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Introduction

The growing demand for high speed and low power transmission systems nowadays, in-
creases the attention towards ultra wideband (UWB) radio technology, which is a promis-
ing solution for new generations of short-range broadband wireless communications. UWB
was regularly born in 2002, when the Federal Communication Commission (FCC) ap-
proved its free space propagation within a 7.5 GHz band and -41.3 dBm/MHz maximum
emitted power. UWB over fiber has been an attractive topic to investigate for many
researchers, as by exploiting the benefits of optical link a high quality of transmission
could be achieved at long distances. The Impulse Radio (IR) UWB, which is a cost
effective approach offering a low order of generation complexity, is the central topic of
investigation in this dissertation. The target is to enhance the IR-UWB over fiber system
performance considering different alternatives, where the proposed transceiver is based
on a low cost Semiconductor Optical Amplifier (SOA). The latter has been adopted with
the view to get a reach extension within the optical access network. Long optical link
transmission requires operating in the SOA saturated regime so as to get a high amplifier
gain. That translates into strong nonlinearities acting on propagated waveforms, which
lead to spectral distortions and a consequent degradation in the power efficiency. These
nonlinearities have been mitigated via analog pre-distortion schemes, based on the deriva-
tives of a Gaussian pulse and their combinations. By tuning the input pulses parameters
via global optimization, we change the dynamics of output waveforms and correct SOA
impact. In this way, high power efficiencies have been consistently achieved for a strongly
saturated input power. The feasibility of this approach has been examined considering
On Off Keying (OOK) and Pulse Position Modulation (PPM) formats, pre-distortion has
shown a great potential for long spans in the optical link. In addition to nonlinearity,
another challenge is the Amplified Spontaneous Emission (ASE) noise inherent to SOA,
which may degrade the bit error rate performance of the over fiber system. A phaser-based
processing technique has been employed to simultaneously linearize SOA characteristics
and attenuate the ASE impact. Symmetrical up and down chirping in electrical domain
and after SOA has proved to be effective in enhancing the transmission performance.
Based on the fact that a lower order of four wave mixing and cross gain modulation
is obtained against signals with less frequency diversity, we reduced SOA nonlinear ef-
fects via analog chirping schemes and increased the correlation of the output pulses with
original ones. Utilizing Gaussian pulse derivatives and combinations, a substantial im-
provement has been carried out for low and high input powers entering the amplifier.
A very good error performance and power efficiency have been obtained with OOK and
PPM, while propagating over a large extension of single mode fiber. The power efficiency
of the UWB signal is highly influenced by the modulation pattern, and it is well known
that pulse repetition associated with impulse radio transmission may result in discrete
lines added to the overall spectrum, hence violating the maximum power limit imposed
by the regulatory bodies. Thus, besides to pre-distortion and chirping techniques, an
advanced type of modulation has been investigated as a complementary approach, so as
to suppress these spectral spikes and enhance the power efficiency. The key concept is
randomizing the shape of transmitted pulses; to do so, each data symbol is represented
by multi-waveforms satisfying orthogonality. We have mathematically derived the closed-
form expressions of the power spectral densities corresponding to the modified OOK and
PPM formats. The potential of the proposed scheme, which can be either employed for
impulse radio or carrier-based systems, has been studied in electrical domain and by con-
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sidering the UWB over optical fiber application. Utilizing Gaussian pulse derivatives, our
approach proves to be effective for PPM and OOK with an advantage in terms of power
efficiency at short distances, with a link extension by adopting the SOA in-line amplifier.
Finally, the performance of differential chaos shift keying (DCSK) modulation has been
examined for the first time by taking into account the optical link effects. The encouraging
advantages of DCSK, which is a type of transmitted reference scheme, are the good error
performance besides to the ease of practical design implementation. Experimental results
illustrate the effectiveness of DCSK in comparison with other non-coherent modulation
schemes, a lower probability of error was obtained at receiver side without adding more
complexity to the conventional system.

Chapter 1 states a general overview about impulse radio ultra wideband transmission,
and advanced technologies in wireless telecommunications. The ultra wideband tech-
nology is defined, with some focusing on its regulations, advantages, and applications.
Impulse radio approach is also introduced, besides to its conventional pulse types and
modulation formats. Finally a concise presentation for the original contributions of this
thesis is made. Chapter 2 explores the UWB over fiber technology, and summarizes the
research progress in optical pulse generation techniques. Our basic over fiber system re-
lying on Mach-Zehnder Modulator is introduced, which has been also integrated with the
Semiconductor Optical Amplifier placed for in-line amplification purpose. Analog pre-
distortion schemes are investigated in chapter 3, with the aim to mitigate Semiconductor
Optical Amplifier nonlinearities. We show that impulse radio power efficiency could be
enhanced based on several pre-distortion concepts. In chapter 4, we propose a novel
configuration based on up and down phasers placed before and after the optical system
respectively. The target is to reduce inherent nonlinearities as well the Amplified Sponta-
neous Emission noise. Interesting results are obtained in terms of power efficiency and bit
error rate performance. In chapter 5, we address the problem of discrete spectral spikes
resulting from On Off Keying or Pulse Position Modulation characteristics, and propose
a new modulation scheme randomizing the pulse shape. The performance gain is illus-
trated in electrical domain first, and then by considering the over fiber system with and
without in-line amplification. The main goal of chapter 6 is to present an experimental
demonstration for some of the investigated schemes. Differential Chaos Shift Keying has
been adopted with the over fiber system. The potential of chirping technique has been
experimentally validated and interesting results have been achieved. In the final chapter,
we conclude our work and highlight on the main outcomes of this thesis, besides, several
investigations are suggested for optical ultra wideband future research.



Chapter 1

An Introduction to Impulse Radio
Ultra WideBand

1.1 Modern Communication Technologies

Communication systems have been a key branch in humans daily life, thanks to the
globally distributed networks, information and ideas can be easily shared from any two
corners in our planet. A rapid exchange of speech, image, music, or computer data, is
provided by the emerging broadcasting technologies. The raising demand of high quality
data transfer necessitates a periodic advancement in the communication strategies and
topologies. The existing wireless systems nowadays are mainly the metropolitan area
networks, personal area networks, and local area networks [1,2|. Figure 1.1 illustrates the
growing mobile data traffic from 2016 to 2021 carried out from Cisco recent studies [3],
it is expected that the data usage amount will reach 49 exabytes per month by 2021.
Figure 1.2 shows the number of devices or connections versus years for 2G, 3G, 4G+
(corresponding to 4G combined with 5G small share connections), and Low Power Wide
Area (LPWA) technologies. A higher generation network connectivity has to be developed
each time period in order to fit the public demand. In 2021, it is predicted that 53% of
the global communication devices will be integrable with 4G technology. 5G will emerge
in 2020, where the expected number of connections is 2.3 million that will exhibit a sharp
increase by 2021 [3]. A complementary approach to these technologies is Ultra WideBand
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Figure 1.1: Cisco Forecasts 49 Exabytes per Month of Mobile Data Traffic by 2021 [3].
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Figure 1.2: Global Mobile Devices and Connections by 2G, 3G, and 4G+, (percentages
refer to device and connections share), and LPWA (Low Power Wide Area) [3].
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Figure 1.3: Mobility and speed of UWB in correspondence with other existing
communication technologies [4].

(UWB), as illustrated in fig. 1.3 [4], which is suitable for high speed transmission scenarios
within a short range coverage areas [5,6]. UWB is based on transmitting signals with an
extremely large bandwidth and small radiated power |7, 8|. Significant efforts have been
applied by recent researchers to commercialize UWB and overcome its challenges [9-20].
In the next sections, we introduce UWB in terms of definition and regulations, with some
focusing on the advantages, applications, and technologies.

1.2 Ultra WideBand Definition and Regulations

Based on the definition of the Federal Communication Commission (FCC) in United States
[5,6,21], the term ultra wideband corresponds to any signal having a 10 dB bandwidth
By > 500 MHz or a fractional bandwidth B; > 0.2.

By = iio (1.1)
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Figure 1.4: The free space emission limit regulated by the Federal Communication
Commission, the Ultra WideBand frequency range goes from 3.1 GHz to 10.6 GHz.

with
f= Ju+ /L
)

where f;, and fy correspond to the lower and upper limits of the 10 dB bandwidth re-
spectively. In 2002, FCC allowed UWB devices to operate within a particular spectral
mask in order to avoid dangerous interference with other narrow band communication sys-
tems [22]. According to this regulation the transmitted power spectral density of UWB
has to stay below the limit of -41.3 dBm/MHz in the frequency range of |3.1,10.6] GHz.
Figure 1.4 describes the standard mask in the United States of America, the emission
limit corresponds to the noise level of electronic devices, so UWB signals act as a harm-
less noise with respect to other communication bodies. Figure 1.5 states the intended
bands for UWB propagation in different regions [23], we can notice that the maximum
band is licensed by USA regulations, this leads to a higher data rate of transmission and
better signal-to-noise ratio. Table 1.1 summarizes the main characteristics and aspects
of UWB in comparison with other communication technologies, the wideband property
allows spread spectrum techniques to be applied, also different modulation options could
be adopted [24].

(1.2)

1.3 UWB Advantages

Equation (1.3) expresses Shannon’s capacity of transmission Cps /second VeTsus the band-
width B and SNR in Additive White Gaussian Noise channels. It could be pointed out
that, due to the large bandwidth (7.5 GHz), UWB signals can reach a very high transmis-
sion rate at low probability of error. Ultra short time pulses also have a great potential
in localization and tracking, high accuracy can be achieved while estimating the distance
between transmitter and receiver, thanks to the low time scaling. Moreover, the wideband
characteristic provides the capability to resolve multipath components, and reconstruct
the transmitted signal via coherent rake receiver. Hence, UWB has a kind of robustness
against fading effects in dispersive channels. In addition, as the UWB has a very low
emission power and high bandwidth, it is a noise like signal, that adds more difficulty for
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Figure 1.5: UWB intended bands specified in different regions [23].
Standard Bluetooth UWB ZigBee Wi-Fi
IEEE. 802.15.1 802.15.3a 802.15.4 802.11a/b/g
specification
Frequency 868,/915 MHz .
band 2.4 GHz 3.1-10.6 GHz 9 4 GHy 2.4 GHz; 5 GHz
Nominal 10 m 10 m 10 - 100 m 100 m
range
Nommal TX 1 10 4Bm | -41.3 dBm/MHz | (-25) - 0 dBm 15 - 20 dBm
power
Number of
RF channels 79 (1-15) 1/10; 16 14 (2.4 GHz)
Channel 500 MHz - 7.5 0.3/0.6 MHz ; 2
bandwidth L MHz GHz MHz 22 MHz
Modulation GFSK BPSK, PAM, BPSK (+ ASK), (EJSSE‘IE),I\/IQP()Jng,
type PSM, PPM, OOK 0-QPSK M-QAM
: DS-UWB, DSSS, CCK,
Spreading FHSS MB-OFDM DSSS OFDM

Table 1.1: A summary of the main characteristics of UWB in comparison with other

wireless technologies [24].

irregular bodies to steal information from the communication system |5-7,21].

Cbits/second =B X 1Og2 (1 + SNR)

(1.3)
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Figure 1.6: Schematic diagram for the carrier-based UWB transceiver.
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Figure 1.7: The spectrum of single carrier (left), multi-carrier (middle), and impulse
radio (right) UWB respectively.

1.4 UWB Applications

Thanks to its attractive features, UWB is a good candidate for various applications in
civilian, military, and commercial fields. Examples include local and wide area networks,
sensor networks, emergency communications, personal area networks, and multimedia-
rich communications. Besides to the radar, as a centimeter resolution can be obtained
due to the fine positioning characteristics. In addition to other applications like remote
sensing, home automation, wireless streaming video distribution, medical imaging, home
security, automotive industry, tracking, and electronic applications [5-7,21, 25].

1.5 UWB Technologies

The UWB generated signals can be classified into two main types, the carrier-based
scheme, and impulse radio technique [5]:

Carrier-Based Schemes

This approach consists in multiplying the generated signal by a sinusoid for shifting the
spectrum towards the frequency band of interest, as depicted in fig. 1.6. It could be a
single carrier or multi-carrier technique, as shown in fig. 1.7. The advantage with this
type of transmission is the flexibility in controlling the central frequency with respect to
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Figure 1.8: Schematic diagram for the Impulse Radio UWB transceiver.
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Figure 1.9: Normalized time waveforms of Rectangular, Laplacian, Cubic, and Gaussian
pulses (left), besides to their corresponding power spectral densities (dBm/MHz) (right).
Basic denotes the fundamental Gaussian, Mono corresponds to the first order
derivative, and Doub presents the second order derivative.

FCC mask, but at the price of a higher order of complexity as local oscillators have to be
adopted [26,27].

Impulse Radio Technique

This technique relies on pulses with ultra short duration and low duty cycle which di-
rectly occupies the high frequency band. As described in fig. 1.8, the modulated signal is
transmitted without being multiplied by a carrier, this baseband approach is cost effective
and simple. Figure 1.7 (right) plots the spectrum of an impulse radio waveform, the peak
frequency is close to the center of FCC mask, without shifting the spectrum by the use
of a local oscillator [28-31]. The main contributions of our investigations will be focused
on impulse radio.

1.6 IR-UWB Pulse Waveforms and Modulation Types

Several pulse waveforms can be adopted in impulse radio, mainly the Rectangular, Sinc,
Hermite, Laplacian, Cubic, and Gaussian pulses [5,32-37|. Figure 1.9 describes the time
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waveforms (left) besides to corresponding spectra (right) of the Rectangular, Laplacian,
Cubic, fundamental Gaussian, first Gaussian derivative, and second Gaussian derivative.
In fact, Gaussian pulses will be the candidates in our work due to their good compliance
with FCC mask [37], besides to the possibility to be generated via basic electronic circuits
|33]. Equation (1.4) expresses the formula of the fundamental Gaussian, where o is the
pulse shaping factor. ,
t
g(t) = exp( - T‘Q (1.4)
The pulses spectral characteristic with respect to FCC mask will be evaluated using the
criterion of power efficiency:
srcm. S(f) df
10.6 GH=

x 100% (1.5)
31GHz *“FCC df

where S,(f) denotes the power spectral density for a pulse p(t) [38].
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Figure 1.10: Time waveforms of OOK (above) and PAM (below) modulation formats for
a sequence of 8 bits, ‘11010010 ".

Regarding the modulation schemes applied with IR-UWB, numerous modulation options
exist, mainly Pulse Amplitude Modulation (PAM), Pulse Position Modulation (PPM), On
Off Keying (OOK), Pulse Shape Modulation (PSM), Binary Phase Shift Keying (BPSK),
in addition to Transmitted Reference (TR) schemes [5,7,39-44|. Equation (1.6) defines
a PAM modulated signal (SPAM(t)), where a;, is the amplitude associated with the k"
symbol having a time duration T;. OOK and BPSK belong to the PAM family, where
ar € {0,1} or ay € {—1, 1} respectively. Equations (1.7) and (1.8) describe the expressions
of PPM and PSM modulations respectively, where a; € {0,1} and J is the modulation
index. Figures 1.10 to 1.12 show the time waveforms of different modulation options
corresponding to 8 bits data sequence. The formula of the transmitted reference signal is
expressed in eq. (1.9), where the time waveform is described in fig. 1.13. As noticed, for
each symbol a reference pulse is transmitted before the data one, enabling a channel state
information [45]. The modulated pulse is delayed by T}, where T, > T, (T, is the pulse
duration). Detecting the transmitted symbols is based on cross correlation performed
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Figure 1.13: Time waveform of Transmitted Reference modulation format for a sequence
of 8 bits, 11010010

between the two received pulses in each frame.

spam(t) = ; agp(t — kT) (1.6)
sppu(t) = ;p@ — kT, — a0) (1.7)
spsm(t) = zk: pi(t — kT) (1.8)

sa(t) = gp(t — kT.) + arp(t — kT, — T,) (1.9)

Non-coherent energy detection approaches mainly deal with OOK and orthogonal PPM,
which have been adopted in this thesis due to their simplicity; in addition to the Differ-
ential Chaos Shift Keying (DCSK) schemes which belong to TR family [46].

Transmitting impulse radio pulse train results in discrete spectral spikes due to time
periodicity. These comb lines may violate FCC mask, hence, applying spectrum smooth-
ing techniques is important so as to attenuate the intensity of the discrete lines. Direct
Sequence (DS) and Time Hopping (TH) smoothing schemes are mainly adopted in the
literature, which randomize the amplitude or time position of transmitted waveforms
respectively [47-50]. As will be discussed in the sequel, the time dynamics of any modula-
tion pattern determines the corresponding spectral behavior. Our key objective is to get
an efficient spectrum under FCC mask, the transmission efficiency of a modulated UWB
signal will be evaluated based on the criterion:
Pr

nv = W(.P_}') (1.10)

where Pr stands for the power collected over a frequency band of interest F (typically the
[3.1-10.6] GHz band) for the electrical signal at antenna input, and max(Pr) denoting the
total power evaluated over the same band for an OOK or PPM modulated signal based



1 An Introduction to Impulse Radio Ultra WideBand 28

on the sinc pulse, which is optimal in the sense that it corresponds to a 100% spectrum
use (full coverage of the spectral mask). 7, is different than 7, as the latter represents
the efficiency for a single waveform and not for a stream of modulated pulses.

1.7 UWB Challenges

Going towards high frequency is challenging from the practical side [51-55|, as it is not
easy to fabricate electronic circuits and equipments capable to operate at high frequency
band [56-59], also designing antennas becomes more sophisticated and expensive [60-62].
Moreover, the emission constraints associated to UWB free-space propagation [22] add a
trade off between the data rate and transmission distance. So, highly efficient UWB are
required in order to get a reach extension with an acceptable level of bit error rate. In
this thesis, we propose several methodologies for enhancing the UWB transmission system
performance, main approaches are based on controlling the generated pulse dynamics and
modulation characteristics as will be shown in the sequel.

1.8 UWB Wireless Channel Model

Channel modeling activities started after the approval of the Federal Communication
Commission for UWB wireless propagation [63,64]. The IEEE 802.15.4a channel model
covers indoor residential, indoor office, industrial, besides to open outdoor environments,
considering both line of sight and non line of sight scenarios [65]. Attenuation and delay
dispersion are the two main aspects that have to be taken into account in any model [66].
There are some classical parameters used to evaluate a channel, like the average path loss,
power delay profile, fading statistics, root mean square delay spread, number of multi-
path components occupying a specific percentage of the received energy [65|. The target
of channel modeling approaches is to be as realistic as possible, more accurate model
requires a greater number of observations and measurements, so as to get a broad data
base of numerical values corresponding to impulse response realizations [65].

1.9 Impulse Radio over fiber

The radio over fiber concept is a pertinent solution for distributing data signals over land
networks integrated with the wireless channel [67]. As stated in fig. 1.14, the central
unit of a base station provides several remote antennas via embedded fiber links, so as to
cover all branches in the public area [67-70]. With UWB, due to power limitation against
free-space operation, only a few meters could be covered in wireless channels. UWB over
fiber has received a great deal of attention from numerous research centers, thanks to the
attractive features of the optical fiber, high transmission speed could be achieved with
a very good bit error rate performance [70-72]. The main interest in this thesis is the
impulse radio concept, with stream of pulses being distributed over the fiber prior to
wireless propagation [73]; these signals can be electrically or optically generated |[74] as
will be shown in the next chapter, which summarizes different solutions for impulse radio
over fiber generation and transmission techniques.
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Figure 1.14: A schematic diagram for a radio over fiber access network [67].

1.10 Contributions of this Dissertation

In this thesis, six main contributions are investigated:

(1) Analog pre-distortion techniques have been applied to face the nonlinear effects
inherent to optical amplification;

(2) A novel power efficient waveform has been designed based on a linear combination
of fundamental Gaussian pulses;

(3) Phaser-based processing schemes are proposed for jointly reducing the optical system
noise and nonlinearities;

(4) Pulse shape randomization is investigated to improve the power efficiency of mod-
ulated impulse radio signals;

(5) Differential chaos shift keying scheme is applied for the first time with the over fiber
transmission system,;

(6) An experimental demonstration for ultra wideband over fiber is performed;
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Chapter 2

UWB over Fiber Communications:
Literature Review and Introduction to
our System

In the previous chapter, we have defined the UWB technology in terms of regqulation and
system approach; a new concept is introduced here, the radio over fiber transmission, which
15 an interesting topic that has been investigated in the past decade. In the next sections,
we talk briefly about the integrated fiber-to-wireless communications, besides to the types
of pulse generation associated with the optical transmission. Then, we present the radio
over fiber system based on Mach-Zehnder Modulator (MZM) considered in this study,
with some focusing on its function and how the operating conditions could be optimized.
Finally, we introduce the usage of Semiconductor Optical Amplifier (SOA) as an in-line
amplifier, with the view to achieve a reach extension at limited cost and complexity. A
description about the SOA function and physical characteristics is presented in the last
section.

2.1 Optical Fiber Communications: Advantages, Method-
ologies, and Challenges

As discussed in the previous chapter, the UWB wireless service area is limited to a few
meters due to the power constraints of the regularity bodies. Therefore, establishing a
wired-to-wireless integrated network is a key step to extend the coverage zone to a number
of kilometers [1]. The electric cable is not a promising solution for UWB transmission, due

Data | Electro-optical R
Modulator ! converter
Fiber
Optic
) Channel
Data P Opto-electrical |
Demodulator | converter

Figure 2.1: A simple schematic diagram for the optical communication system.
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Figure 2.2: Different branches and public areas supported by the optical access
networks [6].

to its band limitation and high attenuation associated with the copper characteristics [2].
The most pertinent approach is to exploit the beneficial properties of the optical link so
as to get a better quality of service; over fiber transmission has drawn a great interest for
researchers in the field of broadband communications [3-5]. The over fiber transmission
system is described in fig. 2.1; the original data is carried by an optical beam, which prop-
agates over the fiber to reach the receiver, where a direct detection is performed to extract
the electrical waveforms before demodulation. As stated in fig. 2.2, data signals can be
distributed by the optical access network over several links to supply different branches;
airports, business areas, residential areas, and small cells, all can make use of the Internet
service; where routing management is performed via an optical switching center [6].

The outstanding features of the fiber optic channel are the large bandwidth (which theo-
retically goes to 20 THz), the immunity to electromagnetic interference, low propagation
loss, besides to the small physical dimensions and flexibility in twisting without causing
a damage [3]. It is a dielectric waveguide capable to transport the light from one node to
another, consisting of a central core through which the electromagnetic beam propagates,
surrounded by a cladding layer and a thick external plastic jacket for protection [7]. The
attenuation in the fiber is a function of the central wavelength [8] as shown in fig. 2.3; in
our work we operate around 1.5 pm, which is associated with an attenuation of approxi-
mately 0.2 dB/km. Another challenge related to over fiber propagation is the chromatic
dispersion, which introduces a frequency dependent phase shift, and consequently dis-
torts the shape of the transmitted waveform [5]. Figure 2.4 shows the time waveforms
and corresponding spectra of the Gaussian Monocycle observed at several SMF distances
up to 40 km; we can see a decrease in the 10 dB bandwidth and central frequency as
moving along the fiber, that is due to the time chirping caused by dispersion, which also
depends on the optical power applied at fiber input [5]. Equation (2.1) describes the im-
pact of single mode fiber on an optical baseband pulse F(z,t) traveling along a distance
z, where [, is the coefficient of group-velocity [9]. The solution of this partial differential
equation, which is obtained by the Fourier transform, is expressed in eq. (2.2), where w
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Figure 2.4: Time waveforms (a) and corresponding spectra (b) of Gaussian Monocycle
at several distances of optical link, besides to the time and frequency properties versus
distance (c) [5].

is the angular frequency. So due to chromatic dispersion, the fiber acts as an all-pass
filter with a transfer function expressed in eq. (2.3), where D is the dispersion coefficient
with a typical value of 17 ps/(km.nm), A is the wavelength, and c is the free-space light
propagation velocity.

OE(z,t) _ éazE(z,t)

T T2 o (2.)
b _ 7 P
(z,w) = E(0,w) exp (gﬁgw z> (2.2)
' —jD)?
H(z,w) = exp (‘%ng22> = exp (iTwQ,z) (2.3)

Chromatic dispersion could be reduced by several digital or analog schemes; placing a
compensating fiber can totally cancel the dispersion impact but at the expense of increased
cost and complexity. At the transmitter side, pulse generation techniques have to be
applied before entering the fiber, as will be discussed in the next section. Reconverting
the optical field into an electrical voltage signal at receiver side is performed via square-
law direct detection, several types of photo-detectors are commercially available, such as
PN-junction diode (PIN) or Avalanche Photodiode (APD) [10-12]. Photo-detectors could
be also integrated with a pre (optical) or post (electrical) amplifier so as to push up the
signal power before demodulation [4,13].
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2.2 UWRB Pulse Generation Techniques

In order to transmit a signal over fiber one of the two techniques has to be applied, either
electrical-to-optical conversion for the designed waveforms or direct generation of the tar-
get UWB pulse in optical domain. Figure 2.5 shows the simple block diagram describing
the two methods. Intensity modulation requires an electrical generation of UWB signals
prior to optical carrier modulation; digital or analog techniques could be applied to design
ultra short pulses which can modulate the optical field produced by a laser source [14-30].
On the optical domain side, various methods exist for generating microwave signals by
optical means [31-47]; the attractive feature with such approaches is the absence of elec-
trical part in the transmitter system architecture, besides to the high immunity against
electromagnetic interference [32].

Electrical Intensity
Generation “l Modulation

Optical Channel Photo-detection

Direct Optical Generation

Figure 2.5: Two main types of pulse generation prior to over fiber propagation.

Tables 2.1 and 2.2 summarize the most popular scenarios investigated in literature, includ-
ing electro-optic conversion and direct optical pulse generation. In [48,49], UWB pulses
are generated based on optical suppressed carrier modulation; while in [16, 25, 50-53]
and [36, 39,50, 54-56], several waveforms are designed by exploiting the physical charac-
teristics of MZM or SOA respectively. In [5,27,38], Gaussian Monocycles and Doublets
are produced via phase or polarization modulation followed by frequency discrimination.
Getting benefit from the relaxation oscillations of a laser could be a good way to generate
high order UWB signals, as demonstrated in [21,57,58]. Gain switching and external
modulation was also investigated [26,59], besides to optical pulse shaping and frequency-
to-time mapping [60-62|. The reflective SOA has been an attractive tool for several
designers, who succeeded in shaping different impulse radio waveforms by exploiting the
dynamics of this optical component [63-66]. Many publications deal with external mod-
ulation [17,20,67-71], and in some studies it is proposed to generate UWB signals by
taking advantage of a laser or fiber nonlinearity [72-74]. From a broad literature review,
we propose a short summary of a few techniques with distinct key concepts in the fol-
lowing paragraphs. Our selection relies on various criteria including originality of the
proposed results, effectiveness from a practical point of view and implementation using
classical components.

In [62], the authors experimentally demonstrate a prototype for generating UWB sig-
nals by all optical means. As illustrated in fig. 2.6, the passive mode-locked fiber laser
(MLFL) generates ultra short pulses which can be spectrally shaped via flattening filter;
then the optical signal propagates in a dispersive medium, particularly it is a 5.46 km
piece of single mode fiber, which can perform a frequency-to-time mapping. The lower and
upper bands of the spectrum are cut by the two cascaded chirped gratings tunable filters.
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Figure 2.6: A simplified schematic diagram of the UWB pulse generator proposed in [62].

The optical pulse is then divided into two arms; in the first, a fiber Bragg grating (FBG)
with a complex apodization profile imprints the optimized pulse shape on the spectrum
of the source, and the gratings are written by ultra violet scanning; in the second arm, an
optical delay line (DL) and a variable attenuator (ATT) are placed for balancing the am-
plitude and the time shift between the two arms. Finally, an optical intensity-to-voltage
conversion occurs in the balanced photo-detector (BPD) to produce the target waveform.
The output pulse is designed by systematically calibrating the central wavelengths of the
filters, semi-Gaussian monocycles and doublets have been generated, besides to a power
efficient FCC-compliant waveform obtained at a relatively higher order of complexity.
This setup has a kind of robustness against environmental changes, as the fiber compo-
nents are less sensitive to such perturbations.

In [75], a new technique has been proposed to generate polarity-switchable UWB Gaus-
sian pulses in optical domain. As stated in fig. 2.7, the laser diode (LD) produces an
electromagnetic wave in order to be phase modulated, where the latter is injected with
an electrical Gaussian pulse. The modulated optical signal at PM output enters the
Asymmetric Mach-Zehnder Interferometer (AMZI), which is formed by cascading two
polarization maintaining fibers (PMF) with their fast axes 7/4 radians aligned, and fol-
lowed by a polarization beam splitter (PBS). A polarization controller (PC) is placed at
the PMF input for adjusting the polarization direction of the incident wave to get an
angle of 0 or 7/4 radians to one principle axis of the PMF, which can also add a static
phase shift between the two orthogonal polarization components along the directions of
the fast and slow axes of the PMF. For generating a Gaussian monocycle, a first order
differentiation has to be performed by the AMZI, that can be established by aligning the
polarization direction of the phase-modulated signal with one principle axis of the first
PMF. The beam is equally distributed along the two principle axes at the second PMF,
with a time delay and phase differences introduced by the PMF birefringence and the PC
respectively. Therefore, the induced current at the photo-detector (PD) output becomes
approximately proportional to the first order difference of the input Gaussian. When a
Gaussian doublet is targeted, a second order differentiation is required, that is done by
aligning the polarization direction of the light wave to make a deviation of 7/4 radians
with the principle axes of the first PMF. The output electrical current becomes propor-
tional with the second order difference of the input Gaussian. Monocycles and Doublets
have been practically generated, with fractional bandwidths of 1.77 and 1.4 respectively.
The benefits of the proposed configuration are the low cost and small size, besides to the
operation stability with UWB communications.

Pan has experimentally demonstrated the concept of optical pulse generation based on
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Figure 2.7: The schematic diagram of the optical pulse generator proposed in [75].
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Figure 2.8: The schematic diagram of the optical pulse generator proposed in [5].

adopting two-tap photonic microwave delay-line filter with opposite polarization as a dif-
ferential system [5]. The schematic diagram is shown in fig. 2.8; the configuration relies
on a laser diode followed by two polarization controllers (PC1 and PC2) with a polar-
ization modulator (PolM) in between, and a section of polarization maintaining fiber is
placed just before the photo-detector. Non-coherent detection has been employed in order
to protect the generated signal against optical interference. The input Gaussian pulse is
injected to the PolM, which can support both TE and TM modes but with opposite phase
modulation indices. When a linearly polarized incident light is oriented at an angle of
7 /4 radians to one principal axis of the PolM, complementary phase modulated signals
are generated along the two principal axes. The optical field then enters the PMF after
being passed by the polarization controller, the latter is used to align the principal axes
of the PolM to make a 7/4 radians deviation with the PMF principal axes. Detecting the
resultant field by square-law produces a current which is proportional to the first order
difference of the input Gaussian, so the output waveform becomes a Gaussian monocycle.
The advantage of this configuration is the low order of complexity, besides to the fact
that the generated pulse is chirp free, since the horizontal and vertical components of the
optical field have a fixed phase.

Yu has proposed and experimentally demonstrated a novel generation scheme for Gaus-
sian monocycles reported in [50]. As described in fig. 2.9, the setup consists of a tunable
laser diode (TLD) source followed by a MZM and SOA, where the BIAS is a voltage
source that controls the operating point of MZM, and the BPG is a bit pattern generator
which produces the return-to-zero electrical signal. The lightwave radiated from the TLD
is launched into the MZM to be intensity modulated before entering SOA, while the latter
operates in the saturated gain region. The optical coupler (OC) then divides the prop-
agated field by 10:90 power ratio, 90% goes to the optical sampling oscilloscope (OSO)
for time display and the remaining is injected to the photo-detector, to be converted into
a voltage signal before entering the electrical spectrum analyzer (ESA). The concept of
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Figure 2.9: The block diagram of the optical pulse generator for the Gaussian monocycle
proposed in [50]
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Figure 2.10: The operation principle of the optical pulse generator for the Gaussian
monocycle proposed in [50]

generation is explained in fig. 2.10, when applying V; at the bias, MZM operates in the
positive slope interval of the modulation curve, and the output pulse is in-phase with the
electrical one, and after being amplified by SOA the carrier density stays at a higher level.
When the positive Gaussian enters the SOA, the optical signal is boosted and a direct
decrease occurs in the carrier density, that leads to a smaller gain and an undershoot in
the waveform just after the positive pulse. The carrier density then returns back into
the initial level and the optical pedestal at other time is uniformly amplified. A positive
Gaussian monocycle is generated by this process; and on the contrary, when the biasing
voltage is V5, a negative monocycle is obtained due to the negative slope of MZM at this
point. So in this work, not only a Gaussian monocycle is designed, but also there is a
flexibility to transmit a bipolar modulated signal based on triggering the MZM biasing
voltage at limited order of complexity.

2.3 Radio Over Fiber Transceiver Based on Mach-Zehnder
Modulator

In this work, our candidate for intensity modulation is the Lithium Niobate single arm
MZM; which has an interesting performance characteristics in comparison with other
electro-optical converters, mainly the low optical loss, high power handling capability,
broad optical bandwidth, and robustness against fluctuations in temperature [30]. Fig-
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Figure 2.11: Block diagram of the impulse radio over fiber system adopted in this study.
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Figure 2.12: A simple schematic diagram for the MZM structure.

ure 2.11 presents our basic optical system, the transmitter relies on MZM with a half-wave
voltage V= 6 V, biased at Vpe= 1.5V 7 by the electrical UWB signal with a continuous
wave light applied at its input (laser diode signal). The channel is made of a Single Mode
Fiber (SMF). At the receiver side (just before wireless transmission), a photo-detector
converts the optical power into an electrical voltage signal, the latter being attenuated
before entering the antenna so as to meet FCC mask. The thermal and shot noises of the
photo-detector have not been taken into account, as both are negligible with respect to
the signal power at our operating conditions. In this thesis, we mainly focus on the optical
part of the system, hence, the received signal is analyzed directly after the photo-detector,
while ignoring antenna effects.

2.3.1 Mach-Zehnder Modulator: Principle of Operation and Trans-
fer Function

The MZM operation principle is described in fig. 2.12, the input optical field is equally
distributed over the two arms, where each is surrounded by two electrodes. A voltage
dependent time delay is applied by the electrical signals (V;(¢) and/or V,(t)) for both
propagating fields. Thanks to this interferometric structure, the phase difference is con-
verted into an intensity when both fields are combined, and a data signal can modulate
the input optical power [76]|. As a single-arm configuration is adopted in the sequel, V;(¢)
is the unique input voltage (V5(t) = 0). Figure 2.13 shows the MZM transfer function ver-
sus input voltage Vj,, (which is here V;(t)), where V;,, includes Vpe and v(t) as described
in eq. (2.4), and v(t) could be expressed in terms of the peak-to-peak voltage (V},) and
the normalized UWB signal Sy (t) as shown in eq. (2.5). In addition of the basic MZM,
a quadrature modulator can be formed utilizing two parallel and independently driven
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Figure 2.13: MZM power ratio versus input voltage.

MZMs, with a static phase shift of 7/2 in between. The resultant synthesized signal is a
complex one which is suitable for I() modulation patterns like QAM [76].

P,u(t) = Py, cos® <% (VDC + v(t))) (2.4)
o(t) = VxS (t) 2.5)

The oscillating term in the MZM transfer function adds nonlinear effects to the output
optical pulses. After the photo-detector, the DC component is removed from the received
electrical signals prior to electromagnetic propagation, making thus a compromise between
the average power and linearity as will be shown in the sequel.

2.3.2 On Optimizing the Operating Conditions of MZM

Increasing the peak-to-peak voltage adds strong nonlinearities to the input UWB pulse,
but raising at the same time the extinction ratio (ER) P4./Pnin and average output
power. Larger ER translates into better bit error rate performance, as an energy detector-
based non-coherent receiver is targeted. The average power at the fiber input directly
influences the optical transmission reach that can be achieved. RoF networks with wide
covering necessitates a large enough available power at the transmitter side, which corre-
sponds to a large V,,. On the other hand, free space transmission involves a strict power
limitation imposed by the regulatory bodies (FCC mask), and MZM linearity becomes
important to meet such constraint, which can be achieved by operating at small V.
Therefore, an optimization of MZM operating conditions has to be done for satisfying
both constraints.

In fig. 2.14, we consider the power efficiency 7, of a modulated signal (1.10) to evaluate
the MZM characteristics for a relatively wide range of DC biasing voltage, where V,,, = 0.4
V. The modulation scheme is OOK operating at 2 Gbps and based on the 5th Gaussian
(5th order derivative of the fundamental Gaussian expressed in (1.4)), while considering
a broad range of pulse shaping factor. Regarding the latter, the best operating point lies
at 51 ps for which the spectrum peak is located at the midpoint of the UWB frequency
interval, with a non-symmetrical response due to FCC mask shape. About the biasing
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Figure 2.14: The power efficiency of 2 Gbps OOK based on the 5th derivative Gaussian,
versus pulse shaping factor and DC biasing voltage (in optical back-to-back case), where
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Figure 2.15: Time waveforms and power spectral densities of 5th-derivative Gaussian
pulse for several V,,, values.

voltage impact, the optimum efficiency is associated with the most linear region at Vpo=
1.5V m, moving away from this point yields to a spectral distortion caused by the sharp
curve of power ratio, the contour plot vertical symmetry is due to the cosine parity for
MZM.

Figure 2.15 shows the influence of V,,, in time and frequency domain for 5th-derivative
Gaussian pulse. As V), increases more time spread is obtained, specially at positive and
negative peaks, leading to low frequency components which violate FCC mask in the most
restricted region [0.96-1.61] GHz corresponding to GPS band. This dangerous interfer-
ence obliges the transmitter to attenuate the UWB signal so as to respect FCC limit, and
consequently a low power efficiency is obtained.

At short distances, where the optical power is relatively high, applying large V,,, leads to a
strong spectral violation of FCC mask; hence, there is no benefit from the high electrical
power available as it is impossible to transmit a signal with a non-regular spectrum. At
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long distances, a decrease in the spectrum level occurs due to optical attenuation of the
fiber. Therefore, linearity is no longer important, as operating far below FCC mask raises
the priority towards high average power instead of perfect spectral shape, thus an increase
in the V},, is necessary to get a better performance. So the trade-off between linearity and
output power depends on the fiber length that have to be considered; the corresponding
optimal V},, at MZM input is investigated in the sequel.

The power efficiency of 2 Gbps OOK based on the 5th-derivative Gaussian is plotted
in fig. 2.16 for a wide range of V,, and fiber length. The optimum performance is ob-
tained in the interval [0.3Vm, 0.5V 7| at low distances, where no significant effects of
dispersion/attenuation occur. As noticed, the contour plot is not symmetrical around the
vertical line, so the axis of symmetry has a right deviation from the vertical direction,
due to optical power degradation through fiber which necessitates a compensation by
increasing V,,. The power efficiency has been studied versus single mode fiber length in
fig. 2.17 for 2 Gbps OOK based on 5th-derivative Gaussian pulse. Following the tradi-
tional approach, having as the only interest the linearity, we could fix the peak-to-peak
voltage at V,,, = 0.4 Vr, which maximizes the efficiency at low fiber distances. But it is
clear that keeping this particular value for operating over larger distances is no longer the
best choice. Therefore, better performance does not necessarily mean high linearity for
external modulation.

2.4 Introducing the Semiconductor Optical Amplifier
in our Radio Over Fiber Transmission System

The semiconductor optical amplifier illustrated in fig. 2.18 is an electro-optic device which
acts to amplify an input light signal under specific operating conditions [77-79]. The
amplification process occurs in the active layer, and the power gain is due to the external
electric current Ip;,, injected to SOA via the electrode. The propagated signal is confined
to the active region via an internal waveguide, and weak confinement leads to an optical
loss due to the leakage of some signal parts into the surrounding cladding. An amplified
spontaneous emission (ASE) noise is added to the propagated signal, which is produced
during amplification [77].

2.4.1 SOA Fundamentals

SOA can be characterized by several parameters, mainly the gain, gain saturation, optical
bandwidth, noise figure, and the polarization sensitivity |[77].

SOA Gain and Saturation

The optical gain of the SOA is defined as the output to input power ratio P,/ P;,. It
depends on the operating wavelength, biasing current, and input power, the fabrication
material of the active region has also an influence on the gain dynamics. The single pass
optical gain is defined as [77]:

G=ett = e(Fg’"(A’N)_amt)L (2.6)
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Figure 2.18: Simple schematic diagram for SOA structure.

207 \
¢ = Ibias=100mA |

15 +|lbias=150mA -

— = |bias=200mA |

o 10 Ibias=250mA -

g ,
g °
E
G o

=5+

20 S0 o |
SOA Input Power (dBm)

Figure 2.19: The gain versus input optical power for several values of biasing current.

where g is the net gain, L is the SOA length, I" is the optical confinement factor, g,,(\, V)
denotes the material gain, A is the wavelength, N is the carrier density, and «;,; is the
internal loss coefficient. The SOA gain is plotted in fig. 2.19 versus input power for several
biasing currents. As noticed, the gain has a nonlinear function with respect to the biasing
current. A gain saturation is obtained at high power, when the carrier density in the
active region become drained causing for a gain degradation. Saturation occurs when
the gain becomes 3 dB below its maximum value obtained in the linear region (at low
input powers), the corresponding output power is called the saturated power, which is
inversely proportional with the optical confinement factor [77]. When SOA is used as an
amplifier, better performance is obtained in the linear gain region, so a higher saturation
point is targeted; but in case of using SOA for intensity modulation, a lower carrier life
time is required so as to increase the modulation bandwidth and improve the transmission
capacity, that requires an operation in the strong gain saturation [80,81].
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Optical Bandwidth

The optical gain bandwidth is defined as the wavelength range where the gain is not
below 3 dB of its maximum (occurring at the central wavelength). The gain bandwidth
depends on the SOA structure, materials, and operational parameters, it has an inverse
relation with the cavity length and optical confinement factor |77]. Higher optical band-
width makes the amplifier more pertinent for adoption in communication systems, as less
distortions are resulted with broadband amplified signals.

Noise Figure

The noise figure Ny is defined as the input-to-output signal-to-noise ratio, where in ad-
dition to the shot and thermal noises induced by the photo-detector, two types of noises
are inherent to SOA amplification. The signal-spontaneous beat noise and spontaneous-
spontaneous beat noise are due to the presence of ASE, where their average powers o2

stg—ase

and o2, .. are expressed in eq. (2.7) and eq. (2.8) respectively [6,77].
O?igfase - 4qRA/WG-P2n(G - ]-)nspBe (27)
Ugsefase = 4q2(G - 1)2n§pBeBopt (28)

Where ¢ is the electron charge, R4, is the responsivity, G is the gain, P, denotes
the input power, ng, is the spontaneous-emission factor, B, is the electrical bandwidth,
and B,y is the optical bandwidth [6,77]. When a high power optical signal is injected,
the signal-spontaneous beat noise is the dominant, whereas the spontaneous-spontaneous
beat noise significantly arises at low powers. The noise figure in the SOA depends on the
wavelength, input optical power, and biasing current, it is expressed as:

2P 1
= A5 | (2.9)
hfGByy G
where Psgg is the average power for ASE noise, h is the Planck’s constant, and f is the
frequency of the input signal [82].

Ny

Polarization Sensitivity

Due to the geometrical shape of the SOA active region, the gain depends on the polar-
ization state of the input beam, since the confinement factor and effective mode index
differ between the transverse-electric (TE) and transverse-magnetic (TM) modes; which
is a drawback in some applications, as a non-constant output power can be obtained due
to any change in the polarization. Tensile strain makes the TM material gain higher than
that of TE. It is therefore possible to balance the influence of TE and TM confinement
factors leading to polarization independence.

2.4.2 SOA Nonlinearities

Regarding the SOA impact against propagated signal dynamics, several types of nonlinear
effects are inherent to the amplification process, mainly the self gain modulation, cross
gain modulation, self phase modulation, cross phase modulation, and four wave mixing.
These nonlinearities are due to the variations in the carrier density induced by SOA [77].
All affect on the output signal quality, higher degree of distortion appears at large input
powers and biasing currents, linearization techniques being important so as to overcome
these effects and enhance the performance.
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Self gain modulation

When operating in the SOA saturated region, the variation in the optical power associated
with the input signal causes for changes the optical gain, this phenomenon is called self-
gain modulation (SGM) [77].

Cross-gain modulation

The cross gain modulation (XGM) is a nonlinear optical effect where the intensity of
one signal wavelength can affect the gain of another signal wavelength due to the change
in the carrier density that influences all input signals to the SOA. The variation in the
carrier density lead to pattern effects and inter-channel crosstalk. The XGM effect could
be useful in several application as for example for wavelength conversion [77].

Self phase modulation

The refractive index and material gain of SOA depend on the carrier density, so the phase
and gain of the optical field are coupled via gain saturation. The carrier density changes
due to the wave propagation through SOA active area, which lead to a change in the
effective index and consequently in the propagation coefficient, this phenomenon is called
self phase modulation (SPM). It could be pertinent to exploit the benefits of SPM, by
using it as a dispersion compensator placed before or after the optical link [77].

Cross phase modulation

For a multi-wavelengths input signal, besides to SPM, a cross phase modulation (XPM)
occurs between different signal wavelengths. The intensity of a specific wavelength signal
can affect the refractive index of a different wavelength signal, that is due to the change in
the carrier density. Thanks to this effect, a wavelength converter could be also established
via an interferometric structure of SOAs, where the phase change is converted into an
intensity modulation [77].

Four wave mixing

When two optical fields are injected into SOA, having same polarization but different
frequencies (f; & f2), a coherent nonlinear process occurs, where the amplifier gain is
modulated at the beat frequency (fy — f1) and a new field is produced. Such a four
wave mixing effect could be used for wavelength conversion, dispersion compensation,
and optical de-multiplexing |77].

2.4.3 SOA Interesting Features and Applications

Semiconductor optical amplifiers have several attractive features, such as, low power dis-
sipation, capable for usage in photonic integrated circuits, low cost, large scale monolithic
integration capability, besides to the full coverage of the entire fiber transmission window.
Regarding SOA system applications, the amplifier could be adopted as a booster to push
up the transmitted power, as an in-line amplifier to compensate the optical losses in long-
haul links, or as a pre-amplifier to increase the receiver sensitivity |77,83|. Figure 2.20
describes the system and functional applications for SOA, examples include wavelength
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Functional Applications

System Wavelength converter
Applications Intensity and phase modulator
Optical switch
Booster Logi
ogic gate

| Add or drop multiplexer

“| Tunable filter

Pulse generator

Dispersion compensator

Clock Recovery

Opto-electrical converter (detector)

A

SOA

In-line amplifier

Pre-amplifier

Figure 2.20: System and functional applications for SOA [77].
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Figure 2.21: A schematic diagram describing the ADS model for SOA, and
co-simulation with MATLAB.

conversion, switching, optical amplification, intensity modulation, pulse generation and
shaping, logic gating, and other signal processing functions |77].

2.4.4 SOA Physical Model

SOA has been modeled by ADS [84], which is a rich software having a broad library and
contains a lot of functional blocks, it is capable to simulate several types of analog and
digital setups. ADS allows static, dynamic, transient, and harmonic balance simulations,
so it is an effective tool for nonlinear modeling. Figure 2.21 describes the Matlab-ADS
co-simulation; the modulated optical signal is imported into ADS where the SOA function
is performed, the output field and ASE intensity are then re-loaded in MATLAB.

The designed SOA model is based on dividing the active region into S calculation sections,
in order to get a more accurate calculation of the carrier density; since the latter is as-
sumed to be constant along the section length (each section is considered as a semi-linear
medium) [85,86]. Figure 2.22 describes the input and output fields for a ¢th section in

the SOA having a carrier density Ny, F;, (t) and Fott(t) are the input and output fields,
where the + (or —) sign corresponds to the propagation in the direction of (or opposite
to) the device length. In the positive sense, which is considered from the left to the right,
the input (or output) of the ¢th section is the output (or input) of the [¢-1]th (or [¢+1]th

) section, and the opposite is true for the negative sense. In addition to the signal field,
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Equation (2.10) describes the time domain transfer matrix model, where & is the wavevec-
tor, w; is the carrier angular frequency, and Ly is the device length [85,86]. By considering
the Taylor expansion of the wavevector, taking into account the time delay and spectral
dispersion, the solution of the propagation equation becomes:

* ; (0 O] 12 Ls d? +
Fout<t> = |:€_Z kN’wi Ls] [6_ kN’“’i Ls %} |:€Z kN’Wi LT ‘%7] (F’m (t)> (211)
where
d"k(N,w)
k) = = 2.12
N,w; dwm | ( )

The different orders of k£ vector derivatives give the following relations:

kv, = (N, w;) = % Meg (N, wi) + % (N, w;) (2.13)

N,w;) i 0gn(N,w)
b, = D) | 2 O, 2.14
N c 2 ow | (2.14)

(2 1 ang(N7w> l 8zgn(N, w)
- Y- E— 2.1

kN’”Z c Oow _ + Ow? _ (2.15)

where .
1y (N,10) = g (V,05) + o0 Zen 00 (2.16)

gn and n, are the net gain and refractive index respectively expressed in [86]. For the
whole active layer consisting of S cascaded sections [M,], eq. (2.10) could be generalized
to obtain:

{gi((%} = [My][M).....[Ms_,][Ms] = [%}:ﬁ((f))] (2.17)
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The electrical injected current, stimulated and unstimulated recombinations, besides to
the spontaneous emission recombination, all are considered in computing the carrier den-
sity [85,86]. The specifications of the SOA are mentioned in Appendix B. The carrier
density evolution in each calculus section is given by the following rate equation:

dNg Iy

dt - Ge Ls (.Ud - Rsig - Rase - Rnsti (218)
with
By, electrical current flowing in the /th section;
L,wd active zone numerical section volume;
Qe elementary electrical charge;
Ry recombination rate due to the amplification of the signals;
Rase recombination rate due to the amplification of amplified spontaneous emission;
R, i nonstimulated recombination rate.

Where the stimulated recombination rates are considered to be proportional to light in-

tensity. For Mg, signals propagating in the (th section, the recombination rate is given
by:

Msig
Rsig = Z Rsig(Nfa wi) (219)
=1
gm(N€7wi)
Rsig(NZ7wi) = T

X—/ ( —Zk (Np, wi—id)z th( )‘2 + ‘G_ik(Ne’wi_i%)z F;':L,f,i(t)f) dz (2'20)

where
dm (k’(Ng, w))

k<NZ’“” cczi) Z dom

m=0

) (( - z%) /m!) (2.21)

The non-stimulated recombination rate is given by:
Rnsti = AnrNK + anNZZ + C114111]\[; (222)

where A, is the nonradiative recombination coefficient on traps and impurity centers,
B, is the spontaneous recombination coefficient, and C}y, is the Auger recombination
coefficient [85,86].

The propagation equations of the ASE intensity in the /th calculation section are:
Iaseé - egm(Né’)\aSE)Ls [aseZ 1 + I p(Ne7 )‘GSG) (223)

](;se,ﬁ 1= egm(N[)\ase)Ls ]z;seé + ISP(N£7 Aase) (224)

where I,(Np, Agse) is the spontaneous emission generated in the /th section, expressed
in [85].
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Figure 2.23: Block diagram of the impulse radio over fiber system with Matlab/ADS
co-simulation.

2.4.5 Adopting SOA in our UWB over fiber system

As will be illustrated in the sequel, an optical amplification for the impulse radio signals is
required to get a reach extension. Various types of amplifiers have been proposed in litera-
ture [87], but to the best of our knowledge, the use of SOA for in-line and pre amplification
of UWB optical signals has not been investigated until now. We consider the SOA as an
attractive solution for such low cost and low complexity systems. Figure 2.23 describes
the new integrated system for in-line amplification scenario, where pre-amplification can
be obtained by simply removing the second piece of the SMF. The same ADS software-
based model as in [84] is adopted for the SOA, as it has proved to be highly accurate and
in very good agreement with experimental data. The potential of SOA in enhancing the
transmission system performance is illustrated in the next chapters, and an experimental
demonstration for the case of pre-amplification is covered in the last chapter.

2.5 Summary

In this chapter, we talked briefly about the radio over fiber communications and its
interesting features, then an overview for the UWB pulse generation techniques was done.
Our basic impulse radio optical transmission system is then introduced, and we show how
the operating conditions of MZM could be optimized. Afterward, we considered the SOA
amplifier for reach extension purpose, a short description about this component was done,
including the amplification concept, SOA main characteristics, and nonlinear effects. The
latter degrade the system performance, hence, a special effort is applied to overcome
these nonlinearities; that is the core of the next chapter, we propose analog pre-distortion
schemes as a pertinent solution for mitigating SOA nonlinear effects.
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Chapter 3

Pre-distortion Schemes for Mitigating
Nonlinear Effects in SOA-Based
IR-UWB over Fiber Systems

Achieving a reach extension requires operating in the SOA saturated regime, that trans-
lates into strong nonlinearities and spectral distortions, which drops the power efficiency of
propagated pulses. In this chapter, after studying the SOA response versus operating con-
ditions, we will enhance the system performance by applying simple analog pre-distortion
schemes for various derivatives of the Gaussian pulse and their combination. A novel
pulse shape will be also designed by linearly combining three basic Gaussian pulses, offer-
ing a very good spectral efficiency (>55%) for a high power (0 dBm) at the amplifier input.
Furthermore, the potential of our technique will be examined considering a 1.5 Gbps-OOK
and 0.75 Gbps-PPM modulation schemes. Pre-distortion will prove an advantage for a
large extension of the optical link (150 Km), with a SOA-based amplification at 40 Km.

3.1 Introduction

As stated in the second chapter, in-line amplification is a key function for achieving a
reach extension of any optical communication network. The low cost Semiconductor
Optical Amplifiers [1] are good candidates in the context of Impulse Radio over fiber
transmissions, the essence of IR being the simplicity with the objective of a wide use.
Unfortunately, the nonlinear effects inherent to amplification may cause strong distortions
in the propagating signals and a degradation in the power efficiency. The target is to get
a reach extension without downgrading the wireless coverage area, which depends on
the transmitted signal characteristics at antenna output, with the constraint to respect
the regulation associated to UWB free space propagation. Therefore, a highly efficient
transmission is required which means that the pulse shapes must be preserved along the
transmission in order to collect the maximum possible power under the FCC spectral
mask. Hence, overcoming SOA nonlinear distortions becomes a key objective. In the
literature, numerous linearization techniques dealing with over fiber transmission have
been investigated [2-4|. Here, we examine the potential of analog pre-distortion by tuning
some key parameters of generated pulses, so as to get highly efficient pulse shapes at the
receiver side. The best parameters of pre-distorted input pulses are extracted via global
optimization based on the interior point algorithm [5]. The resultant waveforms are
studied considering modulated IR signals; it is shown that a significant enhancement in
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Figure 3.1: Power Spectral Density of 5 Gaussian in electrical domain and at SOA
output (adopted and non-adopted to FCC mask).

the efficiency can be achieved for a large optical link extension, while operating at limited
cost and complexity.
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Figure 3.2: PSRyqp, of 5" Gaussian versus SOA input power and peak-to-peak
voltage, where no fiber is considered.

3.2 Impact of SOA on propagated pulses

In our SOA-based over-fiber system, increasing the transmission distance requires oper-
ating in the saturated region of the SOA, which yields various nonlinear impairments
affecting the transmitted signal. On the non-coherent receiver side, the resulting dis-
tortion will be characterized in terms of power efficiency with respect to the FCC mask
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Figure 3.3: Average Slope Time Ratio of 5" Gaussian versus SOA input power and
peak-to-peak voltage, where no fiber is considered.

defined in the first chapter, which is computed after photo-detector while antenna effects
are ignored. To have a look at SOA impact, fig. 3.1 shows the spectral response of the 5-th
order derivative Gaussian pulse in electrical domain (solid-blue) and after being passed
through SOA (dashed-green), without propagation in fiber. The PSD of the optical pulse
violates FCC mask in the most restricted region corresponding to GPS band [0.96 — 1.61]
GHz, where the low power level (—75.3 dBm/MHz) is greatly challenging. So the average
signal power has to be reduced so as to meet this limit, leading to a significant impact on
the power efficiency (degradation > 30%). Hence, spectrum enhancement requires elimi-
nating the low frequency components induced by SOA. A simple criterion for evaluating
this impact is the 2 GHz Power Spectral Ratio (PSR agpy.), which corresponds to the
ratio between the power collected in the [0,2] GHz band with respect to the overall PSD:

2GH=z
S,(f)d
PSRQGHZ = =0 P(f) f

15" Sp(f)df

This criterion is analyzed in fig. 3.2 for the case of the 5" derivative Gaussian pulse, with
different peak-to-peak voltage and laser power, where [j;,,s = 250 mA. A quick rise of
the PSR can be clearly observed, especially for V,, > 0.5 V. where strong nonlinearities
act on the propagated pulse. From the time domain point of view, we define a crite-
rion for studying the smoothness of SOA output pulses, the Average Slope Time Ratio
(ASTR) expressed in eq. (3.2), where p,(t) corresponds to the normalized form of p(t)
(max{p,(t)}=1) and T is the pulse duration. The time derivative measures the slope,
which is also weighted by the instantaneous power, and averaging gives an indication
about the smoothness (or sharpness) of the output waveform. The result in fig. 3.3 justi-
fies that in fig. 3.2, what could be concluded is that not all the dynamics of an optical pulse
are conserved when passing by SOA, high frequency components are reduced and a less
degree of sharpness is obtained. In the following, we investigate the benefits of electrical

x 100% (3.1)
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pulse pre-compensation with the view to avoid any power efficiency degradation.
T/2
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T/2
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The power efficiency of the 5* order Gaussian pulse is plotted in fig. 3.4 versus SOA
input power, for I;,s = 250 mA. When the Amplified Spontaneous Emission (ASE) noise
is ignored, a degradation in the power efficiency is observed as we move towards higher
input powers. The bad impact of SOA particularly occurs at large V,,, (e.g. V,,, = 0.75V ),
where the drop in the efficiency results from the large spectral distortion. On the opposite,
for V,, = 0.25Vm, a semi-linear gain behavior is ensured, leading to a very good spectral
efficiency (approximately 50%) over a broad range of input power, reaching the saturation
region (0 dBm). In the noisy case, the power efficiency is evaluated via Monte-Carlo
simulations with the computation of the average overs 100 runs; as can be clearly seen, the
pseudo-linear gain characteristics is no longer preserved due to the larger noise influence
at lower input power. Thus, there is a compromise between linearity and optical signal to
noise ratio (OSNR), which depends upon the peak-to-peak voltage. As can be seen, the
ASE impact on pulse dynamics tends to be reduced for large V,,,; it is a positive aspect
but at the cost of increased sensitivity to nonlinearities. For V,, = 0.25V 7, the rise in
efficiency is due to the increasing OSNR, combined with limited nonlinear effects. Prior to
strong saturation, a slight increase in the efficiency (< 5%) is noticed for the noisy signals
over normal ones, for any V,,, that is due to the power added by ASE noise within the
UWB mask. We can systematically verify the convergence between solid and dashed lines
at very high input power, resulting from a negligible noise power. For the remaining part
of this chapter, we will assume a medium value V,, = 0.5V 7, which is interesting in the
sense that it both represents the noisy and nonlinear characteristics typically associated
with SOA.
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3.3 SOA Nonlinearities Mitigation via Electrical Pulses
Pre-distortion

To overcome the nonlinear effects, electrical or optical linearization techniques could be
applied |2-4] |6-15]. Optical schemes can operate over a wide bandwidth and some tech-
niques are even specifically designed for SOA [16,17], but due to either high cost or band-
width limitations associated to radio frequency control circuits, these schemes are not
considered in our study. Digital electrical domain linearization methods (pre-distortion,
post-distortion) are interesting for their flexibility but we see the bandwidth /sampling re-
quirements as a drawback for a low cost IR-UWB system; so, we preferred to go towards
the alternative of analog pre-distortion, consisting in designing circuits at the transmit-
ter or/and receiver sides so as to suppress the nonlinear distortion components resulting
from SOA amplification. Two approaches have been investigated in this direction, the
first is based on optimizing the parameters of generated waveforms so as to maximize the
power efficiency at SOA output, as will be explained in the following sections. Where the
second relies on adding up and down phasers acting as pre and post distorters, as will be
discussed in the next chapter.

Regarding the pulse design, the Complementary Metal-Oxide—Semiconductor (CMOS)
makes a good candidate technology, as it is a simple low cost approach and capable to
generate ultra short time pulses. CMOS devices consist of p-type and n-type metal oxide
semiconductor field effect transistors, and associated with a high noise immunity and low
static power consumption [18-21]. As reported in various studies, tunable UWB Gaus-
sian pulse generators can be designed via CMOS technology [22-24|. So, we made the
assumption of a tunable Gaussian pulse generator, such as the generated pulse z(¢, p) can
be shaped with arbitrary parameters p: shaping factor for the case of a single Gaussian
pulse, or pulse shaping factors, weighting coefficients, besides to the delay for a linear
combination of Gaussian pulses. Then our aim is to identify the best tuning parameters
p* in the sense of a maximized power efficiency at the SOA output. The amplifier transfer
function is relatively complicated, as it is a combination of several nonlinear effects, thus
preventing the derivation of the pre-distorted pulses in electrical domain [1|. Therefore,
adopting global optimization schemes is a pertinent approach, while dealing with the
SOA as a black box, and with the aim to maximize the output power efficiency regardless
inherent characteristics. Our work is partially similar to that of Mirshafiei et al. [25],
who addressed the pre-compensation against antenna effects, based on combinations of
Gaussian pulses generated in the optical domain. Considering the sky cross antenna, cir-
cular monopole, besides to the monopole with two steps antenna, he has experimentally
succeeded in optimizing the performance of Gaussian Monocycle, Gaussian 5-th order
derivative, in addition to a novel FCC-compliant pulse. He adopted a high pass filter and
got benefit from the bandpass nature of the UWB antenna so as to shape the spectrum of
resultant pulses [25]. Our contribution is different in the sense that we mitigate SOA non-
linearities, which are very specific, and we consider that pulses are generated /pre-distorted
in electrical domain. Numerous global optimization algorithms are investigated in the
literature [26-34|, but in our case optimizing the pulse spectrum is challenging due to
the FCC mask hard constraints; on the other side, dealing with SOA effects is also tricky
specially for large biasing currents. Hence, a relatively wide search interval has to be
considered in optimization, so as to increase the probability of obtaining effective pulse



3 Pre-distortion Schemes for Mitigating Nonlinear Effects in SOA-Based
IR-UWB over Fiber Systems 69

Vpp=0.5Vx, P-SOA=0 dBm, Ibias=250 mA, 40 km, Doublets Combination

Power Efficiency Reverse (%)
Power Efficiency Reverse (%)
|
[)

o

0 40 60 80 1.8-16-14-1.2 -1 0.8 -0.6
Pulse Shaping Factor (ps) Amplitude Ratio

2
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obtained at SOA output, as function of the values of input parameters.

shapes. Besides, the objective function has to be taken into account while choosing the
optimization scheme; in fig. 3.5 we study the power efficiency of Doublets-based Abraha’s
combination (that will be discussed in the sequel) at SOA output, where the input pa-
rameters are the pulse shaping factors (o1 and o3) (left) besides to the amplitude ratio
between Doublets (right). The objective function is the reverse of the power efficiency, we
can notice that it is convex with respect to the 3 variables, and the aim is to maximize the
power efficiency (minimize its reverse). Based on that, the interior point has been chosen
as the optimization scheme, since it is a nonlinear convex algorithm and associated with a
large multi-dimensional search space [5] [35-41|. As illustrated in fig. 3.6 and fig. 3.7, all
distinct parameters are initialized at their optimum in electrical domain, so the algorithm
can start from these values to re-optimize the pulse shape obtained at the optical system
output. Optimization is based on the concept that, any search path leading to a reduction
in the cost function is a good direction to follow, and when no improvement appears in
any direction then the current point is considered to be the optimum (for more informa-
tion the algorithm is summarized in the appendix) [35]. As will be shown in the sequel,
the interior point scheme is highly effective, and a significant improvement in the perfor-
mance has been achieved thanks to this approach. Regarding the practical aspects, this
process could be automatically implemented in a closed loop transceiver system, utilizing
software-to-hardware interfaces. In our setup, SOA was placed at 40 km, the operating
point corresponding to an input power P-SOA= 0 d Bm, which is a strong gain saturation
point, while MZM is driven by V,, = 0.5V 7. These operating conditions are fixed for the
remaining part of the chapter.

3.3.1 Case of 5-th derivative Gaussian pulse

The 5 derivative Gaussian pulse is an attractive target for impulse radio system de-
signers, due to its very good matching to FCC mask and acceptable order of generation
complexity [42-46]. As expressed in eq. (3.3), the pulse shaping factor (o) is the only
variable which can be calibrated, with a simultaneous influence on the 10 dB bandwidth
(B1p) and on the central frequency. Table 3.1 displays all the parameters of utilized
pulses, besides to the power efficiencies in electrical domain and at SOA output (the spec-
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tral characteristics being evaluated at this point). Figure 3.8 describes the original and
pre-distorted (PD) pulses in electrical domain and at SOA output, in the case of placing
the photo-detector directly after SOA, where the spectra are plotted in the noise-free
case (ASE noise not considered for spectrum readability). We can clearly see in fig. 3.8
and table 3.1 that the pre-distorted pulse exhibits only a small improvement in power
efficiency (< 5%), due to the single degree of freedom. Therefore it is better to search for
more appropriate pulse shapes to be adopted with pre-distortion.

A /=t 102 15t 2
w5(t) = \/ﬁ<011 * o0 7)61‘]?( a ﬁ) (3:3)

3.3.2 Higher order of Gaussian derivative

In fact, avoiding GPS band requires shifting the spectrum towards higher frequencies.
The spectral peak for any n'* order Gaussian pulse derivative (1) 18 fpeak = g where

o’
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Figure 3.8: Original (Org) and pre-distorted (PD) 5" Gaussian, in electrical domain
(Elec) and after SOA (Opt).

o1 P! 03 (%) | fpear By | BLsy | 1(%)
Pulses (ps) | (ps) | (ps) a2/ | as/ax Elec | (GHz)| (GHz)| (GHz)| SOA
th
Org 5 51 X X X x | 507 | 7 | 617 | 611 | 137
Gaussian
Pre-distorted | s 07 1« | x| x| x| 1574 | 786 | 6.95 | 6.88 | 17.2
5" Gaussian
th
Org 6 53.83 | x X X x | 4794 | 723 | 6.13 | 6.41 | 17
Gaussian
Pre-distorted | oy ys 1« | x| x| x |37.28 55 | 485 | 392 | 38
6" Gaussian
Org zc,, 43.02 | 43.02 | x —1 X 572 | 645 | 6.84 | 6.05 | 6.96
Pre"fftorted 61.68 | 4047 | x | —1.24| x 16 | 62 | 7.34 | 456 | 54.1
Cp
Org e, 34.27 | 83.96 | 49.98 | 0.12 | —0.89| 56.47 | 6.13 | 6.74 | 3.81 | 7.1
Pre'imorted 80.71 | 60.71 | 28.03 | 281 | —3.3 | 153 | 6.1 | 7.45 | 4.35 | 56.1
Ca

Table 3.1: Parameters (01, 09, 03, as/a1, as/ay) of electrical generated pulses, and the

spectral characteristics ( fpeak, Bio, BL3s ) of corresponding waveforms at SOA output

(placed at 40 km). Besides to the power efficiencies (%) in electrical domain and after
SOA, with P-SOA= 0 dBm, I.s = 250 mA, and V,, = 0.5 V.

the spectrum is expressed as [47]

Xo(f) = A(j27r f)”ea;p< _ <27T—f")2> (3.4)
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Figure 3.9: Original (Org) and pre-distorted (PD) 6" Gaussian, in electrical domain
(Elec) and after SOA (Opt).

To step up the power spectral density under FCC mask, we have to reduce By by utilizing
higher values of o, as shown by (3.4). Increasing o can be compensated by augmenting n,
hence making a separate control for Bjg and f,eq.x. Adopting a higher order of derivation
gains more flexibility in shaping the spectrum, as being far from the most severely power-
restricted band (corresponding to GPS), and consequently it becomes much easier to
design a pre-distorted waveform. The benefit of the 6-th derivative Gaussian appears
in fig. 3.9, where the time domain formula is expressed in (3.5). By lowering the 10
dB bandwidth of the pre-distorted pulse spectrum, we have enabled an increase in the
efficiency (> 20%) without violating the regular limit, as also shown in table 3.1. With
this scenario, the pre-distortion block could be implemented as a simple differentiator,
which can enhance the performance at limited complexity.

) A ( 15 N 45¢2 15t N 16 ) ( t? > (3.5)
re(t) = —( - =4+ — — — + — )exp| — — .
6 o o7 T 59 PRETRRSEY L 952

3.3.3 Abraha’s Combination of Gaussian Doublets

A notable enhancement in the power efficiency has been achieved with single pulse pre-
distortion, but the improvement is inherently limited by the small degree of freedom.
Hence, a more effective approach is to apply a combination of waveforms, so as to get a
superior control of the resultant pulse dynamics, as will be presented later. Several com-
binations have been proposed in the literature [48-50]|, but taking into account practical
constraints, it is better to conserve simple combinations within the Gaussian family. We
considered the recent work of Abraha et al., who developed a FCC-compliant pulse based
on a linear combination of Gaussian doublets [51|. The two basic Doublets xo(t), z22(%)
have different weighting coefficients and shaping factors:

Cp(t) = ar1xar (t) + agwae(t — 1) (3.6)
Toi(t) = %(k’é—; - 1) ea:p( — %‘23) (3.7)
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Figure 3.10: Abrahas proposed pulse based on a combination of Gaussian Doublets.
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Figure 3.11: Original (Org) and pre-distorted (PD) Cpeu, in electrical domain (Elec)
and after SOA (Opt).

where a; and ay are the weighting factors, 7 is a time delay between pulses, fixed at 7—25
ps, and k£ = 1.16 is an arbitrary scaling of the modified Doublet. Figure 3.10 describes the
time and frequency plots of Abraha’s combination; as can be seen, the resultant spectrum
highly exploits the area under FCC and a very good power efficiency is obtained. In
table 3.1, BLs, is defined as the left -34 dB bandwidth (frequency space between f; and
fpear), this criteria is useful to evaluate the spectrum in correspondence with GPS band.
The term A is always set at 1, as it has no influence on dynamics for single waveforms;
and in case of combinations, only the relative amplitude between elementary pulses is
important, since the real intensity for signals at photo-detector output is controlled by
the laser power and peak-to-peak voltage. In Abraha’s work, utilized doublets are similar
with opposite polarities, as a high pass filtering is performed by the spectral oscillating
term resulting from time delay. We don’t preserve these conditions with pre-distortion,
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as the target is to mitigate SOA non-linearity by exploiting all the degrees of freedom
associated to the linear combination of pulses. Therefore, different shaping factors and
weighting coefficients have been considered in our work. A significant jump in the power
efficiency (> 45%) is illustrated in fig. 3.11 and table 3.1 for the pre-distorted combination
of Doublets. The increase in the 10 dB bandwidth from 6.84 GHz to 7.34 GHz has enlarged
the spectral coverage area under FCC mask, besides to the 1.5 GHz reduction in BLgy,
which permits a step up in the PSD without exceeding GPS limit. The peak of the
spectrum exactly matches FCC limit (—41.3 dBm/MHz) at fuear = 6.2 GHz, which is
not so far from the center of the UWB mask, thanks to pre-distortion.

—CG , N=56.47 %

PSD (dBm/MHz)
|
o2}
o

Absolutely Normalized Pulses

70+ ---FCC Mask
4 | | ] _so\\ | | |
-02 -0.1 0 0.1 0.2 2 4 6 8 10 12
Time (ns) Frequency (GHz)

Figure 3.12: Our proposed combination Cg based on the pulses g;, in time (left) and
frequency (right) domain.
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Figure 3.13: Time waveforms and corresponding spectra of fundamental Gaussian,
Doublet, 5-th Gaussian, Abraha’s combination, and our novel pulse based on Gaussians.
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3.3.4 Introducing a new waveform based on a combination of
Gaussian pulses

The performance gain obtained when increasing the number of tuning parameters has
motivated us to go towards higher orders of combinations. A new pulse shape is now
proposed, based on a linear combination of three fundamental Gaussian pulses:

Ca(t) = a191(t) + azga(t) + aszgs(t) (3.8)

recall

ai(0) = cap( — ) (3.9)

2
207

Such a combination enables a pre-distortion with 5 variables (o1, 09,03, a2/a1,a3/ay),
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Figure 3.14: Original (Org) and pre-distorted (PD) Cg, in electrical domain (Elec) and
after SOA (Opt).

which promises for a better power efficiency obtained at SOA output. The weighting
coefficients have been optimized as described in table 3.1. The resultant waveform is de-
picted in fig. 3.12 (left); it has a negligible DC component due to the opposite polarities of
Gaussian amplitudes, with an energy being concentrated at a higher frequency range due
to zero crossings. The peak frequency is 6.14 GHz, where the 3 dB and 10 dB bandwidths
are B3— 4.1 GHz and B,(y—=7.5 GHz respectively, which is in very good agreement with the
UWRB spectral mask. As illustrated in fig. 3.12 (right), a highly efficient pulse waveform
is obtained, offering a power efficiency of n—=56.47%, which outperforms the 5-th deriva-
tive Gaussian pulse (50.7%) and is close to Abraha’s combination of Doublets (57.2%)
in electrical domain. In fig. 3.13, we can observe the fundamental Gaussian and Doublet
besides to their combinations, the novel developed pulse dominates Abraha’s waveform
in the sense that a significant shift (> 6 GHz) in the central frequency is achieved due
to this combination, as if it is a carrier-based scheme but with no local oscillator used.
An important feature associated with our approach is the absence of any time differen-
tiator nor delay line, which may reduce the system cost and complexity [42,47,51]. As
can be seen in fig. 3.14, our combination has carried out the best power efficiency at
SOA output (n = 56.1%), which performs better than Abraha’s combination of Doublets
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(54.1%), thanks to the larger number of tuning parameters. After SOA, the pre-distorted
spectrum has a close peak frequency to the original one (6.1 GHz), but covering a larger
10 dB bandwidth (7.45 GHz). Here there is a special case, the original spectrum at SOA
output hits FCC mask at low frequencies due to the presence of a significant left side
lobe, the main lobe staying far from the FCC limit even at the 34 dB band. This spectral
characteristic results from the combining of time spread and windowing effect, which can
be efficiently overcome by designing a pre-distorted pulse (better distribution of the pulse
energy inside the time window). Unfortunately, the pulse undergoes a time spread after
amplification, thus the energy outside the 0.5 ns slot is no more negligible, which trans-
lates into significant sidelobes in frequency domain (sinc influence). The pre-distortion
processing has enabled a significant change in the pulse dynamics so as to render this time
windowing effect negligible. What could be concluded regarding the optimization results
is that the interior point algorithm reveals to be an excellent choice, as the maximum
resultant efficiencies obtained are close to that in electrical domain, which is the target
limit to be achieved regardless the type of optimization algorithm.

Vpp=0.5 Vi, P-SOA=0 dBm, SOA at 40 km
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Figure 3.15: Power Efficiency of original and pre-distorted pulses directly after SOA (at
40 km) for several biasing currents; Cp, Doublets-based Abraha’s combination, G, 5"
Gaussian, Gg, 6! Gaussian, Cg, our proposed combination based on Gaussians.

3.3.5 Pre-distortion with different biasing currents

The carrier density in the SOA active region depends on the external injected current [1],
hence, the influence of cross gain modulation, self and cross phase modulation, besides
to four wave mixing, is a function of the biasing current. Therefore, the latter has to
be considered while evaluating our pre-distortion scheme, as it is not the same degree of
distortion which occurs at different settings. This is illustrated in fig. 3.15, where we can
see that for low biasing currents (100 mA), the 5" and 6" Gaussian pulses exhibit a small
degradation in the power efficiency; whereas a significant decrease (>30%) is noticed for
the combination of Doublets. In fact, efficient pulses in electrical domain are usually
more affected by the optical system nonlinearity, as their spectrum has no margin with
respect to FCC mask, thus any small spectral deviation is enough to violate the regular
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limit. Applying a larger biasing current increases the order of nonlinear effects, which
leads to lower spectral efficiencies for all waveforms. Nevertheless, we observe that no
great change appears after 200 mA, that could be justified by the optical gain saturation
occurring at 0 dBm input power. The pre-distortion technique is effective with all biasing
currents, but as a reach extension is targeted, the value of 250 mA has been adopted, which
corresponds to the highest optical power obtained at SOA output. For such conditions,
our newly designed pulse offers a neat advantage over the 5-th or 6-th derivative Gaussian
waveforms, and is slightly more effective than Abraha’s pre-distorted pulse.
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Figure 3.16: Robustness against uncertainty for the 5* and 6'* Gaussian pulses, besides
to Abraha’s combination of Doublets.
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3.3.6 Robustness against uncertainty for single waveforms and
combinations

Robustness against uncertainties is a common target aspect for electronics and communi-
cation system designers, as it is difficult to assume perfect operating conditions, due to the
environmental changes, channel effects, and practical constraints [52-60|; specially in our
work, since only theoretical models have been considered for the different pulse shapes.
From a practical point of view, some uncertainties are expected to occur in the CMOS cir-
cuits that could be designed to generate the various pulses. So, we study here the impact
of any parametric deviation with respect to the optimum solution discussed previously.
Figure 3.16 illustrates the change in the power efficiency due to parametric uncertainty for
the 5-th and 6-th Gaussian pulses, together with the Doublets-based combination. G5 and
(s show a kind of immunity against systematical errors, as o is the unique variable which
controls the dynamics of a single pulse. The problem appears with Abraha’s combination,
which exhibits a relative robustness against o; and as deviations; unfortunately, any slight
change in o5 is enough to drop off the spectral efficiency, specially for negative deviation
errors, knowing that it is not a simultaneous change in the combination variables. We can
point out that the newly designed pulse is the most sensitive against system uncertainties,
as shown in fig. 3.17. In fact, it is much more influenced than other waveforms, as it relies
on a larger number of pulses, and all parameters have been optimized simultaneously, so
any change in one of the variables makes all the set no more optimal. Besides, fundamen-
tal Gaussian pulses have strong DC component, which can re-appear in our combination
due to any loss in the basic pulses symmetry (positive/negative symmetry which cancels
the DC), and consequently lead to a fast degradation in the power efficiency ( 7 < 5% for
a deviation error of 10%).

Vpp=0.5Vr, P-SOA=0dBm, Ibias=250mA, 1.5Gbps OOK
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Figure 3.18: Power Efficiency versus fiber length for 1.5 Gbps OOK based on the utilized
pulses, P-SOA=0 dBm, I;,s = 250 mA, V,,, = 0.5V 7, where SOA is placed at 40 km.
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3.4 Case of a modulated impulse radio signal propagat-
ing over optical fiber link

Evaluation in terms of pulse spectral response is not sufficient as a real transmission sys-
tem is targeted, considering a data modulated impulse radio is a key approach so as to
examine the pertinence of our pre-distortion technique. On Off Keying (OOK) and Pulse
Position Modulation (PPM) schemes have been the candidates, the interest with such
modulation formats being that no coherent receiver is required (demodulation process via
energy detection). The effects of the optical link (attenuation and chromatic dispersion)
before SOA have been taken into account, as they have an influence on the pulse dynamics
entering the amplifier, depending on the covered distance, fiber input power, and peak-
to-peak power swing. Therefore, the optimum parameters of pre-distorted waveforms
have been extracted considering SOA located at 40 km, where the operating conditions
are the same as mentioned in table 3.1. Based on the criterion of power efficiency of a
modulated signal defined in the first chapter, the advantage of pre-distortion is depicted
in fig. 3.18 for a 1.5 Gbps OOK. A significant improvement is gained over a large enough
traveling distance (40 km to 150 km), knowing that no pre-amplifier has been placed for
modulated signals before the antenna. The degradation in the curves is due to frequency
shaping and deviation caused in fiber [61] (with a chromatic dispersion of 17 ps/nm/km),
so the central frequency and By are no more preserved specially at large extension link.
This improvement is justified by the fact that, the envelope of spectral spikes for OOK
or PPM takes the shape of basic transmitted waveform, so perfect pulse shapes lead to
an efficient spectrum associated with the modulated impulse radio signal. = Between 40
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Figure 3.19: Irregular PSD of 1.5 Gbps OOK based on original (left) and pre-distorted
(right) C(t) after SOA (at 40km), where P-SOA=0 dBm, [;;,s = 250 mA, V,, = 0.5V 7.

km and 100 km, a flat response is noticed in the curves corresponding to combinations
of pulses, which results from the fact that all spectra are already above FCC level, thus
the signal has to be systematically attenuated so as to respect the mask. Our waveform
exhibits a faster degradation than Doublets at large distances, as it has less immunity
against fiber effects. The PSD of the Cg - based OOK signal at SOA output is plotted



3 Pre-distortion Schemes for Mitigating Nonlinear Effects in SOA-Based

IR-UWB over Fiber Systems 80
_4()7”E -40
: 50!
N N
T I
= =
= =
m [17)
=) k=)
a) o
@ 2 _100
-110;
—Org PPM - FCC -120 —PD PPM - FCC
2 4 6 8 10 12 2 4 6 8 10 12
Frequency (GHz) Frequency (GHz)
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(right) C(t) after SOA (at 40km), where P-SOA=0 dBm, [y, = 250 mA, V,,, = 0.5V 7.
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Figure 3.21: Power Efficiency versus fiber length for 0.75 Gbps PPM based on utilized
pulses, P-SOA=0 dBm, I;,s = 250 mA, V,,, = 0.5V 7, where SOA is placed at 40 km.

in fig. 3.19, with no attenuation. Apparently, the spectral shaping at low frequency band
is the reason beyond efficiency enhancement, so a higher power level can be achieved by
the spectra when adapted to FCC mask, as shown in fig. 3.20 for a 0.75 Gbps PPM. Fig-
ure 3.21 proves that the same conclusion could be drawn for PPM regardless the covered
distance, where the PPM index exactly equals the pulse period (0.5 ns). Therefore, our
pre-distortion scheme has always validated a good potential, while reaching a coverage
of 150 km in the optical link, fitting the request of Fiber-to-the-Home (FTTH) networks
reported in the literature [62]. The enhancement in the power efficiency may translate
into a higher signal-to-noise ratio obtained at the antenna output, which promises with a
lower probability of error in energy detection receivers. Regarding the practical aspects,
we can understand that the performance gain comes at the price of a larger complexity;
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depending on application constraints, adopting higher order of derivation with a single
pulse shape could be more suitable than applying a combination of pulses, and utilizing
a combination of two pulses may be much simpler than using a set of three pulses. In the
next chapter, we show that a better performance can be realized when up and down chirp-
ing technique is adopted. As will be illustrated, chirping is a relatively more complicated
scheme which outperforms pre-distortion in the sense that not only SOA nonlinearities
could be mitigated, but also the impact of Amplified Spontaneous Emission noise can be
reduced.

3.5 Summary

In this chapter, analog pre-distortion schemes have been investigated for coping with SOA
nonlinearities, the target being to optimize the power efficiency of amplified pulses at SOA
output. Two linear combinations of Gaussian waveforms were utilized, the first is based
on Abraha’s combination of Doublets, and the second has been newly designed based
on fundamental Gaussians. Both have proved to be highly effective for correcting SOA
impact. Using higher orders of Gaussian derivatives is an alternative solution offering a
lower potential but with less complexity. Over a large extension of optical link, our pre-
distortion approach has exhibited an enhancement in the power efficiency of 1.5 Gbps-
OOK and 0.75 Gbps-PPM transmissions. In the next chapter, we introduce a novel
technique based on chirping, which aims to linearize SOA characteristics and reduce the
ASE noise simultaneously.
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Chapter 4

Analog Chirping Techniques for coping
with SOA Impairments in the proposed
IR-UWB over fiber system

Pre-distortion schemes have proved to be effective in reducing SOA nonlinearity, but have
no influence on the Amplified Spontaneous Emission noise intensity. In this chapter, we
investigate a phaser-based processing technique so as to improve the system performance
over a much broader power range. By applying symmetrical up/down analog chirping
(at the transmitter and receiver, respectively), we have reduced the ASE power and non-
linearity simultaneously. Based on the 5th Gaussian pulse and Abraha’s combination of
doublets, a significant improvement has been achieved at low and high input powers enter-
ing the amplifier (<-15 dBm and 0 dBm), recording a very good bit error rate performance
and high power efficiency. Interesting results have been obtained for 1 Gbps OOK and 0.5
Gbps PPM transmissions, while reaching a distance of 160 km in the optical fiber, thanks
to the proposed scheme.

4.1 Introduction

As mentioned in the previous chapter, employing SOA in the over fiber communica-
tion system may lead to some drawbacks, mainly the Amplified Spontaneous Emission
noise [1,2] and the nonlinear effects acting on the pulse waveform [3]. Both degrade the
performance of the optical system, lower power efficiencies being achieved due to distor-
tion, besides to the increased number of errors obtained at the receiver side. In order to
overcome the SOA distortions, noise reduction and linearization techniques have to be
applied, without adding more complexity to the conventional system architecture. Vari-
ous methodologies concerning these two topics have been investigated in literature [4 12].
The objective in the third chapter was to pre-distort against SOA nonlinear impairments
by adjusting the parameters of input waveforms. This scheme was based on global op-
timization requiring a feedback in the electro-optical system. A special effort is applied
here to examine the benefits of chirping in upgrading the overall system performance.
Following the work of Nikfal et al. [13], who has recently succeeded in enhancing the
signal-to-noise ratio of UWB systems via group delay phasers. As a first step, symmetri-
cal up and down chirping has shown to be effective against ASE influence in our system.
Then we proved that SOA nonlinear effects could be also mitigated, as frequency decom-
position reduces the order of four wave mixing and cross gain modulation for propagated
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signals. Up-down chirping could be considered as a pre-post distortion technique, which
has improved the power efficiency of transmitted impulse radio signals, while traveling
along a broad distance in the optical link.

Vpp=0.5 Vr, Ibias=250 mA, 5-th Gaussian
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Figure 4.1: Power Spectral Density of 5" Gaussian in electrical domain and after SOA
(while operating in the linear or saturation region).

4.2 Impact of SOA ASE noise and nonlinearities on IR-
UWRB pulse shapes

The extension of the optical link depends on the applied power at fiber input, which is
a function of the amplifier gain; hence, the coverage area of the optical access network
is determined by the operating point of SOA. To have a look at the amplifier impact,
we have studied the spectral response of the 5-th order derivative Gaussian pulse before
and after being passed through SOA, where the peak-to-peak voltage has been fixed at
0.5 Vmr, and the biasing current was 250 mA. Figure 4.1 shows the spectrum in electrical
domain (solid-blue), where the dot-dashed-green and dashed-red curves correspond to the
spectra obtained at SOA output, while operating in the linear (-25 dBm input power)
and saturation region (0 dBm input power), respectively. For both operating points,
the spectrum of the resultant pulse (after photo-detector) violates FCC mask in the most
restricted band [0.96 — 1.61] GHz corresponding to GPS, where the low power level (—75.3
dBm/MHz) is greatly challenging. At linear gain region, the distortion in the spectrum
is due to ASE characteristics, as it is a white noise having a flat spectral response. While
at saturation, distortion is due to the strong nonlinear effects acting on the propagated
pulse waveform. Hence, the average signal power has to be reduced so as to meet the
regular limit, leading to a significant degradation in the power efficiency (> 35%) at both
operating points, specially for the noisy case. In the previous chapter, we have studied the
power efficiency versus SOA input power while considering several peak-to-peak voltages.
It has been shown that high input powers bring strong nonlinearities specially at large
Vpp, and low powers are associated with a small signal-to-noise ratio particularly at low
Vpp- We also indicate that the trade off between linearity and SNR is controlled by the
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Figure 4.2: The general principle of a wireless transmission system utilizing up and
down chirping.

maximum voltage swing. The latter has been fixed at V,,— 0.5 V7 when studying the
nonlinearity aspect in the remaining part of the chapter, as it is a medium value that well
describes the SOA behavior versus operating point. Reducing the noise impact in UWB
communication systems has been a common target for different designers [13-21]. The
interest in Nikfal’s work is that it is a relatively simple approach, which may be well suited
for our SOA-based over fiber transceiver [13]. In the next section, Nikfal’s configuration
will be introduced with the view to be adopted in our optical system afterwards.
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Figure 4.3: Time waveforms of 5th up-chirped Gaussian with a 1 ns duration (left),
besides to the de-chirped in comparison with the original having 0.5 ns duration (right).

4.3 Noise Reduction Technique based on Up and Down
Chirping via Group Delay Phasers
The system architecture investigated by Nikfal is described in fig. 4.2, which aims to

enhance the signal-to-noise ratio at receiver side [13]. The key function is performed by
the phaser, which has a dispersive structure with controllable group delay [22]. Such a
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component operates linear up or down chirping on the input signal, thus stretching or
compressing the pulse without making a change in the total energy. Therefore, if the
ratio of the pulse duration before to after phaser is M, then the corresponding value for
the average power is 1/M. The transmitter operates a linear up chirping for the data
pulses before entering the channel, while at receiver side, the instantaneous frequencies
are equalized so as to compress the pulse to an enhanced waveform that is essentially iden-
tical to the original one (down chirping being performed with an absolutely equal slope
to that of the transmitter). Several investigations originating from the chirp concept have
been reported in literature, which include real-time spectrum sniffing and enhancing the
resolution of analog signal-processing systems [23, 24].

In equations (4.1), (4.2), and (4.3), we describe the time and frequency domain expres-
sions of the chirped signal, besides to the frequency dependent time delay function 7(f),
where x(t) is the original pulse before entering the phaser, a is the chirping slope, and
b is the delay offset. In fig. 4.3 (left), we show the time waveform of an up-chirped 5th
order Gaussian pulse, with a chirping slope of 0.0472 ns/GHz; when a down chirping is
applied with opposite polarity, the resultant pulse can exactly match the original one as
verified in fig. 4.3 (right).

y(t) = z(t +7(f)) (4.1)
m(f)=af+b (4.2)

Y(f) = X(f) exp(2nf 7(f) j)
= X(f) exp(2maf?j) exp(27 fbj) (4.3)

A key point to mention is that no local oscillator is required to generate the chirped
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Figure 4.4: The Wigner Ville Distribution of 5th original Gaussian (left) besides to the
up-chirped pulse (right) in electrical domain, where the chirping slope is 0.0472 ns/GHz.

pulse, it is a simple phaser |25, 26| which follows the pulse shaper. Figure 4.4 (left)
states the Wigner Ville Distribution [27] of the normal pulse; as can be seen, several
frequency components exist at different time instants simultaneously, specially at the
center of the waveform. By up chirping we make a partial separation so that the peak
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Figure 4.5: Bit error rate versus Eb/Ny for normal and chirped (with a slope of 0.0472
ns/GHz) transmissions over AWGN channel, considering OOK and PPM modulations.

12

Chirping Slope (ns/GHz) Tmaz (DS) T, (ns) (]é%%g) (}éil;]\g)
0 0 0.5 2 1
0.0052 0.055 0.595 1.8 0.9
0.0118 0.125 0.625 1.6 0.8
0.0202 0.214 0.714 1.4 0.7
0.0314 0.333 0.833 1.2 0.6
0.0472 0.5 1 1 0.5

Table 4.1: The set of chirping slopes considered in the study, and the corresponding
time shift, besides to the pulse duration and resultant data rate (R) for OOK or PPM.

frequency increases with time, less frequency overlap being obtained for the chirped pulse
as illustrated in fig. 4.4 (right). In the case of up-chirping, we consider b = 0 as no
need for a delay offset, whereas for down chirping, the value of b must not go under the
maximum time shift applied in the negative way. Chirping affects only the phase of the
spectrum without varying its magnitude (4.3), hence there is no influence on the power
spectral density, which is a positive point for this approach, as no impact is observed
in terms of power efficiency. Table 4.1 states different values of chirping slopes, each
associated with a maximum time shift 7,,,,, computed as T,e= @ X frae= a x 10.6
GHz, as the energy of input pulses is negligible for frequencies above the FCC upper
bound. Assuming f,,.. exists at the end of the pulse interval, the new pulse duration
T, becomes the old one (0.5 ns) added to Tpa.. Therefore, the data rate for an On Off
Keying (OOK) modulated signal having a unit processing gain is 1/7},, whereas for a
non-coherent Pulse Position Modulation (PPM) it is 1/(27,). In [13], the authors have
proved an enhancement in the SNR; unfortunately, there was no evaluation in terms of
bit error rate (BER) performance. Here we evaluate the BER versus Eb/N; in an AWGN
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channel. We can see an improvement for both OOK and PPM modulations as observed in
fig. 4.5, where the chirping slope is 0.0472 ns/GHz. Lower number of errors is obtained at
the cost of data rate as illustrated in fig. 4.6, where OOK operates at the maximum data
rate and PPM occupies only the half. Increasing the chirping slope broadens the pulse
duration, and consequently degrades the transmission speed but enhances the quality of
service on the other side.
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Figure 4.6: Bit error rate in an AWGN channel versus maximum data rate could be
achieved (associated with a specific chirping slope) for OOK and PPM modulations.
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Figure 4.7: Up and down chirping applied before and after the optical system
respectively, which includes the MZM, fiber, SOA in-line amplifier, and photo-detector.

4.4 Embedding Chirping Schemes in SOA-based IR-
UWB over fiber systems

The great potential offered by chirping technique presented in the previous section has
motivated us to apply it in our SOA-based IR-UWB over fiber system. Nikfal considered
the Gaussian and Burst noises [13|, here we examine up-down chirping scheme in reducing
the ASE noise effects inherent to SOA, the interesting feature of this mechanism is that
it is a low cost analog approach. The block diagram of the proposed system is described
in fig. 4.7, with up and down chirping taking place before and after the optical system
respectively. The initial target was to follow the work in [13] and investigate the same
concept while considering a radio over fiber application. Then, as will be shown in the
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sequel, chirping proves to be a good alternative for enhancing the power efficiency of
amplified pulses by reducing the order of SOA nonlinearity. To the best of our knowledge,
this has not been examined in the literature until now.

5th Gaussian (Original) 5th Gaussian (Down Chirped)

0.5} 0.5¢
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Normalized Amplitude
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Figure 4.8: Time waveforms of the noisy 5th Gaussian obtained at SOA output, with
(right) and without (left) chirping, P-SOA= -20 dBm, V,,, = 0.1V'7, [jss = 250 mA.
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Figure 4.9: Bit error rate versus SOA input power for several data rates of normal and
chirped transmissions, considering OOK and PPM, V,,, = 0.1V7 and I;,s = 250 mA.

4.4.1 Reducing the ASE noise impact via chirping

Figure 4.8 shows the time waveforms of the 5th order Gaussian pulse obtained at SOA
output, with (right) and without (left) chirping, where the slope is 0.0472 ns/GHz and
SOA operates in the linear region (-20 dBm input power). Thanks to chirping, we observe
a notable increase in the signal-to-noise ratio even with ASE noise. Like in AWGN channel,
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the reduction in the noise impact translates into a better BER performance, as illustrated
in fig. 4.9 for several data rates of OOK and PPM modulation formats, where V,,, = 0.1V«

and I;,, = 250 mA.

Vpp=0.5 Vr, Ibias= 250 mA
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Figure 4.10: Average cross correlation between electrical and optical (after
photo-detector) waveforms, versus SOA input power for several combinations of
sinusoids, Vpp = 0.5V 1 , Iji.s =250 mA.
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Figure 4.11: Cross Correlation between electrical and optical waveforms versus chirping
slope, for the 5th Gaussian pulse and Abraha’s combination, where Vpp = 0.5V,
Tyias =250mA, P-SOA=0 dBm.

4.4.2 SOA linearization via chirping

Besides to the improvement in system performance while operating in the SOA linear
region, we can also enhance the power efficiency of pulses obtained at SOA output, by
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reducing the order of nonlinearity through up and down chirping. A lower order of cross
gain modulation and four-wave mixing is obtained if a single frequency is processed at a
time, rather than amplifying the whole frequency components simultaneously [28|. Hence,
stretching the pulse over time reduces the SOA nonlinearity, as different frequency com-
ponents can pass through the amplifier at separate time instants. Based on this concept,
we enter chirped signals at the SOA input in order to get less distortion, and after photo-
detection the original pulse can be reconstructed via down chirping. This strategy could
be classified as a new type of linearization in addition to existing pre-distortion and post-
distortion schemes employed for power amplifiers [4-11]. The average cross-correlation

Original CD

Output Amplitude
o
Output Amplitude

1 05 0 05 1 1 05 0 _ 05
Input Amplitude Input Amplitude

Figure 4.12: The input-to-output mapping for Abraha’s combination after being passed
through SOA, without (left) and with (right) chirping, where P-SOA—0 dBm,
Itias = 250 mA, 'V, = 0.5V 7.

between pulses before and after SOA has been studied for different combinations of sinu-
soids, where the total set includes 4 frequencies, (fi= 4 GHz, f,= 6 GHz, f;= 8 GHz,
fa= 10 GHz). Figure 4.10 reveals that a better correlation between electrical and optical
(photo-detected after SOA) pulses is achieved for combinations based on a lower number
of frequencies.

The 5-th derivative Gaussian pulse |29] besides to Doublets-based Abraha’s combination
(Cp ) [30], have been the candidate waveforms in this work. That is due to their good
power efficiencies and limited order of generation complexity, as mentioned in the previous
chapter. To examine first the potential of chirping, several slopes have been considered for
both waveforms. Figure 4.11 illustrates that a better cross correlation is being achieved
at higher chirping slopes, while operating at a strong saturation point (0 dBm), promising
with an enhancement in the pulse power efficiency when chirping is adopted. The domi-
nance of the 5th Gaussian over Cp is due to original pulse dynamics. The highest slope
(0.0472 ns/GHz) has been considered in the remaining part of the study. For a better
clarification, we can see in fig. 4.12 the input-to-output amplitude mapping associated
to Abraha’s combination without (left) and with (right) chirping, the distribution of the
points is more close to the linear response, that validates the effectiveness of our approach.
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Vpp=0.5 Vi, P-SOA=0 dBm (at 40 km), Slope=0.0472 ns/GHz
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Figure 4.13: Power Efficiency of original and chirped pulses directly after SOA (at 40
km) for several biasing currents, where Vpp = 0.5 V7 and P-SOA= 0 dBm.

4.4.3 Bias current influence

As mentioned in the third chapter, SOA nonlinearities depend on the biasing current,
so the latter has to be considered while evaluating the chirping scheme performance.
Figure 4.13 plots the power efficiency versus biasing current for the normal and chirped
pulses, where P-SOA-—0 dBm and V,, 0.5 V7. Abraha’s waveform is more sensitive
to SOA nonlinear impairments, as the spectrum in electrical domain has a high 10 dB
bandwidth, so any spectral deviation is enough to violate FCC mask, and a fast step-down
in the efficiency will be obtained. For I;,,—100 mA, only a small decrease in the power
efficiency is noticed for the 5th Gaussian with respect to the electrical domain response
(table 4.2), unlike the combination of doublets where a significant degradation (close to 38
%) is observed. Operating at a larger biasing current leads to an increase in the saturation
output power [28,31], which brings strong nonlinearities acting on the propagated pulses,
and consequently lower power efficiencies are being obtained for both waveforms. After
200 mA, only a small change appears, as the amplifier reaches a saturated gain due to the
high input power and current applied. The key point here is that we can always see an
improvement for the chirped signals over original ones. The biasing current will be fixed
at 250 mA for next simulations, as associated with the highest optical gain matching the
request of reach extension.

4.4.4 Time waveforms and corresponding spectra of pulses with
and without chirping

Figures 4.14 and 4.15 describe the time and frequency plots of candidate pulses in electri-
cal domain and at the output of SOA (directly after photo-detector), where the spectra
are plotted in the noise-free case (ASE noise not considered for spectrum readability). Re-
sulting time distortions are characterized in terms of the power efficiency defined in the
first chapter, as a non-coherent energy detection receiver is targeted. Table 4.2 states the
parameters of applied waveforms, besides to the power efficiencies and spectral character-
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77(%) fpeak B3 Bl() BL34 77(%)
Pulses o (8) | Blec | (GHz) | (GHz) | (GHz) | (GHz) | SOA
Original 5th 51 50.7 7 343 | 617 | 611 | 137
Gaussian
Chirped 5th 51 507 | 704 | 363 | 663 | 487 | 4624
Gaussian
Original 6.96
Abraha’s Pulse 43.02 572 6.45 3.82 6.84 6.05 .
Chirped 19.93
Abraha’s Pulse 43.02 572 6.63 4.14 7.43 4.93 .

Table 4.2: Pulse Shaping Factors of electrical generated waveforms, and spectral
characteristics (fpeak, Bs, Bio, BL3s ) of corresponding pulses at SOA output (placed at
40 km). Besides to the power efficiencies (%) in electrical domain and after SOA, with
P-SOA= 0 dBm, Iyss = 250 mA, and V,, = 0.5 V.
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Figure 4.14: Original (Org) 5th Gaussian in electrical domain (Elec) and at SOA output
(Opt), besides to the chirped ( 0.0472 ns/GHz) pulse after SOA.

istics evaluated at SOA output. Recall that BLsy is the left -34 dB bandwidth (distance
between the lower frequency fr and fye.x), which is useful to evaluate the spectrum in
correspondence with GPS band. We can notice that the same waveforms are generated
in electrical domain, and chirping has no drawback on the pulse spectral behavior, as
also illustrated in fig. 4.16. A significant raise in the power efficiency is observed for both
waveforms in figures 4.14 and 4.15, specially for Abraha’s combination, where we have
an increase in the 3 dB and 10 dB bandwidth, from 3.82 to 4.14 GHz and 6.84 to 7.43
GHz respectively, besides to the 1.12 GHz reduction in BL34. Both permit for a step up
in the PSD under FCC mask while covering a large spectral area without violating the
regular limit, even in the most power restricted region corresponding to GPS band. The
spectrum is centered at fpeqr— 6.63 GHz, which is not so far from the middle of UWB
mask (6.85 GHz). A lower power efficiency is recorded for the chirped 5th Gaussian with
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Figure 4.15: Original (Org) Abraha’s combination in electrical domain (Elec) and at
SOA output (Opt), besides to the chirped ( 0.0472 ns/GHz) pulse after SOA.

respect to Abraha’s pulse after SOA, knowing that it has a higher cross correlation for

the same conditions (fig. 4.11).

This is due to the initial difference in the efficiency of

electrical waveforms; otherwise, the optical-to-electrical ratio of the 5th Gaussian (46.24%
/ 50.7% = 0.91) is greater than for Abraha’s combination (49.23% / 57.2% = 0.86). An
important point to mention is that, not like usual linearization techniques, this approach
is based on complementary pre and post-distortion being performed symmetrically on the
transmitter and receiver sides. In the next section, we illustrate the potential of chirping
considering a modulated signal passing over an optical fiber link.
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Figure 4.16: Power spectral density of the original, up chirped, and de-chirped 5%
Gaussian in electrical domain, where the chirping slope is 0.0472 ns/GHz.
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4.5 Benefits of the chirping schemes for a modulated
Impulse Radio propagating over an optical fiber

Like in previous investigations, we have to consider a modulated UWB signal passing
through an optical link so as to examine the potential of chirping technique. Here, SOA
operates at strong saturation (P-SOA=0 dBm) with a large biasing current (lj;,s = 250
mA), where V,, = 0.5V 7 and the amplifier is placed 40 km apart from MZM. The two
pieces of single mode fiber (before and after SOA) have an attenuation factor of 0.2 dB/Km
and a chromatic dispersion of 17 ps/nm/km, we evaluate the performance in terms of the
power efficiency for a modulated IR-UWB defined in the first chapter.

Vpp=0.5 Vi, P-SOA=0 dBm, Ibias=250 mA, 1 Gbps OOK
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Figure 4.17: Power Efficiency versus fiber length for 1 Gbps OOK based on the utilized
pulses, P-SOA=0 dBm, I;,s = 250 mA, V,,, = 0.5V 7, where SOA is placed at 40 km.
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Figure 4.18: Abraha’s combination at 100 km (60 km after SOA) with (right) and
without (left) chirping, where P-SOA=0 dBm, Ip;,s = 250 mA, V,, = 0.5V 7.
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combination after SOA (at 40km), where P-SOA=0 dBm, [;;,s = 250 mA, V,, = 0.5V 7.

In fig. 4.17 we can see the advantage of chirping technique considering a 1 Gbps OOK;
for both waveforms the chirped signal outperforms the original one while traveling along
a large enough distance, knowing that no pre-amplifier has been placed for modulated
signals before the antenna. Recall, this improvement is justified by the fact that the enve-
lope of spectral spikes for OOK or PPM takes the shape of basic transmitted waveform, so
perfect pulse shapes lead to an efficient spectrum associated with the modulated impulse
radio. Due to frequency shaping and deviation caused in fiber [32], the power efficiency
decreases as the signal propagates over the optical channel, since the central frequency
and By are no more preserved specially at large extension link. The flat response of
the curves between 40 km and 110 km, is due to the fact that all spectra are already
above FCC mask, therefore the signal has to be systematically attenuated so as to re-
spect the standard limit. At large distances the spectrum goes under FCC mask; hence
no need for up and down chirping, as nonlinearity becomes no more harmful. The time
waveforms of Abraha’s combination at 100 km has been plotted in fig. 4.18; as we can
see, the de-chirped pulse has a better correlation with the electrical waveform than the
original one. Not a high noise intensity is observed in these waveforms, as SOA operates
in the saturation region. The power spectral density of the OOK signal based on Cp
at SOA output is plotted in fig. 4.19. Obviously, the spectral shaping at low frequency
band is the reason beyond efficiency enhancement, so a higher power level can be gained
by the spectra when adapted to FCC mask, as also illustrated in fig. 4.20 for the case
of 0.5 Gbps PPM. From fig. 4.21, we find out the same conclusion for PPM; hence, the
proposed up-down chirping technique has proved to be effective for a coverage of 160 km,
which can fit the demand of extended reach Fiber-to-the-Home (FTTH) networks [33].
Here we consider OOK and PPM formats with non-coherent energy detection; otherwise,
chirping is a general approach which could be adopted with other modulation schemes.
The performance gain is due to linearizing the SOA characteristics, which is theoretically
not limited to any type of transmission. This approach outperforms pre-distortion from
several aspects. In fact, here there is no need for a feedback in the electro-optical system
to apply an optimization process, saving thus complexity and computational time. Since
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Figure 4.21: Power Efficiency versus fiber length for 0.5 Gbps PPM based on the utilized
pulses, P-SOA=0 dBm, Ij;,s = 250 mA, V,, = 0.5V 7, where SOA is placed at 40 km.

with chirping, the improvement in the efficiency is relative to the slope of the phaser,
accordingly it is a well known relation and not a search for the optimal settings. Besides,
the new scheme performs well for both 5th Gaussian and Abrahas combination, unlike the
previous approach which is more effective when adopted with combinations of waveforms.
However, not the same effectiveness for chirping is expected when going towards practi-
cal implementations, since a performance degradation may occur due to the imperfections
produced by commercial phasers. Besides, chirping-based transmission is sensitive to time
jitter, as a perfect synchronization is required in order to reconstruct the original signal
by down chirping. Also, it is difficult to make an exact symmetrical up/down chirping,
some uncertainties are expected which may slightly distort the output received signals.
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So till now, our approach seems to be pertinent from a theoretical point of view, while
the real evaluation necessitates an experimental demonstration, that will be presented in
the sequel. In this chapter, we show that pre-distortion and chirping schemes have the
potential to enhance the transmission efficiency by optimizing the pulse spectrum, unfor-
tunately, the power efficiency of the whole UWB signal is very low even for perfect pulse
shapes, due to the discrete spectral spikes resulted from modulation pattern [34|. In the
next chapter, a new spectrum smoothing technique is investigated as a complementary
approach, which aims to reduce the intensity of these comb lines and improve the spectral
efficiency of the whole transmitted UWB.

4.6 Summary

In this chapter, an analog up-down chirping technique has been applied in our SOA-based
impulse radio over fiber system. The aim is to enhance the performance in terms of bit er-
ror rate and power efficiency. Utilizing phaser-based processing, we mitigated the order of
SOA nonlinearity at strong saturation, besides to the ASE noise reduction at linear region.
A significant increase in the pulse efficiency of the 5th Gaussian (>30%) and Abraha’s
combination (>40%) waveforms has been recorded. The potential of our approach has
been examined considering a 1 Gbps OOK and 0.5 Gbps PPM modulation formats, a
better bit error rate performance and higher power efficiencies have been achieved, while
propagating over a large extension of single mode fiber. In the next chapter, we will show
that besides to pre-distortion and chirping schemes, playing in the modulation pattern
could be also pertinent for enhancing the transmission efficiency.
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Chapter 5

Improving the Power Efficiency of the
UWB over Fiber System via Pulse
Shape Randomization

In the two previous chapters, we show that simple pre-distortion schemes besides to ana-
log chirping techniques are capable to enhance the power efficiency of transmitted pulses.
However, the modulation format can also play a significant role in determining the effi-
ciency of the whole transmission, as mentioned in the introduction. In this chapter, a
simple pulse shape randomization scheme is introduced for improving the performance of
UWB communication systems using On Off Keying (OOK) or Pulse Position Modula-
tion (PPM) formats. The advantage of the proposed scheme, which can be either em-
ployed for Impulse Radio or for carrier-based systems, s first theoretically studied based
on closed-form derivations of power spectral densities. Then, we investigate an application
to our IR-UWB over optical fiber system, by utilizing the 4-th and 5-th orders of Gaus-
sian derivatives. Qur approach proves to be effective for 1 Gbps-PPM and 2 Gbps-OOK
transmissions, with an advantage in terms of power efficiency at short distances, which
could be eventually broadened by the use of SOA in-line amplifier.

5.1 Introduction

As stated in the introduction, the power limitation of FCC against UWB operation has
raised the need for highly efficient UWB transmission [1|, hence pulse shaping and spec-
trum smoothing are mandatory to increase the transmitted power without violation of
FCC regular limit [2|. Pulse shaping can improve the envelope of the overall spectrum,
but has no influence on the discrete spectral peaks resulting from modulation patterns.
Smoothing the spectrum of modulated signals requires a change in the statistical proper-
ties of the pulse train, time randomization being important so as to reduce the intensity
of frequency comb lines. Direct sequence (DS) and Time Hopping (TH) are the mostly
utilized randomization techniques, based on varying the pulse amplitude or time position
respectively [3-5]. The main drawback for DS is the complexity associated with multi-
level generation, and randomizing in terms of polarity [6] is not suitable for unipolar
encoding like OOK or PPM. Hopping the pulse position between different chips in case of
TH requires a larger symbol duration, which consequently lowers the data rate and may
not be pertinent for high speed applications. In this work, a simple randomization tech-
nique is adopted for improving the system performance; it consists in changing the pulse
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waveform over time while keeping the same time location and scaling factor. The energy
per bit is conserved for all transmitted frames/symbols, in order to fit the requirement of
non-coherent energy-detection based UWB systems [7]. The proposed Multi-Waveform
OOK (MWOOK) and Multi-Waveform PPM (MWPPM) modulation schemes have been
applied to the Radio over Fiber system introduced in the second chapter. Our scheme
has proved a better power efficiency at short and broad distances of fiber, without and
with using SOA respectively.

OOK, 0.5 Gbps OOK, 2 Gbps
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Figure 5.1: The power spectral density for 0.5 Gbps (left) and 2 Gbps (right) OOK
signal based on the 5 derivative Gaussian pulse.

5.2 Discrete Spectral Lines in Impulse Radio Systems

Studying the spectral behavior of the transmitted UWB signal is a key point for analyzing
the interference effects against other existing wireless systems. An impulse radio signal
w(t) with a fixed frame T can be expressed as

w(t) =Y arp(t — Tk) (5.1)

k

where Ty, = kT + ¢ and p(t) is the basic transmitted waveform, a; and e are considered
as two random processes related to the original data. Equation 5.2 describes the power
spectral density of w(t), where ¢, (f) = are=2™/%* [8]. A bad spectral phenomenon appears
with this pattern of transmission, presented by the spectral spikes located at multiples
of frame repetition frequency, these discrete lines are due to periodicity in time domain.
Figure 5.1 displays the spectrum of an OOK modulated UWB operating at 0.5 Gbps
(left) and 2 Gbps (right), based on the 5 derivative Gaussian pulse. As shown, the
distance between frequency comb lines exactly equals to the data rate, and a significant
degradation in the transmitted signal power occurs due to these spectral peaks.

Su(h) =[PP Zd) 4 el 25 5 (5.2
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5.3 Existing Randomization Techniques

Smoothing the spectrum requires randomizing the transmitted signal in order to reduce
periodicity in time domain. Till now, two randomization schemes have been investigated
in the literature, the first is based on changing the pulse position inside the transmitted
frame, called Time Hopping (TH) [3-5]. The other is Direct Sequence (DS) [6], which
consists in randomizing the amplitude of the transmitted waveform without varying its
time location.

5.3.1 Time Hopping

Equation 5.3 describes the time hopped UWB signal modulated by PPM, where T is
the symbol period, T is the frame duration, Ny is the number of frames per symbol, T
denotes the chip time, ¢; corresponds to the j chip, d is the modulation index of PPM,
and dj, denotes the k' data bit. Similarly for the case of Pulse Amplitude Modulation
(PAM), the transmitted time signal is expressed in equation (5.4). Figure 5.2 shows the
time waveform of a TH-PPM, with a processing gain of N,=5, exactly equals to the
number of chips, where the chip code is ¢=[2 5 3 1 4| and T,=1 ns. Increasing the
number of chips leads to a higher degree of randomization, which consequently improves
the spectrum at the cost of data rate.

Time Waveform of TH-PPM Signal, Nc=5, Ns=5, Tc=1 ns
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Figure 5.2: Time Representation for 1 symbol extracted from a TH-PPM signal,
consisting of 5 frames/symbol, and 5 chips/frame, the TH code is [2 5 3 1 4] and T.=1
ns, where the basic transmitted pulse is the Gaussian Monocycle.

Ns—1

STHfPPM(t) = Z Z p(t — k'TS — ]Tf — C]'TC — dk(S) (53)
k  j=0

Ns—1

STH_pAM(t) = Z Z dkp(t - k‘TS - ij - Cch) (54)
k j=0
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Time Waveform of DS-PAM Signal,

Ns=5, Tf=1 ns
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Figure 5.3: Time Representation for 2 symbols extracted from a DS-PAM signal,
consisting of 5 frames/symbol, the DS code is [1 -1 1 1 -1] and Ty=1 ns, where the basic
transmitted pulse is the Gaussian Doublet.

5.3.2 Direct Sequence

With this scheme, a random sequence is multiplied by the transmitted pulses instead of
changing their time location inside each frame. The formula of the DS signal modulated
by PAM is expressed in (5.5), where all parameters are the same as has been defined for
TH. Figure 5.3 describes the time waveforms of 2 consecutive symbols with a DS code of [1
-1 11 -1], the first bit is 1 and the other is 0, where the utilized waveform is the Gaussian
Doublet. The number of frames per symbol is Ny = 5, where Ty= 1 ns (which is not
divided into chips). It is clear how the polarity of transmitted pulses is reversed between
different frames inside each symbol. (Here the same code is used for the 2 symbols just for
a better readability). This technique outperforms Time Hopping in terms of spectral lines
reduction and data rate, unfortunately it requires more complexity as two power supplies
are needed to generate pulses with opposite polarities. This scheme is not suitable for
PPM modulation format, since the time delay is not considered in the randomization

process.
Ny—1

sps—pan(t) =Y Y dpejp(t — kT, — jTy) (5.5)
k=0

5.4 Proposed Multi-Waveform OOK /PPM Modulation
Formats

Conventional OOK and PPM impulse radio signals correspond to a stream of modulated
pulses via amplitude or position, respectively. The same pulse is systematically repeated
along different transmitted frames, leading to a periodicity in time domain and hence to
high spectral spikes. Our approach aims to alleviate this undesirable properties by chang-
ing the pulse shape over time while conserving the digital modulation format principle.
Adjusting the pulse waveform is not new in UWB communications |9|, but here it is for
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Set of Pulses

MWPPM
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Figure 5.4: A simple description for Multi-Waveform PPM transmission, where each
frame consists of 2 time slots.

randomization purpose and not for modulation. In case of an OOK-modulated signal, the
proposed Multi-Waveform OOK scheme consists in transmitting different pulse shapes for
the bit ‘1’, each pulse being selected randomly from a particular set 2 containing N can-
didate waveforms, and no transmission is done for bit ‘0’ as in the conventional scheme.
The transmitted signal is then expressed as

WMWOOK (t) = Z Z bj,kdk:pj (t — kT) (56)

ko j=1

where dj, € {0,1} denotes the binary data to transmit, 7" is the frame duration, and
bjx € {0,1} stands for the j™ bit of the N-bits coded number Bj, = (2f*)), with R(k)
being a random integer from the uniform distribution on the interval [0, N — 1]. Hence,

Z b;jr = 1 which means that only one pulse p; is triggered in the set .
Slmllarly, as illustrated in fig. 5.4, a Multi-Waveform PPM can be expressed as

wywepn () = > Y bipi(t — kT — dyT) (5.7)

k=1
where I' denotes the modulation index.
As different pulses are involved in the randomization process, no correlation must ap-

pear between any 2 waveforms from the set ? over the pulse interval T, (notice that
frame duration is considered to be equal to the pulse period in this work) :

/o Pm(O)pn()dt =0 Vm #n (5.8)

Following a similar approach than that used in [8], closed-form expressions of the power
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spectral densities (PSDs) can be easily derived for the proposed MWOOK/MWPPM
formats (see the Appendix in this chapter for an outline of the proof). For MWOOK, we
get the following PSD expression:

N 2

> P

Jj=1

2

(3w U

where p4 stands for the expectation of the binary data dy and P;(f) is the spectrum of
pulse p;(t). For the MWPPM format, the PSD takes the form

2
11 |t |t | k
(v ) a2l 00 - 7
k

Suwooxk (f) = (5.9)

Suwrppu(f) = (5.10)

J=1

where j1,, = cos(nfT) is the expectation of the random process m; = e 72™/¢+ in the
spectral domain, with g, = d,I.

With the view to characterize the spectrum smoothness, we define the Discrete to Con-
tinuous Spectral Ratio (DCSR) as the factor multiplying the series of frequency comb
lines divided by the continuous part of the spectrum. For the MWOOK scheme we obtain
the following expression

1
DCSR = 5.11
MWOOK T(2N Y ( )
whereas for MWPPM the ratio takes the form
DCSRuwppa = % (5.12)
T(N — |pml?)

The DCSR criterion has been established based on theoretical PSD expressions; so, this
criterion will no longer be suited to spectral estimates. In the sequel, we will adopt a
complementary principle for assessing the benefits of randomization, the Peak-to-Average
Spectral Ratio (PASR), corresponding to the mean of discrete lines intensity divided by
the average of the overall power spectral density. We will also consider the important
criterion of power efficiency for a modulated signal defined in chapter two. From Eqgs.
5.11 and 5.12, it can be clearly seen that increasing the number N of pulses tends to
decrease the DCSR, which can result in a better power efficiency as will be illustrated in
the next section. Note also that for a unit processing gain transmission, the data rate is
R, =1/T , so the DCSRs are linear with R,. A critical step for taking advantage of the
randomized signals is the design of the set of candidate pulses #. One obvious constraint
is to conserve energy per bit for all transmitted frames. In addition, we must ensure that
the pulses are all mutually uncorrelated (Eq. 5.8). There are mainly two approaches to
achieve this goal, either the transmitter relies on sine and cosine waves with use of local
oscillators, or the transmitter directly operates in baseband (Impulse Radio system). The
two solutions are investigated in the next section.
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Figure 5.6: The Peak-to-Average Spectral Ratio versus number of pulses used for PPM
randomization, at different data rates.

5.5 Carrier-Based versus Carrierless Shape Random-
ization Techniques

5.5.1 Carrier-Based Randomization

To satisty the decorrelation constraint for a system using local oscillators with inphase
and quadrature components, we can design a set ? of rectangular pulses modulated by
sine waves at frequencies f,, n = 1,2,..., N/2; in this case, the orthogonality is ensured
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provided that

/+2 sin(27¥it)sin(27;{jt)dt —0,Vi#j (5.13)

N

This is also true in case of sine and cosine waves operating at same frequency. For the
purpose of illustration, if we consider a system operating with a pulse period T" of 0.5 ns,
we can identify 4 frequencies satisfying the orthogonality condition over the [3.1,10.6] GHz
band: f; =4 GHz, f, =6 GHz, f3 = 8 GHz , f; = 10 GHz; thus, with 4 local oscillators
and using inphase and quadrature components we can get N = 8 pulses. With this
approach, the pulse shape randomization results from a random selection of the sinusoid.
As observed in fig. 5.5 and fig. 5.6, for both modulation types (MWOOK and MWPPM,
respectively), the PASR decreases when increasing the number N of pulses, which means
a lower intensity of discrete spectral lines and hence a much more effective randomization.
As already pointed out, the frequency comb lines grow linearly with R, so the benefits
of using a large set 2 is more pronounced at high bit rate but at the price of an increased
complexity. The power spectral density for 2 Gbps classical OOK is shown in fig. 5.7,
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Figure 5.7: Power Spectral Densities of 2Gbps standard OOK (left) and multi-waveform
OOK based on 4 pulses (right).

besides to the spectrum of multi-waveform one based on 4 pulses. In fig. 5.8, the spectrum
corresponds to 1 Gbps classical and multi-waveform PPM with same N as in MWOOK
(4 pulses). The absence of discrete lines at odd multiples of data rate is due to the zero-
crossings of sinc spectrum resulting from the 0.5 ns rectangular pulse. PPM time shift
is fixed at I' = 0.5 ns, which is required for non-coherent energy detector receiver. The
discrete spectral term is scaled by cos?(.) as described in (5.10) associated with spectral
peaks located at even multiples of data rate, this is a bad spectral phenomenon as comb
lines have a higher intensity for PPM than OOK. On the other hand, thanks to the zero
crossings of oscillating term which eliminate spectral lines at odd multiples of bit rate,
specially at 1 GHz inside GPS band ([0.96-1.61] GHz). As smoothing the power spectral
density permits to step-up the spectrum level without violating FCC mask, we can see
in fig. 5.9 a raise in the power efficiency as we increase the number N of randomizing
pulses. Simulations were done for a 1 Gbps-MWPPM and 2 Gbps-MWOOK. The lower
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Figure 5.8: Power Spectral Densities of 1 Gbps classical PPM (left) and MWPPM based
on 4 pulses (right).
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Figure 5.9: Power Efficiency versus the number of pulses used for 2 Gbps MWOOK and
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power efficiency associated with PPM is due to the strong spectral peaks described above.
In terms of average power, our randomization scheme shows a consequent improvement
with respect to OOK and PPM as observed in fig. 5.10. That promises with a SNR
enhancement when applied in real transmission systems.
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5.5.2 Carrierless Randomization

The interest of the previous approach is that it gives us some performance bounds for
MWOOK and MWPPM schemes, but evidently the use of local oscillator(s) translates
into an increase of complexity with respect to a carrierless scheme, which may not be
suitable for practical applications. In this section, we investigate the alternate solution of
a baseband system (IR-UWB). With the aim of designing a simple low cost system, we
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Figure 5.11: The 5-th optimal Gaussian used for OOK-PPM, besides to 4-th/5-th pulses
utilized with MWOOK-MWPPM.

focus on the case where only two pulse waveforms are used for achieving the randomiza-
tion. There is not a unique choice for the two elementary pulses, but we typically have to
respect key constraints such as zero correlation (5.8), spectral mask compatibility, con-
stant energy, and low complexity of generation. In this study, we considered the 4-th and
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Figure 5.12: The power spectral densities of 5-th optimal Gaussian used for standard
OOK-PPM, besides to that of 4-th and 5-th pulses utilized with MWOOK-MWPPM.

5-th order Gaussian monocycles {g4(t), g5(t)}, with same pulse shaping factor o, as they
can easily be generated via CMOS circuits while offering favorable spectral properties [10]:

62 3. -2

ga(t) = (5 = —5 + J)ez? (5.14)

g(1) = (—y + 5~ 15¢)e 302 (5.15)

For the conventional modulation schemes (OOK, PPM), the 5th Gaussian pulse with
o = 51 ps is known to be the optimal choice as it provides the maximum power efficiency
[11]. If MWOOK or MWPPM is adopted, a slightly different shaping factor o = 49 ps
has to be chosen so as to keep a constant energy. Thus, each pulse is no longer optimal
with respect to the spectral mask but, as will be shown in the following, favorable power
efficiencies will be achieved thanks to the proposed randomizing techniques. Regarding the
practical aspect, we have fixed ¢ in order not to add more complexity to the impulse radio
system adopting shape randomization, as no 2 separate pulse generators are necessitated
to produce the 4th and 5th Gaussians, it is enough to reach the 4th pulse via CMOS, and
apply a time derivation to obtain the 5th waveform based on simple analog components,
similarly to what is demonstrated in [10|, the order of derivation has been increased at
limited hardware complexity . Hence, such an approach is much simpler than polarity
randomization, which requires a dual pulse generator or a polarity modulator with a
multiplier [6]. Time waveforms and corresponding spectra of utilized pulses are plotted
in fig. 5.11 and fig. 5.12, respectively. The PASR versus data rate is studied in fig. 5.13
and fig. 5.14 for conventional and multi-waveform schemes. Due to the modulation index
used for PPM (I" = 0.5 ns), the maximum rate that can be achieved is 1 Gbps. Since the
data rate Ry is multiplied by the series of frequency combs (described in Eq. 5.9 and Eq.
5.10), we can observe a linear response for both modulation types.
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5.6 Applying the Randomization Scheme Considering
our IR-UWB over Fiber System

Until now, the proposed modulation schemes have been analyzed only from a theoreti-
cal point of view and their benefits in the context of a realistic channel remains to be
investigated. In this section, we consider an application to the Radio-over-Fiber intro-
duced in the second chapter. For comparison purpose, we have examined first the
performance gain of multi-waveform transmission in the absence of optical amplification.
The Power Efficiency Gain (%) is defined as the raise in the efficiency recorded by the
randomized transmission over the standard one. In fig. 5.15 and fig. 5.16 we can observe
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Figure 5.16: Power Efficiency Improvement (or Gain) versus Fiber Length for different
input optical powers to MZM.

that the power efficiency initially exhibits an almost flat shape over several kilometers
whatever the source power P; is. This is due to FCC spectrum violation before attenua-
tor, hence the signal is systematically scaled so as to meet FCC limit. The slight decrease
of the power efficiency in this portion of the characteristics, whose width depends upon
the source power, is due to the signal attenuation in optical fiber (0.2 dB/km). It can be
clearly seen that MWOOK and MWPPM schemes offer a significant improvement at short
reach, as a result of randomization (lower PASRs). After a certain distance related to P,
there is a quick drop-off of the efficiency gain (fig. 5.16) which then tends towards zero
because no spectral lines reduction can be achieved via randomization if the PSD at the
attenuator input is already below FCC mask. The efficiency improvement at short reach
is larger for MWOOK (close to 9%) than for MWPPM (slightly above 4%). For P, = 12
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Figure 5.18: Power Spectral Densities for 1 Gbps PPM-MWPPM based on 4/"-5"
derivatives of Gaussian Pulses at SOA output, where I;;,s—100 mA.

dBm, a performance increase with respect to standard modulation schemes is obtained
up to 20 km and 25 km for OOK and PPM, respectively. The maximum distance over
which the proposed schemes brings an improvement is around 40 km for a 15 dBm laser
power (at this distance the spectrum at the attenuator input falls below the FCC limit).
By considering the Fiber-to-the-Home (FTTH) network coverage zones mentioned in the
literature [12], 40 km is not sufficiently large for evaluating the benefits of randomized
transmission; thus we placed the SOA in-line amplifier at this distance, in order to get
a reach extension at limited cost. A comparison of the PSDs corresponding to standard
modulation schemes and MWOOK/MWPPM, for the whole stream of symbols at SOA
output, is illustrated by fig. 5.17 and fig. 5.18. Lower PASRs can be clearly observed. For



5 Improving the Power Efficiency of the UWB over Fiber System via Pulse

Shape Randomization 120
20 T T T
~ PO000.0.0.q ©-00K at 2 Gbps
2 o -e-MWOOK at 2 Gbps
3J5* \ =PPM at 1 Gbps
c -=-MWPPM at 1 Gbps
S 10, % ]
- 8 EHEEgE-E-B-g-a
LUl
S
o
o

80, 100 120 1400 160

Fiber Length (Km)

Figure 5.19: Power Efficiency versus Fiber Length, using SOA placed at 40 km, and
biased with 150 mA at 15 dBm.

40 60

—h
‘?

- 00K-MWOOK, 2 Gbps, 100 mA |
-8-PPM-MWPPM, 1 Gbps, 100 mA
-©-00K-MWOOK, 2 Gbps, 150 mA
-©-PPM-MWPPM, 1 Gbps, 150 mA
©-00K-MWOOK, 2 Gbps, 200 mA |
--PPM-MWPPM, 1 Gbps, 200 mA

Power Efficiency Gain (%)

4, -

2" 1
3,

0 e = e e N = .v_?—:—:—3—;—;—;—;—;—;—;—;

40 6 80 100 120 140 160

Fiber Length (Km)

Figure 5.20: Power Efficiency Improvement (Gain) versus Fiber Length in case of
utilizing SOA at 40 km for several biasing currents, with a laser power of 15 dBm.

the PPM modulations, the spectrum envelope is influenced by the oscillating term with
a period of 2GHz resulting from the 0.5ns shifting in time domain. Power efficiency and
corresponding performance gain are plotted in fig. 5.19 and fig. 5.20 versus fiber length,
considering different values of the biasing current (Iy;,s), for a laser power of 15 dBm. An
evident performance improvement can again be observed for proposed schemes until the
distance matches a certain limit related to Ip;,s. Injecting high values of biasing current
extends the target distance nonlinearly, a better efficiency being obtained for MWOOK
and MWPPM up to 95 km and 105 km respectively, when the SOA is biased at 200 mA.
The received optical power at SOA input is -1 dBm, boosted by an optical gain of 4.47
dB, 10.58 dB, or 11.75 dB ; for Ij;,s = 100 mA, 150 mA, or 200 mA, respectively. Another
point to mention is that high biasing current tends to slightly lower the performance gain
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at short distances due to the nonlinear effects inherent to SOA amplification. So when
the spectrum at the photo-detector output is above the FCC limit, linearity of the optical
amplifier has a priority over output power response, that is why the best performance
gain (close to 10%) is obtained when applying I;;,s=100 mA, provided that the receiver is
located at a distance below 85 km (above this limit, MWOOK/MWPPM do not offer any
advantage). Operating at larger biasing currents means slightly less power efficiency gain;
we then have a trade off between reach extension and power efficiency. Shape random-
ization proves an advantage although the challenge of non-linearity faced in the optical
system. Since the improvement against standard transmission is determined by the statis-
tical characteristics of the modulations in electrical domain. The discrete-to-continuous
spectral ratios expressed in 5.11 and 5.12 are independent of the transmitted waveforms
in the case of OOK or PPM. Hence, pulse dynamics have no impact on the spectral spikes
intensity, that adds a positive point for our randomization, so a kind of robustness can
be observed against non-linear impairments faced in SOA.

5.7 Summary

In this chapter, a new spectrum smoothing technique is developed on the basis of OOK
or PPM modulation schemes, by applying a pulse shape randomization. The benefits
of the approach is first demonstrated by deriving closed-form expressions of the power
spectral densities. It is shown that using a greater number of pulses leads to a better
spectral behavior, and consequently higher power efficiency. The technique is compatible
both with carrier-based transmitters and with impulse radio systems. With the view to
propose a very simple implementation, we investigated the particular case of an IR using
two pulses belonging to the Gaussian family (4-th and 5-th derivative). Not like direct
sequence, which has an excellent performance but much more complicated to implement,
our approach offers a good compromise between spectrum enhancement and generation
complexity. We investigated an application to our UWB over optical fiber transmission
system operating at 1 Gbps for PPM format and at 2 Gbps for OOK. A significant
improvement at short reach of the optical link has been demonstrated if a randomized
transmission is adopted. An eventual in-line optical amplification via SOA is examined for
reach extension purpose at low-cost. The active distance over which the multi-waveform
modulation schemes perform better is controlled by the biasing current injected into the
SOA in a flexible way. In the next chapter, we show that differential chaos shift keying
is an alternative scheme which is capable of improving the over fiber system performance
in the presence of channel nonlinearities and time jitter.
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Chapter 6

Different Modulation Options for
SOA-based UWB over Fiber Systems:
An Experimental Study

Great efforts have been devoted to enhance the performance of our proposed over fiber
system; thanks to shape randomization, pre-distortion, and chirping techniques, we have
succeeded in increasing the power efficiency of the UWB signal from the basic transmitted
pulse and modulation sides. In this chapter, we examine the pertinence of reference-based
schemes in improving the quality of transmission, by adding a kind of robustness against
optical system nonlinearities and time jittering, besides to smoothing the spectrum when
going towards chaotic scenarios. On the other side, we make an experimental validation
for the effectiveness of chirping approach in mitigating SOA nonlinearities and reducing
ASFE noise impact simultaneously. In terms of bit error rate performance, both chirping
and chaotic schemes have proved an advantage in the practically implemented SOA-based
over fiber system.

6.1 Experimental Setup of Our SOA-based UWB over
Fiber System

As stated in fig. 6.1, our experimental setup consists of a transmitter, channel, and re-
ceiver. The transmitter relies on the Agilent Arbitrary Waveform Generator (AWG - 12
Gsa/s - M8190A) [1], which electrically generates the signals designed in Matlab, where
the maximum produced voltage is 700 mV. A radio frequency amplifier (SHF Commu-
nication Technologies AG - 115 BP) has been placed so as to boost the driving voltage
entering the single arm MZM (Photline Technologies). On the optical source side, the laser
diode embedded in the Optical Modulation Analyzer (OMA - Agilent N4391A) [2| has a
fixed output power of 12 dBm, which can be tuned via Attenuator (JDS Uniphase) before
being injected to the MZM optical modulator. The single mode fiber presents the optical
channel, with a 0.2 dB/km attenuation and dispersion coefficient of 17 ps/nm/km, so the
optical field at the modulator output propagates over 40 km of the fiber link to finally
reach the SOA (Inphenix-IPSAD1581) [3|. The second span of fiber considered previously
has been removed from the experimental setup, so SOA here acts as a pre-amplifier, which
can be considered as a part of the receiver. This configuration is not new, as there is a
growing interest for designing preamplified optical integrated receivers, and the SOA is a
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Figure 6.1: A schematic diagram for the experimental setup, (Amp: Amplifier, MZM:

Mach-Zehnder Modulator, SMF': Single Mode Fiber, SOA: Semi-conductor Optical
Amplifier, Att: Attenuator, PC: Polarization Controller, PD: Photo-detector).

Figure 6.2: A real photo for the experimental equipments.
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pertinent solution for such applications due to its low cost and complexity [4-6]. The cen-
tral wavelength of the optical filter (XTM-50) after SOA is 1540 nm, which corresponds
to that at the laser output, and the 10 dB bandwidth is 30 pm. A periodic observation
for the spectrum and average power is mandatory in order to re-calibrate the polariza-
tion controller after any systematical change in the fiber characteristics, as the latter are
highly affected by the physical conditions of the surrounding environment; hence, an Op-
tical Spectrum Analyzer (OSA - ADVANTEST Q8384) has been placed for that purpose.
The photo-detector ( HEWLETT PACKARD 11982A), with 15 GHz bandwidth, converts
the optical field into an electrical voltage signal to be ready for entering the oscilloscope
(which is embedded in the OMA). Finally, the received waveform is sampled at Fs—40
GHz in the oscilloscope, then saved for post processing in Matlab. Figure 6.2 shows a
real photo for the operating devices, at the right we can see the OMA, the 40 km piece
of fiber is placed under the table, and the computer used for off-line processing is located
above the AWG at the left.

6.2 Investigation of Chaotic Transmitted Reference Schemes

6.2.1 Transmitted Reference Schemes

In chapter 3, we showed that pre-distorting the input waveforms in electrical domain
is a pertinent approach to correct the SOA impact, and the chirping scheme illustrated
in chapter 4 proves to be also effective in linearizing the SOA characteristics. However,
pre-distortion exhibits a linearity gain at the cost of complexity, as a larger number of
parameters is required for achieving a better performance, so the potential of such a
technique is limited to that compromise. Also the order of nonlinearity depends on the
operating conditions, hence the biasing current and input power have to be considered
before optimizing the pulses parameters or choosing the slope of the phaser. Besides, the
characteristics of the optical system are not always deterministic, as affected by the phys-
ical conditions of the internal and external environments which are not stable; specially
the channel, which can not be assumed to be stationary in the case of UWB transmission.
Hence, the performance gain for any linearization scheme may have many practical limits
associated with the real time application; and establishing a feedback for channel state
information is not a pertinent solution with non-coherent communication systems. An
alternative to tuning the pulse dynamics for overcoming channel nonlinear effects is to
exploit the modulation properties. The Transmitted Reference (TR) schemes have been
investigated in literature to fit this target |7,8], where for each symbol a reference signal is
transmitted to give information about the channel response, followed by the useful pulse
which consists of the reference multiplied by the data level (+1 or -1). A simple cross
correlation between the received reference and data waveforms is enough to capture all the
available energy, in order to extract the transmitted symbol without requiring any kind
of channel estimation |8,9]. The attractive feature of this pattern is that the same nonlin-
earities act on both reference and data pulses, hence distortions have no great influence
on the final decision after cross correlation. Furthermore, such a modulation technique
has a strong immunity against time jittering, since the same channel delay occurs for
the reference and data signals, and no perfect synchronization is required to detect the
transmitted bits [10,11].



6 Different Modulation Options for SOA-based UWB over Fiber Systems:
An Experimental Study 127

Logistic map, Autocorrelation fluctuations, L=63 Logistic Map, Invariant Probability Density

70

1.2*‘
it —— mean

< +[= std dev.
0.8

0.6

04

0.2

L L L L L L L
-60 -40 -20 0 20 40 60

Delay (Nb. chips)

(a) (b)

Figure 6.3: The auto-correlation function of the chaotic sequence (a) with the
corresponding probability density function (b).

6.2.2 Chaotic-Based Modulation Patterns

With the view to optimize the system performance at a limited order of implementation
complexity, chaotic modulation schemes have been developed for adoption in wireless
transmission systems, due to their interesting features including immunity against jam-
ming and multipath fading, besides to the ease of generation and reduced probability of
intercept [12,13|. Nevertheless, the statistical characteristics of the chaotic signal broad-
ens out the spectrum, so it is a non-periodic noise like signal hence it becomes a pertinent
solution for spread spectrum communications [12-15].

In our work, the logistic map was the candidate due to its good auto-correlation properties
as clearly seen in fig. 6.3 (a). The logistic function corresponds to the second-order Cheby-
shev polynomial [16], where the general recurrence formula is expressed in eq. (6.1), r is
a parameter influencing the sequence dynamics (set at r = 4 here) and zy, is the chaotic
outcome at index k. Figure 6.4 (a) describes the recurrence function (w41 = f(2));
chaotic systems have nonlinear characteristics [17] and a high sensitivity to the initial
condition (measured via Lyapunov exponent) as depicted in fig. 6.4 (b). The probability
density function is described in eq. (6.2), thanks to the chaotic dynamics we can see a
semi-flat response in the distribution as illustrated in fig. 6.3 (b), so the generated se-
quence has a high degree of randomness, where the expectation is zero and the variance
of the normalized map equals to 1.

Ty = rx(1 — ) (6.1)

plx) = 1 —1<z<+1 (6.2)

7v1— 22’

6.2.3 DCSK and I-DCSK Chaotic Schemes

Differential Chaos Shift Keying (DCSK) is an advanced type of chaotic modulation, which
gains the benefits of chaotic dynamics and Transmitted Reference simultaneously [18].
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Figure 6.5: Block diagram of the DCSK transmission system

The block diagram of the DCSK transceiver is illustrated in fig. 6.5, the generated chaotic
signal ¢; of length M is directly sent as a reference, where a copy of ¢; is transmitted after
being multiplied with the original data b; (where b; € {-1,1}). Like the TR scheme, data
detection at receiver side is based on evaluating the cross correlation between the received
signal and its M samples time delayed version. The main drawback of DCSK is the degra-
dation in the data rate associated with adding a one reference to each data bit; in order to
overcome this issue, a special effort was recently made by Kaddoum who proposed an Im-
proved DCSK (I-DCSK) scheme based on simultaneous transmission of the reference and
data sequences [19]. Figure 6.6 describes the modulation and demodulation processes of
I-DCSK, the reference signal is time reversed (r(t) — r(—t)) before being combined with
the data one, as orthogonality has to be satisfied between the overlapped sequences just
before transmission. Based on this orthogonality, it is possible to extract the transmitted
bit by simply correlating the received signal with its time reversal. Another advantage for
this novel scheme is the security gain over classical DCSK, as the reference is embedded
in the data frame, adding thus a great challenge on irregular bodies which aim to steal
information from the communication system.
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Figure 6.6: Block diagram of the [[DCSK transmission system

6.2.4 Performance Evaluation of the Chaotic Schemes in Com-
parison to other non-coherent modulation formats

A great deal of research effort has been allocated for adopting chaotic techniques with
over fiber-to-wireless integrated transmission systems [20-22]. But what has not been
investigated until now, to the knowledge of the author, is applying CSK in UWB optical
access networks, which is an interesting approach for enhancing the performance with a
reach extension objective. Here, we focus on using the DCSK and I-DCSK modulation
options in our SOA-based over fiber system, and a performance evaluation has been done
in comparison to OOK and PPM modulation formats. Establishing a synchronization
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Figure 6.7: Time jittering to frame size ratio versus the frame index in the received
signal, and corresponding probability distribution.

between the transmitter and receiver was a key step to extract the target signal from the
stream of electrical waveforms collected by OMA. Figure 6.7 verifies that the time jitter is
relatively small with respect to the frame size; hence we have used two similar preamble
chaotic sequences before the modulated signal, where at receiver side the preamble is
detected based on the maximum cross correlation, and the remaining part of the signal
can be simply extracted prior to demodulation. Such a synchronization was enough to
recover the transmitted bits without the need of further tracking, which is a positive
point as the latter adds more complexity to the basic transceiver. OOK and PPM have
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Figure 6.9: Received PPM symbol just after SOA (at 40 km), where the laser output
power is 7 dBm and [;,s= 200 mA.

a processing gain of G=2, which means that each symbol corresponds to 2 frames, so
for OOK 2 pulses are transmitted when the bit is 1 and both frames are empty when
the bit is 0. However, in the case of PPM, 2 pulses are always transmitted per symbol,
where the binary data is indicated by the position of the 2 waveforms inside the 2 frames
(the frame duration is double to that for OOK, as a minimum limit for an orthogonal
non-coherent PPM). Both modulations are based on the Gaussian first order derivative
plotted in fig. 6.8, with a pulse shaping factor of ¢ =70 ps; fig. 6.9 shows the time
waveform of one PPM symbol observed after photo-detector; as noticed, two pulses are
transmitted in two consecutive frames to present one symbol. We can clearly see in
fig. 6.9 the effects of chromatic dispersion in the optical link, besides to the induced
noises in SOA (ASE) and photo-detector (shot and thermal noises), where is obvious the
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impact of nonlinearities inherent to SOA amplification. Figure 6.10 and fig. 6.11 show the
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Figure 6.10: Time waveforms and corresponding power spectral density of 2-DCSK

operating at 0.25 Gbps, where the laser output power is 7 dBm, I;,,— 200 mA, and
SOA is placed at 40 km (the time waveform is a truncation of only 10 symbols).
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Figure 6.11: Time waveforms and corresponding power spectral density of 4-I-DCSK
operating at 0.25 Gbps, where the laser output power is 7 dBm, I;,,— 200 mA, and
SOA is placed at 40 km (the time waveform is a truncation of only 10 symbols).

received DCSK and I-DCSK signals at 40 Km respectively, where the chip frequency is 1
GHz, which exactly equals the carrier frequency. An extra beneficial property for the CSK
transmission is the absence of the comb lines in the spectrum, thanks to chaotic dynamics,
unlike classical impulse radio modulation patterns which results in strong spectral spikes.
The left and right bounds of the 10 dB bandwidth are 0.5 GHz and 1.5 GHz respectively,
which are indicated by the vertical dashed lines. Figure 6.12 and fig. 6.13 present the
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time waveforms and corresponding spectra of the received OOK and PPM respectively,
the envelope of the frequency discrete lines has the same shape than the basic transmitted
pulse spectrum depicted in fig. 6.8, where the 10 dB band is approximately 4.6 GHz.
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Figure 6.12: Time waveforms and corresponding power spectral density of OOK
operating at 0.5 Gbps, where the laser output power is 7 dBm, I;;,s— 200 mA, and SOA
is placed at 40 km (the time waveform is a truncation of only 10 symbols).
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Figure 6.13: Time waveforms and corresponding power spectral density of PPM
operating at 0.25 Gbps, where the laser output power is 7 dBm, [;,,— 200 mA, and
SOA is placed at 40 km (the time waveform is a truncation of only 10 symbols).

Figure 6.14 shows the bit error rate results for the conventional DCSK based on one
or two chips, for the purpose of comparison with OOK, PPM, and Improved DCSK
modulation formats (where the notation N-DCSK in the legend denotes DCSK with N
reference chips followed by N data chips, the same is for I-DCSK but the references and
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Figure 6.14: Bit error rate versus received optical power (just before SOA) for DCSK,
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Figure 6.15: Reference and data waveforms of the received DCSK (up) and I-DCSK
(down) signals corresponding to one symbol, where the laser output power is 7 dBm,
Ipias— 200 mA, and SOA is placed at 40 km.
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Figure 6.16: The probability density function of the 2-DCSK (up) and 4-I-DCSK (down)
cross correlation measured just before decision, for electrical back-to-back (left) and

after photo-detector (right), where the laser output power is 4 dBm, I;,s— 200 mA, and
SOA is placed at 40 km.

data are totally overlapped). As the received power increases, the SOA operating point
is shifted towards saturation, where a lower ASE impact is obtained and consequently
higher optical signal-to-noise ratio, hence we can see an improvement in the bit error rate
performance for different modulation schemes. On the side of classical DCSK, there is a
strong immunity against nonlinear impairments and time jittering, thus it proves to be
the best even for the case of 1-DCSK, where the achieved data rate is 0.5 Gbps, which
is double that for I-DCSK. Considering 0.5 Gbps OOK, the standard DCSK operates
on the same transmission rate with a lower probability of error; while in comparison
with 0.25 Gbps PPM, we can see a dominance for DCSK in terms of bit error rate and
data rate simultaneously. I-DCSK is highly sensitive to optical system nonlinearities, as
orthogonality has to be satisfied between the reference and data overlapped signals in
order to obtain a correct decision. OOK and PPM have a kind of robustness against
nonlinearity, since estimating the transmitted symbol is based on non-coherent energy
detection, and the received pulse dynamics have no great impact on the total collected
energy over time frame. However, both modulations are not robust against time jittering,
thus I-DCSK shows to be better than OOK and PPM for low input powers, associated
with a lower order of SOA nonlinearity; while the poor performance of I-DCSK appears
when we go towards higher values of laser power. Hence, for a limited number of chips,
the improved chaotic scheme does not seem to be pertinent for application in the SOA-
based optical system; except the security aspect, which is the only feature that could be
added over classical DCSK schemes. That is more clarified in fig. 6.15 (down), where the
[-DCSK received signal corresponding to one symbol is plotted besides to its time reversal
for bit=1 (left) and bit=0 (right); the two signals have almost opposite polarity, hence
the observation of their multiplication becomes close to zero (which is the threshold of
decision). Unlike conventional DCSK, where it is clear from fig. 6.15 (up) how the reference
and data waveforms are positively or negatively correlated based on the transmitted bit.
Figure 6.16 describes the distribution of the cross correlation obtained for DCSK (up)
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Figure 6.17: Time waveforms of the original (left) and up-chirped (right) combination of
modulated Gaussians in electrical domain, where 0 =180 ns, fi= 0.4 GHz, fo = 0.8
GHz, and the slope is 10 ns/GHz.

and I-DCSK (down) just before decision, the nonlinear effects lead to an overlap between
the distributions of the two binary symbols for the case of [-DCSK; where for DCSK, we
can see a lower variance and a higher probability around the mean for the same operating
conditions.

6.3 Examining the Performance of Chirping with the
Proposed Transmission System

Chirping scheme has shown to be effective in previous work, here we examine the potential
of this technique (which is totally different from the chaotic scenario reported in the past
section) in the real SOA-based optical system so as to partially validate its effectiveness.
In simulations, we have utilized the 5" Gaussian pulse besides to Abraha’s combination
of Doublets, but due to the band limitation of AWG, it was not possible to generate
such waveforms. On the other side, dealing with pulses having a frequency diversity is
much easier to study the benefits of chirping and to also make a time domain observation.
Therefore, we have proposed a combination of 2 modulated basic Gaussians, with different
carrier frequencies, in order to see the original signal as two overlapped waveforms which
could be separated via chirping. The time duration of the utilized combination is 13.25 ns,
where the pulse shaping factor for both Gaussians is 0 =180 ns, with fi= 0.4 GHz and f, =
0.8 GHz. Figure 6.17 shows the non-chirped (a) and chirped (b) signals, the time duration
of the latter is 25 ns, which is slightly less than double the original, where the chirping
slope is 10 ns/GHz. As clearly noticed, the left and right portions of the chirped waveform
have the same time behavior but different modulation frequencies. From fig. 6.18 we can
see how a better correlation is obtained between the received and transmitted waveforms
when chirping is adopted, as a lower order of SOA nonlinearity is faced against chirped
waveforms. Nevertheless, a higher signal-to-noise ratio is achieved, that agrees with the
result obtained in chapter 5, and promising for an improvement in the bit error rate
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Figure 6.18: The time waveforms of the received pulse with and without chirping (at a
slope of 10 ns/GHz) besides to the original pulse in electrical domain, where the laser
output power is 2 dBm and [j;,,— 200 mA.

performance associated with the chirped transmission.

Max{xr(t) *xR(t)}

+T/2
Joz)s wR(0)

XCTER = (6.3)

The cross correlation to energy ratio (XCTER) between the electrically generated pulse
xp(t) and received one after the photo-detector xg(t) is expressed in eq. (6.3), this crite-
ria is important for evaluating the potential of chirping in mitigating SOA nonlinearities.
XCTER has been studied versus the laser output power in fig. 6.19 considering Ip;,s—
100 mA and Iy;,s— 200 mA at 10 ns/GHz chirping slope, the increasing response for dif-
ferent settings is due to the raise in the optical signal-to-noise ratio (OSNR). At negative
powers, we can see a crossing between the dashed curves for the non-chirped pulses, that
is due to the higher degree of linearity obtained at low SOA input powers, so the linearity
gain associated with decreasing the biasing current appears when the OSNR becomes
extremely low, as XCTER depends on both the OSNR and nonlinear effects. That’s
why the chirped waveforms achieve a better correlation in all conditions, since chirping
mitigate the SOA nonlinearities and reduce the ASE noise impact simultaneously, where
the amplifier is placed at 40 km and the maximum input power to SOA does not exceed
-10 dBm. In terms of bit error rate performance, fig. 6.20 illustrates the effectiveness
of chirping for OOK and PPM modulation formats; specially for the chirped PPM, it
outperforms the classical transmission at the cost of data rate. Detecting the PPM sym-
bols is based on comparing the two time slots energies in each frame; where for OOK, the
threshold for data decision in each iteration is computed by estimating the average energy
per bit from the total received energy (which corresponds to the overall stream of pulses).
Therefore, nonlinearity has no great influence on the bit error rate of such non-coherent
scenarios, as the cross gain modulation and four wave mixing are deterministic for a fixed
SOA operating point. The collected errors are mainly due to ASE, in addition to the
inherent noises produced by the other optical and electrical components in our system.
Tens Mbps data rate is not extremely low for UWB communications as reported in litera-
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Figure 6.19: Cross correlation to energy ratio versus laser output power for [;;,s— 100
mA and Iy;,s= 200 mA, the chirping slope is 10 ns/GHz and SOA is placed at 40 km.

ture [23], and the probability of error corresponding to the chirped transmission is within
the forward error correction (FEC) limit, where SOA is placed at 40 km and injected by
200 mA biasing current. A portion of the received OOK signal is plotted in fig. 6.21 with
(down) and without (up) chirping, these time waveforms justifies the enhancement in the
BER performance, as the signal-to-noise ratio becomes extremely higher at receiver side,

thanks to chirping.
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Figure 6.20: Bit error rate versus received optical power (just before SOA) for chirped
and non-chirped OOK and PPM modulation schemes, where I;,,— 200 mA and SOA is

placed at 40 km.
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Figure 6.21: Received OOK just after SOA (at 40 km) in the case of no chirping (up)
and chirping (down) with a slope of 10 ns/GHz, where the laser output power is 3 dBm
and Ip;,,— 200 mA.

6.4 Summary

In this chapter, we adopt for the first time the DCSK scheme in a practically imple-
mented SOA-based UWB over fiber system. Interesting bit error rate results have been
obtained in comparison with other non-coherent modulation formats, for an extremely
low number of chips and high data rate transmission. The performance of the Improved
DCSK technique has been also examined, which has not shown to be pertinent in our
proposed system, as it is highly sensitive to SOA nonlinearities and chromatic dispersion.
As a complementary approach, we experimentally demonstrate the effectiveness of chirp-
ing technique in linearizing the SOA characteristics and reducing the ASE noise influence.
Higher cross correlation between the transmitted and received pulses was achieved, and
a lower probability of error has been also recorded with OOK and PPM transmissions,
thanks to the chirping scheme.
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Chapter 7

Conclusion and Perspectives

7.1 Conclusion

The growing demand for high speed communications and error-free transmission mo-
tivates researchers to go forward in advancing existing data networks and developing
new telecommunication technologies. Research efforts are oriented in two complementary
paths, the first is associated with the hardware physical layer architecture, like improving
the functionality of different instruments, attenuating embedded losses, increasing the
gain and bandwidth of amplifiers, adding or removing some components, adopting filters,
advancing the fabrication technology, exchanging a single by a multiple antenna configu-
ration. Where the other strategy deals with pre and post processing at transmitter and
receiver sides, designing efficient modulation formats, optimizing error correction codes,
designing anti-fading signals, applying noise reduction methods, besides to different signal
processing schemes.

The capacity of transmission strongly depends on the available bandwidth, and the chan-
nel characteristics significantly affect the quality of service, hence, Ultra WideBand over
fiber has been the target system approach in our thesis. In particular, carrier-free impulse
radio scenario, has been the core of our investigations due its low cost and complexity.
After a broad study regarding optical generation techniques existing in literature, we have
investigated a transceiver based on Mach-Zehnder Modulator, for its good compromise
between complexity and system performance. The main objective of this dissertation was
to achieve a reach extension while minimizing the probability of error for the UWB optical
transmission.

Widening the data coverage area requires extending the optical link via in-line ampli-
fiers, and increasing the antenna output power so as to enlarge the wireless propagation
distance. The latter is challenging, due to the power constraints of regulatory bodies
regarding UWB free space operation, hence a highly efficient transmission is demanded
in order to maximize the electrical signal power without violating standard masks. The
spectral behavior of modulated impulse radio depends on the basic pulse spectrum and
modulation characteristics, both have to be considered in optimizing the corresponding
spectral response. As well, enhancing the UWB power efficiency also increases the signal-
to-noise ratio, which consequently reduces the number of errors collected at receiver side.
Regarding the bit error rate performance, it could be also improved by applying noise
reduction and pre-distortion techniques, besides to advanced modulation patterns which
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have a kind of robustness against channel effects.

In this work, we take the advantage of low cost integrable Semiconductor Optical Am-
plifier to boost the optical signal traveling along the fiber link. The amplifier is placed
at a distance from the transmitter, so as to compensate against fiber attenuation and to
obtain a high electrical power after photo-detector. However, such an optical component
may lead to strong nonlinearities acting on the propagated pulses, besides to the ampli-
fied spontaneous emission noise. Both degrade the power efficiency and bit error rate
performance of the UWB over fiber transmission system. We have applied pre-distortion
techniques to mitigate against these nonlinear effects and improve the spectral efficiency
of SOA output pulses. In addition, a phaser-based configuration has been proposed, which
linearizes the amplifier characteristics and reduces the noise impact simultaneously. On
the modulation side, a multi-waveform impulse radio data modulation scheme has been
developed, resulting in a higher degree of randomness and consequently lower intensity
of discrete spectral spikes; a significant enhancement in the power efficiency was also
recorded thanks to this new type of randomization. Moreover, a Differential Chaos Shift
Keying modulation format has been adopted in the optical transceiver, leading to a good
robustness against nonlinearities and time jitter, due to the embedded chaotic reference
which holds channel state information in each symbol. Lower probability of error was
obtained in comparison with other modulation options.

Regarding pre-distortion techniques, a significant raise in the power efficiency was achieved
based on single Gaussian pulses and combinations. Doublets-based Abraha’s proposed
waveform, besides to our newly designed triple combination relying on fundamental Gaus-
sians, both have proved to be effective in coping with SOA nonlinearities, by exploiting a
higher degree of freedom in controlling time characteristics. Increasing the order of Gaus-
sian derivation is another solution offering a lower potential but with less complexity. Over
a large extension of optical link, our scheme has exhibited an enhancement in the power
efficiency of 0.75 Gbps Pulse Position Modulation and 1.5 Gbps On Off Keying. Sys-
tematical up and down chirping utilizing group delay phasers is an alternative approach,
which is not only capable to correct SOA impact at strong gain saturation, but also has
the potential to reduce the ASE noise influence while operating in the linear region. A
significant increase in the pulse efficiency of the 5th Gaussian (>30%) and Abraha’s com-
bination (>40%) waveforms has been recorded. A better bit error rate performance and
higher power efficiencies have been achieved considering a 1 Gbps OOK and 0.5 Gbps
PPM modulation formats, while propagating over a large extension of single mode fiber.
As discussed previously, the pulse spectral response is not the only aspect to be consid-
ered, reducing the frequency comb lines resulting from time periodicity is also a key step
to improve the efficiency of the UWB transmitted signal. Hence, a new spectrum smooth-
ing technique is developed on the basis of OOK or PPM modulation schemes, by applying
a pulse shape randomization. The closed-form expressions of the power spectral densities
have been derived, and it is shown that using a greater number of pulses leads to a better
spectral behavior, and consequently higher power efficiency. This technique is compatible
with both carrier-based transmitters and impulse radio systems. For the latter, we inves-
tigated the particular case of the 4th and 5th Gaussian derivatives, considering 1 Gbps
PPM and 2 Gbps OOK formats, the spectra of the randomized transmissions dominate
the conventional in terms of power efficiency. The active distance over which the multi-
waveform modulations perform better is controlled by the biasing current injected into
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the SOA in a flexible way. Not like direct sequence, which has an excellent performance
but with much more complicated implementation, our approach offers a good compromise
between spectrum enhancement and generation complexity. Regarding DCSK, which has
been employed for the first time in optical fiber communications, interesting bit error rate
results were obtained in comparison with OOK and PPM energy detection schemes, for
an extremely low number of chips and high data rate transmission.

A large piece of this work was based on simulations; due to the sampling frequency
limitation of our Arbitrary Waveform Generator (12 GHz), it was not possible to occupy
the full UWB standard mask. An experimental demonstration for DCSK technique was
conducted, besides to a practical evaluation for chirping. In terms of bit error rate mea-
surements, both have proved to be pertinent for adoption in the real SOA-based UWB
over fiber system. In this thesis we investigate simple analog approaches based on non-
coherent detection, that strongly matches the requirements of impulse radio systems in
terms of cost and complexity.

7.2 Perspectives

Based on our knowledge and experience gained during this research work, we suggest
several future directions that may be pertinent for improving the performance of UWB
over fiber systems:

Consider Two Real Antennas and Wireless Channel

Examining the proposed schemes while considering a free-space channel is required so
as to validate their effectiveness. The transmitter and receiver antennas add nonlinear
effects on the propagated UWB signals, and the great challenge rises from the multipath
fading which occurs even at short distances.

Study the Performance with Different Optical Components

In our setup, we have used the MZM, SOA, and single mode fiber; considering other
types of intensity modulators and optical amplifiers could be pertinent; we could expect
a performance gain at the expense of complexity. Adopting a multi-mode fiber may also
be another question to investigate, with a study of the robustness of transmitted pulses
against inter-modal dispersion.

Apply Chirping Against SOA and Fiber Effects

The phaser applies a frequency dependent time shift, so it could be useful to exploit
the benefits of chirping in compensating against self phase modulation inherent to SOA,
besides to the chromatic dispersion occurring in the fiber.

Phaser-based Interferometer for Pulse Shape Optimization

The power efficiency of an UWB pulse under FCC mask can be enhanced by playing with
the time dynamics. Placing parallel up and down phasers with absolutely same slopes, can
introduce a frequency sinusoid that modulates the spectrum of the output pulse. Such an
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interferometric configuration may improve the spectral response and consequently increase
the pulse efficiency.

Three Dimensional Randomization for Impulse Radio

Three randomization techniques exist for impulse radio transmission, based on the ampli-
tude, time, or shape. Developing a new type of randomization relying on the three vari-
ables could be a good alternative, which may gain the advantages of all current schemes
at the price of complexity.

Pre-distortion with Different Pulse Waveforms

Until now, pre-distortion has been applied with particular pulse shapes, mainly Gaussian
derivatives and combinations. It might be interesting to see the performance with Her-
mites, Cubic, Laplacian, Rectangular, Sinc, and other waveforms, so as to quantify the
benefits of the proposed scheme.

Consider the case of Bi-directional Transmission

In this work, we deal with downlink scenario, thus taking into account the uplink trans-
mission is a complementary approach, so as to evaluate the performance considering a
full bi-directional communication system.
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Appendix A

Interior Point Algorithm: A Brief
Overview

Interior point is an iterative method for solving linear and nonlinear optimization prob-
lems, it approaches optimal solutions from the interior of the feasible domain [1-3]. This
algorithm is more effective when applied with convex problems, and could be adopted
with single and multi-variable functions [1-3]. As described in fig. A.1, the algorithm
starts from an initial point and apply several iterations so as to reach the optimum. The
latter being the minimum of the objective function (Min{f(z)}) satisfying two criteria:
Ax = b and x > 0, where z is the current solution, A and b are the coefficients of the
linear constraint. The solution in each iteration is determined based on the previous one:

" = 2k + ad” (A1)

where o > 0 is the step length and d* € R" is the moving direction, after passing by a
number of points the optimal solution is obtained. As shown in fig. A.2, the interior of
the feasible region is shot toward an optimal solution, and the target direction is the path
which improves the objective function value at the fastest feasible rate. The current trial
point z* is translated into the center of the feasible region by a projective transformation,
in order to enlarge the improvement when approaching a new direction. So by centering
the trial solution in each iteration, the direction of the projected gradient is turned to
reach the neighborhood of the optimal point, as the algorithm goes towards convergence.
Centering is performed by changing the scale of the variable, so that the current point
becomes equidistant from boundaries in the new coordinate system, & = D~ 'z, where
D is the diagonal of z in the old coordinate system. The basic concept of optimality is:
A current feasible solution is optimal if and only if “no feasible direction at this point is
a good direction,” when the optimality condition is satisfied the algorithm stops. The
total complexity for the algorithm is the number of iterations multiplied by the number
of operations (or function evaluations).

The interior point algorithm has a great potential for solving huge programming problems
because the required linear algebra is faster. Besides, it is a practically effective algorithm
which could be easily understood and implemented. In addition, it is a polynomial-time
algorithm which has a low computational complexity and is efficient when high accuracy
is needed.
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Step1 Start with an initial interior solution
Optimality condition Not Optimality condition
> Step2 Satisfied Satisfied
A 4
Check all directions for
Step 3 improvement & move to v
a betterinterior solution STOP

Figure A.1: General scheme of an interior point method

Figure A.2: Interior point optimization path.



Appendix B

SOA Model

Symbol Parameter Value Unit
L Active region length 500 10 m
w Active region width 210° m
d Active region thickness 300 10° m
Q Active region reference losses 21692 m’
Q. Confinement region losses 497 m’
08 Losses at optical defaults 395 m’
Oy Differential active region losses with respect to carrier density 1.139 107 m’
o Differential active region losses with respect to wavelength 0.0 m?
Mo Reference confinement factor 0.3
M Differential confinement factor with respect to carrier density 9.914 107 m’
Y Differential confinement factor with respect to wavelength 10028 m’!
No Transparency carrier density 6.5 10% m?
ag Differential peak-gain coefficient with respect to carrier density 2.617 107 m’
a; Convergence parameter needed for simulations 1.2 m
N Gain peak wavelength at transparency carrier density 1617 10” m
by Differential gain peak wavelength with respect to carrier density -3.783 107 m*
b; Second order differential gain peak wavelength with respect to carrier density 2.017 107 m’

Az Wavelength at begin of zero-gain region at transparency carrier density 1662 10° m
Zy Differential begin of zero-gain region with respect to carrier density 1.02 107 m*
Z; Second order differential begin of zero-gain region with respect to carrier density 4.012 1077 m’
K, Spontaneous emission coefficient 2.775

AN, Spectral shift between material gain peak and spontaneous emission peak -34.4 107 m
En Compression coefficient due to carrier heating 03107 m’

o CH Linear enhancement factor due to carrier heating 1

&up Compression coefficient due to spectral hole burning 0.7 10 m’

JAV, FWHM of the spectral hole burning process 30107° m
R, Linear ohmic resistance 6.7510* Qm’'
N, Equilibrium carrier density 110" m?
n Ideality factor 2
T SOA’s temperature 295 K

Ag Linear recombination coefficient 2302 10° s
B, Bimolecular recombination coefficient 3.124 1018 m’s’
Cau Auger recombination coefficient 9.754 10%¥ mé s

Figure B.1: Values of the parameters for SOA model [4].
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Appendix C

Optilux Fiber Model based on
Split-Step Fourier Algorithm

In our simulations we used the Optilux for modeling the single mode fiber, which is an
open source collection of tools providing advanced techniques to design, simulate, and
analyze optical communication systems [5]. Optilux is implemented as Matlab/Octave
toolbox (so the time signal is an indexed vector) and specialized with a high computa-
tional speed [5].

As the transfer function of the optical fiber is a solution to the nonlinear Schrodinger
equation, applying the split-step Fourier method is a good approach for modeling a fiber.
Fibergui solves the nonlinear Schrédinger equation (NLSE) in absence of polarization ef-
fects using a graphical user interface (GUT). The inputs of this function are, fiber length,
attenuation, effective area, nonlinear index, wavelength, chromatic dispersion coefficient,
fiber slope, maximum step for the split-step algorithm, and the maximum nonlinear phase
rotation in each step. NLSE in absence of polarization effects for an electric field E(z,t),
7 being the distance and t the time, is the following partial differential equation [6]:

oF Bo O°E B3 PE

0E(z,t)  « : 2
—o. = PPy tig g T e ~NIENE (C.1)

where « is the fiber attenuation, 8, = filf}—f e’ k = 1,2,..., f(w) the wave propagation
constant, wy presents the central angular frequency of F, and ~ is the nonlinear coefficient.
The split-step Fourier Method (SSFM) is an efficient algorithm used in numerical analysis
for solving the NLSE. It is a special application of the splitting method for solving nonlin-
ear partial differential equations, and useful to face out the problem [7]. NLSE is solved
by the SSFM with a variable step so as to have a maximum nonlinear phase rotation into
each step. The solution is computed in small steps with a separation between linear and
nonlinear, since linear steps are made in frequency domain and the nonlinear ones in time
domain, so it is a pseudo-spectral approach.
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Appendix D

Spectra of MWOOK and MWPPM:
Mathematical Development

We give here an outline of the proof of equations (5.9) and (5.10), by following similar
steps to those used in [8]. Let’s first adopt a general expression for the multi-waveform
modulation schemes:

N
w(t) = Z Z b; kaxpi(t — KT — ey) (D.1)
koj=1
where the amplitude coefficient a; equals the binary data d; in the MWOOK case and
equals one for MWPPM; regarding the time shift, we have ¢, = 0 for MWOOK and ¢, =
diI' for MWPPM. The transmitted signal can be alternatively expressed as a convolution
product:

w(t) = Y dy(t) * (1) (D2)

where the impulse train signal d;(t) = > b;rard(t — kT — ) reflects the modulation
ko

scheme adopted (MWOOK or MWPPM).
Assuming that the set P is made of mutually uncorrelated pulse waveforms and that the
pulse trains d;(t) have the same spectral characteristics, we get the power spectral density

N

Su(f) = Sp(HID_ PP (D.3)

Jj=1

where Sp(f) stands for the PSD of the pulse train and P;(f) being the Fourier transform
of p;(t). The discrete spectral lines resulting from the modulation pattern correspond to
the term Sp(f) only; with the view to derive its expression, it can be written as

so(r) = (= [1242L] (D.4)

where < . > corresponds to time averaging and the accumulated energy spectral density
at time t taking the form

2

(D.5)

|D(f,t)]> = '/_ d(7)e 2" dr
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After some algebra, it can be seen that the following equations holds:

|D(f7 t)|2 = Z Z brbrr1akag 2Tl 27 fi(enti—er) ¢
k l

u(t — kT) u(t — kT — IT) (D.6)

where u(t) is the unit step function. Then, it is straightforward to show that

g [APUO0 = X AOR(O) B3t ~47)

+3°3 " Ry()Ra(D) R (1) T E [5(t — KT)]

<0 k

+3 S Ry Ra() R (1) P> 'E [ 6(t — KT — IT)] (D.7)

>0 k

where Ry(l), R.(l) and R,,(l) denote the auto-correlation functions of the independent
processes by, a, and my = e 2™/ respectively.

Finally, after time averaging and applying the Poisson formula
. 1 k
Jj2mfrl . — ) v
LS DIL (R

we get the expression

1

L Malum
SD(f):f[(050§+0§u2+u§02+u§ua 1242 i ]?) + 25 —} (D.8)

where u, corresponds to the mean of the process x and ¢ denoting the standard deviation

of the corresponding zero mean process (e.g. by = pp + by, with E [bAkékH] = agé[l]).
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Etude de Systémes de Transmission a Bande Ultra Large sur Fibre utilisant des
Amplificateurs Optiques a Semiconducteurs

Résumé: La technologie Ultra WideBand (UWB) sur fibre est une solution prometteuse pour répondre
aux enjeux des futurs réseaux de communication WLAN/WPAN. Les caractéristiques de la fibre,
incluant son énorme bande passante, offrent la possibilité d’une bonne qualité de service a longue portée.
La propagation sans-fil UWB doit étre réalisée sous des contraintes de densité spectrale de puissance
particuliéres, imposées par I'autorité de régulation (FCC pour les Etats-Unis). La nouveauté de notre
travail provient de l'exploitation des avantages dun amplificateur optique a semi-conducteurs (SOA) afin
d'obtenir une extension de portée a un colt et une complexité limités. Cependant, les effets non linéaires
et le bruit d'émission spontanée amplifiée (ASE), intrinséques a ce type de composant, sont susceptibles
de dégrader la performance du systétme. La réduction de ces effets indésirables a donc été dune
importance centrale dans cette étude. Les non-linéarités du SOA ont été compensées en appliquant une
solution de pré-distorsion analogique des formes d’ondes électriques. Un traitement basé sur phaser a
également été proposé pour réduire simultanément l'influence de I'ASE et linéariser les caractéristiques du
SOA, grace a des opérations de chirping réparties entre I’émetteur et le récepteur. Avec la transmission
Impulse Radio, en raison des propriétés temporelles des formats de modulation, des raies spectrales
apparaissent, ce qui peut violer la limite FCC ou réduire I'efficacité énergétique. Une nouvelle technique
de randomisation de formes d’ondes a été étudiée, qui s'est révélée efficace pour supprimer ces pics
spectraux. Les trois approches ont montré un grand potentiel avec les formats On Off Keying et Pulse
Position Modulation, & longue portée optique. Les performances d’une modulation différentielle Chaos
Shift Keying ont finalement été examinées; une probabilit¢é d'erreur inférieure a été obtenue
expérimentalement en comparaison avec d'autres modulations non cohérentes.

Mots clés: Ultra WideBand (UWB), Impulse Radio, Randomisation de formes d’ondes, Amplificateur
optique a semi-conducteurs (SOA), Pré-distorsion, Chirping, Chaos Shift Keying (CSK).

On Ultra-Wideband over Fiber Transmission Systems Employing Semiconductor Optical
Amplifiers

Abstract: Ultra WideBand (UWB) over fiber is a promising technology for meeting the demands of
future wireless local-area networks (WLANSs) and wireless personal-area networks (WPANSs). Thanks to
the enormous bandwidth and fiber characteristics, a high communication quality may be established at
long reach. UWB wireless propagation must be achieved with special power and spectral constraints fixed
by the regulatory bodies (e.g. US Federal Communication Commission). The novelty of our work
originates from exploiting the benefits of a Semiconductor Optical Amplifier (SOA) so as to get a reach
extension at limited cost and complexity. However, the inherent nonlinear effects and Amplified
Spontaneous Emission (ASE) noise associated to such device may affect the system performance.
Overcoming these impairments has been of central importance in this study. SOA nonlinearities have
been mitigated by applying analog pre-distortion in electrical domain. Phaser-based processing was also
proposed to simultaneously reduce ASE influence and linearize SOA characteristics, thanks to up/down
chirping performed on the transmitter/receiver sides. With Impulse Radio UWB transmission, due to the
time properties of modulation patterns, discrete lines arise in the corresponding spectrum, which may
violate FCC limit or reduce the power efficiency. A new shape randomization technique has been
investigated, which proved to be effective in suppressing these spectral spikes. The three approaches have
shown a great potential with On Off Keying and Pulse Position Modulation formats at long optical reach.
The performance of Differential Chaos Shift Keying was finally examined in the over fiber system, a
lower error probability was experimentally achieved in comparison with other non-coherent modulations.

Keywords: Ultra WideBand (UWB), Impulse Radio, Shape Randomization, Semiconductor Optical
Amplifier (SOA), Pre-distortion, Chirping, Chaos Shift Keying (CSK).



