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Abstract 

The processing of radiofrequency signals using photonics means is a discipline 
that appeared almost at the same time as the laser and the optical fibre. Photonics 
offers the capability of managing broadband radiofrequency (RF) signals thanks to 
its low transmission attenuation, a variety of linear and non-linear phenomena and, 
recently, the potential to implement integrated photonic subsystems. These features 
open the door for the implementation of multiple functionalities including optical 
transportation, up and down frequency conversion, optical RF filtering, signal 
multiplexing, de-multiplexing, routing and switching, optical sampling, tone 
generation, delay control, beamforming and photonic generation of digital 
modulations, and even a combination of several of these functionalities. This thesis 
is focused on the application of vector processing in the optical domain to 
radiofrequency signals in two fields of application: optical beamforming, and 
photonic vector modulation and demodulation of digital quadrature amplitude 
modulations. The photonic vector control enables to adjust the amplitude and phase 
of the radiofrequency signals in the optical domain, which is the fundamental 
processing that is required in different applications such as beamforming networks 

for direct radiating array (DRA) antennas and multilevel quadrature modulation. 

DRAs consist of a set of individual antenna elements working simultaneously as 
an array antenna with an equivalent electrical size of a bigger single antenna. All the 
antenna elements radiate the same signal and, when all this signals interfere in the 
far-field, a constructive interference is achieved at a certain angular direction. 
Conventional implementations in the digital or microwave domain can show a high 
degree of complexity of the beamforming networks (i.e. the subsystem that performs 
the signal splitting and the phase and amplitude control) since it increases 
dramatically with the size of the antenna impacting in their size, mass, volume, 
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consumption and reliability. Alternative technologies, such as these based on 

photonics, offer potential to circumvent these drawbacks. 

The work described in this thesis include different techniques for implementing 
a photonic version of beamforming networks for direct radiating arrays (DRA) 
known as optical beamforming networks (OBFN), with the objectives of providing 
a precise control in terrestrial applications of broadband signals at very high 
frequencies above 40 GHz in communication antennas, optimizing the size and mass 
when compared with the electrical counterparts in space application, and presenting 
new photonic-based OBFN functionalities. Thus, two families of OBFNs are 
studied: fibre-based true time-delay architectures and integrated networks. The first 
allow the control of broadband signals using dispersive optical fibres with 
wavelength division multiplexing techniques and advanced functionalities such as 
direction of arrival estimation in receiving architectures. In the second, passive 
OBFNs based on monolithically-integrated Optical Butler Matrices are studied, 
including an ultra-compact solution using optical heterodyne techniques in silicon-
on-insulator (SOI) material, and an alternative implementing a homodyne 

counterpart in germanium-doped silica material. 

In this thesis, the application of photonic vector processing to the generation of 
quadrature digital modulations has also been investigated. Multilevel modulations 
are based on encoding digital information in discrete states of phase and amplitude 
of an electrical signal to enhance spectral efficiency, as for instance, in quadrature 
modulation. The signal process required for generating and demodulating this kind 
of signals involves vector processing (phase and amplitude control) and frequency 
conversion. Unlike the common electronic or digital implementation, in this thesis, 
different photonic-based signal processing techniques are studied to produce digital 
modulation (photonic vector modulation, PVM) and demodulation (PVdM). These 
techniques are of particular interest in the case of broadband signals where the 
data-rate required to be managed is in the order of gigabit per second, for applications 
like wireless backhauling of metro optical networks (known as fibre-to-the-air). The 
techniques described use optical dispersion in optical fibres, wavelength division 
multiplexing and photonic up/down conversion. Additionally, an optical heterodyne 
solution implemented monolithically in a photonic integrated circuit (PIC) is also 

described. 
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Resumen 

El procesamiento de señales de radiofrecuencia (RF) utilizando medios fotónicos 
es una disciplina que apareció casi al mismo tiempo que el láser y la fibra óptica. La 
fotónica ofrece la capacidad de manipular señales de radiofrecuencia de banda 
ancha, una baja atenuación, procesados basados en una amplia variedad de 
fenómenos lineales y no lineales y, recientemente, el potencial para implementar 
subsistemas fotónicos integrados. Estas características ofrecen un gran potencial 
para la implementación de múltiples funcionalidades incluyendo transporte óptico, 
conversión de frecuencia, filtrado óptico de RF, multiplexación y demultiplexación 
de señales, encaminamiento y conmutación, muestreo óptico, generación de tonos, 
líneas de retardo, conformación de haz en agrupaciones de antenas o generación 
fotónica de modulaciones digitales, e incluso una combinación de varias de estas 
funcionalidades. Esta tesis se centra en la aplicación del procesamiento vectorial en 
el dominio óptico de señales de radiofrecuencia en dos campos de aplicación: la 
conformación óptica de haces y la modulación y demodulación vectorial fotónica de 
señales digitales en cuadratura. El control fotónico vectorial permite manipular la 
amplitud y fase de las señales de radiofrecuencia en el dominio óptico, que es el 
procesamiento fundamental que se requiere en diferentes aplicaciones tales como las 
redes de conformación de haces para agrupaciones de antenas y en la modulación en 

cuadratura. 
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Las agrupaciones de antenas consisten en un conjunto de antenas individuales 
que trabajan al unísono como un único elemento radiante de mayor tamaño. Todos 
los elementos de la agrupación irradian la misma señal y, cuando todas las señales 
interfieren en campo lejano, se produce una interferencia constructiva en una cierta 
dirección angular. Las implementaciones convencionales en el dominio digital o 
microondas pueden mostrar un alto grado de complejidad de las redes de 
conformación de haces (es decir, de los subsistemas que realizan la división de la 
señal y el control de fase, y, también el control de la amplitud) incrementándose 
dramáticamente su tamaño, peso, volumen, consumo y fiabilidad al aumentar el 
número de elementos. Las tecnologías alternativas, tales como las basadas en la 
fotónica, al basarse en una plataforma distinta ofrecen el potencial para eludir estos 

inconvenientes. 

El trabajo descrito en esta tesis incluye diferentes técnicas para implementar una 
versión fotónica de las redes de conformación de haces de en agrupaciones de 
antenas, conocidas como redes ópticas de conformación de haces (OBFN), con los 
objetivos de proporcionar un control preciso en aplicaciones terrestres de señales de 
banda ancha a frecuencias muy altas por encima de 40 GHz en antenas de 
comunicaciones, optimizando el tamaño y el peso cuando se compara con los 
homólogos eléctricos en aplicaciones espaciales, y la presentación de nuevas 
funcionalidades fotónicas para agrupaciones de antenas. Por lo tanto, se estudian dos 
familias de OBFNs: arquitecturas de retardo en fibra óptica y arquitecturas 
integradas. Las primeras permiten el control de señales de banda ancha utilizando 
fibras ópticas dispersivas con técnicas de multiplexado por división de longitud de 
onda y funcionalidades avanzadas tales como la estimación del ángulo de llegada de 
la señal en la antena receptora. En la segunda, se estudian redes de conformación 
pasivas basadas en Matrices de Butler ópticas integradas, incluyendo una solución 
ultra-compacta utilizando técnicas ópticas heterodinas en silicio sobre aislante (SOI), 

y una alternativa homodina en sílice dopado con germanio. 

En esta tesis, también se han investigado técnicas de procesado vectorial fotónico 
para la generación de modulaciones digitales en cuadratura. Las modulaciones 
multinivel codifican la información digital en estados discretos de fase y amplitud 
de una señal eléctrica para aumentar su eficiencia espectral, como por ejemplo la 
modulación en cuadratura. El procesado necesario para generar y demodular este 
tipo de señales implica el procesamiento vectorial (control de amplitud y fase) y la 
conversión de frecuencia. A diferencia de la implementación electrónica o digital 
convencional, en esta tesis se estudian diferentes técnicas de procesado fotónico 
tanto para la generación de modulaciones digitales (modulación vectorial fotónica, 
PVM) como para su demodulación (PVdM). Esto es de particular interés en el caso 
de señales de banda ancha, donde la velocidad de datos requerida es del orden de 
gigabits por segundo, para aplicaciones como backhaul inalámbrico de redes ópticas 
metropolitanas (conocida como fibra hasta el aire). Las técnicas descritas se basan 
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en explotar la dispersión cromática de la fibra óptica, la multiplexación por división 
de longitud de onda y la conversión en frecuencia. Además, se presenta una solución 
heterodina implementada monolíticamente en un circuito integrado fotónico (PIC). 
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Resum 

El processament de senyals de radiofreqüència (RF) utilitzant mitjans fotònics 
és una disciplina que va aparèixer gairebé al mateix temps que el làser i la fibra 
òptica. La fotònica ofereix la capacitat de manipular senyals de radiofreqüència de 
banda ampla, una baixa atenuació, processats basats en una àmplia varietat de 
fenòmens lineals i no lineals i, recentment, el potencial per implementar subsistemes 
fotònics integrats. Aquestes característiques ofereixen un gran potencial per a la 
implementació de múltiples funcionalitats incloent transport òptic, conversió de 
freqüència, filtrat òptic de RF, multiplexació i demultiplexació de senyals, 
encaminament i commutació, mostreig òptic, generació de tons, línies de retard, 
conformació de feix en agrupacions d'antenes i la generació fotònica de modulacions 
digitals, i fins i tot una combinació de diverses d'aquestes funcionalitats. Aquesta tesi 
es centra en l'aplicació del processament vectorial en el domini òptic de senyals de 
radiofreqüència en dos camps d'aplicació: la conformació òptica de feixos i la 
modulació i demodulació vectorial fotònica de senyals digitals en quadratura. El 
control fotònic vectorial permet manipular l'amplitud i la fase dels senyals de 
radiofreqüència en el domini òptic, que és el processament fonamental que es 
requereix en diferents aplicacions com ara les xarxes de conformació de feixos per 
agrupacions d'antenes i en modulació multinivell. 

Les agrupacions d'antenes consisteixen en un conjunt d'antenes individuals que 
treballen a l'uníson com un únic element radiant de major grandària. Tots els 
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elements de l'agrupació irradien el mateix senyal i, quan tots els senyals interfereixen 
en camp llunyà, es produeix una interferència constructiva en una certa direcció 
angular. Les implementacions convencionals en el domini digital o microones poden 
mostrar un alt grau de complexitat de les xarxes de conformació de feixos (és a dir, 
dels subsistemes que realitzen la divisió del senyal i el control de fase, i, també el 
control de l’amplitud) incrementant dramàticament la seua grandària, pes, volum, 
consum i fiabilitat amb l’increment del nombre d'elements. Les tecnologies 
alternatives, com ara les basades en la fotònica, en basar-se en una plataforma 

diferent ofereixen el potencial per eludir aquests inconvenients. 

El treball descrit en aquesta tesi inclou diferents tècniques per implementar una 
versió fotònica de les xarxes de conformació de feixos en agrupacions d'antenes, 
conegudes com a xarxes òptiques de conformació de feixos (OBFN), amb els 
objectius de proporcionar un control precís en aplicacions terrestres de senyals de 
banda ampla a freqüències molt altes per sobre de 40 GHz en antenes de 
comunicacions, optimitzant la mida i el pes quan es compara amb els homòlegs 
elèctrics en aplicacions espacials, i la presentació de noves funcionalitats fotòniques 
per agrupacions d'antenes. Per tant, s'estudien dues famílies de OBFNs: arquitectures 
de retard en fibra òptica i arquitectures integrades. Les primeres permeten el control 
de senyals de banda ampla utilitzant fibres òptiques dispersives amb tècniques de 
multiplexació per divisió en longitud d'ona i funcionalitats avançades com ara 
l'estimació de l'angle d'arribada del senyal a l'antena receptora. A la segona, 
s'estudien xarxes de conformació passives basades en Matrius de Butler òptiques en 
fotònica integrada, incloent una solució ultra-compacta utilitzant tècniques òptiques 
heterodinas en silici sobre aïllant (SOI), i una alternativa homodina en sílice dopat 

amb germani. 

D'altra banda, també s'ha investigat en aquesta tesi tècniques de processament 
vectorial fotònic per a la generació de modulacions digitals en quadratura. Les 
modulacions multinivell codifiquen la informació digital en estats discrets de fase i 
amplitud d'un senyal elèctric per augmentar la seva eficiència espectral, com ara la 
modulació en quadratura. El processat necessari per generar i desmodular aquest 
tipus de senyals implica el processament vectorial (control d'amplitud i fase) i la 
conversió de freqüència. A diferència de la implementació electrònica o digital 
convencional, en aquesta tesi s'estudien diferents tècniques de processament fotònic 
tant per a la generació de modulacions digitals (modulació vectorial fotònica, PVM) 
com per la seva demodulació (PVdM). Això és de particular interès en el cas de 
senyals de banda ampla, on la velocitat de dades requerida és de l'ordre de gigabits 
per segon, per a aplicacions com backhaul sense fils de xarxes òptiques 
metropolitanes (coneguda com fibra fins l'aire). Les tècniques descrites es basen en 
explotar la dispersió cromàtica de la fibra òptica, la multiplexació per divisió en 
longitud d'ona i la conversió en freqüència. A més, es presenta una solució heterodina 

implementada monolíticament en un circuit integrat fotònic (PIC). 
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1. Introduction 
to Photonic Technology 

The process of harnessing light to perform a wide range of functions has been 
one of the main breakthroughs in recent history1. Light is at the core of a wide range 
of technologies from long-haul data transmission networks which make Internet and 
modern communications possible to illumination, industrial cutting, medical 
technology and life sciences, just to cite a few. It is expected that light-related 

technologies will reach a worldwide market of 650 million Euros in 2020 [www1] 

The development of the laser in the early 60s [MAI60] and the proposal of optical 
fibre [KAO66] as a transmission medium for long distances by Dr. Charles K. Kao, 
who was awarded the Nobel Prize in Physics in 2009 by this achievement, jointly 
with the subsequent technological improvements, revolutionized our way of life and 
led to the development of a new scientific field: photonics. Photonics is the 
technology of generating, controlling, and detecting light waves and photons and 
their application in a wide range of fields. 

There are three main platforms for controlling the propagation of photons. One 
is based on its propagation on air (without a guided medium) while the other two 
rely on dielectric optical waveguides. These three are:  

                                                 
1 As shown, for example, by UNESCO recognition of 2015 as the International Year of 

Light 
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1) Free space bulk optics relies on components as lenses, mirrors, prisms, 
spatial light modulators, etc. This was the first method to be developed 
and has been very successful in many applications since the propagation 
medium is air, which is mainly non-dispersive, and this approach offers 
a high degree of parallelism. However, for communications, free space 
optics do not allow the transmission of signals over long distances in 
terrestrial applications and results in rather bulky implementations that 
are prone to misalignment and difficult to integrate. A couple of 
exceptions are the systems for free-space laser links for short range 
communication backhauling, used normally as back-up options due to 
its low performance under rain and fog conditions, and its version for 
inter-satellite communications, which is gaining momentum since it 
enables high-speed communications between in-orbit satellites with 
minimum latency in long distances thanks to the absence of atmosphere 
and its associated attenuation. 

2) Fibre optics . The development of low-loss flexible dielectric 
waveguides based on total internal reflection for the transmission of high 
speed signals was a key breakthrough that allowed the present 
Information Age. From its original inception as a transmission medium 
for long-haul communications, optical fibre expanded to many other 
fields and different kinds of speciality fibre were developed to fill niche 
applications. 

3) Integrated Photonic Circuits (PIC) are based on integrating on a single 
chip a set of optical components and pigtailing the PIC to an optical fibre 
to implement a set of functions directly in the optical domain. It is a 
parallel evolution to the development of integrated electronic circuits 
from the original electronic systems made of discrete components. PICs 
are being used commercially in core and metro digital communication 
networks as well as in data-centres2 and are being also investigated for 

analogue applications and RF signal processing. 

1.1. Fibre-optic Systems 

Fibre-optics is the technology based on optical fibre cables. The optical fibre is 
a dielectric and extremely thin transmission medium made of silica (drawing glass) 
or plastic. Optical fibre is an outstanding transmission medium which revolutionized 

data communications due to its unique combination of low loss and wide bandwidth.  

                                                 
2  See http://www.infinera.com/ for InP PICs or http://www.luxtera.com/ for Silicon 

Photonics PICs. 
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Unlike coaxial or copper wires, optical fibres allow the transmission over long 
distances with extremely wide bandwidths. Fibres are also used because signals 
travel through them with lower loss per km than in metal wires, and they are 

unaffected by electromagnetic interference. 

Due to these features, optical fibres have been massively deployed. Present 
telecommunication networks rely heavily on them. Initially, the low loss and high 
bandwidth provided by optical fibre were exploited to implement long-haul 
submarine and continental links interconnecting telecom operators. Later, their use 
was expanded to interconnect central stations and regional networks and, nowadays, 
optical fibre make the core of carrier networks and has reached the last mile with 
strong penetration in access networks in the form of Fibre to the Home (FTTH) 
services. Additionally, fibres can be used as sensors to measure strain, temperature, 
pressure, and other qualities by modifying a fibre so that the property to measure 
modulates the intensity, phase, polarization, wavelength, or transit time of light in 
the fibre. Fibre optics sensing is most commonly found in security systems. By 
placing optical fibres along a boundary such as a fence or property line, an optical 
signal can be used to monitor for disturbances and will trigger an alarm if an intrusion 
occurs. Another field were optical fibre is a key element is in fibre lasers. Doped-
fibres can be used to implement a wide range of optical sources in a range of 
wavelengths. This field includes femtosecond pulsed lasers for basic science and 
spectroscopy to high power sources used for industrial cutting and material 
processing. Finally, other niche applications include transmission of power using a 
photovoltaic cell to convert light into electricity, fibre optical gyroscopes, artistic 

implementations, etc. 

The first glass fibres were fabricated almost a century ago (in the 20’s of the XX 
century), 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 
[AGR10]. However, originally, their losses (1000 dB/km) made them impractical 
for communication applications. In the 70s, dramatic improvements on the 
fabrication led to losses below 20 dB/km and by 1979 the now common value of 0.2 
dB/km at 1550 nm was reached. The availability of optical waveguides with such 
small losses revolutionized the field of optical fibre communications in the following 

decades.  

An optical fibre is basically a cylinder made of silica glass which has been 
covered by a material with lower refractive index. Because of the principle of total 
internal refraction [AGR10] the light is guided through the cable with little loss. 
Figure 1.1a shows the structure of a common fibre 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 
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classified as step-index or graded-index fibres. For the first type there is no variation 
while for the second one the index decreases for increasing radius, usually following 
a parabolic curve. The guiding properties of optical fibres can be observed in a first 
approximation by means of a ray picture such as the one shown in Fig. 1.1b. A ray 
incident in the centre of the core with a certain angle changes its direction of 

propagation according to Snell law: 

    0 1sin sini rn n   (1.1) 

The ray bends toward the axial axis and, considering the step-index fibre 
scenario, it is guided through the fibre as long as the angle of incidence with respect 

to the core-cladding interface is large enough to produce total internal reflection. 

    
 (a)  (b) 

Figure 1. a) Diagram of an optical fibre consisting of: (1) glass core, (2) 

cladding, (3) buffer and (4) jacket; b) Light propagation in an optical fibre. 

Although single-mode fibres avoid intermodal dispersion, group velocity is 
usually frequency dependent. Thus, propagating pulses get widened because its 
spectral components travel at different group velocities. This effect is known as 

group-velocity dispersion or chromatic 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 with the optical frequency while the latter depends on the physical 
characteristics of the fibre: radius and index difference. The dimensions of the fibre 
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 fibre or DSF) or to obtain dispersion which 
is opposite to that of standard fibre for compensation purposes (dispersion 

compensating fibre or DCF). 

It is convenient to model the effect of dispersion by expanding the mode-

propagation constant around a given optical frequency 0 [AGR97], 
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being n the nth-derivative of  with respect to the optical frequency, . More 

concretely, the definition of n is: 

𝛽1 = 
1

𝑣𝑔
 (1.3) 

𝛽2 = − 
𝜆2

2𝜋𝑐
𝐷 (1.4) 

𝛽3 = (
𝜆2

2𝜋𝑐
)

2

(𝐷 +
𝜆

2
𝑆) (1.5) 

where c is the speed of light,  is the optical wavelength, D is the dispersion 

parameter and S is the dispersion slope. 0 is the propagation constant at the central 

frequency, 1 is for the propagation of the pulse envelope at the group velocity vg 
and higher order terms represent dispersion the group velocity dispersion of order 

two and three. 

Although chromatic dispersion is, jointly with loss and nonlinearity, one of the 
main limitations in the achievable bitrate in any optical link, we can benefit from it 
and be exploited to implement different functions. An important use of dispersion 
will be described in the following section in this thesis as a tool for generating 
differential delays in optical signals at different wavelengths travelling in a 
dispersive media like the optical fibre. In particular, considering only the optical 

dispersion of second order, the differential delay ps accumulated between two 

optical signals with a wavelength separation of [nm] after the propagation through 
L kilometres of optical fibre with a given dispersion D[ps/(km·nm)] can be calculated 

as: 

 =D·L·  

This differential delay between different spectral components of an optical signal 
is also the origin of the well-known phenomenon of carrier suppression in a 

microwave photonic link when dual side band optical modulation is used [AGR10]. 

Typical parameters of the Standard Single-Mode Fibre (SSMF) are shown in 

Table 1[AGR10]. 
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TABLE 1: TYPICAL PARAMETERS OF THE STANDARD SINGLE-MODE FIBRE 

(SSMF) 

Symbol Parameter Value 

 Working wavelength 1550nm  
(most typical in communications and in MWP since the 
better efficiency of optical amplification at this wavelength) 

 Attenuation coefficient  0,2 dB/km 

D First order dispersion 17 ps/(km·nm) 
S Dispersion slope 0,07 ps/(km2·nm) 

 

1.2. Photonic Integrated Circuits (PIC) 

SSMF is an amazing transmission medium due to its low loss and high capacity 
and has no competition for long and medium range data transmission. However, to 
manipulate optical signals additional components are needed as modulators, optical 
delay lines, filters, etc. Traditionally these components were implemented as discrete 
devices. This is no big issue in carrier grade links but for other applications targeting 
low-cost scenarios such as FTTH or in applications were many components are 
needed, the cost of the photonic solution may severely reduce its commercial 

feasibility. 

In order to address this issue optical integration has been pursued as a way to 
introduce dramatic reductions in the cost and size of photonic subsystems [HUN09], 
[LOC11], [THY14]. It is expected that photonics will follow a similar evolution to 
electronics, where integration led to massive cost reductions, continuous 

improvements in performance and to a strong widening of its fields of application.  

Several major technologies have evolved in the last decades for photonic 
integration: III-V compound semiconductors (GaAs, InP); nonlinear crystals 
(LiNbO3); dielectrics (silica and silicon nitride based waveguides) and element 
semiconductor (silicon-on-insulator, SOI). Each technology has its specific strength 
such as capability for light generation and detection, modulation, passive routing 
with low propagation loss, electronic integration, ease in packaging, etc. 
Nevertheless, monolithic integration without losing key functionalities has not yet 

been achieved. 

Probably, the main platforms for photonic integration are: silica planar lightwave 
circuits (PLCs), InP and silicon-on-insulator (SOI). The propagation losses are 
similar in the last two technologies with the state of the art being around 1-2 dB/cm: 
in in InP can be around 1.4 dB/cm [STU99] and in silicon for commercial processes 
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today they are typically around the 2 dB/cm range [www2]. On the other side, PLC 
waveguides can offer lower attenuation <0.1dB/cm [BAU11]. 

 Silica glass planar lightwave circuits (PLCs) are widely used as key 
devices for wavelength division multiplexing (WDM) transmission and 
fibre-to-the-home (FTTH) networks because of their excellent optical 
properties and easiness for mass production. In such applications, the 
PLCs have been used for wavelength multi/demultiplexers, optical 
add/drop or cross-connect switches and programmable filters [HIM98]. 
The silica-based waveguides are very popular due to their very low 
propagation loss. The lowest propagation loss has been demonstrated 
using a phosphorus-doped silica on silicon waveguide with a 
propagation loss of 0.85 dB/m [ADA94]. However, this lower 
propagation loss was demonstrated on a waveguide with a low refractive 
index contrast of 0.7%. Such a low contrast is less attractive for photonic 
chip integration since it only allows large bending radius and hence, 
larger chip size. Other materials like silicon nitride are also used in PLC 
circuits since it enables shorter bending radius with relatively low losses 
in the order of <0.1 dB/cm [BAU11]. 

 Indium Phosphide (InP) inherently supports light generation, 
amplification, modulation, detection, variable attenuation, switching and 
passive functionalities. For this reason and the contrast index which 
allows large scale photonic integration [WIL15] as have been 
consistently demonstrated by Infinera [KIS11]. In this case the PICs are 
highly complex with components (lasers, modulators, arrayed 
waveguide gratings) counting more than 400 in a single chip. However, 
this technology work with smaller wafers and the required facilities are 
not aimed for mass production since it is not compatible with the 
common CMOS processes for microelectronics. 

 Silicon photonics is one of the most exciting and fastest growing 
photonic technologies in recent years [HOC13]. The initial pull of this 
technology is its compatibility with the mature silicon IC manufacturing. 
Another motivation is the availability of high-quality silicon-on-
insulator (SOI) planar waveguide circuits that offer strong optical 
confinement due to the high index contrast between silicon (n=3.45) and 
SiO2 (n=1.45). This opens up miniaturization and large scale integration 
of photonic devices. Moreover, it has also been shown that silicon has 
good material properties like high third-order optical nonlinearities 
which, together with the high optical confinement in the SOI 
waveguides, enable functionalities like modulation, wavelength 
conversion [LOC11]. But Silicon is not well-suited for electro-optic 
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modulators and detectors in 1550 nm operating wavelengths and the 
development of a practical silicon laser is still lacking which are strong 
drawbacks that are constraining silicon photonics from becoming the 

mainstream approach for deployed photonic components. 

1.3. Microwave Photonics 

Although originally targeted for long-distance communications, fibre optic 
technology has been applied to a wide range of fields, among them access networks, 
data centres, sensing, fibre lasers, illumination, imaging, and so forth. Another 
important application for fibre optic technology is the interaction between optics and 
microwaves for applications such as radar, communications, warfare systems, and 
instrumentation. This area has become known as microwave photonics (MWP) 
[SEE02], [CAP07], [WIL08], [MAR09], [BER10], [VID12], [URI15]. 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. This area of photonics includes the photonic 
generation and distribution, processing and monitoring of microwave signals, as well 

as photonic-assisted analogue-to-digital conversion, to cite its main topics. 

Features such as the low loss and wide bandwidth of fibre optic technology can 
be exploited to provide functions and capabilities to microwave systems that are very 
complex or even not implementable when carried out directly in the microwave 
domain. These advantageous characteristics are especially relevant when high 
frequency signals are considered given current limitations in the generation, 
processing, and distribution of microwave, millimetre- and submillimetre-wave 

signals. 

The first MWP systems were employed for optical distribution of electrical 
signals as shown in Fig. 2. An electrooptical device (E/O), typically a Mach-Zehnder 
modulator but also electroabsorption modulators or direct modulation of an optical 
source are possible, transfers the electrical signal onto one, or more, optical carriers 
which are distributed through an optical medium (fibre) before being recovered in 
the electrical domain in an optoelectronic converter (O/E), typically a PIN 
photodiode [COX04]. Such a system is known as a photonic microwave link. Its 
main advantages come from the medium properties: low and constant attenuation 
over the entire microwave and millimetre-wave modulation frequency range, which 
allows the distribution of signals for hundreds of kilometres with small degradation; 
independence of data format, which means that baseband and radio frequency (RF) 
signals can be transmitted with equal performance; huge bandwidth; flexibility to 
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adapt to different deployment scenarios due to the inherent flexibility of fibre cables; 
low weight and volume; and immunity to electromagnetic interferences. These 
features allowed the implementation of radio-over-fibre (RoF) systems (also known 
as analogue links) which perform distribution of radio signals, usually allocated in 
the microwave and millimetre bands, from a central station (CS) to one or more base 
station (BS) [NOV98]. This approach offers the ability to reduce system complexity 
by using a centralized architecture that incorporates a simplified antenna module 
located closer to the customer. The electrical signals transmitted can be allocated in 
baseband with respect to the optical carrier, at an 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. 

 
Figure 2. Microwave Photonic Link. 

 

Figure 3. Optical Microwave processing system. 

Besides microwave signal transmission, fibre optics can also be employed to 
process microwave and millimetre-wave signals directly in the optical domain. 
Optical microwave signal processing was first proposed in 1976 [WIL76]. Optical 
signal processing (Figure 3) offers the unique capability of controlling microwave 
signals with ultrawide bandwidth and at almost any frequency of the microwave and 
millimetre-wave spectrum breaking the bottlenecks of pure electronic devices. 
Besides, optical processing using optical waveguides allows the realization of large 
time x bandwidth products [ZMU94]. Therefore, optical signal processing (e.g. 
[TAY79], [JAC87], [TED95], [MIN06], [CAP13]) represents a new approach to the 
problem of signal processing that complements digital processing and direct 
processing using microwave components. Besides, processing microwave signals 
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directly in the optical domain avoids costly optoelectronic conversions if the signals 
are already in the optical domain for distribution using optical fibre. 

Optical signal processing applications include microwave filtering (e.g. 
[CAP05]), multigigabit per second analogue-to-digital (A/D) converters ([COP99], 
[JUO01], [HAN03]), frequency converters and mixers [ROU98], signal correlators 
[HUN99], arbitrary waveform generators [CHO03] and beamformers for phased 

arrays. 

Despite these advantages and the wide range of applications where microwave 
photonic systems could be used, the potential of this technology to replace 
electronics by optical devices has been hampered by the high cost of microwave 
photonic systems what limits the practical use of radio-over-fibre distribution 
networks to very specific applications. The high cost is mainly due to the need of 
many different components to perform microwave functionalities, and each 
component being packaged individually. The need of many components also leads 

to quite bulky implementations with high power consumption. 

These issues can be overcome through photonic integration [MAR12]. As 
happened in the microelectronic industry, many applications can be realized in a 
much more compact and cost-effective way by integrating the required functionality 
in a single chip. Among the different integration technologies proposed so far, 
Silicon Photonics (or CMOS photonics) stands out due to its compatibility with 
mature materials and processes of the microelectronic industry. That results in an 
easier way to bring photonic ICs (Integrated Circuits) to the market and to reduce 
the product cost. Additionally, since each single subsystem (laser, modulator, 
filter...) will have an insignificant cost, industry will concentrate on achieving the 
desired functionality using as many components as needed by enabling Large Scale 

Integration (LSI). 

Photonic CMOS integration will result in the development of a small set of 
elementary building blocks suitable for handling complex analogue signals which 
will contribute to the deployment of very-high-bit rate and heterogeneous 

wired/wireless access networks. 

1.4. Microwave Photonic Links 

As described in the previous section, and shown in Figure 3, a basic microwave 
photonic system is composed by an optical transmitter that converts the electrical 
signal to the optical domain, a propagation medium, being normally optical fibre for 
the signal transportation (as in microwave photonic links) or optical waveguides 
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implemented in PICs, and an opto-electronic converter, usually a PIN photodetector 
for typical microwave photonic applications. 

The optical transmitter is composed by a continuous wave (CW) lasers that can 
be directly modulated through their bias current or externally modulated by an 
optical modulator, which exhibits a higher modulation bandwidth and is going to be 
the option chosen in this thesis. A more general scheme of a MWP link is show in 
the following figure according with the notation described in [COR01] for the case 

of external modulation and optical dispersive media. 

                           

 
Figure 4. Scheme of an externally modulated analog dispersive optical link 

[COR01]. 

The CW lasers normally used in MWP systems are based on distributed feedback 
(DFB) lasers [AGR93], which consist in a cavity of semiconductor media of optical 
gain. The feedback in DFB lasers is not localized at the facets, but distributed 
throughout the cavity length. This is achieved through a periodic variation of the 
refraction index. Mode selectivity of the DFB results from the Bragg condition, 
which states that coupling of the waves propagating in the forward and backward 

directions occurs only for wavelengths λB satisfying: 

 Λ = m(λB/2neff)  

where Λ is the grating period, neff is the average mode index, and the integer m 
represents the order of Bragg diffraction. The coupling between the forward and 

backward waves is strongest for the fist-order Bragg diffraction (m=1). 

 

 
(a) 

 
(b) 
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Figure 5. Side view of simplified DFB (a) and DBR (b) laser structures. 

Semiconductor lasers using the DFB mechanism can be classified into two broad 
categories: DFB lasers and distributed Bragg reflector (DBR) lasers. Figure 5 shows 
the two kinds of structures. While in DFB lasers the feedback occurs throughout the 
cavity length, it does not take place inside the active region of a DBR laser. The 
fabrication of DFB lasers requires multiple epitaxial growths. A grating is etched 
onto one of the cladding layers surrounding the active layer. A thin n-type waveguide 
layer between the substrate and the active layer acts as a grating. The periodic 
variation of its thickness translates into a variation of the mode index neff along the 
cavity length and leads to Bragg diffraction. Holographic techniques or electron-
beam lithography are used to create the mask to fabricate the grating. Despite the 
technological complexities, DFB lasers are routinely produced commercially, and 
used in nearly all 1550 nm optical systems beyond 2.5 Gb/s. It must be noted that, 
although Figure 5 does not show any index-guiding structure, current available DFB 

lasers are designed following index-guiding principles. 

Lasers can be modelled by a set by a set of differential equations that describe 
dynamically the number of electrons (N) as well as the number of photons (P) in the 

laser cavity: 

𝑑𝑃

𝑑𝑇
= 𝐺𝑃 +𝑅𝑠𝑝−

𝑃

𝜏𝑝
  

𝑑𝑁

𝑑𝑇
=
𝐼

𝑞
−
𝑁

𝜏𝑐
−𝐺𝑃 (1.8) 

These equations are commonly known as the laser rate equations, and their 
derivation and thorough discussion can be found in references such as [AGR93]. 
Laser behaviour under modulation, noise, spectral linewidth, linearity and stability 
with temperature can be all predicted from the rate equations and building 

parameters of the laser. 

The P-I (optical power vs. injected electrical current) curve can be derived from 
the rate equations and characterizes the emission properties of a semiconductor laser. 
This curve indicates not only the threshold level of current when stimulated emission 
begins to beat spontaneous emission, but also the current that needs to be applied to 
obtain a certain amount of power, which, in the linear zone above threshold, follows 

the relation: 

𝑃 = 𝜂(𝐼 − 𝐼𝑡ℎ) (1.9) 

where 𝐼𝑡ℎ and 𝜂 are, respectively, the threshold current and slope efficiency of the 
laser, while 𝐼 is the input current to the laser, and 𝑃 is the optical power at its output. 
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Figure 6(a) is a typical example of a P-I curve, plotted at different temperatures. 
The observed degradation of threshold current and slope efficiency is known to have 

an exponential dependence with temperature: 

𝐼𝑡ℎ(𝑇) = 𝐼0 exp (
𝑇

𝑇0
)  and  𝜂 = 𝜂0 exp (−

𝑇

𝑇1
) (1.10) 

That is, laser performance degrades with increasing temperature in two ways: 
increasing of threshold current and decreasing of slope efficiency T0 and T1 are called 
characteristic temperatures, and depend basically on the material used and the laser 
structure. Because of the temperature sensitivity of semiconductor lasers, it is often 
necessary to control their temperature through an attached thermo-electric cooler 
(TEC). Another known effect of temperature variations is the change in laser 
emission wavelength. Lasers that must work at a constant wavelength need to be 
stabilized in temperature with a TEC. Furthermore, operation of semiconductor 
lasers at a high temperature is equivalent to aging, and thus device reliability can 
decrease rapidly under these conditions. The main drawback of using a TEC is its 
high power consumption, which can be one order of magnitude higher than the 
consumption of the laser diode on which it is attached. The output of a semiconductor 
laser exhibits fluctuations in its intensity, phase and frequency even when the laser 
is biased at a constant current. Noise in semiconductor laser is dominated by 
spontaneous emission; each spontaneously emitted photon perturbs both amplitude 
and phase randomly. Intensity fluctuations lead to a limited signal-to-noise ratio, 

whereas phase fluctuations lead to a finite spectral linewidth. 

  

 (a) (b) 

Figure 6. P-I curves at several temperatures (a) and RIN spectra at several 

power levels (b) of a typical 1550-nm semiconductor laser [AGR93]. 
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The rate equations can be also used to study laser noise by adding a noise term, 
known as the Langevin force, to each of them. Its resolution [AGR02] leads to the 
definition of the relative intensity noise (RIN) of the laser, whose spectrum behaves 
in semiconductor lasers in a similar way to the one depicted in Figure 6(b). 
Derivation of RIN from rate equations is tricky, but some characteristics can be 
extracted from the graph. One is that RIN spectrum is not flat, but rather has a peak 
near the laser relaxation oscillation frequency (a couple GHz), and decreases at lower 
frequencies. It must be pointed out, however, that, though not shown in this graph, 
RIN rises again at very low frequencies (below 10 MHz), where it shows a 1/f 
behaviour [BIB99]. Other significant feature is that RIN decreases with increasing 

optical power. 

Another important issue in optical transmitter design is how to couple as much 
light as possible from the laser diode into the optical fibre. Typical coupling 
efficiencies for edge-emitting lasers are 40-50%. An important problem related to 
the laser-fibre coupling and laser packaging design is the sensitivity of 
semiconductor lasers to optical feedback. Even a feedback smaller than 0.1 % can 
destabilize the laser, causing effects such as linewidth broadening and RIN 
enhancement. Demanding applications, in which most microwave photonic 
processing are included, will need the inclusion of an optical isolator between the 
laser and the fibre to reduce feedback. Optical isolators make use of the Faraday 
effect to block light propagating into the laser. They achieve high isolation (> 30 dB), 
low insertion loss and compact size, and are being used in most high-performance 

semiconductor lasers. 

The use of external modulation of CW optical signals exhibits a higher electrical 
modulation bandwidth beyond the achievable with direct modulations of the laser 
power. It also improves 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 Pockels effect of electro-optic crystals such as lithium niobate (LiNbO3) 
while amplitude modulation is often performed by means of interferometric 
structures (Mach-Zehnder and Michelson) and phase modulators or materials with 

controllable absorption (electro-absorption modulators, EAM). 

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. 
In the Figure 4 the general case of both arms being modulated is included where the 
modulation voltage applied to the modulator is comprised of constant components 
VDC1 and VDC2, and time-varying components, VRF(t). VDC is chosen to operate the 
modulator in different points of its transfer function according to the particular 
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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 7 shows the transfer function of a MZM. The half-wave voltage 
(Vπ), i.e. the voltage required to induce a π radians 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 Vπ are desired for increased 

efficiency. 

 

Figure 7. Schematic of the Mach-Zehnder modulator transfer function. 

An exhaustive analysis of the Mach-Zehnder modulator for the different 
modulation bias points can be found in [COR01]. For the investigations carried out 
in this thesis, in most of the cases the modulation bias point selected was Quadrature 
Bias (QB, which is the most linear modulation point) in configurations of dual-drive, 
push-pull (both modulator arms driven by the same signal with opposite phase). In 

this case, considering the following modulating signals with 𝜔𝑅𝐹  being the 
modulating frequency: 

𝑉1(𝑡) = 𝑉𝐷𝐶1+𝑣𝑅𝐹 sin(𝜔𝑅𝐹𝑡 +𝜙𝑅𝐹1) 

𝑉2(𝑡) = 𝑉𝐷𝐶2 +𝑣𝑅𝐹sin (𝜔𝑅𝐹𝑡 +𝜙𝑅𝐹2) 
(1.11) 

And the optical field at the output of the modulator is: 

𝐸𝑚𝑧𝑚(𝑡) = √2𝑃𝑡𝑓𝑓𝑒
𝑗𝜙𝑐 ∑ 𝐽𝑛(𝑚𝑅𝐹)𝑐𝑜𝑠(𝜙𝑣 +𝑛𝜙𝑑)

∞

𝑛=−∞

𝑒𝑗𝑛(𝜔𝑅𝐹𝑡+𝜙𝑚) (1.12) 
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where Jn(x) is the Bessel function of first kind of order n, tff are the insertion losses 
and 

𝑚𝑅𝐹 =
𝜋𝑣𝑅𝐹
𝑉𝜋

 (1.13a) 

𝜙𝑐 = 𝜙𝑒+
𝜋(𝑉𝐷𝐶1+𝑉𝐷𝐶2)

2𝑉𝜋
 (1.13b) 

𝜙𝑚 =
𝜙𝑅𝐹1 +𝜙𝑅𝐹2

2
 (1.13c) 

𝜙𝑣 =
𝜋(𝑉𝐷𝐶1− 𝑉𝐷𝐶2)

2𝑉𝜋
 (1.13d) 

𝜙𝑑 =
𝜙𝑅𝐹1 −𝜙𝑅𝐹2

2
 (1.13e) 

mRF is the optical modulation index and  e is the optical phase of the signal at the 
central frequency when nor voltage applied to the drivers. The propagation 
dispersive media from the optical modulator to the photodiode, in our case optical 

fibre or optical waveguides, can be modelled with a frequency response of  

𝐻𝑙𝑖𝑛𝑘(𝜔) =
1

√𝐿
𝑒𝑗𝛽(𝜔) (1.14) 

where L is the optical power loss of the dispersive link and () is the mode-

propagation constant according (1.2) and 

𝐸𝑙𝑖𝑛𝑘(𝜔) = 𝐸𝑚𝑧𝑚(𝜔)𝐻𝑙𝑖𝑛𝑘(𝜔) (1.15) 

is the optical field at the photodiode input. The photodetected current (ipd(t)) at the 

photodiode output follows the following expression: 

𝑖𝑝𝑑(𝑡) =
ℜ𝑃𝑡𝑓𝑓

𝐿
(𝐼𝐷𝐶+∑𝐼𝑝RF(𝑝)

∞

𝑝=1

) (1.16) 

where(A/W) is the photodiode responsivity (normally between 0.4 and 0.9 A/W), 
P(W) is the laser power, L is the total optical losses from the laser to the photodiode, 
IDC is the term of the photocurrent at zero frequency and IpRF(p) are the terms of the 
photocurrent of order p, The photodiode performs the operation of envelop detection 



17  Chapter 1 

 
 

of the optical field that arrives to it, particularly 𝑖𝑝𝑑(𝑡) = ℜ𝐸𝑙𝑖𝑛𝑘𝐸𝑙𝑖𝑛𝑘
∗ /2, being the 

photocurrent linear with the optical power. The photodiode is is a semiconductor-
based detector coupled to an optical fibre or to an optical waveguide in the case of a 
PIC, and its electrical output is matched to the output circuitry to enable operation at 
high electrical frequencies (some photodiodes, UTC-PD, can reach the THz band). 
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 an electron-hole 
pair. GaAs is employed for the 800 nm region while Si is suitable at 1 μm and 
InGaAs compounds are used for the telecom band of 1.5 μm. 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 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 of the existent trade-off between 
high responsivity and fast response. Avalanche photodiodes (APD) are suitable for 
low optical power operation since they provide larger responsivities thanks to a gain 
layer which generates additional 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 [ISH97] 
the absorption takes place in the p-layer instead of the intrinsic. Because pair 
electrons-holes are generated in the p-layer the transit time of the holes is really short 
and the electrons are the ones limiting the speed of the PD. This device has shown 
high-power operation at speeds exceeding 1 THz with high linearity suitable for data 

generation. 

As commented, the particular case of QB modulation results from |VDC1-
VDC2|=V/2 and |DC1-DC2|=. In this case, the different components of the detected 

signal from (1.16) may be simplified resulting in 

  
1

2
DCI t   (1.17) 
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for even harmonics of the RF signal (p even) and 
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for fundamental and odd harmonics of RF signal (p odd) [COR01]. Jn are the Bessel 

functions of first kind of order n. 

The electrical power associated to the fundamental component of the RF signal, 

PRF, can be simplified as: 

    2 2 2 2 2

0 12RF link RF RF LP P g J m J m R   (1.19) 

where glink is the total optical gain of the link equal to 1/L and RL is the load 
impedance of the photodetector. For mRF << 1, the Bessel functions can be 

approximated as: 

 
2/)(

,1)(

1

0

RFRF

RF

mmJ

mJ




 (1.20) 

and expression (1.19) can be simplified to: 

 
2 2 2 21

2
RF link RF LP P g m R   (1.21) 
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From Eq. (1.21), the required modulation index mRF needed to obtain a specified 
RF detected power can be expressed as a function of the rest of system parameters 

as: 

 
2 2 2

2 RF
RF

link L

P
m

P g R



 (1.22) 

The optical modulation index can be related to the RF input power applied to 

each drive of the Dual-Drive MZM as: 
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However, if a Single-Drive MZM is used, the required RF input power for a 

given mRF is: 
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1.4.1. Carrier-to-noise Ratio 

The signal-to-noise ratio (SNR) is a parameter that characterises the quality of a 
device, system, or link. The system performance depends on the SNR associated 
with the demodulated signal. In the case of sub-carrier multiplexing (SCM) systems, 
the carrier-to-noise ratio (CNR) is often used instead of SNR, as the two are related 
to each other depending of the electrical modulation. The CNR is defined as the ratio 
between the desired carrier component and the overall noise at the output of the 
system under analysis. In this section, the main noise contributions are described and 

an expression of the CNR for a generic microwave photonic system is provided. 

Figure 8 shows a schematic view of the noise link model which has been 
employed to analyse the CNR. All the main noise sources which have some influence 
in the performance of the system have been included in the model. A single laser 
source which generates an optical carrier with a power Pi has been considered. The 
losses L1 before the first amplifier include the insertion losses of the MZM and the 
first optical circulator, whilst the losses L2 between amplifiers take into account the 
insertion losses of the TTD matrix and finally, L3 include the second circulator and 

the demultiplexer insertion losses. The main noise sources are described next. 
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Figure 8. Noise link model schematic. 

1.4.1.1. Thermal noise 

The thermal noise, whose variance will be denoted by 𝜎𝑡ℎ
2 , is due to random 

thermal motion of electrons in the load resistor placed in the front end an optical 

receiver. Its expression is given by: 

 
L

nB

th
R

fFTk 


42  (1.25) 

where kB=1.384·10-23 K/J is the Boltzmann constant, T is the absolute temperature, 
f is the effective noise bandwidth which is fixed by the last filtering stage, Fn is the 
amplifier noise figure due to several resistors used in pre- and main amplifiers and 

RL is the load resistance. 

It should be noted that the equivalent noise bandwidth for all noise components 
has been set to the equivalent electrical noise bandwidth which is fixed by the latter 

filtering stage after the photoreceiver, e.g. by the RF amplifier or an electrical filter.  

1.4.1.2. Shot noise 

The shot noise is due to the random nature of the electrons that form the electrical 

current after the photodetection process. The total shot noise variance is given by, 

   fIIq dps  22  (1.26) 

where q is the electron charge q = 1.6·10-19 C, Ip is the average photocurrent and Id 

is the dark current. 

1.4.1.3. RIN noise 

This noise component depends on the value of the relative intensity noise (RIN) 
parameter of the laser. Assuming that it is nearly uniform within the receiver 

bandwidth, the RIN noise term after detection is given by, 
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 fIRIN pRIN  22  (1.27) 

It should be noted that the RIN noise has a quadratic dependence with the average 

receiver optical intensity. 

1.4.1.4. EDFA noise 

Erbium-doped fibre amplifiers (EDFA) are widely used in today’s optical 
communication systems to boost optical carriers or to compensate for losses in 
optical links and devices. However, the amplified signal is contaminated by the 
spontaneous emission that takes place during the amplification process. The noise 
terms are due to an increase in the shot noise due to the spontaneous emission, and 
the beating of spontaneous emission against itself, signal and shot noise. In our 
system there are two different ASE (Amplified Spontaneous Emission) sources, but 
as they are not placed just before the photodetector, it is necessary to study the 
variation suffered by these noise contributions as they travel from their source to the 
photodetector. The first amplifier, denoted as EDFA1, gives rise to a spontaneous-

emission noise whose spectral density Ssp1 can be written as: 

  hnGS spsp 111 )1()(   (1.28) 

where  is the optical frequency, G1 is the optical gain, nsp1 is the population-
inversion factor, and h is the Planck constant (h = 6.626·10-34 J·s). The noise 
spectrum amplitude is modified from the output of EDFA1 to the input of the 

photodetector where the new spectral density S’sp1 can be expressed as: 

 )(
·

)(' 1

32

2

1  spsp S
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G
S   (1.29) 

If the same analysis is applied to the second amplifier, denoted as EDFA2, the 

following expressions are obtained: 

  hnGS spsp 222 )1()(   (1.30) 
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2  spsp S
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S   (1.31) 

where Ssp2 and S’sp2 are the spectral densities of the spontaneous-emission noise 
originated by EDFA2 at the amplifier output and at the photodetector input, 

respectively. 
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Taking into account the previous considerations, the noise term corresponding 
to Shot noise is affected by the ASE noise as follows: 

   fISSPq dspspos  )''(2 21

2   (1.32) 

where Po = Pi·G1G2/(L1L2L3) is the optical power of the desired signal at the input of 

the photodetector, and  is the amplifier bandwidth, which is supposed to be 

identical for both amplifiers. 

The noise terms due to the beating of spontaneous emission against itself, signal 

and shot noise are: 
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for the noise generated at EDFA1 and: 
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for the noise generated at EDFA2. The noise term due to the beating of the 

spontaneous emissions of both amplifiers has been neglected. 

The total noise term after photodetection 2 can be obtained by adding the 

individual noise terms previously obtained: 
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The carrier-to-noise ratio CNR can be obtained from Eq. (2.1) and Eq. (2.22) as: 

 
2

RFP
CNR   (1.40) 
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1.5. Photonic Up and Down Conversion 

The generalization of the intensity modulation, direct detection microwave 
photonic link depicted in Figure 4 is shown in Figure 9, [COR01]. In this case, the 
CW laser source is generalized to an optical source that is formed by an externally 
modulated optical carrier, resulting in cascading two MZM modulators. In this case, 
the optical dual-side band modulation generated by this optical source is again 
modulated by a second MZM modulator. This second modulation stage results in a 
complex optical spectrum that, after the photodetector, generate a number of 
harmonic components including harmonics of an eventual intermediate frequency 
component (IF), harmonic of the signal modulating the second MZM, named here 
Local Oscillator in order to maintain the nomenclature of the frequency converters, 
and mixing product between both ±n·IF±p·LO. The proper selection of the desired 
spectral component by an filter result in a functionality of frequency conversion, 
either up, down conversion, or even harmonic frequency conversion of higher order. 

 
Figure 9. Optical frequency conversion of an IF modulated optical signal with 

an optical MZM modulator in a dispersive link [COR01]. 

In Figure 10, an example of frequency conversion done with a system as 
described in Figure 9 with an IF frequency of 3.5 GHz and a LO frequency of 25 
GHz is shown. The harmonics of the IF carrier, the fundamental of the LO and the 
frequency conversions of LO±nIF are shown, both by simulation and by 
measurements. The frequency conversion in this kind of systems is free of spurious 
different from the harmonic products of the MZM input signals, which does not 
occur with the electrical mixers, which exhibits spurious in frequencies not directly 
associated to the input signals. This particular behaviour is very useful when a 
broadband frequency converter is required and is unique of the microwave photonic 

systems. 
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Figure 10. Electrical spectrum of a microwave photonic frequency converter 

at the output of the photodiode. Left picture shows a simulation and righ one 

is the real measurement. 

The equations that govern the behaviour of a photonic frequency converter, as 
the one described above, can be found in [COR01]. The concrete case for the up and 

down converted components (pLO+IF) and (pLO-IF) respectively is the following: 
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being n=Ln as in (1.2-5), and 
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                                  cosn RF v dI n J m n                                     (1.43) 

There is a particular case in which, if the frequency of the IF signal is lower than 
2.5 GHz typically, the first modulation can be done by the direct modulation of the 
bias current of a laser. The previous equations describe the general case in which the 
first modulation (IF) is ideal (dual-side band) so the particular case of a directly 

modulated laser is also included. 

1.6. Vector Microwave Optical Processing 

As described in Section 1.3, photonics offers a new approach to distribute and 
control microwave signals. Optical fibre can provide low loss to transport microwave 
signals over long distances with improved flexibility in comparison to coax cables. 
Additionally, the amplitude of the microwave signal can be controlled (e.g. 
[YAO98], [COX04]). The phase of the microwave signal can also be modified by 

using optical phase shifters (e.g. [LOA06]). 

Some applications require the simultaneous control of both the amplitude and 
the phase/delay of a microwave signal, i.e. assuming a monochromatic signal, the 
control over the signal phasor, complex amplitude or vector components of the 
signal. Photonic architectures can control both the amplitude and the phase/delay of 
microwave signals with the key feature of ultrabroadband operation. The phase at 
the output of the photodiode can be modified by changing the delay that the 
modulated optical signal suffers by crossing an optical circuit. This delay, as will be 
seen in subsequent sections, can be changed with different techniques. The amplitude 
can also be controlled by different means ranging from the reduction of the optical 
power emitted by a laser, reduction of the gain of an amplifier or by a dedicated 

optical or electrical attenuator. 

This thesis focuses on the application of photonic vector control of 
radiofrequency signals in two applications: optical beamforming and photonic vector 
modulation and demodulation of digital quadrature amplitude modulations. Photonic 
vector control enables to adjust the amplitude and phase of the radiofrequency 

signals in the optical domain. 

1.6.1. Optical Beamforming Networks 

Antenna arrays consist of a set of individual antenna elements working 
simultaneously as a single antenna of larger dimensions and with some features not 
easily achievable in elemental antennas such as electronic control of the steering 
angle. Arrays are based on the constructive/destructive interference of the signals 
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emitted by their elements. The unique feature of this solution is that the antenna 
steers the angular direction of maximum radiation only with the proper adjustment 
of the differential phases of the signals at the antenna elements. This process can be 
parallelized and multiple beams can be emitted/received and independently steered 
with the proper beamforming network in what is known as multibeam antennas. The 
major drawback of these solutions is that the complexity of the beamforming 
network increases dramatically with the number of elements of the antenna, 
impacting, in turn, on the size, mass, volume, consumption and reliability of the 
beamforming network. 

The work described in this thesis includes different techniques for implementing 
a photonic version of beamforming networks for DRAs, known as optical 
beamforming networks (OBFN). The optical beamforming technology has attracted 
the interest of the research community for more than two decades owing to the fact 
that this technology present an attractive solution not only for overcoming the 
conventional issues for implementing RF true time-delay (TTD) in broadband 
applications, but because it also allows the distribution of RF signals to the radiating 
elements, benefiting from the features of optical fibre as transmission medium, i.e. 
low mass, small volume, low attenuation, flexibility, broad bandwidth, immunity to 
electromagnetic interference (EMI), and improved phase stability. 

Several optical beamforming architectures have been proposed until now using 
different technological implementations [ZMU94]. In particular, optical TTD 
beamforming has been proposed using free-space optics, fibre optics or integrated 
optics. Optical TTD based on free-space optics have been considered almost since 
the early days for their potential for parallel processing. On the other hand, they may 
require significant free-space propagation lengths (especially at low RF frequencies), 
creating collimation loss and beam diffraction issues, and thereby limiting the 

performance, stability and overall scalability of the BF system. 

Fibre-based optical delay lines avoid these problems and offer much lower loss, 
yielding better performance. Most of the options make use of the numerous fibre-
based components developed for the telecom industry including optical modulators, 
amplifiers and switches, and wavelength management devices (e.g., filters, 
demultiplexers, dispersive fibres). 

Integrated optics based photonic beamformers are of particular interest from the 
point of view of compactness and moderate implementation costs. Their 

attractiveness is expected to increase as the RF signal frequency increases. 

The research carried out for this thesis has follows the objective of, firstly, to 
address a precise control in terrestrial applications of broadband signals at very high 
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frequencies above 40 GHz in communication antennas and, secondly, to optimize 
the size and mass when compared with the electrical or optical counterparts in space 
application. In the first case true time-delay control is used for the phase adjustment 
of broadband signals in dispersive optical fibres with wavelength division 
multiplexing techniques for parallelization. Additionally, techniques to provide 
advanced features such as direction of arrival estimation in receiving architectures 
are studied. In the second, passive OBFNs based on monolithically-integrated 

Optical Butler Matrices are studied. 

1.6.2. Photonic Vector Modulator for Communications 

Broadband wireless access (BWA) networks are key last-mile-access 
technologies. BWA facilitates extending network coverage with relatively low 
deployment costs, faster revenue growth, and increased flexibility compared to 
common cabled infrastructure. In parallel, wired local area networks (LAN) and 
fibre-to-the-home (FTTH) access networks, are experiencing a remarkable capacity 
increase, as both CAPEX and OPEX costs are decreasing due to higher market 
penetration, standardization and use of low-cost optical technologies. This 
increasing capacity of wired data transmission has pushed the development of 
wireless technologies capable of transmitting high data rate signals, which is only 
possible by utilizing the millimetre-band (mmW). During the past few years, 
substantial knowledge about the mmW communication has been accumulated and a 
great deal of work has been done toward developing systems for commercial 
applications [HIR06], [DYA07], [RID08]. 

However, these schemes in the mmW band require a huge electrical bandwidth 
(more than 20 GHz for 10 Gb/s), resulting in a very limiting option in frequency 
division duplex schemes. Also the complexity of technology both electrical and 
optical at these high frequencies (>100 GHz) limit the possibilities.  

In this thesis, techniques for controlling the phase and amplitude of 
radiofrequency signals (i.e. vector processing) have been also investigated to be 
applied to the generation quadrature digital modulations. Multilevel modulation is a 
very well-known technique of the transmission of digital signals that is universally 
used in communications, from mobile phones to communication satellites. The 
fundamental performance of this technique is that the digital information is encoded 
in discrete states of phase and amplitude of an electrical signal (vector). Having two 
states, encoded either in the phase (±180 degrees) or the amplitude (0-1), is the 
simplest case. The general case is known as quadrature modulation in which both 
amplitude and phase changes in discrete values. In this general case, the modulation 
is decomposed in its two orthogonal components phase-shifted 90 degrees, known 
as in-phase and quadrature components. The signal processing required for 
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generating and demodulating this kind of signals involves vector processing (phase 
and amplitude control) and frequency conversion. 

In this thesis, this signal processing to generate and receive digital modulations 
is optically performed in a technique known as photonic vector modulation (PVM) 
and demodulation (PVdM). This is of particular interest in the case of broadband 
requirements where the data-rate required to be managed is in the order of gigabits 
per second, for applications as wireless backhauling of metro optical networks (also 
known as fibre-to-the-air). The proposed techniques use optical dispersion in optical 
fibres, wavelength division multiplexing and photonic up/down conversion. 
Additionally, an optical heterodyne solution implemented in highly integrated 
CMOS compatible photonics for this application scenario is described including 
silicon modulators combined with integrated photonics and CMOS compatible 
photo-detection. 
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2. Optical 
Beamforming Networks 

2.1. Introduction to Antenna Theory 

A phased array antenna is made of multiple stationary antenna elements, which 
are fed coherently and use variable phase or time-delay control at each element to 
scan a beam at given angles in space [MAI05]. Sometimes, variable amplitude 
control is also provided for radiation pattern shaping. Arrays are routinely used 
instead of fixed aperture antennas (reflectors, lenses) because the multiplicity of 
elements allows more precise control of the radiation pattern, thus resulting in lower 
sidelobes or careful pattern shaping. However, the primary reason for using arrays is 
to produce a directive beam that can be repositioned (scanned) electronically, with 

application in radar, communication, sensing, etc. 

The sketch in Figure 11 portrays a generalized distribution of array elements, 
here shown as small radiating surfaces. Each element radiates a vector directional 

pattern that has both angle and radial dependence near the element. 

Chapter 2 



30  Chapter 2 

 

 
Figure 11. Array and coordinate systems. 

The radiation behaviour of the array can be characterized by the scalar array factor 

F(), where: 

   ˆ
, e ijkr r

iF a  
  (2.1) 

2.1.1. Scanning and Collimation of Linear and Planar Arrays 

Array scanning can be accomplished by applying the complex weights ai in the 

form of: 
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These weights steer the beam peak to an angular position (), because at that 
location the exponential terms in (2.2) cancel those in (2.1), and the array factor is 

the sum of the weight amplitudes ai . With this choice of weights, the pattern 
maximum is stationary for every frequency. This requires an exponential dependence 
that has a linear phase relationship with frequency that corresponds to inserting time 
delays or lengths of transmission line among the path followed by the signal in its 
travel to each antenna element. These delays are chosen so that the path length 
differences for the generalized array locations of Figure 11 are compensated in order 

to make the signals from all elements arrive together at some desired distant point. 

Due to the difficulty in providing time delays, the steering signal can be 
controlled by phase shifters, which are much simpler to implement and are a good 
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approximation in the case of limited bandwidth, instead of using actual time delays. 
In this case, the weights have the form below instead of that in (2.2): 

 0 0̂e ijk r r

i ia a
 

  (2.4) 

for some frequency f0 c/ (with k 0 ). In this form, the array pattern has its 
peak at a location that depends on frequency. 

2.1.2. Bandwidth 

The bandwidth of an array antenna [KIN72, KNI74] can be limited by the 
bandwidth of each one of the elements forming the array, but often the limiting effect 
is due to the use of phase shifters to scan the beam instead of time-delay devices. 
The complex weights shown in (2.2) provide time delay, and so the beam peak occurs 

at () for all frequencies. If phase shifters are used instead to steer the beam, the 
peak is scanned to the desired angle only at centre frequency f0. Otherwise, it is 
steered to that angle which makes the exponent of (2.4) equal and of opposite sign 

to the exponent of (2.1). 

The resulting radiation diagram shows a phenomenon known as “beamsquint”, 
like that depicted in Figure 12(a), in which the beam peak angle is reduced for 
frequencies above the design frequency and increased for frequencies below the 
design frequency. If the bandwidth is defined by the frequency limits at which the 
gain is reduced to half power, the resulting fractional bandwidth given by the 

beamsquint is given by: 
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for an array with beamwidth a and beam broadening factor Bb. The bandwidth 
becomes smaller as the array is made larger or as the scan angle is increased. Figure 

12(b) shows bandwidth versus scan angle for arrays of different lengths. 
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(a) 

(b) 

Figure 12. Wideband effects in phased array performance: (a) beam squint for 

a phased array (wavefronts and beam peak motion); (b) array 3-dB 

bandwidth versus (L/ ) sin(0) (Bb is beam broadening factor) [KIN72]. 

2.1.3. Time-Delay Compensation 

The bandwidth limitation imposed by (2.5) severely restricts the use of arrays in 
several applications such as military radar, next generation Earth observation 
instruments and broadband communication systems. The use of time delays instead 
of phase shifts, an approach known as True Time Delay (TTD), can give enhanced 
bandwidth, but often at prohibitively large cost and at the expense of other 

performance goals. 

In order to maintain the beam peak at a constant angle  for all frequencies, one 
needs time delayed signals at each element. The excitation coefficients for an equally 

spaced (dx) linear array are given by: 
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In terms of equivalent phase n at each element, these phase shifts are: 

  02 sinn x

nf
d

c
     (2.7) 

and thus need to vary linearly with frequency. 

The common method to provide time delay is to insert incremental lengths of 

transmission line of length Ln = ndx sin () to produce the time delays, 

 
 0sinx n

n

nd L

c c


    (2.8) 

For example, it can be done by switching sections of transmission lines behind 
each element or group of elements. Since the phase shift inserted by length of line 

Ln is: 

 
2 n

n

L


   (2.9) 

each line length (near the ends of the array with total length L) has to be variable 

over the range 

    0 0sin sin
2 2

n

L L
L 


   (2.10) 

In this case, the negative value does not indicate a negative line length, since an 

equal length of line is first added to each path. 

The beam steering angle provided by the TTD τn is given by,  

  RFni f··2arcsin    (2.11) 

However, the required lengths of switched microwave transmission lines are 
extremely bulky and expensive for large arrays, and the large number of discrete 
time-delay positions requires a highly complex switching network. Furthermore, the 
relative dispersion in the various transmission line sections may prohibit accurate 
beam forming. For these reasons there are few deployed systems that rely on time 
delay controls, and to date these have been large ground-based arrays in very specific 
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niche applications mainly related with the military. In space, a relevant example of 
antenna system that implements true time-delay sections is the beamforming 

network of the Cosmo-SkyMed SAR satellite [TOR11]. 

The need for wideband array systems is increasing, and analogue, optical, and 

digital technologies can provide that function, each one with its limitations. 

2.1.4. Multiple Beam Array Feeds 

A special category of array feed is the multiple beam array shown schematically 
in Figure 13, where each input port excites an independent beam in space. These can 
be produced with a digital beamformer, but in addition there are a variety of antenna 

hardware concepts that produce multiple beams, including optical technologies. 

 
Figure 13. Multiple beam array. 

Since the 50’s, the Butler Matrix [BUT61], [BUT85] has been known by antenna 
specialists as a device based on cascading couplers so that any RF signal from a 
given input is distributed with equal amplitude to each output, and with a progressive 
phase-shift from an output to the next. So, when connecting the output ports to the 
elements of an antenna linear array, the signal injected in each input port is radiated 
in a pre-determined direction, within an ‘antenna directive beam’. All beams formed 

by a Butler matrix are equally spaced (provided that sin() is taken as angular unit) 
and ‘orthogonal’, which is a fundamental property that allows no crosstalk between 
them. This orthogonality is because a Butler matrix (see Figure 14) is a circuit 
implementation of the fast Fourier transform (FFT) and radiate orthogonal sets of 
beams with uniform aperture illumination. It is a passive reciprocal network, so it 
works the same when used in transmitting or receiving mode. Butler matrices can be 

combined in two steps (cascade) to facilitate 3D scanning. 
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Figure 14. Eight-element, eight-beam Butler matrix and radiated beams. 

Besides, the Butler matrix is the waveguide network able to provide N beams 
from N ports (at input and outputs) with the minimum number of couplers: 
N·(log2N)/2, instead of 2N·(N-1)3 for a traditional beamformer with independent 
ways for phase-shifting towards outputs the signal dedicated to each beam, either in 

microwave circuits or possibly connecting by optical fibres each input to each output. 

Despite this great hardware reduction, a Butler matrix network is rather bulky if 
built on RF waveguide technology. When it has to connect numerous inputs to the 
same number of N outputs, especially as for bidimensional arrays, this needs two 
successive sets of stacked Butler matrices, as presented in Figure 15, for the case of 
N=8²=64, being ‘N’ the overall number of ports (at input and output) of a 2D set of 
Butler Matrices. In the classical implementation, it is composed of 2 sets of stacked 
planar matrices, which will be said of MxM order. As the optimal Fourier 
transformers, the optimal implementation of a BM is for M=2m and a matrix can be 

truncated to use a number of inputs and/or outputs < 2m. 

                                                 
3 In a classical BFN with independent forming per beam, at each of the N inputs, a 1N 

divider needs N-1 couplers (e.g. 3dB-ones if uniform distribution); at outputs, also N-1 

couplers are necessary to combine signals coming from each ‘BFN slide’ located in front of 

each of the N outputs. 
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Figure 15. Microwave Butler Matrixes. (left) 3D Orthogonal double set of 8x8 

Butler matrixes and (right) example of a 8x8 RF matrix at 30 GHz (15x8cm2). 

Because the beams of a matrix-fed array phase are scanned, they show inherently 
modest bandwidths. On the other side, multiple beam lens and reflector systems have 
the advantage of being wideband scanners, as their beam locations do not vary with 
frequency since each beam is geometrically dependent of the position of discrete 
illuminators. In present antenna systems, as for example on-board of communication 
satellites, an array of illuminators (normally made by horn antennas after a high 
power amplifier) are placed at the focus of a single parabolic reflector or a set of 
reflectors in a Cassegrain configuration and each illuminator is in charge of 
generating each antenna beam. This configuration is quite simple and widely used 
since, as described before, is theoretically a wideband system. Nevertheless, there 
are drawbacks associated to the reliability of the RF chain of each illuminator since 
if an illuminator fails the whole beam coverage is lost. This is not the case in phase 
array systems since the loss of a single element has low impact in the radiation 
pattern (this is especially positive in antenna arrays of a high number of elements)4. 
Other practical limitation is that the linearity of the high-power amplifiers associated 
to each illuminator is normally worse than medium-power amplifiers used in array 
antennas (since the power of each beam is distributed among all the antenna 
elements). This is a practical limitation in broadband systems in which a high number 

of carriers needs to be amplified together, generating distortion. 

An alternative to reflector systems in one-beam-per-illuminator systems is the 
Rotman lens [ROT63], a variant of the Gent bootlace lens [GEN57] that has the 
special feature of forming three points of perfect focus for one plane of scan. The 
Rotman lens can provide good wide-angle scanning out to angles exceeding 
45 degrees. It consists of an artificial lens formed by two set of illuminators 

                                                 
4 See Annex B. 

2nd set of planar 1D matrices

j = 1,2 …8

i = 1,2 …8

1st set of planar 1D matrices
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confronted. The first set corresponds to each beam and the second to each antenna 
element. The geometry of this arrangement is the origin of the pointing angle of each 
beam following the same principle of a typical optical lens. This configuration can 
be seen implemented in microstrip technology for linear arrays or bi-dimensional for 

planar arrays. The following figure shows a Rotman lens in planar configuration. 

 

Figure 16. Rotman lens beamforming network. 

Multiple beam lenses and reflectors have been chosen for satellite 
communication systems, and in that application they serve to produce either 

switched individual beams or clusters of beams to cover particular areas on the Earth. 

2.1.5. Control for Wideband Arrays 

As it has been seen in previous sections, beamsquint, as illustrated in Figure 12 
and (2.5), requires the use of time-delay steering in very wideband arrays as well as 
in very large arrays with even modest fractional bandwidth. These two categories of 
wideband arrays are distinctly different and require completely different 

architectures. 

Figure 17 and Figure 18 show several approaches on how to implement time 
delay networks for various relevant conditions. Figure 17 shows two possible 
architectures for very wideband (octave or multioctave) or multiple-band control. 
The diagram of Figure 17a shows one T/R module and one-time delay unit (TDU) 
per element and provides exact time delay and the ultimate bandwidth subject to 
antenna element design. The T/R amplification at the elements is necessary because 

TDUs are lossy (depending on their length and implementation technology). 
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Figure 17. Wideband array control: (a) array with TDUs; and (b) array with 

cascaded TDUs. 

 

Figure 18. Architectures for fractional bandwidth wideband arrays: (a) 

phased array with contiguous time-delayed subarrays; and (b) phased array 

with time-delayed overlapped subarrays. 

From eq. (2.10) it can be stated that an array that is 100 wavelengths long needs 
nearly 100 wavelengths of excess line switched in series with the outermost elements 
for scan angles up to 60 degrees; thus, significant loss can be expected. In addition 
to loss, there is little room behind each element to include the TDUs and 
amplification, so this most basic of architectures is impractical for most applications 
except for relatively small, very wideband arrays using traditional RF technology. 
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However, a photonic approach could ease these limitations by benefiting from the 
fact that losses in optical fibre are almost independent of the length of the delay line. 

The right side of Figure 17(b) shows a more practical configuration for providing 
element-level time delay and, like the first, provides the exact time delay at every 
element. This configuration provides small increments of time delay at each element, 
perhaps up to two or three wavelengths. Then, after grouping these elements into 
subarrays and amplifying, it provides longer delays at successive levels of 
subarraying. Very long delays can then be provided by a beamformer using optical, 
analogue, or digital time delay. In this case, the optical and analogue time delay could 
be provided by a switched line configuration; thus, it retains the wideband features 
of the basic apertures. At present, the performance of digital beamformers do not 
support octave or multioctave bandwidth at microwave frequencies, but they can 
provide accurate time delay over narrower bandwidths at a multitude of frequencies 
through subbanding and filtering. In these cases, the digital beamformer can provide 
multiband beams that point in the same direction using the network of cascaded 

TDUs. 

2.2. Review of Optical Beamforming Networks 

2.2.1. Antenna Beamforming Networks 

Optical beamforming networks for phased-array antennas [SEE93], [ZMU94], 
[VID04], [TUR09] have many potential advantages over their electrical counterparts 
such as small size, low weight, no susceptibility to electro-magnetic interference and, 
especially, wide instantaneous bandwidth and squint-free array steering (true time 
delay). This section reviews the state-of-the-art in photonic beamforming concepts 

and technologies, and their potential application in multi-beam antennas (MBA). 

The application of photonic technology to beamforming has been investigated 
for more than three decades, [KOE84] [EST87] [ANA88] [NG91] [LEI99] [PAU99], 
bearing the promise of overcoming the conventional RF beamformer issues that have 
been briefly described in the previous section. Photonic technology can not only 
generate effectively the time delays or phase shifts required to MBA, but also support 
the distribution of the RF signals to the radiating elements, with optical fibre 
advantages and reducing the complexity at the antenna, requiring less space behind 
the antenna elements, resulting in lighter antenna arrays. 

There are presently two main technical approaches in optical beamforming for 

multibeam antennas: 
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 Optical True Time-Delay (TTD) systems, which introduce 
frequency-independent time delays by optical propagation means, and 
thus inherently feature large bandwidths as described above. 

 Phase-Shifting coherent optical beamformers, which are based on 
optical heterodyning and accurate phase control of the optical carrier to 

produce phase shifts on the microwave signals.  

These concepts make use of various technologies, including free-space or 
semi-guided optics, and guided-wave optics. Table 2 provides a tentative 

classification of optical beamforming concepts and technologies. 

In particular, optical TTD beamforming has been proposed using free-space 
optics, fibre optics or integrated optics. Optical TTD based on free-space optics have 
been considered, almost since the early days, for their potential for parallel 
processing. On the other hand, they may require significant free-space propagation 
lengths (especially at low RF frequencies), creating collimation loss and beam 
diffraction issues, and thereby limiting the performance, stability and overall 

scalability of the BF system. 

Fibre-based optical delay lines avoid these problems and offer much lower loss, 
yielding better performance. Most of the architectures make use of the numerous 
fibre-based components developed for the telecom industry including optical 
modulators, amplifiers and switches, and wavelength management devices (filters, 
demultiplexers, dispersive fibres…). In the end, optical TTD units with discrete fibre 

optics components might result in bulky, or at least, non-optimized implementations.  

Integrated optics based photonic beamformers can address these issues and 
broaden the market potential of photonic technology in beamforming networks 
providing compactness and moderating implementation costs. Their attractiveness is 

expected to increase as the RF signal frequency increases. 

Recent coherent optical beamformer implementations most often use either a 
single spatial light modulator (SLM), or photonic integrated circuits on various 
substrates (Lithium Niobate, InP semiconductor, Silica, Silicon on Insulator, …) 
with electro-optic or thermos-optic phase modulators instead of microwave phase 

shifters. 

Since most applications do not require full TTD control, attempts have also been 
made to combine TTD and phase control to lower costs. This is achieved for instance 
by providing TTD to sub-arrays and controlling the relative phase between the 
elements of each sub-array. Thus, the beamsquint problem is significantly reduced 

for a given bandwidth while alleviating beamforming complexity. 
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As also shown in the table, out of the many approaches to photonic beamforming, 
some are attempts to mimic in optics conventional RF beamformers. In particular, 
when it comes to offer multi-beam forming with fixed-angle pointing, optical 

beamformers can make use of optical Rotman lens, Blass or Butler matrices. 

 

 

 

 

TABLE 2: A TENTATIVE CLASSIFICATION OF CONCEPTS AND TECHNIQUES FOR 

OPTICAL BEAMFORMING 

 Free-space and 

semi-guided-wave optics 

Guide-wave optics (fibre and 

integrated optics) 

Optical true 
time-delay 

beamformer 

 Free-space optical 
delay lines BF 

 MOEMS-based optical 
delay lines BF 

 Optical Rotman lens-
based BF 

 Optical Blass matrix-
based BF 

 Fibre Optic Delay Line BF 
(FODEL) 

 Optical Fibre Rotman lens 

 Esman Fibre dispersion prism 

 FBG-based dispersion prism 
 Programmable dispersion 

matrix-based BF 

 Grating-based WDM BF 

 Integrated optical delay line BF 

 Optical ring resonator based 
integrated BF 

Coherent 

optical 

beamformer 

 Coherent Fourier-
transform BF 

 All-SLM-based 
heterodyne BF 

 Hybrid, SLM-based 
phase-shifting BF 

 MOEMS-based 
heterodyne BF 

 BF based on integrated phase-
shifter on Lithium-Niobate, 
Silica, or InP substrates  

In the following, the main optical beamforming implementations for phased 
array antennas are reviewed, and a brief analysis is given regarding a number of 
aspects like insertion loss, accuracy, mass, size, power consumption, complexity and 

technology restrictions, suitability for multi-beam or beam-hopping applications. 
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2.2.2. True Time-Delay Optical Beamforming 

The main optical TTD devices include free-space or semi-guided optic delay 
lines, fibre optic delay lines (FODEL) using single-mode fibre with low or high 
dispersion, and fibre Bragg gratings (FBG). The optical TTD beamformer may be 
arranged as a so-called prism structure with low and high dispersion optical fibre or 
as a matrix structure. 

2.2.2.1.Free-space and semi-guided-wave optical delay line beamformers 

Free-space OBFNs typically use Spatial Light Modulators (SLMs) to control a 
parallel set of optical channels that can be independently controlled. By assigning 
each one of these channels to one photodiode/antenna element, the radiation pattern 
can be steered with TTD. Dolfi’s architecture [DOL95] shown in Figure 19 is a 
well-known example of a free-space, 2D TTD beamformer based on 
polarization-switched delays using SLM. The emitted signal is channelized and for 
each channel, the beam goes through the pixels of N SLM’s. Each pixel acts as a 
voltage-driven polarization rotator which combined with the polarization beam 
splitter (PBS), switches the beam along one of the two paths. N units provide 
time-delays in a geometric progression (1T, 2T, …, 2(N-1)T) with T being the time 
increment. The time delay pattern among output ports determines the far-field 
steering angle. 

The first demonstration was achieved at 2.5 and 3.5 GHz, with 6 SLMs of 4x4 
pixels providing 16 channels with 5-bit delays [DOL95]. A similar demonstration 
[VOD03] was achieved by replacing part of the components with fibre optics 
devices, and a compact 8-channel TTD unit operating in the 6-18 GHz band was 
fabricated. An angular coverage of 90 degrees was achieved with 9 beam positions 

by using a compact 5-bit optical TTD, with delays from 6.4 to 178.4 ps. 

A different approach is based on providing only phase control to exploit the 
relatively large degree of parallelism of SLMS. The collimated linearly polarized 
beam is focused inside an acousto-optic modulator (AOM). At the output of the 
AOM two angular spread beams are obtained whose angular frequency is ω and 
ω+2πf, respectively. The angular separation of the two beams allows that an N-SLM 
can phase modulate one of them. In addition the pixelated structure of the N-SLM 
allows the correspondence between one pixel and one fibre, in other words between 
one pixel and one antenna element. One of the main drawback of this proposal is that 
AOM offer poor bandwidth, frequency range and modulation index compared to 

conventional external modulators such as MZM [RIZ92]. 
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Figure 19. Free-space, 3D TTD beamformer based on SLM matrix [DOL95]. 

Photonic implementations of a Rotman-lens have also been proposed [CUR95] 
[ZAL09]. In [ZAL09], the photonic unit consists of a slab waveguide very similar in 
design as its RF counterpart with photodetectors as interfaces connected to the 
transmitting antennas, and whose shape can realize a linear phase profile with a 
varied slope, that is obtained at the lens output for any possible position at the lens 
input. The photonic configuration is claimed to have the advantage of a simplified 

module with reduced mass and volume. 

Optical realizations of the Blass matrix based on a substrate-guided wave true 
time-delay (TTD) module have been proposed [LI00] [CHE02] as well. For example, 
in [CHE02] a 6-bit optical TTD module designed as an 8x8 two-dimensional time 
delay matrix providing time delays ranging from 0 to 443.03 ps is demonstrated. The 
volume of the module is 90x88x4.63 mm3. This TTD module was packaged and 
tested in an eight-element K-band phased-array antenna system with operation at 18 

to 26 GHz. 

Figure 20 shows and approach based on the generation of TTD by micro-electro-
mechanical-system (MEMS) micro-mirror array which allows a light beam to 
circulate among four spherical mirrors for a fixed number of round trips. The mirrors 
of the MEMS micro-mirrors array can tip to three angles (-10, 0 and +10 degrees). 
In case that all micro-mirrors are tipped to -10 degrees the light beam is confined 
between mirrors A and B. However, the light coming from B can be sent to C, if the 
micro-mirror is tipped at +10 degrees. Next, the MEMS can either send the beam 
back to C or return it to B and A. This can happen on every bounce on the MEMS. 
On the last bounce, the MEMS are programmed so that the beams land on the output 
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turning mirror. A given time delay can be achieved by selecting how many times 
light bounces into mirror C [RAD03]. 

 
Figure 20. Free space TTD design based on MEMS mirrors . 

2.2.2.2.Fibre-optic delay line beamformers 

Programmable time-delay devices can be created using short lengths of 
single-mode fibre [SOR84] based on light propagation delay (β1). A well-known 
concept is the use of propagation delay and optical switches in what is known as a 
binary programmable fibre-optic delay line (BIFODEL) architecture shown in 
Figure 22 [GOU90]. The optical signal is routed through cascaded 2x2 optical 
switches through N fibre-optic delay lines, whose length increases with a geometric 
progression. The BIFODEL concept requires one TTD per antenna channel what 
reduces its overall potential for practical use in large MBA. To reduce the number 
of BIFODEL, one approach is to use a partition of the antenna aperture into 
sub-arrays and to use phase–shifters within the sub-arrays to have a limited 

beamsquint. 

 
Figure 21. Binary programmable fibre-optic delay line architecture [SOR84]. 
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The use of semiconductor optical amplifiers (SOA) and flexible fibre circuit 
technologies was also proposed [MAD10]. A SOA can provide fast switching speed 
(~10 ns) and high on/off isolation required for beam-hopping, while the fibre-flex 
technology provides the required time delays with fine accuracy. It allows for very 
accurate control of the fibre lengths and differential delays. Currently, accuracy of 
0.5 mm or better can be accomplished, so that a delay accuracy of 2.5 ps or smaller 
is expected. For small delay times, the delay line shall be implemented by integrated 

optics. 

A large-scale, three-dimensional micro-electro-mechanical-system (MEMS) 
optical switch was also used in a TTD beamformer for phased-array radar 
applications, with a capacity of 32 antenna elements and 8-bit delay [KAM03]. The 
288x288 optical switch provided 82.944 paths with less than 2.3 dB loss, and 

switching time about 10 ms. 

Passive optical TTD beamformers can be designed as optical fibre 
implementations of a Rotman lens [ALA95], [SPA98], [SPA99]. Figure 23 shows 
an architecture of such an optical TTD BF for a receive MBA. It comprises an optical 
fibre delay line interconnect with appropriate lengths so as to form M independent 
beams in different directions from the N antenna array elements. In such fibre optic 
architectures, it is easy to use electro-optic modulators with semiconductor lasers for 
the RF-to-optical conversion, with bandwidth beyond 30 GHz, or to benefit from 
developments in advanced integrated laser-modulator devices, which make them 
attractive for high-frequency, large-scale beamformers. The beamformer may 
incorporate optical amplifiers before the optical splitters, with beneficial impact on 
system performance, compensating for the BF losses, and improving noise figure 

and dynamic range. 

 
Figure 22. The binary fibre-optic delay line (BIFODEL) architecture based on 

switched single mode fibres . 
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Figure 23. Passive optical TTD architecture for receive muti-beam antenna, 

based on fibre fibre-optic delay lines [ALA95]. 

2.2.2.3.WDM beamformers based on Dispersion Fibre Prism, Fibre Bragg Gratings and 

Wavelength Multiplexers 

In 1992, R. Soref proposed a novel optical delay line implementation based on 
fibre dispersion (β2), since until that time the schemes proposed were based on the 
use of different optic path lengths in free space or different lengths of optical fibre 
to achieved the desired time delay (Figure 24¡Error! No se encuentra el origen de 

la referencia.). The aim of this proposal was to provide reduce hardware and 
complexity by the parallelization of the time delay. [SOR92]. However, this 
approach requires as many lasers as antenna elements in the phased antenna array. 

 
Figure 24. Block diagram of the optical delay line architecture based on fibre 

dispersion [SOR92]. 
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In order to further reduce the hardware complexity in photonic beamformers, 
and/or to form multiple beams simultaneously, wavelength division multiplexing 

(WDM) has been extensively explored [TON96], [VID12]. 

The concept of the dispersion prism beamformer shown in Figure 25 was 
proposed by R. Esman and co-workers [ESM93] [ESM95]. The fibre prism is made 
of an appropriate combination of lengths of high and low dispersion fibres. For a 
centre wavelength, the time delays in all channels are equal. For longer (shorter) 
wavelengths, high dispersion fibres add (subtract) time delay, resulting in different 
antenna element phasing. Typical dispersion of commercial fibres is 80 ps/(km nm) 
- optical signals with a wavelength separation of 1 nm acquire 8  ps differential delay 
after 1 km. Much higher dispersion fibres have been achieved, and in particular by 
using photonic crystal fibre (PCF), which could reduce, by one order of magnitude 

or two, the required fibre lengths [JIA05] [CHE08]. 

It can be applied to fixed MBA beamformer by using multiple channels with 
fixed-wavelength WDM laser sources, or to beam-hopping by using 
wavelength-switched lasers. In [ESM98], the concept of dispersion fibre prism was 
spread on the two-dimensional phased-array antenna, operating in transmit and 

receive modes. 

 
Figure 25. 2-D mode beamformer for transmit array antenna based on 

Esman’s dispersion fibre prism. 

Fibre Bragg grating (FBG) filters are band-pass (0.1-10 nm) reflective filters that 
can be used in WDM TTD architectures. Figure 26 shows such a FBG-based 
photonic beamformer architecture where continuously variable TTD is achieved by 
employing tuneable lasers and one wide bandwidth chirped-fibre grating as 

dispersive element [COR97]. 



48  Chapter 2 

 

 

Figure 26. FBG-based photonic beamformer architecture . 

Alternatively, the architecture proposed in [MIN99] is capable of creating 
multiple simultaneous beams from a receive array antenna. Electro-optical 
modulators receiving RF signals from the antenna elements are fed by 
equally-spaced wavelengths, and connected through a star coupler providing outputs 
for M-independent beams. The delay profiles required to achieve constructive 
summation at the beam port are created by chirped Bragg gratings [ORT00] for small 
delay times (< 10 ps), and/or discrete Bragg gratings for longer delay times 

(> 10 ps). This FBG-based BF results in a minimum number of interconnects. 

In 2002, an approach was reported based on the dispersion prism beamformer 
concept which consists of a single-mode fibre delay line, a chirped grating delay line 
and three discrete FBG delay lines [LIU02]. This approach (Figure 28) avoids the 
need to provide a tuneable multi-wavelength laser source with equally increased or 
decreased wavelength spacing, or need to fabricate chirped fibre gratings with 

different chirp rate required in traditional fibre grating prisms. 
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Figure 27. FBG-based, TTD beamformer proposed in [LIU02]. 

Other WDM photonic TTD architectures have been proposed based on routing 
through a wavelength-division demultiplexer [YEG00] [RAZ05], either in arrayed 
waveguide grating (AWG) or thin-film filter technology. Figure 28 shows such a 
beamformer architecture where the beam light modulated by the input RF signal is 
send to a circulator and depending on its wavelength, is routed to a different output 
port, where a particular length of fibre is placed. Next, the beam bounces in a fibre 
mirror and goes back to the circulator which routes it to the photoreceiver. In 2010, 
the same scheme has been proposed to implement a photonic beamformer in receive 

configuration with multibeam capability [YAR10]. 

 
Figure 28. Optical beamformer based on a wavelength-division demultiplexer 

in transmit configuration [RAZ05]. 
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In Figure 29, an architecture based on the spectral periodicity of arrayed 
waveguide gratings (AWGs) and dispersive fibre is depicted [VID03]. This 
architecture uses multiple sets of wavelengths with a spectral spacing among the 
signals on each set equal to the free spectral range of the AWG in such a way that all 
the wavelengths of each set are routed to the same AWG port and pass through the 
same fibre length in order to obtain multiple simultaneous delays. A 
wavelength-to-antenna element correspondence is established so fibre dispersion 
will introduce an equal delay amongst signals of the array elements. This architecture 
presents straightforward multibeam capability and integration potential to further 

reduce the complexity and size of the implementation. 

 
Figure 29. Beamformer based on the spectral periodicity of an arrayed 

waveguide grating and dispersive fibre . 

While FBG-based implementations may introduce amplitude/phase distortions 
or multi-path crosstalk, wavelength-division demultiplexers using AWG or thin film 

technology can pass the RF modulated optical carriers with no impairments. 

The BIFODEL concept was generalized by using high-dispersion delay units, so 
as to create so-called multi-wavelength programmable dispersion matrices (MPDM) 
[TON96b]. The dispersive elements can be made of any wavelength-dependent 
time-delay component. By programming the optical switches, the total dispersion of 
the MPDM can vary in small increments. In contrast to the conventional switched 
FODLs, the MPDM creates wavelength-dependent relative time delays among 

wavelength channels. 
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Finally, WDM photonic beamforming can be combined with 
wavelength-independent TTD concepts, and 2D WDM BF systems have thus been 
proposed [JUN09], with reduced complexity where the wavelength-dependent TTD 
controls the azimuth steering; and the wavelength-independent TTD controls the 

elevation pointing. 

2.2.2.4.Integrated-optics delay line beamformers 

Integrated optics TTD devices can be realised on a variety of substrates5. Planar 
Lightwave Circuits (PLC) with silica-based waveguides have the advantages of low 
loss (< 0.1 dB/cm), and easier polarization maintenance. In [HOR95], an integrated 
TTD unit having thermos-optic switches and time delay lines was proposed. It was 
tested around 2.5 GHz, and showed phase and amplitude errors respectively less than 

0.6 degrees and 0.5 dB. 

A 4-bit monolithically integrated TTD device was also demonstrated in 
[HOW07], on polymer PLC composed of low-loss waveguide delay lines and five 
2x2 thermo-optic switches. The 16 time delays ranging from 0 to 177 ps in 11.8 ps 
increments were found to be within less than 0.25 ps deviation from the target delays. 
However, the packaged PLC has insertion loss of up to 14.9 dB and the switching 
speed was 2 ms. 

Optical integrated TTD circuits for phased-array antennas have also been 
proposed based on micro-ring resonators [ZHU06], and realized in CMOS 
compatible, planar optical waveguide technology. A 1x8 chip has been realized as 
shown in Figure 30. Increasing delays at the different outputs were demonstrated 
with a maximum of 1.2 ns, a bandwidth of 2.5 GHz, and a ripple of 0.1 ns. However, 
these devices require a number of tunings, and feature high excess loss (about 

12 dB), high power consumption (approximately 8 W) and large switching time. 

                                                 
5 See Section 1.2. 

 

Chip size is 4.85 x 0.95 cm 

 
Figure 30. Integrated, 1x8 optical TTD device 

based of 12 optical ring resonators [ZHU06]. 
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In addition, this solution suffers a trade-off between maximum achievable delay, 
operating frequency and bandwidth, since the linear response of the optical delay 
line depends strongly on the absolute frequency of the RF signal. To overcome this 
issue, in [BUR11] a new approach based on ring resonators has been proposed to 
implement a reconfigurable optical delay line with separate carrier tuning. With this 
scheme, the delay bandwidth of the optical delay line is independent of the absolute 

RF frequency. 

Another scheme has been recently present in [MOR12] where an optical tuneable 
delay line based on a side-coupled integrated spaced sequence of resonator 
(SCISSOR) structure in which pairs of resonances are tuned in opposite directions 
around the signal. This design mitigates the deleterious effects of group delay 
dispersion and provides both wide bandwidth and continuously tuneable long delays 
without distortion. Results for a device including 20 microresonators show a 
maximum tuneable delay of 345 ps without distortion of the optical signal and fast 

switching speed of 10 μs [MOR12]. 

2.2.2.5.Phase-shifting coherent optical beamformers 

Coherent beamforming architectures are mostly based on heterodyne optical 
sources, whose beating frequency is equal to the microwave signal frequency, and 
on controlling the relative phase of their frequency compounds in order to control 
the phase of the microwave signals. Many approaches have been proposed in the last 
decades, ranging from free space implementations at the very beginning, to hybrid 
implementations using fibres [THA90], [BIR92], [MAD02] as much as possible to 
convey the signals and gain better stability. Such options are briefly reviewed 

hereafter. 

Figure 31 shows an example of this kind of architecture implemented with 
optical fibres, where both in phase optical carriers are split in different paths. One 
optical carries goes directly towards the photodiodes whereas a time delay it is 
induced in the other carrier. Finally, both carriers are combined and send to the 

photodiode. 
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Figure 31. Generic heterodyne optical beamformer architecture implemented 

with optical fibres. 

2.2.2.6.Free-space Fourier transform optical signal processors (OSP) 

Another approach is based on the 3D spatial Fourier transform (FT) function of 
optical lenses and the relationship between the front and rear focal planes, as 
proposed by [KOE86]. In [AKI01] for example, the spatial light amplitude 
distribution in the front focal plane is converted by optical FT to a phase distribution 
in the back focal plane. Sampling in the back focal plane can be achieved by an array 
of micro-lenses or a bundle of fibres that support connection to the remote elements 

of the array antenna. 

The major advantage of this approach is its potential for compactness and 
simplicity. However, the fabrication of the 3D optical fibre array with the required 
accuracy is very critical, not yet suitable for mass production, and makes it difficult 
to master the relationship between the light and the microwave beam direction. In 
order to miniaturize and mechanically stabilize the assembly, and to reduce the 
optical alignment difficulties and lower optical losses, [AKI01] has developed a 3D 
OSP–based OBFN, where sampling was achieved through multilayer polymeric 

optical waveguide arrays, but still significant insertion losses were obtained. 

2.2.2.7.Hybrid SLM-based coherent beamformers 

It is possible to build hybrid architectures to reduce hardware. For example, in 
the beamformer proposed by [VID06]-[JOF08] provides propagation TTD to 
subarrays and phase control to each element of the subarray by SLMs. Thus, the 
parallelism of SLMs and free-space optics is exploited for phase shifting while 
implementing TTD with fibre optical delay lines (ODL) to avoid as much as possible 
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collimation and loss issues and to improve scalability. In particular, a nematic 
parallel-alignment SLM (PAL-SLM) was used to control the phase of the RF signal 
at each antenna element. Effective control of a large number of antenna elements 
based on a single PAL-SLM was successfully proven. However, the scalability of 
the demonstrator to larger scales was considered to be limited by the need of 

collimated beams and by diffraction issues. 

 

 
Figure 32. Schematic diagram of an optical beamformer with TTD and phase 

and amplitude control [VID06]. 

Another approach is to use WDM in SLM-based coherent architectures. In 
[AKI09], a multiple-beam heterodyne beamformer using spatial- and wavelength-
division multiplexing was proposed. It consists of WDM electro-optic (E/O) 
converters, generating both signal and LO lightwave compounds for each beam, an 
SLM-based optical beamforming (OBF) unit, and opto-electronic (O/E) converters 
connecting to the array antenna radiating elements. The WDM beam signal 
compounds are separated spatially by a wavelength filter and illuminate a separate 
portion of a phase-only spatial light modulator (PSLM) array. Each beam signal 
compound is thus phase-modulated separately, and then recombined with its LO 

compound before coupling to the 2D fibre array connecting to the antenna array. 

 

2.2.2.8.Optical coherent beamformer based on integrated phase-shifters 

A self-heterodyning optical waveguide beamforming and beam steering network 
integrated on electro-optic Lithium Niobate substrate (LN-BFN) was reported in 
[HOR95]. It contained an optical frequency shifter and a 2x8 optical signal 
processing circuit (OSPC), which included optical phase shifters and attenuators. 
However, the OSPC chip was as large as 68x3 mm, and the optical insertion loss was 

17 + 0.5 dB. 
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Optical beamforming devices have been integrated on Indium Phosphide 
[STU99] [VLI99] and Silica PLC [GRO02] substrates. In [GRO02], an 8-element 
BF device was achieved, by using thermo-optic (10 ms response time) actuators to 
control the amplitude and phase of optically-generated 60 GHz signals. [STU99] 
[VLI99] have been using InP technology for the integration of a double 1x16 
distribution device with fast phase shifting and attenuation control sections, within 
small dimensions (8.5 x 8 mm), but with on-chip losses as high as 28 dB, and extra 

coupling losses around 5 dB. 

 

Figure 33. Integrated, 16-channel InP beamformer chip [VLI99]. 
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2.3. Conclusion 

The main optical BF architectures and their general advantages and 
disadvantages are reviewed in Table 3. In general, the practical implementation of a 
beamforming network will depend on the required performance as well as on the 
physical and environmental needs. For example, in systems requiring a single beam 
or a low number of beams the architectures based on switched paths in both fibre or 
integrated propagation media are the best solution. In this case, the architectures 
based on the fibre prism like the Esman prism or on the Rotman lens are of special 
interest since these are passive structures very robust in harsh environments like in 
military platforms. Nevertheless, the use of OBFN in practical systems requiring a 
high number of antenna elements and simultaneous beams are limited fundamentally 
by the fact that the high parallel configurations are complex and difficult to stabilize 
(as the SLM based solutions) or requires a very bulky implementation, which is a 
limiting factor in platforms that requires low mass, size and power consumption like 
satellites and airplanes. Finally, there is a common handicap in all the cases which is 
the inherent losses and induced noise of the electrical-to-optical conversions. The 
photonic solutions should offer practical advantages over the RF implementations 
that justify its use even considering the optoelectronic losses, which is the case for 
ultra-broadband applications requiring true time-delay beamforming or with 
integrated solutions that addresses the need of low mass and size and also could 
benefit from the advantages of the optical fibre to implement centralized optical 
beamformers and distribute the signal to the antenna elements, reducing the mass 
and complexity of the antenna itself (in RF solutions the typical configuration is to 
integrate the beamforming network close to the antenna and the associated 

amplification in order to reduce the ohmic losses of the RF cables and waveguides). 
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TABLE 3: COMPARISON OF MAIN OPTICAL BEAMFORMING CONCEPTS AND TECHNOLOGIES  

CLASS 
CONCEPT / 
TECHNOLOGIES 

ADVANTAGES DISADVANTAGES 

 
 
 
 
 
 
 
 
 

True time 

delay optical 

beamformers 

Based on Free-Space optical 
delay lines [RIZ92] 
[DOL95][RAD03] 

High parallel processing power 
Multi-beam capability 

Significant insertion loss 
Stability vs environmental 
conditions 
Significant volume 
Require fast SLM for beam-
hopping 

Based on semi-guided Blass 
Matrix [BLA60] [CHE02], or 
Rotman lens [CUR95] 
[ZAL09]. 

Multi-beam capability 
Wide bandwidth beamformer 
Compact BF 

Significant insertion loss  
Limited scalability 
Limited resolution 
Requires fast switches for beam-
hopping 

Based on switched fibre 
optical delay lines (FODEL) 
[SOR84] [MAD10] 

High flexibility 
Limited complexity 
Wavelength independent 
Beam-hopping capability 

Limited scalability 
Bulky implementation 
Require fast switches for beam-
hopping 

Based on fibre optic Rotman 
lens [ALA95] [SPA98] 

Multi-beam capability 
Low complexity 
Wavelength independent 

Limited scalability 
Bulky implementation 
Require fast switches for beam-
hopping 
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CLASS 
CONCEPT / 
TECHNOLOGIES 

ADVANTAGES DISADVANTAGES 

Based on Optical Ring 
Resonators integrated on SoI 
substrate [ZHU06] [BUR11] 
[MOR12] 

Integrated device 

Trade-off between bandwidth and 
delay 
High delay ripple 
Significant  insertion losses 
Wavelength dependent 
May require many tunings  

Esman fibre Prism based on 
high/low dipersion fibres, and 
WDM lasers [ESM93] 
[ESM95][JIA05] [CHE08] 

Wide bandwidth beamformer 
High flexibility 
Low insertion loss 
Multi-beam capability at low complexity 

Beam-hopping with switchable- laser 
Limited # of optical interconnects 

May require long fibre lengths  
Significant volume 
Thermal sensitivity 

WDM BF based on Fibre 
Bragg Gratings, or AWG 
(Arrayed Waveguide 
Grating) devices, and WDM 
lasers [MIN97] [COR97] 
[MIN99] [JAL98] [YEG00] 
[LIO02] [VID03] [RAZ05] 
[YAR10] 

Wide band beamformer 
High flexibility 
Low insertion loss 
Multi-beam capability at low complexity 

Beam-hopping with switchable- laser 
Limited # of optical interconnects 

High number of FBG’s or AWG’s 
High manufacturing cost 
Multi-path interference for FBG’s 
Less resolution for AWG’s 
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CLASS 
CONCEPT / 
TECHNOLOGIES 

ADVANTAGES DISADVANTAGES 

 
 
 
 
 

Phase-

shifting 

coherent 

optical beam 

formers 
 

BF based on Fourier-
Transform optical signal 
processor [KOE86] [AKI01] 

High parallelism 
Low mass and volume 

High insertion losses 
Opto-mechanical alignment 
issues 
Stability vs environmental 
conditions 
Require fast SLM matrix for 
beam-hopping 

Hybrid BF based on SLM 
(Spatial Light Modulator) 
arrays [BLA03] [AKI01] 
[JOF08] 

High parallelism 
Low mass and volume 

High insertion losses 
Stability vs environmental 
conditions 
Require fast SLM for beam-
hopping 

BF based on integrated 
phase-shifters on Lithium 
Niobate [HOR95] Silica 
[GRO02] InP semiconductor 
[VLI99] [STU00] 

Low mass and volume 

High insertion losses 
Limited scalability 
Dependence to environmental 
conditions 
Substantial power consumption  
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3. Photonic 
Switched Beamformer for 

Broadband Wireless Access 

This chapter reports experimental results for a photonic beamformed 
beam-switched phased-array antenna in transmission (downstream) and reception 
(upstream) modes intended for high-bandwidth base station (BS) smart antennas in 
fixed and mobile Broadband Wireless Access (BWA) in the mm-wave band6. The 
application scenario has been defined in order to demonstrate the feasibility of 
optical beamforming in a test platform with specifications that emulate a realistic 
scenario in a wireless radio network in the 40 GHz band. This wireless network is 
based on a cellular pattern and 90 degrees sectors offering services with payload 
rates up to 155 Mb/s for fixed and mobile users. The duplexing approach is TDD 
and the multiple access method is TDMA. In order to improve the radio link 
performance a space-switched single-beam antenna covering the whole sector from 
the base station is proposed. This beam-switching approach matches perfectly with 
a time division access method as a base station antenna is illuminating a user terminal 
in the desired direction in the assigned time-slot. 

                                                 
6 The work described in this chapter has been published in the publication A, B, C, G, H 

and I, which were carried out in the frame of the EU project OBANET IST-2000-25390. 

Chapter 3 
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Figure 34 shows a schematic of the envisaged scenario: a single beam is switched 
between users on a time-slot frame-interval basis. A basic frame structure is depicted 

in the same figure. 

 
Figure 34. Application scenario. 

3.1. Beamformer Architecture Description 

3.1.1. Transmission Mode 

The beamforming architecture in the transmission mode is depicted in Figure 35. 
A set of optical carriers generated by individual laser sources (multi-wavelength 
laser, MWL) is externally modulated using an electro-optical MZM driven by an 
mm-wave amplifier. The MZM output is launched into a TTD switching matrix 
comprised by four cascaded optical switches. Standard single mode fibre (SSMF) 
coils of lengths L, 2L, and 4L, are placed between the upper ports of consecutive 
switches. Therefore, the optical signal is routed through different aggregated lengths 
of fibre depending on the bias voltages of the switches, up to eight different possible 
combinations (3-bit). Due to the wavelength-dependent dispersive behaviour of the 

optical fibre, each modulated optical carrier suffers a different time delay i when 
travels through the switching matrix and dispersive fibres, depending on the selected 
path as given by eq. (1.6). This relative time delay between optical carriers 
corresponds to different beam steering angles according to eq. (2.11).The WDM 
optical signal is amplified using an Erbium-doped fibre amplifier (EDFA), then each 
optical carrier is demultiplexed and launched to a high-speed photo-receiver, where 
the signal is converted back to the electrical domain. After amplification using an 
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mm-wave amplifier, the four modulated electrical carriers are radiated using a λ/2 
spaced 4–element patch antenna. The phase-front of the radiated signal can be varied 
among eight different positions depending on the chosen combination of switching 

voltages (i.e. total delays), according to eq. (2.11). 

 
Figure 35. Photonic beam switched architecture for the transmission mode. 

To avoid the carrier suppression effect, which can result in power degradation in 
the beamformer performance, single sideband (SSB) modulation can be used. In 
order to achieve this modulation the optical carriers have been shifted 0.2 nm from 
the nominal central band-pass frequencies of the demultiplexer and, in this way, the 

demultiplexer filters one of the sidebands of each optical carrier. 

3.1.2. Reception Mode 

The schematic of the 3-bit beamformer in reception mode is shown in Figure 36. 
The 32-QAM modulating signal at 1 GHz was generated using a broadband modem 
board. This IF signal was up-converted to the millimetre-wave frequency band 
before being radiated. The received signal at the array antenna elements is translated 
to the optical domain using as many electro-optical MZM as antenna elements, i.e. 
four MZMs for a four element antenna. Each amplitude modulated optical carrier is 
proportionally delayed by the TTD unit which switches between eight different 
lengths of SSMF. Finally, the four optical modulated carriers are photodetected using 
a single photodiode. The detected signal is down-converted to IF and demodulated.  
Figure 37 shows the 3-bit beamformer in receiving mode combined with the control 

electronics and the array antenna. 
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Figure 36. Photonic beam switched architecture for the reception mode. 

 
Figure 37. Photonic 3-bit beamformer in receiving mode combined with the 

control electronics and the array antenna. PC: Personal Computer used to 

control the beamformer. PCE: Photonic Beamformer Control Equipment 

(bias source used to bias several components). 
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3.1.3. TTD 2×2 switching matrix 

The required delays, i.e. the lengths of the fibres, where calculated taking 
into account the proposed scenario (4-element antenna array and 40 GHz frequency) 
and the desired beam positions within the 90 degrees sector. The delays depend on 
the separation of the output wavelengths of the MWL. Table 4 shows the calculated 
delays and fibre lengths for some combinations of MWL wavelength separation and 

fibre type. The actual wavelength separation is =3.2 nm and the selected fibre was 

Standard SMF. 

TABLE 4: REQUIRED FIBRE LENGTHS AS A FUNCTION OF THE WAVELENGTH 

SEPARATION AND FIBRE TYPE 

Wavelength Separation (fibre type) Optical Path 1 Optical Path 2 Optical Path 3 

=3.2nm (Standard SMF) 
166.60 m  83.30 m  41.65 m 

 =3.2nm (H. Dispersive SMF) 
 40.46 m  20.23 m  10.11 m 

 =1nm (Standard SMF) 
533.10 m 266.55 m 133.28 m 

=1nm (H. Dispersive SMF) 
129.47 m  64.73 m  32.37 m 

3.2. Time Delay Calibration 

Both in transmission and reception modes, the length differences between each 
demultiplexer/multiplexer outputs and the antenna elements have to be compensated 
to avoid undesired time delay differences among the RF signals. As a first solution, 
several patch cords of SSMF have been introduced to correct these differences but 
since the beamformer is intended for the millimetre-wave band, the time delay 
unbalance between each path has to be lower than 1 ps and therefore the patch cord 
length accuracy has to be better than 0.2 mm. It is really difficult to obtain such an 
accuracy in the fibre patch cord length and, therefore, one optical delay line (ODL) 
has been introduced before the photodiodes in the transmission scheme and after the 
MZMs in the reception architecture to allow fine adjustment of the time delay. These 
ODLs can change its absolute time delay up to 300 ps which is equivalent to 6 cm 

of SSMF with n=1.467. 

In this calibration procedure, the first step is to determine the absolute time delay 
(path length difference) between each branch (from the demultiplexer output to the 
PD and from the MZM to the multiplexer output). The time delay can be measured 
using an optical network analyser which can obtain fibre lengths with centimetre 
accuracy and using a mechanical method for electro-optic devices (external 
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modulators and photodiodes). After introducing patch cords to roughly compensate 
these time delays, the remaining time delay error has to be corrected. Small time 
delay errors of a few picoseconds appear in these measurements due to noise, 
accuracy of the VNA (vector network analyser) as well as differences between 
consecutive connections of the electrical cables. Since the time delay needed for 

beam-steering is in the order of picoseconds these errors have to be compensated. 

Therefore, a complementary procedure has been used to obtain fine time delay 
calibration. It is based on measuring the radiation pattern of pairs of antenna 
elements and, by means of the angle position of the radiation nulls, to derive the time 
delay between them. Three pairs are used: antenna elements 1-2, 2-3 and 3-4. Thus, 
three antenna arrays with inter-element spacing of λ/2 are obtained. Although this 
fine calibration is based on phase adjusting, thanks to the previous coarse calibration, 
time delay can be calibrated without ambiguity. Finally, in order to steer the beams 
to positive and negative angles relative to the centre of the sector (broadside), a fixed 
time shift of (15.7/2) ps between adjacent elements will be included. Thus, positive 

and negative steering angles can be obtained as can be seen in Table 5. 

TABLE 5: CORRESPONDENCE AMONG SWITCHING VOLTAGES , OVERALL DELAY 

AND STEERING ANGLE WITH RESPECT TO BROADSIDE. (SWITCH CONTROL ’0’ 

CORRESPONDS TO CROSS STATE AND ‘1’ TO BAR STATE). 

Switching control Total time delay (ps) Steering angle (deg) 

0110 0 -41.7683 

1010 2.2440 -28.3257 
0000 4.4880 -16.4301 

1100 6.7320 -5.2331 
0101 8.9760 5.7640 

1001 11.2200 16.9818 
0011 13.4640 28.9277 

1111 15.7080 42.4808 
 

Figure 38 shows the antenna pattern measurement at 42.7 GHz used for the 

calibration of the time delay between antenna elements 3 and 4. 
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Figure 38. Antenna pattern used for calibration of antenna elements 3-4. 

(Solid) theory, (dotted) measured. 

3.3. System Performance Analysis 

The values of the different system parameters of the beamformer are detailed in 
Table 6. The calculations carried out for evaluating the performance of the designed 

optical beamformer have been done using the formulas described in the chapter 1. 

TABLE 6: SYSTEM PARAMETERS VALUES USED IN THE PERFORMANCE 

ESTIMATION SIMULATIONS . 

Laser source Parameter Value 

 RIN  -137 dB/Hz 

 Optical power (Pi) 0 dBm 

 Wavelength 1550 nm 

MZM Parameter Value 

 Modulation index (mRF) 0.2 

 Insertion Loss 6 dB 

Circulator Parameter Value 

 Insertion Loss 1 dB 

TTD matrix Parameter Value 

 Insertion Loss 30 dB 

Demux Parameter Value 

 Insertion Loss 5 dB 

EDFA1 Parameter Value 

 Gain (G1) 20 dB 

 Optical bandwidth () 30 nm 

 Noise Figure (NF1) 4.5 dB 
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EDFA2 Parameter Value 

 Gain (G2) 20 dB 

 Optical bandwidth () 30 nm 

 Noise Figure (NF2) 4.5 dB 

WGPD Parameter Value 

 Temperature (T) 300 K 

 Responsivity () 0.7 A/W 

 System bandwidth (BW) 500 MHz 

 Dark Current (Id) 100 nA 

 Load impedance (RL) 50   

 PD Noise Figure (Fn) 4 dB 

 

3.3.1. Laser RIN 

If the RIN generated by the MWL increases, the total noise also increases whilst 
the detected RF signal keeps the same, so the total CNR decreases. Figure 39(left) 
shows the variation of the system CNR against the laser RIN for several system 
bandwidths (250 MHz, 500 MHz, 1 GHz, 2 GHz). It can be noticed that the effect of 
the RIN is not significantly important for values smaller than –135 dB/Hz, but for 
higher values the CNR decreases rapidly. In the region RIN > -130 dB/Hz the 
dominant noise term is the RIN. It is observed that in this region, CNR decreases 
20 dB/octave, so it is very important to hold the RIN parameter below this limit 

value. 

 
Figure 39. CNR estimation as a function of the laser source RIN for several 

system electrical bandwidths (left) and of the system electrical bandwidth 

(BW). 

3.3.2. System Electrical Bandwidth 

In these calculations it has been considered that the effective noise bandwidth 
and the system electrical bandwidth are identical and are defined by a RF filter placed 
after the photo-receiver. Figure 39(right) shows the CNR estimation as a function of 
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the system bandwidth ranging from 25 MHz to 3 GHz. It seems very important to 
achieve a bandwidth smaller than 500 MHz in order to obtain a good CNR. In the 
system 72 MHz bandwidth is required for 155 Mb/s QPSK modulated signals and 

lower bandwidths will be needed for higher level modulations. 

  
Figure 40. CNR estimation as a function of the noise figure of both EDFAs 

(left) and Noise power of the different noise terms as a function of the system 

electrical bandwidth (right). 

- Noise figure of the EDFAs 
In the proposed system there are two EDFAs which add ASE noise to the optical 

signal. Figure 40(left) shows the variation of the estimated CNR as a function of the 
noise figure of each amplifier. In each case the NF of the other EDFA keeps constant 
and equal to 4.5 dB (as observed in the figure, at this value both curves have the 
same value of CNR = 47.66 dB). It can be noticed that the effect of the second EDFA 
is more critical for the system performance. This is due to the smaller signal level at 
the input of EDFA2 (10 dB smaller than the level at the input of EDFA1) which 
originates a larger influence of the ASE noise. It is very important that the second 

EDFA has a NF as small as possible. 

Finally, Figure 40(right) shows all the different noise contributions as a function 
of the system electrical bandwidth. It can be noticed that the main noise term is the 
signal-spontaneous beat contribution originated in the second EDFA. The noise 
power of this term is nearly three times larger than the contribution of the second 
term, the thermal noise. So, it can be deduced that a proper specification of the 
second EDFA becomes a fundamental task in order to achieve a good system 

performance. 

3.3.3. Required Modulation Index 

Figure 41 shows the estimated CNR as a function of the optical modulation index 
mRF for different system electrical bandwidths. From these results, it is 
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straightforward to obtain the required mRF needed to achieve a good performance of 
the system. The electrical bandwidth considered in this work is 70 MHz, so for the 
parameters stated in Table 6, the obtained CNR is 50.3 dB and 56.3 dB for mRF= 0.1 
and 0.2, respectively. For mRF = 0.2, the detected RF power will be 

PRF = – 39.23 dBm. 

  
Figure 41. CNR estimation as a function of mRF for different system electrical 

bandwidths (left) and Detected RF power (fundamental harmonic) vs. optical 

modulation index, mRF (right). 

3.3.4. 1dB Compression Point 

The linear performance margin of the proposed architecture can be obtained from 
the 1 dB compression point. Figure 42 shows the output electrical power versus the 
RF input electrical power at each electrode of a Dual-Drive MZM (from equation 
(1.23)), considering Vπ=10 V at the working frequency. The RF input power at the 
electrode of a Single-Drive MZM to obtain the same RF detected power will be 6 dB 
higher than the RF input power on each electrode of a Dual-Drive MZM. This figure 

shows that the -1 dB compression point is around 𝑃𝑅𝐹−𝑖𝑛
𝐷𝐷 =14.7 dBm. Nevertheless, 

the 1 dB compression point will depend on the MZM Vπ. Figure 42 depicts the 1 dB 

compression dependence with Vπ. 
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Figure 42. RF detected power versus RF input power showing the 

1 dB-compression point (left) and 1 dB-compression point versus Vπ (right). 

3.3.5. Wavelength Stability 

Time delays based on fibre dispersion depend on the separation amongst optical 

wavelengths () and the fibre length as was described in eq. (1.6). Any variation of 
this separation will cause a shift of the optical delays. A maximum wavelength 
excursion of 10% of the channel spacing is specified for the MWL, where a nominal 
3.2 nm separation has been defined. Some simulations have been carried out to 
assess this effect. Time delays achieved for the -39.7 degrees beam (worst case) have 

been shown in Table 7. 

TABLE 7: SIMULATION RESULTS OF THE EFFECT OF WAVELENGTH EXCURSION 

ON ACHIEVED DELAYS . 

Wavelength separation 

excursion 

Delay between 

first and second 

elements 

Delay between 

second and third 

elements 

Delay between 

third and fourth 

elements 

Nominal wavelengths 7.65 ps 7.64 ps 7.65 ps 

2.5% (0.08 nm) 7.11 ps 8.11 ps 7.19 ps 

5% (0.16 nm) 6.58 ps 8.67 ps 6.67 ps 

10% (0.32 nm) 5.19 ps 10.80 ps 5.28 ps 

 
From the simulation results, the effect of the time delay error on the antenna 

array pattern can be estimated according with the theory described in Annex A for 

the residual sidelobe level and the mean gain reduction for a uniform linear array. 

If isotropic elements are considered and the array phase errors follow a Gaussian 
probability distribution with zero mean, the values of Table 8 and Table 9 are 

obtained. 
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TABLE 8: RESIDUAL SECONDARY LOBES RELATIVE TO THE MAIN LOBE. 

Steering angle 

Residual secondary lobes relative to the main lobe 

Wavelength 

excursion 2.5% 

Wavelength 

excursion 5% 

Wavelength 

excursion 10% 

39.7º - dB - dB - dB 

27.22º -35.68 dB -29.66 dB -23.64 dB 

16.04º -29.66 dB -23.64 dB -17.62 dB 

5.45º -26.14 dB -20.12 dB -14.01 dB 

-4.95º -23.64 dB -17.62 dB -11.60 dB 

-15.51º -21.70 dB -15.68 dB -9.66 dB 

-26.66º -20.12 dB -14.10 dB -8.08 dB 

-39.05º -18.78 dB -12.76 dB -6.74 dB 

 

TABLE 9: VARIATION ON THE DIRECTIVITY FOR SEVERAL DIRECTIONS . 

Steering angle 

D/D0 (dB) 

Wavelength 

excursion 2.5% 

Wavelength 

excursion 5% 

Wavelength 

excursion 10% 

39.7º 0 0 0 

27.22º 0.005 0.019 0.075 

16.04º 0.019 0.075 0.291 

5.45º 0.042 0.166 0.628 

-4.95º 0.075 0.291 1.061 

-15.51º 0.116 0.446 1.560 

-26.66º 0.166 0.628 2.102 

-39.05º 0.224 0.835 2.666 

 
From values reported in the previous tables, it can be concluded that the 

wavelength deviations are a critical parameter of photonic beamformers based on 
WDM and fibre dispersion. For the worst case steering angle (longest path) 
wavelength excursion will introduce a considerable degradation (-7 dB for the 
residual sidelobe level and 2.7 dB gain reduction for a 10% wavelength excursion). 
Thus, extra care should be taken to bound this excursion in beamformers at 

millimetre-wave band. 

3.4. Experimental Results 

3.4.1. Transmission Mode 

The setup used to measure the performance of the beamforming network in 
transmission mode is depicted in the following figure, where the power budget and 
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the spectra of the data signal at the input and the output of the beamformer can be 
seen. 

 
Figure 43. Experimental setup for the transmission mode. 

The 155 Mb/s 32-QAM modulating signal at 1 GHz was generated using one 
broadband modem board. After filtering, the signal was up-converted to 42.7 GHz 
using an electrical upconverter. Then, the signal is amplified to obtain a power level 
of the modulated RF carrier equal to +7 dBm, being its signal to noise ratio (SNR) 
32.5 dB. This signal drives the MZM. The modulated WDM signal was launched to 
the 3-bit TTD switching matrix, controlled by a 4-outputs external tuneable bias 
source. The lengths of the SSMF fibre coils used to implement the time delays were 
170 m, 340 m and 680 m corresponding to a binary delay line. Before each 
photoreceiver, an ODL is used for the reasons explained in the previous section. The 
detected RF signal is further amplified using an mm-wave amplifier with a 36 dB 
gain and radiated using the 4-element patch antenna. After propagation through a 
1.4 meter radio link (far field at 42.7 GHz), a 40 dB gain electrical downconverter, 
fed by a 40  GHz horn antenna, downconverts the 42.7 GHz signal back to 1 GHz. 

The output SNR is 31 dB for a signal power of 2.22 dBm at 1GHz. The intermediate 
frequency signal is demodulated by a different modem board, which allows to 

measure signal quality parameters such as the bit error rate (BER). 
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Figure 44. Schematic (left) and photograph (right) of the measurements set-up 

used to obtain radiation patterns. PSB: Photonic Switched Beamformer. 

Figure 44 shows the schematic of the computer controlled measurement platform 
used to obtain radiation patterns. The downconverter is mounted in a post that can 
be moved along a 90 degrees circumference arch using a computer controlled 

step-engine, with programmable speed, acceleration and angular step-size. 

 
Figure 45. Measured radiation pattern at 40 GHz for the 8 beam positions in 

transmission. Inset: (Dashed) Measured radiation pattern corresponding to 

the switching state 0000 (340 m), (solid) theoretical radiation pattern. 
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Figure 45 shows the measured radiation patterns corresponding to the delay and 
steering angles of Table 5. The experimental results agree quite well with theory as 
can be seen in the inset of Figure 45 where the measured radiation pattern 
corresponding to the switching matrix state 0000 (340 m) is shown and compared 

with theory. The measured -3 dB beamwidth also agrees very well with theory. 

The feasibility of the proposed optically beamformed antenna in transmission 
mode was confirmed by radio transmission experiments in the 40 GHz band. A 

32-QAM 155 Mb/s 1  GHz signal was generated using a broadband modem board. 

 
Figure 46. Constellation of the 155 Mb/s 32-QAM after detection (Tx mode). 

Figure 46 shows the measured constellation diagram after detection. Error-free 
operation was achieved using 255/256 Reed-Solomon forward error correction 

codes. 

The experimental setup SNR was limited due to the 1 dB interception point of 
the upconverter, which imposed a maximum +7 dBm output power level for 
distortion-free operation. The SNR can be improved by using a higher linearity 
upconverter; nevertheless, the optical beamformer is almost transparent, introducing 

a SNR degradation of 1.5 dB. 

3.4.2. Reception Mode 

The experimental setup of the 3-bit beamformer in the reception mode is shown 
in Figure 47, which is similar to the setup in transmission where the input and output 

data spectrum can be seen in the inset. 
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Figure 47. Experimental setup for the reception mode. 

Using a modem arbitrary board, a 155 Mb/s 32-QAM modulating signal at 
1 GHz was generated. Then, this signal is up-converted to 42.7 GHz before being 
radiated. The received signal at the array antenna elements is translated to the optical 
domain using four MZM (four element antenna array). The lengths of the SSMF 
fibre coils are the same used in the transmission experiment (170 m, 340 m and 
680 m). Finally, the four optical modulated carriers are photodetected using a single 

photodiode. The detected signal is down-converted to IF and demodulated. 

The beam patterns for the eight beam steering angles have been measured, as 
shown in Figure 48, where theoretical predictions are not shown for the sake of 

clarity. 

Several modulation formats (QPSK, 8PSK, 16QAM and 32QAM) have been 
evaluated to demonstrate the beamforming capability for high data rate 
transmissions. Error free operation was obtained for all modulation formats except 
for 32-QAM for which a BER of 10-6 was obtained using Reed-Solomon and 
convolutional codes (4/5) when a payload rate of 155 Mb/s was used. Figure 49 
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shows the measured constellation diagram after detection for 155 Mb/s 32QAM 
modulation. 

 
Figure 48. Measured antenna radiation pattern over the 90 degrees sector in 

receiving mode. 

 
Figure 49. Constellation of the 155 Mb/s 32-QAM after detection (Rx mode).  

The measured SNR at output was 25 dB and was limited due to the 1 dB 
interception point of the upconverter, which imposed a low output power limit for 
distortion-free operation. From the measured output SNR it can be derived that the 
optical beamformer introduces a SNR reduction of around 4 dB. Since the SNR is 
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mainly limited by the electrical subsystem, it can be improved by using an 
upconverter with higher linearity. 

3.5. On the Capability of Multibeam Operation 

One of the main goals in optical beamforming networks is to reduce the 
complexity of the feeding network to reduce cost and bulkiness. One way to achieve 
this objective is through WDM which allow the combination of a multiwavelength 
laser and a single dispersive element to implement the whole network as described 
in the previous sections. A further step is the design of architectures with the 
capability to handle several beams simultaneously. If the beamformer has to provide 
several simultaneous beams, the time delay generation subsystem has to be 
replicated as many times as the number of beams. Finding ways to allow this 
capability while adding the minimum complexity will increase the competitiveness 

of optical solutions over their pure electronic counterparts. 

In this section, an optical delay line based on tuneable notch filters is proposed 
as a way to allow multibeam beamformers with many of the advantages of 

switch-based architectures like integration potential and simplicity. 

3.5.1. Architecture Description 

The architecture is based on optical tuneable notch filters as shown in Figure 50, 
where a beamformer with two beams has been assumed for the sake of clarity. In the 
beamformer, one optical carrier is needed for each simultaneous beam. Each optical 
carrier is amplitude modulated with the data signal to be transmitted by each beam. 
This modulation can be done directly over the laser or externally using a 
Mach-Zehnder or an eletroabsorption modulator. Using a coupler, the signals are 
launched to a set of optical delay lines. There are as many delay lines as antenna 
elements. Each optical delay line is implemented by using 2x2 couplers and notch 

filters. 

The number of filters at the output of each coupler is given by the number of 
antenna beams. Similarly, the number of couplers is given by the number of bits or 
time delays of the architecture (i.e. the number of discrete beam steering angles). 
The path length crossed by each optical carrier —corresponding with each beam— 
can be independently changed by controlling the centre frequency of the notch filters, 
and therefore, by creating dynamically routes of different length for each 
wavelength, depending on whether the signal at each output of each coupler is 
notch-filtered or not. This can be done independently for each beam (i.e. optical 
carrier of different wavelength) and, even, different carriers can share several 
sections without interference. Therefore, the beamformer can be used to steer several 

independent beams simultaneously. 
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Figure 50. Block diagram of the multibeam beamforming network based on 

notch filters. 

The multibeam capability of this architecture is done at the expense of higher 
insertion loss in comparison with architectures based on optical switches such as 
[GOU94], [TON96]. This is due to the use of couplers and notch filters instead of a 

set of optical switches. 

This architecture can be used with non-dispersive media, as shown in Figure 50, 
or with dispersive media as in the architectures described in the previous sections. In 
the latter case, each beam uses a set of equally spaced optical carriers and the notch 
filters have to be periodic but, on the other hand, the number of switching matrices 

is reduced from as many as antenna elements to only one. 

The use of notch filters instead of switches allows the implementation of 
multibeam architectures and has potential to be implemented in an integrated 
platform. Several tuneable integrated periodical notch filters on silicon, which can 
be tuned either electrically or optically, have been experimentally demonstrated (e.g. 
[ALM04], [XU05]). These devices show the potential to implement integrated 
multibeam optical beamformers at low cost thanks to be based on pervasive materials 

of the microelectronic industry. 

3.5.2. Experimental Results 

Proof-of-concept measurements have been carried out using one switching 
matrix. The experimental setup is shown in Figure 51. A tuneable laser was used as 
a CW laser, emulating a system of two beams (i.e. two optical carriers) since the 
vector network analyser cannot measure several time delays at the same time. 
Therefore, the time delays of each beam were measured non-simultaneously. The 
optical carrier was modulated using a MZM driven by a vector network analyser 
(HP8510C). The optical carrier was tuned to two different wavelengths: 1547.6 nm 
(beam #1) and 1548.4 nm (beam #2). Then, a switching matrix based on three 
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couplers and four filters was implemented as shown in Figure 50. A combination of 
different filters (including tuneable gratings and Fabry-Perot filters) were used. The 
non-dispersive media was standard single mode fibre coils of approximate lengths 
L1=1 km and L2=5 km, respectively. Therefore, there are four total lengths 0, L1, L2 
and L1+L2. Finally, the signal was photodetected and time delays measured using the 

network analyser. 

 
Figure 51. Experimental setup used to characterize the multibeam optical 

delay line based on notch filters . 

The time delay measurements were done from the relative phase slope between 
2 and 6 GHz. Several different delays were measured to show that a notch-based 
optical delay line with two optical carriers has the capability to generate two sets of 
independent time delays. 

 
Figure 52. Time delay measurements for beam #1 (length: 0 m) and beam #2 

(length: L1).  
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Figure 53. Time delay measurements for beam #1 (length: L1) and beam #2 

(length: L2).  

Figure 52 and Figure 53 show an example of two sets of time delays 
measurements corresponding to beams #1 and #2 crossing through path lengths 0 
(beam #1) and L1 (beam #2) in Figure 52 and lengths L1 (beam #1) and L2 (beam #2) 
in Figure 53. As can be seen, the time delay for each beam (i.e. each optical carrier) 
can be chosen independently of other beams (unlike previous architectures based on 
optical switches). Therefore, the proposed optical delay line can be used for 

multibeam optical beamformers. 

3.6. Conclusion 

In this chapter a photonic beamformed beam-switched phased array antenna 
based on optical switches and dispersive media has been proposed and 
experimentally demonstrated in the 40 GHz band both in transmission and reception 
modes. Error-free (10-9) transmission of 32-QAM 155 Mb/s data at 42.7 GHz has 
been achieved using the proposed optically beamforming network in transmission 
and an error rate of 10-6 was obtained in the receiving mode. In both cases, the optical 

beamformer is almost transparent introducing a small degradation over the SNR. 

On the other hand, a modification of the previous architecture for multibeam 
optical beamforming based on tuneable notch filters with independent beam control 
has been proposed. The architecture offers the capability to implement compact 
multibeam architectures and has the potential to be highly integrated. Experimental 

results to proof the concept have been presented. 
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4.  Direction of 
Arrival Estimation of 

Broadband Signals in 
Phased Arrays by Photonic 

Processing 

In addition to the basic operations of beamforming and beam steering, the optical 
implementation of additional functionalities, such as nulling [MAT99], [MEN09] 
and multibeam capability, as described in the previous section, has been also 
proposed. The implementation of these functions using photonic components is 
needed to maintain the advantages of the optical beamformer (i.e. the capability to 
transmit/receive broadband signals without beamsquint using true time-delay, 

remote feeding, etc). 

Another interesting functionality which can be implemented using optics is the 
direction of arrival (DOA) estimation. DOA information can be used to minimize 
the signal power of the interference while maximizing the power of the desired 
signal, improving the performance of the system. Therefore, DOA is a very 
interesting capability for broadband mobile systems and electronic warfare 
scenarios. DOA estimation is usually performed with digital signal processing 
techniques [GOD97]. However, digital signal processing of broadband signals at 
high microwave frequencies is difficult due to the bandwidth limitations of present 

Chapter 4 
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digital signal processors. Therefore, optical implementations of DOA have been 
proposed [GAL97], [BIE98], [TON06]. However these proposals are rather complex 
or partially based on IF processing which limit their capability to process broadband 

signals7. 

4.1. Principle of Operation 

In phase array antennas in reception mode, the incoming signal at each antenna 
element arrives with a different time delay depending on the angle between the signal 
source and the antenna array due to the spatial separation between antenna elements 

(Figure 54). 

 
Figure 54. Incidence of a wavefront on a linear equally spaced antenna array. 

From the relative time delay between the signals of each antenna element, it is 
possible to derive the angle of incidence and, therefore, the direction of the source. 

The angle of arrival is given from: 

 






 
 

d

c 
 1sin  (4.1) 

where Δτ is the time delay between antenna elements, d is the spacing between 
antenna elements and c is the speed of light in vacuum. 

Therefore, the measurement of Δτ allows the estimation of the angle of arrival of 
the incoming signal. We propose the measurement of Δτ by means of a photonic 

                                                 
7 The work described in this chapter has been published in the publication D 
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transversal microwave filter. Photonic transversal microwave filters [ZHA98], 
[VID03b] are optical implementations of finite impulse response (FIR) filters based 
on optically delaying samples of electrical signals modulated over optical carriers. 
The filter response is periodic and the free-spectral range (FSR) (i.e. the frequency 

period) is given by: 

 



1

FSR  (4.2) 

As can be seen in equation (4.2), measuring the FSR, the time delay between the 
filter samples can be obtained. This fact can be used to determine the DOA of 
broadband signals, especially in optical beamforming networks where just a few 
additional components will be needed by using a photonic microwave notch filter 
since the electro-optic conversion is already done for the beamforming task. The 

frequency of the notches over the broadband signal is measured to determine Δτ. 

4.2. Architecture Description 

Figure 55 represents a general model of an optical beamformer in reception 
mode. As can be seen, the microwave signals modulate the optical carriers by means 
of external modulators. Then, the optical signals enter to the TTD unit, which can be 
implemented in different ways. It introduces a time delay between the signals of each 
antenna element in such a way that, at its output, the signals are in phase. Finally, 

the signals are photodetected. 

 

Figure 55. General model of an optical beamformer in reception mode. MZM: 

Mach-Zehnder Modulator, TTD: True time-delay. 

To determine the DOA, the previous scheme is slightly modified to combine the 
output of two antenna elements. After the external modulators, the two signals are 
divided between the optical beamformer and the DOA estimation subsystem using 
two optical couplers. 
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Figure 56. DOA detection using a photonic microwave filter in an optical 

beamformer. ODL: Optical delay line. 

After photodetection, the combination of two samples of the same microwave 
signal with a time delay between them creates a notch filter. The frequencies of the 
notches are given by [ZHA98], 

  


1
5.0 kf notch  (4.3) 

where k  = 0,1,2,3… and τ is the time delay between the two branches due to its fibre 
length difference. This time delay can be changed, for instance by using an optical 
delay line (ODL) or a fibre patch cord with a proper length, to adjust the frequency 
and the spacing between notches (i.e. the FSR) and to match the notches with the 
bandwidth of the microwave signal. A change in the time delay (Δτ) given by angles 
of incidence of the incoming signal different from broadside will change the 

frequency of the notches [ZHA98] as: 

 
 








2

5.0k
f notch  (4.4) 

Using, for instance, a network analyser, the frequency of the notches over the 
microwave signal can be measured and from its frequency, the time delay and the 
angle of arrival can be estimated. The frequency of the notches could be detected 
also using high-Q tuneable optical filters (such as in-fibre Fabry-Perot filters) or 

photonic microwave filters. 

This technique can be used only with broadband signals since the DOA 
measurement is done over the signal and a certain bandwidth is needed to allow the 
notch excursion (as shown in Figure 57, where it can be seen how the broadband 
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signal is filtered by a transversal filter generated combining the signal from two 
antennas and how the filter response changes when the emitter moves). However, 
this is not a limitation since the main aim of optical beamformers is the control of 
phased array antennas when using broadband signals. On the other side, the time 
delay between branches (τ) has to be adjusted to allow the matching of the frequency 
of the notches as well as their excursion with the bandwidth of the microwave signal. 
Once the nominal time delay between branches (τ) is adjusted, it remains fixed. 

Prior to the estimation of the DOA it is necessary to know the time delay between 
branches (τ) to allow the determination of the angle of incidence from the changes 
in the notch frequencies as given by eq. (4.4). 

 
Figure 57. Concept of DOA measurement using a photonic transversal 

microwave filter. The solid line represents the spectrum of a broadband 

signal, the dotted line the transversal filter response generated when the 

signals from two antennas are combined and the light dotted line the filter 

response when the emitter has changed its position. 

The discrimination between positive and negative angles is straightforward using 
this technique. If a positive angle increases the total time delay between the two 
samples (τ+Δτ), negative ones will reduce the time delay (τ-Δτ), and therefore, the 

spacing between notches will be increased or decreased.  
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In addition, this technique of DOA estimation can be used in scenarios with 
several simultaneous emitters. If the time delay τ is adjusted in such a way that there 
is only one notch over the signal bandwidth, the number of notches indicates the 
number of emitters and from the frequency of each notch the DOA of each emitter 

can be derived. 

4.3. Experimental Results 

In order to validate the technique described in the previous sections the 

experimental setup of Figure 58 has been used. 

 
Figure 58. Experimental setup used to show the feasibility of the proposed 

technique (LO: Local oscillator, att: attenuator, amp: amplifier). 

A 1.25 Gb/s NRZ signal has been generated by using an arbitrary waveform 
generator. This signal has been up-converted with a mixer to 10 GHz. The spectrum 
of this broadband signal (ΔB-3dB of 1 GHz corresponding to a null to null bandwidth 
is 2.5 GHz) is shown in Figure 59. The signal is used to amplitude modulate two 
optical carriers by means of two Mach-Zehnder modulators. An optical delay line is 
used to adjust the time delay between branches. In order to simplify the setup, the 
effect of changes of the angle of arrival of the incoming signals has been emulated 
with the optical delay line which allows the change of the time delay between both 
branches. An attenuator is used to equalize the amplitude of the signal of each branch 

and thus improve the nulls depth. Then, the signals are combined and photodetected. 
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Figure 59. Spectrum of a 1 GHz -3 dB bandwidth signal centred at 10 GHz. 

The frequency of the notches and their variation when the time delay is changed 
has been measured using a spectrum analyser. Two different sets of measurements 
have been carried out with two different time delays corresponding to different 
lengths between the branches (τ). To do it, an additional short fibre patch cord has 
been added. It results in a single notch in the signal bandwidth or three notches, i.e. 
a smaller τ (a larger FSR) or a larger τ (a smaller FSR). Figure 60 and Figure 61 
show the spectra of the broadband signal after being filtered as well as the original 

unfiltered signal. 
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Figure 60. Broadband signal (1 GHz -3 dB bandwidth) with three  notches 

(solid) and the original unfiltered signal (dotted). 

 
Figure 61. Broadband signal (1 GHz -3 dB bandwidth) with a single notch and 

the original unfiltered signal (dotted). 

To measure the time delay due to the length difference between the two branches 
(τ), the frequency of the notches has been measured by changing the time delay (Δτ) 
introduced by the ODL. This calibration allows the measurement of the time delay 
τ. Figure 62 and Figure 63 show the relation between the offset of the notches and 
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the time delay introduced by the ODL or the equivalent angle of arrival (derived 
from (4.1) assuming an inter-element spacing of 0.5λ) for three and one notches, 
respectively, as well as a least square interpolation used to determine the coefficient 

of (4.4). As can be seen, the results show a good linearity. 

 
Figure 62. Measurement of the relation between the offset of the notch and the 

relative time delay between antenna elements/angle of arrival for the setup 

showing three notches. 

 

 
Figure 63. Measurement of the relation between the offset of the notch and the 

relative time delay between antenna elements/angle of arrival for the setup 

showing a single notch. 
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From Figure 62 and Figure 63, it can be seen that with a smaller τ, the effect of 
changes in the angle of arrival is more noticeable (the change of the offset of the 
notches is more marked). It means that the sensibility of the system is greater but the 
range of angles of arrival that can be discriminate is smaller. The range of angles of 
arrival is given by the bandwidth of microwave signal or by the filter FSR. The 
notches can be measured only in a bandwidth equal to the filter FSR to avoid 
ambiguity in the frequency measurement. 

To show the feasibility of the technique after the calibration, in the setup 
configuration that corresponds with three notches in the microwave signal, a time 
delay value has been introduced by means of the ODL, Δτ = 5 ps. The frequency of 
one of the notches was measured with the spectrum analyzer to be 9.7767 GHz, 
which means an offset Δfnotch=0.0312 MHz from 9.7455 GHz which is the central 
frequency of this notch. From Figure 62, the slope of the least square approximation 

can be measured, 𝜏2 (𝑘+ 0.5)⁄ = 133.37 𝑝𝑠2. From this value, the measured time 
delay is 4.1 ps whereas the expected time delay should be around 5 ps. Additional 
measurements have been carried out showing similar performance. Table 10 shows 
three measurements and the expected time delays, showing an excellent agreement 

between them. 

TABLE 10: TIME DELAY MEASUREMENTS AND THE EXPECTED VALUE. 

Measured notch frequency Measured time delay ODL time delay 

9.7767 GHz 4.1 ps 5 ps 

9.8545 GHz 14.4 ps 15 ps 

10.0085 GHz 35.07 ps 35 ps 

 

These measurements validate the feasibility of the DOA estimation technique, 
showing that the time delay and from it, the angle of arrival can be measured easily 
in optical beamformers. In the case of lower signal-to-noise ratio (SNR), data 
processing would be needed to estimate the notch frequency. A simple processing 
algorithm was implemented to assess the effect of noise over the accuracy of the 
DOA estimation although it actually depends on several parameters such as the 
frequency and the spacing between antenna elements. For a SNR of 10 and 20 dB, 
and assuming a central frequency of 10 GHz and an inter-element spacing of 0.5λ, 

the accuracy in the DOA estimation was around 5 degrees and 1 degree, respectively. 
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4.4. Conclusion 

A simple technique to measure the direction of arrival of broadband signals in 
optical beamformers for phased array antennas has been proposed. The technique is 
based on a two-tap photonic transversal microwave filter. In fact, it is a new 
application for this kind of optical processing structures. It has been shown that DOA 
estimation can be done with a slight modification of an optical beamformer, adding 
this interesting functionality with just a few additional cost-effective photonic 
components and without limiting the beamformer capability of process broadband 
signals. In addition, the DOA of several simultaneous sources could be easily 
determined without adding additional complexity to the system. The technique has 
been experimentally demonstrated and the experimental results, using signals of 
good SNR, show a good agreement with the expected results. Finally, although in 
this thesis the main focus has been the DOA estimation, the proposed technique can 

be used in general to do time delay measurements in different applications8. 

 

                                                 
8 This work has been published in the publication D. 
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5. Heterodyne 
OBFN based on Integrated 

Butler Matrices 

In this chapter, a heterodyne integrated optical Butler Matrix is presented and 
demonstrated9. As described in chapter 2, the Butler Matrix is a passive microwave 
structure that performs a discrete Fourier transformation over the input signal, which 
is known from the sixties. Thanks to its simplicity and its multibeam capacity it has 
been used as passive beamforming network in beam-switched array antenna systems. 
This structure, although is interesting for beamforming applications, presents some 
disadvantages when implemented on-board of satellites such as its weight and 
susceptibility to electromagnetic interferences. These problems become more 
important when the number of antenna elements increases as in systems with high 
beamforming/beam-switching capabilities with several orthogonal beams like the 

ones considered for the next generation of broadband communication. 

In this case, integrated photonic technology can play a crucial role as an 
alternative technology for implementing such beamforming structures for satellite 
applications thanks to the well-known advantages of this technology such as 
electro-magnetic interference immunity, low consumption, low volume and weight, 
huge electrical bandwidth, low-attenuation, remote delivery capability (thanks to the 
optical fibre) and the robustness and precision offered by integrated technologies, 

                                                 
9 This research has been done in the frame of an ESA contract in collaboration with 

Thales Alenia Space (France), in charge of the antenna concept top level definition and the 

description of the application scenario, and the Nanophotonics Technology Center from the 

Universitat Politècnica de València in charge of the manufacturing of the SOI designs. 
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especially in the case of Silicon-on-Insulator (SOI), thanks to the compactness and 
its compatibility with the standard CMOS technology. 

In this chapter, the development of a nanophotonic structure that implements an 
optical Butler matrix of 8 x 8 ports is described, which is envisaged to be the core of 
a ultra-compact Optical Beamforming Network capable to cope the requirement of 
the new generation of communication satellites, which exploits the advantages of the 
abovementioned photonic technology. The Butler matrix chip has been designed, 

fabricated and tested in SOI technology. 

5.1. Application Scenario 

The study of optical Butler Matrices is going to target the control of an array of 
antennas for broadband communications in satellites. Broadband systems should 
offer high data rate connections to very large numbers of low cost terminals. To be 
economically viable, the cost per bit shall be as low as possible. Only satellites with 
very large capacity in terms of bandwidth or number of circuits would achieve the 
required low cost for commercial deployment. Therefore, there is a need for new 

technologies to allow reaching this target. 

Thus, the work is going to be aimed at a real scenario consisting in a typical 
communication satellite based on a geostationary platform covering Europe and the 
Maghreb with 44 spots (beams) with an angular separation of 0.8 degrees and 
distributed in a 6 rows by 8 spots grid. With this scheme, different options are 
possible, either a classical frequency re-use scheme (FDD) or a 
beam-hopping/switching (TDD) architecture, both in a Direct Radiating Array 
configuration in downstream. The antenna array for obtaining the required radiation 
characteristics consists on a 256 elements array in a circular configuration, as shown 

in Figure 64. 

The general design of the beamforming network for feeding an antenna array of 
256 elements is depicted in Figure 65. It consists of a 2-dimensional network with 
an input stage of six 8x16 matrices (each row of the coverage distribution 
corresponds with each input matrix), with 48 inputs (corresponding with 48 
orthogonal beams, although some of them are unused) and 6x16=96 outputs. These 
outputs feed a second set of 16 truncated 8x16 matrixes (only 6 inputs are used in 
each matrix) resulting in 16x16=256 outputs, which directly feed the antenna 

elements. 
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Figure 64. Application scenario. 

This structure implements both a heterodyne generation (differential phase 
shifting in each spectral component by routing each one through different physical 
path) and a 2N extension capability [MAD02]. It consists of two 8x8 optical Butler 
matrices working in parallel (16 outputs). These are connected to the 8 inputs 
through a set of couplers and phase shifters. At the input, the sideband of the optical 
field is extracted (Sideband extraction block) and routed to the output (normal 
configuration) and to the input port #1 (2N configuration) depending on the selected 

input. 

In particular, the system carries out the following tasks over the input signal 
which is an optical signal with single sideband or double sideband modulation, which 

carries the RF signal to be transmitted: 

 The matrix split the input signal at each input port into 16 outputs. 

 The phase difference between the optical carrier and the sideband(s) at each 
output port depends on the input port. 

 When photodetected, this phase difference is translated to the obtained RF 
signal. It generates the required phase profile at the antenna elements for 
obtaining a maximum of radiation in the desired space direction. 

 Further phase shifting can be obtained if the output optical signals are routed 
through more butler matrices (the phase shifts are summed). 
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Figure 65. Beamforming network for the feeding of 256 elements by using 

8x16 extended Optical Butler Matrices (up). 8x16 matrix employed in the 
beamforming network consisting in an extension of the 8x8 Optical Butler 

Matrix employing a scheme for the extension of the number of beams (down). 
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5.2. Optical Butler Matrices for Electrical Beamforming 

As described in section 1.6.4, one of the traditional electrical methods of feeding 
an array antenna with a uniform distribution and constant phase difference between 
elements is by means of a Butler matrix. This matrix, first described by Butler 
[BUT61], consists of N input ports and an equal number of output ports which feed 
each radiating element. A signal introduced and one input produces equal amplitude 
excitations at all outputs but with a defined phase difference between them, 
producing a maximum of radiation at certain angle in space (or beam steering). A 
signal introduced at another input results in radiation at another angle. A more 
general scheme for different angular beam positions is shown in chapter 2. The phase 
difference between radiating elements for a Butler Matrix with N elements and for 

the pth beam location is given by [MOO64]: 

  
2

cosn

d
 


  (5.1) 

where d is the separation between adjacent antenna elements,  is the wavelength of 

the signal,  is the angular position of the pth beam respect to the endfire direction 

and n is positive or negative depending upon whether the beam is to right or left of 

broadside respectively. 

The same design can be used not only in electrical but also in optical frequencies 
since the same building blocks employed in the electrical implementation can be 
fabricated for its optical counterpart. Effectively, a typical 3 dB optical coupler 
performs a 90 degrees’ phase shifting between its outputs, resulting in an optical 90 
degrees hybrid. Moreover, phase shifting can be achieved by controlling the length 
of an optical waveguide. Although there have been in the literature implementations 
of optical Butler matrices by using discrete components, the implementation of the 
Butler matrix in integrated optics technology is highly desired due to the high 
precision of the waveguide lengths required to implement precisely the necessary 
optical phase shifting. In this sense, the SOI technology is a promising solution since 
this technology is compatible with the traditional processes of the microelectronic 
industry. Moreover, thanks to the high index contrast of the SOI waveguide, resulting 
in devices very small compared with other integrated optics technologies and 
achieving a more precise control of the circuit size. Typically, microwave Butler 
matrices consisting of microwave fixed phase shifters and directional couplers have 
poor performance because of the high crosstalk and electromagnetic interference 
(EMI) [CHA90]. Integrated optical Butler matrices, in addition to being immune to 
EMI and having negligible crosstalk are small in size, lightweight and can be 

manufactured on a single substrate. 
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5.2.1. Principle of Operation: Heterodyne Phase Shifting 

The optical Butler matrix replicates the optical input signal at all the outputs, 
inducing a different phase shift to each output. The way to translate such phase 
shifting to the electrical signals is by using optical heterodyne generation. Let it be 
two monochromatic coherent optical waves with a frequency difference of fRF 
travelling together in the same optical fibre. By coherent it is understood that the 
optical phases of both signals maintain a constant phase shift. On the other hand, 
they are incoherent when this phase relation is random (i.e. when there is no phase 
relation). When this signal (actually two different optical signals with a stable phase 
relation) impinges in the photodetector, it carries out an optical envelop detection, 

and the obtained photocurrent is proportional to the power of the optical signal. 

Effectively, if the complex electrical fields of the two monochromatic signals 

are: 
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where a is the amplitude, f0 is the central frequency (for example, 193 THz for the 

third window) and 1 and 2 are the phases of both signals. The current at the 

photodetector output is: 
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 (5.3) 

It can be seen that the RF component of the photocurrent exhibits a phase equal 
to the phase difference between both optical carriers. If one of the optical component 
(E1 for instance) is a data signal instead of a monochromatic carrier, the same 
behaviour occurs, resulting in a phase shifting induced in the data signal after 

photodetection, which depends on the phase of the other signals (E2 in this case). 

Once we understand the process of inducing phase shifting by optical heterodyne 
beating (envelop detection), it is easy to see how the optical matrix can be used as 
phase shifter element in a heterodyne beamforming network system. In Figure 66, a 
very simplified scheme for such system using a 2x2 optical Butler matrix (2 input 

and 2 output ports) is shown. 

In Figure 67, the spectra of the signals at the indicated points (A-F) are depicted 

schematically. 
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Figure 66. Optical Beamforming Network (OBFN) using a 2x2 optical Butler 

matrix. 

 
Figure 67. Schematic view of the  signal spectrum (both electrical and optical) 

at each of the indicated points in Figure 66. 

The original signal to be transmitted by the antenna array is S(t) (point A), 
allocated at fRF. This signal modulates an optical carrier (single sideband modulation 
indicated in the figure for the sake of simplicity) with frequency f0, resulting in a 
spectrum like the depicted in the Figure 67 (B). The two components (E1 being the 
optical carrier and E2 the sideband) are separated in a 1:2 demux. The carrier is 
injected to an optical switch which routes the signal to one of the input ports of the 
Butler matrix (depending what beam direction is considered). This signal is 
replicated in the two output ports of the matrix with, in principle, the same amplitude 

in all, but with a differential phase, named phase profile, (points E1 and E2). 

On the other side, the sideband is routed through a parallel path, named reference 
path, split in a 1:2 splitter (in general, 1:N, being N the number of ports of the 
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matrix), and respectively combined with the carriers at the matrix output (F1 and 
F2), taking care in maintaining the same phase in all the sideband replicas (0). After 
photodetection, as many replicas of the S(t) signal as number of matrix point are 
generated with a phase profile similar to the one performed by the matrix in the 
optical field. Then, for this implementation, the number of beam directions obtained 

with a NxN optical Butler Matrix is equal to N (typically N=2n). 

5.3. 2N Beam Directions with a NxN Optical Butler Matrix 

One of the simplest ways to duplicate the number of beam directions with a 
similar scheme to the one described in Figure 68 is the proposed in [MAD02] which 
consists in including an additional switch that enables to route the reference signal 
either through the reference path (like in Figure 66) or through one port of the matrix. 

This scheme is shown in the Figure 68, for the case of a 2x2 optical Butler Matrix. 

 
Figure 68. Scheme of the 2N extension for the OBFN. 

When the sideband is routed through the reference path, it is combined with the 
signals at the output of the matrix with the same phase, as abovementioned. 
However, when it is routed through the matrix, both the optical carrier (E1) and the 
sideband (E2) exhibits a phase profile, and the resulting phase profile at the O/E 
outputs is the difference of the E1 and E2 phases. If the sideband is injected at the 
same input port of the matrix (port number #1 in the Figure 68), we can obtain as 
many beam directions as in the case of using the reference path. At the end, we 
obtain the same beam set as with the original scheme (Figure 66) and a set of beams 
with angular positions located in between the previously obtained as can be observed 
in the Figure 69 for an 8x8 matrix, where 16 beams are obtained. This can be 

achieved by injecting the sideband in any input port, not only for the first one. 
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Figure 69. Optical Beamforming (OBF) using a 8x8 optical Butler matrix and 

Traditional + 2N architecture. 

5.4. Design of an Integrated Optical Butler Matrix 

5.4.1. The Optical Butler Matrix 

A schematic view of the integrated Butler Matrix indicating its main building 
blocks and a table summarizing the expected optical attenuation for the blocks is 
depicted in Figure 70. The main building blocks are the 90 degrees directional 
couplers, the phase shifters and the waveguides connecting these blocks. 
Additionally, since several waveguide crosses must be included in real 
implementations, they have been considered as building blocks too, and studied 
below. On the other hand, we can appreciate that, due to the attenuation of the 
waveguide crosses, a non-uniform power distribution is obtained at the output of the 
matrix. In order to mitigate this effect, also additional optical attenuations will be 
considered as another building block. For this case, extra-attenuation will be 
included with waveguide bends because the attenuation can be precisely tuned 
selecting the corresponding bend radii. This characterization is included in the 

corresponding section. 

In principle, we will consider that any power non-uniformity at the output of the 
matrix will be corrected by the electrical amplification stage included at the antenna 
panel input. Then, the better and worse cases shown in the table from Figure 70 are 
related to the minimum and maximum attenuation introduced by the Butler Matrix 
between input-to-output ports, considering all the combinations with the same 
attenuation. 
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(a) 
 

(b) 

Figure 70. Schematic view of the Butler Matrix (a) the Building Blocks’ 

expected optical attenuation (b). 

Optical waveguides 

Optical waveguides are the basic element that interconnects the different 
building blocks in the Butler matrix. The main degradation in optical waveguides is 
propagation losses. The dominant source of propagation losses is sidewall 
roughness. Sidewall roughness is usually originated due to a non optimum 
fabrication process and can be modelled as a random variation of the waveguide 
width10.  

 
Figure 71. SEM images of two different waveguides. It can be seen the 

reduction of the sidewall roughness. 

                                                 
10 See Annex B. 
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Propagation losses lower than 15 dB/cm have been obtained for the operation 
wavelength of 1550 nm. The fabrication process based on lift-off was optimized in 
order to reduce sidewall roughness (Annex B). Some of the actions carried out were: 
optimization of the metal deposition, improvement of the ionic etching of the metal 
mask or the introduction of a plasma cleaning process in the silicon etching. Figure 
71 shows SEM images of two different waveguides fabricated before and after 
optimization of the fabrication process. It can be seen that sidewall roughness have 
been significantly reduced. Sidewall roughness minimization gave rise to a decrease 
of the initial propagation losses of around 30 dB/cm up to the currently propagation 

losses lower than 15 dB/cm. 

Bends 

Bend losses for different radii (1 μm, 2 μm and 4 μm) have been experimentally 
evaluated to analyse the influence of sidewall roughness. As bend losses are rather 
low, several structures with waveguides containing a large number of bends were 
fabricated. Figure 72 shows SEM images of the reference waveguide structures and 
the waveguide with bends structures, and a detailed view of the bend structures with 
different radii. The obtained additional losses for bend radius of 5 μm were lower 

than 0.1 dB/bend for a 180 degrees turn respect to a straight waveguide. 

 
Figure 72. SEM images of the reference waveguide structures and the 

waveguide with bends structures and a detailed view of the bend structures 

with different radii. 

Waveguides crosses 

Waveguides crosses were also designed by means of 2D and 3D-FDTD 
simulations. Transmission losses, reflection losses and crosstalk losses were 
analysed for different crossing angles. Simulation results showed that although 
transmission losses are similar (LT≈1.5 dB) when the angle is between 60 and 
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120 degrees, crosstalk losses are worse for 90 degrees (LCT≈12 dB) with respect to 
the optimum cases of 60 and 120 degrees (LCT≈22 dB). Crosstalk is higher when the 
angle is different from 60 and 120 degrees due to the higher mode mismatching at 
the crossing point. Figure 73 shows a SEM image of a waveguides cross with an 
angle of 90 degrees and SEM images of the crossing point at the different angles 

considered. 

 
Figure 73. SEM image of a waveguides cross with an angle of 90 degrees and 

SEM images of the crossing point at the different angles considered. 

Figure 74 shows the experimental and 2D and 3D-FDTD simulated crosstalk 
losses as a function of the crossing angle. It can be seen that there is a good agreement 
between experimental and simulation results for the crossing angles. Furthermore, it 
is confirmed that crosstalk losses are higher for 90 degrees with respect to the 
optimum crossing angle of 60 degrees. The larger disagree for the crossing angles of 
120 and 140 degrees are due to a non-optimum way of exposing in the lithography 
process. This effect is translated in higher waveguide widths for the four bends of 
the structure as shown in the SEM image of Figure 73 thus degrading the 
performance. The crossing angle of 60 degrees has been chosen as the optimum to 
implement the Butler matrix. Experimental crosstalk losses of 21.7 ± 5.1 dB and 

insertion losses of 3.3  1.3 dB have been demonstrated for this angle. 
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Figure 74. Experimental and 2D and 3D-FDTD simulated crosstalk losses as a 

function of the crossing angle. 

Couplers 

Directional couplers as well as phase shifters are key elements in the Butler 
matrix. Therefore, significant efforts were carried out to optimize the fabrication 
process and characterize the influence of design parameters deviations on the 
building blocks performance. The parameters of the coupler chosen to optimize the 
fabrication process are w=500 nm and s=300 nm. The coupler length was fixed to 
divide 50% of the input power through the output ports. The coupler structure was 
repeated several types in the same sample in order to evaluate the tolerance of the 

fabrication process. Figure 75 shows SEM images of fabricated couplers. 

 

 (up-left) (up-right) 
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 (down-left) (down-right) 

Figure 75: SEM images of fabricated couplers (up). Detailed view of the 
waveguide separation in the middle of the coupler (down-left) and in the left 

extreme (down-right). 

The waveguide width and waveguides separation of the fabricated structures 
were measured by SEM (Figure 75). In the fabrication, different e-beam dose (-10%, 
standard dose (DN) and +10%) have been employed in order to characterize the 
tuning capability that can be obtained with different doses. The waveguide widths 
and separations have been measured by SEM observation (see Figure 75). In Table 
11, the mean and the standard deviation of the abovementioned measurements are 
depicted. For the standard dose, the fabricated waveguide width value is 

478.15.2 nm while the mean waveguides separation value is 301.24.3 nm. 

TABLE 11: STATISTICAL ANALYSIS OF THE MEASUREMENTS . BETTER RESULTS 

ARE OBTAINED FOR LOWER DOSES WHICH EXHIBITS LOWER PROXIMITY 

EFFECTS . 

 

Taking these values into account, the length of the directional coupler could be 
recalculated to achieve 50% power division. However, for the Butler matrix 
performance, it is not critical to achieve a perfect power division as deviations even 
much higher than the obtained will only suppose a small unbalancing in dB between 

Statistical Analysis

E-beam

Dose

Waveguides

Width (nm)

Waveguides

Separation 

(nm)

10% 483,8 295,0

DN MEAN 478,1 301,2

-10% 471,9 310,0

10% 3,4 8,7

DN STANDARD DEVIATION 5,2 4,3

-10% 2,7 4,3

Statistical Parameter
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both output ports (for instance a 60%/40% distribution implies a -2.2 dB/-4.0 dB 
distribution, so the power is unbalanced by less than 2 dB between the two output 
ports, and a deviation of approximately 1 dB from the ideal -3dB/-3dB case). 
Furthermore, the most important function of the coupler in the Butler matrix is to 
achieve a 90 degrees phase shift between both output ports which is always achieved 

independently of the power coupling distribution between both output ports. 

Phase shifters 

The use of a Mach-Zehnder interferometer (MZI) has been used in order to 
estimate the phase shift. Interferometer structures convert phase differences in power 
transmission variations. The length of one of the MZI arms is modified to achieve 
the phase shifts of 22.5, 45 and 67.5 degrees. An additional length difference 
(∆L=13.464 μm) is considered in the MZI structure to achieve a minimum of 
transmission at 1550 nm. Thus, the introduction of the phase shifts is carried out by 
increasing the ∆L length which shifts the minimum of transmission to higher 
wavelengths. Figure 76 shows a SEM image of one of the fabricated MZI structures 

with directional couplers. 

 
Figure 76. SEM image of a fabricated MZI structure with directional 

couplers. 

Figure 77 shows the experimental and simulated results of the transmitted power 
as a function of the wavelength for the cases of (a) reference structure, 
(b) 22.5 degrees, (c) 45 degrees and (d) 67.5 degrees. As before, the waveguide 
width variation was evaluated by means of SEM inspection and the obtained data 
used to simulate the MZI structures. It can be seen that experimental and simulated 
results show and reasonable agreement thus indicating that precise control of the 
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required distance is achieved. It should be noticed that the difference in length 
between the MZI structures is of only around 40 nm. The precise control of the 
required distance was also confirmed by measuring MZI structures with the same 

length in both arms. 

 
Figure 77. Experimental and simulated results of the transmitted power as a 

function of the wavelength for the cases of (a) reference structure, (b) 

22.5 degrees, (c) 45 degrees and (d) 67.5 degrees. 

(a) (b)

(c) (d)

(a) (b)

(c) (d)
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TABLE 12: SUMMARY O F THE FABRICATED BUILDING BLO CKS AND EFFECT IN THE RADIATIO N DIAGRAM 

Building 

Block 

Description 

Schematic 

View 
SEM pictures 

Theoretical 

Parameters 
Measured Parameters 

Effect in the 

Radiation Pattern 

Diagram (1) 

Optical 

Waveguide  

 

Lprop=10 dB/cm Lprop=15 dB/cm 
Negligible additional 

optical losses 

Bend 
 

 

Lbend <1 dB 

Lbend (1μm)=0.33 ± 0.14 dB 

Lbend (2μm)=0.15 ± 0.10 dB 

Lbend (4μm)=0.12 ± 0.04 dB 

Negligible additional 

optical losses 

Cross 

 

 

IL < 2 dB 

 

  >15 dB 

 (60º)= 21.7 ± 5.1 dB 

 

IL (60º) = 3.3 ± 1.3 dB 

Crosstalk: Negligible 

effect in the radiation 

diagram when 

compared with other 

sources of 

degradation. 

Insertion Losses: 

Additional losses of 

1.3 dB ± 1.3 dB 

Coupler 

  

 Amplitude 

Imbalance < 2.5 dB 

 Additional Losses 

< 1.5 dB 

 Phase 

Imbalance < 5º 

 Amplitude 

 Imbalance < 2 dB 

 Additional 

Losses < 1 dB 

 Phase Imbalance < 5º 

 Residual sidelobe 

level < -22 dB 

 

 Directivity 

degradation < 0.1 dB 
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Phase 

Shifter  

 

IL: negligible 

 

Phase Shift 

errors: < 5º 

IL < 0.2 dB 

 

Phase Shift 

errors: < 3º 

 Residual sidelobe 

level < -28 dB 

 

 Directivity 

degradation < 0.1 dB 

(1): Considering a beamforming network of eight (8) antenna elements and using the theory described in the 

Annex A. 

 

 

 

SUMMARY: 

Extra Losses: 7.2 dB 

± 5.2 dB 

Residual Sidelobe 

level < -22 dB 

Directivity 

degradation < 0.1 

dB 
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5.5. 8x8 Butler Matrix Fabrication11 

The fabrication of the 8x8 Butler matrix was carried out by electron-beam 
lithography and reactive ion etching with inductively coupled plasma etching. A 
negative resist was used to obtain a better resolution and lower roughness [SAN06]. 
Two types of configurations were designed and fabricated, one to measure the output 
power performance and the other one to measure the phase shift performance. The 
former was simply created by conveniently enlarging both the eight input and output 

ports to the chip facets. The latter was fabricated as shown in Figure 78. 

 
Figure 78. SEM and optical microscope images of the fabricated 8x8 Butler 

matrix. 

Figure 78Figure 78. SEM and optical microscope images of the fabricated 8x8 
Butler matrix. shows SEM and optical microscope images of the fabricated 8x8 
Butler matrix to evaluate the phase shift performance. The worst case for the phase 
shift error between output ports occurs between the two output ports which are more 
separated. Therefore, the two extreme output ports of the matrix have been combined 
by using a Y-junction, as can be seen in Figure 78. In this way, the 8x8 Butler matrix 

                                                 
11 Further details are provided in Annex B. 
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is seen as set of eight 1:1 Mach-Zehnder interferometers so the phase shift 
performance introduced by the matrix, which depends on the selected input port, is 

transformed into a power modulation. 

The lengths of the extra waveguide sections used to combine the two output ports 
of the matrix were properly designed and chosen to have a notch around 1550 nm in 
the spectral MZI response. Thus, the whole matrix can be evaluated by successively 
injecting light through each one of the input ports and measuring the spectral 

response of the virtual MZI structure. 

5.6. Characterization of the 8x8 Butler Matrix 

5.6.1. Optical Insertion Losses 

Table 13 shows the output power measurements and the standard deviation of 
the output power variation. The total power in the eight output ports is also depicted. 
Ideally, output power values should be the same independently of the input port 
because the number of waveguide crosses, which is the main attenuation factor, is 
the same in all the possible paths of the Butler matrix. However, it can be seen that 

this does not occur. 

TABLE 13: MEASURED OUTPUT POWER IN DBM AS A FUNCTION OF THE INPUT 

PORT. THE LAST COLUMNS SHOW THE TOTAL POWER IN THE EIGHT OUTPUT 

PORTS AND THE STANDARD DEVIATION OF THE OUTPUT POWER VARIATION. 

 Out 1 Out 2 Out 3 Out 4 Out 5 Out 6 Out 7 Out 8 
Total 
Power 

(dBm) 

σP 
(dB) 

In 1 -46,3 -48,3 -48,9 -47,8 -47,2 -45,1 -50,3 -50,4 -38,7 1,8 

In 2 -47,3 -51 -46,7 -46,4 -48,8 -49,2 -49,4 -49 -39,2 1,6 

In 3 -47,1 -48,8 -47,9 -47,5 -50,6 -50,3 -51,2 -50,6 -40,0 1,6 

In 4 -47,4 -45,7 -48,7 -46,7 -47,5 -47,6 -50,6 -51,1 -38,8 1,9 

In 5 -49,6 -47,9 -43 -44,3 -47,3 -49,1 -53,9 -53,3 -38,1 3,8 

In 6 -51,3 -50,8 -50,5 -49,5 -50,9 -50,1 -52,8 -52,9 -41,9 1,2 

In 7 -47,9 -45,7 -52,5 -51,8 -47,4 -51 -44,5 -46 -38,5 3,0 

In 8 -47,6 -45,7 -53,5 -53,9 -47,7 -51,5 -47,2 -48,6 -39,6 3,1 

 
Firstly, the total power values shown in Table 13 have been compared with the 

output power of a straight 3 µm wide waveguide to analyse the insertion losses of 
the 8x8 Butler matrix. The output power measured in a 3 µm wide waveguide 
was -31.3 dBm. Thus, the difference between this value and the values of the total 
power at the output of the Butler matrix is around 7 dB for all the input ports. These 
losses are mainly due to the transmission losses of the waveguide crosses. Each cross 
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has around 1.6 dB transmission losses so the total losses due to the four waveguide 
crosses will be 6.5 dB which is in very good agreement with the previous value. 
Therefore, it can be concluded that the insertion losses in the 8x8 Butler matrix are 

mainly determined by the waveguide crosses. 

5.6.2. Phase Shift Performance of a 8x8 Butler Matrix 

As previously explained the phase shift performance can be evaluated by 
measuring the spectral response of the virtual MZI structure introduced in the 8x8 
Butler Matrix shown in Figure 78. Figure 79 shows the experimental and simulated 
results of the normalized transmitted power as a function of the wavelength. The title 

of each plot describes the input port. 

In Figure 79, it has been included the frequency response measurements for the 
eight ports of the studied sample, the theoretical response to be obtained according 
with the designed physical parameters (effective refraction index, waveguides 
length, couplers, crosses, etc.), and the response deviation considering an absolute 
phase error due to phase shift standard deviation (σφ) of 5 nm, and recalculating the 
error for the exact length of the branches of the 8 MZ interferometers. The unbalance 
of the coupling coefficient of the couplers has also been considered in the 
calculations as well as an estimation of the coupling frequency response. It is worth 
nothing to say that the free spectral range (FSR) (frequency separation between 
adjacent nulls of the MZI response) increases progressively with the selected input 
port. Then, the lower FSR, the lower input port number is. This is the reason why 

the null of the first figures are clearer than the others. 

As can be seen in the figure, the measured response fits in between the depicted 
theoretical responses, which covers the 99.72% of the cases (3σ criterion). In the 
following table, a comparison between the expected phase differences at the output 
of the matrix between the output ports #1 and #8 and the obtained with the 
approximation is depicted. Also the standard deviation of the phase errors at the 
output of the port #1 (similar to the port #8) for all the inputs is depicted. This value 
has been calculated with the model described above for the physical lengths of each 

of the optical path inside the 8x8 matrix. The obtained values are around 5 degrees. 
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Figure 79. Experimental and simulated results of the normalized transmitted 

power as a function of the wavelength. The title of each plot describes the 

input port. 
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TABLE 14: COMPARISON BETWEEN THE IDEAL AND MEASURED PHASE 

DIFFERENCE AND THE OBTAINED STATISTICAL DEVIATION OF THE PHASE SHIFT 

ERROR WHEN LIGHT IS INJECTED THROUGH EACH ONE OF THE INPUT PORTS . 

 In1 In2 In3 In4 In5 In6 In7 In8 

Ideal 

ΔΦ 
-157.5 22.5 -67.5 112.5 -112.5 67.5 22.5 157.5 

Meas 

ΔΦ 
-155.775 24.2252 -67.055 112.945 -112.945 67.055 -24.2252 155.775 

σφ 5.038 5.038 5.026 5.026 5.022 5.022 5.018 5.018 

 

5.7. Impact of experimental results on System Performance 

The following accuracy requirements for the phase and amplitude errors in the 
illumination function were considered according to the requirements in a typical 

active array antenna for the application scenario provided: 

 σϕ < 10 degrees 

 σa < 3 dB 

considering that all errors are included, even those from components placed at the 
input and output of the BFN for sideband extraction/re-combining; and that a further 

analysis is performed on the effects of BFN errors. 

The following values have been obtained in the matrix evaluation according the 
previous section, issued from processing the full BM test results to estimate actual 
splitting ratios from the couplers. The phase errors have been estimated as explained 
in previous sections from waveguide roughness and width. The values for the 8x16 

and the whole beamformer have been calculated as described in the Annex A. 

TABLE 15: ERROR BUDGET CALCULATIONS FOR A COMPLETE BFN INCLUDING 

8X8 BM TEST-RESULTS  

 

Calculation 
 

Test 
Results 

Calculation 
 

Calculation 
 

Parameter  

Input 

Couplers & 

phase shifters 

8x8 

Matrix 

8x16 

Matrix 

Whole 

Beamformer (two 

cascaded 8x16) 

Phase (º) 3.80 5.04 6.33 8.95 (=°) 

Amplitude (dB) 0.53 2.00 2.07 2.93 (=dB) 
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Then, we deduce the effects on the antenna radiation performances by using the 
abovementioned formulas and the results are shown next. 

TABLE 16: SUMMARY OF ERRORS AND THEIR EFFECT ON THE ANTENNA 

RADIATION PATTERN12 

Normalised13 
amplitude  errors 

Normalised phase  
errors 

Directivity 
decrease  

Spurious  
average 

level 

Spurious  
peak level 
(1% prob) 

=dB 
/8.68 

² 
(variance) 

=°/57.3 
² 

(variance) 
D from 

(A.3) 
SL from 

(A.4) 
SL+6.4dB 

0.337 0.1138 0.156 0.0244 -0.6 dB 
-32.7 

dB/Max 
-26.1 

dB/Max 

 

Computations from the error budget deduced from the test results of the 8x8 
Butler Matrix (removing some part of them coming from measurement, thanks to a 
‘retrofit’ algorithm) have been done generalizing the amplitude and phase 
unbalances to the full Butler-based beamformer. As a result, the errors moderately 

impact the antenna performances (see Annex A): 

 around 0.6 dB directivity decrease. 

 the “C/I”14 ratio will be degraded by around 1.4 dB. 

 

                                                 
12 All values are statistical averages in the table; but for simplification, the upper lines 

(such as in 𝛿̅) have been left out. 
13 Normalised values, according to Annex A (A.6) allow to directly compare influence 

of amplitude versus phase errors; in Table 16 of Annex A, only overall values, for whole 

beamformer, are kept. 
14 C is any carrier within the multiplex radiated in the nominal antenna lobe; I=i is the 

sum of all interfering carriers using the same frequency “1 spot over 4” thanks to a 1:4 regular 

frequency-reuse pattern. 
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5.8. Distribution Input Matrix 

The previous sections have covered the work carried out to manufacture a pure 
optical Butler matrix, but this structure is not sufficient to implement the required 
phase shifting in the microwave signal. For doing so, an optical circuitry that 
performs the carrier to sideband separation is needed according with the process 
described in the section 5.2. In this section the research carried out for the 
characterization of the heterodyne generation of the RF phase distribution is 
included. For that purpose, a 4x4 photonic Butler Matrix together with a Distribution 
Input Matrix (DIM) structure has been designed and fabricated for the validation of 
the functionality in the electrical domain. 

The design of the integrated photonic structure can be divided in two building 
blocks: The Distribution Input Matrix and the 4x4 Butler Matrix. The design of the 
Butler Matrix was already considered in the previous sections. On the other hand, a 
special DIM has been designed for the 4x4 Butler Matrix in order to prove the 
concept. The DIM consists on several filtering elements that split the sideband 
component of the optical field from the carrier. Then it guides each of the 
components to different inputs in order to obtain at the output the desired phase 
distribution. In the following sections, the design of the DIM and of its basic 

components is explained. 

5.8.1. DIM structures and sample characterization 

The DIM structure routes the carrier and the sidebands of the optical modulations 
to different ports of the Butler Matrix in order to obtain at the output a specifically 
designed phase distribution. The phase profiles achieved generate the interleaved 
beams (compared with the traditional scheme). Different DIM structures have been 
studied in order to find the best architecture in terms of symmetry, power balance 
and losses. 

Figure 80 (left) shows the most straightforward structure that would be 
connected with the four input ports of the 4x4 Butler Matrix. As it is discussed in the 
following section, MZM Filters have been chosen to separate the carrier in one 
branch and the sideband in the other. In this configuration one of the components 
(carrier or sideband) is extracted from all the inputs of the DIM and guided to the 
first input. Thus, this component shows a reference phase distribution at the output. 
On the other side, the optical component that has not been redirected to the first input 
(sideband or carrier respectively) undertakes different phase distributions at the 

outputs of the Butler Matrix depending on the input chosen. 
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Nevertheless, in order to obtain an optimal structure, the number of Y-junctions 
and crosses must be minimized. Y-junctions ideally induce 3 dB of power losses. 
Their number cannot be reduced but they can be, otherwise, spread in the matrix in 
order to reduce the overall amount of losses of the first input. On the other hand the 
crossings induce lower losses but the crosstalk with the transverse direction leads to 
phase errors in the phase distribution at the output of the Butler Matrix as it is 

explained below. 

 
Figure 80. Initial DIM structure of 2N architecture (left) and alternative one 

(rigth) with better symmetry. 

An alternative DIM structure is shown in Figure 80 (right). This design optimizes 
the symmetry and the losses are more equally distributed. This alternative shows the 
same performance than the structure showed in Figure 80 (left) but with different 
order in their ports. Additionally, the number of crossings is reduced and thus the 
undesired crosstalk signal at the input of the Butler Matrix is also reduced. Although 
the last alternatives improve the power balance and the losses, not all the branches 
have the same attenuations. For this reason, in the final design an additional 
Y-junction was added to equalize the losses and the output power in all the branches. 
This is the case of the Y-junction that has the second output of the DIM. 

Crosses

Y junctions

MZM Filter

1

2

3

4

Crosses

Y junctions

MZM Filter

1

2

3

4
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Figure 81. Optical microscope image of a made DIM+Matrix sample. 

Following the last structure, the samples that have been made anf analysed in the 
setup are composed by a DIM plus a 4x4 Butler matrix in order to obtain the expected 
phases at each of the four outputs. Figure 81 shows an optical microscope image of 
the made structure and a zoom in the detail of the matrix and the filter. In the 
following section, the implementation of the filters responsible of the extraction of 

one of the optical components is addressed. 

5.8.2. Results on Phase Distribution 

Figure 82 shows a schematic of the structure with the labelling of the input and 

output ports. 

 

Figure 82. Structure of the DIM+Matrix chip. 
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The average of the six measurements is shown in Table 17. The average of the 
phase has been calculated as the mean of the six relative phase tables and the error 

phase values have been calculated as the difference among relative an ideal phases.  

TABLE 17: PHASE PERFORMANCE OF THE DIM+MATRIX STRUCTURE 

(AVERAGE OF MEASUREMENTS OF 6 CHIPS) 

 

 

It is seen from the average values that output phases related to inputs 2 and 3 
show the worst results. Sigma values satisfy the specifications for inputs 1 and 4; 
however, inputs 2 and 3 are out of specifications. On the other hand, the overall error 
in these two inputs decreases due to the compensation of the errors in the 

measurements. 

  

AVERAGE OF SIX MEASUREMENTS

PHASE (relative value)
IN1 IN2 IN3 IN4

OUT1 -1,12 -17,67 0,67 -3,49

OUT2 -2,00 -154,92 200,17 -0,92

OUT3 2,78 262,98 84,88 180,95

OUT4 0,35 89,61 254,27 183,47

OFFSET 0,00 0,00 0,00 0,00

ERROR PHASE
IN1 IN2 IN3 IN4

OUT1 -1,12 -17,67 0,67 -3,49

OUT2 -2,00 25,08 20,17 -0,92

OUT3 2,78 -7,02 -5,12 0,95

OUT4 0,35 -0,39 -15,73 3,47

σ 1,81 15,74 13,05 2,55

PHASE (ideal case)

IN1 IN2 IN3 IN4

OUT1 0 0 0 0

OUT2 0 -180 180 0

OUT3 0 270 90 180
OUT4 0 90 270 180
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5.9. Conclusion 

In this chapter the design and characterization of a heterodyne optical Butler 
matrix have been reported. The more relevant performance parameters measured 
were the phase performance. From the results, the standard deviations in phase was 

5.4 degrees considering all the port combinations.  

The obtained results were validated from the system point of view. The 
degradation of the radiation diagram of the array antenna has been calculated from 

the performance calculations obtained for the 8x8 matrix. 

In a second step, the heterodyne generation of a RF phase distribution with a 
photonic Butler Matrix was addressed. For that purpose, a 4x4 Butler Matrix was 
implemented together with a DIM. The DIM has been designed in order to separate 
the two optical components of the heterodyne optical signal and distribute them to 
the input ports of the Butler Matrix to obtain the desired phase distribution at the 
output of the beamformer structure. The design of the DIM structure was carried 
with the implementation of filtering structures that separate the optical components 
and waveguides, splitters, combiners and crossings to perform the distribution to the 

Butler Matrix. 

From the results obtained, the feasibility of the heterodyne generation or RF 
phase distributions employing the photonic beamformer structure has been proven. 
The phase distribution specifications for the complete beamformer (two cascaded 

8x16) lead to a maximum deviation of 5 degrees.  

The functionality of DIM is proven, and given the obtained results it cannot be 
discarded the viability of the DIM design implemented, but considering the not fully 
compliance of the results it is recommended to search for alternative options, such 
as an external generation of the optical components or alternative filtering structures 

can be explored. 
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6. RF-like OBFN 
based on Integrated Optical 

Butler Matrices 

In this chapter, a different approach to optical Butler matrices is presented. 
Instead of using a DIM to separate the optical carrier and sideband, the Butler 

structure is used to provide propagation delays. 

The photonic implementation of Butler matrices in guided-wave circuits was 
reported in chapter 5. As shown, the architectures were based on optical 
heterodyning, which requires very accurate control of the optical phase. A variant 
implementation following the technique proposed in [MAD02] have been 
demonstrated in chapter 5 in SOI PIC consisting in injecting the reference signal by 
an input port of the matrix which generates orthogonal beams interleaved with 
respect to the ones generated by the classical Butler matrix. In both cases, either 
generating the regular beams of the interleaved ones, the heterodyne generation 
technique described in the previous chapter is required which separates the optical 
spectrum in two components which are managed separately, inducing a phase shift 
in one of them, and afterwards combining both components again and reconstructing 
the original spectrum with a controlled phase difference between both components. 

Finally, this phase difference is translated to the photodetected RF signal. 

The optical Butler matrix with a DIM for heterodyne mixing is able to perform 
N combinations of phase sets in the original configuration, and twice in the 2N 
version. This may be interesting if one wants to increase the level at which adjacent 

Chapter 6 
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beams overlap, that decreases the gain ripple over the whole antenna coverage, but 

degrades the isolation between adjacent beams. 

Nevertheless, the mayor drawback of this heterodyne technique is that the 
required PIC path accuracy for phase-shifts multiple of 22.5 degrees at optical 
frequencies is extremely stringent in the range of a few nanometres as reported in 
chapter 5, which mandates to use manufacturing techniques with extremely high 
resolution, like SOI, and even in this case the minimum physical resolution is in the 
order of nanometres, the same order of the accuracy required. On the other hand, 
since each optical carrier has to be re-combined with the sideband at the output of 
the matrix, this puts stringent requirements on wavelength accuracy of the PIC 
device, requires precise control of the laser source wavelength and a thermal 

stabilization of the PIC to avoid drift of the filter responses. 

The design proposed in this chapter try to overcome all the previous limitations 
of the heterodyne architectures by implementing the phase shift of the optical Butler 
matrix not in the optical domain but at the microwave frequencies by optical delays. 
In this case the advantages of miniaturization and manufacturing resolution of the 
photonic PIC technology are maintained. In this case, a phase shifter is implemented 
by a delay line calculated to correspond with the desired phase shift at the microwave 
frequency designed that is transported by the optical signal. This solution 
implemented as a PIC exhibits an accuracy in the phase implementation 104 times 

better than in the heterodyne case. 

The challenge is to build the basic building block of the matrix, a 2x2 ‘RF-like 
hybrid coupler’ with a unitary RF transfer matrix. As it is demonstrated by 
microwave circuit theory, only orthogonal sets of complex coefficients, when 
considering the two outputs from input 1 as the 1st matrix row, and the two outputs 
from input 2 as the 2nd matrix row, can avoid high losses through the coupler (losses 
meaning in fact that a strong part of the RF signal is reflected); besides it generates 

orthogonal beams in the sine space [MAI05]. 

Miniature pure optical couplers as the ones described in chapter 5 (coupled 
waveguides) can only provide ‘in-RF phase’ splitting (alias “0°-RF” couplers). On 

the contrary, known hybrid couplers are from one of the two following types: 

 “90° hybrids”: phase-difference between outputs is +90° from one input, 
-90° from the other. 

 “180° hybrids”: phase-difference between outputs is 0° from one input, 
180° from the other. 
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In both cases a simple computation shows that the transfer matrix is “unitary” 
(i.e. the Hermitian product of two different columns is ‘0’, and for any column 

multiplied by itself, it’s ‘1’). 

6.1. Design of the RF-Like Optical Butler 

6.1.1. Basic Optical Coupler Equivalent to 2x2 Hybrid RF Coupler or 

2x2 Butler Matrix 

The solution for the orthogonality is the implementation of an RF-like hybrid 
(the fundamental part of the Butler Matrix) by using 3dB optical couplers and delay 

lines working as 90 degrees (/4) phase shifters (e-j/2=-j, if complex notation is used) 

at the design RF frequency. This concept is shown in the following figure: 

 

𝑇 =
1

√2
[
1 −𝑗
−𝑗 1

] 

 

𝑇 × 𝑇∗ = [
1 0
0 1

] = 𝐼 

Figure 83. RF-like 2x2 hybrid coupler scheme by using optical couplers and 

delay lines (left), the corresponding unitary RF transfer matrix T (right-up) 

and the demonstration of the orthogonality of T (right-down). 

6.1.2. 4x4 Optical Butler Matrix 

The solution presented for M=2, can be generalised to higher orders following 
the design rules of the RF Butler matrix as described in chapter 2. For the case of 
M = 4, it is needed to introduce the classical basic delay for an M’xM’ matrix 
between 2 stages of the basic hybrid couplers, and in-between them, which is 

/(2M)=/8, corresponding to a /4=45 degrees phase shift. Its transfer matrix [T] is 
actually unitary, and it provides regularly spaced phase-slopes at its outputs, as 
shown in Figure 84. 
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𝑇4 4 =
1

2
[

1 𝑒−𝑗3π/4

𝑒−𝑗π/4 1
𝑒−𝑗π/2 𝑒−𝑗3π/4

𝑒−𝑗5π/4 𝑒−𝑗π/2

𝑒−𝑗π/2 𝑒−𝑗5π/4

𝑒−𝑗3π/4 𝑒−𝑗π/2
1 𝑒−𝑗π/4

𝑒−𝑗3π/4 1

] 

Figure 84. RF-like 4x4 Butler matrix (top) and its corresponding unitary RF 

transfer matrix T4x4 (bottom). 

In Figure 84, d is the unitary delay that implements the unitary phase shift within 

the matrix and depends on the number of ports M, being d=RF/2M. From a simple 
calculation it can be seen that T4x4 is also orthogonal for the RF signal transported by 

the optical carrier. 

A simplification can be implemented by combining intermediate stages by 
parallel optical paths reducing the number of 3 dB optical couplers. This presents the 
extra-advantage of avoiding the well-known 3 dB loss in the combiner, when 
incoming signals are not coherently in-phase (they will not be; in fact they are 
incoherent, as coming from different inputs; in other words, they are signals 

dedicated to different beams). 
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Figure 85. Simplified RF-like 4x4 Butler matrix with less 3 dB couplers. 

6.1.3. 8x8 Optical Butler Matrix 

The simplified design of an RF-like 8x8 Butler Matrix is depicted in Figure 86. 
In the figure the squares indicate the structures working as a 90 degrees RF hybrid. 
In the bottom of the figure some calculations for the matrix parameters are included. 
The right side includes the calculated delay and corresponding phase of the output 
signal when entering in the port 4L (in yellow), which corresponds with a differential 

phase of 157.5 degrees between adjacent ports. 
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Figure 86. Scheme of an optical Butler matrix of 8x8 ports implemented by 

optical splitters/combiners and optical delays. 

It is possible to generalize the result in the same way as it is done in classical 

Butler matrices, i.e. adding new phase-delays multiples of /M”=22.5 degrees 

[M”=8], implemented in form of miniature optical waveguides with RF/2M”= 

RF/16 length (e.g. compact meander-lines). Again, we gather together each couple 
of successive “3dB combiner + 3dB divider” by a “(2 inputs) x (2 outputs) ‘in-RF 
phase’ coupler”. Only the 1st stage of 3 dB dividers is kept, and the last stage of 3 dB 
combiners: these are ‘3-port’ devices. All other are ‘4-port’ devices, lossless if well 
designed, in other words, all the power from any input in only split into outputs and 

the sum of its parts at all these outputs is equal to the input power. 

It is easy to check that the 8x8 Butler Matrix drawn in the previous figure, has a 
unitary matrix, so it can be lossless in principle, and in any case provide well 

decoupled beams, equally spaced if taking sin() as coordinate. The transfer matrix 
is the one presented in Figure 87 in which the columns (output vectors corresponding 
to each input) are orthogonal with respect to the Hermitian product in the C8 complex 

space. 
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7 = 15· = 46.99 ps

8 = 8· = 25.06 ps

2 -1 = -21.93 ps
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4-3 = -21.93 ps
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fc = 19.95 GHz

T = 50.12 ps

0 = 15.04 mm

 =T/16= 3.133 ps

d’ = g/16  0.625 mm

g 10.mm (if n1.5 index

in optical waveguides)

RF
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[T] =  

Figure 87. Transfer matrix [T] for the 8x8 matrix drawn in Figure 86. 

As described in chapter 5, a 3D beamforming network can be constructed by 
cascading sets of individual Butler Matrices, in this case of 8x8 port counts. For an 
optical beamformer feeding a DRA of 8x8=64 antenna elements with 64 
independent, orthogonal beams, two sets of 8 matrices should be cascaded as is 
depicted in Figure 88. Electro-optical modulators and photodiodes should be placed 
at the inputs and output ports respectively. This configuration can be used in both 
transmission and reception modes with no changes, as occurs with the RF Butler 
matrices. The multibeam capability in transmission configuration is guaranteed by 
using wavelength division multiplexing, i.e., one wavelength for each beam. On the 

contrary, in reception the wavelengths should be associated to each antenna element. 

The interconnection among the different parts of the beamformer can be done by 
optical fibre. The interconnection should be done with quite accuracy since 
difference in length in the connection between the two sets of Optical Butler Matrices 
(OBM) and between the last OBM set and the photodiodes (in transmission 
configuration) will introduce unwanted delay and the corresponding phase error. 
Delay compensation can be done by individual miniature optical delay lines. As have 
been commented along the different chapters, it is interesting the use of the fiber 
optics to allocate the OBFM far from the antenna in order to reduce the complexity 

associated to the array. 
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Figure 88. 64x64 Optical Beamforming Network based on 8x8 RF-like OBMs. 

FGU: Frequency generation Unit; EOM: Electro-optical modulators 

6.2. RF-Like 8x8 Optical Butler PIC manufacturing 

The PIC has been manufactured in standard PLC (Germanium-Doped silica on 
silica) technology, which exhibits low insertion losses among the technologies 
available in the market for manufacturing lightwave integrated circuits. Low contrast 
silica-based optical waveguides consists of a germanium-doped silica (SiO2-GeO2) 
layer on top of a silica (SiO2) cladding layer deposited on a bare silicon substrate. 
The low contrast wafers used are made of a standard silicon wafer which is used as 
the substrate, a SiO2 layer of a thickness of 15 µm as the under and upper-claddings 
and a core layer of germanium-doped silica with a thickness of 6 µm in order to 
realize the low refractive index contrast of 0.75% between the core and the claddings. 
Figure 89(a) shows a scanning electronic microscope (SEM) image of the waveguide 
which width has been chosen equal to 6 µm to achieve single mode transmission for 
TE and TM polarization. Figure 89(b) shows the mode profile at the operating 
wavelength of 1550 nm. Propagation losses of 0.09 dB/cm for straight waveguides 
and 0.2 dB/cm for bended waveguides with bending radii of 5 mm have been 

measured with the manufacturing processes actually used. 

The 3 dB 2x2 optical couplers have been designed as multimode interferometers 
(MMI). In order to select the optimum design for the MMI 3 dB splitters, different 
designs have been tested. In particular, the characterized MMIs structures had widths 
of 26, 26.5 and 27 µm and lengths of 1594.5, 1595 and 1595.5 µm. Figure 90 shows 

a SEM picture of the MMI structures. 
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Figure 89. (a) SEM of a low contrast silica-based optical waveguide and (b) 

mode profile for a low contrast silica-based optical waveguide with a width 

and thickness of 6 µm. The extremely low roughness of the waveguide wall 

suggest that propagation losses lower than 0.09 dB/cm can be achieved once it 

will be covered with un-doped silica. 

  

Figure 90. Microscope image of the MMI structures. 

MMIs are very robust against fabrication tolerances regarding the splitting ratio 
and also have broadband operation. The following figure shows the wavelength 
dependency of the optical losses of a manufactured MMI. It can be seen as the 
response is flat in a wide range of wavelengths. 
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Figure 91. MMI response in a 50 nm wavelength. MMI with 26.5 µm width 

and 1595 µm length. 

In the following figure the layout of the designed 8x8 RF-like Optical Butler 
Matrix is depicted. It can be appreciated that there is a number of optical crosses 

included in the design for power equalization (used as attenuators). 

 

Figure 92. Layout of the designed 8x8 RF-like Optical Butler Matrix 

The matrix was pigtailed with fibre arrays of 8 fibres and packaged in a metallic 

housing. The following figure shows the resulting component. 
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Figure 93. 8x8 RF-like Optical Butler Matrix Packaged and pigtailed. 

 

6.3. RF-Like 8x8 Optical Butler PIC Evaluation 

6.3.1. Insertion Loss Performance 

The insertion loss of the matrix was measured for all the port combinations. The 

results are shown in the following table. 

TABLE 18: OPTICAL INSERTION LOSS OF THE PACKAGED OBM CHIP. 

 

Due to a problem in the manufacturing process, some bubbles appeared in one 
of the splitter structures of the PIC affecting the insertion losses of 4 measurements 
(shaded cells the table). The insertion losses of the matrix were around 10 dB 
(without considering the 1:8 splitting ratio) and the standard deviations of the losses 

among output ports was of 0.65 dB. 

 

Stn Dev 

(dB)

Mean loss 

(dB) IL (dB)

1 2 3 4 5 6 7 8

1 20,5 19,8 20,2 19,6 20,1 19,5 19,2 19,5 0,43 19,8 10,8

2 20,8 21,2 19,6 20 19,6 20,7 19 20 0,74 20,1 11,1

3 19,5 20 19 19,6 19 20,1 19 20,5 0,57 19,6 10,6

4 20,6 19,3 31,9 19,3 20,8 19,3 32,4 19,9 0,69 19,9 10,9

5 20,6 19,3 20,8 19,8 20 18,6 19,7 19,4 0,71 19,8 10,8

6 20,9 20,8 20,11 20,2 19,5 20,3 19,8 20,4 0,47 20,3 11,3

7 19,5 20,3 19,8 20,7 19 20,4 19,9 21,6 0,79 20,2 11,2

8 20,9 19,2 32,54 20,2 21,1 19,6 31,5 20,9 0,78 20,3 11,3

Mean σ (dB): 0,65

Input Port

Output Port
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6.3.2. Polarization and Wavelength Dependence 

As can be observed in the following figures, the power variation in a range of 
55 nm is lower than 2.5 dB and the response is similar in both polarizations, so the 

OBM can be considered polarization independent and with broadband operation. 

 

Figure 94. Optical Power vs wavelength for TE polarization. 

 

Figure 95. Optical Power vs wavelength for TM polarization. 



133  Chapter 6

 

6.3.3. Phase Shifting Performance of the Matrix 

Table 19 show the results after the measurements of the 64 relative phases of the 
8x8 PIC measured at the central frequency of the band in which the matrix have been 

designed. 

TABLE 19: RELATIVE PHASES TO THE OUT1 OF THE MATRIX @19.95GHZ 

 

Relative phases to the OUT 1 of the PIC (@19.95GHz) Stand 

Dev 

(deg) OUT 1 OUT2 OUT3 OUT4 OUT5 OUT6 OUT7 OUT8 

IN1 
Theoretical 0 -157.5 -45.0 -112.5 -90.0 -67.5 -135 -22.5 

0.12 
Measured 0 -157.6 -44.8 -112.4 -90.0 -67.7 -134.9 -22.5 

IN2 
Theoretical 0 157.5 45.0 112.5 90.0 67.5 135 22.5 

2.73 
Measured 0 164.0 47.6 116.9 91.5 68.1 139.4 20.7 

IN3 
Theoretical 0 67.5 -135.0 202.5 90.0 -22.5 -45.0 112.5 

2.31 
Measured 0 71.9 -136.4 206.9 91.3 -24.1 -44.6 112.9 

IN4 
Theoretical 0 -67.5 135.0 -202.5 -90.0 22.5 45.0 -112.5 

1.93 
Measured 0 -64.6 139.0 -202.6 -90.8 23.1 43.4 -113.2 

IN5 
Theoretical 0 22.5 -45.0 67.5 -90.0 112.5 -135.0 157.5 

1.49 
Measured 0 27.6 -42.4 70.4 -88.5 115.2 -133.7 160.3 

IN6 
Theoretical 0 -22.5 45.0 -67.5 90.0 -112.5 135.0 -157.5 

2.71 
Measured 0 -19.0 49.6 -65.5 93.3 -113.2 138.6 -160.8 

toN7 
Theoretical 0 -112.5 -135.0 22.5 90.0 -202.5 -45 -67.5 

2.00 
Measured 0 -109.9 -133.0 23.4 91.6 -205.8 -43.4 -69.0 

IN8 
Theoretical 0 112.5 135.0 -22.5 -90.0 202.5 45.0 67.5 

2.47 
Measured 0 118.7 136.7 -21.5 -89.4 206.2 43.1 68.1 

        Mean σ (deg): 1.97 
 

The resulting standard deviation of the phases induced by the matrix is only 

1.97 degrees respect to the theoretical ones. 
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6.4. Conclusion 

The innovative concept described in this chapter of an optical Butler matrix not 
requiring a heterodyne mixing for implementing the phase profiles have been 
described and a matrix of 8x8 ports designed to work at 19.95 GHz (Ka band in 
satellite communications) have been manufactured in low-contrast PIC technology. 
The promising performance anticipated in the introduction about the robustness of 
the phase and amplitude performance have been demonstrated obtaining a standard 
deviation of 1.97 degrees and 0.65 dB for the 64 possible combinations, which is a 
performance really good from the antenna point of view, especially the phase 
stability. Also the implementation of this structure in low-contrast PIC technology 
with square waveguides have exhibit a very broadband operation and a performance 
almost independent to the polarization, which simplifies very much its practical use. 
Finally, the promising of low size and mass comparing the RF technology have been 
also demonstrated. Due to the potential of this design, it has been protected by a 

patent in Europe, USA, Japan and Canada. 
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7. Photonic 
Microwave Signal 

Generation 

7.1. Introduction 

The last mile is at present the bottleneck that limits the data transfer rates 
provided to residential customers by telecom companies. This has led to the 
development of different broadband access networks both wired and wireless. 
Broadband wireless networks facilitate extending network coverage with relatively 
low deployment costs, faster revenue growth and increased flexibility compared to 
common cabled infrastructures. 

In parallel, wired local area networks (LANs) and fibre-to-the-home (FTTH) 
access networks, which are experiencing a remarkable capacity increase, for instance 
10 Gb/s for Gigabit Ethernet (GbE, IEEE 802.3av), 10 Gb/s for GPON (ITU G.987) 
are being widely deployed worldwide, as costs are decreasing due to higher market 
penetration, standardization, and use of low-cost optical technologies (e.g. [EFF10], 

[KIM15]). 

This increasing capacity of wired data transmission has pushed the development 
of wireless technologies capable of transmitting high data-rate signals, which is only 

Chapter 7 
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possible by utilizing the mm-wave band. In order to reduce the utilized bandwidth, 
efficient modulation techniques such as quadrature amplitude modulation (QAM) or 
phase-shifted keying (PSK) modulations are employed. Typically, the generation of 
such modulation formats at microwave or millimetre-wave frequencies is done 
electrically by generating the modulation at an intermediate frequency and 
up-converting this signal to the carrier frequency. However, when both the data-rate 
and the carrier frequency are high, the modulation has to be generated directly at the 
carrier frequency, which requires devices with very stringent constraints in terms of 

bandwidth and linearity. 

7.2. Photonic generation of wireless signals 

Radio-on-fibre (RoF) systems [COX04], [SEE06], [WAK10], [GHA11], 
[THO15] are signal distribution networks where optical fibre links are used to feed 
remote antenna units from a central location, being a particular case of the more 
general microwave photonic systems described in chapter 1. In conventional 
(narrowband) wireless applications, the RF signals are generated, multiplexed and 
modulated in the base stations, i.e. close the antenna. Optical fibre allows the 
centralization of these functions since it can distribute signals with very low 
attenuation as described in chapter 1. Thus, the base stations can be significantly 
simplified to just provide the optoelectronic conversion, power amplification and 
radiation. Additionally, a centralized architecture allows cost savings by sharing 
equipment between a set of base stations and easing operation and maintenance tasks 
and simplifies the dynamic allocation of resources (such as frequency channels or 
time slots). These benefits are particularly relevant in mobile networks providing 
high bit rates since these reduce the coverage area of the base stations and therefore 

make extensive use of micro- and pico-cells.  

RoF has been proposed as an enabling technology for the transparent distribution 
of radiofrequency signals. The characteristics of the photonic technology such as 
huge electrical bandwidth, low weight, volume, consumption, low attenuation or 
potential high-level integration do this technology very suitable for these 
applications. Thus, for example, RoF can be used to feed mobile base stations (fiber 
backhaul) increasing the aggregated traffic that can be served by the base station in 
comparison to the conventional approach of using microwave radiolinks. Using this 
approach, any present or future mobile standard can be distributed to the base 
stations. On the other hand, RoF systems have been shown able to overcome the 
limitations of current electrical systems demonstrating multi gigabit-per-second data 
rates wireless transmission at the mm-wave band [HIR03], [OHA03], [NAG04], 
[PIQ06a].  
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However, photonics, as described in chapter 1, can go beyond the distribution of 
wireless signals. Optical components can be used to combine optical distribution 
with optical generation of microwave and millimetre-wave signals. Traditional 
schemes for the generation of high-frequency electrical signals are based on 
generating the data signal at baseband and frequency up-converting it by using 
techniques of harmonic mixing. Thus, these techniques use nonlinear mechanisms 
to move the signals to higher frequencies and need proper filtering to eliminate 
harmonics or spurious signals. Besides, if the frequency is high enough, several 
stages of up-conversion and filtering are needed. These processes degrade the signal 
quality, impose huge bandwidth requirements to the RF front-end and limit 
considerably the usable bandwidth besides of not providing too much flexibility to 
dynamically change the frequency of operation, the modulation format or the system 
bandwidth. Thus, in channels with bitrates in the range of Gbps at frequencies of 40 
GHz to 100 GHz and beyond, the traditional electrical schemes are inadequate, 
especially if modulations of high spectral efficiency such as M-QAM or OFDM 

where linearity is critical are employed. 

Up-conversion can alternatively be done directly in the optical domain [GOP93], 
[COR01], [THO15a]. Optical upconversion can be achieved by using the non-
linearity of the external modulator (typically a MZM), by employing wavelength 
conversion techniques [JIA05] or by exploiting the photo-detector’s non-linearity 
[CHO05]. Most published schemes are based on the family of MZM-assisted optical 
upconversion techniques due to its simplicity and efficiency. Another advantage of 
MZM-assisted optical upconversion is the ability to parallelize the mechanism to 

generate a set of signals simultaneously.  

A step further is to combine distribution, up-conversion with the building of the 
multilevel signal by using fiber optics, what is known as microwave photonic vector 
modulation. There are also pure-microwave schemes to generate the multilevel 
signal directly at the carrier frequency and thus avoid the need of harmonic mixing 
and filtering. In this way, electrical vector modulators have been developed in MMIC 
technology up to 110 GHz [MCP01], where a baseband (60 Mbps) signal is 
processed and injected into the modulator. It can add additional functionalities as 
linearization, filtering or pre-distortion by exploiting the baseband processing 
[CHO00]. However, electrical vector modulation has the limitation of bandwidth due 
to the technology employed in its design. This limits the potential of this approach 
to reach Gbps rates. At this point is where optical technology stands out since with 

this technology there are no fundamental limits in terms of bandwidth.     

An optical implementation of a vector modulator allows the exploitation of the 
benefits of fiber optical components to deal with broadband microwave signals plus 
the easiness in distribution. In this sense, several approaches have been proposed to 
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realize quadrature modulation [JEM02], [CHA02], [CAN03], [HIR03], [LOA04], 
[YIF05], [SEE06], [SAM07], [SAM08], [COR08], [ZHA08], [JIA10]. Typically, 
they are based on the vector summation technique, which consists in achieving the 
desired carrier phase and amplitude by summing two orthogonal components (named 
in-phase and quadrature components). Thus, in the proposed techniques two or more 
broadband electro-optical modulators are needed, as well as complicated electrical 
control signals and electrical hybrids at the carrier frequency, which limits the useful 

bandwidth and increases the hardware complexity. 

7.3. Fundamentals of Quadrature Modulations 

Quadrature Amplitude Modulation or QAM is a form of modulation which is 
widely used for modulating data signals onto a carrier used for radio 
communications. It is widely used because it offers advantages over other forms of 
data modulation such as PSK, although many forms of data modulation operate 

alongside each other. 

In digital communications, modulation is often expressed in terms of I (in-phase) 
and Q (quadrature) as shown in Figure 96. This is a rectangular representation of the 
polar diagram. On a polar diagram, the I axis lies on the zero degree phase reference, 
and the Q axis is rotated by 90 degrees. The signal vector’s projection onto the I axis 

is its “I” component and the projection onto the Q axis is its “Q” component. 

        

Figure 96. Rectangular representation of the polar diagram (left) and Bit 

sequence mapping for a 16QAM signal. 

Quadrature Amplitude Modulation is a signal in which two carriers shifted in 
phase by 90 degrees are modulated and the resultant output consists of both 
amplitude and phase variations. As both amplitude and phase variations are present 
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it may also be considered as a mixture of amplitude and phase modulation. When 
used for digital transmission for radio communications applications is able to carry 
higher data rates than ordinary amplitude modulated schemes and phase modulated 
schemes. As with phase shift keying, the number of points at which the signal can 
rest, i.e. the number of points on the constellation is indicated in the modulation 
format description, e.g. 16QAM uses a 16 points constellation. When using QAM, 
the constellation points are normally arranged in a square grid with equal vertical 
and horizontal spacing and as a result the most common forms of QAM use a 
constellation with the number of points equal to a power of 2 i.e. 16, 64, 256 and 

they are referred to as 16QAM, 64QAM and 256QAM. 

The advantage of moving to the higher order formats is that there are more points 
within the constellation and therefore it is possible to transmit more bits per symbol. 
The downside is that the constellation points are closer together and therefore the 
link is more susceptible to noise. As a result, higher order versions of QAM are only 
used when there is a sufficiently high signal to noise ratio. To provide an example of 
how QAM operates, the constellation diagram in Figure 96 shows the values 
associated with the different states for a 16QAM signal. From this it can be seen that 
a continuous bit stream may be grouped in groups of four bits and represented as a 
sequence of symbols. Normally the lowest order QAM encountered is 16QAM. The 
reason for this being the lowest order normally encountered is that 2QAM is the 
same as binary phase-shift keying, BPSK, and 4QAM is the same as quadrature 

phase-shift keying, QPSK. 

7.3.1. QAM Theory and Formulas 

The basic QAM theory aims to express the operation of QAM, quadrature 
amplitude modulation using some mathematical formulae. Fortunately, it is possible 
to express some of the basic QAM theory in terms of relatively simple equations that 

provide some insight into what is actually happening within the QAM signal. 

Quadrature amplitude theory states that both amplitude and phase change within 
a QAM signal. The basic way in which a QAM signal can be generated is to generate 
two signals that are 90 degrees out of phase with each other and then sum them. This 
will generate a signal that is the sum of both waves, which has a certain amplitude 
resulting from the sum of both signals and a phase which again is dependent upon 
the sum of the signals. If the amplitude of one of the signals is adjusted then this 
affects both the phase and amplitude of the overall signal, the phase tending towards 

that of the signal with the higher amplitude content. 

As there are two RF signals that can be modulated, these are referred to as the I 
- In-phase and Q - Quadrature signals. The I and Q signals can be represented by the 

equations below: 
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    cos sinI A and Q A    (7.1) 

It can be seen that the I and Q components are represented as cosine and sine. 
This is because the two signals are 90 degrees out of phase with one another. Using 
the expression A cos(2πft + Ψ) for the QAM modulated carrier signal, it can be 

decomposed in its I and Q components as: 

      cos 2 cos 2 sin 2A ft I ft Q ft       (7.2) 

where f is the carrier frequency. This expression shows the resulting waveform is a 
periodic signal for which the phase can be adjusted by changing the amplitude of 
either or both I and Q. This can also result in an amplitude change as well. 
Accordingly, it is possible to digitally modulate a carrier signal by adjusting the 

amplitude of the two mixed signals. 

The advantage of using QAM is that it is a higher order form of modulation and 
as a result it is able to carry more bits of information per symbol. By selecting a 

higher order format of QAM, the data rate of a link can be increased. 

7.3.2. QAM Modulator & Demodulator 

The QAM modulator and QAM demodulator are key elements within any 
quadrature amplitude modulation system. The modulator and demodulator are used 
to encode the signal, often data, onto the radio frequency carrier that is to be 
transmitted. Then the demodulator is used at the remote end to extract the signal 

from the RF carrier so that it can used at the remote end. 

The QAM modulator essentially follows the idea that can be seen from the basic 
QAM theory where there are two carrier signals with a phase shift of 90 degrees 
between them. Then, these are amplitude modulated with the two data streams 
known as the I or In-phase and the Q or quadrature data streams. These are generated 
in the baseband processing area. The two resultant signals are summed and then 
processed as required in the RF signal chain, typically converting them in frequency 

to the required final frequency and amplifying them as required. 
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Figure 97. Basic QAM modulator (left) and demodulator (right) diagram. 

The QAM demodulator is very much the reverse of the QAM modulator. The 
signals enter the system, they are split and each side is applied to a mixer. One half 
has the in-phase local oscillator applied and the other half has the quadrature 

oscillator signal applied. 

The basic modulator assumes that the two quadrature signals remain exactly in 
quadrature. A further requirement is to derive a local oscillator signal for the 
demodulation that is exactly on the required frequency for the signal. Any frequency 
offset will be a change in the phase of the local oscillator signal with respect to the 
two double sideband suppressed carrier constituents of the overall signal. Systems 
include circuitry for carrier recovery that often utilizes a phase locked loop. 
Recovering the phase of the carrier is an important stage, otherwise the bit error rate 
for the data will be compromised. 
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8. Photonic 
Generation of Electrical 

Vector Modulations at 
Microwave/Millimetre-wave 

Frequencies 

8.1. Photonic Vector QPSK Modulator Architecture 

A schematic of the proposed PVM architecture is depicted in Figure 98. 

 
Figure 98. Photonic vector modulator (PVM) architecture. 
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Two semiconductor lasers, emitting at wavelengths 1 and 2 and linearly biased 
are directly modulated by two baseband signals corresponding to the modulating I(t) 
and Q(t) driving currents. Both optically modulated signals are combined and 
externally modulated by a microwave/mm-wave local oscillator (LO) frequency tone 
in an external quadrature-biased Mach-Zehnder modulator (MZM). Since MZMs are 
optical-polarization dependent devices, polarization controllers or polarization-
maintaining fibre must be employed. Then, the signals are transmitted over a 
standard single-mode fibre (SSMF) optical link, whose length and dispersion are L 
(m) and D (ps/km·nm) respectively, and photodetected. The fibre’s chromatic 
dispersion induces a delay between both I- and Q-modulated optical signals equal to 

 = D·L·, where  = 2-1 is the optical wavelength spacing. This delay can be 
tuned by changing the fibre length or the wavelength spacing in order to obtain a 
delay of a quarter of the microwave LO tone period (named quadrature condition), 

which corresponds with a differential phase of /2 radians between the I and Q LO 
components. The RF component of the photocurrent for quadrature condition is 

given by [COR01]: 
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 (8.1) 

where I(t) and Q(t) are the modulating currents driving the semiconductor lasers, 

both varying in the I A margin, LO is the LO angular frequency,  is the 
photodiode responsivity, tff is the MZM insertion loss, P = PLASER(IBIAS) is the mean 
optical power emitted by the optical sources (biased at the centre of the linear zone 

of the power-vs-current transfer function PLASER(i)), L and LFIB are the losses of 

optical combiner and optical link respectively,  is the slope efficiency of the laser 
diodes in W/A, J0 and J1 are the zero-th and first order Bessel functions of the first 

kind, respectively, and mLO = VLO/V, VLO being the amplitude of the local oscillator 

tone and V being the MZM half-wave voltage. 

From (8.1) it can be observed that data signals are quadrature modulated over 

the LO carrier since a /2 radians phase difference induced in the sine argument by 
the fibre’s chromatic dispersion [COR01]. Moreover, an unmodulated LO tone 
remains in the signal. The power ratio between this undesired tone and the modulated 

signal is (PI)2. For optimum laser modulation  in which the lineal margin of 
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the power-vs-current transfer function is completely covered  PI is satisfied 
being the LO-tone and the modulated-signal power similar. In this case, the overall 
signal power is 3 dB greater than the modulated-signal one. The LO tone only stands 
for a DC level when the quadrature signal is received and demodulated. It can also 
generate a low-frequency tone in the case where frequency detuning occurs during 
the demodulation process. In both cases, it can be easily removed by high pass 
filtering the received in-phase (I(t)) and quadrature-phase (Q(t)) base-band signal 
components without quality degradation. A detailed analysis of the mathematical 

model of the architecture is described in Annex C. 

It is worth pointing out that no electrical devices that introduce complexity and 

impose bandwidth limitations  such as hybrids couplers, combiners, or filters  
are needed in the generation process. Moreover, the optical sources are modulated 
by baseband electrical signals and, therefore, low cost, low threshold current and 
high in-chip integration optical sources, such as VCSELs [KIM99], can be 
employed. Besides, high power broadband baseband signals can be easily generated 
by commercial low cost digital-to-analogue technology. Finally, only one optical 
modulator is needed in the PVM architecture, representing a significant complexity 
reduction when compared to previously proposed approaches [JEM02], [CAN03], 

[LOA04]. 

8.1.1. Performance Analysis 

The PVM main system parameters must be adjusted for a given local oscillator 
frequency. This adjustment is realized by properly tuning the optical fibre length or 
the wavelength spacing between optical wavelengths for a given dispersion 

parameter in order to keep the D·L· product (delay induced by the chromatic 
dispersion) constant. Therefore, tuning errors will produce a system performance 

penalty  in particular, a deviation in the relative received LO phases that moves 
them away from the quadrature state. Considering a maximum received LO phase 
deviation of 1 degree as a performance limit, the tolerances in the fibre length and 
wavelength spacing for different LO frequencies are shown in Table 20 assuming a 
fibre dispersion parameter of D = 17 ps/km·nm, which is typical for SSMF around 
1550 nm. As can be seen in Table 20, there is a reasonable tolerance in the tuning 
parameters (e.g. 1.3 meter in fibre length for a 40 GHz LO frequency) so it can be 
concluded that the proposed architecture can be readily adjusted using commercial 
length measurement tools such as an optical time domain reflectometer, whose 
precision is sufficient for the considered tolerance. In addition, the useful bandwidth 
for the LO frequency, considering the 1 degree error criterion, is shown in Table 20 

for four different LO frequencies. 
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TABLE 20: SYSTEM TOLERANCES AND LO TUNING BANDWIDTH FOR DIFFERENT 

LO FREQUENCIES CONSIDERING A MAXIMUM QUADRATURE PHASE ERROR OF 

1 DEGREE. FIBRE DISPERSION PARAMETER FOR DEPICTED VALUES IS  

D = 17 PS /KM·NM 

 

By replacing one of the two lasers with a tuneable laser, the proposed architecture 
can be upgraded to enable its use in systems with multiple remote base stations with 
dynamic signal distribution and delivery. So, the fibre link connecting the MZM and 
the PD in the original scheme can be employed as a fibre span connecting the 
generation station and remote base stations. With the proposed upgrade, the 
wavelength spacing between I and Q optical signals can be dynamically tuned to 
maintain the quadrature condition when the fibre link distance changes due to the 
reallocation of the fed remote base station. 

8.1.2. Experimental Results 

Due to the lack of directly-modulated lasers in the laboratory, two externally 
modulated continuous wave DFB optical sources spaced 0.8 nm apart were used in 
the experimental setup to verify the performance of the proposed system. Two 

MZMs (V = 5 V) were employed to modulate the I and Q baseband signal 
components, which were obtained from a digital transmitter configured to generate 
a QPSK modulation with a raised root cosine filtering and a 0.35 roll-off factor. The 
I- and Q-modulated optical signals were combined by means of a WDM multiplexer 
and polarization controlled, amplified in an Erbium-doped fibre amplifier and again 

externally modulated by a 37.6-GHz LO tone using a third MZM (V = 5 V). The 
modulated optical signal was transmitted over a SSMF fibre span of 340 meters 
length with a dispersion parameter of D = 16.34 ps/(km·nm) and received in a 

photodetector (PD) with =0.7 A/W responsivity and a 50 GHz bandwidth. The 
optical spectrum at the photodiode input is depicted in Figure 99, in which the two 
optical carriers corresponding to the I and Q components, respectively, can be 
observed. 

LO frequency (GHz) 5 10 40 60

Fiber length tolerance (m) 10.2 5.1 1.3 0.9

Maximum wavelength spacing error (pm)
Nominal wavelength spacing of 800 pm 8.9

35.6

LO tuning bandwidth (MHz) 110 220 890 1330

Nominal wavelength spacing of 3200 pm

LO frequency (GHz) 5 10 40 60

Fiber length tolerance (m)

Maximum wavelength spacing error (pm)
Nominal spacing of 800 pm 8.9

35.6

LO tuning bandwidth (MHz)

Nominal spacing of 3200 pm



146  Chapter 8

 

 

 
Figure 99. Optical spectrum at the photodiode input. 

In the photodiode, these signals are photodetected generating the RF quadrature 
modulation. The received signal was observed using a digital communication 
analyser, which displays the signal quality parameters directly at the RF frequencies. 

With the proposed architecture, 74.7 Mb/s QPSK signal at 37.63 GHz was 
successfully generated with an SNR (actually measured as modulation error ratio 
(MER)) of 15.7 dB. The digital constellation and the demodulated Q-component eye 

diagram are depicted below. 
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Figure 100. Constellation and quadrature-phase eye diagram for the 

generated QPSK signal. 

From the RF spectrum analyser measurement depicted in the inset of Figure 101, 
it can be seen that no electrical filtering is necessary since harmonic terms are not 
generated. In the figure, both the unmodulated LO tone and the generated QPSK 
signal are shown. The shape of the signal is due to the raised root cosine filtering 

showing a bandwidth of 40 MHz. 

 
Figure 101. Electrical spectrum of the generated signal at 37.4 GHz. Inset: 

Electrical spectrum at photodiode output from 0 to 40 GHz. 
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Finally, in order to measure the system tolerance against detuning in the 
electrical or optical frequencies, some additional tests were conducted. The 

wavelength spacing was shifted 0.025 nm and the local oscillator frequency was 

tuned in the 37.6  1.2 GHz range. For all the cases, the generated QPSK signal was 
demodulated with the digital analyser, obtaining an SNR greater than 14.5 dB 
(corresponding with a bit error rate lower than 10-9 for a QPSK modulation), showing 
that the generation system is tolerant to changes in the system parameters as shown 
in Table 20. Therefore, the generated QPSK signal is suitable for transmission in an 

actual wireless system. 

8.2. Photonic Vector QAM Modulator Architecture 

A photonic quadrature modulator which extends the concept previously 
proposed employing a unique EOM, a dispersive medium as cheap as optical fibre 

and baseband modulated optical sources is depicted in Figure 102. 

 
Figure 102. Multilevel Photonic Quadrature-Amplitude-Modulator 

Architecture. 

The data source is a digital word formed by as many bits as required to obtain 
the desired modulation level. For example, to generate a 64QAM, a digital word of 
log2(64)=6 bits is needed. This parallel digital stream directly modulates the lasers, 
which are standard optical sources widely employed, for instance in Gigabit Ethernet 
systems. To generate the QAM signal, the even bits (bx

(I)) (and lasers) will form the 
in-phase component, and the odd bits (bx

(Q)) will form the quadrature one. The optical 
signals are combined employing cascaded 3 dB optical couplers. This structure 
weights the power of each laser (or bit) by a factor of 2-n/2, n being the bit sub index. 
In the Mach-Zehnder Modulator (MZM), all the binary optical signals are modulated 
by a local oscillator (LO) at the carrier frequency, resulting in an on-off modulation 
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of the LO for each laser. Then, the optical signal is transmitted to the photodiode 
(PD) over a dispersive medium such as standard single mode optical fibre (SSMF). 

Due to the chromatic dispersion of the fibre, a differential delay () among optical 

components is introduced as reported in the chapter 1. 

By a proper design, this delay can be tuned to be equal to a quarter of the LO 

period (=TLO/4). This delay represents a phase shift of 90 degrees between the 
optical envelopes of adjacent wavelengths. At the PD output, as many replicas of the 
LO with differential phase shift of 90 degrees as bits are obtained. The resulting 

normalized LO component of the photocurrent at the PD output is: 
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 (8.4) 

This signal is a QAM modulation at the LO frequency (LO). In fact, each QAM 
component is a multilevel signal with 2N/2 linearly spaced levels, N being the total 
number of bits. 

With the proposed architecture, the QAM signal can be obtained directly from 
the parallel binary word, which results in a very simple and scalable architecture. In 
addition, since the multilevel signal is constructed at the PD output, no lasers with 
special linear modulation performance are required, simplifying the required 
hardware. The same considerations for carrier tuning, laser wavelength stability or 
fibre length tolerance stated in the previous section are applicable to this architecture. 
Finally, this scheme is suitable for remote antenna applications by using dispersion 
management in the fibre span, and the lasers, coupling matrix and the modulator 

could be integrated in a single photonic chip. 

8.2.1. Experimental Results 

In the experimental setup, three lasers directly modulated by 1 Gb/s NRZ signals, 
with 1 V amplitude, were employed in order to generate a 3 Gb/s 8QAM signal at 
the LO frequency (39.23 GHz). The optical signals were polarization controlled and 
combined in a coupling matrix composed by two cascaded 3 dB optical couplers. 
The optical carriers, were centred at 1550.12, 1549.32 and 1548.52 nm These three 
signals were modulated by the LO in a 50 GHz MZM, amplified by an Erbium-doped 
fibre amplifier (EDFA), transmitted over a 0.5 km of SSMF (D = 16.7 ps/(km·nm)) 
and photodetected. In the following figure the electrical spectrum of the generated 
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8QAM signal is depicted. It was demodulated by mixing a phase-adjusted replica of 
the LO with the signal. 

 
Figure 103. Electrical spectrum at the photodiode output. 

 

Figure 104. Top: Demodulated eye diagrams of the In-phase (left) and 

Quadrature (right) components. Bottom: Intermediate eye (left) and the 

generated 8QAM constellation diagram (right). 

In the previous figure the demodulated eye diagrams of both components, as well 
as an intermediate eye diagram, are depicted. It can be clearly appreciated the four 
levels of the In-phase component, and the two of the quadrature one. These 
measurements were limited mainly by the low level (1 V) of the modulating binary 
signals due to the maximum modulation amplitude of the lasers was of 5 V (TTL 

standard). 
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8.3. Conclusion 

A photonic quadrature amplitude modulation architectures based on the vector 
summation technique and fibre dispersion induced delays have been proposed. It can 
generate from QPSK to more general QAM signals directly at the carrier frequency 
from parallel binary signals. The required hardware and the modulator control is 
simple and scalable, especially in the case of the QAM modulator. The fundamental 
concept of QPSK modulations have been initially demonstrated at low data rates and 
the more general QAM modulator evaluated by generating a 3 Gb/s-8QAM signal 

directly in the 39 GHz band. 
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9. Simultaneous 
Base-band and mm-Wave 

Delivery of Gb/s data 
Employing Photonic Vector 

Modulators 

In this chapter, a highly scalable photonic vector modulation (PVM) architecture 
for the generation of multi-level formats is proposed and experimentally 
demonstrated. Employing this approach, the generated signals can be detected both 
at baseband and up-converted to an arbitrary mm-wave frequency, in a highly 
flexible approach addressing the application scenarios described previously. At 
baseband, the digital data streams used to compose the multilevel signal can be 
detected directly after wavelength division demultiplexing the incoming 
wavelengths. At the same time, the digital data stream is up-converted and 
remodulated in a multi-level format directly over a RF carrier, which can be 
amplified, filtered and radiated to a remote location over a wireless link. The 
experimental demonstration of this concept is reported in this paper, showing the 
generation of up to 3 Gb/s QPSK, 4-ASK and 8QAM signals at 39 GHz and also 
confirming the capability of transmitting the original data streams at baseband, 

extending the results provided in the previous chapter. 

 

Chapter 9 
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9.1. Scenario Description 

Broadband wireless access transmission at high frequencies is associated with 
both advantages and disadvantages. High propagation attenuation at 60 GHz actually 
classifies a set of short-range applications, but it also means dense frequency reuse 
patterns. Higher frequencies lead to smaller sizes of RF components including 
antennas. At mm-wave frequencies, not only are the antennas very small, but also 
they can be quite directional (coming with high antenna gain), which is highly 

desired. 

Three different application scenarios have been identified within this chapter. 
The different scenarios for the proposed millimeter wave (mmW) wireless 
architecture are depicted in the following figures. In Figure 105, the Fixed Wireless 
Access (FWA) interconnection of networks nodes at high data rates (up to 10 Gb/s) 
is depicted. The solution provides a fixed wireless access that would make trenching 
difficult or impossible and so significantly increase the cost for a direct fiber link, 
e.g. over highways, rivers or other nature obstacles. Figure 106 illustrates the 
coverage extension via wireless of the FTTH network, a concept known as Fiber-
To-The-Air (FTTA). Finally, in Figure 107 the concept of transmission of 
uncompressed HDTV signal is shown. These three scenarios have a clear market; 
covering from the fast access to remote areas in FTTH networks (as either as 
temporal or permanent solution, reducing the CAPEX and the time-to-market) to 
backup solutions based on the wireless redundancy, including disaster recovery 
solutions. Most of these scenarios are identified by a solid fast uplink; however, some 
scenarios need both an upstream and downstream link which can be achieved by 
exploiting the polarization properties of the mmW, doubling the available 

bandwidth. 

9.1.1. Application Scenario 1: Point-to-point Fixed Wireless Access 

(FWA) connections 

Point-to-point FWA application is a desired solution for a handful of scenarios, 
spanning from core network island connections to disaster recovery and backup 
solutions. LAN and network connections need a bidirectional connectivity; however, 
backup solution for data centers functions with one fast and reliable upstream link. 

The five most interested scenarios have been identified and are given in bullet form: 

 Island network connectivity. Carriers can deploy mmW wireless links to 
extend existing metropolitan-area fiber rings, to connect new networks, and, 
in their core infrastructure, to extend ETHERNET connectivity. 

 LAN connections (buildings, urban areas, enterprise connectivity). The ease 
with which mmW links can be installed makes them a potential solution for 
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interconnecting local-area network segments that are housed in buildings 
separated by public streets or other right-of-way property. 

 Disaster recovery. mmW links may also be deployed in redundant links to 
back up fiber in place of a second fibre link. 

 Service acceleration. mmW can be also used to provide instant service to 
fiber-optic customers while their fiber infrastructure is being laid. 

 Mirror Data Center real time wireless backup connections (for example, for 

banking entities). Baseband and sideband from same transmitter. 

 

 
Figure 105. High-speed point-to-point FWA Application Scenario. (upper) 

A real-time wireless backup link. (lower) Point-to-point FWA connection. 

9.1.2. Application Scenario 2: Coverage extension via wireless of 

fibre-to-the-home 

In many cases the extension of fiber to the last mile is challenging, especially in 
rural areas, hilly regions etc, where these mmW wireless links can be used to provide 

gigabit connectivity to the user. Some examples are hereby provided: 

 Last mile coverage of FTTH. 

 Last-mile access mmW can be used in high-speed links that connect 
end-users with Internet service providers or other networks. It can also be 
used to bypass local-loop systems to provide businesses with high-speed 
connections. 

 Fast deployment and revenue and flexibility. Reduced time-to-market. 
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Figure 106. Fibre-to-the-air application scenario. 

9.1.3. Application Scenario 3: Uncompressed HD video transmission 

Short distance uncompressed HD video transmission and HD multimedia 
interface are feasible technologies using a few Gb/s mmW wireless systems. Sports 
events as well as HD multimedia homes have been identified as promising scenarios. 
As an example, in Japan, NTT and Fuji TV are deploying 10 Gb/s wireless links for 
direct uncompressed transmission of HDTV in a stadium. These four scenarios have 

been identified in this thesis: 

 Uncompressed HD video short range broadcasting transmission system. 

 HDTV with mmW Video-Signal receiver. 

 mmW Ad-Hoc Wireless Access System. 

 Multimedia Home Link. 

 
Figure 107. Uncompressed HD video signal transmission application 

scenario. 
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9.2. Architecture Description and Experimental Setup 

Figure 108 shows the setup of the proposed PVM system to provide wireless 
Gb/s multi-level modulated signals with simultaneous transmission of baseband 
signals. The operating principle is based in vector summation of the amplitudes and 
phases of differentially delayed modulated wavelengths in the photodetection 
process. The data source is a digital word formed by as many bits as required to 
obtain the desired modulation level, for instance a digital word of n=6 bits is required 
to generate a 64QAM modulation. This parallel digital stream directly modulates the 

lasers that can be standard optical sources. 

To generate the QAM signal, the even bits (bx
(I)) (and lasers) will form the in-

phase component, and the odd bits (bx
(Q)) will form the quadrature one. The optical 

signals are combined employing cascaded 3 dB optical couplers. In the 
Mach-Zehnder Modulator (MZM), all the modulated optical carriers are modulated 
by a local oscillator (LO) tone at the carrier frequency. Then, the optical signal is 
transmitted to the photodiode (PD) over a dispersive medium such as standard single 
mode optical fibre (SSMF). that performs the 90 degrees phase shift for the 
quadrature modulation as described in the previous chapter. Employing the proposed 
architecture is possible to generate other modulation formats such as QPSK or 
4ASK, by simply adjusting the phase relationship between the optical carriers by 

properly tuning the differential delay. 

 

Figure 108. Schematic of the proposed PVM architecture and phase-matched 

demodulation arrangement employed in the experiments. 
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9.3. Experimental Measurements 

The setup depicted at Figure 108 was employed to validate the proposed 
approach. A set of three lasers directly modulated by high speed NRZ signals with 
1 V amplitude, were employed in order to generate up to 2.5 Gb/s 4ASK, QPSK and 
3 Gb/s 8QAM signals at the LO frequency (39.23 GHz). Only two lasers are 
employed in order to generate 4ASK and QPSK signals, whilst all three are needed 
to generate the 8QAM modulation format. In all cases, the optical signals were 
polarization controlled and combined in a coupling matrix composed by two 
cascaded 3 dB optical couplers. The optical carriers, were centred at 1550.12, 
1549.32, and 1548.52 nm. The corresponding optical signals were modulated by a 
+15 dBm LO signal in a 50 GHz Mach-Zehnder modulator (MZM) biased at the 
quadrature point, amplified by an Erbium-doped fibre amplifier (EDFA), transmitted 
over a 0.5 km of SSMF (D = 16.7 ps/(km·nm)) and photodetected. The optical 
power at the input of the PD was +2.5 dBm. In Figure 109 (left) the electrical 
spectrum of the generated signals, measured with an electrical spectrum analyser 
(ESA) is depicted, where both the baseband data and the up-converted signal at 
39.23 GHz can be clearly distinguished. As shown in Figure 108, the multi-level RF 
carrier was demodulated by mixing a phase-adjusted replica of the LO with the 
signal. Figure 109 (right) shows the eye diagram of the 2.5 Gb/s down-converted 
signal for the case of 4ASK modulation measured using a digital communications 
analyzer (DCA). It should be noticed that, in this case, an envelope detector can be 
used at the receiver in a real implementation, avoiding the need of wideband 

electrical mixers and phase-locked loops. 

 

 

 

Figure 109. Measured electrical spectrum at PD output (left) and detected 

2.5 Gb/s 4-ASK signal down-converted from 39.23 GHz (right). 

To demonstrate the feasibility of simultaneous recovery of the baseband data, 
the set-up was used to generate a 3 Gb/s 8QAM signal. The three wavelengths were 
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demultiplexed and photodetected. The measured eye diagrams of each parallel bit 
stream are shown in Figure 110. Q parameters of 11.4, 11.2 and 10.4 where estimated 
by the DCA software, respectively. These bit streams can be serialized in order to 
get the original 3 Gb/s bit stream or fed directly to an optical switch that can handle 

the incoming parallel data streams directly in the optical domain. 

 
Figure 110. Measured eye-diagrams of 1 Gb/s parallel bit streams after 

demultiplexing measured by the DCA: b0
(I) @ 1550.12 nm (left), b0

(Q) @ 

1549.32 nm (mid), b1
(I) @ 1548.52 nm (right). Horizontal scale is 200 ps/ and 

vertical scale is 20 mV/. 

The proposed PVM architecture is a highly flexible approach to provide 
broadband data simultaneously at base-band and at RF frequencies. If dispersion 
management is included, to cope with differences in fibre spans within the network, 
the proposed arrangement will find application in real scenarios such as that 
described previously. 

The generation of multi-level modulations directly at mm-wave frequencies 
employing photonic vector modulator schemes has been demonstrated. QPSK, 
4ASK and 8QAM modulations formats have been obtained experimentally with data 
rates up to 3 Gb/s in the 39 GHz frequency band. Moreover, the feasibility of 
deploying multi-Gb/s signals simultaneously at baseband and mm-wave frequencies 
has been demonstrated, in a highly flexible approach. Since the multilevel signal is 
constructed at the PD output, no lasers with special linear modulation performance 
are required, simplifying the photonic components requirements. The same 
considerations for carrier tuning, laser wavelength stability or fibre length tolerance 
stated in the previous sections are applicable to this architecture. Finally, this scheme 
is suitable for remote antenna applications by using dispersion management in the 
fibre span, and the lasers, coupling matrix and the modulator could be integrated in 

a single photonic chip. 
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9.4. Photonic Integrated Circuit implementing a Heterodyne 
Photonic Vector Modulator 

This section focuses on the development of a photonic 10 Gb/s wireless 
transmission system, with a high spectral efficiency. A novel concept of heterodyne 
wireless signal generation in the mmW band in conjunction with DQPSK photonic 

modulation scheme will be described. 

The millimetre-wave transmitter and receiver are based on optical 
communication technology involving DQPSK modulation formats. In this system, 
the millimetre wave signal is first generated optically, which can be either using 
heterodyne technique in a Mach-Zehnder modulator or using a dual mode laser. In 
both the cases, two coherent optical signals separated by the radio frequency (fLO) to 
be emitted are generated. The two optical carriers are divided using an optical filter 
which can be based on different technologies like MZI, AWG, etc. One of the optical 
carriers is now phase modulated in a DQPSK format using a dual-parallel MZM as 
proposed in [GRI02]. In this modulation format the phase of the optical signal is 
modulated by the electrical data resulting in four different phase levels 
corresponding to I and Q data. The modulated optical carrier is combined with the 
other unmodulated optical carrier separated by the RF frequency. When the 
combined optical signals are mixed in a photodetector, the output of the 
photodetector is a millimetre wave carrier with the I/Q data modulated in a (D)QPSK 
format at the carrier frequency of fLO. It should be noted that the optical DQPSK 
modulation format is a phase only modulation performed by MZMs biased in 
push-pull mode, and no amplitude modulation is induced except for an amplitude 
dip for every transition between a bit 0 and bit 1. Figure 111 shows the schematic of 
the transmitter. This design enables the simultaneous generation of optical base band 
and millimeter-wave modulations as the architecture described in the previous 

section but in this case integrated in a single photonic chip. 
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Figure 111. Schematic of the mmW transmitter. 

9.4.1. Mathematical Model 

Let the output of the dual mode laser be: 
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Assuming ideal filtering and DQPSK modulation of the optical carrier () and 

(0+LO) where LO is the carrier frequency, the optical output of the modulator is 

expressed as 
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where tff is the insertion losses, L1 and L2 are the losses induced in each arm. 

The photo current is expressed in the following equation: 
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where  is the responsivity of the photodetector. 
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A photonic receiver is incorporated to demodulate the wireless signals. The 
received wireless signal is first modulated on an optical carrier  using another 

external modulator typically MZM. The output of the MZM is described as follows: 
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where 
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, LRX are the insertion losses of the MZM. VRF 

is the voltage of the RF signal and V, the voltage required for the MZM to obtain a 

180 degrees phase shift. 

From the expression (9.4) it can be observed that the output of the MZM contains 

the optical carrier  and the two sidebands which contain the phase modulated data. 
Using an optical bandpass filter and filtering the upper sideband results again in an 
optical baseband signal with the I/Q data modulated in DQPSK format. It is worth 
mentioning that the wireless link has maintained the differential phase information 
intact. Also the demodulation process does not involve any kind of phase coherence 
of the RF carrier which is normally the case for vector modulated RF signals. The 
system is also robust to the phase noise of the laser at the transmitter because of 
differential detection of the phase, where the information is coded in the phase 
difference and not in the absolute phase. To perform direct detection of the baseband 
DQPSK signal a 1-bit delay interferometer is used which converts the phase 
information to amplitude. Typical DQPSK receivers consist of two 1-bit delay 

interferometers with phase offsets of +/-/4. The optical signal entering one of the 
DMZI is equally split into arms where one of the arms induces a delay equal to 1-bit 
period, and the other arm a phase offset. Figure 112 shows the schematic of the 

receiver and the DMZI. 
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Figure 112. Schematic of the receiver for demodulation of the wireless signals. 

9.4.2. Discussion 

The two PIC designs described above implementing either a modulator and a 
demodulator of quadrature signals is required to be manufactured in a photonic 
platform that enables the high speed modulation and detection, which should be InP 
or CMOS Photonics. The activities develop in this matter within this thesis included 
the generation of the fundamental idea, the conceptual design and the preparation of 
a patent to protect the property. After this, this concept was proposed in the European 
FP7 project HELIOS in order to be implemented in CMOS photonics. These tasks 
were conducted by my colleagues Dr. Andreas Hakansson and specially Dr. Rakesh 
Sambaraju who conducted his PhD in the topic of Photonic Vector Modulation. 
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10. Photonic 
Vector Demodulation 

Architecture for Remote 

Detection of M-QAM 
Signals 

A photonic vector demodulation (PVdM) architecture for the reception of QAM 
signals at microwave/mm-wave band is presented in this chapter. With this concept 
no electrical devices that virtually limit the useful bandwidth and the carrier 
frequency are employed exploiting the advantages of the photonic technology as the 
efficient optical remote detection or huge electrical bandwidth. Finally, to show the 

feasibility of the architecture, preliminary results are provided. 

10.1. Architecture Description 

A schematic view of the system and the demodulation process can be seen in 
Figure 113 and Figure 114, respectively. The system consists of two optical sources, 

emitting at wavelengths 1 and 2. The optical signals are combined, modulated by 
a microwave frequency tone in an external quadrature biased (QB) Mach-Zehnder 
modulator (MZM) (point 1 at Figure 114) and transmitted over a standard 
single-mode fibre (SSMF). Since MZMs are optical-polarization dependent devices, 
polarization controllers or polarization-maintaining fibre must be employed. The 

Chapter 10 
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fibre chromatic dispersion induces a delay between both electrically modulated 
optical signals equal to  = D·L·, where  = 2-1 is the optical wavelength 
spacing. This delay can be tuned by changing the fibre length or the wavelength 
spacing in order to obtain a delay of a quarter of the microwave LO tone period 

(quadrature condition), which corresponds with a differential phase (D) of /2 
radians between both optical signals. The dispersion delaying process has been 
illustrated in points 2 and 3 of Figure 114 corresponding with an intermediate point 
and the final point of the optical link. The total induced delay to the optical envelope 

at point 3 is D=/2 radians. 

Then, the optical signals are again electrically modulated by a QAM signal in a 
second MZM, being its central frequency equal to the LO frequency, named fLO. The 
electrical QAM modulation, composed by the in-phase (I) and quadrature (Q) 
components, is illustrated in point 4 of the Figure 114. The resulting signal at the 
second MZM output corresponds with two optical carriers simultaneously 
modulated with an electrical carrier and a QAM signal, both with the same central 

frequency. With an appropriated tuning, the phase of each LO (/2 radians delayed) 
and I and Q components can be equalized as can be seen in point 5 at figure 2. Using 
one wavelength optical demultiplexer (WDM) both optical carriers can be separated 
and independently photodetected in two photodiodes (PD). The non-linear 
photodetection process generates a down-conversion of the QAM signal from fLO 
frequency to baseband. Since the appropriated phase adjusting, previously 
mentioned, only one of the two component (in-phase or quadrature) of the QAM 
signal is down-converted in each PD achieving the QAM demodulation (points 6 

and 7 of Figure 114). 

 

Figure 113. Photonic vector demodulator architecture. 
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The photoreceived current in any In-phase or Quadrature arms is: 

     QImJmkJI LOLOQI ,10,   (10.1) 

where k  is a constant that depends on the system parameters, as electrical and optical 
losses, photodiode responsivity, etc. J0 and J1 are the zero-th and first order Bessel 

functions of the first kind, respectively, and mLO = VLO/2V, VLO being the amplitude 

of the local oscillator tone and V the MZM half wave voltage. 

 
Figure 114. Photonic demodulation process concept. 

Finally, the obtained baseband I and Q components are processed in baseband in 
order to obtain the digital information of this analogue signal. In this scheme, no 
electrical devices that introduce complexity and impose bandwidth limitations, such 

as hybrids, combiners or filters, are needed in the demodulation process. 

In order to include remote delivery capabilities, the second MZM can be sited in 
a remote base station (BS) and the remaining devices at a control station (CS) to 
obtain a very simplified BS scheme. Also, a fibre link between the second MZM and 
the WDM can be included since this optical fibre will not affect to the detection 
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a given LO frequency and wavelength separation. Actually, in realistic scenarios, the 
distance between the control station (CS) and base stations (BS) is not fixed and it 
must be covered by the fibre link. The solutions for this issue can be tuning the laser 

wavelength separation in order to maintain the D·L· product constant, using one 

fix and other tuneable optical source. 

10.2. Performance Analysis 

The proposed system must be adjusted for a given local oscillator frequency. 
This adjustment is realized by tuning the optical fibre length and the wavelength 
separation between lasers for a given dispersion parameter. Therefore, tuning errors 
will produce a system performance penalty, in particular, a deviation in the received 
LO phases that moves they away from the quadrature state. Considering a maximum 
received LO phase deviation of 1 degree as performance limit, the tolerances in the 
fibre length and wavelength separation for different LO frequencies are depicted in  

Table 21 considering a fibre dispersion parameter of D = 17 ps/(km·nm). 

As can be seen in Table 21, a high margin in the tuning parameters exists (for 
example, for a 60 GHz LO, a margin of 0.9 meters in fibre length) concluding that 

the proposed architecture is easily adjusted. 

TABLE 21: SYSTEM TOLERANCES VS . LO FREQUENCY. 

fLO (GHz) 5 10 40 60 

L (m) 10.2 5.1 1.3 0.9 

 (pm) 

( = 800 pm) 
35.6 pm ( 4.4 GHz @ o = 1550 nm) 

 (pm) 

( = 3200 pm) 
8.9 pm ( 1.1 GHz @ o = 1550 nm) 

(*) Dispersion parameter considered: D = 17 ps/km·nm 

TABLE 22: LO BANDWIDTH VS . LO FREQUENCY. 

fLO (GHz) 5 10 40 60 
Bandwidth (MHz) 

(Phase error =  1 deg) 
110 220 890 1330 

(*) Dispersion parameter considered: D = 17 ps/Km·nm 

(**) Calculations for quadrature modulation point  
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Other key issue is to know the LO frequency band in which the system is useful. 
Again, if we employ the 1 degree phase detuning criterion, we can calculate the 
margin in which the LO frequency can be varied without penalty in the system 
performance. The resulting bandwidths are depicted in Table 22 for different LO 
frequencies. From these calculations, it can be seen that the proposed architecture 
exhibits a LO bandwidth greater than 1 GHz in the 60 GHz band. Then, the system 

is suitable for its use in standard multichannel applications. 

10.3.  Simulation Results 

In order to validate the previously proposed architecture, some simulations have 
been carried out using the commercial simulation software pack ‘Virtual Photonics’. 
All the architecture, in both transmitting and receiving modes, has been simulated 
for a local oscillator frequency of 1.5 GHz and for 64QAM signal 
generation/reception that corresponds with 8 levels baseband input signals (I(t) and 
Q(t)). The simulated block diagram is depicted in Figure 115.
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Figure 115. VPI simulation block diagram. Simulated electrical spectrum at photonic QAM transmitter output. Received 

64QAM in-phase component eye diagrams using standard electrical demodulation (left) and the proposed photonic 

QAM receiver (right). 
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In simulations, the same LO has been used in both transmitting and receiving 
schemes in order to avoid frequency mismatch. The electrical spectrum at point (A) 
corresponding with the generated QAM signal is depicted in Figure 115 (centre), 
where it can be seen how the QAM signal is effectively generated at LO frequency 

band without other passband beats, eliminating the need of microwave filters. 

From Figure 115, it can be seen how, effectively, one tone appears at the LO 
frequency in the generated signal. In Figure 115, eye diagrams for received signals 
at points (B) (standard electrical reception) and (C) (using the proposed photonic 
receiver) are depicted. Analogous results were obtained for the quadrature 
component. It can be observed how in both cases the 64QAM signal is recovered 
with good quality. In the simulations, the DC level has been eliminated using DC 
blocks, cancelling the influence of the down-converted LO tone. 

Simulations results show a very low penalty in the signal quality for phase 
detuning of more than 1 degree validating the previous assumption in the tolerance 

and bandwidth estimations. 

10.4. Experimental Results for QPSK modulations 

In this section, preliminary experimental results that represent a proof-of-concept 
of the proposed architecture are summarized. Although these results are very 
preliminary, they confirm that the proposed architecture is suitable to be 

implemented. 

The experimental setup employed for system validation consists in two 
continuous wave DFB optical sources with a, optical spacing of 1.6 nm, externally 

modulated by a 42.7 GHz local oscillator tone using a MZM with a V of 4.7 V. The 
optical signals are combined in a 3 dB optical coupler and transmitted over a SSMF 
link of 240.4 meters with a dispersion parameter of 16.6 ps/(km·nm). Then, the 
optical signal is again modulated in a second MZM by a 18.678 Mb/s QPSK signal, 
with a raised root cosine filtering and a 0.15 roll-off factor, electrically up-converted 
to 42.7 GHz frequency band. This data signal was generated by a digital generator 
(INTERSIL evaluation tool) at a 1 GHz intermediate frequency. The electrical 

42.7 GHz up-converted signal spectrum is depicted in Figure 116. 
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Figure 116. Radiofrequency QPSK up-converted signal spectrum at 42.7 GHz. 

 
Figure 117. Optical spectra at the photodiodes input. The solid line represents 

the in-phase amplitude-modulated optical carrier and the dashed line 

corresponds with the quadrature amplitude-modulated optical carrier. 

The optical signal at the output of the second MZM is amplified in an 
Erbium-doped fibre amplifier (EDFA) and demultiplexed by a WDM with 0.8 nm 
of channel separation and 0.35 nm optical bandwidth. The optical spectrum at the 

two WDM outputs is depicted in Figure 117. 

-20

-30

-40

-50

-60

-70

-80

-90

-100

-110

-120
0 5 10 15 20 25-25 -20 -15 -10 -5

Electrical Frequency relative to 42.7 GHz (MHz)

E
le

c
tr

ic
a

l
P

o
w

e
r

(d
B

m
)

1 AP

CLRWR

 A 

EXTM IX U

* RBW 30 kHz

VBW 3 kHz

SWT 560 msRef -20 dBm

Center 42.7 GHz Span 50 MHz5 MHz/

-120

-110

-100

-90

-80

-70

-60

-50

-40

-30

-20

1

Marker 1 [T1 ]

          -29.39 dBm

    42.700000000 GHz

Date: 17.MAY.2005  13:23:44

Wavelength (nm)

O
p

ti
c
a
l 
P

o
w

e
r 

(d
B

m
)

Wavelength (nm)

O
p

ti
c
a
l 
P

o
w

e
r 

(d
B

m
)

Wavelength (nm)

O
p

ti
c
a
l 
P

o
w

e
r 

(d
B

m
)

Wavelength (nm)

O
p

ti
c
a
l 
P

o
w

e
r 

(d
B

m
)



171  Chapter 10

 

 

Finally, both in-phase and quadrature demultiplexed optical signals are received 
in a photodetector (PD) with a responsivity of =0.7 A/W. The optical power at the 
PD input is 4 dBm. The received signals are electrically amplified and injected in the 
in-phase and quadrature inputs of a baseband digital demodulator (INTERSIL 
evaluation tool working in baseband mode) in order to analyze the quality of the 
received signals. In Figure 118 and Figure 119 the obtained constellation diagram of 
the received signals and the baseband spectra are respectively depicted. The 
measured EVM (error vector modulator) was 12.5 dB and the bit energy versus noise 
energy (Eb/No) was 9.5 dB. Finally, the total BER (bit error rate) obtained was 
2.24·10-4. This value was improved up to 2.7·10-7 by using Reed Solomon forward 

error correction. 

 

Figure 118. Demodulated constellation diagram. 

 

 

 

 

 

 

 

 

 

Figure 119. Received in-phase (left) and quadrature (right) spectra. 
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10.5. Conclusion 

In this chapter, a novel photonic vector demodulator architecture is described. 
This architecture allows the demodulation of electrical multilevel 
quadrature-modulated signals directly from microwave/mm-wave frequencies by 
using commercial photonic components and avoiding the use of bandwidth-limit ing 
electrical devices such as mixers and filters. The proposed technique is the first, as 
far as we know, where quadrature reception is done using photonic technology 
representing the next logical step to develop an all-optical QAM 
transmission/reception architecture. Measurements have demonstrated the feasibility 
of the proposed approach by showing the photonic reception of an 18.674 Mb/s 

QPSK signal at 42.7 GHz. 
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11.  
Conclusion 

This thesis has been aimed at advancing the applicability of photonic technology 
to new areas in the field of microwave and millimeter-wave engineering through the 
proposal of new techniques and architectures. In particular, two main areas have 
been covered: optical beamforming for antenna arrays and photonic vector 

modulation schemes.  

After an introduction of the basic building blocks in microwave photonics 
(chapter 1), the first five chapters have been devoted to optical beamforming. In 
chapter 2 a review of the main concepts has been provided including an extensive 
review of the state of the art. Chapter 3 reported a fibre switched TTD OBFN both 
in transmission and reception modes including their experimental validation and an 
analysis of key performance. The case of a multibeam TTD architecture was also 
discussed including also experiments to validate the techniques proposed. In chapter 
4, the photonic implementation of an advanced antenna functionality, multibeam 
capability, was studied and a new architecture was proposed and validated. The next 
two chapters were devoted to optical implementations of the Butler matrix in an 
integrated platform. In particular, chapter 5 dealt with a heterodyne optical Butler 

matrix architecture while chapter 6 studied a homodyne implementation. 

In the second part of the thesis, photonic vector modulation of multilevel signals 
was studied. Different photonic-based signal processing techniques are studied to 
produce digital modulation (photonic vector modulation, PVM) and demodulation 

(PVdM). 

Chapter 11 
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The practical transition to photonic implementations of microwave devices and 
systems is a complex paradigm shifts. During the last decades research groups all 
around the world have proposed a wide variety of photonic techniques and 
architectures that can offer advantages over microwave or digital alternatives. 
However, there is still further work to be done. The first stage in this progress 
towards a wider exploitation of the features of photonic technology is the 
development of new techniques and laboratory demonstrations to prove its 
feasibility. However, to reach the market further miniaturization and a strong 
reduction in cost while keeping or even enhancing its performance is needed. 

Photonic integration of microwave photonic solutions is therefore a key step.  

This thesis has tried to contribute in these two steps with the aim of pushing 
microwave photonics closer to practical applications which could benefit our society. 
Among the different results described in this Thesis, there are two that can be 
considered especially relevant. The first one is the demonstration of the optical 
beamforming network in a chip with phase accuracy beyond the one achievable by 
the RF technology, which can be considered as the first example of a functional PIC 
component for analog applications with clear advantages for practical use. The 
second one is the establishment of the concept of photonic vector modulation, which 
was firstly studied in detail in this Thesis and resulted in the starting point to other 

publications and works. 
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13.Annex A: Impact of element 
failures in an Optical Butler 

Matrix 

In this Annex, the effect on the radiation pattern of failures in array elements due 

to degradations in the optical Butler Matrix (BM) is discussed. 

A.1 Basic formulas for the effect of errors in large antenna 
arrays 

Until this point it has been assumed that the implementation of the OBFN and 
the antenna array was a perfect copy of the design. However, in a practical situation, 
errors may arise affecting the radiation performance of the system. BFN errors are 
modeled by considering that, for each beam, antenna complex excitation coefficients 
an (See equation 2.1) become stochastic variables with a Gaussian distribution with 
small variance. The latter is assumed to be the same for all paths, as the concerned 
BFN architecture is quite symmetrical with respect to all of them. If we assume that 
no element fails, it implies that the mean of the amplitude and the phase errors are 
equal to 0. The effect of amplitude and phase errors caused by the imperfect 
beamforming network on the directivity and residual sidelobe level of the radiation 

pattern are given by [Cor98]: 
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where  𝜎2̅̅ ̅̅  is the residual sidelobe level,   2̅̅ ̅̅  and  𝛿2̅̅ ̅̅  are the variances of amplitude 
and phase errors and  is the illumination efficiency (that equals 1 for an uniform 
amplitude distribution). P is the probability that any path will remain well-operating 
at the end of a given mission-life; i.e. (1-P) is the probability of failure, or practically 
in a large array the number of failed paths. The BM being a passive optical network 
is considered without failure. So, without failure (P=1), using decibels unity, keeping 
only the 1st term of the Taylor development of the decimal log function for low error 

variance values, and taking into account that the illuminat ion efficiency  = 1 for 

uniform amplitude the previous formulas are simplified as follows: 

Directivity decrease:   2 24.34dBD       (A.3) 

Spurious Level (average of random sidelobes):  2 2

/maxdBSL N    (A.4) 

The complex coefficients, an
15

, can be defined by their module with average value 
equal to 1 (the array without error has equal amplitude excitations), and their phase16. 

 is the common standard deviation applicable to all arg(an), each around its specific 
mean value. Note that when combining various kinds of cascaded phase errors, they 

should be “RSS summed”: 

 
2 2

   (A.5) 

The amplitude errors are characterized by a standard deviation, , that follows a 

Rayleigh probability law [MAI05]. 

Using decibel units is more convenient, as usually this parameter is directly 
obtained from the measurements: An (dB) = 20 log10 [ mag(an) ]. By using the 1st 

                                                 
15 In this Annex, complex quantities are mentioned with underlined letters. A letter with 

a line above, such as 𝛿̅ , means that the average value of the concerned variable (here ) is 

taken. 
16  The above formulas use ‘radians’ unit; so a translation should be used from the 

measured values in degrees (with standard deviation °):   =/180·° 
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term of the Taylor expansion of the ‘decimal log’ function,  can be linked for rather 

small errors to the standard deviation  measured in dB as: 

 (dB) = 8.68a (A.6) 

To apply these basic formulas to the optical beamforming network described in 

Chapters 5 and 6, the next considerations should be taken into account: 

o   2̅̅ ̅̅  and  𝛿2̅̅ ̅̅  should take into account errors occurring at the various levels of 
the BFN. According to Figure 65, the BFN comprises 2 main cascaded parts: 
the ‘horizontal’ 816 matrices, and the ‘vertical’ 616. Each part has a 
row of 3dB couplers, then a cascaded 8x8 Butler Matrix (2 side by side). 

o Errors come mainly from manufacturing uncertainties, so they are modeled 
as uncorrelated at all levels, especially between the 1st and 2nd stages; so the 
variances coming from the various stages are added (‘RSS’ summation) 

within  2̅̅ ̅ and δ2̅̅ ̅. The final A/17 value at each radiating element level is the 
sum in dB and phases of the transfer functions (or S-matrix transmission 
coefficients), cascaded for the 4 successive stages: 

1) 1st coupler row at input of the “horizontal slides”. 
2) 1st, 8x8 optical Butler Matrix and then in the “vertical slides”. 
3) 2nd coupler row. 
4) 2nd set of 8x8 Butler Matrices. 

o The RSS summing applies both to phase errors (see equation A.5), and to 
amplitude errors according to: 

 
2 2

a   (A.7) 

Both categories (phase & amplitude errors) are assumed to be uncorrelated. 

Finally, it is important to note that: 

- No error dispersion of the input 18 switches has to be taken into account 
because only one position of each switch acts for a given spot-beam. 

- For the same reason, errors coming from using the “N2N” switch can be 
neglected, because its main effect is to change the selected beam. 

- However further more detailed analyses at the whole RF/optical 
beamforming subsystem level (a priori and as a retrofit from measurements) 
should take into account dispersions among the various ‘input demux’ (alias 
“sideband extractors”), reference splitter and output mixers (gathering again 
sidebands and the spectrum main-lobe). It is assumed than the latter 
unbalances will be low with respect to those accruing within the optical BFN 
itself (Butler matrices and associated front couplers rows). 

                                                 
17 A/: amplitude & phase. 
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14.Annex B: Fabrication 
process in SOI 

In this Annex, the fabrication process employed for the implementation of the 
optical Butler matrices described in Chapters 5 and 6 and carried out in the 
Nanophotonics Technology Center is briefly described as well as the analysis of the 

effect of the waveguide roughness in the phase performance of the Butler Matrix. 

 

Figure B.1. SEM image of a SOI waveguide. It can be clearly seen the top 

silicon layer, the oxide cladding layer (BOX layer) and the silicon substrate . 

Si

Si

SiO2

Si

Si

SiO2
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First of all, it must be pointed out that the employed technology for the 
fabrication of the different components was Silicon-on-insulator (SOI). 
Silicon-on-insulator (SOI) consists of a thin silicon layer on top of an oxide cladding 
layer deposited on a bare silicon substrate. The used SOI wafers are made of a top 
silicon layer of a thickness of 200 nm and an underlying silica layer of a thickness 
of 3 µm. Figure B.1 shows a scanning electronic microscope (SEM) image of a SOI 

waveguide. Figure B.2 summarizes the fabrication processes. 

 

Figure B.2. Schematic of the fabrication processes. A fabricated 

Mach-Zehnder Interferometer using the lift-off process, which includes two 

optical couplers and two phase shifters, is depicted in the inset. 

As shown in Figure B.2, two different processes have been used depending on 
the mask material for etching purposes. In the first case, the resist is used as mask 
while in the second case (lift-off process) a metal is employed to achieve the etching 
mask. As it will be shown later, better result are obtained by using lift-off process, 

in terms of slope and ripple of the sidewalls of the structures. 

There are several common steps, before etching, that are now briefly described: 

Spin Coating 

A typical coater (EVG-101) was employed for the deposition of the resist over 

the SOI wafer or sample. PMMA resist was the selected resist for all cases. 

Exposure 
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Among different methods, e-beam lithography was selected for exposure. A 
Raith150 system was employed for this purpose achieving a high resolution. 

It must be pointed out that, depending on the etching process, the exposure 
pattern for the same structure and resist (PMMA) will be different as we can see in 

Figure B.3. 

 

 

(a)                                                               (b) 

Figure B.3. Exposure patterns for (a) resist mask or (b) lift-off process. 

In the first case, when the resist is used as a mask, the trenches of the design are 
exposed while for lift-off process the pattern is directly exposed. As mentioned 
above, the lift-off process was finally employed, so the layouts for the different 
building blocks were drawn as depicted in Figure B.3(b). Figure B.4 shows the 
layout for the building block consisting of different crosses. 

 
Figure B.4. Lay-out for building block consisting on different angles for 

waveguide crosses. 

It must be pointed out that the lithography strategy is a key factor to achieve a 
good transfer of the lay-out to the physical sample. Different parameters of the 
lithography process have been adjusted and checked by NTC fabrication team 
through the development of several test samples. So, the dose of the different 
elements has been studied and adjusted as well as other parameters as the waiting 
time of the beam or the way of decomposing the patterns (polygons or line) when 
exposing. Figures B.5 and B.6 show how the fine adjustment of all those parameters 
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can improve the final result for the coupler separation resolution or the sidewall 
roughness, for instance. 

 

Figure B.5. Improved sidewall roughness by modifying e -beam lithography 

process and tuning the bias during the etch step. 

 

Figure B.6. Improved results after exposure dose adjustments. 

Developing 

The developing process is used to transfer the designed pattern to the resist. In 
our case, the developer system employed was the TEL REVE 20 Hot Plate that 
allows the developing of the samples as well as the realization of different bake 

procedures. 

Etching process 
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As previously mentioned, two different approaches were considered to create the 
mask for the substrate etching. In the first case, the resist is directly employed as 
mask while in the second case, and after a lift-off process, a chromium layer is 
deposited for acting as the etching mask. The chromium was deposited by using an 
evaporation process (PFEIFFER Vacuum classic 500) that ensures a good 

distribution of the metal over the resist. 

It should be pointed out that the lift--ff process ensures better results in terms of 
sidewalls roughness of the guides. This roughness reduction is a key factor for 
controlling the phase of the propagating light signal through the guide. Figure B.7 
shows a comparison between a final guide obtained by resist mask (a) and a guide 

achieved by lift-off process (b). 

 

Figure B.7. Guide roughness comparison between resist mask etching (a) and 

lift-off process (b). 

The etching process was carried out by using a RIE-ICP (Reactive Ion Etching 
with Inductive Plasma Source) that has different gases for etching Silicon as well as 
Silica. The etching process and the interaction between developing and etching 
methods were also optimized by NTC fabrication team, achieving better final results 

in terms of pattern transferring and propagation losses reduction. 

Till the building block fabrication, PMMA resist was used as medium to transfer 
the patterns in the e-beam procedure. Two different approaches were employed with 
PMMA: direct photolithography and lift-off procedure. But both approaches resulted 
limited by the PMMA resolution: 20 nm. In order to improve pattern transfer 
resolution as well as the roughness of the final devices, a new process based on the 

use of a higher resolution resist was developed for the matrix fabrication. 

The selected resist was a negative resist, i.e. the exposed area remains after 
e-beam exposure. The use of such resist gets a better resolution and lower roughness 
what is translated to lower propagation losses. Propagation losses lower than 

(a) (b)(a) (b)
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10 dB/cm at the operating wavelength of 1550 nm has been achieved with this new 
process thus improving the 15 dB/cm obtained by using the previous process. The 
employed scenario for fabrication by using the negative resist is depicted in the 

following Figure B.8. 

 

Figure B.8. Schematic of the fabrication process. 

Figure B.9 shows two SEM images of a coupler defined (a) with a standard 
process and (b) including proximity effect compensation strategies. It can be seen 
how the use of proximity effect compensation improves the roughness of the 
waveguides thus decreasing the propagation losses, improving the behaviour of the 

different devices and reducing the width deviations in the fabrication process. 

  
(a) (b) 

Figure B.9. Scanning electronic microscope (SEM) image of a coupler defined 

(a) with a standard process and (b) including proximity effect compensation. 
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Theoretical analysis of waveguide width variations on the phase shift error 

The influence of the waveguide width variations on the phase error has been 
thoroughly analyzed by means of simulations. The model shown in Figure B.10 has 
been used to characterize the phase error of one waveguide with respect to another 
after propagating a length of L. Ideally, the phases in the two waveguides are the 
same at each point. However, due to the variations of the waveguide width, there is 
a difference in the effective index and therefore a difference in the phases at each 

point of the two waveguides. 

 
Figure B.10. Cases to analyze the influence of waveguide variations on the 

phase error. 

Two cases are considered: in the first case, the waveguides are formed by 
sections of constant length, ΔL, while in the second case the waveguides are formed 
by random sections, so that the length of each section can uniformly vary from 0 to 
ΔLMAX. In each section, the variations of both sidewalls are uncorrelated, as it is 
depicted in Figure B.10, but they follow the same Gaussian distribution with σsd 
standard deviation relative to the mean value 0.5 w = 250 nm. Thus, the variation of 
the waveguide width will also follow a Gaussian distribution with a standard 

deviation of 𝜎𝑤𝑔 = 𝜎𝑠𝑑 √2⁄ . Waveguide width variations give rise to effective index 

variations so the phase error at a total length of L will be: 

w

ΔL

L

Case 1: ΔL constant

w

Δli

L

Case 2: ΔL random (Δli≤ ΔlMAX)

0.5w

-0.5w

0.5σsd

0.5σsd
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where λ = 1550 nm is the operating wavelength. The variation of the effective index 
as a function of the waveguide width was calculated by a 3D mode solver based on 
the Beam Propagation Method (BPM). Phase error simulations were repeated a 
sufficient number of times in order to obtain the statistical parameters. The 
distribution of the phase error is also Gaussian with zero mean and a standard 
deviation that will depend on the length of the sections, ΔL, the total length, L, and 

the standard deviation of the sidewall variations, σsd.. 

 
Figure B.11. Three times the standard deviation of the phase error as a 

function of the length of the sections, ΔL, and the standard deviation of the 

sidewall variations, σsd for the two cases shown in Figure B.10. The total 

length, L, is 26 µm. 

Figure B.11 shows the phase error when the total length is L = 26 µm, which is 
equal to the total length of the 8x8 Butler matrix without taking into account the 
directional couplers length. It has been considered three times the standard deviation 
to ensure that the phase error will be lower than this value with a probability of 
99.72%. First of all, it is interesting to see that the phase error for case 2 shown in 
Figure B.10 (ΔL random) is lower than the phase error for case 1 (ΔL constant). 
However, in both cases the phase error increases as the length of the sections, ΔL, as 
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well as the standard deviation of the sidewalls, σsd, increase. Furthermore, the 
variation of the phase error with the total length was also characterized and it was 
obtained that the phase error increased with length. Concretely, we obtained that the 
standard variation of the phase error has approximately the following relationship 

with the previous parameters: 

 LLLL wg
sd  




2
   (B.2) 

which is in agreement with the theoretical model with constant ΔL sections described 
in [DUM07]. Therefore, the total length of the Butler Matrix structure was 
minimized to reduce the phase error introduced by the variations of the waveguide 

width [SAN06]. 

In [SAN06] it was reported a phase error of 39 degrees for σwg=3.8 nm. This 

phase error was calculated by using the following relation: 

       LwnwnLnL sdeffeffefferror 







 ,,

22
  (B.3) 

where w is the target waveguide width. However, σwg=3.8 nm corresponds to 
σsd= 5.37 nm so it was obtained that a maximum phase error of 39 degrees would 
only occur for ΔL values higher than 1.9 µm for case 1 (ΔL constant) and higher than 
2.9 µm for case 2 (ΔL random). In [DUM07], ΔL values in the range between 500 nm 

and 1 µm were obtained for samples fabricated with deep-UV lithography. 

The challenge with the proposed model is the calculation and/or measurement of 
the ΔL parameter. This was realized by two different methods. Firstly, by measuring 
different waveguide widths with an automatic measurement process of a SEM, and 
secondly also measuring the waveguide width by image post-processing of SEM 
images. ΔL was obtained by taking measurements of the waveguide width on a long 

distance (> 10 m with a step-size of 5 nm) and then calculating the autocorrelation. 
The results for the ΔL approximations vary from 44 to 88 nm approximately 
depending on the measured waveguide. Figure B.12 shows the autocorrelation and 
the obtained values of ΔL for the two methods. Looking at Figure B.11, a phase shift 
standard deviation (σφ) of around 5 degrees (ΔL random) and 6 degrees (ΔL constant) 
will occur for ΔL=88.5 nm and for σsd= 10 nm, which corresponds with the standard 

deviations of all the measured widths of all the 8x8 matrix samples fabricated. 
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Figure B.12. Normalized autocorrelation of the waveguide width variations 

measured with a an automatic measurement process performed by a SEM 

(top) and with a image post-processing (bottom). 

 

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

x 10
4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

x [nm]

no
rm

al
iz

ed
 a

ut
oc

or
re

la
tio

n

x[nm]

no
rm

al
iz

ed
au

to
co

rr
el

at
io

n

2

)(












 L

x

exR
ΔL =88.5 nm 

2

)(












 L

x

exR
ΔL =44.5 nm 



203  Annex C

 

 

15.Annex C: Analytical model 
of the photonic vector 

modulator 

This annex describes the derivation of an analytical model for the photonic 

vector modulator architecture described in Chapter 8. 

C.1. Simplified PVM model 

Let it be the system depicted in Figure 98. Assuming no chirp, the optical field 
at the output of each laser is given by: 

     1 1

1 1 12
j t

laser IE P x t e



 

   (C.1) 

     2 2

2 2 22
j t

laser QE P x t e



 

   (C.2) 

where Pi is the output optical power at laser i corresponding to the laser bias point 

Ibias and xI(t) and xQ(t) are the baseband data signals18. 

                                                 
18 It is assumed that both data signals have zero mean value. Otherwise, these expressions 

should be considered:
           

   1 2

I I I Q Q Q

I I I Q Q Q

x t x t x t x t x t x t

P P x t P P x t 

    

    
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At the MZM input both signals are combined: 
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where L1 and L2 are the insertion losses between the lasers outputs and the MZM 
input. At the MZM output, assuming quadrature biasing (QB), the field is given by 
expression (C.4) where tff are the MZM insertion losses when the modulator is biased 
at maximum transmission biasing (MATB), ideally tff=1. The MZM behavior is 

assumed to be frequency independent with respect to . 
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where   







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If only the first terms are considered, the previous expression can be 
approximated by: 

 

       

    
    '' ''

1 1 2 2

0 1

1 1 2 2

1 2

2 cosmzm LO LO LO LO

j t j tff ff

I Q

E t J m J m t

t t
P x t e P x t e

L L

 

 

   
   

    

 
     

  

 (C.5) 

where the relation J-1(mLO)=-J1(mLO) has been applied. 

Assuming a simplified optical link which induces just a /2 radians phase shift19 

at fLO between 1 and 2 with no further effect on xI(t), xQ(t) or LO carrier; that is to 

say, 1-2 is quite greater than the frequency contents of the baseband signals or the 
LO term. 

                                                 
19 In order to obtain that phase shift by means of dispersion: 

 
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(C.6) 

Finally, the photocurrent can be calculated as: 
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 (C.7) 

where the 1-2 or 2-1 terms have been neglected. 

The DC value of the detected current will be: 

    2 21 2
_ 0 1

1 2

2
2

ff

pd DC LO LO

f

t P P
i J m J m

L L L

 
      

 
 (C.8) 

or 
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if P=P1=P2, L=L1=L2. 

Whereas, the detected signal around fLO will be: 
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 (C.10) 

And the quadrature modulated RF signal is obtained. 
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When P=P1=P2, L=L1=L2, =1=2 and common delay/phase terms like ’ or 

LO
l are neglected: 
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 (C.11) 

where Ltot are the optical losses from laser output to photodiode input when the MZM 
is biased at MATB (that is to say that the extra 3 dB due to QB are not considered in 
this value but in the rest of the equation) and where the MZM model only considers 

the two sidebands and no further harmonics of fLO. 

The detected LO carrier power (without data signals) assuming a load resistance 
equal to RL is given by: 
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On the other side, the detected signal power (if LO carrier were not present) 
assuming a load resistance equal to RL can be expressed as: 
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where  txP II

2  and  txP QQ

2 . 

Thus, the relation between signal power and carrier power is: 
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If both LO carrier and data are present the total power around fLO is: 
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Some limitations may be identified: 

 There is a small delay in xQ with respect to xI which can be neglected as long 
as fLO is quite greater than the symbol rate. When the I-branch wavelength is 
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delayed by (1/4fLO) with respect to the Q-branch wavelength, the 
corresponding baseband signals are also delayed. If fLO=20 GHz and 
baseband data rate is 1 Gb/s per branch (2 Gb/s totally), the delay is 12.5 ps 
while the symbol rate is 1,000 ps so a 1.25% differential time shifting is 
induced between I and Q demodulated branches. In any case, this time shift 
could be corrected by inserting a differential delay in the optical path 
between both lasers and the combiner or by inserting a differential electrical 
delay between the digital streams before driving the lasers. 

 The bias level of the laser diodes (P1 or P2) is translated to a constant amount 
of RF carrier which implies a waste or RF power. If the digital baseband 
signals are just ideal NRZ signals corresponding to two optical power levels 
at the laser output (PON and POFF) the ratio between the LO power and the 
data power at the photodetector output is20: 
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Which is graphically plotted in Figure C.1. 

 
Figure C.1. Detected LO/Data power ratio (dB) as a function of laser PON/POFF 

ratio. 

                                                 
20 If xI(t) and xQ(t) were two digital bipolar signals (Ipeak,-Ipeak…. randomly) with 
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Thus, in the best case (i.e. when PON is quite larger than POFF), the RF power 
wasted at LO carrier is equal to the data power, that is to say, 3 dB of dynamic range 
is wasted to accommodate the carrier power. In a more realistic scenario, if PON is 
8 dB greater than the POFF optical level then the RF power at the LO carrier is 3 dB 

greater than the data power at the photodetector output. 

C.2. Noise analysis 

In this section, the different noise sources in the PVM system described in 

Chapter 8 are revised. The main noise sources were described in Section 1.4. 

o Thermal (See section 1.4.1.1) 

 2 4
thermal
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kT f

R
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
  (C.17) 

(or 
2 4
thermal

L

kT f
F

R



  if the noise factor of the photoreceiver preamplifier 

is included). 

o Shot noise (see section 1.4.1.2) 
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o RIN (See section 1.4.1.3) 
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The total noise is given by: 
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 (C.20) 

The relative contribution of each type of noise is represented in the Figure C.2. 
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Figure C.2. PVM noise contributions as a function of received optical power. 

In a RIN-dominated scenario, it is possible to calculate the signal to noise ratio 
as: 
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 (C.21) 

 
     

   10

6 /

10 log

pd LO

pd data

LO

PS
dB dB RIN dB Hz

N P

f Hz Factor dB





  

    

 (C.22) 

where 
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 (C.23) 

expression that is plotted in Figure C.3. 
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Figure C.3. Dependence of the FactorLO on the modulation index. 

For instance, RIN=-130 dB/Hz, f=1e9 Hz (corresponds to the bandwidth 

needed for a 2 Gb/s QPSK with root raised cosine =0), best FactorLO=-9dB and a 

ratio PLO/Pdata = 3 dB then, 

 6 3 130 90 9 32
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N
       (C.24) 

C.3. Complete PVM model with a second-order dispersive link 

(QB biasing) 

In this section, the previous assumption of a simplified link inducing a /2 phase 
shift between both optical carriers is proved by studying the chromatic dispersion of 
the optical link up to its second order. 

Let it be a dispersive link with the spectral response given by: 
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H e
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 
   (C.25) 

Chromatic dispersion can be approximated by a Taylor expansion that, in a first 

approach, can be trunked in the 2 term. 
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where 1 is the group delay at 0, and 2 is related to the dispersion parameter of the 
fibre as 
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As D is positive in standard single-mode fibre (SSMF) for wavelengths in the 

anomalous dispersion region above 1276 nm, then 2 is negative in that region. Then, 

when comparing two optical carriers, 1/2, above 1276 nm, the higher  (in THz), 
(that is to say, the lower in nm) will have lower group delay, 
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In the quadrature condition, 
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The combination of the previous results, i.e. the MZM model with just carrier 

and sidebands, QB biasing and L1=L2=L with dispersive link up to 2 provides: 
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where 
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Equation (C.33) can be expressed as: 
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assuming that the electrical and optical phase play no role, neither the sign 
ambiguity, 
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After the dispersive link of length L and neglecting the effect of dispersion on 
I(t) or Q(t), that is to say assuming their frequency content is small compared to the 
dispersion of the link, the expression (C.38) can be obtained. However, the 
dispersion of the link is delaying Q(t) respect to I(t) in the same way as the 
corresponding LO terms, the only way to model this is assuming that I(t) and Q(t) 

are delayed according to the group delays at 1 and 2: 
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where  ff fA t L L  . 

After some algebra, following expression can be obtained for the optical field 
impinging the photoreceiver: 
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And the photocurrent can be calculated as: 
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 (C.40) 

where the +/-1+/-2 terms have been neglected. Finally, the detected current 
around fLO is: 
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 (C.41) 

According to this result, I(t) and its LO carrier are delayed according to 

LL whereas Q(t) and its LO carrier are delayed according to 
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LL, that is to say, the Q component is relatively delayed with 
respect to the I carrier by, 
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which is a positive value for wavelength above 1276 nm and when 2>1 and 
substituting the values, 
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 (C.43) 

where Ltot are the optical losses from laser output to photodiode input when the MZM 
is biased as its maximum transmission point (that is to say that the 3 dB extra due to 
QB are not considered in this value but in the rest of the equation) and where the 

MZM model has only considered the two sidebands and no further harmonics of fLO. 

The term 21=-2L(2-1) is the differential delay induced in the carriers due to 
fibre dispersion. When the length of the fibre and the wavelengths spacing are choose 
to fulfill the following equation (quadrature condition): 
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then 
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Finally, the LO component is made of a fixed LO carrier and an ideal QAM 
signal, 
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C.4. Complete model with a second-order dispersive link 
(MATB biasing) 

When the MZM is biased at its maximum transmission biasing (MATB) 
equations (C.34) and (C.35) change to: 
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where 

 
 

       

12 0 2
ff

LO

I Q

t
A B C J m

L

I t P x t Q t P x t   

  

     

 (C.48) 

And the optical field at the input of the photodiode can be expressed as: 
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where  * 2 ff fA t L L . 

After some algebra, following expression can be obtained for the optical field 
impinging the photoreceiver: 
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And the photocurrent can be expressed as: 

  

 

 
    

    

 
    

    

* *2

2 22
1 2 1 02

2 2

1 2 1 0

2 22
1 2 2 02

2 2

1 2 2 0

2 2

2 cos cos
2

cos

2 cos cos
2

cos

link link
pd

LO LO LO

LO LO

LO LO LO

LO LO

E E A
i t

L
B BC t L L

I t

C t L L

L
B BC t L L

Q t

C t L L


    

   


    

   

 
 

   
       

    
       

  
     

   
    







 (C.51) 

where the ±(1±2) terms have been neglected. Finally, the detected current 
around 2fLO is: 
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 (C.52) 

I(t) and its 2LO carrier are delayed according to LL whereas 

Q(t) and its 2LO carrier are delayed according toLL, that is to 
say, the Q component is delayed relative to the I carrier by 

  21 2 1 2 2 1L          (C.53) 

In this case the quadrature condition will be: 
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In this case, the 2LO component will be made of a fixed 2LO carrier and an ideal 
QAM signal, 
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C.5. Simplified PVM model without LO leakage 

In order to avoid the undesired LO level present at the output of the PVM a third 
laser has been included in the PVM scheme as shown in ¡Error! No se encuentra 

el origen de la referencia. The signals generated at each laser can be expressed as: 
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  (C.58) 

where Pi is the output optical power at laser i corresponding to the laser bias point 

and xI(t) and xQ(t) are the base-band data signals. 

 

Figure C.4. Block diagram a PVM with a third laser to avoid LO leakage. 
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 (C.59) 

At the MZM output, assuming biasing at QB (tff are the MZM insertion losses 
when the modulator is biased at MATB, ideally tff=1). The MZM behaviour is 

assumed to be frequency independent with respect to . 
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where CDC(n) and mLO as defined in C.1. 

If only first terms are considered and the relation    LOLO mJmJ 11   is 

applied: 
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 (C.61) 

Assuming a simplified link that induces just a /2 radians phase shift at fLO 

between 1 and 2 with no further effect on xI(t), xQ(t) or RF carrier; that is to say 

1-2 is quite greater than the frequency contents of BB signals or LO. At the same 

time a 5/4 radians phase shift will be induced at fLO between 1 and 3 if 

3-1≈2.5(2-1)
21. 

                                                 
21 To be more precise, the actual relation should be 31=2.521 where 31 and 21 are 

the relative delay between the respective carriers due to the dispersion of the fibre link). 



219  Annex C

 

 

      
     

 
   

 
   

1 1

2 2

3 3

'

1 1 0 1

1

'

2 2 0 1

2

'

3 0 1

3

2 cos

1
2 cos

4 2

2 cos 5
4

l

l

l

j tff

link I LO LO LO LO

f

j tff

Q LO LO LO LO

f LO

j tff

LO LO LO LO

f

t
E t P x t e J m J m t

L L

t
P x t e J m J m t

L L f

t
P e J m J m t

L L







   


   


 

 

 

 

     
 

     
                 

 
   



 
 
 

(C.62) 

Finally, the photocurrent can be calculated as: 
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 (C.63) 

where the ±(i±j) (i≠j) terms have been neglected. 

The photocurrent DC value is: 
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when P=P1=P2, P3=P(2)1/2, L=L1=L2=L3. 

If the terms at DC, BB and 2fLO terms are neglected, the detected signal around 
LO will be: 
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 (C.65) 

where it has been considered that P=P1=P2, P3=P(2)1/2, L=L1=L2=L3 and =1= 2; 

and common delay/phase terms like ’ or LO’: have been neglected. 
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Eq (C.65) ban be simplified as: 
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where it can be seen that the LO tone term has disappeared and the quadrature 

condition between the I and Q terms is fulfilled. 

The detected signal power assuming a load resistance equal to RL: 
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  (C.67) 

where  txP II

2  and  txP QQ

2 . 

If expression (C.9) and (C.64) are compared, it can be seen that the DC term has 
been modified by the insertion of the third laser. This new factor increases the DC 
current by a factor of 1.7 which increase the RIN noise by 4.6 dB and the shot noise 
by 2.3 dB. Depending on the dominating noise component, the effect of the addition 
of the third laser will reduce the SNR by a factor of 0 dB (thermal noise dominates) 

up to 4.6 dB in the worst case (RIN dominates). 

C.6. Complete 3-lasers PVM model including a second-order 

dispersive link (QB biasing) 

In this section, the previous assumption of a simplified link inducing /2 radians 

and 5/4 radians phase shifts between the optical carriers is proved by taking into 

the chromatic dispersion of the optical link up to its second order. 

Assuming L=L1=L2=L3, P=P1=P2 and =1=2, equation (C.61) can be 
expressed as: 
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which equals to: 

 

   

 
 

 
   " " "

1 1 2 2 3 3

3

cosmzm LO LO

j t j t j t

E t A B C t

I t e Q t e P e
  

 

     

    

  
  

 (C.69) 

where A, B, C, I(t) and Q(t) from (C.34). 

Equation (C.69) can be expressed as: 

 

     

 
 

 
   " " "

1 1 2 2 3 3

3

2 2

LO LO LO LOj t j t

mzm

j t j t j t

C C
E t A B e e

I t e Q t e P e

   

  

  

     

 
   

 

  
  

 (C.70) 

assuming that the electrical and optical phase play no role, neither the sign 
ambiguity, 
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 (C.71) 

After the length of the dispersive link, L, and neglecting the effect of dispersion 
on I(t) or Q(t), that is to say assuming their frequency content is small compared to 
the dispersion of the link, the expression (C.73) can be obtained. However, the 
dispersion of the link is delaying Q(t) respect to I(t) in the same way as the 
corresponding LO terms, the only way to model this is assuming that I(t) and Q(t) 

are delayed according to the group delays at 1 and 2): 
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 (C.73) 

where  ff fA t L L  . 

After some algebra, following expression can be obtained for the optical field 

impinging the photoreceiver: 
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 (C.74) 

And the photocurrent can be expressed as: 
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 (C.75) 

where the ±(i±i) (i≠j) terms have been neglected. Finally, the DC detected 
current is: 
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And the detected term around fLO is: 
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According to this result, I(t) and its LO carrier are delayed according to 
LL whereas Q(t) and its LO carrier are delayed according to 

LL and 3 is delayed according to LL, that is 
to say, the Q component is delayed relative to the I carrier by 

  21 2 1 2 2 1L          (C.78) 

which is a positive value for wavelengths in the anomalous region of th standard 

single-mode fibre when 2>1. At the same time the third laser is delayed relative 

to 1 as: 

  31 3 1 2 3 1L          (C.79) 

and substituting the values, 
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