same time to modulate the microwave
signal [44,112].

Due to the listed advantages above, the P1 oscillation is implemented into a
number of applications such as radio-over-fiber (RoF) [44], clock frequency division
[113, 114], modulation formation conversion [109, 111], uplink transmission [73,112],
long-detection-range Doppler velocimeter [109], and photonic microwave amplifica-
tion [43]. Despite many of the advantages, the P1 oscillation is not without its limita-
tions. The P1 oscillation dynamics characteristically contains phase noise due to the
fluctuations in the lasers. This phase noise causes performance issues in many appli-
cations: in communication links, the reduction of signal-to-noise ratio [83], reduction
on the maximal detection range in Doppler velocimeters [100], and the degradations of
the noise performance in photonic microwave amplification [93]. Thus, there are some
techniques developed to reduce the phase noise. In DFB lasers, locking the P1 oscilla-
tion using a stable electronic microwave source were introduced in the year 1999, the
which the generated microwave signal frequency is up to 17GHz and its linewidth is
below 1kHz [101]. Self-injection locking using optoelectronic feedback also narrowed

the microwave signal linewidth to about 10kH z [56], however, this approach requires
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high-speed microwave amplifiers for the electric feedback. Polarization rotated feed-
back with optoelectronic feedback was also reported, it reduced the linewidth to about
3kHz for a P1 oscillation generated microwave at 6G H z [87], the imperfection of this
method is that the tunability is restricted by the electronic circuitries.

To address these limitations, a promising OF scheme has been applied to overcome
the above bottlenecks [102,115]. The OF scheme was introduced to generate narrow
microwave linewidth, which, provides comparable linewidth reduction without adding
extra electrical components and has no restrictions on the tunability, in addition,
since the feedback laser of the OF scheme is phase-locked to the original laser, the
frequency of the microwave signal obtained by the OF scheme is more stable. In
the following chapters, we describe, develop and test the SL with OF system. Based
on rich nonlinear SL dynamics, it focuses on the capability of sensing applications,
including displacement measurement and absolute distance measurement with both
high performances. A field-wide investigation and research on OF effects in SLs for
sensing applications is completed, and shows that photonic microwave sensing based
on inherent SL. dynamics is envisioned to be a promising alternative to conventional

pure electronic or optical solutions.
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Chapter 3

New Approach for Period-one
Photonic Microwave and Its

Displacement Measurement

3.1 Chapter Introduction

Semiconductor laser (SL) attracts much attention from researchers due to its small
size, low cost in manufacturing, and operate at low power consumption. It has been
found that external optical feedback (OF) can significantly affect the properties and
behaviors of an SL [50,116]. Regarding the OF effect in an SL, on one hand, researchers
try to avoid or eliminate the influence of OF on an SL. On the other hand, researchers
actively make full use of OF for sensing and instrumentation. For example, utilizing
SL with OF contributes to the discovery of a new class of laser interferometry which
is named as self-mixing interferometry (SMI) or optical feedback interferometry (OFI)
[49]. The principle of such interferometer and the physical process is that, when a
portion of the light is back-scattered or back-reflected by an external target and re-

enter the SL internal cavity, both laser intensity and its frequency can be altered
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by the movement information associated with the target. The schematic structure
of a typical SL with OF displacement sensing system is depicted in Figure 3.1, it
mainly includes three parts, laser source, signal detection system, and measurement
target. The core components consist of an SL, an external photodetector (PD), and
an external target. In fact, SLs are inherently nonlinear devices [117], in nonlinear
systems, the folding and stretching behaviors of variables result in different dynamical
routes [118]. Under the different operational conditions, the SL undergoes from steady
(S) state, period-one (P1) oscillation, quasi-period (QP) oscillation to chaos (C) [68].
Various potential applications have been investigated and reported in different dynamic
states. In steady state, an SL with OF can be utilized to detect the Doppler shift,
vibration, velocity measurement, and displacement [46,116,119,120]. In P1 state,
the optical injection and optical feedback schemes were used to generate microwave
[117,121,122]. In Ref. [121], a periodic switching between two nonlinear dynamic
states caused by optical feedback is demonstrated. By adjusting the feedback strength,
the duty cycle of the periodic state can be adjusted, thereby a tunable method for
generating microwave photonic (MWP) signal is proposed. In Ref. [122], a method
of generating reconfigurable radar waveform based on optical injection is presented.
In this method, a low-speed control signal is used to adjust the injection strength
so that to control the output microwave frequency. The Ref. [122] experimentally
proved that the proposed microwave generator can be used for radar applications.
Other applications for MWP include MWP processing, sensing, and fiber-optic radio
communication [8,73,84,123-125]. In quasi-period state, SL with the influence from
OF will generate subwavelength, by monitoring frequency shift can achieve multi-
dimensional 2D measurement [74]. In chaos state, due to the broad bandwidth and
pseudo-randomness of chaotic oscillation, it can be implemented in chaotic radar and

chaotic secure communication [77,126] et al.
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Figure 3.1: Schematic structure of an SL with OF system for displacement sensing.
SL: semiconductor laser; BS: beam splitter; PD: photodetector.

An SL with OF sensing system operates at steady state (that is SMI) can provide
a displacement measurement resolution with half laser wavelength (A\o/2). For further
improving the sensing resolution, one group of researchers make use of SMI sensing
model to retrieve displacement from an SMI waveform [55, 62]. Theoretically, this
method can achieve super high resolution. However, due to inevitable intensity noise
and inaccurate model parameters, the resolution is still very limited, e.g., the work
in Ref. [62] declared that 40nm resolution can be achieved experimentally. Another
group of researchers modulate the SL injection current or external cavity to have the
displacement to be carried in the phase of an SMI signal, e.g., the work in Ref. [60]
achieves a resolution of 15nm in experiment by retrieving the initial phase using fast
Fourier transform (FFT). It requires a target to be measured must be in a low speed
relative to the modulation period and the measurement range is about 1um. The work
in Ref. [127] added extra physical components and combined the high sensitivity of
a frequency-shifted feedback laser with the axial positioning capability of a confocal
microscope, it reached 2nm resolution with about 10um measurement range. The
work in Ref. [128] proposes to set the SL in an SMI sensing system operating at P1

state to generate MWP signal for sensing. This can provide a resolution of Ag/1280
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theoretically. And the work in Ref. [129], an SL with dual-cavity OF operating at P1
state was proposed to deal with the target has a low reflectivity by utilizing MWP
signal. It demonstrated the measurement sensitivity can be boosted up to 268 times
compared to a general SMI sensing. However, how to design an SL with OF system that
can robustly working at P1 state to generate MWP signal and what is the applicable
measurable range are not discussed in previous studies.

In this chapter, we propose to improve the sensing performance for an SL based
MWP displacement sensing system, in terms of measurement resolution and measure-
ment sensitivity. We first determine the P1 region boundaries for an SL with OF
system and study the P1 boundaries characteristics. Then, we investigate how the
system controllable parameters influence the P1 boundaries, from which a set of pa-
rameters selection rules are presented. The implementation of experimental system is
also demonstrated. As an application example, an experimental displacement sensing

system is investigated.

3.2 Principle of SL with OF System

3.2.1 Numerical study of SL with OF system

SL dynamics can be affected by external perturbations including OF, optical injection,
current modulation, and optoelectronic feedback. By varying external perturbations,
an SL can work at steady state, P1 oscillation, quasi-period (QP) oscillation, or chaos
(C). The rich dynamics of SLs have been investigated and found their various potential
applications in optical communications, defense and security, radar detection, etc [6,
130, 131]. These SL operation states have great potential to develop novel MWP
techniques such as all-optical microwave frequency conversion [132] and single-sideband

frequency modulation [133]. The dynamic of an SL with optical feedback can be
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3.2. Principle of SL with OF System

theoretically characterized by the Lang-Kobayashi (L-K) rate equations [50]. In order
to clearly show the derivation of solving the L-K equations, let’s rewrite the L-K
equations as follows:

dE(t) 1 {G[N(t),E(t)] _ i} E(t)+iE(t—7-) cos [woT + ¢(t) — ¢t — 7)] (3.1)

TZ n

— = 3@ {G[N(t),E(t)] — —} — iﬂ;f_t)ﬂ sin [wor + ¢(t) — @(t — 7)]  (3.2)

Tin

AN(t) J  N(1) 2
e e B [N(t), E(t)] E*(t) (3.3)

In the above equations, three main variables are used for describing the behavior
of an SL with optical feedback, which are the amplitude of the electric field E(t),
the phase of the electric field ¢(t), and the carrier density N(¢). The SL operating
conditions are mainly determined by the four controllable parameters: line-width en-
hancement factor («), external cavity length (L), injection current density (J), and
feedback strength (k). The other parameters in the L-K equations are internal pa-
rameters associated with the SL, and their physical meanings are detailed in Table
2.1.

The L-K equations are ordinary differential equations, there are lots of numerical
solutions for ordinary differential equations. To overcome this problem, in this thesis,
the fourth-order Runge-Kutta method is used to solve the L-K equations [134, 135].
The Runge-Kutta method is a method of using the Taylor expansion of the function
derivative to replace the derivative for the numerical solution of the differential equa-
tion. Consider the following system of differential equations, dE/dt = f(t, E, ¢, N),

d¢/dt = g(t7E7¢? N)? and dN/dt = p(t7E>¢a N)? where E(tO) = EOa ¢(t0) = ¢07
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and N(tg) = Ny. Then, get the numerical solution in the interval of a<t<b. Sub-
stituting the first-order differential equations dt = tx4 1 — ty, dE = Eyp.1 — Fy, and
dN = N1 — N into system differential equations, then we can get the following

Equations (3.4), where k € [0,1,2,---, M — 1].

Eys1 — By = f(te, Bk, &1, Ni) (ter1 — tr)
Gk+1 — Ok = 9(t, Ex, O, Ni) (L1 — tr) (3.4)
Ni+1 — Ny, = p(ty, Ex, &k, Ni)(te1 — tr)

¢

toor =t + h
Eyi1 = By + hf(t, Ex, bk, Ni)
Grr1 = ¢r. + hg(te, By, ¢r, Ni)

\ Nit1 = Ny + hp(t, Ex, ¢x, Ni)

(3.5)

Divide the interval [a,b] into M subintervals, the width of each subinterval is
h = (b — a)/M, the interval grid point satisfies tx,1 = t;x + h, and then substitute
it into Equation (3.4), In this way, an iterative solution formula for the original dif-
ferential equations in the interval [a,b] can be obtained as Equation (3.5). This is
the basic principle of the Runge-Kutta method to solve differential equations, that is,
the differential equations are used to approximate the derivatives of the differential
equations to be solved to obtain the differential equations, and then the solution in-
terval is partitioned to obtain the subintervals of the differential iteration. Finally, the
alternative equations are solved on each sub-division. Generally, in order to obtain
higher calculation accuracy, it is necessary to use a higher order Taylor expansion to
approximate the derivative, reduce the length of the iteration subinterval, and increase
the number of iterations. The fourth-order Runge-Kutta method can simulate the ac-
curacy of the fourth-order Taylor method, consequently, the calculation formulas and

strategies for E(t), ¢(t), and N(t) are shown in Equations (3.6)-Equations (3.8), thus,
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the L-K equations can be numerically solved.

\

By =

Ort1

)
Nigy1 =

By 4 h(fy +2f2 + 2fs + f4) /6

= f(ts, Ex)

f(ts +h/2,Ep + hf1/2)

Flte+ h/2, B, + hfs)2)

Flt+ h, By + hfs)

= ¢r + h(g1 + 292 + 293 + 94) /6
9(t, or)

gtk +h/2, 01+ hgi/2)

gty + /2, br + hgs/2)

9(

tk + h, ¢ + hgs)

Ny + h(p1 + 2p2 + 2p3 + pa) /6
= p(tk, Nk)

p(ty +h/2, Ny + hp/2)

p(ty + h/2, Nj, + hp2/2)
p(

tr + h, Ny + hps)

3.2.2 MWP generation in P1 dynamics

(3.7)

(3.8)

As discussed above, by using the fourth-order Runge-Kutta method, E(t), ¢(t), and

N(t) can be solved. Focus on generating MWP signals in P1 state. A relative nor-

malized laser intensity I(¢) is used to represent the MWP sensing signal, defined

I(t) = [E*(t) — E2(t)]/EZ, where E2(t) is the mean of E*(t), and EZ(t) is the laser

intensity without OF. We set SL external controllable parameters are J = 1.1Jy,,

k =2.5x107%, L = 410mm, and a = 6, other parameters are adopted from Table 2.1.

As an example, a typical MWP signal generated in the P1 state obtained from solving
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Figure 3.2: (a) Typical MWP signal generated from P1 state. (b) Corresponding FFT
spectrum of typical MWP signal. (c¢) Corresponding STFT spectrogram of typical
MWP signal.
L-K equations are shown in Figure 3.2(a), and the corresponding frequency-domain
information of MWP signals are shown in Figure 3.2(b)-(c) via applying fast Fourier
transform (FFT), and short-time Fourier transform (STFT) on time-domain signal,
respectively. It can be seen that when the SL is accompanied by the external pertur-
bation of optical feedback, the stable locked SL can enter the P1 dynamics by crossing
the Hopf-bifurcation. The P1 state produces intensity-modulated light waves and pro-
duces regular pulsations at a microwave frequency at 1301.25M H z, accompanied by
a narrow frequency linewidth of 105kHz. (Note: the frequency range of microwave is
approximately between 300M Hz and 300GHz). And the high frequency component
shows high stability without any change over time.

Figure 3.3 presents the influence of the feedback strength s on the frequency
linewidth and frequency power of the generated microwave signals based on P1 os-

cillation in an SL with OF system. Other parameters are same as those in Figure
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Figure 3.3: Frequency linewidth (black) and microwave power (red) as the function of
the feedback strength k.

3.2. The SL with OF system can operate at P1 region from x = 1.25 x 1073 to
k = 3.57 x 1073, based on bifurcation analysis. Therefore, the relationship between
feedback strength k versus frequency linewidth and microwave power are investigated,
by varying s from x = 1.5 x 107 to k = 3.5 x 1073 with a step size of 0.5 x 1073,
for each k, determining the frequency linewidth and microwave power from FFT of
the temporal signals. The results show that within the whole P1 region, the fluctua-
tion range of frequency linewidth is roughly from 30kHz to 300k H z, with a narrowly
average frequency linewidth of 109k H 2z in dotted line. The reason for the frequency
linewidth fluctuation may come from the effect of external feedback on the optical
phase, resulting in the phase perturbation, which leads to the frequency linewidth
fluctuation in P1 dynamics. The microwave power is also a key parameter used to
evaluate the generated microwave signal. The power of the microwave signal here
is defined as the peak power at the fundamental frequency in the power spectrum.
The results show that the microwave power changes only slightly with the feedback
strength increases, and basically stabilizes at a value of about —18dBm, until the P1

dynamic state is crossed. Figure 3.3 indicates that the MWP signals generated in the
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Figure 3.4: (a)-(c) show the influence of o on the state boundaries. S: steady state;
P1: period-one state; QP: quasi-period state; C: chaos state; By: boundary between
S and P1; By: boundary between P1 and QP; Bj3: boundary between QP and C.
entire P1 region all have a narrow linewidth and good microwave power stability.

An important figure for understanding the SL with OF system is the two parame-
ters stability mapping of the dynamics as shown in Figure 3.4 and Figure 3.5, thereby,
the different dynamic states can be recognized. We solved the L-K equations to get
the laser intensity I(t), from the waveforms of I(t), the states can be determined. The
states corresponding to different sets of an SL associated parameters are presented in
the coordinate plane of (k, L) and the state boundaries divide different state regions.
In below simulations, we define the boundaries between S and P1 as By, P1 and QP
as Bs, QP and C as Bjs, respectively.

In the following, the influence of system parameters on state boundaries are investi-
gated to achieve a robust P1 state to generate MWP signal. Firstly, we set J = 1.1J,
where Jy, is the threshold of the injection current density, and set different values with

a = 3,4.5,6, respectively. By varying the L from 100mm to 500mm with a step of
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Figure 3.5: (a)-(c) show the influence of J on the state boundaries. S: steady state;
P1: period-one state; QP: quasi-period state; C: chaos state; By: boundary between
S and P1; By: boundary between P1 and QP; Bj3: boundary between QP and C.

10mm, for each L, gradually increase s from 0 to 0.015 with step of 0.0001, to observe
the waveform of I(¢) and record the corresponding state. The results are presented in
Figure 3.4, it can be seen: For the S region, with L increases, the B; boundary shows
a periodic enhancement feature with an slightly downward trend. With « increases,
the S region size gradually decreases. For the P1 region, with L increases, it gradu-
ally narrows, and it also demonstrates a periodic enhancement feature. Furthermore,
with « increases, P1 region becomes flattered with an unchanged period. For the C
region, the increase of L or the increase of o will both cause the decrease of the Bj
boundary. In a similar way to investigate the influence from J. We set a = 3 and
J/Jy = 1.1,1.3,1.5, respectively. The results are shown in Figure 3.5. It can be
observed: For S region, with J increases, the B; boundary indicates an upward trend.
For the P1 region, with J increases, it also displays an upward trend and maintaining

the periodic enhancement characteristic, however, the period of fluctuation becomes
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decrease. For the C region, with J increases, the B3 boundary presents a trend of
upward. Based on the results of the this section, we can see that when we apply a low
injection current density J and a large line-width enhancement factor «, the P1 region
can be made wider, which is beneficial for the SL with OF system to work robustly in

the P1 state.

3.3 Proposed New Method for Displacement Mea-

surement

3.3.1 Determine P1 region and its influence parameters

As mentioned and discussed in previous chapters, the dynamic behaviors of an SL
with OF can be described by the well-known Lang-Kobayashi (L-K) equations [50].
Through numerically solving above L-K equations, the laser intensity E?(¢) can be
obtained, E?(t) is also called sensing signal. The SL dynamic states can be identified
by observing the waveform of E?(t). Under the proper external perturbations, the
system can enter P1 dynamics through Hopf-bifurcation with undamped relaxation
resonance of the SL [68]. To determine the P1 region and study its features, we
present all the dynamic states of an SL in the coordinate plane of (k, L), each state
on the (k, L) plane is determined by both internal and external parameters of the SL.
The internal parameters are fixed for a certain SL but the injection current (J) and
line-width enhancement factor (o) may varies when designing a system. Thus, there
is a need to study how these two parameters influence the P1 region, from which we
can determine an optimal P1 region for sensing.

Firstly, we study the influence of injection current J on the P1 region. Fixing
line-width enhancement factor with a = 3, we set injection current with J = 1.1J,

J = 1.3Jy,, and J = 1.5Jy, respectively, where Jy;, is the threshold of the injection
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current. For each case, we vary the external cavity length L which travels from Omm
to 500mm with a step of AL = 5mm. At each L, we increase feedback strength
from 0 to 0.04 with step of Ax = 0.0001 and finer when close to the state boundaries,
then using L-K equations to generate E?(t) for every r value. For each given set of
parameters, we record the corresponding SL state on the (k, L) plane. The SL states
diagrams are obtained and shown in Figure 3.6, where the P1 region is the shaded area.
It can be seen, the P1 region is a fluctuated band with an approximately modulation
period denoted by D along L direction. At a suitable x value, with the changes of L,
the system switches between steady state and P1 state. This provides the possibility
to implement a tunable optical microwave generator.
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Figure 3.6: Influence of J on the P1 region with a = 3. (a) J = 1.1Jy, and Dy =
120mm. (b) J = 1.3Jy, and Dy = 70mm. (c) J = 1.5Jy, and D3 = 50mm.
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Figure 3.7: Influence of a on the P1 region with J = 1.1J;;,. (a) a = 3. (b) o = 4.5.
(¢) a = 6.

The approximate modulation periods D are shown on Figure 3.6, with D; =

120mm, Dy = 70mm, and D; = 50mm, it indicates the modulation periods are
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decreasing with increasing of J. Each case also shows that the P1 region with a slight
downward trend, which indicates the shorter the external cavity is, the higher x is
required to maintain the SL in P1 state. With the length of the external cavity in-
creases, a lower feedback strength will cause the system switching between S and P1
state periodically. Furthermore, an increasing J causes narrower band of P1 region
and move the band location to the high  level. This will make the SL more difficult
to be kept within P1 region.

Then, we investigate the influence of line-width enhancement factor o on the P1
region. We set three different line-width enhancement factors as a = 3, a = 4.5, and
a = 6, with a fixed injection current at J = 1.1.J;,. The results are shown in Figure
3.7. It can be seen that a has a strong influence on the P1 region for L < 300mm.
A large « leads to a low k level is required to be maintained in P1 state, the overall
P1 region tends flatter with increasing «. Therefore, an SL with a large line-width

enhancement factors « is more likely to operate at P1 region.

3.3.2 Utilizing P1 region for displacement sensing

Based on the study of the P1 region in above, a low J and a relative large « are adopted
to obtain a wide P1 region as show in Figure 3.7(c), an operating range is indicated
up to about 200mm. With this knowledge, we can operate an SL at a stable P1
state. Therefore, for the following simulations, we set J = 1.1.J,, a = 6, L = 300mm.
Through solving L-K equations, a bifurcation diagram for the SL can be obtained and
shown in Figure 3.8. A relative laser intensity I(¢) is used to represent the MWP
sensing signal, we define laser intensity I(¢) (normalized I(t) = [E?(t) — E2(t)]/E2,
where E? is the laser intensity without optical feedback). It can be seen in the range
from k = 1.25 x 1072 to kK = 3.57 x 107 (Hopf-bifurcation point to Neimark-Sacker

bifurcation point), we can guarantee the SL with OF operating at P1 state. To test
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Figure 3.8: Bifurcation diagram for an SL with OF system, J = 1.1Jy, a = 6, and
L = 300mm.

the sensing performance for this system, we set J = 1.1J;,, a = 6, L = 300mm,
k = 2.5 x 1073 assume the external target has a linear displacement AL = 0.8\,
through numerically solving the L-K equations, the MWP sensing signal in P1 state
and external target movement AL are shown in Figure 3.9. From Figure 3.9, we found
the I(t) contains rich information related to the target displacement. The MWP
sensing signal operating in the P1 region has a high frequency oscillation locating
at 1.3GHz with its amplitude modulated by a slow varying Doppler displacement
signal. This oscillate frequency is called as relaxation oscillation frequency with optical
feedback (denoted by fr). The envelop of I(t) is periodically repeated with a period
corresponding to Ag/2, the corresponding Doppler frequency is 1.6 M H z, equivalent to
a time period of 0.625us. We call each period A\g/2 as an integer fringe. By counting
the integer number of fringes (denoted by M), we can achieve a coarse measurement
(denoted by AL;) by Equation (3.9).
Ao

52



3.3. Proposed New Method for Displacement Measurement

2
2
= 1 i
—
<
O | L | Il L | L | (a)
025 05 :075 1 125 1.5 1.75: 2 225 25
& [us]
.1 T T T T T T T T
2 No/2 No/2 /2 No/2
=}
= o |
A
o (b)
= I I 1 I 1 I 1 I I
025 05 075 1 125 1.5 1.7 2 225 25
t [ps]

Figure 3.9: Utilizing P1 region for sensing. (a) Displacement of external target.
(b) Corresponding MWP sensing signal in P1 region.

We further study the characteristics for the high frequency oscillation component
of I(t). Given AL changes from 0 to 1.5)\g with a step of 0.01)\. For each given AL,
E?(t) is generated through solving L-K equations and then perform FFT on the E?(t)

to determine its fgr, the relationship between fr and AL shown in Figure 3.10.
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Figure 3.10: Relationship between fr and AL.

From Figure 3.10, we found that the oscillation frequency is also time varying with
a periodically change period of \g/2, within each period (0 < AL < \o/2), there

is a linear relationship between fr and AL with a conversion slope ks = (fr_max —
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fr—min)/(Ao/2). This linear relationship enables us to develop a sensing method to
measure the fractional fringe (denoted by AL;) by using fr. Therefore, a fine mea-

surement for target displacement less the \g/2 can be made by Equation (3.10), where,

2
start

fr—start 18 the fg corresponding to the EZ,, (1) recorded at the initial position of the
target, and fr_enq is the fr corresponding to the E? ,(t) recorded at the end posi-
tion of the target. The displacement resolution for the fractional fringe measurement
depends on frequency analysis device. For example, the Tektronix RSA5000 series
spectrum analyzer can set resolution bandwidth (RBW) from 100Hz to bMH z, if
we adopt an spectrum analyzer with spectrum resolution of 1M Hz to record fgr, in
the case of Figure 3.10, conversion slope ks = 0.064M H z/nm, therefore, we can get
a sensing resolution of 15.6nm(\g/50, where \g = 780nm). For further improving
the sensing resolution, if a spectrum analyzer with spectrum resolution of 62.5kH z is

employed. With the same conversion slope k, = 0.064M Hz/nm, the resolution can

reach up to 0.98nm( \o/799, where Ay = 780nm).

ALf _ fR—end ; fR—sta’rt (310)

As indicated in Figure 3.8, the feedback strength x can be adjusted to different
values within P1 region. Figure 3.11(a) shows the extracted envelopes of MWP sensing
signals I(t) [denoted by I(t)p1—Enveiope] corresponding to different feedback strength
with kK = 2.0 x 1073, k = 2.5 x 1073, and x = 3.0 x 1073, respectively. It can be seen
that a high feedback strength is recommended since its corresponding MWP sensing
signal I(t) can achieve a larger magnitude, this means a higher sensitive sensing can be
achieved. Then, in the following section, starting from the L-K equations, we aim to
get an approximate analytical expression for laser intensity in P1 dynamics, as shown
in Figure 3.11(b) with dash line in red color, the detailed and specific mathematical

derivation, please refer the following section.
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Figure 3.11: (a) Numerical solution of (%) p1—gnveiope under different feedback strength
k. (b) Comparison between the analytical solution from Equations (3.17) and the
numerical solution from the L-K equations.

3.3.3 Model of laser intensity in P1 dynamics

In this chapter, we propose a brand new high-performance sensing implementation
scheme. This scheme requires simultaneous recording of amplitude and frequency
information in MWP signals. Interesting results are found in Figure 3.9(b), which is,
the P1 high-frequency signal is modulated by the sawtooth-like slowly changing signal.
This is similar to the sawtooth-like signal produced by SMI with moderate feedback.
In the following, we take mathematical derivation and investigated it through the L-K
rate equations model for making a analysis on laser intensity of P1 dynamics.
Starting form L-K equations and their corresponding stationary solutions as shown
in Equations (2.14)-(2.16) in Chapter 2. And based on the numerical work of L-K
model in [136], when an SL operates in period-one oscillation with unstable region,
the expression of E(t), N(t), and ¢(t) can be written as Equations (3.11)-(3.13), where,
E;, N, and ¢, are stationary solutions of E(t), N(t), and ¢(t); 0E, §N, and d¢ are
the modulation amplitudes; ¢z, ¢y are the initial phase of E(t) and N(t); wg = 27 fr,

wg is the relaxation oscillation angular frequency and fg is the relaxation oscillation
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3.3. Proposed New Method for Displacement Measurement

frequency. Other involved parameters and physical meanings can be found in Table

2.1.

E(t) = Es + dEcos(wgrt + ¢F) (3.11)
N(t) = Ny + 6 Ncos(wrt + ¢n) (3.12)
o(t) = (ws — wo)t + %cos(th) (3.13)

Bring Equations (3.11)-(3.13) into L-K Equations (2.11)-(2.13) respectively, and
Equations (3.14)-(3.15) can be obtained by using Bessel function and Taylor expansion,
where, ws,T = (2n + 1)7, n is an integer, which is used to guarantee the system in P1
dynamic state [137]. When the product of relaxation oscillation frequency and delay

time equals an integer, the laser intensity is damped and suppressed [137].

w2 WRTinCOt(On) — 2Kcos(wsT)
SE — R in d 14
aEy(Ng — No)G3:sin(dn) \/ WRTinCot(Pn) — Kcos(wsT) (3.14)
How) = (wh — wf)—> = cos(w,m) — (3.15)
cot(pn) = (Wi — wp o cos(wsT P— .

Laser intensity can be written as E?(t), then, we bring Equation (3.14) and Equa-
tion (3.15) into Equations (3.11), when the external target has a displacement AL(?),
keep the same setting with Section 3.3.2 [AL(t) = 0.8\t], it will cause a varying
feedback phase wsT(AL) = ¢p(AL), we can get:

E*(AL) = I(AL)syr + I(AL)py (3.16)
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3.3. Proposed New Method for Displacement Measurement

Where,

I(AL)sur = E§ + 2(E§ + g ) 22 cos[¢r(AL)]

GNTs

2
I(AL)p; = 2TI”;’+EVAL)\/cuR(AL)Q + {TS[WR(AL)2 —wi] - K%} cos|wr(AL)t + ¢g]
(3.17)

From Equation (3.16) and Equation (3.17), it can be seen that, in P1 dynamic state,
if external target has a moving or displacement, laser intensity contains two parts.
One part is a low-frequency varying signal I(AL)syr with kHz, and another part is
a high-frequency carrying signal I(AL)p; with GHz. I(AL)sn is the conventional
SMI signal reported in the many works of literature which have been fully reviewed in
Chapter 2. This signal is in the form of sinusoidal with weak feedback case as shown
in Figure 2.3(b) or sawtooth-like waveform with moderate or strong feedback level as
shown in Figure 2.6(b) and Figure 2.8(b) when the external target has a displacement.
Each periodical variation (called a fringe) corresponds to a displacement with half laser
wavelength (Ag/2). The second part I(AL)p is our main concern here because it also
carries external target displacement information similar to SMI. Regarding wr(AL)
contained in Equations (3.17), wg = 27fg, fr changes with displacement AL in the
form of a saw-tooth waveform with a period of A\g/2 when the SL with OF system is in
P1 dynamic state. Within one period, it can be described as Equation (3.18), where n
is integer number, fr_,fyset is the offset value which is determined by the L and x, and
it is fixed when the operation conditions of SL are set. Then, to verify the envelope
of the P1 signal describe in Equations (3.17), we set J = 1.1Jy,, @ = 6, L = 300mm,
k = 2.5 x 1073, which are keep unchanged with Section 3.3.2. Figure 3.11(b) shows
a comparison between the result of the analytical solution from Equations (3.17) and
the results of the numerical solution from the L-K equations. The analytical solution
results are consistent with the numerical solution results, it proves that our result

is correct and the laser intensity envelope of MWP signals in the P1 state can be
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used for sensing, one fringe corresponding to half laser wavelength. Further, we have
verified in the experiments and observed the P1 high-frequency signal is modulated by
a slowly changing signal when an external target is moving as shown in Figure 3.23. In
addition, we also take experimental verification on the displacement sensing method

proposed in this chapter, the implementation details are in the following section.

(,UR(AL + n%) = kSAL + wR—offset

(3.18)
ks = 2(fr-mae — fR-min)/ o
3.4 Experiments
3.4.1 Implementation of experimental system
PZT Driver—> o
ot Fiber Coupler
— Photodetecor

BS

PZT
VA
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Figure 3.12: The experiment set-up of MWP sensing system. LD: laser diode; BS:
beam splitter; VA: variable attenuator; OSC: oscilloscope; PZT: piezoelectric trans-
ducer actuator.
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3.4. Experiments

To verify the proposed approach above, the experiment set-up of MWP sensing
system is depicted in Figure 3.12. The laser diode (LD) is a single-mode (Hitachi,
HL8325G, Ay = 830nm), and is driven by a laser controller (Thorlabs, ITC4001)
with an injection threshold current of J = 42mA and operating temperature at T =
25 + 0.01°C. An external target (mirror) is attached to a piezoelectric transducer
(PZT) actuator (PAS-009). The target is driven by a PZT actuator to have a small
displacement range up to 20um. A variable attenuator (VA) is used to adjust optical
feedback amount to enter the LD. A beam splitter (BS) with a splitting ratio of 50 : 50
is employed to direct a part of light into an external PD (Thorlabs, PDA8GS) with
a bandwidth of 9.5GHz. A high speed digital oscilloscope (Tektronix, DSA70804)
with a maximum sampling rate of 25GH 2z and analog bandwidth of 8GH z is used.
The oscilloscope can be utilized to observe output waveform of the MWP sensing
signal I(t) in time-domain and perform FFT on the sensing signal to get spectrum in

frequency-domain.

S0 845 T T
= 1* o o 1
§ T=0 (2;33\01[60 C P, = 40m'n"'i
g 40 240 +
= / = I
5 i £ !
g 30 5 83 T ——F
& / = 1 K|
b / ) ]
2 20 g 830 _,._i
g //'f T;.>) —r1 1
o = "
3 10 7 / 2 825 :
) 2 / (a) 820 I (b)
0 40 280 120 160 200 0 10 20 30 40 S0 60
Injection current J (mA) Operating temperature 7' (°C)

Figure 3.13: Typical characteristic curves of the laser diode Hitachi HL8325G. (The
red dotted line is the case adopted in the following experimental operations.) (a)
Optical output power versus injection current. (b) Laser wavelength versus operating
temperature.

The details of the key components in experimental set-up are introduced in the
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3.4. Experiments

following:

In the following, a single-mode LD is used as the laser source, which is HL8325G
from Thorlabs. The detailed optical and electrical characteristics of this LD is shown
in Table 3.1, and typical characteristic curves of the LD are shown in Figure 3.13. The
LD is assembled in a temperature-controlled laser diode mount (Thorlabs, TCLDM9,
characteristics shown in Table 3.2) as shown in Figure 3.14. During the experiments,
the LD is driven by a laser controller (Thorlabs, ITC4001) with the injection current
being above the threshold. The laser controller can operate with anode- or cathode-
grounded LDs and PDs with a maximum driving current of 2A. With the I'TC4001,
LDs can be driven in constant current or constant power mode. The temperature of

the LD is stabilized at the room temperature by the temperature controller (Thorlabs,

TED 200).

Table 3.1: Specifications of the Laser Diode HL8325G.
SPECIFICATIONS VALUES

Laser wavelength 830nm
Output power 40mW
Threshold current 42mA
Operating temperature —10 ~ 60°C
Operating current < 120mA

Table 3.2: Specifications of the Laser Diode Mount TCLDMO9.

SPECIFICATIONS VALUES

Laser package ?5.6mm & P9mm
Max laser current 2A

RF modulation frequency 0.1~500M H z

RF input impedance 5012

Max RF power 200mW
Temperature range 5~ 70°C

Since the PD packaged in the LD does not have a sufficiently fast rising time for
detecting the MWP signal, an external fast photodetector PDA8GS from Thorlabs is

employed. It is an InGaAs fiber-coupled amplified photodetector, and its specifications
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Figure 3.14: Laser diode and laser diode mount.

are shown in Table 3.3. PDA8GS has a bandwidth of 9.5G H z, which is sufficient for
most of the cases as the relaxation oscillation frequency of the typical commercial LD is
usually several GH z. In order to couple the laser from the beam splitter into the fiber-
coupler photodetector, a fiber-port coupler (Thorlabs, PAF2P-11B) is applied. Figure
3.15 shows the physical set-up for the coupler and photodetector. The laser coupled

by the fiber-port coupler transmits through a multi-mode fiber into the photodetector.

Table 3.3: Specifications of the Photodetector PDA8SGS.

SPECIFICATIONS VALUES
Wavelength range 750~1650nm

Peak response 0.95A/W@1550nm
Max optical input power 1.0mW
Trans-impedance gain (V/A) 46 into 50
Bandwidth DC-9.5GHz

In order to apply a continuous displacement on the external target. A PZT (PAS-
009) from Thorlabs is used. It has a maximum travel length of 40pum and a displace-
ment resolution of 40nm, which is driven by a PZT driver (Thorlabs, MDT694B) with
maximum driving output current of 60mA. The detailed specification of the PZT is

shown in Table 3.4. During the experiments, the PZT is assembled on a linear trans-
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Figure 3.15: Fiber coupler, multi-mode fiber, and photodetector.

Table 3.4: Specifications of the PZT PAS-009.
SPECIFICATIONS VALUES

Travel length 40pum
Length 5Tmm
Resolution 40nm
Capacitance 72uF

Input voitage range 0-75V

lation stage as shown in Figure 3.16. The operating frequency range of the PZT is
determined by three factors, i.e. the required PZT voltage for a certain displacement,
the capacitance of the PZT and the maximum output current of the PZT controller,
which is 7.2uF and 60mA respectively for the latter two.

As the MWP contains high-frequency oscillation, the common data acquisition card
is not able to capture and record the MWP signals. In this work, a fast digital oscillo-
scope (DSA7804) from Tektronix is employed. The key specifications of the DSA70804

are summarized in Table 3.5. This oscilloscope has an analog bandwidth of 8GHz, a

Table 3.5: Specifications of the Oscilloscope DSA70804.
SPECIFICATIONS VALUES

Bandwidth DC-8GHz
Analog channels 4
Sampling rate 25GS /s

Recording length 200M points
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Figure 3.16: Assembled PZT and linear stage.

real-time sampling rate of 25GS/s, a maximum recording length of 200/ sampling
points. Additionally, the function of spectrum analyzing is integrated. Therefore, it is
capable to be used investigate the MWP signals in both time and frequency domain.

According to the set-up in Figure 3.12, in the following, we experimentally de-
termine the P1 region for our physical system. Based on the theoretical study in
previous sections, we give a low injection current J = 1.1J;;, (46.2 mA), and tested
a few LDs, the a factor in the LDs can be calculated by utilizing the methods that
our research group proposed in Refs. [138-140] previously, and choose the LD with
a = 4, the external cavity length L = 410mm. We adjust the VA to obtain a suitable
feedback strength to ensure sensing system can maintain at P1 state. An example
result in experiments can be seen in Figure 3.17, the MWP signal is captured by oscil-
loscope, and corresponding spectrum of MWP signal show a high frequency oscillation
at 2608 M Hz. Then, adjust J/Jy, and L separately, keeping other experiment settings
fixed. A two-dimensional map of the dynamical evolution of the LD with OF in the
parameter space of J/Jy, and L is integrated into Figure 3.18, where the injection
current ratio is varied from 1.1 to 1.4 and the external cavity length is varied from

100mm to 500mm. Form Figure 3.18, it can be seen that the system has a plentiful P1
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Figure 3.17: A typical example in experiments, which captured by the oscilloscope.
Green: time domain MWP signal generated from P1 state. Orange: the corresponding
spectrum of frequency domain MWP signal.

dynamic area span, which provides fertile ground for MWP signal generation, and a
relatively low injection current facilitates operation in the P1 dynamic state. Further
developments and investigations on MWP signals are in the following sections.

The nonlinear dynamics of the SL are excited into the P1 dynamic state by external
perturbations of the OF, and the resulting MWP signal has the following attractive
advantages. Firstly, the generated MWP signal has low phase noise, due to the phase
of the OF induced P1 oscillation state being phase-locked by adding cavity feedback
back to the SL. Secondly, since the feedback laser of the OF method is phase-locked
with the light of the original laser, the OF method obtained microwave signal is also
more stable. Thirdly, another reason of the microwave frequency is more stable is that

the P1 oscillation caused by the optical feedback is related to the relaxation oscilla-
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Figure 3.18: Mapping of dynamical states in the OF system with the parameter space
of J/Jy, and L. S: steady state; P1: period-one state; QP: quasi-period state.

tion frequency, the frequency of the generated microwave signal is near the relaxation
oscillation frequency, the tuning purpose can be achieved through modulating the bias
current and round-trip time. In the next section, keep the similar system set-up, we
conduct and demonstrate detailed experimental performance of displacement sensing

system.

3.4.2 Experiment results

The above numerical and experimental analysis shows the SL with OF operate in
P1 state can be used in displacement sensing, we are able to achieve both integer
and factional fringe measurements. To verify the proposed approach, the complete
physical structure of the experimental system is shown in Figure 3.12, and the core
components of the system are depicted in Figure 3.19, respectively. The SL is a single-
mode (Hitachi, HL8325G, A\g = 830mm, maximum output power Py = 40mW) and is

driven by a laser controller (Thorlabs, ITC4001) with an injection threshold current
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of J = 42mA and operating temperature at 7' = 25 + 0.01°C. An external target
(mirror) is attached to a piezoelectric transducer (PZT) actuator (PI, P-841.2). The
target is driven by a PZT actuator to have a displacement range up to 30um. A
variable attenuator (VA) is used to adjust optical feedback amount to enter the SL.
A beam splitter (BS) with a splitting ratio of 50 : 50 is employed to direct a part of
light into an external PD (Thorlabs, PDA8GS) with a bandwidth of 9.5GHz. A high
speed digital oscilloscope (Tektronix, DSA70804) with a maximum sampling rate of
25GS/s and analog bandwidth of 8GHz is used. The oscilloscope can be utilized to
observe output waveform of the MWP sensing signal E*(t) and perform FFT on the

sensing signal.

Figure 3.19: The core components of experiment set-up for displacement sensing. SL:
semiconductor laser; BS: beam splitter; VA: variable attenuator; PD: photodetector.
(The complete physical structure of the experimental system is shown in Figure 3.12.)

The measurement procedure is presented by the flowchart shown in Figure 3.20.
The details of the main steps in measurement procedure are described as following;:

First, we need experimentally determine the P1 region for our physical system.
Based on the theoretical study in previous sections, we give a low injection current
J = 1.1Jy, (46.2mA), and tested a few SLs, the « factor in the SLs can be calculated

by utilizing the methods that our research group proposed in Refs. [138-140], and
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__________________________________

choose the SL with o = 4, the external cavity length L = 300mm. We adjust the VA

to obtain a suitable feedback strength to ensure sensing system can maintain at P1
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Figure 3.20: Measurement procedure of the proposed approach.

state over the whole measurement range.

Second, apply 20nm displacement as step size on the PZT (PI, P-841.2) each
time. For each step, observe the MWP sensing signal E?(t) from oscilloscope and

ensure system operates in the P1 oscillation, then record its displacement AL and
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the corresponding relaxation oscillation frequency fr through FFT function provided
by the oscilloscope, we establish the relationship between fr and AL as the pre-test.
The pre-test experimental results are shown in Figure 3.21. It elucidates a linear
relationship between fr and AL with a conversion slope of 0.174M H z, and we also

record the value of fr_,4 and fr_uin in Figure 3.21.
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Figure 3.21: Pre-test results for the relationship between fgr and AL with J = 1.1Jy,
(46.2mA), L = 300mm, and o = 4.

Third, at the target initial position, we record the MWP sensing signal E?_ .(t),

then perform FFT on E?

start

() to get fr_start = 2461 M H z, the MWP sensing signal
122

= art(t) in P1 oscillation and its corresponding spectrum are given in Figure 3.22(a)-

(b). A PZT controller is used to drive the target in a linear movement with 2072nm
displacement and the linearity of the signal up to 0.15%, by generating a ramp driving
voltage signal of 7V and apply it on PZT, shown in Figure 3.23(a), and Figure 3.23(b)
gives the corresponding MWP sensing signal E?(¢) in P1 region, which experimentally
recorded by the oscilloscope. It can be seen that there are total four integer fringes in
time domain signal of Figure 3.23(b), which corresponding to AL; = 22 - 4 = 1660nm,
where \g = 830nm.

When the target stop displacement at the end position, record the MWP sens-
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Figure 3.22: Experiment results. (a) MWP sensing signal E%_ () at initial position.
(b) Spectrum corresponding to the E2,,(t). (¢) MWP sensing signal E? ,(t) at end
position. (d) Spectrum corresponding to the E? ,(t).

ing signal E? ,(t) shown in Figure 3.22(c), by performing FFT on the E? ,(t) to
determine fr_eng = 2459M Hz, the MWP sensing signal E?

2 4(t) in P1 oscillation

and its corresponding spectrum are given in Figure 3.22(c)-(d). Then we start frac-
tional measurement. For example, in order to determine the displacement of ALy,
the starting frequency fr_siart = 2461M Hz can be get from Figure 3.22(b), and
fr—end = fR—maz = 2485M H z, according Equation 3.10, we can easily get ALy =
137.93nm. Similarly, for ALy, fr_cng = 2459M Hz can be seen from Figure 3.22(d),
and fr_start = frR—min = 2413M Hz, we can calculate ALy, = 264.37Tnm. Therefore,
the overall displacement is AL = AL; + ALy + ALy = 2062.30nm, which is closed
to the pre-set displacement value of PZT. We then repeat the experiments under the

same laser operation conditions for different displacements by seting PZT controller.
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Figure 3.23: (a) A linear displacement applied on target by PZT. (b) The correspond-

ing MWP sensing signal.

The results are shown in Table 3.6, from which, it can be found that the results from
these two methods are consistent and the average difference is about 8nm. The RBW
of the high speed digital oscilloscope in this experiment is 62.5kH z, which is adopted
to record relaxation oscillation frequency fr. The variation of fr within a fringe is
T2M H z. 1If we can guarantee a perfect linear slope shown in Figure 3.21, a resolution
of 0.36nm (\g/2304, where \g = 830nm) for position sensing can be achieved. It can
be seen that the obtained resolution by employing the SL with OF system operates at
the P1 state, which provides a much higher resolution compared to the typical SMI.

Table 3.6: Displacement Results by PZT Controller and Proposed Algorithm.

PZT controller 650nm 1100nm 2072nm 3100nm 4204nm
Proposed algorithm 643.74nm 1112.27nm  2062.30nm  3091.52nm  4207.89nm

3.5 Chapter Summary

In this chapter, we studied the dynamic state boundaries of the P1 state in an SL
with OF system. The effect of external cavity length L, feedback strength k, injec-
tion current J, and line-width enhancement factor v on the boundary of the P1 state
are investigated. Our study found that a low J, a relatively large «, and a suit-

able k contribute SL with OF to operate more robust in the P1 state. In this case,
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the SL generate a microwave photonic signal which can be used for achieving high
performance sensing. As an application example, we built a displacement sensing ex-
perimental system. Both waveform and frequency of the MWP sensing signal contain
the displacement information to be measured. Hence, we can achieve both integer and
fractional fringe measurements. The work in this chapter contributes to designing a
prototype of a compact displacement sensor by using MWP in cooperate with SMI

configuration to achieve high sensing sensitivity, and high resolution.
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Chapter 4

New Approach for Enhanced
Displacement Measurement with

Relaxation Oscillation

4.1 Chapter Introduction

Semiconductor laser (SL) with external optical feedback (OF) has drawn much atten-
tion in recent decades as it is one of the most interesting nonlinear systems to generate
rich dynamic states [6,46]. An SL and its external cavity form a compound cavity in
the optical feedback system, which consists of an SL, a photodetector (PD), and an
external target. The attraction of an SL with OF system is its merits of low cost in
implementation, minimum part-count scheme, and ease in optical alignment for sens-
ing and instrumentation. When the light backscattered from an external target and
re-enters the laser cavity, the system produces a modulation of the laser optical out-
put power for the generation of a number of microwave photonic (MWP) signals [121].
With the changes of the SL associated parameters such as injection current, feedback

strength, and external cavity length, an SL with OF may exhibit a wide range of
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nonlinear dynamical states including steady (S) state, period-one (P1) state, quasi-
period (QP) state and chaos (C) state [129, 141]. Various practical applications have
been developed for different dynamic states, e.g., displacement /velocity /vibration sen-
sors [103,142-145], absolute distance measurement [146], random bit generation [147],
and secure communication [75]. Among them, SLs accompanied by external per-
turbation of optical feedback, which enables a stable locked SL to enter P1 dynam-
ics through Hopf-bifurcation. The P1 state produces an intensity-modulated optical
wave and gives regular pulsation at microwave frequencies [34, 148]. MWP signal
generation based on P1 state has unique characteristics, including the elimination of
high-speed electrons, almost single-sideband spectrum, and wideband microwave fre-
quency tunability [106]. By taking advantage of such unique properties, P1 dynamic
state has been proposed for microwave/millimeter-wave generation [84], MWP sens-
ing/radar [19, 123], radio-over-fiber system [73], and other optical signal processing
applications [32,125].

For an SL with OF system under proper external operating conditions, P1 oscil-
lation can be invoked through the undamped relaxation oscillation. The relaxation
oscillation frequency can be determined by Lang and Kobayashi (L-K) equations [50],
where the modulation is explained in terms of electric field and carrier density. Based
on the well-known L-K rate equations, the effect of OF on the relaxation oscillation
in SLs has been studied in Refs. [31,33,67,69,79,81,128,144,149]. For instance, the
work in Ref. [149] studied the dynamics and the relaxation oscillation frequency in
an SL with OF. It shows that the relaxation oscillation frequency decreases with the
increase of external cavity length. Particularly, mode-hopping of frequency can occur
after a fixed period. In the work of Ref. [128], a periodic sawtooth-like linear variation
relationship between relaxation oscillation frequency and external cavity displacement

is discovered with the period corresponding to half of the laser wavelength. The sens-
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ing relationship is then applied for displacement sensing with a 53nm resolution and
2.12 x 10~*mm measurement range. In the work in Ref. [144] applied this sensing
relationship for achieving nanometric sensing with a 12nm minimum detectible dis-
placement and 5 x 10~*mm measurement range. In the work of Ref. [33], a similar
SL with OF system but the SL is particularly set at P1 oscillation state to generate
MWP signal for sensing. Through utilizing both time domain and frequency domain
information, a measurement algorithm for recovering the displacement from an MWP
sensing signal is developed, and it can achieve sensing with a 9.7nm resolution in a
1.5mm measurement range. In the work of Ref. [31], an SL with feedback produced by
fiber Bragg grating is investigated. The work shows that with the increase of feedback
delay time, an abrupt blueshift after a continuously redshift of relaxation oscillation
frequency can occur.

The existing research works indicate that the relaxation oscillation frequency is
highly influenced by the external cavity length of the SL. In this chapter, we propose
to utilize comprehensive information including mode-hopping, frequency-hopping, and
sawtooth-like phenomena relevant to the relaxation oscillation, generated by an SL
with OF for displacement sensing. Through investigating these relationships, the
measurement range can be significantly broadened to 240mm, an increase of at least
160-fold when compared to Refs. [33,128,144]. These relationships can also enhance
the measurement range in the SL with OF system proposed in the previous chap-
ter. The proposed approach has great potential to achieve non-contact displacement
measurement with large range and high resolution.

This chapter is organized as follows. In Section 4.2, the schematic diagram of
the MWP displacement sensing system is presented, determination of displacement
sensing range and features of MWP sensing signal are concluded. In Section 4.3, we

deeply study the relationship between the relaxation oscillation frequency and the
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Optical Path - E|ectrical Path

LC

Target (PZT)

Figure 4.1: The schematic diagram of MWP displacement sensing system. SL: semi-
conductor laser; LC: laser controller; BS: beam splitter; OI: optical isolator; PD:
photodetector; OA: optical attenuator; OSC: oscilloscope; LMS: linear motor stage;
PZT: piezoelectric transducer actuator.

SL BS

external cavity length, besides, mathematical expressions for this relationship have
also been presented, from which sensing algorithm is developed. The numerical re-
sult reveals that with the unique relationship between relaxation oscillation frequency
and displacement, the proposed system can achieve a wide measurement range with
nanometric sensing. In Section 4.4, experiments are conducted to verify the proposed
MWP system can achieve a high resolution for displacement sensing by only use re-
laxation oscillation frequency. Then, we make the discussion on sensing range and
sensing resolution of the proposed method and analyze the impact of the controllable

parameters on relaxation oscillation frequency.

4.2 The Behavior of Relaxation Oscillation Frequency

The schematic diagram of the proposed MWP displacement sensing system is shown
Figure 4.1. The SL is driven by a laser controller (LC) with appropriate injection
current and working temperature. The emitted light from the SL passes through a
beam splitter (BS) and an optical attenuator (OA) and then hits on an external target,

the light backscattered from the target and re-enters to the SL. We use a piece of the
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Figure 4.2: State diagram in the coordinate plane of (k, L) for the MWP displacement
sensing system with J = 1.1J;,. S: steady state; P1: period-one state; QP: quasi-
period state. B;: boundary between S and P1; By: boundary between P1 and QP.
mirror as the target that is attached to a piezoelectric transducer (PZT) actuator and
then installed on a linear motor stage (LMS) to move the target located in different
positions. The OA can adjust the feedback strength to the SL. By adjusting the system
controllable parameters, the SL crosses the Hopf-bifurcation point and enter the P1
state to generate the MWP signal. The BS is employed to direct a part of light into an
external PD, then, after optic-electro transform, the MWP signal can be recorded by
an oscilloscope (OSC). After that, through performing fast Fourier transform (FFT)
in OSC, we can obtain the frequency information corresponding to the MWP signal.
The L-K rate equations shown in are numerically solved by the fourth-order Runge-
Kutta integration method, and the parameters adopted from Table 2.1, and fixed o« = 6
for the following study. State diagram is delimited as demonstrated in Figure 4.2,
which shows the boundaries between different laser dynamic states in a (k, L) plane
with J = 1.1Jy,, where Jy, is the threshold of the injection current. State diagram is
a 2-D map, the system can be operated under different nonlinear dynamic states by

adjusting the values of x and L. State boundaries B; and By cover the area of P1,
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Figure 4.3: (a) Typical MWP signals generated from P1 state with x = 2.5 x 1073,
J =1.1Jy,. (b) Corresponding spectrums of typical MWP signals.

which indicates the periodic fluctuated along L direction with a period of 77 = 115mm.
We aim to make full use of P1 area to achieve a sensing with large range, therefore,
k = 2.5 x 107 are selected to achieve the widest measurement range in the P1 area
with L € [240mm, 480mm], as shown by the red arrow in Figure 4.2.

Focus on operating SL with OF to generate MWP signal in P1 state. A relative
normalized laser intensity () is used to represent the MWP sensing signal, defined
I(t) = [E*(t) — E2(t)]/E?, where E2(t) is the mean of E2(t), and E2(t) is the laser
intensity without optical feedback. As comparative examples, different values of L
are applied with L; = 270mm, L, = 300mm, and L3 = 330mm, other SL external
controllable parameters are fixed at J = 1.1J,;,, k = 2.5 x 1073, Typical MWP signals
generated in the P1 state obtained from solving L-K equations are shown in Figure

4.3(a), and the corresponding spectrums of MWP signals are shown in Figure 4.3(b).

The system enters P1 dynamics through Hopf-bifurcation with undamped relaxation
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resonance of the SL, P1 dynamics undergo self-sustained oscillation, from which relax-
ation oscillation frequencies reach up to fr; = 1357.01M Hz, fro = 1301.82M H z, and
fry = 1244.21 M H z respectively, with different values of L. It can be clearly seen that
fr decreases gradually with the increase of L, the value of fr associated with the L.
Consequently, in the following, the detailed relationship between the external cavity
length and the relaxation oscillation frequency is investigated both numerically and
experimentally, and aim to explore a new MWP sensing method with a large range
and high resolution.

The relaxation oscillation frequency fr in P1 state is sensitive to the external
cavity length. In following, we make an in-depth investigation on this relationship
over a large range L. We propose to use the relaxation oscillation frequency fr of the
MWP signal I(t) to measure the change in L. As shown in Figure 4.4, in order to
clearly indicate the relationship between fr and L, we choose a nano step size of 0.1\
(78nm) starting from L = 240mm to L = 480mm with x = 2.5 x 1073, J = 1.1Jy,.
For each L within the range L € [240mm, 480mm)], we generate the MWP signal I(t)
through solving L-K rate equations and then FF'T is applied on the MWP signal to
determine its relaxation oscillation frequency.

The relationship between fr and L is established, and the result is presented in Fig-
ure 4.4(a). It can be manifested that with the increase of external cavity length L, fr
first exhibits a continuous redshift before a sudden blueshift, and then repeats. In other
words, the fr decreases with the increase of L, and mode-hopping phenomenon occurs
at the peaks of B; boundary (refer Figure 4.2). Relaxation oscillation frequency fg
is found to be bounded around solitary laser frequency fs (fs = ¢/2T7 = 1.3043GHz)
and exhibits periodic change with a period of 77 (77 = 115mm), which is the same
as the period of boundary B; shown in Figure 4.2. In particular, Figure 4.4(b) is

the enlarge area 'M’, it shows a frequency-hopping phenomenon with a fix period 15
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Figure 4.4: (a) Relationship between fr and L with k = 2.5 x 1073, J = 1.1Jy,. (b)
Enlargement of rectangular area "M’ with L € [410.00mm, 417.80mm].
(To = 1923\ = 1.5mm). The envelope of fr decreases by Afgp = 3MHz per Ts. In
each T;, the difference between the maximum and minimum values of fr constants
at A =12MH~z. It can be seen this system contains a wide frequency-hopping band-
width, and it can reach a wide frequency-hopping range by adjusting the location of
the external target. In the top axis, displacement AL is introduced in Figure 4.4(b)
with Ao as the unit, and Figure 4.4(b) shows the displacement after L = 410mm.
Then, we enlarge area 'a’ and area ‘b’ of Figure 4.4(b), the interval between area
'a’ and area 't is Ty, and the enlarged area 'a’ and area 'b’ are shown in Figure 4.5(a)
and Figure 4.5(b), respectively. It can be seen that fr and AL exhibit sawtooth-like
behavior with a period of T3 (T3 = \¢/2), which has the same sensing resolution with
the self-mixing interferometric signal where an SL is operated at a steady state. By
counting the number of the sawtooth-like fringes T3, the integer fringe measurement
can be achieved. Interestingly, by utilizing the periodicity of T}, T5, and T3 in relax-
ation oscillation frequency, the measurement range can be greatly enhanced. Besides,
the variation of fg within one period is A = 12M H z for both Figure 4.5(a) and Figure

4.5(b), thence, the conversion slope (ks = A/T3) between fr and AL can be calculated
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Figure 4.5: Relationship between fr and AL. (a) Enlargement of area 'a’ with AL €
[4000\g, 4001.5)g]. (b) Enlargement of area b’ with AL € [5923)\g, 5924.5)\].
as ks = 0.0308 M Hz/nm. Hence, a very high sensing resolution can be achieved, by

using this linear relationship for fractional part of a displacement measurement.

4.3 Sensing Signal Processing Algorithm

Taking full advantage of the unique relationship between fr and L, we develop a sens-
ing signal processing algorithm to retrieve displacement from MWP signals, especially
for integer fringe measurement to broaden measurement range. Figure 4.4(a) contains
a full T} period when L changes from 345mm to 460mm, the maximum point of fg
start at (L, fR_maz), and continue to redshift until the minimum relaxation oscillation
frequency fr_min- In Figure 4.4(b), we denote the upper and lower envelopes of fg
as fup—en and fioy—en, respectively. Utilizing unit step function to define the mathe-
matical expressions of fi,_en and fiow—en, Which can be written as Equation (4.1) and
Equation (4.3).

For integer fringe displacement measurement, from Figure 4.4 and Figure 4.5, it
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can be seen that we can get integer fringe displacement measurement by counting
accumulation 73. For the case of a wider measurement range larger than 75, for
convenience, the T, can be taken as the resolution to count the number of frequency-
hopping fringes. It can greatly increase the measuring range for SL with OF system.
For fractional fringe displacement measurement, in Figure 4.5, the relaxation oscilla-
tion frequency fg is periodically changing within a certain range, the expression of
fr can be summarized as Equation (4.4), where, n € [0, T5/T5], fr—offset 1s the offset
value which is determined by the L and , and it is fixed when the operation condi-
tions of SL are set. The linear relationship between fr and AL enables us to develop a
sensing method to measure the target fractional displacement AL as shown in Equa-
tion (4.5). The target fractional displacement AL, can be recovered via exploiting
the conversion slope k, together with the difference between the relaxation oscillation
frequency at the initial position (fgr_sa) and the relaxation oscillation frequency at

the end position (fr—ena)-

fupoen(L— L) = X7+ X5+ X5+ .coc. + X7y (4.1)

Where,

(

Xik = fR—max[u(L) - U(L - TQ)]
X3 = (frR-max — AfR)[u(L — T3) — u(L — 2T3)]
X; = (fR—maX - QAfR)[u(L - 2T2) - U’(L - 3T2)]

* —max —min*A —max —min*A
| Xig = (Fromin + A)[u(L — & AJ;; Ty) —u(L — (* AJ;‘]; +1)T2)]
(4.2)

flow—en = fup—en(L - LA) —A (43)
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Figure 4.6: Measurement procedure of proposed algorithm.

Based on these features of MWP sensing signals in fr and AL, we present an
algorithm for achieving a wide range and high resolution sensing in this chapter. The
Fractional displacement procedure algorithm is shown in Figure 4.6. The details of
each step are described as following.

Step 1: Set controllable parameters according to P1 boundary conditions, including
external cavity length L, feedback strength x, and injection current J. Based on the
previous theoretical analysis, we set L = 410mm, x = 2.5 x 1073, J = 1.1Jy,.

Step 2: Under the appropriate controllable system parameter settings, the SL
subjects to OF can operate in the P1 state and generate the MWP signal I(¢), which
can be captured by the OSC.

Step 3: Set the movement step size of the external target and perform FFT on
the MWP signal at each position to obtain the relationship between fr and AL, then
calculate the conversion slope kg, under the controllable parameters set in Step 1,

ks = 0.0308M H z /nm.
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Figure 4.7: (a) MWP signals at initial position and end position. (b) The relaxation
oscillation frequencies corresponding to the initial position and the end position.

Step 4: Fractional displacement measurement starts from this step. Utilizing the
P1 state of laser dynamics to generate the MWP signal at the initial position I(t)a,
as shown in Figure 4.7(a). Perform FFT on the MWP signal I(t)s-¢ to obtain the
relaxation oscillation frequency fr_sire Of the initial position, it can be seen from
Figure 4.7(b), the corresponding fr_siert = 1301.25M H z.

Step 5: Move the external target with a fractional displacement of 0.16, (124.80nm),
until the target stops at the end position, perform FFT on the MWP signal I(t)cnq,
to obtain the relaxation oscillation frequency fg_cnq of the end position. As shown in
Figure 4.7(b), fr—ena = 1305.11M H z.

Step 6: Calculate the difference between fr_sore and fr_enq, the fractional displace-
ment can be recovered by Equation (4.5). It can be calculated that ALy = 125.32nm,

which is closed to the pre-set displacement and verified the feasibility of the proposed

method.
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4.4 Experiments

4.4.1 Experiment results

Figure 4.8: Experimental set-up. SL: semiconductor laser; BS: beam splitter; PD:
photodetector; OA: optical attenuator; LMS: linear motor stage; PZT: piezoelectric
transducer actuator.

We built a displacement sensing experiment to further verify the proposed MWP
sensing system. The set-up is depicted in Figure 4.8. The laser source is a single-mode
SL (Hitachi, HL8325) and emits at a wavelength of 830nm. This SL is derived by the
LC (Thorlabs, ITC4001). The working temperature is stabilized at 7' = 25°C'+0.01°C,
and the injection threshold current is .J;, = 42mA. A mirror is attached to a PZT
(PI, P-841.2) as the external target, and the PZT is installed on a LMS (Thorlabs,
NRT100/M), which enables the target to move up to 100mm. The OA is used to
adjust optical feedback amount that enter to the SL. The light is split via a 50/50
BS and direct apart of light pass through coupler into the external PD (Thorlabs,
PDABSGS). A high speed OSC (Tektronix, DSA70804) with a maximum sampling rate
of 256G S/s, analog bandwidth of 8GHz is used, and the resolution bandwidth (RBW)

is set at 62.5kH z to observed MWP sensing signals and performing FFT on the sensing
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signals. To make the MWP sensing system working at the P1 region, the OA should
be adjusted to obtain a suitable feedback strength that ensure sensing system can
maintain at P1 state over the whole measurement range. The injection current and
initial external cavity length are chosen at J = 46.2mA and L = 300mm. Then, we
apply 30nm displacement as step size on the PZT each time. For each step, OSC is
used to observe the MWP sensing signals and using FFT function in the OSC, we
can obtain the corresponding relaxation oscillation frequency fr as shown in Figure
4.9(a).
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Figure 4.9: Experiment results. (a) Relaxation oscillation frequency variation with
displacements. (b) Spectrum for MWP sensing signal at start position. (c¢) Spectrum
for MWP sensing signal at end position.

Figure 4.9(a) illustrates the experimental results for the relationship between fr
and displacement AL in a 3300nm displacement with a linear conversion slope k, =

0.171M Hz/nm, it also indicates fr_mar = 2.485GHz and fr_min = 2.413GHz. Fig-
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ure 4.9(b) and Figure 4.9(c) show the corresponding spectrums of MWP signals at
start position and end position with fr_ge = 2.461GHz and fr_cng = 2.454GH 2.
Based on the theoretical study and the measurement algorithm in previous sections,
we retrieved a displacement information applied on the PZT through measurement
for both integer and fractional fringes. In Figure 4.9(a), it can be seen that there are
seven integer fringes in frequency domain information, which correspond to the integer
displacement of AL; = 7 - T3 = 2905nm, where T3 = \o/2. With the further increase
of the displacement range, frequency-hopping and mode-hopping will occur, the inte-
ger fringe resolution can be replaced by T and T7, respectively. Then, we can recover
the total displacement by determining the fractional displacements AL¢; and ALy, ac-
cording to Equation (4.5). ALy can be calculated by (fr—maz — fr—start)/ks = 142nm,
similarly, ALss can be calculated by (fr—end — fr—min)/ks = 240nm. The overall re-
covered displacement is 3287nm(ALg +ALss+ALj;), which is very close to the pre-set
displacement in the PZT. We have repeated experiments for different displacements
under the same experimental operating conditions. The results agree with the pre-set
values. The measurement error may come from the laser wavelength shift caused by
the influence of jitter in injection current, the accuracy of the relaxation oscillation
frequency measured by the OSC, and the displacement error of the PZT actuator.
Then, the following analyzes the assumptions made for the obtained resolution and
the limitations due to not fully satisfying the assumptions. First, for the integer fringe
part, the resolution relies on the accuracy of the T3 (A\o/2) measurement. Our ex-
periments used a single-mode SL (Hitachi, HL8325) as the laser source. It emits at a
wavelength of A\g = 830nm in free running, but when working in P1 dynamics, the laser
wavelength has a slightly shift induced by feedback. Second, for the fractional fringe
part, the resolution depends on RBW/ks, it needs to consider the error between the

assumption of each control step size and the actual PZT integrated sensor, therefore,
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when using the proposed system, it needs pre-calibration to guarantee high linearity

for k;.

4.4.2 Discussion

The proposed displacement method includes two measurement parts, which are integer
fringe measurement and fractional fringe measurement. For the integer fringe mea-
surement, in the experiments, we used T3 = \/2 as the resolution to count the number
of sawtooth-like fringes. In the case of a wider measurement range (i.e., displacement
larger than T3), for convenience, the T, can be taken as the resolution to count the
number of frequency-hopping fringes, one 75 fringe pattern corresponds 1923\ [refer
Figure 4.4(b)]. Therefore, a measuring range of 240mm as shown in Figure 4.4(a) can
be achieved.

For the fractional fringe measurement, at the condition of the same conversion
slope kg, the sensing resolution for the target displacement depends on the frequency
analysis device. The RBW of a commercial oscilloscope is usually from several Hz
to several M Hz. For instance, the Tektronix RSA5000 series spectrum analyzer can
set RBW from 100Hz to 5M H z, if the reference RBW of spectrum analyzer set at
62.5kHz and a perfect linear conversion slope is guaranteed as shown in Figure 4.5
with Ay = 780nm, where k, = 0.0308 M Hz/nm, therefore, theoretically we can get
a measurement resolution of RBW/kys = 2.03nm()\¢/384). For further improving the
sensing resolution, setting the spectrum analyzer at a more accurate RBW at 10k H z.
With the same conversion slope, the resolution can reach up to 0.32nm (A\y/2402).
However, a finer RBW leads to an increase in processing time and reduces the real-
time processing of the sensing system.

Based on the discussion in the above sections, these controllable parameters have

impact on fg indeed. In order to investigate the robustness of MWP displacemenet
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Figure 4.10: (a) The relationship between J and fr. (b) The relationship between s
and fgr.

sensing system, the influence of controllable parameters on relaxation oscillation fre-
quency fr are analyzed. Firstly, we studied the influence of J. The sensing system
works at P1 state from J/Jy, = 1.05 to J/Jy, = 1.3. We set step size of J/Jy, at 0.025,
and other controllable parameter unchanged (k = 2.5 x 1073, L = 300mm). For each
J/Jin, we determine the fr via solving the L-K equations. The relationship of J/Jy,
and fr as shown in Figure 4.10(a). With the increase of the J, the value of fr in-
creases sharply with several jumps, which indicates fg is highly sensitive to the change
of J. The amount of the jump frequency 0.5GH z is consistent with the frequency of
external cavity mode (¢/2L, where L = 300mm). The jump of the frequency is origi-
nated from the alternation of the highest mode for the increase of the injection current.
The resolution of commercial accurate current source can reach several pA to several
1A, depending on maximum output current, e.g., Tektronix 6430 series current source
can operate minimum current resolution at 1A with a maximum 100mA output cur-

rent. Then, we set two different current control accuracy values with 0.01mA and
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Table 4.1: The Influence of J’s Control Accuracy on Measurement Error with x =
2.5 x 1073, L = 300mm.

Controllable accuracy J fr | fR—error] Measurement error
0.01mA 46.21mA  1302.80MHz 0.98MHz=z 31.82nm
0.001mA 46.201mA 1301.91MHz 0.09MH =z 2.92nm

0.001mA, respectively, compared to the initial parameters setting: J = 1.1.J;;, (where
Jin = 46.2mA), k = 2.5 x 1073, and L = 300mm, in this case, fp = 1301.82M Hz and
conversion slope ks = 0.0308 M Hz as shown in Section 4.2. The influence of different
current control accuracy on the fr are shown in Table 4.1. It can be manifested that,
at 0.001mA controllable accuracy, there is only 2.92nm measurement error. In order
to keep the high resolution of MWP displacement sensing system, we need use an
accurate current source to control SL, the controllable current accuracy at least reach
up to 1uA.

Then, we investigated the effect of injection current on the P1 boundary. Combin-
ing the results of Figure 4.2 and Figure 4.11 with injection current J/Jy;, = 1.1,1.3,1.5
set at different values, respectively. For the P1 region in the state diagram, with
the increase of J/Jy,, it shows an upward trend and maintains the characteristics of
periodic fluctuation, while the fluctuation period becomes narrow, and the smaller
fluctuation period will limit the available sensing area. Therefore, a relatively low
injection current should be selected to increase the fluctuation period of the P1 region
as much as possible, from which results in obtaining a flat usable sensing area.

The influence of feedback strength x on the fg is investigated as well. Based on the
same parameter setting (J = 1.1Jy,, L = 300mm), the MWP displacement sensing
system can operate at P1 region from x = 1.25x1073 to k = 3.57x1073. We investigate
the relationship between x and fr, by varying x from 1.5 x 1072 to 3.5 x 1073 with a
step size of 0.25 x 1073, for each &, we determine the fz via solving the L-K equations.

The relationship of x and fr can be obtained and shown in Figure 4.10(b). With
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Figure 4.11: The effect of injection current on the state diagram. (a) J/Jy, = 1.3. (b)
J/Jth - 15

Table 4.2: The Influence of x’s Control Accuracy on Measurement Error with J/Jy, =
1.1, L = 300mm.

Controllable accuracy K fr | fR—error] Measurement error
0.1 x 1073 2.6 x10™% 1301.72MHz 0.10MH=z 3.25nm
0.01 x 1073 2.51 x 1073 1301.82M H = OMHz Onm

the increase of k, fr displays a slightly decreasing trend with an inverse proportional
relationship. We further make a close look at the influence of slight disturbance of k
on fr by setting k = 2.51 x 1073 and x = 2.6 x 1073, respectively, to compare with
initial parameters setting in Section 4.2: k = 2.5 x 1073, J = 1.1Jy,, L = 300mm.
The results are shown in Table 4.2, under these different values of x, the fr has less
changed. Accordingly, fr is not sensitive to slight changes in &, this characteristic also

guarantees the measurement accuracy of the proposed sensing method.

4.5 Chapter Summary

Under proper selection of the controllable system parameters for an SL with OF, such
a system can generate rich nonlinear dynamics with attractive sensing applications.

In this chapter, we propose to operate an SL with OF at P1 state to generate MWP
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signals for displacement measurement. It is found that the relaxation oscillation fre-
quency carried in MWP signals is very sensitive to the displacement of an external
cavity of the SL. The mathematical expressions of the relaxation oscillation for mea-
suring displacement are developed. The proposed measurement method enables a
very high conversion slope between relaxation oscillation frequency and displacement.
By considering the unique characteristics of mode-hopping, frequency-hopping, and
sawtooth-like periodic manners that occurs in the relationship of relaxation oscillation
frequency and displacement, a nano-scale resolution for displacement sensing is able
to achieve over a wide measurement range. The influence of system controllable pa-
rameters on relaxation oscillation frequency is also analysed in the discussion section.
The verification results illustrate that the relaxation oscillation frequency is sensitive
to the value of the injection current rather than the feedback strength. This pro-
posed method promotes achieving a new non-contact displacement sensor with wide

measurement range and high resolution.
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Chapter 5

New Approach for Absolute
Distance Measurement near

Hopf-bifurcation Boundary

5.1 Chapter Introduction

A semiconductor laser (SL) with optical feedback (OF) has drawn much attention in
recent decades as it is one of the most interesting nonlinear systems to generate rich
nonlinear dynamic states [6,46]. The attraction of an SL with OF (SLOF) scheme is
its merits of low cost in implementation, minimum part-count scheme, ease in optical
alignment, and high dimensionality [121,145]. The external OF perturbation enables
a stable locked SL to enter period-one (P1) dynamic through Hopf-bifurcation. For
an SL in the stable state, the OF light is coupled with the light in its internal cav-
ity, the coupled light modulates the frequency and intensity of the SL output light.
This has led to the discovery of a class of laser interferometry, named self-mixing
interferometry (SMI), also known as optical feedback interferometry [49]. Under cer-

tain external settings (e.g., increasing the OF strength), the system leaves the stable
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state, then P1 oscillation can be invoked through the Hopf-bifurcation and accom-
panied by an undamped relaxation oscillation [106]. The P1 oscillation produces an
intensity-modulated optical wave and gives regular pulsation at microwave frequen-
cies [33,34,148,150]. P1 oscillation has been found in many significant applications,
such as the generation of microwave/millimeter-waves [84], photonic microwave sens-
ing/radar [31,123], radio-over-fiber systems [8, 73|, and other optical signal processing
applications [32,125].

An interesting phenomenon called “switching” in an SL with external perturbance
has drawn much attention for exploring its applications. In 2012, the work in Ref. [151]
reported that the switching happened in the laser mutual coupled SLs and generated
a laser intensity signal in square waveform with its time period equal to the time delay
(or twice of the time delay). In 2017, the work in Ref. [121] reported that a tunable
switching between the stable state and P1 state in an SL with OF can be achieved
in a long-cavity region with about 10m, it gives a potential application for square
wave modulated photonic microwave generation. A very recent work Ref. [152] in
2021, demonstrated regular and irregular dynamics switching in a discrete-mode SL,
also in a long-cavity region with about 32m. The switching is found between stable
state and P1 oscillation, as well as stable state and quasi-period/chaotic oscillation.
Such switching status-induced square wave signals provide a new way for generating
clock signals required by high-speed signal processing and communication systems.
Various applications by making use of such switching-induced tunable square wave
laser signals can be found, such as laser micromachining, and physical random number
generations [153-155].

In this chapter, we propose to use an SLOF system operating at a switching status
that happened between stable state and the P1 state for distance sensing. The system

configuration of the proposed SLOF is similar to a conventional SMI that consists of
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an SL and external target. Regarding the SMI-based distance measurement, the work
in Ref. [146] adopts a triangular modulated injection current to an SL by using an
SL driver with frequency of 200H z and maximum depth of 0.01mA (peak-to-peak).
Within each tri-angular period, the fluctuation frequency of the laser power is related
to the distance to be measured. This work achieved distance measurement with a
range of 23cm and resolution of 2.7mm. The triangular modulation frequency and
depth limit the measurement range and resolution. The work in Ref. [59] proposed
to modulate the injection current in the form of sinusoidal waveform and, meanwhile,
use an electro-optic crystal in the external cavity for the light phase modulation. A
double-modulation technique was introduced to improve the measurement resolution.
This work can measure up to 47.7cm distance with 0.3mm resolution. Another work
reported in Ref. [156] achieved a 2m range and 1.5mm resolution, also by using a
triangular modulated injection current with a frequency of 700H z and an amplitude
of 1.bmA. By using the pulse-counting method within each triangular period, the
distance could be obtained. Modulating the SL with a stronger current can obviously
increase the resolution. However, the modulation is limited by the electro-optical
characteristic of SL. In a very recent work Ref. [157], an all-fiber laser SMI range
finder with 15m range and 47mm relative error was reported. This work used a
tunable fiber Fabry—Perot filter as a frequency selection device and requires applying
a triangular modulated voltage signal onto the Fabry-Perot filter. The modulation
frequency of 50H z and modulation voltage of 50mV . This system has a wide sweep
range of frequency and, thus, improved measurement range. Above reported SMI-
based distance sensing systems require the use of an external electrical or optical
modulation. The proposed approach using an SL with OF in this chapter can remove
those requirements. Besides, unlike above, SMI-based methods that require a feedback

light from a target must located within half of the SL coherent length, the method
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presented in this chapter can eliminate the coherent length restriction by operating
an SL at switching status for distance sensing. Furthermore, the proposed sensing
system can greatly improve the sensing performance in terms of range, and resolution
compared to SMI-based sensing. In this chapter, we also investigated the influence
of the system controllable parameters on the duty cycle of the switching period and
studied how to maintain the system robustly working at the proposed working status.
Through utilizing the relationship developed between switching period and external
cavity round trip time, the external target distance information could be detected.
Following this introduction, the SLOF system structure and its Hopf-bifurcation
boundary between stable state and P1 state are presented in Section 5.2. Then, in
Section 5.3, the generation of a square wave signal is demonstrated and the measure-
ment algorithm for distance recovery is developed. In Section 5.4, experiments are
conducted to verify the proposed distance sensing method. A conclusion is drawn in

Section 5.5.

5.2 Operating SL with OF at Switching Status

The experimental set-up of the proposed SLOF distance sensing system is shown in
Figure 5.1. The emitted light from the SL passed through beam splitter (BS), optical
attenuator (OA), and optical fiber, and then touched on an external target. Then, the
light backscattered from the target and re-entered the SL. The SL was driven by a
laser controller (LC) with an appropriate injection current and temperature. We used
a piece of the mirror as the target to provide sufficient optical feedback to the SL. We
defined external cavity length L = Ly + AL, where L is the initial external cavity
length from the SL facet to the optical fiber coupler 2 (Cy), and AL is the distance
to be measured from the coupler C5 to the external target. The feedback strength

of system could be adjusted by varying the OA. The BS was employed to direct a
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LC
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/ Target
C C
SL BS OA i Optical Fiber 2 I L MS

Figure 5.1: The experimental set-up of SL with OF distance sensing system. SL: semi-
conductor laser; LC: laser controller; BS: beam splitter; C: optical fiber coupler; PD:
photodetector; OA: optical attenuator; OSC: oscilloscope; Lg: initial external cavity;
Lo1: free space distance; Lgy: optical fiber distance; AL: distance to be measured.
part of light into an external photodetector (PD), then, the microwave signal could be
recorded by a high-speed digital oscilloscope (OSC). Comparing to the conventional
SMI configuration, the main modifications were to replace the internal low speed PD
with a fast speed external PD and to use a long optical fiber to form the external
cavity.

Based on the Lang-Kobayashi (L-K) rate equations demonstrated in Equation 2.11-
Equation 2.13, which are solved numerically by the fourth-order Runge-Kutta integra-
tion method. We set the controllable parameters a = 6 and J = 1.1Jy,, where Jy, is
threshold injection current. Varying the L from Om to 1.2m with a step of 10mm. For
each L value, we gradually increase x from 0 to 0.015 with step of 0.0001, then observe
the waveform of time-series signals I(¢) (normalized I(t) = [E?(t) — E2(t)]/E2, where
E? is the laser intensity without optical feedback), and record the corresponding dy-
namic state. Subsequently, a state diagram for the SL with OF distance sensing system
can be plotted, shown in Figure 5.2. The Hopf-bifurcation boundary between stable
state and P1 state is demonstrated as red color in Figure 5.2, indicating a fluctuation
feature when L was in a short-cavity region, the short-cavity region corresponded to
the Hopf-bifurcation boundary with obvious fluctuation (e.g., L < 0.9m). However,

with the increase of L, the fluctuation of the Hopf-bifurcation boundary was gradually
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Figure 5.2: State diagram for an SLOF sensing system. Red line: Hopf-bifurcation
boundary, where period-one state is above the boundary and stable state is below the
boundary. Blue vertical dash line: critical external cavity length L.. Black horizontal
dash line: constant feedback strength x..

stabilized [31,66,67,158] and tended to a constant feedback strength (e.g., k. = 0.0011
for current system parameter settings) when L was larger than the critical external
cavity length denoted by L. (e.g., 0.9m shown in Figure 5.2). We, hence, set the
switching status for this SLOF with L larger than L., and s near the Hopf-bifurcation
boundary as the system operating condition. In this case, the laser intensity from
the SLOF was modulated in a square waveform with its period linked to the external
cavity length. In following simulations, we set the initial external cavity length L, as
1.5m.

The phase space plots of Figure 5.3(a)-(c) by corresponding to the three typical
nonlinear dynamic states in Figure 5.2: point A is near the Hopf-bifurcation boundary
with k = 0.0011; point B is in the P1 state with x = 0.0015; and point C is in the
chaotic state with k = 0.0065. The square wave generated near Hop-bifurcation with a

switching period equal to time delay is intriguing, since this is shown in Figure 5.3(a)
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Figure 5.3: Phase space images of point A, point B, and point C, with 7 = 200ns
(corresponding L = 30m). (a) x = 0.0011. (b) x = 0.0015. (c¢) x = 0.0065.

to be a coexisting stable limit cycle attractor. As for comparisons, Figure 5.3(b) the
attractor forms a circle, which evidences the periodic nature of the output signal that
generates from P1 state. The chaotic attractor of Figure 5.3(c) is referred to as a

strange attractor and the chaotic trajectory goes around in a multidimensional space.

5.3 Absolute Distance Measurement Principle at
Switching Status

To further examine the switching period feature between the stable state and the P1
state in a long-cavity region, we kept the initial external cavity length L, fix at 1.5m,
as well as @« = 6 and J = 1.1.J;,. The total external cavity length L was set at 30m,

37.5m, and 45m respectively, and their corresponding external cavity round trip times
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7 are 200ns, 250ns, and 300ns, respectively. The relevant bifurcation diagrams were
drawn and are shown in Figure 5.4(a). As we are interested in the influence of feedback

strength x on the SL states. We varied s from 0 to 0.007 with a step size of 0.0001.
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Figure 5.4: (a) Bifurcation diagrams. (b) Time-series signals /(¢) near hopf-bifurcation
point (that is the switching status). (c) Phase space images near Hopf-bifurcation
point. (i) 71 = 200ns (corresponding L; = 30m). (ii) 7o = 250ns (corresponding
Ly = 37.5m). (iii) 73 = 300ns (corresponding Ls = 45m). The inset figures show the
enlarged details.

At each k, we obtained the corresponding maximum intensity ()42, and present
it on the bifurcation diagram in [I(t),,4s, %] plane, different states are indicated with
their corresponded x ranges. The bifurcation diagrams shown in Figure 5.4(a) clearly
indicate the evolution route of the nonlinear dynamics in the SL with OF system,
which undergoes from a stable state, P1 state, to chaos state. With the increase

of feedback strength k, undamped relaxation oscillation will occur after the Hopf-
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bifurcation point, which causes the system to enter the P1 oscillation state. The
time-series signals I(t) can be seen in Figure 5.4(b) with x. = 0.0011, which are
near the Hopf-bifurcation boundary. It can be seen that the time-series signal at the
Hopf-bifurcation point shows a switching period between the stable state and the P1
state, and the P1 state part displays a high frequency of relaxation oscillation (fr).
Without using any high-speed electronic devices, microwave signals with square wave
envelopes are generated by utilizing the inherent dynamics of the laser. The duty cycle
is defined as the P1 state part divided by the entire switching period in a time-series
signal. The duty cycle of time-series signals show in Figure 5.4(b-i), Figure 5.4(b-ii),
and Figure 5.4(b-iii) are 75%, 63%, and 47%, respectively. These resultant photonic
microwave signals with the square wave envelope are applicable to radio-over-fiber
delivery of timing signals. Additionally, the SL with OF system provides the possibility
of realizing a tunable square wave modulated photonic microwave signal generation.
In particular, the time-series signals shown in Figure 5.4(b), it clearly reveals that the
switching between the stable and P1 states continues with a switching period T, that
is equal to the external cavity round trip time 7. Regarding switching behavior, it
have been investigated in Refs. [121,158]. In following, we make a further study on
dynamic behavior by using short-time Fourier transform (STFT) to reveal switching
behavior. In addition, Figure 5.5(a)-(c) display the spectrograms corresponding to
time-series signals shown in Figure 5.4(b-i)-(b-iii) by performing the STFT on I(t).
It reveals the real-time evolution of the spectrum through the Hopf-bifurcation point.
From the top view of Figure 5.5, the time-frequency characteristic exhibits a switching
between stable and P1 states, accompanied by a period of 7. From side view of
Figure 5.5, except for emitting the relaxation oscillation frequencies fr at 1317.8 M H z,
1322.2M Hz, and 1328.4M Hz, the P1 state also emits other harmonic frequencies,

which are integer multiples of the relaxation oscillation frequency including 2fz and
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Figure 5.5: STFT spectrograms corresponding to (a) 7, = 200ns (corresponding L, =
30m). (b) 7 = 250ns (corresponding Lo = 37.5m). (c) 73 = 300ns (corresponding
L3 = 45m).

3fr. This is consistent with the typical square wave signal that has equally spaced
harmonic frequencies with a concomitant reduction in power. Besides, the time-series
signals I(¢) shown in Figure 5.4(b) can be better understood by using the phase space
diagrams shown in Figure 5.4(c). It can be seen that in each phase space diagram,
there are mickle concentric annular circles and each phase space diagram is also a
coexisting stable limit cycle attractor, which indicates that the amplitude of the P1
oscillation gradually increases during the transition of the time-series signal () from
the stable state to the P1 state, furthermore, the oscillation frequency fr remain
unchanged in each period of P1 oscillation part. All these features realize the regular
conversion between two nonlinear dynamic states at the Hopf-bifurcation boundary.

Based on the above studies, an algorithm for utilizing the switching period T, to
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Figure 5.6: (a) Time-series signals I(t) obtained at the switching status with 7 =
200ns and corresponding L = 30m. (b) Normalized square wave signal I(t)square—wave
obtained form I(t).

measure distance was proposed. Taking the switching signal shown in Figure 5.4(b-i)
as an example, the pre-set parameters were L = 30m, Ly = 1.5m, and AL = 28.5m
unchanged. The I(t) is shown in Figure 5.6(a), we extracted its upper envelope, then,
performing normalization and zero-crossing detection, the resultant square wave of
I(t) is shown in Figure 5.6(b). The switching period is the time between two raising
edges and defined as T,. In this example, Ty, is determined as 200ns. Hence, we can
obtain the corresponding recovered distance L is 30m by utilizing the relationship of
L=cT,,/2.

As for distance measurements using the proposed square wave generated in an SL
with OF, it is critical to maintain the system to robustly operate at the switching
status. Hence, it is important to study the impact of the system parameters (k, J,
and «) on the duty cycle and their characteristics. The influence of these parameters
is shown in Figure 5.7(a)-(c) with a different varying system parameter, respectively.
It can be seen that the duty cycle between 0% to 100% can be obtained for varying
each system parameter within a certain range.Figure 5.7(a) shows an available s from

0.92 x 1072 to 1.20 x 1073, corresponding to the duty cycle between 0% to 100 %,

and the SLOF system can be used for distance sensing by measuring the square wave
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Figure 5.7: (a) The relationship between k versus duty cycle. (b) The relationship
between J versus duty cycle. (c) The relationship between « versus duty cycle.

period. Outside this range, the SLOF system would fully enter into stable state or
P1 state and the laser intensity signal will lose its periodicity, therefore, the square
wave no longer existed in the system. In Figure 5.7(b), starting from J/Jy, = 1.09
and gradually increasing injection current, the duty cycle tended to decline until it
dropped to zero. This means that the SLOF system went from P1 state to stable
state by crossing the Hopf-bifurcation boundary. Please note, in the SLOF system,
the injection current J is a constant value; the adjustable duty cycle shown in Figure
5.7(b) illustrates the robustness of the SLOF system in terms of injection current and
indicates that the SLOF system will not be affected by the current jitter. In Figure
5.7(c), with the increase of «, the duty cycle of the square wave signal gradually
increased from 0 % to 100 % within the « range of 4.8 to 6.3. For most SLs, their
value of « is around 3~7 [67], therefore, the switching presented in the proposed

SLOF system is suitable for most SLs. In summary, with appropriate settings for

103



5.4. Experiments

these controllable parameters, it can be guaranteed that the switching phenomenon
between stable and P1 state can occur, and that these parameters are able to control
the duty cycle between 0% ~ 100%. These findings ensure the robustness of the

proposed SLOF operating at the switching status for distance measurement.

5.4 Experiments

5.4.1 Experiment results

We conducted a series of experiments and generated I(t) under different L to verify the
proposed SLOF sensing system. An experimental set-up is implemented ac-cording to
the schematic diagram depicted in Figure 5.1. The laser source used in the experiments
is a single-mode SL (Hitachi, HL8325) with a wavelength of 830nm. This SL is driven
by the laser controller (Thorlabs, ITC4001). The working temperature was T =
25°C' £ 0.01°C, the injection threshold current was J;, = 42mA, and the injection
current was chosen at J = 46.2mA. A small piece of mirror was used as the external
target to provide sufficient optical feedback. The OA in Figure 5.1 is used to adjust
optical feedback amount in the experiment. The light is split via a 50/50 BS and
a direct part of light went into the external PD (Thorlabs, PDASGS). A high speed
OSC (Tektronix, DSA70804) with a maximum sampling rate of 25GS/s and analog
bandwidth of 8GH z was used to observe square wave signals.

As examples, we performed two different experiments to test our proposed SLOF
system. In experiment 1, we denoted the total distance as L; = 22.500m, in experi-
ment 2, we denoted the total distance as Ly = 25.000m. For the convenience of the
experiments, with the aid of fiber, we experimentally implement a long-distance sens-
ing system that has the initial external cavity length Ly = 20.000m. Then, the target

was placed away from the fiber end with AL; = 2.500m and AL, = 5.000m, respec-
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Figure 5.8: (a) Experimental square wave signal I(t) with L; = 22.500m. (b) Experi-
mental square wave signal I(t) with Ly = 25.000m.

tively. The related experimental square wave signals can be observed and recorded
by the OSC and shown in Figure 5.8(a)-(b). From the experimental signals, we can
determine the T, are 150.04ns and 166.68ns, respectively. Therefore, by using the
relationship of L= cTs,/2, the corresponding recovered L are 22.506m and 25.002m,
which are both very close to the pre-set values 22.500m and 25.000m. As shown in
Figure 5.9, in this real-time measurement prototype, we have repeated experiments for
different distances under the same experimental operating conditions and keep good
optical reflection, the results agree with the pre-set values.

Regarding the measurement accuracy, the switching period 7%, depends on the to-
tal optical length, which includes free space, fiber, BS, etc. However, in the proposed
approach, there is no need to know the length of each part. We only need to set the
SL operates at switching status by adjusting the feedback strength. The switching
status can be recognized by observing laser intensity signals in the square waveform.

Once switching status is achieved, from measuring 7%,, the total length which covered
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Figure 5.9: Absolute distance measurements results.

all parts can, thus, be obtained. And theoretically, there is no measurement range
limitation in proposed SLOF system. Besides, as shown in Figure 5.7, as long as the
SLOF system operates in the switching status between stable state and P1 state, the
duty cycle is between 0% and 100% and the laser intensity signal will have its period-
icity square wave character. Then, the proposed approach can be used to perform the
distance measurement. Therefore, the change of the feedback strength by using an OA
within a certain range will not affect the distance measurement results. Additionally,
regarding measurement uncertainty, we will make a further study in next section. The
measurement, uncertainty mainly depends on whether the fixed-length section can be
fully protected from other disturbances, maintain the original fixed value, and avoid

the time measurement uncertainty.

5.4.2 Measurement uncertainty

As shown in Figure 5.1, to clear make the analysis of measurement uncertainty, we

further defined Ly = Lo + Lg2, where L is the initial external cavity length from the
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SL facet to the optical hollow fiber coupler C5, Lg; is the free space distance between
SL facet to coupler (', and L, is the optical fiber between coupler C; to coupler Cs.
Considering the air medium index of refraction in free space is ny, the active medium
index of refraction in hollow fiber is n9, and the group index of refraction is n,. Then,

total external cavity length can be described as:

ngL = n1L01 + TLQLOQ + nlAL
(5.1)

ngL = T, /2

Therefore, we combine two equations in Equation (5.1), we can get AL can be

described as:

AL=—2_ 20— Lo (5.2)

From Equation (5.2), we can see that the system uncertainty budget includes
u(Tsp), u(ng), u(ng), u(Lor), and u(Lgz). Then according to the measurement uncer-

tainty synthesis rule and applied on Equation (5.2), we can get Equations (5.3)-(5.4).

(A1) = (S um) 4 (L) + (02 u( Lo )2
1 2 01 (53)
OAL ,  OAL )
+ [ o) + ()
WA(AL) = (5 Loy = 55T )u(m)]” + [%umm? + [u( Lon)J?
nl ! . ! (5.4)
(L) + [l

In free space, the refractive index of ideal air is ny = 1, and for the refractive index
of hollow fiber is ny & 1, therefore, Equation (5.2) can be rewrite as below Equation

(5.5), and the corresponding uncertainty is shown in Equation (5.6).

cT.

sp

2

AL = - ngLOQ - L01 (55)
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u(AL) = \/[”2U(L02)]2 + [Logu(na)]? + [u(Lo1)]? + [gU(Tsp)]z (5.6)

From Equation (5.6), it can be seen that the total uncertainty budget of our pro-
posed SLOF system comes from: u(ns), u(Loz), u(Lo1) and u(Ts,). The corresponding

uncertainty analysis for u(Lg2) and u(ng) can be seen in Figure 5.10(a)-(b).
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Figure 5.10: (a) The distance measurement uncertainty of Lgs by introducing different
hollow fiber refractive indexes ny. (b) The hollow fiber refractive index measurement
uncertainty of ns by introducing different distances of Lgs.

For u(Lgz), Figure 5.10(a) shows the distance measurement uncertainty of Lgs by
introducing different hollow fiber refractive indexes ny. It can be seen that our pro-
posed SLOF sensing system has great accuracy for most hollow fibers with a refractive
index is ny ~ 1. In addition, it can be seen that the shorter Lgs is more benefit to
realize high precision measurement. Loy sets at 5m to achieve the best measurement
performance. For u(ny), Figure 5.10(b) shows the influence of hollow fiber refractive
index ny on measurement uncertainty. It can be seen that the measurement uncer-
tainty increase with the increase of ny. Therefore, accuracy measurement relies on the
use of a hollow fiber with an index of refraction close to 1, simultaneously, the accuracy
of the length of the hollow fiber used should be guaranteed. For u(Lg;), measurement

uncertainty depends on whether the fixed-length section can be sufficiently immune
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from external disturbances, retain its original fixed value. For u(T},), the measure-
ment uncertainty of Ty, mainly comes from the time resolution of the oscilloscope
used. The oscilloscope we used in the experiments had time resolution (7)) as 0.04ns,
which may cause uncertainty in obtained T, it corresponds a resolution of distance
measurement (L,) as 6mm by L, = ¢T,/2. The measurement resolution depends on

the time resolution of the oscilloscope used in the experiment.

5.5 Chapter Summary

We propose a sensing system that realizes distance measurement by operating an SL
with OF near the Hopf-bifurcation boundary to generate a switching between stable
state and P1 state. To the best of our knowledge, this is the first work proposed to use
the switching period near Hopf-bifurcation boundary for long-distance measurements.
In this work, with the same system configuration as a conventional SMI system, but
operating an SL at a different status, the proposed sensing system was able to achieve
longer distance and relatively high resolution and to lift the restrictions in SMI that
require electrical/optical modulation. In addition, the proposed sensing approach can
achieve distance sensing beyond half coherent length. Furthermore, the influence of
system controllable parameters on the duty cycle of the generated square wave sensing
signals is also investigated. The result shows that each system controllable parameter
has a wide available range. This has ensured that the proposed SL with OF system

at switching can work robustly for long-distance sensing.
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Chapter 6

Conclusion

6.1 Research Contributions

In conclusion, optical feedback (OF) is a widely developed perturbation to semiconduc-
tor lasers (SLs). SL dynamics based on OF scheme are investigated in the numerical,
theoretical, and experimental study in this thesis. The SL with OF system reflects
the minimum parts count scheme, which has high practical value for engineering im-
plementation. In this thesis, differentiating prior works in the community, we operate
SL with OF scheme generating diverse and novel laser dynamics with unique applica-
tions demonstrated for sensing applications, and found that the proposed system has
the great capability to achieve both displacement and absolute distance sensing ap-
plications with high resolution and wide measurement range, by using time-frequency
information, relaxation oscillation information, and nonlinear dynamic characteristics
carried in SLs emit signals.

Under stable operating conditions, the SL biased by a constant current usually
emits a constant intensity laser. However, with the perturbation of external opti-
cal feedback, the laser becomes unstable. SL will oscillate from steady state to the

period-one (P1) state by crossing the Hopf-bifurcation, which cannot be described by
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the existing analytical self-mixing interferometry (SMI) model in stable state. The
laser output signal of the system shows some new characteristics. It is worth noting
that in the P1 state, the system modulates the laser light output power to generate
microwave photonic (MWP) signals. In this thesis, external OF are utilized to operate
SL in the P1 state and find that the proposed system has the advantages of realiz-
ing high resolution and wide measurement range in sensing applications by using the
amplitude, frequency, and envelope information carried in the MWP signals. Based
on the extensive theoretical simulation and experimental results in this thesis, the
following contributions can be illustrated:

First, we proposed a measurement algorithm for recovering the displacement based
on the MWP generation scheme in SL and OF systems. The highlight of this system is
that it can directly generate wide-tunable narrow linewidth microwave signals without
using any microwave input, electronic circuits or any filters. Different from the tradi-
tional MWP generation method, the designed nonlinear dynamics use external OF to
perturb the SL source to make the system work in the P1 dynamic state, thereby gen-
erating regular microwave oscillation. The fourth-order Runge-Kutta method is used
to solve the Lang-Kobayashi differential equation, delimit the boundary of different
nonlinear dynamic states, and make the system generate stable and sustainable MWP
signals. The availability and ease use of SL in various configurations make this scheme
more flexible and stable. After determining the P1 state boundary of SL with OF sys-
tem, the influence of SL controllable parameters on the boundary is studied. Obtained
a set of parameter selection rules for designing SL based MWP displacement sensing
system. In particular, a measurement algorithm for recovering the displacement from
the MWP sensing signal has also been developed. By making full use of the sensing
information carried by the MWP signal amplitude and frequency, high resolution and

high sensitivity displacement sensing can be realized. Both simulation and experiment
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verify the proposed method and show that it can achieve high measurement sensitivity
and high resolution sensing. [Publication involved: J1, C1]

Second, SL with OF has rich nonlinear dynamic states. Under the influence of
appropriate system controllable parameters, the system will pass through the Hopf-
bifurcation and enter the P1 oscillation, accompanied by an undamping relaxation
oscillation frequency. By solving the Lang-Kobayashi delay differential equation, then
studying the detailed relationship between the relaxation oscillation frequency of the
MWP signal and the length of the external cavity. The displacement measurement
formula is thus obtained. In addition, the mode-hopping, frequency-hopping, and
sawtooth-like phenomena in the relaxation oscillation are fully considered, and the
relevant signal processing algorithm is developed for enhancing the sensing range. The
experimental verification results show that the proposed MWP displacement sensing
system, by only using relaxation oscillation information, is helpful for designing a
prototype of a compact displacement sensor with wide measurement range and high
resolution. [Publication involved: J2]

Third, without using any high-speed electronic and optical equipment, the inherent
dynamics of the laser is used to generate a square wave signal in switching status. By
operating the SL with the OF system near the Hopf-bifurcation boundary, then, pro-
pose a long-distance measurement method in the SL with OF system. In this system,
a square wave modulated photonic microwave signal will be generated, accompanied
by a switching period between the steady state and the P1 state. The relationship
between the switching period and the round-trip time of the external cavity is stud-
ied. It is found that the square wave switching period is equal to the round-trip time
of the external cavity, which allows us to develop a new long-distance measurement
method. Further, the influence of the system’s controllable parameters on the duty

cycle of square wave signals is also studied. And a wide tuning range of the duty cycle
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from 0% ~ 100% is realized. The long-distance measurement achieved by this SL
with OF system has strong robustness and is accompanied by a small average error.

[Publication involved: J3]

6.2 Future Works

Though a lot of research work have been done in the field of this thesis, still many
interesting topics are need to be further investigated for improving SL with OF sensing
system. The following topics are recommended for future research:

(1) Reduce system implementation costs. Due to the internal photodetector (PD)
bandwidth of the Fabry-Perot laser diode (FP-LD) could not meet the requirement to
capture P1 microwave high-frequency signals. In this thesis work, the internal PD is
replaced by external fast PD to capture high-frequency oscillation in the microwave
wave region for the convenience of research analysis. In order to reduced system
burden, it should take consideration in adopting acquisition system and digital signal
processing in the future work and focus on reducing the costs. A possible approach
could be that mixing the P1 microwave frequency signal and a reference sinusoidal
signal with the frequency around laser solitary frequency, and then applying a low-
pass filter with cutoff frequency to down-convert to the low-frequency region around
several M Hz. Therefore, the sampler burden can be relieved, and thus the cost can
be reduced. The future work will focus on this point to design the system so that to
find more potential practical applications.

(2) Improve system frequency stability. The frequency stability of the LD used in
the sensing system is a quite important parameter, which can induce the frequency
jitter of the generated P1 microwave signal. In this thesis work, we have investigated
the influence of controllable parameters on P1 microwave frequency, and the results

show that P1 microwave frequency is sensitive to injection current, but not to feed-
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back strength, an accurate current source for controlling the LD should be employed,
thereby, good stability of microwave frequency can be achieved. In future work, other
modulation methods should be tried to further improve the signal-to-noise ratio and
reduce frequency jitter for achieving a further frequency stability, so as to improve the
performance of the sensing system.

(3) Further refinement of the theoretical model. Considering the effect of sponta-
neous emission and statistical Langevin noises. Langevin sources are random noises
induced by the quantum effects of spontaneous emission of light and by a noise origi-
nating from random carrier generation and recombination, they originate from random
shot noise effects [67]. Therefore, adding Langevin noise to the theoretical model allows
the model to be closer to the actual environment.

(4) Outlook and potential applications. With the appreciation grew for the uni-
versality of rich nonlinear dynamics and laser instabilities, it is clear that the SL with
OF system provides an ideal test bed for studying novel dynamical behaviors. This
has attracted many mathematicians, physicists, and optical engineers, who have in-
creased the arsenal of insights and techniques available to explore SL dynamics and
applications. The rich dynamics readily available in various SL configurations augurs
well that the field will remain a fertile area for exploration and exploitation for many
years to come. In the future, the proposed optical system can be miniaturized and low-
cost to generate microwave signals by applying the photonic integrated circuit to the
chip. Opens the door to numerous promising applications in high-precision sensing,

microwave photonics, internet of things, etc.
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Appendix B

List of Abbreviations

OF
OFI
SMI
PD
SL
MWP
IF
EO
OE
CW
PZT
LD
BS
OA
LMS
SLOF
OPLL
OEO
RoF
EOM
DFB
L-K
FP

P1
QP

optical feedback

optical feedback interferometry

self-mixing interferometry
photodetector
semiconductor laser
microwave photonics
intermediate frequency
electrical-to-optical
optical-to-electrical
continuous-wave
piezoelectric transducer
laser diode

beam splitter

optical attenuator
linear motor stage

semiconductor laser optical feedback

optical phase-lock loops
optoelectronic oscillator
radio over optical fiber
electro-optical modulator
distributed feedback laser
Lang-Kobayashi
Fabry-Perot

steady

period-one

quasi-period

chaos
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VA
LC
OSC
Ol
RBW
FFT
STET

variable attenuator

laser controller

oscilloscope

optical isolator

resolution bandwidth

fast Fourier transform
short-time Fourier transform
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