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ADS Advanced Design System

AM Amplitude modulation

BAW Bulk acoustic wave

BGS Brillouin gain spectrum

COEO Coupled optoelectronic oscillator
DL OEO Delay line based optoelectronic oscillator
DR Dielectric resonator

DRO Dielectric resonator based oscillator
EDFA Erbium-doped fiber amplifier

EOM Electro-optic modulator

F Finesse

FM Frequency modulation

FOSO Fiber-optic stabilized electronic oscillator
FP Fabry-Perot

FRR Fiber ring resonator

FSR Free spectral range

FWHM, Afy, Full-width at half-maximum

FWM Four-wave mixing

HNLF Highly nonlinear fiber

IFRR Immunized fiber ring resonator
IPEF Intra-cavity power enhancement factor
L(fm) Signal sideband phase noise

LF Low frequency

LM Linear modulation

LO Local oscillator

MZM Mach-Zehnder modulator

NCR Noise-to-carrier ratio

OEO Optoelectronic oscillator

PD Photodiode

PDH Pound-Drever-Hall

Pl Proportional-integral

PID Proportional-integral-derivative

PLL Phase locked loop
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P-M Polarization-maintaining

PZT Piezoelectric actuator

Qo Intrinsic optical quality factor

Q. External optical quality factor

RAM Residual amplitude modulation

RIN Relative intensity noise

Sp(fm) Spectral density of the phase fluctuations
S¢(fm) Spectral density of the frequency fluctuations
SAW Surface acoustic wave

SBS Stimulated Brillouin scattering

SBST Stimulated Brillouin scattering threshold
SiBJT Silicon bipolar-junction transistor

SiGe HBT Silicon-germanium hetero-junction bipolar transistor
SLC Sapphire-loaded cavity

SLCO Sapphire-loaded cavity oscillator

SMF Signal mode fiber

SNR Signal-to-noise ratio

SOA Semiconductor optical amplifier

SRS Stimulated Raman scattering

SSB Single sideband

STRS Stimulated Rayleigh scattering

TE Transverse electric

TEC Temperature controller

™ Transverse magnetic

ULE Ultra-low-expansion

VCO Voltage controlled oscillator

VNA Vector network analyzer

WGM Whispering gallery mode

WGMR Whispering gallery mode resonator
YIG Yttrium iron garnet

a Intra-cavity losses (or gain)

p Coupler direct transmission coefficient
Ty Group delay time
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General Introduction

High precision and ultra-stable frequency sources have and undergone tremendous
advances from several decades until now, as they are a crucial requirement for many
applications. Thanks to the rigorous investigations, oscillators have shown impressive
progress and can be used directly if only short-term frequency stability is needed, or coupled
to a frequency standard if long-term stability together with short-term frequency stability are
both required.

Various type of oscillators have been developed, ranging from simple electronic
oscillators to more sophisticated ones, like the microwave oscillator based on sapphire
whispering gallery mode dielectric resonator. These oscillators are able to generate low phase
noise frequency sources near few gigahertz. However, when higher frequencies are required,
their phase noise increases due to the degradation of the resonator quality factor Q.

While trying to circumvent the shortcomings of this type of oscillators, some scientists
saw in the photonic devices a strong potential to improve the performance of microwave
oscillators thanks to the high @ factors that can be obtained in optical resonators. Besides,
optical links are today involved in many applications where they replace advantageously the
coaxial cables thanks to their low losses, low size, high bandwidth and their immunity to
electrical interference. The development of new optically based microwave sources is thus in
good agreement with the development of optics in embedded systems, and particularly in
space systems. In 1991, researchers from the NASA'’s jet propulsion laboratory (JPL) have
developed the first fiber-optic stabilized electronic oscillator’. It was not until 1994 that the now
well-known optoelectronic oscillator? has been presented, also by researchers from JPL.

The optoelectronic oscillator can masterly generate highly spectrally pure RF
frequencies with excellent short-term stability, while its performance level improves when the
frequency of the desire application increases. For that reason, it is used on a large scale for
many demanding applications, such as telecommunications systems, space missions, radars,
metrology, signal-to-digital converters and so on. Many of these applications have a commonly
critical demand, which is very precise timing. For example, to minimize the uncertainty during
the tracking process, a Doppler radar necessitates a very low phase noise frequency source®.

In such an applications, the demand for a low size, low consumption, low cost, higher
bandwidth and frequencies and higher performance, especially in terms of phase noise, is
worldwide continuously growing. As a result, the pressure is increasing on the RF industries

"Logan, R. T., Maleki, L. & Shadaram, M. Stabilization of oscillator phase using a fiber-optic delay-line.
Proc. 45" Annu. Symp. Frequency Contr., 508-512 (1991).

2 Yao, X. S. & Maleki, L. High frequency optical subcarrier generator. Electron. Lett. 30, 1525-1526
(1994).

3Vig, J. R. Military applications of high accuracy frequency standards and clocks. IEEE Trans. Ultrason.,
Ferroelect., Freq., Control 40, 522-527 (1993).
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and research laboratories to meet these requirements. The optoelectronic oscillator is one of
the possible solutions to these problems. However, it has still to be optimized in terms of size,
long-term and short-term stability (phase noise). A solution to the problem of size is to replace
the optical fiber spool used in conventional delay line optoelectronic oscillators by an optical
resonator. However, this solution induces a higher level of system complexity, which must be
managed carefully to maintain the performance.

The presented thesis is a continuation of several previous studies that have been made
over the past years, and where elegant improvements and solutions have been demonstrated:
on one hand, regarding the different coupling processes in high finesse resonators, along with
the characterization techniques of these resonators and, on the other hand, regarding the
possible solutions to eliminate the different nonlinear noises contributions that could be
present in an optical resonator, which affect significantly the short-term stability of oscillator.

This work is part of a collaborative research project between the French National
Space Center (CNES, Toulouse), Thales Research & Technology (Paris), and three of the
CNRS laboratories: LAAS-CNRS (Toulouse), ENSSAT-FOTON (Lannion) and FEMTO-ST
(Besancon). The targets of this research were to identify and overcome some limitations which
are imposed by different factors in the optoelectronic oscillator system, such as locking the
laser's frequency properly onto the cavity resonance and the noise conversion processes.
These steps aim to finally optimize and improve the phase noise performance and the
long-term stability of the overall system.

Taking into account the importance of the short-term stability, a clear definition of the
phase noise and a presentation of the related measurement techniques are given in the first
chapter of this manuscript, along with a review of the noise sources that may occur in an
oscillator. In addition, this chapter provides an overview of the several oscillator topologies
and types, starting from the microwave oscillators, and moving to the optoelectronic
oscillators, while presenting and comparing their phase noise performance. A particular focus
has been given to the optoelectronic oscillator based on optical resonator, since it is the one
studied in this thesis.

At the heart of many commonly employed optoelectronic oscillator is the high quality
factor optical resonator. As a result of many research and developments, the optical
resonators can be found in different configurations, form and size. The first section of the
second chapter is devoted to the discussion of the most well-known resonators designs: the
Fabry-Perot, the whispering gallery mode and the fiber ring resonators. In the second section,
a rigorous analytical model of the fiber ring resonator is presented, where it has been
demonstrated that almost all the main properties and characteristics of the ring resonator can
be computed from its intra-cavity losses and its coupling coefficient, such as the coupling
regime, the loaded quality factor, the intra-cavity power enhancement factor and so on. The
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third section deals with methods used to characterize an optical resonator, especially the RF
spectrum approach, which features a very high precision in frequency, close to 1 Hz.

Contrary to the case of a microwave oscillator, the degradation of phase noise
performance of an optoelectronic oscillator is not a specific marker of a particular noise source.
In such a complex system, the noise of the various components in the loop, along with some
noise conversion processes between them, contribute severely to the short-term stability. After
an introduction outlining these noise sources and the conversion processes, an extensive
investigation on the nonlinear behavior of the photodiode and its impact on the conversion
process of the laser amplitude noise to microwave phase noise are presented in the third
chapter. The breakthrough here is achieved with a new nonlinear equivalent circuit model,
which is able to describe this specific conversion, and consequently a good computation and
prediction of the phase noise performance of an optoelectronic oscillator can be obtained. All
these investigations and studies are well described in this chapter.

The final chapter is dedicated to the frequency stabilization techniques that have, as
main purpose, to continuously control the frequency difference between the laser and the
optical resonator. These techniques are mandatory in the optoelectronic system. However,
they could limit its RF phase noise performance. Specific attention has been given to the
electronic feedback locking technique, known as Pound-Drever-Hall. The difficulties and the
shortcomings of this technique have been addressed deeply and new circuits and
configurations have been designed in order to overcome some limitations, such as its
bandwidth. Finally, promising results are shown, where a fiber laser and a semiconductor laser
were successfully locked onto a very high-Q fiber ring resonator and where the new
Pound-Drever-Hall configurations have demonstrated an outstanding stability and
performance regarding the locking process.
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Chapter |I: Optoelectronic Oscillator

1.1 Introduction

Oscillators are considered virtually as a heartbeat supplier for all RF and microwave
systems regardless of their applications, such as communications, navigations or test and
measurement systems. For example, they allow frequency conversion (up and down) as a
local oscillator, generate the carrier in radar systems, and are used as a reference source for
system synchronization.

Since 19" century, several types of oscillators have been developed, starting with
simple electronic oscillators, and then, around 1920, the microwave oscillator based on a
vacuum tube feedback became the basis of radio transmission. Reflex klystrons were a
common way to produce power in the X or Ku range right into the 1970s. Then, semiconductor
devices oscillators have become very popular, thanks to their low size, low cost and low power
consumption. They were amplified by travelling wave amplifiers (TWT) when high power was
required, but in many applications their output power were sufficient. It is not until early 1990s
that some scientists tend to focus on generating pure microwave signals using
microwave-photonic technology, known now as optoelectronic oscillators. The main goal was
to take advantages of each technology to deliver higher performance, higher functionality,
smaller size and lower cost.

This chapter reviews the different state of the art of the microwave oscillators and the
microwave-photonic oscillators. Discussions about their technologies, together with their
potentials, limitations and especially their noise performance, are included.
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1.2 Microwave oscillators

Basically, all oscillators consist of a passive frequency-determining resonant element
along with a feedback active gain element, creating a loop oscillator to generate an oscillating
signal. A phase control element is used between the active and passive devices to satisfy a
proper phase condition (one of the oscillation conditions). An active device with sufficient gain
is used to compensate the feedback loop losses and deliver the signal to the load.

As a response to the growing demand for microwave components with higher
performance, lower cost and smaller size, microwave oscillators are classified into many
different groups based on frequency bandwidth, type of resonant or active devices used. The
resonant element mainly affects the cost, frequency tuning range, stability, sensitivity and
noise performance of the oscillator, and is used to designate different types of oscillators. The
noise power is inversely proportional to the quality factor (Q) of this element, making the use
of high Q resonator the most effective way to achieve a low noise oscillator.

Microwave oscillator are characterized as tunable and/or fixed frequency. Tunable
oscillators are essential part of electronic systems, as they are used in phase locked loops
(PLL) to synthesize frequency stable signals. These synthesized signals are found in
electronic counter measures (ECM), electric support measures (ESM), swept sources for
testing and in synthesized sources for communication systems. They are characterized by
their tuning bandwidth and linearity, settling time and post tuning drift. Varactor-tuned sources
are the most common [1], as this technology can be used with any resonant device. In case
of low Q integrated oscillator, wide frequency bandwidths can be obtained with varactors. In
some cases, tunable resonators replace the fixed frequency resonator, such as yttrium iron
garnet (YIG) spheres [2] which are magnetically tunable.

On the other hand, fixed frequency oscillators offer higher frequency stability and lower
phase noise spectral density. They are used as part of frequency converters in
telecommunications systems, as the main frequency delivery system in radars or as the high
frequency head of precision clocks. The key element of the fixed frequency oscillator is the
high quality factor (Q) passive resonant element, such as micro-strip based resonators,
piezoelectric surface acoustic wave (SAW) or bulk acoustic wave (BAW) resonators, dielectric
resonators (DR), ceramic coaxial resonators, metallic cavity resonators or sapphire-loaded
cavity resonators (SLC). Each has its unique features and limitations. Below are some
examples of such oscillators with their performances.

Dielectric resonators [3] have made a great strides in microwave oscillator devices due
to their compactness, excellent temperature stability and high Q@ factor which lead to a low
phase noise oscillator. The practical frequency range for these resonators lies between 2 and
40 GHz, while the Q factor degrades linearly with increasing frequency [3,4]. A low phase
noise performance of -135 dBc/Hz at 10 kHz has been reported at 10 GHz using dielectric
ceramic based resonator [5,6]. Another type of low phase noise dielectric resonator oscillator
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is the sapphire-loaded cavity resonator oscillator (SLCO). Featuring the lowest dielectric
losses, sapphire crystal is used to build a microwave resonator in whispering gallery mode
configuration. Excellent phase noise performance of -160 dBc/Hz at 10 kHz offset at 10 GHz
has been reported [5].

Bulk acoustic wave resonator oscillators (BAWO) provide an excellent performance in
terms of power consumption, long term frequency stability and a low close-to-the-carrier phase
noise. The practical frequency range for these resonators is typically between 500 MHz to
5 GHz. One of the best BAW oscillator at 100 MHz has shown a phase noise level
of -160 dBc/Hz at 10 kHz. This oscillator has been used to generate a 1 GHz signal through
direct frequency multiplication [7].

Typically, wideband tunable oscillators exhibit more noise than fixed frequency
oscillators. Hence, when low noise is required, a fixed frequency oscillator can be combined
with frequency mixers to build a low noise wideband frequency source.

Figure I-1 presents these different resonators with their loaded quality factors’ values
and the oscillators in which they are used, along with their phase noise performance.

Figure I-1 Microwave oscillators with their respective resonators. MMIC: monolithic microwave
integrated circuit; VCO: voltage controlled oscillator; SMD: surface mounted device;
WGM: whispering gallery mode.

l.2.a Noise in microwave oscillators

Generally, oscillators are characterized and differentiated by their quality factor,
frequency stability and/or their noise. The output of an ideal oscillator would be a pure
sinusoidal signal represented in the frequency domain as a single-frequency (f;) vertical line.
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However, the generated signal is not that perfect, since the oscillator includes noise
instabilities that cause the output frequency to deviate from its ideal position, producing a band
of unwanted frequencies near the carrier.

These noise instabilities (amplitude, frequency and phase), occurring inside the
oscillator loop, are directly linked to the noise generated by the active and the
frequency-determining elements. In Figure I-2 (a), amplitude instability refers to amplitude
fluctuations on a period of time leading to drift in the power output of the system, frequency
instability results from fluctuations in the period of oscillation and the phase instability refers
to the fluctuations in the zero crossing position.

Every RF and microwave oscillator exhibits frequency instability. This stability can be
broken down into two components: long-term and short-term stability [8-10]. Long-term
frequency stability is caused by aging processes in the oscillator elements and materials used
in the elements or temperature variations, and is usually referred to as a drift. Short-term
stability, usually known as phase noise or spectral purity, is related to random and/or periodic
frequency fluctuation around the nominal frequency.

Figure I-2 (a) Generated sinusoidal signal of an oscillators (b) Power spectrum of a real signal
generated by an oscillator, Single sideband density relates either to lower or upper sideband.

In the design of oscillators, it is important to take into account the sources mechanisms
that degrade the oscillator’s frequency stability. To account for the noise components that
occur on the top of the sine-wave signal of the oscillator, the instantaneous output voltage of
an oscillator can be expressed as:

v(t) = (Vo + AVy (1))sin(2mfot + Ag(t)) (1.1)

where V, and f, are the nominal peak amplitude and frequency respectively, and AV, and
Ag(t) are the deviation of amplitude from nominal and the deviation of phase from nominal
respectively.

10



Chapter I: Optoelectronic Oscillator

l.2.a.i Phase noise

The short-term instability or the phase noise components are the ones of interest in
this thesis. There are two types of phase noise: deterministic frequency variations that are
discrete spurious peaks appearing in the spectrum and can be related to power line
frequencies, mechanical vibrations, acoustic sensitivity, etc. and the random fluctuations
inside the oscillation loop caused by the thermal noise, shot noise and excess noise (such as
flicker noise) of the resonator, of the amplifier and the other loop elements (as an example a
varactor phase shifter). These mechanisms manifest over different offset frequency ranges.

The fundamental definition of phase noise is a power spectral density of phase
fluctuations for a given offset frequency f,,, from the carrier, described by:

A (fn) rad® 1.2)
BW Hz

5¢(fm) =

where BW (Hz) is the measurement system bandwidth, S,(f,,) is double sideband

(DSB) phase noise spectral density, which includes fluctuations from both upper and lower
sidebands of the carrier.

Likewise, the single sideband (SSB) phase noise spectral density is also used to
measure the phase noise (Figure I-2 (b)). It is the ratio of the power in one sideband due to
phase modulation by noise (for 1 Hz bandwidth) to the total signal power (carrier plus
sidebands) [10]:

dBc

L(fn) = 1010g(Sy(fin)) —3dB &=
Hz

(1.3)

Since phase and frequency are directly linked (the angular frequency is the time
derivation of the phase), the spectral densities of frequency S¢(f;,) and phase Sy(fy)
instabilities are also related:

H 2
S¢(fm) = 13 S(fm) = (14)
Hz

However, S4(f») and L(f;,) are commonly used to specify the short-term stability, since

they can be measured with straightforward metrology setup.

In the past decades, studies have been carried out to model the noise behavior inside
the oscillator in order to predict its phase noise [11-16].

A simple and well-known model has been proposed by D.B. Leeson [11] to describe
the phase noise behavior in a linear feedback oscillator. It is based on linear time invariant
oscillator properties, such as resonator quality factor, feedback gain and noise figure.
Therefore, some corrections to the results are necessary to account for nonlinear effects which

11
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must be present in the physical oscillator. Leeson has proposed that the phase noise
fluctuations of the active device (amplifier) are converted into oscillator's frequency
fluctuations through the oscillation loop. Under the assumption that the amplitude instabilities
are insignificant, the spectral density of the oscillator’s frequency fluctuations can be computed

directly from the spectral density of the amplifier’s phase fluctuations (A_¢2Amp in rad¥Hz):
df\> — Hz?

57 = (Zg) A% am 3

2 (1.5)

where Y / dg stands for the stability coefficient that can be determined from the resonator
loaded quality factor Qg and the oscillation frequency f,. This relationship shows that a higher

phase-to frequency slope (d¢/df), or equivalently a higher Qr, ensure a more stable output

frequency (fy).
d 2
49 _ 20 (1.6)
df  fo
Using equation (1.5) and (1.6), the oscillator's SSB phase noise can be expressed as
follow:
f ? — dBc
L(f) = 10log | { —==2—] + 1|+ 10log (A - .7
(fm) g((Z\/EQRFfm> > g( ¢ Amp) Hz ( )

The latter equation highlights the conversion of the amplifier flicker noise, with
a -10 dB/dec slope, into oscillator phase noise with a -30 dB/dec slope.

In this formula, which was proposed as a model for short-term frequency fluctuations
of an oscillator, it is considered that the resonant device is ideally stable in the short term and
ascribe all the noise to the amplifier. The model included a simple expression for the amplifier
noise, taking into account, on the one hand, its additive far-from-the-carrier white noise floor,
which is originating from thermal noise and governed by the amplifier's noise figure, and on
the other hand, its multiplicative close-to-the-carrier flicker noise. These two noise types are
separated by a cutoff frequency f; ... These assumptions are well explained in [17] and [18].
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Figure I-3 (a) Typical SSB phase noise spectrum of an oscillator, based on Leeson’s model. (b) The
evolution of the oscillator close-to-the-carrier SSB phase noise as a function of the resonator’s Q

Figure 1-3 (a) shows the Leeson effect in a typical oscillator, in which the amplifier
shows white and flicker phase noise. In fact, it points out that the flicker noise is mainly a
conversion process noise and is related to the amplifier's low frequency noise and that the
white phase noise originates either from a conversion process or from an additive noise
process. The phase fluctuations are converted into frequency fluctuations inside the
resonator’s 3-dB bandwidth:

__Jo 1.8
fran = 7 02)

Equation (1.8) highlight that the cutoff frequency of the loop f;,5 decreases with the
increase of resonator’s quality factor Qzr, and therefore, the close-to-the-carrier phase noise
will decrease as well (Figure I-3 (b)). On the other hand, the increase in the oscillation
frequency f, will lead to a further increase in phase noise.

Up until now, the Leeson’s noise model is a very used approach for the determination
of the phase noise in feedback oscillators. Nevertheless, there are several limitations in this
model and a direct application of the Leeson formula without care can lead to erroneous
results. Some of these limitations are summarized as follows:

e It considers the resonant device ideally stable in the short term and ascribe all the noise to
the amplifier.

eIt does not give any approach to compute the amplifier phase noise (except
far-from-the-carrier, the additive phase noise), particularly if it comes from a nonlinear
conversion of baseband noise. It is thus impossible to optimize an oscillator phase noise
using Leeson’s approach alone.
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o |t is useful to predict the oscillator phase noise from the amplifier phase noise, if this noise
can be measured independently. However, in the oscillator, the amplifier sees different RF
loads during the test which may modify its phase noise contribution to the loop noise.

In our case, Leeson approach has been used to simulate the noise behavior of the
optoelectronic oscillator, despite the complexity of the system, since the noise in these
systems does not only originate only from the microwave amplifier but also from different other
optical, microwave and low-frequency active and even passive devices used inside the
oscillation loop, as it will be shown later. Also, in the description of the optoelectronic oscillator
on Agilent Advanced Design System (ADS), it is possible to simulate the open loop system
but not the closed-loop one (this will be detailed later). Leeson approach is thus a useful tool
to “close the loop” and estimate the optoelectronic oscillator phase noise.

l.2.a.ii Phase noise measurements

Phase noise measurement techniques have evolved over time along with advances in
analyzer technology. Three essential measurement methods, ranging in complexity, are
spectrum analyzer measurements, passive techniques and active techniques [19].

e Spectrum analyzer measurements

This direct method is the simplest way to measure the power spectral density of
frequency sources in terms L(f;;,).

This apparent simplicity hides, however, some limitations, in particular the difficulty to
measure the close-to-carrier phase noise of a free running oscillator because of the frequency
drift during the measurement, and its low sensitivity far-from-the-carrier due to the poor
signal-to-noise ratio. In addition, the noise sidebands or phase noise of the analyzer’s local
oscillator (LO), and the analyzer’s noise floor impact the phase noise measurements results.

e The passive technique

It is known as frequency discriminator method. This approach uses either a resonator
or a delay line (electric or optic) to convert the frequency fluctuations into phase fluctuations.
The phase fluctuations are then detected by a double balanced mixer and measured on a low
frequency spectrum analyzer (generally, an FFT analyzer). The frequency discriminator
including a delay line [20], which is wide band, is chosen for the flexibility in measuring a
free-running oscillators, and particularly integrated VCOs which are difficult to lock on a
classical phase noise measurement system.

Unfortunately, this method suffers from insufficient measurements sensitivity,
especially close-to-the-carrier. Longer delay lines may improve sensitivity, but on the other
hand, it may reduce the signal-to-noise ratio of the measurement setup and limit the maximum
offset frequency. The insertion loss of the delay-line can also limit the practically achievable
delay to some 100 ns at microwave frequencies, which is too short to characterize many
oscillators. The measurement noise floor can be improved however by reducing the noise
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contribution of the detection stage: the mixer and the baseband amplifier. This is realized by
using two identical mixers (and following amplifiers) and a cross-correlation technique on the
FFT analyzer [16,21]. With this technique, commercial DRO sources can be measured [21],
but not ultra-high spectral purity sources (high quality synthesizers, sapphire sources,
optoelectronic oscillators...).

An alternative solution is the use of an optical delay line in place of the microwave
delay line, featuring lower losses for a large delay (ex: 20 us for a 4 km fiber), large enough
for sensitive phase noise measurements at microwave frequencies [22,23]. A higher
performance can be achieved when a cross-correlation method is used, but with more
complex setup and costly equipment [24].

e The active technique

This technique is also referred to as phase detector method or the two-source
technique. It requires a reference oscillator operating exactly at the same frequency as the
oscillator under test and featuring a lower phase noise. It measures voltage fluctuations
directly proportional to the combined phase fluctuations of the two input sources.

The PLL phase noise measurement method yields the best phase noise detection
capability and the widest measurement coverage. It is also almost insensitive to amplitude
modulation (AM) noise and is capable of tracking slow drifting sources. However, the phase
noise of the reference source should be as low as possible, which can be costly. Modern
commercial benches are today well fitted to characterize both synthesized and free running
sources. As an example, Agilent E5052B signal source analyzer, which is available at
LAAS-CNRS and is used to measure the phase noise optoelectronic oscillators presented in
this thesis.

e Phase noise of a two ports microwave components

Oscillators phase noise is a critical parameter to be characterized, but it has to be
underlined that studying the phase fluctuation added by a two port device is also important,
particularly if this device has to be included in a phase/frequency loop (PLL, oscillator) or if the
approach chosen to model the oscillating loop is the one of Leeson (like in our case for
optoelectronic oscillators). The residual phase noise measurement method [16, 25] is used to
study the phase noise of two ports microwave components in open-loop configuration.

15



Chapter I: Optoelectronic Oscillator

Figure I-4 Residual phase noise measurement set up (phase detection: 1 to 18 GHz; low frequency
observation band from 1 Hz to 100 kHz; DUT: device under test) [25].

The measurement bench developed is shown in Figure I-4. This method is based on
phase detection with a cross correlation technique in order to improve the measurement noise
floor. It allows residual phase noise characterization in the microwave range from 1 to 18 GHz
of transistors and other devices such as amplifiers, mixers, frequency dividers, multipliers and
even of optoelectronic devices and functions (optical link, optical amplifier...).

The strong points of this method include the possibility to control different parameters
(there is no need for a loop phase control), the ability to measure from linear to nonlinear mode
and to analyze separately the contribution of each component of the oscillation loop thanks to
the open-loop approach.

I.2.a.iii Microwave oscillators with best phase noise performances

Significant progress has been made in the last decades to improve the performance
of the microwave oscillators, especially in their short-term stability, but more challenges and
issues need to be addressed to meet the often exclusive requirements of low phase noise
together with the other performance criteria, such as frequency tunability.

The resulting phase noise performance will generally depend on the application
frequency (carrier frequency f,;) as well as on the offset frequency range of interest. For
instance, phase noise at offsets from a few kHz to tens of MHz is typically significant in high
speed data systems because phase noise on clock and data signals results an excessive bit
error rate.

Figure 1-5 is drawn mainly to show some examples of the best phase noise
performance of microwave oscillators using different technologies and techniques. For
instance, in the case of ceramic DRO, the phase noise performances are slightly different if
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different amplifiers are used in the loop, such as SiGe HBT (silicon-germanium hetero-junction
bipolar transistor) or Si BJT (silicon bipolar junction transistor) [5,16,26-28].

As mentioned before, a higher oscillation frequency (application frequency) degrades
the phase noise, which is clearly visible in the case of quartz oscillators [29-31]. Furthermore,
it is appropriate to note here that in the X band, only the sapphire WGM DRO feature an
ultra-low phase noise level, especially when the oscillator frequency is stabilized using a
frequency discriminator with carrier rejection technique [28].

Figure I-5 Best phase noise results obtained at 10 kHz offset frequency, using microwave
oscillators. OCXO: oven controlled quartz oscillators; VCXO: voltage controlled quartz oscillator;
Si BJT: silicon bipolar junction transistor; SiGe HBT: silicon-germanium hetero-junction bipolar
transistor; SO: sapphire oscillator.

Even though the RF/microwave oscillators exhibit interesting performance near few
GHz, they become undesirably noisy and unstable when the applications frequency increases.
A breakthrough technology can be positioned in a competitive map if it is able to deliver some
specific performance that is either better or comparable to the best microwave electronic
oscillator at frequencies above 10 GHz, and up to millimeter wave range. Such a goal can be
achieved by embedding optical technology into traditional electrical systems. It is known as
photonic RF systems. The widespread adoption of the photonic RF technology is mainly
attributed to its advantages which include low loss, light weight, high frequency operation and
immunity to electromagnetic interference.
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1.3 Optoelectronic oscillators

The first reported microwave oscillator using optics was credited to NASA’s Jet
Propulsion Laboratory (JPL) in 1991. R. Logan et al. [32] have developed a fiber-optic
stabilized electronic oscillator (FOSO). A better performance system was then presented [33]
by employing a mode-locked laser diode in an “all photonic” delay-line stabilized oscillator.

In 1994, a novel photonic oscillator, characterized by a high spectral purity, was
reported by X.S. Yao et al. [34]. This oscillator was based on converting the continuous light
energy from a pump laser to radio frequency and microwave signals [35,36], and labelled with
the acronym OEOQ for optoelectronic oscillator. This system is capable of producing spectrally
pure RF oscillations with good frequency tunability and low phase noise.

Up to now, two essential types of OEO have been proposed: the first one is the optical
delay line based OEO and the second one is the OEO based on a resonant device. The latter
can be based on active or passive cavity.

I.3.a Delay line based OEO

The delay line based optoelectronic oscillator (DL-OEQO) has been the first type of OEO
reported [34,36]. It is realized with a laser source, an electro-optic modulator (EOM) and an
optoelectronic feedback loop, which consists of an optical part and an electrical part. To
activate the optoelectronic oscillation, the optoelectronic loop must be closed on the EOM
(Figure I-6).

The light beam is modulated by an electro-optic modulator (EOM) in response to the
feedback signal from the feedback loop and passed through a long fiber link to be finally
detected by a photodetector. The optical fiber serves as a delay, providing the needed quality
factor for low noise oscillation and the photodetector converts the optical signal into an
electrical signal to interlink the optical and the electrical part. The latter one is realized by an
electrical amplifier, a filter and a phase shifter. The microwave amplifier is required to
compensate for loss around the loop and the filter is needed to select the desired frequency
of interest, while suppressing the unwanted modes caused by the wave that propagate in the
loop and add up in phase. However, it has been demonstrated that if the optical link gain was
greater than the loop loss in the OEO, the RF amplifier became unnecessary [37,38]. This is
possible if gain making devices are included in the optical link, such as optical amplifiers or
even, in some cases, high power lasers and photodiodes.
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Figure I-6 Detailed construction of a delay line based OEO; EOM: electro-optic modulator.

It is worthwhile pointing out here that the OEOQO is characterized by the spacing between
the modes, known as free spectral range FSR (in Hz), and that is given by the inverse loop trip
time and can be define as:

FSR = c¢/nL (1.9)

where c is the speed of light, n is the effective refractive index of the optical fiber and L is the
optical fiber length.

As mentioned above, the steepness of the phase-to-frequency slope (d¢/df) is an

essential parameter as it reflects the stability of the OEO versus a perturbation in the loop
phase (and thus is related to the phase noise) (equation (1.5) and (I.6)). In the case of an OEO
based on optical delay line, this slope is proportional to the time delay (z) of the signal
propagating inside the delay line:

d¢
g = e (1.10)

Therefore, it is evident from equation (1.10) that the phase noise of the OEO decreases
with the delay time. So by lengthening the optical fiber, which features an extremely low
transmission loss, the phase noise could be reduced greatly, and that is to say higher
short-term stability. To this extent, the equivalent loaded quality factor can be expressed in
function of the oscillator frequency (f,) and the delay as follow:

Qrr = TTfo (1.111)

According to equation (1.11), the OEOQO’s loaded quality factor (Qrr) is directly
proportional to the oscillation frequency, thus the higher the application frequency is, the
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higher will be the quality factor. This behavior is opposite to that of the microwave resonator
where the generation of high-frequencies signals suffers from low Q.

While it is true that lengthening the delay line is so beneficial in terms of quality factor
and phase noise, it is also true that with the increase of the delay time, the free spectral range
(FSR) becomes smaller, and thus the number of modes increases, leading to a high spurious
level. So, in order to eliminate the unwanted modes and to lower the spurious level, a very
narrow-band high Q microwave filter is needed [39,40]. Figure |-7 (a) depicted the phase noise
performance of a single loop OEO with an RF filter having Q of 4000. A relatively high spurious
level of -66 dBc at 45 kHz offset appears. Whereas, when using a higher Q microwave filter of
38000, a reduction of about 30 dB in the spurious level for the first side mode has been
demonstrated, beside a decrease in the spurious number (Figure I-7 (b)).

Figure I-7 From [40]: Phase noise of single loop OEO with RF filter having (a) Q = 4000
(b) Q = 38000

However, such filters are not always available at low cost and are difficult to realize at
multi-GHz frequencies. For this reason, another method to reduce the spurious level has been
proposed [41,42], which is based on two (or more) fiber loops with short and long lengths in
parallel. With such a configuration (Figure I-8), the multi-loop OEO will be characterized by
relatively high loaded quality factor, strong mode selectivity and low spurious level, since the
short fiber fixes the FSR and therefore it serves to reduce the influence of the modes of the
longer fiber, which sets the high loaded Q.

The temperature stability of these systems is related to the delay, and thus to the
temperature stability of the optical fiber (effective length and effective index). This stability is
in the range of 7 ppm/K, which is better than many microwave systems but still not as good
as temperature compensated DROs or, of course, quartz stabilized oscillators. Therefore, an
active temperature control of the fiber spool has to be set up to get sufficient medium-term or
long-term frequency stability performance.
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Figure I-8 From [40] Dual optical loop OEQ configuration

Figure 1-9 presents the phase noise of a single loop OEQO using 4.4 km fiber and the
phase noise of a dual loop OEO with fiber length of 8.4 and 2.2 km. The spurious level is
improved by more than 30 dB when the dual loop OEO is used, in addition to the overall
reduction of the phase noise.

Figure 1-9 From [40] Phase noise performance of single and dual optical loop OEO.

In order to maintain a high Q OEO system while eliminating the unwanted modes, a
dual injection-locked optoelectronic oscillator has been introduced [43,44], which
demonstrated an oscillator output with ultra-low phase noise and an ultra-low spurious level.
Even though these solutions are at high level and quite effective, they need bulky and complex
configurations to be used.

Apart from the undesired effects, some outcomes of the presence of many modes in
the oscillator were noted to be advantageous. In fact, by using a microwave tunable filter in
the loop, the OEO, which is known now as tunable OEO, will be able to generate signals at
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the selected frequency, and continuously tunable within the FSR, while featuring the same
phase noise performance regardless the frequency selected [45].

1.3.b Coupled OEO

These early OEO configurations were followed by a novel architecture in which a
microwave oscillation and an optical oscillation are generated and directly coupled with each
other [46]. That is the reason why this configuration is known as a coupled optoelectronic
oscillator (COEO). The COEO uses an active optical cavity. It generates simultaneously
spectrally pure microwave signals as in a microwave oscillators, and short optical pulses as
in a mode locked laser.

Figure I-10 From [48] (a) COEQ configuration with optical loop around a high Q elements, where the
gain loop is modulated with an optical amplitude modulator. (b) Phase noise at 10 GHz of a COEO
with a short fiber in the optical loop (330m).

In the case of the COEOQ, the source of light (laser) is included in the system and is a
ring laser which is constructed with an optical amplifier (semiconductor optical amplifier (SOA)
or Erbium-doped fiber amplifier (EDFA)), directly modulated [46] or by means of a fast
amplitude modulator [47] (see Figure 1-10 (a)), and which has its output feedback to itself to
generate the optical oscillator. This ring laser is a multimode mode-locked laser that is used
as a carrier for the microwave signal, which also takes benefit of the enhanced @ factor due
to the resonator effect (multipath loop).

Regarding the phase noise, an ultralow phase noise level has been reported by the Jet
Propulsion Laboratory (JPL) in 2005 with this approach [48]. Figure 1-10 (b) depicts the phase
noise at 10 GHz of a COEOQ that consists of only 330m longer fiber in the optical loop. The
phase noise level is lower than -140 dBc/Hz at 10 kHz offset and decreases to -178 dBc/Hz
at 10 MHz offset. A similar low noise level can be obtained with an OEO basic configuration
(see Figure 1-9), that has 4.5 km optical fiber and the same RF amplifiers phase noise level
[40].
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Another feature of the COEO, is that only a small number of low level spurious modes
are present at high offset frequencies (e.g. 650 kHz) compared to a larger number of them
with higher power levels in a long fiber OEO. The COEO is actually a resonator based OEO,
but the resonator is active and behaving in laser mode.

In addition to the long optical fiber delay as an optical energy storage element, optical
resonators, such as fiber Fabry-Perot resonator and fiber ring resonator can be used to
construct the different architectures of the OEO. The use of the optical resonator can
dramatically reduce the size of the OEO especially in the case of the micro-disk resonator
since it is the key element to realize an integrated version of an oscillator.

I.3.c Optical resonator based OEO

As mentioned earlier, the OEO based on delay optical fiber suffers from a high number
of parasitic modes, a large size, and because of this large size, it is hard to stabilize in
temperature. These limitations may restrict the practical use of this oscillator.

An elegant solution has been proposed to overcome these drawbacks, and it consists
of replacing the optical delay line by a high optical quality (Qo,) factor resonator [49,50], to
provide a sufficiently long storage time (large optical delay) and thus to produce an oscillation
featuring narrow linewidth and low phase noise. These optical resonators can be implemented
in different configurations and techniques, e.g. fiber Fabry-Perot resonator, optical
microsphere and micro-disks resonators, fiber ring resonator and others types of resonators.
They are covered and discussed in chapter Il. The high-Q optical resonators are of great help
in reducing the size of the OEOs and in producing an integrated OEO device with other
components and devices in one compact package.

1.3.c.i Mode matching

In order to sustain an oscillation with a loop gain (in the closed loop) greater than the
losses, certain mode matching conditions for this type of optoelectronic oscillator are required
between the resonator modes, the laser frequency and the RF oscillation frequency. Figure
I-11 illustrates the different modes present in the OEO loop. These conditions are necessary
to satisfy a proper mode matching:

1. The laser frequency v,,,.» Matches one of the transmission peaks of the optical resonator,
in order to get high optical power on the photodetector input. Figure 1-11 (a) shows the position
of the laser carrier vy, With its modulation sidebands to be locked with one of the resonator
modes (in Figure 1-11 (b)) under this matching condition. Note also that the laser should be of
high spectral purity, which was not mandatory in the delay line based OEO.

2. The optoelectronic oscillation frequency is proportional to the free spectral range of the
resonator (Figure I-11 (c)), i.e.,

where k is a positive integer.
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Notably, the free spectral range FSR of the resonator is directly linked to the cavity
length (L) and to its refractive index (n), as in the case of the optical delay line, see
equation (1.9).

When the above mode matching conditions are satisfied, the mode spacing of the OEO
becomes the FSR of the resonator. Thus, the cavity length of the resonator can be made small
to enlarge the mode spacing of the oscillation and to allow an easy selection of one single
mode for the oscillator by the microwave filter (in the electrical loop). Hence, unlike delay line
based OEO case, the bandwidth of the RF filter is not required to be narrow, which is not
usually available. A bandwidth in the order of 10 MHz or greater is generally sufficient and
achievable for many large size resonators (fiber rings, Fabry-Perot). With small size
resonators, such as mini-disks resonators, no microwave filter at all is required (the FSR of
these resonators is in the GHz range).

Figure I-11 lllustration of the different modes present in an OEO and the above mode matching
conditions; €2: modulation frequency.
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I.3.c.ii System stabilization

Not only the mode matching must be ensured, but it should be maintained over time.
In fact, when it comes to practical implementation, the desired performance of an
optoelectronic oscillator is threatened by the aging of its components and by the changes of
the environmental conditions, such as temperature fluctuations, stress, or other disturbances.
Over time, these disturbances may result in a frequency shift of both the laser frequency and
the transmission peak of the resonator, and if these shifts exceed certain range, the mode
matching condition (1) cannot be longer satisfied, which causes a malfunction of the OEQO.

So for the purpose of maintaining the matching condition (1), a control system, known
also as stabilization technique, must be used to reduce the frequency difference between the
laser frequency vy, and the transmission peak of the resonator. This can be achieved by
either actively locking the laser frequency to the respective transmission peak, or alternatively,
actively locking the resonator to the laser. The choice of these two frequency locking
techniques depends on the intended application.

To date, several frequency locking methods have been developed, such as the laser
frequency stabilization by polarization spectroscopy of a reflecting reference cavity [51] and
the Pound-Drever-Hall stabilization technique (PDH) [52]. These methods will be detailed in
Chapter IV. But broadly speaking, in the two locking techniques, a monitoring system is used
to monitor the difference between the laser frequency and the transmission peak to generate
an error signal. Then, based on this error signal, a frequency correction mechanism is used to
reduce the frequency difference, by applying a control signal either to the laser or to the cavity
of the resonator.

In some cases, it is also possible to set up a direct optical feedback lock (dubbed as
self-injection lock) between the laser and the resonator [53-55]. Part of the signal induced in
the resonator is fed-back to the laser, and locks its frequency to the one of the resonator. This
locking process is stable if the FSR of the resonator is large (small resonators) and if the optical
path between the laser and the resonator is short enough. The feedback signal can be a part
of the transmission signal through the resonator, which is externally fed-back to the laser, or
the natural low level feedback signal due to the Rayleigh scattering effect inside the resonator.

I.3.c.iii Microwave and optical quality factors

The optical resonators are characterized by their optical quality (Q,,.) factor. However,

when analyzing the stability or the phase noise performance of an OEO, the considered quality
factor (see equation (1.6), (1.8) and (1.11)) is the microwave quality (Qgr) factor. Hence comes
the necessity to compute an equivalent Qg factor from the @, factor.
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The equivalent microwave quality factor is linked to the optical quality factor by the
following equation [56]:

fi
Qrr = Qopt th (1113)

where f, and f,,; are the microwave frequency and the optical frequency, respectively.

This is easy to understand, since what is transferred in these systems between the
optical frequencies and the microwave frequencies is the resonator bandwidth, which remains
unchanged.

Based on equation (1.13), a very high Q,, factor resonator has to be chosen, since the
equivalent Qg factor is divided by the ratio between the microwave and optical frequencies.
For instance, if the application frequency is at 20 GHz and uses a 1.5 um laser, the frequency
ratio is around 10%, thus Qg is reduced by 10* compared to Q,,.. Therefore, a Q,,, of 10°
results in a Qzr of 10* at 20 GHz, and of only 5000 at 10 GHz. Therefore Qop: factors in
excess of 108, or even 109, are required in the foreseen applications of these resonators.

1.3.d Noises in the OEO: Best phase noise performance

In such a complex system, the performance of an optoelectronic oscillator is affected
by the interplay between optical, microwave and low-frequency active and passive
components in the loop. Thus, many studies have been carried out to improve the phase noise
performance of the OEO. The phase noise performance is affected mainly by:

» L aser amplitude noise (AM) and frequency noise (FM) conversions to RF phase noise, either
through the fiber chromatic dispersion, the interferometric phenomenon (optical parasitic
reflections in the system), the resonator or the photodiode nonlinearity.

» The nonlinear optical effects generated inside the optical resonator, like the Brillouin
scattering, Rayleigh scattering, Raman scattering and four wave mixing.

= The microwave amplifier noise.

» The low-frequency noise of the electronic control components, such as the ones of the laser
stabilization system, for instance.

These noises have been studied and detailed in Chapter .
Optoelectronic oscillators with best phase noise performance

Table 1.1 summarizes the best (up until now) phase noise performance of an
optoelectronic oscillator based on the three configuration listed above, i.e. optical delay line
(DL-OEOQ), coupled optoelectronic oscillator (COEOQO), optical resonator OEO, such as fiber
ring resonator (FRR) and whispering-gallery mode resonator (WGMR). These results are
presented for OEO at 10 GHz (oscillation frequency) and at 10 kHz offset frequency. Their
optical quality factor vary between 108 and 10°.
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Based on this table, the DL-OEO and the COEO exhibit the best phase noise
performance so far with a phase noise lower than -150 dBc/Hz at 10 kHz offset from a 10 GHz
carrier. Even though these results are still not as good as that the ones achieved with the
microwave oscillator based on sapphire WGM DR [28] (see Figure I-5) in the low microwave
range (up to 10 GHz), the optoelectronic oscillators can be more compact and are more stable
in temperature than sapphire DROs, and they features very high potential at higher
frequencies where the performance of sapphire loaded cavities is largely degraded.

OEO type FSR Phase noise
DL-OEO (SMF fiber) [57] 20 kHz -160 dBc/Hz
DL-OEOQ (Zero dispersion fiber) [58] 50 kHz -140 dBc/Hz
Dual-loop DL-OEO (SMF) [40] 25 kHz -140 dBc/Hz
YIG-Tuned OEO [45] 45 kHz -128 dBc/Hz
COEO (SMF) [48] 650 kHz -140 dBc/Hz
COEO (Dispersion-shifted fiber + SMF) [59] 210 kHz -149 dBc/Hz
Tunable WGMR OEO (LiTaO3) [60] 46 GHz -100 dBc/Hz
WGMR OEO (CaF: disk) [61] 12.45 GHz -95 dBc/Hz
Classical hyperparametric WGMR OEO [62] 9.9 GHz -120 dBc/Hz
Raman detuning hyperparametric WGMR OEO [62] 35 GHz -115 dBc/Hz
WGMR OEO (SiO: Silica disk) [63] 10.7 GHz -90 dBc/Hz
Immunized FRR-OEO (P-M fiber) [63] 2 MHz -128 dBc/Hz

Table 1.1 Best phase noise performance of several type of optoelectronic oscillators at 10 GHz, at
10 kHz offset frequency.

1.4 Conclusion

The oscillators are enlarging their application area but they still need improvement to
address the growing markets and requirements for a special and very high performance
functions. This chapter presents an overview of the different oscillator topologies and types,
starting with the microwave oscillators that are used to generate spectrally pure signals (high
short-term stability). For instance, the microwave oscillator based on sapphire WGM DR
provides an excellent phase noise level of about -174 dBc/Hz at 10 kHz offset frequency from
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a 10 GHz carrier. Nevertheless, the microwave oscillators suffer from some degree of
bulkiness and complexity regarding the technology used, and even more importantly, their
microwave quality factor decreases when a higher frequency applications is required.

To overcome these drawbacks, an oscillator that is based on both microwave and
optical technology has been developed. Taking into account the advantages of the optical
element, i.e. extremely low loss and small size, and under intense research, these
optoelectronic oscillators are showing promising results in comparison with their pure
microwave competitors, since these OEO are capable of generating spectrally pure RF
oscillations with excellent short-term and medium-term stability, and with a performance level
which improves when the frequency application increases.

With all these qualities, it is important to highlight the fact that the fiber ring resonator
(FRR) based OEO configuration is not yet completely mature. Several degradation
mechanism or noises limit its operation conditions and especially its phase noise performance.
These limitations are the main study cases for these systems, and significant progress has
been made in the last decade on the noise modeling of the devices and elements that are
used in the oscillator loop, to be able to simulate the oscillator noise performance.

The following manuscript, in the next chapters, discusses these degradations
mechanisms and the potential improvements along with noise simulations, in order to provide
an OEO configuration based on fiber ring resonator (FRR) which features a very low phase
noise, together with a very high Q,,; factor and a very high loaded microwave Qg factor as
well.
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Chapter Il: Optical Resonator

I1.1 Introduction

High quality factor optical resonators [1,2] (also known as resonant optical cavities)
with different configurations, have been extensively investigated in the last decades, because
of their importance not just in the microwave photonics oscillator [3], but also in many different
applications such as narrow linewidth laser stabilization [4], optical frequency combs
generation [5], optical filters [6,7], sensors [8,9], and so forth.

An optical resonator can be realized in different configurations, size and form. Among
the most well-known high Q factor resonators are Fabry-Perot, whispering gallery mode and
the fiber ring resonators. These resonators are presented in the first section of this chapter.

Despite the fact that the fiber ring resonators did not reach maturity in the field of the
optoelectronic oscillators, they could feature a very high optical quality factor, and when used
in an optoelectronic oscillator system, a good phase noise performance can be achieved.
Given their importance in several applications, it is mandatory to have a global knowledge of
an optical resonators properties, such as their coupling regime, quality factor, internal losses,
et cetera...

These parameters can be obtained through different characterization techniques,
along with parameter extraction techniques based on analytical modeling of these resonators.
In the second and third part of this chapter, a detailed analytical study is provided and the
characterization techniques are discussed, especially the RF spectrum approach which was
developed at LAAS-CNRS. It is based on the transfer of the optical resonance down to the
radio frequency spectrum and thus allows their measurements with electrical techniques. This
optical resonator metrology has been validated in various experimental studies, with several
fiber ring resonators, as it is shown here.
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1.2 Optical resonator technologies

Many different resonator technologies can be involved in the applications listed above,
with some of which featuring ultra-high Q factors, such as fiber Fabry-Perot resonator [10],
which is formed by two mirrors at the two ends of the resonator, a microresonator operating
with whispering gallery modes [11], and a passive or active resonator formed of a fiber ring
with one or two fiber couplers [12]. Each of these resonators and other optical resonator
technologies have their respective advantages and disadvantages.

Il.2.a Fabry-Perot resonator

A Fabry-Perot (FP) resonator is basically realized with two highly reflecting mirrors
maintained parallel. However, this configuration suffers from several problem such as
diffraction and angular misalignment, which reduce the finesse and the quality factor. Of the
various geometrics examined, spherical Fabry-Perot resonators (Figure -1 (a)), in which the
spherical mirrors are employed to ease the mirror alignment, have the lowest diffraction loss
and are easier to set up [13,14]. These resonators are used in a variety of applications,
including laser spectrum analysis.

In addition, FP resonators may also be realized using optical fiber. In this case, similarly
to the free space case, it consists of two highly reflecting coating (e.g. mirror) on the two ends
of a segment of optical fiber [15]. An alternative way to make a fiber Fabry-Perot resonator
(Figure 11-1 (b)) is to replace the two reflective coatings by forming a fiber Bragg grating at or
near both ends to replace the reflective coatings [16].

In the past years, ultra-stable and ultra-high quality factor Fabry-Perot cavities were
the heart of many research activities. Fabry-Perot cavities, which are made entirely from
ultra-low-expansion glass (ULE), have demonstrated to be insensitive to both temperature
fluctuations and mechanical vibrations. These ultra-stable resonators feature a finesse up to
250000, and an ultra-high quality factor, close to 10 [10, 17]. An all-silicon resonator has
been also demonstrated to be insensitive to temperature fluctuations and may reduce the
vibration noise. In this case, an extremely high finesse and ultra-stable cavity has been
obtained [18].

As represented in Figure 1l-1 (a), the incident light entering the FP resonator will
undergo multiple reflections within the mirrors so that the light can interfere with itself several
times. The light will experience a constructive interference as it reflects back and forth inside
the resonator if and only if twice the spacing between the mirrors is an integer number of the
wavelength of the laser. Otherwise, a destructive interference will take place. As the incoming
light makes multiple round-trip within this cavity before exiting, the effective storage time
dramatically increases. The effective storage time ., of a fiber Fabry-Perot resonator can be
expressed as:
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1+R
Teff = Ta —El J_r R; (11.1)

where 7, is the fiber transmission delay and R is the reflective coefficient.

Figure 1I-1 (a) Basic configuration of a wave propagating in a confocal Fabry-Perot resonator;
(b) Fabry-Perot resonator based on a fiber Bragg grating.

When the reflective coefficient is equal to 0.99, the storage time is increased by 199
(i.e. Tor= 199 74), and that is to say that for a given required energy storage time 7.5, the
fiber length needed is reduced by 199 times. For instance, a fiber Fabry-Perot resonator with
a 20 m long fiber can be used to have an effective delay time equivalent to a delay by a 3 km
long fiber.

1.2.b Whispering-gallery mode resonator

Another attractive class of optical resonators exploits the confinement of light beams
in dielectric structures having circular symmetry that support optical Whispering Gallery Modes
(WGM). In an optical WGM resonator, the light is trapped in a circling orbit supported by total
internal reflections from boundaries of the resonator.

They feature outstanding properties, like extremely small mode volume, very high
power density, and exceptional Q factor values, if they are designed with smooth dielectric-air
interface and using low loss optical materials. Q factors ranging from 108 to 10" have been
obtained with these type of resonators [19-21].
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WGM resonators exist in a variety of geometrical structures that have been extensively
studied and investigated from the simplest ones going to more exotic structures. Among these
geometries, the most common ones are the cylindrical [22], microspheres [23], microdisks
[24], and microtoroidal [25] resonators. Furthermore, they can be fabricated from several
materials, such as silicon [26], fused silica [27], calcium fluoride (CaF;) [28], magnesium
fluoride (MgF2) [29] and other optical glasses and crystals. Each has its unique features and
limitations. So, in order to properly choose the right geometry together with the appropriate
material, three major parameters must be considered: the loaded Q-factor, the easiness of
fabrication and the integrability [19].

For system compactness, it can be interesting to study resonators made in
electro-optics materials, such as WGM resonators made of lithium niobate (LiNbOs3). These
resonators can combine the filtering and phase stabilizing function of a resonator together with
a low V; RF modulator [30,31]. The Q factor in these resonators is however a bit lower than
the one observed in other crystalline materials, such as CaF. or MgF-.

Figure 1I-2 (a) 5.5 mm whispering gallery mode CafF: disk resonator [32]; (b) whispering gallery
mode SiO2 3.3 mm minisphere resonator [33].

Figure II-2 provides two examples of whispering gallery mode resonators that have
been characterized in LAAS-CNRS laboratory. The first one (Figure 1I-2 (a)), is a disk WGM
resonator based on calcium fluoride (CaF2) with a diameter of 5.5 mm. It has been fabricated
in CNR-IFAC (Firenze, Italy) and features a Q,, factor of 8.4 107[32]. The second one (Figure
[I-2 (b)) is a minisphere WGM resonator based on silica (SiOz) with a 3.3 mm in diameter; it
has been fabricated in ENSSAT-FOTON (Lannion, France), and demonstrated a value of
2 108 for Q,y, factor [32,33].

However, the main disadvantage of these type of resonators lies first in the coupling
techniques, and secondly in the excitation and selection of a precise resonant mode. Coupling
is made using the evanescent field of the resonator by putting it close to a stretched fiber or a
prism. This requires a sub-micrometer range tuning of the distance between the resonator and
the coupling element. The stretched fiber technique is an efficient laboratory technique, but it
is still difficult to imagine this technique performing in a real environment (particularly in
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embedded systems). The prism technique has already been used in compact designs, but
only one society up to now is able to provide such assembly which requires nano-scale
mechanical techniques. On the side of the resonant modes, multiple optical frequency
resonances combs co-exist in these resonators for both transverse electric (TE) and
transverse magnetic (TM) modes. It is thus difficult to be able to select one mode, and an
all-fiber polarization controller should be used before the WGM resonator.

Il.2.c Fiber ring resonator

Another type of resonator featuring such a high Q factor is the fiber ring resonator
(FRR) [34-36]. These devices can be constructed in a variety of sizes but still their sizes are
bigger than the spheres or disks. However, their planar geometry makes them potentially
usable in many systems, including embedded systems.

Fiber ring resonator can be easily constructed from standard optical components.
Generally, this resonator is realized with one or two low loss fibered optical directional couplers
that are linked with an optical fiber (Figure 11-3). With a FRR, the resonator coupling difficulties
are solved using these low loss fiber couplers. The quality factor of these resonators is
dependent on the additional losses in the couplers, in the fiber fusion splices and on the
longitudinal fiber losses. However, they can reach a relatively high quality factor (Q,,; > 10°).

Figure 11-3 (a) Direct coupling fiber ring resonator; (b) double coupler Add/Drop ring resonator;
C: optical coupler.

The Add/Drop configuration of a FRR is the one used in the optoelectronic oscillator
system. Using this configuration, the resonance occurs if the total integrated phase shift of the
incident light wave around the resonator ring is an integer multiple of 2r (rad). So in this case,
the incident light wave constructively interferes with its replica coming from the third port of C4
after a round trip inside the resonator (see Figure II-4). Thus, the circulating light build-up to a
high transmission peak at the resonator’s second output (Output 2 in Figure II-3 (b)) since the
two light waves are in phase. At the resonator’s first output (Output 1), the interference is
destructive if the transmitted waves are out-of-phase and this corresponds to a transmission
minimum [37].
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Figure 1I-4 [37] lllustration of the constructive and destructive interferences at the input coupler Cy,
when the laser frequency is resonant inside the resonator.

The free spectral range FSR of these fiber ring resonator can be computed like the one
of the optical delay line. It is linked to the total fiber length (L) in the ring, and to its refractive
index (n) (FSR = c/nL, equation 1.9). However, for the same equivalent Q factor, the FSR of
the fiber ring resonator is much larger than the one of the delay line. Indeed, the resonator is
equivalent to a delay line that has been folded and in which the signal is recirculating many
times. Therefore, the spurious peaks that are observed on the delay line OEOs are shifted
towards much higher frequency offsets in the fiber resonator based OEO. As an example, a
20 m ring resonator, featuring a Q factor of 3 10°, will result in an FSR of 10 MHz, meanwhile
the same performance in Q can be obtained with a 1 km delay which will feature a FSR of
200 kHz, and thus spurious peaks every 200 kHz from the carrier.

The full-width at half-maximum (FWHM) Af; ;, of a resonator is expressed as a ratio of
the FSR to the finesse (F) of the resonator:

Afij, = FSR/p (11.2)

From equation (11.2), it is clear that the resonance FWHM is inversely proportional to
the finesse (F), and since the finesse decreases with increasing losses in the resonator, the
spectral width increases with increasing loss. Thus, when the finesse is large (F > 1), the
resonator spectral response is sharply peaked at the resonance frequencies (fz.s), and so the
resonator is more sensitive to small fluctuations in the incident laser frequency.
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The resonator’s Q factor can be deduced from the resonance FWHM (Af; ;) thanks to
the following formula:

Q =vo/Afiy2 (1.3)

where vy, = wy/2m is the optical frequency.

As discussed in chapter I, the microwave quality factor is proportional to the optical
quality factor of the resonator (equation 1.13), so in order to get a high Qgr, a very high Q.
resonator is needed, and that is to say a relatively long fiber ring (L) has to be chosen. On the
other hand, a high Q,,. resonator may cause an increase of the power inside the cavity, which
in return reduces the thresholds of many nonlinear optical effects. All these effects and
instability will affect the phase noise performance of the optoelectronic oscillator, as we will
see in the following chapters,

I1.3 Analytical model of an optical ring resonator

As first established by A. Yariv [38,39], a simple and ideal description of an optical
resonator in linear regime is depicted as monomode straight and ringing waveguides
connected together through an ideal coupler (Figure 1I-5 (a)). This resonator can be
characterized by three essential parameters: the coupler direct transmission coefficient
(0 €[0,1]), the roundtrip attenuation or amplitude amplification coefficient (a, real positive
number) and ring roundtrip phase or known also as the phase shift (¢). The temporal
dependence is given as e/"t.

By varying a and/or p coefficient, the coupling regime is changed from the
under-coupling to the selective amplification regimes (Figure 1I-5 (b)). If @ < 1, the ring
resonator has internal losses. This is likely to occur in the under-, over- and critical regimes;
if « = 1, the resonator’s output is equal to its input, which is known as transparency regime;
if « > 1, the ring behaves as an amplifier and the regime is known as selective amplification.
However, a can’t be greater than a threshold value corresponding to the system’s
oscillation: a;, = 1/p.
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Figure 1I-5 (a) The generic geometry for waveguide ring resonator; C: optical coupler.
(b) Representation of the different coupling regimes as a function of a and p.

Using the same formalism as Yariv, which is a frequency approach, and under the
conditions that a single unidirectional mode of the resonator is excited and that the coupling
is lossless, then the coupling can be described by a matrix relation and by means of two real
constants k and p, and a unitary matrix:

[Zi] - [ﬁc j,ﬂ [Z;] (11.4)
P71+ 1] = 1 15)

where the complex mode amplitude b; and a; are normalized such that their squared
magnitude corresponds to the modal power (a; = 1). In addition, these equations are
completed by the transmission condition around the ring where:

a; = ae /b, (11.6)
and the propagation phase shift ¢ is expressed as follow:

ngL
@ =%w (1.7)

where n is the effective refractive index and L is the length of the ring resonator.
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I1.3.a Resonator’s transfer function

Based on equations (I1.4) and (11.6), the resonator’s transfer function can be expressed
as:

— —Jjo
A(p) = b, p—ae’® _ 1A(p)] e® (11.8)
a, 1—apet® '

and the intensity absorption (|A(¢)|?) and the structural phase (¢(¢)) of the resonator are
readily expressed from equation (11.8) as,

a?+ p? —2ap cos(p)

|A(@)|? = o) E+ 1= 2apcos(e) (11.9)
B a sin(op) ap sin(p)
(P((p) = arctan <m> — arctan (m) +K (”10)

where K denotes a real positive constant.

A particular attention has to be paid to the phase slope F, given by:

_do(e))  _ _ a(1-p?)
P ode 1,y (I—ap)p-a)

(I1.11)

and to its sign at resonance ¢(¢ = m2m), where m is some integer. In fact, the sign of Fp,
positive or negative, refers to “fast light” regime (z; < 0) , and “slow light” regime (z; > 0)
[40-42], respectively, since the group delay time (z,) is calculated as a function of the phase
shift ¢(w) as [43]:

_ dow)

T =
9 dw

=0 (1.12)

Fast and slow light are explained as interference effects between ballistic light through
the coupler (E, = p.a;) and circulated light within the ring fiber ( E. = k. a3) [44]. Furthermore,
the dispersion, which can be characterized by the group delay time, depends strongly on the
coupling coefficient (p) and the round-trip loss (a). This means that the dispersion could be
controlled and changed through p and «, and that is important in applications where the

coupling coefficient is dynamically controlled by electro-optical effects or nonlinear optical
effects [41].

Furthermore, the resonator FWHM (Af; ) is linked to the transmission intensity at

half-maximum (|A1/2|2), which is given from equation (11.9) by
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Amax|* + [Amin|® _ @® + p? — 4(ap)® + (a®p)* + (ap*)?
2 (1= (ap)?)?

I
Ay = (I1.13)

where |4,,.,|? is the maximum transmission intensity at a far-off resonance frequency (i.e.

2
| Amax)? = 1A@) | p=r = ((1“:“’2)2 ) and |A4,,i,|? is the minimum transmission intensity at the

_\2
resonance frequency (i.e. |4 |? = |A(<p)|2|q,:0 = ((1“_0(’2)2 ). And the transmission intensity at

half-maximum can also be expressed as:

_a®+ p*—2apcos(¢y;)
(ap)? +1— 2ap cos(¢y/2)

2
|41/2]" = 14(@) P lg=p, , (1.14)
The phase shift at half-maximum (¢,,,) can be directly determined by using the
equality between equations (11.13) and (11.14):

2ap ) (11.15)

$1/2 = arccos (W

Therefore, FWHM (Af;,,) can be expressed, from equation (I1.7) and (11.15), as follow:

c
Afy/, = ——arccos (

nmn,L

2ap )
g

W (1.16)

This relation implies that the resonator FWHM (Af;,;) is affected severally by the
coupling coefficient and by the losses in the resonator. In addition, it shows a monotonous
decrease of Af; ;, as ap tends to 1 (laser oscillation regime threshold), and that is to say that

the phase shift at half-maximum ¢, ,, will decrease between [”/2,0[ when the product ap

increases between [0,1].
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Figure 1I-6 Finesse F of a fiber ring resonator, in function of p and a parameters. L = 10.27m.

Taking into account the importance of the finesse parameter, since it is used to
evaluate the sharpness and the resonator quality factor at resonance, it is worth to point out
that the finesse increases as the coupling regime varies from under-coupling to selective
amplification regime, and even more remarkably, it increases strongly as the resonator
approaches the laser oscillation threshold, as it is shown in Figure 11-6.

At under-coupling regime, shown in Figure II-7, the transmission minimum at the
resonance frequency decreases progressively towards zero (zero at the critical coupling), the
transmission maximum increases as a increases, and in addition the slope of the overall phase
transition become steeper. In fact, when a < p, the circulated light component is smaller than
the ballistic light component, so the additional circulated light (as a increased) will slightly
change the phase of the overall transmitted light. On this condition, the slope of the phase
transition is positive around the resonance and shows an anomalous dispersion
(where 7, < 0), which is related to the “fast light” regime. When the loss parameter and the
transmission parameter become equal (@ = p), the transmission minimum becomes zero, and
that is when critical coupling regime occurs. In under-coupling regime and at critical coupling
K = 0 (in equation (11.10), and therefore ¢ € [—1/2,7/2]. It is noteworthy that F}, is not defined
for the critical coupling since ¢ (¢) is discontinuous for ¢ = m2mx.
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Figure 1I-7 (a) The transmission intensity and (b) the transmitted phase as a function of the phase
shift on the under-coupling condition for an fixed p = 0.5 and for different « = 0.1,0.3 and 0.5.
L = 10.27m.

When «a is further increased, as p < a < 1, the coupling enters the over-coupling
regime (see Figure 1I-8 (a) and (b)). In this regime, the circulated light is the major
component in the total transmitted light and this could explain the increases of the
transmission minimum when « tends toward 1, and the negative slope observed, in addition
the transmission maximum rises towards 1 as « increases. In contrast to the under-coupling
condition, the group delay becomes positive and the normal dispersion occurs. This is
related to the “slow light” regime.
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Figure 1I-8 (a) The transmission intensity and (b) the transmitted phase as a function of the phase
shift on the over-coupling condition for an fixed p = 0.5 and for different « = 0.55,0.7 and 0.9. (c)
The transmission intensity and (d) the transmitted phase on the transparent condition for « = 1 and
on the selective amplification regime for « = 1.2 and 1.4. L = 10.27m.

Once the roundtrip attenuation (a) reaches 1, the coupler is purely transparent; that is,
no coupling occurs and the output power is equal to the input power (i.e. transparency regime).
For a > 1, the cavity acts like a selective amplifier, and the transmission intensity (Figure
[I-8 (c)) shows a gain peak at the resonance frequency. This gain increases with the increase
of @ and the slope of the phase transition becomes steeper. Clearly, as was the case in the
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over-coupling regime, the phase profile shows a normal dispersion, that is to say a negative
phase slope (i.e. positive group delay). In selective amplification, transparency or

over-coupling regime, K =0 when ¢ € [—m, —acos(p/a)] U [acos (g)n] , K=—-m when
@E [—acos (5)0] and K = twhen ¢ € [0, acos (g)] and therefore ¢ € [0,27] (Figure 11-8 (b)
and (d)). Finally, at the condition ap = 1, the transmission diverges, placing the system in the
laser oscillation regime.

Note that since one can get the same intensity profile at under- and over-coupling
regimes (see equation (11.9), Figure II-7 (a) and Figure 1I-8 (a)), the phase profile will help to
discriminate each regime, and that is why it is important to get the phase and the intensity
profiles for a reliable characterization of the resonator.

These analytical descriptions show that a qualitative observation of both intensity and
phase profile allows the determination of the coupling regime of the resonator, and thus of the
relationship between the two parameters a and p describing the linear resonator. Last but not
least, A. Yariv's formalism makes it possible to obtain the exact solution for the phase and
intensity profiles without doing any assumption. It has to be noted that a high finesse cavity
assumption was considered to estimate the Q factors of the resonator, as it is shown in the
next section.

11.3.b Optical quality factors

The resonator's Q factor can be deduced from the resonator FWHM measurement
thanks to equation (I1.3). The condition of 0 < ap < 1 and the exact expression of Af; /,, which
is given by equation (11.16), yield to the following expression for the resonator’s Q factor :

2ap -1
Q= Wo 7, (2 arccos [W]) (”17)
where the constant 7, =ng4L/c stands for the ring cavity roundtrip time. Excepted for
transparency where Af;,, is not defined (A(p) = 1) because the resonator behaves as a

purely dephasing component, equation (11.17) shows that the Q factor is getting higher as ap
increases (Figure 11-9).

In the specific case of high finesse resonators, it is usual to express the resonator’s Q
factor in terms of the intrinsic quality factor Q,, which is characterized by the inside ring losses
and corresponding to p =1 in equation (11.17), and the external quality factor Q., which is
linked to the couplers characteristics and obtained from the assumption of zero losses inside
the ring, i.e. « = 1 in equation (1.17), as

Q' =Q' +Q;" (11.18)
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Figure 11-9 (a) Optical quality factor (Q) in function of « and p parameters.

This Q factor expression, using Q, and Q. with separated variables, makes the link
between Yariv approach and H. Haus [45] phenomenological model.

For high finesse resonator, Af;,, is small, and approximating cos(¢) by its second
order Taylor expansion 1 — @2 /2 leads to the following expression for the resonator’s Q factor,
deduced from equation (11.17):

o = oyl +a%p? (11.19)
2v2 (1 - ap)

Now, to express Q! as a sum in which the dependence on a and p is separated, the
second order mixed derivative of Q= with respect to a and p must be zero. This rigorously
happens if and only if ap = 1, but the decomposition into two separated functions can be
assumed for ap = 1, which agrees with the high finesse assumption. Elementary differential
calculus shows that the expressions of Q, and Q. are then

Wo 1,

% =~ 51 (11.20)
__ Wl
Q% = =510 (11.21)

I1.3.c Intra-cavity power enhancement factor

It is desirable to control the intra-cavity power inside the resonator by quantifying its
intra-cavity power enhancement factor (IPEF) as a function of a and p (equation (11.22)), since
due to the intra-cavity power build up at resonance, many nonlinear optical effects are
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generated inside the resonator, for example the stimulated Brillouin scattering, which may be
harmful [12] or beneficial [46] depending on the application.

In the case of a passive cavity (i.e. @ < 1), IPEF reaches its maximum in the critical

coupling regime (p = a). However, in the case of an active cavity (i.e. @ > 1), IPEF increases
remarkably as the resonator approaches the laser oscillation threshold (p = 1/a;y) (Figure
[1-10).

i .
., (1—ap)?

| by

IPEF =
la,|?

(11.22)

Q= @=0

Figure 11-10 Intra-cavity enhancement factor (IPEF) in function of a and p parameters.

I1.4 Characterization techniques

The optical resonator should be experimentally characterized in order to determine the
coupling regime and to measure its real parameters, especially its free spectral range (FSR),
full-width at half-maximum (Af; ;,), loaded optical quality factor (@), transmission or rejection
losses and its phase versus frequency slope. Therefore, the extraction of other parameters
can be carried out by solving the different equations described in the above section. These
parameters include the intrinsic quality factor (Q,), external quality factor (Q.), intra-cavity
losses (a), transmission coefficient (p), and last but not least its intra-cavity power
enhancement factor (IPEF).

In a high Q factor resonator, it is difficult to induce a sufficient amount of light from
conventional lasers. For example, a Q factor of 10° near A = 1550 nm results in a 3-dB
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bandwidth of 200 kHz, which is lower than the spectral width of a semiconductor laser. Using
a high spectral purity laser (such as a fiber laser) can be part of the solution. However, when
the laser light is injected in the resonator, it heats the resonator (even at low power, because
of the photons lifetime), the resonator frequency is thus shifted, and consequently, the signal
is lost.

To address these problems, several techniques have been investigated to accurately
measure the resonator properties. These techniques are either based on optical domain
approaches or on radio frequency domain approaches. The first one is the wavelength scan
method, which uses the slow tuning of a high spectral purity laser to scan the resonant modes.
The second one is the cavity ring down method, which is a time domain approach. And the
third one is a microwave domain characterization approach, which features an extremely high
spectral resolution. These methods are detailed below, focusing specially on the microwave
domain characterization technique.

Il.4.a Wavelength scan method

The scan method consists in scanning the laser frequency to explore the frequency
comb. The laser must feature a narrow enough linewidth to go through the resonance, which
is not always obvious with high Q factors. A resonator with a Q factor of 2 10° at 1550 nm
features a 3 dB bandwidth in the range of 100 kHz, and cannot be scanned with, as an
example, a semiconductor laser.

In this case, an amplified erbium-doped fiber laser can be used. At LAAS, a Koheras
Adjustik laser is used to this purpose. It is tunable on a frequency range of 120 GHz thanks to
the variation of its temperature. Moreover, a more accurate piezoelectric control can be used
(on a 2 GHz range). This laser presents also a very narrow linewidth, of about 1 kHz, that
allows a precise observation of one optical resonant mode and of its width. For moderately
high Q factors, this method provides a good measurement of the free spectral range (FSR),
and a good estimation of the optical quality factor. Figure 11-11 (a) shows the results obtained
on a 1 mlong fiber ring resonator with a FWHM (Af; ;) of 2.72 MHz and a Q,,; of 7.1 107 [33].

However, the precision of such measurement is not only limited by the laser linewidth,
but also by the frequency shift due to the self-heating, that is very difficult to control when
measuring ultra-high Q and/or small volume devices, even when using very slow frequency
scan and reduced laser power. This frequency shift even occurs in high Q fiber ring resonator
(Qopt > 10°) [33]. Consequently, the result is a strong dissymmetry between a scan performed
with an increasing frequency and another one with a decreasing frequency. Under these
conditions, the Q factor is overestimated on one side, and underestimated on the other side
[33]. Figure 1I-11 (b) and (c) depicts an example of the optical scan method problem. When
the laser’'s wavelength is decreasing during the scan, the resonator is very narrow since the
thermal effect is opposed to the laser shift (Figure II-11 (b)). In the opposite case, i.e. when
the laser’'s wavelength is increasing, the resonance becomes wide because the resonance
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frequency is following the laser frequency (Figure 11-11 (c)). Same results on WGM resonators
are presented in [47]. Therefore, to characterize ultra-high Q resonators, dedicated techniques
have been set up.

Figure 1I-11 [33] (a)Wavelength scan measurement of a 1m long fiber ring resonator, the measured
FWHM of 2.72MHz corresponds to a Q = 7.1 107 (b) Thermal effects on a high Q fiber ring resonator
during a wavelength scan: increase or (c) decrease of the laser frequency.

I.4.b Cavity ring down method

The cavity ring down method [29,48,49] avoids the difficulty of the comparison between
the laser linewidth and the resonant mode, because the measurement occurs directly in the
time domain. The principle is the same as for the scan method, but in this case the laser
frequency is quickly tuned with a controlled frequency sweep speed.

It is based on the measurement of the photon lifetime inside the resonant cavity by
studying its relaxation regime. This technique is mostly applied to measure resonators with
very high intrinsic finesse without the use of a stabilized laser. It provides not only the state of
the resonator coupling regime but also the different contribution of the resonator’s parameters
to its global loaded optical Q factor as well, that is to say, the intrinsic or unloaded factor Q,
and the external factor Q.. Nevertheless, this method, based on Haus formalism, can only be
accurate with resonator’s quality factor higher than 107 and must include a least square fitting
method to recover the amplitude and phase transition.
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An example of the measurement result that can be obtained with a fiber ring resonator
is shown in Figure 11-12. This measurement has been performed at ENSSAT Lannion (France)
with a 20 m long fiber ring resonator featuring an intrinsic quality factor (Q,) of 5.1 10° and an
external quality factor (Q,) of 9.1 10°, which means that the resonator is in an under-coupling
regime (Q. > Qo). Based on equation (I1.8), the loaded Q,,; is calculated and is equal to

3.310°.

Figure 11-12 Cavity ring down measurement of a 20m long fiber ring resonator (Foton-ENSSAT,
Lannion)

Il.4.c Radio frequency spectral characterization technique

The RF spectral characterization approach [32] gives directly the resonator transfer
function. It is indeed based on a technique which transfers the optical resonances down to the
radio frequency domain, and thus allows their measurement with electrical techniques, and
more precisely using a microwave Vector Network analyzer (VNA). Both the amplitude and
phase of the optical resonance can be measured with a very high frequency precision, as
good as 1 Hz, which is much higher than any other technique available in the optical domain.
This technique has been used to characterize several types of resonators, featuring Q,,;

factors ranging from 108to 10'°.

Another advantage of this technique, especially in the optoelectronic oscillator case, is
that its setup is very similar to the OEO system, but in open-loop configuration. Therefore, the
resonator is characterized in a configuration which is as close as possible to the final system
in which it will be used.
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I1.4.c.i Measurement setup

The microwave characterization bench is depicted in Figure 11-13. This characterization
starts once the laser is stabilized onto one of the resonator’s resonant frequencies by using a
low-frequency Pound-Drever-Hall (PDH) feedback loop [36,50-52], which is based on using
the phase information of a laser signal passing through the resonator (this technique will be
detailed in chapter V).

Other techniques may be used to lock the laser and resonator frequencies, such as
thermal lock [47] or direct optical lock [53,54], or a combination of both techniques [55].
However, these techniques are not well suited to the proposed characterization approach,
firstly because the thermal lock involves a small shift between the resonator and the laser
frequencies (in such a case, a single sideband modulator is needed to recover the resonator
transfer function), and secondly because both techniques are not as stable as the PDH loop
in case of a small room temperature drift. Also, the optical locking is only possible if a
non-isolated laser is closely connected to the resonator, which is a hard to control
configuration.

As soon as the laser is locked into one resonance, a sweeping low power RF signal
(~10 GHz) coming out of VNA’s port 1 (i.e. RF output) drives the Mach-Zehnder modulator
(MZM), biased at Vy,, in order to get a linear modulation. The resulting modulation optical
sidebands travel along an all-fiber polarization controller so as to select TE (transverse
electric) or TM (transverse magnetic) modes, and then go through the optical resonator side
modes. The response is finally recovered on a fast photodiode (PD), with a sufficiently large
bandwidth and analyzed on port2 of the VNA (i.e. RF input port). Finally, the optical
resonator’s transfer function (amplitude and phase) is displayed on the VNA in the electrical
domain.

If the laser is precisely stabilized at the resonance center, the RF response is the
optical response translated to the RF domain thanks to the frequency mixing effect of the
photodiode. Because it is not the mode on which the laser is locked which is measured, this
technique is limited to the characterization of sufficiently large resonators, for which the FSR
falls in a frequency range reachable by an optoelectronic modulator and a fast photodiode.
Practically, it can be used up to a resonator FSR of about 50 GHz, which corresponds to
circular resonators of about 1 mm in diameter (or a bit larger, depending on the optical index).

If the VNA has been correctly calibrated (see below), the RF losses at the resonant
frequency are twice the optical losses in dB at the resonance center, due to the photodiode’s
quadratic detection. However, the overall slope of the transfer function is unchanged while it
is brought back to the RF domain.
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Figure 1I-13 Experimental setup of the microwave characterization technique using a vector network
analyzer (VNA). EOM: electro-optic modulator; MZM: Mach-Zehnder modulator; PC: polarization
controller; PD: photodiode.

Using this technique, any problem in the characterization bench is immediately
detected via the resonance shape (amplitude of the transfer function). One major problem was
identified in the locking process, where a possible shift between the laser’s frequency and the
resonator’s resonant frequency may occur. Another possible problem could be the two states
of polarization behavior of the optical carrier, leading to two optical modes propagation inside
the resonator.

Furthermore, even though the VNA is a highly linear receiver featuring sufficient
spectral purity, a number of imperfections may limit the measurement accuracy. Firstly, the
laser must be precisely locked at the center of one resonance of the resonator. In case of a
slightly laser detuning with the resonance, the beating response of the two lateral sidebands
won’t reproduce the complex transfer function of the resonator. On the VNA, two maximum
are observed in this case on the resonance curve, together with a change in the phase slope
at the center of the resonance.

This problem can be avoided thanks to the offset function of the PDH loop. Another
solution would be to use a single sideband modulator in place of a conventional Mach-Zehnder
modulator. This could be particularly useful in case of a dispersive resonator, for which the
two lateral resonances under investigation may occur at different offset frequencies from the
central one. However, this configuration is scarce on a frequency bandwidth reachable with
electronic devices, i.e. below 50 GHz offset from the central resonance peak.

Secondly, one must calibrate the VNA in order to measure the transfer function without
taking into account the effect of the access RF cables and optical fibers. This is performed by
proceeding to a calibration when the resonator is bypassed by a short fiber. Then to cancel
the remaining resonator’s pigtail fiber length (1), a virtual time delay r is added to the
calibration correction such that r=ngyl/c. An inaccurate delay could affect the
measurements, precisely the slope of the phase transition of the transfer function. However,
in case of high Q resonators characterization, the possible error on the phase slope is
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extremely small. As an example, a 1 cm error on a pigtail length will only lead to a relative
error of 3 10 on the measured equivalent delay (and Q factor) of a Q = 107 resonator.

Il.4.c.ii Measurement example

Figure 1I-14 (a) shows an example of such a measurement performed when the laser
source (Koheras Adjustik E15 laser) is locked onto an active fiber ring resonator (described
in 11.5).

Figure 11-14 (a) Transfer function of an active fiber ring resonator measured using the RF-spectrum
characterization bench. (b) A focus on one resonance in the transfer function.
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This response transcribes accurately the resonator frequency comb, and focusing on
the amplitude response of some resonant modes (from 9.96 to 10.02 GHz in this case), gives
access to the measurement of the resonator parameters like the free spectral range (FSR),
FWHM (Afi2), Qope @nd the finesse F. Here, the measured Q,,,; factor is 1.66 108, for v, and

Af1/, equal to 193 THz and 1.16 MHz respectively.

The profile and slope of the phase transition (Figure 1I-14 (b)) at the resonance are as
important as the amplitude response since they provide additional information and conditions
to accurately identify the state of the resonator’'s coupling regime. Along with amplitude
response, they can be fitted by the analytical expressions of the transfer function
(equations (11.9) and (I1.10)), so as to extract the main resonator’s coefficients: p (or coupling
coefficient k), a and other different parameters.

I1.5 Active fiber ring resonator and parameters extraction

An experiment has been carried out to demonstrate the validity of the RF-spectrum
characterization technique and the analytical studies, using an active optical fiber ring
resonator. Figure 1l-15 depicts the active optical resonator which was designed using a fibered
2x2 optical bidirectional coupler linked to a 2.1m-long erbium-doped (DrakaElite eHPW-9)
fiber amplifier (variable gain). The coupler’s transmission coefficient (p) is 50% (i.e. p = 0.707).
An isolator is added to prevent backward reflections and to ensure unidirectional light wave
propagation.

By varying the laser pump power (or current), it is possible to change the roundtrip
cavity losses (a) of the resonator and therefore to control the coupling regime from
under-coupling to over-coupling, and up to the selective amplification.

The laser used in this experiment is a fiber laser (Koheras Adjustik) with a very narrow
linewidth (1 kHz) emitting at A = 1550 nm. The laser lock on a resonance is achieved first by
varying the laser temperature and then using a piezoelectric control input. Once locked, the
amplitude and the phase of the resonator’s output have been measured while varying the
intra-cavity losses a (by changing the laser pump power, Pp,pm,;), in order to assess the
different coupling regimes.
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@980 nm @980 nm
Residual PUMP
PUMP

Figure II-15 Active fiber ring resonator configuration. MUX: multiplexing.

Figure 11-14 (b) depicts the transfer function (amplitude and phase) for a pump power
of 21.5 dBm. From its amplitude curve, which shows a gain peak, and its negative phase slope
at the resonance, it is obvious that the resonator is in selective amplification regime.

Parameters extraction

The experimental data (amplitude and phase) are fitted with equations (11.9) and (11.10)
using the least mean square algorithm, which is based on only two parameters, i.e. the
intra-cavity losses (or gain) a and the transmission coefficient p. Figure 1I-16 shows the fitted
and measured data for both the amplitude and phase of the output transfer function under two
different laser pump powers (7.5 and 21.5 dBm). The @ and p parameters are thus extracted
from the numerical fitting method, and are presented in Table II.1.
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Figure 1I-16 Experimental data and curve fitting of the amplitude and phase of the output signal
(@) Pyump = 7.5dBm, (b) Pyym;, = 21.5 dBm.

For low laser pump power (7.5 dBm, i.e. low gain amplifier, Figure 11-16 (a)), the
resonator is in under-coupling regime, which means that the intra-cavity losses must be lower
than the coupler transmission coefficient, i.e. @ < p. For high Ppy;,,, (21.5dBm, Figure
11-16 (b)), precisely for 1 < a < 1/p, the selective amplification is obtained. Once a and p are
obtained, Q, and Q, factors can be calculated from equation (11.20) and (l1.21), respectively,
and Q values are then computed from equations (11.17) and (11.18). The obtained values of the
fitting parameters meet well the conditions for each coupling regime.
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When the resonator is in its selective amplification regime, @ is a gain (1 < a < 1/p)
and the intrinsic quality factor Q, is negative. The computed Q values are compared to the
measured data, 3.3 10" and 1.66 108 for 7.5 and 21.5 dBm of laser pump power, respectively,
in order to obtain the error percentage. A good agreement is found between measured and
computed values of Q from the extracted a and p data.

Ppymp=T7.5 dBm Ppymp=21.5 dBm
a 0.503 1.2
P 0.72 0.69
Qo 4.37 107 -1.65 108
Q. 9.75 107 8.44 107
Equation (11.17) ~ 3.43 107 (2% error) =~ 1.6 108 (3.6% error)
Qo Equation (11.18) ~ 3.17 107 (3% error) = 1.72 108(3.5% error)

Table II.1 Fitting parameters values for By, = 7.5 dBm and Py, = 21.5 dBm, the fitted Q,,, values
are computed using equation (1.17) and (I.18) and then compared with the measured value for both
cases.

It is notable that even though the cavity ring down approach allows to get the same
parameters, the fitting procedure in the spectrum-RF approach allows a simple and more
accurate extraction of the resonators’ state and parameters. In fact, the modulus and phase
transfer function are immediately observed with spectrum-RF method which is not the case
with cavity ring down approach. This allows a visual and straightforward deduction of the
coupling regime and of the relationship between a and p coefficients. This relationship is
immediately fed to the least mean square algorithm as initial condition.

1.6 100m long passive fiber ring resonator

During the thesis of K. Saleh [37], a 100m long immunized fiber ring resonator (IFRR)
has been implemented in order to suppress the stimulated Brillouin scattering (SBS). This
IFRR is made of two fibered 2x2 optical directional couplers (with an 8% of coupling
coefficient), linked with a single mode polarization-maintaining (P-M) fiber. In addition, an
optical isolator has been inserted in the optical link, and an optical inline polarizer has been
added at the resonator input. The polarizer will eliminate the possibility of two polarization
states behavior of the optical carrier at the FRR input, since the P-M fibers in the resonator
assembly can only maintain the carrier’s states of polarization and do not ensure one and only
polarization state behavior.

The optical isolator is an essential component which makes it possible to eliminate the
SBS. In fact, when an isolator is inserted in a fiber of total length (L), with its own stimulated
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Brillouin scattering threshold (SBST), the isolator virtually cuts the fiber into two new lengths
(L, and L,) regarding the Brillouin gain. Consequently, the SBS interaction between the fiber’s
two sections is absent and the fiber SBST is increased because it is replaced by two other
SBSTs related to the new fiber sections, L; and L,. Thus, the SBS Stokes wave will be
completely cut off and the stimulated Rayleigh scattering (STRS) will also be reduced [37, 56].
Despite all these benefits, the optical isolator is not an ideal component, and particularly it
adds losses in the loop. Thus, the use of this device reduces the FRR Q.

After implementation, the IFRR has been demonstrated to have the following
characteristics: Q,p¢ = 2.1 10°, 92 kHz FWHM, 2.04 MHz FSR, 4 dB optical transmission loss
(which is equivalent to 7.7 dB RF transmission loss) and 22.7 dB power rejection.
Unfortunately, a degradation of this resonator has been observed in a new RF characterization
that is presented in Figure 1I-17.

Figure 1I-17 RF transmission characteristics of the 100m long immunized fiber ring resonator.

The resonator FWHM has clearly increased from 92 to 135 kHz, which means that the
loaded optical quality factor has decreased as well to 1.43 10°. This reduction is properly linked
to the increase of the optical losses inside the cavity per round trip (from 4 dB to 7.7 dB) that
may be associated with the degradation of the insertion losses of the components, such as
the optical couplers and the optical isolator. Consequently a degradation of the phase noise
performance of the system should be expected. Therefore, a detailed investigation has to be
performed to gain precise insights on the causes of the degradation of the optical components
insertion losses.
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11.6.a FRR 100m P-M without isolator

A study has been carried out on the possibility to get a resonator with a Q close to or
higher than 10" without using an optical isolator. The breakthrough here was to find the
optimal optical couplers that have the lowest additional losses. To do so, an FRR model, which
was developed on the microwave simulation software ADS-Agilent during the thesis of
K. Saleh [37], has been used.

Figure 11-18 shows the ADS simulation results for the quality factor and the optical
transmission losses obtained for 100m FRR, versus the coupler losses and for three different

coupling factors: 1, 3 and 5%. Taking into account the resonator's quality factor and
transmission losses, the higher @, is found for 1% coupling coefficient. On the other hand,

the lower transmission losses is found for 5% coupling coefficient.

Figure 1I-18 100m long FRR (a) optical quality factor Q,,. (b) optical transmission losses, versus the
coupler losses and for 3 coupling factor: 1, 3 and 5%.
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In order to get the higher optical quality factor while maintaining an acceptable optical
transmission losses level, two optical P-M couplers, which have a 1% of coupling coefficient
and very low coupler additional losses (< 0.1 dB), were chosen, together with a 100m low
attenuation P-M panda Fujikura fiber (Figure 11-19).

Figure 1I-19 100m fiber ring resonator architecture.

11.6.b FRR characterization

The radio frequency spectral characterization technique has been used to characterize
this 100m long P-M FRR and to extract its loaded optical quality factor, its FWHM, as well as
its transmission loss. Figure 11-20 illustrates the RF transmission function of the FRR (Out2).
Based on the measured data, this resonator has an optical quality factor of 8.9 10°, 21.9 kHz
of FWHM and an RF transmission loss of 17.6 dB, which corresponds to an optical
transmission loss of 8.8 dB (since the RF transmission loss is doubled in the microwave
domain because of the photodiode quadratic detection).

The couplers losses can be estimated using both the simulated (Figure 11-18) and the
measured data (Figure 11-20). For a Q,,, of 8.9 10°, the coupler losses are around 0.094 dB.
On the other hand, for an optical transmission loss of 8.8 dB, the coupler losses are around
0.067 dB (see the red arrow in Figure 11-18). The difference between the two extracted values
can be explained by the fact that in the simulated model of the resonator, the two couplers are
identical, which is not generally the case in practice since the coupler losses and the coupling
coefficient as well depend on several factors in the fabrication process of the couplers.
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Figure 11-20 (a) RF transmission function of a 100m long fiber ring resonator. (b) A focus on one
resonance in the transfer function.

I1.7 Conclusion

This chapter focuses mainly on the optical resonators that are used in myriad of
applications, and especially the ones used in the optoelectronic oscillators, such as whispering
gallery mode resonator and fiber ring resonator.

In addition to its simplicity in fabrication and characterization, a fiber ring resonator,
with well-chosen material (low losses fibers and couplers, for instance), can reach relatively
high quality factors, in excess of 10° or even 10'°. With a detailed analytical modeling of a
resonator, it has been demonstrated that the coupling regime can be determined directly from
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the shape of the amplitude and phase slope of its transmission transfer function. Furthermore,
almost all the main properties of the resonator, such as quality factors: loaded, internal and
external, can be computed directly from two principal parameters: the coupler direct
transmission coefficient p and the intra-cavity losses «a, which are also used to identify the
coupling regime.

Once fabricated, an optical resonator must and can be characterized using different
metrology methods, which were presented here. A special focus is given to the radio frequency
spectrum approach, since it has been shown through experimental studies that this approach
gives access to the main parameters characterizing an optical resonator. This technique
requires a calibration step, and also a fine tuning of the locking system to ensure a precise
alignment between the laser frequency and the resonance on which it is locked. It is only
limited by the bandwidth of the optoelectronic components, which prevents its use with large
FSR resonators (FSR > 50 GHz).
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Chapter lll: OEO based on FRR - Modeling

I11.1 Introduction

Minimizing phase noise is an increasingly critical requirement for applications,
especially the ones that seek a stable time reference. So it is crucial to delineate all the factors
which impact the systems short-term stability. In a complex system such as an optoelectronic
oscillator, these factors are related to the noise of the various components in the loop, such
as the microwave amplifier phase noise, the laser relative intensity noise, the laser frequency
noise, the photodiode shot noise, the thermal noise and the nonlinear optical mechanisms that
can occur in optical fibers. Even in the optimal case, where low-noise components are used,
the conversion processes between these noise sources may induce a relatively high level of
phase noise if they are not optimized. These conversion processes depend on the devices
nonlinearities, on the fiber frequency dispersion and on the overall OEO topology.

Properly identifying the noise sources is only the first step towards being able to control
and reduce them, if not eliminate them entirely. On the other hand, precise behavioral
modeling of the OEQO’s components and their noise contributors is essential not just to be able
to simulate and predict the oscillator phase noise but also to determine the optimal conditions
to obtain the most desirable performance.

Among all these noises, the laser relative intensity noise could affect severely the
oscillator phase noise, especially at low offset frequencies (1/f noise). In fact, it could be
up-converted to microwave phase noise through the nonlinearity of some of the OEQO’s
components, and particularly the photodiode. In this chapter, particular relevance is given to
the photodiode nonlinear behavior and its impact on the conversion process of the laser
amplitude noise to microwave phase noise. To quantify and investigate this last phenomenon,
a new physical nonlinear equivalent circuit model of a photodiode has been applied in a
microwave circuit simulator, Agilent Advanced Design System (ADS). This new model is able
to describe the conversion of the laser relative intensity noise into microwave phase noise.
Consequently, a good computation and prediction of the phase noise performance of an OEO
could be obtained. All these points are fully explored and detailed in this chapter.
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I11.2 Noise sources in an optoelectronic oscillator

As mentioned in Chapter |, in a microwave oscillator, the phase noise is mainly
originated from the amplifier phase noise, through different processes, such as the conversion
of the amplifier low-frequency noise and the addition of the amplifier high-frequency noise.
However, it is not the case in an optoelectronic oscillator, since many of the elements used
inside the oscillation loop, from optical and microwave components to low-frequencies
components, are active devices or nonlinear devices, and thus may contribute to the oscillator
phase noise.

If the microwave amplifier used in the OEO has a low residual phase noise, the
far-from-carrier phase noise level will be limited by the optical noise-to-carrier ratio (NCR),
which is related to the laser relative intensity noise (RIN) and to the photodiode thermal and
shot noise. Furthermore, the close-to-the-carrier phase noise will be linked to the loaded
quality factor and to the various nonlinear processes, which are able to up-convert the devices
low-frequency (LF) noise components to higher frequencies (i.e. the RF oscillation frequency).
The devices featuring LF noise in the optical link are mainly the laser and the optical fiber.

The laser is affected by amplitude and frequency fluctuations, which both feature a 1/f
like shape at low frequency. The laser frequency noise (FM noise) can be demodulated due
to the fiber dispersion or to the interferometric phenomenon related to parasitic reflections in
the optical link. In addition, the laser amplitude noise (AM noise) can be converted into RF
amplitude and phase noise by any component for which the transit-time depends on the optical
power, and this is the case of the photodiode. The optical fiber may also generate a
low-frequency RF phase fluctuations, particularly in the case of long spools (few kilometers)
driven by high level optical power, or equivalently in the case of ultra-high Q fiber ring
resonators. This is due either to nonlinear optical mechanisms that occur in optical fibers in
these conditions, such as stimulated Brillouin scattering or, also, to the interaction of the optical
wave with some silica non-homogeneities, which occur even at low optical power (Rayleigh
scattering). In fact, the level of the optical power used should be carefully selected, owing to
the fact that operating at low optical power levels degrades the NCR of the optical link, while
a high optical power will lead to nonlinear effects.

In an OEO based on fiber ring resonator, for instance, if all the nonlinear optical effects
are reduced or completely suppressed and the nonlinear conversions of the optical noises to
RF noises are well controlled, the phase noise spectrum can only be limited by the
microwave/RF amplifiers phase noise. In other words, the presence of all these nonlinear and
scattering processes contributes severely to the frequency stability of the whole system.

lll.2.a Nonlinear optical effects in optical fiber resonator

Several varieties of nonlinear optical effects may arise inside an optical fiber [1-3]
leading to loss, pulse spreading or crosstalk. Very long and extremely low-loss fibers, small
core diameters, higher optical powers, and narrow-band lasers would severely enhance the
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nonlinear effects. The main nonlinear mechanisms in a standard fiber are divided into
scattering and parametric processes.

In the scattering process, such as Brillouin, Rayleigh and Raman scatterings, optical
fibers play an active role, that is to say that the process depends on molecular vibrations or
density fluctuations of the fiber. These scattering processes can be present in spontaneous or
stimulated mode. In the spontaneous mode, the optical material properties are unaffected by
the presence of the incident light. While in stimulated mode, the optical material properties are
modified [4].

In the parametric process, on the other hand, such as four-wave mixing, the state of
the fiber material does not change. In fact, it involves the modulation of a medium parameter,
such as the refractive index, and requires phase-matching between the propagating waves
before it can build up along the optical fiber, which in this case plays a passive role except for
mediating interaction among several optical waves.

All these mechanisms depend strongly on the optical power received by the optical
fiber. Their presence limits the quality factor of a fibered resonator, and is prone to introduce
additional noises to the optical signal travelling through the optical fiber, which can be
converted into RF noise after being detected by the photodiode.

lll.2.a.i Brillouin scattering

Brillouin scattering is an inelastic scattering process [5], and results from the interaction
between optical waves and acoustic waves in the optical fiber. Because of the optical power,
thermally excited acoustic waves (i.e. phonons) produce a periodic modulation of the refractive
index, causing a backwards diffraction of the light propagating in the fiber and giving rise to
frequency-shifted Stokes and anti-Stokes components. This process is called spontaneous
Brillouin scattering [6,7], and can occur even at low optical powers.

At higher optical power, the presence of two counter-propagating waves with a
frequency difference, i.e. the upper frequency lightwave and the lower frequency lightwave
(called pump and probe, respectively), will give rise to the travelling acoustic wave via
electrostriction and contribute to the phonon population. Consequently, the scattering
cross-section will increase and a part of the energy will be transferred from the pump wave to
the probe wave. The amplification of the probe only depends on the pump intensity power.
This process is known as stimulated Brillouin scattering (SBS) [8-10], (see Figure IlI-1). Noted
that this carrier depletion causes the NCR degradation of the optical link.

In the Stokes event, the photon loses energy to create a phonon. This is caused by the
Doppler effect of the interaction between the light wave and the acoustic wave travelling in the
same direction, and it reflects a negative frequency Brillouin shift. On the other hand, in an
Anti-Stokes event and due to the interaction between the light wave and the acoustic wave
travelling in an opposite direction, the photon gain energy by absorbing a phonon, and this
therefore explains the positive frequency Brillouin shift. Furthermore, The Stokes power will
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increase linearly as the optical power increases. However, as the backward Stokes intensity
increases, it would serve as effective launching power to a second order Stokes wave. This
second order Stokes wave will move in the same direction as the original optical wave, though
its frequency shift is twice the first order one (vg) [11,12].

Figure 1lI-1 lllustration of the mechanisms of the stimulated Brillouin scattering (15t and 2™ order) in
a ring optical resonator. Downward (upward) arrows denote signals generated in the opposite
(same) direction with the pump. The SBS process generates Stokes and anti-Stokes with a Brillouin
shift ((vg) from the resonator. The even-order Stokes (279, 41h...) co-propagate with the pump
whereas the odd-order Stokes (1%, 3...) counter-propagates.

e Brillouin frequency shift and gain bandwidth

The Brillouin frequency shift (vz) depends on the acoustic velocity within the fiber (c,.),
the refractive index (n), the wavelength of the optical carrier (4;), and the angle between the
optical carrier and the scattered wave (6, scattering angle) [13], and is given by

2n

. (0
VB =+/1—0Cac51n(§) (1n.1)

Another important characteristic of the SBS is its gain spectrum (BGS) and especially
the gain bandwidth (Avg), which is related to the damping time of acoustic waves related to
the photon lifetime. Furthermore, this gain bandwidth depends on the Brillouin shift and varies
slightly faster than v3.

In silica-based fibers, for instance, the Brillouin gain spectrum and Brillouin shift can
differ significantly between fibers having different structures (i.e. different guided nature of
optical modes) and different doping materials and levels in the fiber core [3,7,14,15]. For
single-mode fiber (SMF28), the BGS has been reported to be equal to approximately 25 MHz,
and the Brillouin shift is equal to 10.8 GHz [16]. For pure silica GeO: doped fiber (i.e. GeO,
concentration is about 0.3% per mole), the BGS bandwidth and the Brillouin shift are 35 MHz
and 11.25 GHz, respectively. However, broader width and smaller shift values occur for fiber
cores with higher GeO; concentration. In addition, a Brillouin Avg and vy in a GeO» doped
highly nonlinear fiber (Ge-HNLF) are 50 MHz and 9.4 GHz, respectively, and by employing an
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AlO3; doped core (AI-HNLF) instead of GeO., these values increase to 230 MHz and
11.9 GHz, respectively [15,17].

e L aser RIN degradation caused by SBS

It has been reported in [18], that the SBS may have an impact on the laser relative
intensity noise. The measurements, represented in Figure 1ll-2 (a), show clearly a
degradation in the laser RIN between the input and the output of the fiber ring resonator,
where the first stimulated Brillouin scattering is presented. In addition, it is shown also that the
Brillouin first Stokes RIN is higher than the laser RIN at low frequency. This may be caused
by the SBS’s own Rayleigh-scattered wave, which induces noise to the SBS wave and
degrades its RIN [19]. Nonetheless, a Brillouin RIN lower than the laser pump’s RIN has been
reported [20-22], and this is particularly important for some applications, especially in the case
of the Brillouin fiber ring lasers [23].

Figure 11I-2 [18] (a) Laser RIN degradation because of the SBS generation and the first Brillouin
Stokes wave RIN measurement; (b) Phase noise of a 20m long FRR based on 10 GHz OEQ for two
different optical powers.

e OEO phase noise degradation caused by SBS

Figure llI-2 (b) depicts the phase noise of a 20m long fiber ring resonator based on
10 GHz OEO, for two different optical power levels: 2 and -10 dBm. As is evident, a significant
enhancement of the close-to-carrier OEO phase noise for lower input optical power, especially
when the optical power is under the first SBS threshold (SBST). These results demonstrate
that the optical power at the resonator input must be maintained below the first SBST to avoid
the SBS and its effects on the 1/f phase noise [24].

lll.2.a.ii Rayleigh scattering

The Rayleigh scattering is a form of elastic scattering process and it is also related to
the parametric process since the quantum state of the fiber's material remains unchanged.
The spontaneous Rayleigh scattering is caused by thermal fluctuations in the medium, which
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create refractive index fluctuations via the thermo-optic effect. As the dimensions of these
density fluctuations are on the order of the wavelength of the incident light, the light can be
scattered in many directions, and consequently amplitude and phase noises will be generated
[19,25,26].

The density fluctuations can themselves be induced by the incident light via
electrostriction, leading to the stimulated Rayleigh scattering (STRS) [27]. This Rayleigh
backscattering does not induce a significant frequency shift in the scattered light, owing to the
non-propagating density fluctuations. These frequency shifts are of few kHz in P-M fibers and
increase at high input power levels [25]. Rayleigh scattering is the primary cause of losses in
fibers operating in the wavelength range between 800 to 1300 nm (reaching few dB/km in
single-mode silica fiber), but these losses decrease in the entire 1300-1600 nm region
(e.g. 0.2 dB/km near 1550 nm) [28].

Figure 111-3 lllustration of the mechanisms of the Rayleigh scattering in a ring optical resonator.
Downward (upward) arrows denote signals generated in the opposite (same) direction with the
pump.

e STRS and the laser RIN degradation

The Rayleigh scattering has the potential to degrade the short-term stability
performance of optoelectronic systems. Yet, it is not the most harmful scattering, since the
SBS gain coefficient is two orders of magnitude higher than the one of STRS in long fiber
lengths [29], except for P-M fiber where there is only one order of magnitude difference due
to the polarization maintaining property [25].

In the OEO based on FRR case, it has been shown [18] that a rise in the laser RIN
can result from the mixing process of the laser carrier and the Rayleigh scattering Stokes
waves at the photodiode’s input. This behavior, which is depicted in Figure IlI-4, is almost
uniform below -6 dBm input optical power. This noise is generated inside the resonator
bandwidth, but owing to the resonator’s high Q,,;, this noise is filtered outside of the resonance
bandwidth, and thus won’t affect the OEO phase noise. However, when the input power
exceeds -6 dBm, the RIN spectrum shape changes dramatically due to the SBS generation
inside the resonator.
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Figure 11I-4 [18] RIN spectra at the transmission output of a 20m long FRR, versus input optical
power: -20 to -6 dBm.

lll.2.a.iii Raman scattering

The Raman scattering (SRS) is another form of the inelastic scattering (like the Brillouin
scattering). The main difference between the two is that optical phonons participate in SRS
while acoustic phonons participate in SBS. In addition, in single-mode fibers, the SBS occurs
only in the backward direction, while SRS can occur in both directions.

In contrast to the SBS, the spectral linewidth of the Rayleigh gain spectrum is as broad
as several THz (up to 40 THz in silica fibers). Thanks to this feature, the Raman scattering
was employed to develop new types of fiber optic amplifiers, especially the ones used in
modern telecommunication systems [3]. However, this scattering can severely limit the
performance of multichannel optical links by transferring energy from one channel to the
neighboring channels.

However, the Raman threshold is the highest between the presented nonlinear effects
(typically few watts). In our optoelectronic systems, such as OEOs, the stimulated Raman
scattering will not occur because the input optical power levels are typically in the range of
10 mW.

lll.2.a.iv Four-wave mixing

Four-wave mixing (FWM) is an optical parametric interaction, in which there is no net
change in the energy and momentum. It occurs when photons from one or more waves are
annihilated and new photons are created at different frequencies [3]. A specific choice of input
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wavelengths and fiber parameters are needed to satisfy the phase-matching condition
between the waves, so as to get a highly efficient FWM process.

Interestingly, the FWM process can be initiated from only a single pump wave. This is
known as a degenerate FWM, where a strong pump wave at w,, creates two sidebands waves,

upshifted (w,) and downshifted (w,) in frequency with a frequency shift A given by
A=wy,—w; =w, —w, (1n.2)
where the low-frequency sideband w, and the high-frequency sideband w, are referred to as

the signal waves (or Stokes) and idler waves (or anti-Stokes), respectively.

In the general case, referring to the nondegenerate FWM, two pump waves at w,,; and
w,,, are annihilated, and due to the mixing process two photons at frequencies w; and w, are
created simultaneously, such that

Wpl + sz =W + Wy (”|3)

where the frequency shift A is fixed by the frequency difference between w,; and w,, such

that A= sz - Wpl =Wy — sz.

Figure 11I-5 lllustration of the mechanisms of the Four-wave mixing (both type degenerate and
non-degenerate process) in a ring optical resonator. All signals co-propagate with the pump. FWM
process generates both Stokes and anti-Stokes with a frequency shift (A) of the resonator.

It has been shown that the fiber chromatic dispersion plays an important role in FWM
behavior [30]. In fact, the efficiency of this nonlinear interaction strongly depends on the
phase-matching condition, bearing in mind that the chromatic dispersion is the key parameter
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that determines the phase-matching in optical fibers. It has been demonstrated that the FWM
efficiency decreases as the fiber dispersion increases. Thus, in a uniform zero-dispersion fiber,
the phase-matching condition is completely satisfied, and hence the efficiency of this process
reaches its maximum.

The importance of this condition is that depending on the used application, the
presence of this nonlinear process can be either harmful or beneficial. For instance, in the
optoelectronic oscillator case, the FWM process in resonators generates optical frequency
harmonics that are useful for producing spectrally pure microwave signals [31]. Yet, in all the
fiber ring resonator tested, this process was not generated even with high input optical power.
This may be due to the start up of the stimulated Brillouin scattering, which limits the available
power for the FWM process. This can be due also to the dispersion parameters of our fiber
ring resonators.

New ring resonators are under study at this time at LAAS to try to generate FWM.
These resonators are realized with highly nonlinear fiber (small core diameter). Unfortunately,
the first resonators of this type realized were subject to SBS generation, and no FWM has
been observed. New resonators are currently being developed and modelled. These
resonators are the main subject of an on-going PhD thesis [Napoleon Gutierrez].

lll.2.b Laser amplitude and frequency noise conversions

The laser is affected by amplitude and frequency fluctuations, which both feature a 1/f
like shape at low frequency, noting that the shape can vary largely from pure 1/f spectrum to
a spectrum with various and complex slopes, depending on the physical processes involved
in the laser. Numerous researchers have explored the effects of these fluctuations on the RF
phase noise or, in another words, they have investigated the different means by which the
laser AM and FM noise are converted to RF phase noise [32-34].

l11.2.b.i The fiber chromatic dispersion

In delay line based OEOs, the laser’s wavelength fluctuations (Af,,.) are converted

into delay fluctuations (AT) through a dispersion mechanism, and therefore into RF phase
noise (Ad,,), and this conversion increases with the chromatic dispersion (D,) of the delay

optical fiber and with the physical optical fiber length (L) [33-35]. This noise conversion relation
can be expressed as:

L
A¢RF = =27 fo AT = 21 fy ﬂvf,aser D/lz Afopt (111.4)
A significant improvement can be obtained by stabilizing the laser or by using a

zero-dispersion fiber or even by using a laser wavelength near the zero-dispersion point of
signal mode optical fibers. Volyanskiy et al. [33] have shown that the use of a zero-dispersion
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fiber enables a 10 dB reduction in the phase noise spectrum. It has been also proven, in this
case, that low frequency laser RIN has a minor influence on the phase noise.

In the case of the fiber ring resonator, this conversion process cannot be avoided or
even reduced by a zero-dispersion fiber, due to the fact that using these fibers in a FRR will
intensify the nonlinear optical phenomena which can severely degrade the OEO phase noise
[36].

ll.2.b.ii The interferometric phenomenon

The optical frequency noise can also be converted to close-in RF phase noise, due to
the interferometric phenomenon [32]. Interferometric noise arises from one or more pairs of
reflection, which is caused by the refractive index discontinuities in the optical fiber (splices,
connectors, coupler...), and/or from fiber nonlinear effects, like the stimulated Brillouin
scattering, Rayleigh scattering [37,38] or the Fresnel back-reflection, which is often due to the
index change from the glass-air interfaces at the fiber connections. The latter phenomenon
can be avoided by using optical fibers with cleaved connectors (i.e. cleaving angle ~8°) [39],
or by using index matching gel between the fibers’ connectors. It has been also demonstrated
that the insertion of an optical amplifier in the optical link of an OEO increases the
interferometric noise [40].

ll1.2.b.iii The locking method

A precise alignment and a good mode-matching between the laser frequency and one
of the transmission peaks of the optical resonator are a key requirement for high performance
OEO and an excellent short-term stability. That is to say that any frequency shift between the
laser frequency and the resonance results in the degradation of the phase noise of the output
microwave signal.

In fact, it has been shown experimentally and confirmed by a software simulation
(Agilent ADS) [36] that the laser frequency shift results in a deformation in the output RF
amplitude (i.e. a splitted resonance) and phase responses (i.e. the phase transition at the
resonance becomes less sharp, with two phase ftransitions corresponding to the two
resonances of the splitted resonance). The consequence is firstly a reduction of the Q factor
of the OEO and, secondly, a possible conversion of the laser FM noise into amplitude noise
because the laser is no longer locked at a maximum of the amplitude curve.

Thus, the used stabilization technique should be chosen carefully of sufficient quality
and controlled strictly in order to properly stabilize the laser carrier onto the center of the optical
resonance, and to maintain this matching condition over time.

lll.2.b.iv The photodiode nonlinearity

The laser intensity noise, known as the relative intensity noise, can be converted to
microwave amplitude and phase noise via the optical link’s nonlinearities. The photodiode
seems to be the main device responsible for these conversions [34]. It has to be noted that
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the nonlinear behavior of other components, such as the Mach-Zehnder modulator and the
optical fiber, becomes significant at much higher optical power level compared with that of the
photodiode.

Analytical and experimental studies of the photodiode nonlinear behavior, in function
of the received optical power level at the photodiode input, are detailed in the next section.

I11.3 Conversion of AM laser noise to RF phase noise

lll.3.a Analytical study

The fluctuations in laser intensity are typically characterized by the laser relative
intensity noise (RIN), which can limit the maximum signal-to-noise ratio (SNR), and thus can
severely degrade the performance of any system based on fiber optic link. It is expressed as:

APGye (f)

2
Popt

RIN(f) = (111.5)

where AP, (f) and P, are the spectral density of the laser intensity fluctuations at frequency
f and the laser average optical power, respectively [41].

On top of that, the low frequency components of the RIN can be up-converted to RF
amplitude and phase noises through the devices nonlinearities, especially the photodiode, as
it has been reported in delay line based OEOs by Eliyahu et al. [34].

In fact, for low optical power levels, below the photodiode saturation power, the number
of carriers in the photodiode increases with the increase of light power. The RF power
increases as well following a square-law detection of the photodiode [41]:

Prp~Ply (I11.6)
where Pgp is the RF power at the photodiode output, and P, is the average optical power at
the photodiode input.

Since the propagation speed of the RF signal depends on the number of carriers and
their transit-time in the semiconductor, the RF amplitude and phase will change as well.
Therefore, small laser amplitude fluctuations will transfer into RF amplitude and phase
fluctuations, in a way that can be described by the following qualitative equations:

2
Sa(f) = RIN(f) - P2, - (da/dpopt) % (I1.7)
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rad?

(111.8)

2
So(f) = RIN(f) - Ply¢ - (dq)/dpopt) Hz

where S, (f) is the spectral density of the normalized RF amplitude fluctuation a, S, (f) is the

RF phase noise spectral density at offset frequency f from the carrier, da/dp , is the
op

normalized RF amplitude-to-optical power slope, and de/dP . is the RF phase-to-optical
op

power slope.

The evolution of the d(D/dP , parameter has been followed firstly by an experimental
op

measurements of the RF phase at the output of a high-speed photodiodes, and secondly by
a modeling approach.

lll.3.b Experimental set-up

To understand this conversion process, the study of the nonlinear behavior of a
photodiode started with the measurements of the RF power and the relative RF phase at the
output of a Discovery DSC30S photodiode as a function of the modulated optical power at the
input of the photodiode [42].

Figure 11I-6 Characterization bench of the photodiode's amplitude and phase response;
MZM: Mach-Zehnder modulator, EDFA: Erbium doped fiber amplifier in a gain control mode,
PD: photodiode.

Therefore, the experimental set-up, which is presented in Figure Ill-6, has been
realized with a 20 mW telecommunications laser module (1550 nm), temperature controlled
and externally modulated at 10 GHz by means of a Mach-Zehnder modulator (MZM - EOspace
20Gbits/s). The MZM was biased at V2 in order to get a linear modulation (LM), which is less
likely to generate additional disturbances (especially in phase). It was also passively
thermalized with a large piece of brass in contact with the modulator. The microwave signal
(i.e. the RF frequency) comes from a calibrated vector network analyzer (VNA) working in a
continuous wave (CW) mode.
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An Erbium Doped Fiber Amplifier (EDFA) has been also included in the set-up just
before the photodiode under test, so as to get a higher optical power on the photodiode. The
amplitude and phase responses of the S,i (transmission) parameter were accurately
measured while changing the received optical power at the photodiode input. To this purpose,
the automatic gain control mode of the EDFA has been activated so that the optical power at
the photodiode input can be varied, and therefore the MZM nonlinearity versus the optical
power can be discarded. Some experiments have also been performed using an optical
variable attenuator before the photodiode (in place of the EDFA gain control), in order to be
sure that the RF phase fluctuations do not come from any delay process in the optical amplifier.

lll.3.c Experimental results

The experimental results, presented in Figure 11l-7, clearly show the nonlinear behavior
of the phase response of a Discovery DCS30S photodiode and its ability to convert the laser
RIN into RF phase noise.

Figure 1lI-7 So1 RF amplitude (dashed) and phase (solid) responses of the Discovery DCS30S
photodiode versus the input optical power, at 10 GHz of RF frequency. The measured phase data
is fitted with a sixth order polynomial fit (dotted).

This behavior is well documented in the literature, and related to the screening effect
phenomenon (known as the space charge effect) [43-46]. Broadly speaking, when the optical
power increases from low values, it is converted into a large number of electron-holes pairs in
the photodiode intrinsic region. The polarization bias field results in the separation of
photogenerated electron-hole pairs, and followed by a recombination phenomenon via the
electronic circuit load. This enhances the photodiode response which reflects the decrease in
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the carrier transit-time (steeper slope in Figure IlI-7). However, as the optical power
approaches the photodiode saturation power, the electric field induced by the carriers opposes
the externally applied bias field, and results in an increase of the carrier transit-time (i.e.
reduction in carrier velocities), which consequently causes a slow current response.

More interestingly, this slow transit-time near saturation might explain the zero slope
in the photodiode’s relative RF phase at optical input power of about 8-10 mW and then a fast
phase decrease at higher optical power. However, strong saturation on the RF amplitude is
only visible at much higher power. That is probably due to the fact that the thermal effects
contribute in the saturation response level. This zero slope is particularly interesting in the
context of low microwave phase noise [47], since at this specific point, the conversion of the
laser amplitude noise is negligible or even absent.

Furthermore, a good fit to the measured RF phase was obtained with a sixth order
polynomial fit. At this point, it is useful to calculate the RIN-to-SSB phase noise conversion
level or factor, which could estimate numerically the contribution of the RIN in the RF phase
noise. In fact, it can be computed from equation (l11.8) together with the derivative of the
polynomial fit of the RF phase versus the optical power [34]. This conversion factor is given
by

P2, [ do \°
F(Pope) ==~ <dPopt> (I11.9)

Figure Il1-8 illustrates the RIN-to-SSB RF phase noise conversion factor in dB. Clearly
more than -50 dB reduction is observed near the photodiode saturation, more precisely during
the screening effect phenomenon; where the RF phase-to-optical power slope is equal or
close to zero. For instance, in the case of a DFB laser, a high frequency RIN level of
around -160 dB/Hz will be converted to RF phase noise below -200 dBc/Hz. However, in a lot
of applications, this noise level is below the shot and thermal noise.

Thus, based on the measurements and the calculated conversion factor, it is fair to say
that the optimal working optical power, at the photodiode’s input, lies in the range of 8 to
10 mW, where the laser RIN noise conversion is negligible.

84



Chapter lll: OEO based on FRR — Modeling

Figure 11I-8 The RIN-to-SSB RF phase noise conversion factor versus optical power of a Discovery
PD.

On the other hand, the low frequency component of the laser RIN (1/f) may have a
critical impact on the RF close-in phase noise, especially when the optical power levels are
far from the optimal power range.

Moreover, the measurements were performed for three different modulation
frequencies: 2, 5 and 10 GHz (Figure 111-9). They show that the relative RF phase increases
with the increase of the modulation frequency. That is to say that when the application is at
higher frequencies, the photodiode RF output power is more sensitive to the response time
variation, and thus, this noise conversion phenomenon will be more critical. It is worthy also
to point out that the zero slope of the relative RF phase is independent of the modulation
frequency as is seen in Figure 111-9, where it is clear that this zero slope occurs always for the
same optical power range (between 8-10 mW).
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Figure 11I-9 Relative RF phase of a Discovery DSC30S fast photodiode, versus the received optical
power, for three different RF frequencies: 2, 5 and 10 GHz.

It was also found during the experimental screening that this phase parameter also
varies with the temperature fluctuations of the Mach-Zehnder modulator, which change slightly
its bias point. For this reason, the MZM temperature has been controlled by fixing it on a thick
brass plate with foam insulation. Another alternative, which has also been used for some of
the experiments, was to take benefit of an active MZM bias locking system, in this case, a
Photline MBC-AN controller was used to control the MZM bias point and to guarantee proper
linear modulation.

At this stage, it must be stated that, even though this nonlinear behavior of the
photodiode came mainly from the carrier transit-time, it could be also a result of a variation of
its output capacitance. Nevertheless, after an experimental study of a high speed InGaAs/InP
PIN photodiode chip (PDCS32T), it has been confirmed that this behavior only comes from
the carrier transit-time. In fact, by taking advantage of the photodiode chip, the output reflection
coefficient Sy has been measured at several input optical powers using the same
experimental bench described in the above section. Figure 111-10 shows the measured real
and imaginary parts of Sz, versus frequency (from 40 MHz up to 20 GHz) for several optical
powers ranging from 0.5 to 8.2 dBm. It is clearly visible that the real and the imaginary
components of Sy, are constant versus the optical power, so consequently the output
capacitance is constant as well.
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Figure 1lI-10 Measured real (solid) and imaginary (dotted) parts of the Sz, versus frequency from
(40 MHz up to 20 GHz) of a InGaAs/InP PIN photodiode chip for several optical powers ranging
from 0.5 to 8.2 dBm.

I11.4 Equivalent circuit of a fast photodiode

To quantify and investigate the noise conversion phenomenon in the photodiode, it
could be relevant to implement an equivalent circuit model of the device in a microwave circuit
simulator, such as Agilent Advanced Design System (ADS).

In previous works, several equivalent electrical circuit models have been proposed for
fast photodiodes [48-53]. To name only a few, G. Wang et al. have developed a time-delay
equivalent-circuit model (Figure IlI-11 (a)) which includes both the carrier transit-induced
time-delay effect and stored charge effect of p-i-n photodiodes in high-power operation [49].
These effects were represented as linear R.C; circuit and capacitance C., respectively, both
combined in parallel to a voltage-controlled current source. All these time-delay circuit
elements R;, C; and C,. were treated as voltage-dependent components. The presented
approach provides a method that directly predicts and analyses the high-power properties of
ultrafast p-i-n photodiodes using a full electrical equivalent circuit.

In addition, M. Piels et al. have presented a new method for simulating the photodiode
nonlinearities (Figure IlI-11 (b)), with a model including the effects of non-uniform three
dimensional absorption, self-heating, and is compatible with circuit components defined in the
frequency domain, such as transmission lines [51]. It has been demonstrated the accuracy of
the simulation technique to predict the linear and nonlinear behavior of photodiodes, enabling
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direct quantitative comparison of the effects of different design decisions on the figure of merit
of interest.

Figure 1lI-11 (a) [49] High-power equivalent-circuit model of the side-illuminated WG p-i-n PD;
(b) [61] Nonlinear model of waveguide photodetectors.

However, none of the previously proposed models treated completely the nonlinear
behavior of the photodiode, especially the conversion of the amplitude laser noise to RF phase
noise. The combination of the experimental results and the analysis presented above, along
with the physical understanding of this behavior, were utilized to provide a more realistic
modeling of this nonlinearity. The new equivalent circuit model of a fast photodiode, which has
been implemented in a microwave circuit simulator Agilent ADS, is represented and detailed
below.

lll.4.a Photodiode new nonlinear model description

Even though ADS library does not include models of any optical or optoelectronic
devices, these components have been described using electrical equivalent models or
mathematical equations, thanks to the symbolically defined devices module of ADS, or a mix
between these two approaches.

The new nonlinear equivalent-circuit model of the photodiode [42] is presented in
Figure IlI-12.
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As it is known, the photodiode is used as an optical receiver. It operates by converting
the light signal into electrical current. The photocurrent (ipp) generated in the photodiode is
linearly related to the received light beam power:

ipp = Rpp " Popt

(I11.10)

where Rp), is the responsivity of the photodiode in A/W, and P,,,; is the power of the light beam
in W.

The Optical/Electrical conversion of the photodiode is therefore described as a
quadratic detector using a nonlinear voltage controlled current source (NonlinVCCS). Its
output current I,,,,; is defined as a function of the input voltage V;,, as follow:

(I1.11)

where R is the load resistance at the MZM output.
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Figure Ill-12 A nonlinear equivalent-circuit model of a photodiode.

To describe precisely the behavior of a photodiode, the screening effect should be
taken into account. To this purpose, the center section of this model deals with the carrier
transit-time effects, which is represented by a parallel R.C; nonlinear circuit, where the
capacitance C; is a nonlinear function of voltage. It is defined as
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CW)=a;+a,-V+az V? (111.12)
where V is the voltage across the capacitance, and a;, a, and a; are the polynomial
coefficients.

The parallel R,C, circuit is fed by the current source from the NonlinVCCS (I;,,, input

current of the R.C; circuit), the transfer function of this transit-time circuit can be written as:

Vour __ Re
Iin 1+ jwr,

(I11.13)

where V,,; is the transit-time circuit output voltage, and t,, which is equal to C.(V)-R;,
represents the nonlinear delay time.

This nonlinear time-delay equivalent circuit is separated from the parasitic elements by
a nonlinear isolator (SDD2P) where the output current is assumed to be linearly proportional
to the input power (low input optical power), and where the current compression is allowed for
high optical power (close to the saturation threshold). This isolator is defined as:

I(V) = Isat - tanh( ) (I11.14)

R - Isat
where I and V are the output current and input voltage of the isolator, Isat is the current
saturation, which is defined as the dc photocurrent at which the ac output power is compressed
from the linear response by 1 dB. Its value is based on experimental studies of the Discovery
photodiode.

Finally, the parasitic parameters were added to the model, where R; and C; are the
junction resistance and capacitance, respectively. C, is the parasitic capacitance, and L; is
the series inductance.

As for this parasitic elements model, it is in fact a simplified model that depict the
parasitic components of a Discovery photodiode. However, the availability of a high speed
photodiode on chip (PDCS32T) and the access to its output reflection coefficient Sz
measurement make it possible to apply a complete parasitic equivalent circuit model that is
related to the physical parameters of the p-i-n photodiode [53] and to extract the circuit
components values for the various elements (R, C, L) in the equivalent circuit. This model is
depicted in Figure 11I-13 (a), where R; is the resistance representing the dark current leakage,
C4 is the capacitance between p- and n- contact metallization which is significant at low
frequencies, Ry is the p- and n- electrode contact resistance, L, is the inductance of the p/n
contacts to signal/ground electrodes, Ry, and Cy, are the shunt resistance and capacitance of
coplanar waveguide which take into account the electric energy storage inside the
transmission line and the losses caused by the transverse component and C, is the open

circuit at the end of the coplanar waveguide transmission line.
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All the parameters for the elements included in the equivalent circuit model were
extracted by fitting the measurement-based Sz, parameter up to 20 GHz using Agilent ADS
“parameter Tuning procedure”. The parasitic equivalent model has been validated by
reasonable agreement with the measured output reflection coefficient (S22) of the PIN
photodiode, as demonstrated in Figure IlI-13 (b).

Figure 111-13 (a) Parasitic elements model of a high speed InGaAs/InP photodiode on chip.
(b) Measured and fitted reflection coefficient Sz» versus frequency (from 40 MHz up to 20 GHz) of a
pin photodiode on Smith Chart.

lll.4.b Simulation of the PD’s nonlinearity

Despite the fact that Agilent ADS is a pure microwave circuit simulator, it was chosen
primarily because it includes the harmonic balance approach, which is a frequency-domain
analysis technique [54,55]. The interest of this approach lies in its ability to simulate the noise
conversions in nonlinear devices, between different carrier frequencies, even if these
frequencies are as far apart as DC, microwave signal (10 GHz) and optical carrier (200 THz).
Using this approach, nonlinear devices are computed in the time-domain and then converted
to frequency-domain via the Fast Fourier Transform (FFT).

To validate the performance of this photodiode’s new model, it has been implemented
in an ADS description of a microwave-optical link that was already suggested by
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H. Brahimi et al. [56]. Figure IlI-14 depicts the microwave-optical link model including the new
photodiode’s model.

l1l.4.b.i Optical components modeling

The laser is described using an RF power source (P_1Tone), where the optical carrier
is considered like the RF carrier but at an extremely higher frequency. In our case the
frequency has been fixed at 200 THz (Fr_HF). In this phase of the study, the laser relative
intensity noise has not been included in the laser model, since the main focus here was on
the photodiode nonlinearity. In addition, an “attenuator” has been placed between the MZM
and the photodiode model to allow for variations in the optical power, received by the
photodiode. In fact, the RIN was included later on, in order to simulate the RF phase noise of
the whole system.

Figure 1ll-14 ADS model of a microwave optical link, including an optical source (Laser) and a
Mach-Zehnder modulator (MZM).

The Mach-Zehnder modulator [56-58] is represented by a symbolically defined device
(SDD), including its 1 + cos x response:

P
Pout mzm =~ (1 + €08 @z (1)) (111.15)

where P, is the laser optical power and ¢,y (t) is the phase difference between the waves
propagation through the MZM two arms, it is expressed as:
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VRF (t) + Vdc - Vm

Puzm(t) =T TR (11.16)
T m

where Vg (t) is the RF modulation signal voltage, V,. is the MZM DC bias voltage, V,, is the
MZM maximum voltage, and V, is the MZM extinction voltage. Using formulas (Ill.15) and
(111.16), the SDD current and voltage relation is defined as follow:

I _ Vopt Vrr(t) +Vae — Vi
out = T O\ T 1)
b4 m

(I11.17)

lll.4.b.ii Simulation versus experimental results

In Figure 111-15, the comparison between the measured and simulated relative RF
phase data of a Discovery photodiode are presented for three different RF frequencies: 2, 5
and 10 GHz.

By carefully choosing the values for the carrier transit-time components R.C;, and
especially the polynomial coefficients (a,, a, and a3) of the nonlinear capacitance C;, the
simulated relative RF phase results are in satisfactory agreement with the measured results,
with a maximal error level in the relative phase difference below 0.3°. Interestingly also, the
zero phase slope appears in almost the same range of optical power as for the measurements.

Figure 1lI-15 Simulated (dashed) and experimental (solid) relative RF phase of a discovery
photodiode versus input optical power, for three different frequencies: 2, 5 and 10 GHz.

The amplitude of the forward transmission frequency response S»1 versus frequency
(from 40 MHz up to 20 GHz) of the Discovery photodiode has also been measured and
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simulated for several optical power, ranging from 0.6 to 7.4 dBm. The results are presented in
Figure 111-16, where a relatively good agreement is again obtained. It is notable that the amount
of optical power received does not change the frequency response, but the RF output power
increases with the optical power with a 2 dB RF gain every 1 dB optical gain, up to the
photodiode saturation threshold power.

Taking into account the difficulties and the precision of the measurements, particularly
because of their temperature sensibility, this new nonlinear equivalent model of a photodiode
can be considered as a good predictor of the nonlinearity behavior of a fast photodiode, and
especially when it comes to represent the conversion of the laser amplitude noise into RF
phase noise.

Figure 1lI-16 Simulated (dashed) and experimental (solid) forward transmission gain S»1 of a
Discorvery PD versus the RF frequency (from 40 MHz up to 20 GHz), for different optical power
levels.

1.5 RF phase noise simulation

Accurate modeling of this nonlinear conversion phenomenon is an essential
requirement in OEQOs applications. It also complete the modeling approach of microwave
optical systems suggested by H. Brahimi [56], which was not able to compute the optical link
close-to-the-carrier (1/f) phase noise. In the case of OEOs, it results in a 30 dB/dec slope of
the close-to-carrier spectrum which is always observed experimentally.

In fact, simulating directly the phase noise of an OEOQ, in a closed-loop configuration,
is rather difficult because an OEO is an autonomous system, in which the oscillation start-up
has to be managed independently from the optical signal, contrary to the open-loop
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configuration, where the oscillation frequency is externally selected (i.e. by means of the RF
input of the Mach-Zehnder modulator). Fortunately, the closed-loop performance of the OEO
can be computed analytically from its open-loop phase noise [59]; hence, for this reason, the
first step was to be able to properly simulate the phase noise performance of an open-loop
optical link, especially close-to-the-carrier, and then the expected OEO closed-loop phase
noise can be determined.

Concerning the noise simulation, the harmonic balance approach includes a specific
module which is able to compute the effect of a small perturbation at a given frequency on any
other simulation frequencies, in amplitude and phase. This technique is known as the
conversion matrix technique for nonlinear noise computation [55]. This module not only allows
the description of a quasi-static perturbation, but is also able to take into account a possible
frequency dispersion in a small frequency bandwidth around any of the simulation frequencies.
In other words, it is the perfect tool to compute the conversion of a noise at a given frequency
towards another frequency of the analysis (in this case, the RF frequency). The phase noise
simulation results are presented by the ADS noise variable “pnmx” (in dBc/Hz), which stands
for phase noise from mixing analysis.

lll.5.a.i Open-loop phase noise simulation

In the model depicted in Figure 1lI-17, the noisy devices are the laser and the
photodiode, whereas the Mach-Zehnder modulator was considered as a nonlinear noiseless
device. The laser is described by its amplitude noise (RIN), thanks to the amplitude modulator
(AM_ModTuned) fed by a voltage noise source (V_noise). This noise source is simply
described by the sum of a 1/f noise and a noise floor. The parameters of the noise source
feeding the AM modulator are adjusted such that the laser RIN simulated around DC on the
photodiode can fit the measured low-frequency RIN of a semiconductor DFB laser.
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Figure 111-17 Model of an optical link on ADS including an optical source with amplitude noise
(AM modulator) and a Mach Zehnder modulator (MZM).

Note that, the phase noise of the laser could be also included in the model. However,
there is no element in this model able to perform a conversion of such noise (such as an
optical delay line). In a near future, a model of a dispersive optical fiber will be included in this
approach, and in this case the laser frequency noise will be of interest.

In addition, a shot noise source is added to the photodiode model, presented as a
noise current source (Shot_noise) [60]. The current output is expressed as square root of the
current white noise spectral density:

Isnot_noise = /2410 (111.18)

with g being the electron charge and I, the DC photocurrent.

Figure I11-18 depicts the simulated RIN at the photodiode output around DC frequency,
for three optical power levels: 9.1, 13.6 and 18.6 dBm. These results corresponds to
measurements spectra which have been obtained on a high power EM4 semiconductor DFB
laser, similar to the measurements described in [61] for the same device. It is clear that the
laser RIN improves with the increase of the optical power, for both the 1/f components and
the noise floor.
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Figure 1ll-18 RIN simulated with ADS at the photodiode output around DC frequency (fitted to a
semiconductor DFB laser measured data), for three optical power levels.

Then, in an open-loop configuration, the 10 GHz phase noise of the optical link has
been simulated with ADS using the dedicated variable for nonlinear noise simulation “pnmx”,
for three optical power levels. The results are presented in Figure IlI-19. As shown in this
figure, the only important 1/f contribution which appears in the simulated data is at high optical
power level (>12 dBm), and this noise decreases as the optical power approaches the optimal
optical power (~ 9 dBm), where the RIN to phase noise conversion is at its lowest levels.

For high offset frequencies (above 1 kHz), the phase noise is most probably limited
and dominated by the high frequency component of the laser RIN, especially at low optical
power, as it is evident from Figure l1-18. That explains why the phase noise level at 9.1 dBm
optical power is higher than the phase noise level at higher optical power.
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Figure 1lI-19 Simulated phase noise (pnmx) around the RF carrier (10 GHz) on an open loop
configuration optical link, at three optical power levels.

Considering that the laser is perfectly locked to the peak of a resonator’s resonance,
the simulated phase noise (Figure IlI-19) represents the RF phase noise performance of an
optoelectronic oscillator in an open-loop configuration.

lll.5.a.ii Close-loop phase noise of an OEO

Up until now, it is still difficult to simulate an optoelectronic oscillator phase noise in its
closed-loop configuration, directly using ADS. However, based Lesson’s models [59], the
closed-loop phase noise is related to the open-loop phase noise, and thus it can be calculated
using the following formula:

f ozpt

802, f2 + 1> + Loro oL (11.19)

Logo(fin) = 10 Log(
where Logo(fn) is the oscillator single-sideband phase noise in dBc/Hz, f,,; is the optical
frequency (200 THz), Q,,; is the optical quality factor of the used resonator, and Lygo ¢y, is
the oscillator open-loop single-sideband phase noise in dBc/Hz.

Figure IlI-20 illustrates the computed closed-loop phase noise of an 100m long fiber
ring resonator based OEO using the simulated phase noise presented above (Figure I11-19)

for three different optical power levels. This figure shows an excellent phase noise
performance for these type of oscillators.
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However, two noise sources were not taken into account in the present modeling and
simulation processes. These noise sources include the RF amplifier phase noise and the
nonlinear optical effects generated inside the fiber resonator. In fact, at these optical power
levels, the nonlinear optical effects contribute significantly in the degradation of the OEO
phase noise, especially close-to-the-carrier.

Figure 111-20. Calculated 100m long FRR based OEO closed-loop phase noise using the simulated
OEO open-loop phase noise, based on Lesson's model.

Further improvement should be done regarding the simulation of the OEO phase noise,
where all the noises sources and the nonlinearity behavior that could contribute to the
oscillator short-term stability should be modeled in order to be able to predict realistic
performance.

111.6 Conclusion

In this chapter, an overview is provided on the main different factors that have
significant impact on the overall performance of an OEO system. These factors include the
amplitude and phase noises of the various components in the loop, the different noise
conversion processes that can take place in the OEO setup, and the nonlinear optical effects
generated inside an optical resonator.

A large part of this chapter was dedicated to study the conversion process of the laser
relative intensity noise into microwave amplitude and phase noise via the photodiode
nonlinearity. This nonlinear behavior of the photodiode has been attributed mainly to the
dependency of the carrier transit-time inside the photodiode on the received optical power and
the related screening effect phenomenon. Based on experimental findings, an optimal optical
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power has been identified, at which the laser RIN-to-RF phase noise conversion could be
negligible.

A new nonlinear equivalent circuit model of a fast photodiode, which takes into account
the transit-time delay effect, was proposed and modeled using a microwave circuit simulator,
Agilent ADS. This conversion is realized through a nonlinear RC circuit. The validity of this
model has been confirmed by a good match between the simulation and experimental results
of the microwave phase data at different microwave frequencies. These studies have been of
major importance for modeling realistically the physical behavior of a photodiode and for
optimizing the contribution of the laser noise on the OEO short-term stability.

Furthermore, this new model has been included in a model describing a complete
optical link and has been used to simulate the residual phase noise of this link. This approach
is found to be able to simulate the RF phase noise of an open loop optical link, and especially
its close-to-the-carrier component (1/f noise) at high optical power. It was confirmed through
simulation that this noise decreases as the optical power approaches the optimal optical
power, where the RIN to phase noise conversion was at its lowest levels.

As for the case of an OEO in its closed-loop configuration, the open-loop phase noise
data of an optical link has been used to calculate the closed-loop RF phase noise, based on
Leeson’s approach. However, the results obtained so far do not represent the real
performance of an OEQ, since some noise sources were not taken into account in this model.

So as a conclusion, to predict and reduce the phase noise of an OEO and especially
its 1/f noise, additional noise modeling investigations are required, on one hand for accurately
compute the OEO 1/f phase noise at low optical power (i.e. lower than the photodiode’s input
optimal optical power), which was a main drawback of this approach even with the presence
of the new photodiode nonlinear model. On the other hand, for including the other noise
sources, for instance, the nonlinear optical scattering inside the optical fibers and the optical
resonators, since at a specific optical power, these optical effects may degrade severely the
phase noise of an OEO system.
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Chapter IV: OEO based on FRR - Experiment

IV.1 Introduction

Increasing the quality factor of an optical resonator tends to increase their sensitivity
to the incident optical power. That is to say, when the incident optical power is absorbed inside
the resonator, the circulating intra-cavity power can be tens to hundreds of times higher than
the absorbed optical power, depending on the resonator optical quality factor (Q,,). Thus, this
high intra-cavity power will heat up the cavity of the resonator, leading to a strong thermal
variation which causes a thermal drift of the resonator’s optical resonances. Consequently,
the optical carrier will not be sufficiently coupled to the resonator.

Furthermore, this frequency shift between the resonance of the resonator and the laser
frequency may also be caused by the aging of the components of the optoelectronic oscillator
and by the changes of the environmental conditions, such as temperature fluctuations, stress,
or other disturbances.

Thus, the difference between the laser's frequency and the resonator’s resonant
frequency must be continually controlled in order to maintain a desirable and stable
performance of an OEO in the high-end applications, where self-sustaining highly stable
oscillators are required. This can be accomplished by either actively locking the laser
frequency to the respective resonance peak (by altering the laser frequency for instance), or
alternatively, actively locking the resonator to the laser (by changing the cavity’s length to alter
the resonant mode, for instance). The choice of these two locking techniques depend on the
components used and on the intended application.

Three common locking techniques are presented and detailed in the first section of this
chapter: the optical self-injection locking, the thermal locking technique and the
Pound-Drever-Hall radio frequency sideband approach. A special focus is given to the latter
approach, the PDH technique, as it has been used in numerous experimental studies during
this thesis, on different optical resonators and with various lasers and electronic feedback
circuits.

Even a frequency stabilization technique could play a critical role in limiting the
short-term performance of an OEO. In order to identify and address the shortcomings of the
PDH stabilization loop, a study has been carried out on the low-frequency electrical part of the
PDH loop, known as a servo controller. Many different circuits have been realized and tested
in order to improve the system for a better long-term stability and faster time response, and to
try to reduce its effect on the OEO phase noise.

Finally, a study has been carried out to replace a DFB fiber laser with a narrow
linewidth, small size and high performance semiconductor laser (RIO laser). The breakthrough
was in being able to stabilize this semiconductor laser to a very high-Q resonator, with a small
free spectral range (FSR order of MHz). The results are presented in the final section of this
chapter.
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IV.2 Stabilization techniques

Various techniques and methods have been developed in order to overcome the
difficulties of maintaining frequency locking between the laser and the optical resonator. These
methods are based on either an optical feedback, thermal approach, or electrical feedback, or
even a combination between these techniques.

IV.2.a Optical feedback locking technique

Optical feedback technique [1-3], known as well as self-injection locking technique, is
widely employed method since it is used for two essential purposes: firstly, to narrow the
laser’s linewidth, and secondly to stabilize its frequency optically to the cavity resonance. It
has been demonstrated that the instantaneous linewidth of the locked laser could be at least
10* times smaller than the linewidth of the free running device along with a good short- and
long-term stability [4,5].

The key concept is that part of the signal induced inside the resonator should be
fed-back to the laser in order to lock its frequency to one of the resonator’s resonance. This
could be achieved by different feedback mechanisms. Three examples of feedback
techniques are given below.

The first one is based on the counter-propagating waves circulating inside the
resonator through the Rayleigh scattering [6-8]. The light caused by the Rayleigh scattering
will be moving in an opposite direction of the original optical wave and it will travel from the
resonator back into the laser. The second feedback mechanism is based on using an external
reflector, for instance a partially transparent mirror. The external reflector is placed at the
output of the resonator in order to reflect part of the resonator output beam back into the
resonator as a counter-propagating wave and then fed-back toward the laser [9]. A
combination of these two mechanisms, the Rayleigh scattering with the external reflector, may
also be used (see Figure IV-1 (a)).

In the third presented technique, the light beam from the laser is injected into the
resonator through a three ports optical circulator. An optical coupler is placed after the
resonator, and its output is connected to the circulator’s port 1 in order to direct part of the
resonator output beam back toward the laser (Figure 1V-1 (b)) [10].
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Figure IV-1 Example of a self-injection locking technique, using an external ring resonator (a) with
an external reflector; (b) with an optical circulator (C) and an optical coupler (OC).

The optical phase of the feedback light must meet a phase-matching condition for a
proper injection locking phenomenon. This could be reached, for example, by introducing a
phase shifter between the resonator and the laser or between the external reflector and the
resonator, or by controlling accurately the distance between the laser and the resonator or the
distance between the resonator and the reflector to adjust the optical phase of the feedback
signal. Another option, if it is available, is to tune slightly the resonator temperature in order to
change the optical frequency, and thus the phase shift between the laser and the resonator.
A slight adjustment of the laser temperature may also help in finding the proper locking
conditions.

Various successful self-injection locking experiences of several types of lasers to an
external optical resonator have been previously reported. Most frequently used resonators are
the confocal Fabry-Perot resonators [1,11,12], whispering gallery mode resonators [4,5,13]
and fiber ring resonators [14,15].
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Figure IV-2 Schematic diagram of: (1) The optical self-injection technique, which based on the
counter-propagation waves inside a fiber ring resonator (FRR) through the Rayleigh scattering.
LD: DFB-laser diode; L: laser diode objective lens; SMF: single-mode fiber. (2) The self-heterodyne
approach. AOM: acousto-optic modulator; PC: polarization control; G: amplifier gain; SSA: signal
source analyzer.

A self-injection locking technique has been set up in LAAS-CNRS using the
counter-propagation of the Rayleigh scattering inside a fiber ring resonator (FRR). A light
source from a DFB laser diode (1550 nm), thermally controlled, has been collected and
collimated by a laser diode objective lens and focused onto the tip of a cleaved single-mode
optical fiber, to be finally delivered to a passive 20m long fiber ring resonator of high quality
factor (Q,,: = 1.6 10°). The locking bench is presented in Figure IV-2.

Once the laser is locked, its spectral purity is enhanced thanks to the high Q factor of
the external resonator. To check this behavior, the linewidth of the DFB laser has been
measured in two different states, i.e. when the laser is free running without any feedback and
when the laser is optically locked onto the FRR. These measurements have been performed
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with a self-heterodyne approach [16-19]. The laser signal is split in two paths. On one path,
an acousto-optic modulator shifts the laser frequency of 80 MHz. On the other path, the signal
is delayed using a fiber spool of 2 km, and then recombined to the first path. The beat
frequency is recovered using a fast photodiode, amplified and finally the microwave output
signal has been measured by means of an Agilent E5052B signal source analyzer (see Figure
IV-2). It is worthy to note that this self-heterodyne approach is basically dedicated to the phase
noise characterization of high spectral purity lasers.

Figure IV-3 RF power spectra of the beat note signal for the free running DFB-laser (dotted) and
with optical feedback using an external 20m length fiber ring resonator (solid). (Measured by A. Ali
Slimane).

Figure IV-3 depicts the RF power spectra of the beat note signal for the DFB-laser, in
its two different states for the same laser optical power level. In its free running state, and
based on these measurements data, the DFB-laser has a linewidth of around 2 MHz. Once
optically locked, the instantaneous linewidth of this laser has harshly narrowed to an order of
kHz. The width of the displayed beat note is limited by the RF spectrum analyzer’s resolution
bandwidth (spectrum monitoring down to 25 kHz of resolution bandwidth (RBW) in a real-time
mode).

This experimental observation clearly demonstrate that self-injection locking technique
can improve the laser linewidth by nearly several orders of magnitude by purely optical means,
without any electronic control. It also features a large frequency bandwidth and can stabilize
lasers with a linewidth much larger than the 3-dB bandwidth of the resonator on which they
are locked. However, the locked laser is not stable enough for our applications. Unless the
optical path between the laser and the resonator is well fixed and the temperature of the
system is well controlled, the lock will shift from one mode of the resonator to another. This is
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visible on the locked linewidth which flashes sometimes, revealing locking/unlocking
processes. Therefore, for low phase noise OEO applications, or more generally for time &
frequency applications, this technique should be combined to other techniques to ensure a
more robust locking behavior.

IV.2.b Thermal locking technique

Thermal fluctuation in optical resonator is one of the major obstacles that can affect
the frequency stability of an OEO. In fact, optical absorption of the light power inside the
resonator during the optical pumping or a change of the ambient temperature lead to a
significant variation of the cavity’s temperature, and owing to the thermal dependency, the
refractive index (n) and the thermal expansion will change as well, proportionally to the
temperature shift. These variations will lead to a thermal nonlinearity inside the resonator
[20-23], and therefore may induce frequency shift of the resonance.

In a silica optical fiber, for instance, the thermo-optic coefficient (a,, in K=1) and the
thermal expansion coefficient (s in K1) for L fiber length [20, 24-26] are given by:

ldn P
1dL
&= Zd—T =0.5-10"° (|V2)

It is noticeable that the value of the thermal expansion coefficient in silica fiber was
found to be much lower than that for the average thermo-optic coefficient.

The resonance-frequency can now be expressed as a function of the temperature [23],
as follow:

fr =fo 1= (an +¢) AT] (IV.3)

where f, is the cold resonance-frequency and n, is the cavity index of refraction.

This thermal instability has a detrimental effects on the stability and continuous
operations of the optoelectronic oscillator.

However, one can take benefit of the thermal instability in order to realize a thermal
locking of the laser frequency onto a corresponding resonance. Carmon et al. [23] have
demonstrated a self-stable thermal equilibrium solution for a pump-microcavity system. The
principle is to reach a stable warm-equilibrium region where the laser frequency is higher than
the cold-cavity resonance frequency. In this region, a small pump power decrease will cool
down the cavity temperature and push the cavity frequency closer to the laser frequency. This
will increase the absorbed power and hence will compensate for the pump reduction by
increasing the intra-cavity power. As a result, the cavity stays warm and loaded as
perturbations are self-compensated, and therefore, the locking is achieved. This thermal
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self-locking allows for tuning ranges of tens of gigahertz without losing the resonance of the
microcavity [23, 27].

Over relatively long time-scale, this technique alone may drift due to external
perturbations, translating into resonant frequency fluctuations. Thereby, a combination of the
optical and the thermal lock has been reported [28]. A semiconductor laser was
thermo-optically locked to a toroid optical microresonator, and its linewidth was reduced from
1.4 MHz to 300 kHz. Briefly speaking, the optical feedback locking was used to optimize the
laser frequency with respect to the microtoroid resonance in order to maximize the
constructive interference between the feedback and intracavity laser fields; whilst the thermal
locking was used to optimize the microtoroid resonance frequency with respect to the laser
frequency to balance the optical heating and the thermal heat loss. The lock using this
technique was demonstrated to be maintained for time periods exceeding several hours [28].

However, in a fibered system and in real applications environment (far from an optical
table), it seems difficult to rely on this approach for long term operation.

IV.2.c Electrical feedback technique

The electrical feedback technique provides an interesting alternative to the previous
locking techniques. Many electrical feedback approaches [29-37] have been developed and
aimed for continuous locking purposes. Among these locking approaches are those which
track the variations in either the transmitted or reflected intensity of some probe beam, and
those which are based on interferometry. Yet, they are all based on the same concept, which
is the generation of an error signal proportional to the difference between the laser frequency
and the cavity resonance frequency. To name only a few of these techniques, one could
mention the transmission locking [29], fringe side locking [30], Hansch-Couillaud locking [31],
mode interference locking [32], Pound-Drever-Hall locking [33,34] and tilt locking [35].

In this section, a specific focus is devoted to the Pound-Drever-Hall (PDH) stabilization
loop that is the most widely used method currently. Thanks to its potential advantage of
preventing laser intensity fluctuations from coupling directly into the frequency (phase) error
signal, the PDH technique detects only the fluctuations in the laser’s frequency.

As mentioned before, the locking technique can be used either to lock the laser to a
stable cavity or to lock a cavity to a stable laser. The latter method is very useful in some
application, such as precisely measuring the length noise in the cavity. In this case, the laser
is stable and its frequency is unmodified, while the length of the cavity is adjusted until the
light is resonant [38]. Concerning the first method, it is the most used one in the PDH technique
since many modern lasers nowadays are frequency tunable, i.e. they come with some input
port into which an electrical signal can be fed and adjust the laser frequency. This case will be
considered for the rest of this manuscript.

Moreover, depending on the technology and configuration of the optical resonator, it is
possible to use its reflective or transmission properties to measure the difference between the
laser’s frequency and the cavity’s resonant frequency, noted Af, and more specifically the sign
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of Af so that it can be used to appropriately cancel this difference with an electrical feedback
signal. At this stage, it has to be noted that the conceptual explanation and the analytical
model will be based on the transmission transfer function (detailed in chapter Il) of the fiber
ring resonator, the corresponding transmission coefficient is noted A(w). The math maintains
its similarity for any other resonator used.

IV.2.c.i PDH conceptual overview

At the core of the PDH loop is the optical resonator. On resonance, the incident light
will experience constructive interference with the circulating waves inside the cavity, and
consequently minimum transmission intensity results at the resonator’s output (case 1 in
Figure IV-4 (d)). If the laser is outside the resonator resonance, there will be no power
circulating inside the resonator, thus, the incident light will be almost completely transmitted
(destructive interference), the cavity appears almost transparent, and therefore the
transmission intensity is at a maximum (case 2 in Figure 1V-4 (d)).

As it is evident from Figure 1V-4 (d), the transmission intensity is symmetric about
resonance frequency. So by just taking into account the intensity spectrum, one wouldn’t be
able to tell which side of the resonance the laser’s frequency is on. In contrast to the intensity
case, the phase of the transmitted light is antisymmetric across the resonator resonance
frequency (Figure IV-4 (e)). For this reason, the PDH system relies on the phase information
of the transmitted light to determine the exact correction needed to adjust the laser’s
frequency. Here comes the importance of the phase modulator.

Figure IV-4 (a) Experimental layout for PDH technique. Solid gray lines are the optical paths and
dashed black lines are the electrical paths. I: isolator; LPF: low-pass filer. (b) Optical spectrum.
(c) Phase modulated optical spectrum. (d)-(e) Magnitude and phase of the transmission spectrum as
a function of frequency, near resonance (where 1 represents the case on resonance and 2 out of
resonance).

Figure IV-4 (a) shows a basic Pound-Drever-Hall setup. The incident light from a laser
passes through an electro-optic modulator (EOM), to modulate its phase before being
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transmitted by the resonator. The phase modulated is driven by a radio-frequency signal
generator. The modulated beam then passes through an optical resonator, and the transmitted
beam is collected and detected by a photodetector. Mixing the output of the photodetector
with the local oscillator (LO) signal gives access to signals at both low frequency and twice
the modulation frequency.

The interesting signal is the low frequency one since it contains the required phase
information. In fact, it is the error signal that is proportional to the frequency difference between
the laser and the resonator, indicating on which side of the resonance is the laser. A low-pass
filter on the output of the mixer is used to isolate this error signal, which is then fed into a servo
controller to adjust the laser frequency by means of a control signal, locking the laser to the
resonator’s resonance.

The optical isolator (I in Figure IV-4) is essential in order to eliminate any feedback to
the laser, which may destabilize it. In addition, the phase shifter is necessary in the PDH loop
to compensate for unequal delays in the signal paths, in order to produce two pure sine terms
at the inputs of the mixer. If the inputs of the mixer do not have appropriate relative phase, the
error signal can be damaged or lost [39]. Another solution to get a proper phase relationship
is to change the value of the modulation frequency from the LO. However, this latter method
is less accurate than the phase shifter solution and depends on the length of the cables used
in the experiment (in a compact experiment, it cannot work).

IV.2.c.ii Analytical overview

The electric field of the light passing through the EOM can be written as:
Egom = Eoei(wt+B sinNt) (|V.4)

where S represents the modulation index and 2 is the phase modulation frequency. Using
the Jacobi-Anger expansion, this equation can be reformulated as a sum of Bessel function
[40]:

Egom = Eo[]o(ﬁ)eim +]1(,B)ei(w+mt —]1(ﬁ)ei(w_mt] (IV.5)

This form shows the three different beams: the carrier with frequency w and the two
sidebands with frequencies w + 2 (Figure IV-4 (c)). The modulation index, which is controlled
by the power of the modulation signal, will limit the power to the carrier and the sidebands.
Equation (1V.5) is only valid if the modulation index is small (8 < 1), since in this case almost
all of the incident power (P,) is in the carrier (P.) and the first-order sidebands (P;), while the
greater orders are nearly subtracted:

Py ~ P, + 2P, (IV.6)

With P, = Jo’(B) and Ps = J+4() = J-7*(f). As mentioned before, the PDH approach uses
the low frequency components when analyzing the phase, so any higher orders of sidebands
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will not add any phase information to the error signal. Plus, if further orders of sidebands are
added, the carrier signal will have less power.

When the modulated beam passes through the resonator, each frequency component
of equation (IV.5) will be multiplied by the resonator’s transfer function A(w), resulting in a
resonator’s output electric field of:

Egue = Eo| AMW)]o(B)e™t + A(w + )];(B)e! W+ Dt — A(w — )], (B)e! W=Dt | (IV.7)

The photodetector, placed after the resonator, will detect the power (intensity) of the
optical signal:

Poue = |Eout|2 = PclA(W)lz + Ps{lA(W + -Q)lz + |A(W - Q)lz}
+ 2,/P.P, {Re[A(W)A*(w + Q) — A" (W)A(w — Q)] cos Qt (IvV.8)
+ Im[AW)A*(w + Q) — A" (W)A(w — Q)] sin Qt} + (2Q terms)

It is evident that the resonator’s output power contains several frequency components:
the DC intensity from the carrier, the Q components arising from the interference between the
carrier and the sidebands, and the higher-order components 20 from the interactions between
the sidebands.

However, to get the phase information of the resonator's output, the only two
interesting components are the ones that oscillate at the modulation frequency (. That is what
is accomplished by the mixer and the low-pass filter after the photodetector. The oscillating
components from the photodetector will be mixed with a local oscillator signal from the signal
generator, which has the same RF frequency as the EOM.

IV.2.c.iii Error signal

In equation (IV.8), there are two oscillating components, a sine term and a cosine term.
However, at the mixer's output, only one of them will remain and the other will vanish,
depending on both the modulation frequency and the full-width at half-maximum of the
resonator (FWHM). It exist two cases to modulate the laser light, i.e. with a slow modulation,
or with a fast modulation.

e Slow modulation:

The phase modulator sweeps the phase of the laser carrier at a frequency much lower
than the FWHM of the resonator, i.e. O K FWHM. In this case, only the cosine term in equation
(IV.8) remains. The PDH error signal can be expressed as:

€ =2 P.P; Re[A(w)A*(w+ Q) —A*"(w) A(w — Q)] (IV.9)

The shape of this error signal is represented in Figure 1V-5. It illustrates the extremely
narrow capture range of the Pound-Drever-Hall error signal.
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Figure IV-5 The Pound-Drever-Hall error signal versus w/FSR, when the modulation frequency is
low (Q « FWHM).

e Fast modulation:

The phase modulator sweeps the phase of the laser carrier at a frequency much higher
than the resonator FWHM, i.e. Q> FWHM. In another words, the laser carrier is near
resonance and the modulation frequency is high enough that the sidebands are not, so they
are totally transmitted at the resonator’s output. In this case, the cosine term in equation (1V.8)
is cancelled, and only the sine term is left. Therefore, the expression of the error signal can
be written as:

€=—-2,/P P, ImM[AW)A*(w + Q) —A"(W)A(w — Q)] (IV.10)

Figure IV-6 shows the plot of this error signal. It is evident that in this case, the locking
capture range (~2* Q) is larger, and consequently the detuning between the laser frequency
and the resonant frequency will be reduced.

It is worth to point out that in both cases of modulation, the error signal is linear near
resonance and is centered about zero when the laser’s frequency is locked exactly at the
resonator resonance frequency. Yet, the error signal can be zero at frequencies other than
the resonant frequency of the resonator. Using a PDH technique with relatively narrow capture
range will result in a cavity lock at frequencies other than the resonant frequency. That is more
likely be occur in the slow modulation case than the fast one. For this reason, in practice,
modulating with a high Q (fast modulation) is the one chosen when using the PDH approach.
In fact, as it is evident from Figure IV-6, in the capture range zone, the only solution to get an
error signal at zero, or close to zero, is at the center of the curve, i.e. at the resonance. During
the set up process, the modulation frequency and the phase shifter are adjusted until the
presented error signal shape is obtained (Figure IV-6).
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Figure IV-6 The Pound-Drever-Hall error signal versus w/FSR, when the modulation frequency is
high (Q > FWHM).

e Slope of the error signal

It has to be noted also that it is necessary to maximize the slope of the linear range of
the error signal around the resonance, to obtain a large gain in the feedback loop. In this steep
linear region, defined as linear dynamic range, the servo controller would operate ideally and
with a fast response time.

However, when the capture range becomes much wider, the slope of the linear range
of the error signal becomes less steep. Therefore, the chosen modulation frequency of the
EOM is a compromise of the steepness of the error signal slope and the width of the capture
range.

In addition, the sign of the slope of the PDH error signal depends on the phase
condition between the output of the photodetector and the LO, and on the modulation
frequency. So, if the sign is not chosen correctly, the correction signal will not be able to lock
the laser’s frequency on the peak transmission of the resonator.

¢ RAM of the phase modulator

As it is clear, the phase modulator is one fundamental component in the PDH
technique. But, many mechanisms may reduce the purity of the phase modulation, producing
an amplitude modulation, which is often known as residual amplitude modulation (RAM).

Many effects can give rise to RAM [41,42]. In fact, if there is a misalignment between
the polarization of the laser beam and one of the principle axes of the electro-optic crystal,
each polarization component experiences different phase shifts, and thus will be converted
into RAM. Briefly, the residual amplitude modulation arises when the modulation sidebands
are unequal in magnitude, or not exactly in phase, or both [43].

Unfortunately, in the PDH system, RAM results in an introduction of frequency offset
noise to the error signal, after being detected by the photodiode, and thus in a degradation of

116



Chapter IV: OEO based on FRR — Experiment

the laser stability. In other words, it degrades the short- and long-term stability of the PDH
system.

Various techniques have been developed to cancel out the RAM [43-45]. However, in
all experimental setup explained in this thesis, a simple method was used to suppress the
RAM effects, by maintaining the correct polarization between the laser and the EOM.

IV.3 New simplified servo controller

Once a proper error signal is obtained, the next step is to process this signal to
determine the appropriate correction signal, which is fed back to the laser’s actuator to close
the loop and to complete the PDH system. Several methods have been developed to get the
correction signal. Nevertheless, they all include some type of servo controller, an electronic
technique that monitor and alter the laser frequency, in order to maintain the error signal at
zero and, consequently, to align the laser frequency at the peak of the resonator’s resonance.

A common type of servo is the PID device, which stands for
proportional-integral-derivative controller. The proportional term produces the negative
feedback, attempting to zero its input. In fact, the proportional controller reduces the error but
does not eliminate it entirely, that is to say an offset between the actual and the desired value
will exist, and here comes the role of the integral controller. The integral term eliminates the
residual offsets that are accumulated over time with the pure proportional controller.
Therefore, after a given time, the error signal will be forced to the zero level. The derivative
term is used to improve the settling time (dynamic response) and the stability of the system.
However, most lasers respond fast to the frequency changes, and due to the sensitivity of the
derivative term to noises, the proportional-integral (PI) controller is more suitable to be used
without the derivative action since it may behave more steadily in case of noisy signal.

Up until now, in all the previous investigations done by our team, a commercial servo
controller has been frequently used in the PDH feedback loop to stabilize an extremely narrow
linewidth DFB fiber laser (Koheras laser) onto a fiber ring resonator. The control signal from a
PI controller is sent to the laser’s piezoelectric actuator (PZT) and thus alter its wavelength.
However, this Pl controller with its complexity and the electronics behind, may contribute in
the degradation of the OEO phase noise, in addition to its poor long-term stability. In addition,
using this commercial controller, an unsuccessful attempt was made to stabilize a
semiconductor laser onto a high-Q fiber ring resonator. For this reason, new simplified servo
controllers have been realized, using low noise active devices, in order to replace the
commercial controller.

IV.3.a Description and test with fiber laser

Several different servo controller circuits were realized and tested, ranging from simple
to a more sophisticated circuit. In this section, a description of a best three controller feedback
circuits that were used successfully to stabilize a Koheras laser, featuring an extremely narrow
linewidth (1 kHz), onto a fiber ring resonator, will be presented.
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e First circuit

Figure V-7 represents the simplest possible circuit that is able to replace the
commercial Pl controller. It was designed with a summing amplifier, preceded and followed by
passives low-pass filters. The adder, which is realized with an ultra-low noise operational
amplifier AD797, is designed to set the offset voltage required for a proper operation of the
laser’s piezoelectric actuator. The output voltage and the gain of the adder are adjustable via
two variable resistors, Rvar and Rvar2 in Figure I1V-7.

The first low-pass filter (530 Hz) is used to ensure that the error signal from the mixer
is a low noise signal and contains only the low frequency components, i.e. the ones that
oscillate at the modulation frequency Q. The output low-pass filter (10 Hz) is used to ensure
the stability of the feedback loop.

Figure IV-7 First functional configuration of a simple servo controller circuit.

The locking process was easier and more stable, once the gain of the summing
amplifier was set to its maximum (46 dB). The Pound-Drever-Hall technique including this
simple servo circuit has been proved stable and capable of operating continuously for several
minutes at a time. However, a long-term stability was not ensured according to the preliminary
experiments. It was reasonable, thus, to modify this circuit by adding another controller that
guarantee more stability.

e Integrator-Adder circuit

In this configuration, depicted in Figure IV-8 (a), an integrator followed by an inverter
were added to the previous servo circuit, between the first filter and the adder. The inverter is
essential in some cases to have the appropriate error sign and it can be easily shorted if it is
not needed. In this case, the gain of the summing amplifier was set at this minimum level for
more stability, since the gain of the integrator is relatively high, and an unstable operation
occurs with too much feedback loop gain.

Based on experimental observations and results, the locking mechanism is highly
stable with a PDH using this circuit. A laser has been demonstrated to be stabilized to a high-Q
fiber ring resonator (20m long fiber, Q@ = 1.3 10°) for more than 20 minutes (see Figure
IV-8 (b)). Most importantly, it has been demonstrated also a tendency for the laser to relock
automatically, without any exterior interference, to the cavity transmission peak, in case of any
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locking problem. In fact, a high bandwidth PDH system could detect an unlock condition and
react with a high response time to apply the proper correction to the laser’s wavelength.

It is noteworthy at this stage that the parameter or the components in the PDH loop,
and especially the components of the servo controller, must be carefully chosen and adjusted
to, on one hand, determine the proper gain and bandwidth conditions and, on the other hand,
prevent any noise conversion in the OEQO oscillation loop. It has been observed that if the PDH
loop bandwidth is too low, it may considerably degrade the OEO phase noise. Yet, if the
bandwidth is too high, the performance of the PDH system decreases with a very poor stability.

Figure 1V-8 (a) Integrator-Adder circuit used as a servo controller. (b) RF transmission intensity
(uncalibrated) of a fiber laser locked onto a 20m long fiber ring resonator using the Adder-integrator
controller.

e |ntegrator-Adder controller vs. commercial servo controller

To deeply assess the performance of the proposed servo circuit, it was relevant to
compare it with the commercial Pl controller. The measurements of the laser frequency noise
in three different configurations were performed: free running state, locked using the
commercial servo controller (CS) and locked using the new servo controller (NS). It is evident
from Figure 1V-9 that a very slight improvement of the laser frequency noise is found when the
Koheras laser is locked using the PDH technique with the integrator-adder circuit, compared
to the commercial one. However, the remaining noise may not be caused by the electronic
circuit. It is rather due to the vibrations sensitivity of both the measurement system (and
particularly the fiber 2 km spool) and the fiber ring resonator.
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Figure IV-9 Frequency noise measurements of the Koheras laser in three different states: Free
running state, locked with the new servo controller (NS) and locked with the commercial servo
(CS).

e New PDH circuit

So far, in Pound-Drever-Hall system, the commercial servo controller was just replaced
with homemade one. But in this section, a new PDH system was designed from scratch for
high performance, starting from the mixer to the final corrector (controller).

In this configuration, a voltage ramp was applied to the laser PZT input to sweep the
laser frequency, while the transmitted intensity by the resonator, as detected by the
photodiode, and the error signal were observed by an oscilloscope. When the laser frequency
is near a resonance frequency, the voltage ramp from the signal generator was automatically
turned off, and the feedback loop, which means the PZT controller, was then engaged to
acquire the lock. A temperature controller (TEC) was added to the circuit in order to monitor
the PZT controller feedback voltage and to prevent any over-voltage or negative voltage to be
apply to the PZT from the control signal. When engaged, this TEC controller will regulate the
temperature of the PZT in such a way that the piezo voltage remain in its mid-position. Both
of the PZT- and the TEC- controller have been developed with PI circuit.
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Figure IV-10 New Pound-Drever-Hall loop, using a piezoelectric actuator controller (PZT_C) along
with a piezoelectric actuator temperature controller (TEC_C). LO: local oscillator.

The frequency stabilization acquisition was straightforward, and once it was done, the
system stayed locked and stable for several hours even when subjected to external noise
events. The total Pound-Drever-Hall feedback loop had a 3-dB bandwidth smaller than 10 kHz.

These features have been demonstrated and validated by locking the DFB fiber laser
(Koheras) to a 100m long fiber ring resonator with a very high-Q.

IV.3.b Semiconductor laser

Semiconductor lasers are ideal and widely used light sources for multiple commercial
and military fiber optics applications, such as security and smart structure systems. For this
reason, and regardless of the extremely narrow linewidth and ultra-low phase noise of a fiber
laser, which was used up until now in many of our investigation studies, an attempt was made
to replace this fiber laser with a RIO semiconductor laser.

This laser combines high performance, with the low cost, simplicity, small size (in a
butterfly package) and reliability of a semiconductor laser, while retaining a narrow linewidth
(around 15-30 kHz) and low frequency and phase noise.

IV.3.b.i Wavelength variation vs. temperature and current

Since the locking system is based on altering the wavelength of the laser tested, the
first step was to assess the wavelength behavior of the RIO laser regarding the temperature
and the bias current. Figure IV-11 (a) depicts the hysteresis in the RIO laser's wavelength
versus the laser temperature characteristics. The same hysteresis behavior has also been
observed in the output power of the laser versus laser temperature. So, first of all, it is essential
to determine the optimal operating temperature range to avoid any hysteresis or
mode-hopping during the stabilization process. This optimal temperature range has been
found to be about 27-34°C.

In addition, Figure IV-11 (b) shows the RIO laser’s wavelength versus the applied bias
current, where no hysteresis behavior is observed. The magnitude of the bias current will alter
slightly the wavelength of the laser. Furthermore, the wavelength versus bias current tuning
coefficient was measured to be around ~0.8 pm/mA, which is much smaller than the change
induced by the temperature with a typical tuning coefficient of about 12 pm/°C.
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Figure IV-11 Measurements of the RIO laser’s wavelength vs. (a) TEC temperature and (b) Bias
applied current, when tuning up and down the temperature and the current.

Briefly, the wavelength has a lower sensitivity to the bias current than to the
temperature. However, the temperature tuning is a slow tuning motion, which will be unable
to lock in case of vibrations or which will not be able to reduce the laser free running noise.
Therefore, the laser will be current controlled while the temperature will be maintained within
the optimal operating range, to prevent any mode-hopping behavior and to ensure a stable
and low noise performance over time.
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IV.3.b.ii Locking with the previous controllers

A basic voltage-to-current converter has been designed and used as an output stage
after the Integral-Adder feedback controller in the PDH loop (Figure IV-8 (a)), the control
current is added to the bias current from the external current source in order to adjust the
wavelength of the laser and therefore stabilize it to the optical resonator.

Using this configuration, locking the RIO laser onto a long fiber ring resonator (L > 10m
long) was still limited by the mode-hopping of the laser and the lack of stable operation, even
though the laser temperature was well controlled. In fact, during the entire investigation, the
laser frequency was dithering too fast in such a way that the light resonating inside the cavity
couldn’t have enough time to completely build up or settle down.

However, a successful lock acquisition has been demonstrated by stabilizing the laser
to a 2m long highly nonlinear fiber (HNLF) ring resonator featuring a Q-factor of 4 107, as it is
shown in Figure 1V-12.

Figure 1V-12 Resonance of a 2m long HNLF ring resonator with a Q factor of 4 107, using the PDH
loop including the Integral-Adder servo controller with a voltage-to-current converter.

As mentioned before the bandwidth of PDH loop, with this configuration, is smaller than
10 kHz, so replacing this system with a wider bandwidth one could solve the shortcomings of
this laser. The new circuit is detailed and presented next.

In a second configuration, a commercial standard Pl controller has been used after the
mixer, followed by the voltage-to-current converter, which was designed to play also the role
of a lead compensator, in order to increase the bandwidth of PDH system.
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Fortunately and as opposed to the previous case, locking the RIO laser to a long length
fiber ring resonator (L =100m), featuring a very high-Q 1.4 10° was successfully
accomplished with the presented circuit, as it evident from Figure 1V-13 (a).

Figure 1V-13 (a) Resonance of a 100m long fiber ring resonator of a high-Q equal to 1.4 109, using
the last PDH loop. (b) Frequency noise of the RIO laser in its free running state and when it is
locked to the 100m FRR.

Thanks to the relatively wide bandwidth of the PDH loop, which was measured close
to 1 MHz (100 times higher than the previous one), the response of the PDH system kept the
laser from losing lock under external environmental factors, for a long period of time (several
hours).
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Basically, the laser frequency noise should decrease when the laser is properly
stabilized to a high-Q resonator. So in order to assess the performance the new PDH loop, a
measurement of the RIO laser frequency noise has been performed when it is locked to the
100m IFRR, and then it has been compared to the free running laser frequency noise. Figure
IV-13 (b) depicts the data results, where a decrease in the locked laser frequency noise is
shown.

It is noteworthy to point out that during these studies and tests on the RIO laser, it has
been found that there is an excess noise stemming from the external bias current source, and
which contribute severely in the degradation of the phase noise of the laser. So to circumvent
this drawback, the external bias current source has been replaced by a home-made battery
based current source.

So far, the PDH system, using the latter configuration, has shown a very promising
results and performance regarding various problems faced during the locking process with the
semiconductor RIO laser.

IV.4 OEO phase noise

Once the laser is duly stabilized at the transmission peak of the resonator resonance,
the OEO system can be set up (as described in Figure IV-14). The RF gain is adjusted, using
a VNA, in order that the RF amplifier will not saturate too much when the loop will be closed
(a loop gain of 3 or 4 dB is chosen to this purpose). Then, the RF phase shifter is tuned to
start the oscillation. The RF oscillation starts on a single mode, multiple of the resonator FSR,
thanks to the RF filter included in the loop. The tuning of the RF loop phase is an essential
step, not only to start the oscillation, but also to get a low phase noise performance in steady
state regime.

Figure IV-14 OEOQO configuration. A closed loop with microwave amplification.
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Once the steady state oscillation has been obtained, it can be analyzed using a signal
source analyzer. The phase noise results obtained on two different fiber ring resonators based
OEO are presented and discussed below. Both oscillators use the Koheras laser locked to the
resonator frequency. The oscillator and measurement setup have been described in chapter |
in detail, and the phase noise spectrums have been measured using the Agilent E5052B signal
source analyzer (SSA).

IV.4.a 100m long FRR

The 100m long P-M fiber ring resonator, presented in chapter Il (11.6.b), features a
full-width-at-half-maximum (FWHM) of 21.9 kHz and very high loaded Q factor of 8.9 10°,
which is equivalent to a Qg of 4.6 10° at 10 GHz. The phase noise spectrum of the OEO
based on this resonator is depicted in Figure 1V-15.

Figure IV-15 Phase noise spectrum of the 100m long FRR based 10 GHz OEOQ.

In this spectrum, one can identify three different parts: the white frequency noise part
that occupies the 10 Hz to 2 kHz offset frequency band, characterized by its -20 dB/dec noise
slope, the phase noise floor that appears above 60 kHz offset frequency, and a steep noise
slope between these two regions. If adjusted with a Leeson like model, this curve reveals that
a high level of open loop phase noise, featuring a Lorentzian shape with a ~3 kHz cut-off
frequency, is involved in the system. This noise contribution degrades the performance of the
OEO, which is not at the level expected taking into account the ultra-high @ factor of the
resonator. The origin of this noise is still difficult to understand. However, due to the extreme
Q factor, many nonlinear optical effects inside the resonator may be generated. To reduce
these effects, this measurement has been performed with a -7dBm of optical power at the
FRR input, but this power level may not be sufficiently low to prevent the starting up of some
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of these effects. The locking technique used to stabilize the laser onto one resonance may
also affect the RF phase noise. In fact, the noise between 3 and 60 kHz offset frequency band
may be related to the frequency stabilization loop, and especially its bandwidth and its gain.

It has to be pointed out also that such a high level of excess noise close-to-the-carrier
has been observed on other OEOs realized with ultra-high Q factor resonators (Q ~ 10'°) made
with SMF fiber instead of P-M fiber. This problem has to be studied more deeply in order to
understand if it is due to the PDH set up or if it is a fundamental limitation of the approach due
to the increase of the nonlinearity of the fiber with the one of the Q factor.

IV.4.b 100m long immunized FRR

During the thesis of K. Saleh [45], a 100m long fiber ring resonator immunized from
SBS effect was designed and used in an OEO setup. The best phase noise performance had
been obtained for this type of OEO with this resonator: -128 dBc/Hz noise level at 10 kHz
offset frequency and a -150 dBc/Hz noise floor for a 10.2 GHz oscillation.

New phase noise measurements have been performed in OEO configuration with this
resonator, using different Pound-Drever-Hall configurations: a commercial servo-controller
(CS) and a new PDH configuration that was presented in Figure IV-10. In addition, two
different signal generators involved in the PDH set-up have been tested: an HP 8662A low
phase noise synthesizer and a Tektronix AFG3022B dual output signal generator. Only the
Tektronix generator allows the tuning of the phase of the interrogation signal, thanks to the
dual output, and this is a critical feature to get a proper error signal. However, the HP
synthesizer features a much lower phase noise level.

The phase noise spectrum of these measurements are presented in Figure IV-16.

It is evident from these data that the phase noise level has significantly increased
compared to the results presented before, around -100 dBc/Hz at 10 kHz and -140 dBc/Hz
noise floor. A first explanation may be in a degradation of the resonator performance. The
recently measured Q factor of this resonator has shown a reduction from 2 10° (K. Saleh thesis
data) to 1.3 10°, but this relatively small reduction in Q would only degrade the phase noise of
about 4 dB. More significant is the degradation of the transmission losses through the
resonator, which have increased from about 4 to 7.7 dB. In these conditions, a higher optical
power is required to lock the laser to the resonator, and this may explain the observed
degradation of the noise. However, other parameters may have contribute to this result, and
particularly the PDH loop parameters (including the noise of the PDH loop).
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Figure IV-16 Phase noise spectrum of the 100m-IFRR based OEO in three different PDH
configurations. HP SG: HP signal generator; AFG SG: Tektronix dual output generator;
CS: commercial servo controller; N_PDH: new PDH configuration.

Regarding the different configurations tested, two observations may be made from
these results. In the first cases, where the signal generators have been used in the PDH loop
including the same commercial servo controller, it is clear that the use of the HP signal
generator has a lower excess noise or contributes less in the degradation of the OEO phase
noise than the AFG one. In the second case, where the same signal generator has been
employed in two different PDH configurations, the phase noise performance with the new PDH
loop has been reduced compared to the PDH loop with a commercial servo controller. This
reduction can be explained by the longer stability of the locking mechanisms that has been
observed with the new PDH configuration.

These findings have important implications for understanding some causes of the
phase noise degradations. As a result, the study roadmap has been adjusted and several
steps have been included. The improvement of the homemade PDH system is fixed as the
first step in addressing the effects of this stabilization loop on the OEO short-term stability.

IV.5 Conclusion

Various methods for stabilizing a laser to an optical resonator have been widely studied
and developed. Three of these methods that are commonly used in many applications, have
been presented in this chapter, the optical feedback, the thermal and the electrical feedback
locking technique. A special emphasis was dedicated to the Pound-Drever-Hall frequency
feedback stabilization technique.
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Regardless of its indubitable usefulness and effectiveness through many several
previous demonstrations, the PDH system could potentially influence the stability of the
system, and it may degrade the overall phase noise of the overall system. The use of the PDH
loop in critical applications necessitates extensive mastering of its various parameters and
characteristics, especially its gain and its 3-dB bandwidth, since it has been demonstrated that
these two parameters can play a fundamental role in the short-term stability results.
Furthermore, using a very-low noise components is another means of solving the noise and
stability shortcomings.

In the purpose to achieve a long-term sustainable performance, different PDH loop
circuits and configurations have been deeply studied, designed and tested with two different
types of laser, a DFB fiber laser (Koheras) and the semiconductor RIO laser. As documented
in this chapter, these lasers have been successfully locked to various fiber ring resonators,
featuring a high-Q factor ranging from several 107 to several 10°.

While circumventing some weakness in the locking process with the PDH system,
particularly using a semiconductor laser, further requirements are necessary to be fulfilled to
design an adjustable PDH system and more specifically its servo controller that can be used
with different lasers and cavities.

Finally, several phase noise measurements performed on two different fiber ring
resonators based OEO have been presented. The results were not as good as expected, since
a high phase noise level has been observed, leading to various possible new hypotheses on
the origin of the noise sources, such as the excess noise caused by the low frequency signal
generator which can degrade the system phase noise. This finding among other may create
a virtuous cycle of improvements.
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From its birth in the 1990’s until its present state, the optoelectronic oscillator has been
employed in numerous applications in the RF domain, or even as a clock recovery technique
in the digital domain. This has provided a great motivational push for the microwave and
optical scientists to increase their efforts to improve the compactness, the stability and the
phase noise performance of this device. Our research group in LAAS-CNRS has been
engaged for the past few years in this innovation process through several PhD thesis and
collaborations with different national and international industries and laboratories.

This thesis has focused on an original configuration of this system: the optoelectronic
oscillator referenced on an optical resonator, which is supposed to be more compact than the
delay line oscillator if the control electronics can be integrated. The system performance has
been tackled by means of multidisciplinary approaches, including circuit development,
characterization, modeling and simulations. Adjustments of these approaches have been
considered, depending on the priorities given to the study cases or to the new (unexpected)
results.

This type of oscillator can be realized either using small size whispering gallery mode
resonators or fiber ring resonators. The fiber ring resonator is the easier to set up. It is larger
in size than the WGM resonator, but its 2D shape makes it easy to include in a system. Prior
to any system development with these resonators (either WGM or fiber ring), it is essential to
accurately characterize and model their performance. To this purpose, the RF spectrum
technique developed at LAAS has been optimized, in order to be able to extract all the extrinsic
and intrinsic parameters of the resonator. Taking into account the phase information, available
on the vector network analyzer, together with a model of the resonator, it is possible to extract
the resonator coupling conditions (under or over-coupling), the resonator intrinsic and extrinsic
Q factors, the resonator losses and the intra-cavity power enhancement factor.

System modelling of the oscillator is another important step to set up if the phase noise
performance has to be improved. Once again, during a previous PhD thesis, a model had
been developed on a microwave simulator (Agilent ADS), but this model was not able to
predict some important noise conversion effects, and particularly the conversion of the
1/f amplitude noise of the laser. Actually the photodiode, through its nonlinearity, seems to
be the main cause of the conversion of the optical amplitude noise into microwave phase
noise. As a result of the importance of this noise conversion process on the OEO performance,
a new nonlinear equivalent circuit model of a fast photodiode has been proposed for ADS
platform. It takes into account the carrier transit-time delay, which is directly related to the
nonlinear behavior of the photodiode, by means of a nonlinear RC circuit. Some OEO
simulations have been performed using this new model, revealing that this noise conversion
process could be dominant at high optical power. However, this model still not include the
locking circuit between the laser and the resonator.

133



General Conclusion

Indeed, for an oscillation to start in this system, the very first step is to duly lock the
laser’s frequency onto one of the resonator resonance frequencies. This can be achieved
through various techniques. Two methods have been tackled by our research group, the
optical self-injection locking technique and the Pound-Drever-Hall stabilization technique, but
this thesis highlights mainly the Pound-Drever-Hall one. Some experimental findings have
confirmed our hypothesis that the PDH loop could degrade the phase noise performance of
an OEO, by showing different phase noise performance levels when modifying the
components of the stabilization loop or its parameters. Several new circuits have been
designed and tested with two different lasers, a fiber laser and a semiconductor one. The
breakthrough here was to be able to maintain as long as possible the stability of the laser’s
frequency to a resonance, and also to reduce the system size thanks to the semiconductor
laser. The OEO long-term or medium-term stability has been greatly improved. However, the
short-term stability (phase noise) has degraded and further work is required for a better
understanding of this degradation.

Work is thus still in progress on these locking system, particularly for the semiconductor
laser case for which a new low noise electronic locking circuit is under development. Another
issue is the mechanical stability of the system, which limits the optical phase noise
performance of the laser locked on the resonator. New resonators will be designed, featuring
a more rigid optical path and, hopefully, these resonators will be more robust versus external
mechanical or acoustic vibrations. Finally, these OEO systems could be used to generate
ultra-high frequencies (in the millimeter wave or terahertz range) or could be used as a link
between microwave and Terahertz ranges thanks to the frequency division process which can
be set-up with these multi-mode resonators.

All these works take part of a collaboration research project, hence when gathering all
these skills with the other partners of the project, this will lead to gain an improved
understanding of the different components in the optoelectronic oscillator loop and their link
with the phase noise performance of the overall system.
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La technologie photonique-RF offre une alternative intéressante a I'approche
purement électronique dans différents systémes micro-ondes pour des applications militaires,
spatiales et civiles. Un composant original, l'oscillateur optoélectronique (OEO), permet la
geénération de signaux RF stables et a haute pureté spectrale. Il est basé sur une liaison
photonique micro-onde utilisée comme boucle de rétroaction et comportant soit une fibre
longue, soit un résonateur a fort coefficient de qualité. Différentes études ont été menées au
cours de cette thése afin d’optimiser et d’améliorer la performance en termes de stabilité et
de bruit de phase pour le cas de 'OEO a résonateur.

La caractérisation fine et la modélisation des résonateurs est une premiére étape de
la conception globale du systéme. La métrologie du résonateur optique est réalisée par une
technique originale, dite de spectroscopie RF. Les résultats expérimentaux ont révélé que
cette technique permet d’'une part d’identifier le régime de couplage du résonateur et d’autre
part de déterminer avec une grande précision tous les parameétres d’un dispositif résonant,
comme les facteurs de qualité interne et externe ou les facteurs de couplage.

Une deuxiéme étude a été orientée vers I'implémentation d’'un modéle non-linéaire
fiable du dispositif. Dans un tel modéle, la photodiode rapide nécessitait une description plus
précise, dans le but de contréler la conversion du bruit d’amplitude optique en bruit de phase
de 'OEO. Un nouveau modéle non-linéaire d’une photodiode hyperfréquence a été développé
sous un logiciel commercial: Agilent ADS. Ce nouveau modeéle rend effectivement compte de
cette conversion de bruit. Une puissance optique optimale a I'entrée de la photodiode a été
déterminée, pour laquelle la contribution de RIN du laser au bruit de phase RF pourrait étre
négligeable.

La performance de 'OEO est affectée par diverses perturbations entrainant un
décalage en fréquence entre la fréquence du laser et la fréquence de résonance du
résonateur. Il est donc important d’utiliser un systéme de stabilisation pour contrdler cette
différence de fréquence. Des séries d’expériences et de tests ont été menées pour étudier la
possibilité, d’'une part, de remplacer I'électronique commerciale utilisée auparavant pour le
systéme de verrouillage en fréquence (boucle de Pound-Drever-Hall) par une électronique
faible bruit et, d’autre part, d’utiliser un laser a semi-conducteur. Un bilan de ces approches
est présenté.
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RF photonics technology offers an attractive alternative to classical electronic
approaches in several microwave systems for military, space and civil applications. One
specific original architecture dubbed as optoelectronic oscillator (OEQ) allows the generation
of spectrally pure microwave reference frequencies, when the microwave photonic link is used
as a feedback loop. Various studies have been conducted during this thesis on the OEO,
especially the one that is based on fiber ring resonators, in order to optimize and improve its
phase noise performance and its long-term stability.

Precise characterization and modeling of the optical resonator are the first step towards
overall system design. The resonator metrology is performed using an original approach,
known as RF spectral characterization. The experimental results have demonstrated that this
technique is helpful for the identification of the resonator’s coupling regime and the accurate
determination of the main resonator parameters such as the intrinsic and extrinsic quality
factors or the coupling coefficients.

A second study was directed toward implementing a reliable nonlinear model of the
system. In such a model, the fast photodiode require an accurate description, in order to
reduce the conversion of the optical amplitude noise into RF noise. A new nonlinear equivalent
circuit model of a fast photodiode has been implemented in a microwave circuit simulator:
Agilent ADS. This new model is able to describe the conversion of the laser relative intensity
noise (RIN) into microwave phase noise at the photodiode output. An optimal optical power at
the photodiode’s input has been identified, at which the contribution of the laser RIN in RF
phase noise is negligible.

When it comes to practical applications, the desired performance of an OEO is
threatened by various disturbances that may result in a frequency shift of both the laser
frequency and the transmission peak of the resonator, which causes a malfunction of the OEO.
Therefore it is desirable to use a stabilization system to control the difference between the
laser frequency and the resonator frequency. A series of tests and experiments have been
carried out to investigate the possibility, on one hand, to replace the commercial servo
controller that was used up until now in the Pound-Drever-Hall loop, with a low noise
homemade one and, on the other hand, to use a semiconductor laser to reduce the system
size. A detailed review of these approaches is presented.
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