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Resumen de la tesis que presenta Aldo Eleazar Pérez Ramos como requisito parcial

para la obtencion del grado de Doctor en Ciencias en Electronica y Telecomunicaciones
con orientacion en Telecomunicaciones.

Disefio e implementacion de sistemas de ancho de banda ultra-amplio sobre fibra
(IR-UWBOF) capaces de eliminar lineas espectrales

Resumen aprobado por:

Dr. Salvador Villarreal Reyes Dr. Arturo Arvizu Mondragon
Codirector de tesis Codirector de tesis

La eliminacién de lineas espectrales es un tema de gran importancia en el disefio de
sistemas de ancho de banda ultra-amplio (UWB), en particular de aquellos que utilizan
pulsos de ultra-corta duracion (Impulse-Radio, IR) para transmitir informaciéon. Es un
hecho comprobado que la presencia de lineas espectrales en la densidad espectral de
potencia (DEP) de sefales IR-UWB puede afectar el desempeiio del sistema, esto debido
a gue, generalmente, se reduce la potencia de transmision de dichos sistemas para
cumplir con las regulaciones UWB vigentes. La reduccion de esta potencia de igual forma
puede afectar la distancia de las comunicaciones entre dispositivos IR-UWB. Aunque
trabajos previos han mostrado interesantes ventajas al implementar IR-UWB sobre fibra
optica (IR-UWBoOF), principalmente para extender el area de cobertura de
comunicaciones UWB por varios kildmetros, el tema de eliminacion de lineas espectrales
en la DEP no ha sido desarrollado por completo. Para abordar el tema antes mencionado,
en esta tesis se proponen dos sistemas IR-UWBoF que utilizan codigos convolucionales
(CC) supresores de lineas espectrales: “spectral line supressive” (SLS) y “spectral line
free” (SLF). Ademas, estos sistemas han sido disefiados para establecer comunicaciones
de alta y baja tasa de datos entre una oficina central y puntos de acceso remoto
emplazados a varios kilometros de distancia. La arquitectura radio sobre fibra (RoF)
utilizada en ambos sistemas propuestos se basa en la técnica de modulacién de
intensidad con deteccion directa (IM/DD). Dicha arquitectura facilita la implementacion de
sistemas de bajo costo y baja complejidad. Resultados experimentales muestran que los
sistemas propuestos ofrecen DEPs con caracteristicas espectrales convenientes si se
comparan con implementaciones de sistemas IR-UWBoF convencionales. Ademas, se
ha demostrado experimentalmente que el sistema SLF IR-UWBoF-IM/DD puede entregar
una DEP sin lineas espectrales considerando un canal éptico-inalambrico formado de 30
km de fibra 6ptica monomodo y 20 cm de transmision inalambrica.

Palabras clave: Sistemas IR-UWB, radio sobre fibra, densidad espectral de potencia,
eliminacion de lineas espectrales, codigos convolucionales.
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Abstract of the thesis presented by Aldo Eleazar Pérez Ramos as a partial requirement

to obtain the Doctor of Science degree in Electronics and Telecommunications with
orientation in Telecommunications.

Design and implementation of IR-UWBOF systems with spectral line suppression

capabilities
Abstract approved by:
Dr. Salvador Villarreal Reyes Dr. Arturo Arvizu Mondragon
Thesis Codirector Thesis Codirector

The topic of spectral line suppression is of major importance when designing impulse-
radio ultra-wideband (IR-UWB) systems. The presence of spectral lines in the power
spectral density (PSD) may limit the maximum transmission power in order to comply with
UWB regulations, thus, affecting the system performance. In fact, the transmitted power
diminishes could lead to a range reduction of the UWB system. Although previous works
have shown the advantages of IR-UWB over fiber (UWBOF) implementations (mainly to
extend the coverage area of UWB communications by several kilometers), the topic of
spectral line suppression in such systems has not been entirely addressed. This thesis
proposes two IR-UWBoF systems using spectral line suppressive and spectral line free
(SLF) convolutional codes to address the spectral line suppression problem. Furthermore,
these systems have been designed to implement high data rate and low data rate
communications from a central office to remote access points located several kilometers
away. The radio over fiber (RoF) architecture implemented in both systems is based on
the intensity modulation with direct detection technique which allows the implementation
of low cost and low complexity systems. Experimental results show that the proposed
systems offer improved PSD characteristics compared to conventional IR-UWBoF
implementations. Furthermore, it was experimentally demonstrated that the proposed SLF
IR-UWB system is able to deliver a spectral line free PSD considering an optical-fiber
channel formed by 30 km of single-mode fibers and 20 cm of wireless transmission.

Keywords: Impulse-radio ultra-wideband, radio over fiber, power spectral density,
spectral line suppression, convolutional codes.
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Chapter 1. Introduction

Recent advances in microelectronics, signal processing, computation, communication
protocols and highly capable wireless networking technologies developed in last decade,
have led to arise new ways to convey information between people and devices, which
also can be connected to the Internet. Today, it is common having services such as: high
definition (HD) and ultra-high definition (UHD) video streaming, massively multiplayer
online games (MMO), high-speed transfers of massive files, environmental and health
care telemonitoring systems, among others. These new usage models in the
telecommunications area demand robust and reliable wireless technologies. In this sense,
wireless systems have increased their capacities in order to meet with this demand, such
as is shown in Figure 1. From here, it is possible to see that capacity of wireless personal
area networks (WPAN) appears to be rising at a much faster rate than wireless
technologies included within wireless metropolitan networks (WMAN). This fact is due to
smaller coverage areas enables the implementation of high bandwidth communications
(hundreds of Mb/s) and multi-Gb/s wireless communication by using wireless technologies
operating below 10 GHz and 60 GHz, respectively, (Abraha S. T., 2012).
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Figure 1: Wireless technology trends.
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Typically, wireless services previously mentioned use the most widely deployed wireless
technologies such as Wi-Fi (IEEE802.11b/g/n), Bluetooth and ZigBee, which transmit
radio signals over the Industrial, Scientific and Medical (ISM) frequency bands (i.e. 900
MHz and 2.4 GHz). During the last decade, the dramatic increasing of WPAN deployments
have originated overcrowding in these ISM bands. This fact produces interference
between wireless systems operating in the same frequency bands, which considerably
degrades WPAN communication performance. In this context, PHY-MAC layer
improvements such as those shown in (Zhu, Waltho, Yang, and Guo, 2007, Huang, Lee,
and Park, 2009, Roy and Jamadagni, 2010, Kumar, Shin, Choi, and Niculescu, 2012)

were recently proposed to counter these issues.

An interesting technology proposed over the last decade was ultra-wideband (UWB) radio.
UWB technology has gained a lot of attention by academics and industry because of its
low power consumption, high capacity, spectrum coexistence, tolerance against multipath
fading, and comparatively high data rates (HDR), (Win and Scholtz, 1998, Aiello and
Rogerson, 2003, Roy, Foerster, Somayazulu, and Leeper, 2004). Due to the
characteristics previously mentioned, this technology has been considered to be suitable
for HDR-WPANS, low data rate (LDR) WPANS, sensor networks, imaging systems,
precision navigation systems, vehicular radar systems, medical monitoring, among others.
In all these applications, the transceivers range usually covers an area of a few meters.
Thus, when information has to be exchanged between several of these UWB networks
separated by hundreds or thousands of meters, it is necessary to use a long range
technology to interconnect them. Recently, Radio over Fiber (RoF) systems have been
used to transport UWB signals over long distances, extending the coverage area of these
UWB-WPANSs. This relatively new technique disclosed as UWB over fiber (UWBOF) by
Yao, Zeng, and Wang (2007), allows to overcome the coverage limitation of WPANs and
providing availability of undisrupted UWB service across different networks, (Pan and
Yao, 2010-A, Pan and Yao, 2011-A). In addition, this technique will be able to overcome
the last mile bottleneck problem expected due to the rapid increase in the capacity of
WPAN services.
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Nevertheless, despite of the potential offered by the introduction of UWB technology
combined with RoF systems, the compliance of UWB emissions with spectral masks
defined by various regulatory body such as the Federal Communications Commission
(FCC) in the United States and the European Conference of Postal and
Telecommunications Administrations/Electronic Communications Committee
(CEPT/ECC) (FCC, 2002, CEPT/ECC, 2006-A) is an important topic that must be
considered. The spectral masks aim is to enable harmonious coexistence between UWB
signals and narrow band wireless systems (WiFi, Bluetooth, Zigbee). In this context, the
design of compliant UWB systems and as well as compliant UWBOF systems are topics
of major interest for implementing the next generation WPANS.

1.1 Ultra-Wideband over Fiber (UWBOF) systems

The UWB “plus” Radio over Fiber (UWB + RoF) or simply UWB over Fiber is a relatively
new cost-effective technique used to extend the range, to interconnect isolated UWB
networks, and to integrate UWB services into fixed wired or wireless communications
networks, (Yao , 2009, Pan and Yao, 2010-A).

The distribution of UWB signals over fiber has been considered for two main applications.
One of these applications are the distributed antenna systems (DAS), which can be
implemented in buildings to extend the reach of UWB signals, (Xianbin Yu et al., 2013).
The fiber lengths used in these DAS are relatively short (tens of meters). In the second
application, the UWB signals are distributed from a central office (CO) to end-users using
optical fiber transmission followed by wireless UWB transmission (Pan and Yao, 2011-A).
The distances can be several kilometers (20-km and 30-km can be the distance from the

local exchange to wireless user in households).

Typically, the design and implementation of UWBOF systems reported in the literature
consider two widely adopted UWB technologies: Impulse Radio (IR) and Multi Band (MB)
OFDM. The UWB MB-OFDM consists in transmitting orthogonal frequency division
multiplexing (OFDM) symbols successively over frequency channels allocated by
communication standards such as the ECMA-368 (WiMedia PHY), (ECMA-368, 2008).

On the other hand, IR-UWB technology is based on the transmission of very short-time
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pulses (in the order of hundreds of picoseconds), optimized to meet spectral masks
defined regulatory bodies such as the U.S. FCC and the CEPT/ECC, (Di Benedetto and
Giancola, 2004, Di Benedetto, Kaiser, Molisch, Oppermann, Politano and Porcino, 2006).
Although both technologies enable the implementation of robust short-range wireless
networks of high capacity, with tolerance against multipath fading, spectrum coexistence
and comparatively high data rate, IR technology can also offer variable low complexity,
low cost, low power consumption and very good time domain resolution, (Zhang, Orlik,
Sahinoglu, Molisch, and Kinney, 2009-A). These last characteristics allow the
implementation of low data rate (LDR) wireless sensor networks deployments. On the
other hand, RoF architectures used by the UWBoOF systems reported in the literature
consider simple to complex optical transmission techniques. As a pair of examples of the
most used techniques to transmit UWB signals over single-mode and multi-mode optical
fibers we have the intensity modulation with direct detection (IM-DD) technique and phase
modulation-to-intensity modulation (PM-to-IM) conversion with direct detection technique,
(Yao et al., 2007, Pan and Yao, 2010-C, Abraha, Okonkwo, Gamage, Tangdiongga, and
Koonen, 2012). Furthermore, there exist other complex optical transmission techniques
such as “all optical up-conversion” based on advanced configurations of Mach Zehnder
Modulators (MZM), and “heterodyne detection” methods based on dual-wavelengths
system, injection locking, dual-mode lasers, and mode-locked lasers, (Guillory, 2012).
These techniques have been mainly proposed to generate electrical millimeter-waves for
UWB MB-OFDM networks working at 60 GHz. It is important to mention that IM/DD
systems could be easily integrated with next generation optical communication systems
(e.g. Wavelength Division Multiplexing Passive Optical Networks, WDM-PONSs), (Pan and
Yao, 2010-C), taking advantage of preexistent infrastructure widely deployed since more
than 20 years, (Cox, Ackerman, Betts, and Prince, 2006). Furthermore, the combination
of this optical system (IM/DD) with impulse radio UWB systems results in low-
complexity/low-power consumption IR-UWBoF deployments. This latter point resulting

important to this research work.

In brief, the IR-UWBO0OF-IM/DD systems convey information by generating trains of short-
time pulses (on the order of hundreds of picoseconds) modulated by schemes such as

pulse position modulation (PPM), pulse amplitude modulation (PAM), binary phase shift
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keying (BPSK), biorthogonal PPM (BOPPM) and pulse shape modulation (PSM), which
are then transmitted through optical fiber links by means of the intensity modulation (IM)
technique. This latter technique is carried out modulating the optical power of a laser diode
by means of two methods. In one of these methods, referred to as “direct modulation”, the
IR-UWB signal can be converted into an optical signal by means of the modulation of the
laser diode’s injection current. This modulation can be achieved since there exist a direct
relationship between the laser diode output optical power and its injection current. In the
second method, referred to as “external modulation”, a laser diode operating in continuous
wave (CW) mode is connected to an external electro-optic Mach Zehnder modulator
(MZM). This MZM is used to modulate the CW optical signal according to voltage changes
determined by the electrical IR-UWB signal. At the end of the optical link, the electrical IR-
UWRB signal is recovered by using a direct detection schema using a PIN photodiode. This

device detect the magnitude-squared of the real envelope of the optical field received.

Another important characteristic of typical IR-UWBoF systems is that IR-UWB signals
usually employ pseudo-random (PR) time hopping (TH) and/or PR direct sequence (DS)
multiplication for multiple access and/or PSD shaping purposes, (Win and Scholtz, 1998,
Win and Scholtz, 2000, Aiello and Rogerson, 2003, Di Benedetto and Giancola, 2004,
Roy et al., 2004, Di Benedetto et al.,, 2006, Arslan, Chen, and Di Benedetto, 2006,
Ghavami, Michael, and Kohno, 2007). Basically, a TH-IR UWBOF system transmits pulses
with a very low duty cycle. The relative position of each pulse within a specified time frame
is then determined by a PR-TH sequence. In a pure DS-IR UWBO0oF system the relative
position of each pulse within a time frame remains unchanged but the pulse amplitude is
multiplied by a PR-DS usually taking values of the set {-1, +1}. Thus the duty cycle of a
DS-IR UWB signal can be higher than the duty cycle of a TH-IR-UWB signal. Finally a
TH/DS IR-UWB signal combines both techniques and its duty cycle can be as low as that
of a TH-IR-UWB signal.

1.2 Problem statement

As previously mentioned, one of the main constraints when designing IR-UWB
deployments and IR-UWBoOF systems is compliance with the spectral masks issued by
regulatory bodies such as the U.S. FCC and CEPT/ECC. The aim of these masks is to
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enable the harmonious coexistence between UWB systems and the already established
wireless systems such as Global Position Systems (GPS), WiFi, Bluetooth, ZigBee, 2G to
4G cellular networks, among others. Thus, one of the main research areas when IR-UWB
systems are considered, it is the maximization of the transmit power while maintaining

compliance with the spectral mask limits imposed by current UWB regulations.
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Figure 2. FCC’s spectral masks for UWB systems, (Federal Communication Commission, 2002).

As an example, the spectral masks issued by the U.S. FCC for indoor and outdoor UWB
systems, (FCC, 2002), are shown in Figure 2. These spectral masks are specified in terms
of Power Spectral Density (PSD) in dBm as measured with a 1 MHz resolution bandwidth
(RBW), root mean square (RMS) average detector and an average time of 1 ms or less,
(FCC, 2002).

Recently several previous studies dealing with IR-UWBOF systems usually report
measured and/or analytical PSDs for the analyzed IR-UWBOoF signals, (Qing Wang, Fei
Zeng, Blais, and Yao, 2006, Wang and Yao, 2006, Zeng and Yao, 2006-A, Zeng and Yao,
2006-B, Dong, Zhang, Xu, and Huang, 2007, Jianji Dong, et al., 2007, Qing Wang and
Yao, 2007, Wang, Zeng, and Yao, 2007, Yao, Zeng, and Wang, 2007, Zeng, Wang, and
Yao, 2007, Abtahi, Magne, Mirshafiei, Rusch, and LaRochelle, 2008-B, Chang, Tian, Ye,
Gao, and Su, 2008, Dong, Zhang, Zhang and Huang, 2008, Jazayerifar, Cabon, and
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Jawad, 2008, Huang, et al., 2008, Jiangiang Li, et al., 2008, Pan Ou, Ye Zhang, and Chun-
Xi Zhang, 2008, Abtahi, Dastmalchi, LaRochelle, and Rusch, 2009, Bolea, Mora, Ortega,
and Capmany, 2009, Hanawa, et al., 2009, Li, Kuo, and Wong, 2009, Pan and Yao, 2009,
Xianbin Yu et al., 2009, Yao, 2009, Bolea, Mora, Ortega, and Capmany, 2010, Dong,
Zhang, Yu, Huang, and Zhang, 2010, Gibbon, et al., 2010, Jian-Yu Zheng, Ming-Jiang
Zhang, An-Bang Wang, and Yun-Cai Wang, 2010, Lopez, et al., 2010, Pan and Yao,
2010-A, Pan and Yao, 2010-B, Pan and Yao, 2010-C, Rodes, et al., 2010-A, Rodes,
Pham, Jensen, Gibbon, and Monroy, 2010-B, Valente and Cartaxo, 2010, You Min Chang,
Junsu Lee, and Ju Han Lee, 2010, Abtahi and Rusch, 2011, Abraha et al., 2011, Chang,
Lee, Lee, Yan, and Lee, 2011, Ming-Jiang Zhang et al., 2011, Pan and Yao, 2011-A, Pan
and Yao, 2011-B, Pham, Yu, Dittmann, and Monroy, 2011, Sakib, Huang, Gross, and
Liboiron-Ladoucer, 2011, Xu, et al., 2011, Abraha et al., 2012, Abraha S. T., 2012, Gang
Chen and Shilong Pan, 2012, Guillory, 2012, Li, Chen, Chen, and Xie, 2012, Wang, Zhu,
and Gomes, 2012, Xianbin Yu et al., 2013, Zhang et al., 2013, Chengliang et al., 2014-A,
Chengliang et al., 2014-B, Feng, Xiao, Yi, and Hu, 2014-A, Feng et al., 2014-B, Le,
Briggmann, and Kuppers, 2014, Moreno, Rius, Mora, Muriel and Capmany, 2014, Quang
Trung Le, Briggmann, and Kuppers, 2014, Moreno, Mora, and Capmany, 2015). However,
most of the PSDs reported in these works show spectral lines. The spectral lines can be
result of periodicity in the data, modulation schemes used in the signal and/or optical

configurations implemented.

FCC Mask

40 FCC Mask ( a) FCC Mask (b)

N_OOK

e

FCC Mask (d) FCC Mask (e)

NPPM OPPM

e | [Lall] e

-60

-80

-100

40 FCC Mask ( FCC Mask

g
o e

FCC Mask

FCC Mask

FCC Mask

-60

Power Spectral Density (dBm/MHz)

-80

-100

0 5 10 150
Frequency (GHz)

5 10
Frequency (GHz)

150 150 150 15

5 10 5 10 5 10
Frequency (GHz) Frequency (GHz) Frequency (GHz)

Figure 3. Electrical spectra and eye diagrams of the UWB signals generated by the IR-UWBoOF
system reported in (Li, Chen, Chen, and Xie, 2012). (a)-(e) with wireless transmission; (f)-(j) with
combined 20-km SMF and wireless transmission.
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Figure 3 shows the experimental PSDs reported by Li, et al. (2012), and as it can be seen
in this figure, most of them exhibit spectral lines, which are violating the spectral mask
power limits. The problem with the spectral lines presence is that the maximum achievable
transmit power has to be reduced in order to comply with the spectral masks.
Comparatively, an IR-UWB system with a spectral line free (SLF) PSD will be able to
transmit with more power over the wireless link than an IR-UWB system whose PSD
shows spectral lines. Furthermore, theoretically, when using BPSK (which is equivalent to
BPM, Bi-phase modulation mentioned in some works) and the input data stream consists
of random binary data with uniform distribution, the PSD should not show any spectral
lines (Villarreal-Reyes, 2007). Nevertheless, as shown by the experimental PSDs reported
by Pan and Yao (2010-A and 2011-A), Xianbin Yu et al., (2009), Feng et al., (2014-B),
and Abraha et al., (2011), the photonic implementation of some IR-UWBOoF systems can
generate spectral lines even when using BPSK schemes with pseudorandom sequences
of very long period (i.e., resembling a perfectly random binary data stream with uniform
distribution). In addition, strong spectral lines in the PSD of BPSK signals naturally appear
when the binary data stream is not perfectly random (that is, the data stream is an i.i.d
sequence of binary random variables with uniform distribution), (Pan and Yao, 2010-A,
Villarreal-Reyes, 2007), which is the most commonly observed case. Thus, to fully exploit
the maximum transmit power allowed by the spectral masks, it is desirable to design IR-
UWBoF schemes whose PSD is SLF, this even when the data stream consists of non-

uniform distributed bits (i.e., nonrandom binary data streams).

Previously, spectral line suppressive (SLS) and spectral line free (SLF) convolutional
codes (CC) have been proposed to achieve both elimination of spectral lines and BER
improvement, (Villarreal-Reyes, 2007). Analytical and simulation-based performance
evaluations have shown that it is possible to eliminate spectral lines on the PSD of IR-
UWB systems, even when the encoder input does not consist of a perfectly random binary

data stream.

Based on the previous discussion it can be said that the analysis, estimation and shaping
of the PSD of IR-UWB signals is a topic of major interest for the design of compliant IR-

UWB systems and IR-UWBoF systems as well. This research deals with the proposal of
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IR-UWBoOF systems that simultaneously provide improved BER performance and
convenient PSD characteristics. Therefore the use of SLS/SLF CC is important for this

thesis work.

1.3 Aim of thesis

The research presented in this thesis work deals with the design and implementation of
Impulse Radio Ultra-Wideband over Fiber (IR-UWBoF) systems compliant with the FCC
UWB regulations. The proposed systems can be able to offer both convenient PSD
characteristics and bit error rate (BER) improvement over traditional IR-UWBOF systems

reported in the literature.

The particular objectives of this thesis work can be listed as follows:

¢ Investigate the state of the art of IR-UWBOF systems.

e Perform atheoretical study of IR-UWBO0F systems that use the Intensity Modulation
with Direct Detection (IM/DD) technique.

e Propose IR-UWBOoF-IM/DD systems that use spectral line suppressive (SLS) or
spectral line free (SLF) convolutional codes for eliminating spectral lines in the
power spectral density of M-PPM and BPSK/Q-BOPPM IR-UWB signals.

e Design and Implement of a High Data Rate (HDR) IR-UWBOoF-IM/DD simulation
testbed for evaluating PSD characteristics of IR-UWB signals.

e Implement IR-UWBOF-IM/DD systems with spectral line suppression capabilities
designed for low data rate (LDR) and HDR applications.

e Perform experimental evaluations of spectral line suppression capabilities of

proposed systems.

1.4 Literature survey of spectral shaping techniques for UWBOF
systems

As established in Section 1.3, this work deals with the implementation of IR-UWBoF

systems with spectral line suppression capabilities. Thus a summary of previous research
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related to spectral shaping techniques for IR-UWBOoF systems is presented in the following

paragraphs.

The current approaches used for spectral shaping in wireless IR-UWB systems can be
classified into the categories of pulse shape based spectral shaping, time hopping (TH)
code based spectral shaping, direct sequence (DS) code based spectral shaping,
orthogonal/antipodal modulation based spectral shaping and convolutional codes based
spectral shaping. All these approaches look to shape the transmitted signal’s PSD such
that compliance with emission limits is achieved and/or interference from/to narrowband

users of the spectrum is minimized.

The practical implementation of these spectral shaping methods for IR-UWBOF systems
have been carried out using well known microwave techniques and/or novel optical
configurations. In the literature, several works related with IR-UWBOF systems focus on
photonics generation of UWB waveforms using hybrid (electrical and optical devices) and
all-optical radio over fiber (RoF) architectures have been reported, (Yao, Zeng, and Wang,
2007, Zeng and Yao, 2006-A, Zeng and Yao, 2006-B, Chengliang et al., 2014-A,
Chengliang et al., 2014-B, Zeng, Wang, and Yao, 2007, Zeng, Wang, and Yao, 2007,
Qing Wang et al., 2006, Wang and Yao, 2006, Qing Wang and Yao, 2007, Wang et al.,
2007, Bolea et al., 2010, Jiangiang Lli, et al., 2008, Dong, et al. 2007, Jianji Dong, et al.,
2007, Gang Chen and Shilong Pan, 2012, Dong et al., 2008, Huang, et al., 2008; You Min
Chang, et al., 2010, Li et al., 2009, Chang et al., 2011). In some of these works, complex
RoF configurations employed to generate optical UWB waveforms compliant with the FCC
spectral masks are shown, (Xianbin Yu et al., 2009), Bolea et al., 2009, Feng et al., 2014-
A, Feng et al., 2014-B, Moreno et al., 2014, Moreno et al., 2015, Abtahi et al., 2008-A,
Abtahi et al., 2009, Abtahi and Rusch, 2011, Abraha et al., 2011, Quang Trung Le et al.,
2014, Dong et al., 2010, Xu, etal., 2011, Lietal., 2011). There exist other works that show
non-compliant IR-UWBoOF systems that have been forced to fit under the frequency limits
of spectral masks by using commercial microwave filters, (Xianbin Yu et al., 2013, Gibbon,
et al., 2010), custom-designed UWB antennas and/or by using a combination of band
pass UWB antennas with dispersion compensating fibers, (Hanawa, et al., 2009).

Although pulse shape based spectral shaping techniques applied to IR-UWBoF systems
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have demonstrated their effectiveness, these are not able to suppress spectral lines in the
PSD.

The TH codes applied to wireless IR-UWB systems were widely studied during the last
decade, (Win and Scholtz, 1998, Win and Scholtz, 2000, Aiello and Rogerson, 2003, Di
Benedetto and Giancola, 2004, Roy et al., 2004, Di Benedetto et al., 2006, Arslan et al.,
2006, Ghavami et al., 2007, Villarreal-Reyes, 2007). The use of these codes have been
mainly used for multiple access purposes and to suppress spectral lines in the PSD of the
transmitted signal. In addition, some works have proposed the use of TH codes to produce
spectral notches in specific frequency bands of the PSD in order to reduce the mutual
interference between UWB and narrow band systems, (Piazzo and Romme, 2003, Wu,
Wang, and Chao, 2003, Bellorado, Ghassenzadeh, Kavcic, Tarokh, and Tarokh, 2004,
Majhi, Madhukumar, Nasser, and Hélard, 2010). Nevertheless, despite the advantages
offered by the introduction of TH codes, the TH-IR UWB systems do not provide a SLF
PSD. This latter fact holds even when independent identically distributed (i.i.d.) binary
data streams with uniform distribution (perfectly random) are modulated with TH-PPM
schemes, (Villarreal-Reyes, 2007). It is important to mention that the use of perfectly
random TH is an idealization that in practice is addressed by generating a pseudo-random
(PR) TH sequence with extremely long period. The use PR-TH sequences with extremely
long period increases the transmitter and receiver complexity without a significant BER
performance improvements (when comparing systems with the same transmit power),
(Villarreal-Reyes, 2007). Thus, IR-UWBO0F systems that implement TH code based
spectral shaping methods also will show spectral lines in the PSD, such as is reported by
Pan and Yao, (2011-A).

Alternatively, it has been analytically demonstrated by Villarreal-Reyes (2007) that the use
of a perfectly random DS code taking values on the set {—1, 1} can provide a SLF PSD
for IR-UWB systems. Nevertheless, the acquisition and synchronization of extremely long
DS codes becomes a challenge in terms of large acquisition times and complexity of the
acquisition system, (Ramachndran and Roy, 2005, Aedudodla, Vijayakumaran, and
Wong, 2006, Ibrahim and Buehrer, 2006). These kind of DS code sequences have been
also implemented optically in IR-UWBoF systems. However, Pan Ou, Ye Zhang, and
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Chun-Xi Zhang (2008) have used these sequences to address the multiple-user
communications issues in current IR-UWBOoF technology, without analyzing the spectral

line suppression capabilities of these DS code sequences.

The use of orthogonal/antipodal modulation schemes applied on wireless IR-UWB
systems and IR-UWBoOF systems have been widely reported in the literature. It is well-
known that the PSD of IR-UWB signals modulated by orthogonal formats such as on-off
keying (OOK) and pulse position modulation (PPM) exhibit strong spectral lines, even
when perfectly random data streams with uniform distribution are transmitted. Therefore
these schemes have been mainly used to validate novel IR-UWBOoF configurations and
for implementing low-cost and low-complexity LDR UWB-WPANs. On the other hand,
perfectly random data streams modulated with antipodal formats (i.e. BPSK and
quaternary biorthogonal PPM) should not produce spectra lines in the PSD, (Villarreal-
Reyes, 2007, Majhi et al., 2010). However, if the statistics of the data streams change
slightly and/or the negative and positive pulses form are not fully complementary, then
strong spectral lines will appear in the PSD, (Villarreal-Reyes, 2007, Pan and Yao, 2010-
A). In this context, it could be expected that the use of BPSK with PR-DS sequences would
be a favorable solution to suppress spectral lines in the PSD of unbalanced (that is, the
total number of 1's and 0's of the data transmitted is not the same) binary data streams.
However, it has been analytically demonstrated that if the period of the PR-DS code is
relatively short the height of the spectral lines may be reduced but the actual number of

spectral lines in the PSD may be simultaneously increased, (Villarreal-Reyes, 2007).

During the last decade, convolutional codes with convenient PSD characteristics were
proposed by Villarreal-Reyes (2007) for IR-UWB systems in order to achieve both spectral
line suppression and BER improvement. Analytical and simulation-based performance
evaluations have shown that the spectral lines free (SLF) convolutional codes generate a
SLF PSD in BPSK and quaternary biorthogonal PPM (Q-BOPPM) IR-UWB systems, even
when unbalanced binary data streams are inputted to the SLF convolutional encoder (CE),
(Villarreal-Reyes, Edwards, Villasenor-Gonzalez, Conte-Galvan, and Aquino-Santos,
2011). However, the spectral line suppression capabilities of SLF-CCs have not been

previously evaluated experimentally. Thus, the implementation and experimental
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evaluation of this spectral shaping technique to IR-UWBOF systems result of particular

interest for this research.

Recently a novel optical spectral line suppression technique based on the chaotic
dynamics of a laser diode with optical feedback was experimentally demonstrated by Jian-
Yu Zheng, et al., (2010) and Zhang et al., (2013). The main advantage provided by this
spectral shaping technique over those previously mentioned was the generation of a SLF-
PSD of IR-UWB signals modulated with a simple OOK scheme. In addition, this SLF PSD
holds over 20-km fiber followed by a 0.6-m wireless link without any processing of
dispersion compensation. Despite the benefits offered by this optical spectral shaping
technique, the PSD generated not fulfill with the FCC spectral masks. Thus, in order to
meet with the power limits that protect the Global Positioning Systems (GPS), it would be
necessary to reduce considerably the transmit power. However such a method would
have the drawback that less energy would be transmitted per data symbol and thus the

BER may worsen.

1.5 Thesis outline

Chapter 2 introduces concepts, terminology and definitions that will be used throughout
this entire thesis. In this chapter, three main areas can be identified. The first area shows
concepts related to Radio over Fiber systems. The Intensity Modulation with Direct
Detection (IM/DD) optical transmission technique, main architectures and applications
areas of these systems are discussed. The second area describes the UWB approach
adopted in this research. Several important topics such as the signal model for non-coded
and convolutionally-coded IR-UWB systems, current UWB regulations, as well as spectral
shaping mechanisms are also reviewed. Finally, the third area provides an overview of
the state of the art of IR-UWBoOF systems. The photonics UWB pulse generation,

transmission and spectral characteristics of these systems are analyzed.

In Chapter 3, the analytical model of IR-UWBoF-IM/DD systems with spectral line
suppression capabilities proposed in this research work are provided. Furthermore, the
design and implementation of IR-UWBOF-IM/DD testbeds in VPITransmissionMaker™
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simulation software are described. Preliminary results of the spectral line suppression

capabilities of proposed systems are obtained.

In Chapter 4 we look at the practical implementation of IR-UWBoF IM/DD systems
designed for Low Data Rate (LDR) and High Data Rate (HDR) applications. In these
systems the spectral line suppression capabilities of a rate 1/4 spectral line suppressive
convolutional encoder (SLS-CE) and a rate 1/2 SLF-CE are experimentally evaluated.
The impact of the chromatic dispersion and wireless transmission over the PSDs
generated by both IR-UWBoF IM/DD systems, SLS and SLF, are also reported.

Finally, in Chapter 5, the contributions, general conclusions and areas of future research

derived from these thesis work are provided.

A schematic diagram with the structure of this thesis is shown in Figure 4.

Mo(t)i\t/)aéi;?v:nd > Chapter 1 < Thesis structure
! Introduction
IR-UWB systems > Chapter 2 < Spectral shaping methods
RoOF systems > Analysis c_)f IR-UWBoF systems < Spectral characteristics
Generation and transmission
_ Chapter 3 VPIPhotonics simulation
Spectral Line Free testbeds
Convolutional > Proposal of IR-UWBoF systems with
Codes spectral line suppression capabilities _ Prelimi |
Generation and transmission ~ reliminary results

Chapter 4

Experimental Implementation of LDR and HDR
IR-UWBOF-IM/DD svstems

v

Chapter 5

Conclusions and Future work

Summary of Results

Vv

Figure 4. Thesis structure.
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1.6 Main outcomes and contributions of this thesis

Derivative of this research work, the main outcomes were published in the following

journals and conferences:

e Perez-Ramos, A. E., Villarreal-Reyes, S., Lepers, C., Arvizu, A., Muller, M. and
Abib, G. I. (2015), Low complexity M-PPM impulse-radio ultra wideband over fiber
system for wireless sensor networks applications. IEEJ Trans Elec Electron Eng,
10: S162-S164. doi:10.1002/tee.22178.

e Arvizu-Mondragén, A., Villarreal-Reyes, S., Perez-Ramos, A.E., Santos-Aguilar, J.,
Muller, M., Abib, G. I., Lepers, C. (2015). Optical channel impact over the PSD of
UWB over FSO links, in Free-Space Laser Communication and Atmospheric
Propagation XXVII, Proceedings of SPIE 9354.

e Pérez-Ramos, A. E., Arvizu, A., Villarreal-Reyes, S., Lepers, C., Santos-Aguilar,
J., y Covarrubias Rosales D. H. (2014). Desarrollo de una cama de pruebas
experimental para sistemas IR-UWBoF-IM/DD basandose en el uso de la
plataforma de simulacion VPIphotonics. Revista mexicana de fisica, 60(2014),
435-442.

e Perez-Ramos, A. E., Villarreal-Reyes, S., Arvizu-Mondragon, A., Lepers, C. and
Santos-Aguilar, J. (2014), Spectral line suppression capabilities of spectral line free
convolutional codes in UWB over fiber systems. Microwave Optical Technology
Letters, 56, 1712-1715. doi: 10.1002/mop.28424

e Espinosa, L.A.L.; De Dios Lopez Sanchez, J.; Hipolito, J.I1.N.; Vazquez Briseno, M.;
Perez-Ramos, A.E.; Villarreal-Reyes, S., (2013), Viterbi Decoders Generation for
FPGA Platforms, in Mechatronics, Electronics and Automotive Engineering
(ICMEAE), 2013 International Conference on, 211-215.
doi:10.1109/ICMEAE.2013.32



Chapter 2. Theoretical background

2.1 Introduction

The purpose of this chapter is to introduce the concepts, terminology and definitions that
will be used in future chapters. As previously mentioned, an important topic of this
research is the implementation of low-complex IR-UWB over fiber systems with spectral
line suppression capabilities. Therefore three main areas can be identified in this chapter.
The first area is covered in Section 2.2 and describes the Radio over Fiber technology,
optical transmission techniques, architectures and recent application areas. The second
area is written in Sections 2.3 to 2.5 and concerns about several important concepts
related to the UWB approach adopted for this work. Finally, the third area is shown in
subsection 2.6 and 2.7. The state of the art of IR-UWBO0F systems and their spectral
characteristics are investigated and analyzed.

2.2 Radio over Fiber systems

Radio over fiber (RoF) is a mature technology used for distributing radio frequency (RF)
signals through optical fiber links, (Cooper, 1990, Fye, 1990, Wake, Webster, Wimpenny,
Beacham, and Crawford, 2004). It was originally proposed to distribute analog Cable TV
(CATV) signals, (Chiddix, Laor, Pangrac, Williamson, and Wolfe, 1990), and radio cellular
services using one of its main applications, the distributed antenna system (DAS),
(Cooper, 1990, Fye, 1990, Wake et al., 2004). In DAS, RoF links are used to interconnect
a central office/node/unit (CO/CN/CU), which contains radio base stations, towards a
number of remote antenna units (RAUs) distributed in areas such as city centers,
shopping malls, stadiums, airports, railway stations, buildings, households, among others.
This kind of systems provides excellent coverage and dedicated capacity for enabling
short range communications in each of the above places mentioned, (Wake et al., 2004).
Furthermore, RoF technology can be used to transmit RF/analog signhals whose
frequencies (e.g. 60 GHz) are difficult to transport through traditional coaxial cables, and
this technology can also be used to provide wireless connectivity where dead-zone radio
coverage are present, (Mitchell, 2009). Figure 5 shows the DAS concept for distributing

cellular communications radio services to office buildings, cell towers and railway stations.
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Here, it can be observed that the base transceiver stations (BTS) are located inside a
building, sometimes known as a base station hotel, where the wireless services are
transmitted to RAUs by using point-to-point or point-to-multipoint RoF links, (Wake et al.,
2004, Mitchell, 2009). It is important to mention that, the DAS general structure is similar
for all cases, however there exist several proposed optical configurations to offer specific
functionalities. Figure 6 shows a generic point-to-multipoint RoF architecture. As noted,
important radio system functionalities such as data modulation, signal processing,
frequency conversion (up and down) and optical transmission/reception techniques are
performed in the CO. In downlink communications, the optical carrier modulated by the
RF signal, or by an intermediate frequency (IF) signal generated in the CO, is transmitted
across the optical network towards the RAU. At this point the RF/analog signal is
recovered from the optical carrier and it is electrically amplified (if necessary) to tune up

for a wireless transmission, (Mitchell, 2009).
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Figure 5. Typical application of radio-over-fiber technology.
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Figure 6. Generic schematic of a radio-over-fiber system.
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For uplink communications, similar functionalities of modulation onto an optical carrier,
transport, and recovery are performed. However, as the main aim of RoF technology is
reducing the cost, size, and power requirements of the RAU, a large research effort has
been expended in the development of low-cost devices for this part of the network,
(Mitchell, 2009). Even in some cases, this return path is performed by a simple and mature
wireless communication technique (such as a wireless local area network-WLAN) due to

the low-data-rate nature of upstream transmission, (Yao, 2009).

As noted in Figure 6, the main advantage of RoF systems is the ability to concentrate the
heavy, complex and costly equipment in the CO, thereby the deployment of compact and
simple remote antenna units can be achieved. Furthermore, advantages of optical fibers
such as light weight, immunity to electro-magnetic interference (EMI) and huge bandwidth
allow the distribution of signals of typical wireless systems, regardless of their frequency
bands, over several hundreds of meters. In addition, a low power consumption system
may be achieved through dynamic allocation of resources (power and data on demand)

in time and space, (Trevor, et al., 2013).

2.2.1 Optical transmission techniques

In the literature, simple and complex optical transmission techniques of RoF systems have
been reported. For example, intensity modulation with direct detection (IM-DD) and phase
modulation with coherent detection (PM-CD) are the two techniques most often used to
transport RF (Analog) signals over single-mode fiber (SMF) and multi-mode fiber (MMF),
(Lethien, Loyez, and Vilcot, 2005, Cox, et al., 2006, Lin et al., 2007, Zhu, et al., 2013).
Furthermore, there exist other complex optical transmission techniques such as “all optical
up-conversion” based on advanced configurations of electro-optic Mach Zehnder
Modulators (EO-MZM), and “heterodyne detection” methods based on dual-wavelengths
system, injection locking, dual-mode lasers, and mode-locked lasers, (Guillory, 2012).
Some of these complex techniques have been proposed to generate analog millimeter-
waves used in wireless personal area networks (WPANSs) working at 60 GHz, (Beltran,
Jensen, Llorente, and Monroy, 2011-A, Omomukuyo, Thakur, and Mitchell, 2013). It is

important to mention that the IM/DD optical systems have been widely deployed for
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providing digital optical communications services, (Cox et al., 2006). Therefore, it is
desirable to exploit the preexistent optical fiber infrastructure in order to deploy simple,

low cost and low power consumption RoF-IM/DD systems.

2.2.1.1 Intensity Modulation with Direct Detection (IM/DD)

The IM/DD optical systems use mainly two methods to modulate the output optical power
of a laser diode. In one of these methods, referred as “direct modulation”, the RF (Analog)
signal that would be transmitted over the optical fiber is converted to optical domain by
modulating the injection current of the laser diode. This electrical-to-optical conversion
process can be accomplished due to the linear relationship between the output optical
power and the injection current of the laser. In spite of direct modulation is a very simple
and low cost intensity modulation method, it produces a phenomena known as "frequency
chirp”, which usually broadens the spectral bandwidth of the modulated optical signal and
introduces additional performance degradation when the optical signal propagates
through a dispersive media, (Hui and O’Sullivan, 2009). Typically, direct modulation is
available in frequencies below 10 GHz (although some devices mentioned by
Kaszubowska, Anandarajah, and Barry, 2002, work above 10 GHz). It is important to
mention that if low modulation depth is used then a reasonable performance in terms of
distortion can be achieved, (Mitchell, 2009).
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Figure 7. Direct intensity modulation of a Distributed Feedback (DFB) laser diode. (a) Internal
configuration of a directly modulated laser and (b) transfer function of a DFB laser.

Figure 7 illustrates the operating principle of direct intensity modulation (DIM) of a

Distributed Feedback (DFB) laser. To ensure that the laser diode operates above lasing
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threshold, a DC bias current Ipc is usually required. A bias-Tee combines the electrical
signal, Irr(t), with Ipc to modulate the injection current of the laser diode. The modulation
efficiency is then determined by the slope of the laser diode P-I curve (transfer function).
Therefore, if the P-lI curve has a linear form, the output optical power is linearly

proportional to the modulating current, which can be mathematically expressed by

RC=APout_0pt/AIele (1)
Pout Lb(1)= Rc (Ioc — Itn)+Rc Irr (2)

where I is the lasing threshold current and Rc=APout_opt/Aleie IS the slope of the laser diode

P-1 curve.

As it is well-known an amplitude modulation is a double side band modulation, (Guillory,
2012), therefore the optical spectrum exhibit two adjacent sidebands placed at both sides
of the carrier frequency as depicted in Figure 8. It is important to mention that chromatic

dispersion and the frequency chirp can limit considerably the reach of optical links.
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Figure 8. Optical spectrum of the direct/external intensity modulation (IM) technique.

To overcome the direct modulation constraints, external electro-optic modulators (EOM)
or external electro-absorption modulators (EAM) are often used due to these can provide
high stability, wide frequency modulation bandwidths and zero frequency chirp in high-
speed optical communications systems, (Mitchell, 2009, Guillory, 2012). In this kind of

intensity modulation technique, the laser diode works in a continuous wave (CW) mode
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while the external modulator encodes the RF signal into the optical domain. The external
intensity modulation significantly improves overall performance but requires a dedicated

external modulator, which introduces extra attenuation and, of course, an additional cost.

Figure 9(a) illustrates the internal structure of a single-drive Mach Zehnder modulator
(MZM), which is a simple external EOM. Commonly this device has one input where an
incident optical wave is divided by a 50/50 splitter (Y1) into two beams of equal intensity,
which are guided in the two arms of the MZM. On one of these arms two electrical
electrodes (Vrr and Vpc) are placed to apply an electrical field that introduces a phase
shift on the optical signal, exploiting the Pockels effect of an electro-optic material (e.g.
Lithium Niobate-LinbO3), (Guillory, 2012). This optical phase difference is shifted with
respect to the unchanged state of the other incident optical wave by an amount Ag(V)=
oRF + ¢DC. At the output of the MZM a second coupler (Y2) allows the recombination of
the two beams: the phase shifted and the original optical beam. From here it can be seen
that if the light is in phase (i.e. Ap=0), the output power, Poy, is at a maximum point. If the
light from the two arms is out of phase (i.e. Ap=n), the output power is at a minimum point.
For the case where Y1 and Y2 provide equal splits and the insertion losses are not

considered, then

Pout_mzm = (1/2) Pin[1 + c0s (Ag(t))] = Pin cos?(Ap(t)/2) (3)

and

Agp(t)=r (Vpoc + Vre(t))/Vz =1 (Vmod)/Vx (4)

where V., also known as the half-wave voltage, is the voltage needed to go from maximum
to minimum transmission point (see Figure 9b), Vrr(t) is the voltage of the RF (Analog)
signal and Vpc is the bias voltage mainly used to configure the operation point of the MZM.
In Figure 9(b) three operating points can be noted: the maximum point giving full
transmission, the quadrature (QUAD) point located in the middle of the linear region of the
MZM's transfer function and the minimum point giving the full extinction, (Guillory, 2012).
It is important to highlight that Prias and QUAD points determine the best operating points
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of the DFB laser and MZM’s transfer function, respectively. Therefore these points will be
used in the practical implementations performed in this thesis work.
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Figure 9. External intensity modulation of a Distributed Feedback (DFB) laser. (a) Internal
configuration of a Mach Zehnder modulator (MZM). (b) Transfer function of a MZM.

On the other hand, the IM/DD optical communications systems commonly use spools of
optical fiber to transport signals from a source to its destination. For example, long- and
short-reach optical communications can be implemented using single-mode fiber (SMF)
and multimode fiber (MMF), respectively. Nowadays it would be common to find optical
infrastructure for In-Building applications mostly based on MMF. Nevertheless, bandwidth
and distance limitations caused by modal dispersion can be a serious problem for next
generation Multi-Gigabit optical fiber interconnects. The optical communication systems
based on SMF are attractive because of they can provide long-distances Multi-Gigabit
communications. For this reason, most new fiber installations include at least one SMF in

the cable infrastructure, (Casimer DeCusatics, 2008).

Despite of SMF enables very high-data rate optical communications systems, the
Chromatic Dispersion (CD) parameter can limit their information capacity and
transmission distance. It is well-known that CD is mainly originated by the frequency-
dependent propagation of the light when is transmitted over a dispersive medium such as
SMF. This effect can clearly be observed in IM/DD optical systems when transmit high-
data rate digital signals over several kilometers of SMF. In a practical sense, the intensity
modulated (double side band) optical signal is composed of several spectral components,
which travel at different speeds through SMF. These different propagation speeds can be
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observed at the output of the fiber as broadening in the transmitted signals, which in some
cases can generate intersymbol interference (see Figure 10). In order to remove the
spreading of the optical pulses, dispersion compensation techniques such as dispersion
compensating fibers, electronic dispersion compensation (EDC) components, Fiber Bragg
Gratings (FBG) and digital filters have been implemented, (Kahlon and Kaur, 2014). In
addition, it is common to use Erbium-doped fiber amplifiers to compensate fiber
attenuation in long-range optical fiber communications. It is important to mention that
techniques above mentioned can remarkably improve the system performance against
fiber attenuation and chromatic dispersion effects, however the complexity and cost of

whole system are also increased.
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Figure 10. Impact produced by Chromatic Dispersion in digital optical communications systems.

Commonly, transmission analysis of RF intensity-modulated signals over SMF is
performed considering only fiber attenuation and chromatic dispersion effects. Thus, a

SMF can be modeled by the low-pass equivalent of its optical transfer function given by

H(f)=exp[@]xexp(_?|‘} (5)

where L is the fiber length, f is the low-pass equivalent frequency, 1 is the operating
wavelength of the diode laser, D is the dispersion parameter, c is the speed of light in
vacuum, and ao is the fiber power attenuation coefficient, which can also be expressed in

dB using ads=4.34a0, (Hui and O’Sullivan, 2009). Figure 11 shows several plots of the



24

SMF'’s transfer function obtained by evaluating Equation 5 with typical values of a standard
SMF (that is, D=17 ps/km-mm and aqs= 0.2 dB/Km) when the optical source of the IM/DD
system is emitting light at 2 =1550 nm. All these plots show several link length-dependent
nulls at specific frequencies. These “power nulls” show the chromatic dispersion effect,
which as mentioned limit the information capacity and transmission distance in the IM/DD
systems. For example, in Figure 11(a), the first null for 10-km fiber length plot is located
at 19.16 GHz whereas for 40-km this power null appears at 9.58 GHz. These two plots
show clearly that there exist a reduction by about 10 GHz in the maximum theoretical
bandwidth of the IM/DD system. While this bandwidth reduction would not affect the
transmission of RF signals working at 2.4 GHz and 5 GHz, this could limit the distribution
of ultra-wideband (UWB) signals, which is an important topic in this thesis work.
Furthermore, it can also be seen from Figure 11(b) that signals with frequencies below 10
GHz could be propagated over significant SMF lengths. However, propagation of
millimeter waves are severely limited. For example, RF signals at 40 GHz and 60 GHz are
restricted at 2-km and less than 1-km respectively. Therefore, it is necessary to consider
those alternatives reported by Beltran et al., (2011-A), Guillory, (2012), and Omomukuyo
et al., (2013) in order to overcome this issue.
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Figure 11. Impact produced by Chromatic Dispersion in analog optical communications systems.

Finally the photoreceiver of an IM/DD optical system has the purpose to convert the optical
signal into electrical domain and to recover the transmitted data. The typical optical
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receiver configuration can consist of a front-end stage, a linear channel stage, and data
recovery stage, (Djordjevic, Ryan, and Vasic, 2010). The interconnection between the

three different stages is illustrated in Figure 12.
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Figure 12. A typical direct detection receiver architecture.

The front-end stage consists of a photodetector and a preamplifier. The photodetector
works as a square-law optoelectronic transducer that generates an electrical signal,
Iphoto(t), Which is proportional to the square of the instantaneous optical field, Ei(t),
impinging on its surface. The preamplifier most commonly used are the high-impedance
front-end amplifier and transimpedance front-end amplifier, both are shown in Figure 13.
Important characteristics of high-impedance amplifiers are their good receiver sensitivity,
however, the bandwidth in this scheme is low because the RC constant is large (this is
due to in these schemes a large value of load resistance to reduce the level of thermal
noise is used). On the other hand, transimpedance amplifier can provide both high
receiver sensitivity and large bandwidth. Even though the load resistance is high, the
negative feedback reduces the effective input resistance by a factor of G-1, where G is

the front-end amplifier gain, (Djordjevic et al., 2010).

The linear channel in optical receivers consists of a high-gain amplifier and a low-pass
filter. An equalizer is sometimes included just before the amplifier to deal with residual
intersymbol interference (ISI). The amplifier gain is controlled automatically to limit the

average output voltage to a level irrespective of the incident average optical power at the
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receiver. The low-pass filter shapes the voltage pulse. Its purpose is the reduction of noise
without introducing much intersymbol interference (ISI).
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Figure 13. Optical receiver front-end schemes. (a) high-impedance front-end and (b) transimpedance
front-end.

The data-recovery stage consists of a decision circuit and a clock recovery circuit. The
main purpose of clock recovery circuit is to provide timing for decision circuit by extracting
the clock from the received signal. The clock recovery circuit is most commonly
implemented using the phase-lock loop (PLL), (Djordjevic et al., 2010). The decision circuit
compares the output from the linear channel to a threshold level, at sampling times
determined by the clock-recovery circuit, and decides whether the signal corresponds to
bit 1 or bit 0. The best sampling time corresponds to the situation in which the signal level

difference between 1 and 0 bits is maximum.

For simplicity, the front-end amplifier and the electronic processing (linear channel stage
and data recovery stage) is modeled as an ideal, noiseless, unity-gain electronic amplifier

that present a load of Rj ohms to the photodetector such is illustrated in Figure 14.
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Figure 14. Simplified Direct Detection Receiver (Alexander, 1997).
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Considering the analysis performed in (Alexander, 1997) the ipoto(t) can be obtained by
iphoto(t)= R Ei(t)*= R Pou(t) (6)
where ‘R is the photodetector responsivity, which is defined as the photocurrent

generated per unit incident optical power (i.e. this parameter determines the photodetector

efficiency). With A in um, R is expressed as

_ AU A7,
he  1.24

R (7)

where h is the Planck’s constant, c is the speed of light 4 is the wavelength of the emitted
light, g is the electronic charge and 7qe is the quantum efficiency of the detector’s material
composition. The responsivity of a PIN photodetector is always less than unity and a graph
showing typical responsivity values for different PIN photodetectors is depicted in Figure
8.3(b) of (Senior, 2009). From this figure high responsivity values of 0.9 A/W at signal
wavelengths of 1.30 ym and 1.55 pm for InGaAs photodiode can be observed. Therefore
photodetectors built with this alloy are preferred for implementing high-speed optical

communications systems.

2.2.2 Radio over Fiber architectures

Radio over Fiber (RoF) technology allows RF signals distribution from a Central Office or
Central Node (CO/CN) towards Remote Antennas Units (RAUSs) using fiber-optic access
network architectures. Basically, three architectures (see Figure 15) may be deployed for
RoF technology: point-to-point, active star (point-to-multipoint) and passive star (point-to-

multipoint), (Koonen, 2006).

In point-to-point architectures, individual fibers are deployed to distribute RF signals from
the CO to RAUs. Therefore, many fibers are needed, which entails high first installation
costs, however also provides most flexibility to upgrade services for customers

individually, (Koonen, 2006). As an example, Figure 16 shows the two-way
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communication link (downlink and uplink) antenna remote point-to-point architecture that
use the IM/DD technique to transport RF signals. Figure 16(a) shows as the downlink and
uplink communications are performed by using two optical fibers for each one. Figure
16(b) shows as one optical fiber can be used in this architecture adding optical circulators

and laser diodes with different wavelength.
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Figure 15. Radio over Fiber architectures. (a) Point-to-Point, (b) Active point-to-multipoint (star) and
(c) Passive star.
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Figure 16. Optical configuration of a point-to point RoF architecture. The optical channel can be
formed by (a) two independent optical fibers or (b) by using one fiber, two optical circulators and
laser sources with different wavelength.
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As previously discussed, chromatic dispersion (CD) is an impairment present in the single
mode fiber (SMF) that limits the length of optical fiber links and maximum data rate in the
optical communications system. The impact produced by CD is considerably greater for
millimeter-wave signals (e.g. 40 GHz and 60 GHz) than signals below of 10 GHz.
Therefore, base band (BB) signals and/or intermediate frequency (IF) signals transmitted
over SMF schemes are also considered in the literature. Figure 17 shows a BB/IF over
fiber system operating in point-to-point architecture. Note as additional components (e.g.
mixers and a local oscillator-LO) are implemented within of the RAU in order to set the
transmitted signal on the final frequency. The addition of these components increase the
cost and power consumption of RAUs. However, long-distances and high data-rates
communications could be achieved because of the CD effect is minimum at low

frequencies (see Figure 11).
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Figure 17. Optical configuration of a point-to-point architecture for transmitting base band (BB) and
intermediate frequency (IF) signals.

As an alternative to the scheme presented in Figure 17, works presented by Mitchell
(2009), Beltran et al. (2011-A) and Omomukuyo et al. (2013) take advantage of optical
heterodyne detection methods to generate and transmit millimeter-wave signals.
Basically, this method employs two laser diodes emitting light at different wavelengths
over the SMF. One laser diode is modulated with the baseband signal or intermediate
frequency signal while the other one, called local oscillator laser or reference laser, emits
a continuous optical wave. At the output of the photodetector, the original signal (BB or
IF) mounted on a millimeter-wave carrier is obtained. This can be achieved due to the
optical beating produced between these two wavelengths. The frequency oscillation of the
electrical carrier generated at the output of the photodetector is determined by the
frequency difference between both wavelengths. Note that optical heterodyning can

remove electrical millimeter-wave oscillators at the RAU. However, implementation costs
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can be greater than those schemes represented in Figure 17 because of several optical
components such as two lasers, optical power combiners, and a high-bandwidth
photodetectors are required, (Guillory, 2012).

In active point-to-multipoint (star) architectures only a single feeder optical fiber is used to
carry all traffic from the CO/CN to an active node close to the end users, where a specific
number of individual fibers are deployed towards each cabinet/home/building, (Koonen,
2006). This architecture reduces significantly implementation costs. Nevertheless, the
active node needs powering and maintenance. The active node may be located in a
cabinet at the street curb site, or in the basement of buildings, where the communication
traffic is distributed throughout a distributed antenna system (DAS), (Cooper, 1990, Fye,
1990). Typical examples showing this architecture can be observed in Figure 5 and Figure
6. As in the previous case, the transmission of RF signals in these schemes can be
performed using IM/DD and/or remote heterodyne detection techniques. On the other
hand, in passive star architectures the active node of the active star topology is replaced
by a passive optical power splitter/combiner that feeds the individual short branching
fibers to the end users. In addition to the reduced installation costs of a single fiber feeder
link, the completely passive nature of the architecture avoids the powering and
maintaining active equipment costs, (Koonen, 2006). In recent years, this architecture has

become very popular because of the introduction of passive optical networks (PON).

In this thesis work are considered point-to-point architectures such those shown in Figure
16 and Figure 17 due to its simplicity and easy integration with next generation fiber-optic
access networks.

2.2.3 Radio over Fiber application areas

As previously mentioned, two of the first applications of Radio over Fiber (RoF) technology
were analog CATYV signal distribution and cellular antenna remoting for outdoor service,
(Cooper, 1990, Fye, 1990, Chiddix et al., 1990). In the latter case, cellular radio systems
based on RoF systems for in-building (indoor) applications have been widely studied and
commercially implemented over the last decade, (Wake, Nkansah, and Gomes, 2010,
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FierceWirelessTech, 2013). Nowadays, it is common to find commercial distributed
antennas system (DAS) solutions deployed by carriers, neutral-host third-party providers
and building owners supporting multiple wireless services, such as 2G, 3G, Long Terminal
Evolution (LTE) and WiFi standards (e.g. IEEE 802.11 a/b/g/n) on a single DAS platform,
(FierceWirelessTech, 2013). This ability to transmit different wireless signals over the
same optical link is attractive for network operators because of they can increase
considerably the network capacity and to reduce the cost per bit delivered. By these
important reasons, distributed antenna systems have also been installed in shopping
malls, city centers, airports, convention centers, sports venues, warehouses, factories,
hospitals, underground subway stations, and other places where traditional radio cellular
systems have not been successful because of difficult zoning, cost constraints or other
barriers to entry, (Wake et al., 2004, Mitchell, 2009, Wang et al., 2012).

The passenger rail transport (high-speed, regional and commuter) and heavy rail freight
transportation are other two promising applications areas where RoF-DAS would be able
to provide broadband Internet access to passengers, (Wang et al., 2012), and precise
train location to LOCOTROL systems, (Yuan and Wu, 2014). For example, a commercial
solution proposed by VialLite communications can provide wireless services such as
TETRA, GSM-Rail, VHF/UHF and GPS along several kilometers of the railway track, even
when the train travels across tunnels and urban canyons, (VialLite, 2016). On the other
hand, broadband wireless communications for High Speed Train (HST) systems using
RoF-DAS is an open research area because of some of the important issues such as
delay spread, delay effect on Medium Access Control protocols, RoF link performance,
RoF for in-train communications and the system's ability to respond to fast hand-over rates

(e.g. times less than 1 second) have not been completely addressed, (Wang et al., 2012).

Furthermore, wireless personal area networks (WPANS) is an important application area
where RoF technology will be able to provide both narrowband and broadband wireless
services to fixed and mobile end-users. For example, clouds of low data rate (LDR)
wireless sensor networks (WSNSs) interconnected by RoF architectures (RoF-WSNs) will
play a leading role within of the called “smart cities” covering several applications areas

such as water distribution systems, electricity distribution systems, intelligent



32

transportation systems (ITS), health-care systems, smart buildings, monitoring bridges
and seismic, environmental monitoring, among others (Trevor, et al., 2013, Hancke, Silva,
and Hancke, 2013). From here, it is worth mentioning that because of properties such as
low complexity, low cost, ultra-low power consumption, robustness against severe
multipath fading, and very good time-domain resolution, impulse radio ultra-wideband (IR-
UWB) technology will be a key enabler for LDR-WSN deployments, (Zhang et al., 2009-
A). On the other hand, itis expected that high data rate (HDR) RoF-WPANSs will be working
like broadband wireless service providers where a RAUs would be installed. For example,
in new generation Home Area Networks, RoF architectures deployed inside of a house
will enable very high throughput (VHT) wireless services (e.g. broadband internet,
uncompressed/lightly compressed multimedia wireless streaming, sync data/file transfer,
etc.) to any wireless smart-device located in any room using MB-OFDM UWB or 60 GHz
wireless technologies, (Guillory, 2012). In this context, several research works have
recently considered the transmission of IR-UWB signals extended by RoF architectures
in order to provide a cost-effective technological solution to address the ever-growing
demand of broadband wireless services for indoor applications, (Yao, 2009). As noted,
RoF is a highly promising technology that will be used as optical backhaul network for
transporting enormous quantities of data generated in the next generation (5G) wireless

broadband connections, (Lannoo, et al., 2015).

2.3 Impulse-Radio Ultra-Wideband (IR-UWB) systems

As mentioned in previous subsection, ultra-wideband (UWB) radio has recently been
considered as a promising candidate to meet the ever-growing demand for wide
bandwidth and high data rate in the future wireless personal-area networks (WPANS),
(Yao, 2009). Furthermore, due to inherent properties such as low cost, ultra-low power
consumption, robustness against severe multipath fading, and very good time-domain
resolution, UWB technology has also been considered as a key enabler for low data rate
(LDR) wireless sensor networks (WSN) deployments, (Zhang et al., 2009-A).

At early of last decade, the Federal Communications Commission (FCC) in its 2002
Report and Order, defined as UWB signal to any radio frequency energy intentionally
radiated having a bandwidth (BW) wider than 500 MHz measured at -10 dB in the power
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spectral density (PSD) of the UWB signal. Furthermore, UWB signals can also be defined
by its fractional bandwidth (FBW) which must be larger than 20%. The FBW is obtained

by

rew=2 =T (8)
(fH + fL)

with fy and fu pointing out the upper and lower emission points, respectively. Note that due
to the FCC definition is based upon spectrum occupancy and is not linked to a particular
transmission technology, different kind of UWB signals could be achieved. However, as
defined in Chapter 1, this work is focused on the Impulse Radio (IR) UWB deployments.

Traditionally, the IR-UWB systems use low power and ultra-short time pulses Gaussian
shape (on the order of hundreds of picoseconds) to convey information, (Win and Scholtz,
1998, Win and Scholtz, 2000, Aiello and Rogerson, 2003, Di Benedetto and Giancola,
2004, Roy et al., 2004, Di Benedetto et al., 2006, Arslan et al., 2006, Ghavami et al.,
2007). These pulse width times result in very wideband transmission bandwidths allowing
the implementation of high-data rate IR-UWB systems. For example, a pulse duration of

250 ps can generate a pulse repetition frequency (PRF) of 4 Giga pulses per second

(Gpps).

In most of the IR-UWB approaches reported in the literature indicate that several
consecutive pulses are normally used to transmit one data symbol. This pulse repetition
scheme (which can also be interpreted as a simple repetition block code) increases the
total symbol power and also improves the bit error rate (BER) performance of the system.
Nevertheless, the use of this scheme can imply decreasing the system’s data rate. In
addition, from the coding theory point of view, the repetition block code (RBC) is not as
good as other coding schemes such as the convolutional codes (CC), (Lin and Costello,
1983, Proakis, 1995). Therefore, in several works have proposed these CC for IR-UWB
systems, instead of the “RBC”, mainly to improve the system’s BER without increasing
the transmit power, (Forouzan and Abtahi, 2003, Nasiri-Kenari and Shayesteh, 2005,
Pietrzyk and Weber, 2005). In addition, as it has been demonstrated by Villarreal-Reyes
(2007) a specific set of these CC can suppress spectral lines in the PSD of IR-UWB
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signals. For that reason this research work also considers the analysis of the
convolutionally coded IR-UWB signals. This analysis is well explained in (Villarreal-
Reyes, 2007). Furthermore, in the following discussion and chapters the terms “non-
coded” and “non-convolutionally coded” will be used for IR-UWB systems employing

the pulse repetition/RBC.
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Figure 18. Several modulation schemes for an IR-UWB signal using the 5th order derivative of a
Gaussian pulse. Tgis the PPM modulation index and Tris the mean repetition time between pulses.

The non-coded and convolutionally coded pulses normally are modulated by some of the
several modulation schemes proposed for IR-UWB systems such as pulse position
modulation (PPM), pulse amplitude modulation (PAM), binary phase shift keying (BPSK),
biorthogonal PPM (BOPPM) and pulse shape modulation (PSM). As an example, Figure
18 shows the modulation schemes that will be used in this thesis work: binary PPM
(BPPM), BPSK, and quaternary BOPPM (Q-BOPPM) with Gray mapping. These
modulations schemes offer advantages and disadvantages in terms of BER performance,

complexity and PSD characteristics of the signal, (Villarreal-Reyes, 2007).
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Finally, the modulated IR-UWB pulses can be multiplied by periodic or random Time-
Hopping (TH) and/or Direct sequence (DS) spreading codes in order to shape spectrally
the IR-UWB signals and/or to provide multiple access characteristics for UWB
transmissions, (Win and Scholtz, 1998, Win and Scholtz, 2000, Aiello and Rogerson,
2003, Di Benedetto and Giancola, 2004, Roy et al., 2004, Di Benedetto et al., 2006, Arslan
et al., 2006, Ghavami et al., 2007). A block diagram of a typical implementation for a non-

coded and convolutionally coded IR-UWB system is shown in Figure 19.
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Figure 19. Block diagram of a non-coded and convolutionally-coded IR-UWB transmitter. yi is the
binary data stream introduced to the repetition block encoder (RBE) or the convolutional encoder
(CE); z1is a code vector with Nw elements all equal to yi for the RBE case and not necessarily equal
to yiwhen a CE is used.

2.3.1 Non-coded Time Hopping IR-UWB signal model

A generic signal model for a typical non-coded IR-UWB system including orthogonal,
antipodal and biorthogonal modulation formats with TH and DS mechanisms was
described by (Villarreal-Reyes, 2007)
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where wry(t) and wrx(t) are the transmitted and received pulses respectively, {a} and {5}
are the PAM and PPM data streams and Ny is the number of transmitted pulses per data
symbol. The pseudo-random (PR) TH sequence {ci,+} takes values on the set
{0,1,2,...,Nc—1} with period y.. The Twtx and Twrx are the pulse duration of the transmitted
and received pulses, respectively. Tris the mean repetition time between pulses, Tsis the

symbol time (Ts = NwTr), Tz is the PPM modulation index and T is the nominal shift caused
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by the PR-TH sequence. In order to take into account the impact of the wireless
transmission in the signal model, zrepresent the propagation delay and n(t) the additive

noise.
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Figure 20. Pulse positions for two TH-IR sequences. ¢ and ¢® are two different PR-TH sequences.
Tris the mean repetition time between pulses, Tcis the nominal shift caused by the PR-TH sequence
and xc is the period of the PR-TH sequence.

Figure 20 shows the data transmission of two IR-UWB users using different TH codes. It
can be seen as different time slots are chosen according to the TH code to convey
information. This latter fact allows the reduction of the multiple access (MA) interference
in a multiuser scenario. Note that several modulation schemes such as PPM, pulse
amplitude modulation (PAM), On-Off Keying (OOK) and PAM/PPM can be modelled using
Equation (9). This can be achieved by setting o and g parameters. For example, if M-ary
PPM is considered, then o=1 and g will take values on the set {0,1,2,...M—1}. It is
important to mention that in this research only orthogonal M-ary PPM will be considered.
For that reason, in order to avoid intersymbol interference (ISI), Tz > max(Twrx, Twrx), Tc >
Ts, and Tr > NcTc will be assumed. On the other hand, if BPSK is considered then o €{-
1,+1} and 41=0 in contrast for M-ary BOPPM will be used a ¢{-1,+1} and pi € {0,1,...,(M/2)-
1}, (Zhang and Gulliver, 2005).

2.3.2 Non-coded Direct Sequence IR-UWB signal model and non-coded Mixed
TH/DS IR-UWB signal model

In the direct sequence (DS) IR-UWB systems the pulse amplitude is multiplied by a
pseudo-random (PR) sequence which is linked to each user in the network, (Foerster,
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2002, Boubaker and Letaief, 2003, Di Benedetto and Giancola, 2004). Thus, a typical non-
coded DS-IR-UWB signal can be described by
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where {an,+} is a PR-DS sequence with period ya, which usually takes values within the
set {-1,+1}. The sequence {an,+} is hormally used for multiple access purposes as in
traditional code division multiple access (CDMA), (Villarreal-Reyes, 2007). However, it
can also be used to improve the spectral properties of the transmit signal, (Nakache and
Molisch, 2006). It is important to mention that DS-IR UWB systems could provide data
rates greater than TH-IR UWB systems. This is due to T, can be set just slightly larger
than max(Twrx, Twrx), unlike of TH-IR UWB systems, which entirely depends on T, > NcTe.
A typical DS-IR-UWB signal is shown in Figure 21.
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Figure 21. Typical Direct Sequence (DS) IR-UWB signal. {a} is the PAM data stream, {Nw} is the
number of transmitted pulses per data symbol, Tris the mean repetition time between pulses, Tsis
the symbol time and ya is the period of the PR-DS code {ainw-+}.

On the other hand, a mixed TH-DS IR-UWB signal can be defined as
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In this case each parameter in Equation (11) can be set to fulfil a specific design
requirement. For example, Gezici, Kobayashi, Poor, and Molisch (2005), have reported
the use of TH sequence for multiple access purposes whereas the DS code is used to

smooth the signal’s PSD.

2.3.3 Convolutionally coded TH/DS-IR UWB signal model

Convolutional codes are widely used in digital communication systems to improve bit error
rates, (Lin and Costello, 1983, Proakis, 1995). In fact, they are used to protect the
transmitted digital data from channel induced impairments. Therefore, it is likely that
several practical UWB systems will include some sort of convolutional coding for forward
error correction (FEC) purposes, (Forouzan, Nasiri-kenari, and Salehi, 2002, Forouzan
and Abtahi, 2003, Nasiri-Kenari and Shayesteh, 2005, Reggiani and Maggio, 2006,
Zeinalpour-Yazdi and Nasiri-Kenari, 2006, Villarreal-Reyes, 2007). As an example, the
IEEE802.15.4-2011 standard, which implements UWB technology in one of its PHY
layers, also includes FEC mechanisms based on a Reed Solomon (RS) encoder

concatenated to a rate 1/2 convolutional encoder.

The signal model for convolutionally coded TH/DS-IR UWB systems analyzed in this

thesis work can be represented as (Villarreal-Reyes, 2007)

X =D, > A Uy Wi (U= 1T, =KT, = Cyy T = B, Tj)
(12)
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where a1 include all possible states of the joint source-encoder (SE) pair stochastics
process proposed by Villarreal-Reyes (2007), which can be classified as Moore type
(within the definition adopted for finite state sequential machines); N, is the total number
of states of this joint SE pair, which can be determined by both the number of memory
elements, v, of the binary convolutional encoder (CE) and the data source implemented
in the IR-UWB system. As an example, N,= 2Nq=2(2%)=32 states can be generated if a
binary data source (BDS) and a CE with v=4 are implemented. Furthermore, ooy and
B are, respectively, the kth PAM and PPM variables used for the transmission of the I
joint SE pair output vector, z=[z©, 2Y,..., z*"Y], where « indicates the number of binary
CE outputs. As noted, if z; is suitably mapped to aq  and Sa « Several modulation schemes
could be represented. As an example, the output vector, z=[z/?, V], generated by a rate
1/x=1/2 CE could drive a Q-BOPPM modulator using ao,=221? -1 and e, =z/Y) to change

the pulse polarity and pulse position, respectively.

On the other hand, a signal model for convolutionally coded M-PPM IR-UWB systems can

be represented as
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where fa €{0,1,...,M-1} is the ki M-ary transmitted symbol when the encoder is in state
o1. In this scheme, if the same rate 1/2 CE is used, a Quaternary PPM modulator could
be employed. That is, the value of Bo,={z1?, 2} would determine one of the 4 time slots,

{0,1,2,3}, of a Quaternary-PPM symbol.

2.4 Spectral masks and the importance of spectral shaping in IR-UWB
systems

As mentioned the UWB signals occupy a very large part of the limited radio spectrum (>
500 MHz). Therefore the FCC in its 2002 Report and Order has also established power
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limits in form of spectral masks. The aim of these spectral masks is to enable the
harmonious coexistence between UWB systems and traditional wireless systems such as
Global Position Systems (GPS), digital TV, WiFi, Bluetooth, Zigbee, WiMax, 2G/3G/LTE
mobile communications systems, satellite communication, and various systems deployed
for government applications, such as digital broadband radio working in the public safety
band, (Wong and Lau, 2008). We term all these typical wireless systems as narrowband
(NB) systems referring to their bandwidth compared to that of UWB. In Table 1 and Figure
22 the average emission limits for UWB signals as specified by the U.S. FCC for indoor
and outdoor applications are presented, (FCC, 2002). These average emission limits are
given in terms of effective isotropic radiated power (EIRP) in dBm considering 1 MHz
resolution bandwidth (RBW), root mean square (RMS) average detector and average time

of 1 ms or less.
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Figure 22. FCC UWB spectral masks for (a) indoor and (b) outdoor applications.

Table 1: Spectral masks for UWB average emission limits in terms of EIRP in dBm/MHz established
by the Federal Communications Commission (FCC).

Power levels in terms of EIRP (dBM/MHz)
Frequency band (GHZ)

Devices for indoor applications Devices for indoor applications
0.000009-.960 -41.3 -41.3
0.960-1.610 -75.3 -75.3
1.610-1.990 -53.3 -63.3
1.990-3.100 -51.3 -61.3
3.100-10.600 -41.3 -41.3
10.600-22.000 -51.3 -61.3

22.000-31.000 Vehicular spectral mask
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Figure 23. Comparison between the FCC UWB spectral mask for indoor communications systems
and simulated PSD of a binary PPM IR-UWB signal. The 3rd derivative Gaussian pulse was used with
pulse duration Tw=0.4 ns. The transmit power of the PSD signal plotted in (b) was reduced 10 dB to
meet with the spectral mask. No TH was used in both signals.
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Figure 24. Comparison between the FCC UWB spectral masks for indoor communications systems
and the simulated PSD of a binary PPM IR-UWB signal using: (a) an ideal (perfectly random) TH code
distributed over the set {0, 1, 2, 3, 4} and (b) an ideal (perfectly random) DS code taking values of the
set {+1,-1}.The signals have the same base parameters (e.g. transmit power and data rate) as the
signal used to obtain Figure 23(a).

As it can be seen in Figure 22, both indoor and outdoor FCC spectral masks allow the
transmission of IR-UWB signals with a maximum power spectral density (PSD) of -41.3
dBm/MHz over the frequency interval 3.1-10.6 GHz. On one hand, the available 7.5 GHz
bandwidth enable the implementation of High Data Rate (HDR) IR-UWB systems using

affordable microwave wireless technology rather than expensive millimeter-wave
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components (e.g. amplifiers and local oscillators) commonly used for implementing 60
GHz UWB systems. On the other hand, the very low PSD levels implies a tradeoff in terms
of transmission distance and HDR communications. Therefore, in order to maximize the
spectrum usage of these FCC spectral masks in terms of both bandwidth and power
allowed, whilst the interference effect from/to narrowband users is minimized, the IR-UWB

systems shall implement spectral shaping methods.

In order to see the importance of these spectral shaping methods, let us consider a
simulated PSD of an IR-UWB signal using binary pulse position modulation (BPPM)
without time hopping (TH) or DS multiplication multiple access formats. This signal and
the FCC spectral mask for indoor environments (see Figure 22a) are plotted in Figure 23.
It can be seen in Figure 23(a) that this signal does not comply with the spectral mask
because of strong spectral lines spaced at 200 MHz intervals infringes the region of the
GPS and aeronautical radio navigation systems (i.e. from 0.960 GHz to 1.610 GHz). As it
is well-known, the spectral lines that appear in the PSD of a baseband signal are due to
deterministic elements present in the signal; the modulation format used, or/and the
statistics of the data stream. Thus, in order to adjust this PSD under the indoor FCC
spectral mask, spectral shaping methods based on TH codes and/or DS codes could be
implemented. The comparison between the simulated PSD of the BPPM IR-UWB signal
using an ideal TH sequence uniformly distributed over the set {0, 1, 2, 3, 4} and the indoor
spectral mask are shown in Figure 24(a). It can be seen that the inclusion of this ideal
time hopping sequence enables the compliance with the FCC regulation without reducing
the signal’s transmit power. If this TH sequence is not used, a reduction of more than 10
dBm/MHz must be done in order to meet with the spectral mask (see Figure 23-b). In
addition, note how the inclusion of the TH sequence also reduces the number of spectral
lines, as they now appear spaced at 1 GHz intervals. On the other hand, when a DS code
based spectral shaping method is included in the signal, a spectral line free (SLF) PSD
could be achieved. The comparison between the simulated PSD of the BPPM IR-UWB
signal using an ideal (perfectly random) DS multiplication taking values within the set {+1,-
1} and the indoor FCC spectral mask are shown in Figure 24(b). It can be seen that this
SLF PSD fits completely under the spectral mask, even the transmit power could be

increased in order to improve the system’s BER. Comparing both spectral shaping



43

methods, it is clear that the inclusion of a DS spreading code for randomizing the pulse
polarity in the BPPM IR-UWB signal offer better performance than the inclusion of the TH
sequence. According to the spectral analysis performed by Villarreal-Reyes (2007), the
complete elimination of the discrete part of the PSD can only be achieved when the
expected value of the DS code becomes zero, which occurs if this sequence is perfectly
random (that is, independent identically distributed with uniform distribution).
Nevertheless, the use of perfectly random TH and/or DS codes is only an idealization that
in practical implementations is addressed by generating a pseudo-random (PR) TH
sequence with extremely long period. The use of extremely long period increases the
transmitter and receiver complexity without provide significant BER performance
improvements (when comparing systems with the same transmit power). Therefore, the
inclusion of any of these two spectral shaping methods in IR-UWB systems would require

a compromise between complexity and number of spectral lines eliminated in the PSD.

On the other hand, it is important to mention that there exist other spectral masks
established by international frequency body regulators around the world. For example, in
Europe the European Conference of Postal and Telecommunications
Administrations/Electronic Communications Committee (CEPT/ECC) and in Asia the
Ministry of Internal Affairs and Communications (MIC) of Japan, the Ministry of Industry
and Information Technology of China, Infocomm Development Authority of Singapore
(IDA) and the ministry of information and communication of Korea have issued spectral
masks more restrictive than those established in North America countries (e.g. the in U.S.
FCC and the Spectrum Management and Telecommunications program in Canada), (Kim,
Leem, Kang, and Lee, 2008, Rahim, 2010, Fernandes and Wentzloff, 2010). Even
additional mitigation methods such as detect and avoid (DAA) and Low Duty Cycle (LDC)
must be implemented in order to provide extra protection for aeronautical radio
communication systems, satellite (downlink) communications services and radiolocation
systems, (Zhang et al., 2009-A, Fernandes and Wentzloff, 2010). Figure 25 summarizes
the frequency bands for different countries in which UWB wireless communication is
allowed at a level of -41.3 dBm/MHz. From these regulations, it can see that the frequency
interval 7.25 GHz to 8.5 GHz is the only common spectrum. It should be noted that this

could be one of the main obstacles for successful deployment of UWB devices in the mass
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market. Bearing this in mind, some of the important standardization organizations such as
the IEEE LAN/MAN Standards Committee and the ECMA International have established
frequency band plans in order to support the transmission of UWB signals within
worldwide spectrum regulations. For example the IR-UWB-PHY of the LDR-WPAN
standard, (IEEE Std. 802.15.4-2011, 2011), supports sixteen UWB channels with a
bandwidth from 499.2 MHz to 1354.97 MHz defined in three sub bands below 10.2 GHz.
Figure 26(a) shows a graphical representation of all these channels. As it can be seen,
the channels 4, 8 and 9 could be worldwide accepted. For the case of standardized HDR-
WPANSs working within the FCC UWB frequency band (from 3.1 GHz to 10.6 GHz), the
ECMA-368 standard, (ECMA-368, 2008), which is based on in the MB-OFDM UWB PHY
layer proposed in the IEEE802.15.3a standard (now disbanded), divide the UWB
spectrum into fourteen channels with a bandwidth per channel equal to 528 MHz. Note in
Figure 26(b) as the first 12 channels are grouped into 4 band groups consisting of 3
channels each one. The last two channels are grouped into a fifth band group. A sixth
band group is also defined within the spectrum of the third and four band group. As it can
be seen, both frequency division approaches can ensure that at least one of the channels

shall be supported within the worldwide UWB spectrum regulations.

E-_____: Detect and Avoid Low Duty Cycle

Countries Max mean EIRP density: -41.3 dBm/MHz Year

New Zeeland : 2015
Singapore 3.45- : 4.2@ 2011
China "i“;.-z." w1 7 2011
Europe [ 77;.72--- .-1 ‘ ! 2008
S Korea E:::T::::::: i 1 1 - 2006
Japan -;.;E-T ------- 2006

h

3.1 36 46 5.6 6.6 7.6 8.6 96 106

Figure 25. UWB intended bands for communication in different regions.
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Figure 26. (a) Band plan for IEEE802.15.4-2011 and (b) band plan for ECMA-368.

In addition, it is important mentioning that worldwide compliant HDR-WPANs based on
ultra-short time pulses can also be achieved by mixing rectangular or Gaussian UWB
pulses with a sine wave (local oscillator) set to the central frequency of interest such as is
reported by (Fernandes and Wentzloff, 2010, Colli-Vignarelli and Dehollain, 2011-A,
Thotahewa, Redoute, and Yuce, 2014).

2.5 Spectral shaping of IR-UWB signals by convolutional codes.

As mentioned in the previous section, for appropriate spectrum overlay, the local
regulators impose spectral masks that strictly constrain the power spectral density (PSD)
of a UWB signal, (FCC, 2002, Arslan et al., 2006, Kim et al., 2008, Rahim, 2010,
Fernandes and Wentzloff, 2010). Thus, in order to maximize the usage of these spectral
masks in terms of both bandwidth and power allowed, whilst the interference effect from/to
narrowband users is minimized, the IR-UWB systems shall implement spectral shaping
methods such as those provided in Table 2. Most of the information provided in this table,
which shows a summary of the advantages and disadvantages of each proposed spectral
shaping method for IR-UWB systems, was brought from subsection 2.5.5 of Villarreal-
Reyes (2007). The comments regarding the spectral line elimination capabilities of each
scheme were made taking as reference the spectral line content of a periodic signal like

that shown in Section 2.4 of the same reference.
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As it can be seen in Table 2, the spectral shaping method based on Convolutional Codes
(CC) with convenient PSD characteristics provide both good bit error rate (BER)
performance and improved PSD characteristics, (Villarreal-Reyes, 2007). This method
can eliminate a significant numbers of spectral lines in time hopping (TH) pulse position
modulated (PPM) IR-UWB systems using the namely spectral line suppressive (SLS)-CC.
On the other hand, total spectral line elimination in the PSD can be achieved by using the
spectral line free (SLF)-CC with binary phase shift keying (BPSK) or biorthogonal PPM
(BOPPM) IR-UWB systems. Furthermore, these important characteristics are kept even
when the binary data stream at the encoder input is generated by an unbalanced binary
data source (that is, the data stream does not consists of uniformly distributed i.i.d. binary
random symbols). This is an important advantage because of not all the data sources or
compression algorithms found in practical systems generate perfectly random binary data
streams which certainly would generate spectral lines in the PSD. Thus, the inclusion of
a spectral shaping method for suppressing spectral lines generated by periodic

components present in the signal is more attractive than those methods requiring

extremely long period scrambling sequences to design compliant IR-UWB systems.

Table 2. A comparison

of spectral shaping mechanisms for IR-UWB signals.

Spectral
Shaping method

Main
Characteristic

Advantages

Disadvantages

The pulse energy

The pulse EDS can be
designed for maximum
spectral mask utilization.

The pulse shape may be
distorted by the antenna and
channel. Thus the EDS of the
radiated pulse may differ from

can be used to
eliminate spectral
lines or generate

notches in the PSD.

Can be used to generate
several notches in the PSD
simultaneously

Pulse Shape density spectrum ;
Based Spectral (EDS) determines e Can be used to implement the intended EDS.
Shapin the overall PSD orthogonal signaling. .
pIng shape g g g e Can not be effectively used to
' « Can be used to produce eliminate spectral lines in the
notches in the PSD. PSD.
e To maximize the amount of
The TH sequence spectral lines eliminated the TH
can be used to o |f the TH sequence is f:r?gsrrrl,ce must be perfectly
eliminate spectral assumed to be perfectly ’
lines or generate random, then a significant . ]
TH Code notches in the PSD. number of spectral lines can ¢ z;]t?e%rfglerlac?r?n O;r?o-cli-?si?:dheﬂgth
Based Spectral be eliminated in the PSD. it approa}éhesgapperfectly random
Shaping The TH sequence

sequence) complicates the
transmitter and receiver design.

For most practical
implementations some spectral
lines remain in the PSD.
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Spectral
Shaping method

Main
Characteristic

Advantages

Disadvantages

e The effectiveness to generate

Pseudo Chaotic TH

random-like TH
sequences using
a pseudo-chaotic
encoder.

the PSD.

o If Viterbi decoding is
implemented in the
receiver, then a significant
BER improvement over
non-coded binary PPM
can be achieved.

TH Code spectral notches in the PSD is
Based Spectral adversely affected by timing
Shaping jitter

o If the DS sequence is not
perfectly random, then
spectral lines will appear in
the PSD.

e Can be used to generate ¢ The generation of a DS code
several notches in the with extremely long period
The DS code can PSD simultaneously (such that it approaches a
DS Code be used to perfectly random sequence)
Based Spectral eliminate s * Ifthe DS sequence is complicates the transmitter
; pectral ! ;
Shaping lines assumed to be perfectly and receiver design.
’ random, then a spectral
line-free PSD can be o If the period of the DS code
achieved is relatively short, then the
number of spectral lines in
the PSD is increased.

e In order to generate the
random like TH sequence,
the PCTH encoder must be

e Generates aperiodic fe_d With Li.d. b_ina_ry s_ymbols
random-like TH sequences with uniform distribution (e.g.
that eliminate a significant perfectly random data
number of spectral lines in stream).
Generates

o |n order obtain i.i.d. binary

symbols with uniform
distribution, a compression
and scrambling block may be
needed between the data.

e |f the PCTH encoder is not

fed with i.i.d. binary symbols
with uniform distribution, then
the number of spectral lines
eliminated is reduced.

Convolutional
Codes (CC) with
convenient PSD

characteristics

Convolutional
codes are used to
provide both
maximum spectral
line mitigation in
the PSD and BER
improvement.

e Can be used to eliminate
as many spectral lines as
the PCTH scheme for TH-
PPM signals or to
generate spectral line free
PSD for BPSK/BOPPM
signals, even when the
binary data stream at the
encoder input is generated
by an unbalanced Binary
Markov Source (i.e. these
are not perfectly random
data stream .

e Spectral shaping capabilities

limited to data streams
generated by an
unbalanced/balanced Binary
Markov Source.

e Medium complexity in the

transmitter and receiver.
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In addition, as previously mentioned, convolutional codes (CC) for forward error correction
(FEC) purposes were considered in several works for IR-UWB systems over the last
decade, (Forouzan et al., 2002, Forouzan and Abtahi, 2003, Nasiri-Kenari and Shayesteh,
2005, Reggiani and Maggio, 2006, Zeinalpour-Yazdi and Nasiri-Kenari, 2006, Villarreal-
Reyes, 2007), even standards for LDR-WPANs (IEEE 802.15.4-2011) and HDR-WPANs
(ECMA-368, 2008) have proposed them in their FEC layer. This latter fact shows that the
inclusion of error correction mechanisms has become standard in actual UWB
communication systems. In this context a system using traditional convolutional encoders
or no convolutional coding will need extra mechanisms to effectively shape the PSD and
achieve compliance with the current regulations. Therefore, in terms of implementation,
an IR-UWB system employing some of the convolutional codes reported by (Villarreal-
Reyes, 2007) may be less complex than a system employing traditional convolutional

encoders.

2.6 IR-UWB over Fiber systems

As discussed in subsection 2.4, the Federal Communications Commission (FCC) in the
United States and other radio-spectrum international regulators around of the world have
issued power limits to regulate the UWB signal transmissions. The maximum power
spectral density (PSD) allowed by this regulations is -41.3 dBm/MHz over specific
frequency intervals (see Figure 22). Due to this very low PSD, the UWB communications
outline a personal coverage area (that is, less than 10 meters). As consequence, the
UWB-WPAN would operate mainly in stand-alone mode, with nearly nonexistent
integration into the fixed wired and wireless wide-area infrastructures, (Pan and Yao,
2010-A). Therefore, in order to overcome this coverage limitation providing availability of
undisrupted UWB service across different networks, (Pan and Yao, 2011-A), the relatively
new concept of IR-UWB “plus” radio over fiber (IR-UWB + RoF) or simply IR-UWB over
fiber (IR-UWBOF) was proposed, (Yao et al., 2007, Yao, 2009).

The state of the art of the IR-UWBOoF systems is focused on two main topics: the photonics
UWB pulse generation methods and their distribution over different RoF architectures. In

next paragraphs will be given an overview of these topics.
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2.6.1 Overview of photonics UWB pulse generation

As mentioned in subsection 1.4, several works showing theoretical analysis and
experimental performance evaluations of IR-UWBOF systems operating within the 3.1
GHz to 10.6 GHz frequency band have been widely addressed in the literature. Most of
these publications have been focused on photonics UWB signal generation techniques.
According to Xianbin Yu et al., (2013), these techniques can be divided into two broad
classes: time delay and nonlinear signal processing. In the first class, Gaussian pulses
with phase difference are combined at the receiver side by controlling the delay time
between them. In this context, different methods for implementing this optical delay lines
have been exploited. For example Yao et al., (2007) classify this method in three main

categories:

1. UWB pulse generation based on phase-modulation-to-intensity-modulation
(PM-IM) conversion. This technique was proposed to recover the information of
phase modulated signals without using complex and costly coherent detection
techniques. In general, two methods are used: 1) chromatic-dispersion-based PM—
IM conversion (see Figure 27) and 2) optical filter-based PM—IM conversion (see
Figure 28), (Yao et al., 2007). In the first method, the phase modulated optical signal
is transmitted through a single-mode fiber (SMF) in order to rotate the phase of both
sidebands (that is, a delay between both sidebands is produced) to be totally or
partially in phase. This rotation can be achieved thanks to the dispersion induced by
the SMF (Zeng and Yao, 2004), which allows to recover the modulating signal using
direct detection technique. It is important to mention that the frequency response of
this method has a transfer function equivalent to a microwave bandpass filter, by
which input modulating signal with a Gaussian pulse could be converted to UWB
monocycle or UWB doublet pulses such as is shown in (Yao et al., 2007, Zeng and
Yao, 2006-A).

In the second method an optical filter is used to act as an optical frequency
discriminator, (Zeng and Yao, 2005). The elimination of either one sideband or the
carrier would lead to the PM—IM conversion. Therefore, if a phase-modulated
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Gaussian pulse is sent to an optical frequency discriminator, depending on the
location of the optical carrier at its linear or quadrature slope, a Gaussian monocycle
or doublet could be generated, (Yao et al., 2007). In addition, the location of the
optical carrier at the positive or negative slope would lead to the generation of UWB
pulses with opposite polarity, (Zeng and Yao, 2006-B, Chengliang Yang et al., 2014-
A).

UWB pulse generation using a photonic microwave delay-line filter. Most of the
photonic microwave filters proposed in the literature have a structure with a finite
impulse response (FIR), (Dai and Yao, 2010). Furthermore, in order to avoid optical
interference, these filters are usually designed to operate in the incoherent regime
employing direct detection technique. It is well-known that regular photonic
microwave delay-line filters based on incoherent detection have all-positive
coefficients, which make them working as a low-pass filters, (Dai and Yao, 2010).
However, as mentioned before, bandpass characteristics are desired because of
UWB pulses without baseband resonance around dc (that is, derivatives of the
pulse) can be generated. Therefore, microwave delay-line filters need to have both
positive and negative coefficients to produce bandpass characteristics. Bearing this
in mind, some practical implementation of microwave delay-line filters used to
generate UWB monocycles and UWB doublets are based on the cross-gain
modulation (XGM) effect in a semiconductor optical amplifier (see Figure 29), (Yao
et al. 2007, Zeng, Wang, and Yao, 2007, Qing Wang, et al, 2006), polarization
modulator (see Figure 30), (Yao et al. 2007, Qing Wang and Yao, 2007), the
interaction between two electro-optic Mach Zehnder modulators (EO-MZM) biased
at complementary slopes (Bolea et al., 2010), the EO-MZM's transfer function
response at different working wavelengths (Jiangiang Li, et al., 2008) or others
methods, (Chengliang Yang et al., 2014-B).

UWB pulse generation based on optical spectral shaping and dispersion-
induced frequency-to-time conversion. This technique takes advantage of the so-
called frequency-to-time mapping phenomenon, (Torres-Company, Leaird, and

Weiner, 2011), which relies on the fact that after linear propagation through a
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dispersive medium (e.g. SMF), the temporal intensity profile (time-domain shape) of
an ultrashort optical pulse generated by a broadband coherent optical source (e.g.
a mode-locked laser), becomes a scaled version of its optical spectrum shape,
(Tong, Chan, and Tsang, 1997, Torres-Company et al., 2011). In this sense, the
photonic UWB pulse generator based on this technique (see Figure 31), first shapes
the spectrum of a broadband coherent optical source according to the desired time-
domain UWB waveform by using an optical spectral shaper (e.g. optical
discriminators and variable delay lines). Afterwards, the shaped spectrum is
converted to a time-domain shape by passing it through a dispersive medium such
as dispersive fiber or a reflection chirped fiber Bragg grating (FBG), (McKinney, Lin,
and Weiner, 2006, Wang et al., 2007).
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Figure 27. (a) Schematic of a UWB pulse generator based on PM—-IM conversion method (chromatic
dispersion induced). (b) Waveform of the generated Gaussian doublet and (c) the corresponding
power spectrum (Yao, Zeng and Wang, 2007, Zeng and Yao, 2006-A). Note that the waveform and
the power spectrum were measured in the test point B of the system.
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Figure 28. (a) Schematic of a UWB pulse generator based on PM—-IM conversion method (optical
frequency discriminator). (b) Waveform of the generated positive Gaussian doublet pulse and (c)
the PSD of a pulse train with repetition rate of 390.625 MHz is shown, (Chengliang Yang, Li Xia,
Songnian Fu and Deming Liu, 2014-A).
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Figure 29. (a) Schematic of a UWB pulse generator based on the XGM in a SOA. (b) Waveform of the
generated positive Gaussian monocycle pulse and (c) the PSD of a pulse train with repetition rate
of 0.84 GHz (Qing Wang, Fei Zeng, Blais, and Yao, 2006).
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Figure 30. (a) Schematic of a UWB pulse generator based on the polarization-to-intensity (Pol-to-IM)
conversion and a length of SMF. (b) Waveform of the generated positive Gaussian doublet pulse
and (c) the PSD of a pulse train with repetition rate of 156 MHz, (Qing Wang and Yao, 2007).

Dispersive fiber

UWB pulse
MLFL Optical spectral ((‘ ,- p, 0.008 . v v v '
A shaper B c 2.008 - f
0.007 4 i |

0.008 - [
1
0.005 4 N
o~

1 Reflection 1 0.004 4 jvf'/
Input ocC1 filter OC2  Output 0oma] A ‘I !
~ It
o b
A Transmission B 0.002 \ \J
2 filter 0.001 4
T r T T ; r
200 400 600 800 1000 1200 1400 0 2 4 M H 10 p M

Y ’ Time (ps) Frequency (GHz)
(a) (b) (c)

OC: Optical coupler; PD: photodetector; MLFL: mode-locked fiber laser.

Amplitude (mV}
Power (dBm)

Figure 31. (a) Schematic of a UWB pulse generator based on spectral shaping and frequency-to-time
conversion and optical spectrum shaper configuration. (b) Waveform of the generated positive
Gaussian monocycle pulse and (c) the power spectrum of the generated monocycle (Wang, Zeng,
and Yao, 2007).
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On the other hand, the second class is based on the nonlinear processing capability of
some electrical or photonic components, after which the derivative of a pulse is achieved.
For example, Wang and Yao (2006) take advantage of non-linear properties of an electro-
optic Mach Zehnder Modulator (EO-MZM) to generate UWB doublets (see Figure 32).
The non-linearities of semiconductor optical amplifiers (see Figure 33) such as the gain
saturation effect (Dong et al., 2007, Weiwei Zhang, Sun Jungiang, Jian Wang, Cheng
Cheng, and Xinliang Zhang, 2009, Gang Chen and Shilong Pan, 2012), four-wave-mixing
(FWM), (Dong et al., 2008), cross-gain modulation (XGM), (Qing Wang, et al, 2006), and
cross-phase modulation (XPM), (Jianji Dong, et al., 2007), have been also used to
generate UWB monocycles and UWB doublets. Furthermore, various effects in highly
nonlinear fiber (HNLF) such as pulse shaping with a nonlinear optical loop mirror (NOLM),
(Huang, et al., 2008) (see Figure 34), nonlinear polarization rotation (NPR), (You Min
Chang et al., 2010), optical parametric amplification (OPA), (Li, et al., 2009), and
combined use of these techniques, (Chang et al., 2011), have also been investigated to

generate the first and second derivative of a Gaussian pulse.

PD AMP2

o— DCA
zk ﬁ >
MZM EDFA TBFA o—_ESA
@
30 —-20
20
A >
a® R £ £ -40
\E i Kdoublet G 18 %
* . 3 & —60
SN SRS %—10 s
: . 20 8
: L ey = - < _80
G . Vbias _40
aussian ' —
— . : . . —100
pulse 0 400 800 1200 1600 2000 5 10 15
a time, ps frequency, GHz
(b) (c) (d)

Figure 32. (a) Schematic of a UWB pulse generator based on the use of the nonlinear region of a
Mach Zehnder modulator's transfer function. (b) Principle of operation to generate a positive
Gaussian doublet pulse. (c) Waveform of the generated positive Gaussian doublet pulse and (d) the
PSD of a pulse train with repetition rate of 500 MHz (Wang and Yao, 2006).
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Figure 33. (a) Schematic of a UWB pulse generator based on frequency-dependent gain saturation
in a reflective semiconductor optical amplifier (RSOA). (b) and (d) are the waveforms generated by
the optical configuration and (c) and (e) are the power spectrum, respectively (Gang Chen and

Shilong Pan, 2012).
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Figure 34. (a) Schematic of a UWB pulse generator based on cross-phase modulation (XPM) effects
in nonlinear optical loop mirror (NOLM). (b) and (d) are the generated positive and negative Gaussian
monocycle pulses, respectively. (f) and (h) are the generated positive and negative Gaussian doublet
pulses, respectively. The PSD of a pulse train with repetition rate of 780 MHz is shown for each
waveform in (c), (e), (g) and (i), (Huang, et al., 2008).
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As it can be seen, all techniques previously mentioned have been mainly proposed to
generate UWB monocycles and UWB doublets. The authors of these works have chosen
these kind of waveforms because of the simplicity for generating them, (Ghavami et al.,
2007). Moreover, the IR-UWBoOF systems using monocycles and doublets can achieve
lower bit error rates (BER) and robust multipath resilience. However, the studies
presented in (Villarreal-Reyes, 2007, Abraha et al., 2012, Zhu, et al., 2013) and several
experimental demonstrations reported above show that these pulse shapes poorly exploit
the permissible power under the FCC spectral mask without additional processing,
resulting in limited wireless coverage. Thus, in order to overcome this limitation, higher-
order derivatives of UWB pulses must be implemented. In this context, photonics
techniques to generate triplets, quadruplets, quintuplets and complex signals compliant
with the FCC spectral masks have been recently presented in the literature. For example,
the work presented in (Xianbin Yu et al., 2009) shows a pair of methods based on the
relaxation oscillations of a semiconductor laser (direct modulation laser and external
injection of a laser) to generate complex signals whose PSD fit under the FCC indoor
spectral masks (see Figure 35 and Figure 36). In (Bolea et al., 2009) the design of a
reconfigurable and tunable N-tap photonic microwave filter that provide both positive and
negative coefficients through a proper biasing of two EOM is presented. By using this
scheme is possible to generate a 4-coefficients UWB pulse (triplet) complying with the
requirements of the FCC spectral mask. Feng et al., (2014-A) have shown the generation
of doublets and triplets by means of a reconfigurable orders UWB signals generation
scheme based on the modification of the gain saturation effect of two cascade-connected
reflective semiconductor optical amplifiers (RSOASs). The concept of PM-IM conversion
with a dispersive device, (Zeng and Yao, 2006-A), and a fiber Bragg grating (FBG)
operating as a frequency discriminator, (Zeng and Yao, 2005), is expanded by introducing
an optical processor unit (OPU) presented by Moreno et al.,, (2014) and a FBG
superstructure proposed by Moreno et al., (2015), respectively. Both optical configurations
can generate triplets and quadruplets compliant with the indoor FCC spectral mask (see
Figure 37 and Figure 38). Furthermore, some other works use the optical spectral shaping
and frequency-to-time conversion concept to generate FCC compliant UWB pulses by
using programmable optical spectral shapers as those reported by Abtahi et al., (2008-B),
(2009) and Abtahi and Rusch, 2011 (see Figure 39 and Figure 40). In addition, linear sum
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of modified doublet pulses, Abraha et al., (2011) (see Figure 41), chirp-to-intensity
conversion, (Quang Trung Le t al., 2014), polarization-to-intensity conversion, (Zheng, et
al., 2013), non-linear effects of optical components, (Dong et al.,, 2010), the chaotic
dynamics of the optical feedback laser diode (OFLD), (Jian-Yu Zheng et al., 2010), the
chaotic dynamics of an optically injected semiconductor laser with optical feedback,
(Ming-Jiang Zhang, et al., 2011), and combination of different techniques previously
mentioned are concepts also used to generate compliant FCC UWB signals. It can be
seen that the photonics UWB pulse generation is an area widely studied due to optical
technologies offer a viable alternative with several advantageous features such as light
weight, small size, huge bandwidth, and the immunity to electromagnetic interference,
(Yao, 2009). Despite of these advantages, it is important to mention that almost all of
these methods require numerous optical components, their stability is very-dependent on
environment factors, and most important, some of these methods can generate strong
spectral lines in the PSD of signals modulated by modulation formats in which theoretically
should not present any. As mentioned in Chapter 1, this spectral lines can deteriorate the
system performance, since the transmit power is reduced in order to meet with the spectral
masks. Therefore, the design and implementation of low complex IR-UWBoF systems that
simultaneously provide improved BER performance and convenient PSD characteristics

is the main objective of this thesis work.
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Figure 35. (a) Schematic of a UWB pulse generator based on the relaxation oscillations of a
semiconductor laser (direct modulation laser method). (b) Waveform generated and (c) the
corresponding PSD of an OOK signal, (Xianbin Yu, Gibbon, Pawlik, Blaaberg and Tafur Monroy,
2009).
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Figure 36. (a) Schematic of a UWB pulse generator based on the relaxation oscillations of a
semiconductor laser (external injection of a laser method). (b) Waveform generated and (c) the
corresponding PSD of an OOK signal, (Xianbin Yu, et al., 2009).
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AWG: Array waveguide grating; PM: Electro-optic phase modulator; EDFA: Erbium doped fiber amplifier; Att: Optical
attenuator; VDL: Variable delay line.

Figure 37. (a) Schematic of a scalable UWB pulse generator based on the combination of doublet
pulses by using an optical processor unit (OPU). (b) Waveform of the generated Gaussian fifth-order
derivative and (c) the PSD when OOK modulation format is used, (Moreno, Rius, Mora, Muriel and
Capmany, 2014).
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Figure 38. (a) Schematic of a scalable high-order UWB pulse generator employing a FBG-based
photonic superstructure. (b) Waveform of the generated Gaussian triplet pulse and (c) the PSD of a
periodic pulse train, (Moreno, Mora, and Capmany, 2015).
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MLFL: Mode locked fiber laser; 1SO: Optical isolator; ATT: Variable optical attenuator; DL: Optical delay line; BPD:
Balanced photodetector.

Figure 39. (a) Schematic of a UWB pulse generator based on fiber Bragg gratings (FBGS) and
frequency-to-time conversion. (b) Measured UWB pulse and (c) the PSD of a periodic signal, (Abtahi,
Magne, Mirshafiei, Rusch, and LaRochelle, 2008-B). The enlarged part shows the sinusoidal
variations due to multiple reflections.
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Figure 40. (a) Schematic of a UWB pulse generator based on spectral pulse shaping using a FBG
with temperature controlled apodization and frequency-to-time conversion, (Abtahi, Dastmalchi,
LaRochelle and Rusch, 2009). (b) Measured UWB pulse and (c) the PSD of a periodic signal.
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EOM: Electro-optic modulator; VOA: Variable optical attenuator; BPD: Balanced photodetector; ESA: Electrical
spectrum analyzer. DPO: Digital phosphor oscilloscope

Figure 41. (a) Schematic of a UWB pulse generator based on the linear sum of modified doublet
pulses. (b) Waveform of the generated pulse and (c) the PSD of a periodic pulse train with pulse
repetition rate of 500 MHz, (Abraha, Okonkwo, Tangdiongga and Koonen, 2011).
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Figure 42. (a) Schematic of a UWB pulse generator based on the symmetric phase modulation to
intensity modulation (PM-IM) conversion by incoherent summation of monocycle pulses with
inverted polarities, proper time delays and adjustable absolute amplitude. (a) Eye diagrams and (b)
electrical spectra of BPSK modulated UWB signals for L=5 in back-to-back; (d), (e) after 20-km SMF
transmission, (Li, Chen, Chen and Xie, 2011).

2.6.2 Overview of photonics UWB signals transmission

As mentioned, the IR-UWBOF is a new cost-effective technique used to extend the range,
to interconnect isolated UWB networks, and integrate UWB services into fixed wired or
wireless communications networks, (Pan and Yao, 2010-A). The distribution of IR-UWB
signals over fiber-wireless channels (that is, a channel formed of a length of optical fiber

and a wireless link) has been considered for two main applications. One of these
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applications are the distributed antenna systems (DAS), which can be implemented in
buildings to extend the reach of UWB signals, (Abtahi and Rush, 2011). The fiber lengths
used in these DAS are relatively short (tens of meters). The fiber lengths used in these
DAS are relatively short (tens of meters). In the second application, the UWB signals are
distributed from a central office (CO) to end-users using optical fiber transmission followed
by wireless UWB transmission (Pan and Yao, 2011-A). The distances can be several
kilometers (20-km and 30-km can be the distance from the local exchange to wireless

user in households).

Table 3 provides an overview of the most representative practical implementations of high-
data rate (HDR) IR-UWBOoF systems mainly designed for distributing IR-UWB signals from
a Central Office (CO) to remote antenna units (RAUs) separated by several kilometers of
distance. As it can be seen in this table, the systems can offer variable data rates (from
500 Mbps to 3.125 Ghps) over fiber-wireless channels formed of different fiber lengths (5.6-
km, 10-km, 20-km, 25-km and 59-km) of single-mode fiber (SMF), and typical wireless links
implemented in WPAN scenarios (from 5-cm to 8-m). As noted, these IR-UWBOF
implementations may cover the distribution of next generation multi-gigabit WPAN

services discussed in previous subsections.

Furthermore, the information inputted in Table 3 indicates how the system performance
of IR-UWBoF systems varies in terms of some important factors such as UWB pulse
generation method, pulse shape, modulation format, wireless range, channel codification,
and spectral shaping techniques. It can be noted from this table that monocycle and
doublet generation methods have limited wireless coverage (from 5 cm to 45 cm) @ data
rates greater than 1 Gbps. On the other hand, IR-UWBoF systems employing the fifth
derivative of a Gaussian pulse, (Rodes, et al., 2010-A, Rodes, et al., 2010-B), or non-
conventional pulses (NCP), (Lopez, et al.,, 2010), which are similar to this high-order
derivative (see Figure 43a), can extend their wireless coverage up to 8 meters. In addition,
it can be observed in Table 3 that photonics pulse generation methods can provide higher
bandwidth (see Figure 43b) and better system performance (see Figure 43c) than
methods based on electrical pulse generation with electrical to optical conversion (also

compare the BER of the system presented by Pham et al., (2011) with those presented
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by Li et al., 2012, for OOK modulation format). This fact can be attributed to bandwidth
limitations of electrical components (e.g. arbitrary waveform generator, electro-optic
modulator, coaxial cables) used to generate the UWB signal, (Lopez, et al., 2010). Despite
the bandwidth limitation of electrical components, it is important to mention that the
combination of the electrical UWB pulse generation method with direct intensity
modulation (DIM) technique can potentially offer a less complex system than those all-
optical IR-UWBOF systems, which it turns out more attractive for implementing low cost
LDR-IR-UWB-WPANSs. In addition, it should be noted that modulation formats play an
important role in the system performance. In this context, it is well-known that the OOK
modulation format generates pronounced spectral lines on the power spectral density
(PSD) of IR-UWB signals, even when perfectly random (that is, an independent and
identically distributed sequence of binary random variables with uniform distribution) data
streams are used. This leads to lower efficiency of FCC spectral masks usage due to in
most cases the transmit power must be decreased in order to comply with the spectral
masks. Comparably, BPSK modulation format can provide an inherent modulation gain to
communications, (Proakis, 1995), and a spectral line free (SLF) PSD when the transmitted
data streams are perfectly random (Villarreal-Reyes, 2007). Thus, a more efficient use of
the UWB spectral masks with considerable improvement of the BER parameter can be
obtained when the BPSK format is used. For example, the work reported by Pan and Yao
(2010-B) shows that the BER performance measured in a BPSK IR-UWBoF system is
better than the BER performance provided by an IR-UWBOoF system that implement the
OOK modulation format. It can be seen that the use of BPSK could save energy and
reduce the whole cost of the system since that optical amplifiers could be omitted. As well,
note that most of the IR-UWBoF implementations shown in Table 3 only implement the
pulse shape based spectral shaping (PS-SS) technique for fulfilling with the spectral
masks. The works reported by Rodes et al., (2010-A) and (2010-B) generate the fifth
derivative of a Gaussian pulse by using an electrical 9.6 GHz arbitrary waveform generator
(E-AWG). As demonstrated by Sheng, Orlik, Haimovich, Cimini, and Jinyun Zhang (2003),
the energy spectral density (ESD) of this waveform and high-order derivatives fulfill
entirely with the FCC spectral masks. Therefore, the IR-UWBOF system presented by
(Lopez, et al., 2010) also generates a UWB pulse similar to fifth-order derivative, however

in this case, by using an optical method based on the relaxation oscillations of an optically
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injected DFB laser (RO-OI-DFB) presented in Figure 36, (Xianbin Yu et al., 2009). It is
important to note that the combination of the PS-SS method with BPSK signals would
allow increasing the signal's transmit power without violating the spectral masks, and in
this way, to extend the range in the wireless links. On the other hand, some other works
implement a novel optical spectral shaping technique based on chaotic dynamics of an
optical feedback laser diode in order to generate a SLF-PSD with OOK modulated IR-
UWAB signals. Despite this method is simple, the SLF-PSD does not fit under the spectral
masks, in particular over the GPS frequency band. Therefore, additional electrical
components as high-pass filters (HPF) should be used. It is worth noting that almost all
IR-UWBOF systems reported in the literature do not use forward error correction (FEC)
schemes to protect the transmitted signals against the impairments caused by the fiber-
wireless channel. The authors of these works expose that FEC mechanisms are not
necessary because of the bit error rate (BER) measured in their systems does not exceed
the called FEC limit, which is about 2x103. However, such as mentioned in Subsection
2.2.3, there exist some applications in next generation of Home Area Networks (HANS),
(Guillory, 2012) and also in the next generation of telemedicine systems, (Chowdhury et
al., 2011) that to provide acceptable levels of Quality of Service (QoS) require at least a
BER about 1x10° as mentioned by Fong, Fong, and Li (2010) and Deepak Kumar
Mohapatra (2013). Therefore, we expect that the inclusion of error correction mechanisms

also will become a standard for IR-UWBOF systems in the near future.

As an additional comment, the state of the art of IR-UWBO0OF systems considers the
integration of these systems with next generation wavelength division multiplexing (WDM)
passive optical networks (PON). Nowadays the concept known as IR-UWB over WDM-
PON has started to be widely researched with the aim to provide wired services and IR-
UWRB signal distribution over the same infrastructure. Recently, the authors in (Pan and
Yao, 2010-C, Pan and Yao, 2011-B) have demonstrated that an electrically generated
UWB signal can share a single wavelength with a baseband signal in a WDM-PON
system. Furthermore, Prince, et al. (2009) have also demonstrated seamless integration
of a UWB service in a WDM-PON system that supports a variety of wired and wireless
services. Some photonics UWB pulse generation methods have also been implemented

in WDM-PON architectures, (Pan and Yao, 2011-A). For example photonic microwave
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bandpass filter, (Pan and Yao, 2011-A), method based on relaxation oscillations of a
directly modulated laser (DML), (Pham et al., 2011, Xianbin Yu, et al., 2013), and tunable
chirped FBG with optical spectrum shaping followed by frequency-to-time conversion
have been used to generate optimally power efficient IR-UWB waveforms, (Abtahi and
Rush, 2011).This latter concept is an interesting proposal because of waveforms that
comply with FCC spectral masks and compensates optical fiber dispersion and/or
frequency responses of low cost UWB antennas can be designed in order to maximize
the permissible transmit power under the spectral masks. Despite of these benefits, this
technique can be deteriorated by environmental temperature variations and the cost of
implementation can be high. It is important to mention that there exist other
implementation of IR-UWB over fiber systems operating at millimeter waves such as
(Chang et al., 2008, Xu et al., 2009, Beltran et al., 2011-A, Beltran et al., 2011-B, Chow
et al., 2010). However, as mentioned before, the implementation of these systems is still
complex and expensive. Therefore, the design of both HDR and LDR IR-UWB over fiber
systems that simultaneously comply with spectral masks and the BER required by next

generation applications is a topic of major interest in this area.
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Figure 43. Comparison of electrical and photonic UWB pulse generation methods and their
transmission over fiber-wireless channels. (a) Measured pulses generated by both methods
(electrical and photonic). (b) Measured PSD of both pulses modulated by OOK format. (c)
Experimental BER results of electrical and photonic generation systems. All results were measured
after 20-km NZDSF, (Xianbin Yu; Gibbon, Rodes, Tien-Thang Pham; Monroy, 2013).



Table 3: Overview of IR-UWB over fiber systems

Data Fiber type Wireless Pulse Pulse Modulation Channel Spectral BER
Rate (km) reach Generation shape format Codification shaping Modulation Reference
(Gbps) (cm) Technique P technique (ROP)
0.5 SMF(5.6) 65 PS-FTT NCP OOK NO PS-SS 3x106 (Abtahi, 2008-A)
Monocycle < 1x10°3
0.625 | SMF(20) 10 2-tap and 3-1ap and OOK/BPM NO NO OOK (-10.5 dBm) (Pagoi%‘fB\;aO'
Doublet BPM (-12.8 dBm)
< 1x103
1.0 SMF(20) 5 E'Awﬁ/r PM- NCP OOK,BPM NO PS-SS OOK (-4.3 dBm) (Li et al., 2012)
BPM (-5.0 dBm)
< 1x103
1.0 SMF(23) 40 RO-OI-DFB NCP OOK NO PS-SS OOK (-15.5 dBm) (Pham et al., 2011)
. PS-SS and
1025 | SMF(10) 20 PS-FTT Modified 00K NO SC-DCF with 1x10 (Hanawa et al,
Doublet 2009)
BPTSA
NLE in HNLF 3 (You Min Chang et
1.25 SMF(25) 45 (NPR of a EPB) Doublet 00K NO NO 2x10 al., 2010)
1.25 N%ZDO?F 35 (’\II\ILPERW-]!-FC')'\IL% Doublet 00K NO NO 2x10° (Chang et al., 2011)
1.44 SMF(20) 60 OFLD NCP OOK NO CL-SS 1x10© (Zhang et al., 2013)
<1x10° (Pan and Yao
1.70 SMF(24) 5 2-tap PMDLF Monocycle OOK NO NO OOK 2009) '
ROP(-10.5 dBm)
2.0 SMF(25) 400 E-AWG + DIM 5" BPM NO PS-SS 4.9x10* (Rodes, etal,
) derivative ) 2010-B)
NZDSF 5th 3 (Rodes, et al.,
2.0 20) 800 E-AAWG +DIM | o OOK NO PS-SS 2x10 2010-A)
NZDSE Similar to
2.0 (20) 800 RO-OI-DFB 5t OOK NO PS-SS 1x10° (Lopez et al., 2010)
derivative
2.5 SMF(59.2) 0 PM-IM Monocycle 00K LPDC NO 1x108 (Sakib et al., 2011)
SMF(25) + Al ) " (Gibbon et al.,
3.125 IDF(25) 310 RO-OI-DFB NCP OOK NO PS-SS 7.02x10 2010)

NZDSF: Non-zero dispersion shifted fiber; DCF: Dispersion compensation fiber; IDF: inverse dispersion fiber; HNLF: highly nonlinear fiber; ROP: Received optical power; OOK: On-Off
Keying; BPM: Binary phase modulation; NCP: Non-conventional pulse; PM-IM: Phase-modulation-to-intensity modulation conversion; PMDLF: Photonic microwave delay line filter; PS-
FTT: Pulse shaper-frequency-to-time conversion; RO-OI-DFB: Relaxation oscillations of an optically injected DFB laser; NLE: Nonlinear effect; OFLD: chaotic dynamics of an optical
feedback laser diode; NPR: nonlinear polarization rotation effect; OPA: optical parametric amplification effect; EPB: Elliptically polarized beam; DIM: Direct Intensity Modulation; EIM:
External Intensity Modulation; PS-SS: Pulse shape based spectral shaping; CL-SS: Chaotic laser based spectral shaping; LPDC: Low parity density codes; E-AWG: Electrical arbitrary
waveform generator; E-IFN: Electrical Impulse Forming Network; SC-DCF: Slope compensation-DCF; BPTSA: Bandpass tapered slot antenna.
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2.7 Spectral characteristics of IR-UWBOF systems

As previously mentioned, the compliance with the spectral masks issued by radio
spectrum regulatory bodies is one of the main constraints when designing compliant IR-
UWB systems. In this context, the proposed optical configurations to generate high-order
derivatives UWB pulses discussed in Subsection 2.6.1 and the IR-UWBoOF systems
reported in Table 3, in particular those using some kind of spectral shaping technique,
would represent a good choice to deploy compliant IR-UWB over Fiber systems. However,
as it can be seen in Figures 3, 35, 36, 38, 41, 42, 44, 45, and 46, these photonic UWB
pulse generation methods and IR-UWBOF systems also exhibit some strong spectral lines
at low-frequencies region violating the FCC indoor spectral mask. As already mentioned,
the problem with the spectral lines presence is that the maximum achievable transmit
power has to be reduced in order to comply with the spectral masks. It is evident that an
IR-UWB system with a spectral line free (SLF) PSD will be able to transmit with more
power over the wireless link than an IR-UWB system whose PSD shows spectral lines.
Furthermore, as it is well-known, theoretically, when using BPSK (which is equivalent to
BPM, Bi-phase modulation) and the input data stream consists of binary data i.i.d. with
uniform distribution, the PSD should not show any spectral lines, (Villarreal-Reyes, 2007).
Nevertheless, as can be seen in Figures 3, 42, 44, 45, and 46 the IR-UWBOF systems
can generate spectral lines, even when they are using BPSK schemes with
pseudorandom binary sequences (PBRS) of very long period. In addition, strong spectral
lines in the PSD of BPSK signals naturally appear when the binary data stream is not
perfectly random, which is the most commonly observed case because of not all the data
sources or compression algorithms found in practical systems generate uniformly
distributed i.i.d. binary data streams. Thus, to fully exploit the maximum transmit power
allowed by the spectral masks, it is desirable to design IR-UWBoF schemes whose PSD

is SLF, this even when the data stream is not random.
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Figure 45. Eye diagrams and the electrical spectrum of the UWB signals generated by the PM-based
photonic microwave bandpass filter before and after 10-km and 25-km SMF transmission. The
resolution bandwidth of the spectrais 1 MHz and the span of the eye diagrams is 1 ns, (Pan and Yao,
2011-A).
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Figure 47. Power spectrum transmitted over 20-km fiber before amplified by EDFA (a), after amplified
by EDFA (b), and after received by UWB antenna (c), (Zhang et al., 2013).
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Recently, an IR-UWBOF system able to generate a spectral line free PSD was reported
by Zhang et al, (2013). The system is based on the chaotic dynamics of the optical
feedback laser diode (OFLD) to implement generation of the photonic chaotic-UWB signal
with OOK format. Despite the great advantage offered by this technique, the generated
SLF PSD does not fit under the FCC spectral masks (see Figure 47). On the other hand,
the IR-UWBOF systems using optical transmission methods such as direct and external
intensity modulation with direct detection (IM/DD) technique are very attractive due to low-
cost and low-power consumption deployments can be achieved. Furthermore, as can be
seen in Figure 48, the PSD of a BPSK IR-UWB signal, which is formed by a
pseudorandom sequence with very long period, does not present any spectral line after
36-km SMF transmission. However, as already mentioned, not all the data sources or
compression algorithms found in practical systems generate perfectly random binary data
streams which certainly would generate spectral lines in the PSD. Therefore, simple IR-
UWBOF systems able to provide both SLF-PSD and bit error rate (BER) improvement over
non-coded IR-UWBOF systems are required. The design and implementation of IR-UWB
over fiber system for LDR and HDR applications that meet with the characteristics above

mentioned will be analyzed and experimentally evaluated in next chapters.



Chapter 3. Proposal of IR-UWBoF systems with spectral line
suppression capabilities

3.1 Introduction

In this chapter the design (system model) and simulation-based implementation of low-
complex impulse radio (IR) ultra-wideband (UWB) over fiber (IR-UWBO0F) systems with
spectral line suppression capabilities are provided. These IR-UWBOF systems deals with
both methods, direct and external, intensity modulation with direct detection (IM/DD) to
transmit FCC-compliant IR-UWB signals through several kilometers of single mode optical
fiber (SMF). The spectral shaping capabilities of proposed systems are qualitative
evaluated by means of an all-configurable IR-UWBoF-IM/DD testbed implemented in the
VPITransmissionMarker™ simulation software from VPIphotonics Company. The results
obtained provide preliminary information about the impact of the chromatic dispersion in

the proposed systems.

3.2 System Model

An important topic that requires major consideration in the design of FCC-compliant IR-
UWB systems is the selection of the waveform. As it was analyzed by Villarreal-Reyes
(2007) and Arslan et al., (2006), the energy density spectrum (EDS) of the UWB pulse
dictates the overall form acquired by the PSD of the IR-UWB signal. Furthermore, the
waveform can determine the complexity of the pulse generation circuitry, the impact of co-
existence with other spectrum users and the whole performance of the IR-UWB system,
(Di Benedetto et al., 2006). Several waveforms have been proposed for IR-UWB systems.
As discussed in previous chapter, the basic waveforms used in most of the original papers
introducing IR-UWB systems and IR-UWBoF systems were the first and second order
derivatives of the Gaussian pulse (monocycle and Gaussian doublet respectively), (Win
and Scholtz, 1998, Win and Scholtz, 2000). This is due to better bit error rates (BERS)
and robust multipath resilience that can be obtained as compared to different impulse
signals, (Scholtz, 1993). However, the spectrum of these simple Gaussian shapes do not
fit under the proposed FCC’s limits. Therefore, high-order derivatives such as the fifth-
order derivative of a Gaussian pulse was proposed to fit under the FCC spectral mask for
indoor environments, (Sheng et al., 2003, Rodes et al., 2010-A). Therefore, the fifth-order
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derivative will be considered in this work, unless otherwise stated. This waveform can be
defined as (Sheng et al., 2003)

t° 10t 15t t?
W, (t)=A| - + - xexp| —— 14
6s(t) [ V2ot N27z6° 27z0'7} p[ 20'2] 14)

where o can be used to control the pulse duration (see Figure 49). The amplitude
spectrum of Equation (14) is

W, (f)| =A@ )’ xexp(—wj (15)
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Figure 49. (a) Waveforms of the fifth-order derivative of a Gaussian pulse with ¢=51 ps (dark plot),

=55 ps (dotted blue plot) ¢=60 ps (light plot) and ¢=66 ps (dotted red plot). (b) Energy spectral density
(ESD) of the waveforms described in (a).

It can be seen in Figure 49 as different values of ¢ (from 51 ps to 65 ps) change the pulse
duration (twr) of the fifth-order derivative and its maximum peak emission frequency (fu)
of the energy spectral density (ESD) in time and frequency domain. Furthermore, the
bandwidth (BW) measured at -10 dB of the ESD is also decreased. For example, a value
of 6=51 ps substituted in equations 14 and 15 gives as result: ty1=500 ps, fv=7.01 GHz and
BW=6.612 GHz. On the other hand, substituting a value of o=65 ps gives as result
twt=600ps, fu=5.475 GHz and a BW=5.187 GHz. Note in Figure 49(b) that obtained values
of twt have outlined the upper and lower limits for generating the fifth-order derivative

pulse. Therefore, these values will be considered in the proposed system.
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As noted in previous chapters, the IR-UWBoF systems can be formed of an IR-UWB
transmitter similar to that shown in Figure 19 and some of the radio over fiber (RoF)
architectures described in subsection 2.2.2 and subsection 2.6.1.

The system models proposed in this thesis work are shown in Figure 50 and Figure 51.
These models only take into account downlink communications from a Central Node (IR-
UWB transmitter and electrical-to-optical conversion process) to the RAU (optical-to-
electrical conversion process) considering an optical transmission of several kilometers of
single mode fiber (SMF). In order to offer a clear explanation of the proposed system

models, these are subdivided in IR-UWB transmitter and RoF architecture.

IR-UWB Transmitter RoF architecture

V4 - \ ’ -~
”. z WA SMF (B
SLS/SLF i : @ 1
1 M-PPM I 1
Data Convolutional [ BPSK/BOPPM b4 » E/O- O/E- 4
Source Encoder IR-UWB Modulator xin (r) : DIM DD  Xout (f)
\ Y I
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Figure 50. IR-UWBOoF-DIM/DD system model.
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Figure 51. IR-UWBoOF-EIM/DD system model.

Explaining the IR-UWB transmitter, the binary data source (BDS) is modelled by the first-
order binary Markov source (BMS) such that depicted in Figure 52.

Pyo1

-

Figure 52. First order binary Markov source (BMS) model.
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Typically the BMS model is used to generate balanced ( po=p1=1/2) and non-balanced (e.g.
po#£1/2 and pi1=1-po) independent identically distributed (i.i.d.) binary data streams. This
characteristics is important because it is possible to model different kinds of data source
present in practical implementations. Note that when po=1/2, the binary data stream, yi, is
considered as perfectly random (that is, the data stream is an i.i.d sequence of binary
random variables with uniform distribution). However, as pointed out in (Pan and Yao,

2010-A), this condition is very hard to keep in practical IR-UWBOF systems.

The one step transition probabilities from this BMS can be represented as (Villarreal-
Reyes, 2007)

Py.ii= Pr{y=i’lyra=i} (16)
and

Py,00 =1- py,o1; Py,11 =1- py,10; (17)

where y; and yi.1 is the current and the previous symbol produced by the BMS, respectively.
The py,i indicates the probability of being in state i and after one transition reach state i’.
In addition, this BMS model can be defined by both the one step transition probability

matrix

Pyoo Pyor
p=| v 18
|:py,10 py,ll:| ( )

and the initial probability mass function pyi?. Furthermore, the corresponding steady state

(stationary) probabilities for this Markov chain (MC) can be found to be

p p
@ = [ﬂ-y,O 7Z.y,1] = [ p e o ] (19)

y,01 + py,1o py,o1 + py,1o

where my0 and zy1 are the steady state probabilities (SSP) of generating a “0” and a “1”

respectively. It is important to mention that for simplicity, our system model assumes that

the MC has reached steady state and p% = my,0 With pfl = my,1. Note that the source model
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covering the i.i.d memoryless case, which will be used in this thesis work (0<po<l and

p1=1—po), is obtained by setting py01=py,11=Pp1, With Py,00=Py,10=Po, 7y,0 = Py,10 and my,1 = Py,o1.

Once defined the BDS, the data stream, y,, is fed to either of the convolutional encoders
proposed in this thesis. A rate 1/4 spectral line suppressive (SLS) convolutional encoder
(CE) and a rate 1/2 spectral line free (SLF)-CE are used to eliminate spectral lines in the
PSD of M-PPM and BPSK/Q-BOPPM modulated signals, respectively. The main
characteristics of these CEs were discussed in Section 2.5. Moreover, a deeply spectral
analysis can be consulted in (Villarreal-Reyes, 2007). Figure 53 shows the generic
diagram of both CEs where v is the encoder memory, « is the number of outputs of the
CE and, (af,...,al?, € {0,1}) and (bfe {0,1}) are the feedforward and the feedback
connections respectively. For simplicity, these connections can be represented by means
of polynomials or with the customary octal notation, e.g., 1+D3+D* = (10011)2 > (23)s,

where “D” is the delay operator.
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Figure 53. Generic rate 1/x convolutional encoder.

The output symbols of the rate 1/4 SLS-CE and the rate 1/2 SLF-CE are connected
towards an M-PPM IR-UWB modulator and a BPSK/Q-BOPPM modulator, respectively.
On one hand, the four outputs, 21 /® 2/® 7/, of the SLS-CE were used to determine the
pulse position in one of M=16 time slots, thus a 16-PPM modulated IR-UWB signal is
generated. The mathematical model for the signal, xin(t), at the output of the 16-PPM

modulator can be derived from Equation (13):
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X () = D w(t—IT, —[82{" + 42" + 22\ + 21°TT ;) (20)

l=—o0

where w(t) represents the UWB pulse shape used, T; is the mean repetition time between
pulses, Ts is the PPM modulation index, and z{* are the outputs of the SLS-CE (k=1,2,3,4).
The use of a SLS-CE is proposed in this thesis work because of the statistics of its outputs
are such that, when used to drive a 16-PPM modulator, the PSD shows spectral lines at
multiples of 1/Ts even when the binary data stream has a p.m.f. with pe#1/2. It is important
to mention that the advantage of using PPM scheme is the feasibility of implementing non-
coherent electrical UWB receivers, which are preferred for designing low data rate (LDR)
WPANSs because of its simplicity, (Zhang et al., 2009-A). On the other hand, the output
symbols of the SLF-CE, z1V z®, are used to drive a BPSK or Q-BOPPM IR-UWB
modulator such that the BPSK signal derived from Equation (12) can be mathematically

described as:

X (t) = i {2z -Dw(t — (21 =T, +(2z? —~w(t - (21)T.} (21)

=—00

while the Q-BOPPM signal can be defined by

X, () = 3 {22 ~Dw(t-IT, - 2T,) (22)

which was derived from Equation (12) as well. In this case, the statistics of the outputs,
21D 2@, are such that when used to drive a BPSK or Q-BOPPM IR-UWB modulator the
PSD will not show any spectral lines, even when the binary data stream, yi, has a p.m.f.
with po#£1/2. The generation of a SLF PSD will allow to increase the signals transmit power
and consequently improving the BER of the system. Note that when using BPSK two UWB
pulses are required to transmit the equivalent to one information bit. In contrast, when
using Q-BOPPM just one UWB pulse is required to transmit one information bit. In
addition, it is important to mention that coherent receivers used to demodulate BPSK and
Q-BOPPM signals result to be more complex than non-coherent. Nevertheless, high-data
rates UWB-WPANSs can be deployed.
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Once the modulated IR-UWB signals have been generated, they are feed to the RoF
architectures. For example, the 16-PPM IR-UWB transmitter could be integrated with the
RoF architecture that use the direct intensity modulation (DIM) with direct detection (DD)
technique in order to implement a low cost and low complexity IR-UWBoOF system
designed for Wireless Sensor Applications. As mentioned in subsection 2.2.1, DIM is the
simplest intensity modulation method used to convert electrical UWB signals to optical
signals, (Cox et al., 2006, Hui and O’Sullivan, 2009). On the other hand, the BPSK/Q-
BOPPM IR-UWB transmitter could be integrated with both RoF architectures shown in
Figure 50 and Figure 51 in order to provide high data rate (HDR) communications.
However, it is important to consider that the EIM/DD architecture can provide important
advantages over the direct-modulation method. Some of these are high stability, wide
frequency modulation bandwidths and zero frequency chirp in high-speed optical
communications systems. The optical signal obtained in both IM methods is then
transmitted through a single-mode fiber (SMF). At the receiver module, both electrical
modulated IR-UWB signals are recovered from the transmitted optical signal, resulting in

the output signal Xou(t) (point B in Figure 50 and Figure 51):

Xout (t) = Xin (t) * hoptical (t) (23)

where Xin(t) is the input signal given by Equations (20) to (22) and hoptical(t) takes into

account the mathematical expressions provided in subsection 2.2.1.1.

3.3 Design and implementation of IR-UWBOF-IM/DD testbeds in
VPITransmissionMaker™ simulation software

As previously mentioned, in order to improve the BER of the system the transmit power
of a SLF-PSD of IR-UWB signals could be increased whereas it is compliant with the UWB
regulations. In this sense, the purpose of this subsection is to show preliminary results
about the spectral line suppression capabilities of the proposed IR-UWBoF-IM/DD
systems when a spectral line free (SLF)-convolutional encoder (CE) is used. In order to
obtain this preliminary results, simulation testbeds were designed and implemented in the

VPITransmissionMarker™ simulation software provided by VPIphotonics Company.



77

It is important to mention that this simulation software has been widely recognized by the
international photonics community during the last years, and proof of that are several
publications, presentations at conferences, contributions to optical text books, white
papers, among others works reported in (VPIPhotonics, 2016-A). Mainly, this simulation
software has been used to accelerate the design of new photonic systems and
subsystems for short-range, access, metro and long haul optical transmission systems
(VPIPhotonics,2016-B). Furthermore, the flexibility offered by this simulation software
allows technology upgrade and component substitution strategies to be developed for
existing optical communications systems. This latter advantage allows to save time and
implementation cost because of preliminary results can be obtained in a fast and accurate

way.

In brief, the VPItransmissionMaker™ simulation software has a graphical user interface
(GUI) where several predesigned modules of optical and electrical devices can be
selected to design and implement hybrid (electrical and photonic) communication
systems. In each module, a mathematical model with configuration parameters
determining the behavior of electrical or optical devices are programmed. Furthermore, in
some of these modules, it is possible to incorporate measurements of the transfer function
of electrical devices in order to provide simulation results very close to experimental
results. In regard to the signal analysis, this simulation software has the
VPIphotonicsAnalyzer tool to display and analyze electrical and optical signals in time and
frequency domain. For example, waveforms, PSD of these waveforms, and eye diagrams
or constellation diagrams used to estimate the bit error rate (BER) of communication
systems can be observed by means of this tool. In addition, functionalities of
VPItransmissionMaker™ software can be expanded by using the co-simulation focus with
Python, MATLAB®, C++, or COM interface. By using this focus it is possible to create any
device or process, which do not form part of all predesigned modules, and, importantly,
such user-defined devices can be fully integrated into the simulation framework. The
hierarchical design approach followed in this simulator allows creating compound devices
(subcircuits) which can be used in the same way as native and co-simulated devices. For
example, the design and generation of UWB waveforms can be first generated in

MATLAB® and then these can be integrated to the simulation framework by using the co-
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simulation modules. Figure 54 shows the simulation software presenting the PSD of a
UWB pulse train. It is important to mention that the data provided by the simulator are
obtained in numeric format, which offer the possibility of performing an off-line analysis by

using numerical analysis software such as MATLAB®, Mathematica, Maple, etc.
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Figure 54. VPItransmissionMaker™ simulation software.

Figure 55 and Figure 56 show the SLF-IR-UWBoF-DIM/DD and SLF-IR-UWBoF-EIM/DD
testbeds implemented in the VPITransmissionMarker™ simulation software. In both
figures, it can be seen that the IR-UWB transmitter was implemented by using two
modules: the CoSiminterface module, which was used to obtain the numeric data of non-
coded and coded IR-UWB signals generated in MATLAB®, and the CosimOutputEl
module, which allowed to convert these numeric data into electrical signals. It is important
to mention that the IR-UWB signals generated by this transmitter were based on particular

cases of Equations defined in Section 2.3 and Section 3.2.
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Figure 56. IR-UWBO0F-EIM/DD system implemented on VPItransmissionMaker™.

The IR-UWB signal coming from the simulated transmitter is connected to the RoF

architecture (DIM/DD or EIM/DD) through coaxial cables and optical modulator drivers
such as the H301-1210 from JDS Uniphase and DR-AN-10-MO from Photline. In the

testbed, these electrical devices were simulated with their transfer functions (frequency

response), which were measured with a 13 GHz vector network analyzer (VNA). The

numeric files obtained from the VNA were added to the simulated testbed by means of

the FilterEl module. All these measurements can be identified in both figures with the label

“So1”.
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On the other hand, both radio over fiber (RoF) architectures, DIM/DD and EIM/DD, were
implemented by using predesigned optical and electrical modules. The configuration
parameters of these modules were adjusted according to typical values provided in
datasheets and/or by numeric data obtained from experimental measurements. A detailed
description of these two testbeds is given in next paragraphs. In addition, the schematics

of the RoF architectures here shown can be reviewed in subsection 2.2.1.1.

Firstly, the LaserAnalogDSM module was used to simulate the direct intensity modulation
(DIM) method. This module is a simple laser model intended to simulate the small-signal
characteristics of lasers, such as lasers driven with low modulation depth analog
waveforms. Important parameters to describe the laser including: RIN (at a specified
power), power output, linewidth, laser bias, threshold current. All these parameters were
set according to the distributed feedback (DFB) laser 3741-A from ORTEL Emcore. It is
important to mention that other parameters such as slope efficiency, alpha factor, and
adiabatic chirp factor were heuristically configured. Therefore, simulation results obtained

using this module could be slightly different to experimental results.

Secondly, the external intensity modulation (EIM) method was simulated with the
modules: LaserCW, FilterEl, ModulatorDiffMZ_DSM and DC_Source. The LaserCW
module was used to model important parameters of a continuous wave (CW) distributed
feedback (DFB) laser such as EmissionFrequency, AvergePower, Linewidth, Azimuth,
among others. Thus, these module parameters were established according to typical
values reported in the datasheets of commercial low linewidth wavelength division
multiplexing (WDM) tunable laser sources such as the pure spectrum narrow linewidth
laser (PS-NLL) manufactured by Teraxion or the OCSCS TLS-AG from Yenista Optics. In
regard to the design and implementation of a commercial Mach-Zehnder modulator
(MZM) in this simulated testbed, the FilterEl module was used to simulate the RF electrode
transfer function of the one-driver 10-Gb/s MZM with zero chirp performance MX-LN-10
from Photline. The zero-chirp one-driver MZM functioning of this MZM was simulated with
the ModulatorDiffMZ_DSM module, which was configured as a balanced single drive. In
addition, the module parameters VpiCD, VpiRF, and Extinction Ratio were modified with
measured values obtained from MX-LM-10. As mentioned subsection 2.2.1.1, the

guadrature points (QP) are the best operating points to convert electrical analog signals
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to optical signals when a MZM is employed. Therefore, the module DC_Source was used
to produce the constant-amplitude electrical signal for biasing the modulator at the QP.
Thirdly, to simulate a length of standard single mode fiber (SMF) in the testbed, the
FiberNLS module was employed. This module solves the nonlinear Schrodinger (NLS)
equation describing the propagation of linearly-polarized optical waves in fibers using the
split-step Fourier method. Even though this module can model the optical fiber non-linear
effects, these were omitted by configuring to zero the NonLinear Index module parameter.
This omission can be carried out because in the analysis performed a WDM spectrum is
not considered. As well, the optical power density inside the fiber is very few to produce
these nonlinear effects. Therefore, only some parameters such as Length, Attenuation
and Dispersion were modified according to typical values of SMF-28 and measured

values.

Finally, the photoreceiver was implemented in the simulation software by using the
modules: photodiode, FilterEl, AmpSysEl and DC_Block. The photodiode module was
configured to operate as PIN photodiode. Furthermore, module parameters such as
Responsivity, ThermalNoise, Temperature, Voltage, LoadResistence, and DarkCurrent
were established according to values provided in the datasheet of a commercial NF1544-
A photoreceiver manufactured by New Focus. The FilterEl module was used as a 12 GHz
Gaussian low-pass filter to limit the photoreceiver bandwidth according to the real one.
The AmpSysEl was used to amplify the electrical signal coming out the photodiode and

the DC_Block module was used to remove the DC component of this electrical signal.

As mentioned, the analysis in time and frequency domain of electrical signals was made
by using the VPIphotonicsAnalyzer tool which was launched by the SignalAnalyzer
module after a simulation process was finished. This module was connected at the IR-
UWB transmitter’'s output and at the photodetector’'s output. On the other hand, the
VPIphotonicsAnalyzer tool was configured according to the specifications provided by
FCC (2002) considering an r.m.s. spectrum analyzer with a 1 MHz Gaussian resolution
bandwidth (RBW).
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3.4 Preliminary results

This section introduces PSD obtained from the proposed simulation BPSK/Q-BOPPM IR-
UWBOF testbeds using a rate 1/2 SLF convolutional encoder. Additionally, PSD
simulations for traditional non-coded IR-UWBOF systems using binary PPM (BPPM) and

BPSK are reported for comparison purposes.
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Figure 57. Rate 1/2 Spectral Line Free Convolutional Encoder (SLF-CE) with feedforward and
feedback polynomials (27,31)s and (23)s, respectively.

The signal parameters used to evaluate the proposed IR-UWBOF testbed are as follows:
Tr=1ns, T4=0.5 ns, and w(t) = fifth-order derivative of a Gaussian pulse with pulse duration
Tw=0.5 ns. For each PSD simulation, a data stream, y), consisting of 10,000 bits was
generated. In addition, two different distributions for the data stream were considered, one
with a p.m.f. equal to po=1/5 and p1=4/5, and another with po=2/5 and p:=3/5. The SLF-CE
implemented has memory v=4 with feedforward polynomials represented by (27,31)s and
feedback polynomial by (23)s. The diagram of this SLF-CE is shown in Figure 57.

For the coded BPM and Q-BOPPM IR-UWBOF systems, the encoder outputs, 1Y) 1, are
used to drive the UWB modulator as described by Equations (21) and (22). For the case
of the non-coded IR-UWB systems, the data stream, y), is used to drive the BPPM and
BPSK UWB modulators which can be described by Equation (9).

The PSDs for the non-coded BPPM/BPSK and the proposed SLF convolutionally coded
BPSK/Q-BOPPM IR-UWBoF-DIM/DD testbed are presented in Figure 58 and Figure 59

with po=1/5 and po=2/5, respectively. The FCC spectral mask for indoor UWB transmissions
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is plotted in both figures as reference. The PSDs shown in both figures were obtained with
a SignalAnalyzer module connected at the IR-UWB transmitter’s output (TPA) and at the
DIM/DD architecture output (TPB) considering different lengths of SMF (from 0-km to 30-
km). To make relevant PSD comparisons between the different PSD of the non-coded
and convolutionally coded IR-UWB systems considered, the pulse amplitude generated
by the simulated IR-UWB transmitter was set to the same power level for all simulations.
Furthermore, it is important to mention that the PSDs shown in both figures also take into
account the noise level of a 40 GHz electrical spectrum analyzer (ESA) FSV40
manufactured by Rohde and Schwarz (R&S). On the other hand, the PSDs for the non-
coded BPPM/BPSK and the proposed SLF convolutionally coded BPSK/Q-BOPPM IR-
UWBOoF-EIM/DD testbed are presented in Figure 60 and Figure 61 with po=1/5 and po=2/5,
respectively. Similar to previous set of figures (58 and 59), the pulse amplitude generated
by the simulated IR-UWB transmitter was established to the same power level for all

simulations.
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Figure 58. Simulated PSDs at the input and output of the IR-UWBoF-DIM/DD testbed (see Figure 50)
using the rate 1/2 SLF-CE shown in Figure 56 for B2B, 20-km and 30-km of fiber length for po=1/5.
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Figure 59. Simulated PSDs at the input and output of the IR-UWBoF-DIM/DD testbed (see Figure 50)

using the rate 1/2 SLF-CE shown in Figure 57 for B2B, 20-km and 30-km of fiber length for po=2/5.
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Figure 60. Simulated PSDs at the input and output of the IR-UWBoF-EIM/DD testbed (see Figure 51)

using the rate 1/2 SLF-CE shown in Figure 57 for B2B, 20-km and 30-km of fiber length for po=1/5.
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Figure 61. Simulated PSDs at the input and output of the IR-UWBoF-EIM/DD testbed (see Figure 51)
using the rate 1/2 SLF-CE shown in Figure 57 for B2B, 20-km and 30-km of fiber length for po=2/5.

Analyzing the PSDs of non-coded IR-UWBoF testbeds (DIM/DD and EIM/DD), it can be
seen that spectral lines appear spaced each 1 GHz. This was expected, as it is well-known
that for unbalanced (i.e., po#1/2) data streams, yi, the binary PPM (BPPM) and BPSK IR-
UWB signals exhibit strong spectral lines in the PSD (see Villarreal-Reyes, 2007). As
discussed in Section 2.4, in order to fit under the FCC spectral mask, commonly the
transmit power of these non-coded signals are decreased. This reduction would impact
negatively the BER of both systems. In contrast, note that the PSDs of both proposed SLF
convolutionally coded testbeds (C-BPSK and C-QBOPPM) do not present any spectral
lines in B2B configuration. Nevertheless, strong spectral lines in the PSD of SLF
convolutionally coded IR-UWBoF-DIM/DD testbeds (BPSK and Q-BOPPM) can be seen
in Figure 58 (c and d) and Figure 59 (c and d) when 20-km and 30-km of SMF are
considered. These spectral lines are result of the inherent frequency chirp effect produced
by modulating directly the laser’s injection current and the chromatic dispersion effect of
the SMF. Figure 62 shows the evolution of the fifth-order derivative transmitted through of
the DIM/DD simulated testbed. In this figure, it can be seen as the pulses at the end of a
20-km and 30-km of SMF transmission are not complementary as in B2B configuration.

As mentioned by Pan and Yao, (2010-A), pulses which are not complementary produce
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spectral lines in the PSD. On the other hand, the PSDs of convolutionally coded IR-
UWBOoF-EIM/DD testbeds do not show any spectral line (see Figure 60 and Figure 61). It
can be also observed that spectral line suppression of the SLF-CE is conserved for all
tested fiber lengths. Figure 63 shows the evolution of the fifth-order derivative transmitted
through of the EIM/DD simulated testbed considering 20-km and 30-km of SMF. It can be
seen that negative and positive pulses are practically complementary. Furthermore, the
transmit power of these signals can be also significantly incremented without violating the
FCC regulation. Therefore, when adjusting the transmit power of this IR-UWBoF-EIM/DD
testbed to the maximum level allowed by the spectral mask, a significant improvement in
the wireless transmission range and/or BER performance would be achieved compared
to the analyzed non-coded IR-UWBOF testbeds and those convolutionally coded IR-
UWBOoF-DIM/DD testbeds.
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Figure 62. Simulated waveforms at the input (point A) and output (point B) of the IR-UWBoF-DIM/DD
testbed (see Figure 50).
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Figure 63. Simulated waveforms at the input (point A) and output (point B) of the IR-UWBoF-EIM/DD
testbed (see Figure 51).



Chapter 4. Experimental studies of IR-UWBoOF systems with
spectral line suppression capabilities

4.1 Introduction

The purpose of this chapter is to show experimental results of the spectral shaping
capabilities of convolutionally coded M-PPM/BPSK/Q-BOPPM IR-UWBoF-IM/DD
systems proposed in Section 3.2. First, spectral line suppression assessments of a low
complexity M-PPM IR-UWBoOF system designed for low data rate (LDR) WPAN
applications are provided. The optical configuration of this system is based on the direct
intensity modulation with direct detection (DIM/DD) technique considering lengths of 20-
km and 30-km of single mode fiber (SMF). Afterwards, the high-data rate (HDR) IR-
UWBOoF-EIM/DD system designed on VPITransmissionMarker™ simulation software is
experimentally implemented and evaluated. A validation process of this simulation testbed
is carried out by calculating the spectral distortion factor (SDF) between simulated and
experimental PSDs. Finally, the spectral line suppression capabilities of two HDR IR-
UWBoF systems that use both IM/DD optical configurations, direct and external, are
evaluated considering a fiber-wireless channel. The impact of the chromatic dispersion

effect in all practical implementations described is also discussed.

4.2 Practical implementation of alow data rate (LDR) M-PPM IR-UWBOF-
DIM/DD system

As discussed in Section 2.3, UWB technology has inherent properties such as low power
consumption, tolerance against multipath fading, and very good time domain resolution
which makes it a key enabler for LDR-wireless sensor networks (WSN) deployments,
(Zhang et al., 2009-A). Furthermore, it is expected that several of these LDR-WSNs will
be interconnected by RoF architectures in order to transport information generated by
hundreds or thousands of sensors deployed in several application areas within “smart
cities”. In this context, the low complexity M-PPM IR-UWBOF systems that use the DIM/DD
technigue with non-coherent UWB receivers will provide a low cost and low power solution

to cover all these novel application areas.
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The system model of a convolutionally coded M-PPM IR-UWBOoOF-DIM/DD system was
described in Section 3.2. As non-coherent receivers are preferred in low complexity LDR-
WSN deployments, a rate 1/4 spectral line suppressive convolutional encoder (SLS-CE)
specially designed for TH-PPM / M-PPM systems was selected for this practical
implementation. The diagram of this SLS-CE is shown in Figure 64, where it can be seen
that the feedforward and feedback connections are (30, 4, 22, 21)s and (23)s respectively.

y—{+ D D?| D3 D*

G5

\/

Figure 64. Rate 1/4 Spectral Line Suppressive Convolutional Encoder (SLS-CE) with feedforward and
feedback polynomials (30, 4, 22, 21)s and (23)s, respectively.

As it was deeply analyzed by Villarreal-Reyes (2007), the statistics of the SLS-CE’s
outputs are such that when used to drive a 16-PPM modulator, the PSD only shows
spectral lines at multiples of 1/Ts even when the data stream provided by the binary data
source has a p.m.f. with po#1/2. In order to show this, a value of po=1/4 is used to evaluate
the spectral line suppression capabilities of the proposed 16-PPM IR-UWBoF-DIM/DD

system. The diagram of this practical implementation is shown in Figure 65.

ZJL-7G+

Electrical Spectrum Analyzer

R&S FSV30

Mixed Signal Oscilloscope
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Laser Photoreceiver N
ORTEL 3741A NF1544-A \ }

Figure 65. Connecting diagram of the experimental 16-PPM IR-UWBOoF-DIM/DD setup.
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(a) (b) (c)
Flgure 66. (a) SP605 Xilinx-Spartan FPGA board. (b) Preamplifier stage (c) BPKS pulse generator
(PG). The electronic circuit boards shown in (b) and (c) form part of the UWB-PG depicted in Figure
65.

The IR-UWB transmitter was implemented by using a Field Programmable Gate Array
(FPGA) board where the binary data source (BDS), the rate 1/4 SLS-CE and the 16-PPM
modulator were programmed in VHDL code. This board was then connected to a UWB
Pulse Generator (UWB-PG) similar to that proposed by Zhifeng Lin, Wei Lei, and Kaihang
Li (2010). The UWB-PG was designed using microstrip lines, Schottky and Step Recovery

diodes. Figure 66 shows the components used to implement the IR-UWB transmitter.

The output of the UWB-PG (test point A in Figure 65) was connected a 6 GHz electrical
amplifier with 20 dB gain. This provided the amount of electrical power used to modulate
a CW DFB laser with 10MHz linewidth and emitting light at 1550nm. The optical fiber link
consisted of 30 km of SMF-28. The IR-UWB signals were electrically recovered by means
of a 12 GHz photodetector (PD) connected at the fiber output. The PD output was
connected to a 7 GHz electrical amplifier with 10 dB gain to compensate some losses
caused by the optical section. A 30 GHz Electrical Spectrum Analyzer (ESA) was
connected at the system output (test point B on Figure 65) in order to digitize and store
the IR-UWB signals PSD. A resolution bandwidth of 1 MHz was used to capture the PSDs.
In addition a Mixed Signal Oscilloscope MSO9404A also was connected to obtain the

UWB pulses in time domain.

The UWB signal parameters used to demonstrate that the proposed system does not add
spectral lines to the SLS-CE 16-PPM PSD are as follows: Tr= 240 ns, Ts= 15 ns and w(t)
has a Gaussian pulse with duration Tw= 850 ns as shown in Figure 67. A binary data
stream, yi, with pmf po=1/4 and p:=3/4 was fed to SLS-CE input. As one data bit is
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transmitted per pulse, an equivalent data rate of 4.16 Mbps is achieved. This data rate is

adequate for WSN applications.

Amplitude (V)

Figure 67. Gaussian pulse generated by the UWB Pulse Generator depicted in Figure 65.

The measured PSDs for the proposed SLF convolutionally coded 16-PPM IR-UWBoF
system are shown in Figure 68. The PSD measurements were performed in test point
(TP)A and TPB as indicated in Figure 65. Back-to-back (B2B) and 30 km of SMF-28
configurations were considered in the optical link. It can be seen in Figure 68(a) that the
original PSD only shows spectral lines at multiples of 66.67 MHz (1/Ts) as expected. This
confirms the spectral line suppression capabilities of the SLS-CE for unbalanced data
streams. Furthermore, it can also be observed in Figure 68(b) and Figure 68(c) that the
spectral line suppression capabilities of this SLS-CE are preserved for all fiber lengths
tested. Thus, it can be concluded that the proposed low complexity 16-PPM IR-UWBoF
system does not add spectral lines to the UWB PSD. In contrast to preliminary results
shown in Section 3.4, in particular those plotted in Figure 58(c.3-c.4) and Figure 59(c.3-
c.4), where strong spectral lines appear in the PSD of SLF IR-UWB-DIM/DD systems after
20-km and 30-km of SMF. In fact, only power losses caused by fiber attenuation and E/O-

O/E conversion processes were observed.

Due to the pulse generator (UWB-PG) provides a Gaussian pulse (see Figure 67) with a
PSD ranging from DC to approximately 2 GHz, an up-converter stage has to be connected

to the output (TPB) of the system shown in Figure 65. This would allow shifting the energy
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spectrum of the IR-UWB signal within UWB frequency range (from 3.1 to 10.6 GHz) such

as is used in (Colli-Vignarelli, Feldman, Robert, and Dehollaini, 2011-B).
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Figure 68. Experimental PSD measurements of the 16-PPM IR-UWBoF system. TPA: (a) Original;
TPB: (b) B2B and (c) 30 km of SMF-28.

4.3 Practical implementation of high data rate (HDR) BPSK/Q-BOPPM
IR-UWBOF-IM/DD systems

This subsection is divided in two parts. On one hand, the HDR-IR-UWBoF-EIM/DD system
designed on VPITransmissionMarker™ simulation software is now experimentally
implemented and evaluated in Optical Communications laboratory at CICESE Research
Center. Furthermore, the power spectral densities (PSDs) obtained from the simulation
IR-UWBOF-EIM/DD testbed are validated with PSDs measured in the practical
implementation here described. This validation process is carried out by calculating the
spectral distortion factor (SDF), (Jazayerifar et al., 2008, Valente and Cartaxo, 2010),
between the simulated and experimental PSDs. On the other hand, both HDR IR-UWBoF

systems, DIM/DD and EIM/DD, with wireless transmission are also experimentally
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implemented by using different electrical and photonics components (e.g. optical
modulator driver, electro-optic modulator, photodetector, coaxial cables). The spectral line
suppression capabilities of both systems are also evaluated from B2B to 30 km of SMF
considering a wireless transmission of 20-30 cm. These last systems were implemented
in SAMOVAR CNRS laboratory at Telecom SudParis.

4.3.1 Experimental evaluations of the HDR1 IR-UWBoF-EIM/DD system analyzed in
Chapter 3

The connection diagram of the experimental HDR IR-UWBoF-EIM/DD system evaluated
in this subsection (which will be identified as HDR1 system in subsequent sections), and
its practical implementation in Optical Communications laboratory at CICESE Research

Center are shown in Figure 69 and Figure 70, respectively.
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Figure 69. Connecting diagram of the experimental HDR1 SLF IR-UWBoF-EIM/DD setup.

In order to carry out the spectral line suppression evaluation of the practical system, first,
non-coded BPPM/BPSK IR-UWB signals and convolutionally coded BPSK/Q-BOPPM IR-
UWB signals are generated in MATLAB®considering the same signal parameters
provided in Section 3.4. For convenience these signal parameters are summarized in
Table 4. Once obtained the numeric data of the generated IR-UWB signals, they are
loaded into an electrical arbitrary waveform generator (E-AWG) with a 9.6-GHz bandwidth
and a 24 GSa/s sample rate. It is important to mention that both parameters, bandwidth
and sampling rate, from the E-AWG and the coaxial cable used in the implementation can
limit considerably the time width and therefore the PSD of the IR-UWB signals. In this
sense, a characterization of the pulses created by the E-AWG, which were measured
using coaxial cables with 10 GHz bandwidth, was made before transmitting the IR-UWB

signals toward to the RoF IM/DD architecture.
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Figure 70. Experimental HDR1 SLF IR-UWBOF-EIM/DD setup implemented in Optical
Communications laboratory at CICESE Research Center.

Some results obtained of this characterization are shown in Figure 71. For example,
Figure 71(a) shows the simulated waveforms of the fifth-order derivative of a Gaussian
pulse with Tw=500 ps (c=51 ps), Tw=600 ps (=65 ps), and the experimental waveform
created by the E-AWG when Tyw~=500 ps. It can be seen that the experimental pulse is more
like to the simulated pulse with =65 ps than when ¢=51 ps is used. As mentioned, this is
due to the limited bandwidth/sampling rate of the E-AWG, and frequency response of
coaxial cables used in the implementation. In addition, the energy spectral density (ESD)
of experimental pulse and the PSD of periodic pulse train (simulated and experimentally

measured) with T,=10 ns are shown in Figure 71(b).

In addition, Figure 72 shows the power spectral densities (PSDs) of the non-coded and
coded IR-UWB signals inputted to the RoF-EIM/DD architecture. As we expected, it can
be observed that the rate 1/2 SLF convolutional code is able to eliminate spectral lines of
Q-BOPPM IR-UWB signals even when an unbalanced data stream drives the SLF-CE.
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Table 4: Signal parameters used in the IR-UWB transmitter of the experimental HDR1 SLF IR-UWB-
EIM/DD system implemented in Optical Communications laboratory at CICESE Research Center.

Binary data stream [y Frames of 10,000 bits with two p.m.f.: po=1/5 and
) p1=4/5; po=2/5 and p1=3/5

PPM modulation index [Tz ]: 0.5 ns

Mean repetition time between pulses [T;]: | 1.0 ns

Waveform [w(t)]: Fifth-order derivative of a Gaussian pulse

Pulse width [Tur] 500 ps (simulated) = 600 ps (experimental)

Spectral line free convolutional encoder Feedforward (27, 31)s and feedback (23)s

[SLF-CE] used for coded signals: polynomials with memory v=4. (see Figure 57)

TH and DS multiplication codes: Not used

= PSD periodic (Exp.)
—— PSD periodic (Sim.)
— ESD of UWB pulse (Exp,

Power Spectral Density (dBm/MHz)

Amplitude (Normalized Peak Amplitude)
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Figure 71. (a) Waveforms of the fifth-order derivative of a Gaussian pulse with ¢=51 ps (dark plot),
0=65 ps (dotted red plot) and the UWB pulse experimentally generated by the AWG7122C (light blue
plot). (b) Energy spectral density (ESD) of the experimental UWB pulse (light blue plot), simulated
PSD (red plot) and experimental PSD (dark blue plot) of a periodic pulse train with T,=10 ns.
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Figure 72. Experimental PSD of non-coded BPPM/BPSK IR-UWB signals and the rate 1/2 spectral
line free convolutionally coded Q-BOPPM IR-UWB signal generated with the AWG7122C. The signal
parameters used to generate these PSDs are summarized in Table 4. The transmit power of the three
sighals was set at the same power level, taking as reference the PSD of the NC-BPPM signal.
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At the output of the E-AWG (test point A in Figure 69) is connected an electrical 10 GHz
modulator driver. It permits to provide the appropriate voltage and to match the impedance
between the E-AWG and the electro-optic modulator. The electrical generated IR-UWB
signals modulate the output beam of a 1550-nm CW DFB laser using an external Mach
Zehnder Modulator (MZM) with 12 GHz electro-optic bandwidth. The optical fiber link
consists of spools of standard single mode fiber (SMF-28) with fiber lengths of 5, 10, and
15 km. At the output of the fiber, the IR-UWB signals are electrically recovered by means
of a 12 GHz bandwidth photoreceiver. A 1000 V/A gain transimpedance amplifier is
integrated into the receiver. At the receiver output (test point B in Figure 69) is connected
a 20 GHz real-time digital oscilloscope with 50 GSa/s and a 40 GHz electrical spectrum
analyzer (ESA), whose resolution bandwidth (RBW) was set to 1 MHz. Both instruments

have been used to digitize and store the IR-UWB signals in time and frequency domain.

Figure 73 shows the measured PSDs for the non-coded PPM/BPSK and the proposed
convolutionally coded BPSK/Q-BOPPM IR-UWBoF systems. The FCC spectral mask for
indoor UWB scenarios is plotted in these figures as reference. The measurements were
performed after 0 km (back-to-back, B2B), 20-km, and 30-km of SMF transmission. All
PSD measurements were obtained at test point B (TPB) of the system (see Figure 69).
To make relevant PSD comparisons between different IR-UWB-IM/DD systems
considered in this research, the pulse amplitude generated by the E-AWG was set to the
same power level for all schemes. The light-blue plots correspond to UWB signals
generated when the data stream, yi, has a p.m.f. po=1/5 and p:=4/5. On the other hand,
the dark-blue plots correspond to UWB signals with p.m.f. po=2/5 and p1=3/5. Figure 73(a)
and Figure 73(b) show PSDs with strong spectral lines spaced at 1 GHz intervals, such
as those PSDs for non-coded IR-UWBoOF-EIM/DD systems shown in Section 3.4. As
mentioned, this was expected because unbalanced data streams, yi, will show strong
spectral lines in the PSD. In contrast, note in Figures 73(c) and 73(d) that the PSDs of the
experimental SLF convolutionally coded IR-UWBoF-EIM/DD systems do not present any
spectral lines. Furthermore, it can be also observed that the spectral line suppression of
the SLF-CCs is conserved for all tested fiber lengths. These measurements confirm the
preliminary results provided in subsection 3.4, the optical link does not produce any
additional spectral lines in the proposed SLF BPSK/Q-BOPPM IR-UWBoF-EIM/DD
system. Last on Figure 73, it is observed power losses for 20-km and 30-km of SMF.
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These are mainly attributed to fiber attenuation and the optical connectors used to

assemble the fiber link.
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Figure 73. Experimental PSD plots measured at the output of the HDR1 SLF IR-UWBOF setup (point
B in Figure 69) for B2B, 20-km and 30-km SMF. The measured PSD plots correspond to following IR-
UWBoF systems: (a) non-coded binary PPM; (b) non-coded BPM(BPSK); (c) SLF convolutionally
coded BPM; and (d) SLF convolutionally coded Q-BOPPM.

Figure 74 shows IR-UWB pulse patterns before and after the fiber transmission. In Figure
74(a), an ideal Q-BOPPM IR-UWB signal is presented. The Q-BOPPM IR-UWB signal
generated by the E-AWG is shown in Figure 74(b). It can be seen that this signal has
small oscillations around the zero level compared to the ideal MATLAB® signal. These
oscillations can be attributed to the E-AWG bandwidth and bit resolution. Figure 74(c)
shows the measured pulse pattern after electrical-to-optical and optical-to-electrical

conversion processes, where some signal degradations introduced mainly by the optical
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driver modulator can be observed. In Figures 74(d) and 74(e), the pulse pattern after 20-
km and 30-km of fiber transmission are shown. Note in these plots some signal
degradation due to power losses and chromatic dispersion. To improve the pulse shape
after fiber transmission, optical amplifiers and chromatic dispersion compensation
modules could be used. However, this will increase the complexity and cost of the whole
IR-UWBOF-EIM/DD system. Furthermore, note that despite the impairments observed
after fiber transmission, the PSDs of the proposed SLF convolutionally coded IR-UWBOF-
EIM/DD system do not show any spectral lines. Therefore, when adjusting the transmit
power of this system to the maximum level allowed by the spectral mask, a significant
improvement in the wireless transmission range and/ or BER performance will be

achieved compared to the systems discussed in Section 2.6.
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Figure 74. Degradation of SLF convolutionally coded Q-BOPPM IR UWB signals after the fiber
transmission: (a) MATLAB®signal; (b) as measured at point A in Figure 69; (c) as measured in B2B
configuration at point B in Figure 69; (d) as measured after 20-km SMF transmission; and (e) as
measured after 30-km SMF transmission.

On the other hand, the IR-UWBO0F-EIM/DD simulation testbed proposed in this thesis work
was experimentally validated by using the figure of merit “Spectral Distortion Factor” (SDF)
introduced in (Jazayerifar et al., 2008, Valente and Cartaxo, 2010). For our case, this SDF
can be mathematically represented as
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(S.(F){s.(f))

SDF =1-
JS () (S,(F)) (S (F))(S.())

(24)

where Se(f) represent the experimentally measured PSD and Ss(f) is the PSD obtained
from the simulation testbed. Basically this figure of merit provides a numerical value
corresponding to the correlation between both PSDs. These values are contained within
[0, 1], where values near to zero indicate a high-degree of similarity between PSDs. The
comparison between simulated and experimental power spectral densities (PSDs) are
shown from Figure 75 to 77. Light color plots represent PSDs obtained from the IR-UWB
testbed implemented in the VPITransmissionMarker™ simulation software, whereas dark
color plots depict PSDs experimentally measured from the practical implementation
shown in Figure 70. Furthermore, the noise floor of the ESA FSV40 was plotted in gray
color plot as a reference. It can be seen in all these figures that there exist a great similarity
between both PSDs simulated and experimental. These similarities were quantitatively
verified with Equation 24, giving values below than 0.1 for all PSDs evaluated. According
to results obtained, it is possible to say that the IR-UWBOF simulation testbed
implemented in the VPITranmissionMakerTM can be used as an experimental system to
analyze and to evaluate IR-UWB transmissions through optical fiber links in a fast and

accurate manner.
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Figure 75. Comparison of simulated and measured power spectral densities (PSDs) of a non-coded

BPPM IR-UWBOF-EIM/DD system. Simulated PSDs are represented with light color plots and
measured PSDs with dark color plots.
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Figure 76. Comparison of simulated and measured power spectral densities (PSDs) of a non-coded
BPSK IR-UWBOoF-EIM/DD system. Simulated PSDs are represented with light color plots and
measured PSDs with dark color plots.
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Figure 77. Comparison of simulated and measured power spectral densities (PSDs) of a
convolutionally coded Quaternary BOPPM IR-UWBOF-EIM/DD system. Simulated PSDs are
represented with light color plots and measured PSDs with dark color plots.

4.3.2 Experimental evaluation of a HDR IR-UWBoF DIM/DD system considering a
fiber-wireless channel

The connecting diagram of the proposed SLF IR-UWBoF-DIM/DD experimental system is
illustrated in Figure 78 and the setup implemented in SAMOVAR CNRS laboratory at
Telecom SudParis is shown in Figure 79.
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ORTEL 3741A Photodetector
XPDV3120R

Figure 78. Connecting diagram of the experimental HDR SLF IR-UWBoF-DIM/DD setup.
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In a similar way to the HDR1 system described in previous subsection, the IR-UWB
transmitter is formed by an arbitrary waveform generator (E-AWG) with 9.6-GHz
bandwidth, which was used for generating experimentally IR-UWB signals previously
obtained with MATLAB® (Equation (9), (21) and (22) determine these IR-UWB signals).
The simulated and experimentally generated waveforms, as well as their energy spectrum
densities (ESDs) are shown in Figure 80. It is important to mention that 20 GHz coaxial
cables were used in the experimental setup. Therefore, a PSD with a bandwidth greater

than PSDs depicted in Figure 72 and Figure 73 can be observed.

AWG7122C DSA-71254 R&SI;SV?:O

- -~ “ -

or.AN.10 ORTEL 3741A g XPDV3L20R

Figure 79. Experimental HDR SLF IR-UWBOoOF-DIM/DD setup implemented in SAMOVAR CNRS
laboratory at Telecom SudParis.

Table 5: Signal parameters used in the IR-UWB transmitter of SLF IR-UWB-IM/DD systems
experimentally implemented in SAMOVAR CNRS laboratory at Telecom SudParis.

Binary data stream [y Frames of 1024 bits with two p.m.f.: po=1/5 and
) p1=4/5; po=2/5 and p1=3/5

PPM modulation index [Tz ]: 0.5 ns

Mean repetition time between pulses [T,]: | 1.0 ns

Waveform [w(t)]: Fifth-order derivative of a Gaussian pulse

Pulse width [Tur] 500 ps (simulated) = 580 ps (experimental)

Spectral line free convolutional encoder Feedforward (27, 31)s and feedback (23)s

[SLF-CE] used for the coded signals: polynomials with memory v=4. (see Figure 57)

TH and DS multiplication codes: Not used
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Figure 80. (a) Waveforms of the fifth-order derivative of a Gaussian pulse with ¢=51 ps (dark plot),
0=65 ps (dotted red plot) and the UWB pulse experimentally generated by the AWG7122C (light blue
plot). (b) Energy spectral density (ESD) of the experimental UWB pulse (light blue plot), simulated
(red plot) and experimental (dark blue plot) PSD of a Q-BOPPM IR-UWB signal with T,=1ns.
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Figure 81. Experimental PSD of the non-coded BPSK IR-UWB signal and rate 1/2 spectral line free
convolutionally coded BPSK/Q-BOPPM IR-UWB signals generated with the AWG7122C. The signal
parameters used to generate these PSDs are summarized in Table 5. The transmit power of the three
signals was set at the same power level, taking as reference the PSD of the convolutionally coded
Q-BOPPM signal.

On the other hand, Figure 81 shows three power spectral densities of IR-UWB signals: a)
non-coded BPSK, b) SLF convolutionally-coded BPSK and c¢) SLF convolutionally-coded
Q-BOPPM. All three signals consider an unbalanced data source (i.e. a data stream with
p.m.f. po=1/5). Similar to results shown in Figure 72, the rate 1/2 SLF convolutional code
(CC) is able to eliminate a great number of spectral lines (almost all) of BPSK/Q-BOPPM
IR-UWB signals even when an unbalanced binary data source is connected to the input
encoder. Nevertheless, Figure 81(a-c) shows PSDs with strong spectral lines below of 2.4
GHz and above of 9.9 GHz. It is assumed that these additional spectral lines appear as
consequence of ringing and non-complementary UWB pulses generated by the E-AWG.
Furthermore, it can be seen in Figure 81(c) that the rate 1/2 SLF-CC can eliminate more
spectral lines by using Q-BOPPM signals than by using BPSK signals (see Figure 81b).
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Apparently, this could be due to Q-BOPPM modulation format provide more randomness
than the BPSK modulation scheme with Nw=2, where two consecutive pulses are
transmitted by symbol. Unlike of rate 1/2 SLF-CC Q-BOPPM signals where one pulse is

transmitted by symbol.

As it can be seen in Figure 78, this IR-UWB transmitter was connected to a 12 GHz optical
modulator driver. This device was used to amplify electrical signals generated by the E-
AWG and to enable appropriate impedance matching between the E-AWG and the RF
input of a 1550 nm distributed feedback (DFB) laser. These amplified IR-UWB signals
were able to modulate directly the laser’s injection current to obtain optical IR-UWB
signals, which were transmitted over an optical link formed by spools of 10-km, 20-km of
standard single-mode fiber (SMF-28). At the output of the SMF, the IR-UWB signals were
electrically recovered by means of a 75 GHz photodetector. In order to compensate some
losses originated by the electrical-to-optical and optical-to-electrical conversion
processes, two 14 GHz electrical amplifiers in cascade configuration were connected at
photodetector output and after this section a high pass filter was added with the purpose
to eliminate additional spectral lines generated by AWG at low frequencies. Additionally,
a 12 GHz real-time digital signal analyzer (DSA) with 50 GSa/s and a 30 GHz electrical
spectrum analyzer (ESA) have been connected at the output of the system (Test Point B
in Figure 78). Both instruments have been used to digitize and store non-coded and
convolutionally coded IR-UWB signals in time and frequency domain. Table 6 summarize
the main technical characteristics of the equipment and devices used in this testbed.

The PSDs of the IR-UWB signals at the output of the system with B2B, 20-km and 30-km
of SMF are shown in Figure 82. To make relevant PSD comparisons between different
IR-UWB-IM/DD systems considered in this research, the pulse amplitude generated by
the E-AWG was set to the same power level for all schemes. The light blue plots represent
binary data streams with a p.m.f. po=1/5 and the dark blue plots those binary data streams
with a p.m.f. po=2/5. It can be observed in all PSDs of Figure 82 that there exists additional
spectral lines at frequencies above of 9.9 GHz and in the case of C-BPSK (Figure 82-b)
there is a strong spectral line at 2 GHz. This spectral line could be due to ringing and/or
non-complementary UWB pulses generated by the E-AWG (see the spectral line at 2 GHz
in the PSD of Figure 81-b and Figure 81-c). On the other hand, the evolution of these
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additional spectral lines along the fiber link shows the frequency chirp effect produced by
the direct intensity modulation method which is augmented by the chromatic dispersion
effect of SMF fiber. It can be seen in Figure 82 (a/b/c.2) and Figure 82 (a/b/c.3) as the
power magnitude of these spectral lines increases as SMF length increases as well.
Furthermore, it is possible to see as this combined effect (frequency chirp and chromatic
dispersion) degradates the PSD shape in all schemes reported after 20-km of SMF
transmission. In addition, as it was expected, we may observe that SLF convolutionally
coded Q-BOPPM IR-UWB signals provides a spectral line free PSD over the SMF lengths
tested (this sentence is true if we do not take into account the strong spectral line at 10
GHz, which it is generated by the E-AWG).

Previous results differ to those results reported in Section 3.4, in regard to the number of
additional spectral lines that appear in the PSD after 20-km and 30-km of SFM
transmission. Despite of this difference, the impact of the frequency chirp and chromatic

dispersion were fully identified in this experimental setup.

Table 6. Measuring instruments and electrical/optical devices used in the SLF IR-UWBoF DIM/DD
system implemented in SAMOVAR CNRS laboratory at Telecom SudParis.

M. Instruments Characteristics Electrical devices Characteristics
Arbltgé)r/n\e/\r/;\c/’?form BW= 9.6 GHz Optical Modulator Driver BW=12 GHz
(AWG7122C) Sample Rate= 24G Sa/s (DR-AN-10-MO) Gain: 20 dB
Digital Signal Analyzer BW= 12 GHz Amplifier BW=14 GHz
(TEK-DSA71254) Sample Rate= 50 GSa/s (ZX60-14012L+) B
BW= 30 GHz

Spectrum Analyzer
(R&S FSV30)

High Pass Filter

(VHF-2700A%) BW=2.7-8.5 GHz

Res. BW=1 MHz
Video BW= 3 MHz

Optical Devices Characteristics Optical Devices Characteristics

Opt. Power = 10 dBm

Laser DFB . o Single Mode Fiber
(ORTEL 3741A) Linewidth= 10 MHz (SMF-28) Reels of 10 km and 20 km
BWRrrmod=0.1-10 GHz
P.I.N photodetector BW=75 GHz Optical Attenuator 5dB

(XPDV3120R)
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Figure 82. Experimental PSDs of the non-coded BPSK IR-UWB signal and SLF convolutionally coded
BPSK/Q-BOPPM IR-UWB signals transmitted over 20-km and 30-km of SMF-28 using DIM/DD RoF
system. The signal parameters used for generating non-coded and convolutionally coded signals
are summarized in Table 5.

Finally, the spectral line suppression capabilities of the proposed SLF IR-UWBoF-DIM/DD
system were evaluated over a fiber-wireless channel. Figure 83 depicts the connection
diagram of the proposed system. As it can be seen in this figure, UWB signals were
radiated into the free space by an Omni-directional antenna (KBOR AntRad-4). The
wireless transmission distance was set at 0.3 m. This distance can be increased if high-
gain electrical amplifiers are used (Xianbin Yu et al., 2013). The radiated UWB signals
were received by a similar Omni-directional antenna, which is connected directly to an
electrical spectrum analyzer (ESA) in order to obtain the PSD. Technical characteristics

of this equipment are described in Table 6.

0O ) G
‘\ ,’ o’ 30cm oo’ Electrical Spectrum Analyzer
1
AWGT7122C 0 dB . SMF-28 i.i 22 dB OdB Digital Signal Analyzer
DFB Laser P.I.N. TEK-DSAT71254

ORTEL 3741A Photodetector
XPDV3120R

Figure 83. Connecting diagram of the experimental SLF IR-UWBoF DIM/DD system with wireless
transmission.
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Figure 84. Experimental PSDs of the non-coded BPSK IR-UWB signal and SLF convolutionally coded
BPSK/Q-BOPPM IR-UWB signals transmitted over 20-km and 30-km of SMF-28 using DIM/DD RoF
system with 30 cm of wireless transmission. The signal parameters used for generating non-coded
and convolutionally coded signals are summarized in Table 5.

Figure 84 shows the measured PSDs after the wireless transmission. A noticeable
bandwidth reduction can be observed with respect to PSDs at the output of the RoF-
DIM/DD architecture (see Figure 82). As expected, the frequency response and
bandwidth limitations of these low cost antennas have modified the PSD shape. However,

additional spectral lines below of 2.4 GHz and above 9 GHz are not present.

4.3.3 Experimental evaluations of a HDR2 IR-UWBoF EIM/DD system considering a
fiber-wireless channel

The connecting diagram of the high data rate (HDR2) SLF IR-UWBOF-EIM/DD system
that use external intensity modulation is depicted in Figure 85 and the practical setup
implemented in SAMOVAR CNRS laboratory at Telecom SudParis is shown in Figure 86.
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Figure 85. Connecting diagram of the HDR2 SLF IR-UWBoF EIM/DD system.
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Figure 86. Experimental implementation of the HDR2 SLF IR-UWBoF EIM/DD system.

The system is formed by the IR-UWB transmitter described in previous subsection, and a
12 GHz RoF EIM/DD architecture. At the output of the IR-UWB transmitter (Test Point A
in Figure 85) is connected a 12 GHz optical modulator driver. This device was used to
amplify electrical signals generated by the E-AWG and to enable appropriate impedance
matching between the E-AWG and the RF input of a 20 GHz dual parallel Mach-Zehnder
Modulator (MZM). This dual-drive MZM has two arms which can be used to implement
complex optical modulations, however, in our experimental evaluations only one RF input
was used to modulate externally the light emitted by a 1550 nm DFB laser. The other
MZM'’s RF port was terminated to 50 ohms. The optical fiber link of the RoF architecture
was formed by spools of SMF-28 with fiber lengths of 10-km and 20-km. At the output of

the fiber, the IR-UWB signals were electrically recovered by means of a 75 GHz
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photodetector. In order to compensate some losses originated by the electrical-to-optical
and optical-to-electrical conversion processes, two 14 GHz electrical amplifiers in cascade
configuration were connected at photodetector output and after this section a high-pass
filter was added with the purpose to eliminate additional spectral lines generated by E-
AWG at low frequencies. In addition, a 12 GHz real-time digital signal analyzer (DSA) with
50 GSal/s and a 30 GHz electrical spectrum analyzer (ESA) have been connected at the
Test Point B pointed out in Figure 85. Both instruments have been used to digitize and
store non-coded and coded IR-UWB signals in time and spectral domain. In addition, it is
important to mention that a bench top automatic bias controller (MBC-1Q-BT from Photline)
was used to operate in the "QUAD point" of the transfer function of this dual-parallel MZM,

ensuring a stable functioning over time and environmental conditions.

Table 7. Measuring Instruments and electrical/optical components used in the HDR2 SLF IR-UWBoF
EIM/DD system implemented in the SAMOVAR CNRS laboratory at Telecom SudParis.

M. Instruments Characteristics Optical Devices Characteristics
Arbltgg:\r/;\éerform BW= 9.6 GHz Laser DFB Optical Power= 14.5 dBm
Digital Signal Analyzer BW=12 GHz Single Mode Optical Fiber [Reels of 10 km and 20 km
(TEK-DSA71254) Sample Rate= 50 GSa/s (SSMF-28)
Vapc1=6.8V; Vipc2=6.9V;
Spectrum Analvzer BW= 30 GHz Dual Parallel Mach Zehnder, Vc3=16.5V;
p(R&S FSV48/) Resolution BW=1 MHz Modulator VnRFl=5.6V; Virr1=5.5V;
Video BW= 3 MHz (MXIQ-LN-20) BWrr1=12 GHz

BWrr2=12 GHz

P.I.N photodetector

(XPDV3120R) BW=75 GHz
Electrical Devices Characteristics Electrical Devices Characteristics
Amplifier _ High Pass Filter _o 7.
(ZX60-14012L+) BW=14 GHz (VHF-2700A+) BW=2.7-8.5 GHz

Optical Modulator
Driver BW=12 GHz MBC-1Q-BT
(DR-AN-10-MO)

VCD1=2.92; VCD2=1.7;
VCD3=0
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Figure 87. Experimental PSDs of the non-coded BPSK IR-UWB signal and SLF convolutionally coded
BPSK/Q-BOPPM IR-UWB signals transmitted over 20-km and 30-km of SMF28 using EIM/DD RoF
system. The sighal parameters used for generating non-coded and convolutionally coded signals
are summarized in Table 5.

The same non-coded and rate 1/2 SLF convolutionally coded IR-UWB signals discussed
in previous subsections were initially generated in MATLAB® and then loaded into the
AWG7122C. The PSDs obtained after 20-km and 30-km of SMF transmission are shown
in Figure 87. The light blue plots represent the binary data streams with a p.m.f. po=1/5
and the blue dark plots those with a p.m.f. po=2/5. It can be observed in all PSDs of Figure
87 that there exists additional spectral lines at high frequencies (> 9 GHz). Similar to
previous testbed (see Figure 82), it can be assumed that the spectral lines are emerging
due to the ringing and non-complementary UWB pulses generated by the E-AWG. It is
important to highlight that in this PSDs the power magnitude of these additional spectral
lines decrease whereas the fiber length is increased. In addition, the PSD shape is not
modified noticeable after 20-km of SMF transmission. This is due to the electrical-to-optical
conversion process is operating in linear region and there not exist frequency chirping in

this optical configuration.



110

MATLAB
Codes

AWGT122C

AY Fd hY
1 | C 1
4’ 20 cm oo Electrical Spectrum Analyzer
} | .f R&S FSV30
30dB Digital Signal Analyzer

TEK-DSA71254

DFB Laser
OSICS TLS-AG MZM Photodetector
MXIQ-LN-20 XPDV3120R

Figure 88. Connecting diagram of the experimental HDR2 SLF IR-UWBoF EIM/DD system with
wireless transmission.
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Figure 89. Experimental implementation of the HDR2 SLF IR-UWBoF EIM/DD system with wireless
transmission.

On the other hand, the spectral line suppression capabilities of this HDR2 system were
evaluated over a fiber-wireless channel. Figure 88 shows the connection diagram of the
SLF HDR2 IR-UWBOF-EIM/DD with wireless transmission and Figure 89 shows the
experimental setup implemented in SAMOVAR CNRS laboratory.

A line-of-sigh (LOS) wireless channel with antenna separation of 20-cm was used to carry
out our assessments. The same Omni-directional antennas described in previous
subsection were used in this setup. The power spectral densities (PSDs) obtained from
this system are shown in Figure 90. As it can see in this figure there exist a noticeable
reduction of the transmitted bandwidth. However, it is important to note that additional
spectral lines are not present in the PSDs of all schemes after the wireless transmission.
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Figure 90. Experimental PSDs of the non-coded BPSK IR-UWB signal and SLF convolutionally coded
BPSK/Q-BOPPM IR-UWB signals transmitted over 20-km and 30-km of SMF-28 using EIM/DD RoF
system with 20 cm of wireless transmission.

4.4 Summary and discussion

In Section 4.2 a low-cost and low-complexity spectral line suppressive convolutionally
encoded 16-PPM IR-UWBOF-DIM/DD system designed for WSNs applications was
proposed. This system uses a spectral line suppressive (SLS) convolutional code (CC) to
achieve spectral line suppression in the power spectral density (PSD). Experimental
results have shown that the system does not distort or add spectral lines to the IR-UWB
signal PSD transmitted over 30 km of a single-mode fiber, thus demonstrating its feasibility

to interconnect WSN deployments.

In subsection 4.3.1 the experimental implementation of the spectral line free (SLF)
BPSK/Q-BOPPM IR-UWBO0F-EIM/DD simulation testbed proposed in Chapter 3 was
analyzed. In addition, the spectral line suppression capabilities of the proposed system
were reported. As it can be seen in this subsection, this system has been able to generate
SLF-PSDs for all tested fiber lengths, even when the binary data stream at the input of
the system was unbalanced (p0#1/2). Furthermore, the IR-UWBO0OF-EIM/DD simulation
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testbed designed and implemented in the VPITransmissionMarker™ simulation software
was experimentally validated by using the figure of merit “spectral distortion factor” (SDF).
Results of this validation process were satisfactory. It was found a great similarity between
the PSDs obtained from the simulation testbed with those PSDs measured from the
experimental setup. Therefore, this simulation testbed now could be used as an
experimental system where spectral characteristics of non-coded and coded IR-UWB
signals would be analyzed and evaluated in a fast and accurate way.

In subsection 4.3.2 and 4.3.3, experimental implementations of two high data rate (HDR)
spectral line free (SLF) IR-UWBOF systems that use both IM/DD-RoF architectures, direct
and external, were described. In addition, the spectral line suppression capabilities of
these experimental systems considering fiber-wireless links were reported. Experimental
results obtained after 20-km and 30-km of SMF transmission, have shown the capability
of both systems to suppress spectral lines within UWB frequency band (from 3.1 GHz to
10.6 GHz). Despite of these important results, it is worth to mention that strong spectral
lines were observed at frequencies above of 9 GHz in all measured PSDs. It is assumed
that these spectral lines emerged mainly due to UWB pulses generated by the E-AWG
were not complementary, (Pan and Yao, 2010-A). In regard to the impact of the chromatic
dispersion effect observed in both RoF architectures (DIM and EIM), on one hand, the
power spectral densities (PSDs) of IR-UWBoF DIM/DD systems shown a slight
degradation after 20-km SMF transmission. On the other hand, the PSDs of of IR-UWBoF
EIM/DD systems do not show any noticeable degradation for all length of SMF. We
assume that this degradation was resulted of the frequency chirp effect produced by the
direct intensity modulation (DIM) method which is augmented by the chromatic dispersion
effect of SMF fiber. As it can be seen in Figure 82 this combined effect tends to be more
evident as the fiber length is increased. Regarding to the wireless transmission, the
assessments performed confirm that the spectral shaping capabilities of both systems are

kept for fiber-wireless channels considered.



Chapter 5. Contributions, conclusions and areas of future
research

5.1 Contributions

The main contributions of this thesis work are two Impulse-Radio Ultra-wideband over
Fiber (IR-UWBOF) systems with spectral line suppression capabilities. High-Data Rate
(HDR) and Low-Data Rate WPAN applications can be covered with each one of the
proposed systems. The proposed HDR-IR-UWBOF system uses a rate 1/2 spectral line
free (SLF) convolutional encoder (CE) able to suppress all spectral lines in the PSD of
BPSK/Q-BOPPM IR-UWB signals even when the binary stream at the encoder input is
generated by an unbalanced binary data source (po#1/2). This system uses the external
IM/DD technique in order to provide stability in high data rate communications without
generating additional spectral lines in the electrical-to-optical and optical-to electrical
conversion processes. Furthermore, as it was experimentally demonstrated, the fiber-
wireless link formed by 30 km of SMF and 20 cm of line of sight (LOS) wireless
transmission do not generate additional spectral lines in the PSD. On the other hand, the
proposed LDR IR-UWBOF system uses a rate 1/4 spectral line suppressive (SLS)-CE
designed for suppressing several spectral lines in the PSD of M-PPM IR-UWB signals that
follows non-uniform distributions. This system uses a very simple IR-UWB transmitter,
which is connected to a RoF architecture that utilizes the direct IM/DD technique. The
combination of both elements allow to implement a low cost and low complexity IR-
UWBoF system that can be used for wireless sensor networks applications in next smart
city scenarios. In addition, an experimentally validated IR-UWBoF-EIM/DD simulation
testbed was provided. This testbed was designed and implemented in the

VPITransmissionMarker™ simulation software from VPIphotonics Company.

5.2 Conclusions

In this thesis a low-cost and low-complexity spectral line suppressive convolutionally
encoded 16-Pulse Position Modulation (PPM) Impulse Radio Ultra-wideband over fiber
(IR-UWBoF) system designed for wireless sensor networks (WSNs) applications has
been proposed. The spectral line suppression capability of the proposed system has been
experimentally demonstrated for non-perfectly random input data streams. It has been



114
shown that these capabilities are kept over fiber links up to 30 km using a low-cost and
low-complex direct intensity modulation with direct detection (DIM/DD)-Radio over Fiber
(RoF) architecture, thus showing its feasibility to interconnect WSNs deployments.
Furthermore, a simple high data rate (HDR) IR-UWBOoF system that considers the use of
spectral line free convolutional codes (SLF-CCs) to suppress the spectral lines in the
power spectral density (PSD) has been proposed. The spectral line suppression
capabilities of the proposed HDR SLF convolutionally coded IR-UWBOF system has been
experimentally demonstrated for unbalanced (po#1/2) i.i.d. input binary data streams. It
has been shown that these capabilities are kept over fiber links up to 30 km with 20 cm of
wireless transmission using the external intensity modulation with direct-detection
(EIM/DD) RoF architecture. These spectral line suppression capabilities enable to
increase power transmission compared with traditional IR-UWBOoF implementations, thus,
improving the transmission range and/or the BER. Finally, in this thesis a HDR IR-UWBOoF-
EIM/DD testbed designed and implemented in the VPITransmissionMaker™ simulation
software was provided. The validation process of this simulation testbed was performed
by means of the spectral distortion factor (SDF) between the PSD of IR-UWB signals
generated by this simulation testbed and the experimental PSD of signals obtained from
the system described in subsection 4.3.1. The results of this validation process show that
the simulated testbed can be used as an experimental system to analyze and to evaluate
IR-UWB transmissions through optical fiber links in a fast and accurate manner.

5.3 Areas of future research
Some interesting areas of future research identified are:
e Perform bit error rate (BER) evaluations of the proposed SLF/SLS IR-UWBoF-

IM/DD systems considering wireless transmission in multipath channels and multi-

user scenarios.

e Theoretical and experimental analysis of channel coding with spectral shaping
capabilities for IR-UWB over Free Space Optics systems (IR-UWBO0OFSO).
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Turbo-codification with spectral line suppression capabilities specially designed for
IR-UWBOF systems.

Proposal of an all-optical technique that allow to eliminate spectral lines in the PSD

of IR-UWB transmissions in order to fit under the FCC spectral masks.
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