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Kurzfassung

Aufgrund des niedrigen Schwellwertes ist die stimulierte Brillouin Streuung der dominanteste
nichtlineare Effekt in optischen Einmodenfasern. Das einzigartige Lorentz förmige Gewinnspek-
trum mit einer Linienbreite von 20 bis 30 MHz hat umfangreiche Anwendungen ermöglicht, wie
z.B. optische Signalverarbeitung, Verzögerung und Speicherung von optischen Datensignalen,
optische Spektrumanalyse und verteilte Sensoren. Alle diese Anwendungen würden von einem
beliebig konstruier- und konfigurierbaren bzw. willkürlich manipulierbaren Verstärkungsspek-
trum profitieren. In dieser Arbeit wird die Manipulation des Brillouin-Gewinnspektrums
durch die Überlagerung mit Brillouin-Verlusten vorgestellt, sowie Anwendungen im Bereich
der verteilten Sensoren sowie der optischen Signalverarbeitung untersucht.

Bei herkömmlichen statisch verteilten Brillouin-Sensoren ist die Auflösung der Messgröße
(Temperatur und/oder Dehnung) sehr rauschempfindlich. Die Ermittlung der Spitze des
Spektrums, welche die Messgröße symbolisiert, wird durch verschiedenste Rauschweinflüsse
während der Detektion stark erschwert. Die Überlagerung des Brillouin-Gewinns mit Verlusten
führt zu einem schärfen konstruierten Verstärkungsspektrum, welches wesentlich robuster
gegenüber Rauscheinflüssen ist. Dies trägt dazu bei, dass die Spitze des Spektrums genauer
bestimmt werden kann und resultiert in einer doppelt so hohen Auflösung, sowie einer Erhöhung
der möglichen Messentfernung um bis zu 60%.

In dynamischen verteilten Brillouin-Sensoren wird im Wesentlichen die Untersuchung der
Steigung des Gewinnspektrums als Messmethode eingesetzt. Jedoch ist der verwendbare
lineare Frequenzbereich des Gewinnspektrums gewöhnlich sehr schmal. Eine dynamische
Messung außerhalb des linearen Bereichs führt zu schwerwiegenden Fehlern. Ein präzise
konstruiertes Gewinnspektrum kann den linearen Bereich weitgehend erweitern, ohne die
Steigung zu beeinträchtigen. In dieser Arbeit wird eine praktische und quantifizierte Definition
vorgeschlagen, sowie eine quantitative Erweiterung von 70% nachgewiesen.

Darüber hinaus wird das beliebig konstruierbare Gewinnspektrum im Bereich der optischen
Signalverarbeitung eingesetzt, insbesondere als optischer Filter sowie als photonischer Filter
für Mikrowellen-Signale. Der Nachteil herkömmlicher Filter auf Basis der Brillouin Streuung
ist das unvermeidliche Brillouin-Rauschen. Der in dieser Arbeit vorgeschlagene neuartige
optische Filter blockiert die unerwünschten Signale durch Brillouin-Verluste, während das
Durchlassband transparent und rauschfrei bleibt. Die ursprünglichen Vorteile von Brillouin-
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Filter, wie sehr steile Flanken und eine durchstimmbare Bandbreite bleiben dabei erhalten.
Dies stellt einen großen Schritt in Richtung eines idealen optischen Filters dar.

Zusätzlich wurde ein photonischer Mikrowellen-Notchfilter auf Basis der Wechselwirkung
zwischen Brillouin-Verlusten untersucht. Besonders hervorzuheben ist dabei die genaue
Steuerung der Amplitude und Phase der Modulationsseitenbänder. Die Ergebnisse zeigen eine
Filterleistung, einschließlich einer Reduzierung der Notchtiefe sowie einer Verschiebung der
Mittenfrequenz des Filters, die sehr stark von der Dispersion in der Faser abhängt. Dies ist
einerseits nachteilig, biete andererseits jedoch einen neuen Weg zur Dispersionsmessung.

Abschließend wird eine vorläufige Idee präsentiert, bei der die Mikrowellenphotonik, insbeson-
dere die phasenverschobene Aufhebung, im Bereich der verteilten Brillouin-Sensoren angewen-
det werden soll. Die theoretische Untersuchung zeigt, dass das konstruierte Gewinnspektrum
für die hochfrequenten Signale einen wesentlich höheren Signal-zu-Rausch Abstand sowie einen
erweiterten linearen Bereich an den Flanken aufweist. Daraus ergeben sich wesentliche Vorteile
für dynamische Brillouin-Sensoren auf Basis der Steigungsanalyse.
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Abstract

Due to the low threshold, stimulated Brillouin scattering is one of the dominant nonlinear
effects in single mode optical fibers. Its unique Lorentzian gain spectrum characteristic with
the narrow linewidth of 20-30 MHz has enabled a variety of applications, such as optical signal
processing, delay and light storage, optical spectrum analysis and distributed sensing. Most of
them will further benefit from an engineered, reconfigurable or arbitrary manipulated gain
spectrum. This work will introduce the basic method for Brillouin gain spectrum engineering
by the superposition with Brillouin loss(es) and its applications in the field of distributed
sensing and optical signal processing.

In static distributed Brillouin sensing, the measurand resolution (temperature and/or strain)
is highly noise sensitive. A noisy detection makes the estimation of the spectrum peak, which
symbolizes the measurand, very hard. By superimposing the Brillouin gain with losses, the
engineered gain spectrum could be sharper and more robust to the noise. This could help to
determine the spectrum peak more accurately and leads to a doubled resolution and a sensing
range extension up to 60%.

In dynamic distributed Brillouin sensing, slope-assisted Brillouin sensing is a very practical
technique. However, the useful linear frequency span of a conventional Brillouin gain spectrum
is usually narrow. A dynamic measurement working outside the linear range leads to severe
errors. A well engineered gain spectrum is able to largely extend this linear range without
compromise to the slope. A practical and quantified definition has been proposed in this work
and a quantitative extension of more than 70% has been demonstrated.

Furthermore, the engineered gain spectrum has been applied to optical signal processing,
especially to the optical and microwave photonic filters. The bottleneck of the conventional
Brillouin gain based optical filters is the inevitable Brillouin noise. The novel optical filter
proposed in this work blocks the undesired signals by Brillouin losses, while leaving the
passband transparent and noise-free. The original striking advantages of Brillouin filters, such
as sharp roll-off and flexible bandwidth tunability are well maintained, giving a giant step
towards an ideal optical filter.

In addition, the microwave photonic notch filter based on Brillouin loss interaction has
been investigated. The highlight of this technique is the precise control of the amplitude and
phase of the modulation sidebands. The results indicate a highly fiber dispersion sensitive
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filter performance, including notch rejection reduction and notch frequency shift. This is
on one hand detrimental, however, on the other hand provides a novel way for dispersion
measurement.

Finally, a tentative idea to apply the microwave photonic technique, i.e., the out-of-phase
cancellation, on distributed Brillouin sensing is proposed. According to the theoretical
investigation, the engineered radio frequency gain spectrum depicts a much higher signal-to-
noise ratio and an extended linear range at the edge, providing an attractive advantage for
slope-assisted dynamic sensing.
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Acronyms

ASE amplified spontaneous emission
AWG arbitrary waveform generator
AWGN additive white Gaussian noise
BFS Brillouin frequency shift
BGS Brillouin gain spectrum
BLS Brillouin loss spectrum
BOCDA Brillouin optical correlation-domain analzyer
BOFDR Brillouin optical frequency-domain reflectometry
BOTDA Brillouin optical time-domain analyzer
BOTDR Brillouin optical time-domain reflectometry
BPF band-pass filter
BPS Brillouin phase spectrum
Cir circulator
CW continuous wave
DDMZM dual-drive Mach-Zehnder modulator
DFB distributed feedback
DPMZM dual-parallel Mach-Zehnder modulator
EDFA Erbium-doped fiber amplifier
ER extinction ratio
ESA electrical spectrum analyzer
FBG fiber Bragg grating
FM frequency modulation
FUT fiber under test
FWHM full width at half maximum
FWM four wave mixing
ISO isolator
LD laser diode
LDC laser diode current controller
LiNbO3 lithium niobate
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LSB lower frequency sideband
MI modulation instability
MPF microwave photonic filter
MPNF microwave photonic notch filter
MZM Mach-Zehnder modulator
NLE non-local effect
O-BPF optical band-pass filter
OC optical coupler
OFDR optical frequenc-domain reflectometry
OS optical switch
OSA optical spectrum analyzer
OTDR optical time-domain reflectometry
PBS polarization beam splitter
PC polarization controller
PD photodiode
PM phase modulator
RF radio frequency
RFG radio frequency generator
SA-BOTDA slope-assisted Brillouin optical time-domain analyzer
SBS stimulated Brillouin scattering
SG signal generator
SMF single mode fiber
SNR signal-to-noise ratio
SOA semiconductor optical amplifier
SOP state of polarization
SpBS spontaneous Brillouin scattering
SPM self-phase modulation
TDCM tunable dispersion compensation module
USB upper frequency sideband
VOA variable optical attenuator
XPM cross-phase modulation
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1
Introduction

The field of optics and photonics has a long history. It starts with the development of lenses by
the ancient Egyptians and Mesopotamians, followed by theories on light and vision developed
by ancient Greek philosophers, and the development of geometrical optics in the Greco-Roman
world. In between, the ancient Greek mathematician Euclid described the law of reflection
at about 300 B.C., the Roman astronomer Ptolemy tried to experimentally derive the law of
refraction in the 2nd century and the Persian mathematician and physicist Ibn Sahl discovered
the full law of refraction in 984 B.C., which is later well-known as the Snell’s law. Based on
these behaviors, light is first treated as discrete particles which travel in a straight line with a
finite velocity in Newton’s corpuscular theory of light. Until Thomas Young and Augustin
Fresnel demonstrated the interference and diffraction of light in 1801 and 1818, respectively,
the wave theory of light proposed by the Dutch physicist Christiaan Huygens in 1678 has been
accepted. Later on in 1865, the Scottish scientist James Clerk Maxwell deduced further that
light is an electromagnetic wave, and can be well described by electromagnetic wave theory.

1.1. Basics of Electromagnetic Wave Theory

Like all forms of electromagnetic radiations, the optical wave also follows Maxwell’s equations.
Its well known mathematical expressions are as follows: [1, 2]

∇ × E = −∂B
∂t

(1.1.1a)

∇ × H = J + ∂D
∂t

(1.1.1b)

∇ · D = ρf (1.1.1c)
∇ · B = 0 (1.1.1d)

1
Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 

Es gilt nur für den persönlichen Gebrauch.



1. Introduction

where E and H are the electric and magnetic field vectors, respectively, with D and B as
the corresponding electric and magnetic flux densities. The current density J and the carrier
density ρf symbolize the sources of the electromagnetic field. For a light wave propagation in
a dielectric medium without free electronic charges or currents, we have J = 0 and ρf = 0.
∇× and ∇· represent the curl and divergence vector operators, respectively.

The relationship between the electric flux density D and the electric field E depends on the
electrical properties of the medium, described by the dielectric polarization P. The dielectric
polarization is the electric dipole moment per unit volume of the dielectric material induced
by an external electric field. In analog to this, the relationship between magnetic flux density
B and the magnetic field strength H depends on the magnetic properties of the material
described by the magnetization M, which is defined similarly to the dielectric polarization.
The relations between the flux densities and the field strengths are given by: [1]

D = ε0E + P (1.1.2a)
B = μ0(H + M) (1.1.2b)

where ε0 and μ0 are the permittivity and permeability of vacuum. For a non-magnetic medium,
such as optical fibers, M = 0. In a homogeneous, linear, non-dispersive and isotropic dielectric
medium, the polarization P is aligned to and proportional to the electric field E, that is:

P = χε0E (1.1.3)

where the constant χ is the dielectric susceptibility. The substitution of Eq. (1.1.3) in
Eq. (1.1.2a) yields:

D = ε0(1 + χ)E = εE (1.1.4)

showing that, D and E are also parallel and proportional. Here ε/ε0 = 1 + χ is the relative
permittivity of the medium.

The wave equation for the optical wave propagation can be derive with the elimination of B
and D by taking the curl of Eq. (1.1.1a) and using Eqs. (1.1.1b), (1.1.2a) and (1.1.2b), leading
to: [1]

∇ × ∇ × E = − 1
c2

∂2E
∂t2 − μ0

∂2P
∂t2 (1.1.5)

where c = 1/
√

μ0ε0 is the speed of light in vacuum. By applying a Fourier transform, we can
get the wave equation in the frequency domain as: [1]

∇ × ∇ × Ẽ = ε̃ (ω) ω2

c2 Ẽ (1.1.6)
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1.2. Basics of Nonlinear Optics

where Ẽ is the Fourier transform of E, defined as

Ẽ =
∞∫

−∞
E exp(jωt)dt (1.1.7)

and ε̃ (ω) = 1 + χ̃(ω) is the frequency-dependent relative dielectric constant, where χ̃ (ω) is the
Fourier transform of χ. As χ̃(ω) is in general complex, so is ε̃ (ω). Its real and imaginary part
represent the refractive index n (ω) and the absorption coefficient α (ω) with the following
definition: [1]

ε = (n + jαc/2ω)2 . (1.1.8)

Based on this definition, the refractive index and fiber attenuation can be derived as: [1]

n (ω) = 1 + 1
2Re [χ̃ (ω)] (1.1.9a)

α (ω) = ω

nc
Im [χ̃ (ω)] (1.1.9b)

where Re and Im denote the real and imaginary part, respectively.
If we assume the loss of the medium is low in the wavelength range of interest, the

imaginary part of ε̃ (ω) is small in comparison to the real part. Therefore, n2 (ω) can
be used to replace ε̃ (ω) for further simplifications to Eq. (1.1.6). Additionally, provided
that the refractive index n(ω) is independent of the spatial coordinate, the vector identity
∇ × ∇ × E ≡ ∇ (∇ · E) − ∇2E = −∇2E with ∇ · D = ε(∇ · E) = 0 can be utilized, leading
to the following expression in form of the Helmholtz equation: [1]

∇2Ẽ + n2 (ω) ω2

c2 Ẽ = 0. (1.1.10)

1.2. Basics of Nonlinear Optics

If the external electric field to an atom is not too high, the shift of the internal carrier acts
as a field-induced dipole moment that is parallel and proportional to the external field, as
indicated by Eq. (1.1.3). However, with a strong external field strength, the electrons of the
dipole move in nonlinear oscillations in the Coulomb potential, whose nonlinearity can no
longer be neglected [2]. The invention of the laser in 1960 enables such a high intensity and
thus discovers the variety of optical nonlinear effects.

The optical nonlinear effects can be both useful attributes and characteristics to be avoided.
For electromagnetic fields with high intensities, the material polarization P of a homogeneous
material is no longer proportional to the electric field E and can be extended by a Taylor
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1. Introduction

series as: [2, 3]

P = ε0χ(1)E + ε0χ(2)EE + ε0χ(3)EEE + . . . = PL + PNL (1.2.1)

where χ(k) is the k-th order susceptibility. The dominant contribution to P is the linear
susceptibility χ(1), as described in Sec. 1.1. The second order susceptibility χ(2) is responsible
for the second order harmonic and sum-frequency generation. Another important effect related
to χ(2) is:

• Pockels effect: this linear electro-optic effect induces a refractive index change that
linearly depends on the strength of the applied electric field [3]. It occurs in a medium
(or crystal), whose molecule lacks inversion symmetry, such as lithium niobate (LiNbO3)
as the main material for electro-optic modulators [4]. Based on this principle, the
modulator shifts the optical phase linearly by the external bias voltage (see Appendix B.1
for details).

For a medium with symmetric molecule, like silica as in the optical fiber, χ(2) is degraded
to zero. Therefore, optical fibers do not exhibit second order nonlinear effects, and the third
order susceptibility χ(3) is responsible for the third (also the lowest) order nonlinear effects
in fibers [1]. The refractive index with the absence of the second order nonlinearity can be
represented as [3]:

n = n0 + n2I (1.2.2)

where I is the intensity of the optical wave, defined as,

I = 1
2cε0n0|E0|2 (1.2.3)

and n0 is the linear (or low-intensity) refractive index. The nonlinear Kerr constant n2

characterizes the strength of the nonlinear effects and can be expressed as: [3]

n2 = 3
2

χ(3)

cε0n0
(1.2.4)

The power dependence of the refractive index leads to the Kerr effect, which includes:

• Self-phase modulation (SPM): indicates that the phase modulation can be self-induced.
It occurs particularly when the intensity of the optical wave is not equally distributed
in the time domain, such as a pulse. The higher intensity period of the optical wave
faces a higher refractive index, while the lower intensity part encounters a lower one.
Specifically for a pulse, the rising edge experiences a positive, and the falling edge a
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1.3. Scattering Effects in Optical Fibers

negative refractive index gradient. This time varying refractive index leads to a phase
change of different parts of the pulse, also called frequency chirping. In frequency domain,
this results in the rising edge shifting towards the higher frequency while the falling edge
to the lower one. Whereas, the spectrum broadening will not change the original shape
of the pulse in time domain.

• Cross-phase modulation (XPM): is a similar effect to SPM, but involves two or more
optical waves, for instance in different frequencies, with time varying intensities. These
waves interact with each other via changing the intensity dependent refractive index.
Therefore, XPM is always accompanied with SPM and corporately results in a temporal
phase shift that not only depends on the intensity of the optical wave itself, but also on
the intensities of optical waves in other co-propagating channels. Specifically for a pulse
signal, XPM will lead to an asymmetric spectrum broadening for the rising and falling
edge, and a distortion on the pulse shape.

• Four wave mixing (FWM): generates a new light wave with frequency ω4 = ω1 ± ω2 ± ω3

when three light waves with frequencies ω1, ω2, ω3 are simultaneously co-propagating
inside the nonlinear medium. In principle, all frequencies corresponding to different plus
and minus sign combinations are possible. However, most of these combinations do not
practically build up because of a phase-matching requirement [5]. A narrow channel
spacing, a close-to-zero dispersion and other contributions to the phase matching [6, 7]
will help to fulfill the requirement and thus significantly increase the FWM efficiency.

1.3. Scattering Effects in Optical Fibers

At the end of the 19th century, the first guidance of light through bent glass rods came into
life. Although uncladded glass fibers were fabricated in the 1920s, the field of fiber optics was
not born until the 1950s, due to the significant benefit of using the cladding layer brought to
the fiber characteristics. These early fibers suffered an extreme loss of over 1000 dB/km. After
intensive and continuous engineering in purity of the glass and the fiber properties, the fiber
loss was finally dropped to only 0.2 dB/km in the 1550 nm wavelength region in 1979 [8]. The
residual loss comes mainly from the phenomenon of Rayleigh scattering due to the inevitable
impurity of the fiber.

The nonlinear effects in optical fibers result not only from the intensity dependence of the
refractive index of the medium, as discussed in Sec. 1.2 , but also due to scattering phenomena.
The scattering effects occur when the light is interacting with the medium due to thermal
vibrations, impurity, etc. According to the scattered wave frequency, they can be categorized
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into elastic and inelastic scatterings. The scattered wave frequency in an elastic scattering is
identical to that of the incident wave, while an inelastic scattering shifts the scattered wave
frequency, due to an interaction with the medium usually with an energy and momentum
conversion. Considering the most general scenario when an incident pump wave with the
frequency νp is coupled into a standard single mode fiber (SMF), the scattered wave would
form a spectrum as depicted in Fig. 1.3.1 [3]. Based on the definition, the frequency down- and
up-shifted scattered waves are called Stokes and anti-Stokes waves, respectively. According
to the energy conservation, the energy flows from the pump to the Stokes wave, while the
anti-Stokes wave transfer energy to compensate the depletion of the pump.

The common types of scatterings are listed as follows according to their threshold in SMF:

• Rayleigh scattering: is the scattering of light due to the steady density fluctuations.
It occurs when there is impurity in solid medium, and in liquid and gas even it is a
pure media. It is known as the quasi-elastic scattering owing to the zero frequency
shift. Since the medium molecular re-orientation process is very rapid, the Rayleigh
spectrum is usually very broad, called Rayleigh-wing [3]. Rayleigh scattering is not
directional and therefore can be observed almost in every direction. Rayleigh scattering
determines the limit of the optical fiber loss. Due to the high sensitivity of the phase of
the Rayleigh back scattering on the external strain and temperature, phase sensitive and
coherent optical time-domain reflectometry (Φ-OTDR and COTDR) are widely used for
distributed fiber sensing [9].

• Brillouin scattering: is the scattering of light from sound wave, i.e., propagating density
(or pressure) waves. From a quantum point of view, Brillouin scattering can also be

ν

Is

νp

Figure 1.3.1.: Schematic of a typical spectrum of the scattering effects [3].
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considered as a scattering of light by acoustic phonons. In the telecommunication
wavelength range, the Brillouin scattering causes a frequency shift of around 11 GHz
and has a linewidth of around 30 MHz. Its wide range of applications in the field of
photonics will be introduced in the rest of this thesis.

• Raman scattering: results from the interaction of light with the vibrational modes of the
medium molecules. It can also be equivalently described as a scattering of light by optical
phonons. Since the vibrational modes of a molecule and their Raman spectral shifts are
unique, the Raman scattering are widely used for spectroscopy. For optical fibers with the
incident wave in the telecommunication wavelength range, the Raman scattering shifts
the scattered wave frequency by tens of THz from the incidence wave frequency and has
a linewidth of tens of THz. Due to the gain mechanism on the scattered waves, Raman
amplifiers are widely used in the filed of laser physics and telecommunications [10]. The
Raman gain dependence on the temperature enables the Raman scattering based OTDR
and optical frequency-domain reflectometry (OFDR) technique to be one of the most
popular options for distributed temperature sensing [11, 12].

1.4. Structure of the Thesis

After a general introduction of the fundamental knowledge in fiber optics, the specifications
about Brillouin scattering and its applications will be explained in the following chapters of
this dissertation. The following content is divided into 8 chapters:

In chapter 2, a detailed theory of Brillouin scattering specifically in optical fibers will be
introduced. It starts with the process from spontaneous (SpBS) to stimulated Brillouin scatter-
ing (SBS), and lies an emphasis on its theoretical model and the gain spectrum characteristics.
As will also be described in the following chapters, an engineered gain spectrum would benefit
a variety of applications based on SBS.

Chapter 3 is devoted to one of the popular applications of SBS, namely the distributed fiber
sensing. After the introduction of common configurations of distributed Brillouin sensors, we
will mainly focus on the most consolidated technique, Brillouin optical time-domain analysis
(BOTDA). An improved theoretical model based on the fundamental model of SBS in chapter 2
is proposed to this technique with a generalized solution. An overview on the updates and
limitations of the technique is also provided.

In chapter 4 and chapter 5, the basic idea of gain spectrum engineering by exploiting the
superposition of gain and loss(es) is applied on the static and dynamic BOTDA, respectively.
In the proposed static technique, the gain spectrum is engineered to have sharper shape with
higher contrast than the conventional one. In this way, the peak of the spectrum is more
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1. Introduction

accurate to be estimated and more robust to the inevitable noise. In the proposed dynamic
technique, the proposed gain spectrum is engineered so that the linear range of the spectrum is
extended. This will benefit to slope-assisted sensing for a more accurate dynamic measurement
with higher strain amplitude.

In chapter 6, a general picture of another popular application of SBS, namely the microwave
photonic filter (MPF) is presented. The advantages and limitations of a conventional Brillouin
based MPF regarding the key performances are reviewed. In chapter 7 and chapter 8, instead
of the conventional Brillouin gain interaction, novel techniques based on Brillouin loss will be
proposed for optical filtering and microwave photonic notch filtering (MPNF), respectively.
The proposed optical filter blocks the undesired signal with Brillouin losses and leaves the
passband signal transparent. The technique has successfully circumvented the Brillouin noise
and proposes a solution to this bottleneck problem of the conventional Brillouin gain based
filter. The investigation on the Brillouin loss based MPNF focuses on the impairments induced
by the fiber dispersion on the filter performances. It is demonstrated that, any dispersion
misalignment will drastically degrade the filter performance in terms of an undesired notch
frequency shift and significant lower rejection.

In chapter 9, the summary of the works in the previous chapters is presented. As a
perspective and future work, an idea to apply the out-of-phase signal cancellation on the
BOTDA setup is proposed. According to the theoretical investigation, the proposed method
would significantly improved the signal-to-noise ratio of the gain spectrum, bringing attractive
benefits for slope-assisted dynamic measurements.
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Brillouin Scattering

Brillouin scattering is named after the French physicist Léon Brillouin, who theoretically
predicted the light scattering by a thermally excited acoustic wave in 1922 [13]. However, Soviet
physicist Leonid Mandelstam is believed to have recognized the possibility of such scattering
as early as 1918, but he published his idea only in 1926 [14]. In order to credit Mandelstam,
the effect is also called Brillouin-Mandelstam scattering. The first experimental validation of
this phenomenon was carried out in 1930 by Gross in crystals and liquids [15]. Limited by
the available maximum optical intensity, only spontaneous process was observed at that time.
Thanks to the invention of the laser, the process of stimulated Brillouin scattering (SBS) was
first observed in 1964 [16]. As a popular telecommunication and nonlinear waveguide, the
SBS effect in optical fibers has also been intensively studied. Its first successful experimental
demonstration could date back to 1972 [17]. In the same year, the ultra-low threshold of
SBS in the optical fibers was quantitatively determined [18], which makes it one of the most
prominent nonlinear effects in optical fibers [19].

The investigations on the SBS in optical fibers have been split into different directions
since its discovery. On one hand, the easy occurrence of SBS drastically limits the maximum
incidence power and becomes a bottleneck of optical fiber communication. Several approaches
have been proposed to overcome this detrimental effect, such as artificially broadening the
pump spectrum [20]. On the other hand, besides microwave photonics filter and distributed
sensing, which will be discussed in details in the following chapters, SBS can also be utilized
in numerous applications in the filed of optics and photonics, such as fast/slow light [21–23],
spectroscopy [24] and laser physics [25].

In this chapter, an overview of the physical procedures of SBS will be presented. From a
simplified theoretical model and its steady-state solution, a general picture of the SBS will
be provided and key issues, such as threshold and polarization dependence, will be discussed.
Finally, different ways to engineer the spectral property of the Brillouin gain will be presented.
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2. Brillouin Scattering

2.1. Bragg Scattering of Optical Waves by Sound Waves

The Brillouin scattering is the result of the deviation of an optical wave in a density modulated
material. It can be well modeled by the interaction in a Bragg scattering cell schematically
shown in Fig. 2.1.1 [3]. Provided that a traveling acoustic wave of frequency νA is established
in a scattering medium and propagates with the velocity of vA, its wavelength can be derived
as Λ = vA/νA. The density modulation of the material leads to the periodical variation of
the refractive index, and thus the incident optical wave is scattered as specified by Fig. 2.1.1.
Due to the phase mismatch, the scattered wave intensity is usually weak. However, the total
scattered field may become strong with the help of a constructive interference when the phase
match condition given by,

λE = 2Λ sin θ (2.1.1)

is satisfied, where λE is the wavelength of the incident light and θ is the incidence angle. This
condition is also known as the Bragg condition and determines the maximum wavelength that
can form a constructive interference in a specific structure.

We first consider the situation when the acoustic wave is propagating in the direction of the
solid arrow of vA in Fig. 2.1.1. Taking the conservation of energy and momentum, and the
wave vector diagram into consideration, we may have,

νS = νE − νA (2.1.2a)
kS = kE − kA (2.1.2b)

vA

vA

Λ

θ

2θ

kE

kS

kA

Figure 2.1.1.: Schematic of the Bragg scattering of an optical wave by an acoustic wave (left)
and its wave vector diagram (right). The constructive interference will be formed when the
optical path length difference between the scattered and incidence wave (dashed gray line)
equals to the incidence wavelength.
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2.2. Spontaneous and Stimulated Brillouin Scattering

where kA, kE, ks are the wave vectors of acoustic, incident and scattered wave, and νA, νE, νS

are their corresponding frequencies. As expected from the Doppler effect, the scattered wave
frequency is down-shifted in the situation when the modulated density moves away. Since νA

is much smaller than νE and νS, we may regard νE ≈ νS and hence |kE| ≈ |kS|. The absolute
value of the wave vector of the acoustic wave can be calculated as,

|kA| = 2 |kE| sin θ (2.1.3)

Considering the dispersion relation of the acoustic wave |kA| = 2πνA/vA and that of the
incident optical wave |kE| = 2πn/λE, where n is the refractive index of the medium, the
frequency down-shift of the scattered wave νA is given by [2],

νA =
2vAn

λE

sin θ (2.1.4)

The frequency down-shifted scattered wave is defined in Sec. 1.3 as Stokes wave.
Then we consider the situation when the acoustic wave is propagating in the direction of

the dashed arrow in Fig. 2.1.1. The conservation of energy and momentum are written as,

νS = νE + νA (2.1.5a)
kS = kE + kA (2.1.5b)

After the same assumptions, it is easy to derive that the relation of Eq. (2.1.3) still holds in this
situation, leading to the same frequency shift of the scattered wave as in Eq. (2.1.4). However,
the scattered wave is frequency up-shifted to the incidence wave and is called anti-Stokes wave.

2.2. Spontaneous and Stimulated Brillouin Scattering

Spontaneous Brillouin scattering

Spontaneous Brillouin scattering (SpBS) occurs when an incident photon (pump wave) is
transformed into a scattered photon and a phonon (acoustic wave). This initial acoustic wave
could be arbitrary in the medium, such as the thermally excited motions of the material
molecules, as indicated by Fig. 2.2.1 [2]. These motions act as a superposition of a large number
of arbitrary acoustic waves in different directions. Only those who fulfill the geometrical
requirements of the medium and follow the conservation of energy and momentum will
contribute to the SpBS. Therefore, SpBS is generally weak. Depending on the structure of
the fiber and the doping concentration, several guided acoustic modes may co-exist in the
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vA

vA

vA

Figure 2.2.1.: Schematic process of the spontaneous Brillouin scattering.

spontaneous process, leading to multiple peaks in the spectrum of SpBS with different damping
and intensity [26]. With the increase of pump power, the resonances compete with each other
for the pump energy and hence, only one phonon frequency with the lowest damping and
highest intensity survives, eventually leading to the SBS spectrum with a single peak [26].

Specifically for SMF, light waves could only be guided either in the forward or backward
propagation direction. Therefore, the angle between the scattered wave and incident wave 2θ

shall be either 0 or π. According to Eq. (2.1.4), SpBS is minimized in forward direction and
occurs only in backward direction. For typical situations in SMF and a pump wavelength in
the C-Band of optical telecommunications, vA=5.96 km/s, n=1.45, λE=1.55 μm, the Brillouin
frequency shift (BFS), here after denoted as νB, approximates to 11.1 GHz [1]. The general
picture of SpBS in SMF is: for an incident pump wave propagating in the +z direction with
the frequency νp, a thermally excited co-propagating acoustic wave scatters a part of the pump
wave into the −z direction as the Stokes wave with a frequency of νS, while another thermally
excited counter-propagating (in −z direction) acoustic wave scatters part of the pump wave
into the −z direction as the anti-Stokes wave with a frequency of νaS. The expression of νS

and νaS are given by,

νS = νp − νB (2.2.1a)
νaS = νp + νB (2.2.1b)

Nevertheless, the co-existence of Stokes and anti-Stokes wave in the SpBS [27] is no longer
supported with an intense pump wave due to its transfer into the stimulated process.

Stimulated Brillouin Scattering

As described, the SpBS is raised with an incident pump wave scattered by the thermally
excited acoustic waves. However, the energy transfer from the pump to the Stokes wave is very
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vA

Λ

νp

νS

Figure 2.2.2.: Schematic process from the spontaneous Brillouin scattering (bottom solid gray
curve) to stimulated Brillouin scattering with a counter-propagating optical wave (bottom
dahsed gray line) via electrostriction [28].

inefficient. With a more intense pump wave, more energy is flowed towards the Stokes wave,
leading to a Brillouin gain, while also more energy is transferred from the anti-Stokes to pump,
resulting in a Brillouin loss and the anti-Stokes wave fading into the noise. The interference of
the pump and the back scattered Stokes wave builds up a more strengthened acoustic wave,
which reflects a stronger Stokes wave and stronger interference is formed, as illustrated in
Fig. 2.2.2 [19]. In this way, a feedback loop is established and the SpBS is transferred to
a stimulated process, i.e., SBS. In comparison to SpBS, the energy transfer is much more
efficient with SBS.

There are several physical mechanisms that explain the generation of the acoustic wave by
the interference of the pump and Stokes wave. The most common one is the electrostriction,
which describes the material characteristic of becoming more compressed in the presence of an
electric field. It can be physically explained as the re-orientation of the medium molecules
so that the potential energy of the medium is minimized under the external electric field [3].
Therefore, the superposition of the pump and Stokes wave periodically modulates the density.
With this mechanical deformation, the refractive index of the material is also modulated
correspondingly, as depicted in Fig. 2.2.2, leading to a Bragg grating structure co-propagating
with the pump wave in the velocity of sound.

Despite the same origin of SBS from the electrostriction, there are two conceptually different
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configurations of SBS. The solid black and gray curves with arrows at the bottom of Fig. 2.2.2
show the first configuration, where only an intense pump wave with frequency νp is launched
into the fiber. A variety of weak back scattered waves are generated by the partially scattering
of the pump wave by the thermally excited acoustic waves. However, only those who satisfy
the requirements of medium geometry and conservation of energy and momentum survive,
and the output scattered wave frequency coincides Eq. (2.2.1a). Since the Stokes wave rises
from the thermal noise in this case, this configuration is called SBS generator [3].

On the other hand, the second SBS configuration is demonstrated by the solid black and
dashed gray curves with arrows at the bottom of Fig. 2.2.2, in which not only the pump wave
but also a counter-propagating wave at frequency νS are involved. In the case of νS satisfying
Eq. (2.2.1a), the envelope of the interference of the pump and the counter-propagating wave
coincides the frequency difference between the two waves and co-propagates with the pump.
Therefore, once the interference pattern is inscribed on the refractive index of the optical fiber
via electrostriction, the back scattered wave frequency equals also to νS according to Eq. (2.1.1),
In this way, the counter-propagating wave gets strengthened and amplified. Since the Stokes
wave rises in the presence of and gets amplified from an external counter-propagating electric
field in this scenario, this configuration is called SBS amplifier [3].

2.3. Theoretical Model and Steady-State Solution

Theoretical Model

The wave equation of an electric field in an optical fiber can be further derived from Eq. (1.1.5)
with the consideration of the vector identity ∇ × ∇ × E ≡ ∇ (∇ · E) − ∇2E = −∇2E and
fiber attenuation as,

∇2Ei − n2

c2
∂2Ei

∂t2 − αn

c

∂Ei

∂t
= μ0

∂2Pi
NL

∂t2 (2.3.1)

Here α is the fiber attenuation coefficient, the polarization P is expanded according to
Eq. (1.2.1) and only the SBS related third order term is taken into consideration as PNL.
Considering the geometrical requirement in the optical fiber, the vectors can be simplified into
scalars in the direction of propagation. Equation (2.3.1) is valid for both pump (i = p) and
Stokes wave (i = s) in an one-dimensional SBS interaction that are given by,

Ẽp(z, t) =
1
2Ep(z, t) exp[j(ωpt − kpz)] + c.c (2.3.2a)

Ẽs(z, t) =
1
2Es(z, t) exp[j(ωst + ksz)] + c.c (2.3.2b)
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where ωp and ωs are the angular frequency of the pump and Stokes wave, respectively, kp and
ks are their corresponding wave vectors that indicate the counter-propagation, and Ep(z, t)
and Es(z, t) are the corresponding slow-varying envelopes.

Since the back scattering of the Stokes wave is strengthened by the acoustic wave, we may
safely assume that the acoustic field has the similar sinusoidal expression given by,

ρ̃(z, t) = ρ0 +
1
2Δρ(z, t) exp[j(Ωt − Kz)] + c.c (2.3.3)

where ρ0 is the average density of the fiber, Ω = ωp − ωs and Δρ are the angular frequency and
the amplitude of the acoustic wave, respectively, the acoustic wave vector K = kp + ks ≈ 2kp .
Since the acoustic wave is generated due to the electrostriction, it can be described by the
equation of motion for a pressure wave given by [3],

∂2ρ̃

∂t2 − Γ∇2 ∂ρ̃

∂t
− v2

a∇2ρ̃ = ∇ · f (2.3.4)

where va is the velocity of sound, Γ is the acoustic damping parameter [3], f refers to
the electrostrictive force per unit volume and is related to electrostrictive pressure pst by
f = ∇pst and pst = −1

2ε0γe

〈
Ẽ2

〉
, where γe is the electrostrictive coefficient and Ẽ(z, t) =

Ẽp(z, t) + Ẽs(z, t). The source term on the right side of the equation is explicitly given by,

∇ · f = ε0γeK
2EpE∗

s exp [j(Ωt − Kz)] (2.3.5)

For an electrostrictive material, the nonlinear polarization in Eq. (2.3.1) can be expressed
by [3],

PNL =
ε0γe

ρ0
ρ̃Ẽ = P p

NL + P s
NL (2.3.6)

with the contributions from the pump and Stokes wave written as,

P p
NL =

1
2

γe

ρ0
Δρ(z, t)Es(z, t) exp[j(ωpt − kpz)] + c.c (2.3.7a)

P s
NL =

1
2

γe

ρ0
Δρ∗(z, t)Ep(z, t) exp[j(ωst + ksz)] + c.c (2.3.7b)

The complete description of the coupling of pump, Stokes and acoustic wave can be derived
by introducing Eqs. (2.3.2a) and (2.3.2b) into Eq. (2.3.1) along with Eqs. (2.3.7a) and (2.3.7b),
respectively, and Eq. (2.3.3) into Eq. (2.3.4) along with Eq. (2.3.5). The coupled equations
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2. Brillouin Scattering

under slow-varying envelope approximation can be expressed as [29],
⎡
⎣ ∂

∂z
+

n

c

∂

∂t
+

α

2

⎤
⎦ Ep(z, t) =

jωpγe

4ncρ0
ΔρEs(z, t) (2.3.8a)

⎡
⎣− ∂

∂z
+

n

c

∂

∂t
+

α

2

⎤
⎦ Es(z, t) =

jωsγe

4ncρ0
Δρ∗Ep(z, t) (2.3.8b)

⎡
⎣−2jKv2

a

∂

∂z
− 2jΩ

∂

∂t
+

(
Ω2

B − Ω2 − jΩΓB

)⎤
⎦ Δρ =

ε0γeK
2

2 Ep(z, t)E∗
s (z, t) (2.3.8c)

where ΩB = 2πνB is the angular frequency of BFS. It is also indicated from the equations
that, the interaction takes place not only when the pump and probe frequency offset equals
to the BFS, but also around a specific frequency range in the vicinity of the BFS. The full
width at half maximum (FWHM) of the spectrum, i.e., Brillouin linewidth, is defined as
γB = ΓB

2π
= 1

2π
k2

BΓ and the phonon lifetime is given by τp = Γ−1
B [3].

Steady-State Solution

The coupled wave equations are generally solved numerically. However, analytical solutions
are also possible with some preliminary simplifications. For instance, if the interaction takes
longer than the phonon lifetime τp, the evolution of three waves have reached a steady state, so
that an analytical steady state solution can be given. Under this scenario, all time derivatives
can be neglected. Besides, the spatial derivatives of the acoustic wave can also be neglected as
the sound velocity is much smaller than that of the light. In this way, the acoustic wave is
treated as static and does not propagate [29] in the small time period of interest. Under the
consideration of these approximations, Eq. (2.3.8c) can be solved, yielding

Δρ(z) =
ε0γeK

2

2
Ep(z)E∗

s (z)
Ω2

B − Ω2 − jΩΓB

(2.3.9)

If only a small detuning from the resonance is considered, i.e., we may approximate Ω2 − Ω2
B ≈

2ΩB(Ω − ΩB) = 2ΩBΔω, the expression of the acoustic field may be further simplified to a
form given by,

Δρ(z) =
jε0γeK

4va

· Ep(z)E∗
s (z)

1 − 2jΔω/ΓB

=
jε0γeK

4va

· Ep(z)E∗
s (z)

1 − 2jΔν/γB

(2.3.10)

Here the relation of K = Ω/va is used and Δν = 1
2π

Ω = ν − νB is the frequency offset to the
BFS. The further substitution of Eq. (2.3.9) into Eqs. (2.3.8a) and (2.3.8b) yields to coupled
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2.3. Theoretical Model and Steady-State Solution

wave equations in the form of:

d

dz
Ep(z) = −ωpγ2

e ε0K

16ncρ0va

· |Es(z)|2Ep(z)
1 − 2jΔν/γB

− α

2Ep (2.3.11a)

d

dz
Es(z) = −ωpγ2

e ε0K

16ncρ0va

· |Ep(z)|2Es(z)
1 + 2jΔν/γB

+
α

2Es (2.3.11b)

Here we denote ωp ≈ ωs. After the derivation of the conjugate expressions of Eqs. (2.3.11a) and
(2.3.11b), a coupled intensity equation can be introduced with the optical intensity definition
in Eq. (1.2.3) as,

d

dz
Ip(z) = −gB(Δν)Ip(z)Is(z) − αIp(z) (2.3.12a)

d

dz
Is(z) = −gB(Δν)Ip(z)Is(z) + αIs(z) (2.3.12b)

where gB(Δν) is the inherent material SBS gain coefficient. It peaks when Δν = 0 with the
maximum value expression of [1]

gp ≡ gB(Δν = 0) =
4πγ2

e

npλ2
pρ0cvAγB

(2.3.13)

The typical value of gp can be estimated with the electrostrictive constant γe ≈ 0.902, the
density ρ ≈ 2210 kg/m3, vA=5.96 km/s in silicon fiber and the pump wave refractive index
np = 1.45, pump wavelength λp=1550 nm, the typical FWHM of the gain spectrum γB=30
MHz, leading to gp ≈5×10−11 m/W.

The coupled intensity equations are also generally solved numerically. However, an analytical
solution is available with further approximations, such as when the Stokes wave power is weak
enough so that the pump depletion is negligible. Under this situation, we may substitute the
expression of Ip(z) = Ip(0) exp(−αz) in Eq. (2.3.12b), make integration over the fiber length L

and get the exponential expression of the Stokes wave intensity as: [1]

Is(0) = Is(L) exp
⎛
⎝gBPp0Leff

Aeff

− αL

⎞
⎠ (2.3.14)

where Pp0 = Ip(0)Aeff is the input pump power, Aeff is the effective mode area of the fiber,
Leff refers to the fiber effective length and it is in relation with the physical fiber length L by:

Leff ≡ 1 − exp(−αL)
α

L→+∞= α−1 (2.3.15)
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2. Brillouin Scattering

2.4. The Brillouin Gain

The consequence of the Brillouin interaction on the probe wave is not only a literally gain
on the amplitude (intensity), but also a gain dependent phase modulation, as indicated from
Eq. (2.3.11b). In this section, both amplitude and phase modulation due to SBS, i.e., a
complex Brillouin gain, will be introduced.

The complex SBS gain coefficient is written as [22, 23]:

g(ν) =
± 1

2g0Pp0

1 − j · 2(ν − νB)/γB

(2.4.1)

where ν=|νs − νp| is the frequency offset between pump and probe wave, the positive and
negative signs refer to the Brillouin gain and loss respectively, g0 is the center SBS gain
coefficient and related to the inherent material SBS gain coefficient gB(ν) in Eqs. (2.3.12a)
and (2.3.12b) with

g0 =
gB(νB)
Aeff

=
gp

Aeff

(2.4.2)

In standard SMF at 1550 nm, νB is in the range of 11 GHz, γB approximates 30 MHz, the
typical value of gB(νB)=5×10−11 m/W, Aeff=90 μm2, which leads to g0 in the magnitude of
0.2 (W·m)−1. Under the assumption of a sufficiently high pump power so that its depletion is
negligible, the probe signal at the fiber output with a length of L can be expressed as: [23]

Es(L) = Es0 · exp
[
g(ν)Leff

]
· exp

⎛
⎝−1

2αL

⎞
⎠

= Es0 · exp
[
GSBS(ν)Leff − 1

2αL
]

· exp
[
jΦSBS(ν)

] (2.4.3)

where Es0 is the incidence probe electric field. It is more clearly indicated from this equation
that, besides the intrinsic fiber loss, the probe signal experiences both gain and dispersion
from the Brillouin interaction induced via the pump wave.

• Brillouin gain (loss) spectrum

The real part of g(ν) in Eq. (2.4.1) determines the frequency dependent Brillouin gain or
loss of the amplitude of the probe signal, i.e., Brillouin gain spectrum (BGS) or Brillouin loss
spectrum (BLS). It shows a Lorentzian shape in the frequency domain with the FWHM value
of γB and can be written as:

GSBS(ν) =
± 1

2g0Pp

1 + 4(ν − νB)2/γB
2 (2.4.4)
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2.5. Polarization Dependence
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Figure 2.4.1.: Normalized (a) Brillouin gain spectrum and (b) Brillouin loss spectrum and
their corresponding Brillouin phase.

• Brillouin phase spectrum

The imaginary part of g(ν) in Eq. (2.4.1) governs the phase change of the probe signal
due to the Brillouin interaction. This accompanied phase change, also called Brillouin phase
spectrum (BPS), can be physically explained by the Kramers-Kronig relations that connect the
real and imaginary part of the susceptibility of a medium. Its explicit expression is given by:

ΦSBS(ν) =
± g0Pp(ν − νB)/γB

1 + 4(ν − νB)2/γB
2 (2.4.5)

The normalized BGS and BPS are depicted in Fig. 2.4.1(a). As we can see, the BPS
maximizes at the frequency, with which the BGS has the highest first-order derivative (inflection
point). It is also clearly indicated that, no phase changes due to the Brillouin interaction will
be introduced at the peak Brillouin gain. Both these characteristics are the direct result of the
Kramers-Kronig relations and important to some of the applications, which will be introduced
in the following chapters of this thesis. As discussed in Sec. 2.2, a counter-propagating probe
wave frequency that satisfies Eq. (2.2.1b) will suffer from Brillouin loss by the interaction. In
Fig. 2.4.1(b), the corresponding BLS and its phase change are illustrated.

2.5. Polarization Dependence

The SBS is originated from the interference between pump and probe wave. Therefore, the
relative state of polarization (SOP) between the two waves plays an important role in the
efficiency of the interference. However, since the SOP of both waves hover randomly in the
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2. Brillouin Scattering

fiber due to the weak birefringence of SMF and only an averaged interaction can be detected
at the output, the dependence of the SBS gain on the SOP has been neglected for long. With
the rise of the polarization maintaining technique, the polarization effect of SBS has been
investigated [30] and a complete theory has been developed [31].

The SOP of pump and probe waves can be denoted by the normalized Stokes representations
in the following form:

ep = (1, s1p, s2p, s3p) (2.5.1a)
es = (1, s1s, s2s, s3s) (2.5.1b)

where (1,s1i,s2i,s3i) represents the unit vector of the pump (i = p) and Stokes wave (i = s) in
the Poincaré sphere, respectively, and s2

1i + s2
2i + s2

3i = 1. The efficiency of coherent mixing
(for instance, at a receiver) of two signals with polarization ep and es is given by,

ηs =
1
2(ep · es) =

1
2(1 + s1ps1s + s2ps2s + s3ps3s) (2.5.2)

Considering the counter-propagation of the pump and probe wave, we may denote s3 = s3s =
−s3p. For a co-aligned (identically) polarization between pump and probe wave, we may
note s1 = s1p = s1s, s2 = s2p = s2s, while for orthogonally polarized pump and probe wave,
s1 = s1p = −s1s, s2 = s2p = −s2s, leading to:

ηs‖ =
1
2(1 + s2

1 + s2
2 − s2

3) = 1 − s2
3 (2.5.3a)

ηs⊥ =
1
2(1 − s2

1 − s2
2 + s2

3) = s2
3 (2.5.3b)

Therefore, for a fiber without birefringence (polarization maintaining fiber) and linear pump
polarization, s3=0 yields,

ηs‖ = 1 ηs⊥ = 0 (2.5.4)

It indicates that, by aligning the input SOP of pump and probe wave in polarization maintaining
fibers, we could achieve a full gain or completely suppression of SBS interaction. For fibers
with linear birefringence (SMF), s3 = cos φ where φ is the optical phase difference between
the fast and the slow axis [31]. Due to the uniform distribution of φ, the mean value of s2

3 is 1
2 ,

yielding:

ηs‖ =
1
2 ηs⊥ =

1
2 (2.5.5)

In a similar way, the mean value of s2
1, s2

2 and s2
3 are equally 1

3 for a scrambled relative
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2.6. Threshold

polarization input. Therefore, the resulted mixing efficiencies are given by,

ηs‖ =
2
3 ηs⊥ =

1
3 (2.5.6)

With the introduction of the polarization mixing efficiency factor ηs, the coupled intensity
equations in Eqs. (2.3.12a) and (2.3.12b) can be re-written as:

d

dz
Ip(z) = −ηsgB(Δν)Ip(z)Is(z) − αIp(z) (2.5.7a)

d

dz
Is(z) = −ηsgB(Δν)Ip(z)Is(z) + αIs(z) (2.5.7b)

2.6. Threshold

One of the important parameters that describe the SBS interaction is the threshold, from
where the reflected power starts to rapidly increase. Figure 2.6.1 shows a typical measurement
of the input (pump) and output (transmission and reflection) power of an SBS interaction
in a 20 km SMF with a distributed feedback (DFB) laser. As it is clearly indicated, the
transmission output curve can be divided into 3 different stages:

• stage I - input power smaller than 7 dBm: the reflection power is weak and grows with
almost the same slope as the transmission power when the input power increases. The
reflection power at this stage consists mainly of SpBS and Rayleigh back scattering.
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Figure 2.6.1.: Measurement of the transmitted and reflected power with respect to the input
power for a 20 km SMF. The SBS threshold with Cth=19 is highlighted.
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2. Brillouin Scattering

• stage II - input power range from 7 dBm to 11 dBm: the reflection power increases
rapidly and significantly, while the growth rate of the transmission power decreases. In
this stage, the acoustic wave is gradually strengthened due to the intensified interference
between pump and SpBS via electrostriction.

• stage III - input power higher than 11 dBm: the reflection power keeps growing with the
same slope as in stage I, while the transmission power remains almost constant. In this
stage, the acoustic wave is completely established and the SBS process is fully formed.
All the further launched input power is totally reflected.

As implied from the above analysis, the formation of SBS, or to be more specified, the
generation of the acoustic wave, is a gradual process instead of an instantaneous turning point.
Therefore, there are a variety of definitions on the threshold of SBS and almost all of them
are within stage II. The typical definitions are: [32]

• the input power that is equal to the reflection power;

• the input power that makes the reflection power equal to the transmitted power;

• the input power that is required for a strong increase of the reflection power or a strong
decay of the pump power;

• the input power at which the reflection power at the fiber input equals to 1% of the
input power;

Under the assumption of a negligible pump depletion, the expression of the above mentioned
threshold definitions can be concluded along with Eq. (2.3.14) in a form given by,

Pth ≡ Cth

KBAeff

gpLeff

(2.6.1)

where KB = η−1
s is a polarization factor between 1 and 2 [31]. Similar to the case of ηs

in Sec. 2.5, KB is minimized with KB=1 when the pump and probe wave are co-polarized
along the whole fiber, for instance in a polarization maintaining fiber. If pump and probe
wave have completely random polarization, KB=1.5. The conventional SMF show a value of
KB=2 [31, 32]. The value of Cth depends on the specific definition. Smith proposed the first
model and defined Cth ≈21 [18]. Later on, it was revised and improved with different models
and theories, leading to different values of Cth [33, 34]. For the time being, the most acceptable
value recommended by ITU to adapt is Cth=19 [32]. As it is clearly indicated in Eq. (2.6.1),
the threshold decreases with the fiber length. However, with an increasing physical fiber
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2.7. Gain Spectrum Engineering

length L, the convergence of the effective length in Eq. (2.3.15) leads to a convergent value of
the threshold [2]. In standard SMF, gp=2×10−11 m/W, Aeff=80 μm2, KB=2, α=0.2 dB/km,
if we take Cth=19, the estimated threshold for 5 km, 20 km and 50 km fiber are 34.03 mW
(15.32 dBm), 11.63 mW (10.66 dBm) and 6.55 mW (8.16 dBm), respectively.

2.7. Gain Spectrum Engineering

The low threshold of SBS enables a variety of applications. However, the performance of almost
all the SBS related applications rely on the spectrum characteristics of the Brillouin gain,
such as the filter profile of the SBS based microwave photonics filter [35] and the measurand
resolution of the distributed Brillouin sensors [36]. Numerous efforts have been made to
manipulate the BGS profile, which includes linewidth control and shape engineering, to meet
the requirements of a variety of applications. In this section, the most popular BGS controlling
methods together with pros and contras will be introduced.

Pump Modulation

Modulation on the pump wave is one of the most common ways for BGS manipulation. If the
pump power spectrum is polychromatic, it can be decomposed as a summation of multiple
monochromatic waves. Since each wave has its individual SBS spectral response, an overall
spectrum response is the result of the summation of all the separate contributions. This
principle can be mathematically written as: [21]

Geff
SBS(ν) = GSBS(ν) ∗ Pp(ν)

P tot
p

(2.7.1)

where ∗ denotes the convolution operator, Pp(ν) is the pump spectral density, P tot
p is the total

pump power given by the integral of the spectral density over the full frequency range as
P tot

p =
∫ ∞

0 Pp(ν)dν, GSBS is defined in Eq. (2.4.4) as the response of a monochromatic wave
and Geff

SBS(ν) is the overall SBS spectral response of the polychromatic pump wave.
Specifically for internal modulation, the pump wave spectrum is controlled by the time-

varying laser diode operating current [37]. A change in the injection current is originally for
pump intensity modulation. However, the carrier density change will inevitably lead to a
corresponding change in the refractive index, which in turn modifies the lasing frequency. This
phenomenon is called chirp [38–40]. The simultaneous modulation of frequency and intensity
is one of the disadvantages of internal modulation. A further problem of this technique is the
limited bandwidth. The maximum internal modulation bandwidth is several GHz.
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2. Brillouin Scattering

For external modulation, the pump wave spectrum is determined by the radio frequency (RF)
signal from the RF generator (RFG) via an electrical optical modulator. One of the most
commonly used modulators is the Mach-Zehnder modulator (MZM), which transfers the RF
signal into an optical intensity modulation in time domain [37]. The frequency response of the
modulation is the generation of symmetric sidebands centered at the carrier frequency (see
Appendix B.2 for derivations). The sideband can be precisely controlled by a time-varying
amplitude and frequency of the RF signal, and hence the excited BGS by the sideband as the
pump wave. In comparison to internal modulation, the intensity and frequency modulation
from the external modulation are independent to each other and thus more controllable.
Furthermore, the modulation bandwidth can be extended to several tens of GHz.

Pump modulation could theoretically achieve any arbitrary BGS profiles when necessary
feedback loop and controlling software is supplemented [41, 42]. However, due to the math-
ematical characteristic of the convolution operation, the overall SBS spectral response of a
modulated pump wave cannot be narrower than the intrinsic Brillouin linewidth γB. In order
to achieve a narrower BGS, several other techniques must be exploited.

Superposition

The BGS linewidth can be effectively narrowed by superimposing the Brillouin gain with two
symmetric Brillouin losses with a frequency offset [43]. The superimposed BGS can be well
modeled by [36, 43]

gs(ν) = g(ν) − m · g(ν + d · γB) − m · g(ν − d · γB) (2.7.2)

where g(ν) is the conventional BGS that shares the same definition in Eq. (2.4.1), m is the
ratio of the maximum Brillouin loss and gain, d = Δ/γB, where Δ is the frequency offset
between the center of Brillouin loss and gain, γB is the FWHM of the conventional BGS.
In Fig. 2.7.1(a), some typical superimposed gain spectra with different m and d values are
depicted together with the conventional BGS.

One of the advantages of the technique is the ability to further shrink the Brillouin linewidth
from the intrinsic one. However, the simultaneous decreased peak gain with the narrowed
linewidth, as depicted in Fig 2.7.1(a), is also a disadvantage of the technique. This disadvantage
can be mitigated when the pump modulation technique is supplemented. In comparison with
the conventional BGS, the superimposed BGS with narrowed linewidth is sharper in the
vicinity of the peak gain, leading to an easier determination of the peak position in a noise
environment. This character is important for distributed Brillouin sensing [36] and Brillouin
based spectroscopy [44].
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Figure 2.7.1.: (a) Conventional (solid) and typical superimposed BGS; (b) schematic principle
of the frequency domain aperture.

Frequency Domain Aperture

Another possibility to engineer the BGS is to utilize the frequency domain aperture. It takes
the advantage of the characteristic of inhomogeneous Brillouin gain saturation [45]. The key
factor of this technique is the dependence of the Brillouin amplification on the probe wave
signal, when the probe power is high. It is approximated that the pump wave transfers energy
to the probe signal in an SBS interaction with a negligible depletion if the probe signal is weak.
However, this approximation is no longer valid when the probe intensity grows significantly to
the same magnitude as the pump. The pump is strongly depleted in this scenario, yielding to
a gain saturation of the probe intensity and making the further amplification of the probe
signal impossible [3]. A deeper investigation on the saturation effect can be found in [46, 47].

The inhomogeneous gain saturation characteristic enables the saturation effect to occur only
at the specific probe frequency without interferences to the gain processes in other frequencies
of the BGS. This phenomenon is also called spectral hole-burning [48]. The principle of the
frequency domain aperture can be schematically explained in Fig 2.7.1(b). Two spectrum
broadened saturation signals with high intensity (black solid line level) is utilized to saturate
both edges of the BGS (dashed curve), creating an aperture structure in the frequency domain.
Only the probe wave whose frequency is located in the gap and with an intensity lower than the
signal under test level (gray solid line level) could be amplified by Brillouin interaction. The
Brillouin linewidth to be achieved approximates the gap span, and can be precisely tuned by
the frequency separation between the saturation signals. An experimental linewidth reduction
from 16 MHz to 3 MHz has been demonstrated in [49]. In contrast to the pump modulation,
the frequency domain aperture could only narrow the BGS linewidth.
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3
Distributed Brillouin Fiber Sensing

Distributed fiber sensing is different from the traditional point sensing, e.g., fiber Bragg
grating [50], in that, a spatial-resolved measurement along the entire fiber length is carried out.
This characteristic enables the measurement of the distribution of the measurand instead of
only at discrete points. Generally speaking, the detectable range of the distributed fiber sensors
is continuous and relatively large (usually the fiber length itself). However, in comparison with
point sensors, the moderate spatial resolution and measurand sensitivity are the disadvantages
of almost every kind of distributed fiber sensors, and a great number of efforts have been
spent to avoid them. As a more cost-effective solution than applying nuermous point sensors,
distributed sensors are widely used for large scale sensing applications, such as homeland
security, railway surveillance, and oil and gas pipelines leakage monitoring.

Currently, almost all kinds of scattering effects in optical fibers, i.e., Rayleigh [9], Bril-
louin [51], and Raman [11], can be utilized for distributed sensing. Among them, distributed
Brillouin sensing owns the most versatile sensing system due to its sensitivity to both tem-
perature and strain, whereas Raman scattering-based distributed sensors are only sensitive
to temperature [52]. In addition, Brillouin sensors provide the absolute measurement result,
but the Rayleigh scattering-based sensors can only offer a relative value between two measure-
ments [53]. Besides, the low Brillouin threshold and high Brillouin gain make the detection of
the sensing response also much easier. As a result, distributed Brillouin sensing draws the
most attention and develops rapidly since its first demonstration three decades ago [54, 55].

The conventional SBS interaction happens between two continuous waves (CW). According
to the coupled intensity equation in Eqs. (2.3.12a) and (2.3.12b), the Brillouin gain between the
two waves at each fiber section is accumulated along the fiber, leading to a relative high gain
detected by a receiver. Nevertheless, this accumulation is not a benefit for a spatial-resolved
measurement, since this accumulation makes it difficult to distinguish the information of
local interaction from each fiber section. Some changes and also advanced techniques need
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3. Distributed Brillouin Fiber Sensing

to be adapted for distributed Brillouin fiber sensing. In this chapter, an overview of various
distributed Brillouin sensing techniques will be classified and presented, with the emphasis on
the time-domain technique and its state-of-the-art performance enhancements.

3.1. Sensing Principle

The sensing principle of distributed Brillouin sensors is originated from the measurand
(temperature and strain) dependent acoustic wave velocity given by, [55, 56]

va =

√√√√ Y (1 − κ)
(1 + κ)(1 − 2κ)ρ (3.1.1)

where Y is the Young’s modulus, κ is the Poisson’s ratio and ρ is the fiber density. Due to
the close relation between the BFS νB and the acoustic wave velocity va via Eq. (2.1.4), the
temperature [54] and strain dependence of the BFS [55] can be mathematically expressed
as: [57]

νB(T, ε) = CT ΔT + CεΔε + νB(T0, ε0) (3.1.2)

where T0 and ε0 are called the reference temperature and strain, ΔT and Δε are the change
of temperature and strain, respectively. Considering the rigidity of the optical fiber, the strain
value is often expressed in microstrain (με = ε × 10−6 = ΔL

L
× 10−6, where ΔL and L are the

length variation and the original length, respectively). CT and Cε are the temperature and
strain coefficient, which are dependent on the fiber doping, pump wavelength, fiber coating and
jackets [57]. A good approximation of CT and Cε in standard SMF with a pump wavelength at
1550 nm around the near-room-temperature are 1 MHz/◦C and 50 kHz/με, respectively [28],
as the typical experimental data in Fig. 3.1.1 demonstrates [58]. Therefore, the measurand
distribution can be determined by measuring the local BFS at each fiber section.

Depending on the specific configuration of the distributed Brillouin sensor, there are several
ways to localize the Brillouin interaction in each fiber section (see Sec. 3.3). However, no
matter what kind of configuration, BGS measurement at each fiber section has to be carried
out before the BFS determination by scanning the pump-probe frequency offset typically in a
range of a few hundred MHz in the vicinity of the estimated BFS [51, 59]. Additionally, the
scanning range must cover the frequency shift induced by the estimated temperature (strain)
variation. The local BFS is determined by the peak frequency of the local BGS. Practically,
a proper fitting algorithm will be applied on the measured BGS to overcome the inevitable
system noise in peak frequency determination [59, 60]. In principle, all the above mentioned
techniques are valid not only for distributed fiber sensing based on Brillouin gain, but also
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Figure 3.1.1.: BFS dependence on (a) temperature and (b) strain in a standard SMF with a
pump wavelength at 1550 nm [58].

for Brillouin loss-based one. In fact, Brillouin loss based sensing techniques demonstrate an
overall better performance than the Brillouin gain based one regarding long range sensing [61]
and are more favorable for commercialization. For simplicity, the discussions in the following
contexts will only focus on Brillouin gain based distributed fiber sensing.

3.2. Key Performances

Depending on the application, configuration and supplement techniques, the performance of
a distributed Brillouin sensor can be specifically evaluated by a variety of criteria [62]. In
this section, the most general performance evaluation for a distributed Brillouin sensor will
be introduced. Due the intrinsic physical relations, some of the key performances are closely
correlated.

• Spatial Resolution

The spatial resolution symbolizes how localize the SBS interaction is. It can also be
characterized by the number of resolved points evenly distributed in the entire length of the
fiber and describes the accuracy of the sensor in the spatial domain. A distributed Brillouin
sensor with a high spatial resolution is able to measure the location of the measurand change
more accurately and could identify the measurand change in a very small scale, such as a
crack in a building. However, the higher spatial resolution is usually at the cost of a shorter
interaction length in most of the configurations, leading to a lower gain and lower detected
probe signal level at the receiver.
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3. Distributed Brillouin Fiber Sensing

• Measurand Resolution

Due to the inevitable system noise, the determination of the local BFS is not always
accurate. Even with the assistance of a fitting algorithm, multiple times of measurements on
the same fiber section under the same environment condition show still a deviation of the BFS
value [62, 63]. The measurand resolution is characterized by the standard deviation of the
BFS value after a sufficient large number of measurements (usually larger than 20 times). It
symbolizes how precise the distributed Brillouin sensor could determine the measurand. A high
Brillouin gain, low noise level [63] (or an overall enhanced signal-to-noise ratio (SNR) [64]) and
an engineered, particularly sharp spectrum profile [36] could contribute to a higher measurand
resolution. Due to this characteristic, the measurand resolution is not a constant in the entire
fiber length, but higher at the pump launching end and lower at the probe launching end of
the fiber, respectively. As a supplement to the spatial resolution, the measurand resolution
describes the precision of the sensor in the frequency domain.

• Sensing Range

The sensing range of distributed Brillouin sensors is normally the fiber length itself. However,
this is no longer valid if the probe signal is significantly attenuated and eventually faded
into the system noise. This scenario occurs particularly with low (pump and probe) power,
ultra-long fiber length (>100 km) [28] and high system noise. Therefore, a low system noise
level, high probe power and intensive Brillouin interaction, i.e., high Brillouin gain or longer
interaction length, would effectively extend the sensing range.

• Measurement Time

The measurement time of a distributed Brillouin sensor is usually long (several minutes)
due to several reasons. The first one is the pump-probe frequency scanning for the BGS
reconstruction in most of the conventional configurations. Besides, owing to the requirement
on the spatial resolution, the Brillouin interaction efficiency in sensing is not as high as the
conventional CW-interaction. Therefore, a large number of averaging at each pump-probe
frequency offset must be applied for noise reduction [28]. A detailed discussion about the
optimization of the measurement time will be presented in Sec. 3.5.6.

• Signal-to-noise Ratio

In order to acquire environmental information in a more precise location, a higher spatial
resolution is required at the cost of a shorter Brillouin interaction length in most of the
scenarios, leading to a lower SNR. The sensing range is restricted at the fiber far end when
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3.3. Configurations of Distributed Brillouin Sensors

the probe signal level is ambiguous to the noise after the accumulation of fiber loss. A low
SNR also makes the BFS determination from the measured BGS susceptible to the noise. In
order to maintain the measurand resolution, a larger number of averaging has to be carried
out, leading to a more time-consuming measurement. Therefore, all the above mentioned
parameters are eventually related to each other by the SNR of the system. Just like the
measurand resolution, the SNR of a distributed Brillouin sensing system is also not a constant,
but is decreasing with the propagation distance due to the influence of fiber loss on both the
pump and probe wave.

3.3. Configurations of Distributed Brillouin Sensors

Depending on the principle used to reconstruct the local BGS, the distributed Brillouin sensors
can be classified into several configurations. Basically, there are interrogation techniques in the
correlation domain, denominated Brillouin optical correlation-domian analysis (BOCDA); in
frequency domain, named as Brillouin optical frequency-domain analysis (BOFDA); and in time
domain, called Brillouin optical time-domain analysis (BOTDA). Some of the interrogation
techniques have the option to utilize only one end of the fiber, called reflectometry in the
specific domain. Generally speaking, interrogation techniques based on reflectometry are more
appropriate for applications, which have a strong requirement on the setup simplicity instead
of measurement accuracy.

BOCDA

BOCDA is one of the most recently developed distributed Brillouin sensing technqiues [65]. In
comparison to other configurations, it has an absolute advantage in its spatial resolution down
to several millimeters [66] and hence, a wide range of applications on tiny crack detections in
structural health monitoring [67]. This ultra-high spatial resolution is attributed to its principle
based on the interaction of two identically sinusoidally frequency modulated quasi-CW pump
and probe waves. Correlation peaks will be generated when the counter-propagating pump
and probe meet and the frequency difference at specific sections of the fiber remains constant,
similar to the principle of a standing wave depicted in Fig. 3.3.1 [68]. Brillouin interactions
will take place at these correlation peaks when the frequency difference is properly set in the
vicinity of the BFS of the fiber section. A scanning of the frequency difference reconstructs
the BGS at the correlation peaks and by changing the modulation frequency, the BGS can be
obtained along the entire length of the fiber [65].

Since the frequency difference varies (with the same period as the frequency modulation)
much faster than the time required to excite an acoustic wave, the Brillouin interactions at the
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3. Distributed Brillouin Fiber Sensing

positions other than the correlation peaks are negligible. Therefore the spatial resolution of
the BOCDA is usually high and given by the parameters of the frequency modulation as, [68]

Δz =
vg · γB

2πfm · Δf
(3.3.1)

where vg is the light speed in optical fibers, γB is the intrinsic Brillouin linewidth, fm and
Δf represent the frequency and the amplitude of the frequency modulation, respectively, as
depicted in Fig. 3.3.1.

Since it is impossible for the receiver to distinguish the contributions of the Brillouin
interaction from multiple correlation peaks of the fiber simultaneously, parameters of the
frequency modulation should be carefully designed so that there is only one correlation peak
within the fiber under test (FUT) [65]. The upper limit of the sensing range is given by the
distance between the adjacent correlation peaks, expressed as: [65]

zmax =
vg

2fm

(3.3.2)

Therefore, as a cost of the ultra-high spatial resolution, the sensing range of a BOCDA
system is usually short with a typical value of tens of meters. Due to the scanning in both
frequency and spatial domain, it is usually time-consuming to carry out a measurement with
a conventional BOCDA setup.

ν Δf

νp

νs

Δν

z

νp − νs

Δν

z

Figure 3.3.1.: Schemtaic principle of BOCDA with the Δf as the amplitude of the frequency
modulation [68]. νp and νs are the pump and probe wave frequency, respectively, with
Δν = νp − νs. The arrows at the bottom show the correlation peaks where the frequency
difference between pump and probe wave remains constant
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3.3. Configurations of Distributed Brillouin Sensors

BOFDA

The technique of BOFDA was firstly demonstrated in 1996. It relies on the measurement
of the complex transfer function between the amplitude of the pump and probe waves [69].
A conventional BOFDA setup utilizes a CW pump wave counter-propagating a sinusoidally
amplitude modulated quasi-CW probe wave frequency down-shifted by the BFS to the pump
wave. The intensity of both waves after the interaction are recorded by two separate receivers
and fed to a network analyzer. Once the frequency of the amplitude modulation has finished
a scanning over a certain range, the network analyzer could provide the baseband transfer
function of the FUT, whose inverse Fourier transformation is a good approximation of the
response of the Brillouin interaction in each fiber section and represents the measurand
distribution along the fiber [70].

Due to the characteristic of the Fourier transform, the spatial resolution and the sensing
range are limited and closely link to the parameters of the amplitude modulation [69]. The
spatial resolution is given by:

Δz =
c

2n

1
fm.max − fm,min

(3.3.3)

where n is the refractive index of the fiber, fm.max and fm,min are the maximum and minimum
modulation frequencies, respectively. The sensing range is denoted as:

zmax =
c

2n

1
Δfm

(3.3.4)

where Δfm is the frequency step of the scanning. It is clearly indicated that, a wide range
of frequency scanning with a small step could achieve both high spatial resolution and long
sensing range, though at a tremendous cost of the measurement time.

BOTDA

The technique of BOTDA is the first demonstrated [54, 55] and also one of the most well-
developed interrogation techniques of distributed Brillouin sensing. The schematic principle of
the BOTDA is illustrated in Fig. 3.3.2(a). The Brillouin interaction is localized in time domain
by exploiting a pulsed pump (or probe) wave. An acoustic wave is generated locally at the
point where the pulsed pump and the probe CW meet and interact. The spatial interaction
confinement determined by the pulse duration τ defines the spatial resolution of the sensor as:

Δz =
1
2vgτ (3.3.5)
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Figure 3.3.2.: (a) Schematic principle of BOTDA in frequency domain (top) and time domain
(bottom); (b) typical conventional BOTDA setup [59]. RFG: radio frequency generator, MZM:
Mach-Zehnder modulator, EDFA: Erbium-doped fiber amplifier, Pol.S.: polarization scrambler,
FUT: fiber under test, PD: photodiode, Cir: circulator, FBG: fiber Bragg grating.

where vg is the speed of light in the fiber and the factor 2 represents the round-trip propagation.
The Brillouin interaction efficiency depends on the pump-probe frequency offset to the local
BFS of the fiber section. The amplified probe wave propagates back to the photodector
placed at the end of the fiber, where the time evolution of the intensity is detected. The time-
dependent probe wave power, also commonly called BOTDA trace, can be straightforwardly
converted into the distance-dependent information via z = vgt/2. This round-trip relation also
regulates the minimum pump pulse launching period to avoid trace overlapping. The local
BGS at each fiber section can be reconstructed by scanning the pump-probe frequency offset
in the vicinity of the estimated BFS and the local BFS is determined by applying a fitting
algorithm to the measured local BGS at each fiber section.

As illustrated in Fig. 3.3.2(b), a typical conventional BOTDA setup is comprised of three
parts. The output from a highly coherent laser source is split via a coupler into two branches.
In the upper probe branch, the Mach-Zehnder modulator (MZM 1) operated in the carrier
suppression regime is modulated by an RF signal from an RF generator (RFG), which scans
the RF signal in the vicinity of the BFS (≈11 GHz) over a range of several hundreds of MHz.
A fiber Bragg grating (FBG 1) works as a narrow band-pass filter to block the generated
upper frequency sideband and the lower one serves as the probe wave. Before launching into
the FUT, the probe power is controlled and amplified by an Erbium-doped fiber amplifier
(EDFA 1). In the upper pump branch, the pump wave is pulsed to a required duration by
another MZM (MZM 2) operated by a pulse generator. The pump power is also amplified
and controlled by an EDFA before launching into the FUT via the circulator (Cir 1). The
polarization scrambler (Pol.S.) has to be used to randomize the polarization of either pump or
probe wave to mitigate the influence of the SBS polarization effect [71], as generally introduced
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Figure 3.3.3.: A typical (a) BOTDA trace of a 25 km SMF at a specific pump-probe frequency
offset and (b) the reconstructed 3D BGS along the fiber [59].

in Sec. 2.5.
In the detection and processing part, the time evolution of the amplified probe wave is

detected by a photodiode (PD). In order to avoid any trace distortions, the relation between
the pulse duration τ and the minimum bandwidth of the PD should follow BWmin = 1.5/τ [72].
This is only valid for the pulses with an optimized rising/falling time of τ/3 [73]. For pulses with
sharper rising edge and shorter rising time tr, the bandwidth follows tr · BWmin ≈ 0.35 [63, 74].
Another narrow band-pass filter (FBG 2) is usually utilized to block the residual reflected
and Rayleigh scattered pump wave before the detection. The electric output from the PD is
digitally processed by a digitizer with a large number of averaging. As a typical BOTDA trace
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Figure 3.3.4.: A measured BGS (solid) at a specific fiber section fitted by a Lorentzian function
(dashed); (b) a top view of the reconstructed Brillouin gain with a 20 m hot spot at the fiber
end [59].
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3. Distributed Brillouin Fiber Sensing

in Fig. 3.3.3(a) depicts, the local Brillouin gain can be derived by dividing the electrical signal
at each fiber section (with Brillouin interaction) by the signal before the pump pulse is launched
into the fiber (without Brillouin interaction) [28]. Figure 3.3.3(b) illustrates the reconstructed
BGS along the fiber. A proper fitting algorithm has to be applied on the measured BGS
to determine the local BFS at each fiber section [60, 75]. Figure 3.3.4(a) demonstrates an
example of a Lorentzian fitting and Fig. 3.3.4(b) depicts a measured hot spot at the end of the
25 km FUT.

BOTDR

Optical time-domain reflectometry (OTDR) utilizes the localized Rayleigh back scattering
under a pulsed pump wave to achieve a spatial resolved interrogation [76]. One of the
advantages of this reflectometry is that, it is necessary to get access to only one end of the fiber
for pump launching. The principle of Brillouin optical time-domain reflectometry (BOTDR)
is the OTDR technique based on SpBS. Different from BOTDA, no probe wave is required to
be launched into the fiber from the other end of fiber, which makes BOTDR advantageous
for some certain practical applications. The spatial resolution in BOTDR is also confined by
the pump pulse duration, sharing the same expression with Eq. (3.3.5). Since the efficiency
of SpBS is not as high as SBS, the back scattered signal power is much weaker than with
BOTDA. Thus, it is of great significance to employ the coherent detection with a strong
optical and electrical local oscillator [51, 77]. Unlike the case of BOTDA, the pump-probe
scanning for BGS reconstruction is conducted in the electrical domain with the scanning of the
electrical local oscillator [51, 77]. The disadvantages due to the weak signal are the inevitable
but undesired Rayleigh back scattering and the Fresnel reflection from the connectors and
at the end of the fiber, from which almost all the OTDR techniques are suffering [76]. The
solution for an effective mitigation is a band-pass filter, such as FBG. Nevertheless, the filter
passband profile must be as rectangular as possible, so that the weak SpBS signal remains
undistorted.

3.4. Theoretical Model of BOTDA

In this section, a simplified theoretical model especially for the well-developed BOTDA will
be derived step by step. The pump pulse extinction ratio (ER) in this model is regarded as
infinite high, so that the Brillouin interaction between the probe wave and the pulse leakage is
negligible. More details about the influence of the pump pulse ER on the sensing performance
will be given in Sec. 3.5.2.

The foundation of this model lies in the coupled wave equation introduced in Sec. 2.3.
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3.4. Theoretical Model of BOTDA

Considering the expression of the maximum inherent SBS gain coefficient gp in Eq. (2.3.13),
the coupled wave equations Eqs. (2.3.11a) and (2.3.11b) can be re-written as:

d

dz
Ep =

[
− gp

2
γB

γB − j · 2Δν
|Es|2 − α

2

]
Ep (3.4.1a)

d

dz
Es =

[
− gp

2
γB

γB + j · 2Δν
|Ep|2 +

α

2

]
Es (3.4.1b)

where Δν = νp − νs − νB is the probe wave frequency detuning from the BFS. The pump pulse
is launched into the fiber from z = 0 and propagates in +z direction, while the probe wave is
launched from z = L where L is the fiber length, and propagates in −z direction. Provided
that the pump power at the location z remains constant in a short distance of Δz, where Δz

is the spatial resolution defined in Eq. (3.3.5), the integral over Δz in Eq. (3.4.1b) yields:

Es(z − Δz) = Es(z) · exp
⎡
⎣gp

2
γ2

B − j · 2γBΔν

γ2
B + 4Δν2 |Ep(z)|2 Δz

⎤
⎦ · exp

⎛
⎝−α

2Δz

⎞
⎠ (3.4.2)

As described in Sec. 2.4, both amplitude and phase change due to the interaction have been
imposed on the probe electrical field. Due to the assumption of a negligible probe-pulse leakage
interaction, the probe wave suffers only from the fiber attenuation in the rest of the fiber
locations, leading to the expression of the probe electrical field at the receiver as:

Es(z)
∣∣∣∣∣
rx

= Es0 · exp
⎡
⎣gp

2
γ2

B − j · 2γBΔν

γ2
B + 4Δν2 |Ep(z)|2 Δz

⎤
⎦ · exp

⎛
⎝−α

2L

⎞
⎠ (3.4.3)

where Es0 is the input probe electrical field, Es(z)|rx represents the probe electrical field detected
at the receiver after the Brillouin interaction occurred at the fiber location z. Assuming that
the pump power is only affected by the fiber attenuation, i.e., pump depletion is negligible,
we may write the spatial evolution of the pump wave as:

Ep(z) = Ep0 exp
⎛
⎝1

2αz

⎞
⎠ (3.4.4)

where Ep0 is the input pump electrical field. The substitution of the pump power at the
location z in Eq. (3.4.3) with Eq. (3.4.4) leads to the detected optical power at the receiver,
given by:

Ps(z)
∣∣∣∣∣
rx

= Ps0 · exp
⎡
⎣ g0γ2

B

γ2
B + 4Δν2Pp0 exp(−αz)Δz

⎤
⎦ · exp(−αL) (3.4.5)
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3. Distributed Brillouin Fiber Sensing

where Pp0 and Ps0 are the launched pump and probe wave power. Here the relation of
Eq. (2.4.2) is used. This result shows a good agreements with Eq. (2.4.3) with a localized
pump expression.

Due to the small Brillouin gain in most of the sensing scenarios, small gain approximation
may be applied to Eq. (3.4.5), leading to,

Ps(z)
∣∣∣∣∣
rx

= Ps0 · exp(−αL)
⎡
⎣1 +

g0γ2
B

γ2
B + 4Δν2Pp0 exp(−αz)Δz

⎤
⎦ (3.4.6)

where the first term is the probe wave power influence only by the fiber attenuation and the
second term represents the result of the Brillouin interaction at the position z. As it is clearly
indicated, a high local pump power, a longer pulse duration and a higher gain coefficient would
contribute to a more efficient Brillouin interaction. The linear local Brillouin gain (on the
probe power) at the fiber section z can be calculated as:

Glocal(z) =
Ps(z)

∣∣∣∣∣
rx

Ps0 · exp(−αL) = 1 +
g0γ2

B

γ2
B + 4Δν2Pp0 exp(−αz)Δz (3.4.7)

showing an exponential decay with the fiber length. Similarly, the logarithmic local Brillouin
gain shows a linear relation with the fiber length with the slope having a Lorentzian distribution
to the frequency. The lowest received power is the back scattered wave from the far end of the
fiber z = L, given by:

Ps(L)
∣∣∣∣∣
rx

= Ps0 · exp(−αL) +
g0γ2

B

γ2
B + 4Δν2Pp0Ps0 exp(−2αL)Δz (3.4.8)

where the factor of 2 in the second term indicates the round-trip relation, i.e., the fiber section
at z = zi will only be interrogated when the pump pulse propagates a distance of zi to the
fiber section and the amplified probe wave is back scattered to the detector with the same
propagation distance, suffering a doubled fiber attenuation. In a conventional BOTDA setup,
the worst sensing performance usually happens at the far end of the fiber owing to the lowest
signal level [62]. As mentioned in Sec. 3.2, the sensing range of the BOTDA is no longer the
fiber length if the second term of Eq. (3.4.8) is comparable to or lower than the system noise.

3.5. State-of-the-art and Limitations of BOTDA

The overall objective of the distributed Brillouin sensing is to retrieve the temperature and
strain profile of the fiber with a high precision, with a large number of spatial resolved points,
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in a very wide spatial range. However, due to the intrinsic physical relations and limitations,
a conventional BOTDA system is not able to achieve these criteria. Numerous investigations
have been carried out to propose a state-of-the-art setup towards this ultimate aim. A figure
of merit (FoM) [62] given by:

FoM =
(αLeff )2 exp [(2 + fl)αL]

Δz
√

NT rNAV

·
√

δγB

σv

(3.5.1)

is utilized to quantify the overall performance of a BOTDA system. A bigger value of the
FoM symbolizes an overall better performance of the sensing system. Leff is the effective
nonlinear length of the fiber defined in Eq. (2.3.15), L is the sensing fiber length, Δz is the
spatial resolution determined by the pump pulse duration in Eq. (3.3.5), NT r is the number
of different traces required per frequency step, NAV is the number of time-averaged traces,
δ is the scanning frequency step, γB is the FWHM of the gain spectrum, σv is the standard
deviation of the BFS determination. fl is a parameter related to the setup configuration.
fl = 1 for loop configuration, if only half of the total fiber length is used for sensing, while
fl = 0 for the standard configuration, where all the fiber length is used for sensing [62]. The
analytical expression of the BFS error σv is found with a quadrature fitting of the measured
BGS as:

σv(z) =
1

SNR(z)

√√√√√ 3δγB

8
√

2(1 − η)3/2
η=0.5=⇒ σv(z) =

1
SNR(z)

√√√√3
4δγB (3.5.2)

where SNR(z) = σ(z)−1 with σ(z) as the root-mean-square (RMS) value of the noise of the
BGS measured at the fiber location z, η is the fraction of the peak value, above which all the
points on the measured BGS are involved in the quadrature fitting, as illustrate in Fig. 3.5.1.
For a particular case when the data points in the range of the FWHM are centered at the peak
value of BGS (η = 0.5), the expression of the BFS error can be simplified. With Eqs. (3.5.1)
and (3.5.2), the performance of any arbitrary BOTDA configuration can be evaluated, and
it also provides a guideline for sensing performance enhancement. In this section, the most
important works in the performance enhancement and intrinsic physical limitations that blocks
the ultimate criteria to be achieved will be introduced.

3.5.1. Power Limits

A more intensive power of the probe and pump wave leads to a higher Brillouin gain, higher
SNR, and thus an overall better sensing performance. However, considering the intrinsic
physical limitations, there are several reasons to restrict the power levels.
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Figure 3.5.1.: Typical measured local BGS (black) and the corresponding quadrature fitting
(gray) with η=0.5 [59]. An uncertainty of the BFS estimation is influenced by δ as the frequency
step of the scanning, σ as the spectrum noise level and γB as the Brillouin linewidth [62].

Pump Wave Power

The pump power in a BOTDA system is normally referred to the pump pulse peak power P0.
It is related to the pump average power Pavg measured by an optical power meter and the
pulse ER with the conservation of energy, given by: [78]

Pavg · 1
frep

=
P0

ER
· 1

frep

+ P0 · τ (3.5.3)

where frep is the repetition rate of the pulse sequence, τ is the pulse width. Modulation
instability (MI) is one of the factors that rises when the pump pulse power is beyond a certain
threshold [79]. The distortion-free propagation of an optical pulse in the optical fiber requires
a good balance between Kerr effect and the anomalous dispersion [1]. However, a higher pulse
power strengthens the Kerr effect and breaks the balance, so that a periodic train of localized
wave packets rise from the noise. In frequency domain, this process can be interpreted as the
energy transfer between the fundamental mode that constitutes the initial continuous wave
and high-order Fourier modes [79], leading to the creation of symmetric side lobes centered at
the pulse frequency [80]. By solving the nonlinear Schrödinger equation, the energy spread
over different frequencies eventually returns to the initial mode after a definite propagation
length. This reversible phenomenon is known as Fermi-Pasta-Ulam recurrence [79, 81].

Specifically for BOTDA, the FPU recurrence give rise to the oscillatory evolution of the
pump power along the fiber length, leading to a strong MI-induced pump depletion and a
distorted BOTDA trace when the pump power is high. As depicted in Fig. 3.5.2, some of the
fiber sections are not correctly interrogated due to the strong pump depletion. The MI critical
power for a conventional BOTDA with 25 km SMF is estimated to be only 135 mW [82]. Due
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Figure 3.5.2.: BOTDA traces with distortion due to MI with various input pump powers and
fitting curves [82].

to the low threshold of MI and the rapid pump depletion because of that, MI severely limits
the sensing range and the overall performance of the sensing system.

Another factor that prevents the pump power from being higher is the SPM. Particular at
the rising and falling edge of the pulse when the pulse shape is not perfectly rectangular, the
spectral broadening effect induced by SPM is severe due to the short rising and falling time of
the pulse. The detrimental outcome is the corresponding broadening of the measured BGS
and thus the reduction of the measurand precision.

There are several ways for MI mitigation and further increasing the pump power, which
includes:

• Noise filtering: employs a narrow band-pass optical filter to block the amplified sponta-
neous emission (ASE) from the EDFA for pump pulse amplification. Since the MI gain
spectrum expands over a frequency range up to 60 GHz, any filters whose bandwidth
are below this level would contribute to the MI mitigation. An enhanced MI mitigation
performance is expected with a narrower filter [83].

• Multi-frequency pump-probe interaction: spreads the intensive total pump power beyond
the MI threshold over multi-wavelengths with each single channel power below the MI
threshold [84]. Consecutive FBGs separated by a certain length of fiber are utilized to
solve the FWM induced by co-propagation of pump pulses in time domain. Therefore,
the pump-probe interaction happens one after another instead of simultaneously. An
inverse sequence of the consecutive FBGs offers a reversed delay and combines the
trace back in time domain, so that a simultaneous detection can be achieved. SNR is
theoretically expected to be enhanced by N times with N pump wavelengths.
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• Orthogonal-polarized pump pulses: circumvent the problem of FWM induced by the
pulse co-propagation due to the highly polarization dependence of the FWM [1]. Owing
to the unitary nature of the fiber, the orthogonality of the pulses SOP will remain the
same, even though each SOP hovers in the fiber due to the slight birefringence [85]. As
a consequence, the overall efficiency of the Brillouin interaction is doubled [86] with a
negligible orthogonalization error induced by the polarization dependent loss [87].

Probe Wave Power

The restriction of the probe wave power is mainly due to the non-local effects (NLE) and
SpBS. It is straightforward that the probe wave may excite its own acoustic wave when the
probe wave power is strong enough to reach the threshold. The NLE generally refers to the
fact that a local Brillouin interaction in a fiber section is influenced by the interactions in
other sections. The result of this cross-interference is usually a distorted gain spectrum with
more than one peak and thus, an extra error on the BFS determination of the fiber section.
Please note that, not only a high probe wave power could lead to the NLE effect. A detailed
discussion about the NLE caused by an imperfect pulse will be given in Sec. 3.5.2.

The NLE due to a high probe power is also called the first-order NLE. The pump depletion,
as its origin, is usually regarded as negligible in the general model of SBS in Sec. 2.3 and in
the model for BOTDA in Sec. 3.4. The magnitude of the pump depletion can be estimated in
a similar way by assuming that, the probe signal is only attenuated by the fiber loss, that
is, Es(z) = Es0 exp

[
−1

2α(L − z)
]

in Eq. (3.4.1a). The integral over the entire fiber length L

yields the solution of the pump wave optical field as:

Ep(L) = Ep0 · exp
⎛
⎝−α

2L

⎞
⎠ · exp

⎡
⎣−gp

2
γ2

B + j · 4γBΔν

γ2
B + Δν2 |Es0|2 Leff

⎤
⎦ (3.5.4)

where Leff is the effective nonlinear length of the fiber defined in Eq. (2.3.15). The correspond-
ing pump wave power can be written as:

Pp(L) = Pp0 · exp (−αL) · exp
⎡
⎣− g0γ2

B

γ2
B + Δν2Ps0Leff

⎤
⎦ (3.5.5)

As it is clearly indicated both from Eqs. (3.5.4) and (3.5.5) that, besides the intrinsic fiber
loss, the pump wave suffers from an extra probe wave and Brillouin interaction related term,
i.e., pump depletion.

The influence of the pump depletion on the BGS measurement is schematically illustrated in
Fig. 3.5.3(a). Since the probe wave is continuous and interacts with the pump pulse only once
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Figure 3.5.3.: (a) The schematic principle of the first-order NLE and (b) the spectral arrange-
ment of the dual-probe regime [88].

for each time interval, the impact of the depletion is generally much higher on the pump pulse
than on the probe CW. This effect of accumulation makes the pump depletion particularly
severe if the sensing fiber has a uniform BFS distribution for a long distance and a short
non-uniformity at the end from the probe wave launching point. Significant depletion will
be generated due to the previous Brillouin interactions at the fiber sections with uniform
BFS. The pump spectrum density will be no longer equally distributed in frequency domain
and independent of the interaction the pump pulse has experienced before reaching the fiber
section with non-uniform BFS. The first-order NLE generally leads to a biasing effect on
the BGS and thus an error on the BFS. Results in Fig. 3.5.4 compare the influence of the
first-order NLE on a hot spot measurement at the far and near end of the fiber.

In order to quantify this influence, a pump-probe frequency offset dependent and dimen-
sionless depletion factor d is defined as: [88]

d(z) =
P̃p(z) − Pp(z)

Pp0(z) (3.5.6)

where P̃p(z) = Pp0 exp(−αz) is the pump power at the location z in the absence of the Brillouin
interaction and its value should be independent to the pump-probe frequency offset. We
may derive the expression of the depletion factor at the BFS at the output of the fiber (the
launching end of the probe wave) as:

d(L) = 1 − e−g0Ps0Leff =⇒ Ps0 = − ln [1 − d(L)]
Aeff

gpLeff

≈ − ln [1 − d(L)]
Aeff

gp

α (3.5.7)

The last approximation in Eq. (3.5.7) has taken the expression of Eq. (2.3.15) into consideration.
For a 1 MHz tolerable error in the BFS value, the depletion factor must be smaller than
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Figure 3.5.4.: BFS distribution at a 10◦C warmer hot spot with different input probe power
Ps when the hot spot is located at the (a) far and (b) near end of the fiber with 69 mW pump
peak power [88].

0.2 [88]. This indicates a maximum input probe power of 40 μW (−14 dBm) for long sensing
fibers with L > Leff=22 km [88]. To avoid the NLE, there are the following strategies:

• Pulsed probe wave: is the most straightforward solution to avoid interrogation in
undesired fiber sections [89]. The location of the fiber section under investigation, i.e.,
the location the pump and probe pulses meet, can be controlled by the time delay
between the pulses. However, besides the frequency scanning for BGS reconstruction,
an extra scanning over the fiber length significantly increases the measurement time.

• Dual-probe waves: is one of the most simple solutions for first-order NLE mitigation.
Instead of the single frequency probe wave in a conventional BOTDA setup, balanced
dual probe waves are injected as Stokes and anti-Stokes waves with a frequency down-
and up-shift by the BFS to the pump frequency, respectively. As shown in Fig. 3.5.3(b),
the sidebands inevitably become unbalanced at the detector, even they are aligned
balanced at the input. The reason for this behavior is that, the energy transfer from the
high power (pump) to the low power (probe) is more efficient than its reverse process.
Dual-probe regime could drastically rises the maximum probe wave power [88] from
40 μW (−14 dBm) to 0.5 mW (−3 dBm) for each sideband power under the same
tolerable BFS error [90] with the maximum value limited by the second-order NLE.
Unbalanced dual-probe wave with a higher Stokes wave reduces the compensation of the
pump depletion. Considering this fact, an optimal dual-probe regime with a stronger
anti-Stokes input power is proposed [91].

• Frequency-modulated probe wave: as depicted in Fig. 3.5.5(a), the second-order NLE
is originated from the frequency-dependent spectral deformation of the pump pulse
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Figure 3.5.5.: (a) The schematic illustration of second-order NLE [90] and (b) the proposed
dual-probe regime with additional FM to solve it [92, 93].

spectrum that affects the interaction in the gain and loss configuration differently [90].
This means that, the second-order NLE exists even with a dual-probe regime. The
overall outcome of the second-order NLE is a narrowed BGS and a broadened, distorted
BLS. Dual-probe sidebands with frequency modulation (FM) in saw-tooth profile provide
a solution not only for first-order but also for second-order NLE mitigation [92, 93].
Provided that the FM is synchronized to the pump pulses, as illustrated in Fig. 3.5.5,
a series of pulses interacts always with the same probe frequency at a specific fiber
position. In turn, every single pulse experiences interactions with probe waves that
have different frequency offsets during their propagation along the fiber. By interacting
with different frequencies within the BGS, the pulse depletion is not accumulated and a
decreased distortion on the pulse spectrum can be achieved. The mitigation of both first-
and second-order NLE pushes the maximum probe power limit to 8 dBm, approaching
the ultimate probe power limited by amplified SpBS in ∼20 km SMF [92]. A higher
launching probe power is believed to be able to excite its own SBS process.

3.5.2. Pump Pulse Extinction Ratio

A finite pulse ER generates a leading and trailing pedestal with the same frequency as the
pulse itself. Despite the lower power of the pedestal than the pulse peak, Brillouin interaction
still takes place between the probe wave and pedestal before and after the main pulse-probe
interaction, leading to an interference to the local interrogation from other fiber sections.
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Figure 3.5.6.: (a) Scheme of pump pulse-probe interaction with limited ER and (b) the resulted
distortions on the BOTDA trace [94, 95].

Therefore, the influence of a finite pulse ER can also be categorized as NLE. Since the pump
pedestal has a much lower power than the pump pulse, the pedestal-probe interaction is usually
spontaneous instead of stimulated, strengthening the ASE noise from the Brillouin interaction
at the final detection.

The interaction between the probe wave and a pump pulse with a finite ER can be separated
into three parts, as shown in Fig. 3.5.6(a). The additional pedestal-probe interaction leads to
an additional amplification of the probe wave. However, these non-local amplifications bring
interference to the local interrogation. In case of a strong probe wave, the pulse and pedestals,
especially the trailing pedestal, will suffer from extra depletion, leading to a trace distortion
in Fig. 3.5.6(b). Furthermore, the over-amplified probe wave provides interfering the BFS
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Figure 3.5.7.: The simulated BGS at the hot spots with different BFSs interrogate with pump
pulse ER of (a) 40 dB and (b) 26 dB. The uniform BFS of the rest of the fiber is 10.835 GHz [96].
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information from other fiber sections, leading to an ambiguity in BFS determination of the
local section. As demonstrated in Fig. 3.5.7, the probe-pedestal interaction may be dominant
under a low ER and due to a longer interaction length than the pulse-probe interaction.

The most straight forward solution to this NLE is the enhancement of the pulse ER. A
conventional MZM could only generate pulse ERs up to 20 dB. MZM with special designs
could enhance this value to 30 dB. A switching type semiconductor optical amplifier (SOA)
could usually suppress the pedestal by more than 40 dB. Advanced RF switch techniques
offer more than 60 dB suppression of the pedestal, however, at the cost of a more complex
setup [96].

3.5.3. Spatial Resolution

The round-trip relation gives the definition of the spatial resolution in Eq. (3.3.5), leading to
the most straightforward way to enhance the spatial resolution with shorter pulses. However,
several factors limit the spatial resolution to only 1 m.

First of all, a shorter pulse duration indicates a shorter Brillouin interaction length, and
hence a lower Brillouin gain and consequently a lower SNR. Furthermore, considering the
Fourier transform, the pump power spectrum for a shorter pulse will be severely broadened,
leading to the correspondingly broadened effective BGS given by,

Geff
SBS(ν) = GSBS(ν) ∗ Pp(ν) (3.5.8)

where ∗ denotes the convolution operator, Pp(ν) is the pump spectral density. Normally a
Voigt function (a convolution of a Gaussian and Lorentzian function) is utilized to model a
broadened BGS excited by short pump pulses [97]. For a quasi-monochromatic pump wave and
pump pulse widths exceeding the phonon lifetime of ∼40 ns, the effective BGS is dominated by
the intrinsic BGS with an FWHM of around 30 MHz. For shorter pump pulses with τ ≤20 ns,
the BGS flattens, the peak gain decreases with the FWHM of the resulted BGS approaching
1/τ [28]. Moreover, it also indicates that the probe wave will be amplified only after the
acoustic field is excited by the pump-probe interaction, which takes 10–30 ns. Due to the
tradeoffs from the above mentioned reasons, the spatial resolution could be only enhanced to
around 1 m with a shortened pulse, which corresponds to a pulse width of 10 ns. Common
advanced techniques to break this limitation include:

• Differential pulse pair (DPP): utilizes two consecutive measurements with two pump
pulses in the same peak power but slightly different durations [100]. The pulse widths τ

and τ + Δτ are both longer than the phonon lifetime, while Δτ is short. In this way, the
acoustic fields in both measurements are fully excited. Since the amplifications to the
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Figure 3.5.8.: Scheme of (a) simultaneous DPP-BOTDA in frequency domain [98] and (b)
the time domain pulse profile in PPP-BOTDA [99]. Pulse one is utilized for acoustic wave
excitation and pulse two is used for interrogation.

probe wave in both measurements from the pulse period τ is the same, the subtraction
of the BOTDA traces of the two measurements yields the response of the pulse width
difference Δτ . However, two times of measurement increases the measurement time
and the trace subtraction also rises the noise level by

√
2, leading to an additional

requirement on averaging. Later on, by separating the two pump pulses in different
frequencies, the DPP-BOTDA has been improved into a simultaneous measurement [98].
As the scheme principle in Fig. 3.5.8(a) illustrates, the pump pulse 1 with the duration
τ transfers energy to the probe wave via Brillouin gain interaction, while the probe
wave interacts with pump pulse 2 with the duration τ + Δτ via Brillouin loss, leading
to an automatic trace subtraction without any necessary post-processing. Despite the
circumvention of the noise penalty from trace subtraction, the amplitude of the resulted
trace equivalent to the short pulse response is still low. Therefore, a massive number of
averaging is required in DPP-BOTDA.

• Pulse pre-pump (PPP): provides the solution to the origin of the spatial resolution
limit, i.e., the limited time for acoustic wave excitation. In this technique, a weak pulse
with long duration (longer than the acoustic field excitation time), also called pre-pump
pulse, is launched into the sensing fiber first for phonon excitation. As shown by the
typical pulse shape for PPP-BOTDA in Fig. 3.5.8(b), a short pulse with high power
(e.g. 25 dBm as pulse 2) and the required spatial resolution follows directly after the long
pre-pump pulse (with 0 dBm power as pulse 1) for fiber section interrogation [99]. The
typical effective BGS from PPP-BOTDA can be characterized as the superposition of a
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broadened spectrum with low amplitude and a narrow cap, whose FWHM are determined
by the interrogation pulse and the pre-pump pulse, respectively. In comparison to DPP-
BOTDA, the high spatial resolution by PPP-BOTDA does not come at the expense of a
decreased SNR and therefore, it is more favorable for commercial use.

• Brillouin echoes: is especially designed to achieve a spatial resolution below the phonon
lifetime. It employs both CW pump and probe frequencies, separated by the BFS but
the phase of the pump wave is abruptly shifted by π in a small time window shorter than
the phonon lifetime. During this very short time, the steady acoustic field does not have
sufficient time to give reaction on the changing phase and amplitude, so that the pump
will be completely reflected. The resulted destructive interference on the probe signal
can be observed as a small apparent loss on the waveform [101]. Due to the existence of
the pre-excited acoustic field, the BGS is normally not severely broadened, ensuring a
high spatial resolution of this technique without penalty on the measurand resolution.

3.5.4. Sensing Range

Under the limit of pump and probe power of about 130 mW and 40 μW, respectively [82, 88],
and a certain requirement on measurand resolution and spatial resolution, the sensing range
limit of a conventional BOTDA configuration is only ∼60 km. This value fails to meet
requirements of many applications, particularly in large scale. Common ways to extend the
sensing range include: [102]

• Raman-assistance: is based on the principle of distributed gain amplification by stimu-
lated Raman scattering [103]. An extra Raman pump at 1455 nm distributively transfers
energy to the Brillouin pump, providing a good way of maintaining the pump pulse
power level, and hence the Brillouin interrogation response. Despite the disadvantage of
an extra noise transfer from the Raman pump source, an extension of the sensing range
to above 100 km with high spatial resolution is available with Raman-assisted BOTDA.

• Coding: is a novel method that breaks the round-trip relation and enables a trace-
distortion free multi-pulse propagation in the sensing fiber. In this method, the pump
pulse sequence is launched into the fiber with some particular properties from an
algorithm, which allow to retrieve the impulse response of the fiber sections with a
corresponding decoding process. The first and the most simple form is demonstrated
with the simplex coding [104]. The superimposed traces in the fiber increases the energy
level received by the detector, and hence avoid the ambiguity of the sensing response from
the fiber end [102]. The most advantage of this technique is its embedability to other
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techniques, such as pre-amplification before detection [105] and DPP technique [106] to
achieve long range sensing without penalty on the spatial resolution [107]. Therefore,
this algorithm based technique is particularly favorable for commercial use.

3.5.5. Signal-to-noise Ratio

The most straight forward way to enhance the SNR is either signal amplification or noise
reduction. Generally, the main noise source of a BOTDA system is the detector, that is, the
sensing system noise is mainly composed of thermal noise, shot noise, and the relative intensity
noise (RIN) coming from the laser source [108, 109]. Comparatively speaking, the ASE noise
from the Brillouin interaction is negligible due to the limited interaction length [110]. When
pre-amplification before the detection is applied [105], ASE noise from the EDFA must also
be taken into consideration. This will lead to a photocurrent affected by signal-ASE σ2

s−sp and
ASE-ASE beating noises σ2

sp−sp [102, 111]. In most of the standard BOTDA configurations,
the latter contribution σ2

sp−sp is negligible due to the drastic bandwidth reduction when a
narrowband optical filter is placed after the pre-amplifier [112]. Hence, the noise in the sensing
system can be written as: [108, 111, 112]

σ2 = σ2
th + σ2

sh + σ2
RIN + σ2

s−sp

=
4kBT

RL

· B + 2q(RPs + Id) · B + RIN · (RPs)2 · B + 2FNq(Γ − 1)RPs · B
(3.5.9)

where σ2
th, σ2

sh and σ2
RIN are the contributions from thermal noise, shot noise and RIN noise,

respectively. KB is the Boltzmann constant, T is the operating temperature of the detector,
RL the output resistance, R is the detector responsivity, B is the detector bandwidth, q is
the unit electron charge, Id is the detector dark current, Ps is the input optical power, FN is
the noise figure of the EDFA (ideally FN=2) [102] and Γ is the amplification of the detected
optical signal from the pre-amplifier. Under a small input optical power, such as Ps < −14
dBm to circumvent the first-order NLE [88], the detector noise is generally regarded as thermal
noise dominant. Besides a stable optical source to overcome the RIN noise, there are the
following solutions for an SNR enhancement:

• Self-heterodyne detection: shares the same principle regarding SNR enhancement with
coherent detection and balanced detection in general [113]. A strong local oscillator
amplifies considerably the detected signal at the heterodyne frequency, i.e., the interme-
diate frequency between the probe and local oscillator [108]. However, too much power
from the local oscillator may bring the detector to the shot noise limit [108], leading to
an SNR enhancement penalty with a rising shot noise. Therefore, it is recommended
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Figure 3.5.9.: Experimental results with 10 MHz and 2 MHz RF low pass filtering: (a) RF
spectrum of the detected probe signal and (b) the detection of the stretched strain spot [63].
The group delay at the filter edge is observed with 2 MHz low pass filtering.

to utilize only a local oscillator with intermediate power level and keep the detector
in a thermal noise dominant regime. This tradeoff is also valid for other techniques of
signal amplification, such as a pre-amplification before detection [105]. In this way, it is
possible to ensure a high measurand resolution while maintain the probe wave power
under the limit of NLE.

• RF filtering: provides a solution for the SNR enhancement based on the bandwidth
dependent detector noise [63, 114], as shown in Eq. (3.5.9). It shares the same principle
as digital post-processing techniques [115]. Theoretically, the RF low-pass filtering after
the photodetection could suppress the system noise by a factor of

√
Bsys/Bf , where Bsys

is the system bandwidth and Bf is the filter bandwidth. However, two main factors
prevent the noise level to be infinitely low. The first restriction factor comes from the
group delay at the edge of the RF filter due to the Kramers-Kronig relations. The
detrimental trace shift by the group delay may occur once the Bf is identical to the
pump spectrum width, as an experimental measurement of a stretched strain spot in
Fig. 3.5.9 depicts. An optimized distortion free filter bandwidth can be approximated
by tr · Bf ≈0.35, where tr represents the rising time for the filter [63, 73, 74]. In this
regard, for a 1 m spatial resolution BOTDA system, the optimal detector bandwidth is
approximately 125 MHz [72]. The second restriction is attributed to the excess noise
coming from the Brillouin interaction [63]. Its gain dependent and non-uniform frequency
distribution [116] shrinks the suppression rate of the noise level from

√
Bsys/Bf .
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3. Distributed Brillouin Fiber Sensing

3.5.6. Measurement Time and Dynamic Sensing

The measurement time of a conventional BOTDA setup is generally in the magnitude of several
minutes. Such a long duration fails to meet the requirements of numerous dynamic sensing
tasks, such as a vibration monitoring of airplane wings. There are four main factors that
limit the measurement speed [117], namely: (a) the time of flight, also regarded as round-trip
relation with Tround = 2nL/c; (b) number of averaging Navg to ensure the required SNR;
(c) scanning granularity Mfreq or also referred as scanning step; and (d) the RF frequency
switching speed. The last term is usually negligible and closely related to the generation
mechanism of the RF frequency. The overall time required for a complete BGS scan is given
by: [117]

Tscan = NavgNfreqTround (3.5.10)

where Nfreq is the total number of steps of the BGS scanning. An enhancement of the
SNR could reduce the requirement on the number of averaging and indirectly contribute
to the shrink of the measurement time. However, the most efficient solution to reduce the
measurement time is either to speed up the BGS scanning or to totally abandon it. For the
latter option, a conversion from the BFS shift due to the measurand change to other physical
measurands is required. Based on this analysis, the common strategies for the measurement
time enhancement include:

• Fast BOTDA: provides the least required time duration for a BGS scan regulated by
Eq. (3.5.10). Based on the fast switching provided by an arbitrary waveform genera-
tor (AWG) in comparison to a synthesizer based electronic sweeping mechanism, the
probe waves with the scanning frequencies are launched into the sensing fiber one after
another separated by the round-trip time [117]. Considering the limited fiber length for
dynamic sensing tasks, the required time for single BGS scanning could be reduced to
the magnitude of ∼100 μs. The disadvantage of this technique is the high requirement
on devices memory [117]. Long length of sensing fiber and small scanning granularity
requires significant amount of memory for probe waveform writing.

• Sweep-free BOTDA (SF-BOTDA): is based on the Brillouin interaction between a comb
of probe and another comb of pump waves. Instead of sequential scanning, multi-tone
probe waves simultaneously interrogate the fiber section with an equal number of pump
pulses of matching frequencies, so that each pair of probe and pump waves scan at a
different point of the Brillouin spectrum [118], as schematically depicted in Fig. 3.5.10(a).
In this way, the acquisition of the BGS is sweep free and instantaneously achieved.
The round-trip time and the required number of averaging are the only limit of the
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Figure 3.5.10.: Schematic principle of (a) SF-BOTDA [118] and (b) SA-BOTDA [119].

measurement time with this technique. In order to circumvent the FWM due to the
pulse co-propagation [84], the pump pulses in this technique are sequentially launched,
leading to a time-shift in the detected trace. Therefore, extra post temporal correction of
the traces is required [118]. Very similar interrogations can also be achieved by utilizing
digital optical frequency combs as probe signals [120].

• Slope-assisted BOTDA (SA-BOTDA): completely skips the BGS scanning process by
taking the advantage of the linearity at the edge of the BFS to convert the BFS shift
due to the measurand change to the amplitude variation, as schematically illustrate
in Fig. 3.5.10(b). Considering the non-uniform BFS distribution of a practical sensing
fiber, the single frequency probe wave is not able to align at the same working point of
the BGS for every fiber section to carry out a real-distributed sensing [119]. To solve
this problem, a frequency tailored probe wave is utilized, extending the validity of this
technique to an arbitrary BFS profile. The time evolution of the probe frequency is
designed in such a way, that the probe wave is always aligned at the same point of the
BGS in every fiber section in the static case [121]. Currently, SA-BOTDA is one of the
most practical and cost-effective BOTDA techniques for dynamic sensing with the most
simple setup. A detailed discussion about this technique will be given in Sec. 5.1.

• Double slope-assisted BOTDA (DSA-BOTDA): gives the solution to the SA-BOTDA
in the situations when the amplitude changes are not related to the BFS shift. A
typical example is the change of the fiber attenuation due to a deformation of the
monitored structure, then the pulse power and the detected Brillouin gain is modified and
misinterpreted as a BFS variation. DSA-BOTDA utilizes the SA-BOTDA measurement
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3. Distributed Brillouin Fiber Sensing

results from both the positive and the negative slope of the BGS, so that the difference
between the two measurements divided by their summation is immune to variations of
the detected amplitude and hence also pump power independent [122].

• Phase slope-assisted BOTDA: employs the detection of the RF phase, circumventing the
pump power dependent amplitude detection. In this technique, the probe wave is phase
modulated, and the Brillouin gain interaction takes place on one of the sidebands of the
phase modulation, leading to the probe electrical field as: [123]

E(t) = − ESB exp[j · 2π(ν0 − fRF )t] + E0 exp(j · 2πν0t)
+ ESB exp[j · 2π(ν0 + fRF )t] · exp[g(ν0 + fRF , z)Δz]

(3.5.11)

where g is the complex Brillouin gain at position z described in Eq. (2.4.1), ESB and E0

are the electric field of the sideband and carrier, respectively, ν0 and fRF are the carrier
frequency and phase modulation frequency, respectively. The detected optical power
signal at fRF can be expressed as:

P (t) = E0ESB[(1 + GSBS) cos(2πfRF t + φSBS) − cos(2πfRF t)]

≈ 4E0ESBg0PpγB√
γ2

B + (2Δν)2
cos

⎡
⎣2πfRF t − arctan

⎛
⎝2Δν

γB

⎞
⎠

⎤
⎦ (3.5.12)

where Pp is the pump power at the position z, GSBS and φSBS are defined in Eqs (2.4.4)
and (2.4.4), respectively. The approximation is achieved under the assumption of a small
gain, indicating the independence of the RF phase of the probe power and Brillouin gain
as well as its proportionality to the BFS shift.
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4
Gain Spectrum Engineering in Static BOTDA

Since the first demonstration of the BOTDA technique three decades ago [54, 55], its perfor-
mance has been significantly improved in almost every aspect. The sensing range has been
extended from ∼60 km to over 100 km with Raman assistance [103]. With the pre-pump pulse
technique, the spatial resolution could be enhanced from 1 m to several centimeters without
penalty to the SNR due to the short interaction length [99]. The measurement time with a
sufficient SNR is reduced to 100 microseconds with a fully optimized scanning mechanism [117].
However, the possibility to enhance the measurand resolution has not been fully studied. The
bottleneck lies in the quantification of the measurand resolution. The first proposed quantified
expression of the measurand resolution in a conventional BOTDA setup given by Eq. (3.5.2)
only applies with a quadrature fitting of the gain spectrum [62]. Its theory will not hold with
other fitting algorithms, for instance, a Lorentzian fitting, or the gain spectrum deviates from
its intrinsic shape. In this chapter, a discussion about the practical definition of the measurand
resolution will be presented. Based on this criteria, a novel method to enhance the measurand
resolution with gain spectrum engineering is proposed.

4.1. Schematic Operation Principle

As discussed in Sec. 3.5.5, the SNR enhancement is of significant importance for the overall
sensing performance. Nevertheless, the traditional de-noise and signal amplification methods
cannot effectively improve the SNR of a conventional BOTDA setup. This limited space for
SNR improvement is mainly attributed to the consideration of Brillouin gain interaction only.
Extra space of SNR improvement will be given if the superposition of the BLS as mentioned
in Sec. 2.7 is considered.

The SNR enhancement of the engineered BGS lies in the increased signal level from the
maximum gain to the maximum loss. An illustration of a normalized conventional BGS (black)
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Figure 4.1.1.: (a) The demonstration of enhanced SNR with engineered BGS (gray) to the
conventional BGS (black); (b) the SNR of the engineered BGS with various parameters.

excited by a 100 ns pump pulse in Fig. 4.1.1(a) shows a spectrum FWHM of 54 MHz. An
example of a well engineered superposition of Brillouin losses with a frequency offset (gray)
depicts a signal level higher than the conventional BGS.

The engineered BGS with the superposition of two symmetric Brillouin loss spectra with
a frequency offset can be generally modeled by the superimposed complex gain coefficient
in Eq. (2.7.2) with the definition of m, d, Δ and γB. The validation of Eq. (2.7.2) can also
be extended for the broadened BGS excited by short pulses with the replacement of the
Lorentzian function of the conventional BGS to the Voigt function in the form of: [97]

g(ν) = G

⎧⎨
⎩c

γL
2

4(ν − νB)2 + γ2
L

+ (1 − c) exp
[

− 4 ln 2
(ν − νB)2

γG
2

]⎫⎬
⎭, (4.1.1)

where γG and γL are the widths of the Gaussian and Lorentzian functions, respectively, c is a
constant controlling the relative weights of the two spectra, G is the maximum Brillouin gain.
Figure 4.1.1(b) depicts more examples of engineered BGS with different parameters based
on the conventional spectrum in Fig. 4.1.1(a). It is clearly indicated that, the signal of the
engineered BGS is higher than the conventional one in most of the scenarios, especially with a
big m value, i.e. strong loss. As a proof-of-concept, this chapter concerns only the case when
the conventional Brillouin gain profile remains intrinsic Lorentzian.

4.2. Simulation Prediction

According to the analysis in Sec. 3.2, the SNR enhancement brings the most benefit to a higher
measurand resolution and an extended sensing range. The measurand resolution could be
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Figure 4.2.1.: (a) Fitting demonstration of a typical conventional (black solid) and engineered
(gray solid) simulated BGS; (b) the magnified peak area of the conventional BGS (gray
rectangular area in (a)), highlighting the BFS estimation error Δfci due to the noise in the ith

measurement.

characterized as the standard deviation of the BFS at each fiber section with a large number
of measurements [62]. Since the BFS estimation error is statistically increasing with the fiber
length, the sensing range extension could be quantified under the same requirement of the
measurand resolution, i.e., the same tolerance of BFS estimation error. The demonstration of
the application of an engineered BGS in a BOTDA setup starts from the simulation.

Simulation Process

As discussed in Sec. 3.5.5, the sensing system noise comes mainly from the detection. Therefore,
the noise performance is simulated by additive white Gaussian noise (AWGN) with an uniform
frequency distribution. Figure 4.2.1(a) demonstrates the conventional BGS and a typical
engineered BGS modeled with 1 kHz granularity (frequency scanning step) by Eq. (2.7.2) at
the pump launching end of the fiber. The pump peak power is set at 20 dBm to avoid MI [82]
and the pulse width is set to 100 ns. Provided that the probe power is set to −14 dBm to
avoid NLE in a conventional setup [88], the thermal noise of the detector dominates the overall
noise performance with negligible shot and RIN contributions [108]. Therefore, the simulated
noise added on both the conventional and engineered BGS should be of the same level, as
depicted in Fig. 4.2.1(a).

For simplicity, the modeled conventional and engineered BGS are originally centered at zero
frequency offset (to the BFS). A Voigt function fitting is applied on the conventional and
engineered BGS with noise to determine the peak frequency. Due to the influence of the noise,
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4. Gain Spectrum Engineering in Static BOTDA

the estimated BFS is not always at zero frequency offset. As a single fitting result for the
conventional BGS in Fig. 4.2.1(b) demonstrates, the offset of the estimated BFS to the precise
BFS (zero frequency) is denoted as Δfci for the conventional BGS in the ith measurement.
Similarly, an offset to the zero frequency can be determined for engineered BGS, denoted as
Δfpi in the ith measurement. Standard deviations of the BFS determination errors can be
calculated when the number of fittings N is sufficiently large. In this simulation, the number
of fittings is set to N=500. The advantage of the engineered BGS is quantified by the ratio of
the two standard deviations η given by: [36, 124]

η =

√√√√ N∑
i=1

Δf 2
pi/

N∑
i=1

Δf 2
ci (4.2.1)

It is clearly indicated that the application of the engineered BGS is advantageous regarding
the measurand error reduction when η <1.

Simulation Results

The simulation is carried out with d in the range from 0.3 to 3 and m in the range from 0.1
to 2. The ratio of the BFS determination error η is demonstrated as a function of m and d

in Fig. 4.2.2(a). As it is clearly indicated, the application of the engineered BGS is showing
advantage (η <1) in most of the situations, with the best performance, i.e., lowest η value
of 0.282 with m=2 and d=1.78, highlighted as P4 in Fig. 4.2.2(a). However, this situation is
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Figure 4.2.2.: Simulation results of: (a) the ratio of the BFS determination error η as a function
of m and d; (b) the distribution of the BFS determination error with the conventional and
engineered BGS with selected m and d values in (a) marked as P1-3.
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impractical. The reason for the impracticability with m >1 will be specifically explained in
Sec. 4.3. Within the practical range of m ≤1, the best performance is achieved with m=1 and
d=1.24, highlighted as P3 in Fig. 4.2.2(a). At this point, the BFS determination error with an
engineered BGS is reduced to only 47% of the conventional one.

The distribution of the BFS determination error along the fiber will then be investigated.
According to the model introduced in Sec. 3.4, the local conventional Brillouin gain G(ν, z) at
the fiber section z from the pump launching end can be modeled by Eq. (3.4.7). Similarly, the
local engineered Brillouin gain at the fiber section z can be calculated by the multiplication of
Eq. (2.7.2) by an exponential fiber loss factor. The distribution of the BFS determination error
can be statically calculated by repeating the simulation process under the same conditions
with a fiber length step of 50 m. Due to the large amount of data, only results with the
selected parameters highlighted in Fig. 4.2.2(a) as P1-P3 are depicted in Fig. 4.2.2(b). Under
the same BFS error tolerance of 210 kHz (horizontal dashed line), the sensing range of the
conventional BGS is measured to be 25 km. However, with the engineered BGS at P1, P2 and
P3, the sensing range is extended to 26.8 km, 34 km, and 40 km, respectively, achieving the
maximum sensing range extension of 60% with the best performance. The BFS error reduction
and thus the sensing range extension can be physically interpreted as, a higher signal level
within a narrow frequency range, i.e., an overall sharper spectrum is more robust to the noise
in peak estimation.

4.3. Proposed Implementations

Specifically there are three ways to generate a superimposed engineered BGS, namely the
multi-pump wave scheme, multi-probe wave scheme, and post-superposition. In this section,
details of all three methods as well as the advantages and disadvantages will be presented.

Multi-pump Scheme

An engineered BGS can be achieved by the simultaneous Brillouin interaction between three
pump and a single probe wave. As the scheme in Fig. 4.3.1 illustrates, pump 3 produces a
Brillouin gain interaction on the probe wave, while pump 1 and 2 generate the Brillouin loss
interactions with an offset. The relative frequencies between the pump and probe waves can
be expressed by:

fRF 1 = fRF 2 + d · γB = fRF 3 − d · γB (4.3.1)

The BGS scanning can be carried out by scanning fRF 1 in the vicinity of the BFS with
the simultaneous corresponding scanning of fRF 2 and fRF 3 of the Brillouin loss spectra. To
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4. Gain Spectrum Engineering in Static BOTDA

Figure 4.3.1.: Multi-pump wave scheme in frequency domain for engineered BGS implementa-
tion

guarantee a stable relative frequency between the pump and probe waves, all the pump and
probe waves shall be generated from the same source.

The biggest advantage of this scheme is the full flexibility of both m and d. Specifically
d can be changed according to Eq. (4.3.1) while m can be tuned by the pump pulse powers.
However, despite the flexibility on m, it is still not practical for m >1. The reason can be
explained as follows: the maximum pump power for the gain and loss pulses is defined by
the threshold of MI [82]. Therefore, the pump power of the gain must be reduced to achieve
m >1. However, this reduces the SNR of the overall spectrum and is detrimental for the sensor
performance. Therefore, the practically achievable maximum value of m is 1.

The disadvantage of this scheme comes with the penalty on the SNR due to the FWM
induced by the co-propagation of the pump pulses [84]. With the pump power converted
to the idler frequencies, the SNR and sensing range are both drastically reduced, losing all
the advantages on the measurand resolution to the conventional configuration. Despite the
reported possibility to circumvent the FWM via consecutive FBG [84], which provides a group
delay on the pulses and enables sequential interactions, a very complicated setup is required
with precise control on the group delay and its recovery. Considering the best performance is
achieved at m=1, it is not worthwhile to make a large effort to implement the full flexibility.

Multi-probe Scheme

Another method to achieve the engineered BGS is to utilize the simultaneous interaction
between three probe waves and a single pump wave. As shown by the scheme in Fig. 4.3.2,
one probe wave is located inside the gain spectrum and the other two are within the loss
spectrum with an offset. All three probe wave powers will be summed up at the detector to
reconstruct the proposed BGS. Due to the low probe powers, the FWM between the probe
wave is negligible and the FWM between the pump waves in the multi-pump scheme can be
avoided. The relative frequencies of the probe waves to the pump fRF 1, fRF 2 and fRF 3 still
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Figure 4.3.2.: Multi-probe wave scheme in frequency domain for engineered BGS implementa-
tion

follow Eq. (4.3.1), so that the same precise control over the parameter d can be achieved. The
reconstructed BGS via frequency scanning in multi-pump and multi-probe scheme are fully
equivalent [36].

The biggest disadvantage of the scheme is the inflexibility on the parameter m. Due to the
insensitivity of the Brillouin gain on a small probe power in case of a negligible pump depletion,
the multi-probe scheme could only achieve m=1. However, since the best performance is
predicted with m=1 in the simulation, the inflexibility on m shall not be a disadvantage. Since
the probe waves have to be launched separately, the same complexity of the setup as the
multi-pump scheme is required.

Post-superposition

Alternatively, the engineered BGS could also be summed up by post-superposition of the
conventional BGS and two conventional Brillouin loss spectra at an offset. The biggest
advantage of this scheme is the simplicity of the setup. Only a typical conventional setup
such as Fig. 3.3.2 is required with different probe wave frequencies for Brillouin gain and loss
interactions. In this scheme, the probe waves are not simultaneously but sequentially launched
into the sensing fiber with the acquired BGS and loss spectrum literally superimposed.

The biggest disadvantage of this scheme is the non-equivalence of the gain spectrum post-
superposition in the aspect of noise. Practically, the superposition of the gain spectrum is
inevitable accompanied by the superposition of noise. Under the assumption of a thermal
noise dominant detection, the noise on the gain probe wave is the same on the loss probe
waves, i.e., σg = σl1 = σl2 = σconv, where σconv represents the noise level of the conventional
BGS with the same measurement time. The post-superposition of the time-domain traces
leads to the noise level of the engineered BGS as:

σ2
eng = σ2

g + σ2
l1 + σ2

l2 = 3σ2
conv (4.3.2)
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4. Gain Spectrum Engineering in Static BOTDA

indicating a
√

3 times higher noise level than the conventional one.
A further disadvantage lies in the 3 times longer measurement time due to the sequential

launched measurements for separate gain and loss interactions. For a fair comparison, the
measurement time with the conventional BGS must also be extended by 3 times, leading
to a reduction of the noise level from σconv to σconv/

√
3. Considering the noise increase by

the post-superposition, the engineered BGS will suffer from 3 times higher noise than the
conventional one, leading to the penalty with a factor of

√
3 on the BFS determination error

according to Eq. (3.5.2). However, the best simulation predicted advantage is only 47%, leaving
the residual advantage of 47% ×√

3 ≈81.4% on the BFS determination error to the best case.

4.4. Experimental Setup

Based on the tradeoffs of different implementation schemes discussed in Sec. 4.3, the specific
experimental setup is illustrated in Fig. 4.4.1. To demonstrate the best performance with the
engineered BGS, m=1 and d=1.24 are set according to the simulation prediction in Sec. 4.2.

The output beam from the laser diode is split into four branches with several optical couplers.
In the pump branch at the top, the pump wave is shaped into a pulse sequence by a switching
type SOA (Thorlabs SOA1013SXS with driving board from Highland Technology T160-9). The
pulse width is set to be 100 ns in the pulse generator. This pulse width ensures the conventional
Lorentzian BGS without broadening [28], so that the acquired experimental results may have

MZM 1

SOA EDFA 1

Laser

FUT

Gain probe

Pump

Digitizer

Pol.S.

PDPulse 
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1 2

3

EDFA 2

MZM 2

RFG 2EDFA 3

MZM 3

RFG 3

OS 1

OS 2

FBG 2

Loss 1 probe

Loss 2 probe

Trigger

Figure 4.4.1.: Experimental setup. OS: optical switch; ISO: isolator.
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4.5. Experimental Validation

a direct comparison with the simulation results. The SOA provides a sufficient high ER of the
pump pulse (32 dB calculated by Eq. (3.5.3)) to avoid NLEs [93, 94, 96]. EDFA 1 amplifies
the pump pulse peak power to 19 dBm, below the MI threshold [82], before launching the
pulse into the 10.6 km FUT via a circulator. The polarization fading is circumvented by the
fast polarization scrambling. In the lower branches, the probe wave for the Brillouin gain
interaction is generated via a modulation by MZM 1 operated by RFG 1 with the frequency
fRF 1 while the two probe waves for the Brillouin loss interactions are generated by MZM 2
and MZM 3 operated by RFG 2 and RFG 3 with the frequencies fRF 2 and fRF 3, respectively.
Here RF frequencies fRF 1, fRF 2 and fRF 3 follow the relation in Eq. (4.3.1).

To reconstruct the (conventional and engineered) BGS, fRF 1 is scanned in the vicinity of the
BFS. The frequency scanning span and step are set to be 180 MHz and 1 MHz, respectively.
Tunable narrowband FBGs (AOS T-FBG) are utilized to block the undesired higher and lower
modulation frequency sidebands in the gain and loss probe branches, respectively. The three
probe powers are controlled to −15 dBm, below the threshold of NLE [88], and equalized by
EDFA 2, EDFA 3 and a variable optical attenuator (VOA) assisted by optical switches (OS)
separately via a power meter. An extra 10 MHz low-pass RF filter is utilized after the PD
(Finisar XPDV2120R) to block the possible interference signal between the two loss probe
waves and reduce the noise [63].

The optical-to-electrical converted signal is eventually processed in a digitizer (Acqiris
U5309A) with a sampling rate of 1 GS/s, 8 bit resolution, 4096 times of averaging and
triggered by the synchronized inverse pulse signal from the pulse generator. The switching
between the proposed and conventional sensing method can be achieved by turning on and off
EDFA 3. To ensure a fair comparison, all other components, including the 10 MHz RF filter,
remain the same for measurements with conventional and engineered BGS.

4.5. Experimental Validation

The reconstructed conventional and engineered BGS at 10 m is depicted in Fig. 4.5.1(a) with
their corresponding Voigt fitting curves for BFS estimations. For the sake of the measurement
time, the frequency scanning is carried out with 180 MHz span and 1 MHz step in the
experiment. The FWHM of the conventional BGS is measured to be γB=54 MHz, showing
good consistence with the simulation. Please note that, the Brillouin gain level of the engineered
BGS in Fig. 4.5.1(a) is not showing consistence with the simulation results in Fig. 4.2.1(a).
This inconsistency is a direct result of the division of sensing response by 3 probe powers in
acquiring the Brillouin gain with the engineered BGS, i.e., gain penalty. However, while the
gain is suffering from a penalty by a factor of 3, the noise level is also reduced. Whether the
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4. Gain Spectrum Engineering in Static BOTDA

10.53 10.58 10.63 10.68
0.98

1.00

1.02

1.04

1.06
(a)

B
ril

lo
ui

n
ga

in
(li

ne
ar

a.
u.

)

Frequency (GHz)

Conventional
Engineered

0 2 4 6 8 10

10.600

10.605

10.610

10.615

10.620

10.625

10.630

100 200 300 400
10.605

10.610

10.615

10.620

Distance (m)

(b)

B
ril

lo
ui

n
fr
eq

ue
nc

y
sh

ift
(G

H
z)

Distance (km)

Conventional
Proposed

Figure 4.5.1.: The experimental (a) conventional (gray) and engineered (black) BGS at 10 m
with the dash dotted curves as the corresponding Vogit function fitting, (b) the determined
BFS distribution via the fitting and the detected stretched fiber section (inset).

SNR is eventually changed or not is determined by if the dominant contribution comes from
the thermal or shot noise in the detection. A detailed discussion on this point will be given in
Sec. 4.6.

Figure 4.5.1(b) illustrates the BFS distribution along the fiber from the curve fitting. It is
clearly indicated that, the BFS distribution with the engineered BGS is well overlapped with
and clearer than the one acquired with the conventional BGS. In the inset of Fig. 4.5.1(b), a
stretched strain spot at around 200 m is successfully detected with both methods, indicating a
better sensing functionality with the engineered BGS.

To investigate the enhancement of the BFS determination error, 48 measurements have
been carried out consecutively under the same conditions. The BFS error in both cases is
represented by the standard deviation (RMS value) of the 48 estimated BFS values from
the curve fitting at each fiber section. As depicted in Fig. 4.5.2(a), the BFS error with the
engineered BGS sensor is reduced to only 45.7% of the conventional one and more robust
to the fiber loss. In Fig. 4.5.2(b), simulated BFS determination errors with the conventional
and engineered BGS are demonstrated according to the procedure in Sec. 4.2, but with the
experimental conditions (same fiber length, number of measurements, frequency scanning
span and step, noise level, etc.). The experimental results show very good agreement with the
simulation results demonstrated in Fig. 4.5.2(b). As clearly indicated in both Fig. 4.5.2(a) and
(b), the BFS error with the conventional BGS is higher than the one with the engineered BGS
at the same fiber section. Therefore, the sensing range could be widely extended under the
same measurand error tolerance, showing a success in the application of an engineered BGS in
a BOTDA sensor.
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0 2 4 6 8 10
0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75
(a)

F
re

qu
en

cy
er

ro
r
(M

H
z)

Distance (km)

Conventional
Engineered

0 2 4 6 8 10
0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75
(b)

F
re

qu
en

cy
er

ro
r
(M

H
z)

Distance (km)

Conventional (simulation)
Engineered (simulation)

Figure 4.5.2.: Distributions of the BFS determination error after 48 measurements with a
conventional (gray) and engineered (black) BGS and their corresponding exponential fitting
curves (dash dotted) in the (a) experiment and (b) simulation with the experimental conditions.

4.6. Gain Recovery

The gain penalty mentioned in Sec. 4.5 can be explicitly explained by Eq. (3.4.7). To acquire
the local Brillouin gain at each fiber section, a division between the probe wave power with
and without the Brillouin interaction is to be carried out. However, instead of a single probe
wave power in the baseline of the BOTDA trace with the conventional BGS, the baseline of
the BOTDA trace with the engineered BGS is composed of all three probe powers and it could
hardly be separated. Provided that the probe waves have the same power level, the division of
the baseline value (before the Brillouin interaction) degrades the logarithmic engineered gain
by a factor of 3 (see Appendix C for the mathematical justification).

The influence on the noise due to the division of the signal by a factor is more complicated
and should be discussed separately. The main noise contributions of a BOTDA sensor can
be expressed in Eq. (3.5.9). A thermal noise dominant detection ensures the independence of
the noise level of the detected signal on the input probe wave power (or even without input
power). This means, the division of the signal by a factor of N will lead to a simultaneously
decrease of the noise level also by a factor of N , leading to an eventually unchanged SNR. On
the contrary, considering the statistical origin of the shot noise, if the detection is dominated
by the shot noise, the division of the signal by a factor of N will result in the noise level
reduction only by a factor of

√
N . In this scenario, the overall SNR will suffer from a penalty

of
√

N . In the rest of the cases where the contributions from the shot and thermal noise are
comparable, the influence on the noise reduction lies between a factor of

√
N and N .

Based on the above explanation of the origin of the gain penalty, the gain recovery by
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4. Gain Spectrum Engineering in Static BOTDA

the multiplication by a factor of 3 is only justified under the satisfaction of all the following
conditions:

• very similar probe powers;

• small gain approximation;

• a thermal noise dominant detection.

The first two conditions are justified in Appendix C based on the experimental conditions.

Thermal Noise Dominant Detection

The thermal noise dominant detection can be justified by the demonstration of the same
noise level for various input powers at the detector. Figure 4.6.1 shows the BOTDA trace
measured with the conventional (gray) and engineered (black) BGS. Please note that, instead
of the Brillouin gain, the vertical axis of Fig. 4.6.1 is the voltage that is proportional to the
photocurrent via the impedance of 50 Ohm, so that a direct comparison between the original
noise level of the traces can be made. Due to the detection of a summation of three probe
powers with the engineered BGS, the photocurrent level of the trace with the engineered BGS
is manually down shifted to show a visualized well overlap.

A calculation on the contribution from the thermal noise according to Eq. (3.5.9) could also
be carried out to justify the thermal noise dominant. According to the data sheet of the PD,
the typical responsivity of 0.65 A/W, output resistance of 50 Ohm, dark current of 200 nA

Figure 4.6.1.: Time domain trace measured with conventional (gray) and engineered (black)
BGS at a pump-probe frequency offset of 10.605 GHz. The photocurrent level of the trace
with the engineered BGS is down shifted for a better visualized comparison of the noise with
the conventional one.
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lead to eventually 18 times higher thermal noise than the shot noise with 3 times −15 dBm
probe wave power. This conclusion shows consistence with the visualization in Fig. 4.6.1.

Equivalence with Gain Recovery

The previous subsection justified the full fulfillment of conditions for a gain recovery. In this
subsection, the equivalence of gain recovery will be demonstrated. The expressions of the gain
recovery in the logarithmic and linear scale are given in Appendix C.

Similar to Fig 4.5.1(a), Fig. 4.6.2(a) depicts an extra engineered BGS with gain recovery at
10 m. In comparison to the simulation results, the gain level of the gain recovered engineered
BGS is showing consistence with the one in Fig. 4.2.1(a) and so is the noise level. With
the assistance of the Voigt fitting curve (dash dotted), the BFS is re-calculated with the
engineered BGS with the gain recovery. As clearly indicated in Fig. 4.6.2(b), the well overlapped
distribution of BFS determination error with and without the gain recovery verifies the full
equivalence of the gain recovery and an unchanged SNR.

67

Figure 4.6.2.: The experimental (a) BGS at 10 m with the dash dotted curves as the Vogit
function fitting and (b) distributions of the BFS determination error after 48 measurements
and their corresponding exponential fitting curves (dash dotted) with the conventional (gray)
and engineered method with (black) and without (green) gain recovery.
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5
Gain Spectrum Engineering in Dynamic BOTDA

Most of the dynamic sensing tasks aim to measure the strain or vibration signals applied
on the sensing fiber, such as structural health monitoring of skyscrapers, the turbulence on
airplane wings and offshore wind turbines. The main difference between the dynamic and
static sensing on the distributed interrogation techniques include: (a) a short measurement
time in comparison to the measurand variation period and (b) a short sensing fiber length,
usually in the range of several 100 m. Considering the short length, high pump and probe
powers can be launched into the fiber due to weaker nonlinear effects. This reduces drastically
the requirement on the number of averaging and thus shortens the measurement time.

In Sec. 3.5.6, three main solutions for dynamic distributed Brillouin sensing, i.e., fast-BOTDA,
SF-BOTDA and SA-BOTDA, have been introduced. The fast-BOTDA technique [117] still
implements frequency scanning but replaces the slow, synthesizer-based frequency switching
by an almost instantaneous one. Despite the optimization, the scanning of fast-BOTDA still
takes time. The demonstrated 120 μs measurement time limits the measurand acquisition rate
to about (120 μs)−1 ≈8.33 kHz and according to the Nyquist–Shannon sampling theorem, the
measurement of vibrations should not be faster than 4.16 kHz. Multi-tone interrogation, or
SF-BOTDA, has also been suggested [118, 120] where the full BGS is simultaneously measured
at the expense of quite a complicated hardware and a few other constraints. Though with
some inherent limitations, the fastest Brillouin interrogation techniques increase the gain
measurement speed by entirely skipping the frequency scanning process, making SA-BOTDA
one of the simplest and currently the most practical dynamic Brillouin sensing techniques.

5.1. Key Performances of SA-BOTDA

The linear conversion between the measurand variation and the BFS shift is ensured by
Eq. (3.1.1). Without the direct determination of the BFS shift, SA-BOTDA utilizes a single
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Figure 5.1.1.: Schematic of frequency-to-gain conversion in SA-BOTDA with the conventional
BGS excited by a 10 ns pump pulse sequence and linear extension from the inflection point.

frequency, νwp (wp for Working Point), that interrogates the BGS in the vicinity of the middle of
its rising/falling slopes [119, 121]. Measurand variations shift the BGS in the frequency domain,
resulting in corresponding changes of the Brillouin gain at the interrogating frequency [121], as
Fig. 5.1.1 demonstrates. The mathematical expression of the frequency-to-gain conversion can
be given by a Taylor expansion with the linear approximation at the working point frequency
νwp and a small variation Δν as:

G(νwp + Δν) ≈ G(νwp) +
dG

dν

∣∣∣∣∣
νwp

Δν = G(νwp) + S(νwp)Δν (5.1.1)

The BFS shift is then approximated by:

Δν ≈ G(νwp + Δν) − G(νwp)
S(νwp) (5.1.2)

where the sensitivity S(νwp) is the first order derivative of the BGS at the working point
νwp. The working point was first suggested to be the 3 dB point of the BGS at the first
demonstration of SA-BOTDA [119]. However, if a similar Taylor expansion is applied to the
sensitivity at the working point as:

S(νwp + Δν) ≈ S(νwp) +
dS

dν

∣∣∣∣∣
νwp

Δν =⇒ dS

dν

∣∣∣∣∣
νwp

=
S(νwp + Δν) − S(νwp)

Δν
→ 0 (5.1.3)

it is clearly indicated that, the inflection point of the BGS is the best working point to ensure a
higher and more stable sensitivity. Further investigation shows that, working at the inflection
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Figure 5.1.2.: Illustration of the sensitivity and dynamic range of the conventional BGS excited
by a 10 ns pump pulse sequence based on the definition of (a) frequency error tolerance [125]
and (b) slope variation tolerance [127].

point provides also a wider dynamic range, better symmetry at the working point, i.e., better
full use of the linear range [125].

The dynamic range and the sensitivity are two important sensing metrics of SA-BOTDA [126].
Currently, there are two different types of quantified definitions on them. Figure 5.1.2(a) depicts
the definition based on the frequency error tolerance ferr [123], while Fig. 5.1.2(b) illustrate the
definition based on the fraction of the slope. Though the two definitions are not quantitatively
equivalent, the characteristics of the dynamic range and the sensitivity are the same under
both definitions.

Dynamic Range

The dynamic range is featured by the span of the linear range on the edge of the BGS. It
determines the maximum measurable strain signal. Under the definition of a frequency error
tolerance in Fig. 5.1.2(a), the dynamic range is defined as the frequency span of the linear fit
extended from the inflection point with the slope at the inflection point when the frequency
error (between the linear fit and the BGS) reaches a certain pre-defined cut-off value ferr [123].
In Fig. 5.1.2(a), the situation with ferr=2 MHz is demonstrated, corresponding to an error
tolerance of 40 με. Under the definition of slope variation tolerance, the dynamic range is
defined as the frequency span, within which the variations of the slope are smaller than a
pre-defined fraction to the maximum slope at the inflection point. Figure 5.1.2(b) illustrates
the normalized slope (gray) of the normalized BGS (black) excited by 10 ns pump pulse
sequence. The shadow region depicts the situation of a flatness tolerance of 25% [127]. The
dynamic range in this definition is quantified as the span of the two crossing points of the
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5. Gain Spectrum Engineering in Dynamic BOTDA

shadow region and the normalized slope curve.

Sensitivity

The sensitivity is featured by the slope of the linear range on the edge of BGS. The value of
the slope at the working frequency, α(νwp) = ΔGain/ΔBFS defines the conversion factor
between the BFS shift and the corresponding gain change and governs the minimum detectable
strain variance, i.e., the larger α, the higher the measurement sensitivity, so that smaller
strain changes can be discerned for a given amount of encountered gain noise. The optimized
working point has to be set at the point which the sensitivity is maximized and stabilized.

Previous Investigations on Performance Enhancement

Due to the intrinsic limits on the Lorentzian shape, the dynamic range of the conventional
BGS is usually in the same magnitude of its FWHM. The enhancement of the above mentioned
two key performances has been under intensive investigations since the first demonstration of
SA-BOTDA [119], however, with most of them focusing on the dynamic range extension. The
extension of the dynamic range is inevitably associated with the broadening of the BGS and
hence the widening of the BGS edge. Currently the most common ways are:

• pump modulation: adds two extra sidebands to the pulsed pump in the frequency
domain [127]. With the careful setting of the modulation frequency and depth, the
generated sidebands could excite their own Brillouin spectra, leading to an overall
broadened BGS with a wider and linear edge, as depicted in Fig. 5.1.3(a).

• multi-tone pumps: the edge of the broadened BGS excited by the multi-tone pump is not
widened, but its BPS is [128]. The superimposed BPS excited by each tone pump offers a
much wider and linear response to the frequency, as demonstrated in Fig. 5.1.3(b). When
this phase response is applied on the sideband of a phase modulated probe wave, the

(a) (b)

Figure 5.1.3.: Schematic of dynamic range enhancement via (a) pump modulation [127] and
(b) multi-tone pump comb [128].
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5.2. Schematic Operation Principle

detected RF signal at the modulation frequency would benefit from both the immunity
to the pump power fluctuation [123] and a wider dynamic range.

Though successful demonstrations up to several times of extension on the dynamic range
with simple configurations, almost all of the techniques suffer from a strong penalty on the
sensitivity.

5.2. Schematic Operation Principle

The strong motivation of this investigation is to achieve a dynamic range extension with-
out compromise on the sensitivity in SA-BOTDA. This can be validated by utilizing the
superposition of the conventional BGS with a BLS with a frequency offset, as illustrated in
Fig. 5.2.1(a).

The mathematical expression of the engineered BGS can be written as:

gs(ν) = V (ν) − m · V (ν + d · γB) (5.2.1)

where V (ν) is the Voigt profile with the form of Eq. (4.1.1), and m and d have the same
definitions as in Eq. (2.7.2). However, different from the spectrum engineering in Sec. 2.7 and
Sec. 4.1, only a single loss spectrum is superimposed for circumvention of interference from two
loss probe waves and wider extension on the dynamic range. In Fig. 5.2.1(a), the conventional
BGS (black) is simulated from the Voigt fitting curve of an experimental conventional BGS
excited by a 14 ns pulse with the FWHM slightly broadened to 70 MHz. The engineered
BGS is demonstrated with m=0.845 and d=1.337 in Eq. (5.2.1). A visualized extended linear
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Figure 5.2.1.: Simulation of (a) the conventional (gray) and engineered (black) BGS with the
shadowed region zoomed in for (b) their first order derivatives.
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5. Gain Spectrum Engineering in Dynamic BOTDA

range is built between the maximum gain and maximum loss in the frequency domain. The
first derivative of the BGS in the shadowed area in Fig. 5.2.1(a) is calculated and depicted in
Fig. 5.2.1(b). Compared to the conventional BGS, the flattened shadowed area in Fig. 5.2.1(b)
clearly indicates that a well engineered BGS is able to provide an extended linear range with
even a steeper slope.

5.3. Theory and Harmonic Analysis

In linear algebra, a function y(x) is defined as linear only if y(x1 + x2) = y(x1) + y(x2) and
y(ax) = ay(x). An important conclusion of these requirements is the absence of harmonics in
strictly linear systems: The output of a linear system does not include frequencies beyond
those in its input. This feature of linearity is not directly covered by the slope tolerance
introduced in Sec. 5.1. In scenarios involving dynamic strains, as for example in the case of
vibration monitoring, it is important to ensure that the transduction mechanism represented
by SA-BOTDA exhibits minimum harmonic distortion. However, knowing the slope flatness
within a given tolerance does not provide information about the magnitude of the corresponding
harmonic distortion. Therefore, we propose to characterize the linear range of SA-BOTDA by
specifying tolerances for both the slope flatness and the relative magnitude of signal harmonics,
quantified here by the ratio of the power of the highest harmonic to that of the signal. In this
section, the theory and the simulation results based on this theory will be presented.

Theory

The theory will be presented for a conventional BGS with the Voigt profile described in
Eq. (4.1.1). When a dynamic strain signal s(t) is applied to the FUT and induces proportional
BFS shifts δνB(t), where the conversion factor Cε = δνB(t)/s(t) is introduced in Eq. (3.1.2)
for standard SMF at around 1550 nm, the probe wave at the working point optical frequency
νwp will experience an oscillating gain [121] proportional to V (νwp + δνB(t)). When s(t) and,
consequently, δνB(t) are sinusoidal, that is:

δνB(t) = A sin(ωt) (5.3.1)

with ω being the strain signal angular frequency, the oscillating gain may exhibit harmonics,
reducing the measurement fidelity. To study these harmonics, the BGS is extended in a Taylor
series in the vicinity of νwp to:

V (νwp +δνB(t)) =
∞∑

n=0
an(νwp) · [δνB(t)]n ≈ a0 +a1 ·δνB(t)+a2 · [δνB(t)]2 +a3 · [δνB(t)]3 (5.3.2)
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5.3. Theory and Harmonic Analysis

where the coefficients an are proportional to the corresponding order of derivatives of the
function:

a0 = V (νwp) (5.3.3a)
a1 = V ′(νwp) (5.3.3b)
a2 = 1

2V ′′(νwp) (5.3.3c)
a3 = 1

6V ′′′(νwp) (5.3.3d)

Considering Eq. (5.3.1) and the following trigonometric identities:

sin2(ωt) = 1
2[1 − cos(2ωt)] (5.3.4a)

sin3(ωt) = 3
4 sin(ωt) − 1

4 sin(3ωt) (5.3.4b)

Eq. (5.3.2) can be further expanded as:

V (νwp) =a0 + a1A sin(ωt) + a2A2 1
2[1 − cos(2ωt)] + a3A3

[
3
4 sin(ωt) − 1

4 sin(3ωt)
]

=a0 +
1
2a2A2 + (a1 +

3
4a3)A sin(ωt) − 1

2a2A2 cos(2ωt) − 1
4a3A3 sin(3ωt)

(5.3.5)

The severity of the normally highest harmonics at 2ω and 3ω, namely: the Second and
Third Harmonic Distortions (SHD and THD), respectively, are then defined by the power
ratios of the signals at frequencies 2ω and 3ω to that of the applied signal at frequency ω.
When a fast Fourier transform (FFT) algorithm is applied on Eq. (5.3.5), we may find their
expressions as:

SHD(νwp) ≡ 10 lg
Power(2ω)
Power(ω) =

A→0
20 lg

∣∣∣∣∣∣
0.5a2(νwp)

a1(νwp) + 0.75a3(νwp)A
∣∣∣∣∣∣ (5.3.6a)

THD(νwp) ≡ 10 lg
Power(3ω)
Power(ω) =

A→0
20 lg

∣∣∣∣∣∣
0.25a3(νwp)

a1(νwp) + 0.75a3(νwp)A
2

∣∣∣∣∣∣ (5.3.6b)

Taking the expression of Eq. (4.1.1) into consideration, the explicit expressions of an, SHD as
well as THD can be derived. For the engineered BGS, thanks to the linearity of the algorithm,
the corresponding SHD and THD expressions can be derived by replacing the an(νwp) in
Eqs. (5.3.6a) and (5.3.6b) with an(νwp) − an(νwp + dγB). Please note that, the expression of
Eqs. (5.3.6a) and (5.3.6b) are valid only in the limit of small strain amplitudes so that a2 and
a3 do not vary too much in the frequency range of νwp ± A.
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5. Gain Spectrum Engineering in Dynamic BOTDA

Harmonic Analysis

Simulation results based on the above mentioned model uses the Voigt profile in Fig. 5.2.1
that best fits the experimental measured conventional BGS in Sec. 5.5. For the engineered
spectrum, m=0.845 and d=1.337 in Eq. (5.2.1) is applied for an optimized extended linear
slope without compromising the slope value.

The studied dynamic strain is a 50 Hz sinusoidal signal. Figure 5.3.1(a) plots the SHD(νwp)
and THD(νwp) calculated via the analytic expressions of Eqs. (5.3.6a) and (5.3.6b) for both
the conventional and engineered Brillouin gain spectra at a strain peak-to-peak amplitude
of 280 με. This value will also be used in the experiment, giving rise to a peak-to-peak BFS
variation δνB(t) of 5.6 MHz. For a direct comparison, Fig. 5.3.1(b) depicts the numerical
calculation results with the same strain signal. As it is clearly indicated, the analytical model
at 280 με strain amplitude provides a very good approximation. Summarized from Fig. 5.3.1,
the proposed engineered spectrum offers a dynamic range larger than that of the conventional
BGS. With the cut-off harmonic tolerance of 30 dBc (e.g., 30 dB to the 50 Hz frequency
component), the dynamic range is extended more than six times, while for the harmonic
tolerance of 25 dBc, four times extension is demonstrated with the dash dotted black line
in Fig. 5.3.1. For every doubled strain signal amplitude but still under the limit of small
strain amplitude, SHD and THD increase by 3 and 6 dB, respectively, as expected from the
expression of SHD and THD, keeping the same spectral shape of the SHD and THD curves as
depicted in Fig. 5.3.1.
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Figure 5.3.1.: The SHD (solid) and THD (dashed) values at different working points of the
conventional (gray) and engineered (black) BGS with the dynamic range defined as SHD
value above 25 dB (black dash-dotted line) with 280 με strain with the (a) analytical and (b)
numerical model.
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5.4. Experimental Setup

5.4. Experimental Setup

Similar to the setup in Sec. 4.4, the experimental setup as illustrated in Fig. 5.4.1 is configured
in a multi-probe scheme depicted in Fig. 5.4.2(a). To avoid any polarization fading, every
components in the setup are polarization maintaining. Two 50:50 optical couplers split the
laser diode (LD) output at around 1550 nm into three branches. In the upper pump branch,
the pump wave is pulsed by an electrical pulse signal via MZM 0. The pulse width and
repetition rate originated from a data timing generator (DTG, Tektronix DTG 5534) are set
at 14 ns (rise/fall times of few ns) and 50 kHz (20 μs in period), respectively. The value
of the repition rate was dictated by hardware limitations rather than by the length of the
fiber, which could support a much higher rate. The optical pulse power is controlled by
EDFA 0 and VOA 0 to 18 dBm in averaging power before launching into the FUT as the pump
wave. In the middle gain probe branch, the optical wave is modulated by MZM 1 working
in the carrier suppression regime and driven by the RF signal (fRF 1 in Fig. 5.4.2(a) from an
RFG 1 (Agilent E8267D). The probe wave for the SBS gain interaction is shaped by an optical
band-pass filter (O-BPF 1, Yenista XTM-50) by blocking the suppressed carrier, the upper
frequency sideband and the ASE noise from EDFA 1. Similarly, in the lower loss probe branch,
the optical wave is configured with the suppressed carrier and the lower frequency sideband
being blocked by O-BPF 2. Figure 5.4.2(a) depicts the spectrum at the point S in Fig. 5.4.1,

MZM 1

MZM 0 EDFA 0

LD

FUT

Gain probe

Pump

Osci

PD 2DTG

RFG 1

O-BPF 1

ISO 2

1 2

3

EDFA 1

MZM 2

RFG 2

EDFA 2 O-BPF 2

Loss probe

Trigger

VOA 0

VOA 1

PD 1

OSA

10%

10%

ISO 1

VOA 2

Att

RF-LPF

Cir

Figure 5.4.1.: Experimental setup. LD: laser diode, DTG: data timing generator, O-BPF:
optical band-pass filter, RF-LPF: radio frequency low-pass filter, OSA: optical spectrum
analyzer, Osci: oscilloscope, Att: fixed attenuation. [126]
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(a) (b)
Shaker

Micrometer
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Modulation 
on current

Figure 5.4.2.: (a) Schematic optical spectrum at the point S in Fig. 5.4.1 with CW gain and
loss probe waves (solid arrows) and a pulsed pump wave. (b) The specific structure of the
FUT in Fig. 5.4.1.

indicating a multi-probe scheme of the experimental implementation. The RF frequencies
follow fRF 2 = fRF 1 + d · γB, indicated by Eq. (5.2.1). The gain and loss probe wave powers
are controlled by the EDFAs and VOAs in the corresponding branches to an almost same
power level of −4.1 dBm and −2.7 dBm, respectively. The three MZMs were in good thermal
contact with large metal masses and the laboratory environment was air-conditioned. Once
properly set, their operating points remained stable during the measurement session. A digital
oscilloscope (Keysight DSO-X-91604) records the electrical sensor response from the PD 2
(Newport 1592). A DC–270 MHz RF low-pass filter limits the noise at the input of the digital
recording oscilloscope [114], while being wide enough to preserve the spatial resolution offered
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Figure 5.4.3.: (a) The reconstructed BGS with the FUT section; (b) the conventional (gray)
and the engineered BGS with (black dashed) and without (black) gain recovery excited by 14
ns pulse measured within the FUT section in static conditions. I-III and i-iii are the selected
working points on the conventional and engineered BGS, at which the dynamic sensing is
carried out [126].
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5.5. Experimental Validation

by the temporal characteristics of the pump pulse [63]. Simultaneous monitoring on the pump
pulse is enabled via PD 1 (Newport 1811) with a sufficient power attenuation. Trace recording
is triggered by the synchronized electrical pulse sequence signal from the DTG.

The specific structure of the FUT (box with gray background in Fig. 5.4.1) is illustrated in
Fig. 5.4.2(b). It consists of a 12 m long polarization maintaining fiber, where a 3 m segment
is held between a 2-dimensional micrometer stage (left) and a shaker (right). The motion of
the shaker is driven by an audio sinusoidal signal generator, which determines the operating
vibration amplitude and frequency. An FBG, having its reflection spectrum centered around
1530 nm, is inscribed on one end of the vibrating segment to allow for an independent
monitoring of the vibration amplitude and spectral purity. FBG measurements are performed
by disconnecting ports 1 and 3 of the circulator from the Brillouin setup, and connecting them
to an LED source and a fast (3 kHz) commercial spectrometer, respectively, which converts the
strain induced variations of the FBG peak reflection wavelength to strain. Being practically
transparent at the Brillouin operating wavelength of 1550 nm, the FBG does not interfere
with the SA-BOTDA experiment.

5.5. Experimental Validation

Static Sensing

Figure 5.4.3(a) shows the reconstructed BGS along the fiber under static conditions with 1 MHz
scanning frequency step, 350 MHz span and 32 averages. The BFS νB of the FUT is at 10.634
GHz with no ambiguities to the other fiber sections. Figure 5.4.3(b) depicts the experimentally
obtained conventional (dark gray) and engineered Brillouin gain spectra (black) with m=0.845
and d=1.337 of the 3 meter FUT section. The FWHM γB is broadened to 70 MHz due to the
excitation from 14 ns pulse. The gain recovery retrieves the logarithmic gain of the engineered
BGS by a multiplication of 2 due to the division of two probe powers (see Appendix C). Three
working points on each BGS have been chosen to carry out the slope-assisted dynamic sensing,
namely: working points I (10.629 GHz), II (10.597 GHz), III (10.566 GHz) on the conventional
BGS and i (10.626 GHz), ii (10.591 GHz), iii (10.551 GHz) on the engineered BGS (with gain
recovery). Among them, I, III and i, iii are at the edges of the linear range, while II and ii are
in the middle.

Dynamic Sensing

The dynamic signal to be measured is a 50 Hz sinusoidal strain signal. Its peak-to-peak ampli-
tude is set to 280 με, as independently measured by the FBG. For the dynamic measurement,
the oscilloscope works in the segmented mode with 1 GSa/s sampling rate. The trace record
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Figure 5.5.1.: Sinusoidal gain signals measured at (a) 10.629 GHz, 10.597 GHz, 10.566 GHz
(working points I, II and III in Fig. 5.4.3(b)) on the conventional BGS (dark gray), and (b)
10.626 GHz, 10.591 GHz, 10.551 GHz (working points i, ii and iii in Fig. 5.4.3(b)) on the
engineered BGS (black).

is triggered at every 4 pulses. This means, for each sequence of 4 pump pulses, 4 periods of
probe output traces are stored in one segment (out of 16,384), and 4 times of averaging can
be achieved within these 4 recorded periods to improve the SNR.

The retrieved sinusoidal Brillouin gain responses at the selected working points are illustrated
in Fig. 5.5.1. Since the vibration signal amplitude is close to the frequency offset between the
working point and the BFS, distortions of the measured gain signals can be observed at the
upper edges for the working point I and i on the conventional and engineered BGS, respectively
(see Fig. 5.5.1(a-I and b-i)). Therefore, the frequency-to-gain conversion is not linear at these
working points. The similar behavior happens for the conventional and engineered BGS at the
lower edge with working points III and iii.

To analyze the second harmonic level, an FFT analysis has been carried out at the se-
lected working points with the results presented in Fig. 5.5.2. It can be calculated from
the experimental conditions that, the effective vibration signal sampling rate of the pro-
posed sensor is 1 / (4×20 μs) = 12.5 kHz, the number of samples per vibration signal cycle is
12.5 kHz / 50 Hz = 250 and the number of recorded vibration signal cycles is 16,384 / 250 ≈ 65.
Sufficient samples per signal cycle and number of recorded cycles ensure an accurate FFT
analysis. For the working point with a small frequency offset to the BFS at the edge of the
linearity of the conventional BGS (I), where the distortion in the time domain also appears in
Fig. 5.5.1, the 2nd harmonic level rises (see Fig. 5.5.2(a-I)). Despite the slightly better situation
than the conventional case, the same behavior occurs also for the engineered BGS. The relative
2nd harmonic level at working point i and iii are quite low (see Fig. 5.5.2(b-i) and (b-iii)) while
the situation at working point ii is totally different (>40 dBc).
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Figure 5.5.2.: FFT spectra of the measured sinusoidal gain signals and their 2nd harmonic
level with the (a) conventional (Fig. 5.5.1(a)) and (b) engineered BGS (Fig. 5.5.1(b)).

Systematic dynamic measurements at various working points on both conventional and
engineered BGS are carried out. The sensitivities (the slope α) at each working point are
analyzed from the retrieved sinusoidal Brillouin gain signals and depicted in Fig. 5.5.3(a).
Please note that, different from the simulation results in Fig. 5.2.1(b), the sensitivities in
Fig. 5.5.3(a) are not a simple derivative of the static BGS in Fig. 5.4.3(b), but derived from the
maximum slope of the retrieved sinusoidal Brillouin gain signals (with necessary fitting curves
if severe distortions occur at the edge of the linear range) and converted into the frequency
domain under the assumption of a sinusoidal strain signal. The results in Fig. 5.5.3(a) is in
good agreement with the simulated one in Fig. 5.2.1(b). An enhancement of the sensitivity by
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Figure 5.5.3.: (a) Sensitivities measured from the gain signals and (b) the relative 2nd harmonic
level at different working points for the conventional (gray) and engineered (black) BGS in
the experiment [126].
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5. Gain Spectrum Engineering in Dynamic BOTDA

30% is experimentally demonstrated.
Under the same FFT analysis, the relative harmonic levels are depicted in Fig. 5.5.3(b).

The best dynamic sensing performance could be defined at the working point with the highest
relative harmonic level (working points with corresponding highlighted arrows in Fig. 5.5.3(b)).
The highest relative harmonic level of the engineered BGS is 7 dB higher than the one with
conventional BGS, indicating a better dynamic sensing performance. The quantitatively
defined dynamic range can be determined with the harmonic level tolerance as shown by the
horizontal black dash-dotted line in Fig. 5.5.3(b). According to this definition (relative harmonic
level>20 dBc), the dynamic range for the demonstrated conventional and engineered BGS are
44 MHz and 75 MHz, respectively. Thus, an extension of 70.45% has been experimentally
demonstrated.

Justification of Gain Recovery

According to the analysis in Sec. 4.6, a thermal noise dominant detection should be justified
for a gain recovery. Here the noise level with a single probe input (conventional BGS, gray
dots) and two probe inputs (engineered BGS, black dots) are demonstrated in Fig. 5.5.4. The
noise level is calculated as the standard deviation of the acquired trace signals in Volt before
the Brillouin interaction takes place (before the pulse launches into the fiber). The mean
values of the noise level with conventional and engineered BGS are 1.795 mV and 1.802 mV,
respectively. These two values show very good agreement with the output noise specification of
the photoreceiver (1.8 mV in RMS value). This less than 0.4% error indicates the independence
of the noise level on the input power and a thermal noise dominant detection.
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6
Microwave Photonic Filters

Microwave technology is almost everywhere in the daily life today, particularly in the ap-
plications such as radar, wireless communications and modern instrumentation. This rises
considerably the requirements on the generation, processing, precise control and distribution
of microwave and millimeter-wave signals [129]. Conventionally, the generation of microwaves
is available from electronic circuits with multiple stages of frequency doubling until a desired
frequency is reached. Therefore, such a system is usually complicated, costly and noisy. Not
only the generation system, but also the electronic circuits based microwave processing, i.e.,
filters, and controlling systems are also suffering from the bottleneck problems of the current
microwave techniques, namely the frequency (bandwidth) flexibility and tunability.

Microwave photonics studies the interaction between microwave and optical signals, aiming
at the photonic generation, processing, controlling and distribution of microwave signals [129].
The microwave signal can be generated in the optical domain via optical heterodyning,
circumventing the bandwidth limitation of frequency doubling in circuits and owing striking
advantages on the frequency flexibility, low propagation attenuation and electromagnetic
immunity. This technique is able to generate RF signals up to the THz band, limited only
by the detector bandwidth [129]. Based on the same motivation and closely cooperated with
the photonic microwave generation, microwave photonic filtering (MPF) as a typical device of
microwave photonic signal processing has been intensively investigated in the past decades.
In this chapter, an overview of the MPF performance, and especially the advantages and
limitations of the Brillouin based MPF will be presented.

6.1. Key Performances

The discussion about the performance of MPF could follow similar criteria on any traditional
microwave filters, as demonstrated in Fig. 6.1.1. Currently, typical consolidated MPF techniques
such as FBG, Mach-Zehnder interferometers (MZI), Fabry-Perot interferometers (FPI) and
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Figure 6.1.1.: An ideal (gray dashed) and practical (black solid) band-pass filter profile with
their key specifications.

ring resonators are already available for passive filtering. However, an ideal MPF should have
outstanding performances in several aspects, such as flat-top filter response, high selectivity
and a wide and independent bandwidth and center frequency tunability [35, 130]. In this
regard, the above mentioned MPF techniques have their own pros and contras and could
hardly fulfill all the requirements. The description of an ideal MPF performance include:

• Selectivity: symbolizes the rejection of the undesired signals in the stopband and could
be quantified as the power difference between the passband and stopband. In some
references, the filter selectivity with periodical pass-bands, such as interference based
MZI and FPI filters, could be characterized by the quality factor Q as the ratio of the
free-spectral range and the FWHM of the single filter response [131]. The selectivity of
an ideal MPF should not disturb the original signal in the passband and fully suppress
the signal in the stopband.

• Roll-off: is the steepness of the filter profile with frequency. Combined with selectivity,
it characterizes the sharpness of the filter profile. The design of a filter seeks to make
the roll-off as narrow as possible so that rectangular edges are the case of an ideal MPF
profile.

• Flat-top response: symbolizes the response uniformity in the filter passband. It is usually
quantified by the in-band ripple, as shown in Fig. 6.1.1.

• Shape factor: is defined as the ratio of the bandwidths of the passband and the stopband.
For this figure to have a practical meaning, the attenuation at which the bandwidths of
pass- and stopband is measured should also be quoted. As demonstrated in Fig. 6.1.1,
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6.2. Brillouin based MPFs

the shape factor can be calculated as: SF6/60dB = BW60dB/BW6dB [35]. For an ideal
MPF, SF0/+∞ = 1.

• Bandwidth and center frequency tunability: show the advantage of microwave photonics.
The center frequency tunability for MPF can usually be achieved by changing the
frequency of the optical source. Depending on the specific mechanism of the MPF, there
are several solutions to tune the bandwidth. One of the most common ways would be
modulation on the optical sources.

In modern RF communication systems, interference mitigation plays also an important
role [132, 133], leading to the requirement of another type of filters, i.e., RF notch or bandstop
filters. In order to protect sensitive receivers from the high power level undesired interfering
signals, RF notch or bandstop filters with high peak absorption, high center frequency accuracy
and simultaneously flexible tunability on center frequency and bandwidth are required. Despite
the availability of modern RF notch filters with high peak attenuation and high selectivity in
low RF frequency range [134–136], a desired high quality RF filter with wide tunable center
frequency and bandwidth tuning range in the high RF frequency range is still challenging.
Data processing in the optical domain, a branch of microwave photonics, provides a good
solution to the bottleneck problem of conventional RF filters. Several techniques have been
implemented in realizing microwave photonic notch filters (MPNF). Currently, the consolidated
techniques include parallel topology [137], photonic crystal waveguide [138], optical frequency
comb [139] and ring resonantor [140].

6.2. Brillouin based MPFs

MPFs based on SBS take the advantage of the Brillouin gain as the filter passband. Unlike
FBG and interference based MPFs, Brillouin based MPFs belong to active filters, i.e., the
filter works only under the existence of a pump. Out-of-band signals are conventionally not
suppressed. Therefore, the selectivity of a conventional Brillouin based MPF equals to the
Brillouin gain and is highly dependent on the pump power. Due to the striking advantages
of SBS, such as low threshold, high gain and ultra-narrow linewidth, Brillouin based MPFs
are usually easy to achieve, and owns a high selectivity and sharp roll-off. Considering the
SBS is available all over the telecommunication band, the center frequency tunability of the
Brillouin based MPFs is intrinsically ensured. Several solutions for spectrum engineering as
mentioned in Sec. 2.7 help to achieve a tunable bandwidth of the Brillouin spectrum. All these
factors make the Brillouin based MPFs an attractive application in microwave photonic signal
processing.
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Figure 6.2.1.: The schematic principle of polarization pulling in a field vector point of view [142].
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s represent the electric field of in- and output probe wave, respectively, �Ep is the

pump field.

6.2.1. Selectivity Enhancements

The selectivity of the Brillouin based MPF is dependent on the pump wave power. Provided
that the input signal is small enough (e.g., < −30 dBm [141]), the Brillouin gain of a
monochromatic probe wave could rise up to 30 dB once the pump wave exceeds the threshold,
as indicated from the measurement results in Fig. 2.6.1. However, the ASE noise of SBS and
the pump depletion restrict the gain from being higher. For a spectrum broadened pump wave,
i.e., a wider filter pass-band, the saturation regime will come with a significantly lower gain,
since the power is distributed in the spectrum density. To break these limits, the common
strategies include:

• Multi-stage amplification: when the pump power exceeds ∼23 dBm, Raman scattering
will rise and deplete the Brillouin pump, leading to Brillouin gain saturation [143]. By
splitting a very high pump power into several stages of relative lower power amplifications
to the probe wave, the Brillouin amplification in every stage would reach its highest
efficiency [143] so that Brillouin pump depletion is circumvented.

• Polarization pulling: can be explained as the pulling of the probe wave SOP towards
the one of the pump wave due to the energy conversion in the Brillouin interaction, as
schematically illustrated in Fig. 6.2.1 [142]. From a field vector point of view, the probe
wave SOP is changed by the fraction of the pump field transffered to the probe wave. This
gradually dragging effect will eventually align the probe wave SOP with the pump field
under a high amplification, leading to an SOP locking even when the input probe wave
SOP is random [142]. Different from a traditional mechanical polarization synthesizer, an
optical polarization synthesizer can be built based on this principle [144]. The selectivity
of the Brillouin based MPFs could be enhanced by utilizing this polarization pulling
effect and a polarization beam splitter (PBS). By setting the SOP of probe and pump
wave to be orthogonal, the output signal from the same port of the PBS is minimized
when the pump wave is off due to the SOP orthogonality, and maximized when the
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6.2. Brillouin based MPFs

pump wave is on, due to the parallel SOP [145, 146]. According to the principle of
polarization pulling, the selectivity enhancement is mainly attributed to the suppression
of the stop-band signal instead of the amplification of the pass-band signal, and the
enhancement is more efficient under a high pump power.

6.2.2. Filter Response Engineering

Theoretically, in order to acquire an ideal rectangular SBS gain spectrum, the pump wave
spectrum is required to have the same designed shape. This can be achieved preferably by an
external modulation with an AWG, as introduced in Sec. 2.7. However, due to the nonlinear
response of the electrical and optical components, especially the optical modulator and its
driver, the generated optical spectrum is not showing a precise agreement to the electrical
modulation signal. As depicted in Fig. 6.2.2, the original flat electrical comb leads to an uneven
pump comb and hence the SBS gain. To achieve an agreement between the electrical modulation
pattern and gain spectrum, a feedback compensation algorithm is required to continuously
modify the amplitude of each electrical comb line according to Gain(dB)∝ Pp ∝ E2

p until a
convergence is reached, where Pp is the pump intensity at a specific frequency and Ep is the
corresponding electrical amplitude [147]. Cooperated with the feedback compensation, the
commonly used modulation pattern for filter response engineering include:

• Electrical comb: with equal channel spacing is usually used for a rectangular spectrum
shape. A comb interval smaller than the SBS linewidth is commonly utilized [148].
However, remarkable FWM will be introduced to the adjacent comb lines when the
channel spacing becomes small (∼10 MHz), leading to a pump comb with uneven
amplitude that could only be partially compensated by a feedback. Furthermore, the
FWM converts the energy to out-of-band signals, leading to a decreased pump efficiency,
particularly when the pump power is strong and the comb line bandwidth is wide.
The solution for this phenomenon is to apply an uneven channel spacing. In this way,
the superposition of the intermodulation components on the comb lines can be well

Figure 6.2.2.: The schematic principle of the feedback compensation algorithm with electrical
comb as the external modulation pattern [147].
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6. Microwave Photonic Filters

circumvented [148]. However, the competition between the FWM components and comb
lines for pump amplification still remains.

• Frequency sweeping: is proposed to overcome the disadvantages of the electrical comb
signal [143]. The signal sweeping speed must be carefully determined as one of the
important parameters. Too fast sweep in ∼ns period will fail the feedback compensation
algorithm, while only an incomplete filter response will be generated if the sweep period
is longer than the propagation time of the pump wave [35]. Since the applied fibers are
usually long (∼10 km for low threshold), there is usually some space for the sweeping
period determination. Currently, the frequency sweeping signal is one of the most
favorable choices for Brillouin based MPFs in optical fibers. Just like the case in an
ultra-short fiber, different strategies are required to achieve Brillouin based MPFs on
chips.

• Direct modulation for arbitrary filter response: can be achieved with the control of
the Brillouin gain at a specific frequency in a linear relation given by GSBS(ν) ∝
SP (ν + νB) ∝ Δt(Iν+νB

), where GSBS(ν) is the logarithmic Brillouin gain in the unit
of decibels, SP (ν + νB) is the pump spectrum, Δt(Iν+νB

) is the time duration of the
current waveform at the corresponding value [41]. With a pre-designed current waveform
and an accurate feedback adjustment, arbitrary filter responses, such as rectangular and
triangular with a maximized flexibility can be obtained [42].

6.2.3. Brillouin Noise

Just like all the amplification mechanisms, Brillouin interaction provides undesired noise as
well. The origin of the Brillouin noise is the random nature of the SpBS [26]. It becomes a
severe drawback to Brllouin based applications once the SpBS gets amplified together with the
probe signal from the pump energy conversion. The impairment from the Brillouin noise could
be significant. Due to the competition of the Brillouin noise and the signal to be amplified for
the pump energy, the Brillouin amplification is saturated until a certain level [116]. Similar for
the case of Brillouin based MPFs, the selectivity is restricted and saturated [143]. Furthermore,
due to the origin of SpBS, the frequency distribution of Brillouin noise is uneven, but densely in
the vicinity of BFS with the intensity pump wave (spectrum and power) dependent. Therefore,
the probe signal can hardly be separated from the Brillouin noise and several conventional
noise reduction methods, such as filtering, are not efficiently working for Brillouin noise
reduction [63, 78], making it a bottleneck of almost all Brillouin based applications. In Ch. 7,
a typical solution will be proposed to overcome the disadvantage of the Brillouin noise.
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7
Transparent Optical Filter

High roll-off, re-configurable bandwidth and independent center frequency tunability make the
active Brillouin based optical filter an attractive application in comparison to the traditional
passive filters. Conventionally, the gain spectrum of the SBS interaction is served as the filter
passband. In Sec. 6.2, an overview about the performance enhancements on this gain based
techniques is presented. However, just as for all the gain mechanisms, the Brillouin noise is also
introduced in the filter passband, leading to eventually a limit on the selectivity [143]. Since
the Brillouin noise is originated from SpBS (ASE noise) and located in the same frequency
range of the gain spectrum [26], a circumvention can hardly be achieved. In this chapter, a
novel idea on the Brillouin based optical filter is presented providing a Brillouin noise free
passband. Based on the suppression of the stop-band signals by the Brillouin loss interactions,
the noise-free characteristic of the proposed filter is demonstrated. In principle, all the previous
techniques on selectivity enhancement [143, 145] and filter profile engineering [41, 42] can be
applied simultaneously to achieve an ideal optical filter free of excess Brillouin noise.

7.1. Schematic Operation Principle

In order to circumvent ASE noise from the Brillouin gain, the proposed optical filter is based
on the Brillouin loss interaction. The schematic principle of the proposed filter is illustrated
in Fig. 7.1.1(a). The passband of the filter is the transparency region between two broadened
losses with an overall frequency bandwidth of 10 GHz. The broadening of the loss spectra can
be achieved by a broadened pump wave with either multi-tones [148] or sweeping signals [143]
via either direct or external modulation [37]. To avoid FWM due to multi-tone pumps [148],
two pump waves (pumps A and B) are generated from the same laser source and broadened
by a direct modulation with the same electrical sweeping signal with the sweeping periodicity
within the propagation time in the fiber [35].
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Figure 7.1.1.: (a) Principle of Brillouin loss based filter. Black solid line stands for a broad
input signal. (b) Overall filter profile of proposed filter with a conventional optical filter. The
light and dark gray dashed line represents the profile of the conventional filter and SBS losses,
respectively; the black solid line stands for the overall filter profile [130].

The broad input signal is suppressed symmetrically on both sides by the broadened SBS
losses (losses A and B) in the frequency upshifted range to the pump wave by the BFS of
the fiber, while the center frequency part stays transparent. All other undesired out-of-range
frequency components on both sides of the losses can be suppressed with the assistance of
an extra conventional optical filter, as shown with the blue dashed line in Fig. 7.1.1(b). The
reason for the proposed filter configuration within 10 GHz is the general accessibility of a
commercial optical filter with high performance for this passband range. Since the signal in
the proposed filter passband is placed in the maximum transmission of the external filter, it
is neither affected by the SBS process nor influenced by the conventional filter, and hence
no additional noise is imposed. Considering the Gaussian-shaped filter profile of most of the
conventional optical filters with high rejections on both sides and flat-top response in the
vicinity of the center frequency, as shown in Fig. 7.1.1(b), the suppression of the spectral
components far from the passband center is higher than close to the passband center of the
proposed SBS filter.

By carefully controlling the frequency separation between the two pumps and the linewidth
of the pump waves, the overall pump range and thereby the loss range can be well manipulated
in a frequency range of 10 GHz. In order to eliminate the undesired components from the
simultanoues SBS gain interaction in the frequency downshifted range, the assisted conventional
optical filter must have a rejection at about 30 GHz. By changing the pump frequency and
the amplitude of the sweeping signal, the center frequency and the bandwidth of the filter can
be arbitrarily and independently tuned. Due to the transparency in the passband, a flat-top
response and low-noise characteristic are easy to achieve.
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7.2. Experimental Setup
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Figure 7.2.1.: (a) Experimental setup. SG: signal generator; DD-MZM, dual-drive MZM. (b)
Configuration of the broadened dual pump spectrum.

7.2. Experimental Setup

The experimental setup is illustrated in Fig. 7.2.1(a). The black dashed box depicts the
components for the filter, the dark gray dashed box illustrates the generation of the probe
signal, and the measurement module is composed of an OSA. The filter profile is generated by
a direct modulation of a DFB laser diode (LD 1) centered at 1549.26 nm. The frequency of
the direct modulation ramp sweeping signal is 50 kHz, fast enough for the filter generation
with a 20 km SMF [35]. The broadened pump linewidth depends on the amplitude of the
sweeping signal from the signal generator (SG). The duplication and separation of the pump
is achieved by a sinusoidal modulation of a dual-drive MZM (DD-MZM 1). Different from a
conventional MZM, DD-MZM provide the possibility to modulate both arms of a MZM with
different RF signals. Here an external optical single-sideband (OSSB) modulation is required
from DD-MZM 1, so that both arms are modulated by the same RF signal from RFG 1 with
an extra phase shifter on one of the arms. With a proper phase shift on one of the arms, one
of the modulation sidebands is suppressed. By setting the bias voltage properly, we could
achieve the same power of the carrier and another unsuppressed sideband (see Appendix B.2
for the derivation of carrier suppression and OSSB modulation). The modulation frequencies
of RFG 1 and the SG are selected so that the broadened carrier, unsuppressed sideband, and
the frequency separation between them cover a frequency range of approximately 10 GHz, as
schematically depicted in Fig. 7.2.1(b). Please note that, due to the intrinsic narrow Brillouin
linewidth, the frequency separation between the unsuppressed sideband and the carrier is
equivalent to the passband more than 100 MHz. A high-power EDFA 1 in the pump branch
amplifies the pump wave at constant power mode and launches into the 20 km SMF via a
circulator. The circulator with dual-isolation offers a directivity of more than 60 dB, blocking
efficiently the possible Rayleigh scattering even when the pump power is amplified to a high
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7. Transparent Optical Filter

level.
The probe signal for measuring the filter response is injected from the other end of the

fiber from another LD. The operating frequency of LD 2 is 20 GHz upshift to LD 1. It is
modulated by the RF signal from RFG 2 via MZM 2 and works in the carrier suppression
regime. The lower frequency sideband from MZM 2 is selected by FBG 1 and utilized as the
probe signal. This probe frequency can be scanned in a wide range to cover the total filter
bandwidth. Though a higher probe power ensures a higher SNR, the probe power must be
below the threshold of any nonlinear effects in the fiber. In the experiment, EDFA 2 and a
VOA are utilized to ensure the probe power to be 5 dBm. Since the BFS of the 20 km SMF
in the setup is 10.861 GHz, the RF signal from RFG 2 scans from 6 GHz to 20 GHz with
20 MHz steps to get the detailed filter profile with peak detection in the OSA. Please note
that, FBG 2 is only connected to the setup during the noise measurement described in Sec. 7.3.
The components with gray background are optional for a filter selectivity enhancement via
polarization pulling [145], the principle of which has been discussed in Sec. 6.2.1.

7.3. Experimental Validation

Figure 7.3.1 illustrates the pump signal after EDFA 1 measured by a heterodyne detection
with a local oscillator (LO, not shown in the setup) in a PD (Finisar XPDV21X0R). With a
fixed direct modulation frequency and an increase of the amplitude from the SG, the pump
bandwidth from LD 1 increases from 0.25 GHz via 1.45 GHz and 3.15 GHz to 5.48 GHz.
The pump powers from the EDFA 1 are 17, 25, 28, and 30 dBm, correspondingly. With a
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Figure 7.3.1.: Pump spectrum for the filter pass bandwidth of (a) 0.5 GHz, (b) 3.7 GHz, (c)
7.1 GHz and (d) 9.5 GHz.
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7.3. Experimental Validation

proper protective attenuation with the VOA before the PD, the detected amplitudes can be
manually adjusted to almost the same value, as shown in Fig. 7.3.1. The unflatness of the
pump wave is a direct result of the parasitic effect [149]. However, the filter passband is not
influenced by this effect. Besides, this effect can also be eliminated with a feedback control on
the signal from SG [41]. With these pump configurations, the corresponding targeted filter
pass-bandwidth are 9.5 GHz, 7.1 GHz, 3.7 GHz and 0.5 GHz, respectively.

Selectivity Enhancement via Polarization Pulling

As a proof-of-concept of the ability to cooperate with the consolidated performance en-
hancement techniques, the selectivity enhancement of the proposed filter is demonstrated via
polarization pulling [145]. The components required for the polarization pulling are highlighted
in Fig. 7.2.1 with gray background. The principle of polarization pulling is introduced in
Sec. 6.2.1. Please note that, unlike the scenario of a Brillouin gain based optical filter in
Sec. 6.2.1, the SOP of the probe wave in the stop-band here is influenced by the SOP of
the pump wave due to the Brillouin interaction. Specifically, the SOP of the probe wave
is controlled by a polarization controller (PC 4), so that the output power in the passband
through the PBS is maximized. On the other hand, the SOP of the pump wave is controlled
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Figure 7.3.2.: The selectivity with (black) and without (gray) polarization pulling with the
proposed filter pass bandwidth of (a) 0.5 GHz, (b) 3.7 GHz, (c) 7.1 GHz and (d) 9.5 GHz.
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7. Transparent Optical Filter

by PC 3, so that the output power in the stop-band through the same port of the PBS is
minimized. Considering the output in the stop-band will suffer from not only the atten-
uation through SBS losses but also an extra polarization suppression, an enhancement of
the selectivity can be achieved [85, 145]. Figure 7.3.2 depicts the filter responses with the
described pump configurations with (black) and without (gray) the assistance of polarization
pulling. Dependent on the bandwidth, an average of 5.5 dB selectivity enhancement has been
demonstrated. Despite the limited demonstrated enhancement, the filter selectivity could be
further enhanced by a multistage configuration [143] or a phase-modulated probe wave [150],
which could also lead to a much sharper edge with much higher roll-off.

Independent Bandwidth and Central Frequency Tunaibility

As demonstrated in Fig. 7.3.3(a), filter pass bandwidths from 9.5 GHz via 7.1 GHz and 3.7 GHz
to 500 MHz with the described pump configuration with ripples as low as 0.3 dB are achieved
at a fixed center frequency. Since the passband is transparent and SBS interaction free, this
ripple might result mainly from the measurement error of the OSA and the output power
instability of LD 2. Since the modulation on the pump wave that produces the losses is not
perfect, the pump profile is not a perfect rectangle, as shown in Fig. 7.3.1. Thus, at the edges
of the filter passbands, the SBS loss interactions have still an influence on the signal. This
edge effect leads to a finite roll-off. With a pre-compensation on the LD current of the direct
modulation, as demonstrated in Ref. [41], filter bandwidth down to the natural bandwidth of
SBS and an edge effect limited to this range can be optimized.
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Figure 7.3.3.: Proposed filter profile with (a) fixed and (b) tunable center frequencies and filter
pass bandwidth of 0.5 GHz (black solid), 3.7 GHz (dark gray solid), 7.1 GHz (light gray solid),
and 9.5 GHz (black dashed)
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7.3. Experimental Validation

As it is clearly indicated, although the signal amplitude in the passband is almost independent
of the filter bandwidth, the selectivity is bandwidth dependent. Generally, the narrower the
pass bandwidth, i.e., the broader the pump linewidth, the more difficult it is to obtain a
high selectivity, even under the assistance of polarization pulling. This conclusion shows an
agreement with numerous results in gain mechanisms [42, 143, 151, 152] and can be explained
as the limited pump power spectral density with the broadened pump linewidth. Specific in
the experiment, a selectivity of more than 20 dB is achieved for a bandwidth of 9.5 GHz with
polarization pulling for only 17 dBm pump power. In contrast, even with a pump power of up
to 30 dBm, a selectivity of only 11 dB can be achieved with polarization pulling for 500 MHz
pass bandwidth.

According to the pump spectrum configuration schematically depicted in Fig. 7.2.1(b),
the filter center frequency is governed by the pump frequency and further depends on the
temperature of LD 1, while the filter bandwidth is governed by the frequency separation between
the two pumps, which is further determined by the RF signal frequency from RFG 1 and the
amplitude of the direct modulation signal from the SG. Therefore, due to the independence
of the above mentioned three parameters, an independent center frequency and bandwidth
tuning of the filter can be achieved and demonstrated in Fig. 7.3.3(b). The maximum center
frequency tuning range can be as wide as the working frequency range of the LDs in the setup
while the minimum and maximum possible bandwidth is limited by the Brillouin linewidth
and the available commercial optical filter bandwidth, respectively, as mentioned in Sec. 7.1.

Noise Measurement

Besides the rectangular shape and the narrow bandwidth, the special advantage of the proposed
filter is the transparency and additional noise free characteristic in the passband. The noise is
measured by a heterodyne detection of the probe signal inside the filter passband with a LO
for a Brillouin gain and loss-based filter. The same setup in Fig. 7.2.1 with the frequency of
LD 2 downshifted around 20 GHz to LD 1 is used as an SBS gain-based filter. In order to
make a fair comparison, the pass bandwidths are set to 2 GHz and the selectivity for both
cases are set to be the same, that is, the Brillouin gain and the Brillouin loss are equal to ≈
9 dB, as measured in Fig. 7.3.4(b). To satisfy this condition under the same 17 dBm pump
power, a different probe power is applied, i.e., -16 dBm for the gain-based filter, while for the
loss case it remains 5 dBm.

Figure 7.3.4(a) depicts the heterodyne signals between the probe signal within the passband
of a loss-based filter and a LO are well overlapped when the pump is on and off, i.e.,, the filter
passband on and off, indicating a full transparency of the filter passband. On the contrary,
despite the same SBS gain as depicted in inset (i) of Fig. 7.3.4(b), an obvious pump-spectrum-
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Figure 7.3.4.: Heterodyne detection of the signals in the passband with a local oscillator with
(a) the SBS loss-based filter and (b) the SBS gain-based filter. Insets (i) and (ii) show the
peak signal and the pump spectrum, respectively.

like noise pedestal as shown in inset (ii) of Fig. 7.3.4(b) with maximum 5 dB difference is
detected when the pump is on, indicating an interference from the ASE noise from the Brillouin
interaction in the passband. This interference vanishes when the pump is off, which is in good
agreement with the noise measurement of a gain-based filter [143]. In order to achieve the
same selectivity, the frequency of the probe signal is aligned at the edge of the Brillouin gain,
so that the Brillouin noise pedestal is off-center to the right in Fig. 7.3.4(b).

Furthermore, based on the definition of the noise figure as the ratio of input and output
SNR of the filter, i.e.:

F =
SNRoff

SNRon

(7.3.1)

where SNRoff (SNRon) represents the SNR of the probe signal when pump is off (on), and
the data in Fig. 7.3.4, the noise figures of the gain and loss-based filter are calculated to be
Fgain=2.6904 and Floss=0.9861, respectively. For the calculation of the SNR, we have integrated
the noise over the filter bandwidth, as would be done by a broadband receiver. Intuitively, the
closer the noise factor is to 1, the less impact the noise is in the passband. The reason for
Floss <1 might be a measurement error of the used electrical spectrum analyzer (ESA). As it
is clearly indicated, there is no additional noise for the proposed filter, whereas the gain-based
system has a noise figure of almost 3. Another disadvantage for a gain-based filter is that, for
a multistage gain-based system for selectivity enhancement as in Ref. [143], the noise in each
stage is accumulated and amplified in the next. However, this would not be the case for a
multistage loss-based system as proposed in this chapter.
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SBS is one of the most favorable nonlinear effects for the implementation of MPF and MPNF
owing to its striking advantages, as discussed in Sec. 6.2. The first demonstration of SBS based
MPNF in an optical fiber is reported in [150] with precise sideband-amplitude and -phase
control [153]. The key factor of the technique is to set the sidebands after the modulation
unbalanced and π phase shifted to each other. Due to the limited degrees of freedom, this
cannot be achieved by a phase modulator (PM) or a MZM. A dual-parallel Mach-Zehnder
modulator (DPMZM) with a more complicated structure is required.

Despite the nice demonstrations, the drawback of the technique is the sensitivity to the
fiber dispersion. The influence of dispersion on microwave photonics has been addressed in
several previous works in the context of optical millimeter-wave generation and radio-over-
fiber systems [154–157]. Due to the dispersion and dependent on the modulation frequency,
each frequency component in the dispersive media will experience a different phase shift.
Thus the generated RF signal will suffer from a periodical constructive and destructive
interference [154, 155]. In order to avoid the dispersion of a long SMF, either dispersion shifted
fibers [158], which introduce almost no dispersion at 1550 nm, or a rather short length of
SMF (650 m) have been used [150]. However, the use of a long length of DSF is costly and to
use a short length of fiber will increase the SBS threshold and makes the nonlinear interaction
more difficult. The problem of the dispersion is circumvented only when this idea was adapted
to a chip-based SBS-MPF for a compact integration [159, 160] due to the negligible dispersion
in a chip. Nevertheless, this solution cannot be adopted to the fiber based MPNF.

In this chapter, we investigate the influence of the dispersion on the performance of fiber
based MPNF. Technical details on the precise control of the sideband-amplitude and phase
by the DPMZM will be provided. As will be demonstrated by the theory, simulation and
experiment, the dispersion leads to two different detrimental effects on the performance of
the SBS based MPNF: (a) notch frequency shift; (b) drastically reduced notch rejection. A
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8. Dispersion Effect in Microwave Photonic Notch Filters

solution with a tunable dispersion compensation module (TDCM) before detection is proposed
to compensate this effect. Thus, even in long standard fibers the excellent performance of this
kind of MPNF can be maintained. The criteria for optimizing the filter performance are also
discussed in detail.

8.1. Dual Parallel Mach-Zehnder Modulator

Modulator Structure

As depicted in Fig. 8.1.1, the structure of a DPMZM consists of two parallel MZM and an extra
PM on one of the arm. The two parallel MZMs, also called child MZM, in this structure are
usually working in push-pull mode and provide pure intensity modulation (see Appendix B.2
for details). Similarly, the extra PM is called parent MZM. RF signals with DC bias voltages
can be applied into Ports 1 and 2, while only a DC bias voltage can be applied to the phase
shifter from Port 3. For most of the applications, the RF signals to Ports 1 and 2 are in
quadrature phase split from the same RF source by a 90 degree hybrid 3 dB coupler.

Ein Eout

Vb1 + VRF · sinωRF t

Vb2 + VRF · cosωRF t Vb3

Figure 8.1.1.: Typical structure of a DPMZM with electrodes made of LiNbO3 shown in red.

Modulator Transfer Function

For a CW input into the DPMZM, the complex transfer function is given by: [153]

Eout =
√

2
2 · E0 · exp(jφ)·{

J0(βRF ) · [(cos βb1 + cos βb2 · cos βb3) · cos ω0t + (− cos βb2 · sin βb3) · sin ω0t]

+J1(βRF ) · [(− sin βb2 · cos βb3) · cos(ω0 + ωRF )t + (− sin βb1 + sinβb2 · sin βb3) · sin(ω0 + ωRF )t]
+J1(βRF ) · [(− sin βb2 · cos βb3) · cos(ω0 − ωRF )t + (sin βb1 + sinβb2 · sin βb3) · sin(ω0 − ωRF )t]

}

(8.1.1)
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8.1. Dual Parallel Mach-Zehnder Modulator

where Ein = E0 ·exp(jω0t) is the input field with E0 being the field amplitude and ω0 being the
angular frequency of the optical wave, φ = −ω0Lneff/c where neff is the effective refractive
index in the waveguide without external voltage, L is the length of the waveguide, the item
of exp(jφ) represents the phase change due to the propagation distance L in the waveguide
without bias voltage, Jn(z) is the n-th Bessel function of the first kind and j is the imaginary
unit, βbn and βRF are defined as:

βbn ≡ πVbn/Vπ

βRF ≡ πVRF /Vπ

(8.1.2)

whhere Vπ is the switching voltage of the modulator and usually assumed to be the same for
all ports, Vbn is the DC bias voltage applied on the n-th port, VRF and ωRF are the amplitude
and the angular frequency of the applied RF signal, respectively.

The output intensity can be calculated from the electric field as Pout = |Eout|2. By collecting
all the items at ωRF , the RF power can be expressed as:

PRF

∣∣∣∣∣
ωRF

= −RPin · J0(βRF ) · J1(βRF ) · [(cos βb1 · sin βb1 + sin βb1 · cos βb2 · cos βb3) · sin ωRF t

+ (cos βb2 · sin βb2 + cos βb1 · sin βb2 · cos βb3) · cos ωRF t]
(8.1.3)

where R is the responsivity of the PD, Pin = |Ein|2 is the input optical power. As it is clearly
indicated, the functionality of the DPMZM could be versatile thanks to the complicated
structure and more degrees of freedom on the bias control. The full derivation of the transfer
function, Eqs. (8.1.1) and (8.1.3), is demonstrated in Appendix B.3.

I/Q Modulation

In a modern communication system, there are three basic methods to modulate a waveform,
namely amplitude modulation (AM), frequency modulation (FM) and phase modulation (PM).
Due to the increasing demand on the information capacity, the basic modulation methods can
hardly meet the requirement. New modulation methods that are compatible to the digital
techniques are developed to increase the modulation efficiency. One of these newly developed
modulation methods is called IQ modulation, where I and Q stands for the in-phase and
quadrature-phase component of the modulation waveform, respectively. Fig. 8.1.2(a) shows a
block diagram of the IQ modulation. Its basic principle is the summation of two signals that
are in quadrature phase. In RF systems, this quadrature phase shift of the LO can be achieved
by a hybrid 90 degree coupler. Theoretically IQ modulation could generate any type of RF
modulation, including AM, FM and PM, within the working frequency range, bandwidth and
accuracy capabilities of the modulator device.
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8. Dispersion Effect in Microwave Photonic Notch Filters

Ein Eout

I(t)

Q(t) 0.5Vπ

I

Q

I

Q

I

Q

I

Q

Figure 8.1.2.: (a) IQ modulator block diagram. (b) QPSK modulation process with DPMZM
and its constellation diagrams at each stage.

The modulator that enables an IQ modulation is called IQ modulator. In modern optical
communication systems, DPMZM are usually used for IQ modulation. The quadrature phase
shift of the carrier, as shown in Fig. 8.1.2(a), can be achieved by setting the bias voltage on
the parent MZM to half of the switching voltage. The two parallel child MZMs are working in
push-pull mode for intensity modulation. Quadrature phase shift keying (QPSK) modulation
process with a DPMZM has been schematically demonstrated with its constellation diagrams
at each stage in Fig. 8.1.2(b).

8.2. Theory and Schematic Operation Principle

In this section, the theories and operation principles of the SBS based MPNF in the previous
investigations [150] and the dispersion effect will be presented.

The operation principle of the SBS based MPNF can be schematically illustrated with
Fig. 8.2.1. By utilizing the DPMZM with specific bias voltage and RF signal configuration,
the sidebands of a probe wave can be set to be unbalanced while the phases are π shifted to
each other. The specific configuration of the DPMZM will be introduced later in this section.
In case of an interaction of the SBS gain/loss on one of the sidebands, the amplitudes of the
sidebands will be equalized. In principle, the technique is valid for both an equalization on the
lower frequency sideband (LSB) and upper frequency sideband (USB) via Brillouin gain and
loss interaction. Considering the Brillouin interaction does not provide extra phase shift at
the peak gain (or loss) (see Fig. 2.4.1), the sidebands at the peak gain (or loss) remain original
out-of-phase, leading to a strong destructive interference at the modulation frequency, similar
to the output directly after a PM. Therefore the notch is formed at this specific microwave
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νc − fRF

Alsb,
π + φ

νc

Ac,
π + φ

νc + fRF

Ausb,
φ

ν
νp

Figure 8.2.1.: Schematic principle of the SBS loss based MPNF: probe wave spectrum after
modulation from a DPMZM with unbalanced amplitude and π phase shifted sidebands. The
SBS loss interaction from the pump (gray line) takes place on the LSB and equalizes the
unbalanced sidebands.

frequency by the signal cancellation at the receiver with the rejection much higher than the
conventional SBS gain/loss. For simplicity, the discussion hereafter is carried out based on a
higher LSB amplitude of the modulation sideband and an equalization of the sideband via
Brillouin loss interaction, as depicted in Fig.8.2.1.

The introduction of the specific configuration of the DPMZM will be divided into two
parts: the conditions for the unbalanced and out-of-phase sideband modulation, and the notch
formation with this configuration with Brillouin interaction. In the first step, the expressions
of the amplitude and phase of the carrier, LSB and USB would be separated. We may denote
the electric field of the USB from Eq. (8.1.1) as:

Eusb(t) =
√

tffEin · J1(βRF )·
[(− sin βb2 · cos βb3) · cos(ω0 + ωRF )t + (− sin βb1 + sinβb2 · sin βb3) · sin(ω0 + ωRF )t]
≡
√

tffEin · J1(βRF ) · Ausb · sin[(ωc + ωRF )t + φusb]
(8.2.1)

where tff is the (power) insertion loss including the intrinsic 3 dB loss from the Y-branch of
the DPMZM and

Ausb = J1(βRF ) ·
√

sin2 βb2 · cos2 βb3 + (− sin βb1 + sin βb2 · sin βb3)2 (8.2.2a)

sin φusb = − sin βb2 · cos βb3√
sin2 βb2 · cos2 βb3 + (− sin βb1 + sin βb2 · sin βb3)2

(8.2.2b)

cos φusb = − sin βb1 + sin βb2 · sin βb3√
sin2 βb2 · cos2 βb3 + (− sin βb1 + sin βb2 · sin βb3)2

(8.2.2c)
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8. Dispersion Effect in Microwave Photonic Notch Filters

Similarly we may have the electric field of the LSB as:

Elsb(t) =
√

tffEin · J1(βRF )·
[(− sin βb2 · cos βb3) · cos(ω0 − ωRF )t + (sin βb1 + sinβb2 · sin βb3) · sin(ω0 − ωRF )t]

}
≡
√

tffEin · J1(βRF ) · Alsb · sin[(ωc − ωRF )t + φlsb]
(8.2.3)

where

Alsb = J1(βRF ) ·
√

sin2 βb2 · cos2 βb3 + (sin βb1 + sin βb2 · sin βb3)2 (8.2.4a)

sin φlsb = − sin βb2 · cosβb3√
sin2 βb2 · cos2 βb3 + (sin βb1 + sin βb2 · sin βb3)2

(8.2.4b)

cos φlsb = sin βb1 + sin βb2 · sin βb3√
sin2 βb2 · cos2 βb3 + (sin βb1 + sin βb2 · sin βb3)2

(8.2.4c)

The expression for the carrier electric field is:

Ec(t) =
√

tffEin · J0(βRF ) · [(cos βb1 + cos βb2 · cos βb3) · cos ω0t + (− cos βb2 · sin βb3) · sin ω0t]

≡
√

tffEin · J0(βRF ) · Ac · sin(ωct + φc)
(8.2.5)

where

Ac = J0(βRF ) ·
√

(cos βb1 + cos βb2 · cos βb3)2 + (− cos βb2 · sin βb3)2 (8.2.6a)

sin φc = cos βb1 + cos βb2 · cos βb3√
(cos βb1 + cos βb2 · cos βb3)2 + (− cos βb2 · sin βb3)2

(8.2.6b)

cos φc = − cos βb2 · sin βb3√
(cos βb1 + cos βb2 · cosβb3)2 + (− cos βb2 · sin βb3)2

(8.2.6c)

8.2.1. Out-of-phase Shifted Sidebands

The π shift of the sideband phase, i.e., φlsb − φusb = π means:

sin φlsb = − sin φusb (8.2.7a)
cos φlsb = − cos φusb (8.2.7b)

Besides, the amplitude of the sidebands after the modulation should not be the same, i.e.:

Alsb 	= Ausb (8.2.8)
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8.2. Theory and Schematic Operation Principle

Therefore, Eqs. (8.2.7a), (8.2.7b) and (8.2.8) are the pre-conditions for the π shifted sideband
phase.

Considering Eqs. (8.2.2a) and (8.2.4a), Eq. (8.2.8) yields:

(sin βb1 + sin βb2 · sin βb3)2 	= (− sin βb1 + sin βb2 · sin βb3)2 =⇒ sin βb1 · sin βb2 · sin βb3 	= 0

leading to a general solution:
sin βbn 	= 0 (8.2.9)

Considering Eqs. (8.2.2b), (8.2.4b), (8.2.8) and sin βb2 	= 0, the only possible solution to
Eq. (8.2.7a) would be:

cos βb3 = 0 (8.2.10)

Please note that, Eq. (8.2.10), the solution of Eq. (8.2.7a) does not violate Eq. (8.2.9), the
solution to Eq. (8.2.8), since sin βb3 meanwhile equals to ±1.

Considering cos βb3 = 0 in Eq. (8.2.7b), we may have:

sin βb1 + sin βb2 · sin βb3

|sin βb1 + sin βb2 · sin βb3| = − − sin βb1 + sin βb2 · sin βb3

|− sin βb1 + sin βb2 · sin βb3| (8.2.11)

• βb3 =
π

2 =⇒ sin βb3 = 1, then Eq. (8.2.11) turns into:

sin βb1 + sin βb2

|sin βb1 + sin βb2| = − − sin βb1 + sin βb2

|− sin βb1 + sin βb2| ⇐⇒ (sin βb1 + sin βb2) · (sin βb1 − sin βb2) > 0

• βb3 = −π

2 =⇒ sin βb3 = −1, then Eq. (8.2.11) turns into:

sin βb1 − sin βb2

|sin βb1 − sin βb2| = − − sin βb1 − sin βb2

|− sin βb1 − sin βb2| ⇐⇒ (sin βb1 − sin βb2) · (sin βb1 + sin βb2) > 0

reaching the same equation as the previous case.

In a short summary, in order to make the phase difference between the sidebands π shifted,
the bias voltage applied on the parent MZM should follow:

βb3 = ±π

2 =⇒ Vb3 = ±Vπ

2 (8.2.12)

With this condition, the amplitude unbalance can be tuned by Vb1 and Vb2.
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8. Dispersion Effect in Microwave Photonic Notch Filters

8.2.2. Requirements on Carrier Phase

At the first glance, the fulfillment of Eq. (8.2.12) would be sufficient to fulfill the condition
for the notch formation. However, this is not necessarily true. Provided that the sidebands
phases are π shifted with their initial phase φs and their amplitudes are also unbalanced, the
detected RF power can be expressed as:

R|Ac ·cos(ωct+φc)+Alsb ·cos[(ωc −ωRF ) · t+π +φs]+Ausb ·cos[(ωc +ωRF ) · t+φs]|2 (8.2.13)

where φc is the carrier phase at the detection. Among the expansion, only two items will
contribute to the frequency component with ωRF t, namely:

R|2Ac ·Alsb ·cos(ωct+φc)·cos[(ωc−ωRF )·t+φs]−2Ac ·Ausb ·cos(ωct+φc)·cos[(ωc+ωRF )·t+φs]|
(8.2.14)

With further simplification by applying product-to-sum identities and neglecting the 2ωRF t

items, we may have:

PRF

∣∣∣∣∣
ωRF

= R|Ac · Alsb · cos(ωRF t + φc − φs) − Ac · Ausb · cos(ωRF t − φc + φs)| (8.2.15)

As we can see, the result is dependent not only on the sideband amplitude difference Ausb −Alsb,
but also on the phase difference between the sideband and carrier φc − φs. This means, an RF
power cancellation (PRF = 0) cannot be achieved even with a balanced sideband amplitude
and a π phase shift between sidebands, if there is phase difference between the sideband and
carrier.

One of the typical conditions for the carrier phase is φc = φs. We then could re-write the
conditions for an out-of-phase cancellation from the DPMZM as:

|φusb − φlsb| = π Ausb 	= Ausb φc = φs (8.2.16)

particularly the last requirement on the carrier phase is easy to be neglected. Based on the
pump-probe configuration as illustrated in Fig. 8.2.1, we may reach to one of the specific bias
voltage configurations as:

Vb1 = 0.5Vπ 0 < Vb2 < 0.5Vπ Vb3 = 0.5Vπ (8.2.17)

In this scenario, Vb3 = 0.5Vπ ensures φusb − φlsb = π, Vb1 = 0.5Vπ satisfies φc = φs, 0 < Vb2 <

0.5Vπ generates a higher amplitude for the LSB. The specific value of Vb2 adjusts the amplitude
difference between the sidebands. Under the exact bias voltages setting Eq. (8.2.17), the RF
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8.2. Theory and Schematic Operation Principle

power detected at ωRF could be further derived from Eq. (8.2.15) to

PRF

∣∣∣∣∣
ωRF

= RAc · |Alsb − Ausb|

= RJ0(βRF ) · cos βb2 · {J1(βRF ) · [1 + sin(βb2)] − J1(βRF ) · [1 − sin(βb2)]}

=
1
2RJ0(βRF )J1(βRF ) · sin(2βb2)

(8.2.18)

Considering the case of a total cancellation of the RF power, the minimum PRF is zero with a
balanced sideband amplitude. Therefore, to demonstrate a higher notch rejection, the optimal
value of βb2 and Vb2 are:

βb2 = π/4 =⇒ Vb2 = 0.25Vπ (8.2.19)

8.2.3. Notch Formation via Brillouin Interaction

The notch formation via the Brillouin interaction can be modelled by taking into consideration
its simultaneous amplitude (gain or loss) and phase modulation. The detected optical field
after the Brillouin loss interaction on the LSB can be re-written as:

R·|Ac ·cos(ωct+π)+GSBSAlsb ·cos[(ωc−ωRF )·t+π+ΦSBS]+Ausb ·cos[(ωc+ωRF )·t]|2 (8.2.20)

where GSBS and ΦSBS are the BLS and the corresponding BPS with the negative value of
Eqs. (2.4.4) and (2.4.5). By collecting all the components with ωRF , Eq. (8.2.20) can be further
simplified to:

R · Ac · |(GSBSAlsb · cos ΦSBS − Ausb) · cos(ωRF t) + GSBSAlsb · sin ΦSBS · sin(ωRF t)| (8.2.21)

Therefore, the detected RF power is re-written as:

PRF

∣∣∣∣∣
ωRF

= R · Ac ·
√

(GSBSAlsb · cos ΦSBS − Ausb)2 + (GSBSAlsb · sin ΦSBS)2 (8.2.22)

The pump power for a Brillouin loss interaction that well eliminates the sideband unbalance
at the maximum loss, as illustrated in Fig. 8.2.1, can be calculated based on Eq. (2.4.4) and
the condition of:

GSBSAlsb = Ausb (8.2.23)

with the bias voltage configuration as in Eqs. (8.2.17) and (8.2.19).
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8. Dispersion Effect in Microwave Photonic Notch Filters

8.2.4. Dispersion Effect

In standard SMF, different optical waves with different frequencies have slightly different
refractive index and therefore propagate with different phase velocities due to the dispersion [5].
Accordingly, the π phase shift of sidebands directly after the DPMZM with the bias voltage
configuration in Eqs. (8.2.17) and (8.2.19) will not be maintained during the propagation
through SMF. This dispersion effect will be severe when the length of SMF is typically
long. However, contradictorily, longer SMF reduce the SBS threshold and make the Brillouin
interaction easier to happen. Owing to the commonly use of short SMF, the dispersion effect
has never been mentioned in the previous publications [150]. In this subsection, the theory of
the influence of SMF dispersion on the MPNF performance will be investigated.

The detected RF power should be revised when taken the dispersion effect into consideration,
i.e., Eq. (8.2.20) should further include the phase items due to dispersion as: [161–163]

R|Ac cos(ωct+π+φD,c)+GSBSAlsb cos[(ωc−ωRF )t+π+ΦSBS+φD,lsb]+Ausb cos[(ωc+ωRF )t+φD,usb]|2
(8.2.24)

where the extra phase items φD,c, φD,lsb, φD,usb stand for the phase changes due to dispersion
upon carrier, LSB and USB. By collecting all the components with ωRF , Eq. (8.2.24) can be
simplified to:

RAc| [GSBSAlsb · cos(ΦSBS + φD,lsb − φD,c) − Ausb · cos(φD,usb − φD,c)] · cos(ωRF t)
+ [GSBSAlsb · sin(ΦSBS + φD,lsb − φD,c) + Ausb · sin(φD,usb − φD,c)] · sin(ωRF t)|

(8.2.25)

leading to the detected RF power given by:

PRF

∣∣∣∣∣
ωRF

= RAc

{
[GSBSAlsb · cos(ΦSBS + φD,lsb − φD,c) − Ausb · cos(φD,usb − φD,c)]2

+ [GSBSAlsb · sin(ΦSBS + φD,lsb − φD,c) + Ausb · sin(φD,usb − φD,c)]2
}1/2

(8.2.26)

According to the Taylor expansion of the propagation constant of carrier βc and LSB βlsb

into the second order at carrier frequency ωc, the expression of the dispersion related phase
items can be written as:

φlsb − φc = (βlsb − βc) · L =
1
2 · β2(ωlsb − ωc)2 · L =

1
2 · β2ω2

RF · L (8.2.27)

where β2 is the second derivative of the propagation constant and symbolizes the chromatic
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dispersion. According to the definition of dispersion D: [5]

D = −2πc

λ2 β2 =⇒ β2L = −DLλ2

2πc
(8.2.28)

Thus, Eq. (8.2.27) can be transferred into: [157]

φD,lsb − φD,c = −DLλ2
c

4πc
· ω2

RF (8.2.29)

where for standard SMF, the dispersion D = 16 ps/(nm·km). As it is clearly indicated, the
phase shift between LSB and carrier is no longer maintained during the propagation in the
SMF. Therefore, a proper dispersion compensation Dc is necessary. With the dispersion
compensation,

φD,lsb − φD,c = − λ2
c

4πc
· (DL − Dc) · ω2

RF (8.2.30)

it is clearly indicated that, when Dc = D·L, i.e., the dispersion of SMF is properly compensated,
the original phase shift will be retrieved. Actually, due to the symmetry, the dispersion
compensation module in the setup will compensate the dispersion between the carrier and
USB in the same way as, leading to

φD,usb − φD,c = φD,lsb − φD,c = − λ2
c

4πc
· (DL − Dc) · ω2

RF (8.2.31)

8.3. Simulation Prediction

8.3.1. Notch Formation

It can be concluded from Eqs. (8.2.4a) and (8.2.2a) that, the ratio of the sideband (power)
between the LSB and USB is a constant, if Eqs. (8.2.17) and (8.2.19) is satisfied. Besides, this
ratio is surprisingly independent of the optical input power of the DPMZM. Therefore, it is
theoretically possible to find an optimal pump power that generates a suitable SBS loss [22, 23]
to eliminate the sideband unbalance of the probe wave, according to Eq. (8.2.23). This optimal
pump power Ppump can be determined by a feedback shooting method when the unbalance is
eliminated within the error tolerance of 0.01% at the maximum loss. The RF frequency and
power applied to the DPMZM are set to 6 GHz and 15 dBm, respectively. the length of the
SMF is 20 km. We first neglect the dispersion effect. The RF signal and sidebands (power)
unbalance, which indicates the Brillouin loss profile, can be calculated according to Eq. (8.2.22).
As shown in Fig. 8.3.1(a), the RF spectrum (3 dB) bandwidth is measured to be 19.4 MHz,
narrower than the FWHM of the Brillouin loss 37.1 MHz. Besides, due to the out-of-phase
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Figure 8.3.1.: (a) The simulated sideband unbalance with SBS loss (optical power, gray) and
the RF power at ωRF (black) as a function of RF frequency offset without dispersion taken into
consideration. (b) The RF signal under different dispersion compensation values in comparison
to the SBS loss (black dashed) [162].

cancellation, the notch depth (52.3 dB) is much deeper than the maximum Brillouin loss of
7.7 dB. These results are in good consistence with the previous reports [150, 158].

8.3.2. Dispersion Effect and Compensation

In order to investigate the dispersion effect, the dispersion items in Eq. (8.2.31) are taken into
account. The RF signals are calculated with Eq. (8.2.26). As depicted in Fig. 8.3.1(b), the
dispersion influences the performance of the MPNF in two ways, namely:

• notch frequency shift in respect to the Brillouin loss center

• drastic reduction of notch rejection

In Fig. 8.3.2(a), the black curve illustrates how the compensating dispersion (CD) Dc

influences the RF notch power. As the CD is approaching the SMF dispersion, the notch
power decreases significantly, indicating a more and more efficient out-of-phase cancellation on
the RF power at the notch. Considering the simulated SMF length is 20 km, the deepest RF
notch is predicted to appear at a compensating dispersion value of −320 ps/nm. Please note
that, in the vicinity of −320 ps/nm, the notch power shows strong oscillation. As shown in
Fig. 8.3.2(b), the RF notch power oscillates with a period of 3.3 ps/nm, indicating an extreme
sensitive dependence of the optical phase on the dispersion value. It is clearly indicated that,
only when the dispersion is precisely aligned for the compensation value, the RF notch will be
deepened to the most.
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Figure 8.3.2.: (a) The simulated RF notch power (black) and notch frequency shift (gray) for
different dispersion compensation values in comparison with the SBS loss (dash dotted). (b)
The oscillation of the RF notch power in the vicinity of the proper dispersion compensation
value (dashed rectangular in (a)) [162].

The gray curve in Fig. 8.3.2(a) demonstrates the frequency shift of the notch frequency in
respect to the Brillouin loss center. This notch frequency offset exists no matter it is over-
or less-compensated. This means, unless the system is properly dispersion compensated, the
elimination of the sideband unbalance due to the SBS loss will neither lead to the deepest RF
notch, nor an overlap of the maximum loss and RF notch.

8.4. Experimental Setup

In order to experimentally validate the theoretical predictions, the setup illustrated in Fig. 8.4.1
is utilized. The LD output is split into two branches. The upper probe branch is modulated
by an RF signal from RFG 1 via a DPMZM (Fujitsu, FTM7962EP). The bias voltages are set
according to Eqs. (8.2.17) and (8.2.19). The RF frequency and power of RFG 1 are 6 GHz

DPMZM

LD 20 km SMF

EDFA 1

VOA 2RFG 2 EDFA 2FBG

MZM

RFG 1

OSA
Pump

Probe

PC 1

PC 2

CirDC

DC

DC DC

90°    0°

Port 1

Port 2 Port 3

VOA 1

TDCM

ESA

ISO

10%

PD

Figure 8.4.1.: Experimental setup. TDCM: tunable dispersion compensation module.
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8. Dispersion Effect in Microwave Photonic Notch Filters

and 15 dBm, respectively, the same as in the simulation. The phases of the RF signals applied
on port 1 and 2, i.e., the two parallel child MZMs, are in quadrature shifted through a 90
degrees 3 dB hybrid coupler. The probe wave spectrum with unbalanced amplitude and π

phase shifted sidebands is then generated, as illustrated in Fig. 8.2.1. An ISO protects the
EDFA 1 from the residual pump wave. EDFA 1 and VOA 1 are used to control the probe
power at 5 dBm, closely below the SBS threshold of the 20 km SMF.

In the lower pump branch, the optical wave is modulated by a normal MZM with the RF
signal from RFG 2 in carrier suppression mode. The following FBG selects the LSB of this
modulation as the pump wave, as illustrated with the gray solid line in Fig. 8.2.1. As indicated
by the gray dashed curve in Fig. 8.2.1, the SBS loss generated by the pump wave has an
interaction with the LSB of the probe wave. Considering the BFS of the 20 km SMF in the
setup is 10.852 GHz at room temperature and the RF frequency upon the probe wave (from
RFG 1) is fRF =6 GHz, the RF frequency from RFG 2 should be in the vicinity of 16.852 GHz.
The pump power is well controlled by EDFA 2 and VOA 2 before launching into the SMF.

The probe wave after the interaction propagates through a tunable dispersion compensation
module (TDCM, TeraXion, TDCMX-C050+0700-0700-D02A). Depending on the dispersion
value provided by the TDCM, the SMF dispersion can be partly, fully or over-compensated.
10% of the output power from the TDCM is fed to an OSA, where the (power) sideband
unbalance of the probe wave is measured with the peak detection function. The other 90% of
the output power are detected by a PD and the RF power at ωRF is measured by an ESA also
with the peak detection function. The pump frequency fp is tuned by RFG 2 in the range of
16.852 GHz ± 125 MHz with a step size of 0.5 MHz. The pump power is strictly controlled
by VOA 2 so that the sidebands balance is achieved at the maximum SBS loss with an error
less than 0.2 dB. Due to the wide dispersion tuning range of the TDCM from −740 ps/nm to
740 ps/nm and step size of 20 ps/nm, the complete SBS loss and RF signal under different
CD can be simultaneously achieved and recorded by the OSA and ESA, respectively.

8.5. Experimental Validation

8.5.1. Bias Voltages Configuration

The first step of the experimental validation is to characterize the transfer function of the
DPMZM. This can be simply implemented by connecting the output from the DPMZM to
the 90:10 coupler that links to the OSA, PD and ESA in Fig. 8.4.1. The transfer function is
measured without any RF signals. The programmable power supply can arbitrarily control
the DC input voltages in all three ports with an accuracy of 0.1 V. By tuning one of the DC
port and fixing the other two (at 0 V) and measuring the only peak power (carrier) with the
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Figure 8.5.1.: Transfer function of MZM (a) child 1 and (b) child 2

OSA, the transfer functions of the DC ports are measured and plotted in Figs. 8.5.1 and 8.5.2.
The deviation of the child MZM transfer function from a standard sinusoidal form indicates
the existence of the drifting voltages. For a fitting analysis, the square (power) of Eq. (8.2.5)
is utilized and the drifting voltages of each port are determined. Considering the structure
symmetry, the transfer function of MZM child 1 and child 2 are similar and the measured data
(scattered dots) are showing good agreement in a wide range with the simulation results (gray
solid line). Please note that, since the MZM parent is not working in push-pull mode, the
period of its transfer function is 2Vπ instead of Vπ.

The characterization shows that Vb3 and Vb1 have positive drifts with Vb3,drift = 4.3 V and
Vb1,drift = 1.2 V, while Vb2 has a negative drift with Vb2,drift = −1.5 V. It is also confirmed by
the experiment that the switching voltages of each port are almost the same with Vπ = 8.4 V.
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Figure 8.5.2.: Transfer function of MZM parent
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8. Dispersion Effect in Microwave Photonic Notch Filters

With these measured data, the bias voltages configuration for the probe wave can be set
according to Eqs. (8.2.17) and (8.2.19).

8.5.2. Dispersion Compensation

In Fig. 8.5.3, typical RF signals under different CDs are illustrated. Please note that, only the
fiber dispersion was taken into account for the simulation. However, the measured dispersion
is the fiber dispersion plus the dispersion of all other components in the probe branch, which
include the EDFA, VOA and so on. From the measurement we have found an additional
dispersion of −240 ps/nm. Thus, with the 320 ps/nm from the fiber dispersion, the correct
dispersion compensation value would be at −80 ps/nm. As can be seen, the RF notch frequency
shifts with the CD. For extreme values such as −580 ps/nm and 640 ps/nm, the RF power at
even the notch could also be relatively high, indicating an inefficient RF-cancellation with
a dispersion mismatch. The dispersion compensation has almost no influence outside the
demonstrated frequency range.

The measured RF signals and optical SBS loss data are further analyzed by applying
Lorentzian fittings for minimum value and the corresponding frequency determination. As
illustrated in Fig. 8.5.4(a), the center frequency of the SBS loss is dispersion insensitive, while
the notch frequency of the RF signal is shifting with a maximum offset of 8.3 MHz in respect to
the maximum loss under different compensating dispersion values. The same situation happens
also in the analysis of the dispersion induced notch power change. As depicted in Fig. 8.5.4(b),
the maximum Brillouin loss remains the same under different dispersion values, while the
notch rejection, represented by the notch depth, rises from almost the same magnitude of SBS
loss (≈10.7 dB) when the system is less-compensated until the peak of ≈ 33 dB is reached
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Figure 8.5.3.: The experimental RF signals for different dispersion compensation value in
comparison to the dispersion insensitive SBS loss (black dash dotted).
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Figure 8.5.4.: The experimental notch (a) frequency and (b) depth of SBS loss and RF signal for
different dispersion compensation values. The gray dash dotted curve in (b) is the Lorentzian
fitting of the notch depth for the RF signal.

and decreases again in an over-compensated configuration.
A saturation-like behavior in the curve prevents the RF notch depth from further increasing.

This can be attributed to the sensitive dependence of the notch depth to the CD in the vicinity
of the proper compensation value. For just the fiber in Fig. 8.3.2(b), this proper compensation
value is −320 ps/nm, while for the whole setup, this value is −80 ps/nm, as depicted in
Fig. 8.5.4(b). Due to the limited tuning resolution of the TDCM, the oscillation structure in
the vicinity of the deepest notch cannot be characterized and a more precise dispersion cannot
be provided to hit the deepest notch experimentally. Therefore, a saturation instead of an
oscillation is measured.

Figure 8.5.4(a) proposes the setup of a dispersion measurement. The gray trace with crosses
is the frequency shift of the SBS loss, which remains almost constant due to the dispersion
insensitivity, and the black curve is the RF notch frequency shift. The crossing of the two
curves is at −80 ps/nm, indicating the dispersion of the setup.

8.6. Discussions

Physical Explanation of the Dispersion Effect

The simulation and the experimental results are in good consistence to each other with respect
to the dispersion effects on the notch frequency shift and the notch rejection change. Both
behaviors can be well explained by the dispersion induced phase from the setup. Thus, the pre-
conditions for an out-of-phase cancellation directly after the DPMZM is no longer maintained
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Figure 8.6.1.: The schematic explanation of the dispersion effects. The black curve shows
the perfect RF cancellation case, while the gray curve depicts the case of an imperfect RF
cancellation.

during the propagation in the setup. Figure 8.6.1 schematically compares two scenarios of the
sidebands after the SBS interaction. Originally the sidebands are unbalanced and π shifted
in phase, as shown by the black solid line. In both situations the SBS loss eliminates the
sidebands unbalance with the maximum loss. However, for the first situation (as indicated by
the black dashed curve), the phase of the LSB is well retrieved after the propagation in the
SMF with a proper dispersion compensation, so that the phase shift between the LSB and
USB is still π at the maximum SBS loss and all the conditions for an out-of-phase cancellation
are still satisfied. Considering the SBS interaction does not provide any phase shifts at the
gain or loss center, a perfect RF cancellation is formed at the loss center and a deep RF notch
can be seen.

In contrast, the other situation is shown with the gray dashed curve. Due to an improper
dispersion compensation, the π shift between LSB and USB is retrieved already with a non-zero
SBS phase. However, this results in an unbalanced amplitude between the sidebands. Due to
the insufficient RF cancellation, only a shallow RF notch signal is generated with a frequency
offset to the SBS loss.

For some extreme cases, where the system dispersion is far from the proper dispersion
compensation, the retrieving of the π phase shift is no longer possible, even with the help of
the SBS phase shift. Under these situations, the RF cancellation will not take place. Due to
the linear electro-optic responsivity of the PD, the RF notch in these cases shares the same
depth with the optical SBS loss.

Criteria on Pump Power Accuracy

In order to achieve the deepest RF notch of −59.6 dBm according to the simulation in
Fig. 8.3.1(a), besides a properly compensated dispersion, the pump power for the Brillouin
loss has to be accurately set so that the unbalance between the sidebands would be perfectly
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Figure 8.6.2.: (a) The RF signal and (b) RF notch power (black) and probe sidebands unbalance
(gray) due to the SBS loss with different power offset to the optimal pump power.

eliminated (with an error tolerance of 0.01%) at the loss center. In this subsection, the
sensitivity of the RF notch power will be theoretically investigated under the assumption that
the SMF dispersion is always properly compensated but with an offset of the power to the
optimal pump power. The RF notch power indicates the rejection ratio of the filter. The
only change in the calculation is that, a power offset η from −3 dB to 3 dB is applied on the
optimal pump power in calculating the SBS loss with the negative value of Eq. 2.4.1.

Figure 8.6.2(a) demonstrates RF notch spectra with typical pump power offsets. As can be
seen, only when the pump power is accurately set (offset to the optimal power less than 0.5 dB),
an obvious RF cancellation will take place and the RF notch will be deepened. Furthermore, in
comparison with the sensitivity of the SBS loss to the pump power offset, the RF notch power
is much more sensitive to the offset, as indicated by Fig. 8.6.2(b). With the same amount of
pump power offset (6 dB) the maximum SBS loss has changed by 12 dB and the RF notch
rejection has changed by 45 dB. Almost no deep notch will be observed with an offset to the
optimal pump power of 3 dB or more. Therefore, in order to get a well performed RF notch
filter, the requirement on the accurate setting of the pump power is very high. Therefore,
the sidebands unbalance must be equalized at the maximum SBS loss with an error of below
0.2 dB under all dispersion compensation situations in the experiment.

Conclusion

In this chapter, the technical details of the Brillouin based MPNF and the controlling method
of the DPMZM were reviewed. The detrimental dispersion effects on the performance of
MPNF based on SBS have been investigated. In the experimental demonstration, the fiber
dispersion shifts the RF notch frequency by 8.3 MHz in respect to the center of the loss

115
Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 

Es gilt nur für den persönlichen Gebrauch.



8. Dispersion Effect in Microwave Photonic Notch Filters

spectrum. This results in a decrease of the RF notch rejection by up to 21 dB. A physical
explanation of this phenomenon by an extra phase shift on the sidebands due to the dispersion
of the setup has been proposed. A theoretical model is established upon this explanation. The
simulation results show good consistences to the experiment. A solution to this limitation,
namely, the dispersion compensation, is also proposed and demonstrated both theoretically
and experimentally. Furthermore, the high demand on the pump power setting accuracy in
achieving the excellent performance of the SBS based MPNF was discussed.

The presented results would be of great importance for similar microwave photonic applica-
tions which rely on the phase difference and phase cancellation of optical waves. Additionally,
due to the ultra-sensitive dependence of the RF notch power on the dispersion, these results
provide a novel way for dispersion measurement in an optical communication system.
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9
Summary and Open Lines

9.1. Summary

In summary, this thesis has introduced the strategies to engineer the conventional Brillouin
gain spectrum by involving the Brillouin loss interaction as well as their applications in the filed
of distributed Brillouin sensing and optical signal processing. The investigations of this thesis
are split into two parts. On the one hand, the motivation of the gain spectrum engineering
with the superposition of loss interaction is the ability to further narrow the intrinsic Brillouin
gain linewidth. This linewidth narrowing will bring unique benefits to the distributed Brillouin
sensing such as SNR enhancement and noise resistance. On the other hand, the Brillouin loss
assisted out-of-phase cancellation provides the possibility to enhance the interaction by several
magnitudes. This advantage makes the application of the technique extremely attractive in
the field of optical and microwave photonic filtering. The four contributed chapters of this
thesis have specifically introduced the performance enhancement brought by the gain spectrum
engineering.

The first application is focused on the static distributed Brillouin sensing. The benefits
from the gain spectrum engineering with the superposition of Brillouin loss spectra include the
measurand resolution enhancement and the corresponding sensing range extension. Assisted by
the gain spectrum engineering, a solution to the bottleneck problem with the noise dependent
measurand resolution is proposed. By the superposition of a gain with two losses, a gain
spectrum shape that is sharper and more robust to the inevitable noise is engineered and leads
to a less ambiguity in the Brillouin frequency shift estimation. A novel numerical simulation
method has been carried out and found the optimized ratios between gain and loss. At the best
performance of the proposed sensor, a doubled measurand resolution has been demonstrated in
the simulation and an extension of the sensing range up to 60% has been expected. Considering
the practical limitations, different experimental implementations and their advantages and
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9. Summary and Open Lines

disadvantages have been specifically discussed. The experimental results show good agreement
with the simulation results.

The second presented application utilizes the gain spectrum engineering in slope assisted
dynamic Brillouin sensing. The investigation proposes a solution to the tradeoff between
the two key performances of this technique, namely dynamic range and slope. With the
superposition of Brillouin loss spectrum to the conventional gain spectrum, an engineered
gain spectrum demonstrates a wider linear range at the edge. Unlike previous works for
linear range extension, this technique does not compromise the slope and provides even up to
30% higher slope value. This means that, the proposed sensor could enlarge the maximum
measurable strain amplitude without any penalties on the minimum detectable strain signal.
A novel quantitative definition of the dynamic range has been proposed with the harmonic
distortions of the measured strain signal. Based on this definition, a dynamic range of more
than 70% wider than that of a conventional one has been quantified with the proposed method.
The simultaneous enhancement of the dynamic range and slope makes the validity of the
slope-assisted dynamic Brillouin sensing much more attractive.

Furthermore, the application of an engineered Brillouin spectrum with the loss interaction
on optical filtering has been introduced. The motivation of this investigation is to propose
a solution to the bottleneck of conventional Brillouin gain based optical filters, namely the
amplified spontaneous emission noise introduced by the Brillouin interaction. A novel tunable
optical filter based on Brillouin loss interactions with no additional noise has been investigated.
With the out-of-band signals being suppressed by two symmetric broadened loss spectra,
the pass-bandwidth can be well controlled arbitrarily. An independent tunability of the
center frequency and bandwidth ranging from 0.5 GHz to 9.5 GHz is demonstrated. Assisted
by the polarization pulling, the maximum selectivity of our proposed filter is enhanced to
more than 20 dB. Because the passband is left transparent, the proposed active filter has
successfully overcome the noise from the Brillouin interaction as the main disadvantage of
well performed Brillouin gain-based filters. Considering the sharp edges, flat-top response,
low-noise performance, independent bandwidth, and center frequency tunability, the proposed
filter can be used in combination with conventional filters, thus enabling a narrow-bandwidth
rectangular filter.

In addition, the microwave photonic notch filter based on Brillouin loss interaction has
been investigated. The highlight of this investigation is the precise control of the amplitude
and phase of the modulation sidebands with the dual-parallel Mach-Zehnder modulator.
Technical details on the manipulation and the characterization of the dual-parallel Mach-
Zehnder modulator have been explicitly introduced. Based on the out-of-phase cancellation,
a microwave photonic notch filter based on Brillouin interaction is able to provide a notch
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rejection much higher than the Brillouin loss itself with narrower linewidth. This investigation
aims to solve the detrimental effect from the dispersion on the performance of this Brillouin
based microwave photonic notch filter. The investigation shows that the dispersion influences
the performance of the notch filter in two ways, namely the notch frequency shift and the notch
rejection reduction. Experimentally a notch frequency shift by 8.3 MHz and a notch rejection
reduction up to 21 dB have been demonstrated. A theoretical model has been built based
on the dispersion induced extra phase shift on the probe waves and the simulation results
show good agreement to the experiment. A solution to this impairment, namely the dispersion
compensation, is also proposed and demonstrated both theoretically and experimentally. The
presented results would be of great importance for other microwave photonic applications that
rely on the phase difference of optical waves. Additionally, the investigation results provide
also a novel way for dispersion measurement in an optical communication system.

9.2. Open Lines

As analyzed in Sec. 3.2, the performance limit of the BOTDA could be overall attributed to
the limited SNR of the sensing system. Currently, the SNR of the (engineered) gain spectrum
is highly dependent on the magnitude of the gain (or loss). In this thesis, an ultra high SNR
has been demonstrated in the field of microwave photonic filter by exploiting the out-of-phase
cancellation, with the SNR much higher than the Brillouin gain (or loss) itself. The following
proposal present the open research fields coming from the work performed in this thesis.

Proposal of Out-of-phase Cancellation in BOTDA

As a tentative solution for the restricted SNR in a sensing system, here a simple and feasible
SNR enhancement method based on the exploitation of out-of-phase signal cancellation is
proposed on SA-BOTDA [119, 121]. Assisted by the destructive interference, a drastically
increased sensitivity as well as dynamic range can be expected.

• Principle

The schematic principle of the proposed sensor is depicted in Fig. 9.2.1(a). It is different from
the conventional SA-BOTDA in that, the probe wave is phase modulated with a modulation
frequency ωRF . Due to destructive interference, no RF frequency component at ωRF will
be detected at the PD for a direct detection of the probe wave. However, this scenario will
change if a Brillouin interaction is applied on one of the sidebands, for instance, the USB as
illustrated in Fig. 9.2.1(a). By scanning the USB through the gain spectrum, it will experience
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Figure 9.2.1.: a) The schematic principle of the SA-BOTDA based on out-of-phase cancellation,
(b) a comparison between the conventional BGS (solid) and RF spectrum from the out-of-phase
cancellation (dashed). Please note the different scales of the left and right axes.

both amplitude and phase change. The RF power at ωRF can be expressed as,

Pout

∣∣∣∣∣
ωRF

= EcESB

√
G2

SBS + Φ2
SBS (9.2.1)

where Ec, ESB are the amplitude of the carrier and the sideband, respectively, and governed
by the RF power (see Appendix B.1), GSBS, ΦSBS are the SBS amplitude gain and phase
response given in Eqs. (2.4.4) and (2.4.5), respectively. Different from the SNR enhancement
method mentioned in Chs. 4 and 5, the possible enhancement efficiency by this method is
much higher, owing to a much more efficient suppression of the RF power at the modulation
frequency from the destructive interference [161, 162].

The expression of Eq. (9.2.1) holds under the small gain approximation, which suits almost
all the situations of an SA-BOTDA sensor with short interaction length in dynamic sensing
tasks. A comparison of the direct detection of the SBS gain, i.e., conventional BOTDA, and
the out-of-phase cancellation is demonstrted with the same pump pulse width of 14 ns, the
same pump pulse peak power of 20 dBm and the same probe power of −14 dBm (sideband
power for phase modulated probe wave). The RF power and frequency used are 10 dBm
and 0.6 GHz, respectively. The spectra of both cases are depicted in Fig.9.2.1(b) with the
FWHM of the conventional BGS broadened to 70 MHz. Taking the advantage of the high
suppression out of the SBS interaction range and similar to the effect of an SBS based RF
notch filter [150, 153], a higher SNR, a sharper spectrum profile and a steeper slope in the
linear region of the BGS are achieved.
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Figure 9.2.2.: The comparison of the (a) dynamic range based on second harmonic level and
(b) slope between the out-of-phase cancellation (black) and the conventional BOTDA (gray).
The threshold for the dynamic range is set at 18 dB (black dash dotted horizontal line in (a)).

• Advantages on Dynamic BOTDA

The advantage of the proposed out-of-phase cancellation in SA-BOTDA is the simultaneous
enhancement of the dynamic range and sensitivity. This advantage is demonstrated with
the same numerical method proposed in Ch. 5. The simulated sinusoidal strain signal is 50
Hz in frequency and 280 με in peak-to-peak amplitude. The simulated slope assisted strain
measurement is carried out in a variety of working points at the spectrum edges.

Similar to the results demonstrated in Sec. 5.5, the relative power of the second harmonic of
the Brillouin gain signal is depicted as a function of the working point frequency in Fig. 9.2.2(a).
Under the pre-defined threshold of 18 dB, the dynamic range of 8 MHz and 4 MHz are measured
for the proposed and conventional sensor, respectively. According to the slope calculation
depicted in Fig. 9.2.2(b), more than two times the sensitivity can be achieved by utilizing
out-of-phase cancellation. It is clearly indicated that, with the out-of-phase cancellation, both
the maximum measurable and minimum detectable strain signal can be enhanced by two times
simultaneously.

• Influence of Dispersion

Considering the phase sensitivity in the destructive interference, the influence of the dis-
persion in this proposed method is investigated. Considering the length of the fiber is only
around 100 m in most dynamic sensing tasks, the quantitative characterization of the influence
of the dispersion on the out-of-signal cancellation is limited in a small spatial range. Under

121
Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 

Es gilt nur für den persönlichen Gebrauch.



9. Summary and Open Lines

-400 -200 0 200 400

-36

-34

-32

-30

-28

-26

-24

-22

P
ow

er
(d

B
m

)

Frequency (MHz)

2 m
500 m

1000 m

Figure 9.2.3.: RF spectrum of the SBS gain assisted out-of-phase cancellation at 2 m (black),
500 m (dark gray) and 1 km (light gray) with 0.6 GHz modulation frequency.

the consideration of the fiber dispersion, Eq. (9.2.1) can be generalized as,

Pout

∣∣∣∣∣
ωRF

= EcESB

√√√√
G2

SBS + 4 sin2(
1
2β2ω2

RF z − 1
2ΦSBS) · (1 + GSBS) (9.2.2)

where β2 is the 2nd order derivative of the propagation constant at the carrier frequency
and symbolizes the chromatic dispersion. The chromatic dispersion in SMF at 1550 nm is
β2 ≈ −21.67 ps2/km. Please note that, different from Eq. (9.2.1), no small gain approximation
is applied in Eq. (9.2.2). It is clearly indicated from Eq. (9.2.2) that, the influence is much more
severe for a high modulation frequency. Considering the broadened FWHM of the BGS with
short pulse and the possible residual Brillouin interaction on the carrier when ωRF is too low
(see Fig. 9.2.1(a)), ωRF is set to be 0.6 GHz in the rest of the simulation for the demontsration
of the dispersion effect.

The RF spectra at different fiber sections are illustrated in Fig. 9.2.3. The dispersion
influences the gain spectrum mainly by changing the symmetry. Also, as expected that, the
dispersion effect is more severe at the far end of the fiber. However, considering the short fiber
length and limited asymmetry, it is highly possible to develop a compensation and retrieval
algorithm for this effect. Furthermore, the spectrum shape close to the resonance (for instance
3 dB region) is still well maintained, showing an insensitivity to the fiber dispersion. Therefore,
a compensation and retrieval algorithm would be only required for the measurements that
take place at the working points far from the resonance.

• Possible Experimental Implementation

The possible experimental implementation for the proposed dynamic SA-BOTDA based on
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Figure 9.2.4.: Schematic setup of an SA-BOTDA sensor based on out-of-phase cancellation.
Schematic spectrum at the spot S is illustrated in Fig. 9.2.1(a)

out-of-phase cancellation is depicted in Fig. 9.2.4. The output from the LD is splitted into
two branches via a coupler. In the lower probe branch, the optical wave is modulated by the
frequency ωRF from RFG 2 by a PM so that symmetric sidebands with a phase shift of π

are generated. In order to build the pump for the probe sideband, the optical wave in the
upper pump branch is modulated by the frequency BFS + ωRF from RFG 1 via a MZM, with
the lower frequency sideband and the carrier being blocked by a followed FBG. The DTG
pulses the continuous wave into 14 ns via a switching type SOA. After a proper power control
via EDFA and VOA, the pump pulse is directed into the FUT for interrogation. A similar
structure of FUT in Fig. 5.4.2(b) could be utilized for strain signal implementation.

The RF spectrum is acquired by scanning the RF frequency from the RFG 1 upon the
MZM. Considering the response of the PM, the detection module in this scheme must cover
the range of ωRF (several 100 MHz). Additionally, the detection module should include an
RF-BPF for a better detection of the time evolution of the RF component with only ωRF with
a digitizer or oscilloscope.
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Appendix

A. Jacobi-Anger Expansion

The Jacobi-Anger expansion is the expression of exponential of trigonometric functions in the
basis of their harmonics. It is often used in physics for converting plane waves to cylindrical
waves. Its general form is: [164]

ejzsinθ =
∞∑

n=−∞
Jn(z)ejnθ (A.1)

where Jn(z) is the n-th Bessel function of the first kind and j is the imaginary unit with
j2 = −1. The substitution of θ with π

2 − θ in Eq. (A.1) leads to:

ejz cos θ =
∞∑

n=−∞
jnJn(z)ejnθ = J0(z) + 2

∞∑
n=1

jnJn(z)ejnθ (A.2)

where the later step of Eq. (A.2) has applied the relation:

J−n(z) = (−1)nJn(z) (A.3)

Considering the Euler’s formula ejθ = cos θ + j sin θ, the real-value expression of the expansion
can be derived as:

sin(z sin θ) = 2
∞∑

n=1
J2n−1(z) sin[(2n − 1)θ] (A.4a)

cos(z sin θ) = J0(z) + 2
∞∑

n=1
(−1)nJ2n(z) cos(2nθ) (A.4b)

sin(z cos θ) = −2
∞∑

n=1
(−1)nJ2n−1(z) cos[(2n − 1)θ] (A.4c)

cos(z cos θ) = J0(z) + 2
∞∑

n=1
(−1)nJ2n(z) cos(2nθ) (A.4d)
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Appendix

B. Transfer Function of the DPMZM

The transfer functions of PM and MZM are the foundations to clarify the transfer function of
DPMZM. In this section, the structure of all three modulators and their characteristics will
be introduced and derived step by step.

B.1. Phase Modulator

Ein Eout

Vb + VRF · sinωRF t

Figure B.1.: Typical structure of a PM with an applied external RF signal and DC bias voltage

The structure of a PM is illustrated in Fig. B.1. In the presence of an external electric field,
the electrode made of LiNbO3 (in red in Fig. B.1) changes its refractive index and shifts the
phase of the transmitted optical wave in the waveguide according to the Pockels effect, as
described in Sec. 1.2. Assume that the length of the waveguide is L, the effective refractive
index without external voltage and its change due to the applied voltage are neff and Δneff ,
respectively, the phase shift can be expressed as: [4]

ΔΦ =
2πΔneffL

λ
= π

n3
effγ33L

λ
v(t) = π

v(t)
Vπ

= π
Vb + VRF · sin ωRF t

Vπ

(B.1.1)

where Vπ = λ
n3

eff
γ33L

is the switching voltage of the modulator. It symbolizes a π phase shift of
the optical wave in the waveguide under this voltage. γ33 is the highest electro-optic coefficient
of the electro-optic tensor for LiNbO3 crystal substrates, Vb is the DC part of the applied
voltage, VRF and ωRF are the amplitude and angular frequency of the applied RF signal.

Let us suppose that the input electric field as:

Ein = E0 · exp(jω0t) (B.1.2)

With E0 as the field amplitude and ω0 as the angular frequency of the optical wave, and define:

βb ≡ πVb/Vπ

βRF ≡ πVRF /Vπ

(B.1.3)
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Transfer Function of the DPMZM

the output electric field can be expressed as:

Eout = Ein · exp(−j
ω0Lneff

c
) · exp(jΔΦ)

= E0 · exp(jω0t) · exp(jφ
ω0Lneff

c
) · exp(jπ

Vb

Vπ

) · exp(jπ
VRF

Vπ

· sin ωRF t)

= E0 · exp(−j
ω0Lneff

c
) · exp(jβb) · exp[j · (ω0t + βRF · sin ωRF t)]

(B.1.4)

For simplifications, the insertion loss of the modulator is neglected here. Due to the only phase
change, the averaging output optical power Pout = |Eout|2 equals to the input optical power
Pin = |Ein|2. Considering the Jacobi-Anger expansion Eq. (A.1) and note that φ = −ω0Lneff

c
,

Eq. (B.1.4) yields:

Eout = E0 · exp(jφ) · exp(jβb) ·
{ ∞∑

n=−∞
Jn(βRF ) · exp[j(ω0 + nωRF )t]

}

= E0 · exp(jφ) · exp(jβb) ·
{

J0(βRF ) · exp(jω0t)

+
∞∑

k=1
J2k−1(βRF ) · exp{j[ω0 + (2k − 1) · ωRF ]t} +

∞∑
k=1

J2k(βRF ) · exp{j(ω0 + 2k · ωRF )t}

−
∞∑

k=1
J2k−1(βRF ) · exp

{
j[ω0 − (2k − 1) · ωRF ]t} +

∞∑
k=1

J2k(βRF ) · exp[j(ω0 − 2k · ωRF )t]
}

(B.1.5)
As indicated, the output phase shift is composed of several parts. The item exp(jφ) represents
the intrinsic phase change due to the propagation in the waveguide. The item exp(jβb) refers
to the phase shift due to the DC bias voltage. The output spectrum has symmetric sideband
amplitude. The odd-order LSB are π phase shifted to the corresponding USB while the
even-order shares the same phase. Due to this characteristic, the RF power calculated by
Pout = |Eout|2 has a missing term at ωRF , leading to a variety of applications in microwave
photonics.

B.2. Mach-Zehnder Modulator

The structure of a MZM is depicted in Fig. B.2. It is composed of two parallel PM sandwiched
by two Y-shaped branches. Provided that the distance of the waveguide and switching voltage
of the two PMs is the same, and the two Y-shaped branches attenuate the input power by
ideally 3 dB, then the output electric field can be expressed as the summation of the power at
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Ein Eout

v1(t)

v2(t)

1

2

Figure B.2.: Typical structure of a MZM. In general situations, the applied external RF signals
on two arms are different.

break point 1 and 2 with the assistance of Eq. (B.1.4):

Eout =
[√

2
2 · Ein · exp(jΦ1) +

√
2

2 · Ein · exp(jΦ2)
]

·
√

2
2

= Ein · cos
(Φ1 − Φ2

2

)
· exp

(
j · Φ1 + Φ2

2

) (B.2.6)

where

Φn = φ + π
vn(t)
Vπ

(B.2.7)

is the phase shift of each branch according to Eq. (B.1.4). Considering vn(t) contains both the
AC and DC part, the output electric field can be further written as:

Eout = Ein · exp(jφ) · cos
[
π

v1(t) − v2(t)
2Vπ

]
· exp

[
jπ

v1(t) + v2(t)
2Vπ

]
(B.2.8)

Obviously, it is a mix of intensity and phase modulation. Different from the conclusion of PM,
the intensity modulation item in Eq. (B.2.8) yields an averaging power loss, leading to a 3 dB
power difference between the output and input of an MZM. We may re-write this expression
as:

Eout =
1
2Ein · exp(jφ)

{
exp

[
jπ

v1(t)
Vπ

]
+ exp

[
jπ

v2(t)
Vπ

]}
(B.2.9)

If RF signals with the same amplitude but different phase shift are applied on the MZM, i.e.:

v1(t) = Vb1 + VRF · cosωRF t (B.2.10a)
v2(t) = Vb2 + VRF · cos(ωRF t + θ) (B.2.10b)
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and take the definition from Eq. (B.1.3), the output electric field can be derived as:

Eout =
1
2Ein · exp(jφ) · exp(jβb2) ·

{
exp

[
jΔφ + jβRF · cos ωRF t

]
+ exp[jβRF · cos(ωRF t + θ)]

}
(B.2.11)

in which Δφ = βb1 − βb2 represents the phase difference of the two branches due to the DC
bias voltages. Consider the expansion of Eq. (A.2), the output electric field can be derived as:

Eout =
1
2Ein · exp[j(φ + βb2)]

·
{

exp(jΔφ) ·
∞∑

n=−∞
jnJn(βRF ) exp(jnωRF t) +

∞∑
n=−∞

jnJn(βRF ) exp[jn(ωRF t + θ)]
}

=
1
2Ein · exp[j(φ + βb2)] ·

∞∑
n=−∞

jnJn(βRF ) exp(jnωRF t) ·
{

exp(jΔφ) + [exp(jθ)]n
}

(B.2.12)

Intensity Modulation

In order to avoid the chirp, an internal circuit is applied to ensure v1(t) = −v2(t). Therefore,
the MZM is always working in the push-pull mode as an intensity modulator. This configuration
is valid for most of the commercialized MZM with a chirp-free and amplitude modulated
output electric field as:

Eout = Ein · exp(jφ) cos
[
π

v1(t)
Vπ

]
· (B.2.13)

Now consider a cosinoidal RF signal v1(t) = Vb +VRF ·cos ωRF t with the real-value expression
of Jacobi-Anger expansion Eqs.(A.4c) and (A.4d), and the definitions in Eq. (B.1.3), the output
electric field can be written as:

Eout = Ein · exp(jφ) · cos(βb + βRF · cos ωRF t)

= Ein · exp(jφ) ·
{

cos βb ·
[
J0(βRF ) + 2

∞∑
n=1

(−1)nJ2n(βRF ) cos(2nωRF t)
]

+ 2 sin βb ·
∞∑

n=1
(−1)nJ2n−1(βRF ) cos[(2n − 1)ωRF t]

}

= Ein · exp(jφ) ·
⎧⎨
⎩
{

cos βb ·
{

J0(βRF ) +
∞∑

n=1
(−1)nJ2n(βRF )

[
cos(2nωRF t) + cos(−2nωRF t)

]}

+ sin βb ·
∞∑

n=1
(−1)nJ2n−1(βRF )

{
cos[(2n − 1)ωRF t] + cos[−(2n − 1)ωRF t]

}⎫⎬
⎭

(B.2.14)
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Therefore, under the condition of small signal modulation, i.e., βRF � 1, there are only
first-order sidebands and all the sidebands in the intensity modulation share the same phase
with the carrier. The derivation of Eq. (B.2.12) by letting θ = π and Vb = Vb1 = −Vb2 will lead
to the same conclusion.

Carrier Suppression

Considering the case when
Δφ = π and θ = π (B.2.15)

every other cases are then periodically the same. Under the push-pull mode, θ = π is
automatically achieved. Δφ = π can be achieved by setting the bias voltage of βb1 = −βb2 =
π/2. In this situation, exp(jΔφ) = −1, exp(jθ) = −1. Therefore, Eq (B.2.12) can be further
simplified as:

Eout =
1
2Ein · exp[j(φ + βb2)] ·

∞∑
n=−∞

jnJn(βRF ) exp(jnωRF t) ·
[
(−1) + (−1)n

]
(B.2.16)

expanding the last item to the first order, we have

Eout ≈ 1
2Ein · exp[j(φ + βb2)] · [−2j · J1(βRF ) exp(jωRF t) + 2j · J−1(βRF ) exp(−jωRF t)]

= Ein · exp[j(φ + βb2)] · [J1(βRF ) exp(ωRF t − j
π

4) + J1(βRF ) exp(−jωRF t − j
π

4)]
(B.2.17)

the item J0(βRF ) is missing, indicating the carrier with frequency ωc is suppressed.

Single Sideband Modulation

Considering the case when

Δφ = ±π

2 and θ = ±π

2 (B.2.18)

every other cases are then periodically the same. Please note that, the push-pull mode could
only provide θ = π. This means, single sideband modulation cannot be achieved directly
from a push-pull mode MZM. An extra phase shifter on one of the arm is required. The four
different scenarios will be discussed as follows:

• Δφ = π/2, θ = π/2

In this situation, exp(jΔφ) = j, exp(jθ) = j. Therefore, Eq. (B.2.12) can be further
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simplified as:

Eout =
1
2Ein · exp[j(φ + βb2)] ·

∞∑
n=−∞

jnJn(βRF ) exp(jnωRF t) ·
[
j + jn

]
(B.2.19)

expand the last item to the first order, we have:

Eout ≈ 1
2Ein · exp[j(φ + βb2)] · [(1 + j)J0(βRF ) − 2J1(βRF ) exp(jωRF t)]

= Ein · exp[j(φ + βb2)] · [J0(βRF ) exp(j
π

4) − J1(βRF ) exp(jωRF t)]

(B.2.20)

the item J−1(βRF ) exp(−jωRF t) is missing, indicating the suppression of LSB with frequency
ωc − ωRF .

• Δφ = π/2, θ = −π/2

In this situation, exp(jΔφ) = j, exp(jθ) = −j. Therefore, Eq. (B.2.12) yields:

Eout =
1
2Ein · exp[j(φ + βb2)] ·

∞∑
n=−∞

jnJn(βRF ) exp(jnωRF t) ·
[
j + (−j)n

]
(B.2.21)

expand the last item to the first order, we have

Eout ≈ 1
2Ein · exp[j(φ + βb2)] · [(1 + j)J0(βRF ) + 2j · J−1(βRF ) exp(−jωRF t)]

= Ein · exp[j(φ + βb2)] · [J0(βRF )exp(j
π

4) − J1(βRF )exp(−jωRF t − j
π

2)]

(B.2.22)

the item J1(βRF ) exp(jωRF t) is missing, indicating the suppression of USB with frequency
ωc + ωRF .

• Δφ = −π/2, θ = π/2

In this situation, exp(jΔφ) = −j, exp(jθ) = j. Therefore, Eq. (B.2.12) yields:

Eout =
1
2Ein · exp[j(φ + βb2)] ·

∞∑
n=−∞

jnJn(βRF ) exp(jnωRF t) ·
[

− j + jn
]

(B.2.23)
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expand the last item to the first order, we have

Eout ≈ 1
2Ein · exp[j(φ + βb2)] · [(1 − j)J0(βRF ) + 2j · J−1(βRF ) exp(−jωRF t)]

= Ein · exp[j(φ + βb2)] · [J0(βRF ) exp(−j
π

4) − J1(βRF ) exp(−jωRF t − j
π

2)]

(B.2.24)

the item J1(βRF ) exp(jωRF t) is missing, indicating the suppression of USB with frequency
ωc + ωRF .

• Δφ = −π/2, θ = −π/2

In this situation, exp(jΔφ) = −j, exp(jθ) = −j. Therefore, Eq. (B.2.12) yields:

Eout =
1
2Ein · exp[j(φ + βb2)] ·

∞∑
n=−∞

jnJn(βRF )exp(jnωRF t) ·
[
(−j) + (−j)n

]
(B.2.25)

expand the last item to the first order, we have

Eout ≈ 1
2Ein · exp[j(φ + βb2)] · [(1 − j)J0(βRF ) + 2j · J1(βRF ) exp(jωRF t)]

= Ein · exp[j(φ + βb2)] · [J0(βRF ) exp(−j
π

4) + J1(βRF ) exp(jωRF t + j
π

2)]

(B.2.26)

the item J−1(βRF ) exp(−jωRF t) is missing, indicating the suppression of LSB with frequency
ωc − ωRF .

B.3. Dual-parallel Mach-Zehnder Modulator

The structure of a DPMZM is shown in Fig. B.3. It has a structure of two parallel MZM
and one of them is followed with an extra PM. Provided that every MZM in this structure is
working in push-pull mode and provide pure intensity modulation, and the RF signals applied
into Ports 1 and 2 are in quadrature phase by using a hybrid 3 dB coupler, according to
Eqs. (B.2.6) and (B.2.7) and the definitions in Eq. (B.1.3), the output electric field at break
point 3 can be expressed as:

E3 = Ein · cos
{1

2

[
(φ + βb1 + βRF sin ωRF t) − (φ − βb1 − βRF sin ωRF t)

}

· exp
{

j · 1
2

[
(φ + βb1 + βRF sin ωRF t) + (φ − βb1 − βRF sin ωRF t)

}

= Ein · exp(jφ) · cos(βb1 + βRF sin ωRF t)

(B.3.27)
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Transfer Function of the DPMZM

Ein Eout

Vb1 + VRF · sinωRF t

Vb2 + VRF · cosωRF t Vb3

1

2

3

4

5

6 7

Figure B.3.: Typical structure of a DPMZM with break points for transfer function derivation.

In a similar way, the electric field at break point 6 is given by E6 = Ein · exp(jφ) · cos(βb2 +
βRF cos ωRF t). After the extra phase from the PM, the electric field at break point 7 is derived
as E7 = E6 · exp(jβb3) = Ein · cos(βb2 + βRF cos ωRF t) · exp

[
j(φ + βb3)

]
. Providing an ideal

3 dB insertion loss of the Y-shaped branch, Eout = (E3 + E7)/
√

2 will give:

Eout =
√

2
2 Ein ·exp(jφ)·

[
cos(βb1+βRF sin ωRF t)+cos(βb2+βRF cos ωRF t)·exp(jβb3)

]
(B.3.28)

Considering Eqs.(A.4b) and (A.4d), the expansion of the items in Eq. (B.3.28) yields,

cos(βb1 + βRF sin ωRF t) = cos(βb1) · cos(βRF sin ωRF t) − sin(βb1) · sin(βRF sin ωRF t)
≈ J0(βRF ) · cos(βb1) − 2J1(βRF ) · sin βb1 · sin ωRF t

cos(βb2 + βRF cos ωRF t) = cos(βb2) · cos(βRF sin ωRF t) − sin(βb2) · sin(βRF sin ωRF t)
≈ J0(βRF ) · cos(βb2) − 2J1(βRF ) · sin βb2 · cos ωRF t

(B.3.29)

The substitution of exp(jβb3) = cos βb3 + j sin βb3 and the expression of Eq. (B.1.2) yields:

Eout =
√

2
2 · E0 · exp(jφ)·{
J0(βRF ) · [(cos βb1 + cos βb2 · cos βb3) · cos ω0t + (− cos βb2 · sin βb3) · sin ω0t]

+ j · J0(βRF )[(cos βb2 · sin βb3) · cos ω0t + (cos βb1 + cos βb2 · cos βb3) · sin ω0t]
− 2J1(βRF ) · (cos ω0t · cos ωRF t · sin βb2 · cos βb3

+ cos ω0t · sin ωRF t · sin βb1 − sinω0t · cos ωRF t · sin βb2 · sin βb3)
− j · 2J1(βRF ) · [cos ω0t · cos ωRF t · sin βb2 · sin βb3

+ sin ω0t · cos ωRF t · sin βb2 · cos βb3 + sin ω0t · sin ωRF t · sin βb1]
}

(B.3.30)
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Appendix

Considering the product-to-sum identities:

cos ω0t · cos ωRF t =
1
2 · [cos(ω0 + ωRF )t + cos(ω0 − ωRF )t]

cos ω0t · sin ωRF t =
1
2 · [sin(ω0 + ωRF )t − sin(ω0 − ωRF )t]

− sin ω0t · cos ωRF t = −1
2 · [·[sin(ω0 + ωRF )t + sin(ω0 − ωRF )t]

(B.3.31)

the real part of Eq. (B.3.30) yields:

Eout =
√

2
2 · E0 · exp(jφ)·{

J0(βRF ) · [(cos βb1 + cos βb2 · cos βb3) · cos ω0t + (− cos βb2 · sin βb3) · sin ω0t]

+J1(βRF ) · [(− sin βb2 · cos βb3) · cos(ω0 + ωRF )t + (− sin βb1 + sinβb2 · sin βb3) · sin(ω0 + ωRF )t]
+J1(βRF ) · [(− sin βb2 · cos βb3) · cos(ω0 − ωRF )t + (sin βb1 + sinβb2 · sin βb3) · sin(ω0 − ωRF )t]

}

(B.3.32)
The output intensity can be calculated from the electric field as Pout = |Eout|2. Since the PD is
not fast enough to catch optical frequency components, we may safely neglect all components
containing ω0. By collecting all the items at ωRF , the RF power can be expressed as:

PRF |ωRF
= −Pin · J0(βRF ) · J1(βRF ) · [(cos βb1 · sin βb1 + sin βb1 · cos βb2 · cos βb3) · sin ωRF t

+ (cos βb2 · sin βb2 + cos βb1 · sin βb2 · cos βb3) · cos ωRF t]
(B.3.33)

where Pin = |Ein|2 is the input optical power. The expressions of Eqs. (B.3.32) and (B.3.33)
show very good agreements with Eqs. (1) and (3) in Ref. [153], respectively.

C. Gain Penalty with Multi-probe Waves

In a BOTDA setup with multi-probe waves, the acquired Brillouin gain will suffer from a
penalty due to the division of the summation of the multi-probe waves. The number of probe
waves is supposed to be N in a multi-probe BOTDA setup as mentioned in Sec. 4.4 and Sec. 5.4.
The probe waves have the original input power of Psi with i ranging from 1 to N . After
their own SBS interactions, the probe powers become Psi,SBS. In a scenario of sensing with
BOTDA, the SBS gain (or loss) of both probe waves are valid for a small gain approximation.
Neglecting any cross-interaction between the probe waves, the logarithmic Brillouin gain with
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Gain Penalty with Multi-probe Waves

the simultaneous detection of the multiple probe waves is:

Glog = 10 lg
(

N∑
i=1

Psi,SBS/
N∑

i=1
Psi

)
(C.1)

With an equal probe power, we may denote Ps = Psi, yielding Eq. (C.1) to,

Glog = 10 lg

N∑
i=1

Psi,SBS

N · Ps

= −10 lg N + 10 lg
(

N∑
i=1

Gi,lin

)
(C.2)

where

Gi,lin =
Psi,SBS

Ps

= 10Gi,log/10 ≈ 1 +
ln 10
10 · Gi,log (C.3)

is the linear Brillouin gain of corresponding probe wave with the logarithmic Brillouin gain
denoted as Gi,log. In Eq. (C.3), the exponential functions are expanded in a Taylor series with
a small offset at zero gain. The substitution of Eq. (C.3) in Eq. (C.2) give rise to:

Glog = −10 lg N + 10 lg
⎧⎨
⎩N

⎡
⎣1 +

ln 10
10N

·
(

N∑
i=1

Gi,log

)⎤⎦
⎫⎬
⎭

= 10 lg
⎡
⎣1 +

ln 10
10N

·
(

N∑
i=1

Gi,log

)⎤⎦
(C.4)

Considering the Taylor series of the logarithmic function with a small offset at zero: lg(1+x) ≈
x/ ln 10, the expression of Glog can be simplified from Eq. (C.4) as

Glog ≈ 1
N

(
N∑

i=1
Gi,log

)
(C.5)

indicating a penalty on the logarithmic gain with a factor of N for a simultaneous detection
with multi-probe scheme. The equivalent linear expression of Eq. (C.5) is given by,

Glin = 10Glog/10 ≈ 10

1
N

·
1
10

⎛
⎝ N∑

i=1
Gi,log

⎞
⎠

= 10

1
N

·
1
10

⎛
⎝ N∑

i=1
10 lg Gi,lin

⎞
⎠

=
N∏

i=1
G

1
N
i,lin (C.6)

Mathematically, the condition of the approximation of Eqs.(C.5) and (C.6) is |Gi,log/10| �1
or |Gi,lin − 1| �1.
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