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Abstract

The thesis focuses on signal processing in the microwave and terahertz regions
by wusing optical devices operating in the telecommunication band. The
limitations of processing in these bands employing conventional technology
can be circumvented using optical technology. On one hand, microwave
electronics have high losses and are bandwidth-limited. In this case fiber-
optics technology provides advantages such as low losses and almost unlimited
bandwidth. On the other hand, processing of terahertz signals has been
traditionally performed using free-space elements which are bulky and show
long-term stability problems. Thanks to the recent development of terahertz
sources and detectors compatible with 1.5 pm light processing can be
performed using fiber-compatible devices, allowing for compact and stable
processing systems. The aim of this thesis is the development of fiber optic
solutions to address limitations in the processing of signals in the lower part of
the electromagnetic spectrum from radio to THz. In particular, novel photonic
microwave filter structures as well as fiber optic processing for terahertz
spectroscopy are analyzed.

In the field of photonic processing of microwave signals, several new
architectures have been studied. Cascaded four-wave mixing is employed to
increase the number of taps of finite-impulse response filters based on
dispersion. Non-periodic bandpass responses that are necessary for radio
frequency applications are also implemented by electrical sampling of narrow
optical filters such as phase-shifted fiber Bragg gratings and silicon microring
resonators.

With respect to the processing of terahertz signals, techniques to obtain
locally increased power density are proposed. One relies on the non-linear
distribution of ultrashort pulses through optical fiber while the other is based
on the time modulation of the optical source spectrum by means of dispersion
and a semiconductor optical amplifier interferometric structure. The increase
of generated terahertz power due to the combined effect of sources with
enhanced efficiency and optical processing techniques is expected to extend
the applicability of tabletop terahertz systems. Finally, the fabrication of
optical delays by means of fibre-based components to replace slow delay lines
based on mirrors and translation stages is addressed. The solutions proposed
are based on the saturation of a semiconductor optical amplifier and single
sideband carrier suppressed modulation of the spectrum. While the first
approach does not introduce pulse degradation the obtained delays are small,
as opposed to the second approach which obtains large delays at expenses of
pulse widening.

iii



Resumen

El objetivo de la tesis es el procesado de sefiales en las bandas de microondas
y terahercios mediante dispositivos Opticos operando en la banda de
comunicaciones. El procesado mediante tecnologia convencional presenta una
serie de limitaciones que la tecnologia 6ptica permite solventar. Por un lado,
los dispositivos electréonicos de microondas tienen pérdidas considerables y
estan limitados en ancho de banda. En este caso la tecnologia de fibra éptica
proporciona ventajas en términos de bajas pérdidas y ancho de banda
practicamente ilimitado. Por otro lado, el procesado de sefiales de terahercios
se ha llevado a cabo tradicionalmente mediante elementos en espacio libre con
los problemas de tamafio y estabilidad que ello implica. Gracias al reciente
desarrollo de generadores y detectores de terahercios alimentados por luz a
1.55 um el procesado puede llevarse a cabo utilizando tecnologia 6ptica, lo que
proporciona sistemas de procesado mas compactos y estables.

La tesis se centra en el desarrollo de arquitecturas basadas en fibra que
solventen las limitaciones actuales del procesado de sefales cuyas frecuencias
se sitian entre las bandas de radio y THz. En el area de procesado foténico de
sefiales de microondas se estudian diversas arquitecturas. Se propone la
aplicacién del efecto de mezclado de cuatro ondas en cascada como una
manera de incrementar el ntmero de coeficientes de filtros de respuesta finita
basados en dispersiéon. También se proponen implementaciones de filtros
pasobanda no periddicos ttiles en aplicaciones de radiofrecuencia basados en la
impresion de filtros 6pticos en el dominio eléctrico. En un caso se utiliza una
red de Bragg en fibra con un desfase sintonizable en su estructura periddica
mientras que en el otro se usa un micro anillo resonante fabricado en silicio.

En cuanto al procesado de senales de terahercios se proponen técnicas
para aumentar localmente la densidad espectral de potencia. Una se basa en la
distribucién no lineal de pulsos ultracortos por fibra 6ptica mientras que la
otra modula el espectro de la fuente 6ptica en el dominio temporal mediante
dispersién y una estructura interferométrica de amplificadores &pticos de
semiconductor. Se espera que el aumento de la potencia de terahercios
generada, tanto mediante fuentes mas eficientes como mediante procesado
Optico, permita utilizar estos sistemas para llevar a cabo espectroscopia no
lineal y deteccién a distancia. Finalmente, también se estudia la generaciéon de
retardos épticos con el objetivo de sustituir las lentas lineas de retardo
basadas en espejos y etapas de traslacién motorizadas que se utilizan
habitualmente. Las soluciones propuestas se basan en saturacién de un
amplificador 6ptico de semiconductor asi como en la modulacién banda
lateral tinica con portadora suprimida del espectro de los pulsos. La primera
solucién proporciona retardos pequenos aunque es escalable y no ensancha los
pulsos de femtosegundos, mientras que la segunda consigue retardos
considerables a cambio de ensanchar los pulsos debido a la dispersién de tercer
orden de la fibra.
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Resum

L’objectiu de la tesi és el processat de senyals en les bandes de microones i
terahercis mitjancant dispositius optics operant en la banda de comunicacions.
El processat mitjancant tecnologia convencional presenta una serie de
limitacions que la tecnologia optica permet resoldre. Per una banda, els
dispositius electronics de microones tenen perdues considerables i estan
limitats en ample de banda. En aquest cas la tecnologia de fibra optica
proporciona avantatges en termes de baixes pérdues i ample de banda
practicament il - limitat. Per altra banda, el processat de senyals de terahercis
s’ha dut a terme tradicionalment mitjangant elements en espai lliure amb els
problemes de grandaria i estabilitat que aixdo implica. Gracies al recent
desenvolupament de generadores i detectores de terahercis alimentat per llum
a 1.55 pm el processat pot portar-se a terme utilitzant tecnologia optica, la
qual cosa proporciona sistemes de processat més compactes i estables.

La tesi es centra en el filtrat de senyals de microones aixi com en el
processat de polsos Optics de femtosegons tant per a incrementar la densitat
espectral de radiacié de terahercis com per a implementar linies de retard. Es
proposa 'aplicacié de Pefecte de mesclat de quatre ones en cascada com una
manera d’incrementar el nombre de coeficients de filtres de resposta finita
basats en dispersié. També es proposen implementacions de filtres passabanda
no periodics ttils en aplicacions de radiofreqiiéncia basats en la impressié de
filtres Optics en el domini eléctric. En un cas s’utilitza una xarxa de Bragg en
fibra amb un desfasament sintonitzable en la seua estructura periodica mentre
que en Paltre s’empra un micro anell ressonant fabricat en silici.

En quant al processat de senyals de terahercis es proposen técniques per a
augmentar localment la densitat espectral de poteéncia. Una es basa en la
distribucié no lineal de polsos ultracurts per fibra Optica mentre que ’altra
modula ’espectre de la font optica en el domini temporal mitjancant dispersio
i una estructura interferometrica d’amplificadores oOptics de semiconductor.
S’espera que 'augment de la poténcia de terahercis generada, tant mitjangant
fonts més eficients com mitjangant processat oOptic, permet utilitzar estos
sistemes per portar a cap espectroscopia no lineal i deteccié a distancia.

Finalment, també s’estudia la generacié de retards optics amb ’objectiu
de substituir les linies de retard basades en espills i etapes de translacié
motoritzats que s’utilitzen habitualment. Les solucions proposades es basen en
saturacié d’'un amplificador optic de semiconductor aixd com en la modulacié
banda lateral tnica amb portadora suprimida de l'espectre dels polsos. La
primera solucié proporciona retards xicotets encara que és escalable i no
eixampla els polsos de femtosegons, mentre que la segona aconsegueix retards
considerables a canvi d’eixamplar els polsos degut a la dispersié de tercer
ordre de la fibra.
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Chapter 1

Introduction

Ancient Greeks noticed light travels in straight lines and studied some
of its properties such as reflection and refraction. Not much progress
was done until 1000 AD when pioneer studies of refraction in lenses
and reflections from spherical and parabolic mirrors were carried out
by the Arab scholar Alhazan. He was the first to understand vision as
the process of light arriving to the eyes. However, the nature of light
was not well understood for a long time. Sir Isaac Newton performed
his famous experiment in 1665, proving by means of prisms that white
color is made up of all the visible colors. The first discovery of
electromagnetic waves out of the visible spectrum occurred in 1800
when infrared light was discovered by the astronomer William
Herschel, who theorized the existence of invisible light after splitting
light with a prism and finding thermal energy beyond red. This
showed that there were unknown ways of radiation. Johann Ritter
noticed the existence of rays able to induce certain chemical reactions
at the other side of the spectrum. They were called ultraviolet
radiation. However, the electromagnetic nature of light was yet to be
discovered.

Michael Faraday noticed in 1845 that the polarization of light
responded to magnetic fields, and a few years later James Maxwell
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developed equations describing the behavior of electromagnetic waves.
The theoretical speed of these waves matched the one measured for
light, suggesting its electromagnetic nature. In 1886 Heinrich Hertz
generated radio waves in an attempt to prove Maxwell’s equations and
observed reflection and refraction. He later generated and measured
microwaves. The discovery of x-rays and gamma rays in 1895 and
1900, respectively, completed the electromagnetic spectrum we know,
shown in Fig. 1.1.

AU

Radio Microwave Inmud Visible Ultraviolet Xeray Gamma ray
Wavelength (m) 10° 107 05.10°% 10° o’°

PMeH-®

Laige Masron Colider  Mumans U R i oty Lavg )w.!\- - Ason Nkl

— Il—

Frequency (Hz) 10 10° 10% 10" 10"
Temperature (K) 1 100 10 000 100,000,000

Figure 1.1: The electromagnetic spectrum.

Many applications followed the discovery of the electromagnetic
spectrum. It has been exploited for many applications such as
broadcasting, data transmission, radar, spectroscopy and imaging and
different technologies have been developed for different spectral bands
(microwave, submillimeter, optical..). The development of any
technology is directly related to its commercial applications. For
example, microwave technology advanced fast during the World War
II due to interest in developing utilities such as radar, wireless
communications and positioning systems. Semiconductor devices were
also developed to replace bulky and expensive electron tubes.
Similarly, the boom of optical technology came with the development
of the laser and optical fiber. Although initial applications focused on
data transmission due to the excellent guiding properties of fiber,
optical technology has been exploited in processing applications such
as sensing [1], imaging [2] and microwave photonics [3].

According to the wavelength we may find interesting features not
attainable in other frequency ranges. Optical fiber, for example, is an
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excellent propagation medium with low loss and huge bandwidth. On
the contrary, microwave cables show high attenuation, and microwave
devices show limited bandwidth. Thus, performing the distribution of
wideband microwave signals in the optical domain might be
convenient. Although using a region of the electromagnetic spectrum
to work with signals in a complete different band can be unnatural, it
opens new paths and allows performances not possible with the
conventional processing in the same band. Down-conversion of mature
optical sources could also provide flexible and reliable light sources in
different frequency bands where sources are complicated or immature.
The efficient generation and detection of energy in the terahertz band
is especially difficult. Acceptable power levels, increased flexibility and
processing capability can be obtained by feeding photoconducting
materials with optical sources.

This thesis studies techniques to optically process signals in the
microwave and terahertz bands using devices developed for the
telecommunication band. Microwave photonic filters with comparably
enhanced capabilities such as dynamic response reconfigurability and
continuous tunability are proposed. The optical processing of ultra-
short optical pulses is performed to obtain increased spectral density
in the terahertz band as well as develop optical delay lines with
potential to reduce the acquisition time of terahertz traces.

1.1 Fiber-optics Systems

Lasers are devices that generate and amplify light [4]. The principle of
operation of the laser was invented at microwave frequencies, where it
was called microwave amplification by stimulated emission of
radiation or maser. When we refer to “light” it comprises a huge range
of frequencies, from the long infrared region to the X-ray region.
Although there is a great variety of lasers all of them share three
fundamental elements: a laser medium showing absorption and gain, a
pumping process to excite it and feedback elements which determine if
the radiation travels through the medium once or it bounces back and
forth through the cavity. The first case is employed for the
amplification of optical signals while the second is for the generation
of radiation through laser oscillation. The latter is shown in Fig. 1.2.
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The first laser was proposed and demonstrated by the beginning of
the 60’s [5]. Despite its initial lack of utility, intense scientific
development in the area led to an uncountable number of applications.
Optical fiber provided a suitable medium to guide light and by the
end of the 60’s GaAs semiconductor lasers operating at room
temperature were available [6]. The availability of compact and
coherent sources of light along with a low-loss transmission medium
led to the development of fiber-optics communications systems able to
transmit signals for long distances. Further development of fiber
amplifiers by the end of the 80’s contributed to noticeably increase the
performance of these systems [7].

Mirror Mirror

_— Feedback elements

-—

Y
v’

b.

(:._ -— —

Laser medium

-
.‘-‘ﬁ-

1]
L

R=100% R<100%

Pumping process
Figure 1.2: Fundamental elements of a laser oscillator.

Although data distribution was first exploited, the optical components
developed were soon employed for other applications such as signal
processing, sensing, imaging, etc. One of these spin-off applications
was the development of the field known as microwave photonics
(MWP), which benefits from the low loss and large bandwidth of
optical fiber to provide increased performance over traditional
microwave systems. Its impact is especially important in
communications, radio-over-fiber systems, and signal
generation/processing.

A different field where fiber optic technology can provide benefits
is beyond the microwave band, in the spectral region known as the
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THz gap. Different approaches have been proposed to generate
radiation in this band and probably optical technology is the most
versatile and closer to market. It is mainly implemented using free-
space components. However, recent developments allow the use of
fiber optic technology to simplify the implementation.

In this section the basic properties of the optical components
employed along the thesis are addressed to ease a better
understanding of the applications proposed.

1.1.1 Optical Fibers

An optical fiber is basically a cylinder made of silica glass which has
been covered by a material with lower refractive index. Because of
refractive index variations light is guided through the structure. The
first glass fibers were fabricated in the 20’s [8], although their
applicability was very limited up to the 50’s when the addition of a
cladding led to an important improvement of their guiding capabilities
[9]. Their losses were also reduced along the 70s from 1000 dB/km to
0.2 dB/km at 1.55 pm, making this technology commercially
attractive [10]. The availability of optical waveguides with such small
losses revolutionized the field of optical fiber communications [11].
Although optical fibers were mostly applied for long distance
distribution of information, it soon became clear that their dispersive
and nonlinear properties could be employed for signal processing [12].

1.1.1.1 Geometry and Propagation

Optical fibers are cylindrical multilayer dielectric structures. Figure
1.3 shows its cross section structure where a core made of silica is
covered by a cladding and a jacket, both with lower refractive indexes
to confine light. According to the radial variation of the refractive
index of the core they can be classified as step-index or graded-index
fibers. For the first type there is no variation while for the second one
the index decreases for increasing radius, usually in a parabolic
fashion. The guiding properties of optical fibers can be observed in a
first approximation' by means of a ray picture such as the one shown

' Assuming the size of the fiber is much larger than the wavelength of the
light.



in Fig. 1.3. A ray incident in the center of the core with a certain
angle changes its direction of propagation according to the Snell law,

n,siné =n,sind. . (1.1)

The ray bends toward the axial axis and, considering the step-
index fiber scenario, it is guided through the fiber as long as the angle
of incidence with respect to the core-cladding interface is large enough
to produce total internal reflection. The maximum angle of accepted
light depends on the difference in the refractive indexes between the
core and the cladding and can be estimated by applying Eq. (1.1)
twice.

(a) (b) t i

Jacket no no

Nz Nz

Ny
Cladding <« «—

Core

Step-index  Graded-index

guided ray

Figure 1.3: (a) Cross section, (b) refractive index profiles, and (c) schematic

showing total intern reflection in step-index fibers.

According to Fig. 1.3 there are infinite possible paths for the light
propagating through the fiber, which is the origin of multipath
dispersion since rays with different angle of incidence arrive at the
output of the fiber at a different time. This is especially detrimental
for the transmission of pulses, which are considerably broadened thus
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limiting the amount of information that can be transmitted, as well as
the reason why grade-index fibers were designed. In these fibers rays
with a different angle of incidence propagate at different speeds.
Through design of the refractive index profile it is possible to match
the distance-index product in such a way that different rays arrive at
the same time and multipath dispersion is suppressed.

The performance of optical fibers as transmission medium was
further improved by wusing fibers with radius comparable to the
wavelength of the transmitted light. In this case geometrical optics
cannot be employed and the Maxwell’s equations

7 _—0B 1.2
VxE = ot ( )
7 _j.0D .
VxH=J+ /é (1.3)
V-D=p, (1.4)
V-B=0 (1.5)

must be solved to analyze propagation. E and H are electric and
magnetic vectors, D and B correspond to electric and magnetic flux
densities, and J and pr are the current density vector and the charge
density, respectively.

The constitutive relations

D=g,E+P (1.6)
B=uH+M (1.7)

relate the flux densities arising due to the fields and the induced
electric and magnetic polarizations, P and M. g, and p, are the
vacuum permittivity and permeability, respectively.

For a nonconducting and nonmagnetic medium such us silica J=p;
=M=0. Developing Eqs (1.2-1.7) while neglecting attenuation and
nonlinear effects and assuming that the index of refraction does not
change spatially inside the material leads to the Helmholtz equation
(11]

27 2 o -
V°E+n (w)c_zEZO ) (1.8)

where E stands for the Fourier transform of the electrical field.



An optical mode is a term commonly used in optics to refer a
specific solution of Eq. (1.8). Optical modes satisfy the boundary
conditions imposed by the medium, are uniquely determined by their
respective propagation constant B and show a spatial profile that does
not change with propagation. Although there are several types of
modes, fiber optic systems focus on the guided ones.

It is convenient to define the normalized frequency

V=2a1/n12—n22 ) (1'9)
c

which is related to the number of modes generated in a fiber. High
values of V are desirable because of the reduced attenuation provided
by the high confinement of the optical field, although values below
2.405 are necessary to maintain single-mode operation. Typical single-
mode fibers propagating signals in the telecom band show core and
cladding radius of 4 pm and 125 pm, and indices of refraction of
approximately 1.44 and 1.46 for core and cladding, respectively.

1.1.1.2 Dispersion in Single-Mode Fibers

Although single-mode fibers suppress intermodal dispersion, group
velocity is usually frequency dependent. Thus, propagating pulses
widen because their spectral components travel at different group
velocities. This effect is known as intramodal or group-velocity
dispersion.

Group-velocity dispersion (GVD) originates from two different
sources, material dispersion and waveguide dispersion. The former
arises from the dependence of the refractive index on the optical
frequency while the latter depends on the physical characteristics of
the fiber: radius and index difference. The dimensions of the fiber are
usually tailored for the total dispersion to take certain values. Thus, it
is possible to shift the dispersion in such a way that the zero-
wavelength dispersion falls into the range of interest (dispersion
shifted fiber or DSF) or to obtain dispersion which is opposite to that
of standard fiber for compensation purposes (dispersion compensating
fiber or DCF).

It is convenient to model the effect of dispersion by expanding the
mode-propagation constant around a given optical frequency o,
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Pl =n@) 2=, + flw-a) 3 fulo-a) + f@-o) +.. . (1:10)

B, being the nth-derivative of B with respect to the optical
frequency, . B, is a constant, B, is for the propagation of the
pulse envelope at the group velocity n, and higher order terms
represent dispersion. For standard optical fibers dispersion is
mainly given by B, and, once it has been compensated, by PB,.
Higher order terms are neglected in a first approach although
they may become important in long distance dispersion-
compensated fiber links.

1.1.1.3 Fiber Birefringence

When ideal single-mode fibers with perfect cylindrical symmetry are
considered only one mode exists. However, for real fibers imperfections
in the shape of the core and mechanical stress lead to the existence of
two orthogonal modes propagating through the fiber. This is known as
modal birefringence and is the origin of polarization-mode dispersion
(PMD). The propagation constant, and therefore the mode index, is
slightly different between signals propagating through the fast and
slow axis of the fiber, x and y respectively. The intensity of modal
birefringence is given by the difference between mode indices as

B=|n,—n|- (1.11)

For a given B the modes periodically exchange their power as they
propagate through fiber. The period of this exchange is given by the
beat length parameter,

L=, (1.12)

However, random changes of the birefringence originating from
temperature changes and vibrations result in random coupling
between the orthogonal modes. Accordingly, the total contribution of
PMD must be treated as a stochastic process. Its effect is often
characterized by means of the differential group delay (DGD), which
is an estimation of the average time delay between the states of
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polarization (SoP) travelling through the slow and fast axis of the
fiber. Although PMD is not especially detrimental for continuous-wave
light it degrades transmitted pulses [13]. Different spectral components
travel at different speeds according to differences between group
velocities, considerably widening optical pulses transmitted through
long fiber links. Although the random nature of PMD makes its
compensation more difficult, dynamically adaptable compensating
systems are currently available.

Fiber birefringence can also be exploited to obtain different
functionalities in fiber-optic systems. For example, it has been
employed to make couplers, splitter, isolators and optical filters [14]
thanks to the development of polarization maintaining fiber (PMF)
[15]. This fiber introduces high birefringence by means of non-circular
cores which are tailored by means of small stressing pieces as shown in
Fig. 1.4. Although there are several types of PMF according to the
design of its cross section, PANDA and bow-tie are the most
extensively used ones. PMF is able to propagate optical signals with
immunity to environmental perturbations as long as the field is
linearly polarized and aligned with the principal axis of the fiber.

¥
(slow axis) &

* o
(fast axis) - —
PANDA fiber Bow-tie fiber

z=0 Bl siess-applying parts
Figure 1.4: State of polarization in a birefringent fiber and cross sections of

two types of polarization maintaining fibers.
1.1.1.4 Nonlinear Effects

Nonlinear optical effects are phenomena that arise from the
propagation of intense optical fields through a medium [12]. Since the
optical field is confined into a small cross section the response of the
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fiber becomes nonlinear due to high power density, affecting
propagating signals and generating new optical fields.

Although nonlinear effects are detrimental in transmission systems
they are widely used to process light. They can be classified as elastic
and inelastic. The former are related to instantaneous changes in the
electric polarization P, which lead to changes in the phase and
frequency of the signals, while for the latter incident photons are
annihilated to create a photon of lower energy and a phonon.

Self-phase modulation (SPM), cross-phase modulation (XPM) and
four-wave mixing (FWM) are elastic processes with almost
instantaneous response time (below the femtosecond). Stimulated
inelastic scattering processes such as Raman and Brillouin, however,
are much slower. Stimulated Raman scattering (SRS) and stimulated
Brillouin scattering (SBS) take place in a tenth of picosecond and
nanosecond timescales, respectively. The SBS effect can be neglected
when working with ultra short pulses.

Elastic processes are modeled through the nonlinear permittivity

which leads to an intensity dependent refractive index,

fz=n+n2|E|2 ) (1.13)

n, being the nonlinear index coefficient.

Equation (1.8) can be further developed including Egs. (1.10,1.13).
In the Thesis continuous waves of low power or optical pulses of the
order of femtoseconds are going to be studied. Under these conditions
the nonlinear Schrodinger equation (NLSE) for propagation of pulses
through optical fiber is obtained [12]:

2 3 . 2
67A+EA+I'&67‘3_&6‘;1=W ‘A‘ZA_,_LE(V”Z A)—TRAM (1.14)
oz 2 2 or 6 oT w, 0T or

The left part of the equation is for attenuation and dispersion
while the right one represents nonlinear effects®. A is for the slowly
varying pulse envelope, @, is frequency, T} is for the self-frequency
shift induced by intrapulse Raman scattering, T is a time variable

? From left to right: self-phase modulation, self-steeping and the Raman effect.
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which takes the position of the pulse propagating along the z-axis as
reference and y is the fiber nonlinear parameter defined as

Q/ZHZQy s (1'15)
¢4,

A being the effective core area which is approximately mw?, and w
the width of the fundamental mode propagating through the fiber
which depends on the core radius and core-cladding index difference.
According to the presented parameters Eq. (1.14) can be
numerically solved to obtain the combined effect of dispersion and
nonlinearities on the pulse propagating through optical fiber.

1.1.2 Electro-optical Modulation

Semiconductor lasers can be directly modulated through their bias
current. To modulate other types of lasers the external modulation of
the generated field becomes necessary. External modulation is
appealing even for semiconductor lasers because it allows high
frequency modulation not attainable by direct modulation while
improving the performance of the photonic link through increased
linearity. External optical modulators (EOMs) are classified according
to the parameter of the optical signal that is modulated. Phase
modulators are commonly based on the Pockel’s effect of electro-optic
crystals such as lithium niobate (LiNbO,) while amplitude modulation
is often performed by means of interferometric structures (Mach-
Zehnder and Michelson) or materials with controllable absorption
(electro-absorption modulators, EAM).

Figure 1.5 shows the phase modulation of an optical signal in a
LiNbO, crystal, which is widely used for modulators in the telecom
band. When an electrical field is applied to the electrodes a change in
the refractive index of the crystal is induced leading to variations in
the phase of the optical signal due to differences in the effective
propagation length. Due to the crystalline structure of LiNbO, the
phase modulation is more efficient for a certain optical axis of the
crystal. Accordingly the use of polarization controllers is recommended
for increased modulation efficiency.
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The Mach-Zehnder modulator (MZM) is widely employed for
amplitude modulation. It is based on a Mach-Zehnder interferometer
where the phase modulation performed on one or both arms is
converted into amplitude modulation. The modulation voltage applied
to the modulator is usually comprised of constant and time-varying
components, V.. and V, ,(t), respectively. V. is chosen to operate
the modulator in different points of its transfer function according to
the particular application. For example, data modulation requires
linear responses and quadrature biasing (QB) is needed. On the other
hand, for nonlinear applications, maximum or minimum transmission
biasing (MaTB and MiTB, respectively) provide better performance.
Figure 1.6 shows the structure of a MZM as well as its transfer
function. The half-wave voltage (V,), this is the voltage required to
induce a © phase shift between the arms of the interferometer, is a
quality parameter of the modulator since it is related to the efficiency
of the optical modulation. Small values of V,are desired for increased
efficiency.
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Figure 1.5: Electro-optical phase modulation.
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Figure 1.6: Schematic of a Mach-Zehnder modulator and its transfer function.
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For the modulating voltage

V() =Vyy +Vipod ) =V, (V, +m-c0s (,t)) » (1.16)

bias pol

Vpor and m being the normalized biasing and modulating amplitudes,
respectively, and w;, the modulating frequency coming from a local
oscillator, the optical field at the output of the MZM is given by

E(t)=[2Pt, cos( Vo +m- cos(wLOt))JCOS(VO) , (1.17)

where P stands for the optical power at the input of the MZM, t¢¢ for
insertion losses and v, for the frequency of the optical carrier.
Equation (1.15) can be expressed in terms of Bessel functions as
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where J,(-) is the n-th order Bessel function of the first kind. As
observed from Eq. (1.18) several frequencies arise from the single-
frequency modulation of the laser due to the nonlinear response of the
MZM. The amplitude of the components is given by the Bessel
functions depending on the index of modulation of the MZM and by
sinusoidal terms depending on the bias point. Thus, it is possible to
employ the modulator for linear or nonlinear operation by controlling
the value of these parameters.

1.1.3 Photodetection

Being able to recover electrical signals which have been optically
processed and/or transmitted is fundamental for fiber optics systems.
The term photodetector (PD) refers to optoelectronic devices which
absorb optical energy to generate electrical signals. Ideal PDs should
have high sensitivity, low noise and fast response. Compatibility with
optical fibers is also required, meaning that their size must be similar
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to that of the core of fiber. All these requirements are fulfilled by
semiconductor-based PDs.

Optical absorption is the fundamental mechanism behind the
photodetection process. The simplest photodetector consists of a
semiconductor slab in which incident photons with energy exceeding
the bandgap of the material generate electron-hole pairs. GaAs is
employed for the 800 nm region while Si is suitable at 1 pm and
InGaAs compounds are used for the telecom band of 1.5 pm. As long
as an electrical field is applied to the material the accelerated electrons
and holes originate an electric current and the signal is recovered.
Important parameters defining the performance of a PD are
responsivity, bandwidth and dark current. Responsivity measures how
efficient the photodetector is in terms of generated current per
incident optical power. The bandwidth of the PD is given by the
speed at which it responds to variations in the optical power. It should
be fast enough to resolve the optical waveform of interest, which for
high-bandwidth communication applications implies bandwidths of
several tens of GHz. The bandwidth depends on the time required by
charges to travel to the electrodes and also on the response time of the
electrical circuit in charge of processing the measured current. The
former depends on the width of the junction while the latter depends
on both the capacitance of the PD and the time constant of the
receiver system. Accordingly, there is a trade-off between short transit
times and high junction capacitances that ultimately limits the
detection bandwidth. The dark current, which is the current generated
in the absence of optical power, is the last important parameter of a
PD and its value should be negligible.

There are several types of photodiodes. The most common is the
p-i-n PD, which consists of an intrinsic layer placed between p- and n-
doped layers. Good performance is provided by these structures
despite the existent trade-off between high responsivity and fast
response. This trade-off arises from saturation of the current density
in the junction. Although wider junction areas may provide increased
output current the bandwidth lowers. Avalanche photodiodes (APD)
are suitable for low optical power operation because they provide
larger responsivities thanks to a gain layer which generates additional
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electron-hole pairs through impact ionization. New designs of the
epitaxial layers such as the uni-travelling-carrier photodiode (UTC-
PD) have been proposed for increased bandwidth. In the UTC-PD [16]
the absorption takes place in the p-layer, not in the intrinsic one.
Holes transport does not limit the bandwidth of the device as opposed
to p-i-n PDs because pair electron-holes are generated in the p-layer.
This allows for faster responses limited by the velocity of the
electrons. This device has shown operation at speeds exceeding 1 THz
[17] with high linearity suitable for data generation. Higher frequencies
are attainable by means of photoconductive materials with
subpicosecond  responses such as the ones employed in
photoconductive antennas.

1.2 Microwave Photonics

The development of optical devices described in the previous section
originated the field of microwave photonics. This interdisciplinary field
benefits from the complementary features that optical technology can
provide to microwave signals. Motivation on MWP research is
justified by the capability of optical devices to distribute signals over
long distances and process huge spectral bandwidths.

The first MWP systems were employed for optical distribution of
electrical signals as shown in Fig. 1.7. An electrooptical device
modulates the electrical signal onto one, or more, optical carriers
which are distributed through an optical medium (usually fiber) before
being recovered in an optoelectronic converter. Such a system is
known as a photonic microwave link. Its main advantages come from
the medium properties: low distortion and attenuation which allows
the distribution of signals for hundreds of kilometers with acceptable
degradation; independence of data format, which means that baseband
and radio frequency (RF) signals can be transmitted with equal
performance; low weight and immunity to electromagnetic
interferences. This justified the appearance of radio-over-fiber (RoF)
systems which perform distribution of radio signals, usually allocated
in the microwave and millimeter bands, from a central station (CS) to
one or more base station (BS). The electrical signals transmitted can
be allocated in baseband with respect to the optical carrier, at an
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intermediate frequency (IF) or directly at the desired radiation band.
The best option will depend on the number of BSs although the latter
is commonly employed because it allows the use of simple BSs.
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Figure 1.7: Microwave photonic link.
1.2.1 Microwave Photonic Filters

MWP technology soon showed potential to perform additional
functionalities on electrical signals, not being limited to mere
distribution [18]. The application of optical technology to the
processing of electrical signals was first proposed in 1976 by Wilner
[19]. The optical processing of electrical signals provides the unique
capability of processing large bandwidth signals at high frequencies
with a performance hardly attainable by means of electrical
processing. Moreover, since the processing is performed in the optical
domain inefficient conversions between the optical and electrical
domains are avoided when signals already injected into an optical
distribution system are processed [20,21].

Two different approximations can be taken regarding optical
processing: free-space and guided optics. Solutions based on free-space
optics use spatial light modulators (SLM) to modify the polarization,
phase and/or amplitude of an optical beam as a function of space and
time according to an electrical or optical signal which is often two-
dimensional. The SLM employed in optical processing are usually
based on nematic and ferroelectric liquid crystals, electro-optical
crystals, photorefractive materials and multiple quantum well layers
[22]. Although SLMs are able to perform different kinds of processing
with a high degree of parallelism they show problems of stability and
dependence with respect to temperature changes and mechanical
vibrations. Their bulkiness, high losses and low modulation frequency
limit the maximum true-time delay (TTD) they are able to achieve,
which is much smaller than the ones obtained in integrated optics
systems. Due to these disadvantages the solutions presented in this
thesis will focus on guided optics solutions. However, an interested
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reader should check [22-25] for some interesting SLM-based
architectures.

The main application fields of the optical processing of electrical
signals are analog-digital conversion [26], arbitrary signal generation
[27], optical beam-forming [28] and optical filtering [29]. From now on
this section focuses on the optical filtering of electrical signals.

In signal processing systems a filter is a device that selects
(removes) the wanted (unwanted) components or features from a
signal. Signal filtering has been performed by means of baseband
digital signal processors (DSPs) [30] or microwave structures as ring
resonators, coupled waveguides and impedance mismatching [31]
during decades. However, demand for the processing of signals with
increasing bandwidth prevents the use of traditional techniques due to
several limitations that may be overcome by optical processing
techniques.

Microwave photonic filters are photonic subsystems which perform
the equivalent tasks of microwave filters but in the optical domain.
This alternative approach to microwave filtering offers benefits as
spectrally constant loss, electromagnetic immunity, tunability and
reconfiguration of the filter response [32]. Thus, photonic filters are
able to process wideband signals from low frequencies (a few MHz) to
the microwave, millimeter and higher bands thanks to the large
bandwidth of the optical delay lines available. As opposed to
electronic filters, the response of the microwave photonic filters is
independent of the electrical frequency because the central frequency
of the filter depends exclusively on the optical delay introduced in the
structure. Indeed, in practical systems the frequency response is
limited by the bandwidth of the electrooptic and optoelectronic
converters (modulators and photodiodes, respectively).

Transversal filters similar to the ones employed in digital
processing were first implemented. The microwave amplitude transfer
function of an N-tap transversal photonic filter assuming optimum
state of polarization for the optical signals is given by [33]

|H o ()] = 91005(%) D

k=1

P o /ms U] (1.19)
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97 being the photo-diode responsivity, f the fiber dispersion parameter,
f the electrical frequency, P the optical power and At delay. The
response obtained is periodic in frequency with a spectral periodicity
called free spectral range (FSR). The selectivity, which is the ratio of
FSR over the - 3 dB bandwidth of the main lobe, as well as the
relation between the main and secondary lobes are often employed to

quantify the performance of filters.
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Figure 1.8: Concept of N-tap transversal filter and experimental response of a

uniform 4-tap photonic microwave filter.

By using photonic filters it is possible to perform processing of
signals in the microwave and millimeter bands in both time and
frequency domains. Notch, band pass and high pass responses are
examples of spectral filtering, while temporal filtering is performed in
coding and decoding, correlation functions and analog-digital or
digital-analog conversion [22].

Photonic filters can also be categorized according to their
coherence. The coherence of an optical field is related to how an
optical signal split and combined again after propagating different
distances interfere. Although an ideal monochromatic signal would
perfectly interfere because its phase varies with time in a linear
fashion, real optical sources are not completely monochromatic and
their phase and amplitude show irregular fluctuations at a speed
dependent on the line width of the source, Av. It is convenient to

define the coherence time, 7,, as [34]

D (1.20)
¢ 4aAv

Thus, there is a maximum value for the differential delay of our
imaginary interferometer which allows proper interference of the
signal. It should be small compared to z,
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Consequently, coherent or incoherent processing of the signal is
performed depending on the delays employed in the implementation of
the photonic filter. The main reason to perform coherent filtering is
that they allow the implementation of negative taps due to the
conservation of phase. However, since the phase of the optical signal is
conserved they are very sensitive to vibrations and changes in
temperature and polarization [35]. This limits their applicability and
promotes the development of incoherent systems, which are less
flexible but more robust. Consequently, the filtering schemes proposed
in this thesis are to fall into this category.

To sum up, the optical processing of electric signals in the
microwave and millimeter bands provides important advantages
compared with traditional all-electronic processing, especially in terms
of tunability and reconfiguration of the implemented responses. The
contribution of this thesis to the development of novel optical filtering
structures is presented in Chapter 2.

1.3 Terahertz Photonics

The terahertz (THz) band, also referred as submillimeter or terahertz
radiation, lies between the microwave and infrared regions of the
spectrum. Although there is no standard definition for this band it is
commonly accepted that it comprises frequencies from 100 GHz to 10
THz, equivalent to wavelengths from 3 mm to 30 pm or energies
between 0.5 meV and 50 meV [36]. The THz region has long been
studied in basic sciences such as astrophysics and molecular chemistry.
However, signals falling into this spectral band have not been broadly
utilized due to the unavailability of simple and efficient generation
and detection processes. This is why this band has been traditionally
known as the “THz gap”. This section focuses on the different THz
technologies existent with emphasis on photonic-based approaches.

1.3.1 Terahertz Generation

Molecular gas lasers such as far-IR and p-type Ge lasers [37, 38],
synchrotrons [39], free-electron lasers [40] and back-ward wave
oscillators [41] have been employed as bright THz sources for a long
time despite high cost and bulkiness. Technological advances in the
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last decades have led to a wide range of techniques able to generate
signals in this frequency band, most of them relying on the frequency
conversion of other sources. Techniques based on the up-conversion of
microwave signals by means of frequency mixing provide good
performance up to a few hundreds of GHz [42] while solutions based
on down-conversion from the infrared band are less limited in
frequency and more flexible. Direct generation of signals in the THz
band is also a possibility and the recent development of quantum
cascade lasers (QCL) [43] providing high output power is promising
although they require cryogenic cooling and the lack of tunability of
their emission wavelengths must be addressed. From now on we focus
on photonic-based solutions.

Several approaches have been proposed to generate THz radiation
by means of optical sources. They can be grouped in major big
categories. One exploits a nonlinear medium in which incident
electromagnetic waves undergo frequency conversion while the other
relies on the acceleration of carriers. The first group comprises
frequency down-conversion techniques performed in a non-linear
crystal: optical rectification of femtosecond pulses [44], which
generates broadband THz radiation, and difference frequency
generation in which two continuous-wave lasers beat into the crystal
to generate a single THz frequency [45]. Into the second group we find
the generation of time-varying currents such as the ones generated in
photoconductive antennas (PCA) [46] excited by ultra-short pulses in
switching or the photomixing effect when continuous-wave optical
sources are employed. Electron accelerators, which are able to generate
high broadband and narrowband THz energies, also fall into this
category. In free-electron lasers and backward wave oscillators an
electron beam is undulated by a periodic structure, a magnet array
and a metal grating, respectively.

1.3.2 Terahertz Detection

THz detection techniques are classified according to whether they are
able to recover the THz field (coherent detection) or only its power
(incoherent detection). Coherent schemes are usually necessary to
perform spectroscopy measurements when both the amplitude and
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phase of the THz signals must be resolved to determine both the
absorption and dispersion of the sample.

Free-space electro-optic sampling [47] and photoconductive
antennas [48] are widespread solutions to measure THz pulses. In both
of them the THz signal is time sampled using ultra-short pulses. The
former is based on the Pockel’s effect: the THz field induces
birefringence in a nonlinear optical crystal which is measured by
means of an optical probe, while for the latter an optical pulse
generates photo carriers which interact with the THz field. Both
schemes require varying the optical delay between the optical pulse
and the THz signal, which is usually performed by means of mirrors
and motorized translation stages. A common THz technique for the
coherent generation and detection of waves in this band using
femtosecond pulses is THz time-domain spectroscopy (THz-TDS) [49].

Photomixing and heterodyne detection are usually employed to
measure continuous wave THz radiation. The former is usually
performed in photo-conductive antennas where both the THz energy
and the optical probe made of two continuous wave optical
components are focused into the gap of the antenna. The amplitude of
the detected current depends on the phase shift between the beating
of the two components and the detected THz component. Thus, by
changing the phase of the optical probe the THz signal is mapped in
time [50]. Heterodyne detection works in a similar way. Instead of
using two-wavelength optical sources to select the THz signal to be
measured a local oscillator is directly mixed with the submillimeter
radiation and an intermediate frequency which amplitude and phase
can be measured using conventional electronic devices is obtained.
Schottky diodes are often employed as mixers. This approach is
usually preferred when sub-THz waves are used.

Several detectors are available if only the intensity of the THz
field is needed (incoherent measurements). Thermal sensors such as
Golay cells [51], bolometers [52] or pyroelectric devices [53] are widely
used. All of them contain a radiation absorber attached to a heat sink
in such a way that incident THz radiation increases the temperature
of the device. The THz power is estimated through temperature
increases. Most bolometers require cryogenic cooling to achieve the
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necessary sensitivity to detect THz radiation. Pyroelectric detectors
use materials that induce an electric polarization as a result of
temperature changes. Finally, Golay cells transfer the heat to a small
volume of gas where its dilatation pushes a membrane and this change
is measured. These detectors respond in a wide bandwidth but are
slow compared to other approaches because their principle of
operation is based on thermal processes.

1.3.3 Terahertz Photonics in the Telecom Band

Optical sources in the band of 800 nm have been traditionally
employed to generate and detect THz radiation. These sources provide
high photon energies which are necessary to excite traditional
photoconductive materials such as low temperature grown GaAs
(LTG-GaAs). However, sources in the 800 nm band (usually,
Ti:Sapphire lasers) are bulky and expensive.

Extensive research in photonic technology operating in the 1550
nm band has been carried out during the last decades to allow the
deployment of the telecommunication infrastructure needed for the
information society. It has led to the development of a wide range of
reliable and cost-effective components. Compact and reliable
femtosecond lasers [54] are commercially available as well as CW
sources such as distributed feedback (DFB) or external cavity lasers
(ECL). Other devices developed for the telecom industry include
semiconductor- and fiber-based amplifiers and electrooptical
modulators. THz applications could benefit from more compact and
cheaper implementations using the optical telecommunication devices
at 1550 nm. However, the lack of photoconductive materials with
energy band-gaps in the order of the 1550 nm photon energy, i.e. 0.75
eV, prevented the use of devices in this band for THz applications.

Frequency-doubling was initially proposed to combine advantages
of 1550 nm sources and 800 nm materials. However, frequency-
doubling schemes add additional complexity and the conversion
efficiency is limited, producing low levels of THz radiation.

Another approach is the development of nonlinear crystals
operating in this band. An inorganic semiconductor, GaAs, has been
demonstrated to generate and detect THz signals by means of optical
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rectification of 1550 nm pulses [55]. However, its electrooptic
coefficient is much smaller than that of 800 nm materials as ZnTe.
Organic nonlinear crystals such as DAST [56] are a good alternative
because of the high nonlinear optical susceptibilities they show in the
telecom band as well as their adaptability to specific applications
through molecular design [57].

The design of PC switches compatible with 1550 nm light has also
been addressed. The most common approach focus on the design of
devices made of InGaAs or InGaAsP epitaxial layers on InP substrates
to obtain reduced band-gap energy. A variety of ultrafast
recombination mechanisms based on distributed metallic nanoparticles
or deep defect levels have been proposed: As precipitates [58], ErAs
nanoparticles [59], Br-irradiated defects [60], Fe-ion-implanted deep
levels [61] and InGaAs layers with InAlAs barriers [62]. Although
these approaches show the emission of THz radiation the output
power is seriously limited by the critical breakdown field, which
happens to be much smaller for these materials than for GaAs.

Mechanisms such as two-photon absorption (TPA) [63], the lateral
photo-Dember effect [64] or extrinsic photoconductivity in ErAs:GaAs
[65] have been proposed for THz generation and detection. Although
sub-picosecond switching responses were observed by means of TPA,
its efficiency was low. On the other hand, the lateral photo-Dember
effect shows highly efficient THz generation in a layer of In,;,Gay,;As
without requiring external biasing of the material. Extrinsic
photoconductivity provided impressive performance despite of a
limited bandwidth: up to 0.1 mW of THz power using a standard
femtosecond fiber laser.

Since PCAs operating in the telecommunication band are an
excellent alternative to reduce the cost of THz-TDs systems, they were
employed for THz generation and detection in the experiments
performed along this thesis. The next section describes the very basics
of THz-TDS systems operating with photoconductive antennas.

24



1.3.4 Terahertz Time-Domain Spectroscopy Systems

THz-TDS systems rely on coherent generation and detection of THz
pulses to determine the real and imaginary parts of the propagation
constant, which are necessary to fully characterize materials. The
availability of ultra-short optical pulses and the development of
semiconductor technology have been essential for the development of
THz-TDS systems. The use of ultra-short pulses is important because
the bandwidth of the generated THz spectrum is related to the inverse
of its duration. Moreover, since the THz field is mapped in time the
width of the pulses injected to the receiver fixes the minimum
temporal step of the traces and thus show a strong influence in the
maximum THz frequency that can be resolved. Obviously, fast
materials are required to generate THz radiation and not only the
optical pulses duration but also the material performance limits the
bandwidth and dynamic range of the system.

Auston and Lee studied in the 70’s the optoelectronic switching of
a photoconductive material, technique today known as Auston
switching. The first demonstrations used high-resistivity silicon or
semi-insulating GaAs [46,66] and optical pulses emitted by a mode-
locked Nd:glass laser. In the early 80’s Smith et al. [67] developed
radiation-damaged Si-on-sapphire (RD-SOS), a photoconductive film
which was extensively used for a decade due to its fast response. The
switching of photoconductive material was initially combined with
transmission lines to perform both generation and detection of THz
pulses [68]. However, in 1984 Auston et al. [69] emitted, propagated
and coherently detected THz pulses using the photoconductive
material as a Hertzian dipole. It was soon noticed that the bandwidth
of the emitted pulse extended into the THz range [70] and, in 1989,
van Exter, Fattinger and Grischkowsky showed that this kind of
system was useful to perform spectroscopy measurements in the THz
range [49]. Their paper can be considered the origin of THz-TDS
systems. In the 90’s Ti:sapphire femtosecond lasers emitting 800 nm
pulses with duration below 100 fs became available and the recently
developed low-temperature grown GaAs (LT-GaAs) began to be used
as the preferred photoconductive material in the implementation of
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PCAs due to the combination of both short carrier lifetime and high
mobility [71].

The principle of operation of a photoconductive antenna is quite
simple. It is basically an electrical switch which closes when exposed
to light. A piece of photoconductive material is therefore required to
convert light with photon energy higher than the material bandgap
into free carriers. This way a transient of current arises from the free
electrons and holes previously generated as long as the material is
biased by means of electrodes. The current transient generates an
electromagnetic field which is the desired THz radiation. The switch-
on time mainly depends on the optical pulse duration, while the
switch-off time is determined by the lifetime of the generated free
carriers. Short carrier lifetimes are thus important for ultrafast optical
switching. Although the processes involved in the detection process are
not the same, the principle of operation is similar. The main difference
is that instead of being biased, the current introduced by the THz
field “moving” the free carriers is measured.

Figure 1.9 shows the generation of a THz pulse in a
photoconductive antenna. Metallic electrodes which have been
previously deposited on the photoconductive material are biased by a
continuous voltage. Ultra-short optical pulses delivered through free
space are focused between the electrodes, where free carriers close the
switch. A transient of current with picosecond duration arises from the
movement of the free electrons and holes to the electrode with their
opposite charge sign, generating a wideband THz field. One of the
problems with this design is that the THz pulse remains “trapped” in
the substrate due to the high difference between the index of
refraction of the photoconductive material and air. This problem is
partially solved by attaching an optical lens to the substrate. The
degradation introduced by the impedance mismatching can be reduced
by designing the geometry of a lens whose index of refraction lies
between the value of the photoconductive material and the one of free
space. Hyper-hemispherical lenses built with high resistivity silicon
(n~3.42) are commonly employed because they avoid internal
reflections into the lens and minimize spherical aberration. A THz
beam of 34° is expected at the output of this lens [36].
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Figure 1.10 shows a generic THz-TDS system. Off-axis parabolic
mirrors are employed to direct the THz radiation from the source to
the receiver. Set-ups with two mirrors provide a collimated THz beam
while those using four mirrors are able to focus the THz radiation into
a given spatial point. The minimum beam waist of a focused THz
beam, which can be estimated through Gaussian optics, is in the range
of a few hundreds of microns. Although the beam waist depends on
the THz frequency certain arrangements of lenses are able to generate
frequency-independent beam waists [72].
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Figure 1.9: (a) Schematic representation of THz pulse generation in a PCA.
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Figure 1.10: THz-pulse emission and detection using photoconductive

antennas. Four parabolic mirrors provide a focused THz beam.

1.4 Motivation and Outline

The motivation for this thesis was to investigate optical processing
techniques with potential to provide increased performance for signals
in the microwave and terahertz bands. Despite the emphasis on
demonstrating the feasibility of the proposed techniques by means of
experimental work, theory has also been addressed in the form of
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modeling and numerical simulations when required to identify critical
parameters of an architecture or confirming the origin of the results.

According to the university regulations, the format for the thesis is
a compilation of articles. The thesis is organized as follows. Chapter 1
has presented an introduction which provided a context for the papers
and illustrated the very basics of the employed components. Chapter 2
deals with the study of novel photonic microwave filters which provide
enhanced capabilities such as reconfigurability and tunability of the
response. Chapter 3 is dedicated to the processing of femtosecond
pulses to increase both spectral power and acquisition speed in
terahertz spectroscopy systems. Chapter 4 provides a general
discussion of the results and Chapter 5 sums up the main conclusions
of the thesis.
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Chapter 2

Photonic Microwave Filtering

Among the different types of photonic microwave filters proposed in
the literature [32, 73], transversal filters based on optical delays have
attracted considerable interest due to their flexibility and their fast
tuning. They allow for scalability and tunability through the control
of the number of taps and the optical delay, respectively. Moreover,
the incoherent nature of the approach provides stable and robust filter
responses. Photonic microwave filters based on wavelength division
multiplexed (WDM) signals and dispersive elements have been studied
[74]. However, their traditional implementation requires a large
number of optical sources to implement complex filter responses,
which raises cost and limits their deployment. Several solutions have
been proposed to solve this problem, as optical slicing of incoherent
sources [75], using comb sources instead of continuous wave ones [76]
or combining several sources and detectors [77]. Although the first
solution greatly reduces the cost by employing cheap sources, its
performance is considerably reduced due to noise. The second one is
convenient because of the large number of components generated in
optical combs, but separate control of the different taps becomes
difficult and costly and the pulsed nature of the filter may prevent its
application. The third one reduces the number of components of the
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system but requires a microwave coupler which might reduce the
flexibility of the filter in terms of bandwidth.

An additional issue of dispersive-based photonic microwave filters
is the periodic nature of the filter response inherent to transversal
filters. Several techniques have been proposed to address this issue.

The carrier suppression effect in optical fiber has been employed to
remove some of the undesired repetitions in periodic filter responses
[78]. However, this approach requires difficult adjustment of the
optical source parameters, complicating tuning and reconfigurability of
the microwave response.

Schemes based on optical processing in fiber have been proposed
[79-81]. However, the implementation can be complex [79] or the use
of slicing of broadband sources limits the filter performance [80, 81].
Alternatively some proposals are based on processing using spatial
light modulators [73, 82] to achieve a larger number of taps with a
single component at the cost of using a free-space stage.

Finally, some proposals are based on exploiting optical resonances
which suppress or amplify the sidebands of a modulated carrier to
perform filtering of the electrical signal [83, 84]. Optical filters are
suitable to perform single bandpass filtering of electrical signals
through direct mapping of their response because they are not always
periodic and those that do show FSRs larger than the bandwidth of
most optoelectronic converters.

In this Chapter new architectures for photonic microwave filtering
are presented. First, dynamic control over the response of WDM
photonic microwave filters by means of the four-wave mixing effect
taking place in optical fiber is proposed. Additionally, tunable single
bandpass filtering structures based on optical resonances are studied.

2.1 Filter Response Reconfigurability through
Four-Wave Mixing

Four-wave mixing (FWM) is a parametric process in which the
nonlinear processes involved modulate a medium parameter, in this
case the refractive index of an optical fiber [12]. In parametric
processes a nonlinear polarization characterized by the nonlinear
susceptibility is induced in the medium. Second-order susceptibility,
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%', is responsible for second-order processes such as second-harmonic
generation and sum-frequency generation, which are not efficiently
generated in optical fiber since silica is an isotropic medium. On the
other hand, the third-order susceptibility, x¥, is responsible for third-
order processes such as third-harmonic generation, parametric
amplification and FWM which are easily stimulated in nonlinear
fibers.

In the general case, FWM generates new waves when three optical
carriers of different wavelength and linearly polarized along the same
optical axis copropagate through an optical fiber. An induced
nonlinear polarization vector is obtained as the product of the third-
order susceptibility parameter and the optical field. This polarization
vector leads to different beatings among the optical carriers which
generate new waves whose frequencies are given as a combination of
theirs. Phase matching is required for efficient generation of FWM.
This is usually obtained through operation near the zero-dispersion
wavelength of the fiber. Interested readers may read [12, 85] for a
complete analysis of parametric processes. In the nondegenerated case
(i.e. two pumps and a signal wave), FWM generates several terms.
The weaker ones can be neglected and the frequency of the strongest

one, known as the idler wave, is given by,
0)4:a)l+a)2_a)3 (21)

It is also possible to generate idler waves employing only two
pump carriers. It must be noticed that any wave with enough power
can act as pump. It means that an efficient FWM can generate idler
waves which in turn may be powerful enough to stimulate new waves
through FWM. This is known as cascaded FWM [86, 87]. Figure 2.1
shows the different FWM scenarios discussed.
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Figure 2.1: Four-wave mixing, degenerate FWM and cascaded degenerate
FWM.

Thus, FWM can be exploited for microwave filtering from two
perspectives. Firstly, the new generated idler waves are new taps and
therefore FWM can be used to reduce the number of components
needed to implement a filter of a given number of taps. Secondly, it is
possible to control the amplitude distribution of the taps by changing
the optical power of two optical carriers propagating through an
optical fiber. In WDM photonic filters the bandwidth of the bandpass
is directly related to the number of taps/ carriers for a given free-
spectral range (i.e. for a given delay between taps). A filter based on
cascaded FWM should be able to control this bandwidth according to
the optical power. Paper A reports experimental measurements
showing reconfigurability of the filter response based on FWM. A reel
of highly nonlinear fiber was employed for efficient FWM generation
and a second reel of standard fiber was used to implement the delays
as through chromatic dispersion

Ar~L-D-A, (2.2)

where D stands for the second order dispersion (SOD) parameter of
the L km of SSMF and AMA is the wavelength difference between the
lasers. At is delay as in Eq. (1.19).

2.2 Single Band Pass Response based on a
Phase Shifted Fiber Bragg Grating

Fiber Bragg gratings (FBG) are widely employed in communication
systems due to their simplicity, low insertion losses and compatibility
with fiber systems [88]. They consist of a periodic modulation of the
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refractive index of the core of an optical fiber along its longitudinal
axis that reflects particular wavelengths and transmits the rest. There
are several types of FBG according to different variations in the
period of the modulation index, although the simplest configuration is
the uniform FBG which shows a constant period along the whole
grating. For a period Ay the reflected wavelength, known as the Bragg
wavelength, is given by

A

‘Bragg =

2n¢ﬁ/\37 (23)

n. being the effective index of the core mode. For responses in the
telecom band, periodicities of approximately half a micron are
required. In a practical scenario the grating does not exclusively reflect
Ag. Due to the finite length of the grating a reflection band whose
bandwidth depends on the grating length is obtained. Typical values
of 10 to 15 cm provide reflection bandwidths of 0.2 nm at 1550 nm.

When a phase shift occurs into the periodic structure of the
grating a transmission peak is created into the reflection band. The
position of the peak into the band depends on the magnitude of the
phase shift. Phase shifts can be introduced during the fabrication
process of the grating [89] or externally controlled by means of
temperature changes [90], optically controlled variations in the index
of refraction [91], magnetostrictive transducers [92] and piezoelectric
actuators [93]. Phase-shifted fiber Bragg gratings (PSFBG) have been
employed to implement narrow optical filters [89] and dual-wavelength
fiber lasers [93]. Paper B reports a tunable photonic microwave filter
based on the mapping of a PSFBG by an optical carrier which has
been single-sideband modulated. Because of its simple operation and
speed a lead zirconate titanate (PZT) piezoelectric actuator was
employed to stretch a piece of uniform FBG, thus providing tunability
to the system. Tunable and narrow single-bandpass responses with a
bandwidth of 130 MHz and frequencies up to 6 GHz were obtained.
The bandwidth of the filter depends on the stretched length, which
could be further shortened. Although the tuning range of the system is
fundamentally limited by the bandwidth of the FBG it could be
extended using chirped gratings.
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2.3 Single Band Pass Filtering based on Phase
Modulation and Microring Resonators

Optical microresonators have been widely used for different
applications such as light generation and amplification, data routing,
sensing, switches and logic gates [94]. Microring resonators are
structures consistent of a waveguide channeling light in a closed loop.
Any loop should be considered, from disks to ellipses, although closed
waveguides in the form of rings are often employed. Placing
waveguides close to such structure provides access to the structure
resonant modes through evanescent coupling, allowing both injection
and extraction of resonant wavelengths. They act as optical filters, as
shown in Fig. 2.2, where through and drop ports show notch and band
pass responses with respect to the input, respectively.

Input Through
> Wavelength = Wavelength
4

oe

Figure 2.2: Experimental response of a microring resonator. A SEM image is

Wavelength

also shown.

Recent efforts are being made towards simpler filtering
architectures based on devices that are compatible with
complementary metal-oxide-semiconductor (CMOS) silicon-based
photonic integration since this technology is expected to reduce cost
and size of these structures. Paper G reports the implementation of a
novel tunable single-sideband photonic microwave filter. It is based on
phase modulation and a microring resonator whose planar nature is
suitable for monolithic integration. Phase-modulated signals show
sidebands that are out of phase and result in cancellation of the
different terms obtained during photo detection. However, the removal
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of one of the sidebands results in amplitude modulation. We propose
sampling of one of the notch responses of a Si ring resonator to obtain
microwave band pass filtering from optical notch responses. Due to
the large resonator FSR the implemented microwave filter can be
considered single band pass. Its response can be tuned using tunable
optical sources.
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Chapter 3

Fiber-based Terahertz
Time-Domain Spectroscopy

Systems

As discussed in Section 1.3.4, THz-TDS is a spectroscopic technique
which can extract material properties from both the amplitude and
phase of the captured radiation. THz spectrometers are usually
implemented using Ti:sapphire sources at 800 nm and bulk optics
which directs the light towards the PCA active area. To maximize the
coupling of the optical pulses in the active area, fiber-pigtailed PCA
were developed [95]. Packaged PCAs can be obtained by fixing of the
aligned optical fiber illuminating the gap and the hiper-hemispherical
lens to the substrate, providing compact THz heads which ease the
implementation of THz-TDS systems. An additional step was the
development of new materials to allow PCA operating at the
telecommunications band. That allows the development of all-fiber
THz-TDS instruments [96]. An example of commercially available
fiber-coupled THz emitters and receivers is shown in Fig. 3.1 [97].
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Figure 3.1: Detail of packaged hber coupled PCA and THz-TDS system using

THz lenses for beam collimation.

Optical fiber allows the implementation of compact THz-TDS
systems, avoids the alignment of the free-space beams of light and
results in robust operation with the capability to deploy distributed
instruments as well as the reuse of the optical source (the most
expensive subsystem) to further reduce the cost of the instrument [98].
However, fiber optics also present implementation issues. As discussed
in Chapter 1 optical fiber is a dispersive and non-linear medium.
Thus, femtosecond pulses are severely degraded due to their huge
bandwidth even for propagation distances of a few centimeters and
there is a maximum power that can be handled without degradation
[12]. As discussed in [99], dispersion compensation along with careful
characterization of the fiber link becomes essential to obtain narrow
pulses at the input of the PCAs. However, the matching of the arrival
time of the pulses to the input of the PCAs in pump/probe
experiments such as THz-TDS spectroscopy is complicated when
dispersive media such as optical fiber are employed. Air can be
considered neither dispersive nor nonlinear at optics wavelengths.
Thus, pulses are not degraded through free-space propagation and
their delay can be controlled according to the propagation distance
without affecting the performance of the system. However, in fiber-
based THz-TDS systems both dispersion and delay management have
to be performed simultaneously. Dispersion compensation occurs when

< (3.1)
LD =0,
; i
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L; and D, being length and dispersion of the fiber segments employed
in the link.
While for the delay

no L 3.2
Z:‘Leng I Z;Lrng (3.2)
i= + ~ =

=5y

C C C

must be satisfied. L, L, and L;, are the lengths of the different fibers
(standard single-mode fiber or SSMF, DCF, DSF, etc) in the emitter
and receiver branches, and that of free-space propagation, respectively.
n, is for the group indexes of modes propagating in the different types
of fiber.

Finding out the combination of optical fibers fulfilling Eqs. (3.1-
3.2) might be not trivial. Moreover, these expressions do not consider
nonlinear effects whose effect is important in high-power pulse
distribution. However, these equations could be used as an initial
approximation before performing experiments.

The setup employed for the measurements performed is shown in
Fig. 3.2. Optical pulses with a duration of 100 fs are generated in a
passive mode-locked fiber laser at a repetition rate of 50 MHz. The
optical power is set to values that do not show non-linear degradation
in the pulses. No nonlinear degradation up to 5 dBm of average power
was observed. DCF was employed to initially time-stretch the optical
pulses. Although this type of fiber shows higher nonlinear coefficient
due to its comparably smaller core (see Eq. (1.15)) its high B,
parameter stretches pulses much faster than standard fiber, thus
pulses with high peak power travel shorter distances resulting in
reduced nonlinear degradation. Pulses are stretched up to the
picosecond (papers D, F) or nanosecond range (papers E, G) before
being amplified by means of a booster EDFA. Chirped pulse
amplification (CPA) is required to obtain enough optical power to
operate the PCAs. SSMF is then used to compensate for the
dispersion of the fiber link before feeding the antennas. Packaged
InGaAs/InAlAs PCAs manufactured and commercialized by Menlo
Systems GmbH are employed to generate and detect THz radiation.
The THz field is propagated and focused on the receiver gap by using
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THz lenses (made of polymethylpentene, TPX) before being sampled
using a motorized optical delay line (MODL). Phase-sensitive
detection at 1 kHz is performed using a lock-in amplifier (LIA) and an
optical chopper (OC). THz traces are recorded in a personal computer
using custom Labview-based software. Figure 3.3 shows a recorded
pulse as well as its spectrum.
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Figure 3.2: Fiber-based THz-TDS system used during the thesis.
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Figure 3.3: THz pulse and its corresponding spectrum measured using the
setup shown in Fig. 3.2.

3.1 Enhancing Spectral Brightness in the
Terahertz Band

Despite of the flexibility provided by THz-TDS systems based on
photoconductive antennas the energy of the THz pulses generated is
still low, in the order of fJ [100]. This limits the applicability of this
technology in materials with high loss due to the thickness of the piece
to be probed or the high attenuation of the material. High spectral
brightness is also desirable to increase the dynamic range of
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traditional spectroscopy systems [101] as well as for stand-off
applications [102]. Additionally, low radiated power prevents the
application of PCAs in nonlinear spectroscopy, which is finding a lot
of application in basic physics research [103].

The origin of the low optical-to-THz conversion efficiency, 107°,
arises from saturation effects and the limited bias voltage and optical
power that antennas can handle [104]. The biasing of small gap sizes
of a few pm at tens of V originates a strong electrical field of a few
kV/cm across the switch. The breakdown field of the material limits
the maximum biasing voltage while the average optical power injected
cannot exceed a few tens of mW because of thermal heating.
Therefore, different approaches must be considered to circumvent the
problem of low THz power.

Large area photoconductive antennas (LAPCA) have been
proposed to raise emitted THz power through increased gap areas
[105]. High THz power can be obtained applying bias fields of several
kV to the antenna thanks to increased gap widths in the cm range.
Higher optical powers can be injected due to the enlarged illumination
area. FEarly demonstration of this technique provided THz pulses with
power close to the pJ at repetition rates of a few Hz [106]. However,
strong material saturation and thermal heating of the device for higher
repetition rates are still to be solved. Moreover, the bandwidth of the
system is restricted because the THz energy shifts towards lower
frequencies due to reduced acceleration fields and larger electrodes
spacing.

Designs based on interdigitated electrodes have been proposed to
overcome large thermal loads [107]. Metal electrode width and spacing
are of several microns. Odd or even gaps are covered by an additional
metallization layer to avoid destructive interference between
consecutive gaps due to the opposite sign of the biasing field. The
antenna is to be operated using low biasing voltages such as the ones
of traditional PCAs while the optical power can be increased
according to the enlargement of the illumination area. By using this
design an optical-to-THz conversion ratio of 2x10® has been reported
by Beck et al. [108] for optical pulses at a repetition rate of 250 kHz
with duration of 50 fs and energy of 4 pJ. The efficiency of this
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approach can be doubled by placing a binary phase mask over the
interdigitated structure instead of obscuring every second gap [109].
Thanks to this mask the pulses are slightly delayed in such a way that
THz radiation emitted from the gaps interferes constructively.

To sum up, the combination of interdigitated electrodes along
with the enlargement of the illuminated area has been demonstrated
to solve the efficiency problems of traditional PCAs.

However, it is not only the THz source that has a direct influence
on the performance of the system. Liu et al. [110] first showed that the
use of pulse sequences instead of single pulses circumvents saturation
effects and significantly enhances the spectral amplitude of the
generated narrowband radiation as compared to broadband
generation. Detailed analysis of the physics involved in the process
was performed by Weling and Heinz [111]. As opposed to Liu, who
generated an ultrafast train of pulses by using spatial phase masks to
modulate the optical spectrum, Weling’s approach relies on the mixing
of a time-dispersed femtosecond pulse with its own delayed replica.
This generates a train of THz pulses whose repetition rate determines
the central frequency of the narrowband THz radiation generated.
They named this generation process chirped-pulse mixing (CPM). As
shown in Fig. 3.4, for low fluences the effect of CPM is the same as
filtering the broadband spectrum. However, for the high-fluence
scenario the spectral irradiance does not suffer from saturation in the
case of CPM while broadband THz generation does. The enhancement
is due to the reduction of the screening effect which is achieved by
spreading the excitation of the material over several intervals or
pulses. Thus, saturation of the material occurs at higher fluences
compared to single-pulse excitation as long as the pulses are separated
long enough for the saturation to decay. Consequently, the more the
pulse is stretched the more the saturation fluence is improved.
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Figure 3.4: Illustration of the mechanism of chirped pulse mixing.

These approaches show that the performance of the system can be
locally improved by applying optical processing techniques. Noticeable
efforts have been made towards the processing of ultrafast pulses for
applications such as phase compensation, pulse compression, selective
non-linear spectroscopy, lightwave communications and radio-
frequency photonics [112]. The most widely adopted pulse shaping
method relies on modulating the spatially dispersed spectral
components. A SLM is usually employed to perform both amplitude
and  phase  modulation allowing for  computer-controlled
reprogrammable pulse shaping. Since the modulation is performed in
parallel, signals with a wide bandwidth such as femtosecond pulses can
be shaped using slow devices. This scheme has been used to generate
narrowband THz radiation via optical rectification in ZnTe [113],
where radiation spanning the whole range of the crystal was generated
for bandwidths as narrow as 140 GHz by means of spectral phase
modulation.

Despite good performance of free-space approaches they result in
bulky systems susceptible of misalignment. Solutions using fiber
technology are compatible with fiber-based THz-TDS systems which
circumvent mechanical stability problems. The next sections deal with
the implementation of fiber-based solutions able to process
femtosecond pulses and generate narrowband THz radiation.
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3.1.1 Terahertz Shaping based on Third-Order
Dispersion and Self-Phase Modulation

The dispersive and nonlinear nature of optical fiber has been discussed
in Chapter 1. In fiber-based THz-TDS systems, fiber is employed to
distribute optical pulses from sources to fiber-pigtailed PCAs. For this
scenario dispersion compensation and reduced nonlinear effects are
required to reduce pulse distortion as much as possible. However,
feeding the antennas with trains of pulses focuses radiation on a given
spectral band increasing THz power density. Shaping of the THz
radiation by controlling nonlinear effects taking place in optical fiber
is proposed and demonstrated in Paper D. Breaking of a single optical
pulse into a set of pulses through uncompensated third-order
dispersion (TOD) enhanced by SPM leads to narrowband THz
generation. EDFAs were used to control the intensity of SPM.
Tunability and reconfigurability are possible by changing accumulated
dispersion and optical power. The generated radiation was tuned along
the whole bandwidth of the THz-TDS system and showed bandwidth
reconfigurability. Moreover, the scheme could be implemented with no
additional components resulting in a simple and cost-effective solution.

3.1.2 Terahertz Shaping based on Time-Domain
Modulation of the Optical Spectrum

The processing of ultra-short pulses has traditionally relied on the
spatial decomposition of their frequency components to perform
spectral modulation. Because traditional modulating devices show a
time response much longer than the duration of femtosecond pulses
dispersion is required to relax the restrictions. Despite good
performance free-space implementations show problems that may be
avoided using fiber technology. Spatial dispersion is not simple due to
the confined optical field. However, the dispersive character of optical
fiber can be employed to perform time-domain spectral decomposition.
The spectrum is imprinted in the time domain and can thus be
modulated through traditional electro-optical modulation. Pulse
shaping [114], frequency conversion [115] and optical delay [116] have
been demonstrated using this technique. It allows the generation of
large delays in signals of wide bandwidth. A widespread figure of merit
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that accounts not only for the magnitude of the delay but also for the
bandwidth of the delayed signal is the time-bandwidth product
(TBP).

Time modulation of the spectrum is proposed in paper E. This
approach relies on the cross-gain and cross-phase modulation effects
(XGM and XPM, respectively) in an interferometric SOA
(Semiconductor Optical Amplifier). Pulses are frequency-to-time
converted before injection into a Mach-Zehnder interferometric (MZI)
structure where they destructively interfere. The system is taken out
of destructive interference through the application of an optical signal
to one of the arms. Since the same femtosecond source is employed to
generate all the shaped pulses the use of electrical generators is not
required. Moreover, pulse-by-pulse shaping is possible without any
kind of locking. Although approaches based on electrooptical
modulation show good performance and flexibility, they are limited by
the modulator bandwidth. In our approach the modulation is
performed in the optical domain, and is thus restricted by the
performance of the SOA. Recovery times below the picoseconds have
been demonstrated for SOA structures [117], indicating potential for
faster processing than the one obtained using EOMs.

3.2 Towards Reduced Acquisition Times

Despite the widespread use of THz-TDS as a fundamental tool in
different applications such as material inspection, non-destructive
testing, food quality inspection, explosives detection and sensing, the
applicability of this technology is restricted to slow time-variant
processes due to high acquisition times of THz-TDS systems based on
mechanical delay stages. To obtain spectral resolutions in the order of
the GHz, the THz signal recorded must span up to the ns, meaning
that the delay stage should move a few tens of cm. Commercial delay
stages need at least a few seconds to sweep this range. It is commonly
accepted that the main source of noise in THz-TDS systems at low
acquisition rates (below the kHz) comes from the optical source [118].
The main problem with mechanical delay stages is that they are not
able to sweep the whole range in the millisecond range, leading to low
dynamic ranges because the relative intensity noise (RIN) of the laser
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is allocated at frequencies below the kilohertz (Fig. 3.5). Thus,
averaging becomes essential to perform measurements with acceptable
dynamic ranges and acquisition times increase up to several minutes
per trace. Moreover, mechanical delay stages are susceptible of
calibration errors in both amplitude (imperfect spatial alignment) and
delay (calibration errors) and its movement adds noise to the system
as long as it is located in the same optical table as the THz-TDS
system.

Therefore, to perform fast and high-performance THz
measurements techniques able to implement fast tunable delays that
do not rely on mechanical components are necessary. Elzinga et al
[119] proposed a technique to perform pump/probe spectroscopy
measurements known as asynchronous optical sampling (ASOPS). It is
based on employing two mode-locked lasers with slightly different
repetition rates as pump and probe beams. Considering the pump
train of pulses as reference, each probe pulse is delayed an increasing
duration determined by the difference of the repetition rates. The
result is a variation of the optical delay without moving elements.
High speed ASOPS has been demonstrated for laser repetition rates of
1 GHz and an offset in the repetition rates of few kHz [120]. The time
required to obtain a THz trace corresponds to the period of the
frequency offset while the delay step can be directly obtained from the
repetition rates and the maximum delay corresponds to the smallest of
the lasers’ periods. Once the THz signal is measured a time conversion
is performed from real-time to time-delay as shown in Fig. 3.6.
Considering the previous values, 1 ns is swept in a few tens of ps with
an approximated step of tens of fs. Due to the high scan rates of these
systems the detrimental influence of most of the spectral noise of the
optical source, which is usually distributed below 1 kHz, is suppressed.
Thus, measurements at the shot noise limit can be performed without
need for noise suppression devices such as lock-in amplifiers.
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Figure 3.6: Asynchronous optical sampling.

However, for applications requiring shorter scanning ranges most
of the swept time is wasted. By increasing the repetition rates it
would be possible to reduce the scanning range, but it would be
necessary to use optical pulses with lower peak powers for a given
maximum power manageable by the PCAs.

A recent approach, known as electronically controlled optical
sampling (ECOPS) [121], modifies the scheme of ASOPS by including
electronic control to restrict the sweeping range to those parts where
meaningful data appear. To do so, both lasers are synchronized in a
master and slave configuration by means of a phase-locked loop
(PLL), a proportional-integral-differential (PID) actuator and a
function generator. While the master laser is free-running the cavity
length of the slave laser is controlled by means of a piezoelectric
actuator. When the signal generator applies voltage to the phase-
detector of the PLL the phase condition of the loop is changed. The
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loop stabilizes the system by applying a voltage to the piezoelectric
actuator that changes the cavity length of the slave laser. Therefore,
different temporal sweep patterns can be obtained according to the
signal applied to the phase detector. In pump/probe experiments such
as THz-TDS systems, a square signal is usually the best option since it
generates a ramp-type delay.

Despite their good performance, ASOPS and ECOPS require two
optical sources. A technique named optical sampling by cavity tuning
(OSCAT) which is based on a single ultrafast laser has been recently
proposed [122]. It is based on using different lengths for transmitter
and receiver paths as well as a single femtosecond fiber laser with a
piezoelectric actuator attached to its cavity to slightly change the
repetition frequency. According to differences in distribution paths a
different repetition rate is applied to the PCAs at the same time. Its
work of principle is very much a simplification of ECOPS but saving
one of the optical sources by means of temporal multiplexing.

Techniques previously reported rely on the modification of the
optical source. Processing of pulses already generated is another
possibility which does not rely on the modification of the source.

Different media can be employed to implement optical delays [123]
although we focus on fiber-based solutions. In this context, the TBP
relates implemented delays and bandwidth of the delayed signal. Large
TBP are in general desirable because they allow large delays for
wideband signals. Most solutions based on non-linear effects such as
SBS [124] or SRS [125] provide small TBP due to their limited
bandwidth. The SPM effect was recently reported to implement large
delays despite severe pulse widening [126], which is not useful for
spectroscopy applications but could be employed in communications
applications. Solutions based on gain saturation in a SOA are
interesting because even when small delays are obtained, the solution
is wideband and highly scalable [127]. Schemes based on electrooptical
modulation of the optical spectrum have also been reported through
phase [128] and amplitude modulation [116]. Chirped-fiber Bragg
gratings (CFBG) or optical fiber are employed to perform frequency-
to-time and time-to-frequency conversion, as in paper E. When
dealing with femtosecond pulses optical fiber is the best choice due to
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the limited bandwidth of CFBGs, although residual TOD limits the
performance of the system.

Next sections focus on the study of alternative schemes able to
delay femtosecond pulses. Special emphasis is made on techniques able
to sweep long delay ranges at repetition rates over the bandwidth of
the optical source RIN, thus the LIA could be removed.

3.2.1 Pulse Delay based on Gain Saturation in
Semiconductor Optical Amplifiers

When an intense optical field is injected into an SOA its gain and
phase profiles temporally change due to carrier density variations
arising from saturation. These changes apply to the saturating signal
and any other signal injected. This mechanism was reported in paper
E to generate a pulse shaper. By using chirped pulses, instead of
transform-limited ones, the different spectral components will suffer
from different amplitude and phase modulation. Paper F reports how
this modulation can be employed to delay, or advance, femtosecond
pulses according to the sign of the chirped pulses. The magnitude of
the time shift directly depends on the electrical current biasing the
SOA since it is related to its recovery time. Little to no degradation
was observed on the performance of the pulses for the whole delay
range. Thus, the technique is suitable for THz-TDS systems as
reported in the paper since no changes were appreciated in the THz
spectrum for different delays. Although delays obtained are not large
enough to sweep THz traces, the lack of pulse degradation suggests it
could be done by cascading several SOAs and using pulses with
stronger chirp. The bandwidth of the electrical port of the SOA,
already reported in [129], is large enough to perform measurements at
MHz rates.

3.2.2 Optical Delay Line based on Frequency-to-
Time Modulation

Electrooptical modulation of the optical spectrum of a pulsed source
seems to be an interesting approach because it is not fundamentally
limited in bandwidth, meaning that in principle ultra-short pulses
could be delayed without severe degradation. The main concept
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behind delay through time modulation of spectra is domain switching.
As discussed in Chapter 1, the modulation of a CW laser with a LO
microwave tone generates different frequency terms (sidebands around
the optical carrier). By chirping ultra-short pulses the frequency
spectra is being brought to the time domain. Analogously, the time
modulation of such chirped signals originates additional terms in the
time domain. Delays implemented using this technique depend on
both chirp and modulation frequency. Thus, tunable optical delay
lines may be obtained employing tunable electrical sources. The main
problem of this approach is that several pulses are generated and
additional filtering stages are necessary to select the optical pulse. In
paper G the use of a complex modulation such as single-sideband
suppressed-carrier (SSB-SC) is proposed to achieve single pulse
generation. This approach does not need additional stages and
provides tuning ranges large enough to sample THz traces. Although
pulses are widened up to the picosecond range due to TOD of the
optical fiber employed to perform frequency-to-time conversion,
techniques that have been proposed to compensate for the TOD of
fiber links [130] should be considered to provide transform-limited
pulses. The tuning speed of available local oscillator allows sweeping of
the whole delay range at high frequencies, potentially reducing the
effect of RIN noise on recorded THz traces.
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Chapter 4

General discussion

The previous chapters provided the necessary background to
understand the ideas developed in the appended papers as well as a
brief review of the main ideas developed. The context and motivation
behind each idea have also been addressed. This chapter is dedicated
to discuss the results obtained.

For photonic microwave filters the work was oriented towards the
development of techniques providing enhanced performance compared
with pure electrical solutions. The first idea provides dynamic
reconfigurability of the response of transversal photonic filters based
on dispersion and multiwavelength sources as well as a reduction in
the number of components. The measurements performed showed an
increase in the number of taps thanks to cascaded effect of
degenerative four-wave mixing controlled by FEr-doped fiber
amplification. The bandpass frequency is tuned independently from
the filter shape by changing the emission wavelength of the optical
source thanks to the large bandwidth of FWM. Additional control on
the coefficients’ amplitude distribution was provided by the optical
filter implemented through the combined effect of a piece of PMF and
the polarization dependence of our LiNbOsbased Mach-Zehnder
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modulator. This allowed the implementation of particular filter
shapes, such as a uniform response and a Hanning window. To sum
up, we propose a filter whose response can be dynamically controlled
and is independent of the bandpass frequency, which is easily tuned
and only limited by the bandwidth of the photodetector.

The next two papers focused on the design of single sideband
filters compatible with RF applications. Both are based on direct
sampling of narrow optical filters in the electrical domain. The first
approach employs a phase-shifted fiber Bragg grating. The phase shift
could be induced by means of different elements, although the
experimental measurements were performed using a piezoelectric
actuator. A Mach-Zehnder modulator was single-sideband modulated
and its emission wavelength placed next to the grating response in
such a way that frequencies modulating the optical carrier experience
attenuation except for the transmission peak induced by the phase
shift. The demonstrated bandwidth could be further decreased by
employing smaller stretching devices, while the tuning range of the
filter could be extended by using gratings with a wide response such as
chirped FBGs.

The last paper of Chapter 2 also relied on the sampling of optical
responses. In this case a microring resonator fabricated in silicon was
employed and the optical carrier was phase-modulated. Thus, single
bandpass responses are obtained from notch filters as opposed to the
conventional need of an optical bandpass filter to implement a
bandpass microwave response using single-sideband modulation of the
optical carrier. Although experimental results were not able to sample
the whole response due to the limited bandwidth of the phase-
modulator available, the approach should provide responses much
narrower that the one reported in the paper by design of advanced
resonators. Continuous development of photonic integration
technologies is expected to provide compact and low-cost integrated
filters such as the one proposed, since this architecture employs a
simple EOM and all the components allow for monolithic integration
on a single photonic chip.

Chapter 3 was dedicated to the study of fiber-based THz
processing techniques. Free-space components have been traditionally
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employed to build THz setups. However, recent availability of
photoconducting materials compatible with 1.5 pm light allows the
application of fiber-based processing techniques to these systems,
providing advantages in terms of size and stability. This chapter
addressed two main problems of THz-TDS systems: limited power and
long acquisition times. Pulse shaping can solve the former by focusing
the energy into narrow emission bands. Two schemes have been
proposed to solve this problem. The first one relies on nonlinear effects
taking place in the optical fiber used to distribute pulses. The amount
of optical power controls the intensity of the SPM effect, which is used
to break the original pulse into a set of subpulses originated from
TOD. Accordingly, the central frequency of the radiation depends on
the amount of TOD while the intensity of SPM affects the bandwidth
of the radiation. The experimental results presented agreed well with
performed numerical simulations and the FWHM emission bandwidth
was considerably reduced. This architecture shows potential for simple
focusing of the radiation without requiring additional elements. The
second architecture is based on modulating the optical spectrum in the
time domain. The dispersion of the standard fiber employed to
distribute the pulses performs frequency-to-time conversion and the
spectral components are differently modulated in an interferometric
SOA structure using shaping optical pulses to change the interference
condition. Experimental results show independent tunability and
reconfigurability of the THz radiation for the whole bandwidth of the
THz-TDS system. The proposed scheme is based on dispersion, which
is inherent to the propagation of pulses through optical fiber, and the
same optical source that is employed to generate the pulses is also
employed as the shaping signal. Thus, the system shows potential to
be implemented without requiring more elements than the SOA
interferometer.

One of the main limiting factors when performing measurements of
THz traces is the acquisition time. Due to the limited movement speed
of mechanical elements the relative intensity noise of the optical
source considerably reduces the dynamic range of the system and
averaging becomes necessary, further increasing the measurement
time. To solve this problem we propose the implementation of delay
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lines using different techniques. One of them is based on the gain
saturation of an SOA by chirped pulses. Thus, the spectral
components which enter first on the SOA observe different gain and
phase shift than the rest of frequencies. When recompressing the pulse
a different delay or advance is obtained according to the sign of the
initial dispersion. The problem with this technique is that delays
obtained are not that large, in the range of a few pulse widths.
However, due to small pulse degradation the system is highly scalable
and cascaded SOAs should provide increased delays and advances.

The last paper deals with the implementation of larger delays
through frequency-to-time conversion, similarly to the previously
commented pulse shaping approach. Single-sideband suppressed-carrier
modulation allows for the generation of single pulses as opposed to
previously reported solutions which require further processing of the
generated waveforms. Advances and delays large enough to provide
GHz resolution in the measured spectra were generated, although
pulse widening is a problem that must be addressed. However, phase
modulation of the stretched pulses has already been demonstrated to
reduce pulse widening and could be combined with the proposed
scheme to provide such large delays without high degradation. It must
be highlighted how all of the processing techniques for terahertz
systems proposed along the thesis are based on basic properties of
optical fiber: dispersion and nonlinear effects. Detrimental effects of
the propagation medium become useful for processing applications.
Moreover, fast SOAs and signal generators able to sweep THz traces
at frequencies higher than the noise content of the optical source are
available, meaning that the proposed solutions do not only implement
optical delays without moving elements but are also able to perform
faster measurements with increased dynamic range.
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Chapter 5

Conclusion

Optical fiber has become the preferred transmission medium for data
exchange due to its excellent properties. Its low losses, especially at
1.5 pum, allow for long distance transmission of vast amounts of data.
Additionally it is robust, flexible, cheap, and has low-weight and
volume. These features motivate research and development efforts to
satisfy the demands of the information society which is based on
optical data transmission. The resulting technology can also be
exploited to benefit other regions of the electromagnetic spectrum. A
signal in another band can be converted to a new space where it can
be processed, transmitted and then converted back to its original
frequency. Although at first more complex than direct processing, this
conversion opens new possibilities and allows functionalities and
performance not attainable in the original domain. In practice the
optical processing of signals is only limited by the bandwidth of
electrooptic and optoelectronic converters.

This approach has been followed in the Thesis to obtain new
functionalities in the microwave and THz regions of the spectrum. The
applications in these two bands followed different paths. While
microwave photonics developed parallel to the telecommunication
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industry aiming to provide increased performance to data processing
and distribution, the THz range has long been dedicated to basic
sciences. However, the recent availability of photoconductive materials
which can be fed using telecom light not only shows potential to
reduce the cost of the system but also allows for fiber-based processing
techniques. Thus, the bandwidth of electrical signals that can be
processed using these techniques comprises now more than 6 decades,
from a few MHz to several THz.

In this Thesis different approaches performing optical processing
in both the microwave and terahertz band were addressed. Photonic
filters with comparably increased performance with respect to pure
electrical solutions were studied. Although the experimental results
were obtained at microwave frequencies the principle of operation of
the proposed techniques is still valid at THz frequencies if suitable
electrooptic and optoelectronic conversions are available. The study
focused on obtaining dynamically reconfigurable and single-bandpass
responses. The contributions made are significant because they reduce
the cost of photonic microwave finite impulse response filters based on
multiwavelength sources and dispersive medium, and propose novel
techniques to obtain single-bandpass responses based on simple optical
filters with applicability to RF systems and potential for monolithic
integration. The processing of ultra-short pulses is also addressed by
using fiber-based elements. In this Thesis, dispersive and nonlinear
effects taking place in optical fiber are employed to perform optical
processing in a simple way while circumventing inconvenient
mechanical technologies. Techniques with potential to increase the
performance of current THz systems are investigated. Original
concepts for shaping of THz radiation to obtain increased spectral
brightness through concentration of the THz energy in narrow
bandwidths are reported, as well as the initial development of optical
delay lines with no moving parts but potential of greatly enhancing
the acquisition speed of THz-TDS systems. Thus, the two main
limitations problems of current THz technology, low power and long
acquisition times, are addressed.

To sum up, the excellent performance of optical fiber as
transmission medium enables not only long distance data transmission
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but also processing of a wide range of frequencies in the optical
domain. Optical processing is appealing because it enables
functionalities not attainable by processing in other wavelengths. In a
practical scenario the maximum frequency that can be processed is
given by the conversion bandwidth. In this Thesis several fiber-based
processing techniques are studied. Although they are demonstrated at
certain frequency ranges all of them are applicable to any other band
supported by the optical fiber.
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A simple technique to reshape the response of tapped delay line
photonic microwave filters is demonstrated. The technique is
based on the generation and control of a set of optical carriers
by means of four-wave mixing. Experimental results show
reconfiguration from 2 to 5 taps with uniform and apodized

amplitude distributions.

I. Introduction

Photonic  technology offers an alternative implementation of
microwave filtering which shows attractive features over its pure
electric counterparts: wide bandwidth (up to 100 GHz), seamless
tunability, low sensitivity to electromagnetic interference, and
potential of integration with radio over fiber links [1], [2]. In the last
years different approaches have been proposed including infinite-
impulse response filters [3], ring resonators [4], [5], nonlinear effects in
fiber [6] and finite-impulse response tapped delay line filters [7]-[12].
Among these options, delay line filters have attracted particular
interest due to their flexibility to implement a wide range of
functionalities such as flat-top bandpass responses based on positive
and negative coefficients, fast tuning, etc. On the other side, this
approach is traditionally based on using as many optical sources as
filter taps which limits its scalability. To overcome this limitation,
reduce cost and ease practical deployment, several methods have been
studied. These include the use of optical spectrum slicing [7], which
reduces the filter performance in terms of noise; and comb sources
[10]-[12], which offer good performance but can require complex



control signaling, increasing the complexity of the system. In [12] fast
tuning as well as high stopband attenuation (70 dB) were
demonstrated using comb sources combined with four-wave mixing
(FWM) with the double objective of increasing the number of modes
and smoothing the comb response. The former approach however does
not offer, in principle, the control of the individual laser mode
amplitudes and thus have restricted capabilities to dynamically
control the filter response by means of tap windowing. Some schemes
have addressed this issue by offering limited control or an increase in
complexity [13], [14].

In this paper, an approach to increase the number of taps
featuring dynamically control the filter shape based on FWM is
demonstrated. By controlling the gain of an optical amplifier and the
state of polarization the number of taps of the filter as well as its
response shape can be controlled.

1II. Principle of operation

The technique is based on the dynamic control of the shape and
number of optical carriers (i.e., filter taps) in a taped delay line FIR
filter based on a set of optical carriers and a dispersive medium by
means of FWM. FWM is a parametric process given by the third-
order electric susceptibility of the fiber [15]. In general it occurs when
three waves of different wavelength (v,, v,, v;) copropagate in a fiber
generating new waves whose frequencies are a combination of the
original frequencies. If all the degenerate and partially degenerate
processes are taken into account products at nine new frequencies are
produced although the weaker frequencies are usually neglected and
only the strongest frequency component at v,=v;4(0,-0,)=V,+(v5V;),
known as idler, is considered. In the particular case where only two
waves of different frequency are present, case known as partially
degenerated FWM, two idler waves are generated as shown in Fig. 1
although by increasing the power of the optical carriers it is possible
to generate additional carriers. Thus, by controlling the power of the
pump carriers (for instance using an optical amplifier) it is possible to
control the number of carriers (filter taps) and their amplitude.
Additionally, further control may be obtained by adding optical



filtering after the FWM carrier generation stage to improve the
control of the filter amplitude distribution.

FWM generated idler carriers can be used to increase the number
of taps of a photonic microwave filter while keeping control of the
relative amplitude among the carriers, i.e., controlling the shape of the
filter response.

The technique does not affect the tuning of the filter response,
which may be performed either by changing the wavelength spacing
between the original optical carriers or changing total dispersion in the
dispersive medium, as reported elsewhere [1].

I11. Experimental results

The experimental setup is shown in Fig. 2. Two continuous-wave
optical sources (one distributed feedback laser, DFB, at 1559.6 nm
and one external cavity laser, ECL at 1560.4 nm) were used as pump
waves. These are amplified by a high-power erbium-doped fiber
amplifier (EDFA) and applied to a reel of highly nonlinear fiber
(HNLF). The HNLF used has a zero dispersion wavelength (i) of
1562 nm, a dispersion slope S of 0.018 ps/(nm”-km), a nonlinear
coefficient y of 10.8 W' km™ and a length of 900 meters. At the
output of the fiber FWM results in the generation of new carriers.
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Figure 1: Schematic spectrum of frequency components generated for
partially-degenerated FWM.
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Figure 2: Experimental setup of the reconfigurable multiple tap delay line
filter based on two optical carriers. PMF: Polarization maintaining fiber, BPF:

bandpass filter.

The filter response is controlled by changing the number and
relative amplitude of the optical carriers. It is done by changing the
power of the pump carriers through the gain of the optical amplifier.
Additionally, to increase control over the optical carriers, the
amplitudes of the optical carriers can be adjusted by means of optical
filtering [16]-[19]. A polarization controller and a short length of
polarization maintaining fiber (differential group delay, DGD, of
around 1.5 ps), is introduced after the HNLF. It results in an optical
filter generated by the light travelling along the two axes of the
modulator with the DGD introduced by the PMF. Fig. 3 shows the
optical filter response obtained for different polarization states at the
input of the PMF. As it can be seen the optical filter FSR is around
5.5 nm which agrees with the theoretical value (5.4 nm). This optical
filtering stage allows further adjustment of the amplitudes of the set of
optical carriers. After the filter control stage, optical carriers are
modulated in a quadrature-biased (QB) Mach—Zehnder modulator, fed
by the microwave signal generated by a vector network analyzer
(Agilent PNA-X). To avoid dispersion induced fading a dual-drive
MZM is used to get single sideband modulation (SSB). After
modulation the signals are amplified and filtered to reduce noise and
launched to a reel of 10 km standard single mode fiber (SSMF) where
time delays are generated through fiber dispersion. Finally, the signals
are photodetected and the filter response obtained as the S,

parameter in the vector network analyzer.
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Figure 3: Some optical filter response implemented with a PMF and an
external amplitude modulator for different input polarization states.
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Figure 4: Notch filter response obtained with low EDFA gain. The solid curve
represents experimental results and dashed one theoretical results obtained
from fitted parameters.



Controlling the gain of the high-power EDFA and the polarization
at the input of the PMF it is possible to control the amplitude
distribution of the optical powers and therefore reshape the filter
response. Fig. 4 shows the filter response using the setup of Fig. 2
when the high-power EDFA is kept at low gain, no significant FWM
is generated and a two-tap notch filter response is obtained as in a
conventional tapped delay line photonic microwave filter.

If the gain of the high-power EDFA is increased, idler carriers are
generated [Fig. 5(a)]. To shape the filter response the gain of the
EDFA is adjusted jointly with the optical filter response generated by
the combination of PMF birefringence and the polarization axis of the
external modulator.

Adjusting both EDFA gain and polarization at the input of the
PMF, a three-tap delay line filter can be implemented as shown in
Fig. 5(a) where the optical spectrum showing SSB-modulated optical
carriers is depicted. Fig. 5(a) shows how several idler waves are
generated but only some of them, three in this case, have enough
power to generate significant microwave taps. As it can be seen in Fig.
5(b), a uniform amplitude distribution can be obtained.

Fig. 6 shows results for a four-tap delay line filter. Both uniform
and particular amplitude distributions (for instance, a Hanning
window) can be obtained with the proposed technique as shown in
Figs. 6 and 7(b).
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Figure 5: (a) Optical spectrum. (b) Three-tap filter response. Solid curve
experimental results, dashed curve theoretical results obtained from fitted
parameters.
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Figure 6: Optical carriers corresponding to a four-tap amplitude distribution
according to a Hanning window.
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Figure 7: Four-tap filter response. (a) Uniform amplitude distribution.
(b) Hanning window distribution as shown in Figure 5. Solid curves represent
experimental results, and dashed curves theoretical results obtained from

fitted parameters.
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Figure 8: Five-tap filter response. Solid curve experimental results, dashed

curve theoretical results obtained from fitted parameters.

Finally, a five-tap apodized filter response ([0.8 1 1 1 0.8]) is
obtained as shown in Fig. 8. In this case a dispersive fiber of 25 km
was used and the filter used to reduce noise was eliminated to
accommodate the FWM-generated optical carriers.

Although the proposed technique has been demonstrated for a
modest number of seeding optical carriers the principle can be
expanded to generate a number N of spectral samples starting from
N/2 pumping laser modes.

IV. Conclusion

An approach to dynamically reshape the transfer function of a
multitap photonic microwave filter by changing the number of taps
and controlling the amplitude distribution has been demonstrated.
Proof-of-concept experiments have shown the dynamic reconfiguration
of a photonic microwave filter response by changing both the number
of taps from 2 to 5 in a setup with two optical sources and the
amplitude window (uniform and Hanning). The scheme is simple and
can be easily integrated in radio over fiber links.
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A novel tunable photonic microwave single bandpass filter
based on the optical resonance originated by a local phase shift
introduced in the periodic structure of a fiber Bragg grating is
proposed. Dynamic control of the phase shift is obtained
employing a piezoelectric transducer in order to stretch the
grating, thus changing the resonance wavelength. A photonic
microwave filter is obtained by using an optical single-sideband
modulation. Experimental results are provided in order to prove

the concept.

I. Introduction

Photonic  technology has found many applications in data
transmission, sensing, bio and microwave photonics [1], especially in
the microwave and millimeter-wave bands where better performance
in comparison with traditional technology can be obtained. One of the
most interesting areas where optical technology could provide benefits
is photonic microwave filtering. Many different architectures have
been proposed [2]-[5], offering advantages such as low and frequency-
independent loss or tunability and reconfiguration of the filter
response. However, most optically implemented microwave filters
exhibit periodic transfer functions, preventing their use in radio-



frequency (RF) applications. Several single bandpass microwave filters
have been proposed to overcome this drawback [4], [5].

One of the most employed optical filters is the fiber Bragg grating
(FBG). It consists of a periodic modulation of the refractive index of
the core of an optical fiber along its longitudinal axis. When a phase
shift occurs into this periodic structure an optical resonance is
induced, allowing the implementation of optical narrow-band filters [6]
or fiber lasers [7]. The optical resonance wavelength depends on the
phase shift value, thus dynamic control of this value allows the tuning
of the resonance inside the FBG bandwidth.

This letter presents a novel architecture for implementing photonic
bandpass microwave filters. It is based on optically filtering a single
side-band (SSB) modulated signal by means of a phase-shifted fiber
Bragg grating (PSFBG). Since the optical filter is employed in
transmission, an optical circulator is not required that reduces loss
and complexity. The proposed scheme induces a dynamic phase shift
employing a plumbum zirconate titanate (PZT) piezoelectric actuator,
allowing for continuous tunability of the induced resonance and
therefore the microwave filter response. Since the proposed scheme
employs a PZT actuator to induce the phase-shift it exhibits benefits
in terms of speed (less than 1 ms according to the PZT specifications)
and simplicity in comparison with previously reported architectures
based on temperature control [8] or changes in the index of refraction
induced by means of an additional optical signal [9]. Although
employing a tunable laser to tune the microwave response is not
required, and wusing fixed wavelength lasers could reduce the
complexity of the system, tuning the emission wavelength of the laser
would provide more flexibility to the system.

1I. Filter operating principle

The operating principle of the proposed filter is based on optically
filtering a SSB-modulated microwave signal. The emission wavelength
of a tunable laser source (TLS) is chosen to fall close to the notch
optical response of an FBG. Therefore, frequencies falling in the notch
response will be attenuated. If a phase shift is created by a local
variation of the period and the refractive index of the FBG, an optical
resonance appears into the notch response at a wavelength determined



by the value of the accumulated phase shift induced in the grating.
Considering a realistic scenario where the period suffers an harmonic
change due to the stretching of the grating [10] as illustrated in Fig.

1(a)
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where AA, .
stretched period and the original period A, 1 is the length of the

stands for the maximum difference between the longest

perturbation, and z the position into the perturbation. From (1) the
accumulated phase shift of the periodic structure can be demonstrated
to be as follows [10]:

A,
¢:47[L(A07r+2AAm)AOJl (2)

Once the phase shift is induced by stretching of the fiber,

microwave frequencies falling in the resonance will not be attenuated,
thus a microwave bandpass filter will be obtained after
photodetection. Given a certain phase shift and perturbation length
the resonance condition can also be calculated employing (2) and the
coupled mode theory.

Moreover, if a photodiode (PD) having a bandwidth smaller than
the FBG full-width at half bandwidth (FWHM) is employed a
microwave single bandpass filter will be obtained.  Fig. 1(b)
summarizes the operating principle of the proposed filter.
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Figure 1: (a) Phase-shifted grating profile. (b) Filter operating principle:
grating response with indication of three SSB modulated signals at frequencies
f,, f, and f,; and filter response after photo-detection.



II1. Experimental setup

Fig. 2 shows the scheme of the proposed filter. An optical carrier is
injected to a dual-drive Mach-Zehnder modulator (MZM) feed by the
microwave signal to be filtered. To obtain a SSB modulation the MZM
was quadrature biased and an electrical hybrid was required to feed
the arms of the MZM with a n/2 shift. The obtained SSB signal is
applied to the PSFBG, where a piezoelectric actuator was fixed to the
grating. By applying a dc voltage to the PZT actuator its size
increases, stretching the fiber and inducing an accumulated phase
shift.

Fig. 3(a) illustrates the response of the PSFBG in transmission.
Due to the optical spectrum analyzer resolution of 10 pm the actual
width of the resonance could not be measured. However, a FWHM of
0.15 nm for the grating can be extracted, thus a tuning bandwidth of
18.75 GHz for the bandpass filter is obtained. In Fig. 3(b), the
simulated spectrum obtained by means of the coupled mode theory is
depicted.

The photonic microwave filter implemented was measured
employing a network analyzer. A commercially available PZT actuator
was glued to the center of the FBG as stretcher. Electrical
amplification was placed after photodetection in order to stay over the
noise floor of the measuring device. The results obtained are included
in Fig. 4 where the microwave bandpass filter obtained exhibits a
FWHM of 130 MHz and an extinction ratio (ER) close to 15 dB. The
tunability of the filter is performed changing the dc voltage applied to
the stretcher. An inset illustrates the existing linear dependence
between the peak frequency of the implemented bandpass filter as a
function of the dc voltage for a laser wavelength of 1541.6 nm. When
a 20.39-V voltage is applied to the actuator the stress suffered by the
whole grating is the same, thus no accumulated phase shift is induced
and the filter disappears. In Fig. 4, the bandpass filter exhibits two
peaks as it is clearly appreciated for the filter centered at 2.6 GHz.
This is caused by birefringence in the FBG, since a difference in the
effective refractive indexes appears between orthogonal polarizations of
the optical field. The wavelength of the optical resonance depends on
the accumulated phase shift induced by stretching the grating, thus a
change in the index of refraction means different resonance conditions.
This originates two peaks in one of the photonic microwave responses



included in Fig. 4. To obtain just one peak a polarization controller
could be included before the PSFBG, so the linearly polarized optical
field coming from the MZM is adjusted to fit one of the optical axis of
the fiber.

The frequency range for tuning the microwave filter is limited by
the FBG bandwidth, which could be increased employing gratings
with special apodization profiles [11], [12]. The ER of the microwave
bandpass filter depends on the depth of the resonance, since this
parameter determines how much attenuation is introduced to the
optical sideband for frequencies falling out of the optical resonance
induced in the FBG. However, the ER will never be greater than the
square of the power difference between the optical carrier and the
ideally suppressed sideband of the SSB modulation, since the beating
between these components will originate a certain electrical power at
the output of the PD independent of the beating between the other
sideband and the optical carrier. The width of the microwave single
bandpass filter is determined by the length of the perturbation
induced in the grating, thus employing shorter stretching lengths
narrower bandpass filters could be obtained. However, as it is inferred
from (2), considering a constant phase shift to shorten the stretching
length would mean higher dc voltages are required to increase the
stretching of the fiber. Thus, employing small piezoelectric actuators
with high-voltage sources would lead to the implementation of tunable
microwave bandpass filters with narrower bandpass bandwidths.
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Figure 2: Scheme of the proposed photonic microwave filter.
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Figure 4: Photonic microwave filter response for several values of dc voltage
applied to PZT actuator.

IV. Conclusion

A tunable photonic microwave single bandpass filter implemented by
means of optically filtering a single sideband signal employing a phase-
shifted FBG has been proposed. A piezoelectric actuator induces a
phase shift by stretching the fiber, thus dynamic tuning of the
microwave filter response is achieved controlling the voltage applied to
the stretching device. The piezoelectric actuator also provides
important benefits in terms of speed and simplicity in comparison with
changing temperature or the index of refraction when employing
another optical signal.

The performance of the implemented microwave filter depends on
the grating bandwidth as well as its reflectivity, thus employing high-
index contrast FBGs is recommended. The size of the perturbation
induced by the stretcher is also of importance, since it determines the
width of the microwave bandpass filter. Although employing shorter
perturbation lengths would allow for narrower responses, higher
voltages feeding the piezoelectric actuator would be required.
Experimental results proving the concept are provided. The tunability



of the system is also illustrated and good performance for the

implemented microwave filter is observed.
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A novel tunable single bandpass photonic microwave filter is
proposed. It is based on optically filtering one of the sidebands
of a phase-modulated optical carrier by means of the notch
response of a silicon-on-insulator ring resonator. The filter
response can be tuned by changing the laser wavelength.
Experimental results to prove the concept are provided.

I. Introduction

Optical technology can be used to improve the performance of
microwave and millimeter-wave systems [1]. Among the different areas
where photonics could provide benefits to microwave technology,
photonic microwave filters have attracted considerable interest.
Different optical implementations of photonic microwave filters have
been proposed [2]-[10]. This alternative approach to microwave
filtering offers benefits such as low and spectrally constant loss,
electromagnetic immunity as well as reconfiguration and tunability.
However, photonic microwave filtering has to overcome a few issues to
get closer to market. One of them is the need of single bandpass
responses as conventional finite impulse response photonic microwave
filters have periodic filter transfer functions. That prevents their use in
practical radio-frequency (RF) applications. Therefore proposals to
reduce this effect have been proposed [6]-[8]. Another important issue
is cost and size, and work is being carried out to reduce them through
the implementation of photonic filtering structures compatible with
complementary metal-oxide-semiconductor (CMOS) silicon-based
photonic integration [9].



This letter presents a photonic microwave filter based on a phase
modulator and the use of a notch ring resonator to implement a single
bandpass filter. This approach will allow the implementation of very
compact, low-cost, low-consumption, integrated photonic microwave
filters in a silicon chip.

1I. Filter operating principle
Given an optical carrier injected to a phase modulator (PM) fed by an
RF signal, it is well known that the generated sidebands are out of
phase. The optical field at the output of the phase modulator under a

small signal model is described by

E,\ (1)=E, 'Jo(mPM)ejw +Ey-J (myy, Jel (et —E,-J, (mPM)ej(%WRF), (1)
where E is the optical field of the source, wy and wgg are the angular
frequency of the optical carrier and RF signal, respectively, J,(+) is the
nth-order Bessel function of the first kind, and mpy is the phase
modulation index. If the modulated signal is applied to a
photodetector (PD), due to the mentioned -phase difference, no RF
signal is obtained. However, this would not occur if one of these bands
could be removed. This is the operating principle on which the
proposed filter is based.

Fig. 1(a) illustrates the scheme of this filter, while Fig. 1(b)
summarizes its principle of operation. An optical carrier is phase-
modulated by an RF signal. The output field is then applied to an
optical notch filter, in such a way that when only one of the sidebands
is removed, the RF signal will be obtained at the output of the PD.
Since this will only happen for frequencies falling in the notch peak,
an electrical bandpass filter is obtained.

In this way, a bandpass photonic microwave filter is implemented
from an optical notch structure reducing the complexity of the system.
Moreover, if an optical filter with a free spectral range (FSR) higher
than the PD bandwidth is employed, we can consider this microwave
filter to be single bandpass. Although other structures could be used,
silicon-on insulator (SOI) ring resonators would be suitable due to its
notch behavior and high FSR when designed with small radius. It
must be highlighted that all the devices could be integrated on a
single photonic integrated circuit (PIC).
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Figure 1: (a) Scheme of the proposed filter. (b) Ring resonator spectral
response with the optical spectra at the output of the phase-modulator in the
case of some electrical frequencies. The photonic filter response is also shown.

I11. Experimental results

Experiments have been carried out to show the feasibility of the
proposed architecture. A ring resonator was designed with a 20-pm
radius, where the gap between the waveguide and the ring is 200 nm
because of the desired ring FSR and the rest of the parameters. The
wavelength response of the ring was measured employing a tunable
laser source (TLS). As Fig. 2 illustrates, an FSR greater than 4 nm
was obtained, meaning that the response of the filter could be
considered single bandpass at frequencies up to 250 GHz.

The setup shown in Fig. 3 was employed to measure the filter
response. The bandwidth of the available phase modulator was only 10
GHz. The network analyzer employed to sweep the RF frequency was
also limited in bandwidth to 8.5 GHz, so the optical carrier had to be
placed close to the resonance. In this case, it was placed at 1551.32 nm
on the right side of the peak. Losses occurring in the alignment stage
and propagation inside the SOI ring introduced 35 dB of attenuation.
Almost 30 dB of these losses are caused by the inefficient process of



coupling light from an optical fiber to SOI waveguides. By means of
erbium-doped fiber amplifiers (EDFAs), 27 dBm of optical power was
achieved after the PM in order to obtain enough power at the input of
the PD.

Fig. 4 shows one of the ring resonances. Due to the existing
dependence between the refractive index in silicon and the optical
power travelling through the waveguide, a power as high as 27 dBm at
the input of the ring resonator shifted the resonance wavelength more
than 250 pm when compared with Fig. 2. By fitting the resonance
with a Lorentzian curve, the full-width at half-maximum (FWHM)
and Q-factor values were 144 pm and 10 770, respectively. Despite
these good values, only about 10 dB of extinction ratio (ER) were
obtained. From this measurement, a 3-dB bandwidth of 18 GHz with
an ER near 20 dB is expected for the microwave photonic filter.

The measured photonic filter response is illustrated in Fig. 5(a), as
well as the estimated filter response from the resonance of Fig. 2 and
its Lorentzian fit. Due to the limited frequency range which we were
able to measure, only the rising slope of the filter was obtained, with
an ER of almost 20 dB as expected. All the curves show the same
behavior, although at high frequencies the measured spectra falls in
comparison to the estimated ones due to the limited bandwidth of
both PD and PM. The PD employed had an electrical amplifier placed
after the PIN photodiode, whose gain was not flat over the full range
of frequencies considered.

Although it was not possible to measure the whole filter spectra, it
was estimated from optical measurements and illustrated in Fig. 5(b).
An inset included in this figure shows the estimated responses when
employing the Lorentzian fitting curves, where it must be stated that
the ER is higher due to the absence of ripple at both sides of the peak.
The estimated filter responses were obtained as follows. The optical
signal at the output of the phase-modulator when applying an RF
tone was obtained according to (1). Considering a laser wavelength
emission of 1551.32 nm, loss for each wavelength can be obtained from
Fig. 4. Finally, the photodetection process was carried out so the
electrical power at each considered frequency, from 1 to 100 GHz, was
obtained. In order to illustrate the tunability of the system, two more
wavelengths were considered as Fig. 5(b) shows. In order to avoid the
ripple out of the bandpass, antireflective coating at both the input and



output of the SOI ring resonator could be employed, suppressing the

Fabry-Pérot response introduced by existing reflections at these
accesses.

Figure 2: Experimental response of the designed SOI ring resonator as a
function of the wavelength.
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Figure 3: Setup employed while measuring the filter response.
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Figure 4: One of the measured resonances. A Lorentzian curve is also included

(dashed line), fitting the experimental measurements. Inset: scanning electron

microscope (SEM) image of the ring resonator.

The stability of the tunable laser is one important issue to be
taken into account, since to implement a stable photonic microwave
filter, a stable wavelength reference is needed. The tunable laser
employed had 5 pm/h and 0.01 dB/h of wavelength and power
stability, respectively. Another important issue is the stability of the
SOI ring resonator. The optical notch response of the ring could drift
in wavelength due to changes in temperature since in silicon the index
of refraction depends on this parameter. Changes in optical power
when high power signals are used also result in wavelength drifts.
Many solutions are available in order to provide stability to the
system, for example including a Peltier cell or dynamically controlling
the refractive index of silicon by means of Kerr effect by applying an
electrical field.

Improving the ring resonator design and its fabrication process
would provide better filter finesse and ER. To date, SOI ring
resonators with a Q-factor exceeding 130.000 have been demonstrated
[11], giving filter widths smaller than 1 GHz. If toroid microcavities
are employed instead of a ring resonator [12], Q-factors as high as 100
million would be obtained resulting in filter bandwidths smaller than 1
MHz.
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Figure 5: (a) Electric spectra of the photonic filter for a frequency range
between 300 kHz and 8.5 GHz. Continuous line is for the measured response,
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measured resonance and its Lorentzian fitting, respectively. (b) Estimated
filter response by varying the optical carrier frequency. The estimated

response employing the Lorentzian fitting is also included as an inset.



IV. Conclusion

A tunable single bandpass photonic microwave filter implemented
from a notch optical structure has been proposed. It is based on
filtering one of the sidebands generated when phase-modulating an
optical carrier signal by means of the notch response of an SOI ring
resonator. The proposed filter can be considered single bandpass up to
250 GHz, and its frequency is easily tuned when changing the emission
wavelength of the laser. Moreover, the whole system could be
integrated on a single chip providing low-cost and low-size photonic

microwave filters.
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Third-order dispersion and self-phase modulation in standard
single-mode fibers are employed in a fiber-based THz time
domain spectroscopy system for radiation shaping. Ultra-short
optical pulses are converted into trains of pulses, thus shaping
the THz radiation emitted by photoconductive antennas
operating at telecom wavelengths. The proposed architecture
allows narrowband and wideband THz emission as well as
tunability of the central frequency. Since the shaping takes
place in standard optical fiber the architecture could be
potentially implemented without requiring any additional
device. Experiments showing the principle of operation have
been performed demonstrating tunability of the central
frequency between 350 and 800 GHz and bandwidth from 150
GHz to the full bandwidth of the system.

I. Introduction
Radiation generated in the sub-millimeter band is finding an
increasing number of applications in different fields from astronomy
and spectroscopy to communications, nondestructive material testing,
imaging and biology/medical sciences [1, 2]. However, strong
challenges persist unsolved in terms of efficient and versatile
generation and detection.

Notable progress has been done for signals in the lower part of this
band by electrical upconversion from the microwave region with
several commercial solutions being available. Quantum-cascade lasers
[3] have attracted great interest because they are able to provide
relatively high THz power. However they usually work at high
frequencies, limiting their deployment to the upper part of the THz



region, and require cryogenic cooling. On the other side photonic-
based approaches offer reasonable power levels and flexibility to
implement pulsed or continuous-wave solutions [4]. Among the
different solutions existent THz time-domain spectroscopy (THz-TDS)
systems must be highlighted due to their wide use. Recently all-fiber
THz-TDS systems based on photoconductive antennas (PCAs) have
been proposed to reduce size and benefit from the lower cost of
components developed for the telecom industry [5].

The THz band presents high attenuation. However, there are some
spectral windows which show reduced loss. Additionally, narrowband
radiation by the synthesis of particular terahertz waveforms can
concentrate the radiated power in the band of interest circumventing
material saturation [6]. Several schemes, some of them related to
techniques previously applied to the microwave and millimeter-wave
bands [7], have been proposed such as chirped-pulse mixing (CPM) [8]
and Fourier synthesis methods based on phase and/or amplitude
modulation of the spectrum of ultra-short optical pulses [9].

THz systems providing narrowband radiation are usually based on
free-space components and require additional devices in comparison to
standard THz-TDS. This results in bulky and expensive setups which
limit the applicability of these techniques. Here we propose shaping of
the radiation generated using photo-conductive antennas through both
third-order dispersion (TOD) and self-phase modulation (SPM) effects
occurring in standard single-mode fiber at 1550 nm. No additional
components are needed resulting in a simple and cost-effective
solution. The proposed system allows for tunability and
reconfigurability of the emitted THz radiation by changing the
accumulated dispersion and the optical pulse peak power. Preliminary
experiments have been carried out to validate the feasibility of the
technique.

II. Principle of operation
The proposed technique converts a single ultra-short optical pulse into
a train of pulses by controlling the intensity of non-linear effects
occurring in the same optical fiber that is used to distribute the pulse.
The technique exploits the interaction between dispersion and
nonlinear effects in standard fiber.



The frequency dependence of the refractive index of a given
material plays an important role in the propagation of short optical
pulses since its different spectral components travel at different
speeds. This results in the time-broadening of the pulse. Expanding
the mode-propagation constant, B, in Taylor series around a given
frequency, , [10]

/J’(a))=n(w)%=ﬁo+/3,(w—w0)+%,32(a)—w0)2+%ﬂ3(w—a)0)3+... (1)

where ® is the angular frequency, c the speed of light and B, the nth-
derivative of B with respect to the frequency. While B, is a constant,
B, represents the propagation of the pulse envelope at the group
velocity n,. Higher order terms represent dispersion and are
responsible for pulse broadening and distortion. In standard optical
fibers dispersion is mainly given by B, known as second-order
dispersion (SOD) or the group-velocity dispersion (GVD), and, once it
is compensated, by B; or TOD. Higher order terms can be neglected in
a first approach. However they should be considered when lower-order
dispersion terms are compensated and long distance fiber links based
on optical sources with a bandwidth comparable to the central
wavelength are implemented. It is quite common to use the dispersion
parameter (D) as well as its slope (S) instead of the previously defined

variables.
2
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Being A the central wavelength.

In the case of high energy optical pulses, as commonly used to feed
photoconductive antennas, non-linear effects in the fiber have to be
considered. The propagation of optical signals through a non-linear

medium is accurately described by the non-linear Schrédinger equation
(NLSE) [11].
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A refers to the slowly varying pulse envelope, o is the absorption
coefficient, y is the fiber nonlinear parameter, and Ty accounts for the
Raman effect. An optical field propagating along the z-axis is
considered and the time variable T is defined as T=t-f, z so the
frame of reference follows the pulse at its group velocity.

The nonlinear parameter is defined as

y="22 (5)

Ay

where n, is the intensity-dependent part of the refraction index and
A is the effective core area. The latter depends on the modal
distribution of the fiber mode and therefore on the core radius and
index difference between core and cladding.

From (4) it can be seen that dispersion and non-linear effects are
interrelated. Depending on the scenario one of these effects can
dominate. Thus it is convenient to define lengths scales for dispersion
and non-linear effects, L, L’ and Ly;.
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Being T, the initial pulse width and P, its peak power. These
values define length thresholds from whose the dispersion and non-
linear effects become significant (i. e., for simple pulse propagation in
L meters of fiber L<<Lj and L<< Ly, would be desirable so these
effects do not have a noticeable effect on the pulse). L’y becomes
important once the accumulated SOD has been compensated.

This work aims to generate trains of short pulses with a repetition
rate falling in the THz range thanks to the interaction between
dispersion and non-linear effects. Therefore the fiber link must obey
L>>Ly;, L<<L, and L>>L",. The value of Ly, inversely depends on
the peak power of the optical pulse while L’y depends on the fiber
length. The accumulated SOD can be brought close to zero, therefore



decreasing the link Lj, by employing dispersion compensating fiber
(DCF). It is a specialty fiber whose core radius and core-cladding
index difference has been designed in such a way that it presents a
dispersion parameter with opposite sign compared to that of standard
fiber. The proposed shaping system is shown in Fig. 1.

First of all the optical pulses are time-stretched by means of DCF.
Dispersion pre-compensation is performed because broad pulses are
less sensitive to nonlinear effects due to its lower peak power, easing
its distribution and avoiding degradations. These pulses are driven to
both transmitter and receiver by means of an optical splitter. In the
transmitter branch the optical power is controlled and pulses
propagating through standard single-mode fiber (SSMF) compress
again. Pulse breaking arises from the effect of the accumulated TOD
once the SOD has been compensated. This process can be reinforced
according to the intensity of the predominant non-linear effect, self
phase modulation, which originates from the dependence of the fiber
refractive index with the optical power and leads to phase-modulating
the pulse, getting time-shaped and spectrum-broadened [12]. These
effects allow the breaking of a pulse in a set of pulses and the control
of the time difference between train pulses by means of TOD, while
the number of subpulses and its amplitude are determined by the
intensity of the SPM, i. e. the amplitude of the initial optical pulse.
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Figure 1: Pulse shaping scheme performed in the fiber distribution link.




I11. Simulations

To validate the proposed pulse shaping system the NLSE (4) has been
numerically solved using the split-step Fourier method [13]. Numerical
simulations have been carried out including SOD, TOD, loss and SPM
assuming a 100 fs optical pulse propagating through the scheme shown
in Fig. 1. The next table includes the values considered for the

different parameters of the numerical simulation

Table 1.- Simulation parameters.

Block Parameter Value
DCF D -100 ps/km - nm
S 0 (b) and 0.08 - 10° s/m* (c to f)
n, 2.6 - 10 m*/W
o 0.5 dB/km
Aeff 50um?
n, 1.46
Length 6 m (btoe) 60m (f)
Gain control G 1 (b and ¢), 6 (d) and 12 (e and f)
SSMF D 16.667 ps/km - nm
S 0 (b) and 0.08 - 10* s/m® (c to f)
n, 2.6 - 10 m*/W
o 0.2 dB/km
Aeff 80um?
n, 1.46
Length 36 m (b to e), 360 m (f)
Time (ps) Time (ps) Time (ps)
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Figure 2: (a)-(f) Shaped pulses and their corresponding spectra for different

scenarios



Due to the splitter and possible splices 6 dB of power losses are
assumed between the DCF and the gain control stage. Results are
shown in Fig. 2, where the effect of TOD and SPM is appreciated by
changing the amount of fiber (and therefore the accumulated B,), G
and the pulse peak power. Fig. 2 (a) shows the initial pulse as well as
its spectrum. Fig. 2 (b) and Fig. 2 (c¢) assume a peak power of 1 W,
thus no SPM is generated and their spectra remain unchanged. For
the first one the TOD is not considered and therefore the pulse after
SOD compensation is the same as the initial one, while for Fig. 2 (c)
the optical pulse breaks into a set of sub pulses due to the effect of
TOD. A peak power of 630 W, which corresponds to the peak power
to be employed in the experimental measurements, is considered from
now on. The amplitude of the pulse is increased between the DCF and
SSMF sections so SPM arises as it is clearly observed in their spectra.
A power gain of 6 and 12 is assumed for Fig. 2 (d) and Fig. 2 (e),
respectively. The SPM reinforces the pulse breaking process originated
by TOD. By increasing G more pulses are obtained with increasing
amplitude. Fig. 2 (f) shows results considering 10 times longer DCF
and SSMF. Increasing lengths raise not only the accumulated TOD
but also the SPM effect due to the larger pulse-medium interaction
time. The time difference between two consecutive pulses is larger
since the THz frequencies generated directly depend on the
accumulated TOD. As expected from the theory [12] symmetrical two-
peak spectra are obtained as a consequence of the SPM occurring in
SOD-compensated fiber links.

V. Experimental results

Experiments were carried out according to the setup shown in Fig. 3,
where InGaAs-InAlAs PCAs were used in a classical THz-TDS
system.

Ultra-short optical pulses (100 fs) with a peak power of 630 W
(average power of 5 dBm at a 50 MHz repetition rate) are dispersion
pre-compensated employing DCF. Pre-compensation was performed to
avoid unwanted pulse spreading at the input of the PCA employed as
receiver while avoiding nonlinearities by reducing the pulse peak
power through the optical fiber pigtails. The DCF length was
estimated to compensate for the accumulated SOD of the system,



which was measured by means of an optical network analyzer
(Advantest Q7760). This device is able to accurately measure, among
other parameters, the length and accumulated dispersion of a fiber
link by modulating a tunable continuous wavelength laser with a
sweeping frequency and a certain processing of the optical signal
before performing photo-detection.

An optical coupler splits these wide pulses to both transmitter and
receiver. Optical pulse shaping is carried out in the transmitter part
by controlling two different parameters: accumulated TOD and SPM
intensity. The former is determined by the length of the SSMF while
the latter is varied according to the pump current injected to the
Erbium-doped Fiber Amplifier (EDFA). The shaped pulse is applied
to an 18 V-biased fiber-pigtailed PCA [5]. This device carries out the
photo-detection process and couples most of the energy to free-space
by means of a high-resistivity silicon hyper-hemispherical lens. The
THz signal propagates through free-space to the receiver PCA where
the terahertz signal is sampled by changing the delay of optical pulses
arriving at the receiver. A motorized optical delay line (MODL) was
employed to perform these measurements. Phase-sensitive detection
with an integration time of 30 ms using a lock-in amplifier and
optically chopping (OC) the amplitude of the THz signal at 1 kHz was
employed to carry out the measurements. Both PCAs were placed at a
short distance (a few cm) without employing any kind of collimating
system for the radiated signal. Therefore we can observe even low-
frequency components (below 100 GHz) which would be removed
through quasi-optic propagation.
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Figure 3: Experimental set-up for generation of shaped THz radiation.



After SOD compensation optical pulses with a full-width at half
maximum (FWHM) of 200 fs were measured at both PCA inputs for
the case of low average optical power (< 10 dBm), when optical pulse
breaking was negligible (i.e. the system works as a conventional THz-
TDS system). By increasing the optical power in the fiber of the
transmitter path the combined effect of TOD and SPM intensifies and
pulse breaking becomes noticeable. This control can be done
dynamically, as in our setup by means of the pump current of the
EDFA, or it can be fixed by design with a proper combination of laser
power and attenuation of fiber splices.

Fig. 4 shows the optical spectra obtained for different pump
conditions and a resolution bandwidth of 0.2 nm. The spectrum
widening is clearly observed for high EDFA output power values. A
certain asymmetry in the spectrum tails is observed due to the gain
bandwidth of the EDFA. The spectra with SPM look similar to those
obtained in the simulations although differences due to the finite
bandwidth of the EDFA gain (not considered in the simulations) are
appreciated.

Results obtained for an EDFA pump current of 0.84 A,
corresponding to an output power of 13 dBm, are shown in Fig. 5. A
typical THz-TDS response obtained for an EDFA output power of 9.5
dBm showing frequency components up to 1 THz is included for
comparison purposes. In both cases the EDFA placed at the input of
the receiver PCA provided an average power of 9 dBm with no pulse
breaking. Narrowband THz radiation centered at 500 GHz with a
FWHM close to 200 GHz was obtained. As it can be observed a
noticeable amount of radiation is obtained around the DC component.
The proposed architecture can be considered to apply a finite impulse
response (FIR) filter response [14] to the input femtosecond pulse.
Therefore low-frequency components are expected to appear as well as
radiation periodicity. The first one can be appreciated in Fig. 5, where
some radiation appears around 100 GHz. Due to the non-flat response
of the radiation emitted by a PCA, as well as the relatively high
central frequency of the shaped radiation, the periodicity (at multiples
of the repetition frequency of the train of pulses n-500GHz) is not
observed here.
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Figure 4: Optical spectra of the source and at the output of the EDFA for
different pump conditions.

Figure 5: (a) Time-domain THz waveforms with (continuous) and without
(dashed) pulse shaping. Inset: optical autocorrelation trace of the optical
pulse employed to perform pulse shaping. (b) Spectra of narrowband THz
radiation (continuous line) and a conventional THz-TDS system without
pulse shaping (dashed).

For demonstrating the tunability of the system, accumulated TOD
in the transmitter branch was varied while the EDFA pump current
was kept constant. In this part of the experiment the ultra-short
optical pulse broke in two pulses. Experiments were carried out for
different TOD values and it was observed that by removing (adding)
fiber, which corresponds to lower (higher) accumulated TOD values,
the central frequency of the THz radiation could be increased
(decreased). Even when adding or removing fiber widens the optical



pulse due to SOD, as long as the accumulated B, remains low the non-
linear effects will dominate and the shaping mechanism will still be
valid. Since the repetition rate of the femtosecond fiber laser is 50
MHz the time difference between consecutive pulses is 20 ns.
According to the 5 ns/m delay of the optical fiber, sections whose
length in meters is an integer multiple of 4 will be added or removed
in order to measure the THz pulse with the current alignment.

Fig. 6 shows the experimental results, where time domain THz
traces as well as its corresponding spectra are included. Results were
compared to the response of a two-tap FIR filter taking into account
the spectral response of the THz-TDS system (Fig. 5). Central
frequencies of 350 GHz, 525 GHz and 800 GHz were obtained, showing
the tunability of the proposed pulse shaper. The 350 GHz spectral
response also includes a replica at 700 GHz due to the periodicity of
the implemented filter, which could not be observed for higher central
frequencies due to the limited bandwidth of the THz-TDS system.

The proposed system allows not only tunability but also dynamic
reconfigurability of the bandwidth of the generated THz narrowband
signal. It is achieved by controlling the number of pulses in which the
original optical pulse breaks up. The intensity of the SPM effect can
be controlled by means of the EDFA gain. Measurements were carried
out for a central frequency of 600 GHz. EDFA output power values
were 11.5, 13 and 15 dBm. For this set of powers 2, 3 and 4 pulses
were obtained, respectively. Results included in Fig. 7 show how by
increasing the number of pulses the THz radiation becomes narrower.
The FWHM of the signals decreased up to approximately 150 GHz.

Figure 6: (a) Time-domain THz waveforms and (b) their corresponding
spectra for different values of accumulated TOD.



Figure 7: (a) Time-domain THz waveforms and (b) their corresponding
spectra for different pump currents applied to the EDFA.

Although the pump current of an EDFA and the amount of SSMF
have been changed in order to demonstrate the flexibility of the
system, radiation tuning could be carried out in different ways. The
effective amount of TOD could be dynamically tuned by employing a
phase modulator since this device has already been employed in active
dispersion compensation [15]. And the optical power could be
controlled through the pump current of the femtosecond laser as long
as it doesn’t affect the performance of the ultra-short pulse. In this
case no additional devices could be required in order to perform the
radiation shaping.

V. Conclusions

An all-fiber system for the generation of narrowband THz
radiation based on the breaking of ultra-short optical pulses by means
of the effect of third-order dispersion and its enhancement due to self-
phase modulation is proposed. The proposed scheme allows for both
tunability and reconfigurability. The technique shows potential to be
implemented straightforwardly in fiber-based THz-TDS systems
without the need of additional components, improving the flexibility of
these systems. Numerical simulations as well as experimental
measurements showing the principle of operation have been presented.
Narrowband THz radiation is obtained along the full THz system
bandwidth, generating radiation centered up to 800 GHz with full-
width at half maximum values from 150 GHz.
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A terahertz shaping system based on optical fiber components
as opposed to traditional free-space solutions is proposed. It is
based on the time-domain modulation of the optical source
spectrum. Standard single-mode fiber distributes and disperses
the pulse before filtering its spectral components by means of
the cross-gain and cross-phase modulation effects taking place in
an interferometric semiconductor optical amplifier structure.
Experimental measurements are obtained, showing the
tunability of the system as well as its recontigurability.

I. Introduction

Submillimeter radiation shows a great potential in a wide range of
fields from imaging and material identification to biology and
communications [1]. However the generation and detection in this
frequency band remains difficult. Electronic commercial solutions are
available up to a few hundreds of GHz while quantum-cascade lasers
(QCLs) [2] are suitable for frequencies over 1 THz although cryogenic
operation prevents wide application.

Photonic schemes require an optical source but they are easy to
operate, more flexible and able to cover most of the THz gap. Among
the different photonic solutions, such as periodically poled lithium
niobate (PPLN) [3], electro-optic sampling using different crystals [4]
or Cherenkov radiation [5], photoconductive antennas (PCAs) [6] are
widely employed. PCAs, usually fed by Ti:Sapphire lasers, are key
components in THz time-domain spectroscopy (THz-TDS) systems.
Recently new commercial PCA designs with lower energy gaps that
can be excited with 1.5 pm light have reached the market [7].
Therefore cheaper optical sources developed for the telecommunication
industry can be employed as well as other devices like Erbium-doped
fiber amplifiers (EDFAs), electro-optic modulators (EOMs),



semiconductor optical amplifiers (SOAs) and single-mode and
specialty optical fibers for signal distribution and processing.

The processing of ultra-short optical pulses has been extensively
studied due to its applicability in different areas [8]. Most of the
proposed solutions are based on the direct control of the optical
spectrum of the pulses. Typically, the different components are
spatially separated using diffractive elements as gratings, before a
phase/amplitude spatial modulation is applied on the different
spectral components by means of phase masks [9], reconfigurable
metallic structures [10] or spatial light modulators [11]. The latter
provides much more flexibility enabling the implementation of quasi-
arbitrary waveforms. However free-space components are susceptible
of misalignment, long-term stability problems and result in bulky
systems. On the other hand, the recent increase in the performance of
THz sources excited with 1.5 pm sources [12,13] motivates research for
fiber-based processing of ultra-short pulses with applicability to the
THz band. Recently, a technique based on the optical heterodyning of
a time-stretched ultra-short optical pulse with its delayed replica to
generate narrow-band THz radiation [14] has been demonstrated using
fiber-based components [15]. Despite of its good performance and
simplicity, the bandwidth of the generated radiation is related to its
central frequency, limiting the flexibility of the system. Another
approach which has been applied to the microwave range relies on the
time-domain modulation of the optical spectrum, obtaining high time-
bandwidth products and providing accurate control over the generated
waveforms [16]. In this architecture optical fiber is employed as the
dispersive medium and EOMs shape the time-decomposed spectrum.
Thus the performance of the setup is limited by the stretched pulse
duration and the modulator speed, which rarely exceeds a few tens of
GHz.

SOAs have been traditionally employed for applications requiring
short time responses like optical switching [17]. Particularly, multiple
quantum well (MQW) optical amplifiers show short-term amplitude
and phase dynamics below the ps [18], which makes them suitable for
most ultrafast applications.

The generation of certain terahertz waveforms to concentrate the
radiation into a given frequency band locally raises the energy density
and therefore increases the dynamic range of the system at those



frequencies [19]. In this work an all-fiber all-optical dynamically-
controlled THz pulse shaper is proposed and demonstrated. It is based
on processing the optical source in a SOA Mach-Zehnder
interferometer (SOA-MZI). The different spectral components are
shaped in the time domain employing the cross-gain (XGM) and cross-
phase modulation (XPM) effects taking place in the SOA-MZI.
Experimental measurements have been performed validating the
feasibility of the technique as well as the tunability of the THz central
frequency and its bandwidth.

1I. Principle of operation
The proposed technique is based on shaping the spectrum of a pulsed
source by changing the interference conditions of an SOA-MZI in
which the time-stretched pulses have been injected. Thanks to the fast
response of this structure it is possible to separately modulate the
different spectral components.

Figure 1(a) shows the schematic of the SOA-MZI as well as the
interference experienced by an optical pulse entering the structure.
The optical pulse is injected into both SOAs by means of several
integrated optical couplers. Pulses in both branches of the
interferometer are amplified by their respective SOA experiencing
amplitude and spectral phase changes according to the bias current
injected to the amplifiers. The output stage is symmetric with respect
to the input and combines the pulses. Constructive or destructive
interference occurs for the phase conditions shown.

Consider the scenario of Fig. 1(b). An optical pulse to be shaped is
linearly chirped and injected into the SOA-MZI. An optical waveform
used to control the shaping of the previous pulse counter-propagates
through the upper SOA. Assuming that the shaping waveform is a
single optical pulse with a duration much shorter than the recovery
time of SOAI, t,., and that the gain response of SOA1 follows a
negative exponential as in [20], the electrical fields at the output of the
SOAs are given by
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Fig. 1. (a) SOA interferometer block diagram. (b) SOA interferometer
considering a chirped pulse and an additional counter-propagating pulse.

being Ig,,; and Igy,, the average power at the output of the SOAs,
Oxcy a factor that measures SOA, gain reduction due to gain
saturation when the short pulse arrives, @gy,s; and @gos, the phase
shifts introduced by the SOAs onto the chirped pulse and @ypy the
maximum phase shift originated by XPM. The last exponential of Eq.
(2) is for the m phase shift introduced by the optical couplers in SOA,
with respect to SOA,. The electrical fields combine by means of the
output couplers of the MZI structure and an optical power at the
output of the system proportional to |E™goa(t)+ Egou(t)]® is
obtained.

In the initial state, t<0, no external pulse is injected into the
system. Assuming identical SOAs, when the same biasing currents I,
are applied to both devices Iyy,; equals Igqs, as well as @gpn; with
respect to @gnas- Thus, the chirped pulse is suppressed. However, the
arrival at t=0 of a pulse with enough energy to reduce the carrier
density of SOA, will temporarily change its gain and phase profiles



through the ooy and @xpy parameters, putting the system out of the
destructive state and impressing variations onto the chirped pulse (i.e.
performing an all-optical pulse shaper at the output of port 4). The
transform-limited version of the shaped spectrum is obtained after
compensating for the initial chirp.

II1. Experimental results

Figure 2 shows the THz-TDS architecture. Gaussian-shaped optical
pulses are generated in a femtosecond fiber-laser (fs-FL) with an
average power of 5 dBm at a 50 MHz repetition rate and an estimated
full-width at half maximum (FWHM) duration of 100 fs. These pulses
are time-stretched by means of 4.16 km of dispersion compensation
fiber (DCF) with a dispersion parameter (D) of -100 ps/km - nm and a
dispersion slope (S) of 0.08 ps/km - nm* Thus, the pulses suffer a total
dispersion (D) of -416 ps/nm with a slope of 0.33 ps/nm’. By using
DCF as the dispersive medium, with a much higher dispersion
parameter to that of standard single-mode fiber (SSMF) and a similar
dispersion slope, the influence of the dispersion slope on the system
performance becomes low enough to be neglected.

A polarization controller (PC) is included at the input of the
SOA-MZI to account for the polarization dependence of the
interferometric structure. The SOA-MZI, manufactured by CIP,
comprises two identical bulk SOAs and a set of optical couplers with a
3 dB splitting ratio to form an interferometer. A transmission-line
model technique was applied to model the SOAs according to [21].
The length of both SOAs is 500 um with a linewidth enhancement
factor of 8, a noise figure of 8 dB, a confinement factor of 0.3 and a
spontaneous emission factor of 1.5. The transparency current is
estimated to be 17 mA and the unsaturated fiber-to-fiber gain is 13
dB. Carrier lifetimes of 1 ns and 300 ps were measured under 100 and
250 mA biasing, respectively.

The optical waveform used to control the SOA-MZI (shaping
waveform) is derived from the same source than the pulses to be
shaped. In this case a fiber Mach-Zehnder interferometer (MZI) was
implemented using an optical delay line (ODL) to introduce a delay
difference between its arms of 14, and select two spectral bands of the
chirped pulse. SSMF with a length of L was included for pulse
widening. Since two bands are filtered a train of pulses with repetition



frequency f., is obtained after compensation for the initial chirp. Its

rep

value is related to the different parameters of the system as follows.
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The effect of the dispersion slope has been neglected due to its low
influence. Regarding the temporal response of the SOA-MZI structure,
for shaping waveforms much shorter than the gain recovery time of
the SOAs the bandwidth of the filtered bands is given by the recovery
time of the SOA while for longer ones the filtered bands
approximately follow the shaping waveform. From now on the variable
Teystem 15 Used for the FWHM duration of the system response to an
arbitrary shaping pulse width. The FWHM bandwidth of the filtered
spectrum Av can be expressed as

Av 22 (4)
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The FWHM duration of the pulse train envelope can be expressed

in terms of the time-bandwidth product (TBP) and Eq. (4) as
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According to Egs. (3-5) and the different parameters of our
system, a train of pulses with a repetition frequency of 0.3t,p(ps)
GHz and an approximated envelope duration of 1.67/t.,(ps) ns for
a TBP of 0.5 is obtained at the output of the SOA-MZI structure. The
bandwidth of the generated THz radiation is expected to follow
0.37yen(ps) GHz.
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Fig. 2. Optical pulse shaper integrated in a fiber-based THz-TDS system.
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Fig. 3. Photo-detection traces at different points of the SOA-MZI structure as

shown in Fig. 1(b).

The traces included in Fig. 3 were obtained in a digital
communication analyzer with 30 GHz bandwidth and correspond to
the points shown in Fig. 1(b). Trace 1 is for the chirped pulse at the
input of the SOA-MZI while trace 2 is the shaping waveform. Trace 3
shows the XGM effect induced by the carrier saturation arising from
the shaping waveform injection in the upper SOA. Traces 4a and 4b
are for the SOA-MZI output without and with the shaping signal
being injected, respectively. For the latter, the combined effect of
XGM and XPM can be seen [20]. A slight asymmetry in the biasing
currents was observed to provide a better extinction ratio for the
spectral filtering. Indeed, the optimum SOAs biasing currents were
found to be 110 and 100 mA for the upper and lower, respectively.

After the SOA-MZI the pulse is dispersion compensated by means
of 25 km of SSMF with a dispersion parameter of 16.7 ps/km - nm.
Due to the need of time alignment between the transmitter and
receiver branches of the THz-TDS system, compensating for possible
sources of error in both branches turns out to be important. We
experimentally observed how the initial difference in fiber length
between the transmitter and receiver branches led to time fluctuations
of the THz pulse in the order of hundreds of ps. This occurs because of
fiber expansion and contraction due to temperature changes. To solve
this problem the optical pulses of both transmitter and receiver pulse
must travel similar distances. This is done by the use of optical
couplers (OC), optical circulators (OCIR) and isolators (ISO). The



1x2 OCs employed in the system had a coupling ratio of 50/50 and a
directivity of 50 dB. The insertion losses of the OCs, ISOs and OCIRs
were 0.5, 0.7 and 1 dB, respectively. The ISOs and the OCIRs
provided isolation larger than 40 dB. The OCIRs showed both
directivity (signal from port 1 to 3) and return loss higher than 50 dB.
According to these values both signal paths could be considered
independent as confirmed by the experimental measurements.

A motorized optical delay line (MODL) is employed to sweep the
THz traces in 100 fs steps and EDFAs to boost the optical signals into
the mW range before feeding the 1.5 pm PCAs. Lock-in detection
after 10° V/A of trans-impedance amplification (TTA) is employed to
record the electric field. The transmitter antenna is square biased from
-10 to +10 V at a frequency (f,,q) of 1 kHz.

Before injecting the shaped pulse into the THz system,
autocorrelation traces are obtained. The central frequency and its
bandwidth are controlled by means of the MZI delay and the fiber
length, respectively. In Fig. 4(a) the duration of the envelope does not
change because the fiber length is kept constant and the pulse train
duration is directly related to the bandwidth of the filtered spectral
bands. Trains of pulses with a repetition period of 2.7, 1.64 and 1.05
ps are obtained for increasing values of 14p;, according to Eq. (3). In
Fig. 4(b) a set of different values for L is considered for the same tp;.
Fiber reels of 1, 2 and 5 km widened the optical pulses up to 200 ps,
400 ps and 1 ns, respectively, and biasing currents of 300 mA were
used for the SOAs.

For comparison purposes, the THz-TDS system of Fig. 2 is tested
without applying any shaping to the signal (by switching off the upper
SOA). The estimated FWHM of the pulses applied to both PCAs is
300 fs, with an average power of 10 dBm and 5 dBm in the
transmitter and receiver, respectively. Recovery of the original pulse
duration was not possible since only the second-order dispersion was
compensated. Figure 5 shows the THz trace recorded as well as its
Fourier transform.

Finally, the narrowband THz-TDS system is tested in different
frequency bands. Figure 6 shows the different THz waveforms and
their corresponding spectra. In Fig. 6(a), as well as in Fig. 5(a), a low
frequency component appears as an increasing current slope after the
pulse train which is thought to originate from impedance mismatching



in the antenna. In Fig. 6(b) narrowband radiation with central
frequencies of 300, 550 and 700 GHz can be seen.
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for bandwidth reconfiguration.

After showing the tunability of the system the THz radiation
bandwidth is controlled by changing the amount of fiber in the
shaping stage, L. THz waveforms as well as their spectra are included
in Fig. 7 where 145, is kept constant and the narrowing of the
spectrum as the fiber length decreases can be appreciated. Low-
frequency components arising from beating among components of the
same spectral band are reduced for narrower THz bandwidths as
shown in Fig. 7. Optical switches can be employed to select among
different fiber reels. In this case the amount of fiber in the shaping
stage is used to control the width of the THz radiation, although other
approaches could be considered. Phase modulation has been reported
to be able to compensate for the dispersion of a fiber link [21].
Therefore it could be employed to dynamically change the radiation
bandwidth by increasing or reducing the accumulated dispersion. The
SOA dynamics could also be controlled through its bias current or by
adding a low wavelength component which would change the response
time of the SOA and therefore the selected bands’ bandwidth [20].

V. Conclusions

An all-optical fiber based THz pulse shaping scheme based on the
optical modulation of the spectrum of ultra-short pulses is proposed
and demonstrated. It allows for both tunability and reconfigurability
of the emitted radiation through independent system parameters as
opposed to previous solutions. Additionally, since it is an all-fiber
approach, compact and robust instruments can be implemented. The
precision of the modulation of the pulse spectrum is given by the



recovery time of the SOA and the amount of dispersion that can be
introduced onto the signal. High performance could be obtained
through a large linear chirping of the signal and fast SOAs, although
the introduction of non-linear dispersion could make the generation
process more difficult due to the effect of the non-linear mapping of
the spectrum in the time domain. The experimental measurements
performed agree well with the theoretical analysis performed and
prove the feasibility of dynamic THz processing systems able to
concentrate the radiated energy in the spectral region of interest.
Although the measurements performed show simple pulse shapes the
proposed technique could provide arbitrary pulse shaping by using
state-of-the-art SOAs.
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All-fibre control of a terahertz time-domain spectroscopy system
based on photoconductive antennas fed with optical sources in
the telecom band is demonstrated. A semiconductor optical
amplifier (SOA) is used to obtain continuously tunable delays
on 100 fs optical pulses. Additionally, the modulation required
to carry out lock-in detection can be simultaneously performed
avoiding mechanical choppers or high-voltage alternate biasing
of the transmitter antenna.

I. Introduction

Considerable efforts are being carried out to develop simpler terahertz
(THz) systems and ease the practical exploitation of radiation in this
spectral region. Photoconductive antennas are commonly employed in
both generation and detection of THz waves because of their flexibility
and bandwidth. Ti:Sapphire lasers working at 800 nm are usually used
since traditional photoconductive antennas made of low-temperature-
grown GaAs (LT-GaAs) require such photon energies. However, recent
advances have led to the development of antennas fed at 1550 nm [1]
allowing the use of cost-effective fibre lasers and the implementation
of distributed architectures with reduced THz heads [2].

In this Letter we report on the processing of ultra-short optical
pulses by means of a semiconductor optical amplifier (SOA) [3] with
application in a classical terahertz time-domain spectroscopy (THz-
TDS) system fed with 1550 nm sources. The implementation of
continuously tunable delays on the optical pulse is directly observed at
THz frequencies showing a delay-bandwidth product of 10. Chopping
of the optical signal, necessary to carry out the detection of the THz



field, can be simultaneously performed through the modulation of the
bias current of the SOA.

1I. Principle of operation
When optical pulses with sufficient peak power are injected into a
SOA, saturation occurs leading to changes in the pulse amplitude and
phase [4]. In the case of pulses that have been previously chirped, their
spectral components are differently affected by the SOA. If the pulse
is recompressed after the SOA, an advanced or delayed version of the
initial pulse is obtained depending on the sign of the initial chirp [5].
Since the pulse spectral shaping is related to the gain recovery time of
the SOA and it is given by the amount of current-injected carriers, it
is possible to control the temporal shift by tuning the SOA bias
current. Fig. 1 sums up this process.

I11. Experimental results

The terahertz processing system proposed is shown in Fig. 2. It is a
conventional THz-TDS system where a SOA has been included to
implement tunable delays. Ultra-short optical pulses with a full-width
at half maximum duration of 100 fs delivered at a 50 MHz repetition
rate by a 1.55 pm fibre mode-lock laser are driven to both the
transmitter and the receiver photoconductive antennas (PCAs).
Dispersion pre-compensation is required to obtain narrow pulses at the
PCAs while minimizing nonlinear effects taking place during fibre
transmission. An average power of 6 dBm at the output of the laser
was measured. At the transmitter branch pulses were additionally
stretched up to 30 ps before entering the SOA by means of 16 m of
dispersion-compensating fibre (DCF) with an accumulated dispersion
of -1.66 ps / nm. The optical power at the input of the SOA was set
to -8 dBm, enough to saturate the multi-quantum well SOA used in
the experiment (Philips CQF871). Its transparency current was
experimentally estimated to be around 12 mA. The SOA-induced
delay on the pulse is controlled by changing the SOA bias current.
The pulses compress again by transmission through standard single-
mode fibre (SSMF). The SSMF length was estimated to compensate
for the accumulated second-order dispersion of the transmitter branch.
A pair of erbium-doped fibre amplifiers (EDFAs) was employed to



boost the optical power at the input of the PCAs up to 6 dBm. The
transmitter PCA was biased with a continuous voltage of 18V. A
computer controlled motorized optical delay line (MODL) has been
included in the experimental setup to characterize the SOA generated
time delays. Lock-in detection is carried out in order to obtain clean
traces of the THz signal, meaning that chopping of the optical train of
pulses is required. It is performed by means of a mechanical chopper
at 1 kHz which was placed in the THz path. An integration time of 30
ms was employed in the lock-in amplifier to obtain the traces. At the
input of the transmitter and receiver PCAs pulses with an
approximated duration of 300 and 200 fs were obtained, respectively.
This is due to uncompensated third-order dispersion, which becomes
the dominant source of degradation once the second-order dispersion is

compensated.

bias current
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Figure 1: Concept of pulse delay/advance by means of SOA gain saturation

Figure 2: Experimental setup for all-fibre control of THz time-domain
spectroscopy system. An optical delay line is employed to check the
performance of the delayed pulses in the THz signal



380 10 4 800

200
e " 08 |
S s Ifl 1 80
s il y -
T o '?E." '.‘jj '.I no0& 5
= 10mA o = bl -
B %0 gL AR 8 g4 @
E oot )\ = B
13' - \ ;{ 4)'_’ {200
£ N 02 1

] - . |

" {0

o
o 1 2 3 4 & & T & 0 S0 100 150 200 TS0 300 350 400
time, ps bias, mA

(a) (b)
Figure 3: Experimental results. (a) Time-domain terahertz traces obtained
against different SOA bias current values. (b) Delay and gain recovery time
against SOA bias current.

The experimental measurements obtained are shown in Fig. 3a,
where the delay induced in the pulse is clearly observed when
changing the current injected to the SOA. The dashed line is for a
current below transparency. For higher values the amplitude of the
terahertz pulse is kept almost constant for currents up to 100 mA and
then increases. All THz pulses exhibit a similar signal-to-noise ratio.
Fig. 3b shows the introduced delay with the bias current according to
data in Fig. 3a. A delay-bandwidth product of 10 and a nonlinear
relation between the delay and the bias current are observed. This
behavior relates to the gain recovery time of the SOA and its
dependency on the bias current. When an intense optical pulse arrives
at the SOA, it gets saturated, reducing its gain. The time required for
recovery depends on the number of carriers available and thus on the
injected current. A simple model for the gain dynamics assuming it
recovers to its initial state according to a first-order exponential decay
with a time constant T will be assumed as in [6]. To measure the SOA
gain response a low-power optical carrier (probe) is allocated outside
the bandwidth of the optical pulsed source (pump) and injected to the
SOA. Its power must be as low as not to influence the SOA. This is
checked in an optical spectrum analyzer by turning the probe on and
off. The probe is spectrally filtered at the output of the SOA and then
photo-detected, providing direct measurement of the gain changes
originated by the chirped pulses. The obtained results are plotted in
Fig. 3b. For low current values large variations in the recovery time



originate from small increments in the bias current while for large
currents small changes in the recovery time occur. Noticeable
variations in the recovery time imply that the chirped pulse gets
shaped in a different way leading to changes in the delay. It can be
seen that large (small) increases in 1 translate into large (small)
increases for the delay. Moreover, larger delays and a more precise
control on the pulse amplitude can be obtained using several SOAs in
cascade [7].

When measuring time-domain THz pulses lock-in detection turns
out to be necessary to improve the signal-to-noise ratio. Therefore,
some kind of modulation must be applied to the pulses. This is usually
performed using a mechanical chopper or applying a high-voltage low-
frequency modulation signal to the transmitter antenna. The SOA can
also be used as an optical modulator. Since it is possible to saturate its
gain even for low injected currents a low-cost signal generator could be
employed. Furthermore, both the optical modulation and pulse delay
can be performed simultaneously. By applying a square signal whose
amplitude levels are 0 mA and I, no pulse is transmitted for the low
level while for the high one a time delay given by the amount of
current injected applies to the pulse. Fig. 4 shows results for different
values of I, and a frequency of 1 kHz. Clean traces as well as similar
spectra are observed with no severe penalties compared with previous
results. Although the same low frequency was employed for
comparison purposes the electrical port of the SOA can be modulated
up to several MHz, potentially reducing the measurement time
required to carry out THz measurements.
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Figure 4: Experimental results employing SOA as modulator. (a) Time-
domain terahertz traces for different SOA modulation current values. (b)
Fourier transform of previous pulses.



IV. Conclusion

In this Letter the use of SOAs to control THz-TDS systems has been
studied. A single device allows the implementation of time delay and
signal modulation. A delay-bandwidth product of 10 for 100 fs pulses
has been obtained. Larger time delays can be obtained by using more
than one SOA or by further chirping of the optical pulse at its input.
The complexity of the system is reduced since no mechanical parts or
high-voltage amplifiers for the modulation of the photoconductive
antenna bias are required.
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A technique to electrically control the time shift of ultra-short
optical pulses without the generation of replicas is
demonstrated. It is based on frequency-to-time conversion and
single-sideband suppressed-carrier modulation of the optical
spectrum. Pulses are advanced or delayed according to the
modulated sideband. The time shift depends on the intensity of
the frequency-to-time conversion and the frequency of the
electro-optical modulation. The technique can be applied to
pulses with any duration although it is susceptible to pulse
widening due to the combined effect of nonlinear frequency-to-
time conversion and electro-optical modulation. Experimental
results show dynamic shifting of ultra-short optical pulses in a
range of 100 ps at the expenses of widening originating from the
third-order dispersion of the fiber.

I. Introduction
Controlling the speed at which light propagates provides important
utilities in several fields. It allows increased light-matter interaction
for nonlinear applications and is essential for the future development
of optical memories [1-2].

In particular, the control of the speed of optical pulses has
attracted considerable attention recently due to its applicability in
fields such as high-speed communications and optical sampling.
Several solutions based on non-linear effects as stimulated Brillouin or
Raman scattering [3-4] and self-phase modulation in optical fiber [5]
have been proposed. While the former schemes provide small delays
the latter provides much larger ones at the expenses of pulse widening.
Another solution relies on gain saturation in a semiconductor optical
amplifier [6], which however shows small delays with only a slight
degradation of the pulse width.



Schemes based on electro-optical modulation of the time-stretched
optical spectrum have recently been reported [7-9]. In [7] a ramp-type
signal feeding an electro-optical phase modulator introduced a time-
dependent phase shift onto the previously chirped pulses, which
translated into a time delay once the pulses were recompressed. The
spectrum was time-dispersed and recompressed by means of several
chirped fiber Bragg gratings (CFBGs). The use of CFBG although
feasible for picosecond pulses, becomes quite difficult for shorter pulses
due to their large bandwidth. In [10], frequency-to-time conversion
was performed by means of standard single-mode fiber (SSMF) and
the amplitude modulation of the optical spectrum. This technique
generates several pulses [11] and a second stage is required to filter the
pulse of interest, which increases the complexity of the system and
requires synchronization.

In this letter we propose the implementation of a tunable all-fiber
optical delay line by means of the single-sideband suppressed-carrier
(SSB-SC) modulation of the time-decomposed optical spectrum. Only
a single delayed pulse is generated, thus no additional processing is
required.

1I. Principle of operation

The principle of operation is detailed in Fig. 1. Optical pulses
generated in a mode-locked laser (MLL) are injected into a dispersive
device which performs frequency-to-time conversion because the
different spectral components propagate at different group velocities.
The stretched pulses are then modulated by means of an electro-
optical modulator (EOM) before the opposite dispersion is applied to
the pulses and the domain conversion is reverted (Fig. 1 (a)). SSB-SC
modulation introduces a delay on the single sideband that depends on
the local oscillator (LO) frequency while no additional pulses are
generated. The process can be compared with the external modulation
of a continuous-wave (CW) laser as shown in Fig. 1 (b). The main
difference is the domain conversion performed before the electro-
optical modulation, which leads to the generation of the additional
components in the time domain instead of appearing in the spectral
one [12].



L \ SSB-SC
L ) |__1 r\lr"lr\—-t t
toy+T to-i-tmp-l-t ta+2tmp+[
(a)
Qo
|
CW laser v

EOM

(b)
Fig. 1.- (a) External modulation of a mode-locked laser after frequency-to-time
conversion. The signal is time-to-frequency converted after being modulated
and the result shown for SSB-SC modulation. (b) External modulation of a

single-mode laser.

The frequency-to-time conversion is performed using DCF, while
SSMF recompresses the spectrum in time. The spectrum at the output
of the DCF considering up to the third term of the expansion of the
mode-propagation constant, B, in Taylor series, is

. ﬁzDCF 5 ﬁ}DCF s
Sper (@) :SﬁFL(w)exp(_J (Ta) +Ta) )LDCF] (1)
o being frequency, S, m(w) the optical spectrum of the femtosecond
laser, L”°" the DCF length, and S, and S,the second- and third-order
dispersion parameters, SOD and TOD, respectively.

This signal is injected into the DP-EOM and its spectral
components recompressed by the SSMF. The resultant spectrum for
the delayed pulse is
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where ®;, accounts for the LO frequency and L%’ and pg%""
correspond to length and dispersion parameters of the standard fiber.
The spectrum of the pulse is the convolution of the transform-
limited source spectrum with different terms. The first exponential
does not depend on w therefore not affecting the pulse shape. The
second exponential corresponds to the temporal shift of the pulse. Its
value depends on the parameters of the DCF and the LO frequency as

1
r= [IBZDCFwLO +Eﬂ3DCF0)§0jLDCF (3)

Although the dependence of the delay on the modulation
frequency is quadratic it can be considered linear for the dispersion
parameters and modulation frequencies considered in this work. The
third exponential term of (2) introduces a quadratic phase change in
the spectrum and accounts for the pulse widening introduced by the
SOD of DCF and SSMF and the accumulated TOD of the DCF
multiplied for the modulation frequency. Although the first two
components may get cancelled as long as the accumulated SOD of
both fiber links presents the same magnitude and different sign, the
last term depends on the LO frequency. Thus, it cannot be
compensated for the whole set of delayed pulses unless controllable
dispersion compensating devices such as spatial gratings of even pulse
shapers are employed. Its effect is expected to limit the performance of
the system, especially for large delays. The last term of (2) accounts
for cubic changes in the phase of the spectrum, affecting the pulse
shape through uncompensated TOD.

Simultaneous compensation of both SOD and TOD is difficult
because it requires identical SOD/TOD ratios between the
compensating and compensated fibers. Thus, the most harmful
dispersion term is often compensated. Assuming unchirped Gaussian



pulses and perfect SOD compensation the full width at half maximum
(FWHM) duration of the time shifted pulses can be expressed as a
function of the parameters of the system as follows [13]
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As shown in (4) pulses are widened due to uncompensated TOD
and the nonlinear response of the frequency-to-time conversion stage
whose importance raises for increasing modulation frequencies. The
degradation introduced could be dynamically compensated by phase
modulation of the chirped pulses [14]. According to (2) there is a
change in the carrier frequency due to the time shift. Additional
modulation at the output of the system could bring the signal back to

its original spectral band.

II1. Experimental results
The experimental setup is shown in Fig. 2. Gaussian pulses with a
FWHM of 100 fs are generated in a femtosecond fiber laser (fs FL).
The repetition rate is 50 MHz and the average power is 5 dBm, which
is low enough to minimize the non-linear effects taking place during
fiber propagation. These pulses are time-stretched up to 5 ns by
means of 2.7 km of DCF with dispersion of -160 ps/km - nm and a
dispersion slope of -0.2 ps/km - nm2. They are injected into a 10-GHz
DP-MZM which is fed by a frequency tunable microwave generator. A
microwave Tf2 hybrid suitable for the 2-18 GHz band is also employed.
By properly adjusting the bias points of the DP-MZM a SSB-SC
modulation is applied to the chirped pulses. The modulated pulses are
recompressed by means of SSMF. The shape and introduced delay are
observed in an optical autocorrelator (OA) and a digital
communications analyzer (DCA). Amplification was introduced when
necessary by means of Er-doped fiber amplifiers (EDF As).
Temperature changes on the long fiber reels leads to noticeable
delay changes due to thermal expansion/contraction. According to the
coefficient of thermal expansion of the silica at room temperature (0.5
ppm/K), the additional advancement/delay is 75 ps/K, in good
agreement with the observations. This problem was solved by



introducing several optical circulators (OCs) in the system in such a
way that the fs FL output went through an optical splitter (OS) and
was used as the DCA trigger after passing through both SSMF and
DCF reels and being photo-detected (PD). This solution provides
stability to interferometry setups such as THz time-domain
spectroscopy systems [15].

Fig. 3 shows the results obtained. The microwave hybrid was
removed and measurements for DSB modulation obtained as shown in
Fig. 3 (a). The f;, swept the range 3-15 GHz in 2 GHz steps. The
traces of Fig. 3 were obtained in an 80-GHz bandwidth DCA, thus the
real pulse width is not represented. The inset of Fig. 3 (a) shows the
advance/delay (1) introduced on the sidebands as a function of LO
frequency. The inset of Fig. 3(b) shows that carrier-suppressed
modulation was obtained for both the lower- (LSB) and upper-
sidebands (USB). An extinction ratio of 20 dB with respect to the
optical carrier and removed sideband was obtained. Fig. 3 shows that
single advanced/delayed pulses can be achieved when SSB-SC
modulation is performed. In particular, Fig.3 (b) shows advanced and
delayed pulses for LSB-SC and USB-SC modulations, respectively.
The lower amplitude of the pulses with longer delays is due to the
poor response of the modulator used in the experiments for high
frequencies.

Once the operating principle has been demonstrated,
autocorrelation traces and delay characterization as a function of the
LO frequency were performed. Fig. 4 (a) shows experimental results
for the delay. It fits the theoretical response, which can be considered

DCF LDCF‘

linear with g, slope in terms of the LO angular frequency as

predicted by theory.
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Fig. 2.- Experimental setup.
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pulse-width values for the delayed pulse as well as experimental results.

The coefficient of determination for a linear fit of the experimental
results was greater than 0.99. Fig. 4 (b) shows the experimental
measurement of the width of the advanced/delayed pulses when using
the DCF and SSMF as frequency-to-time converters. The width of the
pulses is estimated by means of optical autocorrelation and assuming



Gaussian-shaped pulses. A FWHM of 300 fs with small side-lobes
originating from the uncompensated TOD is obtained for the pulses
with no modulation. To compensate for TOD the ratio between the
magnitudes of the B, parameters is similar to the one for B,. The
theoretical degradation of the pulses shown in Fig. 4 (b) is given by
(4). Good agreement is observed between theory and experiments.
Although the duration of the pulse has been provided at several parts
of the system, it could be estimated at any point by numerically
solving the equation for propagation of pulses through optical fiber
[13]. A time shifting of the original 100-fs up to 100 ps imply a delay-
bandwidth product of the system of 1000 although different
degradations widen the output pulses up to the ps range. Enhanced
performance could be obtained by means of additional processing
techniques [14] or a more linear frequency-to-time converter.
Dependence of the pulse duration at the output of the system on
the LO frequency limits the maximum data rate that can be
transmitted. For the experiments performed rates exceeding 300
Gsymbol/s can be transmitted without inter-symbol interference.

IV. Conclusion

It has been shown that single-sideband suppressed-carrier modulation
of the spectrum of ultra-short pulses is an efficient technique to obtain
single delayed pulses with a simple setup. Femtosecond pulses have
been advanced and delayed up to 100 ps by means of frequency-to-
time conversion in optical fiber. Since the technique is not bandwidth
limited it can be applied to pulses with arbitrary duration, being its
performance limited only by the linearity of the frequency-to-time
converter and the residual dispersion.
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