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Abstract

Nonlinear effects are valuable tools in the field of optical processing. This Thesis is
aimed at contributing with new architectures and methods to this field, in particular to
the light-by-light control of polarization and optical filtering of microwave signals.

The manipulation of the polarization properties of light in guided media is crucial in
many classical and quantum optical systems. However, the capability of current technol-
ogy to finely define the state of polarization of particular wavelengths is far from the
level of maturity in amplitude control. In Chapter 3, a new approach for all-optical con-
trol of the state of polarization with wavelength selectivity based on the change of the
phase retardance by means of stimulated Brillouin scattering is presented. Experiments
show that any point on the Poincaré sphere can be reached from an arbitrary input state
of polarization with little variation of the signal amplitude (< 2.5 dB). Unlike other Bril-
louin processing schemes, the degradation of the noise figure is small (1.5 dB for a full
2 rotation). This all-optical polarization controller can forge the development of new
polarization-based techniques in optical communication, laser engineering, sensing,
quantum systems and light-based probing of chemical and biological systems.

The second area of interest of the Thesis is photonic microwave filtering. Photonics pro-
vides an alternative implementation of microwave filters. The features provided by Bril-
louin scattering are very attractive to design filters with competitive specifications.
Chapter 4 is devoted to new schemes for photonic microwave filtering based on SBS. In
particular, a method to enhance the filter slope of Brillouin-based photonic microwave
filters is presented. This improvement is achieved by the combination of Brillouin gain
and loss responses over phase modulated signals. The experimental results show pass-
band responses exhibiting a slope of 16.7 dB per octave, which corresponds with a 3-
fold improvement in comparison to the natural Lorentzian response for the same gain.
However, the need of three pump waves, i.e. three microwave oscillators, increases the
system complexity and make tunability more difficult. To overcome these limitations, a
second technique to enhance the slope of a photonic microwave filter based on stimu-
lated Brillouin scattering is proposed, that maintains easy tunability. It relies on exploit-
ing the polarization dependence of Brillouin gain in birefringent fibers. The presence of
two orthogonal Brillouin gains/loss in birefringent fibers results in two filter responses



that can be subtracted in a balanced photodetector to remove the slow Lorentzian decay

of the natural Brillouin gain response. Experimental results show that a filter slope of 8.3
dB/oct can be obtained.

Finally, the Thesis document provides conclusions and future activities opened by this
PhD work.



Resumen

Los efectos no lineales son herramientas valiosas en el procesamiento 6ptico. El objetivo
de esta Tesis es contribuir con las nuevas arquitecturas y métodos a este campo, en par-
ticular al control de la polarizacién de la luz con luz y filtrado dptico de sefiales de mi-
croondas.

La manipulacion de las propiedades de la polarizacion de la luz en medios guiados es
crucial en muchos sistemas dpticos clasicos y cuanticos. Sin embargo, la capacidad de
la tecnologia actual para definir con precision el estado de polarizacion de determinadas
longitudes de onda esta lejos del nivel de madurez conseguido en el control de la ampli-
tud. En el capitulo 3, se presenta un nuevo enfoque para el control totalmente éptico del
estado de polarizacién con selectividad en longitud de onda, basado en el cambio del
retardo fase por medio del stimulated Brillouin scattering. Los experimentos muestran
que se puede llegar a cualquier punto de la esfera de Poincaré desde un estado de pola-
rizacion de entrada arbitrario con tan solo una ligera variacion en la amplitud de la sefial
(<2.5 dB). A diferencia de otros esquemas de procesamiento Brillouin, la degradacion
de la figura de ruido es pequefia (1.5 dB para una rotacién completa en la esfera, 2r).
Este controlador de polarizacion completamente dptico puede forjar el desarrollo de nue-
vas técnicas basadas en la polarizacién en comunicaciones 6pticas, ingenieria laser, de-
teccion, sistemas cuanticos y sondeo basado en luz de sistemas quimicos y bioldgicos.

La segunda area de interés de la tesis se centra en el filtrado fotonico de microondas. La
fotdnica proporciona una implementacién alternativa a los filtros de microondas. Las
caracteristicas proporcionadas por el scattering de Brillouin son muy atractivas para el
disefio de filtro con especificaciones competitivas. El capitulo 4 esta dedicado a los nue-
vos esquemas para el filtrado fotonico de microondas basado en SBS. En particular, se
presenta un método para mejorar la pendiente de los filtros foténicos de microondas ba-
sados en Brilouin. Esta mejora se logra mediante la combinacion de las respuestas en
ganancia y atenuacion del Brillouin sobre la sefial modulada en fase. Los resultados ex-
perimentales muestran una respuesta paso banda que exhibe una pendiente de 16.7 dB
por octava, lo que corresponde con una mejora de 3 veces en comparacion con la res-
puesta Lorentziana natural de la ganancia Brillouin. Sin embargo, la necesidad de 3 on-
das de bombeo, es decir tres osciladores de microondas, incrementan la complejidad del
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sistema y dificulta la capacidad de ajuste. Para superar estas limitaciones, se propone una
segunda técnica para mejorar la pendiente de un filtro fotonico de microondas basado en
scattering de Brillouin estimulado, el cual mantiene una féacil sintonizacién. Esta pro-
puesta se basa en la dependencia de la polarizacion de la ganancia del Brillouin en fibras
birrefringentes. La presencia de dos respuestas ortogonales de ganancia/atenuacion Bri-
llouin en fibras birrefringentes da como resultado dos respuestas del filtro, que pueden
ser sustraidas en un fotodetector balanceado para eliminar el lento decaimiento de la
respuesta de ganancia natural Lorentziana del Brillouin. Los resultados experimentales
muestran que se puede obtener una pendiente del filtro de 8.3 dB/oct.

Finalmente, el documento de tesis proporciona conclusiones y actividades futuras abier-
tas por este trabajo de doctorado.
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Resum

Els efectes no lineals son ferramentes valuoses en el processament optic. L’objectiu
d’aquesta tesi es contribuir amb les noves arquitectures i métodes a aquest camp, en
particular al control de la polaritzaci6 de la [lum amb Hum i filtrar dptic de senyals de
microones.

La manipulacié de les propietats de la polaritzacio de la llum en mitjans guiats es crucial
en molts sistemes optics classics i quantics. No obstant aix0, la capacitat de la tecnologia
actual per definir amb precisié I’estat de polaritzacié de determinades longituds d’ona
esta lluny del nivell de maduresa aconseguit en el control de I’amplitud. En el capitol 3,
es presenta un nou enfocament per al control totalment optic de I’estat de polaritzacié
amb selectivitat en longitud d’ona, basat en el canvi del retard de fase mitjancant el sti-
mulated Brillouin scattering. Els experiments mostren que es pot arribar a qualsevol punt
de I’esfera de Poincaré des d’un estat de polaritzacié d’entrada arbitrari amb tant sols
una lleugera variacié de I’lamplitud de la senyal (<2.5 dB). A diferencia d’altres esque-
mes de processament Brillouin, la degradacié de la figura de soroll es petita (1.5 dB per
a una rotacio completa en I’esfera, 2xt). Aquest controlador de polaritzacié completament
optic pot forjar el desenvolupament de noves técniques basades en la polaritzacié en
comunicacions optiques, enginyeria laser, deteccid, sistemes quantics y sondeig basat en
Ilum de sistemes quimics i biologics.

La segona area d’interes de la tesi es centra en el filtrar fotonic de microones. La fotonica
proporciona una implementacid alternativa als filtres de microones. Les caracteristiques
proporcionades per el scattering de Brillouin son molt atractives per al disseny de filtres
amb especificacions competitives. El capitol 4 esta dedicat als nous esquemes per al fil-
trat fotonic de microones basat en SBS. En particular, es presenta un métode per a mi-
llorar la pendent dels filtres fotonics de microones basats en Brillouin. Aquesta millora
s’aconsegueix mitjancant la combinacio de les respostes en guany i atenuacio del Bri-
Ilouin sobre la senyal modulada en fase. Els resultats experimentals mostren una resposta
pas banda gque exhibeix una pendent de 16.7 dB per octava, el que correspon amb una
millora de 3 vegades en comparacié amb la resposta Lorentziana natural del guany Bri-
llouin. Tot i aix0, la necessitat de 3 ones de bombeig, es a dir tres oscil-ladors de micro-
ones, incrementen la complexitat del sistema i dificulta la capacitat d’ajust. Per superar
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aquestes limitacions, es proposa una segona técnica per millorar la pendent d’un filtre
fotonic de microones basat en scattering de Brillouin estimulat, el qual manté una facil
sintonitzacié. Aquesta proposta es basa en la dependéncia de la polaritzacio del guany
del Brillouin en fibres birefringents. La preséncia de dos respostes ortogonals de
guany/atenuacié Brillouin en fibres birefringents dona com a resultat dos respostes del
filtre, que poden ser sostretes en un fotodetector balancejat per eliminar el lent decaiment
de la resposta de guany natural Lorentziana del Brillouin. Els resultats experimentals
mostren que es pot obtenir una pendent del filtre de 8.3 dB/oct.

Finalment, el document de tesi proporciona conclusions i activitat futures obertes per
aquest treball de doctorat.
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Chapter 1
Introduction

The application of optical nonlinear effects to solve engineering challenges is a fascinat-
ing field. Nonlinear phenomena are a powerful tool to address problems that are difficult
to solve using linear methods.

Nonlinear optics is the study of the interaction of intense laser light with matter, in par-
ticular, the phenomena that result from the modification of the optical properties of ma-
terials by the presence of intense light. Although the history of linear optics can be traced
back to the time of ancient Greeks, the nonlinear aspects of light started with the first
observation by Peter Franken and his colleagues at the University of Michigan in Ann
Arbor of second-harmonic generation, just one year after the discovery of the laser by
Maiman in 1960.

Optical nonlinearities can be explained directly from Maxwell’s equations. On a funda-
mental level, the origin of the nonlinear response is related to the harmonic motion of
bound electrons under the influence of an applied field. In particular, the nonlinear ef-
fects arise when the polarization vector, P, is not linearly proportional to the electric
field, E. This relation is usually approximated by a Taylor series. The response of any
dielectric to light becomes nonlinear for intense electromagnetic fields.

Nonlinear phenomena can be grouped according to their origin as coming from the sec-
ond-order or third-order susceptibility. Second-order susceptibility is zero in media that
have inversion symmetry at the molecular level. As SiO; is a symmetric molecule, sec-
ond-order susceptibility vanishes for silica glasses and dominant nonlinear effects are
third-order effects. These effects are originated from the nonlinear refraction index (Kerr
effect) or from stimulated inelastic scattering.

Stimulated Brillouin Scattering, SBS, is an inelastic scattering effect that requires the
lowest activation power of all non-linear effects in silica optical fibers. Leveraging the
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features of SBS to address engineering challenges will be the main aim of the present
Thesis. Specifically, SBS will be studied to implement optical processing functionalities
such as all-optical Polarization Control and Photonic Microwave Filtering.

The Thesis will be organized as follows. In the next Chapter, the fundamentals of SBS
will be reviewed, focusing on the main concepts used through the Thesis. Chapter 3 will
be focused on a new approach to provide light-by-light control of the state of polarization
using SBS. Chapter 4 will be focused on studying new architectures for optical pro-
cessing of microwave signals using SBS. In particular, new photonic microwave filters
will be presented. Finally, conclusions and further research lines will be provided in
Chapter 5.



Chapter 2
Fundamentals of stimu-
lated Brillouin scatter-

INg

Stimulated Brillouin Scattering (SBS) [1], [2] is a nonlinear process that occurs in optical
fibers. This effect manifests itself through the generation of a backpropagating Stokes
wave that carries most of the input power, once the Brillouin threshold is reached. The
process can be described as a nonlinear interaction among the pump and Stokes fields
and an acoustic wave through electrostriction, i.e. changes in refraction index from ma-
terial compression-distension. It is a stimulated inelastic scattering in which the optical
field transfers part of its energy to the nonlinear medium.

This spontaneous interaction between a light signal and a carrier-deformation (acoustic)
wave was theoretically predicted by Leon Brillouin [3] in 1922. However, the stimulated
effect was not experimentally observed until 1964 by Chiao et al [4]. In optical fiber,
SBS was first reported by Ippen an Stolen in 1972 [5] and shortly it was realized that
SBS is the first nonlinear phenomenon appearing in silica optical fibers as optical power
is increased.

The particular features of SBS have paved the way to its application in different fields,
[6]. Among these can be highlighted Brillouin lasing, fiber sensors, SBS-based optical
delay lines, high-resolution spectral analysis, enhancement of the SBS efficiency in Ra-
man-pumped fibers, and microwave photonics.

In this chapter, the theoretical framework needed to describe SBS is presented and ap-
plications of this nonlinear effect are reviewed.



2.1. Theory of SBS

Brillouin scattering is a nonlinear effect, inelastic scattering, caused by the imaginary
part of a medium, in particular, it is mediated by acoustic phonons. The mechanism can
be explained as the transformation of a photon from an incident light wave into a phonon
and a scattered photon of slightly lower energy, i.e. downshifted in frequency?. Alterna-
tively, it can be seen as a pump light creating a moving density grating through the effect
of electrostriction from which it scatters in the backward direction. Electrostriction can
be defined as the tendency of materials to become compressed in the presence of an
electric field. Thus, light is changing the density of the medium. The frequency down-
shift of the Stokes wave can also be explained by the Doppler effect.

Brillouin scattering can occur spontaneously with signals of low optical power from the
interaction with a thermally generated phonon field. In this configuration, only one laser
beam (pump wave) is applied externally, and both the acoustic and Stokes fields grow
from noise. The spontaneous Brillouin process of the scattered light is illustrated sche-
matically in Figure 2.1.

Acoustic wave

AVAVAVAVAVA

Pump wave
L .
< AR EREN ”
Stokes wave
i e
Z=l | 7=L
Thermal noise
phonones

Figure 2.1 Schematic representation of the Spontaneous Brillouin scattering.

Beyond a certain pump power, the process becomes stimulated, i.e. it strongly depends
on the pump power and the pump field firmly contributes to the phonon population. This
is characterized by efficient energy conversion from the input light to the backscattered
wave. The beating between pump and Stokes (at the downshifted Brillouin frequency)

1 This wave is known as Stokes wave after physicist and mathematician George Stokes, who
found the frequency downshift in the process of luminescence in the 19th century.



wave creates a density change in Stokes wave. The density variation is associated with
the power of the pump and Stokes waves and the mechanical conditions of the acoustic
wave (optical medium parameters). External conditions such as local temperature, vibra-
tions and strain induce changes in the fiber effective refractive index and sound velocity,
which causes density variation in the Stokes wave.

Although the scattering cross section of the Stokes light is low, the attenuation in an
optical fiber is also very low, making SBS a noticeable effect. The stimulated Brillouin
scattered light is much more efficiently generated than the scattered light induced by
spontaneous process. In fact, the response of the optical medium to the nonlinear inter-
action among the pump and Stokes fields induces exponential growth. The stimulated
Brillouin process is illustrated schematically in Figure 2.2.

Acoustic wave

Pump wave WW /\ AAVATAYA% \
< \/ IRERE / :tokeswave
WVW z=0 z=L WWW

Figure 2.2 Schematic representation of the stimulated Brillouin scattering process.

The frequency shift of the Stokes wave depends on the scattering angle 6 (angle between
the pump and Stokes fields) and the wave vector k4 of the acoustic wave. Because fre-
quency shift is much smaller than pump frequency, the dispersion relation shows that the
acoustic frequency is given by [1]

2n,v, (0 .
vg = V4lky| = sin (—) Equation 2.1
Ap 2

The scattered light has a certain angular distribution, but the fiber geometry selects only
two preferred directions—forward and backward. Equation 2.1 shows that the frequency
shift is equal zero for forward scattering (8 = 0) and is maximum for backscattering
(6 = 1809). Forward Brillouin scattering in optical fibers is therefore very weak. Under
these conditions, the SBS occurs only in the backward direction with a frequency shift,
the so-called Brillouin frequency shift, given by

. anvA

vg = 1 Equation 2.2



where v, is the acoustic velocity and n,, is the effective mode index at the pump wave-

length A,. Due to the energy and moment conservation during the SBS process, the fre-
quencies of the three waves are related by

fs=fr—vg Equation 2.3

where fp and f; are the frequencies of the pump and Stokes, respectively. v is related
to the wave vector and acoustic velocity of the acoustic wave as can be seen in Equation
2.1. However, a second Stokes wave appears from scattering, the Anti-Stokes wave, at
frequency

fas =fp+vB Equation 2.4

Under steady-state conditions, applicable for a continuous wave (CW) pump, Boyd [2]
provides analytical solutions to the coupled-intensity equations for a nonattenuating me-
dium. These are presented below [1], [2],

dip .
di .
- = +g5(NIslp — alg Equation 2.6

where I and I are the pump and Stokes intensities?, respectively, « is the fiber loss and
gg is the SBS gain factor. These equations show that the SBS process is a net gain pro-
cess for the Stokes wave and a loss process for the Anti-Stokes wave. The SBS gain/loss
factor can be expressed as [2],

2

(A;B) _ 9 Avg(fp —vg — f)
2
Go=vo =02+ (%5)F Grmvo =2+ ()

98(f) = go > Equation 2.7

(%)
2 +.@ Avg(fp +vg — f)

(fP"‘UB—f)Z"'(A%)Z 2(fp+UB—f)2+(A2ﬂ)

where the Brillouin gain coefficient in the optical fiber is given by [1], [2]

ag(f) = —go > Equation 2.8

2 Optical intensity is related with the optical power by effective area, Pp s = Ip sA.ff
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9o Equation 2.9
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This parameter depends on the material parameters: the electrostrictive constant of silica
Ye, the material refractive index np, the speed of light in vacuum ¢, the pump wavelength
Ap, material density p, and v, the acoustic velocity. Meanwhile, [z is inversely propor-
tional to the photon lifetime ( Tg ) and it is related to the full width at half maximum
(FWHM) of the gain Lorentzian spectrum as

Avy = — Equation 2.10
VB 21 a
The width of the Lorentzian SBS gain bandwidth is in the order of several tens of MHz
for silica fiber in the 1550 nm band.

The Brillouin gain coefficient g, in Equation 2.9 shows that it is independent of the
pump frequency.

Assuming no fiber loss, that both pump and Stokes waves maintain their state of polari-
zation (SOP) along the fiber and if the pump power is spatially invariant, i.e. pump de-
pletion is neglected, the solution to coupled-power Equation 2.5 and Equation 2.6 is
given by [1], [2]

Pp(0)L
M) Equation 2.11

Ps(0) = Ps(L)exp (gB(f) 7

where L, is the effective interaction length, defined as L, = (1/¢)(1 — exp(aL)).
The Stokes wave, injected into the optical medium at z = L, experiences exponential
growth as it propagates across the medium. Note that the Equation 2.11 assumes aligned
polarization between the pump and the Stokes/signal. However, the effect is polarization
sensitive and an efficiency coefficient related to the similarity between the polarization
of the two counterpropagating signals has to be included in Equation 2.11. More details
about this fact will be provided in the next section.

Finally, replacing Equation 2.7 in Equation 2.11, the Lorentzian magnitude and phase
response due to the SBS gain process is given by the following equations

PpL,
G(f) = exp (Re (gB(f) y ff))
eff

(%)2 Equation 2.12

GoPpLesy 2
= exp 5

A (== 2+ (B52)




dc(f) =exp <Im (gB () PLe?))

9goPplesr  Avg(fp —vg —f)
2
M1 (fp vy — 2+ (52)

Note that Equation 2.12 and Equation 2.13 induce the SBS process at frequency fp —
vg. From Equation 2.4, it can be seen that a second Stokes wave appears from light
scattering at frequency fp + vg, so-called SBS loss process and is written as

A(f) =exp (Re ( 9s(f) PLeff))
eff

Equation 2.13

Avg\? Equation 2.14
_ GoPplesy (T)

At Gy by 12+ (B52)

Pa(f) =exp (lm( 9s(f) fr eff))

A, ff
_9oPplesr  Avg(fp+vp —f)
24
I o +vs =2+ ()

= exp

Equation 2.15

2

This process is characterized by an upshifted frequency and a negative SBS gain factor.
The SBS gain/loss spectrum can be seen in Figure 2.3. It shows that the pump amplifies
the signal at frequency fs through SBS gain process, while the pump attenuates the signal

at fus.
The maximum value of the gain parameter, Gg, which is reached at frequency f = fp —

vg, IS
GoPpLesy

Gn =
7 Aty

Equation 2.16
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Figure 2.3. Amplitude and phase response of SBS

On the other hand, the phase shift induced by SBS is maximized when f = fp, —vg =
+ AUB/Z. The maximum phase shift is,

—9oPpLesr

¢ =+ 24y, Equation 2.17
e

2.1.1. Brillouin Threshold

It is possible to estimate the Brillouin threshold from the spontaneous Brillouin process.
If no Stokes wave is injected externally into the fiber in z = L, it grows exponentially
from noise, propagating in backward direction, as Equation 2.11 shows. Note that, in this
case, the value of Pg(L) is the thermal noise power.

For the sake of simplicity, pump depletion can be neglected, i.e. it is assumed that pump
power is spatially invariant before and after the outset of SBS, being solely considered
the medium attenuation due to fiber loss, using Pp(L) = Pp(0)exp(—al) in Equation
2.11. From these considerations, Smith [7] defined Brillouin threshold assuming a non-
fluctuating localized source model [8] as,



GoPpLesr _
Aerr

The threshold value is obtained assuming typical values of standard single mode fiber
[9]. Above this threshold, pump power saturates, limiting the power that can be trans-
mitted through the fiber. For long fibers, the critical power is defined as the input pump
power (z=0) at which the Stokes power becomes equal to the pump power at the fiber
output (z=L), i.e. P,(0) = P, (0)exp(—alL). Smith’s model based on Equation 2.5 and
Equation 2.6 defines the critical pump power as

G = 21 Equation 2.18

21 Agsy

PSTH(0) = Equation 2.19
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Experimentally, lower threshold Brillouin gain factors have been obtained. For example,
in [10] a value of G* = 19 was found and in [11], using the same definition used in [7],
it was found that Brillouin gain factor depends on fiber length, reaching a value of G&* =
16 for the longest fibers (~30 km).

2.1.2. Polarization Effects on SBS

Since SBS originates from an optical interference between pump and Stokes/signal
waves, the SBS process is most efficient when optical fields are aligned. However, due
to the nature of SBS, both pump and Stokes waves propagate in counterpropagation.
Thus, both fields are aligned solely at a given point along the fiber.

In early experiments, Stolen [12] verified the polarization dependence of SBS in highly
birefringent fiber, i.e. polarization maintaining fiber, PMF. Experiments showed that no
SBS gain was observed when pump and signal waves were orthogonal. If both pump
and Stokes waves are aligned, i.e. their Stokes vectors are identical, the SBS gain is
reduced by a factor of 2 over scalar theoretical predictions [1].

On the other hand, in low birefringence fibers, Stolen interpreted that the SBS gain was
independent of polarization. Later, Horiguchi et al. [13] demonstrated a polarization de-
pendence of the SBS gain, reducing the SBS gain in a factor of ~0.3 for fibers from 1 to
26 km long.

In low birefringence fibers, the light SOP describes a rotation over the Poincare sphere
[14], provided that the fiber length is much larger than the polarization beat length. How-
ever, the SOP of both pump and Stokes rotate in counter sense through fiber. Conse-
quently, the overall SBS gain factor is reduced, depending on the SOP of input both
pump and Stokes waves, and the birefringent properties of the fiber.

Van Deventer and Boot [15] investigated the polarization properties of the SBS amplifi-
cation process in single-mode fibers, calculating the polarization dependence of the SBS
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gain and the SOP of both pump and Stokes waves by means of the Stokes representation
[14].

A simple method to take into account the polarization-sensitive nature of SBS is through
an efficiency factor, ¢, added to Equation 2.16. It will be { = 1 when the interaction
between pump and Stokes waves is optimal.

The sense of the rotation of the pump SOP is opposite to that of the Stokes wave, but the
orientation and ellipticity of the polarization ellipse remain the same [16]. Thus, for fi-
bers without birefringence and linear pump polarization, the mixing efficiency is 1 when
pump and Stokes waves have the same SOP and 0 when having orthogonal SOPs. For
conventional low birefringence fibers the process is stochastic. Van Deventer and Boot
concluded that in this case, the resulting mixing efficiencies for parallel and orthogonally
polarized signals are respectively

(= Equation 2.20

(= Equation 2.21

Wl = Wl N

where { is the polarization coefficient. Equation 2.20 shows that 2/3 of the pump power
is used in the SBS process gain, reaching the maximum gain coefficient G§*** when
pump and Stokes have identical polarization, in their respective directions of propaga-
tion. Meanwhile for Equation 2.21, 1/3 of the pump power is involved when pump and
Stokes are orthogonal, reaching a minimum gain coefficient. With these considerations,
the Equation 2.16 might be re-written as

GoPoLery
Aess
Equation 2.22 shows that the SBS gain parameter in low birefringence fiber is smaller

than the one reported in Equation 2.16. This fact also changes the SBS threshold value
in Equation 2.18, and thus the critical pump power in Equation 2.19

21 Agyy
CGoLess

Regarding spontaneous Brillouin scattering, when no signal wave is injected, there is a
maximum amplification process from thermal noise [1], with the same SOP as that of
the pump wave. At the same time, a second amplification process (minimum) appears
with orthogonal polarization to the pump wave. The maximum and minimum SBS gain
are always orthogonal. Thus, the relative input polarization of both pump and Stokes
waves maximize or minimize the SBS gain coefficient (Gg).

Gg=¢ Equation 2.22

PSTH(0) = Equation 2.23
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Zadok et al. in [17] demonstrated that, in low birefringence fibers, the evolution of the
signal SOP is controlled by the local interaction of the SBS, which drags the signal SOP
toward that of the pump (in the SBS gain scenario). Thus, the output signal SOP con-
verges to a particular point, i.e. it is rotated around a set of Stokes parameters, in the
Poincare sphere as the pump power is increased.

Further, Zadok et al. determined that for any input SOP, the polarization coefficient is
similar to that of [15], but not identical, since the polarization coefficient is only constant
if the signal SOP is parallel/orthogonal to that of SOP pump. For the Brillouin attenua-
tion process (SBS loss scenario), the anti-Stokes SOP is dragged toward a SOP perpen-
dicular to that of the pump. Although, in this last case, experimental measurements of
the SOP are difficult due to the attenuation produced in the signal and to the presence of
spontaneous Brillouin.

2.1.3.Pump depletion

During the Brillouin process, the Stokes wave experiences exponential growth as it prop-
agates across the optical fiber. When the Stokes wave has grown to an intensity compa-
rable to that of the pump wave, the depletion of the pump wave occurs. Taking pump
depletion into account, solving coupled-intensity Equation 2.5 and Equation 2.6 becomes
a bit more complex. Anyway, it can also be solved both numerically and analytically.

2.1.4.SBS model

An analytical solution taking into account pump depletion but neglecting fiber loss was
presented by Chen and Bao [18]3. This SBS model was employed through the Thesis
and its application will be shown in several sections of this document, in particular, Sec-
tions 3.3, 4.3 and 4.4.

The analytical expressions are given by,
Pp(2)

Po(0)exp {22 1P (0) = Po(O)]Ler |

Po(0) exp [ [Pp(0) — Pe(O)]Lery | = P5(0)

Equation 2.24

= [Pp(0) — Ps(0)]

3 Other models base on neglecting loss attenuation have been proposed in the literature, e.g. [110].
12



Ps(z)

0
= [Pp(0) — Py(0)] £(0)

Po(0) exp {2 [Pp(0) — Pe(O)]Lery | = P5(0)

Equation 2.25

With theoretical parameters described in the Table 2.1, a theoretical critical power of
53mW can be calculated from Equation 2.23. It shows that, for this pump power (P5™),
the input Stokes wave has grown to a power comparable to that of the input pump power,
as it was described in [2], [7], [11], which leads to a subsequent depletion. It shows that
the Stokes power cannot grow further by increasing the input pump power due to deple-
tion, reaching an input pump power limit.

The model defined by Equation 2.26 and Equation 2.27, with the general parameters
given by Table 2.1 for a high nonlinear fiber, has been used to estimate the behavior of
the SBS-based systems developed through the Thesis.

Table 2.1 Parameters for simulation

Parameter Value Unit
L 1 Km

9o 7.19x10712 m/W
Acsr 11 um?
Up 9.642 GHz

Avg ~50 MHz
Ap 1548 nm

P, —55 dBm

2.2. Applications

Stimulated Brillouin scattering was originally considered to be relevant obstacle to opti-
cal communications based on optical fiber since it limits the maximum channel power
that can be injected into an optical fiber [7]. Although present modulation speed make
this no longer an issue, SBS still poses a limit to the maximum power that can be trans-
mitted through fiber for an optical carrier. The optical power of a monochromatic wave
at the output of an optical fiber increases proportionately until a threshold is reached.
Beyond that level, the received power stays relatively constant while light scattering
back toward the source increases dramatically.
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Despite this limitation, SBS has some unique features among nonlinear phenomena.
These can be leveraged to develop photonic systems addressing a wide range of appli-
cations. Among these, the fields where Brillouin has attracted more attention are proba-
bly: lasing, fiber sensors, SBS-based optical delay lines, high-resolution spectral analysis
and microwave photonics. Other applications include enhancement of other nonlinear
effects such as Four-Wave Mixing [19].

In this section, the main applications of stimulated Brillouin scattering are briefly re-
viewed.

2.2.1. Brillouin lasers

Brillouin gain can be used to make lasers by placing the nonlinear medium inside a cav-
ity. Brillouin lasers based on optical fiber were proposed as early as 1976 [20].

The mechanism is similar to any laser, with SBS providing the gain. The cavity is typi-
cally based on aring or a Fabry—Perot geometry [1]. The feedback provided by the cavity
reduces considerably the threshold. Thus, in Equation 2.23, the factor 21 can be reduced
to 0.1-1 depending on the reflectivity of the cavity. This allows Brillouin ring lasers to
be pumped with laser diodes to make them simpler [21].

Smaller implementations of Brillouin lasers can be achieved using whispering gallery
modes for the ring resonator if both pump and Stokes waves are at resonance wave-
lengths of the ring laser [22].

One particular feature of Brillouin lasers is that they show very narrow linewidth [23].
Recent publications have shown linewidths in the sub-Hz regime (0.7 Hz) [24].

Suggested applications include lasers with narrow linewidth, including CMOS compat-
ible materials [25], microwave frequency generation and, especially, as sensitive laser
gyroscopes [26]. Active laser gyroscopes use the fiber ring as a laser cavity. The rotation
rate is determined by measuring the frequency difference between the counterpropagat-
ing laser beams.

2.2.2. Distributed fiber sensors

One of the main applications of SBS is in distributed sensing in large infrastructures.
The aim is to replace thousands of point sensors with an optical fiber. The dependence
of SBS on temperature and strain can be exploited to implement distributed sensors [27],
[28].

As described by Equation 2.2, scattered light by Brillouin has a frequency shift, vg , pro-
portional to the local velocity of the acoustic wave (v,). This velocity, in turn, depends
on the local density and tension of the material, which depends on its temperature and
strain. The standard method, known as Brillouin optical time domain analysis (BOTDA),
is based on pump-probe approach where a short pump pulse is launched into an end of
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the fiber used for sensing and a CW (continuous wave) probe signal into the other end.
Sensing can be obtained from the measurement of the power of the probe signal with
two similar schemes. If the probe wave is at the Stokes frequency, then energy flows
from the pump to the Stokes wave providing Brillouin gain to this CW wave. Alterna-
tively, Brillouin loss rather than Brillouin gain can be used to increase sensing length
[29]. If the probe wave is at the anti-Stokes frequency, it provides energy to the pump
wave (pulsed signal), and the detected CW signal experiences a Brillouin loss. Thus, the
parameter vy at each fiber location can be determined from the measured time dependent
CW signal over a wide range of frequency differences between the pump and probe. And
from the Brillouin frequency shift, vg, a map of the strain or temperature distribution
along the entire fiber length can be derived. Further improvements on the basic BOTDA
architecture have been presented (e.g. [30]).

Another approach for Brillouin-based distributed sensing is based on spontaneous scat-
tering and it is known as Brillouin optical time domain reflectometry (BOTDR) [31],
[32]. Other techniques include Brillouin Optical Correlation Domain Analysis/Reflec-
tometry (BOCDA/BOCDR) [33], [34], [35].

These sensors can be applied in a wide range of scenarios where structural health moni-
toring is a need. It include fields such as civil structures and oil and utility industries,
environmental monitoring, the aerospace industry, power generator monitoring and ge-
otechnical engineering.

2.2.3.Delay lines

Optical delay lines can be considered one of the key building blocks in optical signal
processing [36]. They are used for many different applications from microwave photon-
ics (microwave signal processing, control of antenna arrays, etc.) to future optical buff-
ers, and even in optical coherence tomography.

Different tunable optical delay lines have been proposed using fiber optics [37], [38],
[39], or integrated devices [40], [41]. A different approach was proposed in 2005 when
SBS was proposed as a method to implement optical delay lines based on the concept of
slow light [42], [43]. SBS offers continuous dynamic tuning of the induced delay flexi-
bility and the capability to shape the spectral resonance by controlling the shape of the
optical pump since SBS response is the convolution of the Brillouin natural response and
the shape of the pump. Despite these advantageous features, it can be said that the con-
sensus in the engineering community is that, with present technology, there is a strong
limitation on the applicability of SBS for optical delays given by the trade-off between
the maximum achievable time delay and signal distortion. In particular, the delay-band-
width product of linear slow light systems as SBS is close to 1, i.e. a pulse cannot be
delayed more than its time width.
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2.2.4.High-resolution spectral analysis

This application relies on having a high-power pump that through SBS generates a tun-
able narrow filtering. By pumping SBS with an external cavity tunable laser source, the
filter is swept along the spectral region of interest, giving the high-resolution optical
spectrum [44], [45].

SBS offers interesting features over classic optical spectral analysis methods such as
diffraction gratings, Fabry-Perot filters or heterodyne OSAs. The gain introduced by
SBS greatly enhances the dynamic range of the measurement compared to passive filter-
ing. The threshold imposed by SBS also helps cancel spurious signals of the local oscil-
lator sidemodes and lineshape that produce measurement artifacts in heterodyne OSAs.

This approach has been commercially exploited by Aragon Photonics [46] which manu-
factures optical spectrum analyzers based on Brillouin effect (BOSA). This technology
provides OSAs with high resolution (80 fm), good accuracy (0.5 pm) and very high spu-
rious-free dynamic range measurement.

2.2.5. Optical processing of microwave signals

Microwave photonics is a research topic focused on exploiting photonic technology for
the generation, processing, control and distribution of microwave, millimeter-wave and
THz-frequency signals [47], [48], [49], [50]. In particular, this field includes the use of
photonics in a wide variety of applications such as antenna remoting [51], optically-
controlled phased-array antennas (e.g. [52], [53], [54], [55]), photonic-assisted micro-
wave measurement [56], optical processing of microwave signals and millimeter wave
(e.g. [57], [58]) and THz signal generation [59].

Nonlinear effects, and SBS in particular, are very interesting in this research area to allow
the implementation of some functionalities for microwave and millimeter-wave signals
that are difficult to be obtained with pure electronic systems.

Originally, SBS gain was proposed to enhance the gain in radio over fiber links [60].
The narrowband nature of the Brillouin response in silica fibers is very attractive to pro-
cess microwave signals [61]. For example, wideband phase shifters can be implemented
using SBS to control the phase of the optical carrier [62]. In parallel, to the work on
Brillouin lasing, briefly reviewed in Section 2.2.1, SBS can also be exploited to synthe-
size high purity microwave signals [63].

Among these applications, of the use of SBS in photonic microwave filtering has at-
tracted also considerable interest. These research activities are reviewed in more detail
in Section 4.2.
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Chapter 3
SBS-based All-optical

Polarization Control

In this Chapter a new approach to polarization control based on exploiting SBS is pre-
sented. The state of the art on polarization control is briefly reviewed. The basic tools
for polarization analysis are summarized in Annex I. Next, the new method for polariza-
tion control as well as experimental results showing its feasibility are presented.

3.1. Review of All-Optical Polarization Control

Many optical phenomena are sensitive to the state of polarization of the light. Thus, the
ability to manage the state of polarization (SOP) is critical in different areas of photonics
[64], [65]. New tools and techniques have evolved from advanced control of light polar-
ization. In free-space optics, the development of polarization structured beams has
opened new paths in both scientific and engineering applications. For example, spatially-
dependent polarization beams for optical tweezers [66]. However, in optical fibers and
integrated waveguides there are no tools offering similar potential for polarization struc-
turing.

Currently, in-fiber polarization management is mainly performed using cascaded me-
chanically-controlled stress-induced birefringence in rotatable waveplates. The polariza-
tion control is induced by twisting [67] and/or bending [68],[69]. Twisting introduces
circular birefringence and bending linear birefringence [64]. This approach was origi-
nally patented by C. LeFevre [68]. Another approach, pushed forward by General Pho-
tonics, is based on fiber implementations of a Babinet-Soleil compensator [70],

On the other hand, devices providing dynamic control of the state of polarization usually
are based on electric or magnetic fields applied to an optical medium. These fields alter
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the polarization properties of the medium. In particular, this interaction is based on elec-
tro-optical devices exploiting the Pockels effect in LiNbO3 crystals [71] and magneto-
optical components, such as Faraday rotators. However, all these are broadband devices
and they cannot provide wavelength-selective polarization control analogous to the gran-
ularity that can be achieved in spatial dimensions with SLMs.

Nonlinear effects in optical fibers have been proposed as a method for all-optical control
of the polarization of light [72]-[79]. Originally it was shown that photorefractive two-
beam coupling can perform the transformation from any input SOP to the vicinity of a
defined output SOP in what was known as polarization attraction [78], [79]. Later, po-
larization attraction was shown in other nonlinear systems, i.e. Four Wave Mixing
(FWM) [8-10], Stimulated Brillouin Scattering (SBS) [73], [74] and Stimulated Raman
scattering (SRS) [72]. Attractors, however, do not behave as a perfect polarizer since
they pull input SOPs toward the vicinity of some point but not exactly to a given point
on the Poincaré sphere.

Since SBS originates from an optical interference between pump and signal waves. SBS
is most efficient when these electric fields are aligned. Due to the large difference in gain
between the maximum and minimum states, the SOP of an arbitrarily polarized input
wave is closely aligned with that SOP of the maximum gain at the fiber output. There-
fore, the polarization sensitive gain of the SBS can be used to implement a functionality
similar to a polarizer but usually providing polarization-dependent gain instead of loss,
i.e. SBS in the undepleted pump regime may be modeled as a pseudo-linear partial po-
larizer [17].

SBS polarization pulling can be enhanced using two orthogonally polarize pumps [74],
which are separated in frequency by twice the Brillouin shift, where an amplifying one
and attenuating one. The SOP of the signal wave is drawn toward the conjugate of the
higher frequency pump. Meanwhile the lower frequency pump strengthened the pulling,
due to it repels the signal SOP from the orthogonal state and therefore the dual-pump
configuration generates a higher change in the SOP signal with a more modest maximal
gain.

3.2. New SBS-based Polarization Control.

3.2.1. Introduction

A new approach for polarization rotation through nonlinear effects is presented in this
section. Instead of a nonlinear polarizer, here we show that polarization control can be
achieved exploiting nonlinear optics. In particular, we investigate the implementation of
an all-optical analogue of a polarization controller based on a variable linear retarder
(such as a wave plate) with fixed orientation plus one variable circular retarder (optical
rotator). The variable retarders rely on exploiting the Brillouin-induced birefringence in
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optical fibers to control the phase shift between orthogonal components of the SOP while
conserving the energy of the signal though a combination of phase shifting and gain/loss
compensation.

3.2.2.Principle

Nonlinear polarization control is achieved by inducing an optically-controlled phase re-
tardance between eigenmodes in an optical fiber through SBS. Since Brillouin interac-
tion is originated from an interference between counterpropagating waves through elec-
trostriction, its efficiency is polarization dependent, i.e. the gain (loss) coefficient is
maximum when the pump and signal electric fields rotate describing the same ellipses
with opposite senses. From this polarization dependence, a controlled phase shift be-
tween eigenmodes can be introduced using SBS if the pump is aligned with one
eigenmode of the signal. Given the short coherence lifetime of hypersonic phonons in
fiber, the Brillouin response bandwidth can be tuned from 30 MHz to tens of GHz, al-
lowing the independent control of the SOP of individual optical signals in DWDM sce-
narios.

The natural response of SBS associates phase shift with a gain (Stokes) / loss (anti-
Stokes) response, as shown in Figure 3.1 (blue/red responses). However, it is possible to
combine Brillouin gain and loss resonances to compensate each other in amplitude while
adding the phase shifts provided by both responses, as shown in Figure 3.1 (green re-
sponses). The figure shows two pump waves at frequencies f, + f,, which are used to
combine the gain/loss responses, where f, and f, are the signal and pump frequencies,
respectively.

(a), (b) 4

Phase

=1

Frequency
Jo+ 1y

Figure 3.1 (a) SBS amplitude response showing the gain (blue), loss (red) and combined gain+loss
response (green); (b) SBS phase response showing the gain (blue), loss (red) and combined
gain+loss response (green)
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While maintaining the amplitude of the signal minimally affected, this approach allows
the enhancement of the phase response. This is analogous to an optical all-pass filter.
SBS-based all-pass filters have been proposed to control the phase of optically-modu-
lated RF signals [62], [80]. From this point of view, the proposed method can be seen as
an evolution from the Loayssa SBS-based microwave phase retarder.

The phase retardance (I') between orthogonal polarization eigenmodes of the signal can
be dynamically controlled by changing the pump power or the pump offset frequency.
However, the use of pump power is more convenient due to its simplicity for implemen-
tation.

A polarization controller based on two variable retarders with fixed orientations can be
built using SBS, as shown in Figure 3.2 (a).

(a) Pump#1 Pump#2
-——— -—
I = A
2 : : y
} I ! Eout
I I !
-—-=7 = ‘ Eout
Signal Nonlinear medium Nonlinear medium

Input . . Output
Circular retarder Linear retarder
(<) o is
)
&
"f q‘? —1 P ) 2
- .)II/__.-—;‘_‘,—9 T ""&#I
+51 T —

Figure 3.2 (a) Concept of the nonlinear polarization controller based on two independently con-
trolled variable waveplates: a circular retarder and a linear retarder. The SOP of an incoming opti-
cal signal at f;, with, for example, linear polarization at 45° is altered by a pair of pump signals,
gain and loss, respectively, at f, — f,, and fo + f, with circular polarization for the circular re-
tarder, and a second pair of pump at f, — f,, and f, + f,, with linear polarization for the linear re-
tarder. (b) Representation of the polarization rotation on the Poincaré sphere for the ideal circular
(blue) and (c) linear (red) retarders.
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Brillouin allows the implementation of arbitrary birefringent elements where the pump
SOP defines the birefringence type, i.e. the plane of polarization rotation on the Poincaré
sphere while the pump power controls the angle of rotation on this plane. To perform
a circular retarder (Pump #1), the pump polarization has to be circular. Its induced
polarization rotation is shown in Figure 3.2(b) (blue). In particular, right-handed cir-
cular polarization rotates the signal SOP clockwise. Whilst the second stage, with
Pump #2 having a linear horizontal SOP, performs a linear retarder, as shown in
Figure 3.2(c).

The Brillouin-induced retardance can be calculated taking into account that SBS in low
birefringence single-mode fibers can be viewed as a polarization-dependent gain (loss),
where there are two orthogonal input SOPs, each one showing a different gain (loss)
[17]. The gain of the input SOP with the maximum gain coefficient is twice the minimum
one, being 2/3 and 1/3 of the gain in a fiber with low birefringence. Thus, in a birefrin-
gent fiber, the Brillouin induced phase shift is given from Equation 2.13 and Equation
2.15,

_ {goppLeff AVB (fp - UB)

Pmax/min = ZAeff (fp —vp — f)z + (A%)Z Equation 3.1

where B, is the pump power, g, is the Brillouin gain factor, A.¢; is the effective
area, L,¢ is the effective interaction length of the fiber, Avy is the Brillouin gain band-

width of the gain spectrum and vy is the Brillouin frequency shift, and the term { is 2/3
for the maximum gain/loss and 1/3 for the minimum gain/loss in birefringent fiber. The

maximum Brillouin phase shift corresponds to f, —vg = + AVB/Z. Therefore, the phase
retardance induced by the SBS phase shift Equation 3.1 in a birefringent fiber is,

_ GoPL Avg(f, —vp)

I'=20max — 2Qmin = 2 ;
3Aeff( 2 (Avg Equation 3.2
fo=vs) +(2)

It can be seen in Equation 3.2 that despite the combination of gain and loss phase re-
sponses, fiber birefringence reduces the maximum phase retardance that can be induced
by using SBS to the phase shift induced by a single SBS gain response in a nonbirefrin-
gent fiber. Therefore, the Jones matrix of the nonlinear polarization controller is given
from Equation 1.10 and Equation 1.12,

21



Jsps = MM,

T T T
<GmmAmin . (cos (32) — jsin (32) . cos(26)) GrmaxAmax-jsin (32) .sin(28)

GminAmin.jsin (E) .sin(28)  GuaxAmax * (cos (E) —j sin(%) . cos(28))>. Equation 3.3

2 2

( GminAminCOS(Fl/Z) GmaxAmaxSin(Fl/Z) )
_GminAminSin(Fl/Z) GmaxAmaxCOS(Fl/Z)

where Jones matrices, M, and M, correspond to the linear and circular retarder, respec-
tively. T; is the retardance induced by circular birefringence (Pump #1) and I, by the
linear birefringence (Pump #2). & is the azimuth angle of the fast axis of the linear bire-
fringence defined by the SOP of Pump #2. This angle defines the orientation of the plane
of rotation for the linear retarder.

If the gain and loss amplitude responses perfectly compensate each other, i.e. |G axl *
[Apmax! = 1, and |Ginl - |1Aminl = 1, polarization control could be achieved while pre-
serving the energy of the incoming signal.

For constant pump power, retardance can be controlled with the frequency shift between
Stokes and pump. The maximum retardance is obtained with frequencies f,; = vg +
Avg /2 and f,, = vg — Avg /2. Figure 3.3 (a) and (b) show the evolution of the signal
SOP when Pump#1 has right circular SOP at frequency f, or f,, respectively. These
frequencies introduce an inverted Brillouin phase shift. Meanwhile, Figure 3.3 (c) and
(d) correspond to Pump#1 with left circular SOP at frequency f,,1 oOr f,,, respectively.

As shown in Figure 3.3 (a), if the Brillouin gain parameter, G = {goP,L/(A.ff), induced
by pump wave at f,,4, is high, a significant amount of spontaneous Brillouin noise might
be generated. However, this contribution can be considerably reduced using an addi-
tional pump wave, in Pump#1, with frequency f,, and orthogonal SOP. The evolution
of the signal SOP in this case is shown in Figure 3.3 (d). Each orthogonal pump wave,
at f,1 and f,,, induce a rotation in the same direction (inverted Brillouin phase shift),
doubling the total retardance induced over the signal while suppressing the generation
of spontaneous Brillouin noise. This is the approach followed in the block diagram
shown in Figure 3.4.
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Figure 3.3 Poincaré sphere representation of the evolution of the output signal polarization over a
circular retarder for an input signal with linear polarization at 45° (Jones vector ([1/v2(1, 1)]7))
and pump SOP is: (a) Right circular at f,,4, (b) Right circular at f,,, () Left circular at f,4, (d)
Left circular at f,.

The system shown in Figure 3.4 allows the rotation to an arbitrary output SOP by the
combination of two pump pairs with orthogonal polarizations for each wave retarder.
Each pump pair introduces a retardance up to £x in the Stokes space. Each orthogonal
pump wave, at frequency f,,and f,, induce a rotation in the same direction. The maxi-
mum retardance can be obtained if the two orthogonal pumps are at frequencies f,;

and fp,.

For the circular retarder, if the pump at f,; and f,,, have a right and left circular SOP,
respectively, the signal SOP will rotate to the West on the Poincaré sphere, as shown in
the inset of Figure 3.4 (blue solid arrow). The signal SOP can be rotated to the East as
shown in Figure 3.4 (blue dotted arrow) if frequencies f,; and f,, are swapped, such
that f,,; = vg — Avg/2 and f,, = v + Avg/2. For the linear retarder, the rotation is
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obtained in the same way but the SOPs of the pump waves are linear at 90° and 0° for
fp1 and f,, respectively.

The polarization modulation speed of the system is restricted by the propagation velocity
in the nonlinear medium. For a fiber length of 1 km, the system will have a polarization
modulation speed of approximately 200 kHz. However, the use of chalcogenide fiber
[81] or photonic integrated devices [82], would enhance considerably the polarization
modulation bandwidth up to the GHz range although another limitation arises from the
time needed by phonons to be generated..

Optical
Source |_.

Linear
retarder
+53

) \ i PA

Figure 3.4 Block diagram of a nonlinear all-optical polarization controller made of one circular re-
tarder plus one linear retarder. HLNF: Highly nonlinear fiber. OC: Optical circulator; ISO: Isola-
tor. VOA: Variable Optical Attenuator. PC polarization controller. FBG: Fiber Bragg grating.
OSA: Optical spectrum analyzer. PA: Polarization analyzer.
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The experimental setup used to demonstrate the feasibility of nonlinear polarization
control using SBS is the one shown in Figure 3.4. In particular, two Brillouin polarization
control stages are implemented: a circular and a linear retarder. An optical signal is split
into two paths: the upper one is used to generate the pump waves while the lower one
experiences polarization rotation. The pump is generated by two x-cut Mach-Zehnder
modulators (MZM; and MZM) at minimum transmission bias (MITB) and fed by two
microwave oscillators with frequencies f,,; (9.607 GHz) and £, (9.677 GHz). An optical
circulator (OC;) directs Pump#1 toward the circular retarder, made of 1-km highly non-
linear fiber (HNLF). Another optical circulator (OC,) is used to inject Pump#2 to the
linear retarder, where the nonlinear medium is another HLNF. A fiber Bragg grating
(FBG) in reflection mode (bandwidth of 12.5 GHz) is used to filter out backward residual
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pump waves. Polarization rotation is done by adjusting the pump power through the
VOA:s.

3.2.3. Experimental results
Figure 3.5(a) shows the evolution of the signal SOP at the output of the circular retarder
when the power of Pump#1 is changed from 0.08 mW to 12.6 mW. The retardance has
been measured using the Poincaré sphere method [83]. It can be seen that a full rotation
(2rt) on the equator of the Poincaré sphere can be achieved. Figure 3.5(b) shows the
evolution of the measured retardance with pump power as well as the output DOP. It can
be observed that, as given by Equation 3.2, retardance varies linearly with pump power.
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Figure 3.5 Experimental results for a 0.16 mW input signal. (a) Poincaré sphere representation of
the evolution of the output signal polarization over a circular retarder for an input signal with lin-

ear polarization at 45° (Jones vector ([1/v2(1, 1)]7)). (b) (Left) Retardance induced as a function
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of pump power for the circular retarder: experiment (solid orange) and theory (dotted orange);
(Right) Evolution of the signal Degree of Polarization (DOP) for the circular retarder a function of
pump power.

Given the nonlinear nature of the polarization control method, the effect of the power
of the input signal on the behavior of the polarization converter has been experimentally
analyzed. Figure 3.6 shows, for the circular retarder, the retardance variation as a func-
tion of pump power for different input signal powers. It can be seen that the induced
retardance is remarkably similar in all cases. A maximum change on retardance can be
observed for a pump power of 8.3 mW, with a standard deviation of the retardance of
4.6°.
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Figure 3.6 Retardance versus pump power for a Brillouin circular retarder for signals of: 0.63 mW
(dotted black), 0.16 mW (red dotted), 0.08 mW (dotted green) and 0.04 mW (dotted blue).

However, there is no need for a full 2r retardance change since the sense of the rotation
on the Poincaré sphere can be tuned by swapping frequencies between f,,; and f,,. Thus,
complete rotation of the SOP can be achieved, as shown in Figure 3.7. For a retardance
smaller than rt, the DOP remains above 98%.
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Figure 3.7 Rotation of the signal SOP induced by the Brillouin-based circular and linear retarders.

Due to the combination of gain and loss responses, Brillouin polarization rotation in-
duces only slight changes on the signal power in the range of pump powers that are
needed to reach any point on the Poincaré sphere. Figure 3.8 (a) shows measurements of
the SBS-induced retardance for an input signal of 0.08 mW as a function of pump power
and the variation of the power of the signal for the circular (blue solid and dotted) and
linear (red solid and dotted) retarders. Figure 3.8 (a) shows that the nonlinear variable
retarder is able to provide any kind of birefringence with the same efficiency. It can be
seen that the same pump power induce the same retardance for the linear and the circular
retarder. Whereas the retardance grows with pump power, following a trend similar to
the behavior of the SBS gain, the power of the signal experiences only a slight variation.
In Figure 3.8 (a), the variation of the insertion loss is 1.2 dB. The action of the circular
retarder is equivalent to a rotation (M; matrix) of the sphere about the polar diameter,
and through an angle equal to the phase retardance that the SBS inserts between its
eigenmodes, i.e. the sphere’s rotation angle (Figure 3.8 (b)).
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Figure 3.8 (a) (Left) Retardance induced as a function of pump power for the circular (blue solid)
and linear (red solid) retarder for input signal with linear SOP at 45° (Jones vector

([1/¥2@1, 1D])). (Right) Variation of the output signal power versus pump power. (b) Rotation
angle for input signal with ellipticity of 0.5 (Jones vector [1/v/2 (1, exp(jn/4)]",
[1/V2 (1, exp(=jm/4)]").

The effect of the power of the input signal on the loss of the polarization converter has
also been analysed. Figure 3.9 provides measurements of the converter insertion loss for
different polarization conversions and signals with different input power. It can be seen
that for input signals with moderate power (smaller than 0.16 mW) and for pump powers
smaller than 7 mW, which induce retardance changes of +m, i.e. in the range of values of
interest for polarization conversion, the maximum change of the insertion loss is 2.3 dB.
If the power of the input signal is high enough, the Brillouin process saturates and ap-
preciable changes on the insertion loss of the polarization controller can be seen.
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Figure 3.9 Variation of the insertion loss of the polarization controller as a function of pump power
for signals with different input power at the HLNF.

As in other applications of SBS, the bandwidth of the Brillouin response can be tailored.
Since Brillouin response is the convolution of the natural Brillouin gain spectrum with
the normalized pump power spectrum, arbitrary polarization responses can be achieved
by engineering the pump spectrum. Figure 3.10 shows the frequency dependence of the
retardance induced by the Brillouin natural response (blue) and a flat-top retardance ob-
tained with a multi-tone pump (red), which shows a maximum ripple of 2°.

2
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0.1 0 0.1
Frequency Variation (GHz)

Figure 3.10 Control of the retardance bandwidth. (a) Single pump configuration. (b) Multi-tone
pump configuration.
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Another interesting feature of the presented nonlinear polarization controller is that, un-
like most Brillouin processing schemes, it introduces little additional noise due to the
lack of net gain. To assess the noise addition by the polarization controller, the noise
figure (NF) is defined as the ratio of SNR of the optical signal when the controller is off
and on. An electrical method to measure NF has been employed since it provides a
more complete measure of the intensity noise generated by the controller [83]. Noise
has been measured using the setup shown in Figure 3.11 where an RF signal (2.5 GHz)
has been used to modulate the optical signal. After heterodyne detection, the SNR of the
beat note has been measured with an electrical spectrum analyzer.

Optical

Source ESA
Signal — A A rsrr:rLljlirr OC1 T [uJ_I.

¥ S HFEL, wwa

- .13

Figure 3.11 Block diagram of a nonlinear all-optical polarization controller used to measure noise.

HLNF: Highly nonlinear fiber. OC: Optical circulator; ISO: Isolator. VOA: Variable Optical At-

tenuator. FBG: Fiber Bragg grating. OSA: Optical spectrum analyzer. PA: Polarization analyzer.
ESA: electrical spectrum analyzer. VNA: vector network analyzer.

The Brillouin-induced noise (Sp(f)) must be separated from the total measured noise
(Sgsa(f)lmeq) Which also includes receiver thermal noise (Sgsa(f)|:n), detected shot
noise (2qie,) and the frequency response of the system [83]. The thermal noise correc-
tion has been performed from measurement of the thermal noise density with the input
light blocked. The correction of the system transfer function has been performed using a
RIN transfer calibration setup. Finally, the shot noise has been corrected from measure-
ments of the optical and electrical spectral of the amplitude modulated optical signal and
its associated microwave beat note, respectively.

The intensity noise density produced by the polarization controller (S, (f)) has been de-
rived from [83]:
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S (f) — SESA(f)lmea - SESA(f)lth _ 2qimea W_Z
F SesaN)lcar R? | Hz Equation 3.4
RINcal(f)Pczal
Then, the noise figure is [83]
PSp(f)+2 <GP, > hv
NF = =2 ! . Equation 3.5

2hv < GP, >2

where the gain (G2) has been derived from spectral analysis of the optical receiver pho-
tocurrent and Ps is the power at the fiber input.

The change of the measured NF for a rotation between linear at 0 and 2m has been meas-
ured showing a maximum variation of 1.5 dB. For the sake of comparison, the proposed
technique has been compared to polarization pulling, which induces a maximum pulling
of TT/2. Given the gain induced by polarization pulling, the signal power for polarization
pulling has been modified to produce the same RF beat note power. As it can be seen in
Figure 3.12, the polarization rotator experiences a NF variation of less than 1 dB with
polarization pulling showing almost a 5 dB increment.
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Figure 3.12 Comparison of the change of the Noise Figure for the proposed method (blue) and po-
larization pulling (orange).

Finally, stability of the SOP has been measured. Figure 3.13(a) show the temporal evo-
lution of the Stokes vector components for a signal with input power at the HLNF of
0.16 mW and linear polarization at 45° that is rotated with the Brillouin polarization
controller to a linear signal at 135°, as depicted in Figure 3.13(b).
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Figure 3.13 Temporal stability of the signal SOP at the output of the polarization controller. (a)
Stokes parameters of the signal output with linear SOP at 135° as a function of time: (Color online)
S1 (blue solid curve), S2 (red solid curve) and S3 (yellow solid curve). Stokes parameters are nor-

malized to SO. (b) (Red) SOP of the signal without SBS, (blue) Signal SOP with SBS polarization
conversion

The standard deviation of the Stokes parameters of the signal polarization with and
without SBS polarization conversion is shown in Table 3.1.

Table 3.1 Standard deviation of Stokes parameters from Figure 3.13(a)

S1 S2 S3
Rotated signal 8.3x1073 3.0x1073 9.9x1073
SOP
Unrotated signal 1.3x1073 0.6x1073 1.1x1073
SOP

3.3. Conclusion

In this section, a new all-optical functionality, dynamic polarization rotation, has been
introduced. Using stimulated Brillouin scattering, light polarization can be actively tai-
lored, independently of adjacent signals. Experiments have shown that the full Poincaré
sphere can be reached while introducing optical power changes smaller than 2.5 dB.
Since Brillouin processing has the lowest power threshold among nonlinear effects in
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silica optical fibers, this effect can be easily harnessed. The technique uses a combination
of gain and loss Brillouin responses that avoids the generation of spontaneous Brillouin
noise, which conventionally is the main limitation of Brillouin optical processing. This
new functionality combined with its low noise opens new opportunities in polarization
control from the synthesis of light with complex frequency-dependent polarization struc-
tures for chemistry, imaging and optical communications as well as a new approach to
revisit some applications where Brillouin processing has been constrained by its noisy
nature.
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Chapter 4

SBS-based Photonic
Microwave Filtering

4.1. Photonic Microwave Filtering

Among the different areas of microwave photonics, filtering has attracted considerable
attention [84]. Filtering is one of the main functions performed in communication sys-
tems, radar and sensing instruments. Although typically performed using electronic cir-
cuitry, photonics allows for an alternative implementation [84].

Photonic microwave filtering offers several features that are not easily achievable in the
microwave/digital domains such as wide bandwidth and tuning range, reconfigurability
of the frequency response [57] and the ability of some architectures to be seamlessly
combined with radio over fiber distribution links.

Extensive research has been carried out and different photonic microwave filter archi-
tectures have been presented, including transversal filters [57], [85], comb sources [86]
or fiber Bragg gratings [87].

With the aim of advancing towards practical implementations of photonic microwave
filters able to commercially compete with pure electronic approaches, two main paths
are being followed. One relies on photonic integration [49]. Some schemes (e.g. [58],
[88]-[92]) can be integrated in a Photonic Integrated Circuit (PIC) to implement pho-
tonic analogues of discrete microwave filter devices. Integration offers compact low-cost
solutions with the potential to avoid the performance degradation in terms of Q-factor
suffered by conventional microwave filters when miniaturized.

34



A second path is based on exploiting nonlinear effects such as Four-Wave Mixing [93]
to develop efficient architectures for photonic microwave filters. Among nonlinear ef-
fects, stimulated Brillouin scattering (SBS) is especially well suited to filter microwave
signals [89], [90], [88], [91], [94], [95], [96]. SBS-based schemes are very stable, can
exhibit a single bandpass that can be tuned and reconfigured to show flat-top responses
and they can easily implement narrow filter responses in the range of MHz to GHz, as
opposed to the periodic and rather broadband responses showed by transversal filters. In
addition, SBS has integration potential (e.g. [96]), and therefore it can be used to leverage
the benefits provided by both approaches.

4.2. Review of SBS-based Photonic Microwave Filtering

As previously described, SBS is very appealing for microwave filtering because it can
be used to implement narrow filter responses with tuning and reconfiguration capabili-
ties. In addition, this nonlinear effect can be stimulated in integrated circuits which is
critical for cost reduction [96].

The basic scheme for a SBS photonic microwave filter [89] is based on the amplitude
modulation of the signal to be filtered with a pump that is derived from the same optical
source through external modulation to achieve a very stable frequency response. A filter
response with two passbands is obtained following this approach. Filters implemented
through this approach can be continuously tuned over a wide bandwidth and the filter
response can be dynamically reconfigured. A pure single passband filter can also be
achieved if the pump is created with a parallel external modulator to implement a single
sideband modulation without carrier.

The rejection ratio of the filter can be enhanced if the RF signal to be filtered is phase
modulated and SBS is used to break the symmetry between both sidebands. In particular,
when the SBS gain/loss response falls into only one sideband of the RF modulated opti-
cal, it selectivity breaks the phase balance between sidebands. After O/E conversion, the
SBS response is indirectly transferred into a single bandpass filter response. Using this
technique, in [97] a filter response with an out-of-band rejection of 55 dB and a full width
at half-maximum bandwidth of 16 MHz was obtained.

Another area of interest has been the engineering of the filter response. Since it is given
by the convolution between the natural SBS response and the pump, different filter re-
sponses can be implemented through the control of the pump signal [89]. This allows the
implementation of flat-top filter responses with good shape factor by increasing the SBS
gain using two stages in cascade to avoid pump depletion [90]. It is done by increasing
the filter bandwidth since the skirt selectivity of SBS-based photonic microwave filters
is given by the slow-decaying Lorentzian tail of the natural Brillouin response, which
produces filters with poor rejection of close adjacent channels. Flat-top responses can be
obtained using a multi frequency electrical comb [95] or a single microwave tone can be
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swept to for the swept [91], [98]. In the latter, there is only a single frequency at any
specific time, which avoids nonlinearities inducing gain ripple and enhances the out of
band rejection. The flat-top response can be further optimized using a digital feedback
control technique on the Brillouin pump. Using this approach, a filter response with a
GHz bandwidth and a shape factor of 1.056 was reported [98].

Another approach to enhance out-of-band rejection of bandpass filters based on polari-
zation modulation have been presented. This modulation scheme provides upper and
lower sidebands with the same amplitude and a 180° phase difference, i.e. the upper and
lower sidebands are polarized orthogonally regard to the optical carrier. This orthogo-
nality guarantees high out-of-band rejection. The passband of the filter is selected by
polarization pulling effect using one or two stages of SBS in an optical fiber. The band-
pass of the filter response obtained through polarization modulation, polarization pulling
and two stages achieved a record out-of-band rejection of 80 dB with a bandwidth of 7.7
MHz [99].

SBS can also be used to implement notch filters. Photonic microwave notch filters based
on SBS are capable of frequency tuning and bandwidth reconfiguration. For example, a
photonic microwave notch filter that exhibits a notch with >40dB has been presented
[100]. A different implementation is based on the RF cancellation technique which pro-
vides notch responses with a rejection of 60 dB [101].

SBS on integrated platforms has been researched by the group of Prof. Eggleton in Aus-
tralia. In particular, they researched photonic microwave filters relying on an integrated
rib waveguide of chalcogenide AS2S3. The performance of this architecture attained less
suppression (20 dB) and required higher powers (350 mW) [102]. Following the tech-
nique presented in [101], a notch response with high suppression (>50 dB) was achieved
despite the fact that little SBS gain was obtained (just 1 dB) [96]. Later, this same tech-
nique has been implemented in suspended silicon nanowires implementing notches with
a suppression of 48 dB [103].

Despite these works, filter responses obtained from SBS are still not able to fulfill the
requirements for filter masks of real applications. One of the reasons behind this fact is
that the filter slope is not high enough. In this chapter, new methods to enhance the filter
slope of SBS-based photonic microwave filters are researched. Additionally, a new tech-
nique based on the work carried out in Chapter 3 is proposed to obtain notch filters with
very high suppression of unwanted signals.
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4.3. Photonic microwave filter with steep skirt selectivity based on stim-
ulated Brillouin scattering

4.3.1. Introduction

The principle of operation is based on combining a SBS gain response with two fre-
quency-offset SBS loss responses that are used to attenuate the slowly decaying tail of
the Lorentzian response. When this engineered SBS response is applied to a phase-mod-
ulated microwave signal, SBS introduces a gain/loss over the sidebands that breaks the
out-of-phase condition between sidebands. Thus, any microwave signal going through
the system is eliminated but in the band where the combined SBS response has been
applied. The combination of gain and loss responses in SBS has been previously used to
reduce the optical Brillouin bandwidth [104] at the cost of severely reducing its gain.
Instead, here it is shown both theoretically and experimentally that for a SBS-based mi-
crowave filter the slope can be enhanced while keeping the rejection ratio by using phase
modulation jointly with a combination of gain and loss responses.

4.3.2. Photonic microwave filter architecture

Figure 4.1 describes the principle of operation. By means of SBS, a pump counterprop-
agating the signal induces both a gain and a loss response in amplitude that are up- and
down-shifted in frequency (fz), respectively [1]. Figure 4.1(a) (left) shows how the gain
is combined with two loss (notch) responses in amplitude. These notches introduce a
sharp drop in the natural Lorentzian tail (dashed blue) as it can be seen in the combined
response (black solid) at the cost of a slight reduction of the combined gain. The same
happens in the other sideband (Figure 4.1(a) right).

To obtain the combined SBS response, three pumps counterpropagating the phase-mod-
ulated microwave signal are needed. They are generated using a double-sideband sup-
pressed-carrier (DSB-SC) modulation as shown in Figure 4.1(b). In the lower band, the
three pumps are labelled f. — fi, f; — f, f: — f5, Where f. — f; induces a Stokes gain
wave Py (fc — frr) (that generates the central SBS gain, g, (fc — f)) and the other two
pumps: f. — f», f — f3 induce two Stokes loss waves Py, (f; — frr), Pz (fz — frr) IN
the lower band signal (that induce SBS loss, a,, (f. — f), at the sides of the central SBS
gain). Whereas for the upper band, f. + f; induce a Stokes loss wave P, (f. + fzrr) and
fe + f2, fc + f3 induce two Stokes gain waves Py, (f + frr), Pg3(fc + frr). By chang-
ing the frequency of the local oscillators used to generate the pumps, the filter response
can be tuned.
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Figure 4.1 (Color online) Principle of operation. (a) Optical spectrum of the forward signal with
SBS amplitude gain and loss responses. (b) Backward pump signals with frequency fp, where P=1,
2,3.

A theoretical model of the SBS-driven filter response can be obtained. For the sake of
simplicity, the case of a single pump is considered first. For this case, both the SBS gain
and loss was described in the Equation 2.7 and Equation 2.8.

To estimate the SBS gain and loss, the coupled differential equations that define SBS in
steady state have to be solved [1]. Here, considering the solution proposed in [18], the
spatial distribution of the field intensity is: Ip = Pp/A.fy, it is assumed that the losses in
the fiber are usually low. Assuming pump depletion, the Stokes gain (Pys(f. * fzr)) and
loss (P.p(f. F frr)) Waves were found from Equation 2.25.

The filter frequency response with a single SBS pump can be derived using the small
signal approximation and omitting the DC component and higher-order harmonics. It is
given by [94],
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where Pppoy: IS the RF power at the output of PD, Pgp;y, is the RF power at the input as
shown in Figure 4.3, R is the PD responsivity, Z, is the load resistance, P, is the optical
power of the light, Z;, is the input impedance of the DD-MZM, «, is the optical loss
between the laser output and the PD input.

When additional pumps are present, the filter response can be obtained from Equation
4.1. In particular, for the case of three Stokes gain/loss waves, the filter response can be
described by Equation 4.2 when phase modulation is used taking into account that, in the
lower sideband of the signal, there are three interacting signals Py, (fc — fzr), Paz (fc —
fre), Pas(fe — frr), Whereas in the upper sideband of the signal the interaction is pro-
duced by another three terms: Py (fe + frr), Pg2(fc + frr)) Pgz(fe + frr)-
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Unlike single sideband amplitude modulation, given by the first term of Equation 4.2,
phase modulation results in the subtraction of several terms that lead to partial cancella-
tion of the long decaying tails of Brillouin response. Figure 4.2 shows this effect. The
figure shows the total theoretical filter response (black solid line) for the interaction of
three gain/loss waves with a phase modulated signal, as given by Equation 4.2 as well as
the contribution of each term of the equation. The first term of Equation 4.2 (blue dotted
in Figure 4.2) corresponds with the gain response obtained from the combination of the
Brillouin gain with two notches. This gain profile is applied on the lower sideband of the

|H(fRF)|2 =

Equation 4.2
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signal and shows an enhanced slope in comparison to the natural gain Lorentzian re-
sponse of SBS (as it can be seen in Figure 4.1, blue solid). This first term (blue dotted)
corresponds to single sideband modulation, as in [104].
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Figure 4.2 (Color online) (a) Evaluation of the terms of Equation 4.2. (black solid) Normalized to-
tal frequency response of the SBS-based filter obtained from Equation 4.2. (blue dotted) Ampli-
tude frequency response of the gain SBS response (lower sideband), i.e. first term of Equation 4.2.
(red dotted) Amplitude frequency response of the loss SBS response (upper sideband), i.e. second
term of Equation 4.2. (yellow dot-dashed) Combination of the first and second terms of Equation
4.2. (green dashed) Third and fourth term of Equation 4.2. (b) Detail of Figure 4.2 (a).
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On the other hand, the second term (red dotted in Figure 4.2) corresponds to the loss
response obtained from the combination of the natural Brillouin loss with two gain pro-
files at the sides, which can also be seen in the upper sideband of Figure 4.1 (red solid).
These two modified SBS responses are generated in the optical domain. However, after
photodetection, a third and a fourth terms appear (their sum is shown in green dashed in
Figure 4.2) which depend on the phase information of all Stokes waves. Equation 4.2
shows that the first and second terms are added together (Stokes gain + Stokes loss)
(showed as the yellow dot-dashed line in Figure 4.2) whereas the third and fourth term
have the opposite sign. This latter two terms introduce a small reduction on the gain of
the filter passband but, on the positive side, they cancel the Lorentzian tail and improve
the filter selectivity.

Key design parameters are the values of £, and f; which have to be chosen to optimize
the slope of the slow-decaying Lorentzian tail of the gain response while minimizing the
reduction of the gain of the passband. In amplitude modulation, the loss responses induce
a reduction on both bandwidth and gain with no enhancement on selectivity. Unlike this,
phase modulation induces a smaller change of bandwidth but with a steeper slope. The
tunability of the central frequency of the filter response is bounded by the bandwidth of
the electrooptic components and the tuning range of the three local oscillators.

4.3.3. Experimental results

Figure 4.3 shows the experimental setup used to validate the concept. The light from a
DFB source at 1548 nm with an ouput power of 10 dBm, was divided by a directional
coupler 50/50. The upper path of the setup was used to generate the pump while the
lower one corresponds to the signal. In the upper path, the light entered a 40 GHz inten-
sity modulator (MZM) biased at minimum transmission (MITB), generating a DSB-SC
modulation. The pump signal £}, had three components, which induce one gain and two
loss responses over the lower sideband and the opposite f, for the upper sideband. The
pump waves were generated using a vector signal generator (Agilent ESG E4438C) and
a signal generator (Rohde&Schwarz SMR 20). The particular frequencies and ampli-
tudes of these signals were obtained from simulations performed with the model de-
scribed in Section 2. Optical amplification (40 dB) was used to boost the pump signal
and, finally, an optical circulator directed the pump signal to the nonlinear medium (a
reel of 1 km-long HNLF with Brillouin linewidth yz; = 40 MHz and Brillouin frequency
shift fz = 9.64 GHz). In the lower path, the data signal was phase modulated using a 40
GHz dual-drive optical modulator (DD-MZM) and a 2-18 GHz hybrid 90° coupler ([94];
[105]). The DD-MZM was biased at 9.7 V (maximum transmission point, MATB) The
DC half-wave voltage of the DD-MZM was measured to be 5.4 V.

Unlike [94] where it was used to dynamically switch between bandpass and notch filter
responses, we just used a DD-MZM for phase modulation due to the unavailability of a
phase modulator in our laboratory. The modulated signal passed back through the HNLF
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and reached a PIN photodiode with a bandwidth from 30 KHz to 9 GHz. Finally, the
frequency response of the filter was measured with a vector network analyser (VNA, HP
8510C).
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Figure 4.3 Block diagram of the experimental setup. DFB: distributed feedback laser, MZM:
Mach-Zehnder modulator, DD-MZM: Dual-Drive MZM, VNA: vector network analyzer.

The microwave filter response was measured as shown in Figure 4.4(a) (black solid).
The experimental result showed good agreement with the theoretical model Equation
4.2. For the sake of comparison, the filter responses obtained directly applying a single
pump [89] have been included for two cases with the same pump power at f;: in the first
case, using f. — f1, f. + f1 the SBS gain reaches 15 dB and in the second case, applying
the proposed method, SBS gain reaches 5 dB, where the gain was measured when the
modulator signal DD-MZM acted as a lower side band carrier with LSB+C (Vy;,s =
3m/2). From the comparison shown in Figure 4.4(a) it can be seen that in both cases
(SBS natural gain of 15 dB and 5 dB) the selectivity is improved. The tradeoff between
the filter gain, bandwidth and slope can be modified by changing the frequencies of the
pumps as well as their amplitudes. Figure 4.4(b) show the tuning capability of the filter
by changing the frequency of the microwave oscillators.
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Figure 4.4 (a) (Color online) (Black solid) Normalized RF frequency response of the SBS-based
filter; (black dashed) theoretical filter response obtained from Equation 4.2 with f; = 15.64 GHz,
f>=3.62 GHz, f;=3.66 GHz; (blue dashed) theoretical filter response with a single pump (Equation

4.1) and natural gain of 5 dB ; (blue solid) experimental filter response with a single pump and

natural gain of 5 dB with f; = 15.64 GHz ; (red dashed) theoretical filter response with a single
pump (Equation 4.1) and SBS natural gain of 15 dB; (red solid) experimental filter response with a
single pump and natural gain of 5 dB with f; = 15.64 GHz . (b) Normalized frequency response

of the SBS-based tunable filter.

By mapping the bandpass filter response to a lowpass function, the slope response can
be estimated (Figure 4.5). The figure shows a 3-fold enhancement of the slope, reaching
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16.7 dB/oct in comparison to the 6 dB/oct from single pump responses (single pole filter
response) [106]. A third-order filter has been implemented as corresponds to the combi-
nation of a bandpass and two notch responses in cascade [107].
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Figure 4.5 Bode diagram of the SBS-based filter response. Experimental filter response (black
solid) with 16.7 dB/oct; theoretical filter response obtained from equation Equation 4.2 (black dot-
ted) with 17.26 dB/oct; theoretical response with a single pump and 5 dB gain (blue dash-dotted)
with 3.79 dB/oct; theoretical response with a single pump and 15 dB gain (red dashed) with 4.08
dB/oct.

Additionally, a filter with a flat-top response has been obtained by sweeping the pump
frequency and including a feedback algorithm [95] to control the sweeping gain pump.
The experimental response is shown in Figure 4.6. The 3dB bandwidth is 84 MHz with
a slope of around 18 dB/oct. Since the technique only produce an effect on the tails of
the response, it does not introduce any particular limitation to the filter bandwidth.

Finally, the noise degradation introduced by SBS filtering was analyzed. Measurements
show that the signal to noise ratio is degraded in 5 dB when the SBS-filter is used.
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Figure 4.6 Normalized RF frequency response of the SBS-based filter with 84 MHz FWHM band-
width.

4.3.4.Conclusions

In this section has been shown both through a theoretical model and experiments that
phase modulation induces a cancellation on the Lorentzian tails when a combination of
gain and loss Brillouin responses are applied to implement a SBS-based photonic micro-
wave filter. This results in enhanced selectivity of the filter response. The method does
not require high gain and therefore the noise figure of the link is barely affected. At the
same time, due to this fact, the approach is suitable to be exploited in Photonic Integrated
Circuits (PIC) for microwave processing [90] since given their short interaction length
little gain can be obtained. Further work is needed to further enhance selectivity in order
to match filter specification masks and pave the way towards integrated photonic micro-
wave filters competitive with standard microwave implementations.

4.4. Brillouin Microwave Filter with enhanced Skirt Selectivity using a
Birefringent Fiber

4.4.1. Introduction

An alternative approach for improving skirt selectivity while keeping easy tunability is
explored in this section. It relies on photonic phenomena to simplify the architecture. In
particular, it uses the usually deleterious effect of the double Brillouin gain/loss response
happening in low birefringence optical fibers [17].
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4.4.2.Principle of Operation

Considering a birefringent fiber and assuming operation in the undepleted pump regi-
men, the SBS amplification can be seen as composed of two SBS gain terms [17]: max-
imum gain (G,4,) and minimum gain (G,,;,), With orthogonal states of polarization
(SOP). The SOP of the maximum gain is parallel to the conjugate of the pump
wave (E_;;), whilst the SOP of the minimum gain is orthogonal to the conjugate of the
pump wave, as shown in Figure 4.7 (a). Similarly, SBS attenuation has two terms: max-
imum 10ss (A;,4x) and minimum 10ss (A,,i).

If the SOP of a phase-modulated optical carrier is aligned at 45° in relation to the conju-
gate of the pump wave, the signal components on each of the orthogonal axis will expe-
rience maximum and minimum SBS gain/loss respectively, as shown in Figure 4.7 (a)
for the case of SBS gain.

Thus, each orthogonal polarization carries a copy of the same microwave-modulated op-
tical signal but with a different SBS gain. It is possible to split the signals E,, G4, and
E,Gnin Using a polarization beam splitter. If the relative amplitude between these two
responses (E; Gpnay and EyxGp,y) is adjusted, they can be subtracted using a balanced
photodiode to suppress the tails of the SBS gain, as shown in Figure 4.7(b). Thus, a
considerable reduction of the decaying tails can be obtained while having a small effect
on the passhand loss.

4.4.3. Theory
Assuming no pump depletion and that the losses in the fiber are low, the SBS gain and

loss induced by a counterpropagating pump was described in the Equation 2.7 and Equa-
tion 2.8.

Under small signal condition, the optical field of the forward-propagating RF-modulated
signal by a phase modulator (PM) is given by [108]:

Es = Egexp(j2nfct)[Jo(m) + Ji(m)exp(j2mfrpt)
—Ji(m)exp(—j2rfppt)]

where E, represents the optical field at the input of the external modulator, J,, denotes
the nth-order Bessel function of the first kind with n = 0, 1, m is the phase modulation
index, and fzr represents the frequency of the input microwave signal.

Equation 4.3

The Jones vector of the optical field after SBS is:

= [ExSBSmin]

¢ = Ey SBSmax Equation 4.4
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Figure 4.7 (a) Amplified signal on maximum and minimum gain. E; is the field of the signal wave

before SBS gain. G, and G,,;, are the maximum and minimum Brillouin gain in a birefringent

fiber. (b) Principle of operation. Frequency response of maximum (red) and minimum (blue) SBS
gain and combined response at the output of the detector (yellow).

where E,, and E, represents the signal wave projection on the axes of the birefringent
fiber, and SBS,, 4., SBSminare the maximum and minimum SBS gain/loss, respectively.

_ Egexp(j2mf.t)
ExSBSmin - \/E UO (m)

+/1(m)exp(j2nfrrt)exp(gs(fILS)
—Ji(m)exp(—j2mfrrt)exp(ap(fILI)]

Equation 4.5
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E 21 f,
EySBSmax = w Jo(m)
+/1(m)exp(j2nfrrt)exp(g (fILS)
—Ji(m)exp(—j2nfprt)exp(ag(f)L{)]

where the term ¢ is 2/3 for the maximum gain/loss and 1/3 for the minimum gain/loss in
birefringent fiber [17]. The magnitude and phase of SBS gain/loss response due to SBS
can be expressed as:

Equation 4.6

Gmax,min(fRF) = exp{Re[gB(fRF)]L{} Equation 4.7
Amax,min(fRF) = exp{Relap (frr)IL{} Equation 4.8
Omaxmin(frr) = —Im[gp(frr)L{] = Im[ag(frr)L{] Equation 4.9

To enhance out-of-band rejection, the signal to be filtered is modulated in phase and after
the SBS gain/loss process in the birefringent optical fiber, the signal is passed through a
polarization beam splitter (PBS), separating the optical field of the signal in two signal
waves, E,SBSpqx and ExSBS,;,. Figure 4.8(a) shows the signal experiencing maxi-
mum gain/loss and Figure 4.8(b) the signal with minimum gain/loss.

Omitting the DC component as well as higher-order harmonics, the RF power after pho-
todetection of the two optical signals (Prrout, Prrout) 1S:
max

min
* %92
Prrout [(E,SBSmax) (EySBSmax) |

& [leax(fRF)lz + |Amax(fRF)|2 - ZCOS(Z(pmax)]

PRFQut x [(ExSBSmin)*(ExSBSmin)*]Z
min Equation 4.11
& [lein(fRF)lz + |Amin(fRF)|2 - ZCOS(Z(pmin)]

Finally, the filter frequency response based on the SBS gain/loss process in birefringent
optical fibers is expressed as,

H(fre) = 0°H(frr)max — HIrFmin
% 1% Grnax (FR) 1> = | Goin (fre) |2 +
1% Amax (frr)1? = |Amin (fre) 1> —
21% cos(2@max) — 2 €0S(2¢min)

Equation 4.10

Equation 4.12
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Figure 4.8 Phase-modulated optical signal experiencing SBS. (a) Maximum gain/loss, E,,SBS,qx
and (b) Minimum gain/loss, E,SBSin- fe  fi1 are the frequencies of the pump waves.

The factor # is the optical attenuation that has to be applied to the signal experiencing
maximum gain/loss (Figure 4.8(a)) to match the amplitudes of both Brillouin response
tails after each photodetector. Figure 4.9 (left) shows the theoretical evolution of the
slope of the filter response as a function #. For a value of #=0 dB, the filter response
associated with the maximum SBS gain dominates if the pump power is high enough
and the filter slope is the conventional value of around 4 dB/oct from the natural Lo-
rentzian response. Beyond a value of #=3.1 dB, lobes appear in the filter response that
degrade out-of-band rejection. Figure 4.9 (right) shows the additional microwave loss in
the filter response induced by the attenuation . The additional microwave loss follows
a linear trend, falling as expected 2 dB for each optical dB until a factor around #=1.5
dB, where the effect of the subtraction between the two filter responses starts to domi-
nate.
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Figure 4.9 Slope of the Brillouin-based photonic microwave filter (left) and microwave additional
loss (right) versus factor n for a pump signal of 12.5 dBm that induced a maximum SBS gain value
of |Gmax(fRF)|2 = 14dB.

4.4.4. Experimental Results

Figure 4.10 shows the experimental setup. The light from a DFB source at 1548 nm (12.5
dBm) is divided by a directional coupler 50/50. The upper path of the setup was used to
generate the pump while the lower one corresponds to the signal.

vfo  EDFA
MZM - OSA
DFB HNLF
; fRF output
DD-MZM @ B-PD} -

I 1
E;j EBFA O PBS |-|DDL|—|
RS U R Y

Figure 4.10 Block diagram of the experimental setup. DFB: distributed feedback laser, MZM:
Mach-Zehnder modulator, DD-MZM: Dual-Drive MZM, 1SO: isolator, PBS: polarization bean
splitter, ODL.: optical delay line, B-PB: balanced photo detector, VNA: vector network analyzer,
LO: local oscillator.
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In the upper path, the optical signal is introduced in an MZM biased at the minimum
transmission point (MITB), generating a DSB-SC modulation. The pump signal at f, +
f1 induces an SBS gain response over the upper sideband and the pump at f. — f; induces
an SBS loss response to the lower sideband. Optical amplification is used to boost the
pump signal and, finally, an optical circulator directs the pump toward the nonlinear
medium (a reel of 1 km-long HNLF with Brillouin linewidth Avg = 40 MHz and Bril-
louin frequency shift vy = 9.64 GHz).

In the lower path, the data signal is phase modulated using a DD-MZM and a microwave
hybrid coupler. The DD-MZM is biased at the maximum transmission point (MATB).
An isolator (ISO) is used to eliminate the pump signal after it crossed through the HNLF.
The modulated signal is boosted by optical amplification and it crosses the HNLF.
Through an optical circulator, it reaches a polarization beam splitter (PBS). The SOP of
the signal wave was adjusted to 45° in relation to the maximum and minimum SBS gain
axes by means of a polarization controller as was shown in Figure 4.7(a). Finally, both
signals are detected by a balanced photodiode. The filter frequency response can be tuned
by changing the frequency of the single local oscillator.

Figure 4.11 shows the filter response measured for an SBS-based filter with phase mod-
ulation experiencing maximum (red) and minimum (green) SBS gain/loss and with the
system described in Figure 4.10. There is a good agreement between theory and experi-
mental results.

It can be seen in Figure 4.11 that the slope of the Lorentzian Brillouin response is en-
hanced. The filter response shows a mean filter slope of 8.3 dB/oct and an out-of-band
rejection ratio of around 40 dB. For the sake of comparison, a conventional SBS-based
filter response of the same gain shows a slope of 4.8 dB/oct.
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Figure 4.11 (a) Experimental SBS-based filter response: with phase modulation and pump power
of 12 dBm experiencing maximum (red) and minimum (green) SBS gain/loss; SBS-based photonic
microwave filter exploiting fiber birefringence and pump power of 14.5 dBm (blue). Theoretical
SBS-based filter response: with phase modulation experiencing maximum (red dotted) and mini-
mum (green dotted) SBS gain/loss; SBS gain/loss process in presence of birefringent optical fiber
in combination with balanced detection (blue dotted). (b) Bode diagram of the experimental SBS-
based filter response.

Figure 4.12 compares in terms of bandwidth and shape factor a conventional SBS-based
filter with phase modulation and the new technique proposed here for different pump
powers. Figure 4.12(a) shows that the bandwidth at -20 dB is considerably reduced with
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the new technique whilst the bandwidth at -3 dB remains quite constant. Figure 4.12(b)
shows that the filter shape factor is enhanced with the proposed method.
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Figure 4.12 Comparison between a conventional phase-modulated SBS microwave filter (dotted)
and the new technique (solid). (a) Bandwidth of the filter response. At -20 dB (red) and -3 dB
(blue). (b) Shape factor.

4.4.5.Conclusion

A method to enhance the slope of SBS-based photonic microwave filters has been pro-
posed. By exploiting the usually deleterious effect induced by birefringent fiber on Bril-
louin processing it has been shown that maximum and minimum Brillouin gain/loss can
be used to enhance the filter response. A filter with a slope of 8.3 dB/oct and an out-of-
band rejection of 40 dB has been demonstrated. The filter selectivity is enhanced with a
simple scheme and just a single stage and one pump wave.
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4.5. Wide tunable photonic microwave notch filter based on Brillouin po-
larization controller.

4.5.1. Introduction

In this section a new photonic microwave notch filter is presented. The principle opera-
tion is based on the new all-optical polarization control presented in Chapter 3. Here, it
is shown that it can be used to implement notch filters with high suppression.

4.5.2. Principle of operation

The technique is based on exploiting the polarization control capability demonstrated on
Chapter 3, to cross rotate the SOP of one of the sidebands to eliminate the signal with a
polarizer. If the RF signal is modulated in SSB, it results in the implementation of a
tunable notch filter. It is shown in Figure 4.13 where the sideband, for the sake of sim-
plicity, has been represented by three Dirac deltas. The pump is set to perform a circular
retarder. The pump SOP must be circular. The signal polarization rotates toward lin-
ear horizontal SOP (Figure 3.2(b) (blue)) until it matches with orthogonal polariza-
tion of the polarizer.

) Circular
SOP

/\35 //> Phase
........ ‘i%% Amplitude

Jo—J> Jo JotJp

Linear vertical
b) SOP
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7. % 40 %, 5

Polarizer

Figure 4.13. Operational principle of the SBS-based polarization controller filter. a) Pump fre-
quency response. b) Signal frequency response.
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4.5.3. Experimental results

The experimental setup used to validate the concept of the SBS-based all-optical notch
filter is shown in Figure 4.14. An optical signal (1548 nm) is split into two paths. The
upper path is used to generate the central pump frequency f,, (by MZM; biased at MITB)
of the Brillouin polarization control stage that acts as a circular retarder. It is imple-
mented by two Mach-Zehnder modulators (MZM; and MZMy) biased at MITB and fed
by two microwave oscillators with frequencies f,,; (9.607 GHz) and f,, (9.677 GHz). A
circular (OC,) directs the SBS pump toward the circular retarder through 1-km HLNF.
In the lower path, the intensity optical is modulated by RF signal through DD-MZM at
quadrature bias, single sideband with carrier SSB+C. The carrier power at input fiber is
of -8 dB. The SBS process occurred in the HNLF between the RF-modulated signal and
the pump wave. The Brillouin frequency shift of the HLNF was 9.64 GHz. The Brillouin
polarization control was optimized using a polarization controller by adjusting the po-
larization of the two counterpropagating signals at frequencies f,,; and f,, to circular
SOP. An FBG in reflection mode (bandwidth of 12.5 GHz) is used to filter out backward
residual pump waves. The pump power is adjusted by VOASs to rotate the polarization of
the signal until it is converted to the orthogonal SOP in relation to the polarizer trans-
mission axis. The power of the pump set at 8 dBm, reaching a retardance measured using
the Poincaré sphere method [83] of r. The filtered modulated signal reached a PIN pho-
todiode. Finally, the frequency response of the filter is measured with a VNA.

' = 1%
Opfical N el F
Source - 2 OSA

. .bcula' r 0C OC2

EDFA retarder q- 5 _@_E

Figure 4.14 Block diagram of the experimental setup of the all-optical polarization controller filter.
HLNF: Highly nonlinear fiber. OC: Optical circulator; ISO: Isolator. VOA: Variable Optical At-
tenuator. FBG: Fiber Bragg grating. OSA: Optical spectrum analyzer. PA: Polarization analyzer.

PD: photodetector. VNA: vector network analyzer.
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Figure 4.15 shows the normalized response of a notch filter designed to operate with a
center frequency of 5 GHz, when the modulator signal DD-MZM acted as an upper side
band carrier with LSB+C (V};,s = m/2).

More interestingly, the notch exhibits a depth of 67 dB, which is, to the best of our
knowledge, the best suppression reported with an SBS notch filter, which is slightly
higher than that record reached by [101].
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Figure 4.15 Measured normalized response of the photonic microwave notch filter.

The ability to tune the notch filter over a wideband frequency range was experimentally
demonstrated. This was realized by changing the pump frequency f,, driving MZMo.
The Figure 4.16 shows the measured frequency response results for the notch filter. The
tuning of the notch filter frequency from 2-6 GHz is demonstrated. This frequency range
was chosen due to the unavailability of a microwave oscillator with a higher range in our
laboratory.
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Figure 4.16 Measured frequency response of the tunable notch filter response by changing the fre-
quency pump fyo.

4.5.4. Conclusion
A new structure that implements a notch filter photonic microwave filter that exhibits a
very deep notch (67 dB) and has the capability to provide continuous tuning has been
presented. Unlike other notch filters, the large depth of the filter is performed in the
optical domain. It is based on the new Brillouin polarization control technique presented
in Chapter 3.
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Chapter 5
Conclusions and future
outlook

In this PhD Thesis, the application of SBS has been studied. In particular, new schemes
based on SBS have been developed for all-optical polarization control and photonics
microwave filtering.

In the area of polarization control, a new technique has been presented. Unlike previous
works based on polarization attraction, a different approach has been proposed that relies
on the phase shifting capability of SBS. This allows the implementation of nonlinear
wavelength-selective analogues of waveplates. The retardance induced by SBS, meas-
ured using the Poincare sphere method, has shown a linear variation with pump power,
showing a trending similar to the behavior of the SBS gain. A full rotation (27) on the
equator of the Poincare sphere has been achieved with a pump power around of 11 dBm.
The retardance variations as a function of pump power is similar for input signal powers
between 0.08 mW to 12.6 mW, showing that the effect has little dependence on the
power of the input signal. When the signal SOP is rotated to its farther point (I'=r) over
Poincaré sphere, the DOP remains above 98%. In fact, a full rotation, i.e. beyond to m, is
not needed because the rotation sense is inverted by swapping the frequencies of the
local oscillator. Results show a variation of the insertion loss of 1.2 dB. A Multi-tone
pump configuration allows control the retardance bandwidth. Using  an  electrical
method, the NF maximum variation has been measured showing a degradation of just
1.5 dB for a full rotation (I'=2x).
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With the aim of fulfilling real masks for microwave filter responses, the performance of
SBS-based photonic microwave filters need to be enhanced. Thus, efforts have been de-
voted to push the performance of SBS-based microwave filters closer to real industry
needs. This requires engineering the slope of the filter, i.e. enhancement of the filter
order.

First, a technique used to attenuate the slowly decaying tail of the Lorentzian response
based on combining a SBS gain response with two frequencies-offset SBS loss responses
has been proposed. An experimental setup has been used to validate this concept. The
data signal was phase modulated and when the SBS introduce a gain/loss over the side-
bands, which breaks out-of-phase conditions between sidebands, by enhancing the filter
slope while keeping the rejection ratio. The results show an enhanced selectivity of the
filter response and no requiring high SBS gain. The experimental filter response shows
an improvement of 16.7 dB/oct. It is a significant improvement over the 3.79 dB/oct and
4.08dB/oct of the theoretical response with a single pump of 5 and 15dB gain, respec-
tively. Finally, a flat-top filter response has been developed by a feedback algorithm and
sweeping the pump frequencies.

Second, a new approach for improving skirt selectivity, which simplify the architecture
and it is easy tuning by mean of a single local oscillator. This technique use the maximum
and minimum Brillouin induced when pump wave is launched into birefringent fiber.
Experimental results show a filter with an out-of-band rejection of 40 dB and an im-
proved slope of 8.3 dB/oct.

Third, a new technique based on the new polarization controller based on SBS, has been
used to improve the suppression of SBS notch filters. This technique uses an optical
polarizer to reach a very deep (67 dB) suppression of unwanted signals. The notch fre-
quency f, can be continuously tuned by just one microwave oscillator over a wide fre-
quency band.

Further work is needed to keep advancing the research lines followed in the Thesis. In
relation to the all-optical polarization controller, further work is needed to find new ap-
plications for it. In addition, its applicability in integrated structures to allow new optical
processing functionalities in PICs. For example, in integrated structures based on chal-
cogenide glass. In relation to photonic microwave filtering, the SBS-based experimental
schemes presented above have integration potential. Further work is needed to enhance
the performance of integrated photonic microwave filters and make them closer to mar-
ket needs. SBS is a great candidate to lead this approach.
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Appendix |
Polarization Optics

1.1 Polarization Optics

A brief summary of the basic concepts related to polarization optics to make the Thesis
document self-contained and ease reading is reported in this Annex.

Considering a wave propagating in the direction Oz (Figure 1.1), the standard expression
for the electric field of an electromagnetic wave of angular frequency w propagating in
an optical medium is:

E(z,t) = E exp(iwt) Equation 1.1

where E(z,t) and E are complex vectors. E is a vector in the xy plane. The E field may
be considered as the sum of its two linearly polarized components in Ox and Oy direc-
tions (E,, Ey). The complete solution to the wave equation by means of two waves is
given by

E(z,t) = E,(z,t)é, + Ey (2, t)é, Equation 1.2
E, = Aycos(wt — kz + @) Equation 1.3
E, = Aycos(wt — kz + ¢,) Equation 1.4

where A, and A,, are field amplitude in each axis, ¢, and ¢,, are arbitrary phase angles.
Each vector oscillates sinusoidally with the time alone of the fiber (Figure 1.1).
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Figure 1.1 Electric field components for polarized wave

Choosing any point along of the fiber and changing the starting time (t) such as ¢ =
®y — @, Equation 1.3 and Equation 1.4 can be re-written as

E, = A cos(wt) Equation 1.5
E, = Aycos(wt + @) Equation 1.6

The tip of the resultant vector of the electric field due to the sum of E, and E,, at a
fixed point along of the fiber rotates periodically in the xz plane tracing an ellipse, ac-
complishing a full ellipse in a total time equal to the period of the wave. The ellipse
Cartesian equation is given by
2 E2
% + A—Jzy/ - iij)—j;pExEy = sin’e Equation 1.7

Equation 1.7 describes an elliptically polarized wave composed by its two electric
field components (E,, E), if the phase difference (¢) is constant in the time. Assum-
ing that the mutual coherence between the two waves (E,, E,) is good, we can say
that elliptical polarization is the more general state of the polarization of the light
[64]. The state of the polarization (SOP) of the light is linear when this ellipse be-
comes straight line; that is,

Linearly polarized in Oy direction:
Ay #0; A, =0
Linearly polarized in Ox direction:
Ay=0; A, #0
or
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@ =mn
where m is any integer, including zero. Meanwhile, the ellipse converts a circle if
A, = A,
and

_@m+ D

=

where m determines the sense of rotation. A wave is right-hand or left-hand circularly
polarized when m is even and odd, respectively. The light is circularly polarized when
the component waves have equal amplitudes and are in phase quadrature.

A birefringent medium is an anisotropic medium with different refractive index in its
optical axes, i.e., a medium in which orthogonal components of the wave travel at dif-
ferent velocities. Thus, the SOP of the light will be dependent of the propagation dis-
tance.

1.1.1 Jones Vector

In an optical medium, the Jones calculus* is used to describe polarized light. The Jones
vector describes both amplitude and phase of the components of the electric field for
monochromatic waves as a two dimensional complex vector:

E Axexp(ipy)
E:( x)ex iwt =< * . exp(iwt ion I
E, p(iwt) 4 expioy) p(iwt) Equation 1.8

The effect that a medium induces on a signal is represented in Jones calculus by a matrix,
the Jones matrix, i.e. they described the polarization conversion as a consequence of
traversing the medium, as shown in Equation 1.9

Fout Ein
(Ej(])ut> = (M) (Ezn> Equation 1.9

4R. C. Jones proposed this method in 1941 [111].
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Isotropic
medium

z=0 z=L

Figure 1.2 SOP of the light at the output of an isotropic medium.

where (M) represents the optical. In general, M is a 2x2 matrix whose elements are com-
plex numbers. The Jones matrix is also equivalent to a rotation of the Poincaré sphere
[109], which will be present below.

A typical device in polarization control is the polarizer. It is an optical device, which
induces a strong attenuation to one polarization component. Therefore, it allows passing
only one component with a defined SOP. The relation between output and input intensity
is called transmittance. The maximum transmittance matched with the transmission axis,
whereas the minimum one corresponds to the absorption axis. The transmission and ab-
sorption axes are orthogonal.

The orientation of the lineal polarizer is determined by azimuth angle (8) formed from
its transmission axis. The matrix (M) that represents the different forms of a polarizer is
show in Table I.1.

Some of the main mechanisms that modifies the SOP of the light are absorption, reflec-
tion, refraction, birefringence and scattering.

Another relevant component that is a key concept in some sections of the Thesis is the
waveplate. Waveplates convert polarization, i.e. it changes the SOP of the signal [64].

If a wave is linearly polarized at 45° to the optic axis, and the output has circular SOP,
the device is called a quarterwave plate retarder and the induced phase difference (re-
tardance) between components is of ¢ = /2 (Figure 1.3 (b)). Meanwhile, if the phase
difference inserted is ¢ = m (Figure 1.3 (2)), the light at the output is linearly polarized
but with -45°. In this case, the retarder is a halfwave plate. Figure 1.1Table 1.1 show the
Jones matrix for the quarterwave and halfwave waveplates.

63



a)

1%

| N

—

-

/
s
NPE
N

J

; \\J
3
<

b) Ey]

[
3
)
=

~

D
/

/
o &“ / St
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Table 1.1 Jones matrix of a linear optical medium

Linear optical medium

Jones matrix

Horizontal linear polarizer

(o o)

Vertical linear polarizer

(o 1)

Linear polarizer at 45°

1
20 1)

Linear polarizer at -45°

1 _
2 7))

Quarterwave retarder

1 0
T
(0 exp(—i?)

Halfwave retarder

(%) exp(—in;))
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Other polarization states can be handled through rotation matrices,

_ cosf sinf .
R(8) = (_ sin 0 COSB) Equation 1.10

where 6, e.g. is the polarizer angle in relation to the x-axis of the base system. The trans-
formation matrix of a linear polarizer to an 8 angle is given by

Jo = R(=6)]" R(6) Equation 1.11

where J' is the Jones matrix of horizontal linear polarizer (Table 1.1). For the case of a
quarterwave retarder (¢ = m/2) whose fast axis is matched with the x-axis, the retarder
matrix is given by

1 0
Jo =R(_9)(0 exp(—i%))R(H)
_ [ exp(ip) cos?6 + sin’ @ (exp(ip) — 1) cosBsinb
- ((exp(iq)) —1)cosBsinf exp(ip) sin® 6 + cos2 0 >

Equation 1.12

1.1.2. Stokes parameters

Another representation of the SOP is based on the Stokes parameters. This calculus is
based on a four-element vector.

Sy / A2+ A2 \
S AZ — A?
S = = y .
S, 24,4, cos ¢ Equation 1.13
53 24,4, sing

The Stokes representation of common states of polarization are showed in Table I.2. The
parameters are not independent of each other. For polarized light only three parameters
are independent.

S¢=S?+S52+S2 Equation 1.14
where SZ is the total light intensity.

A related concept is the degree of polarization (DOP). For a fully polarized light DOP is
100%, whereas for partially polarized light, since Equation 1.14, the DOP is given by

S+ 57+ 52

DOP = =—2—2100 Equation 1.15
0
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Table 1.2 State of polarization of the light based in Jones and Stokes vector

State of polarization Jones vector Stokes vector

1

Horizontally polarized ((1)) (1)
0
1

. . 0 -1
Vertically polarized (1) 0
0
. 1
) . o e 0
Linearly polarized at 45 N (1) 1
0
1
: : 11 0

(0] JR—

Linearly polarized at 45 N (_1) 1
0
1
Right-handed circularly 1 (1) 0
polarized V2 \i 0
1
1
Left-handed circularly i( 1 ) 0
polarized V2 \=i 0

-1

1.1.3. Poincaré sphere

A geometrical representation of the Stokes space can help to understand polarization
effects. It is known as the Poincaré sphere [109], where S;, S, and S are the Cartesian
coordinates of a point on the sphere (Figure 1.4). The SOP of the light change from one
SOP to another when crosses through an optical medium, which corresponds to a rotation
on the sphere. The relation between angles (rotations) on the Poincaré sphere and Stokes
parameters is given by,
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Figure 1.4. Poincare sphere. Cartesians coordinates formed by three Stokes parameters (S, S, S3)
SO =]
Sy =1Iycos2ycos2y
Equation 1.16
S, =1y sin 21 cos 2y
S3 =1Ipsin2y

where I, 2y and 2y are the spherical coordinates of the SOP in the three-dimensional
space of the Stokes parameters (S, S,,S3). The parameters ¥ and y represent the incli-
nation of the major axis of the polarization ellipse and ellipticity, respectively.

The most relevant SOPs (points on the sphere) are shown in the below table.
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Table 1.3 SOP of the light

SOP of the light Inclination of the polari- Ellipticity
zation ellipse
Lineal polarized at 0° P=0 x=0
Lineal polarized at 90° » = n x=0
2
Linearly polarized 02y <2m x=0
Right-handed circularly - _r
polarized 4
Left-handed circularly - __r
polarized 4
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