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Abstract

The concept of generating micro- and millimeter-wave signals by optical means offers a
variety of unique features compared to purely electronics such as high frequency tunability,
ultra-wideband operation and the possibility to distribute micro- and millimeter-wave signals
over kilometers of optical fiber to a remote site. These features make the photonic synthesizer
concept a very interesting alternative for several applications in the micro- and millimeter-

wave regime.

This thesis focuses on the realization and characterization of different photonic synthesizer
concepts for the optical generation of frequency tunable and low phase noise micro- and
millimeter-wave signals. Advanced microwave photonic approaches utilizing external optical
modulation and optical multiplication will be presented, offering high frequency optical
millimeter-wave generation up to 110 GHz with superior performances in terms of maximum
frequency tuning ranges and phase noise characteristics. In addition, the concept of a novel
dual-loop optoelectronic oscillator will be presented that enables optical millimeter-wave
signal generation without the need of any electronic reference oscillator. By using the
developed dual-loop optoelectronic oscillator, microwave signal generation with tuning

ranges in the gigahertz regime has been experimentally demonstrated for the first time.
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Introduction

1 Introduction

“Microwave Photonics is an interdisciplinary area that studies the interaction between
microwave and optical signals” [1]. Within the last few years, the field of Microwave
Photonics (MWP) has attracted growing interest worldwide. The term Microwave
Photonics describes the study of interacting optical waves and microwaves in novel high-
speed and high-frequency photonic devices and their applications [2]. Generally, MWP
offers several advantages as compared to other technologies. By integrating the best from
the photonic and radio frequency engineering worlds, MWP technologies and components
can enable broadband connectivity with unique advantages that cannot be easily achieved

by other competing technologies like all electronic systems.

Generally, the microwave region of the electromagnetic spectrum extends from
wavelengths of 1 m, down to 1 mm corresponding to a frequency range from 0.3 GHz to
300 GHz. Thus the definition of the microwave region also includes the millimeter-wave
region from 30-300 GHz. For simplicity, the abbreviation MW will be used throughout this

work for both, microwave and millimeter-wave frequencies.

Usually, an MW signal is generated using a low-frequency and low phase noise electronic
oscillator and many stages of frequency multiplication to achieve the desired operation
frequency which makes it complicated and costly. In contrast, the generation of MW
signals using photonic technologies offers a variety of unique advantages compared to
purely electronics due to the extremely broad bandwidth and low loss of optical fibers. In
addition to these benefits, MWP technologies also enable low phase noise analog MW
signal generation and ultra-wide frequency tuning ranges, as well as broadband modulation
capabilities over the entire MW bands [3]. Furthermore, for some applications the
distribution of the generated MW signal to a remote site is necessary, which is not practical
by electric means due to the high losses of electrical distribution lines such as coaxial
cables. The distribution of an MW signal over optical fiber is an ideal solution to overcome
the limitations of pure electronic oscillators or multipliers. The generated MW signals can
be easily distributed from a central site to a remote station with low complexity by
simplifying the equipment requirements. Furthermore, MWP is capable of performing up-

and down-conversion of high frequency signals to achieve even higher or lower frequency
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signals. This will significantly reduce the complexity of the electrical design if e.g. ultra-

high frequency signals are desired where electrical or electronic designs are limited.

electro-optical fiber-optic
a) electrical | | (ff 5% >l 0/ electrical

. c S .
MW signal [ /0 J transmission © MW signal

optical heterodyne| fiber-optic
b) A ~ @ electrical

0
P J transmission e MW signal

Figure 1.1: Basic principle of an MWP link with different optical signal generation schemes.

The basic concept of an optical link for MW signal transmission, here with two different
optical signal generation schemes, is shown in Figure 1.1. Typically, an optical link
consists of three different parts; the generation of the optical signal, the transmission of the
optical signal and the detection and conversion of the optical signal. The generation of the
optical signal can be performed using different schemes. The two most common ways are
shown in the figure. In the first scheme (Figure 1.1 a), an electro-optical (e/o) converter,
typically a modulated laser, converts the electrical MW signal into an optical signal which
contains the information of the electrical MW signal. The second scheme is a pure optical
approach named optical heterodyning (Figure 1.1 b). Here, two or more optical modes
having different wavelengths are combined such that the difference in wavelengths (or
optical frequency) is equal to the desired frequency of the MW signal. Beside these two
basic approaches, several further and advanced approaches exist to generate an optical
MW signal. After generation, the optical signal is then transmitted over several meters up
to kilometers of optical fiber to the remote site where the opto-electrical (o/e) converter,
often a photodetector, detects the optical signal and reconverts it into the original electrical

MW signal.

MWP is able to address a wide range of applications. One of the widely-used applications
is communication including Radio-over-Fiber (RoF) and/or wireless communication [D],

[F1, [G], [J], [K]. Here, e.g. a frequency range around 60 GHz is of great interest as it
2
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offers several GHz of bandwidth and is furthermore unlicensed. Also other frequency
bands are becoming more and more important for wireless communications such as the E-
band (60 — 90 GHz) and the W-band (75 — 110 GHz) as both bands are also offering wide
bandwidth capabilities. Although communications is a key application field for MWP,
there are nevertheless several other important applications fields worth to mention,
including radar, instrumentation, radio astronomy, security systems and many others.
Although the key objectives among the different applications are of course different, it is
also true that in most of the above listed applications a high frequency MW signal is
required. The demands on the performance of the generated MW signal of course vary
from application to application. Assuming a device will be characterized concerning its
frequency tuning range (e.g. a synthesizer for instrumentation), then the signal source must
provide an ultra-wide bandwidth in which the operation frequency can be tuned. Here,
tuning can be defined twofold; continuously, meaning that the operating frequency can be
changed in a continuous manner and coarse or stepwise tuning, meaning that only certain
operating frequencies are provided by the source with a more or less fixed difference
frequency between two operating frequencies. For applications where tuning is of minor
importance often a high-stability MW signal with very low phase noise is needed. Of
course, in some applications such as frequency modulated continuous-wave radars, the
generated MW signal must provide both, a wide frequency tuning range and low phase
noise. To meet these requirements, MWP technologies are particularly suitable as MWP
enable both, low phase noise analog MW signal generation and ultra-wide frequency
tuning ranges over the entire MW bands [3]. Thus, the concept of generating an MW signal
using photonic technologies, which will be stated as a photonic synthesizer in the

following, is a very interesting alternative compared to purely electronics.

Several techniques, which can be found in the literature, are investigated to provide a
photonic synthesizer which is capable of generating such wide tunable MW signals with
low phase noise. One option to achieve an ultra-wide tuning range is based on optical
heterodyning, in which two optical modes of different wavelengths beat in a photodetector.
The basic idea of heterodyning or photomixing was already invented in the year 1955 [4].
Today, different approaches exist for generating those two optical modes, including dual-
mode lasers, dual-frequency lasers or optical comb generators to name just a few. In the
latter approach, not just two optical modes but a high number is generated and
subsequently filtered. The easiest way of generating two optical modes is to use two

3
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independent free-running lasers in which at least one laser is tunable in wavelength. Using
this scheme, the generated MW signal at an advanced photodetector can be tuned in a
continuous manner with a frequency resolution just defined by the wavelength tuning
resolution of the tunable laser(s). Although this scheme typically provides extremely wide
frequency tuning ranges, only limited by the frequency response of the used photodetector,
the phase noise performance of such a scheme is rather poor. This is due to the fact that all
lasers have random phase fluctuations, resulting in a non-negligible linewidth, that appear
in the phase of the resulting heterodyne signal [5]. In order to achieve low phase noise
operation, the optical modes must be phase locked. Locking techniques, e.g. optical

injection locking or an optical phase lock loop are able to lock the optical modes.

Previously, most optical heterodyne experiments for photonic MW signal generation were
performed in the microwave domain. In [6], optical heterodyne frequency generation of up
to 20 GHz was achieved using a solid-state dual-frequency laser. Phase noise
measurements using this scheme have shown phase noise levels at 100 kHz offset
frequency of about -90 dBc/Hz and -120 dBc/Hz for the free-running and the optically
phase locked dual-frequency laser, respectively [7], [8]. Although the integrated dual-
frequency laser offers low phase noise performance, the maximum operating frequency
was limited to about 20 GHz. Nevertheless, compared to solid-state devices,
semiconductor lasers benefit from a direct electrical pumping allowing a higher level of
integration. By using a multi-section gain-coupled distributed feedback (DFB) laser, a
wide frequency tuning range of 46.5-322 GHz has been presented [9] but in this case the
laser needed to be locked to an optical comb and thus the frequency of the generated MW
signal could only be tuned in steps with a rather poor frequency resolution of no better than

35 GHz.

A possibility to overcome the need for complicated phase locking schemes required in
optical heterodyne approaches with two or more lasers is to use optical modulation. In this
case, the optical modes are generated from only one laser source. By employing direct or
external optical modulation, wide frequency tuning as well as low phase noise performance
can be achieved. For example, in a recent experiment using an optical phase modulator and
a fixed optical notch filter, continuous frequency tuning from 37.6-50 GHz has been
obtained when the electrical drive signal was tuned from 18.8-25 GHz [10]. Although no
phase noise measurements were performed in this work, it was shown that the linewidth of
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the generated signal was below 5 Hz. However, this work was seriously limited in terms of
output power, at 50 GHz an output power level of less than -30 dBm was achieved, signals
in excess of 50 GHz could even not be measured in the electrical domain but were seen
only in the optical domain. Nevertheless, from this scheme it can be seen that the
frequency of the generated MW signal is the double frequency of the electrical drive signal
provided by the local oscillator (LO) or electrical synthesizer. As the phase noise of such
an external modulation scheme is mainly determined by the phase noise of the LO plus a
term depending on the multiplication factor, the phase noise of the LO has to be very small
for low phase noise operation. Typically, the phase noise of an electronic high frequency
LO with a tuning range up to some tens of GHz is much higher than the phase noise
performance of a lower frequency LO. This is due to the fact that for LOs, normally ultra-
low phase noise and low frequency crystal or quartz oscillators are used as the basis for
generating high frequencies via several complex mixing and multiplication stages.
However, this not only increases the complexity and cost but it is also true that the more

multiplication and mixing stages, the worse the phase noise performance of the LO.

An option to overcome the use of complex electronic multiplication and mixing stages is to
perform the multiplication in the optical domain. As already described above, the
frequency can be doubled by optical means when using external modulation. A promising
scheme to further increase the optical multiplication factor is presented in [11]. Here, the
four-wave mixing effect in a saturated semiconductor optical amplifier (SOA) has been
used. It has been shown that a Mach-Zehnder modulator (MZM) with a subsequent SOA is
capable of generating a six times optical multiplied mm-wave signal of 42 GHz from a
7 GHz electrical reference oscillator. Furthermore, a phase noise level of -75 dBc/Hz at

1.6 kHz offset from the 42 GHz carrier has been obtained.

Although external modulation in conjunction with an SOA allows optical frequency
multiplication as discussed above, this approach still relies on the use of an electrical
reference oscillator and consequently, the phase noise of the generated MW signals is
related to the phase noise performance of the reference oscillator. To overcome this
limitation, the use of an electrical reference oscillator has to be omitted. Early
investigations have shown the capability to generate stable picosecond pulses without the
need for a reference LO by using semiconductor lasers and a resonant optoelectronic
feedback loop [12]. A scheme with a fiber-based resonant feedback loop also known as
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optoelectronic oscillator has shown the capability to generate MW signals with extremely
low phase noise [13]. The phase noise was measured to be -105 dBc/Hz at 1 kHz offset
from a 10 GHz carrier. However, in order to achieve frequency tuning, several bandpass
filters selected by a switch had to be used in [13]. In addition, the continuous frequency
tuning range inside the bandwidth of the employed bandpass filter was limited to only
110 kHz. With the objective to improve the frequency tuning range of an optoelectronic
oscillator, a tunable laser was used in [14]. But although the laser was tunable by +40 nm
in the optical domain, the frequency tunability was still very limited with a maximum

tuning range of less than 2 MHz around a central frequency of 9 GHz.

1.1 Aim and Organization of this Thesis

The overall aim of this work is to theoretically and experimentally study the generation of
frequency tunable and low phase noise MW signals using photonic technologies. MWP
technologies based on optical heterodyning, external modulation and the optoelectronic
oscillator concept are the basis for novel and innovative photonic synthesizer concepts

studied and developed in this work.

One general aim of this work is to achieve extremely broadband and wideband frequency
operation. Innovative approaches based on optical heterodyning have been analyzed and
experimentally investigated and will be reported. Since the phase noise performance of
optically generated signals using free running laser sources is rather limited, a fiber-based
approach based upon external modulation is investigated. In this work, a photonic
synthesizer concept based upon external optical modulation is presented and investigated.
From experimental results it will be shown, that the developed photonic synthesizer
enables low phase noise and frequency tunable signal generation well up into the
millimeter-wave region, i.e. well beyond 30 GHz. Beside low phase noise operation, it will
be shown that external modulation also represents the fundamental basis for another
innovative approach in which a low frequency reference signal (in the optical domain) will
be multiplied by optical means before being converter to an electrical high frequency MW

signal.

It will be experimentally shown that the phase noise of the generated MW signal using

external modulation is fundamentally limited by the phase noise performance of the
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employed electrical reference oscillator. To circumvent this limitation, it was another
major objective of this work to investigate possibilities for generating frequency tunable
MW signals with ultra-low phase noise performances using a concept that does not require
any electrical reference local oscillator. In this thesis, a novel approach of an
optoelectronic oscillator based on a dual-loop configuration is presented and studied. It
will be shown that such a dual-loop optoelectronic oscillator allows high frequency
generation with ultra-low phase noise performances while at the same time providing

hundreds of MHz frequency tuning range.

This thesis is organized as follows:

The theoretical background of the key optical components and the various photonic
techniques required for the development of the various photonic synthesizers studied in
this work will be presented in chapter 2. At first the theoretical background of lasers will
be described. Here, the focus is laid on the basic theory about the laser’s relative intensity
noise. Chapter 2.2 deals with the basic theory about external modulation techniques and
especially with the transfer characteristic of a Mach-Zehnder modulator. In the next
chapter, the nonlinear effect of four-wave mixing in a semiconductor optical amplifier will
be analyzed. For connecting a remote transmitter unit to the photonic synthesizer, a single-
mode optical fiber will be used. Thus, the basic theory about optical fiber propagation
including glass fiber dispersion effects will be described in chapter 2.4. For the remote
opto-electronic converter, photodetectors will be used in this work. Therefore, the basic
working principle as well as the design differences between different types of
photodetectors will be described in the next chapter. At last, the noise contributions in
optical links will be analyzed in chapter 2.6. Here, the main focus is laid on phase noise as

one aim of this work is to achieve low phase noise operation.

In chapter 3, different MWP approaches for generating wide-tunable and low phase noise
micro- and millimeter-wave signals will be studied. At first, in chapter 3.1, approaches
based upon optical heterodyning will be discussed and analyzed. While in chapter 3.1.1 the
basic operating principle of the optical heterodyning technique will be analyzed, record
experimental results on optical heterodyne broadband (DC to 110 GHz) and wideband (70-
110 GHz) photonic signal generation which were accomplished during this work will be

reported in chapter 3.1.2. Chapter 3.1.3 presents different solutions for further improving
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the phase noise performance of the generated MW signals by using optical locking
techniques.

In addition to approaches based on optical heterodyning, chapter 3.2 presents wide
frequency tunable and low phase noise MW signal generation based on external
modulation. At first, the principle of double- and single-sideband modulation is briefly
analyzed in chapter 3.2.1. Experiments using double-sideband modulation with carrier
suppression are then presented in chapter 3.2.2, showing wide tunable MW signal
generation with low phase noise. Next, innovative approaches utilizing optical
multiplication schemes based on optical nonlinearities will be studied in chapter 3.2.3.
Experimental results are presented showing that very high optical multiplication factors

can be achieved.

In chapter 4, the generation of MW signals with ultra-low phase noise performance based
on the optoelectronic oscillator approach will be discussed. At first, chapter 4.1 describes
the general principle of an optoelectronic oscillator using a single-loop configuration while
chapter 4.2 is dealing with advanced multi-loop configurations. Next, in chapter 4.3, the
invention of a novel dual-loop optoelectronic oscillator that allows frequency tuning is
presented and experimentally, MW signal generation with ultra-low phase noise

performance and hundreds of MHz frequency tuning range is presented.

Finally, in chapter 5, a concluding summary discussion on the developed innovative
approaches and the achieved results is presented. Chapter 6 lists all references used in this
thesis and all components and measurement equipment used for this work is listed in the

Appendix.

1.2 Research Projects

Parts of this thesis were performed within the frame of two research projects, namely the
European integrated project IPHOBAC and the European Space agency mission
PHOMIGEN. In the following, the general objectives of these projects which are related to

this work will be briefly summarized.

The IPHOBAC (Integrated Photonic Millimeter-Wave Functions For Broadband
Connectivity) project started in 06/2006 and ended in 11/2009. It was funded by the
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European Commission under grant number 35317. The aims of IPHOBAC were the
development of innovative photonic mm-wave components and integrated functions for
applications in the field of communications, security, radar and instrumentation using
MWP technologies. The key objectives of IPHOBAC include the development of photonic
sources enabling the generation of wideband tunable and low phase noise MW signals, the
development of transmitters and receivers based upon electro-absorption modulation
enabling broadband and processing of MW signals, as well as the development of ultra-
wideband photomixers based on broadband high-speed photodetectors enabling the
detection of the optically generated MW signals. Innovative functions and systems using
these IPHOBAC components were further developed including the generation of high
power, low phase noise MW signals, the allocation of a fully tunable 30-300 GHz MW
source, as well as a 60 GHz RoF system including wireless transmission as described

above.

The PHOMIGEN (Microwave Photonics Millimeter-wave Generation) mission was
initiated by the European Space Agency in March 2009 and is coordinated by THALES
under contract number 21615. The intention of the PHOMIGEN project is to develop a
fully functional and RF tested photonic synthesizer including a remote transmitter unit.
One aim of PHOMIGEN was to develop a photonic synthesizer concept which allows for
generating millimeter-wave signals around 100 GHz with at least 10% frequency tuning
range. The frequency resolution for stepwise frequency tuning should be better than
1 GHz. Furthermore, the photonic synthesizer should provide low phase noise performance
(-70 dBc/Hz at 1 kHz offset, -75 dBc/Hz at 10 kHz offset and -80 dBc/Hz at 100 kHz
offset from the carrier). Another research aim was to investigate possibilities that allow

efficient optical frequency multiplication with an as high as possible multiplication factor.
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2 Photonic Technologies — Theoretical Background

The general objective of this thesis was to investigate and realize systems which provide
high tunability and low phase noise performance in the mm-wave range using MWP
technologies. The photonic synthesizer is a concept for generating such frequency tunable
and low phase noise continuous-wave signals. In comparison to purely electrical
oscillators, a photonic synthesizer features ultra-wideband and high-frequency operation up
to the mm-wave region. The basic concept of a photonic synthesizer is shown in Figure
2.1. In general, a photonic synthesizer consists of an optical transmitter which provides an
MW signal in the optical domain. A transmission medium (an optical fiber in this work) is
used to transmit the optical MW signal to a remote site (receiver). The receiver (a
photodetector in this work) receives the optical MW signal on the one hand and converts it

into an electrical MW signal on the other hand.

Optical Transmission Recei electrical
transmitter medium ceetver MW signal

Figure 2.1: Basic concept of a photonic synthesizer.

The intention of this chapter is to give a brief overview and a theoretical background of the
main optical components and photonic technologies which have been used in this thesis.
For all photonic links, optical sources such as laserdiodes are essential. Thus, in section
2.1, the basic operating principle of laserdiodes, often operating at 1.55 um wavelength, is
discussed. External modulation techniques that allow the generation of optical double
sideband signals are discussed in chapter 2.2. For efficient optical frequency multiplication
of a low-frequency optical reference signal it is possible to exploit the nonlinearities in a
semiconductor optical amplifier. This is expected to result in a multiplication of the
reference MW signal in the optical domain and thus would allow generating even higher
frequencies at the output of a photonic synthesizer. Chapter 2.3 will discuss the
nonlinearities in semiconductor optical amplifiers leading to four-wave mixing of the
optical double sideband input signal. Before the modulated light will be o/e converted in a
photodetector (see chapter 2.5), it propagates through optical fibers. The influence of the
fibers absorption and dispersion characteristics on the optical signal will be analyzed in

2.4. Besides output power and frequency tunability, the phase noise of the generated MW
11
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signals is of great importance for many applications. Chapter 2.6 will analyze the different

contributions to the overall phase noise of a photonic synthesizer.

2.1 Laserdiodes

For all microwave photonic links, the laser is the most used light source. A laserdiode (LD)
is characterized by several properties of which the most important are wavelength (1), the
optical linewidth (full-width-at-half-maximum - FWHM), the output power and the

relative intensity noise (RIN).

The third optical window (C-band) is of great interest for several applications in the field
of MWP, as the attenuation of a standard single-mode fiber at 1.55 pm wavelength is
minimum (a¢ = 0.2 dB/km). Another important advantage of the C-band is that optical
amplifiers working in this band like the most common erbium-doped fiber amplifiers
(EDFA) are commercially available. Lasers and receivers for this wavelength range

became already available in the late 1980s [15].

In the ideal case, the spectrum of a laser is monochromatic but in reality a laser exhibits a
non-negligible optical linewidth. The optical linewidth of a laser is defined as the width of
its optical spectrum at FWHM. The fundamental physical limitation for this finite optical
linewidth, which is also stated as the natural linewidth, comes from spontaneous emission
events inside the laser cavity. The natural linewidth is a characteristic of all lasers mainly
arising from phase fluctuations of the lasing optical field E(t) [16]. Drifts of the resonator
length as well as effects like e.g. the Doppler-effect can also contribute to the linewidth
[17]. The E-field of the laser is affected by amplitude and phase fluctuations. However, the
amplitude fluctuations are on the one hand comparably low and on the other hand,
stabilizing mechanisms exist to further minimize these fluctuations. Therefore, in a first
instance, the E-field of a single-mode laser can be modeled as quasi-monochromatic and

amplitude-stabilized electromagnetic wave with phase fluctuations [18] resulting in

E(t) = E, - e/(@ot+¢o®) (2.1)
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where E, represents the constant amplitude, w, is the angular monochromatic optical
center frequency and ¢, (t) the random phase fluctuations which lead to the non-negligible

linewidth.

As this thesis mainly deals with the photonic generation of low noise MW signals, the
following analysis will especially concentrate on the RIN of a laser, as it affects the overall
performance of a photonic synthesizer. It can decrease the maximum achievable electrical
signal-to-noise ratio (SNR) in a photonic synthesizer when the synthesizer’s phase noise is
limited by RIN. Here, with electrical SNR the signal-to-noise ratio at the output of a
square-law detector is meant. Laser RIN is defined as the ratio between the mean square
intensity fluctuation spectral density (AP)? (in a 1-Hz bandwidth) and the mean square

average light output power (Pope)® [19]:

(AP)?

RIN = ——.
{Popt)?

(2.2)

In this case, the RIN is specified in units of Hz', but more often it is given in logarithmic
form as dB/Hz. If, for example, the dominant noise source in a photonic synthesizer
concept with modulation index m and noise equivalent bandwidth By is the laser’s

relative intensity noise, then the SNR decreases with the RIN as follows [20]:

2

m
SNR=— 2.3
2 - Bye - RIN (2.3)

The RIN for the 1.55 pum laserdiode used for the experiments in this work (Agilent
Tunable Laser 81680A) has a value of RIN9E = -145 dB/Hz. A more detailed analysis of
RIN can be found in chapter 2.6.

2.2 External Modulation

By modulating the injection current, the laserdiode’s output can be modulated resulting in
an optical double-sideband signal when the modulating injection current is a cosine
function. However, the direct modulation of laserdiodes is limited to about 30 GHz which
is a too low bandwidth for achieving extremely broadband or wideband frequency
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operation in the mm-wave region. Thus, external modulation techniques must be used as

they provide much higher bandwidths than directly modulated lasers.

Two different types of electro-optical modulators are used for external laser modulation:
phase modulators and intensity modulators. As for intensity modulators, one commonly
used modulator is the semiconductor based electro-absorption modulator (EAM). The
physical effects, which are also valid for most phase modulators are the Franz-Keldysh
effect, observed in conventional bulk semiconductors, and the Quantum-confined Stark
effect, observed in quantum well structures. The Franz-Keldysh effect causes a change of
the band-gap energy and therefore a change in the absorption spectrum due to an applied
electric field [21], [22]. In the case of the Quantum-confined Stark effect, an applied
electric field causes a shift in the energy states of the quantum wells such that the energy of

the ground state is being modulated by the electric field [23].

Beside semiconductor based modulators, the most common phase and interferometric
intensity modulators are made on crystal electro-optic materials such as lithium niobate
(LiNbO3) which provides e.g. large electro-optic coefficients and high bandwidths to name
just a few examples [24], [25]. One of the most often used modulator concept on LiNbO3
substrate is the Mach-Zehnder modulator (MZM) which has also been used in this work.
The operating principle of the MZM is based on the linear electro-optic effect (Pockels
effect). The Pockels effect is described as a modification of the refractive index of a

medium in proportion to the applied electric field strength [26].

The Mach-Zehnder modulator

The MZM is based upon a Mach-Zehnder interferometer where the incoming optical signal
is split equally into two beams which propagate independently through two different
optical paths and then are recombined accordingly. For the simplest form of an MZM (see
Figure 2.2), the optical wave propagating in one of the optical paths will be phase
modulated by applying an electrical voltage. This will result in an intensity modulation at

the output of the MZM.
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Figure 2.2: Schematic of a single-drive Mach-Zehnder modulator.

In many cases the modulator consists of an RF and a DC modulation section as shown in
Figure 2.2. By applying a modulation voltage, e.g. a sinusoidal signal to the RF electrodes,
a phase shift of ¢gp(t) is induced. The DC section is used to adjust the static operating
point of the MZM. By applying a static electrical voltage to the DC electrodes, a static
phase shift of ¢p is induced. If e.g. the applied static electrical voltage is chosen such that
the phase difference between both optical paths becomes m, the optical signal at the output
of the MZM is cancelled out due to destructive interference. By changing the applied static
electrical voltage such that the phase difference becomes zero, the optical signal at the
output becomes maximum due to constructive interference. With this capability of
changing the phase difference and thus the operation point of the MZM, different
modulation techniques can be achieved. As can be obtained from the electro-optic transfer
function shown in Figure 2.3, two techniques of electro-optical modulation are common by
applying a static electrical voltage (bias voltage - Vy,,5) at the DC section.

e First, by adjusting Vs to the quadrature point (QP), ie. to Vo + Vipc/2. At
quadrature, the optical input signal is being modulated in a quasi-linear manner for
small signal amplitudes of the modulation RF signal. This is an important
modulation approach especially for multilevel data modulation formats requiring a
high linearity like e.g. in RoF links [27].

® Second, by adjusting Vy;,5 close to Vy + Vi pc (carrier suppression — CS), the static
phase shift between both arms becomes m. In the case of an ideal MZM, the
incoming light is now modulated in such a way that the fundamental optical carrier
is cancelled out and only the RF sidebands appear at the modulator’s output. This
results in a situation in which the RF frequency applied to the modulator is doubled
when the modulator’s output signal is detected by a photodiode [28]. This
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modulation scheme is called double-sideband signal with carrier suppression (DSB-
CS) modulation and is often used as a solution to double the applied RF frequency

by optical means.

W

P

opt,out,min

modulation voltage

Figure 2.3: Nonlinear electro-optic transfer function of a MZM with important key parameters.

In reality, an MZM is subject to material and technological variations, resulting in the fact
that the split ratio between both arms is not exactly 50%. Therefore, a small amount of the
fundamental mode is transmitted even in the case of carrier suppression. Furthermore, a
specific amount of the optical power gets lost due to material-specific losses, splitting and
recombining of the waveguide, as well as fiber-chip (input) and chip-fiber (output)
coupling losses. The addition of all these losses are denoted as the insertion loss (IL) which
is described as the ratio between the optical input power Pypin and the optical output
power Popiour- As already mentioned above, the DC section is used to change the phase
difference between both paths and thus to change the modulation format. Due to the fact
that the optical input signal has a finite linewidth, i.e. it is not monochromatic, a phase
difference of m (DSB-CS) is only achieved for one specific wavelength. As a result,
destructive interference cannot be perfect, i.e. the optical carrier cannot be cancelled out

completely. This also leads to a finite extinction ratio (ER) [29], [30]. The ER is defined as
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the ratio of the maximum achievable output power (Poptoutmax) t0 the minimum

achievable output power (Popt out,min)-

The mathematical expression of the electro-optic transfer function (Tyzy) of an MZM as a

function of an applied modulation voltage V (t) is given by [31], [32]

Tvzm = Po:;tol:t((tg) [1 ( ® )] 2.4)

where ¢y, is a static retardation (phase shift) resulting from an internal path length
mismatch between the two paths of the MZM. The parameter V;;, which is denoted as the
half-wave voltage, is the voltage needed to cause a phase shift of m between both arms. It
should be noted that in practice V; will be different for DC and RF. As most modulators
have separated electrodes for DC and RF supply (see Figure 2.2), the modulation voltage
V(t) is separated into the constant bias voltage V., supplied at the DC electrode, and the
time-varying modulation voltage Vgp(t), supplied at the RF electrode. Assuming that

Vre(t) is a sinusoidal voltage, the modulation voltage V (t) can be stated as

V() = Vbias + VRF(t) = Vbias + Ve cos[wet + ¢e(t)]' (2.5)

with V, and w, are the voltage amplitude and angular frequency (w. = 2mf,) of the
electrical drive signal, respectively. The term ¢.(t) represents a random process that
induces phase fluctuations, which can be interpreted as a parasitic phase modulation, to the
RF signal [33]. These fluctuations will be analyzed in chapter 2.6. Thus, the electro-optic

transfer function can be extended to

IL Vg (t Vii
Twzm =~ l1 + cos (11 Re() | Voias ¢b>l. (2.6)

VT[,RF VT[,DC
Assuming an optical carrier which is linear polarized and aligned to the polarization state

axis of the modulator, the electric field of the optical input wave E;,(t) can be expressed in

scalar form as
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Ein(t) = Eo - cos[wot + ¢o ()] 2.7

E, and w, are the electric field amplitude and angular frequency (wy = 2mf,) of the
optical carrier, respectively. The term ¢ (t) also represents a random process analog to the
electrical signal, but for the optical carrier. To derive an expression for the electric field of
the optical wave at the output of the MZM, it has to be considered that the electro-optic
transfer function given above is related to the optical power. Thus, if the insertion loss is
neglected, the proportionality between the optical output power and the optical electric

field is

1 Vre(t) Vi
Popt,out(£) & Tmzm * Poptin(t) < = [1 + cos <T[ + 124 ¢,
2 Vn,RF Vn,DC
1/ Vee(®) W (2.8)
t .
« cos? [E (T[ RF g bias + ¢b>l « Egpt,out(t)-

Vi rr Vabc

If the optical carrier is now applied to the optical input port of the MZM and modulation is
performed, the normalized field of the modulated optical signal at the output port is given

by [34], [35]

TT
Eout(t) = Ey - cos[wot + ¢po(t)] - cos {m + ———V, cos[wet + ¢e(t)]}, (2.9)
2 2ege
where
V .
bpc = anlas + Py (2.10)
m,DC

Due to the nonlinearity of the electro-optic transfer function, it is obvious that various
spectral harmonics will be generated, depending on the amplitude V., of the modulation
signal and on the static phase shift ¢pc caused by the static bias. To get a better
understanding of the output spectrum, equation (2.9) can be expanded using Bessel

functions [36], [37] leading to

18



Photonic Technologies — Theoretical Background

Equt(t) = Eq cos (%) Jo(m) cos[wot + o ()]

+E, cos (%) {i Jon () [ cos[wot + ¢ (1) — 2n(wet + Pe (1)) + n }
n=1

+ cos[wot + ¢po(t) + Zn(wet + d)e(t)) - mT] (2.11)

o cos |wot + ¢ (t)—(Zn—1)(wet+¢e(t))+nn—2
+E, sin (%) Z Jon—1(m) [ ’ ’ 21]T ,
~= + cos [a)ot + ¢o(®) + 2n — 1) (wet + Pe(t)) —nm + EJ

where J,, is the first kind Bessel function of n™ order and m is the phase modulation index

expressed as

Ve- (2.12)

2.3 Nonlinearities in a Semiconductor Optical Amplifier

Due to nonlinearities in materials, which are based on the material’s second- or third-order
susceptibility, optical nonlinearities are showing an instantaneous response. This is referred
to as parametric nonlinearities. The result of this is a modulation of a material parameter,
like e.g. the refractive index. This leads to different nonlinear effects such as frequency
doubling, sum and difference frequency generation and four-wave mixing to name just a
few. The cause for these parametric processes is that bound electrons of a material are
showing a nonlinear response to an applied optical field. In the case of a nonlinear
semiconductor optical amplifier (SOA), this means for example a carrier density change
induced by the optical signals at the amplifier’s input [38]. Here, the main parametric
process is related to the third-order susceptibility y®) [39], [40]. It is responsible for the
nonlinear interaction of four coherent optical fields resulting in phenomena such as
parametric amplification, third-harmonic generation and four-wave mixing (FWM) [41],
[42]. FWM is a quite efficient way to generate new optical modes, e.g. for optical
multiplication schemes, and has been extensively studied in optical fibers [43]-[47].
However, to achieve a high FWM conversion efficiency in optical fibers, an issue is that
the optical input power has to be very high. Furthermore, the interaction length has to be
very long, i.e. several kilometers of optical fiber have to be used. Here, nonlinear SOAs are
able to address these issues. The major advantage of using an SOA is that the nonlinearities

are so strong that the interaction length is just a few hundredths of micrometers up to a few
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millimeters resulting in a high FWM conversion efficiency. Another advantage is that

much lower optical input powers are required to drive an SOA in the nonlinear region.

Theory of FWM in SOAs

In an SOA four-wave mixing can occur between two optical fields of different frequencies
having the same polarization. A strong signal, the so called pump, at angular frequency w,
and a usually weaker signal, also called probe, at ws = w, — Aw are injected to the SOA.

The beating of the two optical fields causes a modulation of the amplifier’s gain at the beat

frequency Aw. Thus, new optical fields referred to as FWM beams at w, + Aw and
wp — 2Aw are generated [11], [48]. Figure 2.4 shows the optical spectrum at the output of
a nonlinear SOA. B,, Fs, Ppwm+ and Ppwy— are defined as the powers of the pump, the
signal and the FWM products, respectively.

Pll
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0-2A0 ©

Figure 2.4: Optical input and output spectrum of an SOA using a conventional FWM configuration.

The mechanisms that lead to FWM in an SOA are related to nonlinear gain dynamics.
These nonlinear gain dynamics are based on different physical effects and are referred to as

inter- and intraband effects [38].

Interband effects, which are dominant at low Aw, refer to carrier-hole recombination
between the material’s conduction- and valence band and lead to a modulation of the
carrier density [38]. This modulation is a result of the pump-signal beating and is referred

to as carrier density depletion (CDD). As a consequence, the optical carriers will be
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depleted and thus, the optical gain will be reduced. The characteristic time of CDD is the
stimulated lifetime and therefore, it represents the carrier lifetime (z¢pp). Typically, the
carrier lifetime is in the order of several hundreds of picoseconds [49], [50]. Intraband
effects are basically based on two mechanisms. These include carrier heating (CH) and

spectral hole burning (SHB) [38], [49]-[57].

CH describes a process which increases the average carrier temperature, i.e. the
temperature of the electrons in the conduction band and holes in the valence band, to a
temperature beyond the lattice temperature. It is caused by two physical processes that
contribute to the temperature change of the carriers [38], [49]. The first process is due to
stimulated emission which removes “cold” carriers, i.e. carriers which are cooler than the
average, near the bottom of the corresponding band. In the second process, referred to as
free carrier absorption, free carriers will be shifted to higher energy levels in the bands.
This will result in an overall increase of the temperature and thus to a decrease of the gain.
Here, a change of a few degrees results in a decrease of the gain of several percent [55],
[56]. The overall characteristic time of CH (tcy) consists of two contributions. The
average time the carriers need to cool down to the lattice temperature is referred to as
carrier-phonon scattering time (tcyp). The second contribution is the carrier-carrier
scattering time (tcyy). This is the time the carrier population needs to reach a heated
equilibrium state related to the non-heated initial state. The characteristic time of CH is in

the order of hundreds of femtoseconds [38], [49].

As a strong pump has to be injected for FWM, a hole in the intraband carrier distribution
will be created. This effect is called spectral hole burning. Within the respective band, the
occupation probability of the carriers will be modulated which furthermore leads to a fast
modulation of the gain. As a result, a deep spectral hole is burned in the profile of the gain
spectrum. At a few milliwatts of operation power, this nonlinear suppression of the gain is
affected by a few percent [57]. The time associated with SHB is the carrier-carrier
scattering time (Tgyg), i.6. within the bands the carriers need this time, which is typically in

the order of hundreds of femtoseconds, to reach a thermal equilibrium [49].

To describe FWM in SOAs based on the contributions of these physical effects, several
numerical models have been investigated. The first model, which is based on coupled-

mode equations, was investigated by Agrawal in 1988 [58]. Since then, many groups have
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published improved models which are usually also based on coupled-mode equations [49],
[59], [60]. As most of these numerical models describe the change of the optical field
inside the SOA during propagation, the interaction length of the SOA is split into equally
sized small regions in which the physical properties are assumed to be constant. Due to the
nonlinear response of the semiconductor material as a consequence of the incoming optical
signal, local changes of the carrier distribution at any longitudinal position z within the
interaction length are produced. These local density changes are the result of CDD, CH and
SHB. Due to the fact that each contribution has an influence on the gain spectrum, the total
gain consists of the sum of these gain contributions g; with j = CDD, CH and SHB.
Because these gain contributions are coupled through rate equations to the equation which
describes the field propagation along the waveguide, a set of partial differential equations
with the two independent variables time (t) and longitudinal position (z) have to be solved
numerically to calculate the optical field at the output of the SOA [61]. Although a high
accuracy can be achieved, if a dense partition for the equally sized small regions inside the
interaction length is used, this model is very complex resulting in very long computation

times.

Based on the model described in [61], Cassioli et al. reduced the device description to its
input-output relation by reducing the initial set of partial differential equations to a set of
ordinary differential equations (ODEs) [50]. The advantages are that on the one hand, time
is the only independent variable and on the other hand, that there is no need to explicitly
calculate the field inside the device which makes this model much less complex. However,
it should be noted that in contrast to the theory developed in [61], where the partial
differential equations are separated for electrons and holes, here just the electrons are taken
into account as they offer a smaller effective mass and therefore a longer relaxation time
compared to the holes. This allows the model to be easily integrated in numerical
simulation environments, if the material parameters of the device are known. In the

following, the model based on this theory will be described.

In a first step, both sides of the partial differential equations will be integrated over the
device length, i.e. from O to the interaction length L of the device which is the basis to
simplify the model from [61] to a model, where time is the only independent variable. This

leads to three new variables denoted as h]- given as [50]
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L
hi(t) =T f g;(t, 2" dz’, (2.13)

0

where j represents the contributions from CDD, CH and SHB to the integrated gain
coefficient (g,,) of the device and I is attributed to the mode confinement factor. The
integrated gain coefficient, with time as the only independent variable, is the sum of the

three variables h;(t) and expressed as

Im(t) = hepp(t) + hep(t) + hsyp(t). (2.14)

With the expression of the integrated gain coefficient, the overall gain of the device can be

calculated by

G(t) = exp[gm(t)] = explhcpp + hen + hsusl- (2.15)

With the expression for the overall gain as well as the new variables h;, the initial set of

partial differential equations from [61] are thus reduced to the following ODEs [50]

dh h 1
cop _ 00D L [6(6) — 1]Py(0) + -2 (2162
dt Tcop  PsTcpp Tcpp
dhsyg  hsu  EsuB dhcu _ dhepp
de TSHB a TSHB (6B = 1]Pin(8) = dt  dt (2-16b)
dhCH . hCH €cH
= -2 T — 11, o), (2.160)

Here, Pg represents the saturation power of the SOA, g, is the unsaturated gain and Py, (t)
is the optical power applied to the SOA. The parameters egyg and &cy are the nonlinear

gain suppression factors related to SHB and CH, respectively.

Due to the fact that any change of the optical gain results in a change of the effective
waveguide refractive index, the phase ¢ (t) of the optical output field, which is dependent

on the refractive index, is also affected. Therefore, the optical gain can also be traced back
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to the phase of the optical output field. This leads to the linear function for the phase given
as [50]

1 1
o) = ~ > @cpp [hcop — gol — EaCHhCH; (2.17)

with acpp and acy being the phase-amplitude coupling coefficients with respect to CDD
and CH. As the phase-amplitude coupling coefficients are not part of the ODEs, it is
obvious that they do not affect the gain. Nevertheless, these parameters are essential as the
optical output field is not only dependent on the gain but also on the phase. From the set of
ODEs (2.16), along with (2.14) and (2.17), one can see that the only function which
stimulates the gain and the phase of the SOA results from the optical input power Py, (t).
Thus, the optical field E,,(t) at the output of the SOA as a function of the injected optical
field E;, (t) is given as [50]

Four(®) = En(®) - exp [5.9(8) + i) @18

Here, the output field describes an ideal device, as the amplified spontaneous emission
(ASE) noise which typically appears in optical amplifiers is neglected. The contribution of
ASE noise will be modeled by an equivalent noise source inserted to the input of the SOA.
Therefore, Py, (t) enhances to [50]

Pin(t) X |Ein(t) + EASE(t)lzx (2-19)

resulting in the optical output field E,,(t) including ASE as

1
Eout(t) = [Ein(t) + Ease(D)] - exp |2 gm () + (O . (2.20)

The complete detailed analysis of ASE contribution for this case can be also found in [50].
Furthermore, a general description of ASE and other noise processes can be found in

chapter 2.6 of this work.
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2.4 Optical Fiber Propagation

As the intention of this work is to develop a photonic synthesizer including a remote
transmitter unit, the needed MW signal has to be transmitted to a remote site. Thus, this
chapter analyzes the transmission via an optical fiber. In the year 1970, the invention of
silica fibers with losses below 20 dB/km led to a revolution in the field of optical fiber
communication techniques [62]. Furthermore, due to an improved fabrication technology
[63], an attenuation factor of @ = 0.2 dB/km at a wavelength of 1.55 pum has been achieved
in 1979 [64] which is still state-of-the-art. If an optical signal with power P, is introduced
into an optical fiber with length L, the transmitted optical power Pr is affected by the

attenuation factor @ which is given in units of dB/km as [65]

1 Py
a= —Zlolog10 <P—O> (2.21)

Nowadays, such standard optical single-mode fibers (SMF) are widely used in optical fiber
links. Nevertheless, SMF are subject to further limiting factors that have to be considered,

such as chromatic dispersion and polarization mode dispersion.

Chromatic dispersion

Chromatic dispersion (CD) describes the broadening of an input signal after traveling
through a dispersive medium such as an SMF. The interaction between photons and the
fiber materials gives rise to a frequency dependent refractive index n(w). This leads to the
fact that the different spectral components of an optical signal travel at different velocities
through the SMF on the one hand and to a relative phase delay between the different
wavelengths on the other hand. Nevertheless, CD in a standard optical SMF is also
dependent on the wavelength. For different wavelengths, the influence of CD on the
optical signal is also different. While the CD is negligible for a wavelength of 1.3 um, it is

important for photonic links working at 1.55 pm wavelength.

Assuming a DSB signal, CD induces a periodically power fading of the signal depending
on the propagation distance along an SMF resulting from a relative phase delay between
the different wavelengths. As a consequence, the information will be lost at the first total
extinction. The phase ¢ of a single wavelength with angular frequency w propagating

through an SMF is given by [66]
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¢ =Pz (2.22)

with z as the travel distance and fB(w) as the propagation constant. By expanding the
propagation constant in a Taylor series around w = w,, the expression for the phase can be

derived as [67]

)
¢ =n(w) -z
° . . (2.23)
:ﬁo'z+ﬁ1'(w_wo)'z"‘zﬂz'(0)_0)0)2'2+gﬁ3'(0)_0)0)3'2"‘""
where ¢, is the speed of light in vacuum and
d™pg
=|—: , =0,1,2,..). .
B = ( dm)w: . (m ) (2.24)

The parameters [, and p; are related to constant phase shift and group velocity,
respectively. Both terms have no influence on the distortion of the signal. The main
contribution on the pulse broadening is caused by the second-order term [, which is given

by [68]

_2meD D3

> :
wg 21Cy

(2.25)

2:

The parameter D is the fiber dispersion parameter, which has a typical value for a standard
SMF at a wavelength of 1.55 pm of D = 17 ps/nm/km. Neglecting all parameters rather
than S, and substituting (2.25) into (2.23), the resulting phase becomes

1
¢=§&-w—wﬁlz=— C-m—w@%z (2.26)

Assuming a modulated optical signal comprising first- and second-order upper and lower
sidebands at angular frequencies + nw,, (n = 1, 2) around the optical carrier frequency w,

is introduced into an optical fiber, the optical field can be expressed as
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Ein = Agexpljwot]
+ A_jexplj(wo — wm)t] + Ariexplj(wy + wm)t] (2.27)
+ A_explj(wy — 20p)t] + Azexplj(wy + 20m)t],

where A, denotes the amplitudes of each optical component. Evaluating the phase given in

(2.26) for the optical carrier and for the first- and second order sidebands gives

O 2
DAO : (wm)z “Z
$o12 =14 4mCo (2.28)
| DAj

- Qwpy)? - z.

4mcy,

From (2.28), it is obvious to see that the phase changes quadratically with the order of the
sideband which means that the phase of any sideband can be related to the first-order

sideband by

¢Pn = n°Ps. (2.29)

If the optical field given in (2.27) has traveled through the SMF, the resulting field at the

output becomes

Eout = Apexpljwot]
+ A_jexp[j(wg — wy)t + 1] + Ay explj(wg + wy)t + ¢4 ] (2.30)
+ A_zexp[j(wg — 2wm)t + 4¢,] + Ayexplj(wo + 2wyt + 4¢].

If the optical field will now be detected by a photodetector (PD), a photocurrent
proportional to the square of the optical field will be generated (see chapter 2.5). As the
carrier and the sidebands interfere with each other, the phase difference will lead to either
destructive or constructive interference. This will cause a periodic dispersion induced
power penalty depending on the fiber length. Simulations have been performed showing

this dependency for different frequencies (Figure 2.5).
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Figure 2.5: Dispersion induced power penalty as a function of SMF length for different frequencies at a

wavelength of 1550 nm and a dispersion factor of D = 17 ps/nm/km.

It should be noted that the simulation has been made on the assumption that the modulation
is chirp-free. In reality, any modulator exhibits at least a small chirp which has an
influence on the dispersion induced power penalty [69]. Nevertheless, the chirp of the
MZM used in this work is so small that it can be stated as a zero-chirp modulator. The
knowledge on the CD and thus on the dispersion induced power penalty is of great interest
e.g. for remote applications. Assuming an optical 100 GHz signal should be transmitted via
a standard SMF to a remote site, the length of the SMF has to be carefully selected in order
that there is no extinction. From the simulation results of the 100 GHz signal one can see

that there are discrete lengths where the extinction is about zero.

Polarization mode dispersion

Polarization mode dispersion (PMD) describes the broadening of an input signal due to a
phase delay between the input polarization states. In an ideal SMF, the core is perfectly
circular which means that the refractive index for both polarization states of a fundamental
mode is the same. However, in reality mechanical and thermal stresses lead to asymmetries

in the core which means that the core is not perfectly circular. These stresses are caused by
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manufacturing and environmental influences. This, in fact, leads to a small change in the
refractive index for each polarization state, and it is referred to as birefringence [70].
Birefringence will result in different optical axes, whereas the axis with the smaller
refractive index in which the group velocity of the polarization mode is higher is called the
fast axis. Analog to this, the axis with the larger refractive index is called the slow axis. In
general, this means that the two orthogonal polarization states travel at different velocities
through the fiber, leading to a differential group delay (DGD) between the fast and the
slow axis, as illustrated in Figure 2.6. DGD can further induce polarization rotation as the
birefringence changes randomly along the fiber, i.e. it is not constant over the fiber length
caused by twist, stress and bend. Therefore, a misalignment of polarization occurs at the
output of the SMF even if the polarization of the optical mode was aligned at the input of
the fiber. Since the responsivity of a PD depends on the relative polarization, a power

penalty will be induced which is referred to as polarization dependent loss (PDL).

Twist Stress Bend DGD

a NI

Figure 2.6: Schematic of an SMF showing the effect of PMD.

Due to the fact that PMD is in general a much smaller effect than CD due to a VL
dependence [39] and since the PDL of the PDs used in this work is below 0.3 dB, the
influence of PMD will be neglected. Nevertheless, a detailed analysis of PMD including

the fundamental concepts and the basic theory can be found in [71].

2.5 Photodetectors

In general, a photodetector is an optoelectronic device that converts optical energy into
electrical energy. Nowadays, several types of photodetectors depending on the
requirements for specific applications are used. These include vacuum-tube devices,
thermal detectors, metal-semiconductor-metal photodetectors and semiconductor

photodiodes to name just a few.
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Semiconductor PDs are widely used, as they offer small dimensions (integration), low
drive voltages, high linearity, fast response and so forth. The main physical mechanism is
absorption, i.e. a photon with energy hf is absorbed inside the active region of a PD which
creates an electron-hole pair. For this, it is necessary that the photon energy is larger than

the band-gap energy of the semiconductor [72], which can be mathematically expressed as

C
hf =h-=2> W, (2.31)

where h, 1 and W, are the Planck’s constant, wavelength and the band-gap energy of the
semiconductor, respectively. If the PD is illuminated and a bias voltage is applied, the
optical generation of free moving carriers results in a generated photocurrent. For the
characterization of the semiconductor material, the external quantum efficiency (9ext) iS
introduced which is defined as the ratio between the number of generated electron-hole
pairs per incident photon. The PD itself is described by the conversion efficiency referred

to as responsivity, which is

q/1 Iph
R = [n—— : .
Text oo =B (2.32)

with q being the electron charge, I}, the photocurrent and P, the optical input power. A

PD is a so-called square-law detector, which means that the photocurrent is proportional to

the square of the optical electric field. Thus, the photocurrent becomes
2
Ioh =R - Popt X R+ |Eqpe| " (2.33)

From (2.33), it is obvious that if the optical field is modulated, i.e. time dependent, then the
resulting photocurrent also becomes time dependent. In this thesis, the output power of a

PD is defined as the power which is related to an impedance of 50 €.

Several semiconductor based PDs having different performances and different designs
have been developed. Although the most common is the pin-PD, new designs have been
investigated, such as the uni-traveling-carrier PD (UTC-PD) and the traveling-wave PD
(TW-PD).
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pin-photodetector

In a pin-PD, an intrinsic absorption layer (i-zone) is inserted between the p- and n-doped
semiconductor layers. Applying a reverse bias voltage to the PD causes an electric field
inside the intrinsic or rather absorption region. As a result, electron-hole pairs generated by
photo excitation are separated and transported to their respective contacts. In the simplest
case, a pin-PD is vertically illuminated. The two major bandwidth limiting factors are the
carrier-transit time and the external resistance-capacitance (RC) time [73]. The carrier
transit time is defined as the time a carrier takes to drift across the absorption region. It is
dependent on the carrier velocities and therefore on the applied electric field inside the PD.
It is desirable to achieve short transit times, as these result in an increase of the bandwidth.
This can be realized by decreasing the absorption width at the expense of a lower
responsivity [74]. The RC time is mainly affected by the inherent and any parasitic
capacitance. It is the time needed for charging and discharging these capacitances of the
PD. To reduce the RC time and therefore to increase the bandwidth of the PD, the
capacitance can be decreased either by making the device area smaller or by increasing the
absorption width [75]. It is obvious that a design trade-off for achieving the maximum
bandwidth of the device exists, as an increase or decrease of the absorption width will
result in higher transit or RC times, respectively. Another critical issue is the space charge
effect [76], i.e. high optical input powers can perturb the electrical field. As a result, the
carriers start drifting and the relationship between the current and the optical input power
becomes nonlinear. This leads to distortions of the photocurrent and thus the electrical

output signal if the optical input signal is modulated.

One way to overcome these design limitations is to let the direction of the incident light be
in plane to the pin structure, i.e. side illumination using a waveguide design [77]. The
advantage is that the effect of the absorption region thickness on the quantum efficiency is
rather small if the absorption region is long enough. However, the major drawback is to
achieve high input coupling efficiencies, as the dimensions of the absorption layer are very
small. Low input coupling efficiencies will result in limited quantum efficiency of the PD
[78]. Nevertheless, already in 1994, Kato et. al. have presented waveguide pin PDs
obtaining a high 3 dB bandwidth of up to 110 GHz [79]. Also, waveguide PDs having an
electrical 3 dB bandwidth of 90 GHz are commercially available [80].
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UTC-photodetector

A promising candidate to achieve high frequency operation is the uni-traveling-carrier
photodetector. The first UTC-PD design was proposed and presented by NTT [81]. Unlike
a conventional pin-PD, the absorption takes place in a neutral p-type layer where the band-
gap is smallest. The UTC-PD further consists of a typically undoped wide-gap (depleted)
carrier-collection layer. If an incoming photon now generates an electron-hole pair, the
minority electrons drift into the depleted collection layer. Due to the fact that the
absorption layer is quasi-neutral, the holes underlie a very fast recombination within the
dielectric relaxation time, as their transport is a collective motion. As a result, the UTC-PD
response is primarily determined by the electron transport and hence the name uni-

traveling-carrier [82].

UTC-PDs exhibiting a 3 dB bandwidth up to 310 GHz at 1.55 um wavelength [83] and an
RF output power of more than 20 mW at 100 GHz [84] were already presented. It should
be mentioned that the high bandwidth of 310 GHz was calculated from the femtosecond-
pulse response, i.e. at continuous wave operation the bandwidth could be decreased, as the
DC current is much higher, resulting in saturation effects [85]. Nevertheless, the UTC-PD
is capable to handle high optical input powers, resulting in a very linear behavior to the
electrical output power. The space charge effect is drastically reduced as only electrons,
whose velocity is much higher than that of holes, contribute to the charge transport.
Therefore, saturation effects only appear if the current density becomes an order of
magnitude higher than that for a pin-PD [86]. The high saturation and high speed
capability of a UTC-PD can be achieved at low or even zero bias voltage, due to the fact
that at a relatively low electric field or even with the built-in field of the p-n junction, the

electron velocity is high [87].

TW-photodetector

As already mentioned before, a waveguide design can be used to overcome design
limitations of a conventional pin-PD. An enhancement of this design is the traveling-wave
photodetector. However, the TW-PD differs from the lumped-element waveguide PD, as it
is a distributed structure that overcomes the RC bandwidth limitation [88]. The TW-PD
consists of a combination of both, optical waveguide and electrical waveguide or
transmission line. If an optical signal is applied to the input facet of the TW-PD, it will be

guided and gradually absorbed over the device length [89]. This will result in a distributed
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current that contributes to the overall current propagating along the electrical transmission
line [90]. The bandwidth limitation of such a TW-PD results from the optical absorption
coefficient on the one hand and from the velocity mismatches between the optical and
electrical (photocurrent) waves on the other hand [91]. This means that even if the device
is longer than the absorption length, the bandwidth is not affected. A record 3 dB
bandwidth of up to 570 GHz at 780 nm wavelength calculated from the femtosecond-pulse
response has been reported in [92]. At 1.55 pm wavelength, ultra wideband operation
(0.06-1 THz) utilizing a WR10 waveguide-coupled TW-PD has been experimentally and

theoretically investigated [93].

2.6 Noise in Optical Links

As already described at the beginning of this thesis, the generation and distribution of MW
signals in the optical domain is a key technology for several applications. However, for
most applications the requirements on high spectral purity of the generated MW signal are
very stringent. Accordingly, the generation and distribution due to the optical link must not
degrade the spectral quality of the signals, as this gives rise to random fluctuations of the

photocurrent.

In an optical link, the different noise contributions are relative intensity noise (RIN) caused
by the laser, amplified spontaneous emission (ASE) noise due to optical amplifiers and
thermal and shot noise generated in the PD. Due to the fact that the noise contributions can
be treated as stationary zero-mean Gaussian random processes [94], it allows to use the
variance of the noise induced current variations. Thus, the independent noise contributions
can be easily summarized as current sources because they all act together during o/e-
conversion [95]. Passive optical and electrical components such as optical fibers, electric
cables, connectors etc. have no influence on the overall noise so that they can be neglected.
Furthermore, an MZM can also be treated as a passive component without noise
contributions [96]. In an MZM, just waveguide losses are present which do not provide

noise.

In addition to the above mentioned noise contributions, phase noise is also important, as it
degrades the system performance. Due to the special characteristics of phase noise, it will

be analyzed independently from the other noise sources.
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Thermal Noise

Thermal noise, also known as Johnson noise [97] or Nyquist noise [98], is evoked from a
random movement of carriers in a conductor, resulting in random fluctuations of the
generated current. The thermal noise in a PD, for instance, can be modeled as a current
source Iy, in parallel to the circuit load resistor Ry . The variance of the thermal noise is

then [70]

4kgT By el

o = (i5(®) = T (2.34)

where Kg is the Boltzmann constant, T the absolute temperature and Byg the noise
equivalent electrical bandwidth. If the reference resistor of a subsequent element R .. is
matched to the load resistor (R.ef = Ry,), maximum power transfer occurs and the thermal

noise power becomes [28]

Nelth = T Rier = kBTBN,el- (2.35)

Assuming the noise equivalent bandwidth to be 1 Hz and the temperature 290 K (room

temperature), the thermal noise power becomes ~ 4-10! W or approximately -174 dBm.

Shot Noise

In 1918, Walter Schottky established the theoretical basis for shot noise [99]. Shot noise is
a quantum noise representing random fluctuations of a signal due to the discrete nature and
random arrival time of the charge carriers. In the case of a PD, the individual photons
arrive randomly, thus leading to random fluctuations of the photocurrent Iy,. In addition to
the generated photocurrent, the dark current I3 of the PD has to be taken into account. Dark
current flows even in the absence of light due to the presence of current leakage paths in
the PD. It results from thermally excited carriers, generation-recombination in the
depletion region and tunneling between conduction and valence band [100]. The variance
of the shot noise including the contributions of the average photocurrent and dark current is

expressed as [101]
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0dot = (iahot(©) = 2q(Ipn + 1a) B el (2.36)

where q denotes the electron charge. If the PD is connected to a subsequent element with

the reference resistor, the corresponding shot noise power is given by

Nel,shot = <i52hot(t)> “Rper = 2q(lph + Id)BN,eeref- (2.37)

Relative Intensity Noise

As already discussed in chapter 2.1, a laser is affected by random fluctuations of the output
intensity referred to as relative intensity noise. The origin of RIN results from spontaneous
emission and from random electron-hole pair recombination [102]. Often, the RIN is
statistically described with a power spectral density which depends on the noise frequency.
The unit of this RIN power spectral density is Hz™', but typically, it is characterized in a
logarithmic scale and therefore expressed as dB/Hz. Although it is dependent on
frequency, for a small bandwidth it can be assumed to be constant [103]. Thus, the

variance of the RIN can be expressed as [104]

2 5 RINGE 538
orin = (lgin(®)) = 10710 - [ - Byel- (2.38)

p

Here, RIN9B is expressed in dB/Hz. This leads to the following expression of the noise

power due to RIN after o/e-conversion:

R
NejriN = <i1221N(t)) ‘Ryer =10 10 - I;h “ Bnel * Rref (2.39)
It is obvious that shot noise and RIN are dependent on the photocurrent while the thermal

noise is independent.

Amplified Spontaneous Emission Noise

If an optical amplifier is introduced in an MWP link, additional noise will be added. The
most common optical amplifier for 1.55 um wavelength is the erbium-doped fiber
amplifier (EDFA). Another one is the SOA, whose FWM characteristics for a nonlinear

device are described in chapter 2.3. The outcome of such an optical amplifier is the
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amplified signal, as well as amplified spontaneous emission (ASE) noise which is
generated inside the amplifier itself. Assuming a linear behavior of the amplification, the
optical amplifier is described by its gain G, and noise figure NF,p over the entire optical
noise bandwidth By ¢ determined by the gain spectrum. Although the SOA described
above is nonlinear, the ASE contribution is considered to be linear [38]. The noise figure

is given by [105]

NPy =28 4 1 (2.40)
opt thN,optGopt Gopt .

The noise power is given by Pysg = 2ngphf BI\L(,pt((?(,pt — 1), where hf is the photon
energy and ngp, is the population inversion parameter. Assuming that the gain Gop, of the

amplifier is >>1, (2.40) reduces to [106]

2psp

NFye = ——,
Pt Gopthf

(2.41)

where pg, denotes the spontaneous power density. If the optical signal from the output of

the optical amplifier is now inserted in a PD, noise beating products will be created. These
mainly include beating between the signal and the ASE noise (sig-ASE), as well as the
ASE noise beating with itself (ASE-ASE). The noise powers of these beating products with

respect to the corresponding variances can be expressed as [107]

2
Nel,sig—ASE = Uszig—ASE “Ryer = Z(R : Gopt) Popt,inNFoptBN,elhf * Rref (2.42)

2
Nease-ase = Oase-ask - Rret = (R - GoptNFopthf) By optBnel - Rref, (2.43)

where R is the responsivity of the PD and P,y is the average optical input power. Due to

the fact that the ASE-ASE noise power is a function of the optical bandwidth, the noise

contribution can be drastically reduced by using e.g. narrowband optical filters.

The requirements for many applications concerning noise are very stringent. It is desired

that the generated RF signal is significantly higher than the noise, i.e. that the SNR has to
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be high. Assuming an amplified analog optical link, the SNR including all noise

contributions described above becomes [108]

mz(R ’ Popt,inGopt)z

SNR =
2 2 2 2 2 ’
Z(Jth + Oghot T ORIN T Tsig-ase T UASE—ASE)

(2.44)

with m as the modulation index. Since the signal is amplified, the photocurrent I}, in
equation (2.36) and (2.38) can be replaced by R - PopiinGopt- As the SNR is typically given

in units of dB, equation (2.44) becomes

m?(R - PoptinG )2
— ptinYopt
SNRdB —_ 10'10g10 (2( 2 + 2 + 2 + 2 + 2 ) 24

Oth T Oghot T ORIN T Osig-aSE T OASE-ASE (2.45)

= Fel,out,dB — Nel,out,dB:

where Pg) outap and Nejoutgp are the electrical signal output power and the summation of

all noise powers in dB, respectively.

Phase Noise

Phase noise is a term used to describe random time-dependent phase fluctuations of a
signal. The phase noise of a frequency synthesizer or oscillator plays a critical role in the
system performance if it is used as an RF carrier or a local oscillator (LO) signal. If the
phase noise is higher than desired, the overall performance of the system can be degraded
e.g. by reducing the SNR, reducing the adjacent channel rejection and increasing the
adjacent channel power. An ideal oscillator delivers a pure sinusoidal signal without any
fluctuations in time domain representing an infinite thin line in frequency domain which is
mathematically described as a Dirac delta function. In a real frequency synthesizer,
however, random time-dependent amplitude A(t) and phase ¢ (t) fluctuations occur [109].

Thus, the output signal becomes
V(t) =Vol1l+ A(t)] - cos[2mfyt + ¢p(b)]. (2.46)

As for most quality sources the presence of limiting mechanisms results in very small

amplitude fluctuations [110] and furthermore, due to the fact that this chapter just deals
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with the phase noise representation of signals, the amplitude noise will be neglected in the
following. Figure 2.7 shows the output spectrum of a real synthesizer containing phase

noise in time-domain [110].

A V(f)
I/U — -

Figure 2.7: Output spectrum of a real synthesizer in time domain.

Typically, the phase term consists of two types of fluctuations [111]. The first type,
described by the discrete signals, is called “spurious” and appears as distinct components.
The second type appears as random phase fluctuations and is referred to as phase noise.

Figure 2.8 shows the output spectrum of a real synthesizer in frequency domain [111].

Random phase fluctuations

/

Amplitude

Spurious tones

/

1, Frequency

Figure 2.8: Output spectrum of a real synthesizer in frequency domain.

The phase noise of an oscillator is specified as the ratio between the noise power in a

bandwidth of 1 Hz at any frequency offset from the carrier to the power of the carrier (see
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Figure 2.9), [112]. It is typically quantified as the single-sideband (SSB) phase noise with

the unit dBc/Hz. The SSB phase noise can therefore be expressed as

(2.47)

£(f) = 10 - log <PSSB(fo + Af,1 HZ)>’

P carrier

where Pssg(fy + Af, 1 Hz) is the noise power in a 1 Hz bandwidth at an offset frequency

Af from the carrier frequency f;,, and P.,prier 18 the total signal power at frequency fj.

S - P

carrier
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—_—| | —

fo T ASf Frequenc;/

Figure 2.9: Definition of SSB phase noise to carrier ratio.

Phase noise limits the ability to detect signals in a system as it has a strong impact on the
receiver front ends SNR and thus, also on the bit-error-rate in digital applications. One
example for this limitation is called reciprocal mixing [113]. Assuming two RF signals are
present, one desired signal f, with a small amplitude and one undesired adjacent signal f,
with a large amplitude as shown in Figure 2.10. Furthermore, an LO signal with a noisy
spectrum is used for down-conversion. Then, the reciprocal noise due to the strong
adjacent signal’s noise will dominate the SNR at IF making it difficult to detect the desired

signal.
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Figure 2.10: Effect of reciprocal mixing on the receiver’s performance.
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Another example is referred to as phase impairment [114]. In a coherent transmission
system, where a coherent receiver is used to detect a phase encoded signal like e.g. a
quadrature phase shift keying (QPSK) signal, an LO signal is needed to gain the phase
information of the received signal. However, the phase noise of the LO signal, which
appears as phase error in the phase domain, adds a random error to the received signal’s
phase. This results in position shifts of constellation points which means a phase error
between the actual received signal and the ideal signal which causes a misdetection of the

signal if the phase error and thus the phase noise is too large.

As this thesis deals with the optical generation of MW signals, the following analysis is
based on beating two optical modes inside a PD which converts the two-mode optical
signal into an electrical signal (optical heterodyning — see chapter 3.1). The resulting

heterodyne beat, neglecting the amplitude fluctuations, becomes

V(t) =V, cos[2n(fy — fo)t + Ap(t)], (2.48)

where V;, represents the amplitude, f; and f, are the optical frequencies and A¢(t) is a

random process that represents the overall electrical phase noise given by

Ad(t) = ¢d1(t) — ¢ (D). (2.49)

It is obvious that the resulting electrical phase noise implies the optical phase noise

contributions ¢ (t) and ¢, (t) of the two optical modes. Assuming, the two optical modes
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are from two free-running lasers, the optical phase noise contributions ¢ (t) and ¢, (t) are
uncorrelated. As a consequence, the overall electrical phase noise of the beat signal is
much higher compared to the case if the optical phase noise contributions are correlated.
This can be easily verified with the delay line method [115], [116] and [117] described in
the following. For this method, just one laser with frequency f, is used for the generation
of the RF beat signal. The optical signal is split into two paths with one path frequency
shifted at an amount of §f from f;, to generate a difference frequency between both paths.
Furthermore, the modulated path is also delayed (7) to adjust the correlation. Then, both
paths are combined and the resulting optical signal beats at a PD. Figure 2.11 shows the

principle setup for the delay line method [117].

T

Laser of @ PD
*K -

Figure 2.11: Principle setup for the delay line method.

The resulting heterodyne beat at the output of the PD is given by

V(t) =V, - cos[2ndft + 2n(fy + 6f)T + Ap(¢, T)], (2.50)

with the representation of the phase noise as

Ap(t,7) = ¢o(t + 1) — Po (0. (2.51)

Under the assumption that the frequency shifter does not have any influence on the phase

noise, the resulting overall phase noise is just affected by the laser’s phase noise ¢y.

For characterizing the phase noise, the phase noise power spectral density (PSD) as a
function of Fourier frequency f has to be introduced. Several measurement techniques
exist to obtain the PSD. Most of them require a reference source with lower phase noise
than that of the device under test. However, all phase noise measurements in this work
have been performed using an electrical spectrum analyzer (ESA) which makes the use of
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a reference oscillator unnecessary. Thus, the following analysis is based on this technique.

A detailed analysis for other techniques can be found e.g. in [109], [118] and [119].

Turning A¢p(t,7) and ¢y(t) into their respective Fourier transforms, the phase noise

representation of (2.51) becomes [116]
Ap(f) = Hy(f) - po(f), (2.52)

with the transfer function Hy(f) = 1 — e )27 The corresponding phase noise PSD of the
beat note is thus equal to [115], [116]

Se(f) = |Hq>(f)|2 “Spo(f), (2.53)

where Sg(f) is the PSD of the laser phase noise and

|Hy(F)|” = 4 - sin2(nfo). (2.54)

From (2.53) and (2.54) it becomes clear that if the delay is chosen that sin?(nf7) ~ 1
(uncorrelated), the overall phase noise PSD is much higher compared to the case that

sin?(mtf1) « 1 (correlated).

Due to the fact that an ESA measures not only the phase noise but also amplitude and
frequency fluctuations, Sg(f) is a quantity that cannot be measured directly. Thus, those
measurements are so called “all-noise” measurements. However, as already mentioned
above, amplitude fluctuations are typically very small such that they can be neglected.
Frequency fluctuations can be easily described in terms of its PSD as they are directly

related to the phase noise PSD by [116]

S0 =1 S0, @55

2
0

where V¢ is the carrier frequency. Combining equations (2.53) and (2.55), the expression

for the phase noise PSD dependent on Sy, (f) becomes
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vZ

Se(f) = f—oz - 4sin?(nfT) - Sy (f). (2.56)

A common scheme to generate two correlated optical modes from one laser source is based
on external modulation using an electro-optical modulator in conjunction with an electrical
reference LO (see chapter 2.2). Here, the resulting phase noise of the beat signal is mainly
determined by the phase noise of the electrical LO signal. A detailed analysis for the phase
noise representation of the generated MW signal using external modulation can be found in

[120].

As already described above, the phase noise is typically quantified as the SSB phase noise
L(f). The SSB phase noise L(f) and the PSD S4(f) are equivalent since L(f), given in
dBc/Hz, is defined by the IEEE standard 1139 as [121]

1
L(F) =5+ 5o (2.57)

For several applications, MW signals with frequencies exceeding several tens of GHz
which offer low phase noise performance are of great interest. Thus, frequency
multiplication schemes are widely used to obtain such high frequency low phase noise
MW signals. Typically, electronic frequency multipliers are used. However, frequency
multiplication is not only possible in the electrical domain but also in the optical domain
using electro-optic modulators. Imagine an external modulation scheme where an MZM is
used to obtain a DSB-CS signal. After photo detection, the generated RF signal has a
frequency twice (N = 2) that of the reference LO used to drive the MZM, where N denotes
the multiplication factor. As a consequence, the phase noise of the generated signal is also

affected. The phase noise L,,:(f) given in dBc/Hz of the generated signal is then

Lowt(f) = Lio(f) + 20 - log(N), (2.58)

where L;o(f) represents the phase noise of the LO given in dBc/Hz. This is exactly the

same relation as it was identified for electronic frequency multipliers [122].
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To get a better knowledge of how the different spectra representing the phase fluctuations

look like, it is useful to introduce the so called power-law model. The model for Sy, (f) is

given as [123]
-4
Se(f) = z bif?, (2.59)
i=0

where b; is a coefficient representing the noise level and f! represents a straight line of
slope 1, i.e. the slope is i times 10 dB/decade, representing the characteristic of the noise.

The following table gives an overview of the noise types and the spectral density.

Table 2.1: The power-law model for noise types and spectral density [123].

Noise type Se(f) slope
white ¢ b, 0
flicker ¢ b_,f ! 10 dB/decade
white f b_,f~? 20 dB/decade
flicker f b_sf 3 30 dB/decade
random walk f b_,f~* 40 dB/decade

As the different noise types have different physical origins, not always all noise terms are
present in a system. The physical origins of the different noise types are described in the
following [109]. The physical origin of white noise is related to thermal noise
(temperature). While it is internal to the oscillator loop for white frequency noise (white
f), white phase noise (white ¢) usually arises due to additive white noise of external
sources. Flicker ¢ noise is a result of external active components like e.g. amplifiers, while
flicker f noise is related to resonator noise and active components inside the oscillator. The
last contribution is random walk frequency noise (random walk f). Its physical origin is
related to environmental factors such as mechanical shocks, vibration, temperature, etc.

Figure 2.12 shows the schematic of the power-law model for S4,(f) [116], [123].
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Figure 2.12: Schematic of the power-law model for S, (f).
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3 Photonic Micro- and Millimeter-Wave Signal Generation

One general aim of this work was the development of photonic synthesizer concepts
enabling the generation of low phase noise MW signals with the capability to tune the
frequency over a wide range. An attractive solution for achieving such a wide frequency
tuning range is based on optical heterodyning in which two optical modes of different
wavelengths beat in a photodetector. For generating those two optical modes, today
different approaches like e.g. dual-mode lasers or dual-frequency lasers. Using a solid-state
dual-frequency laser, low phase noise optical heterodyne MW signal generation of up to
20 GHz was achieved [6]. Phase noise levels at 100 kHz offset from a 2 GHz carrier of
about -90 dBc/Hz and -120 dBc/Hz for the free-running and the optically phase locked
solid-state dual-frequency have been measured, respectively [7], [8]. However, the
maximum operating frequency was limited to just about 20 GHz. In order to improve the
frequency tuning range an approach using a multi-section gain-coupled DFB laser was
presented in [9]. Although, a wide frequency tuning range of 46.5-322 GHz was achieved,
the generated MW signal could only be tuned in steps with a frequency resolution of about
35 GHz as the laser needed to be locked to an optical comb. In this work, innovative
approaches based on optical heterodyning using two independent free-running lasers, in
which at least one laser in tunable in wavelength, will be investigated and reported. The
generated MW signal at an advanced photodetector can be tuned in a continuous manner
with a frequency resolution just defined by the wavelength tuning resolution of the tunable
laser(s). Experiments using two different output port configurations, one for achieving an
ultra-broadband tuning range and another for achieving an extremely flat frequency
response and high output power levels even at millimeter-wave frequencies, will be
presented. Using the first configuration, MW signal generation with an ultra-broadband
frequency tuning range from 30 kHz up to 110 GHz has been achieved. A total signal roll-
off within this frequency range of about 6 dB and electrical output power levels up to
-3.23 dBm have been measured. In order to achieve a flat frequency response and high
output power levels at millimeter-wave frequencies, a limiting amplifier has been used for
the second configuration. With this configuration, frequency tunable MW signal generation
providing an extremely flat frequency response within W-band and output power levels as
high as -4 dBm (1 dB compression point) at a frequency of 110 GHz has been achieved.
However, due to the fact that the lasers are free-running, i.e. the optical phase noise

contributions of the lasers are not correlated, the overall electrical phase noise of the

47



Photonic Micro- and Millimeter-Wave Signal Generation

generated MW signal is much higher compared to the correlated case (see chapter 2.6).
Thus, in order to achieve low phase noise operation, the phase terms of the optical modes
have to be locked against each other. Different locking techniques like optical injection
locking and optical phase lock loops, which will be analyzed shortly in this work, are able
to lock these terms. However, these locking techniques are complicated and furthermore,

the frequency tuning range is limited [124]-[128].

An option to overcome the need for complicated locking techniques is to use external
optical modulation. As the optical modes are generated from only one laser source, low
phase noise MW signals with a wide frequency tuning range can be generated. In [10], an
optical phase modulator in conjunction with a fixed optical notch filter has shown the
capability to generate continuously frequency tunable MW signals from 37.6-50 GHz by
using an electrical drive signal tuned from 18.8-25 GHz. Although the phase noise was not
measured in this work, the linewidth of the generated MW signals was below 5 Hz.
However, signals above 50 GHz could not be measured but were seen in the optical
domain. Furthermore, the output power at 50 GHz was seriously limited to be less than
-30 dBm. Nevertheless, it can be seen that the frequency of the generated MW signal is the
double frequency of the electrical drive signal provided by the LO or electrical synthesizer.
In this work, an innovative approach based on double-sideband modulation with carrier
suppression in an external MZM without the need for any filtering techniques will be
investigated and reported. Using this scheme, continuously frequency tunable MW signals
from 20MHz up to 110 GHz by using an electrical synthesizer tuned from
10 MHz-55 GHz have been generated. At a frequency of 100 GHz, an electrical output
power of -33 dBm without any electrical amplification has been achieved. Furthermore,
phase noise measurements have been performed. At a sample frequency of 100 GHz a

phase noise level of better than -70 dBc/Hz at 10 kHz offset has been measured.

As already described in chapter 2.6, the phase noise of the generated MW signal using
external modulation is mainly determined by the phase noise of the LO plus a term
depending on the multiplication factor, i.e. the lower the phase noise of the LO the lower
the phase noise of the generated MW signal. For an LO, normally ultra-low phase noise
and low frequency crystal or quartz oscillators build the basis for generating high
frequencies via several complex mixing and multiplications stages. As a consequence, the

phase noise of a high frequency LO requiring more multiplication and mixing stages than a
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lower frequency LO is also much higher. Thus, another aim of this work was to investigate
possibilities that allow an efficient frequency multiplication in the optical domain with an
as high as possible multiplication factor such that low frequency LOs can be used (see
PHOMIGEN project). As already described above, double-sideband modulation with
carrier suppression using an external MZM already doubles the frequency by optical
means. To further increase the optical multiplication factor, an approach using two
cascaded MZM will be analyzed and presented in this work. It will be experimentally
shown that such a scheme is in principle able to achieve a four times optical multiplication.
However, this approach is very complex and furthermore, very high electrical or optical
gain is needed to achieve a high conversion efficiency. A promising approach to overcome
these issues is to use the four-wave mixing effect in a saturated SOA. In [11], an MW
signal with a frequency of 42 GHz from a 7 GHz electrical reference oscillator was
generated by using an MZM with a subsequent SOA, i.e. a six times optical multiplication
was achieved. The phase noise of the generated 42 GHz signal was measured to be
-75 dBc/Hz at 1.6 kHz offset. An improvement of the multiplication factor based on the
use of an external MZM, driven at high RF input powers to create higher harmonics, in
conjunction with a highly nonlinear SOA, to achieve four-wave mixing, will be presented
in this work. With this scheme, a 32 GHz MW signal has been generated from a 4 GHz LO
reference, i.e. an optical multiplication factor of eight times has been achieved.
Furthermore, phase noise measurements have been performed showing phase noise levels
of -78 dBc/Hz and -96 dBc/Hz at 10 kHz offset from the generated 32 GHz and the 4 GHz
LO signal, respectively. This means that the phase noise of the generated MW signal
increases by 18 dB verifying that the same relation as identified for electronic frequency

multipliers is valid (see chapter 2.6).

3.1 Photonic Signal Generation using Optical Heterodyning

This chapter will deal with photonic MW signal generation based on optical heterodyning.
In chapter 3.1.1, the basic principle of operation using a two-mode optical signal beating in
a PD is analyzed. Next, possibilities for achieving wideband as well as broadband optical
MW signal generation are discussed and corresponding experimental results are presented
in chapter 3.1.2. Finally, different techniques for locking the optical modes are analyzed

shortly in chapter 3.1.3.
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3.1.1 Optical Heterodyning Technique

A straightforward approach for generating a two-mode optical signal is to use two
independent free-running laser sources as shown in Figure 3.1. A polarization controller
(PC) is used to ensure that both optical modes are polarized in the same direction. By
combining both optical modes using a standard 3 dB coupler, the optical signal beats in a
PD which converts the two-mode optical signal into an electrical signal MW signal. In this
case, the generated electrical MW signal has a frequency equal to the difference frequency
between the two optical modes. In order to achieve continuous frequency tuning, one laser

source (LS) is fixed in wavelength while the other one is a tunable laser source (TLS).
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Figure 3.1: Optical heterodyning of two optical modes to generate an MW signal.

Assuming that the electric fields of the two linearly polarized optical modes from the laser

sources are given by

Ei(t) = Ey; - explj(wit + ¢1(t))] (3.1)
E,(t) = Ep, - exp[j(wat + ¢,(D)], (3.2)

where Ey; and Ej, are the amplitudes, w; and w, are the angular frequencies (w;, =
21f1,), and ¢;(t) and ¢,(t) are the phase terms. For simplification issues, the phase
information as well as losses like e.g. the losses resulting from the 3 dB coupler will be
neglected in the following. Thus, by combining both optical modes and taking into
account the relationship between the photocurrent and the intensity as can be obtained

from (2.33), the intensity becomes [129]

|Eot(®)1? = [E1(t) + E (D] - [E1(t) + E; (D]

3.3)
= E§; + E¢; + 2cos(@po) Eo1 Eoy cos[(w; — wy)t],
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where ~ denotes the conjugate complex operation and ¢@p, is the angle between the
polarized directions of the two optical modes. As the wavelengths from both lasers are
typically in the range around 1.55 pm, it is obvious that the PD has to be sensitive for these
wavelengths (see chapter 2.5). The difference frequency between the optical modes
(w1 — w,) will be detected if this frequency is within the bandwidth of the PD. As already
stated above, also the polarization has to be adjusted to ensure the same polarization. If the
angle between the polarized directions of the optical modes is e.g. 90°, the term cos(@pe)
in equation (3.3) becomes “0”. Thus, also the generated MW signal becomes “0”. In the
following it is assumed that the polarization is adjusted to achieve maximum MW signals,
i.e. the term cos(@p,) becomes “1”. Considering the relation between the intensity and

power from (2.33), the total optical power which is introduced in the PD is given as
Pot(t) = Poy + Poz + 24/ Py1 Py cos[(wy — w,)t]. (3.4
Thus, the photocurrent at the output of a PD becomes
iph(t) =R~ {Po1 + Poz + 24/Py1 Py, cos[(w; — w)t]}, (3.5)

where R denotes the responsivity of the PD. As can be seen from (3.5), an electrical signal
with a frequency equal to the difference frequency of the two optical modes is generated.
The wavelength tuning range of a tunable laser is typically in the range of tens of
nanometers. Taken into account that at around 1.55 pm wavelength a wavelength
difference of just 0.8 nm between both optical modes is equal to a difference frequency of
about 100 GHz, an extremely wide tuning range can be achieved. Thus, the only limiting
factor for generating wide tunable MW signals using the heterodyne technique described

above is the bandwidth of the PD.

3.1.2 Wideband and broadband optical MW signal generation

Using a special broadband high power pin PD (Figure 3.2), wideband (W-band) and
broadband (30 kHz to 110 GHz) optical MW signal generation can be obtained using the
optical heterodyning technique [I]. The PD is equipped with an integrated bias network, a
tapered passive optical waveguide suitable for standard cleaved fiber coupling and a 50

matched coplanar output.
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Figure 3.2: Photograph of the developed PD (u’t Photonics), featuring a passive optical waveguide and an

integrated bias network.

At 1.55 pym wavelength, the PD exhibits a responsivity of about 0.3 A/W when using
cleaved fiber coupling. Measurements have shown that the photocurrent increases linearly
in a wide range with increasing optical input power (see Figure 3.3). Furthermore, with
increasing reverse bias voltage, the saturation of the photocurrent moves towards higher
optical input powers which can be attributed to the internal field screening [130]. At a
reverse bias of 3 V, no saturation up to about 35 mW of optical input power is observed.

For safety reasons, photocurrents higher than 12 mA were not applied.
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Figure 3.3: DC response of the employed pin waveguide PD at different reverse bias voltages.

In Figure 3.4, the photonic MW synthesizer setup using the optical heterodyning technique
is shown. For optical MW signal generation, light from a TLS with frequency f; and light
from a fixed frequency laser source (LS) with frequency f, are combined by using a
standard 3 dB coupler. By adjusting the frequency of the TLS, both laser modes are

separated with a difference frequency of Af. To ensure an identical polarization state of the
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two constituent laser sources, a PC is applied after the TLS. The dual-mode signal is
amplified by an EDFA and further filtered by an optical bandpass filter (OBPF) to reduce
the contribution of ASE noise from the EDFA. After transmission via a standard SMF, the

photonic MW signal is o/e converted via the broadband high power pin PD.
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Figure 3.4: Photonic MW synthesizer using a dual-laser approach. The output of the PD is either coupled to a

limiting W-band amplifier with WR10 output port or to a coaxial W1 output port.

The setup consists of two different output port configurations depending on the application
field of the photonic MW synthesizer. The first setup features a coaxial W1 output port
(Anritsu) which is based on the 1 mm coaxial connector according to IEEE Std. 287 [131].
This is the only coaxial standard covering a frequency range from DC to 110 GHz. With
this configuration MW signal generation providing continuously frequency tuning within
the whole frequency range can be achieved as used e.g. for broadband test and

measurement applications.

For characterizing the photonic MW synthesizer, the frequency response was measured via
an ESA from Hewlett-Packard (HP 8565E). Up to 50 GHz, measurements were carried out
directly with the internal mixers of the ESA. Measurements above 50 GHz were carried
out by using an external V-band mixer to cover the frequency range from 50 up to 75 GHz
and an external W-band mixer for the frequency range of 75-110 GHz. As can be seen
from Figure 3.5, a flat and wideband frequency response was achieved with a total signal
roll-off of about 6 dB and electrical output power levels up to -3.23 dBm. Considering a
frequency range from 20 GHz up to 110 GHz, the total signal roll-off is below 3 dB.
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Figure 3.5: Wideband frequency response of the W1 coupled photonic MW synthesizer. The photocurrent

was set at 10 mA.

It should be noted that this photonic MW synthesizer exceeds the frequency tuning range
of commercially available electronic synthesizers (e.g. Agilent E8257D, DC-67 GHz)
where such a high tuning range can only be achieved using additional external multiplier

stages.

For several applications like e.g. communications, however, broadband operation is not
required as so-called frequency bands are defined allowing to operate only inside a given
bandwidth around a given frequency. Here, the focus is typically laid on a very flat
frequency response inside the frequency band of interest as well as high RF output powers.
Furthermore, the possibility to adjust the RF output power is also often desired. Thus, with
the aim to reach these specifications even at millimeter-wave frequencies, in the second
configuration a WR 10 rectangular waveguide output comprising an additional amplifier for

W-band operation (75 to 110 GHz) is deployed.

For this output port configuration, a constructed limiting two-stage amplifier (LA) with an
inter-stage isolator and a noise figure of 4.5 dB is used, allowing an increased RF output
power, as well as a flattened frequency response. As can be seen from Figure 3.6, the
amplifier’s gain is inversely proportional to the MW input power inside a range from about

0 dBm down to -35 dBm. For input powers below -35 dBm, first the gain reaches a
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maximum (saturation) before it, by further decreasing the input power, also strongly
decreases. Assuming a 100 GHz MW signal with an RF power of -10 dBm is introduced to
the LA, the gain becomes about 8 dB resulting in an RF output power of -2 dBm. If now
the RF input power will be decreased to be -20 dBm, the gain of the LA becomes about
18 dB also resulting in an RF output power of -2 dBm. Thus, fluctuations of the RF input

power between -35 dBm and 0 dBm can be easily compensated.
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Figure 3.6: Millimeter-wave gain of the constructed limiting amplifier versus input power at different

frequencies.

Although the gain characteristic is slightly different for different frequencies, a flattened
frequency response inside the whole operating range can be achieved with the LA. For
measuring the frequency response of the photonic MW synthesizer, also the ESA was used
in conjunction with the external W-band mixer. Figure 3.7 shows the measured frequency
response of the photonic MW synthesizer. As can be seen, the frequency response is very
flat, showing a low and high 3 dB cut-off frequency of about 70 GHz and 112 GHz,
respectively. At frequencies lower than 69 GHz, the output power rapidly decreases, which
is due to the lower cut-off frequency of the WR10 waveguide. At frequencies above
112 GHz it can be seen that the output power also rapidly drops. This can be attributed to
the reduced output power of the PD (see also Figure 3.5) while at the same time, the

amplifier provides a lower gain.
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Figure 3.7: Output power of the photonic MW synthesizer vs. frequency.

However, the output power variation is just about 3 dB for the whole W-band, which
makes this configuration suitable for millimeter-wave applications requiring a flat

frequency response inside a given bandwidth.

In order to investigate the RF output power performance of the photonic MW synthesizer,
the electrical output power as a function of the PD’s photocurrent at a sample frequency of
110 GHz has been measured. As can be seen from the results shown in Figure 3.8, the
saturation output power is about -2.5 dBm. The output power can be varied linearly from
about -36 dBm up to the 1 dB compression point of about -4 dBm by controlling the PD’s
photocurrent, i.e. by controlling the optical input power. This is due to the fact that the gain
of the LA is decreasing for input power levels below about -40 dBm (see Figure 3.6). If the
PD is operated such that the electrical input power to the LA is below that level, an
increase of the optical input power to the PD will result in an increase of the electrical
input power to the LA and thus an increase of the RF output power up to the point where
the gain starts to saturate. As a result, the output power of the photonic MW synthesizer
can be varied quite linearly up to the 1 dB compression point. The dynamic range of the

photonic MW synthesizer was found to be ~32 dB.
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Figure 3.8: Measured electrical output power of the photonic MW synthesizer as a function of the

photocurrent at a sample frequency of 110 GHz.

The results presented with the WR10 output port configuration clearly show that the
requirements on a flat frequency response as well as high RF output powers can be easily

achieved even at millimeter-wave frequencies (here W-band).

For many applications, also the signal quality plays a major role, i.e. a low phase noise
performance of the generated MW signal is required (e.g. PHOMIGEN project). Thus, to
obtain information about the signal quality of the photonic MW synthesizer, phase noise
measurements were performed. The presented photonic MW synthesizer with its different
output configurations exhibits a phase noise level of about -50 dBc/Hz at an offset
frequency of 100 kHz within the whole spectral range which is too high for practical use.
For example, the minimum phase noise at 100 kHz offset from a 100 GHz carrier required
for the PHOMIGEN synthesizer is -80 dBc/Hz. The poor phase noise performance of the
present photonic MW synthesizer can be attributed to the fact that both lasers were free
running, i.e. the optical phase noise contributions of the two optical modes were not
correlated (see also chapter 2.6) which will be transferred to the generated MW signal.

Thus, for low phase noise operation these contributions have to be correlated.
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3.1.3 Optical Locking Techniques

Optical locking techniques are aiming at achieving phase correlation between optical
modes. Thus, using such techniques the phase noise of a generated MW signal based on
optical heterodyning can be reduced. In this chapter two optical locking techniques,
namely optical injection locking (OIL) and optical phase lock loop (OPLL) will be
discussed. It will be shown that although MW signals with high-spectral-purity can be
generated, these techniques are limited in terms of frequency tunability and are highly

increasing the complexity of a photonic synthesizer concept.

Optical Injection Locking

Optical injection locking is a method for synchronizing a free-running slave laser to a
stabilized master laser by optical means [124], [125]. A phase variation in the injection
beam of the master laser is reproduced in the slave laser. Furthermore, it permits both,
frequency locking of the slave laser to the master laser and spectral purity transfer from the
master to the slave laser. As a consequence, OIL will result in a stable signal with high

spectral purity.

An OIL system consisting of a frequency modulated master laser and a long-cavity slave
lasers was investigated in [124]. Without optical injection, the slave laser oscillates at
multimode with a mode spacing of about 35 GHz. The master laser was frequency
modulated such that the frequency difference between the +3" and -3" sideband was
approximately 35 GHz. Thus, two modes of the slave laser were locked while the others
are suppressed so that a 35 GHz MW signal was generated. Although no phase noise
measurements were performed, the 3 dB spectral width of the generated beat note was

smaller than the 10 Hz resolution of the used spectrum analyzer.

Experiments using two slave lasers each locked to a different mode of an optical frequency
comb were performed in [125]. One of the slave lasers was a special kind of DFB laser
allowing tuning the wavelength over a wide range to achieve injection locking to different
modes of the frequency comb. Frequency tunable MW signal generation with a tuning
range from 10 GHz to 110 GHz with a frequency tuning resolution of 10 GHz which is
equivalent to the optical frequency comb spacing was shown. The measured phase noise at
10 kHz offset from each carrier up to 80 GHz was about -79 dBc/Hz. For carrier

frequencies above 80 GHz, the phase noise was higher.
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Although these results show the potential of the OIL technique to generate low phase noise
MW signals, the frequency tuning range and/or the frequency tuning resolution is limited.
Furthermore, it should be noted that stable locking is only possible inside a small region
where the optical frequency of the slave laser matches the optical frequency of the master
laser [125], i.e. high adjustment accuracy and frequency stable lasers are needed. As a
consequence, this approach is unsuitable for the photonic synthesizer concepts to be

developed in this work.

Optical Phase Lock Loop

An approach to overcome the limitations of OIL is to use an optical phase lock loop
instead [126]-[128]. The basic configuration for generating the MW signal is similar to the
heterodyning approach shown in Figure 3.1 but due to the OPLL, the phase of one laser is
actively locked to that of the other laser [126]. In order to achieve phase locking, the phase
of the generated MW signal will be compared with that of an RF reference signal by using
a phase detector followed by a loop filter. As an outcome of this, an electrical signal
proportional to the phase error between them is generated. This “error signal” is fed back
to one laser source to control the phase by changing e.g. the injection current. This reduces
the relative phase fluctuations between both lasers allowing generating low phase noise

MW signals.

In [127] the generation of a continuously tunable MW signal from 6 up to 34 GHz using a
complex OPLL system with two Nd:YAG lasers was shown. Two frequency synthesizer
and different mixers were used to achieve frequency tuning inside three bands (6-18 GHz,
18-26.5 GHz and 26.5-34 GHz) making the system bulky and highly complex. However,
although no phase noise measurements were performed, the linewidth was reported to be

less than 1 mHz.

An OPLL system which aims at generating tunable MW signals up to 125 GHz was
investigated in [128]. In this approach, two phase locking loops, two DFB lasers, an
electro-optic phase modulator and several other optical as well as electrical components
were needed making the system extremely complex and bulky. Furthermore, this system
was not experimentally tested. Only experiments on a simplified system at a beat
frequency of 500 MHz were performed as a proof-of-concept demonstrating the phase
locking capability.
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These results show that, compared to the OIL technique, MW signal generation with a
continuously high frequency tuning range can be principally achieved with an OPLL.
However, the major drawback is the extremely high complexity of the feedback loop as
well as the fact that such a system becomes very bulky such that this technique will not be

pursued.

3.2 Photonic Signal Generation Using External Modulation

An approach which is able to generate low phase noise MW signals without the need for a
highly complex feedback loop on the one hand and to overcome the frequency tuning
limitations from OIL on the other hand is to use external modulation. This chapter will deal
with the generation of MW signals based upon external modulation using Mach-Zehnder
modulators. In chapter 3.2.1, the principle of double- and single-sideband modulation is
analyzed shortly. Next, double-sideband modulation with carrier suppression scheme is
discussed and corresponding experimental results are presented in chapter 3.2.2. Finally, a

method for achieving a high-order optical multiplication is presented in chapter 3.2.3.

3.2.1 Double- and Single-Sideband Modulation

In many analog applications where external modulation using an MZM plays a role, often
the MZM is biased at its quadrature point as there the optical input signal is linearly
modulated by the electrical RF signal resulting in a double-sideband signal. Here, the
behavior of the MZM is quasi-linear for small amplitudes of the modulation RF signal.
Nevertheless, this modulation scheme has the drawback that if the signal has to be
distributed over long fiber distances, e.g. for remote applications, chromatic dispersion
plays a critical role. So it can happen that the optical MW signal will be completely
canceled out as already shown in chapter 2.4 of this work. Single-sideband (SSB)
modulation is an attractive solution for e.g. RoF links to overcome the power penalty issue
caused by CD [132]. In such a scheme, typically the carrier and one sideband are present
while all other sidebands are suppressed. A common way for generating an SSB signal is
to use a dual-drive (DD)-MZM where both electrodes are driven by the same RF source.
Before the RF signal enters the electrical input ports of the DD-MZM it will be splitted
equally into two parts, using a 3 dB RF splitter. While one of the signals enters the first RF
input port directly, the other will be phase shifted by m/2 before entering the second RF
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port [133]. As a result, an MW signal where the difference frequency between the carrier
and the present sideband is equal to the applied RF signal can be generated. Another
possibility to generate an optical SSB signal is to use filter techniques. If e.g. a fiber Bragg
grating is inserted after a modulator which generates an optical DSB signal, one sideband

will be removed, thus leading to an SSB signal [134].

Nevertheless, both techniques are not practical for generating high frequency MW signals
as desired in this work. Assuming an MW signal with a central frequency of 100 GHz
should be generated, thus, the central frequency of the needed LO source also has to be
100 GHz, which is still a challenge for electronic sources. Furthermore, the modulation
bandwidth of the MZM also has to be around this frequency which is not common. The
MZM used in this work provides a modulation bandwidth of around 41 GHz. As a result,
the DSB-CS modulation scheme is preferred.

3.2.2 Double-Sideband Modulation with Carrier Suppression

In contrast to the DSB and SSB modulation scheme, the DSB-CS modulation scheme
offers the advantage of generating high frequency MW signals using a reference oscillator
with half the frequency of the generated MW signal. Furthermore, electrical reference LOs
with lower frequency typically provide lower phase noise performance than high frequency
LOs which result in lower phase noise of the generated MW signal. Figure 3.9 shows the
configuration of an MW synthesizer using the DSB-CS modulation scheme. Here, the two
optical modes are generated using an external electro-optical modulator after a laser [10],
[135], [136]. The frequency of the generated MW signal is equal to the double frequency
of the MW signal of the reference LO which is applied to the external Mach-Zehnder
modulator [I], [N].
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sideband operation with carrier suppression.

For the optical MW signal generation, light from a laser source with a wavelength of
1.55 pum is modulated by a single-drive MZM with a 3 dB bandwidth of around 41 GHz.
The MZM is biased at its half-wave voltage V, to generate an optical DSB-CS signal. The
modulator is driven by a tunable low phase noise sinusoidal synthesizer with a frequency
range of 10 MHz up to 60 GHz. The carrier of the optical signal with frequency f, was
suppressed by about 26 dB. After amplification of the optical signal using an EDFA with a
noise figure below 4.5 dB and filtering by an OBPF to reduce the spontaneous emission
noise of the EDFA, the optical signal is transmitted via an SMF to the PD. After photo-
detection, the generated MW signal is transmitted to a W1-coupled coaxial output port.
The tuning range of this system is limited by several components: the bandwidth of the
MZM, the bandwidth of the PD and the tuning range of the LO source. However, although
the MZM was operated at an LO frequency much higher than its 3 dB cut-off frequency,
the complete operational frequency range of 20 MHz-110 GHz could be applied to the PD
due to the optical amplification. Beside the advantage of having the complete operational
frequency range by just needing half the frequency from the LO, this scheme is also nearly
resistant against CD. In order to verify this, simulation and measurement results for the
dispersion induced power penalty as a function of the RF frequency for the DSB and DSB-
CS scheme are shown in Figure 3.10. Also here, as already supposed by the simulations
shown in chapter 2.4, the influence of chirp for the simulations has been neglected as the

used MZM is a zero chirp device.
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Figure 3.10: Dispersion induced power penalty for DSB and DSB-CS modulation as a function of frequency

for different SMF lengths at a wavelength of 1550 nm and a dispersion factor of D = 17 ps/nm/km.

For the simulations and measurements, two different fiber lengths (1000 m and 2000 m)
were used. Furthermore, for the DSB modulation scheme measurements only up to 60 GHz
were possible as this was the limit of the used LO. Nevertheless, from the figure it can be
seen that the simulation results for the DSB modulation scheme are matching very well
with the experimental results. One can clearly see the minima where the dispersion
drastically limits the transmission power at the corresponding frequency. However, from
the measurement results of the DSB-CS modulation scheme it can be seen no minima up to
100 GHz is observed, i.e. that one cannot see an influence due to CD. This comes from the
fact that the carrier is highly suppressed and, in contrast to the DSB modulation scheme,
the generated MW signal results from the difference frequency between the first upper and
lower sideband. Thus it can be stated that CD is negligible when using the DSB-CS
modulation scheme and therefore this scheme is well suited if a remote transmitter unit is

desired.

With this modulation scheme, also phase noise measurements of an applied 50 GHz signal
coming from the LO, as well as the corresponding optically generated 100 GHz signal after
photo-detection were performed. The measurements were carried out using an ESA with a
computer assisted phase noise capture program. It should be noted that some boundary
conditions have to be fulfilled in order to get reasonable results as the measurement using

an ESA is an “all-noise” measurement (see phase noise theory in chapter 2.6). First of all,
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the amplitude noise has to be negligible because the ESA measures the carrier power at
one specific time and uses this value as the reference, i.e. the phase noise at 0 Hz offset
(carrier) has a value of 0 dBc/Hz. If now the amplitude changes, the following measured
values at higher offset frequencies also vary leading to the fact that they are related to the
“wrong” reference value. The second boundary condition is that no frequency jitter or a
fast frequency drift is observed as this would also lead to incorrect results (carrier as
reference). The last important boundary condition is referred to the (measurement) noise
floor of the ESA. The minimum measureable value cannot be lower than the noise floor of
the ESA. However, under consideration of these boundary conditions the ESA allows

precise phase noise measurements.

The measurement noise floor (MNF) for different RF powers was also measured, which
sets the limit of the minimum measureable phase noise. The MNF will be measured
without applying any signal. However, as the measurement system normally uses the
carrier power as a reference, the measurement of the MNF will be performed by setting the
RF power in the computer assisted phase noise capture program to the same RF power as
measured with an RF signal. Thus, the phase noise cannot go below a specific value,
determined by the difference between the RF power and the absolute noise floor of the
ESA. This is denoted as the dynamic range. If the RF power of the MW signal is
decreased, the dynamic range also decreases and thus, the MNF increases as the phase
noise at 0 Hz offset is 0 dBc/Hz. The phase noise performance of the 50 GHz LO signal
was measured directly using the ESA whereas the phase noise of the generated 100 GHz
signal was measured using an external W-band harmonic mixer. The results are shown in

Figure 3.11.
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Figure 3.11: Phase noise measurement of the optically generated 100 GHz signal and the 50 GHz LO signal.

At an offset frequency of 10 kHz from the carrier, phase noise levels of about -76 dBc/Hz
and -70 dBc/Hz from the LO and the PD output were measured, respectively. The RF
power of the 50 GHz LO signal was -3 dBm while the power of the generated 100 GHz
signal was -33 dBm without any amplification. For offset frequencies below ~3 kHz, the
phase noise penalty between the LO and the generated signal is very high. Additional
measurements have shown (see Figure 3.12) that this is due to the fact that a harmonic
mixer was used to measure the generated MW signal. It is expected that this is the phase
noise of the LO source, needed for the harmonic mixer, from the ESA itself. This can be
seen from the measurement of the MNF (shows the same behavior) in Figure 3.11, which
was measured without any signal but the LO from the ESA. For offset frequencies above
~200 kHz, the phase noise penalty rises drastically. Thus, additional measurements to get
information about the measurement noise floor for the different power levels, also included
in Figure 3.11, were performed. As the powers of the LO and the generated signal were
-3dBm and -33 dBm, the MNFs for both cases were also measured, showing that the
minimum phase noise levels are about -118 dBc/Hz and -97 dBc/Hz, respectively. It is
expected that an increase of the RF power leads to a measurement showing lower phase
noise at high offset frequencies as the MNF decreases. Within an offset frequency range
from ~20 kHz to 200 kHz, the phase noise penalty is ~2 dB. From the well-known formula
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given in (2.58) which describes the relation between phase noise degradation and
multiplication factor N, a phase noise penalty of 6 dB can be calculated. Nevertheless, the
difference in phase noise penalty inside the mentioned region between calculation and
measurement is ~4 dB, which is also an issue coming from the use of the harmonic mixer
(see Figure 3.12). Here, it can be seen that the phase noise penalty between the
measurements with and without harmonic mixer in the mentioned region is ~4 dB. As a

conclusion, this can be traced back to the influence of the harmonic mixer.
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Figure 3.12: Comparison between phase noise measurements of an optically generated 48 GHz signal with

and without a harmonic mixer.

As a result it can be stated that the DSB-CS modulation scheme is well approved to
generate low phase noise MW signals. The phase noise is strongly dependent on the

performance of the applied LO source.

As already described above, the measurement using an ESA is an “all-noise” measurement,
i.e. the measurement also includes noise contributions from the ESA (noise floor) and from
the setup itself (influence of the harmonic mixer). In order to get a better knowledge about
these contributions, the phase noise of a fixed frequency MW signal source with a known

phase noise spectrum (Rohde & Schwarz (R&S) FSUP Signal Source Analyzer —
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performed by the manufacturer of the MW signal source) has been measured. Figure 3.13
shows the measured phase noise results of the MW source performed by the manufacturer

with the R&S FSUP Signal Source Analyzer alone.
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Figure 3.13: Phase noise measurement of a fixed frequency MW signal source using an R&S FSUP Signal

Source Analyzer.

To visualize the noise contributions from the ESA, a phase noise measurement of the same
fixed frequency MW signal source has been performed using the ESA. The results of both

measurements techniques are shown in Figure 3.14.

67



Photonic Signal Generation Using External Modulation

-60 T —TTTT T — T T — T
- Electrical Spectrum Analyzer
kb 00000 lf===-- R&S FSUP Signal Source Analyzer ||
N -80
< |
m
= 90
©
>
o
o -100
o]
)
=]
g -110
Q
e
Q—q -
-120
_130 1 1 [ I T N I A | 1 1 I N T B A | 1 ) I N T B I |
1k 10k 100k M

Offset frequency from carrier (Hz)

Figure 3.14: Comparison between phase noise measurements using different measurement techniques.

It can be seen that inside an offset frequency range of 10 kHz to 1 MHz the phase noise
deviation varies between 2 and 7 dB, i.e. the measured phase noise level using the ESA
inside this range is about 2-7 dB higher. Below 10 kHz offset, the measured phase noise
level using the ESA is about 0.1-4 dB higher (without external harmonic mixer). Thus, it
can be stated that the real phase noise is better than the measured phase noise using the
ESA. Nevertheless, this measurement technique provides an easy solution to get a good

knowledge about the phase noise performance of a photonic synthesizer.

3.2.3 Optical Multiplication Techniques

One major aim of this work is to develop a fully functional and RF tested photonic LO
with a remote transmitter unit which fulfills technical specifications such as wide
tunability, low phase noise performance and high output power. The center frequency of
the generated photonic MW signal has to be around 100 GHz. The external modulation
scheme is capable to fulfill all of the above mentioned specifications. Nevertheless, the
requirements on the reference LO, e.g. when using the DSB-CS modulation scheme, are
very strict. The center frequency has to be at least 50 GHz and the tuning range of the LO
has to be half the tuning range of the generated MW signal while the phase noise has to be
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low at the same time. Although electrical synthesizers providing such a high center
frequency and tuning range are commercially available, the phase noise performance is
often not good enough. Furthermore, such synthesizers are very costly. Thus, to decrease
the requirements on the center frequency and the tuning range of the LO, optical
multiplication schemes using an external modulation approach are suitable. In addition, the
phase noise performance of low frequency synthesizers is much better than for high
frequency tunable synthesizers, so one can expect to be able to compensate the additional

phase noise resulting from the optical multiplication.

Optical quadrupling

One solution to achieve higher-order optical multiplication is to use two cascaded MZMs
which will result in the generation of an MW signal at four times the reference LO
frequency. Figure 3.15 shows the configuration of the photonic MW synthesizer using the

optical quadrupling scheme.
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Figure 3.15: Photonic MW synthesizer using two cascaded MZMs to generate an MW frequency four times

the reference frequency of the LO.

The first MZM is biased at V,; to achieve a DSB-CS signal where the side-modes are
referred to as first order upper and lower sideband (USB and LSB). The optical frequency
of the USB after the first modulator is f; + fig, and that of the LSB is f, — fi.0, Where f,
is denoted as the optical carrier frequency coming from the LD. Thus, the optical electric
field at the output of the first MZM using the Bessel functions given in (2.11) can be

approximately written as [137]
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Equt1 () = EpJ1(my) - {cos[(wg — wr0)t — ¢1] + cos[(wo + wro)t + P41}, (3.6)

where m, is the modulation index of the first MZM, w, and w;q are the optical and

electrical angular frequencies and ¢, is the initial phase of the LO.

At the second MZM which is also biased at Vy, the f, + f;,o component (the USB of the
first modulator) is modulated, resulting in an f, and f, + 2f;,o component. At the same
time, f, and f, — 2f;,o components are generated from the f, — fi,o component (the LSB
of the first modulator). Due to the fact that a phase shifter (PS) is inserted in front of the
second MZM, the phase of the LO signal can be adjusted. This leads to a phase of the LO
signal referred to as ¢,. Using the same analysis as for the first MZM, but with E, ;¢ ; (t) as
the input optical electric field, the optical electric field at the output of the second MZM
becomes [137]

Eout2(t) = Eol1(my)]1(my) - cos[(wg — 2w10)t — ¢1 — ¢5]
+ EoJ1(my)]1(my) - cos[(wy + 2w10)t + P1 + ¢, ] 3.7
+ 2E];(my)]1(my) - cos(¢, — ¢1) cos(wyt),

with m, as the modulation index of the second MZM. By changing the phase ¢, such that
the phase difference between the RF inputs of the first and the second MZM is equal to
/2, the carrier component (w, = 2Tf,,) will be suppressed at the output. As shown from
the schematic in Figure 3.16, the output just comprises the f, + 2fio and fy — 2fio
components while the others are highly suppressed. Thus, the MW signal at the output of
the PD is four times the frequency of the LO.
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Figure 3.16: Principle of the quadrupling scheme using cascaded MZM:s.
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Experiments have been performed showing the capability of generating high-frequency
MW signals with low phase noise. A low phase noise MW signal with a carrier frequency
of 96 GHz was generated from a 24 GHz low phase noise fixed frequency LO provided by
the INWAVE GmbH. Phase noise measurement results of the 24 GHz LO signal and the

generated 96 GHz signal are shown in Figure 3.17.
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Figure 3.17: Phase noise measurement results using the optical quadrupling scheme.
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It is obvious that for offset frequencies below ~3 kHz, the influence of the harmonic mixer
drastically degrades the measured phase noise. From calculations it is expected that the
phase noise due to quadrupling degrades by about 12 dB. Nevertheless, within an offset
frequency range from ~20 kHz to 1 MHz, the phase noise penalty is just 8 dB. Taking into
account the influence of the harmonic mixer concerning the power penalty as already
mentioned above (Figure 3.12), i.e. the power penalty of ~4 dB, the measurements also

confirm the calculated phase noise degradation.

Although the present system is well suited for frequency quadrupling, it is bulky and
complex because two EDFAs, two polarization controllers, an electrical 3 dB coupler and a
phase shifter, which has to be adjusted very well, are necessary. To reduce the size and the
complexity, a quadrupling approach using just one MZM is investigated. As already
described in chapter 2.2, an MZM is a nonlinear device which is also capable of creating
higher harmonics. Thus, the applied LO power has to be increased. In order to get a better
knowledge on the nonlinearity of an MZM, the optical output spectrum at different applied
RF input powers based on the theory developed in chapter 2.2 has been simulated. Figure
3.18 shows simulation results of the optical output field for an MZM driven at an RF input
power of 8 and 18 dBm. Furthermore, the simulations are based on carrier suppression
modulation. Although the MZM which has been used for measurements can handle RF
input powers up to 24 dBm, the maximum RF input power for the simulations was set at
18 dBm. This is due to comparison reasons with measurements, as the maximum provided
RF output power of the synthesizer used for the measurements (Anritsu 68087B) is only
18 dBm. Furthermore, the LO frequency for the simulations was set at 4 GHz because the
maximum provided output power of 18 dBm of the synthesizer is only available for
frequencies up to 4 GHz while it drastically decreases for higher frequencies. Using these
conditions, simulations are the only option to get information about the optical electric
field at the output of the MZM because the minimum resolution of the available optical

spectrum analyzer is just 0.1 nm, which is equal to ~12.5 GHz at 1550 nm wavelength.
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Figure 3.18: Simulation results of the optical output field of an MZM driven at an RF input power of 8 dBm
(left) and an RF input power of 18 dBm (right).

From the simulation results on the left hand side, one can see that second order side modes
are present, allowing a four time multiplication of the applied LO frequency. If the RF
input power has been increased by 10 dB, as can be seen from the simulation on the right
hand side, the optical power of the second order side modes increases by 20 dB. This is
due to the fact that the second order side modes are related to the first kind Bessel function
of second order which shows a quadratic behavior. Furthermore, such an increase of the
RF input power will also give rise to third order side modes. Using a PD with a
comparatively high responsivity, one can imagine to achieve six times the frequency of the
LO. Furthermore, one can see that the optical carrier is suppressed by about 10 dB and
19 dB for an LO power of 8 dBm and 18 dBm, respectively. This is due to the fact that the
sideband power strongly increases with LO power while the optical carrier power just
changes slightly. The carrier is located at 0 GHz, which represents the carrier wavelength

of 1550 nm, and the harmonics are given as a delta frequency from the carrier.

For the experimental characterization, the RF conversion efficiencies nrg for the single-
MZM approach driven by an LO source with a frequency of fio = 4 GHz were measured
for different multiplication levels N. The used PD has a responsivity of 0.6 A/W and the
generated photocurrent was fixed at 2 mA, which is equal to an optical input power of
~5 dBm. Figure 3.19 shows the measured conversion efficiencies for a multiplication
factor of N = 4 as a function of the LO drive power. Additionally, the model described in
chapter 2.2 has been used to simulate the RF conversion efficiencies of the single-MZM
and of the cascaded MZM approach. The simulation results are also included in Figure

3.19.
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Figure 3.19: RF conversion efficiency vs. LO drive power for the single-MZM and the cascaded MZM
approach.

For the simulation of the cascaded MZM approach, it was assumed that the optical input
power in front of the first MZM was the same as for the single-MZM approach and
furthermore, the second EDFA in front of the second MZM was omitted. It can be seen
that the simulation results agree very well with the measurements. As expected, the RF
conversion efficiency depends on the LO drive power in a linear behavior. This is due to
the quadratic behavior of the second order harmonics as described above in combination
with the square law detection of a PD. It can be further noted that the efficiencies for the
cascaded MZM approach are approximately 27 dB smaller as compared to the single-
MZM approach. This is caused by two reasons: Firstly, for the cascaded MZM approach,
the LO power has to be divided for driving both MZMs, thus, it is reduced by 3 dB for
each MZM. Furthermore, this leads to the fact that the generated first order harmonics of
the first MZM, which will be used as the optical input signal for the second MZM, are also
reduced by 3 dB. Additionally, the used phase shifter (ATM P1608) which is required for
the phase adjustment has another ~2 dB loss. Therefore, the RF drive power for the first
MZM is 3 dB lower, while the drive power for the second MZM is even 5 dB lower as
compared to the single-MZM approach. Secondly, both MZMs have an optical insertion
loss of ~7.8 dB. Thus, the optical input power to the second MZM is reduced by ~7.8 dB
(insertion loss) in addition to the 3 dB mentioned above (first order harmonics). Taking
into account the insertion loss of the second MZM and the losses from the 3 dB coupler

and the PS, the overall losses can be calculated to be 26.6 dB. From formula (3.7), it can be
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further seen that the behavior between conversion efficiency and LO drive power is also

linear.

Based upon the above discussion, it can be concluded that the cascaded MZM approach
would be as efficient as the single-MZM approach only if another electrical low-noise
amplifier (LNA) with about 5 dB gain (to compensate for the losses of the RF drive power)
and another optical amplifier with about 8 dB gain (to compensate for the optical insertion
loss) was used. The cascaded MZM approach thus would significantly increase the
complexity of the system, as not only an electrical LNA and an EDFA would be required
but also an electrical phase shifter, a 3 dB coupler and a second polarization controller.
Furthermore, the noise figure of the LNA and the ASE noise of the EDFA could also have
an effect on the phase noise performance. If enough electrical or optical gain is provided,
the cascaded MZM approach allows using a slightly higher multiplication factor, but this

does not compensate for the additional noise and expenditure.

Higher-order multiplication using FWM effects in SOAs

To further increase the multiplication factor N, the optical signal which has been generated
from the single-MZM approach is used to drive a highly nonlinear SOA. As theoretically
investigated in chapter 2.3, a nonlinear SOA is capable of generating higher harmonics due
to the FWM effect. The basic configuration of a photonic synthesizer concept based upon
external modulation in conjunction with the FWM effect of the highly nonlinear SOA 1is

shown in Figure 3.20.

Jio

SOA
SZQ‘ X MZM ||> @ ::SZ w1

Figure 3.20: Photonic MW synthesizer using a single-MZM with a subsequent SOA to generate an MW

frequency N times the reference frequency of the LO.

To achieve a high nonlinear operation and thus FWM, the SOA has to be driven in
saturation condition. This means that the gain of the SOA will be decreased if the incident

signal power increases. Thus, the gain characteristic is nonlinear depending on the input
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signal power. Therefore, the optical input power to the SOA has to be as high as possible.
Assuming the optical output signal from the single-MZM approach is introduced to the
input port of the highly nonlinear SOA. Using the theory described in chapter 2.3,
simulations have been performed showing the electrical output power of the PD for
different multiplication factors N versus different LO drive powers applied to the MZM
(see Figure 3.21). It has to be mentioned that the material parameters used for the
simulations are taken from [50] as the datasheets of the SOAs used in this work do not
provide this information. Thus, also the boundary conditions for the simulations have been
adapted such that the SOA is driven in saturation. However, these simulations show that

this photonic MW synthesizer concept is in principle able to achieve a higher-order

multiplication.
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Figure 3.21: Simulated electrical power vs. LO drive power.

In order to verify this characteristic, experiments concerning the electrical output power as
well as the RF conversion efficiency have been performed using two different SOAs, both
from Covega/Thorlabs. The first SOA (BOA-1004) is a booster SOA providing a lower
nonlinear behavior than the second SOA (SOA-1117) which is especially designed for
nonlinear operation. The characterization is based on the setup described above, but with
an additional EDFA in front of the SOA to obtain the needed high optical input power. The
maximum allowed optical input power referred to the manufacturer’s datasheet is about
+13 dBm for both SOAs. Nevertheless, for safety reasons, the maximum optical input

power was set to +11 dBm. As the saturation optical output power of the SOAs are too
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high for the subsequent PD, an optical attenuator was used to set the optical input power to
the PD at ~5 dBm, which is equal to 2 mA of photocurrent. Furthermore, the LO frequency
was also set at 4 GHz. Figure 3.22 shows the measured electrical power at the output of the

PD as a function of the LO drive power for the two different SOAs.

-10 T T T T T J T . T . T
— [ [SOA-1117 l

_ || AN =4
£ 20T |BOA-1004 v
S i = n | ]
~ ] || | u [ |
] - IR
2 -40 N=28
=t o ¢
S o © o o o /’Y
£ -50 o o O
?3 - ° K‘) e *
> ° ° ® L]
- -60 o o ©
g_{ L
2 -70
D - -
2_80 1 2 | 2 1 2 1 s 1 s |

8 10 12 14 16 18

LO power (dBm)

Figure 3.22: Measured electrical power vs. LO drive power for two different SOAs.

From the measurement first of all it can be seen that if the LO power increases, the RF
output power also increases. This is in principle the same behavior as found from the
simulations, although the results cannot be directly compared due to the unknown material
parameters. Compared to the MZM approaches without SOA, here an increase of 1 dB of
LO power will just result in an average increase of about 0.5 dB for the RF output power.
As a consequence, the RF conversion efficiency will slightly decrease while increasing the

LO drive power as shown in Figure 3.23.

77



Photonic Signal Generation Using External Modulation

-20 T i T T T T T J T y T
. [|soA-1117 T
8 -30 | BOA-1004
= - N=4
N N N e ~
N ™ n = - - - [ ] ™ @ . -
5 i u u ] u [ T
& -50
Q - _ -
= ° ° N=8
% -60 © ® ¢ o+ o o
= i |
e ) ° )
5-70 - ® o o o o o o/ & o ]
= 80
U - -

_90 1 1 1 ! 1 s | 2 | 1 |

8 10 12 14 16 18
LO power (dBm)

Figure 3.23: RF conversion efficiency vs. LO drive power for two different SOAs.

This can be attributed to the fact that the SOA is driven in saturation condition. Thus, the
provided optical gain of the SOA is dependent on the optical input power, limited by the
saturation output power. If the LO power is now decreased, the optical power of the
harmonics from the MZM also decreases (see Figure 3.18). But, if the overall optical
power of the harmonics is high enough so that the SOA is still in saturation, the optical
gain of the SOA increases. This will result in the fact that the gain provided by the SOA
will again increase the optical power of the harmonics. This phenomenon can be seen from
the results in Figure 3.23, as a saturation of the conversion efficiency is observed for RF

input powers higher than about 15 dBm.

Furthermore, it is shown that a multiplication of N = 8 has been achieved resulting from
the nonlinear behavior of the SOA which is theoretically described in chapter 2.3. The
difference in conversion efficiency between the SOAs is due to the difference in the
nonlinear behavior. Thus, if the nonlinear behavior is even stronger, it is expected that the
conversion efficiency will further increase, as the nonlinearity has a strong influence on the
FWM efficiency. As already mentioned above, the measurements of the conversion
efficiency were performed at an LO frequency of 4 GHz. Additional measurements have
shown that the RF conversion efficiency at the same multiplication level slightly depends
on the LO frequency. For example, when varying the LO frequency from 2-4 GHz at a
multiplication level of N = 8, the RF conversion efficiency just changes by about 0.5 dB.

When the LO frequency is changed from 4 to 6 GHz, the change in RF conversion
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efficiency is about 3 dB. The main reason is that the 3 dB bandwidth of the used PD was
limited at 50 GHz. Thus, it is expected that the RF conversion efficiency is nearly

independent from the LO frequency and only limited by the bandwidth of the PD.

When comparing this approach with the single-MZM approach, it can be stated that for a
multiplication factor of N = 4, the difference in conversion efficiency at high LO powers is
comparably small. As the MZM can handle RF input powers up to 24 dBm, it is assumed
that due to the gain saturation of the SOA, the conversion efficiency at such a high LO
power is nearly equal for both approaches, provided that the conversion efficiency for the
single-MZM approach further increases. Nevertheless, to achieve such a high RF input
power, an additional RF amplifier is needed. If a high conversion efficiency using a low
power LO source is desired, the SOA approach is favorable, as e.g. the conversion
efficiency at an LO power of 8 dBm is more than 20 dB higher, compared to the single-
MZM approach. The major advantage of the SOA approach is that it is capable of
generating a frequency N-times (eight times has been shown experimentally) of the LO
frequency. This allows using a low frequency LO source to generate a high frequency MW
signal. Furthermore, as the conversion efficiency for a multiplication factor of N = 8 shows

nearly the same behavior as for N = 4, also a low power LO source can be used.

To investigate the signal quality, phase noise measurements were performed for the
fundamental LO frequency (fi,o = 4 GHz) and for the generated MW signals with a
multiplication factor of N = 4 and N = 8. Furthermore, the corresponding measurement
noise floor for the different MW signals has also been measured. Based upon the theory
given in chapter 2.6, it is expected that the phase noise for a multiplication factor of N =4
and N = 8 increases by 12 and 18 dB, respectively. The results of these phase noise

measurements are shown in Figure 3.24.
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Figure 3.24: Phase noise measurements of the LO signal and the four and eight times multiplied MW signal.

From the figure, it can be seen that the phase noise performance degrades as expected. It is
obvious that at high offset frequencies, the phase noise measurement is limited by the
measurement noise floor which is described in chapter 3.2.2. Furthermore, as also shown
in chapter 3.2.2, for offset frequencies below about 3 kHz the measurement setup also has
an influence on the phase noise measurement. Thus, it is expected that the phase noise of
the generated MW signals at low and even high offset frequencies are showing the same
behavior as for the LO signal, but with the corresponding degradation of 12 and 18 dB for
N =4 and N = 8§, respectively. Although an SOA generates noise (ASE), it can be stated

that no influence on the quality of the generated MW signal is observed.

The results have shown that the optical multiplication scheme using a single MZM with a
subsequent SOA is capable of generating high frequency and low phase noise MW signals
from a low frequency reference source. Assuming such a system with a high power
photoreceiver which either offers a 3 dB bandwidth of ~100 GHz or which is resonant at
~100 GHz offering 10% bandwidth and an LO source providing a central frequency of
12.5 GHz with a tuning range of 1.25 GHz and phase noise levels 18 dB below the
required specifications for the PHOMIGEN project, the overall project goal can be

achieved. Furthermore, as the photonic synthesizer working at 1.55 um wavelength should
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include a remote transmitter unit, it was also shown that the influence of CD is negligible

when using DSB-CS modulation.
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4 Optoelectronic Oscillators

Although it has been shown that external modulation in conjunction with the nonlinearities
in an SOA, which allows a high optical frequency multiplication, relaxes the requirements
on the needed electrical reference oscillator, the phase noise of the generated MW signals
is still limited by the phase noise performance of the electrical reference oscillator. To
overcome this limitation, it was another major objective of this work to investigate
possibilities for generating high frequency tunable MW signals with low phase noise using

a concept that does not require any electrical reference oscillator.

Early investigations have shown the capability to generate stable picosecond pulses
without the need for a reference LO by using a resonant feedback loop [12]. An approach
using a fiber-based feedback loop, investigated by Yao and Maleki [138], [139], is referred
to as optoelectronic oscillator (OEO). An OEO is an oscillator that converts optical energy
from a CW laser source into a pure and stable MW signal. An OEO consists of an electro-
optic modulator driven by a feedback circuit which uses a long optical SMF as a delay line
to achieve a high quality factor (Q) and a PD to convert the optical energy to a feedback
RF voltage. The Q-factor given by Q = 2mftq4 is a figure of merit for a resonator. The
energy-decay time 74, which is equivalent to the delay time, describes the energy storage
capability of the resonator at its resonant frequency f. High Q or low loss energy storage
elements are essential for generating such high-spectral-purity and high-stability MW
signals. Such an optoelectronic oscillator has the capability to generate MW signals with
extremely low phase noise. For an OEO with a single loop of 2 km length, the phase noise

was measured to be -105 dBc/Hz at 1 kHz offset from a 10 GHz carrier [13].

In order to get knowledge about the mode of operation and the phase noise performance of
an OEQ, at first an OEOQ, consisting of one long fiber loop, will be described and analyzed
in chapter 4.1. Here, it will be shown that a major drawback of such an OEO is the need for
a bandpass filter providing an ultra-narrow bandwidth as in reality, a bandpass filter with a
center frequency in the GHz range and a bandwidth below MHz is hard to realize. In order
to relax the requirements on the bandpass filter, another approach using additional loops,
referred to as multi-loop OEO, will be discussed in chapter 4.2. Nevertheless, also in a

multi-loop OEO a narrow bandwidth bandpass filter is an essential component.
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In contrast to the generation of MW signals using e.g. external modulation schemes, the
frequency tuning capability is very limited, mainly due to the need for a narrow bandwidth
bandpass filter. In order to achieve frequency tuning with an OEQO, several bandpass filters
selected by a switch had been used in [13] to allow for coarse tuning (stepwise tuning) the
frequency. In addition, the continuous frequency tuning range around the center frequency
of the employed bandpass filter was limited to be slightly above 100 kHz. However, such
an approach makes the system more complex and to achieve a high frequency tuning range
with a low tuning resolution at the same time, a lot of narrow bandwidth bandpass filters
are needed. With the aim to improve the frequency tuning range of an OEO, an approach
using a tunable laser for taking the advantage of having wavelength dispersion in fibers
was used in [14]. But although the laser was tunable by +40 nm in the optical domain, the
frequency tunability of the generated MW signal was still very limited with a maximum
tuning range of less than 2 MHz around the bandpass filter’s center frequency of 9 GHz.
To overcome the frequency tunability limitation due to the narrow bandwidth bandpass
filter, a novel approach of an OEOQO, using a standard high-pass filter instead, will be
presented and analyzed in chapter 4.3 [T], [U]. Experimental results are verifying that the
novel OEO allows high frequency MW signal generation with ultra-low phase noise while

at the same time providing hundreds of MHz frequency tuning range.

4.1 Single-Loop Optoelectronic Oscillators

As the name “singe-loop” implies, this OEO consists of just one long fiber loop. The
single-loop OEO consists of a laser, an e/o-modulator which is typically an MZM, a long
fiber link, a PD followed by an electrical RF amplifier, a narrow bandwidth bandpass filter
and an electrical 3 dB splitter which on the one hand closes the feedback loop to the RF
driving port of the MZM and on the other hand provides the RF output port (Figure 4.1).
The long fiber link serves as the delay, providing the needed high Q for low noise

oscillation.
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Figure 4.1: Block diagram of the single-loop OEO.

By closing the loop, self-sustained oscillation starts from noise which will be amplified
inside the loop. The threshold condition for achieving oscillation is that the small signal

open-loop gain Gg, defined by equation (4.1), must be larger than unity [138].

_ dVout _ _T]'T[IthLGA cos <T[VB) (4 1)

ST Wl T g
Here, the factor n determines the extinction ratio of the MZM by (1+1n)/(1 —n).
Furthermore, I}, is the photocurrent, Ry, is the load resistance of the PD, G, is the voltage
gain of the amplifier and Vg and V; is the bias and half-wave voltage of the MZM,
respectively. This means that inside the loop the sum of the gain and all losses due to the
feedback must be larger or at least equal to 1. If this condition is fulfilled, several modes

which add up in phase can sustain oscillation. The oscillation frequency is then determined

by [138]

Co

k
fose ===k =k - Av, (k=0,1,2,..), 4.2)

ngmrL

where 7 is denoted as the time delay due to the fiber loop, c, is the velocity of light in
vacuum, ngyvr = 1.4682 is the refractive index of the SMF, L is the fiber length and Av is
the free spectral range (FSR). It should be noted that also the electronic circuit inside the
loop causes a time delay, but as this time delay is much smaller than the time delay
resulting from the fiber it will be neglected in this case. It is obvious that (4.2) will result in
a frequency comb where the FSR is inversely proportional to the time delay t. Assuming a
long fiber in the kilometer-range which is a typical value for an OEQO, the FSR is thus just

in the kHz-range. Here, the very narrow bandwidth bandpass filter is used to select the
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mode with the desired frequency while suppressing the unwanted modes at the same time.
As the threshold condition for oscillation is typically only fulfilled for modes around the
center frequency of the filter, the modes (in terms of frequency) closest to this center
frequency will oscillate. Thus, the bandwidth of the filter should be ideally lower than the
FSR to completely suppress all other modes. Furthermore, concerning the frequency
tunability, the need for a bandpass filter with a very low bandwidth is a drawback. The
maximum achievable tuning range is limited by the bandwidth of the filter, i.e. the
threshold condition for oscillation can be only fulfilled inside the bandwidth around the
center frequency of the filter. If e.g. the filter’s bandwidth is about 1 MHz, then the

maximum achievable frequency tuning range cannot exceed this value.

The phase noise of the generated signal in an OEO is related to the time delay and thus the
loop length. The RF power spectral density for a single-loop OEO is given as [138], [139]

1)
2-6/1)—-2J1-6/71 COS(Z‘I‘[f"L’)’

Sre(f') = (4.3)

where f’ is the frequency offset from the carrier and & is the noise-to-signal ratio (NSR)
determined by the small-signal open-loop gain, the noise contributions from the
components (laser, PD, amplifier) and the driving conditions of the MZM. A detailed
analysis can be found e.g. in [138] and [139]. Assuming that amplitude fluctuations are
negligible, the PSD of the OEO is equal to the single-sideband phase noise. Although a
longer loop theoretically offers lower phase noise performance, the minimum achievable

phase noise is also limited by the NSR of the generated MW signal given as [139]

|Gs|*>  4kgT (NF) + Nejshot + NelriN

5 =
1-1/|Gg] 4n2cosz(1'[VB/Vﬂ)I§hR

) 4.4)

with 4kgT(NF) as the thermal noise including the noise figure of the amplifier, N; gpor
and Ng riN as the shot noise and RIN, respectively (see also chapter 2.6). In order to get a
better knowledge on the limitation, the NSR for different laser RIN levels as a function of
the photocurrent has been simulated, as can be seen from Figure 4.2 [139]. For the

simulation the small-signal open-loop gain |Gg| was assumed to be 1.5, as the NSR is
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minimal at this value [139]. The equation used for simulating the NSR is thus determined

by [139]

5. = 4kgT(NF) + Nejshot + Nel,RIN
min (16/27)1%,R

4.5)

The NF of the RF amplifier was assumed to be 3 dB which represents a low noise
amplifier. Here, additional noise contributions like e.g. ASE noise when using an EDFA

are not taken into account.
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Figure 4.2: Calculated NSR as a function of the photocurrent for different RIN values from the laser.

From the figure, it is obvious that the SNR, which is the inverse NSR, of the generated
MW signal is strongly limited by the laser’s RIN. Furthermore, it can be also seen that the
higher the photocurrent, the lower the NSR until it saturates, i.e. there is a limitation such
that the SNR cannot be further increased. This comes from the fact that the NSR is
inversely proportional to the quadratic photocurrent and the noise contribution from the
RIN is the only noise which also increases quadratically with photocurrent while the
thermal noise is constant and the shot noise increases linearly (see equation (4.5)). This
means that the contributions from thermal noise and shot noise are becoming small
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compared to RIN noise with increasing photocurrent. As a consequence, the RIN noise

dominates at high photocurrents.

Due to the fact that the SNR is limited, the minimum achievable phase noise, calculated by
using equation (4.3), of the generated MW signal is also limited. Assuming an OEO with a
fiber length of 2 km, resulting in a time delay of ~9.8 us and an FSR between the modes of
~102 kHz, as well as a laser having a RIN of -145 dB/Hz. Furthermore, it is also assumed
that the small-signal open-loop gain is again 1.5 and the noise figure of the RF amplifier is
also 3 dB. Then the NSR from the simulation above becomes -142.7 dB at a photocurrent
of 10 mA. Using these values, the phase noise spectrum has been simulated using equation
(4.3) as shown in Figure 4.3. From the equation it becomes clear that the phase noise is
lowest if the cosine becomes -1, i.e. at a frequency offset of f' = 1/2t which is about
51 kHz. Furthermore, as the NSR is about 10°-times smaller than the time delay, the § /-
terms can be neglected such that the minimum achievable phase noise becomes
Sremin(f' = 1/21) = §/4, which is about -148.7 dBc/Hz. Another strong influence on
the phase noise performance of a single-loop OEO is given by the fact that the bandwidth
of the bandpass filter is usually wider than the FSR between the modes. Thus, the phase
noise spectrum contains the contributions of these modes which are reflected as strong
spurious peaks. Here, it should be mentioned that the simulation is independent of the filter

characteristics, i.e. the bandwidth of the filter is not taken into account.
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Figure 4.3: Simulation of the phase noise spectrum of the single-loop OEO.

As expected, one can see that the phase noise saturates at about -148.7 dBc/Hz.
Furthermore, one can clearly see the above mentioned spurious peaks at multiples of
~102 kHz. In order to suppress these spurious peaks, the bandwidth of the bandpass filter
has to be smaller than the FSR. But, as already stated above, in reality a bandpass filter
with a center frequency in the GHz range and a bandwidth below MHz is hard to realize.
Another possibility to reduce these peaks is to use additional loops resulting in a so called

multi-loop OEO.

4.2 Multi-Loop Optoelectronic Oscillators

In a multi-loop OEO, additional loops are inserted with lengths much shorter than that of
the “main” loop. Assuming a multi-loop OEO with two loops, which is referred to as dual-
loop OEO, the light coming out of the MZM is splitted equally into two parts. Both parts
form a loop including an SMF which is typically in the km-range for the main loop, a few
meters up to a few hundreds of meters for the second loop and a subsequent PD. After
photo-detection, both generated signals are combined by using an electrical 3 dB combiner.
The further procedure is the same as for the single-loop OEO. The oscillation frequency

for the dual-loop OEO is determined by [140]
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k m
fosc = = (4.6)

1 T2

where k and m are integers and 74 and 7, are the time delays resulting from the lengths of
the long and the short loop, respectively. Assuming that both loops are independent of each
other, every loop generates a frequency comb having a different FSR depending on the
loop length. Due to the use of the electrical 3 dB combiner both frequency combs overlap.
As the FSR of both loops is different, just the modes which have exactly the same
frequency in both loops are able to oscillate while the other modes are highly suppressed,
i.e. the resulting FSR is the FSR between the modes which are able to oscillate. Thus, the
short loop relaxes the frequency selectivity of the bandpass filter [140]. The principle of

the mode selection is shown in Figure 4.4.

~<— Bandpass filter
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Dual-loop OEO
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Figure 4.4: Principle of mode selection in a dual-loop OEO.

It should be mentioned that such a scheme strongly reduces the spurious peaks, but they
are not completely cancelled out because other than the filter characteristic shown in
Figure 4.4, the bandwidth of the bandpass filter is typically broader than the resulting FSR
of the dual-loop OEO.

The RF power spectral density and thus the single-sideband phase noise, when neglecting
the amplitude fluctuations, for a dual-loop OEO including the filter characteristics (single

pole filter) can be written as [142]

)
Sre(f') = 5 ) 47
T CAG) - (expGznf ) + exp(znf )/ 2f Ve D
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with f” as the frequency offset from the carrier and § as the NSR. The term A(f") describes

the filter’s characteristic and is given as [142]

2 T[ff

A= o=y

(4.8)

where f; is the half-width at half-maximum transmission spectrum of the filter. It should be

noted that the factor W in equation (4.7) acts as a correction factor for the filter
characteristic and also includes a noise source although it is not yet fully clarified [142].
However, this also influences the slope of the phase noise at low offset frequencies which
means that the filter not only influences the spurious peaks but also the complete phase
noise. As can be seen from equation (4.7), if the short loop is x-times shorter than the long

loop (1 = x7,) then the phase noise performance is mainly determined by the long loop.

A multi-loop OEO can be realized either with additional optical loops [141] or an
additional electrical loop [143]. Both schemes are capable of generating high-spectral-

purity and high-stability MW signals.

4.3 Tunable Dual-Loop Optoelectronic Oscillator

As already described above, the frequency tuning capability of an OEO is limited by the
bandpass filter, i.e. the tuning range cannot exceed the bandwidth of the employed
bandpass filter. In order to extend the frequency tuning range, the limitation resulting from
the narrow bandwidth of the bandpass filter has to be overcome. In this chapter, a novel
concept for a tunable dual-loop OEO, taking the advantage of using a high-pass filter
instead of narrow bandwidth bandpass filters, will be investigated. With this approach,
MW signal generation inside K-band with a frequency tuning capability in the GHz range
will be presented. It will be furthermore shown that due to small changes in the setup, MW
signal generation in the mm-wave region with a tuning range of more than 100 MHz can

be achieved.

In contrast to previous works using a long (few kilometers) and a short (few meters) loop
[140], the two loop lengths of the novel dual-loop OEO are similar (kilometer range) but
not equally long. Because of this, the mode spacing of both loops is close to each other and
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thus, the difference in time delay of both loops is even lower than for the conventional
dual-loop approach. Nevertheless, the resonance condition given in equation (4.6) above
still has to be fulfilled. Thus, just a small change of one loop length will result in the fact
that the time delay of this loop changes as well, so that the oscillation frequency f,s. of the
resonator mode is shifted in order to fulfill the new resonance condition. This way,
frequency tuning of the generated signal can be achieved. Beside the frequency tuning
capability of the tunable dual-loop OEQ, it is another aim to generate high frequency MW
signals. Thus, a high-pass filter with a lower cut-off frequency in the GHz-range is needed

to suppress lower frequencies which are otherwise also fulfilling the resonance condition.

The block diagram of the novel frequency tunable dual-loop OEO is shown in Figure 4.5.
It consists of a single-mode CW laser operating at 1.55 um wavelength with a subsequent
EDFA to boost up the power to the needs of the MZM which is biased at its half-wave
voltage V;;. A PC is used in front of the MZM to control the polarization state. After the
MZM, a second low-noise EDFA is used for adjusting the power level to the requirements
of the two PDs. Both PDs (uzt XPDV2120R) have a 3 dB bandwidth of around 50 GHz
and a responsivity of ~0.6 A/W. Before splitting the light with an optical 3 dB power
splitter, it will be transmitted through a 7000 m long standard single-mode fiber (SMF 1).
A second 2000 m long fiber (SMF 2) is inserted in front of the second photodetector
(PD 2). After the first photodetector (PD 1), a phase shifter (PS) with a mechanical
adjustment screw (ATM P1608) is used for tuning the frequency of the generated MW
signal. The PS allows a phase adjustment of 90° per GHz resulting in a maximum time
delay (te)) of ~250 ps (corresponding length is about 51 mm). Then, the RF output ports
from PD 1 and PD 2 are combined and a coaxial high-pass filter with a lower cut-off
frequency around 10 GHz is applied. After amplifying the signal with a standard LNA
having 26 dB gain and a noise figure of less than 4 dB, the signal is split with an electrical
3 dB power splitter to close the loop on the one hand and to obtain an RF output port on
the other hand. The RF output port is connected to an ESA (HP 8565E) for performing

measurements.
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Figure 4.5: Block diagram of the proposed tunable K-band oscillator.

For the experimental characterization, measurements were performed using an ESA
connected to the RF output port of the tunable OEO. Figure 4.6 shows an overlay of all the
MW signals generated within the frequency range from 20.7-21.8 GHz. It should be noted
that for simplicity the individual MW signals are plotted in a single diagram, however,
only one mode is present for a given phase shift. The maximum variation of the signal
power for the entire frequency range was found to be well below 1 dB between the single
MW signals. By changing the phase and therefore the electrical time delay 7 from O to
250 ps using the PS, the frequency of the resonator mode is tunable within a frequency
range of about £500 MHz from the central frequency of ~21.3 GHz, thus resulting in a
total frequency tuning range of about 1 GHz. It should be mentioned that these frequencies
are the second harmonic frequencies resulting from the fact that the MZM is biased at its
half-wave voltage. The corresponding fundamental frequencies (about 10.4-10.9 GHz),
which are also fulfilling the resonance condition, are not completely suppressed. However,
a suppression of more than 30 dB relative to the second harmonic frequencies was
observed. Higher order frequencies were not seen on the ESA inside a frequency span from

DC to 50 GHz, i.e. the suppression is even higher.
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Figure 4.6: Spectrum to show the coarse frequency tunability of the K-band oscillator (Span = 1.1 GHz).

Concerning the limited tuning range there is first of all a trade-off between provided gain
inside the loop and single frequency operation. If the gain inside the loop is increased by
increasing the optical power (EDFA), also frequencies below 20.7 GHz as well as above
21.8 GHz can be observed, i.e. the threshold condition is fulfilled for many modes and a
frequency comb is generated. Thus, the gain has to be adjusted such that the oscillation
condition is fulfilled for only one mode (neglecting the fundamental and higher order
modes). The lowest achievable frequency is thereby determined by the characteristic of the
filter. It is the lowest frequency of the filter where the threshold condition for oscillation on
the one hand and the resonance condition on the other hand are fulfilled. Before finding an
explanation for the maximum frequency, which then defines in conjunction with the lowest
frequency the total frequency tuning range, it is necessary to have a closer look at the

tuning behaviour.

From Figure 4.6 it can be seen that the frequency spacing between the individual MW
signals is approximately 100 MHz, i.e. that the tuning is not continuously but stepwise.
Considering only one individual loop of the K-band OEOQ, the frequency spacing between
the modes, 1.e. the FSR (Avy) is mainly determined by its length as already shown in

formula (4.2). Taking a closer look at the investigated K-band oscillator, where both loop
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lengths are similar but not equally long, it is clear that Av; and Av, are close to each other
but still different. Assuming that a lowest common multiple (Av.) of Av; and Av, exist,
particular modes that are separated by Av, match each other’s frequency (Figure 4.7)

resulting in the fact that only stepwise tuning is possible.
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Figure 4.7: Schematic view of the FSR of loop 1, loop 2, and lowest common multiples (effective FSR).

Thus, the lowest common multiple of the FSR from both individual loops is the effective

FSR of the dual-loop OEO given as

Av. =k - Av; = m - Av,, 4.9)

which is also the oscillation condition for the dual-loop OEO (equation (4.6)).

Based on this, simulations have been performed to get a better knowledge on the tuning
resolution as a function of the loop lengths. The fiber lengths were chosen to be similar to
the investigated K-band OEQ, i.e. the fiber lengths to PD 1 and PD 2 (SMF 2) are fixed at
1.5 m and 2000 m, respectively, while the length of fiber SMF 1, which has an influence
on both individual loops, changes from 6998 m to 7002 m in steps of 1 mm. It should be
noted that all time delays resulting from components as well as from the electrical paths
have been neglected. From the simulation results in Figure 4.8 first of all it can be seen that
the lowest common multiple and thus the achievable tuning resolution (effective FSR)

strongly depends on the fiber and thus the loop lengths.
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Figure 4.8: Simulation result of the lowest common multiple (effective FSR) vs. fiber length.

Furthermore, it can be seen that the FSR changes abruptly from one value to another. This
comes from the fact that for the simulations the FSR of each individual loop was rounded
to be an integer (accuracy of 1 Hz), i.e. the FSR versus the length of each individual loop
becomes a step function instead of being continuous. Nevertheless, it is expected that a
similar behaviour is also true for the investigated K-band OEO because the scheme of
superposition of two modes or frequencies (see Figure 4.7) is comparable to optical
locking schemes like e.g. OIL where stable locking between two optical frequencies can be
achieved even if the two optical frequencies are slightly different, i.e. inside a small region
[125]. Thus, it is assumed that in this case there is also a small region where superposition
of the two modes occurs even if there is also such a small frequency difference. From the
simulation results it can be also seen that an effective FSR and accordingly a tuning
resolution of about 100 MHz, similar to the measured results, can be achieved. However, a
change of the fiber length of just a few centimeters can drastically influence the tuning
resolution if the fiber length is close to the edge where the FSR changes. The highest FSR
for a change in fiber length of 4 m is ~660 MHz. It has to be mentioned that there is not
only one maximum at ~660 MHz which can be achieved for different fiber lengths, i.e. the
longer the fiber, the smaller the maximum FSR. This is due to the fact that if the ratio
between the short and the long loop is getting small, which is the case for a very long fiber
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(SMF 1), the maximum value of the effective FSR is also getting smaller compared to the
case if the ratio between the short and the long loop becomes higher, which means that the
length of SMF 1 becomes smaller. As the ratio between the loops of the K-band OEO is
small, the change of the maximum value inside the simulated fiber length range is also
rather small. Concerning the minimum values also at much higher ratios between the short
and long loop very small effective FSRs can be reached but with the disadvantage that the
fiber length has to be adjusted very precise because the range where the same FSR is
obtained strongly decreases. However, for the investigated K-band OEO the effective loop
lengths, also taking into account the additional lengths (time delay) from the components
and the electrical path, are also as long as to achieve a tuning resolution of ~100 MHz.
Furthermore, due to the fact that the ratio between the short and the long loop is small, it is
expected that the additional length of about 51 mm, resulting from the PS, do not influence

the fiber length too much that the tuning resolution changes.

The frequency tuning behaviour of the developed K-band OEO is not only limited to the
coarse tuning capability as shown above. The frequency of each mode can also be fine-
tuned within a frequency range of about 5 MHz before “hopping” to the next mode.
Figure 4.9 shows the frequency fine-tuning capability of the OEO at a sample frequency of
about 21.29 GHz. All other obtainable frequencies inside the coarse frequency tuning
range have shown similar results. It should be mentioned that not all possible frequencies
are shown, i.e. that the frequency resolution is well below 1 MHz. Furthermore, the signal

power variation was found to be well below 1 dB as the frequency is tuned.

97



Tunable Dual-Loop Optoelectronic Oscillator

SzzsemszzIzIC”

Relative power (dB)

Delta frequency (MHz) from carrier

Figure 4.9: Spectrum to show the fine frequency tunability of the K-band oscillator (Span = 12 MHz).

In order to get knowledge about the frequency tuning capability and its limitations, one
have to take a deeper look at the theory developed for a mode-locked fiber laser with a
composite cavity as presented in [144]. The general structure of the mode-locked laser
consists of two sub-cavities of different lengths (composite cavity). Here, so-called
supermodes exist which are relying on the principle of the effective FSR described above
on the one hand but also on the principle of having so-called periodic frequency windows
on the other hand. Due to the feedback loop, the investigated dual-loop OEO forms a
resonator similar to the mode-locked fiber laser with composite cavity. Thus, the theory
which is valid for the mode-locked laser can be transferred to the OEO. As observed for
the laser, it is expected that the comb modes of the OEO are also located inside periodic
frequency windows as discussed in the following. By analogy with the theory from the
mode locked laser, first of all the transfer function of the dual-loop OEO has to be
calculated. As the transfer function is based on the input and output electrical field, it is
assumed that the dual-loop OEO is virtually opened at any point before or after the loops

are separated (Figure 4.10) [144].
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Figure 4.10: Schematic of the virtually opened dual-loop OEO to calculate transfer function.

From the figure it can be seen that the virtually opened dual-loop OEO is in principle
similar to a Mach-Zehnder interferometer. Thus, the transfer function is also similar

resulting in [144]:

T(f) = %(1 + cos <2nf%)), (4.10)

with AL = (I, +1,) — (lp + ;) =1, — 1. In order to allow for simple calculating the RF
output spectrum of the investigated tunable dual-loop OEO and furthermore to get
information about the fine-tuning resolution, Avg and Av,, will be introduced as follows.

The variable Avy, defining the period of the transmittance (see Figure 4.11), is given as

Avp = — 0
K w—yE (4.11)

while Avy,, describing the distance between two adjacent frequency modes, can be

expressed as a function of Av; and Av, using the following relation [144]:

2Av,Av, 2¢y
Av,, = =

= = . 4.12
Avl + sz nSMF * (210 + ll + lz) ( )

Thus, the transmittance of the tunable dual-loop OEO as a function of the normalized

frequency fhorm = f/Avy, can be written as
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Avy,

T (foorm) = %(1 + cos (annorm A_Vf>) (4.13)

The graphical representation of formula (4.13) for different values of the parameter
Avg/Avy, is shown in Figure 4.11 [144]. Here, the dashed lines correspond to frequencies,
where the transmittance is less than unity. The bold lines indicate frequencies, where the

transmittance is unity.
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Figure 4.11: Transmittance for different values of the parameter Avy/Av,, = (a) 12.5, (b) 12.0 and (c) 12.17.

Dashed and bold lines correspond to frequencies of transmittance less than or equal to unity [144].

From the figure it can be seen that depending on the ratio between Av¢ and Av,,, not every
maximum contains a frequency where the transmittance is equal to unity. Thus, the
effective FSR (Av.), given in equation (4.9), is not automatically equal to the period of the
transmittance. This is only true for the first case (a) shown in Figure 4.11. For the cases (b)
and (c) the condition N - Avy = Av, is valid, where N is an integer describing that only
every N th period (N = 2 for (b) and N = 3 for (¢)), a frequency with a transmittance of 1
exist. Furthermore, it can be also seen that the period of the transmittance changes, i.e. a
frequency shift of the periodic frequency windows occurs, leading to the fact that the
another mode (in terms of frequency) reaches a transmittance of 1. A more detailed
analysis including all boundary conditions, which was however developed for the mode

locked laser with composite cavity, can be also found in [144].
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As the period Avg of the present K-band OEO is much smaller than Av., an N of about 925
is calculated when using the same simulation parameters to achieve an effective FSR (Av,.)
of about 100 MHz (see Figure 4.8). This means that just every 925" period of the
transmittance comprises a frequency for which the transmittance is equal to 1.
Nevertheless, as already described before, the gain was adjusted that only one mode fulfils
the oscillation condition at the same time inside the tuning range (neglecting the
fundamental and higher order modes). If the phase will be changed by the PS, the change
of the N factor and thus the effective FSR is negligible as the corresponding change in
length is too low. However, a frequency shift of the periodic frequency windows as well as
a small change of Av,,, which is rather low, is observed. Thus, it is expected that due to the
frequency shift either the adjacent frequency next to the oscillating frequency inside the
same frequency window or a frequency inside another nearby frequency window now
fulfils the oscillation condition while the original oscillating frequency will stop
oscillating. Thus, the lowest possible fine-tuning resolution of about 25.5 kHz for the K-
band OEQ, is thereby determined by the distance between the adjacent frequencies (Avyy).
If the phase will be further changed, it can also happen that the next frequency fulfilling
the oscillation condition is another frequency inside the coarse tuning range (N times Avg
away from the actual frequency). Thus, the mode (in terms of frequency) jumps inside the
coarse tuning range. For the limited coarse tuning range of the investigated K-band OEO it
is has been observed that if the frequency which is 1 GHz above the lowest frequency is
reached, the next adjustable frequency is again located inside the coarse tuning range, i.e.
frequencies higher than about 21.8 GHz cannot be reached. Thus, it is expected that even if
the oscillation condition is in principle fulfilled for a higher frequency (above ~21.8 GHz),
at the same time it is also fulfilled for a frequency inside the present tuning range such that

the lower frequency will start oscillation.

A direct comparison between simulation and measurement has been performed in order to
prove that the theory described above, which was originally developed for the mode locked
laser with composite cavity, can be transferred to the tunable dual-loop OEO approach. For
the measurements, the same setup as shown Figure 4.5 was used but with a small
modification of having an additional optical power combiner right after the MZM in order
to allow for injecting an optical heterodyne signal into the loop. The loop lengths were
chosen to be smaller because of the much broader FSR which allows an easier

visualization of the different frequencies on the electrical spectrum analyzer. The lengths
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of the fibers SMF 1, SMF 2 are about 45 m and 4 m, respectively, while the fiber to PD 1

is about 2 m. Figure 4.12 shows the simulation results using these fiber lengths.
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Figure 4.12: Simulation result of the RF spectrum showing the frequency windows.

From these results one can clearly observe the frequency windows. The period of the
transmittance (Avy) was calculated to be about 102 MHz while the distance between two

adjacent frequency modes (Av,,) was calculated to be about 4.2 MHz.

For comparison reasons, measurements have been performed showing the capability of
generating MW signals with frequencies around 18.3 GHz. With the aim to visualize the
frequency windows, a frequency tunable heterodyne signal with a constant optical power
of about -20 dBm was injected into the loops through the optical power combiner. Using
this approach, also modes where the threshold condition for achieving oscillation is not
fulfilled can be made viewable as the heterodyne signal provides additional power (gain) to
the mode. At first, the difference frequency of the heterodyne signal was adjusted to be
inside the frequency tuning range of the OEO. Then the heterodyne frequency was
continuously changed inside the frequency tuning range of the OEO while the optical
power was kept constant. The RF output signal of the tunable dual-loop OEO was
measured with the ESA using the max-hold function. Thus, the ESA stores all measured
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points and displays all frequencies. Figure 4.13 shows the measurement result of the
generated RF spectrum of the tunable dual-loop OEO. The RF output power is normalized
to 0 dB and the frequency axis is normalized to f/Avy,, where Av,, was measured to be

~4 MHz.
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Figure 4.13: Measurement result of the RF spectrum showing the frequency windows.

From the measurement results one can clearly see the periodic frequency windows, similar
to the simulation results in Figure 4.12, verifying that the theory of the mode-locked fiber
ring laser with composite cavity is also valid for the investigated dual-loop OEO.
Nevertheless, compared to the simulations where the transmittance changes between 0 and
1, here the minimum is just about 10 dB lower than the maximum, corresponding to a
minimum transmittance of 0.1. This is due to the fact that, although the power of the
injected optical heterodyne signal was chosen to be relatively small (about -20 dBm), the
gain for each mode (in terms of frequency) is strong enough to allow oscillation such that it
can be seen at the RF output port. In order to prove the theory about the tuning behaviour,
the length of one loop has been also changed using a phase shifter. Here, a frequency shift
of the periodic frequency windows (cf. Figure 4.11) as well as a small change of the FSR
has been observed confirming the working principle of the tunability of the dual-loop OEO
as already described above.
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In order to get a deeper knowledge about the spectral-purity and to determine the spectral
linewidth, i.e. the FWHM of the generated MW signal, a zoom-in view of the electrical
output spectrum has been measured. Figure 4.14 shows the output spectrum of the

generated MW signal at a sample frequency of about 21.29 GHz.
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Figure 4.14: Measurement of one single frequency (21.29 GHz) to determine the FWHM (all other

frequencies inside the tuning range are similar).

One can observe two side modes close to the carrier with a difference frequency of exactly
50 Hz. Additional measurements have confirmed that these modes are due to the ac power
sources used on all the voltage supplies. To avoid this, one can imagine using sources with
integrated 50 Hz filters or batteries. To measure the FWHM of the generated microwave
signal, the span and resolution bandwidth (RBW) of the ESA were set at 400 Hz and 3 Hz,
respectively. The measured FWHM of the carrier signal is as small as 3 Hz, which is also
the minimum RBW of the ESA. It is also observed that both the signal amplitude and the
frequency of the microwave signal are very stable. Over a duration of about 2 hours, the
maximum observed RF power variation was less than 0.2 dB for all observed frequencies.
Also the frequency drift was rather small; the maximum frequency drift measured within
two hours was less than 1 kHz. This reflects that the locking between both loops is stable

and phase correlated. It is worth mentioning that the above measurements were carried out
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at room temperature in a laboratory environment. Additional measurements carried out in
an oven at higher temperatures up to 50° Celsius revealed that while the temperature is
changed, also the mode “jumps”, but only within the fine tuning range of +5 MHz. Once
the temperature is stable, even at 50° Celsius, the frequency stability and tuning range are

equal to those at room temperature.

For further studying the quality of the generated MW signal, the SSB phase noise has been
measured using the ESA. The experimental result for a carrier frequency of ~21.29 GHz

and the system’s measurement noise floor are shown in Figure 4.15.

'60 T T rrrros T T rrrris T lllllll' T Illllll! T LI R R L )

bX\ —21.29 GHz .
- - - - Measurement noise floor ||

-100

-110

Phase noise level (dBc/Hz)

-120

-130 R
100 1k 10k 100k

Offset frequency from carrier (Hz)

Figure 4.15: Phase noise measurement of a sample frequency of 21.29 GHz and measurement noise floor.

Other frequencies inside the tuning range have shown similar results with a maximum deviation of +1.5 dB.

As can be seen, the phase noise of the generated signal is about
-105 dBc/Hz at 10 kHz offset from the carrier. Given that the relative intensity noise of the
DFB laser used was -145 dB/Hz, it is expected that the intensity noise contributions are
small (see also chapter 4.1). From the figure, it can be seen that the measured phase noise
at high offset frequencies is limited by the measurement noise floor. Furthermore, at offset
frequencies around 1 MHz, higher peaks are observed. It is expected that these peaks can

be traced back to the fact that the modes inside the fine-tuning range are not completely
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suppressed. Nevertheless, the influence on the phase noise performance of these peaks is
rather small. For all other achievable frequencies, the maximum phase noise deviation was

found to be below *+1.5 dB.

To bring the generated MW signal into the mm-wave range, the setup shown in Figure 4.5
was slightly changed [T]. The filter was replaced with a custom design high-pass filter
providing a lower cut-off frequency of ~15 GHz instead of the 9 GHz as used for the K-
band OEO. Due to the fact that first experiments have shown that the oscillation was not
stable, i.e. the MW signal was alternately present and absent it was expected that the
threshold condition could not be fulfilled which means that the small signal open-loop gain
was just under unity. As both, the optical (EDFA) and the electrical gain (LNA) were
limited, the fiber lengths were decreased to slightly minimize the losses and thus to achieve
stable oscillation. The 7000 m long SMF 1 was replaced by a 4000 m long one while the
second one (SMF 2) was replaced by a 500 m long SMF. With these modifications, stable
tunable MW signal generation with a central frequency of nearly 50 GHz has been
achieved. Figure 4.16 shows an overlay of the measured single-frequency output spectra at
a central frequency of around 49.5 GHz. Here, it has to be mentioned that these frequencies
are the third harmonic frequencies, i.e. three times the fundamental frequency. The bias
voltage of the MZM was adjusted to achieve as much power as possible to the third
harmonic frequency. However, as a consequence the fundamental frequency is not

compressed but more than 30 GHz away from the desired frequency.
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Figure 4.16: Spectrum to show the frequency tunability of the 50 GHz OEO (Span = 175 MHz).

The frequency can be tuned within a frequency range of about 75 MHz by adjusting the
phase and thus the electrical time delay using the PS. Here, also not all possible
frequencies are shown, resulting in the fact that the tuning resolution is well below
10 MHz. The signal power variation between the different frequencies is also below 1 dB

as the frequency is tuned.

Figure 4.17 gives a zoom-in view of the measured electrical output spectrum at a sample
frequency of ~49.48 GHz, showing the high spectral purity of the desired frequency. The
RBW of the ESA was set at 100 kHz and the span at 10 MHz. All other frequencies inside

the tunable span have shown the same output spectrum.
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Figure 4.17: Experimental data for the OEO output taken at a sample frequency of ~49.48 GHz (all other

frequencies are similar).

From the figure, one can see some “ripples” near the carrier frequency. These frequency
components are supposed to be due to the not fully suppressed modes which result from
the 500 m difference in length between both loops. The calculated period of the
transmittance (Avf), which is defined by this difference (see equation (4.11)), is
approximately 400 kHz. As the observed frequency components shown in the figure are
exactly multiples of about 400 kHz, it is expected that they can be attributed to the
difference of the lengths between both loops. This means that the modes (in terms of

frequency) located inside the period of the transmittance are not fully suppressed.
In order to investigate the signal quality more detailed, the SSB phase noise of the output

signal taken from the electrical output port was measured. The result of a sample frequency

of ~49.5 GHz is shown in Figure 4.18.
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Figure 4.18: Phase noise measurement of a sample frequency of 49.5 GHz and measurement noise floor.

Other frequencies inside the tuning range have shown similar results with a maximum deviation of 1.5 dB.

The phase noise of the generated signal inside the tuning range is about -95 dBc/Hz at
10 kHz offset from the carrier. Phase noise measurements were also performed for all other
frequencies shown in Figure 4.16. The maximum phase noise deviation was the same as
for the previous setup, i.e. £1.5 dB. It should be noted that the 50 GHz OEO was free-
running, and no further efforts were made to reduce the phase noise. As already described
above, one can observe the frequency components as strong peaks at multiples of

~400 kHz offset from the carrier.

In chapter 3.2.2, it has been shown that phase noise measurements using an ESA are
affected by the measurement setup itself. In order to get a better knowledge on how the
contributions of the measurement setup will affect the phase noise, simulations have been
performed based on the theory developed in [138], [139] and [142]. Figure 4.19 shows a
comparison between the measured phase noise results and a corresponding simulation

using equation (4.7) in chapter 4.2.
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Figure 4.19: Phase noise comparison between measurement and simulation.

From the simulation results, one can also clearly see the peaks mentioned before. Although
there is a deviation inside the offset frequency range between 3 kHz up to 10 MHz and
although the peaks are not as high as from the measurement, it can be stated that the
simulation results agree reasonably well with the measured spectrum except for the offset
frequency range from about 3 kHz up to 200 kHz. At offset frequencies above ~200 kHz,
the measured phase noise saturates due to the measurement noise floor (see also Figure
4.18) while the simulated phase noise further decreases. The deviation inside the offset
frequency range between 3 kHz and 200 kHz can principally be traced back to the
influence of the measurement setup using an ESA as a phase noise measurement using an
ESA is an “all-noise” measurement, i.e. amplitude and frequency fluctuations as well as
noise contributions from the ESA and the measurement setup itself are influencing the
phase noise measurement (see phase noise theory in chapter 2.6 and measurement results
in chapter 3.2.2). Nevertheless, it can be stated that the simulation environment is capable
of predicting the phase noise spectrum very close to reality. Thus, it can be used to
calculate and optimize the system’s phase noise performance by changing parameters or

components like e.g. the laser (RIN noise).
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The intention of this chapter was to investigate possibilities which are able to generate high
frequency tunable MW signals with low phase noise without the need for any electrical
reference oscillator. It has been shown that in principle an OEO is suited as it has the
ability to generate MW signals with ultra-low phase noise. However, the frequency
tunability of an OEOQ is very limited mainly due to the need for an ultra-narrow bandwidth
bandpass filter. To overcome this limitation, a novel approach based on a dual-loop OEO
with similar but not equally long loops and replacing the bandpass filter with a standard
high-pass filter was presented in this chapter. For frequency tuning an electrical phase
shifter, which introduces an effective length change of one loop, was used. With this
approach a tuning range exceeding one GHz around a central frequency of 21.2 GHz has
been experimentally demonstrated. For an OEO it is the first time that such a wide
frequency tuning range has been achieved without the need for several bandpass filters or
complex tunable bandpass filters as required in previous works. Within the whole tuning
range, the phase noise at 10 kHz offset from the carrier was found to be -105 dBc/Hz.
Furthermore, the phase noise and output power of the generated MW signal only varies by
+1.5 dB and 1 dB, respectively. By improving the developed dual-loop OEO, the central
frequency could be increased to be about 50 GHz. Here, a frequency tunability of more
than 100 MHz and a phase noise of -95 dBc/Hz at 10 kHz offset from the millimeter-wave
carrier have been achieved. As the phase noise as well as the tuning resolution is strongly
related to the loop lengths and thus the corresponding time delay, there is still some space
for improvements. However, it has to be mentioned that the time delay is not only affected
by the long fibers but also by every fiber used for the connections, every component as
well as the time delay resulting from the electronics (components and RF cables) which
result in a change of the effective fiber lengths and just to a change of the tuning
resolution. This makes it is hard to realize exact time delays for each loop just by choosing
the lengths of the fibers. Nevertheless, compared to the phase noise performance of the
external modulation approach presented in chapter 3, providing a phase noise level of
-76 dBc/Hz at 10 kHz offset from a 50 GHz carrier, an improvement of 19 dB has been
achieved without any optimizations in loop lengths. Although OEOs presented previously
by other groups [138]-[143] have shown better phase noise performances, the proposed
technique has the advantage of a high tuning range without using a set of bandpass filters
or a tunable laser where the tuning range was limited to less than 2 MHz. Furthermore, it
should be noted that the central frequencies of the previously studied OEOs were just
around 10 GHz.
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5 Conclusion

The aim of this work was to theoretically and experimentally study the generation of low
phase noise and frequency tunable micro- and millimeter-wave signals using photonic
techniques. Novel and innovative microwave photonic techniques and advanced photonic
technologies have been invented to develop photonic synthesizers that enable the
generation of high frequency micro- and millimeter-wave signals with outstanding

performances in terms of phase noise and ultra-wide frequency tunability.

The theoretical background of the key optical components and the various microwave
photonic techniques studied in this thesis have been presented in the second chapter of this
work. Theoretical details about lasers, common external modulation techniques,
nonlinearities in semiconductor optical amplifiers, optical fiber propagation,
photodetection, and noise in photonic synthesizers have been analyzed. Based upon these
mathematical descriptions, a time-domain simulation model has been implemented in
MATLAB®. By employing a fast Fourier transformation, this simulation model allows to
theoretically study the spectral output signal of photonic synthesizers based upon external
optical multiplication and thus, it allows to theoretically study important system
performances such as the conversion efficiency and the achievable optical multiplication

factor.

In order to enable an ultra-wide frequency tuning range, photonic micro- and millimeter-
wave signal generation based upon optical heterodyning has been studied in chapter 3.1.
Photonic millimeter-wave signal generation with ultra-wideband (W-band) and broadband
(30 kHz-110 GHz) frequency tuning ranges has been successfully achieved using two free-
running single-mode lasers and advanced photodetectors. In both cases, the frequency of
the generated millimeter-wave signal can be tuned in a continuous manner, with a
minimum frequency resolution less than 125 kHz. For W-band operation, a frequency
tuning range of 69-112 GHz, a saturated maximum output power of 0 dBm, a 1 dB
compression point of about -4 dBm, and a dynamic range of 32 dB have been achieved.
For broadband operation, continuous frequency tunability within 30 kHz to 110 GHz with
a power roll-off of less than 6 dB and a maximum output power of about -3 dBm have
been demonstrated. These achievements clearly indicate that the developed photonic

synthesizer concepts based on optical heterodyning are predestinated for high frequency
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signal generation with extremely wide frequency tuning ranges. In comparison to all-
electronic synthesizers based upon quartz reference oscillators, the photonic synthesizer
concept based upon optical heterodyning is advantageous as it not only allows the
generation of high-frequency signals with extremely wide frequency tuning ranges without
the need for complex electronic-multiplier chains but also the low-loss transport of the

high-frequency signals in the optical domain using optical fibers.

As shown in chapter 3.1, the phase noise of the millimeter-wave signal generated by
optical heterodyning depends on the locking stability between the two optical modes and
consequently, the phase noise performance using two free-running lasers is somewhat
limited. Thus, for generating high frequency signals with a very low phase noise, the
optical modes must be phase locked. Here, a good choice is to use external optical
modulation as in this case, the optical modes are generated from only one laser source. In
chapter 3.2, photonic millimeter-wave signal generation using an external Mach-Zehnder
modulator biased at its half-wave voltage to achieve a double-sideband signal with carrier
suppression has been presented. Using this scheme, frequency tunable high frequency
millimeter-wave signal generation inside W-band with low phase noise performance has
been achieved. At a carrier frequency of 100 GHz, a phase noise level of about -70 dBc/Hz
at 10 kHz offset has been experimentally demonstrated. As shown in chapter 3.2, the
external modulation approach allows optical generation of high-frequency signals well in
the millimeter-wave range with ultra-wide frequency tuning ranges and low phase noise
and it furthermore enables low-loss signal transport in the optical domain. However, the
demonstrated external modulation approach still requires an electronic reference oscillator
with a wide frequency tuning range. This not only increases complexity and cost, but the
required frequency tuning range and phase noise is not easily achieved by electronic

oscillators.

In order to reduce the performance requirements of the electronic reference oscillator in a
first step, an optical multiplication scheme based on external modulation in conjunction
with a highly nonlinear semiconductor optical amplifier has been studied. By using
nonlinear optical frequency multiplication, the requirements on the carrier frequency and
the frequency tuning range of the electronic reference oscillator have successfully been
relaxed. Within this work, which has been part of the European Space Agency tender
“PHOMIGEN”, an eight times optical multiplication of the fundamental frequency
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provided by the reference oscillator has been achieved by using one Mach-Zehnder
modulator in conjunction with a highly nonlinear semiconductor optical amplifier. Based
upon this approach, a low frequency signal from a reference oscillator was successfully up-
converted to a millimeter-wave signal. Furthermore, it has been experimentally shown that
although additional noise sources such as relative intensity noise from the utilized laser and
shot noise from the employed photodetector are present, their contributions on the phase
noise of the generated signal are negligible. Thus, it could be shown that the phase noise of
the generated millimeter-wave signal is proportional to the phase noise of the employed
reference oscillator and is only degraded by a factor of 20 - log(N), where N is the optical

multiplication factor.

As already mentioned above, the phase noise performance of an optically generated signal
using external modulation approach is strongly related to the phase noise performance of
the employed reference oscillator. To overcome this phase noise limitation, the use of any
electrical reference oscillator has to be avoided. With the intention to develop a photonic
approach that does not require the use of any electronic reference oscillator, a novel optical
oscillator concept has been invented. This new concept, which is described in chapter 4,
makes use of an optoelectronic feedback loop for generating frequency tunable micro- and
millimeter-wave signals with ultra-low phase noise performance. In general, the invented
new concept is based upon a dual-loop optoelectronic oscillator concept, but in contrast to
previous works, the lengths of the two optoelectronic feedback loops were designed to be
similar but not exactly equally long. This results in the fact that the time delay difference
between the two feedback loops is much lower as compared to conventional dual-loop
approaches. Nevertheless, it has been shown that the resonance condition as for the
conventional dual-loop optoelectronic oscillators can be fulfilled. Thus, even a small
change of one optoelectronic loop length results in the fact that the time delay difference
changes while the resonance condition is still fulfilled, yet for another oscillation
frequency. Thus, the developed approach enables frequency tuning even for small changes
of the length of one of the feedback loops. In the work presented here, this has been
achieved by using an electrical phase shifter to change the time delay of one feedback loop
in conjunction with a standard high-pass filter. Experimentally, a tuning range exceeding
one GHz at a central frequency of 21.2 GHz has been successfully demonstrated without
the need for several bandpass filters or complex tunable bandpass filters required in
previous works. It is the first time that such a wide frequency tunability has been achieved
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using an optoelectronic oscillator. The linewidth and phase noise of the generated MW
signal are <3 Hz and -105 dBc/Hz at 10 kHz offset from the carrier within the whole
tuning range, respectively. Within the full gigahertz tuning range, the phase noise and
output power of the generated microwave signal varies only by 1.5 dB and 1 dB,
respectively. Furthermore, by improving the developed dual-loop optoelectronic oscillator,
the central frequency could be increased to the millimeter-wave region. Experimentally, a
millimeter-wave signal with low phase noise of -95 dBc/Hz at 10 kHz offset from a
50 GHz carrier and a frequency tunability of more than 100 MHz has been achieved. In
comparison to the phase noise performance of the external modulation approach presented
in chapter 3, providing a phase noise level of -76 dBc/Hz at 10 kHz offset from a 50 GHz
carrier, an improvement of 19 dB has been achieved. It should be mentioned that even
better phase noise performances can of course be achieved by using an optoelectronic
oscillator for fixed frequency generation. It should furthermore be mentioned that the
central frequency of previously studied frequency tunable optoelectronic oscillators using a
set of bandpass filters or a tunable laser were just around 10 GHz and the frequency tuning

range was limited to less than 2 MHz.

In summary, novel and advanced microwave photonic approaches, as well as new photonic
technologies for the generation of ultra-wide frequency tunable and low phase noise micro-
and millimeter-wave signals have been studied in this work. Advanced photonic
approaches utilizing external optical modulation and optical multiplication offering
superior high frequency optical millimeter-wave generation with extremely wide frequency
tuning ranges and low phase noise characteristics have been studied theoretically and
successfully demonstrated experimentally. To further improve the phase noise of the
optically generated high frequency signals and to avoid the use of any electrical reference
oscillator, a novel similar-length dual-loop optoelectronic oscillator was invented and
experimentally demonstrated. Signal generation well in the millimeter-wave frequency
region and tuning ranges in the gigahertz range were experimentally demonstrated for the

first time using a dual-loop optoelectronic oscillator.
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Appendix

Appendix

This appendix gives a list of the major components and measurement equipment used in

this thesis.

Component Experiments Manufacturer & Type

in chapter
24 GHz LO source 3 INWAVE GmbH prototype
Bias source 3,4 Keithley 2400 Source Meter
EDFA 1 3,4 IPG Photonics EAD-200CL
EDFA 2 3,4 Polytec Low noise EDFA
Electrical spectrum analyzer 3,4 HP 8565E
Harmonic V-band mixer 3 HP 11970V
Harmonic W-band mixer 3 Agilent 11970W

High-pass filter 1
High-pass filter 2
Laser source

Limiting amplifier
Low noise amplifier
LO source
Mach-Zehnder modulator
Optical band-pass filter
Phase shifter
Photodiode

SOA 1

SOA 2

Tunable laser source

Mini Circuits VHF-8400+
MFC 17416 (custom design)
Agilent 8164B / 81680A
Farran FLNA-10

Mini Circuits ZVA-183-S+
Anritsu 68087B Synthesizer
2x Fujitsu FTM7938EZ
Tecos FC-1550B-1-1

ATM P1608

u’t Photonics AG XPDV2120R
Covega/Thorlabs SOA-1117
Covega/Thorlabs BOA-1004
HP 8168F
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